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Abstract

Catalytic reduction of aromatic nitro compounds to amines via homogeneous and
heterogencous approaches was performed. For homogeneous catalysis the combination of
commercially available Co(acac). and dpephos ligand (dpephos = bis[(2-
diphenylphosphino)phenyl]ether) was effectively employed showing the full conversion of
the substrate at room temperature using PhSiH3 and HBPin as reductants. For heterogeneous
catalysis, two approaches were used, such as generation of free cobalt nanoparticles from
Co(OAc); and preparation of three composites derived from commercially available
Co(OAc)2 and CoClz and surface modified silica. The application of free cobalt nanoparticles
showed reduction of nitro compounds with full conversion at room temperature within 20 h.
The synthesized cobalt composite materials were subjected to reduction of 2-nitrophenol with
NaBH; in water. Comparative kinetic studies indicated that the composite catalyst derived
from Co(OAc); has the highest catalytic activity in reduction of 2-nitrophenol with the rate
constant of 6.72x102 min’'. The transition from homogenous catalysis to heterogeneous
approach for an effective reduction of aromatic nitro compounds to amines as well as removal

of nitro compounds from aqueous solutions were articulated in the present thesis work.
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Chapter 1 - Introduction

1.1 Amines and their production

Amines are among the most important organic compounds that are widely used for
production of commodity and fine chemicals, including natural products, agrochemicals,
pharmaceuticals, polymers and functional materials [1-4]. They play a significant role as
structural motifs of many biologically active molecules [5]. Aniline was first isolated in 1926
and it constitutes a huge portion of the worldwide market in chemical industries up to these
days [6].

There are a numerous conventional ways to obtain amines and their derivatives,
namely stoichiometric reduction of nitriles [7], imines [8], amides [9] and nitro compounds
[10]; decarboxylation of carbamic acids [11]; reductive amination of compounds bearing
carbonyl group [12]; hydroamination of alkenes and alkynes, etc. [13]. For example, one of
the most acknowledged laboratory approaches to amines is N-H alkylation with alkyl halides
and/or alcohols [14]. However, such reactions often suffer from lack of control and selectivity
resulting in mixtures of products with different alkylation degree [15]. Alternative methods,
the reductive amination and stoichiometric reduction of nitriles, amides, imines, etc. require
the use of metal hydride reagents and suffer from functional group tolerance and lead to
formation of large amounts of byproducts [16]. Analogous problems are found in industrial
preparation of amines, which mostly rely on reduction of organic nitriles and nitro compounds
to the corresponding amine products [1, 3]. Current technologies based on either
stoichiometric transformations or heterogeneous catalytic systems (for example, RANEY®
nickel and RANEY® cobalt are commonly used in industry for reduction of nitriles to amines
[17] come along with limited reactions control, product selectivity and low functional group
tolerance. Another problem is that many nitroaromatic compounds, which serve as precursors
for most industrial aromatic amines, are toxic. Considering their incomplete conversion to
aromatic amines and aqueous workup procedures for isolation of amine products,
nitroaromatic compounds can be present in small amounts in industrial waste waters. Thus,
nitrophenols belong to the list of emerging pollutants and their effective removal from waste
waters plays an important role in environmental chemistry [18]. These issues prompted
chemists around the world to work on effective and “greener” alternative ways for production
of amines.

The application of transition metals in the catalytic reduction reactions of nitriles and
nitro compounds (e.g. hydrogenation, hydrosilylation and hydroboration) to amines provides

promising results in molecular synthesis [19]. The use of homogeneous catalytic systems
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results in enhanced selectivity and reproducibility of such reduction reactions, whereas
heterogeneous catalysis allows for better separation of product(s)/catalyst mixtures and
catalyst recovery [20-25]. Among all catalytic reduction methods, hydrogenation of organic
nitriles and nitro compounds to the corresponding amines represents the most atom-
economical approach; however, the reactions usually require precious metal catalysts and
harsh conditions [20-25] and are often non-selective, affording mixtures of aldimines and
primary, secondary and tertiary amines [26-31].

During the last decade, hydrosilative and hydroborative reduction of nitriles and nitro
compounds to amines have attracted significant attention [9, 32]. This is mainly because
compared to H», hydrosilanes and hydroboranes are easy to handle and most importantly, can
be activated under mild conditions [33]. Moreover, due to the mild reaction conditions the use
of hydrosilanes and hydroboranes as reductants often results in increased selectivity of the
reactions towards the desired amine product [34].

The conventional catalytic systems for hydrosilylation and hydroboration catalysis are
based on precious metals, such as 2" and 3™ row transition metals of groups 8-10 of the
Periodic Table [14, 35-42]. Due to the skyrocketing prices of these elements one of the
attractive research venues in this area is transferring the reactivity of such catalysts to more
economical and "greener" first-row metal surrogates, those involving so called base metals:
Fe, Co, Ni [10, 14, 32, 37, 43]. However, the examples of base metal systems for mild and
selective catalytic hydrosilylation and hydroboration of nitriles and nitro compounds to
amines are still scarce [10, 14, 32, 35]. The reported few examples of homogeneous base
metal catalysts for hydroborative and hydrosilative reduction of nitriles and nitro compounds
to amines require the use of rather sophisticated ligands and/or elevated temperatures [14].
Similarly, only a handful of heterogeneous base-metal catalysts for hydrosilylation and
hydroboration of nitriles and nitro compounds have been reported with only few examples of
such systems operating under mild reaction conditions [11, 14].

Recent developments in base metal-catalyzed homogeneous reduction of nitroaromatic
compounds to the corresponding amines show promising results since the catalysts based on
Fe, Co and Ni were able to effectively reduce the toxic substrates with high conversions under
mild conditions [14]. The main problem associated with homogenous systems is that the
majority of the reduction reactions are performed in organic solvents [14]. In the literature,
there are no examples of these systems performing the reduction in water due to water
sensitivity of the proposed catalysts. In this regard, heterogeneous catalysts would be more
advantageous over the homogenous ones since the former catalysts are water tolerant and can

potentially perform the reduction in an aqueous media [10]. On the other hand, compared to
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homogeneous systems, heterogencous reduction of nitro compounds often requires rather
under harsh reaction conditions, such as high temperatures and pressures and long reaction

times [10].

1.2 Nitrophenols

Among a variety of aromatic nitro compounds, catalytic reduction of nitrophenols in
water received special attention due to their hazardous/pollutant nature. Thus, 4-nitrophenol
and 2-nitrophenol are toxic, anthropogenic and considered as emerging pollutants due to their
reasonably high solubility in water. The consequences of the release of wastewater containing
nitrophenols into receiving water are severe since it may damage the ecosystem and human

health [74].

1.3 Thesis aims and objectives

The objective of this thesis is twofold. Firstly, the project aims at the design of simple
and effective base metal catalysts for selective reduction of aromatic nitro compounds to
amines and then to apply this strategy to the development of heterogeneous base metal
catalytic systems for effective removal of nitrophenols from waste waters.

This work presents the results of cobalt-catalyzed hydrosilylation and hydroboration of
aromatic nitro compounds, such as nitrobenzene, 2-nitrophenol and 4-nitrophenol to the
corresponding amines, using homogeneous and heterogeneous catalytic systems. For
homogeneous catalysis we employed the combination of commercially available Co(acac)
(acac = acetylacetonate) and dpephos (dpephos = bis[(2-diphenylphosphino)phenyl]ether).
For heterogeneous catalysis, two approaches were used, such as generation of free cobalt
nanoparticles generated from Co(OAc), (OAc = acetate) and preparation of three composites
derived from commercially available cobalt salts and surface modified silica. These both
homogeneous and heterogeneous systems were subjected to reduction of nitrobenzene, 2-
nitrophenol and 4-nitrophenol in both organic solvents and water. The obtained amine
products were isolated and analyzed using NMR spectroscopy and ultraviolet-visible (UV-vis)
spectrophotometry. In order to compare the activity of the developed catalytic systems,
kinetics studies of the reduction of 2-nitrophenol with NaBH4 in water were performed for
these three Co-Silica composites (derived from CoCl; and Co(OAc)2) using UV-vis
NanoDrop microvolume spectrophotometer.

The thesis aims to apply the knowledge acquired for homogeneously catalyzed
reduction of nitro compounds to the design of an applicable heterogeneous catalytic system

for effective removal of nitroaromatic pollutants form waste waters. Therefore, the project
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described in this thesis shows the transition from homogenous catalysis to heterogeneous
catalysis for reduction of nitroaromatic compounds to aromatic amines. Although, the
developed homogeneous catalysts show promising activity and selectivity in the reduction of
aromatic nitro compounds, the use of heterogeneous composite materials as catalysts in such
transformations potentially allows for effective catalyst separation and catalyst recovery,
which is essential for wastewater treatment to avoid further contamination of water with

catalyst material.

1.4 Thesis organization

This thesis work consists of five chapters. The first chapter is an introduction, where in
the first part the importance of amines, methodologies for their synthesis and environmental
issues associated with their industrial production are discussed. The second part summarizes
the major aims and objectives of the thesis work, such as finding effective and selective
methodology of obtaining amines from nitro compounds, making a transition from
homogeneous catalysts to heterogeneous ones due to separation issues and effective removal
of nitroaromatic compounds from waste waters. And at the end of the introduction, there is an
overall structure of this thesis work.

The literature review is presented in the second chapter, where background
information regarding the reduction of nitro compounds is given. In addition to this, the most
recent findings in the field of catalytic reduction using transition metals in both homogeneous
and heterogeneous catalysis are reported.

Chapter three describes all materials, reagents and methodology used to implement the
project. All experimental procedures and laboratory equipment used for the synthesis and
characterization of the catalysts and the products of catalytic reactions are described
thoroughly.

In the next chapter called results and discussion, all results are summarized and a
comprehensive description of the obtained results is shown. In addition, kinetic studies of the
reduction of 2-nitrophenol with NaBH4 in water catalyzed by heterogencous Co-silica
composite systems and Co(OAc)2 and CoCl: reported in this chapter.

Finally, all findings are summarized in the conclusion section. The recommendations

for further work are also given.
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Chapter 2 - Literature review

Literature review mainly focuses on the reduction of aromatic nitro compounds to the
corresponding amine products using silanes and boranes as reductants in homogenous

catalysis, whereas NaBHy4 is used as reductant in heterogeneous catalysis.

2.1 Homogeneous catalysis

Almost all industrially used catalytic reduction reactions of unfunctionalized nitro
compounds to the corresponding amines make use of the heterogeneous catalysts [10]. At the
same time, some homogenous systems show promising results in chemoselective reduction of
more challenging substrates having different functional groups other than nitro group.
Despite the advantages of homogeneous catalysts over heterogencous systems in selectivity
and activity, the difficulty of the recovery of the former systems makes them less industrially
attractive over heterogeneous materials. Moreover, common sensitivity of homogeneous
transition metal catalysts to water makes them almost futile in transformation in aqueous
media. Despite this, the present review will discuss both homogeneous and heterogeneous
catalysis approaches since knowledge of the mechanisms of the reduction of nitro compounds
as well as molecular chemistry behind these processes provided from homogeneously
catalyzed reactions is essential for the design of an efficient heterogeneous catalytic system
for reduction of nitroarenes in water.

Historically, the majority of the effective catalysts for the production of aromatic
amines from the corresponding nitro aromatic compounds are based on late transition
(precious) metals, such as Ru [35-36], Pd [14] and Rh [14, 38], which despite their high
catalytic activity are limited in supply and expensive. Therefore, in recent years, there is a
huge demand for the development of more economical and efficient non-noble transition
metal-based catalysts. In this regard, earth-abundant first-row transition metals (such as Mn,
Ni, Fe, Co) have become an alternative to conventional precious metals systems for the
reduction of aromatic nitro compounds to the corresponding amines [14]. In the following sub
chapters, the most significant findings for both precious metal-based and earth abundant
metal-based catalysts will be reported.

For homogeneous transition metal catalysts, a special attention is paid to
chemoselectivity of the reduction of nitroarenes in the presence of other potent reductive
functional groups. For heterogeneous catalysis, this review covers the reduction of aromatic
nitro compounds only with molecular hydrogen and NaBHs4 since heterogeneous
hydrosilylation and hydroboration reactions are a lot less important and less studied compared

to homogeneous systems.
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2.1.1 Hydrosilative reduction reactions
2.1.1.1 Precious metals based homogeneous catalysts

For years, the precious-metal-based catalysts were extensively studied in homogenous
catalysis for the reduction of various unsaturated organic compounds leading to the
production of amines [14]. Catalytic reduction of nitro compounds is not an exception.

In 2006, Rahaim and Maleczka reported the Pd-based catalyst for the reduction of
nitrobenzene [44]. This work describes the use of Pd(OAc), for effective hydrosilative
reduction of nitroarenes. Thus, reduction of nitrobenzene to aniline was performed within 30
min at room temperature using 2 equivalents of an aqueous solution of KF, 5 mol% of
Pd(OAc); and 4 equivalents of PMHS as reductant in THF (Scheme 1) [44]. The same system
was also applied for chemoselective hydrosilative reduction of nitroarenes bearing such
functional groups as nitriles, esters, amides and aldehydes. However, no chemoselectivity was
observed for Pd(OAc):-catalyzed hydrosilative reduction of alkynyl and alkenyl substrates
resulting in complete reduction of alkynyl and alkenyl groups together with the nitro group
[44].

Scheme 1. Hydrosilative reduction of nitro compounds based on Pd [44]

Pd(OAc), (5 mol%)

PMHS (4 eq.)
R_N02 > Ar_NH2
KF (2 eq.)
THEF, 30 min, RT

Moving beyond platinum group metals, Wilkinson’s catalyst RhCI(PPhs); was also
demonstrated as an effective catalyst for the reduction of aromatic nitro compounds with
triethylsilane in toluene [45]. The reaction resulted in the formation of silylamines, which
after acidic treatment of the reaction mixture were converted to the corresponding aniline
derivatives in good yields (73-89%) [45]. Although the reduction of nitroarenes proved non-
selective in the presence of ketone and aldehyde functionalities, ester groups were tolerated
under the reaction conditions [45].

Hydrosilative reduction of aromatic nitro compounds to aromatic amines has been
also reported for rhenium oxohalide complexes, ReOCI3(PPh3), and RelO>(PPhs), [46]. Using
5 mol% of rhenium catalyst and excess PhMe>SiH (3.6 mol%) in toluene under reflux, a
series of nitroarenes were reduced to the corresponding aromatic amines within 1-45 h with
31-96% product yields [46]. Notably, rhenium oxohalide catalytic systems were found to

tolerate such functional groups, as nitriles, amides, esters and halides.
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2.1.1.2 Iron based catalysts

Iron catalyzed reduction of aromatic nitro compounds using silanes as a reductant was
firstly reported by Nagashima and co-workers in 2009 [47]. Thus, using 10 mol% of
[Fe3(CO)12] catalyst, N, N-dimethyl-4-nitrobenzamide was chemoselectively reduced to N, N-
dimethyl-4-aminobenzamide with 5 equivalents of 1,1,3,3-tetramethyl disiloxane (TMDS)
with 77% yield [47]. Interestingly, applying the same reaction conditions for reduction of
N, N-dimethyl-4-nitrobenzamide and replacing [Fe3(CO)12] with noble metal complexes ( [(i?,
1%, n°, n’-acenaphthylene)Ru3(CO)12] and H,PtCle'6H20) resulted in selective reduction of
carboxamide moiety instead of the nitro group (Scheme 2) [37, 47]. [Fe3(CO)12] was also used
for chemoselective reduction of halogenated and methoxy-substituted nitro aromatic
compounds. Thus, using 10 mol% of [Fe3(CO)12] catalyst with 10 equivalents of TMDS, the
reduction of the halogenated nitro aromatic compounds was performed in toluene at 100 °C
within 24 h to give 73-93% yields of the corresponding halogenated amine products (Table 1)
[47].

Scheme 2. Chemoselectivity upon reaction of N,N-dimethyl-4-nitrobenzamide with

TMDS using iron and noble metal complexes as catalysts [37]
[Pd] or [Ru] catalysts

Si-H N MesN
o >
NO,
Me,N
O
Me,N
[Fe5(CO);,] (10 mol%) NH,
TMDS (10 equivalents)
100 °C, 24 h

Table 1. Reduction of nitro aromatic compounds with TMDS using iron complex

(e.g. [Fe3(CO)12]) as the catalyst [37]

Entry Substrate Product Yield (%) NO,
1 R = OMe R = OMe 03
2 R=Cl R=Cl 73
3 R=Br R=Br 75
4 R=1I R=1I 03
All reactions were carried out using nitroarene (1 mmol), TMDS (5 mmol, Si-H R
= 10 mmol) and [Fe3(CO)12] (10 mol%s) in toluene at 100 °C within24 h.
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In 2010, Junge et al. applied iron salts (FeBr2, Felz) in combination with tricyclohexyl
phosphine (PCys3) and triphenylphosphine ligands (PPhs) for hydrosilylation of nitroarenes
with phenylsilane (PhSiH3) in toluene at 110 °C [48]. The best results, namely hydrosilylation
of halogenated and methoxy nitro compounds (89-99% yields within 16 h) were achieved
using 12 mol% of PPhs and 10 mol% of FeBr: in the presence of 2.5 equivalents of PhSiH3
[48]. The presence of the phosphine ligands was found to be essential as the control
experiments with 1-bromo-4-nitrobenzene in the absence of PPh; showed negligible
conversion of 1-bromo-4-nitrobenzene to p-bromoaniline [48]. Besides halogenated
nitroarenes, these systems proved effective in the reduction of nitroarenes with other
functional groups, such as cyano, carboxylic groups, hydroxyl and etc. [48]. Very similar
results were obtained in Fe(acac)s-catalyzed (10 mol%) reduction of nitroarenes with an
excess of TMDS, which at 60 °C required 24-48 hours [49-50].

Chemoselective reduction of nitroarenes having carbonyl functional groups was shown
for iron(Ill)-amine-bis(phenolate)-catalyzed reduction of p-nitroacetophenone with
triethyoxysilane (EtO)3;SiH (Scheme 3) [51]. The reaction times and the selectivity were
highly affected by the nature of different donor groups attached to the iron center and the
nitrogen atom of the ligand (Scheme 3). For instance, when tetrahydro-2-furanyl group was
present in the iron catalyst, the reduction proceeded faster and resulted in only trace amount
of product derived from the reduction of carbonyl group (Scheme 3). Chemoselective
reduction of nitro group was also observed for substrates bearing other potent reductive
functional groups, such as nitriles, chloro, bromo, esters. Using 2 mol% of the catalyst in the

presence of (EtO);SiH in acetonitrile at 80 °C the reaction proceeded within 8 h [51].
Scheme 3. Effect of the ligand for iron(I11)-amine-bis(phenolate) system [51]

O OH
[Fe] 2 mol%
MeCN, 80 °C, 4 h
NO, NH, NO,

@)

Yield (%) Yield (%)
L= (CH2)2NM62 79 7
L= >95 trace
O
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2.1.1.3 Nickel based catalysts

The application of nickel based homogenous catalysts for the reduction of nitro
compounds is scarce. Unlike iron complexes, in the presence of PMHS
(polymethylhydrosiloxane) using combination of Ni(acac)> with PPhs showed no reactivity
towards the hydrosilative reduction of nitro compounds. Interestingly, without PPh; added
Ni(acac), showed an increased activity in hydrosilylation of nitroarenes [43]. Thus, with 10
mol% of Ni(acac), and PMHS as the reductant resulted in the reduction of a series of nitro
compounds to the corresponding amines within 3-5 h at 110 °C with the yields varying from
60% to 80%. In contrast, much longer reduction reaction times (12-16 h) were observed for
FeBry/PR3 (R = PCys, PPh; and MePPhy) systems [48].

Introduction of N-heterocyclic carbenes as ligands for Ni catalysts (Figure 1) also
proved effective and resulted in fast hydrosilative reduction of nitroarenes to the

corresponding amines with PhSiH3 [52-53].

Pr _
Ph iy Pr
, N Cch N Ph
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<\ N - Ph'r
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Figure 1. Ni-NHC complexes [10]

Using the compounds represented in Figure 1 as catalysts a series of iodine- and
nitrile- containing aromatic nitro compounds were effectively and selectively reduced to the

corresponding amines within 3 h in the presence of PhSiH3 at 60 °C [52-53].

2.1.1.4 Cobalt based catalysts

Co-catalyzed hydrosilylation of nitro compounds to amines is unprecedented in the
literature, however, Co systems find widespread applications in catalytic hydrosilylation of
other classes of unsaturated organic molecules, such as alkenes [9, 54], alkynes [9, 55],
aldehydes [56], ketones [56], nitriles [14] carboxamides [9], etc. Co-catalyzed hydrosilative
reduction of carboxamides to amines was also previously studied in our laboratory and will be

mentioned in the results and discussion part of this thesis.
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2.1.2 Hydroborative reduction reactions

Hydroboration is another type of reduction reactions involving hydroboranes as
reductants to perform the same catalytic transformations as reported above. Similarly to
hydrosilative reductions, catalytic hydroborative reduction has attracted attention of the
scientists and may serve as an alternative route to stoichiometric reactions for the production
of amines [32]. However, compared to hydrosilylation, hydroboration of nitro compounds is
underdeveloped. The only example of homogeneous transition metal catalyzed hydroboration
of nitroarenes has been recently reported by our group for hydroboration of 4-
nitrobenzonitrile with HBPin (Pin = pinacol) (8.0 equivalents) using 5 mol% of Co(acac): in
combination with dpephos (dpephos = bis[(2-diphenylphosphino)phenyl] ether) (5 mol%)
[23]. The reaction resulted in reduction of both nitrile and nitro groups and proceeded to full
conversion at room temperature within 24 hours (Scheme 4) [32].

Scheme 4. Cobalt-catalyzed hydroboration of 4-nitrobenzonitrile with HBPin [32]

PinB_ _BPin
NO, N
HBPin (8 equivalents)
Co(acac), (5§ mol%) /
dpephos (5 mol%)
CN THF, RT, 24 h N/BPin

|
BPin

2.1.3 Hydrogenation reactions

An effective methodology for ruthenium-catalyzed homogeneous hydrogenation of
nitrobenzene to aniline was developed almost 45 years ago by Knifton (1976) [57]. Three
different Ru-based catalysts, such as RuCly(PPhs)3, [RuCl2(CO)3]2 and RuClo(CO)2(PPhs)>
(1.6 mM of [Ru] catalyst) showed effective hydrogenation of nitrobenzene having >99%
conversion within 7 h in benzene-ethanol mixture at 125 °C under 80 atm of molecular
hydrogen [57]. In the same work, iron-catalyzed hydrogenation reactions were presented.
Using the same reaction conditions as for Ru-catalyzed systems, the best results in
hydrogenation of nitrobenzene (>99% conversions) were obtained for Fe(CO)3(PPhs) and

Fe(CO)3(AsPhs); catalysts (1.6 mM of [Fe] catalyst) [57].
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2.2 Heterogeneous catalysis
2.2.1 Catalytic hydrogenation of aromatic nitro compounds

Historically, the reduction of nitro compounds with the aid of hydrogenation reactions
has been studied extensively and these types of transformations are considered to be the most
atom efficient and, therefore, more advantageous among all others methods for production of
amines [10]. Beller and co-workers (2019) in their recent work summarized the most
frequently applied methodologies in the industry for the production of aniline from the
corresponding nitrobenzene (Table 2) [10]. However, the exact structure of the catalysts
proposed by various chemical companies as well as the exact reaction conditions for these
transformations are unknown since this information is hidden in patents [10].

Table 2. Reduction of aniline in industry [10]

catalyst company reaction conditions

Ni sulfide