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Platinum nanoparticles (PtNPs stabilized by an ionic-liquid-like-copolymer (IP) immobilized in
various ionic liquids (ILs)) effectively catalyze the selective hydrogenation of aromatic chloronitro
compounds to aromatic chloroamines, a reaction of considerable commercial significance. The
preparation of 2,4-dichloro-3-aminophenol (DAP) has been primarily studied due to its important
industrial applications. DAP is usually prepared from 2,4-dichloro-3-nitrophenol (DNP) by
reduction with hydrogen using Ni- or Pt-based catalysts. Compared to reactions in molecular
(organic) solvents, the ILs system provides superior selectivity with functionalized ILs containing
an alcohol group demonstrating the best recyclability, and ultimately achieving a turnover number
of 2025 which is 750 fold higher than Raney nickel catalyst. A universal catalyst—ionic liquid
system for the conversion of aromatic chloronitro compounds to aromatic chloroamines was also
established. TEM, XPS, IR spectroscopy were used to characterize the morphology of the
nanocatalysts allowing their structure to be correlated to their activity.

Introduction

Hydrogenation reactions catalyzed by transition metal nanopar-
ticles (NPs) immobilized in ionic liquids (ILs) have been
extensively explored in recent years."* Nanoparticles composed
of first row transition metals including Co” and Ni,? and second
and third row transition metals including Ru,*'¢ Rh,717-23
I, 71217212430 p( 183134 511 d Pt,'83537 have been successfully immo-
bilized in ILs and evaluated in different hydrogenation reactions.
NPs suspended in ILs have also been used as catalysts*® and
catalyst reservoirs®*-* in a range of other reactions. The advan-
tage of these ‘soluble’ NP-ILs systems in catalysis corresponds
to their high activity, selectivity and recyclability. In some
cases the ILs themselves behave as effective NP stabilizers,
as demonstrated by Dupont et al., nevertheless it has been
shown that additional stabilizers can further enhance catalytic
performance in certain reactions.*" Polyvinyl pyrrolidone (PVP)
is the most commonly used NP stabilizer, but due to its poor
solubility in ILs is only of limited use. Two strategies have
previously been used to overcome this limitation. First, an
‘IL-like’ copolymer formed from the copolymerization of the
PVP monomer and a vinylimidazolium unit is highly IL
soluble,” and second, hydroxyl-functionalized ILs effectively
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dissolve PVP.»4># Both approaches were found to be highly
effective, providing stable IL soluble NPs, which exhibit long
lifetimes leading to high turnover numbers in hydrogenation
reactions.

NP-IL systems also exhibit excellent regioselectivity in the hy-
drogenation of complex substrates and also inhibit side reactions
such as dehalogenation. For example, o-chloroaniline may be
obtained in quantitative yield from o-chloronitrobenzene using a
NP-IL system, whereas considerable dehalogenation is observed
in molecular solvents.’” DFT calculations combined with IR
spectroscopy showed that the exceptional selectivity arises from
strong interactions between the IL cation and the nitro group
of the substrate, thereby activating it selectively. Similarly,
the selective hydrogenation of cinnamic aldehyde to cinnamyl
alcohol has been demonstrated using a NP-IL system.*

The selective hydrogenation of aromatic chloronitro com-
pounds to aromatic chloroamines is a reaction of considerable
commercial significance. Prins et al. published an alternative
method® to reduce aromatic nitro compounds with hydrazine
in the presence of an iron oxide catalyst and high selectivity
was obtained. However, the disadvantage of this method is
the danger of handling hydrazine. Notably, 2,4-dichloro-3-
aminophenol (DAP) is a fine chemical with a high added-
value usually prepared from 2,4-dichloro-3-nitrophenol (DNP)
by reduction with hydrogen using Ni- or Pt-based catalysts
(Scheme 1). The selective reduction of DNP to DAP is much
more challenging than o-chloronitrobenzene, since it has four
substituents attached to the aromatic ring, and there is a greater
probability of dehalogenation side reactions taking place. Many
patents and papers describe the preparation and use of DAP,**#
nevertheless the catalytic efficiencies described tend to be poor.
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Scheme 1 Catalytic synthesis of 2,4-dichloro-3-aminophenol via hy-
drogenation of 2,4-dichloro-3-nitrophenol. The synthesis is usually
accompanied by significant dechlorination side-reactions.

For example, the turnover number (TON) of Raney Niin ethanol
is around 3 with a selectivity of 70%. Based on the promise
shown by NP-IL systems in selective hydrogenation reactions,
especially for selectivity towards nitro-groups, we decided to
evaluate their application in the reduction of DAP to DNP.
Herein we describe the outcome of this study which shows that a
PtNP-IL system exhibits excellent selectivity toward the desired
product. Moreover, using functionalized ILs a TON of 2025 with
a selectivity of 100% was achieved. The same catalyst system
may also be used to convert a range of aromatic chloronitro
compounds to aromatic chloroamines.

Experimental
Synthesis of the copolymer and ILs

The ionic-liquid-like-copolymer (IP)** and ILs [Bmim][PF],
[Bmim][BF,], [C,OHmim][BF,], were prepared according to
literature methods.*

Nanoparticle preparation

PtNPs were prepared using a published method.*® In brief,
NaOH (0.1 g, 2.5 x 10~ mol) dispersed in ethylene glycol (5 mL)
was added to H,PtCl,-6H,O (0.1 g, 1.9 x 10™* mol) in ethylene
glycol (5§ mL). The mixture was heated to 433 K for 3 h under
argon affording a dark-brown solution.

Pt catalysts: The system was achieved by combining a 7.2 X
107* mol of the PtNP (0.38 mL ethylene glycol solution), IP or
PVP (3.6 x 10 mol) with the appropriate solvent (5.0 mL).

Catalytic hydrogenation of aromatic chloronitro compounds

Hydrogenation of aromatic chloronitro compounds was per-
formed at 363 K and 1.0 MPa of hydrogen in a stainless-steel
autoclave (10 mL). Typically, the substrate (1.8 x 10~ mol) and
PtNP-IL solution (7.2 X 10 mol) were added in the autoclave,
the autoclave charged with hydrogen, and then sealed and stirred
for 2 h at 363 K. After reaction, diethyl ether (15 x 4 mL)
was added to extract the products. The products were then
analyzed on an Agilent 6820 gas chromatograph and Agilent
5975C/7890A GC-MS.

Characterization of the PtNPs

High-resolution transmission electron microscopy (HRTEM)
measurements. HRTEM measurements were carried out on a
Hitachi H-9000 electron microscope operated at 300 kV. The
PtNPs were dispersed in methanol following their separation
from the ILs by centrifugation. One drop of the solution was

placed onto a copper grid coated by a carbon film and dried
under vacuum at 343 K for 24 h to remove any solvent, and
used for HRTEM measurements. The average particle size of
the PtNPs was determined from ca. 300 NPs.

X-ray photoelectron spectroscopy (XPS). XPS measure-
ments were carried out using an Axis Ultra photoelectron
spectrometer using an AlKa (1486.7 eV) X-ray source, with
the pressure of the measuring chamber set at 5 x 10~ Torr. The
binding energy scales for the samples were referenced by setting
the C 1 s binding energy of contamination carbon to 284.8 eV.
Samples 1 and 2 (in Fig 4) were obtained by mixing the ILs with
the fresh PtNPs and pretreated using a literature method,* and
dripping the mixture on a piece of sheet copper. Samples 3 and
4 were made by centrifuging the PtNPs after reaction and fixing
the PtNPs on a piece of sheet copper.

Fourier-transform infrared spectroscopy (FTIR). The sam-
ples were prepared by mixing DNP (0.005 g) with the appropriate
solvent (0.10 mL). IR spectra of one drop of the solution
dispersed on KBr windows were recorded on a Vector27 Bruker
instrument with a resolution of 1.0 cm™.

IR-H,S probe characterization of the catalysts. PtNP sam-
ples were prepared in the same way as Samples 1 and 2 for
XPS measurement. The PtNP were placed into a flask under 0.1
MPa of H,S and stirred for 1 h. An IR spectrum of one drop
of the solution dispersed on CaF windows was recorded on a
Vector27 Bruker instrument with a resolution of 1.0 cm™. An
IR spectrum of the sample was obtained by subtracting the IR
spectrum before H,S adsorption.

Results and discussion
Hydrogenation of aromatic chloronitro compounds

PtNPs prepared according to a literature procedure were mixed
with the IP or PVP in various solvents and evaluated as catalysts
for the hydrogenation of DNP. For comparison purposes, Pt
immobilized on activated carbon (Pt/AC) in methanol was
evaluated in the same reaction. The results from these studies
are summarized in Table 1.

The selectivity for DAP catalyzed by Swt% Pt/ AC was 88.7%,
with extensive dehalogenation observed, giving 2-chloro-3-
aminophenol (MAP) in significant quantities. Using the PtNP—
methanol solution, DNP underwent quantitative conversion,
but the selectivity for DAP was even lower. These results are
not too dissimilar to those reported previously, notably that
Raney Ni in ethanol catalyzes the hydrogenation of DNP with a
selectivity of only 70.4% for the desired product.* Based on the
low selectivity obtained in organic solvents the hydrogenation of
DNP was assessed in ILs, including [Bmim][PF], [Bmim][BF,]
and [C,OHmim][BF,]. Under equivalent reaction conditions a
dramatic improvement in selectivity was observed in all three
ILs. Side (dehalogenation) reactions were suppressed and DAP
was obtained in essentially quantitative yield.

It has previously been shown that dehalogenation is favored at
high temperatures, usually occurring after reduction of the nitro-
group,**? with the selectivity decreasing with reaction time and
temperature. The reaction was therefore continued for 4, 8 and
12 hours (Table 1, entries 8, 9 and 10), albeit at a slightly reduced
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Table 1 Hydrogenation of DNP*

Selectivity (%)
Entry Catalyst Solvent Stabilizer Reaction time (h) Reaction temperature (K) Conversion (%) DAP MAP other
1 Pt/AC(5wt.%) CH;OH - 2 363 99.0 88.7 7.8 -
2 Pt CH,OH PVP 2 363 100 66.0 1.9 30.0
3¢ Raney Ni CH,CH,;OH - - 313 - 70.4 - -
4 Pt [Bmim][PF,] IP 2 363 95.8 99.9 <0.1 -
5 Pt [Bmim][BF,] 1P 2 363 100 99.9 <0.1 -
6 Pt [C,OHmim][BF,] IP 2 363 100 99.9 <0.1 -
7 Pt [C,OHmim][BF,] PVP 2 363 100 99.9 <0.1
8 Pt [Bmim][BF,] 1P 4 343 94.7 99.9 <0.1 -
9 Pt [Bmim][BF,] 1P 8 343 100 99.9 <0.1 -
10 Pt [Bmim][BF,] 1P 12 343 100 99.9 <0.1 -
11 Pt [Bmim][BF,] 1P 4 303 6.5 99.9 <0.1 -
12 Pt [Bmim][BF,] 1P 4 383 100 99.9 <0.1 -
13 Pt [Bmim][BF,] 1P 4 423 100 98.1 1.7 -

“ Reaction conditions: solvent (5 mL), Pt (7.2 x 10~ mmol), DNP (1.8 x 10~ mol), H, (1.0 MPa), IP/PVP:Pt = 5:1. ® From ref. 46. Reaction conditions:

ethanol (900 mL,) Ni (9.0 g), DNP (85 g), H, (2.0 MPa).

Table 2 Hydrogenation of various nitroarene substrates to their corre-
sponding amines in [C,OHmim][BF,]

Entry Substrate Cat./Sub. ratio Conversion (%) Selectivity (%)

1 2,6-dichloro-4- 250 100 99.9
nitrophenol

2 4-chloro-2- 250 100 99.0
nitrophenol

3 1,4-dichloro-2- 250 100 97.9
nitrobenzene

4 2,6-dichloro-3- 250 100 100
nitrotoluene

5 2,4-dichloro-6- 250 100 98.0
nitroaniline

Reaction conditions: [C,OHmim][BF,] (5 mL), Pt (7.2 x 10~ mmol),
substrate (1.8 mmol), H, (1.0 MPa) at 363 K, IP:Pt = 5:1.

temperature, showing that selectively is essentially quantitative,
merely with the conversion increasing. The effect of temperature
was also explored, with the hydrogenation conducted at 303,
343, 383 and 423 K (Table 1, entries 11, 8, 12 and 13). The
reaction was sluggish at 303 K (conversion < 10%), whereas
at temperatures of 343 K and 383 K high conversions were
observed with the selectivity for DAP being quantitative. The
selectivity of DAP decreased slightly as the reaction temperature
was increased further (to 423 K). Nevertheless, for the selective
hydrogenation of DNP to DAP the PtNP-IL systems are
superior, compared to catalysts operating in molecular solvent.

The IP protected PtNP in [C,OHmim][BF,] showed high
conversion and perfect selectivity, so further substrates were
evaluated using this system (see Table 2). Although the substrates
contain different substituent groups, excellent selectivity to the
corresponding aromatic chloroamines was achieved in all cases.

The improved selectivity observed for the hydrogenation of
nitro groups in ILs was previously attributed to weak non-
covalent interactions formed between the ILs and the nitro
group, as evidenced by IR spectroscopy and corroborated by
DFT calculations.*” Tt is not unreasonable to assume that the
reason for the exceptional selectivity observed here for the
conversion of DNP to DAP (and other related substrates)
is also due to hydrogen bonding between the ILs and nitro

group thereby preferentially activating this group. To verify
this hypothesis IR spectra of DNP dissolved in both ILs and
molecular solvents were recorded, see Fig 1. The asymmetric
stretching vibration of the nitro (O=N=O0) group of DNP in
methanol is observed at 1552 cm™. In toluene the vy—o vibration
is almost unchanged (1551 cm™), indicating that the change in
polarity of the solvent has little influence on the strength of the
N=O0 bonds. However, there is a significant red shift to 1547 +
1 cm™ in the three ILs, implying that the N=0 bonds are slightly
weakened (and activated) in the ILs. The stretching vibration of
the C—Cl bonds in DNP (Fig 1b) are identical in all five solvents
indicating that the nature of solvent does not influence the
C-Cl bond strength. Thus, the weak interaction between the
nitro group in DNP and the ILs probably contributes to the
higher selectivity for the reaction in these solvents.

17

o

1580 1560 1540 1520 840 820 80 780

Wavenumber(cm™)
Fig. 1 IR spectra of (a) the asymmetric vibrations of the nitro groups

and (b) the carbon—chlorine bond of DNP in (A) [Bmim][PF], (B)
[Bmim][BF,], (C) [C,OHmim][BF,], (D) methanol, and (E) toluene.

Catalyst recycling

The ability to reuse the PNP-IL systems was also investigated.
After catalysis, the product(s) were extracted into diethyl
ether, and the remaining PtNP-IL solution was charged with
reactants for a subsequent hydrogenation. The recyclability of
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PtNP-[Bmim][BF,] and PtNP-{C,OHmim][BF,] solutions in
the hydrogenation of DNP are shown in Fig 2.

100

,-..80_

5 ™ a7
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Run1 Run Run3 Run4 Run5 Run6 Run7 Run8 Run9
Fig. 2 Recycling of the Pt-[C,OHmim][BF,] (black) and Pt-
[Bmim][BF,] (grey) systems in the hydrogenation of DNP. Reaction
condition: temperature 343 K; hydrogen pressure 1.0 MPa; reaction
time 2 h; DNP 0.9 mmol; 3.6 x 10 mmol of PtNP (IP:Pt = 5:1) in IL
(5mL).

The selectivity of the reaction was maintained at 100%
throughout the recycling for both systems, demonstrating the
excellent control of the PtNP-IL systems with respect to
selectivity. However, in case of the PtNP-[Bmim][BF,] system
the conversion steadily decreased during five runs, from ca.
95 to 60%. In comparison, the PtNP-[C,OHmim][BF,] system
exhibits much better recycling characteristics and after 9 batches
the conversion exceeds 80%, reaching a turnover number (TON)
of 2025, which is 750 fold greater than the TON obtained using
Raney Ni.*

Characterization of the PtNPs by TEM and XPS

One of the main problems associated with NP catalysis is that
NPs are kinetically stable and therefore tend to aggregate during
reaction, thereby becoming less active. ILs have been shown to
help stabilize NPs, and in certain studies it has been shown
that ILs with functional groups such as hydroxyl or nitrile
groups, may further enhance the stability of the NPs as they can
form additional interactions with the NP surface. In the case
of the PtNP-[Bmim][BF,] system described herein, aggregation
of the PtNP has been confirmed by TEM (Fig 3), presumably
leading to the deterioration in catalytic activity during the
recycling experiments. The PtNPs prepared in [Bmim][BF,] have

Fig. 3 TEM micrographs (scale bar = 20 nm) and size distribution
of (a) PtNPs prepared in [Bmim][BF,], (b) PtNPs after five catalytic
cycles in [Bmim][BF,] and (c) PtNPs after nine catalytic cycles in
[C,OHmim][BF,].

an average particle size of 3.7 + 0.2 nm, which after five catalytic
cycles increases to 7.9 £ 0.4 nm. In [C,OHmim][BF,] aggregation
of the PtNPs is scarcely observed; the average size of PtNPs
prepared in [C,OHmim][BF,] is 3.7 £ 0.2 nm and after nine
reaction cycles an average size of 3.8 £ 0.4 nm is observed.

XPS measurements (Fig 4) were carried on the PtNPs
in an attempt to establish why the PtNPs immobilized in
[C,OHmim][BF,] are more stable than those in [Bmim][BF,].
The binding energy of the Pt 4f,,, core-level in the PtNP-—
[Bmim][BF,] system has a value of 72.2 eV, 0.5 eV higher
than in the PEINP-[C,OHmim][BF,] system (71.7 eV). Although
binding energies are sensitive to the average valency and size
of the NP, the difference observed here cannot be attributed
to these factors. The lower binding energy of the PtNPs in
[C,OHmim][BF,] suggests that additional electron transfer from
the IL to the PtNPs is evident. After five catalytic cycles the 4
f,,» core-level of PtNPs in [Bmim][BF,] changes from 72.2 eV
to 70.7 eV (C), a dramatic shift towards the metallic state of
Pt, and in accord with the TEM analysis that shows PtNP
aggregation (see below). In contrast, after nine cycles the 4 f;,,
core-level value of the PtNPs in [C,OHmim][BF,] is 71.4 ¢V,
almost the same value observed for the freshly prepared PtNPs.
The constant binding energy for the PtNPs in [C,OHmim][BF,]
provides additional evidence for the high stability of the PtNPs
with respect to both their size and surface state. The XPS
measurements, together with the TEM analysis, suggest that the
hydroxyl groups in [C,OHmim][BF,] interact with the PtNPs
helping to stabilize them. Indeed, alcohol functionalized ILs
have been shown to be excellent media for the preparation of
gold NPs.*

Intensity/Counts

82 80 78 76 74 72 70 68
Binding energy (eV)

Fig. 4 Pt (4f) region of (a) Pt-[Bmim][BF,] before catalysis, (b) Pt—

[C,OHmim][BF,] before catalysis, (c) Pt-[Bmim][BF,] after catalysis, (d)

Pt-[C,OHmim][BF,] after catalysis.

Additional evidence for the interaction of OH groups with
the surface of the PtNP is obtained from IR spectroscopy using
H,S as a probe molecule® (Fig 5).

In [C,OHmim][BF,], the antisymmetric and symmetric vibra-
tions of H,S were more overlapped than the case of Bmim[BF,],
probably due to the formation of hydrogen bonding between H,S
and OH groups. In Pt-Bmim[BF,], the y(SH) wavenumber for
the symmetric and antisymmetric vibrations are 2588 cm™ and
2604 cm™ (A) respectively. In Pt-[C,OHmim][BF,] (B), however,
both peaks display a blue shift to 2592 cm™ and 2607 cm™,
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Fig. 5 IR spectra of H,S absorbed on PtNPs (raw data, black
line), fitting of symmetric vibrations of H,S (blue line), fitting for
antisymmetric vibrations of H,S (green line) after the adsorption of
H,S on (A) PtNP-[Bmim][BF,] and (B) Pt-[C,Omim][BF,] (difference
spectra: after H,S adsorption minus spectrum without H,S — pink line).
The red line corresponds to the sum of the blue and green lines.

suggesting the OH groups in [C,OHmim][BF,] help to weaken
the interaction of H,S on the surface of the PtNPs. The H,S-IR
test gave further evidence for the presence of weak interactions
between the PtNPs and OH groups in the IL. Moreover, the
experiment indicates that the PtNPs in the hydroxyl group
functionalized IL is poison resistant as it weakens the adsorption
of poison (H,S) molecule to the metal surface.

Conclusions

A highly effective PtNP-IL system has been established for
the selective synthesis of aromatic chloroamines from aromatic
chloronitro compounds. Compared to other catalytic systems
employing NPs or heterogeneous catalysts operating in molec-
ular organic solvents, the PtNP-IL systems described herein
exhibit excellent selectivity to the desired product, and the
hydroxyl-functionalized IL system, display excellent stability
allowing extensive recycling and high turnover numbers. This
system provides a further example of an IL-catalyst regime
which offers environmental benefits in terms of eliminating
organic solvents from the catalytic process, although on this
laboratory scale, organic solvents were used to extract the
product. Moreover, and importantly, based on experimental
evidence the role of the ILs can be directly ascribed to the high
selectivity obtained and the high catalyst stability.
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