Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202102315

www.chemsuschem.org

A Convenient and Stable Heterogeneous Nickel Catalyst for

Hydrodehalogenation of Aryl Halides Using Molecular

Hydrogen

David K. Leonard*,® Pavel Ryabchuk®,®® Muhammad Anwar,"” Sarim Dastgir,"

Kathrin Junge,*™ and Matthias Beller*"

Hydrodehalogenation is an effective strategy for transforming
persistent and potentially toxic organohalides into their more
benign congeners. Common methods utilize Pd/C or Raney-
nickel as catalysts, which are either expensive or have safety
concerns. In this study, a nickel-based catalyst supported on
titania (Ni-phen@TiO,-800) is used as a safe alternative to
pyrophoric Raney-nickel. The catalyst is prepared in a straight-
forward fashion by deposition of nickel(ll)/1,10-phenanthroline
on titania, followed by pyrolysis. The catalytic material, which
was characterized by SEM, TEM, XRD, and XPS, consists of nickel

Introduction

Halogenated organics are invaluable compounds with central
importance in synthetic chemistry as solvents, carbon-carbon
and carbon-nitrogen coupling reagents, and as protecting
groups." They offer diverse real-world applications as
coolants,”  dielectric  fluids (e.g, in transformers),”
agrochemicals,” and pharmaceuticals.” In general, the incorpo-
ration of halogen atoms into organic compounds profoundly
increases both their chemical and thermal stability. This
distinguishing feature has led to the widespread adoption of
organohalides (particularly organobromides) in fire-retardant
materials.®
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nanoparticles covered with N-doped carbon layers. By using
design of experiments (DoE), this nanostructured catalyst is
found to be proficient for the facile and selective hydro-
dehalogenation of a diverse range of substrates bearing C—,
C—Br, or C—Cl bonds (>30 examples). The practicality of this
catalyst system is demonstrated by the dehalogenation of
environmentally hazardous and polyhalogenated substrates
atrazine, tetrabromobisphenol A, tetrachlorobenzene, and a
polybrominated diphenyl ether (PBDE).

Despite their obvious utility, organohalides can be highly
damaging to animal and human health (Figure 1). This is
especially well documented for halogenated dioxins — a broad
class of compounds which have become infamous for their
toxicity and environmental persistence. Notably, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) - a byproduct from organic
synthesis, and a component in Monsanto’s Agent Orange
herbicide used during the Vietham War - has been linked to
low sperm count in Vietnam veterans, as well as increased
incidence of miscarriage in veterans’ wives, and a wide variety
of organ malformation in their children.”” Moreover, dioxin-like
compounds, including polychlorinated biphenyls (PCBs) and
polybrominated biphenyls (PBBs) are found to be nearly
impervious towards degradation, highly environmentally persis-
tent, and have a propensity to accumulate in animal tissues.
Appropriately, PCBs are now recognized as serious environ-
mental contaminants with deleterious effects to human health,
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Figure 1. Examples of toxic organohalides.
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especially given their extended elimination half-lives of several
years within the body.”

Clearly, there is a real incentive to develop technologies to
rid the environment of such deleterious substances. The current
means for achieving this include incineration,” microbial
degradation,"  chemical  oxidation,""”  photochemical
degradation,? ultrasonic irradiation,” electrolysis,"” and cata-
lytic hydrodehalogenation (HDH)."® Although incineration
offers a simple solution for the treatment of chemical waste,
such an approach is not appropriate in the case of
(poly)halogenated organic compounds, given that their high
thermal stability not only makes this highly challenging but
often yields products which exhibit even greater toxicity than
the initial materials.

HDH is the transformation whereby a carbon-halogen bond
is formally substituted by a new carbon-hydrogen bond. For
this reason, (hydro)dehalogenation has established itself as an
effective strategy for detoxification and degradation of both
anthropogenic and natural halide compounds.™

Dehalogenations of organohalides can be accomplished
using (over)stoichiometric amounts of transfer hydrogenation
reagents such as alcohols,"” formic acid (or its salts),"® metal
hydride reducing agents,"? Grignard reagents,”” and others.”"
However, molecular hydrogen is a more attractive hydrogen
donor, with wide adoption in the chemical industry, due to its
considerably lower cost and higher atom efficiency than the
above alternatives.

As far as transition metal-mediated HDH goes, palladium
has proven to be highly effective for C—X activation and
consequently this is perhaps the most common metal used for
this transformation. Palladium, however, is both expensive to
procure and its supply will be at risk within the next 100 years.
Furthermore, Pd on charcoal requires careful treatment as it can
ignite solvents and hydrogen if handled improperly. Raney-
nickel (finely-ground nickel-aluminum alloy) has been demon-
strated as a valued alternative.”? Nickel has some clear benefits
over palladium, including its lower cost per mole and lower
potential for a supply risk in the future. On the other hand,
Raney-nickel’s disadvantages are its deactivation upon use and
its instability. To avoid spontaneous ignition in air, it is typically
stored as an aqueous slurry. It must therefore be handled with
considerable care and presents a real challenge for implementa-
tion on larger scale.

In recent decades, integrating green and sustainable
practices into chemical processes has become one of the
central focuses in chemistry. The 12 Principles of Green
Chemistry recognize the importance of catalysis for increasing
efficiency, and selectivity, and realizing otherwise unfavorable
reactions, whilst simultaneously reducing waste output.”® With
this in mind, coupled with our interest in sustainable redox
reactions, we set out to develop a non-noble based catalyst
system for HDH. Herein, we report a straightforward heteroge-
neous nickel nanocatalyst capable of selective dehalogenation
of C—I, C—Br, and C—Cl bonds.

n2]
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Results and Discussion
Identification of the active catalyst

Initially a small library of 18 heterogeneous nickel-based
materials was prepared in-house by using the following simple
procedure: (i) heating Ni(OAc),-4H,0 and 1,10-phenanthroline
monohydrate in ethanol at 60°C to yield a nickel-phenanthro-
line complex; (ii) adding solid supports (SiO,, TiO,, C, SiC, CeO,,
and Al,O;) to the mixture; (i) drying the mixtures in vacuo;
(iv) pyrolysis of the dried material at temperatures ranging from
600-1000°C. Using this method of catalyst preparation, we
have previously developed several iron-, cobalt- and nickel-
based catalysts.'**!

With the prepared materials in hand, we examined their
activities for the reductive dehalogenation of 1-bromonaphtha-
lene 1a using molecular hydrogen and (excess) triethylamine as
an HBr scavenger. After initial evaluation of all prepared
catalysts under relatively mild conditions (60°C/50 bar H,), we
selected the five most active materials for assessing their
performance at lower temperature (25°C; see the Supporting
Information for details). As shown in Table 1, Ni-Phen@TiO,-800
(entry 3) was the clear frontrunner, accomplishing 100%
conversion of 1a to provide a 99% yield of 1b at ambient
temperature! All the other supports (entries 1, 2, 4 & 5) led to
both lower yields and selectivities, with tetralin as a side-
product. Notably, the effectiveness of pyrolyzing at 700-800°C
is consistent with several of our previously described heteroge-
neous catalysts.['>-

Experimental design

Having identified a suitable catalyst, we set about optimizing
the reaction conditions to minimize reagent and catalyst use
whilst maintaining high reactivity under mild conditions. Since
there are several variables which could influence the product
yields of our catalytic system, we opted to utilize design of
experiments (DoE) for a robust and expedient multivariate
analysis of the reaction parameters. In contrast to univariate
(i.e., one-factor-at-a-time) analyses, DoE can encompass a large
volume of chemical space and reveal which factors - and

Table 1. Investigation for catalytically active materials™

Br H

[Ni] (45 mg)
OO 25°C,H, (50 bar) OO

Et;N (2.0 equiv)

1a MeOH/H,0 (1:1), 20 h 1b
Entry Ni-Phen@support-pyrolysis T Conversion™ [9%] Yield® [%)]
1 Ni-Phen@C-800 31 26
2 Ni-Phen@TiO,-600 39 22
3 Ni-Phen@TiO,-800 100 99
4 Ni-Phen@TiO,-1000 44 32
5 Ni-Phen@Al,0,-1000 32 26

[a] Reaction conditions: 0.5 mmol 1a, 45 mg of catalyst, Et;N (2.0 equiv),
50 bar H,, 25°C, 2 mL MeOH/H,0 (1:1), 20 h. [b] Conversion and yield

determined by GC-FID using n-hexadecane as an internal standard.
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bromine atom is displaced from the substrate to form acidic
HBr, and secondly, we have previously observed that NEt; can
assist with the heterolytic cleavage of molecular hydrogen.*

Reaction scope and limitations

To examine the scope of the HDH reaction, we subjected more
than 30 aryl bromides and aryl chlorides to our optimized
catalyst system (Scheme 1). In general, we observed that the
electron-rich and weakly electron-deficient substrates 1a-6a
are favoured in this reaction and dehalogenation was possible
under mild conditions (20 bar H,, 45-60°C) with good to
excellent yields (80 to >99%). In contrast, harsher reaction
conditions were necessary for amine 7a and electron-deficient
aryl bromides 8a-16a, as well as for all aryl chlorides. Notably,
by moderating the reaction temperature, we were able to
promote chemoselective dehalogenation of anisoles 2a and 5a,

Contour Plot of Yield vs Cat., Base

Base

Figure 2. Contour plot from the DoE showing interaction between catalyst
loading and base.
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loading) to examine for the reductive dehalogenation of 1a. a ool b
A two-level full-fractional investigation (2* design) of tem- A Aryl bromides
perature, pressure, catalyst loading, and amount of base H . 5 o. GER
entailed a total of 20reaction runs, including the runs ©‘ ’/ h /_/ Ph m
performed in the center of the design space (performed in H H H °
quadruplicate). Using an analysis of variance (ANOVA), we were ;::/a] ";'_;f;] :‘9";:/] ‘;‘;s]
able to identify the reaction parameters which were statistically ’ ° ° ’
significant (i.e., those which had p-values below the 0.05 thresh- el o 'l‘\ " o )
old) within the investigation range (Table S7). Accordingly, the ]‘/ D/ ‘ 2 D)LT
statistically significant parameters we observed are: (i) amount H H H H
of base, (ii) catalyst loading, and (iii) temperature. Significant 5blc] 6blc! 7bld 8pldl
interactions were also detected between (iv) catalyst loading ; 8°‘g S 90% >99% o
and temperature, as well as (v) catalyst loading and amount of _ H H H
base. Contour plots (Figure 2 and the Supporting Information) bf‘\o t} m \t‘én_
reveal the interactions between factors and highlight the most 9bld10I - - - o)
favorable areas of chemical space. In this fashion, we were able AT prel) o) ol
to achieve full conversion of 1a and 92% yield of 1b after 18 h H
at 45°C, using just 20 bar H, and a slight excess of triethylamine D/\H/ _/\u/ ‘H/ @‘
(1.25 equiv). H H
The important role of the base is not surprising in this H

reaction for two reasons: firstly, as the reaction progresses, a 130t 14p19 1501 16011

73% 67% 1% >99%

—— B Aryl chlorides

OH
J‘/\OH OH ‘\OH FsC
H H F

17bld! H 1gplal 19bld! Hz0plal
87% 81% 84% 92%
|
H H H H
21pldl 22pldl 23pldl 24pldl
98% 98% 87% 88%
o " OH OH
o er &
H H H
25plal 26bl9] 27blal H 2gplal
46% 72% 97% 92%
H
| S
H H
29plal 30blal
99% 71%

Scheme 1. HDH of aryl halides: [a] Reaction conditions: 0.5 mmol a, 25 mg of
Ni-Phen@TiO,-800 (ca. 3 mol % Ni), Et;N (1.25 equiv), 20 bar H,, 45°C, 2 mL
MeOH/H,0 (1:1), 20 h, full conversion of a and yields determined by GC-FID
using n-hexadecane as an internal standard; [b] 50 °C, 2 mL EtOH:H,0 (1:1);
[c] 60°C; [d] 80°C; [e] 90°C, 30 bar H,, full conversion of 13 a was achieved;
[f1 120°C, 30 bar H,; [g] 130°C, 30 bar H,.

which bear more than one halide atom. At 90°C and 30 bar H,
pressure, a decrease in HDH yield of 6% and 65 % was observed
for phenylmethanamines 13a-15a upon moving the bromine

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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atom from para- to meta-, and meta- to ortho-positions,
respectively. This is likely caused by the decreased proximity
between the inductively withdrawing methylmethanimine and
the bromine atom, or due to increased steric bulk at the
reaction center.

HDH of heterocyclic compounds is pertinent in the degrada-
tion of pharmaceutical and agrochemical ingredients. With this
in mind, representative heterocycles 4-bromo-1-benzofuran
10a and 4-bromobenzo-1-furanthiophene 11a were hydro-
debrominated to the corresponding congeners in 69% and
97 % vyield, respectively, at 80°C and 20 bar H, pressure. In
contrast, isoindoline 12a proved to be more challenging under
these conditions, with only a modest 38 % yield of the expected
product. Similarly, 4-bromoisoquinoline 16a was found to be a
particularly challenging substrate, however, an increased tem-
perature of 120°C furnished the product with quantitative yield.

Ethyl ester 4a was incompatible with our solvent system of
methanol and water (1:1) (which had previously shown
compatibility with catalysts of this type)*” due to trans-
esterification to yield the corresponding methyl ester. However,
upon switching to aqueous ethanol (40 %), this issue was easily
resolved leading to an 87 % yield of 4b. We also found that this
reaction occurs smoothly in a variety of alcoholic beverages
with similar alcohol content (Table S8). Besides obtaining a low
dehalogenation yield for substrate 25a (46 %), which contains
an electron-withdrawing methyl ester substituent, all aryl
chlorides tested were transformed in good to excellent yields
(71-99%) at 130°C under 30 bar H,.

Applications

To demonstrate the efficacy of our reaction for degradation of
thermally inert substances, we subjected tetrabromobisphenol
A 31a - a widely applied fire retardant and a precursor for fire-
resistant polymers — to our Ni-Phen@TiO,-800 catalyst. At 100°C
full dehalogenation of all four bromine atoms was achieved
giving 71% yield of the expected product 31b. This trans-
formation attests to the nickel catalyst’s ability to take highly
stable compounds, which are resistant to degradation, and
transform them into substances more readily treated and
disposed of. Furthermore, the upscaling of the catalytic protocol
was successfully demonstrated in 5 mmol-scale reactions of the
two industrially relevant compounds 32a and 33a (Scheme 2).
Substrate 32a represents the class of polybrominated diphenyl
ethers (PBDEs) which are recognized as persistent organic
pollutants that bioaccumulate in different organisms due to
their low degradation. 1,2,4,5-Tetrachlorobenzene 33a is a
widely used precursor is in the production of herbicides and
the HDH demonstrates the catalyst’s capability of activating
multiple C—Cl bonds in a clean and efficient manner.

Syngenta’s atrazine 34a is a pre-emergent herbicide that is
widely applied in the United States and Australia for broad
spectrum weed control. Despite its continued operation today,
it has been banned in the European Union since 2004 due to its
concentrations in groundwater which exceeded regulatory
limits. Moreover, this chlorinated triazole remains persistent in

ChemSusChem 2022, 15, €202102315 (4 of 9)

Tetrabromobisphenol A — flame retardant

Br Br Ni-Phen@TiO,-800 (100 mg)  H H

100 °C, H,, (30 bar)
HO OH E{.N (1.25 x 4 equiv) HO OH
Br Br MeOH/H,0 (1:1), 24 h H H
31a 31b

0.5 mmol 71%
o Ni-Phen@TiO,-800 (550 mg)
st‘@/ Gm 140 °C, H, (40 bar)
. 32b
10759 MeOH/H,0 (1:1), 24 h 64%
Tetrachlorobenzene — intermediate in pesticide production
140 °C, H, (45 bar)
33a MeOH/H,0 (1:1), 24 h 33b
1.075¢g full conversion

Polybrominated diphenyl ether — flame retardant
(o)
Q@
32a Et3N (1.25 x 10 equiv)
CI: i :CI Ni-Phen@TiO,-800 (800 mg) H i H
cl cl KsPO, (1.25 x 4 equiv) H H
22% (volatile)

Atrazine — herbicide

Cl H
Ni-Phen@TiO,-800 (40 mg) /g
)\ )NI\ )N\ 140 °C, H, (50 bar) Nl )
°C, H, (50 bar /I\
N Nig u/\ K3PO, (1.25 equiv), 24 h NJ\N/)\N/\
34a t-amyl alcohol/H,0 (1:1) 34b
0.5 mmol 33% isolated yield

Scheme 2. HDH of tetrabromobisphenol A 31a, PBDE 32a, 1,2,4,5-tetrachlor-
obenzene, and atrazine.

both groundwater and in soil for up to four years.”” Here, HDH
of the C—Cl bond in 34a was achieved using catalytic amounts
of Ni-Phen@TiO,-800 to yield the corresponding product 34b
isolated in 33% yield.

Raney-nickel is well known for its ability to dehalogenate
organohalides. We became interested in studying the reductive
dehalogenation of 1a and comparing our best results using Ni-
Phen@TiO,-800 with Raney-nickel slurry. Using 10 mg of Raney-
nickel slurry proved effective for this transformation and led to
an 84% yield of 1b, with no detectable side products. But
increasing amounts of Raney-nickel led to a reduction in yield
and drop in selectivity as hydrogenation of one aromatic ring
yielded tetralin as a co-product (Section S12). Preferential
selectivity for tetralin was observed, when the slurry was added
in larger amounts (100-250 mg) with no detection of 1b.
Notably, even high loading (100 mg) of our Ni-Phen@TiO,-800
catalyst completely prevented any tetralin formation.

Apart from catalytic HDH reactions, such a catalytic system
can be considered for similar deuterodehalogenation (DDH)
transformations. Indeed, there is an ongoing high interest in
developing new deuteration methods, as isotope labelling plays
an essential role for drug development. In detail, deuteration of
active drugs can benefit their properties by significantly
reducing rates of metabolism, leading to less frequent dosing
to achieve the same therapeutic effects.?

Accordingly, we explored DDH for achieving deuterium
incorporation. Using 5-iodo-1,2,3-trimethoxybenzene 35a,
which undergoes full dehalogenation with Ni-Phen@TiO,-800
using just 1bar H, at 80°C, we tested various deuterium
sources for selective D-labeling at the 5-position on the
benzene ring (Table2). We observed low to modest D

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Table 2. Deuteration of 5-iodo-1,2,3-trimethoxybenzene.”
MeO | Ni-Phen@Ti0,-800 25 mg)  MeO D
80 °C, H, or D, (1 bar)E
MeO tN (1.25 :éuic)f 2oahr|)v| MeO
OMe eOH/H,0 or MeOH/D,00 OMe
MeOH-d/H,0
35a ; M:oH-d:/,n:oo 35b

Entry Solvent A Solvent B Reductant (1 bar) D incorp. [%]
10! D,0 MeOH H, 49
20 H,0 MeOH-d, H, 9
03® D,0 MeOH-d, H, 86
4 H,O MeOH D, no reactivity
5 D,0 MeOH D, no reactivity
6 H,O MeOH-d, D, no reactivity
7 D,0 MeOH-d, D, no reactivity
81 D,0 MeOH-d, D, no reactivity
9« D,0 MeOH-d, - no reactivity
[a] Reaction conditions: 0.5 mmol 35a, 25 mg of Ni-Phen@TiO,-800 (ca.
3 mol% Ni), Et;N (1.25 equiv), 1 bar H, or D,, 80°C, 2 mL solvent mixture
(1:1), 20 h. [b] Full conversion of 35a was reached. [c] 10 bar D, was used.
[d] The reaction autoclave was purged and backfilled with Ar, instead of
H, or D,.

incorporation using MeOH-d, and DO, respectively, under an
atmosphere of hydrogen. Nevertheless, we found that very high
D incorporation (86%) could be realized when both MeOH-d,
and D,O were used simultaneously. To our surprise, switching
from hydrogen to deuterium gas led to no improvement in
deuteration; in fact, no reactivity was observed at all and only
starting material could be recovered from the reaction vessel.
This observation can be explained by the increased bond
strength of D—D compared to H—H, resulting in impeded bond
cleavage. From these data, we infer that the D,O is the most
effective deuterium source for deuteration of 35a. From a
practical point of view, it is important to note that D,O is
relatively inexpensive (as D-sources go) and it is the parent
compound of other D-sources, including D.,.

Recyclability

Catalyst stability and recyclability is undoubtedly an important
consideration for heterogeneous catalysts. Accordingly, the
activity of the Ni-Phen@TiO,-800 catalyst was monitored over
seven consecutive dehalogenations of 1a using our optimized
reaction conditions. From Figure 3, we see that, whereas a
quantitative yield of 1b was achieved on the first run,
subsequent reuse during the second run provided a signifi-
cantly lower vyield of 41%. Thereafter, the activity was
maintained, and more consistent yields were then obtained
during consecutive runs, and 19% yield of 1b was still obtained
after the seventh run.

Due to the observed decrease in the catalyst’s activity, we
initially hypothesized that nickel may be leaching into the
reaction solution. Thus, each reaction solution was analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) to look
for the presence of any nickel. To our surprise, and despite the
very low detection limit of the instrumentation, no nickel was
detected. The change in reactivity therefore suggested that

ChemSusChem 2022, 15, €202102315 (5 of 9)
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Figure 3. Recycling Ni-Phen@TiO,-800 for HDH of 1a.

there were structural changes in the catalyst, most noticeably,
after the first run. Thus, scanning electron microscopy (SEM)
analyses for Ni-Phen@TiO,-800 were conducted for both fresh
(Figure 4) and spent catalyst samples (Figure 5). The SEM
analyses showed three-dimensional nanoparticle agglomera-
tions for the fresh catalyst. These nanoparticles have an average
size in the range of 9.82-50.3 nm. The main discernible differ-
ence from the high-resolution SEM images for the fresh and
spent catalyst is the randomly oriented nature of these particles
with variable length thickness of the nanoparticles. Composi-
tional analysis by energy dispersive X-ray spectroscopy (EDX)-
elemental mapping reveals a widespread distribution of nickel
and carbon throughout the titania matrix. It is understood that
the structural changes in the catalyst are responsible for the
drop in reactivity upon its reuse.

Figure 5. SEM images of the spent Ni-phen@TiO,-800 catalyst.
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Characterization of the active catalyst

The Ni doped titania catalyst was characterized by means of
X-ray powder diffraction (XRPD) to probe the crystallite
structure of the material. Figure S2 shows the presence of a
mixture of rutile and anatase TiO, phases, with anatase as the
dominate phase. The reflections at 20 values of 25.31, 37.84,
48.06, 53.98, 55.12, 62.72, 68.14, 70.26, 75.14, and 82.76 are
characteristic for the anatase phase, matching with the standard
pattern JCPDS 21-1272."7 Whereas, the peaks at 20 values
27.44, 36.06, 41.14, and 56.56 were unambiguously assigned to
the rutile phase matching with JCPDS 21-1276.%7°%® The rutile
titania phase has been reported to be predominant at a higher
processing temperature and is usually obtained through high
temperature calcination of anatase-phase TiO,.”” The reflections
at 26 values of 44.50 and 51.84 correspond to the FCC-phase of
Ni.” The crystallite size was calculated by using the Scherrer
equation D=kA/Bcosh, where D=average crystallite size, K=
Scherrer coefficient, A=wavelength of X-ray radiation, 6=
diffraction angle, and S=FWHM of diffraction peak, which is
reflected in the observed broad reflections in the XRD spectrum
of the catalyst sample shown in Figure S2.

For further characterization, the catalyst was analyzed using
X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM).
Near-surface elemental compositions and the oxidation states
of the metal in fresh and spent catalysts were analyzed using
XPS in the binding energy region 0-1400eV. The survey
spectrum for fresh catalyst shown in Figure 6a reveals the
presence of Ni, O, Ti, N, and C in the Ni-Phen@TiO,-800 matrix.
The binding energy was corrected by setting the C1s peak
from adventitious hydrocarbon at 284.8 eV. The Ni2p spectrum
(Figure 6b) shows the peaks at binding energy of 855.59 eV and

873.80 eV which are characteristic peaks assigned to Ni2ps,
and Ni2p,,, respectively. Both peaks accompanied by their
satellite peaks at binding energies of 860.66 and 879.02 eV,
respectively. The deconvoluted Ni 2p,, peak at 855.59 eV
corresponds to NiO, and the 857.53 eV peak corresponds to
Ni(OH),.2" The peak located at 853.02 eV is attributed to Ni°
which indicates the presence of metallic nickel on the catalyst
surface.” The atomic distribution of 1.25:1.0 for Ni*": Ni® was
quantified using the spectral intensity of Ni2p,,, and Ni° peaks
of the XPS spectrum. The deconvolution of the C1 s spectrum
(Figure 6¢) shows relevant fitting peaks with the binding
energies at 284.77 eV for C(sp®—C(sp®), 286.10 eV for C(sp’)—0O,
and 287.97 eV for C=0.

The first peak at 284.77 eV was attributed to the adventi-
tious elemental carbon on the surface, whereas the other two
peaks are from C—O (C—0—C) and C=0 are assigned to oxidized
carbon species.®® Moreover, the absence of a peak around
282.0 eV reveals that the substitution of oxygen in the lattice of
TiO, as Ti—C is not formed.?** In the O 1 s spectrum (Figure 6d),
the large peak at 530.40 eV is assigned to a metal-O bond and
the peak at 531.90 eV was assigned to C—O.PY This indicates
different chemical states of oxygen on the surface of catalyst.

In the N1 s XPS spectrum (Figure 6e), the deconvolution of
the N1 s region revealed the presence of peaks at 399.20 eV
and 401.30eV attributed to pyridinic-N and graphitic-N
respectively.® The Ti2p spectrum indicates two photoelectron
signals Ti2p,,, and Ti2p,,, with binding energies at 458.98 and
464.80 eV, respectively, and an associated satellite peak at
472,51 eV.24%

Scanning electron microscopy (SEM) images reveal the
surface morphology of the catalyst before the reaction. These
images show the presence of small spherical particles which are
agglomerated together, whereas widely dispersed spherical
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Figure 6. XPS survey spectrum of Ni-Phen@TiO,-800 catalyst (a) and high-resolution deconvoluted XPS spectra for Ni2p (b), C1s (c), O1s (d), N1s (e) and

Ti2p ().
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particles are predominantly observed for the spent catalyst
samples (Figures4 and 5). The EDS spectra for the catalyst
before and after the reaction are shown in Figure S11.

Conclusion

We have developed safe and inexpensive Ni-Phen@TiO,-800 as
a catalyst for the dehalogenation of aryl iodides, bromides, and
chlorides. This catalytic system allows for HDH of various
substrates incorporating electron-rich and electron-poor
groups, sensitive functional groups, and heterocycles. The utility
of this heterogeneous nickel catalyst was demonstrated on
gram-scale HDH of more challenging and industrially relevant
substrates, such as environmentally persistent fire retardants,
toxic polybrominated diphenyl ethers (PBDEs), and 1,2,4,5-
tetrachlorobenzene. Furthermore, we have showcased that this
catalyst system could be used for selective incorporation of
deuterium labels by using D,O/methanol-d, as a deuterium
source. Compared to commercial Raney-nickel, our easy-to-
handle nickel catalyst provides higher HDH yields under the
same conditions without byproduct formation.

Experimental Section

Synthesis of the Ni-Phen@TiO,-800 catalyst

A 250mL oven-dried single-necked round-bottomed flask
equipped with a reflux condenser and a Teflon-coated, egg-shaped
magnetic stir bar (40x18 mm) was charged with Ni(OAc),-4H,0
(373.3 mg, 1.5 mmol, 1.0 equiv), 1,10-phenanthroline monohydrate
(594 mg, 3.0 mmol, 2.0 equiv) and dissolved in ethanol (60 mL).
After stirring for 5 min at 25°C, the flask was immersed in an oil
bath and heated at 60°C for 2 h. To the reaction mixture 2.10 g of
TiO, was added via a glass funnel and the resulting heterogeneous
mixture was stirred at 750 rpm for 2 h at 60 °C. The flask was taken
out from the bath and cooled to ambient temperature. The solvent
was removed slowly in vacuo (180 mbar, bath temperature 40°C,
200 rpm), then dried in vacuo (ca. 1.0 mmHg, 23°C) for 14 h to give
a light blue-green solid. Using a mortar and pestle, the sample was
ground to a fine powder which was then transferred to a ceramic
crucible (height-20 mm, top @-40 mm) and placed in an oven. The
latter was evacuated to ca. 5 mbar and then flushed with argon
three times. The furnace was heated to 800 °C at a rate of 25°C per
min and held at 800°C for 2 h under an atmosphere of argon. After
the heating was switched off, the oven was allowed to reach room
temperature, giving the Ni-phen@TiO,-800 catalyst as a dark blue-
black powder (Note: during the whole process argon was
constantly passed through the oven). Elemental analysis: 3.23% Ni
1.56% N 12.70% C.

General procedure for HDH of aryl halides

An 8 mL glass vial (@-14 mm, height 50 mm) equipped with a
Teflon-coated oval magnetic stirring bar (8 x5 mm) was charged
with Ni-phen@TiO,-800 (25 mg) before the vessel was sealed with a
plastic screw cap bearing a silicone septum. The silicone septum
was then punctured with a 26-gauge syringe needle (0.45x12 mm).
Aryl halide (0.5 mmol) and triethylamine (88 uL, 0.625 mmol,
1.25 equiv) were then added via a 100 uL microsyringe. Deionized
water (1 mL) and methanol (1 mL) were then added before the vial

ChemSusChem 2022, 15, €202102315 (7 of 9)

was placed into a small aluminum plate which was then transferred
into a 300 mL steel autoclave (Parr Instrument Company). Once
sealed, the autoclave was placed into a large aluminum heating
block and purged 3 times with hydrogen (at 5-10 bar). Next the
autoclave was pressurized with hydrogen (20-30 bar) and heated
(45-130°C) with thorough stirring (700 rpm). After 20 h, the
autoclave was removed from the large aluminum block and cooled
to room temperature in a water bath. The remaining hydrogen was
discharged and the vials containing reaction products were
removed from the autoclave. Ethyl acetate (6 mL) was added to the
reaction vial and the resulting mixture was stirred intensively for
30s. The solid catalyst was then separated by centrifugation and
the liquid phase was analyzed by GC-FID to quantify the yield of
the dehalogenated product, using n-hexadecane as an internal
standard.

Procedure for HDH of 4a

An 8 mL glass vial (@-14 mm, height 50 mm) equipped with a
Teflon-coated oval magnetic stirring bar (8 x5 mm) was charged
with Ni-phen@TiO,-800 (25 mq) and ethyl 2-(4-
bromophenyl)acetate 4a (121.6 mg, 0.5 mmol) before the vessel
was sealed with a plastic screw cap bearing a silicone septum. The
silicone septum was then punctured with a 26-gauge syringe
needle (0.45%x12mm). Triethylamine (88 uL, 0.625 mmol,
1.25 equiv) was then added via a 100 pL micro-syringe. A mixture of
deionized water (0-1 mL) and ethanol (0-1 mL), or an alcoholic
beverage (2 mL), was/were then added before the vial was placed
into a small aluminum plate which was then transferred into a
300 mL steel autoclave (Parr Instrument Company). Once sealed,
the autoclave was placed into a large aluminum heating block and
purged 3 times with hydrogen (at 5-10 bar). Next the autoclave
was pressurized with hydrogen (20 bar) and heated to 50°C with
thorough stirring (700 rpm). After 20 h, the autoclave was removed
from the large aluminum block and cooled to room temperature in
a water bath. The remaining hydrogen was discharged and the vials
containing reaction products were removed from the autoclave.
Ethyl acetate (6 mL) was added to the reaction vial and the
resulting mixture was stirred intensively for 30 s. The solid catalyst
was then separated by centrifugation and the liquid phase was
analyzed by GC-FID to quantify the yield of 4b, using n-hexadecane
as an internal standard.

Procedure for DDH

An 8 mL glass vial (@-14 mm, height 50 mm) equipped with a
Teflon-coated oval magnetic stirring bar (8 x5 mm) was charged
with  Ni-phen@TiO,-800 (25mg) and 5-iodo-1,2,3-trimeth-
oxybenzene 35a (147.0 mg, 0.5 mmol) before the vessel was sealed
with a plastic screw cap bearing a silicone septum. The silicone
septum was then punctured with a 26-gauge syringe needle (0.45 x
12 mm). Triethylamine (88 uL, 0.625 mmol, 1.25 equiv) was then
added via a 100 uL micro-syringe. Deionized water or D,O (1 mL)
and methanol or methanol-d, (1 mL) were then added before the
vial was placed into a small aluminum plate which was then
transferred into a 300 mL steel autoclave (Parr Instrument Com-
pany). Once sealed, the autoclave was placed into a large aluminum
heating block and purged 3 times with hydrogen or D, (at 3-5 bar).
Next the autoclave was pressurized with hydrogen or D, (1 bar) and
heated to 80°C with thorough stirring (700 rpm). After 20 h, the
autoclave was removed from the large aluminum block and cooled
to room temperature in a water bath. The remaining hydrogen was
discharged and the vials containing reaction products were
removed from the autoclave. Ethyl acetate (6 mL) was added to the
reaction vial and the resulting mixture was stirred intensively for
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30s. The solid catalyst was then separated by centrifugation and
the supernatant was collected. The addition of ethyl acetate,
vigorous stirring and collection was repeated a further two times.
The combined ethyl acetate phases were filtered through diatoma-
ceous earth (Celite) and then washed with a small amount of
deionized water (2.5 mL) in a separatory funnel to remove NEt;-HI.
The organic phase was then dried over sodium sulfate before the
solvent was removed by evaporation under reduced pressure. 35b
was dried overnight in vacuo, yielding an orange-brown solid. A
sample was then dissolved in deuterated chloroform and analyzed
by 'H NMR spectroscopy to determine the D-incorporation of 35b.
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