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Abstract
Catalytic formylation of amines with CO2 and H2 is an efficient and selective way to
produce formamides, which have many applications in the industry. However, all of the highly
active catalysts reported in the literature have used precious metals, which are expensive, scarce,
at risk of depletion, and toxic. Recently, research has focused on formylation of the amine with
CO2 and hydrogenation using inexpensive abundant-metals.
In this regard, this thesis focuses on the development of homogeneous catalysts for the
hydrogenation of CO2 to formamides using abundant-metals. Firstly, in situ formation of catalysts
from abundant-metal salts and phosphine ligands was tested for the formylation of dimethylamine,
2-ethylhexylamine, morpholine, aniline, and N-methylaniline with H2 and CO2. From the
screening tests, efficient in-situ catalysts such as Ni(acac)2 and Ni(OAc)2·4H2O/dmpe (acac- =
acetylacetonato; dmpe = 1,2-bis(dimethylphosphino)ethane) were identified for the formylation of
morpholine and 2-ethylhexylamine, respectively.
The hydrogenation of CO2 to formamide using a primary/secondary amine was also tested
in the presence of preformed catalysts ([NiX2(dmpe)] or [NiX(dmpe)2]X, where X = Cl-, CH3CO2, acac-, BPh4-) in DMSO. Morpholine and 2-ethylhexylamine are formylated at 100 °C and 135 °C,
respectively at a total pressure of 100 bar with TONs (TON = turnover number) up to 18,000, and
1,610, the highest TON using any abundant-metal phosphine complex to date. With the appropriate
selection of catalyst and reaction conditions, >90-98% conversion of amine to formamide was
achieved, and the effect of changing the metal to amine ratio was also investigated.
Nickel complexes have not been much explored for the hydrogenation of CO2 to formic
acid derivatives. We describe the syntheses of Ni(II) complexes, [Ni(dmpe)2Cl]Cl; [Ni(dmpe)Cl2];
[Ni(Me2(O)P(CH2)2P(O)Me2)(acac)2]n; and [Ni(acac)(MeO)(MeOH)]4. The preformed Ni(II)
ii

complexes were also tested as homogeneous catalysts for the hydrogenation of CO2 to formamide
using morpholine and dimethylamine as substrates. It was found that DMF formed with a TON
value of 6,300, the highest TON for that product using abundant-metal phosphine complexes to
date.
Co(II)/Ni(II)-PPN

(PNN

=

(2-(di-tert-butylphosphinomethyl)-6-

diethylaminomethyl)pyridine) complexes have also been prepared and characterized, and tested
for CO2 hydrogenation to formamide. Unfortunately, these complexes were not catalytically
active.
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Introduction
1.1 Green chemistry

1.1.1 The idea and principles
Green chemists and chemical engineers are working continuously to improve
technology and to produce greener and more sustainable chemical processes using green
chemistry strategies. In 1962, the publication of Rachel Carson’s “Silent Spring” directed
the public’s awareness to the connection between chemicals and their adverse effects on
the environment and human health. In 1970, less than a decade later, the Environmental
Protection Agency (EPA) was established, putting into practice ideas of environmental
protection promoted by Rachel Carson and others. This US effort and similar organizations
and regulatory efforts in other countries paved the way to current green chemistry
practices.
Two decades later, Paul Anastas of the EPA and John C. Warner published their
seminal work, Green Chemistry: Theory and Practice in 1998, in which they outlined the
12 Principles of Green Chemistry.1 These principles of green chemistry have been
recognized as fundamental principles for future sustainable chemical industry and
environmental protection. The 12 principles are presented below.
1.

Prevention
It is better to prevent waste than to treat or clean up waste after it has been created.

1

2.

Atom Economy
Synthetic methods should be designed to maximize the incorporation of all
materials used in the process into the final product.

3.

Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4.

Designing Safer Chemicals
Chemical products should be designed to affect their desired function while
minimizing their toxicity.

5.

Safer Solvents and Auxiliaries
The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be
made unnecessary wherever possible and innocuous when used.

6.

Design for Energy Efficiency
Energy requirements of chemical processes should be recognized for their
environmental and economic impacts and should be minimized. If possible,
synthetic methods should be conducted at ambient temperature and pressure.

7.

Use of Renewable Feedstocks
A raw material or feedstock should be renewable rather than depleting whenever
technically and economically practicable.
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8.

Reduce Derivatives
Unnecessary derivatization (use of blocking groups, protection/ deprotection,
temporary modification of physical/chemical processes) should be minimized or
avoided if possible because such steps require additional reagents and can generate
waste.

9.

Catalysis
Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10.

Design for Degradation
Chemical products should be designed so that at the end of their function they
break down into innocuous degradation products and do not persist in the
environment.

11.

Real-time analysis for Pollution Prevention
Analytical methodologies need to be further developed to allow for real-time, inprocess monitoring and control prior to the formation of hazardous substances.

12.

Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process should be
chosen to minimize the potential for chemical accidents, including releases,
explosions, and fires.

These principles are a useful guide to the design of new chemical processes, to make
production greener (i.e. minimizing the risks to the environment and human health). The
first principle describes the basic idea of green chemistry while the subsequent principles
give more specific guidelines. In the last decade, many innovations in green chemistry were
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discovered, but it is still challenging to determine whether new processes or products are
actually greener than the older technologies they could replace.
Life cycle assessment (LCA) is the most reliable way to measure the greenness of
a chemical reaction or process by using the standard method ISO 14044:2006. Life cycle
assessment (LCA) is a systematic methodology that is used to analyze the environmental
impacts of products and processes.2 These impacts can include acid rain, human toxicity,
bioaccumulation, and others. In an assessment, one can compare two or more options. For
example, one could determine the effect of a change in a solvent on the overall process,
including reaction efficiency, selectivity, etc., while also including the metrics of
environmental impact. By using this method, one can make an informed decision on which
solvent is both the best for the reaction, as well as being the greenest of the available options
for that process.
Recently, Sternberg et al.3 studied the LCA of CO2-based C1 chemicals. They
observed that the CO2-based production of formic acid could reduce environmental
impacts, compared to the fossil-based process, even if hydrogen is supplied by fossil-based
steam-methane-reforming. The LCA studies fully support the idea that this CO2–based
route is greener.

1.1.2 The problem with precious metals

1.1.2.1 Depletion of elements
The reduction of a natural resource/reserve, or physical scarcity constraints, can be
quantified by comparing how much of a resource element is available versus how much of
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it is being used.4 The abiotic depletion potential (ADP) of an element can be used to
represent its depletion in an LCA. The ADP is a unitless number that compares the risk of
depletion of an element or another resource to that of the element antimony (equation 1.1).
The ADP of Ru is 32 meaning that based on rates of consumption and size of known,
accessible reserves, Ru is 32 times more at risk of depletion than antimony.5
(depletion rate)i / (reserves)i

(1.1)

ADPi =
(depletion rate)Sb / (reserves)Sb

The platinum group of elements (Rh, Ru, Pt, Pd, Ir, Os) consists of six precious
metals which are in high demand compared with the size of available reserves. These
elements are being depleted at a rapid rate, resulting in the industry facing steadily
increasing prices. The ADP values for select platinum group elements are compared with
four abundant earth metals in Table 1.1.

Table 1.1. ADP values for selected precious metals compared with abundant earth metals.
Precious metals

Abundant earth metals

Reserve

ADP

Reserve

ADP

Rh

32

Fe

8.4 x 10-8

Ru

32

Ni

1.1 x 10-4

Pt

1.29

Co

2.6 x 10-5

Os

14.4

Mn

1.4 x 10-5
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The ADP analysis in Table 1.1 shows that depletion rate of precious metals is very high
compared to abundant-metals. Therefore, the research focused on investigating the
possibility of using Fe, Co, and Ni as alternatives to precious metals, particularly in the
field of catalysis.
The mechanism of depletion of precious metals is dispersion into the environment
during use. For example, precious metals-like Pt, Rh, and Pd- are frequently used in
catalytic converters in the automobile industry. In 1977, Hill et al.6 estimated that the loss
or attrition of precious metals during operation of a car was 6% over 80,000 km. The
precious metals are brought to the surface where they are dispersed into the environment,
creating environmental pollution, a risk to human health over the long term, and
distributing them so widely that future recovery is impractical.
For other elements, geological scarcity is a more important factor. Figure 1.1 shows
that the abundance of the chemical elements in the Earth’s crust tends to decline with
increasing atomic number.7

Figure 1.1. The abundance of the chemical elements in the Earth’s crust (Figure from
Haxel et al.).7
6

Here, the author only considers Rh, Ru, Pt, and Pd because of their high price, the
risk of depletion, and their role in hydrogenation catalysts. There is a significant demand,
particularly for rhodium, platinum and palladium. Consequently, the risk of depleting the
supply of the platinum group metals is quite high as shown in Figure 1.2.8
Rhodium belongs to the platinum group of precious metals (PGM). In the elemental
form, it is chemically stable at high temperature, is resistant to corrosion, and has
exceptional catalytic properties. Approximately 80% of rhodium comes from South Africa,
Russia, and Zimbabwe, and a small portion comes from the United States. According to
Impala Platinum, the annual world production of rhodium is limited to roughly 28 tonnes,
compared to 207 tonnes of palladium produced in 2011.9 It is one of the rarest elements,
accounting for only 0.0001 ppm concentration of the Earth’s crust. That would place it
close to the bottom of the list of elements regarding abundance. Around 80% of rhodium
is used as either a catalytic converter in the car industry or as the primary catalyst for some
catalytic transformations. Roughly, 5-7% of rhodium is used for the synthesis of oxoalcohol, nitric oxide, fertilizer and nitric acid. Furthermore, 3-6% of rhodium is used for
glass production, jewellery, mirrors and nuclear reactors. It has also been used as an
alloying agent, as it both hardens and improves the corrosion resistance of both platinum
and palladium. Recently, it was found that demand for rhodium is growing, and its
production rate is not steady. Not surprisingly, the price rose by 32% in 2017 compared to
2016. If the consumption of rhodium continues at the present rate without discovery or
exploitation of new reserves, there are only 30-40 years of rhodium left.
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Figure 1.2. The impact of supply restrictions and associated with supply risk of high
demand element (Figure from Friedman et al.).8

The largest producers of platinum are South Africa, Russia, and Canada. The global
annual production is around 192 tonnes. However, its market is likely to see a deficit of an
average 7.81 of tonnes since the global platinum mine production fell by 2% in 2016.10 As
a result, prices have increased. If the demand continues to grow faster than the supply, then
platinum is predicted to last only 15 years before the known reserves are entirely depleted.
Platinum is used in catalytic converters for automobiles, jewellery, medical technology,
and fuel cells, and as a catalyst in chemical reactions. In 2016, the trading price of platinum
was around US$ 928 an ounce; its current market price (as of April 2018) is US$ 916.00
an ounce.
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Ruthenium is found commercially as a byproduct of nickel, copper, and platinum
metal ore processing in Russia, Canada, and South Africa. It is mainly used in the
electronics industry. Ruthenium is also used as a catalyst for the production of ammonia
and acetic acid. It is one of the most common hardeners for platinum and palladium and is
also added in small amounts to titanium to improve the corrosion resistance. Another
important application of ruthenium is as a catalyst for a variety of chemical reactions. It is
because of all of these uses that 20 tonnes of ruthenium are consumed each year. Although
this is a smaller amount than the demand for platinum, ruthenium is still considered a
precious metal and its abundance in the earth’s crust will be diminished over the next few
years.

1.1.2.2 Toxicity problem
Additional critical problems with the precious metals are their toxicity and
ecotoxicity. Precious metals toxicity has been shown to be a significant threat and is
associated with a variety of health and environmental problems. The toxic effect of these
metals depends on the form and route of exposure, as well as on exposure duration.
Additionally, it is known that the binding of bio-organic molecules or drugs to metal
catalysts/metals considerably changes their biomimetic and pharmacological properties.
This section does not cover all the metals toxicity and their effects on human health,
however, below I briefly describe the guideline that is used to recommend the maximum
acceptable concentration limits for the residues of metal catalysts or metal reagents that
may be present in pharmaceutical substances or drug products (Table 1.2).11
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Table 1.2. Class exposure and concentration limits for individual metal catalysts and
metal reagents.11
Classification

Oral Exposure
PDE

Concentration

(μg/day)

(ppm)

100

10

100

10

250

25

2,500

250

13,000

1,300

Class 1A:
Pt, Pd
Class 1B:
Ir, Rh, Ru, Os
Class 1C:
Mo, Ni, Cr, V
Metals of significant safety concern
Class 2:
Cu, Mn
Metals of significant safety concern
Class 3:
Fe, Zn
Metals with minimal safety concern
Pt

as hexachloroplatinic acid.

Subclass

limit: Total exposure should not exceed the indicated limit.

Metals are classified into three categories based on their level of safety concernwith concentration limits set by the maximal daily dose, duration of treatment, route of
administration, and permitted daily exposure (PDE). Class 1 metals are divided into three
categories: 1A-extremely hazardous, 1B- highly hazardous, 1C-slightly hazardous. Class
2- low safety concern and class 3- minimal safety concern.
Table 1.2 shows toxicity test results for a 50 kg patient. It can be observed that most
precious metals are considered to be class 1A or 1B (high toxicity). This classification
10

suggests that precious metals are not as safe for human health and environment as abundant
metals. It also shows that some abundant metals are better than others.
Based on the price, depletion rate, toxicity and scarcity of the precious metals,
abundant-metals may offer an inexpensive, greener, and more sustainable alternatives to
precious metal catalysts. Earth-abundant metals (Mn, Fe, Co, Ni, Cu) are more readily
available in the Earth’s crust. These abundant-metals are also less toxic than their precious
metal analogues. The ability of these abundant metals to produce metal complexes
containing suitable ligands for forming eligible pre-catalyst candidates for CO2
hydrogenation will be explored.

1.2 Carbon dioxide chemistry

1.2.1 Source of carbon dioxide
Carbon dioxide is an abundant, readily available, and carbon source that can be
readily converted to organic compounds by flora using the process of photosynthesis.
However, even though CO2 is known to be a major waste material produced during the
industrial utilization of fossil resources, industrial and laboratory utilization of CO2 as a
chemical feedstock is extremely limited. Additionally, CO2 is a potent greenhouse gas that
have many anthropogenic sources and is considered to be the major cause of global
warming and climate change.12 Over the years, energy-efficient conversion of carbon
dioxide to value-added commodity chemicals has emerged as one of the holy grails of
green chemistry. At the same time, many environmentally hazardous and toxic chemicals
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such as CO and phosgene may be potentially replaced by CO2 using the strategy of green
chemistry.
The numerous unique physico-chemical properties of carbon dioxide, such as its
non-toxic nature, its non-flammability, its solvating properties, and its renewability, make
it a good candidate for use as an inert reaction medium in the form of supercritical carbon
dioxide. Chemical conversion of CO2 to formic acid or its derivatives has received much
attention from the viewpoint of CO2 as an abundant and inexpensive starting material for
synthetic chemists.13 Although the potential use of CO2 in chemical processes (ca. 5 Gt/y)
cannot provide a global solution for the reduction of anthropogenic CO2 emission (ca. 30
Gt/y), carbon capture utilization and storage (CCUS) could be an interesting policy for the
transformation of CO2 to useful products, thereby partially reducing the emission of CO2
into the air.14,15

1.2.2 Physico-chemical properties of CO2
CO2 is a colorless gas and denser than air. It behaves like gas at normal temperature
and pressure (25 ºC, 1 bar), but its physical behavior changes according to the conditions
applied (Figure 1.3). Above its critical temperature (31.2 ºC) and pressure (76.3 bar) CO 2
reaches its supercritical state and resembles a liquid concerning its density and flow
behavior. Because of its high dissolution capability for many hydrophobic substances,
supercritical CO2 is used as a solvent.16
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Figure 1.3. Pressure-temperature phase diagram for CO2 (Figure from Markeitz et al.).16

CO2 is a linear molecule with a dipole moment of zero but possesses a nonzero
quadrupole moment.17 This is due to the opposing C-O dipoles in CO2. Some important
physical properties of CO2 are presented in Table 1.3.

Table 1.3. Physical properties of CO2.17

a

d(C-O)

1.16

Å

Dipole moment

0

D

Hofa

-393.5

kJmol-1

Quadrupole moment

3 x 10-26

esu cm2

Gofb

-394.4

kJmol-1

Polarizability

29.11 x 1025

cm3

Standard molar enthalpy (heat) of formation at 298.15 K. bStandard molar Gibbs energy

formation at 298.15 K.

CO2 readily reacts with nucleophilic species, such as H2O, OH-, even though it is
otherwise thermodynamically quite stable. Such reactions result in carbonic acid,
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bicarbonate and carbonate ions in water. These stay in equilibrium (see Figure 1.4). The
process is slightly exothermic from the reaction of CO2 with water, following solvation, to
form carbonic acid (H2CO3). The pKa value of H2CO3 is 3.6, but the effective pKa value is
6.3, which corresponds to the combined dissociation constant for a mixture of H2CO3 and
hydrated CO2, both of which occur in carbonated water. From Figure 1.4, the Henry’s Law
constant KH of CO2 in H2O, the hydration constant Khydr, and the combined dissociation
constant K*a1 can be expressed as in equations 1.2, 1.3 and 1.4.

Figure 1.4. The equilibria involved in the dissolution of CO2 in water.18

(1.2)

(1.3)

(1.4)

CO2, therefore, can serve as an environmentally benign reagent for lowering pH. It
can be noted that CO2 is a sustainable acid that does not require the addition of a base for
neutralisation. For example, Enick et al.19 showed that contaminants from steel waste could
be extracted into water using carbonic acid (from CO2 and water) to influence the pH. After
depressurization, and consequent removal of CO2, the rapid increase of pH leads to the
precipitation of the extracted materials.

14

CO2 can also react with proton-containing nucleophiles such as alcohols, to form
the corresponding alkyl carbonic acids. Alkyl carbonic acids can react with base (B), to
produce the corresponding alkyl carbonate salt (equation 1.5).20

(1.5)

1.2.3 Thermodynamic aspects in the utilization of CO2
CO2 reacts readily with basic species like amines, NaOH and n-BuLi without a
catalyst. It is “therefore” neither thermodynamically stable nor inert in the presence of such
species. However, for other reactions, CO2 is thermodynamically and/or kinetically rather
unreactive, such as the reduction of CO2 to give products HCO2H, HCO2- and CH3OH.
Typically, these reduction reactions require energy input, a powerful reductant, and a
catalyst. The hydrogenation of CO2 to formic acid in the gas phase is endergonic with
Gibb’s free energy of approximately ~32.9 kJ/mol. By comparison, Gibb’s free energy is
approximately ~ -35.4 kJ/mol when hydrogenation of CO2 occurs in an aqueous solvent.21
In the presence of a base such as NH3, the thermodynamics are considerably more favorable
having Gibb’s free energy value ~ -9.5 kJ/mol for the reaction (Figure 1.5).

Figure 1.5. Gibbs free energy for hydrogenation of CO2 in the presence of a catalyst, a

catalyst in aqueous conditions and a catalyst in both aqueous and basic conditions.21
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This can be attributed to the exergonic protonation of the NH3 by formic acid supplying
sufficient energy to make the reaction exergonic. The Gibb’s free energy is dependent on
the base used in the process.21 Therefore, it is more efficient to use solvent-based, basic
conditions for the hydrogenation of CO2 to formic acid.
From Figure 1.5, it is clear that basic and aqueous conditions can shift the
unfavorable equilibrium nature of the CO2 hydrogenation to formic acid. Therefore, the
transformation of CO2 to formic acid requires the addition of a suitable base in the system.
In most cases, aqueous conditions are used as well for the hydrogenation of CO2.22 The
hydrogenation of CO2 to formic acid has been investigated by using a variety of organic
and inorganic bases in many different solvents.23 Mainly, it was discovered that the use of
DBU in the reaction media gives the highest yield of formic acid compared to other known
bases used for the same process.23

1.2.4 An overview of compounds that are made from CO2 in industry
CO2 has been utilized as feedstock for the synthesis of several organic compounds
on an industrial scale, including urea, salicylic acid, cyclic carbonates, and MeOH.24-26
Only the industrial syntheses of urea, salicylic acid, and polyurethane will be covered in
this section, in addition to the essential applications of common formamides. The
preparation of MeOH will be discussed in Section 1.2.7.
Urea is an important organic compound and widely used as fertilizer, cattle feedsupplement, and intermediate for the production of resins, cosmetics, and glues. It has been
considered the most significant industrial scale product from CO2, synthesized from CO2
and ammonia under 30 bar pressure and at 135–150 °C in the absence of a catalyst
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(equation 1.6).24 The largest volume of CO2 as feedstock is used for the annual production
of urea, creating approximately 150 million tons in 2010.26

(1.6)

Salicylic acid is an important ingredient in pharmaceuticals and agrochemicals. It
is produced on an industrial scale by heating a mixture of phenol and NaOH in the presence
of CO2 (101 bar) at 125 °C for several hours, using the Kolbe-Schmitt process (equation
1.7).25 The annual production of salicylic acid reached 70 thousand tons in 2010.15

(1.7)

Polyurethanes are widely used in the footwear industry, in mattresses as a lowdensity foam, as hard solid plastics, or even as flexible plastics, as well as sustainable
adhesives. In 2014, the preparation of CO2-based polyether carbonate polyols (PPP) was
investigated as a sustainable feedstock for polyurethane production by Langanke and coworkers.27 PPP can react with isocyanates and serve as raw materials in the production of
polyurethanes. This technology, now entering commercial production in Germany,
promises to become one of the most significant uses of CO2 for the commercial
manufacturing of polyurethane in the polymer industry (Figure 1.6).
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Figure 1.6. Polyether carbonate polyols obtained from propylene oxide and CO2.27

Cyclic carbonate is produced by the addition of CO2 to an epoxide. This process is
a potential route for CO2 conversion to cyclic carbonate using CO2 as feedstock, and the
annual production has reached approximately 80 thousand tons.26 Cyclic carbonates are
used as aprotic polar solvents and precursors for polycarbonates and other polymeric
materials.
Liquid formamides are excellent organic solvents mainly applied to the spinning of
acrylonitrile copolymers and ion exchange resins, and plastics antistatic coating or
conductive coating. Formamide is also as chemical feedstock for the manufacture of sulpha
drugs.28
Dimethylformamide (DMF): is used as an industrial solvent and in the production of
fibers, films, and surface coatings. Another significant application is the use of DMF as a
solvent for polyurethane-based coatings on leather and artificial leather fabrics. Due to the
high solubility of SO2 in DMF, exhaust combustion streams from high sulfur containing
fuels can be purified with the CO2 being recovered.29
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N-Formylmorpholine: is mainly used as a solvent in aromatic extraction and extractive
distillation. It can also be used for desulfurization in natural gas, gas condensate, gasoline,
synthetic gas, and flue.30
2-Ethyhexyformamide: is widely used as a surfactant.31

1.2.5 Reactivity of CO2 towards various amines
Generally, CO2 readily couples with nucleophilic substances. For example, the
interaction of CO2 with an amine is one of the most important reactions for CO2 capture.
CO2 can react directly with primary or secondary amines to form a zwitterion, which
quickly rearranges to the corresponding carbamic acid via intramolecular proton transfer.
The carbamic acid can then be converted into carbamate salts via intermolecular proton
transfer to another free base such as amine, OH- or H2O (equation 1.8).

(1.8)
Carbamate is easily hydrolyzed, resulting in it liberating a free amine, which can
react with fresh CO2 to form carbamates (equation 1.9). However, it can also quickly
decompose into bicarbonate, or it can directly form the bicarbonate salts via aqueous
carbonic acid at this reduced pH. The resulting carbamate-bicarbonate equilibrium depends
on many parameters, such as amine basicity, amine nucleophilicity, amine concentration,
solution temperature, and CO2 pressure.32

(1.9)
Primary aliphatic amines can also react with CO2 in the presence of such a base to
generate carbamates [BH]+[RNHCOO]–. Under CO2 atmosphere, these carbamates are
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thermally stable at room temperature, but higher temperatures they can easily lose the CO2,
while shifts the equilibrium back to the left (equation 1.10).
(1.10)
In contrast to primary and secondary amines, tertiary amines are weak Lewis bases
but can be relatively strong Brønsted bases. The nitrogen atom of tertiary amines can act
exclusively as a proton acceptor, therefore when CO2 reacts with it, depending on the pH
of an aqueous solution of the amine, the two types of stable products, bicarbonate and
carbonate, are formed. These two compounds exist in equilibrium (Scheme 1.1).33

Scheme 1.1. Proposed mechanism for the reaction between CO2 and an aqueous tertiary
amine.33

1.2.6 Coupling reaction
Over the past decades, the synthesis of linear or cyclic carbonates (equation 1.11)
using the catalytic coupling of CO 2 with epoxides has become an increasingly popular
alternative to the traditional, conventional toxic reactant, phosgene. 34 Because it is an
abundant, inexpensive and non-toxic carbon source, replacing toxic raw materials with
CO2 is a desirable and exciting option.
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(1.11)

Currently, cyclic carbonates are widely used as a synthetic intermediate in the
synthesis of fine chemicals, as a raw material for polycarbonate and as green polar
aprotic solvents.35 In this section, I describe three successful synthetic methods for the
synthesis of cyclic carbonates and urea.
Previous studies have explored the use of abundant-metal homogeneous catalysts
for the transformation of CO2 to cyclic carbonates using epoxides.36,37 In a 2013 study, a
prominent Al(III)-based amino(triphenolate) complex was developed for the synthesis of
highly functional organic carbonates from epoxide and CO2 at 90 °C with observed TON
and TOF values of 100,000 and 36,000 h-1, respectively (equation 1.12).38 The authors
claimed that this was the highest reported TON for a homogeneous catalyst at that time.

(1.12)

More recently, Elkurtehi et al.35 reported that a series of vanadium aminobis(phenolate) complexes served as active catalysts for the coupling of epoxide and CO2 in
the presence of ionic co-catalysts to afford cyclic carbonates (Scheme 1.2). One of the
compounds achieved a high TON value of 4,000 and a TOF over 500 h -1 polycarbonate
(PC) at 120 °C and 20 bar CO2. The authors suggested that the rate determining step in
these reactions was epoxide dependent for this catalytic systems.
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Scheme 1.2. The general scheme for conversion of CO2 to cyclic carbonate.35

Another exciting development is in the synthesis of urea derivatives from the
coupling of CO2 and amines, which has long attracted the attention of chemists for
replacing the traditional methods that have toxicological and environmental problems.
Urea derivatives are bioactive organic compounds in organic chemistry that are widely
used in pharmaceuticals and agricultural pesticides.
Many catalytic methods have been developed for the synthesis of urea derivatives
from amines and CO2.39,40 However, a green and straightforward process for the synthesis
of symmetric and cyclic urea derivatives (Scheme 1.3) from the reaction of aliphatic
amines and CO2 in the absence of any catalyst, solvent or other additives with satisfactory
yield has been reported by Wu et al.41 and his method has excellent value for industrial
applications.

Scheme 1.3. Symmetric and cyclic urea derivatives from CO2 and amines.41
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1.2.7 Reduction reaction
Using a suitable catalyst, CO2 can be reduced to some essential chemicals, such as
MeOH, formic acid, formate, formamide, and methane. This section discusses the synthesis
of MeOH from the catalytic reduction of CO2. MeOH is considered to be an encouraging
chemical energy carrier because of its relatively high H2 concentration and low volatility
at ambient temperature. MeOH synthesis from CO2 and hydrogen using heterogeneous
catalysts has been successfully studied.42
Klankermayer and Leitner described the possibility of CO2 hydrogenation to
MeOH with a single Ru catalyst under relatively mild conditions (equation 1.13).43
(1.13)
The direct hydrogenation of CO2 to methanol was obtained by either a ruthenium precursor
[Ru(acac)3]/triphos/MSA

mixture

or

a

[Ru(triphos)(TMM)]2/HNTf2 (TMM

=

trimethylenemethane) with TON values of 140 or 220, respectively. Comparably high
TONs of 220 were obtained without the observation of side reactions, such as the formation
of CO and CH4.
In 2015, Khusnutdinova et al.44 described a novel method for capturing CO2 using
aminoethanols in the presence of Cs2CO3 at low pressure to produce oxazolidinone.
Subsequently, oxazolidinone was hydrogenated to MeOH in 50% yield, using a
homogeneous Ru-NNP pincer catalyst at 60 bar H2 (Scheme 1.4). The advantage of this
concept is that the CO2 captured product is directly hydrogenated to MeOH, thus avoiding
the energy costs associated with CO2 regeneration from capture products pressurization.
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Scheme 1.4. CO2 capture using aminoethanol derivatives and conversion to MeOH.44

The authors hoped that these findings would stimulate the development of novel processes
for the direct utilization of CO2 capture products to produce liquid fuels. The only example
of homogeneously abundant-metal catalyzed hydrogenation of CO2 to MeOH was reported
by Beller et al.45 The catalytic system consists of [Co(acac)3] and triphos combined with
various Lewis acids and Brønsted acids (equation 1.14).

(1.14)

A TON value of 30 was achieved with CO2/H2 (20/60 bar) using Co(acac)3/triphos, and
the most suitable additive HNTf2 at 140 °C. The authors found that when the reaction
temperature went down to 100 °C, the TON value increased to 50 with a slightly higher
loading of HNTf2 with CO2/H2 (20/70).
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1.3 Homogeneous catalysis

1.3.1 Advantages and disadvantages of homogeneous catalysis
Homogeneous catalysis refers to a catalytic system in which all the starting
materials and the catalyst are present in the same phase, usually in the liquid phase.46 Over
the past decade, the importance of homogeneous catalysis has proliferated across a variety
of chemical industries. Homogeneous catalysts include Brønsted and Lewis acids, metal
complexes, metal ions, and organometallic complexes. A significant development in
homogeneous catalysis is the application of organometallic complexes as catalysts.
In many reactions, homogeneous catalysis offers some advantages over
heterogeneous catalysis. First, homogeneous catalysis proceeds through relatively mild
reaction conditions, allowing a very high degree of interaction between catalyst and
reactant molecule, showing both better activity and selectivity.47 Second, spectroscopic
methods directly in solutions can efficiently investigate the reaction mechanism of
homogeneous catalysis. Finally, in contrast to heterogeneous processes, the properties of
homogeneous catalysts can readily be tuned up by the addition of different ligands,
additives, or solvents.
Homogeneous catalysis also has a few disadvantages, the two most significant of
which are as follows:
-

The use of this catalyst in the industry is limited because it is challenging and
expensive to remove the catalyst from the products.

-

Temperatures must be well controlled in the reaction medium because some
catalysts are easily decomposed.
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1.3.2 Catalytic reduction of CO2 with precious-metal complexes
The focus of this section is the hydrogenation of CO2 to formic acid/or formamide
using precious metal-based complexes. In this synthesis of formamides, the CO2 is
catalytically hydrogenated to formic acid followed by a thermal amidation to make the
formamide (equation 1.15).

(1.15)

1.3.2.1 Rhodium
In 1976, Inoue et al.48 first tested a series of homogeneous transition-metal catalysts
(Ni, Pd, Ru, Rh, and Ir) for the hydrogenation of CO2 to formic acid. Reactions proceeded
in the presence of a base with selective formation of HCO2H-NEt3 as the only organic
product (Table 1.4).

Table 1.4. Hydrogenation of CO2 to formic acid using first homogeneous metal catalysts.a

Entry Catalyst

TONb

TOF (h-1)c

1

Pd(dppe)2

12

0.60

2

Ni(dppe)2

7

0.4

3

Pd(Ph3P)4

3

0.2

4

RhCl(Ph3P)3

22

1.1

5

H2Ru(Ph3P)4

87

4.4

26

6
a

H3Ir(Ph3P)3

15

0.75

Reaction conditions: catalyst (0.1 mmol), Et3N (50 mmol), water (500

mmol), C6H6 (10 mL), CO2 and H2 pressure were 25 atm for each. bTON = (mol
HCO2H)/(mol cat.). cTOF = (mol HCO2H)/(mol cat.)/(20 h).

They observed that rhodium and ruthenium complexes containing triphenylphosphine
(PPh3) ligands, showed the highest TONs and TOFs when compared to palladium and
nickel complexes containing PPh3 or 1,2-bis(diphenylphosphino)ethane (dppe) ligands.
The mechanism was not fully understood at that time, however, it was proposed that the
reaction proceed through three steps: (i) formation of a metal-hydride bond by the addition
of H2, (ii) CO2 insertion into a M-H to yield a metal formate complex, and (iii) release of
the formic acid by reductive elimination.
Several years later, in 1992, Nicholas and Tsai used [Rh(nbd)(PMe2Ph)3]BF4 (1.1,
nbd = 2,5-norbornadiene) complex for the hydrogenation of CO2 to formic acid in the
absence of base (Table 1.5).49
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Table 1.5. Catalytic hydrogenation of CO2 to formic acid using 1.1.a

a

Entry

Conditions

TONa

TOF (h-1)b

1

dry THF

11

0.46

2

wet THF (0.4% H2O)

26

1.08

3

pretreat with H2, wet THF

64

2.7

Reaction conditions: catalyst (1.4 mmol), CO2 and H2 pressure were 700 psi for each at

40 °C. bTON = (mol HCO2H)/(mol cat.). cTOF = (mol HCO2H)/mol cat.)/24 h).

Table 1.5 results indicated that the presence of small amounts of water accelerated
the catalytic activity of the Rh-phosphine catalyst to increase the production of formic acid
(entries 2 and 3). It was observed with the addition of H2 to complex 1.1; rhodium dihydride
complexes 1.2-1.4 were formed (Scheme 1.5). Additionally, CO2 was easily inserted into
the Rh-H bond in complexes 1.3 and 1.4, and produced formate complexes, while
complexes 1.1 and 1.2 were unreactive. This information is consistent with the observed
importance of water in this reaction system.
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Scheme 1.5. Stoichiometric H2 and CO2 reactions with complex 1.1 (P = PMe2Ph).49

In comparison to the results of Nicholas and Tsai,49 hydride complex [Rh(cod)(μH)]4 1.6 was synthesized and tested for its catalytic competency with the dppb ligand. The
catalytic system proved to be more efficient, yielding a TON value of 2,200 with a TOF
375 h-1 in 18 h.50
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Scheme 1.6. Proposed mechanism for the hydrogenation of CO2 with rhodium-phosphine
catalyst.50

Based on these results, the authors concluded that the hydride species 1.6 is a
catalytically active intermediate, and proposed the mechanistic cycle in Scheme 1.6.50 It
was concluded that hydride complex 1.6 quickly converted to active intermediate 1.8 in the
presence of dppb. Then, the insertion of CO2 into the Rh-H bond of 1.8 leads to the formato
complex 1.9. Again, oxidative addition of H2 to form 1.10 followed by reductive
elimination would regenerate the active species; thus yielding a very active catalytic
system.
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During the 1990s, the group of Leitner investigated a variety of rhodium phosphine
complexes for the hydrogenation of CO2 to formic acid with a TOF 1,340 h-1 in 5 h at 25
°C (Table 1.6).51,52 The key advantage of these new Leitner catalysts was that the TOF was
decent at 25 °C while the Ru catalytic system required 50 °C and higher pressure at that
time.

Table 1.6. Catalytic activity of [{R2P-(X)-PR2}Rh(hfacac)] 1.11 complex derivatives.a

a

Entry

Complex

-(X)-

R

TONb

TOF (h-1)c

1

1.11a

-(CH2)2-

Ph

850

170

2

1.11b

-(CH2)2-

Cy

390

77

3

1.11c

-(CH2)2-

i

Pr

480

95

4

1.11d

-(CH2)2-

Me

100

20

5

1.11e

-(CH2)3-

Ph

1,500

300

6

1.11f

-(CH2)4-

Ph

2,800

570

7

1.11g

-(CH2)4-

Cy

6,700

1,340

Reaction conditions: catalyst (0.0025 mmol), H2/CO2 pressure was 40 atm, DMSO-Et3N

(5:1), t = 5 h, T = 25 °C.
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All complexes with the general formula [{R2P-(X)-PR2}Rh(hfacac)] (1.11, hfacac
= hexafluoroacetonate) were synthesized to further improve the catalytic activity by
changing the ligand structure.51 Complexes 1.11a-1.11g were catalytically active, and the
ligand structure has a marked influence on their catalytic activity. It was observed that the
relative catalytic activity of the Rh complexes was related to the P–Rh–P angle. This angle
is controlled by a combination of the CH2-chain length and the nature of the PR2 group of
the bidentate phosphine ligand, although electronic effects were not ruled out. Complexes
with the five-membered chelate rings 1.11a-1.11d did not show the TOF values greater
than 200 h-1. In contrast, the TOF value was observed to be 1,335 h-1 for 1.11g, bearing a
cyclohexyl-substituted seven-membered chelate ring with rhodium; this was the most
active catalyst for the hydrogenation of CO2 to formic acid at the time.52 In general, the
catalytic activities of complexes 1.11 were considerably higher than those observed with
in-situ catalysts formed from [{(cod)Rh(µ-Cl)}2] and the same ligand.53
Zou and co-workers reported a new catalyst for the hydrogenation of CO2 to formic
acid, [Rh(NO)(dcpe)] (dcpe = 1,2-bis(dicylohexylphosphino)ethane) in 2012 (equation
1.16).54 A TON value of 105 was obtained under 3 bar (H2/CO2) at 50 °C.

(1.16)

1.3.2.2 Ruthenium
In 1994, following the early research on the catalytic activities of rhodium-based
homogeneous catalysts for conversion of CO2 to formic acid, Jessop et al.13 first reported
that ruthenium(II)-phosphine catalysts were active for the hydrogenation of CO2 to formic
acid in supercritical scCO2 (Table 1.7). From that study, it was pointed out that CO2
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hydrogenation reactions in scCO2 were indeed more efficient than similar reactions in
benzene or THF using RuH2(PMe3)4 1.12 as the homogeneous catalyst (entries 1-3).

Table 1.7. Hydrogenation of CO2 to formic acid in scCO2.

Cat.

Solvent

Temp (ºC)

Time (h)

TOF (h-1)

1

RuH2(PMe3)4 1.12

benzene

r.t

20

4

2

1.12

THF

50

20

80

3

1.12

scCO2

50

20

1,400

4

RuCl2(PMe3)4 1.13

scCO2

50

20

1,040

Entry

The authors also studied the effect of the base on the reaction system by changing
the identity, and the quantity of the base (Table 1.8).55 CO2 hydrogenation reactions with
solid bases such as K2CO3, KOH, or [NH4][O2CNH2] yielded the formic acid with lower
TON values (entries 2-4). From the research, it was observed that the yield of a formic acid
depends on the amount of NEt3, and it had a substantial effect on the rate of the CO2
hydrogenation reaction (entries 5-8).
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Table 1.8. Effect of the base on the yield of hydrogenation of scCO2.a

a

Entry

Base

Base (mmol)

Catalyst (µmol)

Time (h)

TONa

1

none

0

13.2

13

0

2

K2CO3

2.5

9.0

16

140

3

KOH

5.4

2.9

15

260

4

[NH4][O2CNH2]

2.4

2.5

15

39

5

Et3N

5.0

3.2

16

2,600

6

Et3N

10.0

2.7

20

4,400

7

Et3N

30.2b

3.2

84

6,000

8

Et3N

40.3b

3.4

47

7,200

Reaction conditions: the H2 was 80-85 atm, and scCO2 was added until the total pressure

was 200-210 atm; bReaction conditions: the H2 was 85 atm and scCO2 was added until the
total pressure was 220 atm.

The presence of a base is essential for favorable thermodynamics in the system. In this
catalytic system, the optimal amount of base occurred at a product to base ratio of 1.6.
Leitner et al.50 observed product to base ratios of 1.6-1.8 in DMSO with the most active
rhodium catalysts and about 1.0 in water. The ratios in aprotic solvents are higher than
those in protic solvents because carboxylic acids and Et3N form stable n:1 adducts (where
n is from 1 to upwards) 1.14 in aprotic solvents or in the absence of any solvent but the
hydrogen-bonds that stabilize the higher adducts are disrupted in protic solvents. However,
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the rate of hydrogenation in aprotic solvents was improved by the addition of small
amounts of protic promoters.

1.14
The same authors also investigated the synthesis of formamides from
primary/secondary amines in the presence of scCO2, H2, and using a [RuCl2(PMe3)4]
complex catalyst. It was found that only dimethylamine could form the corresponding
formamide with 99% conversion, and selectivity, but bulky dialkylamines produced only
ammonium salts, which suggests that the rate of dehydration of such salts to the
corresponding formamides is strongly influenced by steric factors (Table 1.9).

Table 1.9. Production of formamides from amines and scCO2.a

Entry

Amine

Amine

Catalyst

Time

(mmol)

(µmol)

(h)

TON

amide

HCO2H

1

NH(C6H11)2

5.0

3.4

15

0

1,400

2

NH(i-C3H7)2

"

2.3

23

0

1,600

3

NH(C2H5)2

"

"

13

820

950

4

NH2(n-C3H7)2

"

2.9

5

260

620
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a

5

NH(CH3)2

7.5

3.8

"

2,100

190

6

"

"

2.5

15

1,500

0

7

"

25.6

3.2

22

9,900

0

Reaction conditions: the H2 pressure was 80 atm, and CO2 was added until the total

pressure was 210 atm, T = 100 ºC.

The highest TON value of 9,900 was obtained using a Ru(II)-phosphine based catalyst
1.13.55 Additionally; the authors also used an excessive amount of dimethylammonium
dimethylcarbamate (DIMCARB) to the catalyst ratio as the source of dimethylamine for
the hydrogenation of CO2 to formamide. In the presence of 1,900 mmol of DIMCARB, the
system gave the highest TON value of 420,000, and a yield of 71% was obtained at the
time (Table 1.10).

Table 1.10. The product of formamides from ammonium carbamates, scCO2, and H2
using 1.13.a
Entry

Amine

Carbamate

Reactor

PH2

PCO2

Time

(mmol)

vol (mL)

(atm)

(atm)

(h)

TON

amide

HCO2
H

1

NH3

5

50

80

130

20

500

1,700

2

NH2CH3

"

"

"

"

12

1,800

20

3

NH2C2H5

"

"

"

"

15

2,000

410

4

NH(CH3)2

"

"

"

"

0.5

820

2,300

5

"

"

"

"

"

4

2,600

250

36

6

"

"

"

"

"

4b

76

4

7

"

"

"

"

"

14

2,800

90

8

"

31

150

"

"

22

25,00

280

0
9

"

79

"

"

"

19

62,00

680

0
10

"

210

"

"

"

18

150,0

4,000

00
11

"

1,900

300

80c

130c

70

420,0

0

00
12

"

5

50

86

57

1

1,000

1,600

13

"

"

"

50

0

3

320

60

a

Reaction conditions: catalyst (2-3 µmol); bReaction conditions: 1 atm CO also present;

c

Reaction conditions: extra H2 and CO2 added several times during reactions.
Leitner et al.50 proposed that a metal hydride species was required for CO2

hydrogenation. Although catalyst precursor 1.13 does not contain hydride ligands, its
conversion into a hydride species should be facile in the presence of H2 and a base. In fact,
hydrogenation

reactions

catalyzed

by

trans-RuCl2(dmpe)2

(dmpe

=

1,2-

bis(dimethylphosphino)ethane) demonstrated no activity because the ruthenium species
could not be converted to a hydride complex.56 Therefore, a hydride ligand in the catalyst
is a prerequisite for catalytic activity. Finally, the authors proposed a possible mechanism
under current reaction conditions, where water or alcohol would act as a promoter, as
shown in Scheme 1.7.
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Scheme 1.7. Proposed mechanism for ruthenium catalyzed CO2 hydrogenation to formic
acid (X= H or Cl, R= H or Me, L = PMe3).55

In this mechanism, a phosphine ligand on ruthenium hydride 1.15 is replaced by ROH
(water or alcohol) to generate species 1.16. CO2 insertion into the ruthenium-hydride bond
generates the formate complex 1.17, subsequent addition of H2 would produce HCO2H and
regenerate active species 1.16. The RuH2[P(CH3)3]4 complex mentioned above and
RuCl2[P(CH3)3]4 were found to be the most active catalysts, although an induction period
of about 1 h was noted with the latter. The reaction rate was observed to be highly
dependent on the reagent concentrations, but this seemed to be more a function of the phase
behavior than stoichiometry.
In 2003, Schmid and co-workers reported the hydrogenation of supercritical CO2
to N-formylmorpholine from morpholine using the closely related catalyst [RuCl2(depe)2],
affording a high yield with almost 100% selectivity (equation 1.17).57
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(1.17)

The mechanism in Scheme 1.7 suggests that the addition of excess added PMe3
would slow down the reaction, but it does not. Therefore, a new mechanism was sought
that would be consistent with observation. Jessop and co-workers focused on further
studying the mechanism, and improved the catalytic activity of [RuCl(OAc)(PMe3)4] in
2009.58 Among other findings, it was reported that with the catalyst [RuCl(OAc)(PMe3)4]
1.18 very high turnover frequencies (95,000 h-1) were reached.58 The addition of a base, in
this case, DBU, was of fundamental relevance to stabilizing the produced formic acid. The
proposed catalytic mechanism is depicted in Scheme 1.8.
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Scheme

1.8.

Proposed

mechanism

of

CO2

hydrogenation

catalyzed

by

[RuCl(OAc)(PMe3)4] 1.18.58

In this mechanism, the role of the base is assumed to include not only the trapping of the
formic acid but also the initiation of the catalysis by aiding the conversion of the catalyst
precursor to [(PMe3)4Ru(H)]+ (A). The formation of a Ru hydride bond was stated to be a
prerequisite for the reaction because CO2 insertion is facile into a M-H bond. The same
authors also studied the synthesis of alkyl formamides, especially DMF, with the same
catalysts using primary/secondary amines.
Recently, Zhang et al.59 described the use of a highly efficient Ru-based pincer
complex catalyst for the N-formylation of various amines with CO2 and H2 (equation 1.18).
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(1.18)

By using this reaction system, the catalyst afforded the corresponding Nformylmorpholine with the highest TON up to 1,940,000 in a single batch in THF at 70 ºC.
They developed a simple method for catalyst recycling and reused the catalyst for twelve
consecutive runs for the synthesis of DMF without significant loss of catalytic activity.

1.3.2.3 Iridium
Although significant research efforts have focused on the hydrogenation of CO2 to
formic acid and its derivatives using ruthenium complexes, the demand for the most
efficient and highly selective metal complexes as catalysts is still high. In 1976, Inoue et
al.48 first started to focus on the hydrogenation of CO2 to formic acid using iridium
complexes and demonstrated low activity. In 2004, Himeda et al.60 reported the catalytic
activity of half-sandwich complexes of iridium(III) [Cp*Ir(DHPT)]Cl (Cp* = C5Me5,
DHPT= 4,7-dihydroxy-1,10-phenanthroline) for the hydrogenation of CO2 to formate in an
aqueous solution of KOH (equation 1.19). A high TON value of 21,000 was obtained at
total pressure 60 bar (CO2:H2) at 120 °C. The high catalytic activity was observed due to
the formation of a strongly electron donating oxyanion of the ligand by deprotonation of
the hydroxyl substituents on the DHPT ligand.
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(1.19)

The anionic ligand also helped to increase the water solubility of the catalyst. Additionally,
they used the catalyst for the same reaction at 1 atm pressure at 80 °C, and formed formate
with a TON value of 800.60
In 2007, the same group extensively investigated CO2 hydrogenation to formate
using the DHBP and DHPT as the same catalyst ligands.61 They concluded that the
significant features are attributed to the simultaneous catalyst tuning of activity and water
solubility by the acid-base equilibrium of the substituents of the ligands. They reported an
improved TON value of 222,000 by reducing the catalyst concentration of the same ligand.
At that time, they also tested the slightly modified complex [IrCp*(4DHBP)]Cl (4DHBP
= 4,4’-dihydroxy-2,2’-bipyridine) for CO2 hydrogenation to formate with a maximum TON
value of 190,000.
Wang and co-workers investigated with experimental and computational studies
iridium(III) complexes such as 1.22, and 1.23 (Figure 1.7) for CO2 hydrogenation to
formate, and observed that complex 1.23 (TON 12,500) showed higher catalytic activity
than complex 1.22 (TON 7,700) under ambient reaction conditions.62 It was observed from
the NMR studies that complex 1.23 was able to form an Ir-H bond more readily than to
complex 1.22. The DFT calculations suggested that the oxyanions at the 6-positions to N
on bpy, from deprotonated hydroxyl groups under basic conditions, act as pendent bases
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and help the heterolysis of H2. The authors proposed a mechanism for the hydrogenation
of CO2 to formate using complex 1.27 (Scheme 1.9).62

Figure 1.7. Iridium complexes of 1.22, and 1.23.62

Scheme 1.9. Proposed mechanism for iridium catalysts bearing ligands with orthosubstituted hydroxyl groups.62
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Complex 1.25 can be formed after the loss of water from 1.24. The box represents a vacant
coordination site. The ortho-hydroxyl groups acted as pendent base and solution of OHmay directly participate in the heterolysis of H2 and form 1.26. However, the proton-relay
by the pendent base (pathway 1.27 to 1.28) is preferred based on the activation energy by
DFT calculations. Then CO2 inserts into the Ir-H bond to give the corresponding formyl
1.29-1.30, which then releases formate to regenerate 1.25.
In 2009, Tanaka et al.63 synthesized and characterized a new Ir(III) trihydrate-PNP
pincer complex (PNP = 2,6-((di-substituted-phosphino)methyl)pyridine). The complex
was tested for CO2 hydrogenation to formate in an aqueous solution of KOH in THF as a
co-solvent owing to the limited catalyst solubility (Table 1.11).

Table 1.11. Hydrogenation of CO2 catalyzed by iridium-PNP-pincer complex.a

Entry

Base

Temp (ºC)

Pressure (bar)

Time (h)

TON

1

KOH

200

50

13

0

2

"

25

50

48

0

3

"

200

50

2

300,000

4

"

120

60

48

470,000

5b

"

120

60

48

3,500,000
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6

K3PO4
a

200

50

2

40

Reaction conditions: catalyst (0.010 µmol), T = r.t.; bReaction conditions:

catalyst (0.0010 µmol), T = r.t.

The trihydride iridium(III) complex showed an extraordinary maximum TON value of
3,500,000 at 120 °C over a period of 48 h under 60 bar H2/CO2 (1:1), much greater than
reported for any other catalyst at that time. A promising reaction mechanism proposed
based on the experimental and DFT calculation using the same catalyst was reported by
Tanaka et al. in 2011.64
An efficient iridium complex containing 2,2’-bi-1,4,5,6-tetrahydropyrimidine has
been developed for the direct hydrogenation of CO2 to formic acid in water without a base,
giving a TON value over 10,000 (equation 1.20). The kinetic study proposed that the
dissociation of H2O molecule from the aqua-iridium complex that affects the kinetics of
the catalytic cycle. However, this TON value is lower than that of other iridium
complexes.65

(1.20)

The key point here is not the low TON but the absence of a base. That is really useful
because formic acid is much more valuable than a salt of formic acid. Both the effect of
the catalyst concentration, and the partial pressure on the reaction rate were investigated
under reaction conditions. The authors noticed that the reaction was first order with respect
to a catalyst, and the complex was mononuclear. For the pressure effect, when the CO2
45

pressure was constant at 40 bar, formic acid production increased linearly with increasing
H2, and finally reached a constant value. When the H2 pressure was constant at 40 bar, the
formic acid production showed a similar trend upon increasing the pressure of CO2. Based
on the above results, the full catalytic cycles of the reaction were described in details
(Scheme 1.10).65

Scheme 1.10. Proposed mechanism for the base-free iridium complex catalyzed
hydrogenation of CO2 in water.65

Most recently, a series of iridium complexes with a bidentate ligand containing a
pyridine ring with/without an OH group with an uncoordinated NH group were synthesized
and characterized by Suna and co-workers (Figure 1.8).66 All complexes were used for CO2
hydrogenation to formate in basic solution and shown to be active, achieved TON values
of 10,200, 11,000, and 8,200 for the complexes 1.32, 1.33, and 1.34, respectively.
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Figure 1.8. Iridium complexes are bearing azole ligands 1.32, 1.33, and 1.34.

UV-Vis spectroscopic studies showed that both the OH and the NH groups of
ligands deprotonated under the reaction conditions for CO2 hydrogenation at pH 8.5.
Spectroscopic and computational investigations revealed that the reversible deprotonation
changed the electronic properties of the Ir complexes, and caused interactions between the
pendant base and the substrate and/or solvent water molecules, resulting in high catalytic
performance in a basic solution.66

1.3.3 Precious metal vs abundant-metals
Precious metal complexes show better catalytic activity for CO2 hydrogenation than
abundant metal complexes in the literature. The main reasons why precious metals are the
most active catalysts known at present are:
1.

Precious metals are not at as susceptible to oxidation by atmospheric oxygen.

2.

Precious metal complexes have been extensively studied for their reaction over 30
years.

3.

It is very easy to prepare these metal complexes, some are air and moisture stable,
and some are not.

4.

Precious metal complexes are often diamagnetic, which means they are easy to
study by NMR spectroscopy.
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Abundant-metals have not been studied as much so we do not know if they can
make suitable catalysts for such reactions. Abundant-metals are less toxic, less depleting,
and cheaper. Abundant metal complexes are often paramagnetic and therefore difficult to
study by NMR spectroscopy. Abundant-metals losses are more easily tolerated in an
industrial process.

1.3.4 CO2 reduction using abundant-metal based catalysts
Precious metal complexes (Ru, Rh, Ir) have been reported as the most active
homogeneous catalysts for the hydrogenation of CO2 to formic acid/its derivatives.
However, in recent years, the development of abundant-metal catalysts has become a very
important goal because of their low toxicity, low cost, greener production, and higher
abundance compared to well-studied precious metal catalysts.
The first observation of the synthesis of formic acid from CO2, and H2 in the
presence of [Ni(dppe)2] as a catalyst was reported by Inoue and co-workers in 1976, who
obtained a TON value of 7.48 In 2003, the Jessop group tested a series of base metal salts
(Cr, Fe, Co, Ni, Mo, W, In) with phosphine ligands for CO2 hydrogenation to formic acid
using a high pressure combinatorial screening method under a standard set of reaction
conditions (equation 1.21).67 Among them, the combination of [NiCl2(dcpe)] was the most
active catalyst with a TON value of 4,400 at a total pressure of 200 bar. This test produced
the highest TON achieved using a base metal precursor at the time, although it was
significantly lower than those of the very efficient Rh, Ru, and Ir catalyst precursors.
(1.21)
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1.3.4.1 Iron
The first report of the hydrogenation of CO2 to formic acid using Fe complexes was
by Jessop et al.67 in 2003 (Table 1.12).

Table 1.12. Hydrogenation tests assayed by NMR spectroscopya
Iron salt

Phosphine

Formic acid:DBU

TON

TOF (h-1)

mole ratio

a

FeCl3

PPh3

0.09

20

2.7

"

dppe

0.10

23

3.1

"

dcpe

0.51

113

15.1

Reaction conditions: 15 μmol of metal salt, 45 μmol of PPh3 or 22.5 μmol of dppe or dcpe,

1 mL of DMSO, and 0.5 mL (3.3 mmol) of DBU, 1 h pretreatment with 40 bar of H2,
reaction time 7.5 h at 40 bar of H2, total pressure 100 bar, 50 °C.

In 2010, Federsel et al.68 reported hydrogenation of bicarbonate to formate using
different iron precursors, and various nitrogen and phosphorous containing ligands for the
hydrogenation of bicarbonate. No catalytic activity was observed with bi- or tridentate
phosphines or amines such as 1,1-bis(2-diphenylphosphinoethyl)phenylphosphine (triphos
1),

1,1,1-tris(diphenylphosphino)

methane

(triphos

2),

1,1,1-

tris(diphenylphosphinomethyl) ethane (triphos 3), tris[2-(dimethylamino)ethyl] amine
(Me6TREN), and tris(2-aminoethyl)amine (TAEA). However, a combination of
Fe(BF4)2·6H2O as an iron source and the tetradentate ligand PP3 (P(CH2CH2PPh2)3) led to
the formation of the well-defined iron hydride complexes, [FeH(PP3)]BF4 (1.35) and
[FeH(H2)(PP3)]BF4 (1.36) These complexes were utilized as catalysts for the
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hydrogenation of CO2 to formates, alkyl formates, and formamides with good yields, and
TON values of up to 610 for formates, up to 590 for methyl formates, up to 730 for
dimethylformamide and a TON value of 370 for N-formylpiperidine (Table 1.13).

Table 1.13. Catalytic hydrogenation of CO2 to alkylformate, and formamide.

a

Entrya

Product

PH2/CO2 (bar)

Yield (%)

TON

1

HCO2Me

60/30

56

290

2b

"

"

14

590

3c

"

"

47

250

4

DMF

"

75

730

5

C6H11NO

"

41

370

Reaction conditions: T= 100 °C, t = 2 h, 2 mL Et3N for alkyformate, 0.025 mol

amines for formamide; bReaction conditions: 16 mL Et3N; cReaction conditions:
[FeH(H2)PP3]BF4 used.

Methyl formate was obtained with a TON value of 590, two orders of magnitude higher
than the previous best result with iron catalysts.69 Based on these studies, the proposed
catalytic cycle is shown in Scheme 1.11.
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Scheme 1.11. Proposed catalytic cycle for the hydrogenation of CO2 using
Fe(BF4)2·6H2O/PP3.68

Later, Ziebart et al.70 prepared a [Fe(PP3)F]BF4 (PP3 = (C6H4PPh2)3P) complex
(1.37) that was catalytically active for the hydrogenation of bicarbonate to formate, and
CO2 to DMF and diethylformamide from the corresponding amines. It was observed that
the iron complex system provided the highest TON value over 7,500 at 100 °C when the
bicarbonate concentration was increased. Also, the same catalyst was also used for the
hydrogenation of CO2 in MeOH/Et3N, producing a combination of formic acid and formate
with a TON value of 1,700. However, the production of formic acid was increased with
TONs up to 1,900 in the presence of water because formate production was suppressed.
When dimethylamine or diethylamine was used for the same reaction, they yielded DMF
and diethylformamide with TON values of 5,100, and 2,100, respectively. The reaction
mechanism of this iron-catalyzed hydrogenation of CO2 is depicted in Scheme 1.12.
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Scheme 1.12. Proposed mechanism for the iron-catalyzed hydrogenation of CO2.70

1.3.4.2 Cobalt
In addition to the ongoing research into iron complexes, a cobalt complex has also
been studied for the hydrogenation of CO2 reactions. In 2012, Federsel et al.71 introduced
the cobalt complex [Co(BF4)2·6H2O/PP3] (PP3 = P(CH2CH2PPh2)3) 1.41 instead of the iron
complex for hydrogenation of bicarbonate (Equation 1.22). A TON value of 3,900 was
obtained at 120 °C under 60 bar pressure of H2 after 20 h. Cobalt salts such as Co(acac)3,
Co(acac)2, and CoCl2 with the same PP3 ligand showed similar activity.

(1.22)

Federsel and colleagues also tested the cobalt complex for the hydrogenation of CO2 to
formamides, which yielded TON values of 1,300, and 1,300 for DMF and
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formylpiperidine, respectively at 100 °C under the total pressure of 90 bar (H2/CO2
~60/30). Methyl formate was also generated with a TON value of 660. It was found that
the active cobalt catalyst improved the TON value for the hydrogenation of bicarbonate
compared to another abundant base-metal catalyst at that time.69
Using the established thermodynamic parameters of hydricity (ΔGH-) and acidity
(pKa) as a guide, Jeletic et al.72 developed highly active cobalt(II)-based catalyst
[Co(dmpe)2H] 1.42 for the hydrogenation of CO2 to formate. A maximum TON of 9,400
was obtained in the presence of Verkade’s base (Vkd) under a total pressure of 20 bar
H2/CO2 in THF at 21 °C. It was observed that the complex showed this activity only in the
presence of the strong and very expensive Verkade’s base (Vkd), no catalytic activity was
found in the presence of Et3N. The authors also proposed a mechanism based on the
assumption of the three essential steps shown in Scheme 1.13.

Scheme 1.13. Proposed catalytic cycle for CO2 hydrogenation using cobalt complex 1.42.72
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The catalytic cycle has three essential reactions: (A) a hydride transfer from a metal
complex 1.42 to CO2, (B) addition of H2 to the resulting metal complex 1.43, and (C) the
regeneration of the metal hydride complex 1.42 by deprotonation of 1.44. To obtain
catalytic results at room temperature and pressure, the energetics of the reactions in steps
A and C needed to be well matched in the catalytic system. They also investigated the
catalytic behavior of complex 1.42 for CO2 hydrogenation to formate with the Vkd base
along with other common bases (Table 1.14).

Table 1.14. Catalytic conversion of CO2 and H2 to formate with [Co(dmpe)2H].a

a

Entry

Cat. loadingb (mM)

Baseb (nM)

Pressure (bar)

TON

1

2.8

Vkd, 530

1.8

210

2

0.28

Vkd, 570

1.0

2,000

3

"

Vkd, 530

1.8

1,900

4

0.40

Vkd, 740

20

2,100

5

0.040

Vkd, 510

"

9,400c

6

4.0

P1tBu

"

190

7

40

DBU, 960

"
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8

40

Et3N, 1,000

40

2

9

none

Vkd, 400

40

0

Reaction conditions: 350−500 μL of THF-d8, 1:1 CO2:H2, 21 °C, all reactions went to

completion within 60 min unless otherwise noted. bInitial concentration. Vkd = 2,8,9triisopropyl-2,5,8,9-tetraaza-1-phosphabicyclo[3,3,3]undecane.

DBU

=

1,8-

diazabicycloundec-7-ene. P1tBu = tert-butylimino-tris(dimethylamino)phosphorane. NEt3
= triethylamine. c65% complete.
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It is clear from the above data that the strength of the base affects the catalytic activity, and
the catalytic activity is much lower with weaker bases than the Vkd base (entries 6-8).
In 2014, the same group members reported more detailed supporting evidence for
the above mechanism for the complex 1.42 as well as for modes of catalyst deactivation.73
Catalytic hydrogenation of CO2 to formate with various bases, and the results are
summarized in Table 1.15 for [Co(dmpe)2H], [Co(dmpe)2(H)2]+, and [Rh(dmpe)2H].

Table 1.15. Catalytic conversion of CO2 and H2 to formate in the presence of other bases.a
Entry

a

Cat., conc (mM)

Base, conc (mM)

P (atm)

TON

1

Co(dmpe)2H, 0.040

Vkd, 510

100

9,400

2

Co(dmpe)2H, 36

DBU, 960

40

61b

3

Co(dmpe)2H, 42

DBU, 310

"

47b

4

Co(dmpe)2H, 34

DBU, 1,500

"

73b,c

5

Rh(dmpe)2H, 41

DBU, 960

"

19b,d

6

[Co(dmpe)2(H)2]+, 32

DBU, 960

"

73b

7

Co(dmpe)2H, 40

Et3N, 1,000

"

2

8

Co(dmpe)2H, 2.8

P1tBu, 710

1.8

150e

9

Co(dmpe)2H, 0.28

P4tBu, 400

1.8

1,900

Reaction conditions: catalyst 300-500 µL of THF-d8, 1:1 CO2:H2, 21 °C, reaction time

less than 1 h. bconsistent with a formate:DBU ratio of 2:1. cincomplete reaction due to
precipitation of formate. dReaction conditions: incomplete reaction (catalyst decomposed),
2 h reaction time. ebase decomposition occurred. Vkd = 2,8,9-triisopropyl-2,5,8,9-tetraaza1-phosphabicyclo[3.3.3]undecane. DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, P1tBu =
tert

butyliminotris(dimethylamino)phosphorane,
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P4tBu

=

1-tert-butyl-4,4,4-

tris(dimethylamino)-2,2-bis[tris(dimethylamino)phosphoranylidenamino]-2λ5,4λ5
catenadi(phosphazene).

From the study, it was observed that while the complex [Co(dmpe)2H] showed the highest
activity with the presence of Verkade’s base, the first-order reaction rate does not depend
on either the base concentration or the hydrogen pressure. This observation suggests that
step A is the rate determining step (Scheme 1.13). However, a first-order reaction rate
dependence on the concentration of the base was observed in the case of DBU. A
deactivation pathway was observed when the cobalt-CO complex was formed at a CO2/H2
ratio above one, and likely the CO complex was then quickly produced through the reverse
water-gas shift reaction. The authors identified the catalytically inactive species [(µdmpe)(Co(dmpe)2)2]2+

and [Co(dmpe)2CO]+ by NMR spectroscopy.73 The authors

proposed that the utility of using fundamental thermodynamic parameters would be helpful
in designing a new effective catalytic system for CO2 hydrogenation in future work.
In their more recent publication, Daw and co-workers synthesized and characterized a
novel paramagnetic Co-pincer complex [Co(iPrPNHP)Cl2] 1.45 (iPrPNHP = 2(diisopropylphosphino)- N-(2-(diisopropylphosphino)benzyl)ethanamine.74 Later, they
tested the catalytic activity of 1.45 for the formylation of primary/secondary amines with
CO2, and H2 in the presence of a reducing agent with good to excellent yields. Some
remarkable results are summarized in Table 1.16.
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Table 1.16. N-Formylation of amines using CO2, and H2 catalyzed by complex 1.45.a

Entry

a

Amines

Formamides

Yieldb (%)

1

99

2

95c

3

96

4

90

Reaction conditions: catalyst (5 mol%), amine (0.5 mmol), NaHBEt3 (5 mol%), tBuOK (5

mol%), CO2 (30 bar), H2 (30 bar), and dry toluene 2 mL. bIsolated yield. cGC yield.

The authors also observed that no amine conversion occurred without NaHBEt3 and
t

BuOK. Based on these results, a plausible mechanism is proposed in Scheme 1.14.
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Scheme 1.14. Proposed mechanism for the hydrogenation of CO2 to formamide by
complex 1.45.74

Daw and co-workers believed that this environmentally benign protocol is
attractive, considering the broad scope, excellent yields, abundant availability of the metal
and H2O as the sole by-product.

1.4 Aim of the thesis
The development of a sustainable, efficient and selective catalytic system is desired
for CO2 hydrogenation in industrial applications. One approach includes the replacement
of precious-metal-based catalyst (Rh, Ru, Ir) systems with greener, highly selective, safer,
and more cost-effective catalytic systems consisting of abundant-metal homogeneous
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catalysts. Despite the recognized need, developing such systems is challenging because
many abundant-metal catalysts are not stable, and are paramagnetic. Also, the design and
selection of ligands are important factors for the development of homogeneous catalysts.
The main objective of this thesis is to develop efficient abundant-metal homogeneous
catalysts (Fe, Co, Ni, Cu) for the hydrogenation of CO2 to FA derivatives (Scheme 1.15).

Scheme 1.15. Hydrogenation of CO2 to produce a formamide.

This thesis consists of the following chapters:
Chapter 2 will discuss the preliminary screening results for the hydrogenation of
CO2 to formamide in the presence of primary or secondary amines using in-situ formed
abundant-metal catalysts containing monodentate, bidentate-, multidentate phosphine
/PN/carbene ligands. The reaction conditions (temperature, solvent, and a total pressure of
CO2 and H2) were optimized to achieve the highest turnover number (TON) possible for
the developed catalysts.
In Chapter 3, the development of nickel(II)-dmpe catalysts for the hydrogenation
of CO2 is described. Three nickel(II)-dmpe complexes were synthesized, and their catalytic
activity for the hydrogenation of CO2 to formamide in the presence of DMA was
investigated. A mechanism for the reaction was proposed to understand the catalytic role
of nickel in the reaction and will be discussed in detail in this chapter.
In Chapter 4, the synthesis and characterization of new nickel(II) complexes (with
acac/OAc ligands) and their catalytic activity for the hydrogenation of CO2 are presented.
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Chapter 5 presents the reactivity of the PNN pincer ligand with abundant metal
salts. The synthesis and characterization of several abundant-metal pincer complexes and
their capacity to catalyze CO2 hydrogenation in the presence of amines are presented in
this chapter.
Chapter 6 will summarize the overall contributions from the project. This Chapter
also discusses future directions for further research that may inspire further interest in the
application of abundant-metal complexes.
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Catalytic Formylation of Amines with CO2 and H2 Using in situ
Abundant-Metal Complexes

2.1 Introduction

2.1.1 Utilization of CO2
The use of carbon dioxide in chemical synthesis as a C1-building block and as a
solvent is an attractive strategy for green chemistry. Various intermediates and products
that have been suggested include formic acid, alkyl formates, formamides, amines,
hydrocarbons, methanol, isocyanates and organic carbamates. A number of these products
are currently manufactured industrially using carbon monoxide or phosgene as reactants;
hence the toxicological and physiological effects, corrosion, and environmental risks
associated with this feedstock make CO2 a desirable alternative for consideration.1,2 The
development of CO2-based chemistry can not only improve economical and ecological
aspects but also can lead to safer and improved processes. The study of reactions that use
CO2 as a reactant or as a reaction medium has become very popular in the past few years.3
To activate the relatively thermodynamically stable carbon dioxide molecule, catalysis
with transition metal complexes is often used, especially when reduction of the high
oxidation state of the carbon is desired. Some potential reductions of carbon dioxide are
shown in Figure 2.1.

66

Figure 2.1. Some important reductions of carbon dioxide.3

2.1.2 Hydrogenation of CO2 to formic acid and its derivatives
Among these reduction reactions (see Section 2.1.1), the easiest to achieve by
homogeneous catalysis is the hydrogenation of carbon dioxide to formic acid, or its
derivatives.4 Formic acid is an essential chemical feedstock in the organic chemical
industry. It is used in the perfume industry, as a mordant in the dyeing industry, as a
neutralizer in tanning, and as a preservative agent in sanitary stations. As a raw material in
the chemical industry, it is converted to formate esters, which in turn are used to produce
a variety of organic derivatives such as aldehydes, ketones, carboxylic acids and amides.5
Apart from the intermediate formation of formic acid discussed so far, this section
details the synthesis of various primary, secondary, aliphatic and aromatic formamides by
homogeneous catalytic hydrogenation of CO2. In general, formamides are widely used as
a reactant in the manufacture of agrochemicals, pharmaceuticals, industrial chemicals, and
as a solvent.6 Moreover, the formyl group is a useful amino protecting group in peptide
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synthesis.7 Formamide is also used as a Lewis base, which is known to catalyze the
hydrosilylation reaction.8
There are mainly two classes of methods for the synthesis of formamides: noncatalytic and catalytic. Among the non-catalytic methods, several synthetic routes for the
formylation of primary and secondary amines to formamides are known. In most cases, a
formylation reagent like formic acid, formamide or carbon monoxide is used as the C1building block.9-11 Two non-catalytic synthetic methods for formylation of amines to
formamides are shown below (equations 2.1 and 2.2).9-10
(2.1)

(2.2)

The production of these reagents is problematic, in terms of requiring rigorous reaction
conditions, consuming a significant amount of energy, using toxic reagents like CO or
highly corrosive agents like oxalyl chloride, or producing undesirable side reactions. Thus,
ways to substitute these carbon sources with environmentally benign, easy to use, cheap
and highly abundant substances, like carbon dioxide, have gained considerable attention.
Investigations of the reaction of carbon dioxide, hydrogen and amines to form the
corresponding formamides are of growing interest in the literature.12 Jessop et al.12 found
that the immediate product is the formate salt of the amine (Scheme 2.1), which is then
converted into the formamide. The synthesis of N,N-dimethylformamide from carbon
dioxide, hydrogen and dimethylamine has been the focus of several studies.13,14
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Syntheses of formamides other than N,N-dimethylformamide with carbon dioxide
and hydrogen are less often reported as most research groups focused on the hydrogenation
of CO2 to generate formic acid.15,16

Scheme 2.1. Proposed reactions involved in the synthesis of formamides via formic acid.

2.1.3 CO2 hydrogenation using abundant-metal catalysts
One of the earliest examples was the conversion of carbon dioxide and secondary
amines to formamides with Raney nickel catalyst, producing up to 2 mol of amide/mol of
Ni, reported by Farlow and Adkins.17 In the 1970s, studies on the homogeneous catalytic
transformation of CO2 to formic acid and its derivatives were conducted by Inoue et al.18
and Trzebiatowska et al.19 Since then, many transition-metal complexes have been
synthesized and evaluated as catalysts in various homogeneous catalytic transformations
of carbon dioxide.20-22 However, in most cases, rare, expensive, and often toxic metals such
as ruthenium, rhodium, or iridium complexes have been used as active catalytic systems
for these transformations.23-25
In comparison to precious-metal catalysts, earth-abundant first-row transitionmetals, especially Mn, Fe, Co, Ni, and Cu, make effective catalysts for other large-scale
chemical processes, and we see no reason why they should not be effective for CO2
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hydrogenation as well.26 In 2003, the Jessop group screened catalysts for the hydrogenation
of CO2 to formic acid and found active catalysts containing Cr, Fe, Co, Ni, Mo, W, Nb,
and In. The most active catalyst was [NiCl2(dcpe)] 2.2 with a TON value of 4,400 (Figure
2.2).27

Figure 2.2. Complexes 2.1 to 2.13 have been used as catalysts for the hydrogenation of
CO2 to formic acid derivatives.

Haynes et al.28 tested the catalytic activity of [(Ph3P)3CuCl] for CO2 hydrogenation
in the presence of dimethylamine to form N,N-dimethylformamide (DMF); however, the
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TON, which varied up to 900, remained far lower than that obtained using second- or thirdrow transition metal complexes, such as phosphine complexes of Rh, Ru, Ir, Pd, and Pt.
In 2010, Federsel et al.29 reported CO2 hydrogenation using an efficient iron catalyst
system for the reduction of carbon dioxide and bicarbonates to generate formates, alkyl
formates, and formamides. A combination of Fe(BF4)2·6H2O as an iron source and the
tetradentate ligand PP3 [P(CH2CH2PPh2)3] led to the formation of well-defined iron hydride
complexes, [FeH(PP3)]BF4 2.4 and [FeH(H2)(PP3)]BF4. These complexes were utilized as
catalysts for the hydrogenation of CO2 at elevated temperatures and pressures, affording
formates, alkyl formates, and formamides in high yields, with TON values up to 727 for
dimethylformamide, and a TON value of 373 for N-formylpiperidine. Federsel et al.30 then
reported a cobalt complex catalyst for the hydrogenation of CO2 to make DMF with a TON
value of up to 1,254. In the same year, Ziebart et al.31 prepared a [Fe(P3P)F]BF4, [P3P =
(C6H4PPh2)3P] complex which was catalytically active for the hydrogenation of CO 2 to
DMF and diethylformamide from the corresponding amines. Maximum TON values of
5,104 for DMF and 2,114 for diethylformamide were observed. Iron(II)-PNP complex 2.5
was used for the hydrogenation of bicarbonate to formate salts 2.6 under low pressure by
Langer et al.32 with a TON value of up to 320. Interestingly, this Fe(II)-PNP complex has
been shown similar activity to known noble metal catalysis. In 2013, Badie and co-workers
synthesized and characterized a series of new water-soluble CoCp* complexes containing
dihydroxy–substituted bipyridine (DHBP) 2.7-2.13. The authors have also studied the
catalytic activity of these proton-responsive Co(III) complexes for the hydrogenation of
CO2 to formate in an aqueous bicarbonate medium with organic solvents. These Co(III)
complexes containing hydroxide functionalized bpy ligands were more catalytically active
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with a maximum TON value of up to 59 than the non-substituted bpy ligands.33 Zhang et
al.34 reported that a combination of a Fe-PNP complex with a Lewis acid catalyst could
produce formic acid with a TON value of up to 59,000. Table 2.1. Summarizes some of the
abundant-metal homogeneous catalysts for these reactions.

Table 2.1. Previously reported abundant metal catalysts used in the hydrogenation of CO2
or bicarbonate to formate.a
Catalyst precursor

Pressure

Time (h) T oC TON TOF (h-1)

Ref.

27

(H2/CO2) bar
Hydrogenation of CO2
FeCl3/dcpe

100

7.5 h

Co(dmpe)2H

20

unknown RT

9,400 74,000

35

NiCl2(dcpe)

200

216 h

50

4,400 20.5

27

Ni(dppe)2

100

7.5 h

50

45

6.0

27

MoCl3/dcpe

100

7.5 h

50

63

8.4

27

Hydrogenation

50

113

15

of H2 (bar)

HCO3-

a

Fe(BF4)2/(PP3)

20

20 h

120

610

-

29

[Co(BF4)2]·6H2O/PP3

90

20 h

100

3,877 -

30

[Fe(PNP)(H2)(CO)]

8.3

16

80

320

32

20

dppe = 1,2-bis(diphenylphosphino)ethane, dcpe = 1,2-bis(dicyclohexylphosphino)ethane,

dmpe = 1,2-bis(dimethylphosphino)ethane, PP3 = P(CH2CH2PMe2)3, PNP = 2,5bis(diphenylphosphino)methyl-1H pyrrole.
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In 2017, Liu and his co-workers investigated the N-formylation of a series of
amines containing the unsaturated groups using H2, and CO2 catalyzed by a Cu or preciousmetal based homogeneous pre-catalyst.36 It was found the Cu(OAc)2-dmap 2.12 catalytic
system was very effective with high yield and the selectivity was >99% than that of Pd,
Ru, and Rh-based catalytic system.
Very recently, the group of Khusnutdinova developed a bio-inspired Mn(I)
complex 2.13 was an active catalyst for the hydrogenation of CO2 to formate and
formamide with maximum TON value of 6,250, and 588, respectively at low temperature.37

2.1.4 Hydrogenation of CO2 using transition metal N-heterocyclic carbene complexes
Compared to phosphine ligands, metal-carbene complexes are known for their
robust properties in chemical reactions that involve high temperature and long reaction
times.38 Among the various types of applications of carbene ligands and their metal
complexes, the use of metal complexes containing N-heterocyclic carbenes (NHC) as
homogeneous catalysts for the reduction of CO2, and hydrogenation of CO2 is described in
this section. The application of carbene complexes as homogeneous catalysts for the
reduction of CO2 to formic acid is relatively uncommon.
In 2008, Zhou et al.39 reported the catalytic activity of an imidazolium carboxylate
species toward the coupling of CO2 with epoxides. N,N-disubstituted imidazol(in)ium-2carboxylates 2.14a-2.14c and 2.15a-2.15b (NHC-CO2 adducts) are shown in Figure 2.3.
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Figure 2.3. Structures of the N,N-disubstituted imidazol(in)ium carboxylates.39

The group tested a variety of complexes for the catalytic coupling of CO2 with propylene
oxide to afford propylene carbonate (Table 2.2). The structure of the catalyst greatly
dictated the yield. Bulky unsaturated imidazolium carboxylates 2.14a and 2.14b gave
higher yields compared to their saturated counterparts 2.15a and 2.15b. Sterically
accessible imidazolium salts like 1,3-dimethylimidazolium carboxylate 2.14c only
demonstrated 19% yield. Based on thermolysis experiments, unsaturated salts have lower
thermal stabilities compared to their saturated counterparts, indicating that catalysts with
higher thermal stability showed lower activity. The group proposed a possible mechanism
based on these findings (Scheme 2.2).
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Table 2.2. Reaction of CO2 and propylene oxide catalyzed by imidazolium
carboxylates.a,b,c

a

NHC-CO2

Yield (%)

2.14a

45

2.14b

100

2.14c

19

2.15a

25

2.15b

87

Reaction conditions: 50 mmol epoxides, 0.5 mol% NHC-CO2, 2 mL CH2Cl2. bYield

determined by 1H NMR spectroscopy. C(R)-Propylene oxide.

2.16

Scheme 2.2. A possible mechanism for the reaction of CO2 with epoxide catalyzed by
imidazolium carboxylates.39
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The zwitterionic carboxylate would add to the epoxide via nucleophilic attack and generate
a new zwitterion 2.16. The alkoxy anion would attack the carbon atom of the CO2 group
to produce the cyclic carbonate and the free N-heterocyclic carbene, which would quickly
react with CO2 to regenerate the zwitterionic carboxylate catalyst.
Catalytic hydrogenation of CO2 using Ru/Ir-NHC complexes
Noble metal-phosphine complexes have been the predominant choice in the
literature as homogeneous catalysts for the hydrogenation of CO2 to formic acid.15 Besides
phosphine ligands, Peris et al.40 have synthesized and characterized a series of Ru/Ir
complexes with bis-NHC (N-heterocyclic carbene) as electron donating ligands, as are
shown in Figure 2.4.

2.17
2.18

2.19

2.20

Figure 2.4. Structures of Ru-NHC complexes in the hydrogenation of CO2 to HCO2H.40

For the hydrogenation of CO2 to formate, the highest TON value of 23,000 was obtained
using complex 2.17 at 200 oC under H2/CO2 for 75 h (equation 2.3).
(2.3)

They have also proposed the first transfer hydrogenation reaction using isopropanol as the
hydrogen source for CO2 hydrogenation to overcome the inconvenience of using
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pressurized H2. In aqueous 0.5 M KOH/isopropanol (9/1), the TON approached 1000 after
16 h at 200 oC (equation 2.4).
(2.4)

The authors also found that the lower activity compared to reactions with H2 is likely
associated with difficulty in generating the metal hydride from isopropanol.
Recently, Siek and Co-workers synthesized and characterized a series of
[CpIr(NHC-pyOR)Cl]OTf complexes (R = tBu, 2.21, H, 2.22 or Me, 2.23) (Figure 2.5).41

Figure 2.5. Ir-NHC-pyOR complexes 2.21, 2.22 and 2.23.41

They used Ir(III)/NHC-pyOR complexes for the hydrogenation of CO2 to formate.
Complexes 2.21-2.23 were found to be active as modest pre-catalysts, among them
complex 2.23 showed a TON value of 2,100 that is almost two orders of magnitude high
compared to 2.21 or 2.22 (Table 2.3).
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Table 2.3. Catalytic hydrogenation of CO2 with 2.21-2.23.a
the catalyst used as is Cl- removed in situ
Entry

a

Catalyst

TON

TON

1

[Cp*IrCl2]2

180

2

2.21

1,100

740

3

2.22

910

860

4

2.23

2,100

2,100

Reaction conditions. aqueous of solution catalyst (0.3 mM), NaHCO3 (1 M), T = 115 ºC,

t = 18 h, total pressure was 21 bar (CO2/H2). The TON value is an average of the results
from three experiments.

The authors also compared the chloride ion vs triflate ion effect on CO2 hydrogenation with
2.21-2.23. It has observed that the removal of the chloride does not increase the catalytic
activity. However, 2.21 and 2.22 decreased slightly catalytic activity for CO2
hydrogenation.
Despite the above applications of metal-NHC complexes in various areas, so far,
there are no known reports of usage of abundant-metal-NHC complexes for the
hydrogenation of CO2 to formamides. Therefore, the author took this opportunity to
perform the first tests of the catalytic activity of abundant metal-NHC complexes for the
hydrogenation of CO2 to formamides.
A systematic study of Mn(II), Fe(II), Co(II), Ni(II), Cu(II) and Zn(II) complexes
with various types of phosphine ligands, hemilabile ligands (PN, PO), and carbene ligands
for catalytic hydrogenation of CO2 to formic acid derivatives compared to precious-metals
is still lacking. There is a necessity to develop abundant-metal catalysts with high activity,
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high stability, low toxicity, low prices and high abundance. To find more active and stable
catalysts, the author’s research aim is to study complexes made from abundant-metals and
phosphines or carbenes as homogeneous catalysts for the synthesis of formamides from
CO2, and H2 in the presence of amines such as 2-ethylhexylamine, morpholine,
dimethylamine, aniline, and N-methyl aniline. In this chapter, the catalytic activity of
abundant metal complexes, formamide in situ, for the hydrogenation of CO2 in the presence
of 1o and 2o amines to generate the corresponding formamides (equation 2.5).
(2.5)

2.2 Experimental Methods

2.2.1 Materials and General Considerations
Morpholine (99%), aniline (99.5%), N-dimethylaniline (98%), dimethylammonium
dimethylcarbamate, and 2-ethylhexylamine were purchased from Sigma-Aldrich. All metal
precursors and ligands were purchased from Sigma-Aldrich, Alfa Aesar, and Strem
Chemicals, and used without further purification unless otherwise specified. All
manipulations involving air and moisture sensitive compounds were carried out using a
high vacuum and standard Schlenk techniques or in a glove box under N2. The organic
solvents were distilled under argon after drying over appropriate drying agents. All solvents
were degassed by freeze-pump-thaw cycles before use. CO2 (research grade, 4.8) and H2
(ultra-high purity, 5.0) were supplied by Praxair (Canada) and used without further
purification.
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All reagents for the catalytic reactions were loaded into a glass vial in 31 or 160 mL highpressure stainless steel reaction vessel in the glove box. Aliquots were removed from the
crude reaction mixtures immediately after depressurization following the specified reaction
time, and analyzed by a 400 MHz Brüker Advance NMR spectrometer equipped with an
autosampler. Chemical shifts are indicated in ppm relative to tetramethylsilane (TMS). FTIR spectra were recorded as KBr disks or CHCl3 as a solvent with a Bruker FT-IR
spectrophotometer.

2.2.2 Standard procedure for the hydrogenation of carbon dioxide
The catalysts were prepared in situ from 3d-metal(II) salts and added phosphines.
The reactions were performed in glass vials within a 31 or 160 mL Parr vessel. A pressure
gauge measured the gas pressure, and a burst disk was installed for safety. The reaction
vessel (31 or 160 mL) was loaded with a glass vial containing a stir bar, 57 µmol of the
metal salt, either a monophosphine ligand (228.8 µmol) or a diphosphine (114.2 µmol),
and 0.5 mL morpholine in 0.5 mL of DMSO under an inert atmosphere in a nitrogen-filled
glove box. The vessel was closed, removed from the glove box, connected to a CO2 line,
and flushed with CO2 thrice to remove the nitrogen. The reagents were then allowed to
react with each other in dry DMSO under CO2 pressure (10-15 bar) at room temperature
for 10-15 min. The mixture was then heated to 100 oC in an oil bath for 20-30 min, then
the system was pressurized 60 bar of CO2 and H2 was added to until the total pressure was
100 bar. The reaction was then allowed to proceed for 21 h. After this time, the vessel was
cooled in an ice bath and then depressurized. The crude product was filtered through

80

diatomaceous earth and analysed by NMR spectroscopy using appropriate deuterated
solvents, with cyclohexane as an internal standard.
All the synthesized crude products were identified by 1H and 13C NMR spectra in
comparison with literature data.42-45

2.2.3 Characterization of N-formyl morpholine
The NMR spectra matched those reported in the literature.42 1H NMR (400 MHz,
MeOD-d4):  3.50 (t, J = 4.9 Hz, 2H), 3.55 (t, J = 5.05 Hz, 2H), 3.67 (t, J = 4.9 Hz, 2H),
3.72 (t, J = 4.8 Hz, 2H), 8.09 (s, 1H) ppm; 13C NMR (100 MHz, MeOD-d4):  41.88, 47.21,
67.56, 68.54, 163.15 ppm.

2.2.4 Characterization of 2-ethylhexylformamide

This compound is mentioned in the literature43 but without spectroscopic data. 1H
NMR (400 MHz, MeOD-d4):  0.95-1.06 (m, 6H), 1.37-1.41 (m, 9H), 3.20 (d, J = 5.2 Hz
2H), 8.15 (s, 1H) ppm; 13C NMR (100.06 MHz, MeOD-d4):  10.49, 13.77, 23.00, 24.03,
28.86, 30.89, 42.37, 44.51, 162.39 ppm.

2.2.5 Characterization of dimethylformamide
The NMR spectra matched those reported in the literature.42 1H NMR (400.30 MHz,
MeOD-d4):  2.89 (s, 3H), 3.03 (s, 3H), 8.03 (s, 1H) ppm; 13C NMR (100.66 MHz, MeODd4): 31.95, 37.18, 164.80 ppm.
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2.2.6 Characterization of formanilide
The NMR spectra matched those reported in the literature.44 Yellow oil. 1H NMR
(400 MHz, MeOD-d4):  7.10-7.40 (m, 5H, Ar-H), 8.10 (s, 1H, cis), 8.67 (d, J = 11.2 Hz,
1H, trans), 8.72 (brs, 1H, cis), 9.20 (brs, 1H, trans) ppm; 13C NMR (100 MHz, MeODd4):  119.20-130.10, 137.50, 163.90, 162.50 ppm.

2.2.7 Characterization of N-methylformanilide
The NMR spectra matched those reported in the literature.45 Light yellow oil. 1H
NMR (400 MHz, MeOD-d4):  3.30 (s, 3H), 7.20-7.42 (m, 5H), 8.50 (s, 1H) ppm;

13

C

NMR (100 MHz, MeOD-d4):  31.70, 121.20, 122.05, 124.12, 125.90, 128.70, 141.70,
162.05 ppm.

2.2.8 Hot filtration test
This test relies on a comparison of catalytic activity before and after filtering the
active catalyst solution.46,47 In this experiment, in a glove box under a N2 atmosphere, precatalyst Ni(acac)2 (0.019 mmol), dmpe (0.058 mmol), morpholine (9.70 mmol), and 1 mL
of DMSO were placed in a glass vial within a 31 mL steel pressure vessel. This vessel was
closed, removed from the glovebox, connected to a CO2 line, and flushed with CO2 three
times to replace most of the nitrogen. The reagents were stirred and allowed to react with
each other in dry DMSO under CO2 pressure (10 bar) at room temperature for 10−15 min.
The mixture was heated to 100 °C in an oil bath for 20−30 min and then pressurized to 60
bar of CO2. H2 was added until the total pressure was 100 bar. The reaction was allowed to
proceed for 21 h. After this time, the vessel was cooled to about 50 °C and cleaned on the
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exterior to remove residual heating oil. Inside a glove box, the vessel was depressurized
slowly and opened, and the hot solution was passed through a short column of
diatomaceous earth in a fritted-glass filter. DMSO (1 mL) was used to rinse the filter. A
small portion of the filtrate was tested by NMR spectroscopy to confirm that formylation
had taken place. The remainder of the filtrate was transferred into a new glass vial in the
steel vessel, fresh morpholine (9.70 mmol) was added, the vessel was closed, and the
hydrogenation of CO2 was resumed in the same way mentioned above. After 21 h, the
vessel was cooled in an ice bath and depressurized, and the reaction vessel was opened to
air. The filtration process was done through a Celite filter again. Finally, the filtrate was
analyzed by 1H NMR spectroscopy with cyclohexane as an internal standard, confirming
the formylation of the second batch of morpholine.

2.3 Results and Discussion

2.3.1 Formylation of morpholine using in situ catalysts
For our initial screening, 17 different non-precious metal salts were screened in 40
combinations with phosphine ligands (top row in Figure 2.6) for the catalytic
hydrogenation of CO2 to formamides. The catalysts were prepared in situ from 3d-metal
salts and added ligands, which were allowed to react with each other in dry DMSO in the
presence of morpholine under CO2 pressure (10-15 bar) at room temperature for 10-15 min.
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Scheme 2.3. Formylation of morpholine.

The mixture was then heated to 100 oC in an oil bath for 20-30 min, after which additional
CO2 (final CO2 pressure 60 bar) was introduced into the system to bring the CO2 pressure
up to 60 bar. Finally, H2 was added to make a total pressure of 100 bar (Scheme 2.3).

Figure 2.6. The structures of the ligands used in this work.

Out of the 17 metal salts screened, 14 metal salts showed catalytic activity in the
preparation of N-formylmorpholine. The preliminary screening results for the formylation
of morpholine using 3d-transition metal salts and phosphine ligands are summarized in
Table 2.4. A full list is given in Table A1.1 in the appendix.
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Table 2.4. Testing of in situ metal-dmpe catalysts for formylation of morpholine.a
Entry

Metal precursor

Ligand

TON

Yield (%)

Metal:Ligand:Amine = 1:2:100

a

1

none

dmpe

0

0

2

NiCl2

none

0

0

3

AlCl3

dmpe

0

0

4

MnBr2

"

0

0

5

FeCl2

"

56

56

6

FeCl3

"

54

54

7

Fe(OAc)2

"

56

56

8

Co(acac)2

"

20

20

9

Co(acac)3

"

50

50

10

NiCl2

"

18

18

11

NiCl2·6H2O

"

14

14

12

Ni(OAc)2⸳4H2O

"

72

72

13

Ni(acac)2

"

86

86

14

Ni(TMHD)2

"

30

30

15

Cu(OAc)2

"

20

20

16

Cu(OAc)2⸳H2O

"

26

26

17

Cu(acac)2

"

14

14

18

Zn(BF4)2⸳xH2O

"

10

10

Reaction conditions: metal salt (57.0 µmol), dmpe (0.13 mmol) and morpholine (5.49

mmol) and DMSO (0.5 mL), T = 100 oC, t = 21 h, the CO2 pressure was 60 bar and H2 was
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added until the total pressure was 100 bar, stirring rate 450 min-1. The TON and yield
values are an average of the results from 2 trials.

The most promising salt/ligand combinations for the formylation of morpholine, those
using Fe(II)/Ni(II) salts and dmpe ligand, were retested at larger amine to metal ratios.
TON values varying from 1,600 to 18,000 were obtained (Table 2.5).

Table 2.5. Catalytic formylation of morpholine using CO2 and H2.a
Entry Metal precursor

Ligand

TON

Yield (%)

Metal:Ligand:Amine = 1:2:20,000
1

FeCl2

none

0

0

2

none

Ph3P

0

0

3

FeCl2

dmpe

2,000

10

4

NiCl2

"

2,500

13

5

NiCl2·6H2O

"

1,600

8

6

Ni(OAc)2·4H2O

"

14,600

73

7

Ni(acac)2

"

18,000

90

16,000

16

Metal:Ligand:Amine = 1:2:100,000
8
a

Ni(acac)2

"

Reaction conditions: Metal salt (0.30 µmol), ligand (0.60 µmol) and morpholine (6.08

mmol) in 5 mL DMSO. T = 100 oC, t = 21 h, the CO2 pressure was 60 bar, and H2 was
added till the total was 100 bar, stirring rate 450 min-1. The TON and yield values are
averages of the results from two trials. Yield and TON were determined by 1H NMR
spectroscopy.
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Blank tests with FeCl2 in the absence of a phosphine ligand were performed, and
no formylation reaction occurred. Similarly, blank tests with triphenylphosphine or dmpe
without any metal salt did not lead to any formylation products.
To clarify the effect of ligand choice on the formylation of morpholine,
dimethylamine and 2-ethylhexylamine, several monodentate and bi-dentate phosphine and
hemilabile ligands were investigated (Figure 2.6). Among these, dmpe displayed higher
activities for the formylation reaction of morpholine in comparison to the other phosphine
ligands (see Table A1.1 in the Appendix). The hydride donor strength, which may be
important for the attack on the CO2 carbon atom, is influenced by the metal, the ligand
substituents, and the size of the chelate bite angle of the diphosphine ligands. We have
considered four diphosphine ligands such as dmpe (107°), depe (115°), dmpp (121°), and
dppe (125°) in this work. The most effective of these diphosphines, dmpe, has the smallest
bite angle, combined with small and electron-donating substituents, which should combine
to create high hydride donor strength and minimal steric encumbrance. The hydricity of
[HNi(diphosphine)2]+ has been reported48 to be greater for dmpe than for dppe or dmpp.
The higher catalytic activities of 3d-metal dmpe/dppe/dppp complexes in comparison to
3d metal PPh3 complexes parallel the results obtained with [RuCl2(dppe)2] and
[RuCl2(PPh3)4].49

2.3.2 Formylation of 2-ethylhexylamine using in situ catalysts
Another series of experiments, for the formylation of 2-ethylhexylamine, was
performed using catalysts prepared in situ from 3d-metal salts and added phosphines. The
synthesis of 2-ethylhexylformamide was attempted by reacting CO2 with H2 in the presence
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of 2-ethylhexylamine using a metal salt plus dmpe ligand as catalyst precursor in dry
DMSO heated at 130-135 oC in an oil bath (Scheme 2.4). The reaction was initiated at a
CO2 pressure of 60 bar followed by pressurization with H2 to make a total pressure of 100
bar (Scheme 2.4).

Scheme 2.4. Formylation of 2-ethylhexylamine.

In this case, the reaction could be carried out at a higher temperature (ca.130-135 oC),
because 2-ethylhexylamine has a boiling point of 165 oC. This increase in reaction
temperature also leads to higher TON values.
Having found Fe(II)/Ni(II)-dmpe to be the best catalysts for formylation of
morpholine (Table A1.1 in the Appendix), I proceeded to examine the catalytic activity of
the same catalysts for the formylation of 2-ethylhexylamine with CO2 and H2 (see Table
A1.2 in the Appendix). The best of the screening results for the formylation of 2ethylhexylamine using Fe(II)/Ni(II)/dmpe in situ catalysts are summarized in Table 2.6.
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Table 2.6. Testing of in situ catalysts for the formylation of 2-ethylhexylamine using CO2
and H2.
Entry Metal precursor

TON

Yield (%)

Metal:Ligand:Amine = 1:2:100a
1

FeCl2

58

58

2

Fe(OAc)2

58

58

3

Co(OAc)24H2O

40

40

4

NiCl2

32

32

5

Ni(OAc)24H2O

70

70

Metal:Ligand:Amine = 1:2:2,000b

a

6

FeCl2

1580

79

7

Ni(OAc)24H2O

1610

81

Reaction conditions unless specified otherwise: metal salt (30.5 µmol), dmpe (61.0 µmol),

and 2-ethylhexylamine (3.05 mmol) and DMSO (0.5 mL); T = 135 ˚C; t = 21 h; the CO2
pressure was 60 bar, and H2 added until total pressure 100 bar; stirring rate 450 min-1. The
TON and yield values are an average of the results from two trials. bReaction conditions:
metal salt (0.36 µmol), dmpe (0.72 µmol) and 2-ethylhexylamine (0.72 mmol) in 5 mL
DMSO.

These results indicate that the synthesis of 2-ethylhexylformamide could be achieved using
abundant 3d-metal phosphine complexes as a catalyst with CO2, H2 and 2-ethylhexylamine
as the starting materials. The formation of white solid carbamate was not observed upon
opening the reaction vessel during the hydrogenation of CO2 at 130-135 oC for 21 h. In the
synthesis of 2-ethylhexylformamide, no trace of free formic acid in the reaction was
detected by FTIR or 1H NMR spectroscopy. No formamides were found to have been
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formed when AlCl3, MnBr2, CuI, ZnBr2 and InCl3 were used as metal precursors. The
author also studied the catalytic hydrogenation of CO2 with morpholine and 2ethylhexylamine in neat amine rather than in amine/DMSO mixtures (Table 2.7).

Table 2.7. Solvent effect on the hydrogenation of CO2 to formamides.
Entry Metal salt

Amine

TON
With

Without

DMSO DMSO
1

FeCl2

morpholinea

52

35

2

Ni(OAc)24H2O

morpholinea

70

50

3

FeCl2

2-

54

36

70

48

ethylhexylamineb
4

Ni(OAc)24H2O

2ethylhexylamineb

a

Reaction conditions unless specified otherwise: metal:amine = 1:100; metal salt (57.2

µmol), dmpe (114.4 µmol) and morphline (5.72 mmol) and DMSO (0.5 mL); T = 100 to
135 oC; t = 21 h; the CO2 pressure was 60 bar and H2 added until total pressure 100 bar.
The TON value is an average of the results from two trials. bReaction conditions: metal salt
(30 µmol), dmpe (61.0 µmol) and 2-ethylhexylamine (3.05 mmol), and DMSO (0.5 mL),
T = 135 oC.

It is clear from the results that DMSO played an important role for the efficient
catalytic hydrogenation of CO2 to formamides, allowing a TON value higher than that
observed without added solvent. Moret and co-workers reported the action of DMSO as a
hydrogen bond acceptor in this reaction.50 In 2016, Rohmann et al.51 investigated the role
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of DMSO solvent for the synthesis of formic acid by DFT calculations. It was found that
the hydrogen bonds between formic acid and clusters of DMSO provide the driving force
for high equilibrium yields of formic acid.

2.3.3 Formylation of dimethylamine using in situ catalysts
Eleven different abundant-metal precursors were screened for the catalytic
hydrogenation of CO2 to DMF (Scheme 2.5) using the same procedures as those for
formylation

of

morpholine,

although,

for

convenience,

dimethylammonium

dimethylcarbamate was used instead of free dimethylamine. Out of the 11 systems
screened, eight metal complexes showed catalytic activity toward the preparation of DMF.
The preliminary screening results for the formylation of dimethylamine are shown in Table
A1.3 in the appendix, and the best of the screening results are summarized in Table 2.8.
Again, I find that the best catalysts are formed from Ni(II) salts, especially if those salts
are halide-free.

Scheme 2.5. Formylation of dimethylamine.
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Table 2.8. In situ catalyst screening for the formylation of dimethylamine.
Entry

Metal precursor

Ligand

TON

Metal salt:ligand:NHMe2 = 1:2:200a
1

FeCl2

none

0

2

none

dmpe

0

3

Fe(OAc)2

"

108

4

Fe(BF4)26H2O

"

78

5

NiBr2xH2O

"

92

6

Ni(OAc)24H2O

"

142

7

Ni(acac)2

"

138

8

Cu(OAc)2

"

86

Metal salt: Ligand: NHMe2 = 1:2:20,000b
9
a

Ni(OAc)24H2O

dmpe

632

Reaction conditions unless specified otherwise: metal salt (39.1 µmol), dmpe (78.2 µmol)

and dimethylammonium dimethylcarbamate (DIMCARB) (3.91 mmol) in 0.5 mL DMSO;
T = 100 oC; t = 21 h; the CO2 pressure was 60 bar, and H2 added until total pressure 100
bar; stirring rate 450 min-1. The TON value is an average of the results from two trials.
b

Reaction conditions: metal salt (8.0 µmol), dmpe (16.0 µmol), and dimethylammonium

dimethylcarbanmate (DIMCARB) (16.0 µmol) in 5 mL of DMSO.

2.3.4 Attempted isolatation of Ni(II) complexes
To understand these catalysts better, we attempted to isolate, characterize, and test
the catalytic activity of Ni(II) complexes containing both acetylacetonate/acetate and dmpe
ligands. Unfortunately, every attempt failed, suggesting that such complexes may be
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unstable. We did obtain and crystallographically characterize new Ni(II) complexes
containing either acetylacetonate/acetate or dmpe ligands but never both. None of these
new complexes was particularly active for CO2 hydrogenation. Because they are not
relevant to the goals of the present chapter, these new complexes will be reported separately
in Chapter 4.
2.3.5 Formylation of aniline and N-methylaniline using in situ catalysts

Scheme 2.6. Formylation of aniline.

Scheme 2.7. Formylation of N-methylaniline.
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Another series of experiments, for the formylation of aniline and N-methylaniline,
were performed using catalyst prepared in situ from 3d-metal(II) salts and added
phosphines (Schemes 2.6 and 2.7). The reaction was initiated by mixing the reactants in
dry DMSO/aniline or DMSO/N-methylaniline under CO2 pressure (10-15 bar) at room
temperature for 10-15 minutes. The mixture was heated to 150-160 oC for 20-30 minutes
then CO2 (60 bar) and H2 were added to make a total pressure of 100 bar. The preliminary
screening results of the formylation of aniline/N-methylaniline catalyzed by 3d-metal
phosphine complexes are summarized in Table 2.9. Among them, some compounds
afforded formanilide and N-methylformanilide. Formylation of aniline (pKa ~4.63) showed
low TON values compared to morpholine (pKa ~8.3) (see Table 2.4). These results suggest
that the higher basicity of morpholine favors the reaction, possibly by favouring the
formation of an intermediate formate salt of the amine, which later is thermally dehydrated
to formamide.
Our results are consistent with the [RuCl2(dppe)2] catalyzed synthesis of
formanilide from aniline by the Schmid group.49 In the same year, the Jessop group
overcame this limitation with the use of DBU as an extra base in the presence of aniline
for the synthesis of formanilide with 85% selectivity.52 The authors assumed that DBU
favors the formation of formanilide due to the higher basicity of DBU. The improved
results shown by N-methylaniline (pKa ~4.84) compared to aniline may be due to the
presence of the methyl group which has an electron donating tendency.
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Table 2.9. Catalytic formylation of aniline/N-methyline aniline using CO2 and H2.a
Entry

Metal precursor

Ligand

TON

Metal salt: phosphine:aniline = 1:4:100
1

FeCl2

Ph3P

0

2

CoCl2

"

4

3

NiCl2

"

0

4

Co(OAc)2

"

0

5

Ni(OAc)2·4H2O

"

0

6

Cu(OAc)2

"

5

7

FeCl2

dppe

12

8

CoCl2

"

6

9

NiCl2

"

6

10

Co(OAc)2

"

10

11

Ni(OAc)2·4H2O

"

12

12

Cu(OAc)2

"

7

N-methylaniline

a

13

FeCl2

dppe

20

14

Fe(OAc)2

"

22

15

ZnCl2

"

0

Reaction conditions: metal salt (54.49 µmol), entries: 1-6 for Ph3P (0.22 mmol), entries:

7-15 for dppe (0.12 mmol) and aniline or N-methyl aniline (5.50 mmol) and DMSO (0.5
mL), T = 100 oC, t = 21 h, the CO2 pressure was 60 bar and H2 was added until the total
pressure was 100 bar, stirring rate 450 min-1. The TON value is an average of the results
from 2 trials.
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In addition, three [Fe(II)/Zn(II)-(dppe)2] in situ catalysts were also tested for hydrogenation
of CO2 in the presence of N-methylaniline as shown in (Scheme 2.7). Among them, a
mixture of ZnCl2/(dppe)2 did not show catalytic activity.

2.3.6 Formylation of morpholine using metal–NHC catalysts

Scheme 2.8. Formylation of morpholine with metal-NHC catalysts.

Eleven types of abundant-metal salts combined in situ with NHC were tested for
their catalytic activity for the hydrogenation of CO2 in the presence of morpholine (Scheme
2.8). The results are summarized in Table 2.10.
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Table 2.10. Attempted catalytic formylation of morpholine with metal-NHC precursor.a
Entry Metal precursor

NHC

Metal:Morpholine TON

1

FeCl2 + 4NHC

1:100

0

2

NiCl2 + 2NHC

"

0

3

CoCl2 + 2NHC

"

0

4

NiBr2·xH2O + 2NHC

1:500

0

5

Ni(acac)2 + 3NHC

"

0

6

Ni(OAc)2·4H2O +

"

0

"

0

3NHC
7

Co(BF4)2·6H2O +
3NHC

8

Cu(OAc) + 3NHC

"

0

9

Fe(BF4)2·6H2O +

"

0

4NHC
10

NiBr2·xH2O + 3NHC

"

0

11

Ni(acac)2 + 3NHC

"

0

12

Fe(OAc)2 + 4NHC

"

0

13

Ni(OAc)2·4H2O +

"

0

3NHC
14

FeCl2 + 4NHC

"

0

15

Co(acac)2 + 4NHC

"

0
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a

Reaction conditions: Metal salt (0.055 mmol), ligand (0.11 and 0.22 mmol) and

morpholine (5.50 mmol), T = 100 oC, t = 21 h, the CO2 pressure was 60 bar, and H2 added
until total pressure 100 bar; stirring rate 450 min-1, and DMSO (0.5 mL).

It was found that none of the abundant-metal-NHC precursors was catalytically
active for the formylation of morpholine under the reaction conditions. Instead, only the
carbamate salt, morpholinium-4-morpholinecarboxylate, was formed, as one would expect
during exposure of a dialkylamine to CO2. Therefore, one must conclude that either an
NHC complex did not form in situ under the reaction conditions or the complex(es) are not
catalytically active for the reaction.

2.4 Conclusion
In summary, the catalytic activity of 3d-metal complexes prepared in situ from
combinations of an abundant-metal salt and a phosphine ligand has been investigated for
the catalytic formylation of morpholine, 2-ethylhexylamine, dimethylamine, aniline, and
N-methylaniline using CO2 and H2. Species formed in situ from Fe(II) and Ni(II) salts
combined with phosphines showed excellent catalytic activity. In general, bidentate
phosphine ligands are better than monodentate phosphine ligands. Among the bidentate
phosphine ligands, dmpe produced catalysts have the highest catalytic activity. The
catalytic formylation of morpholine with CO2 and H2 has been found to exhibit a TON
value of 18,000. To the best of our knowledge, this is the highest TON reported using any
abundant-metal catalyst for formylation of an amine using CO2. In the case of aniline, the
TON value was very low compared to morpholine, suggesting the low basicity of aniline
lowers the reaction rate of aniline salts. After the screening tests, I focused on the synthesis,
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structural identification, and testing of isolated Ni catalyst precursors. So far, repeated
attempts at isolating Ni(II) species simultaneously containing both acac/OAc and dmpe
ligands have been unsuccessful. A hot filtration test suggests that the Ni catalyst is
homogeneous during the hydrogenation of CO2 to formamide.
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Krüger, C.; Leitner, W.; Lutz, F. Chem.-Eur. J. 1997, 3, 755-764.

(25)

Tanaka, R.; Yamashita, M.; Chung, L. W.; Morokuma, K.; Nozaki, K.
Organometallics 2011, 30, 6742-6750.

(26)

Bullock, R. M. Science 2013, 342, 1054-1055.

(27)

Tai, C-C.; Chang, T.; Roller, B.; Jessop, P. G. Inorg. Chem. 2003, 42, 7340-7341.

(28)

Haynes, P.; Slaugh, L. H.; Kohnle, J. F. Tetrahedron Lett. 1970, 5, 365-368.

(29)

Federsel, C.; Boddien, A.; Jackstell, R.; Jennerjahn, R.; Dyson, P. J.; Scopelliti, R.;
Laurenczy, G.; Beller, M. Angew. Chem. Int. Ed. 2010, 49, 9777-9780.

(30)

Federsel, C.; Ziebart, C.; Jackstell, R.; Baumann, W.; Beller, M. Chem.-Eur. J.
2012, 18, 72-75.
100

(31)

Ziebart, C.; Federsel, C.; Anbarasan, P.; Jackstell, R.; Baumann, W.; Spannenberg,
A.; Beller, M. J. Am. Chem. Soc. 2012, 134, 20701-20704.

(32)

Langer, R.; Posner, Y. D.; Leitus, G.; Shimon, L. J. W.; Ben-David, Y. B.; Milstein,
D. Angew. Chem. Int. Ed. 2011, 50, 9948-9952.

(33)

Badiei, Y. M.; Wang, W-H.; Hull, J. F.; Szalda, D. J.; Muckerman, J. T.; Himeda,
Y.; Fujita, E. Inorg. Chem. 2013, 52, 12576-12586.

(34)

Zhang, Y.; MacIntosh, A. D.; Wong, J. L.; Bielinski, E. A.; Williard, P. G.;
Mercado, B. Q.; Hazari, N.; Bernskoetter, W. H. Chem. Sci. 2015, 6, 4291-4299.

(35)

Jeletic, M. S.; Mock, M. T.; Appel, A. M.; Linehan, J. C. J. Am. Chem. Soc. 2013,
135, 11533-11536.

(36)

Liu, H.; Mei, Q,; Xu, Q.; Song, J.; Liu, H.; Han, B. Green Chem. 2017, 19, 196201.

(37)

Dubey, A.; Nencini, L.; Fayzullin, R. R.; Nervi, C.; Khusnutdinova, J. R. ACS
Catal. 2017, 7, 3864-3868.

(38)

Glorius, F. Topics in Organometallic Chemistry: N-Heterocyclic Carbenes in
Transition Metal Catalysis; Springer-Verlag: New York, N. Y., 2007.

(39)

Zhou, H.; Zhang, W.; Liu, C.; Qu, J-P.; Lu, X-B. J. Org. Chem. 2008, 73, 80398044.

(40)

Sanz, S.; Azua, A.; Peris, E. Dalton Trans. 2010, 39, 6339-6343.

(41)

Siek, S.; Burks, D. B.; Gerlach, D. L.; Liang, G.; Tesh, J. M. Papish, E. T.
Organometallics 2017, 36, 1091-1106.

(42)

Zhang, L.; Han, Z.; Zhao, X.; Wang, Z.; Ding, K. Angew. Chem. Int. Ed. 2015, 54,
6186-6189.
101

(43)

Lassila, K. R.; Marsella, J. A. US Pat. 6,605,145 B1, 2003.

(44)

Sharvari, M. H.; Sharghi, H. J. Org. Chem. 2006, 77, 6652-6654.

(45)

Shastri, L. A.; Shastri, S. L.; Bathula, C. D.; Basanagouda, M.; Kulkarni, M. V.
Synth. Commun. 2011, 41, 476-484.

(46)

Widegren, J. A.; Finke, R. G. J. Mol. Catal. A 2003, 198, 317-341.

(47)

Huang, Z.; Sam, Q. P.; Dong, G. Chem. Sci. 2015, 6, 5491-5498.

(48)

Berning, D. E.; Noll, B. C.; Douglas, E. B. J. Am. Chem. Soc. 1999, 121, 1143211447.

(49)

Schmid, L.; Canonica, A.; Baiker, A. App. Catal. A 2003, 255, 23-33.

(50)

Moret, S.; Dyson, P. J.; Laurenczy, G. Nat. Commun. 2014, 5, 4017-4023.

(51)

Rohmann, K.; Kothe, J.; Haenel, M. W.; Englert, U.; Hölscher, M.; Leitner, W.
Angew. Chem. Int. Ed. 2016, 55, 8966-8969.

(52)

Munshi, P.; Heldebrant, D. J.; Mckoon, E. P.; Kelly, P. A.; Tai, C-C.; Jessop, P. G.
Tetrahedron Lett. 2003, 44, 2725-2727.

102

Hydrogenation of CO2 to Dimethylformamide using Preformed
Nickel(II)-1,2-Bis(dimethylphosphino)ethane Complexes

3.1 Introduction
Carbon dioxide is used in chemical synthesis due to its abundance, easy handling,
and nontoxicity.1 Much of the CO2 used in chemical synthesis as a chemical feedstock
produces valuable organic compounds. Among the potential applications of CO2, synthesis
of formic acid derivatives such as formate, alkyl formats, and various type of formamides
has received considerable attention.2
Researchers have investigated the reaction of CO2, H2 and amines to produce the
corresponding formamides. Specifically, many phosphine complexes of precious metal
such as Ru, Rh and Ir have been used for the synthesis of formamide from CO2, H2 and
amines.3-5 Even though precious metal-phosphine catalysts are well studied and used in
many industrial reactions, their application is limited due to their stability, selectivity and
environmental issues. There is a need for highly stable, and selective homogeneous
abundant-metal catalysts such as Mn(I)/Co(II)/Fe(II)/Ni(II), for the hydrogenation such as
synthesis of formic acid derivatives.1,6,7 Hydrogenation of CO2 to formic acid derivatives
is rarely described with nickel catalysts. Until now, only one Ni(II) catalytic system has
been reported, to the best of our knowledge, and that catalyst, NiCl2(dcpe), was reported
by the Jessop group.8 Although abundant-transition metal catalysts represent a considerable
improvement in the sustainability of homogeneous catalysis in general, such catalysts for
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the synthesis of formic acid/formamides cannot reach the same level of activity, selectivity,
turnover number (TON), and turnover frequency (TOF) as precious metal catalysts. For
that reason, I chose to investigate the catalytic activity of isolated Ni(II)-dmpe complexes
for the synthesis of dimethyl formamide (DMF).

3.1.1 Nickel Chemistry
Nickel is an abundant or “base” metal element, the only inexpensive and abundant
member of group ten of the Periodic Table (Ni, Pd, Pt) (see Table 3.1).9 Nickel exhibits
oxidation states of −1, 0, +1, +2, +3, and +4. Among them, +2 oxidation is the most
common oxidation state in nickel chemistry. It forms complexes with coordination
numbers 4, 5, and 6. Generally, the coordination number of nickel centre is determined by
the ligand’s ability to stabilize the complex and the 16/18-electron rule.10 Nickel and its
compounds have a variety of chemical applications. More than half of the nickel produced
is used in alloys with iron such as stainless steels, and unalloyed nickel is utilized to
produce protective coatings on other metals, especially by electroplating. Among other
important applications, nickel catalysts have shown outstanding performance in the growth
of carbon nanotubes and graphene, and nickel-phosphine complexes are also known as
catalysts.8,11
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Table 3.1. Element abundances in the earth’s crust.9
Element

Abundance in the Earth’s core

Ni

8.4 × 101 ppm

Rh

1 × 10-3 ppm

Pd

1.5 × 10-2 ppm

Pt

5.4 × 10-3 ppm

Au

4 × 10-3 ppm

In the past few years, nickel has received a significant amount of attention as a
homogeneous catalyst for transition-metal catalyzed reactions due to its different
reactivity, cost efficiency, atom economy, easy availability, and low toxicity. In recent
years, the tendency is clearly shifting toward replacement of expensive precious metals by
cheaper analogs such as Fe, Co, Ni, and Cu. A brief comparison of catalyst prices shows
that a pure metal like nickel is superior to Pd, Pt, Au, Rh (Table 3.2).12

Table 3.2. Estimates of the costs of Ni, Pd, Pt, Au and Rh catalyst precursors.12
Compound

Price per 1 mmol, USD

NiCl2

PdCl2

PtCl2

AuCl2

RhCl2

0.1

5.8

32.2

35.6

51.8

Nickel-phosphine complexes are known to be catalytically active for a wide range of
reactions such as Suzuki-Miyaura cross-coupling, reductive coupling, and hydrogenation
of CO2.8,13,14
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3.1.2 Hydrogenation of CO2 to formic acid derivatives using nickel-phosphine
complexes
Many transition metal catalysts have been used for the hydrogenation of CO2 to
formic acid derivatives. Most of these catalysts have been complexes of late transition
metals, such Ru, Ir and Rh.3,4,15 In the past few years, readily available, less expensive, and
abundant transition-metal catalysts such as Fe, Co, and Cu have been reported for the
hydrogenation of CO2 to formic acid derivatives.6,7,16
In 1975, Inoue et al.17 used a nickel(II)-phosphine complex for the synthesis of
ethyl formate from ethyl alcohol, CO2, and H2. The authors also observed that the reaction
did not proceed without tertiary amine, and Rh, Ru, and Ir were more active catalyst
compared to group VIII transition metals. In the following year, the same authors have
also reported the synthesis of formic acid with 7% yield from CO2, H2 and triethylamine
in the presence of [Ni(dmpe)2H]+ complex.18 They observed that a half equivalent of water
relative to catalyst was very effective to accelerate the reaction. The mechanism for this
reaction was not fully understood, but they proposed the following reaction mechanism
(equations 3.1 and 3.2).

(3.1)
(3.2)

Burgess et al.19 have reported the synthesis of water-soluble [NiL2](BF4)2 ( L = 1,2[bis(dimethoxypropyl)phosphino]ethane complex and its hydride compound [HNiL2]BF4.
These nickel complexes were used for the hydrogenation of CO2 to produce formate in
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water using NaHCO3 as a weak base. Under optimal reaction conditions in alkaline water
at 80 oC and 34 atm pressure, a maximum turnover frequency of 0.4 h-1 was observed for
formate formation. As far we know, only one [NiCl2(dcpe)] complex has been reported for
the hydrogenation of CO2 in the presence of DBU to formic acid, with a TON value of
4,400.8
In the past few years, the abundant transition-metal catalysts represent a
considerable development for the synthesis of formic acid/formamides. However, the
catalytic activity lags far behind that of the precious metal catalysts. The use of Ni(II)phosphine complexes as homogeneous catalysts for the hydrogenation of CO2 has not been
much explored so far. There is still much scope for the further development of highly
selective and cost-effective catalysts for the hydrogenation of CO2 to formic acid
derivatives.
This chapter describes the synthesis, characterization, and the successful synthesis
of dimethyl formamide (DMF) from dimethylamine using CO2, H2 in the presence of
preformed Ni(II)/dmpe complexes. The literature demonstrates that the preformed
[Ni(dmpe)Cl2] catalyst showed the highest catalytic activity for the synthesis of DMF with
the highest TON value of 6,300 among the base metal catalysts.

3.2 Experimental and Methods

3.2.1 General considerations and materials
All the manipulations were carried out in a nitrogen atmosphere by using Schlenk
techniques or in a glove box. NiCl2⸳6H2O, sodium tetraphenylborate (NaBPh4), Aldrich
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and 1,2-bis(dimethylphosphino)ethane (dmpe), Strem, were used as supplied. NMR
spectra of MeOH-d4 or CDCl3-d1 solutions were recorded at room temperature by a 400
MHz Brüker Advance NMR spectrometer equipped with an autosampler (1H: 400.30 MHz;
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P: 166.04 MHz). Chemical shifts are indicated in ppm relative to tetramethylsilane

(TMS). Elemental analyses (C, H and N) were performed at the Laboratoire d’Analyse
Élémentaire de l’Université de Montréal (Fisons EA 1108).

3.2.2 Synthesis of [Ni(dmpe)2Cl]Cl (3.1)
Complex 3.1 was synthesized according to the literature procedure with slight
modifications (equation 3.3).20 In a glove box, NiCl2⸳6H2O (0.25 g, 1.05 mmol) was added
to 20 mL of ethyl alcohol in a Schlenk flask containing a magnetic stir bar. When the
nickel(II) chloride hexahydrate had fully dissolved then 1,2-bis(dimethylphosphino)ethane
(dmpe) (0.32 g, 2.103 mmol) was added to the resulting pale green solution with stirring.
An immediate color change from pale green to reddish-orange color was observed. The
resulting solution was stirred at room temperature for 6 h then the solvent was reduced half
of the volume under reduced pressure. The yellow-orange precipitate was formed by
adding 5 mL of ether into the solution. The precipitate was filtered off, washed with 20 mL
of diethyl ether and dried under vacuum for overnight in a 60% yield. 1H NMR (400.30
MHz, CDCl3, ): 1.71 (d, 24 H, P-CH3), 2.10 (m, 8 H, P-CH2) ppm. 31P{H} NMR (166.04
MHz, CDCl3, ): 43.9 ppm. Crystals suitable for X-ray analysis were obtained by layering
hexane on a saturated solution of DCM. Anal. Calcd. for C12H36Cl2Ni1O2P4: C, 30.93; H,
7.72. Found: C, 30.90; H, 7.68.
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(3.3)

3.2.3 Synthesis of 3.2
The synthesis procedure was similar to 3.1. However, when I used DCM/MeOH
for the single crystal preparation, compounds 3.1 and 3.2 obtained at room temperature
(equation 3.4).

(3.4)

3.2.4 Synthesis of [Ni(dmpe)Cl2] (3.3)
In a glove box, [NiCl(dmpe)2]Cl·2H2O 3.1 (0.35 g, 0.735 mmol) was partially
dissolved in 30 mL of ethyl alcohol to produce an orange suspension in a Schlenk flask
containing a magnetic stir bar. Then NiCl2⸳6H2O (0.35 g, 1.47 mmol) was added, and the
reaction mixture was stirred and heated under reflux at 85 oC for 1 h to produce an orange
suspension. An orange solid was formed after cooling to room temperature. The solid was
filtered off and washed with hexane. X-ray quality crystals of 3.3 were grown at room
temperature by vapor diffusion of Et2O into a saturated MeOH solution of 3.3 over a week.
Yield 0.51 g (73%). 1H NMR (400.30 MHz, CDCl3, ):1.83 (d, 24 H, P-CH3), 2.14 (m, 8
H, P-CH2) ppm.

P{H} NMR (162 MHz, CDCl3, ): 50.1 ppm. Anal. Calcd. for
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C6H16Cl2Ni1P2: C, 25.76; H, 11.44. Found: C, 25.75; H, 11.40. The complex is soluble in
chloroform and acetonitrile. The complex 3.3 was synthesized according to the equation
3.5.

(3.5)

3.2.5 Synthesis of [Ni(dmpe)2Cl]BPh4 (3.4)
In a glove box, compound 3.1 (0.0218 g) was dissolved in 16 mL of MeOH on
stirring in a 150 mL Schlenk flask to produce an orange solution. Then 0.048 g of solid
NaBPh4 was added directly to the resulting solution. The reaction mixture was stirred for
12 h at room temperature. The orange solution was decanted and filtered through a cannula
and then a frit filter to afford a lime-green solution. The excess methanol was removed
under reduced pressure to give a lime green solid (equation 3.6). A yield of 55% was
obtained. 1H NMR (CDCl3-d1, 400.30 MHz, ): 1.63 (d, 24 H, -CH3), 2.16 (m, 8 H,
PCH2CH2), 7.72-6.84 (m, Ph of BPh4) ppm. 31P{1H} NMR (CDCl3-d1, 166.04 MHz, ):
44.5 ppm. Single crystals X-ray analysis were obtained from a crystal grown from CHCl3
with hexanes as the antisolvent.

(3.6)
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3.2.6 X-ray diffraction studies
For single crystal X-ray structure analysis crystals of compounds 3.1-3.4 were
coated with oil, collected onto the aperture of a mounted MicromountTM (MiTeGen –
Microtechnologies for Structural Genomics; USA) and cooled to –93 ºC in a stream of cold
nitrogen gas (Oxford Cryostream 700). Data collection was performed on a Bruker
SMART APEX II CCD X-ray diffractometer with graphite-monochromated Mo Ka
radiation (k = 0.71073 Å), operating at 50 kV and 30 mA. Data were processed using the
Bruker AXS Crystal Structure Analysis Package APEX2: Data collection: APEX2,21 cell
refinement: SAINT,22 data reduction: SAINT,22 absorption correction: SADABS23,
structure solution: XPREP24 and SHELXTL,25 structure refinement by full-matrix leastsquares method: SHELXL-2014,26 molecular graphics: XP (part of the Bruker AXS Crystal
Structure Analysis Package SHELXTL). All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were placed in geometrically calculated positions and
refined as riding atoms. Structural data have been deposited with the Cambridge
Crystallographic Data Center; CCDC reference numbers are 1824064 for compound 3.2
and 1538723 for compound 3.3. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data request/cif.

3.2.7 Hydrogenation of CO2 in the presence of dimethylamine using preformed Ni(II)dmpe complexes
Fresh stock solutions of Ni(II)-complexes 3.1 and 3.3 were prepared in DMSO
before

use.

Under

an

inert

and

dry atmosphere,

molar

ratios

of

nickel

catalyst:dimethylamine of 1:100, 1:500, 1:1,000, 1:10,000, and 1:20,000 were used.
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Preformed Ni(II)-dmpe catalysts were used in this reaction. The reactions were performed
in glass vials within a 31 mL Parr vessel (batch reactor). The gas pressure was measured
by a pressure gauge, and a burst disk was installed for safety. The reaction vessel (31 mL)
was loaded with a glass vial containing a stir bar, 0.67 μmol of the nickel catalyst 3.3 and
1.2 mL of dimethylammonium dimethylcarbamate (DIMCARB) in 0.5 mL of DMSO
(1:20,000 ratio) under an inert atmosphere in a nitrogen-filled glove box. The vessel was
closed, removed from the glovebox, connected to a CO2 line, and flushed three times with
CO2 to remove the nitrogen. The mixture was pressurized with 10-15 bar of CO2 then
heated to 100 °C in an oil bath for 20−30 min, and then the system was pressurized with
60 bar of CO2. H2 was added until the total pressure was 100 bar. The 20−30 min delay is
required for the vessel to attain the desired temperature before the final gas addition. The
reaction was then allowed to proceed for 21 h. After this time, the vessel was cooled in an
ice bath and depressurized. The crude product was filtered through diatomaceous earth and
analyzed by NMR spectroscopy using the appropriate deuterated solvents, with
cyclohexane as an internal standard. 1H NMR spectroscopy confirmed the formation of
formamide in comparison with literature data. The TON value and yield were determined
from the peak integrations in the 1H NMR spectra.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of Ni(II)-dmpe complexes
The reaction of NiCl2⸳6H2O and a slight excess of Me2PCH2CH2PMe2 (dmpe) in
ethyl alcohol at reflux temperature produced a five-coordinate nickel(II) species,
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[NiCl(dmpe)2]Cl·2H2O 3.1 (see Figure 3.1). This complex has two water molecules as
lattice water. The complex was characterized by 1H, 31P{1H} NMR spectroscopy, and Xray crystallography. The 1H NMR spectrum of 3.1 showed the characteristic resonance of
the CH2 group protons as a multiplet at 2.10 ppm while the methyl groups appeared as a
doublet at 1.71 ppm. The 31P{1H} NMR spectrum showed one singlet peak at 43.9 ppm
due to the two equivalent Me2P groups of the dmpe ligand.
X-ray structure of 3.1
The solid-state structure of 3.1 was determined by X-ray diffraction from a suitable
crystal grown via layering of hexane on DCM. The ORTEP diagram 3.1 is given in Figure
3.1. The nickel is five-coordinate, and the coordination sphere is a distorted trigonal
bipyramidal geometry. A complete list of crystallographic data and structure refinement
data for 3.1 is given in Table 3.3. Selected bond lengths and angles are shown in Table 3.4.
The P(2)−Ni−P(3) bond angle is 170.08(3)o, and P(1)−Ni−P(4) is 168.08(3)o, lower than
the ideal 180° as a result of the strain imposed by the five-membered chelate rings. The
chelate bite bond angles are P(1)−Ni−P(2) 86.34(2)Å and P(3)−Ni−P(4) 85.57(2)Å in 3.1
which are similar to those in the reported [NiCl2(dppe)] complex.27 In addition, the
P(2)−Ni−Cl and P(4)−Ni−Cl bond angles are 96.10(3) and 94.27(2)°, very close to the
bond angle of 95.69(4) in [Ni(cis-dppen)Cl2].28
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Figure 3.1. ORTEP representation of the molecular structure of [NiCl(dmpe)2]Cl·2H2O
(3.1). Hydrogen atoms and H2O molecules were omitted for clarity.

In the structure of compound 3.1, the two phosphorus atoms are cis to each other
on both sides. The Ni-P bond distances in complex 3.1 are very similar to each other [Ni(1)P(1) 2.1942(6), Ni(1)-P(3) 2.1955(6), Ni(1)-P(2) 2.1970(6), and Ni(1)-P(4) 2.1985(6)Å],
and the Ni-Cl bond is 2.5731(6)Å. Overall, the bond angles and distances are consistent
with similarly coordinated Ni(II) complexes.29 In the present study, the Ni-P bond distance
in complex 3.1 is shorter than that in the analogous Ni(II)/dppe complex; it might be
because of the smaller size or greater basicity of the dmpe ligand compared to the dppe
ligand.
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Table 3.3. Crystal data and structure refinement for 3.1.
Compound

3.1

Empirical formula

C12H36Cl2Ni1O2P4

Molecular weight

465.90

Crystal color/shape

Light –yellow-orange, plate-like

Crystal size (mm)

0.190 x 0.170 x 0.141

Crystal system

Triclinic

Temperature

-93(2) °C [180(2) K]

Space group

Pī [No.2]

Unit cell parameters
a (Å)

9.2381(5)

b (Å)

9.7051(6)

c (Å)

12.5788(6)

α (deg)

93.221(2)

β (deg)

90.436(2)

 (deg)

107.571(2)

Unit cell volume V (Å3)

1073.10(10)

Molecules per cell z

2

Density calculated

1.442 Mg/m3

F(000)

1000

Absorption coefficient

1.452 mm-1

Theta range for data collection

1.622 to 27.081°
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Reflections collected

17399

Independent reflections

4696

Observed reflections

4339

Rint

0.0227

Data/restrains/parameters

4696/0/251

Final R indices
R1

0.0328

wR2 [all data]

0.0791

Largest diff. peak and hole

0.739 and -0.776 e-/Å3

Table 3.4. Selected bond lengths [Å] for [Ni(dmpe)2Cl]Cl·2H2O (3.1).
Bond

Lengths (Å)

Bond

Angles (deg)

Ni(1)-P(1)

2.1942(6)

P(1)-Ni(1)-P(3)

92.75(2)

Ni(1)-P(3)

2.1955(6)

P(1)-Ni(1)-P(2)

86.34(2)

Ni(1)-P(2)

2.1970(6)

P(1)-Ni(1)-P(2)

170.08(3)

Ni(1)-P(4)

2.1985(6)

P(1)-Ni(1)-P(4)

168.08(3)

Ni(1)-Cl(1)

2.5731(6)

P(3)-Ni(1)-P(4)

85.57(2)

P(1)-C(4)

1.775(3)

P(2)-Ni(1)-P(4)

93.28(2)

P(1)-C(1B)

1.805(8)

P(1)-Ni(1)-Cl(1)

97.62(2)

P(1)-C(3)

1.806(3)

P(3)-Ni(1)-Cl(1)

93.82(3)

P(1)-C(1A)

1.868(4)

P(2)-Ni(1)-Cl(1)

96.10(3)

P(2)-C(5)

1.808(3)

P(4)-Ni(1)-Cl(1)

94.27(2)
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P(2)-C(2A)

1.811(5)

C(4)-P(1)-C(3)

103.02(19)

P(2)-C(6)

1.822(3)

C(4)-P(1)-Ni(1)

116.63(11)

P(2)-C(2B)

1.921(10)

C(3)-P(1)-Ni(1)

121.42(12)

P(3)-C(10)

1.797(3)

C(5)-P(2)-C(6)

108.7(2)

P(3)-C(9)

1.801(4)

C(3)-P(1)-Ni(1)

121.42(12)

P(3)-C(7A)

1.837(4)

C(6)-P(2)-Ni(1)

117.78(10)

P(3)-C(7B)

1.922(6)

C(10)-P(3)-C(9)

103.68 (16)

P(4)-C(11)

1.805(3)

C(10)-P(3)-Ni(1)

116.85(10)

P(4)-C(12)

1.805(3)

C(9)-P(3)-Ni(1)

118.95(11)

P(4)-C(8A)

1.810(17)

C(11)-P(4)-C(12)

103.95(17)

P(4)-C(8B)

1.85(3)

C(11)-P(4)-C(8A)

107.3(4)

O(1)-H(2A)

0.74(4)

C(11)-P(4)-Ni(1)

116.71(10)

O(1)-H(2B)

0.84(4)

C(12)-P(4)-Ni(1)

120.63(10)

O(1A)-C(2A)

1.533(7)

C(8A)-P(4)-Ni(1)

105.5(5)

O(1)-C(8A)

1.518(17)

C(8B)-P(4)-Ni(1)

109.5(9)

Structure of 3.2
When I used DCM/MeOH for crystal preparation, three types of crystals were formed
inside the yellow solution: a yellow-orange crystal, which is identified as 3.1, a colorless
crystal that is identified as 3.2; and a second yellow crystal, which was not suitable for Xray analysis because it was twinned. It was not possible to isolate compound 3.2 for NMR
spectroscopy and elemental analysis. The molecular structure of (3.2)2 is given in Figure
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3.2. Crystal data and structure refinement for (3.2)2 is shown in Table 3.5. Selected bond
lengths and angles are given in Tables 3.6 and 3.7.

Figure 3.2. Molecular ellipsoid plot of the asymmetric unit, which contains four units of
1

[Me3PCH2CH2P(O)Me2]Cl· 2 CH2Cl2 (3.2).
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Table 3.5. Crystal data and structure refinement for (3.2)2.
(3.2)2

Compound
Empirical formula

C15H40Cl4O2P4

Molecular weight

518.15

Crystal color/shape

Colorless, plate-like

Crystal size (mm)

0.146 x 0.101 x 0.078

Crystal system

monoclinic

Temperature

-93(2) oC [180(2) K]

Space group

P21/c [No. 14]

Unit cell parameters
a (Å)

15.2197(3)

b (Å)

9.3603(2)

c (Å)

38.2634(7)

α (deg)

90

β (deg)

91.2730(10)

 (deg)

90

Unit cell volume V (Å3)

5449.55(19)

Molecules per cell z

8

Density calculated

1.263 Mg/m3

F(000)

2192

Absorption coefficient

0.677 mm-1

Theta range for data collection

1.065 to 26.372o
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Reflections collected

44432

Independent reflections

11132

Observed reflections

2962

Rint

0.0289

Data/restrains/parameters

11132/0/471

Final R indices
R1

0.0473

wR2 [all data]

0.1073

Largest diff. peak and hole

0.603 and -0.605 e-Å3

Table 3.6. Selected bond lengths [Å] for (3.2)2.
Bond

Lengths [Å]

Bond

Lengths [Å]

P(1)-C(1)

1.774(3)

P(31)-C(32)

1.775(3)

P(1)-C(2)

1.776(3)

P(31)-C(33)

1.776(3)

P(1)-C(3)

1.779(3)

P(31)-C(31)

1.777(3)

P(1)-C(4)

1.779(3)

P(32)-O(31)

1.486(2)

P(2)-O(1)

1.484(2)

P(32)-C(37)

1.783(3)

P(2)-C(7)

1.781(3)

P(32)-C(36)

1.793(3)

P(2)-C(6)

1.785(3)

P(32)-C(35)

1.803(3)

P(2)-C(5)

1.806(3)

C(34)-C(35)

1.530(4)

C(4)-C(5)

1.537(4)

P(41)-C(43)

1.774(3)

P(21)-C(21)

1.771(3)

P(41)-C(42)

1.774(3)

P(21)-C(23)

1.773(3)

P(41)-C(41)

1.775(3)
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P(21)-C(22)

1.778(3)

P(42)-O(41)

1.484(2)

P(21)-C(24)

1.789(3)

P(42)-C(47)

1.776(3)

P(22)-O(21)

1.485(2)

P(42)-C(45)

1.798(3)

P(22)-C(27)

1.788(3)

C(44)-C(45)

1.538(4)

P(22)-C(26)

1.792(3)

Cl(51)-C(51)

1.740(3)

C(22)-C(25)

1.806(3)

Cl(61)-C(61)

1.769(4)

Table 3.7. Selected bond angles [º] for (3.2)2.
Bond

Angles [o]

Bond

Angles [o]

C(1)-P(1)-C(2)

109.12(13)

O(21)-P(22)-C(27)

113.54(13)

C(1)-P(1)-C(3)

110.41(14)

O(21)-P(22)-C(26)

114.27(13)

C(2)-P(1)-C(3)

109.50(13)

C(27)-P(22)-C(26)

105.92(15)

C(1)-P(1)-C(4)

110.19(13)

O(21)-P(22)-C(25)

112.72(12)

C(2)-P(1)-C(4)

109.18(13)

C(33)-P(31)-C(31)

110.36(14)

C(3)-P(1)-C(4)

108.42(13)

C(32)-P(31)-C(34)

108.98(13)

O(1)-P(2)-C(7)

113.00(14)

C(33)-P(31)-C(34)

108.69(13)

O(1)-P(2)-C(6)

114.18(15)

O(31)-P(32)-C(37)

112.85(13)

C(7)-P(2)-C(6)

105.78(16)

O(31)-P(32)-C(36)

114.15(14)

O(1)-P(2)-C(5)

113.14(13)

C(37)-P(32)-C(36)

105.76(15)

C(7)-P(2)-C(5)

106.22(14)

O(31)-P(32)-C(35)

112.51(12)

C(6)-P(2)-C(5)

103.68(14)

C(43)-P(41)-C421)

109.48(13)
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C(5)-C(4)-P(1)

113.29(18)

O(41)-P(42)-C(47)

113.85(14)

C(4)-C(5)-P(2)

111.77(18)

O(41)-P(42)-C(46)

114.06(15)

C(21)-P(21)-C(23)

109.80(13)

C(47)-P(42)-C(46)

104.96(15)

C(21)-P(21)-C(22)

109.52(13)

O(41)-P(42)-C(45)

112.46(14)

C(23)-P(21)-C(22)

108.79(13)

C(47)-P(42)-C(45)

106.25(15)

C(21)-P(21)-C(24)

109.48(13)

C(46)-P(42)-C(45)

104.43(14)

C(23)-P(21)-C(24)

109.02(12)

Cl(51)-C(51)-Cl(52)

111.56(17)

C(22)-P(21)-C(24)

110.22(13)

Cl(62)-C(61)-Cl(61)

110.99(17)

Complex 3.3
Complex 3.3 has also been previously prepared by the reaction of [Ni(dmpe)2Cl]Cl
with NiCl2⸳6H2O in a 2:1 ratio in ethyl alcohol under a nitrogen atmosphere, but
unfortunately the compound was only characterized in a report by elemental analysis and
UV-Visible spectroscopy.20 This compound’s structure is reported here for the first time by
X-ray crystallography. In fact, the product is cis-[NiCl2(dmpe)] 3.3 (see Figure 3.3). This
is a regular nickel(II) diphosphine adduct, and its square planar geometry is exactly as one
might have expected. The
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P{1H} NMR spectrum had only a single peak at 50.1; this

indicated that Ni(II) has a square-planar geometry in solution. Then, we attempted to repeat
the synthesis of 3.3 according to Handley et al.30 by the treatment of 3.1 and NaBPh4 in
1:1.5 ratio in MeOH, and obtained the related nickel complex, [Ni(dmpe)2Cl]BPh4 3.4.31
This compound has now also been characterized by X-ray crystallography.
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Structure of 3.3
Slow vapor diffusion of ether into a saturated solution of 3.3 in MeOH produced
sufficiently large crystals. The solid-state molecular structure of [Ni(dmpe)Cl2] 3.3
complex is shown in Figure 3.3. A complete list of crystallographic data is given in Table
3.8. Selected bond lengths and angles are shown in Tables 3.9 and 3.10.

Table 3.8. Crystal data and structure refinement for 3.3.
Compound

3.3

Empirical formula

C6H16Cl2Ni1P2

Molecular weight

279.79

Crystal color/shape

Red, plate-like

Crystal size (mm)

0.348 x 0.144 x 0.131

Crystal system

monoclinic

Temperature

-93(2) °C [180(2) K]

Space group

P21/c[No. 14]

Unit cell parameters
a (Å)

8.6767(3)

b (Å)

11.5947(4)

c (Å)

11.9212(3)

α (deg)

90

β (deg)

108.5690(10)

 (deg)

90

Unit cell volume V (Å3)

2843.69(8)
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Molecules per cell z

4

Density calculated

1.634 Mg/m3

F(000)

576

Absorption coefficient

2.401 mm-1

Theta range for data collection

2.517 to 27.208°

Reflections collected

9383

Independent reflections

2529

Observed reflections

2425

Rint

0.0198

Data/restrains/parameters

2529/0/104

Final R indices
R1

0.0188

wR2 [all data]

0.0507

Largest diff. peak and hole

0.306 and -0.685 e-/Å3

The solution phase 31P{1H} NMR spectrum of 3.3 is also consistent with the solidstate structure determined by X-ray crystallography. The 31P NMR spectrum exhibits one
signal at  50.1 which indicate that the phosphorus atoms of the dmpe ligand are chemically
equivalent in a cis arrangement around the Ni(II) ion. Complex 3.3 is slightly distorted
from a perfect square-planar geometry; the P(4)-Ni(1)-Cl(1) 168.588(17)o, and the P(1)Ni(1)-Cl(2) 168.013(16)o angles are similar to other nickel complexes containing
dppe/dmpe in a five-membered chelate ring, for examples, [Ni(dppe)Cl2]CH2Cl2 and
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[Ni(dmpe)2](PF6)2 complexes.32,33 The bite angle P(4)-Ni(1)-P(1) is 86.614(15)° which is
slightly lower than the ideal 90.00° but similar to related complexes having a diphosphine
five-membered chelate ring.34 The Ni–Cl bond distances [(2.2182(4) and 2.2325(4)Å)] are
within the typical range for these type of bonds consistent with Ni-Cl bond lengths of
2.2021(10) and 2.2100(9)Å reported for Ni-diphosphine complexes.27 The two Ni-P bond
lengths 2.1322(4)Å and 2.1394(2)Å are very close due to the chemical equivalence of the
two phosphorus atoms, but is slightly shorter than that observed in nickel bidentate
phosphine complex, [Ni(dmpe)2](PF6)2.33 This short Ni-P bonds might be the result of a
strong back donation from nickel due to the presence of electron withdrawing effect of
chlorine ligands in complex 3.3.

Figure 3.3. ORTEP representation of the molecular structure of [NiCl2(dmpe)] (3.3).
Hydrogen atoms were omitted for clarity.
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Table 3.9. Selected bond lengths [Å] for [Ni(dmpe)Cl2] (3.3).
Bond

Lengths [Å]

Bond

Length [Å]

Ni(1)-P(4)

2.1322(4)

P(1)-C(2)

1.8244(15)

Ni(1)-P(1)

2.1394(4)

P(4)-C(8)

1.8077(15)

Ni(1)-Cl(1)

2.2182(4)

P(4)-C(7)

1.8102(16)

Ni(1)-Cl(2)

2.2325(4)

P(4)-C(3)

1.8267(16)

P(1)-C(5)

1.8029(14)

C(2)-C(3)

1.528(2)

P(1)-C(6)

1.8054(15)

Table 3.10. Selected bond angles [o] for [Ni(dmpe)Cl2] (3.3).
Bond

Angles [o]

Bond

Angles [o]

P(4)-Ni(1)-P(1)

86.61(15)

C(6)-P(1)-Ni(1)

113.94(5)

P(4)-Ni(1)-Cl(1)

168.58(17)

C(2)-P(1)-Ni(1)

109.95(5)

P(1)-Ni(1)-Cl(1)

88.62(15)

C(8)-P(4)-C(7)

106.87(8)

P(4)-Ni(1)-Cl(2)

88.19(15)

C(8)-P(4)-C(3)

104.90(8)

P(1)-Ni(1)-Cl(2)

168.01(16)

C(7)-P(4)-C(3)

105.81(8)

Cl(1)-Ni(1)-Cl(2)

98.35(15)

C(8)-P(4)-Ni(1)

114.88(5)

C(5)-P(1)-C(6)

106.10(7)

C(7)-P(4)-Ni(1)

113.87(6)

C(5)-P(1)-C(2)

105.30(7)

C(3)-P(4)-Ni(1)

109.76(5)

C(6)-P(1)-C(2)

105.93(7)

C(3)-C(2)-P(1)

106.59(9)

C(5)-P(1)-Ni(1)

114.90(16)

C(2)-C(3)-P(4)

106.57(10)
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Structure of 3.4
Complex 3.4 was isolated in moderate to a good yield, and its molecular structure
is shown in Figure 3.4. The complex is slightly soluble in methanol, but soluble in
dichloromethane and chloroform. The structure of the cation 3.4 is essentially identical to
that of 3.1.

Figure 3.4. ORTEP representation of the molecular structure of [NiCl(dmpe)2]BPh4 (3.4).

3.3.2 Catalytic activities of the preformed Ni(II) complexes
The next step was to test whether the three Ni(II)/dmpe complexes 3.1, 3.3, and 3.4
were active as homogeneous catalysts for the hydrogenation of CO2 to DMF from
dimethylamine in anhydrous DMSO as a solvent. The results of these experiments are
summarized in Table 3.11. The “blank” test confirmed that no catalytic activity was
observed in the absence of a Ni(II)/dmpe complex (entry 1). Under the optimized reaction
conditions, Ni-complexes 3.1 and 3.3 were catalytically active and produced the desired
DMF.
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Table 3.11. Ni-catalyzed hydrogenation of CO2 to DMF.a

a

Entry Catalyst precursor

Ni(II):Me2NH

TON

Yield

1

none

Me2NH

0

0

2

[Ni(dmpe)2Cl]Cl 3.1

1:100

60

60

3

"

1:500

310

70

4

"

1:10,000

2,300

23

5

[Ni(dmpe)Cl2] 3.3

1:100

75

75

6

"

1:1,000

800

80

7

"

1:20,000

6,300

32

8

[Ni(dmpe)2Cl]BPh4 3.4

1:100

0

0

Reaction conditions: catalyst (0.67μmol), and DIMCARB (6.01 mmol) in 0.5 mL of

DMSO; T = 100 °C; t = 21 h; CO2 pressure 60 bar, H2 added until total pressure of 100
bar; stirring rate 450 min-1. The TON value is an average of the results from the two trials.
Yield and TON were determined by NMR spectroscopy.

Notably, the most effective catalyst is complex 3.3 for the hydrogenation of CO2 to
DMF under our standard reaction conditions, with the highest TON value of 6,300 (entry
7). Complex 3.3 is a 16e electron complex, and it can readily react with H2 to produce a
Ni-H complex as intermediate. Subsequent insertion of CO2 into the Ni-H bond would
produce a formato compound. Because complexes 3.1 and 3.4 have 18 valence electrons,
they may be more stable than 3.3. Therefore, compared to 3.3, these complexes are not
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expected to have a high tendency to readily convert to a Ni-H complex or to perform any
other reaction that requires unsaturation at the metal centre. The TON value of 6,300 is the
highest ever observed using nickel(II) catalyst 3.3 compared to the well-defined
Fe(II)/phosphine complex [TON = 5,104] and Co(II)/phosphine complex [TON = 1,308]
reported by Federsel et al.6 and Beller et al.7 The structural properties of complex 3.3 are
important for higher catalytic activity relative to complex 3.1. Although, TON value of
6,300 is the highest until today still there is room to develop the catalytic activity and
selectivity for the hydrogenation of CO2 to formic acid derivatives using complex 3.3.
The reason why [Ni(dmpe)2Cl]BPh4 3.4 does not work as a catalyst for the
hydrogenation of CO2 to formic acid or formamide, when complex 3.1 does, is unknown.
In complex 3.1, Cl- is considered a coordinating counter ion but in complex 3.4, BPh4- is
considered a non-coordinating counter ion. It is possible that the additional chloride anion
in 3.1 helps to stabilize a catalytic intermediate-for example, one of the species in the
catalytic cycle has two chloride ligands bound to the metal center.
Although the exact reaction mechanism is not clear at this stage, based on the
existing literature reports,7,35 one plausible catalytic cycle for the hydrogenation of CO2
using nickel(II) complex 3.3 is shown in Scheme 3.1.

129

Scheme 3.1. Proposed reaction mechanism of 3.3 catalyzed CO2 hydrogenation to formic
acid.
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3.4 Conclusion
In summary, three nickel(II)/dmpe complexes 3.1, 3.3 and 3.4 were synthesized
and characterized. Complexes 3.1 and 3.4 have a five-coordinate distorted trigonal
bipyramidal geometry, while the complex 3.3 displayed a slightly distorted square-planar
geometry around the Ni(II) ion. All the synthesized complexes were tested as homogeneous
catalysts. We have developed a cost-effective nickel(II) complex 3.3 as highly efficient and
selective for the formylation of dimethylamine. The complex 3.3 showed the highest
catalytic activity with the highest TON value of 6,300. Surprisingly, complex 3.4 did not
show any catalytic activity despite its structural similarity to 3.1. It is clear that the
hydrogenation of CO2 to formamide was significantly influenced by the molecular structure
of the nickel/dmpe complex. In the future, mechanistic studies should be carried out to
determine the mechanism of catalysis.
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Chapter 4
Polynuclear Ni(II) Complexes Containing Acetylacetonate or Acetate
Ligands
4.1 Introduction
The chemistry of polynuclear transition metal complexes of 3d-metals has attracted
attention from many research groups around the world, owing to their potential applications
as biomimetic models,1 target molecules in supramolecular chemistry,2 medicine,3 and
catalysts.4 Multinuclear coordination complexes of nickel have also been receiving
increasing attention in the field of molecular magnetism.5 This 3d8 metal ion has shown
promise in the synthesis of single-molecule magnets (SMMs),6 and spin-phonon traps.7
Bis(acetylacetonato)nickel(II) was used by Metin et al.8 as a precursor in the synthesis of
water-dispersible hydrogen phosphate stabilized nickel(0) nanoclusters. Our interest in Ni
complexes arises from their high activity, amongst catalysts containing base metals, for the
hydrogenation of CO2.9
In the development of new synthetic routes to polynuclear coordination complexes,
the choice of organic ligands, such as alkoxides, carboxylates and β-diketonates is always
a key issue. Metal complexes with pentanedionato ligands were widely studied as starting
materials in the early days of metallocene chemistry.10 Complexes containing the
pentanedionato ligand have also been the focus of much investigation as
electroluminescent materials,11 presumably due to their ease of preparation, high stability
and high volatility in comparison to other chelate complexes.12,13 The pentanedionato
ligand possesses a rather complicated coordination behavior toward redox active and
inactive transition metal ions because it can exist in various protonated forms.14 A literature
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survey on this topic revealed very few existing reports on the crystal structure of
bis(acetylacetonato) nickel(II), the only reported examples being [Ni(acac)2], trans[Ni(acac)2(PMe2Ph)2], and [Ni(acac)2(dppp)].15-18 Two different structures have been
reported for the first of these three complexes. Shibata15 reported a square planar
arrangement for the mononuclear complex, [Ni(acac)2], while another study determined
the existence of a trinuclear complex [Ni3(acac)6].19 In 2015, Sui et al.18 studied the
polymerization of fluorene monomers with in situ formed Ni(acac)2/dppp complex as a
catalyst, finding that it served as a promising catalyst for the controlled synthesis of
polyfluorenes with molecular weights (Mns) in the range 2.8-62.2 kDa via Kumada catalyst
transfer polycondensation (KCTP). A trinuclear platinum nickel complex was synthesized
and

characterized

as

[{(acac)Pt[P(C2F5)2O]2}2Ni]

in

good

yield by reacting

[(acac)Pt{[P(C2F5)2O]2H}] and [Ni(Cp)2] in a diethyl ether /n-hexane mixture.20 Given the
number of emerging applications for acetylacetonato complexes, their design, synthesis,
and structural characterization are of great interest to chemists and biochemists.21
Besides the chemical applications of Ni-acac complexes, transition metal acetate
complexes have also been attracted considerable attention due to their potential
applications for the preparation of molecular magnets, and catalytic activity for a reaction
such as cleavage of phosphate esters, transesterification, and hydrolysis.22,23 Tetranuclear
cubane-like nickel complexes have been synthesized and characterized by the interaction
of 2-oxo-1,2-di(pyridin-2-yl)ethyl picolinate and Ni(OAc)2·4H2O.24 In addition, magnetic
susceptibility studies indicated that [Ni4(L)2(µ2-OAc)2(µ3-OAc)2]·CH3OH·H2O (where L
= 2-oxo-1,2-di(pyridin-2-yl)ethyl picolinate) complex displayed a weak antiferromagnetic
interaction between the nickel(II) ions. A series of mono-, di-, and trinuclear Ni(II) acetate
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complexes have been synthesized and characterized by Bhardwaj et al.25 Nickel(II)
complexes have also been tested for DNA binding abilities and phosphate cleavage
activities.

The

Shin

group5

reported

a

novel

trinuclear

nickel

complex

[(Hpmide)2Ni3(CH3COO)4], produced from the reaction of Ni(OAc)2·4H2O and ligand
H2pmide (where H2pmide = N-(2-pyridylmethyl)iminodiethanol). They observed that the
nickel complex was not catalytically active toward olefin epoxidation, but it did have
ferromagnetic properties. The tetranuclear nickel molecule [Ni4(HL)2(µ-OAc)2(MeOH)]
(HL

=

N,N'-dimethyl-N,N'-ethylene-bis(5-bromo-3-formyloxime-2-hydroxy

benzylamine) has been synthesized and characterized both structurally and magnetically.26
It was reported that its Ni---Ni bond distances are remarkably short (2.935 Å), and the spins
on adjacent Ni atoms interact ferromagnetically (J = 8.0 cm-1).
In our continuing efforts to identify base metal complexes that are effective catalyst
precursors for the hydrogenation of CO2, we identified in situ catalysts made from
Ni(acac)2 and dmpe as being particularly active for the hydrogenation of CO2 to
formamide.27 To understand their activity, we attempted to isolate and structurally
characterize complexes produced from the reaction of Ni(acac)2, Ni(OAc)2·4H2O, and
dmpe. While we did not isolate any complex containing both acetylacetonate and a
phosphine ligand and were therefore little further ahead in our mechanistic understanding
on the catalysis, we did isolate and characterize three Ni complexes that illustrated
unexpected reactivity in this system. These complexes are the first structurally
characterized nickel-acac/OAc complexes containing ethylene-bis(dimethylphosphine
oxide), dmpeO2, dmpe, MeO-, and MeOH as ligands.
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4.2 Experimental and Methods

4.2.1 General
Ni(acac)2 and 1,2-bis(dimethylphosphino)ethane (dmpe) were purchased from
Sigma-Aldrich, and Strem Chemicals, and used without further purification, unless
otherwise specified. All manipulations involving air and moisture sensitive compounds
were carried out under N2 using standard Schlenk techniques or in a glove box. Glassware
was dried at 120 °C overnight. The organic solvents were distilled under argon after drying
over appropriate drying agents. NMR spectra of DMSO-d6 or CDCl3-d1 solutions were
measured at room temperature with a 400 MHz Brüker Advance NMR spectrometer
equipped with an autosampler (1H:400.30 MHz;
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C:100.10 MHz). Chemical shifts are

indicated in ppm relative to tetramethylsilane (TMS). FT-IR spectra were recorded as KBr
disks or CHCl3 as a solvent with a Bruker FT-IR spectrophotometer. Elemental analyses
(C, H and N) were performed at the Laboratoire d’Analyse Élémentaire de l’Université de
Montréal (Fisons EA 1108).

4.2.2 Synthesis of [Ni(acac)2(dmpeO2)]n·2CHCl3] (4.1)
A solution of 1,2-bis(dimethylphosphino)ethane (dmpe) (0.16 mL, 0.001 mol) in 1
mL of anhydrous THF was added drop-wise to a solution of Ni(acac)2 (0.257 g, 0.001 mol)
in the same solvent (20 mL) in a Schlenk flask. The reaction mixture was stirred for 18 h
at -30 °C under a nitrogen atmosphere. Then, the solvent was removed under vacuum to
yield a greenish gummy solid. The resulting gummy residue was extracted in CHCl 3 (3
mL), and filtered through Celite. X-ray quality crystals were obtained by slow diffusion of
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diethyl ether (3 mL) into the CHCl3 solution (1 mL) at room temperature. Yield: 0.27 g
(66%). Elemental Analysis Calcd. for C18H32Cl6NiO6P2, M = 677.78 g/mol: C 31.90%; H
4.73%. Found: C 31.88%; H 4.70%. FT-IR (KBr, cm-1): ν(C=O) 1611s; ν(C=C) 1519m;
ν(P=O) 1165m; ν(C-O) 1020m and ν(Ni-O) 587m cm-1. NMR spectroscopy was not useful
due to the paramagnetic nature of the compound.

4.2.3 Synthesis of [Ni(acac)(MeO)(MeOH)]4 (4.2)
A solution of 1,2-bis(dimethylphosphino)ethane (0.13 mL, 0.78 mmol) in 1 mL of
dry THF was added to a solution of Ni(acac)2 (0.20 g, 0.78 mmol) in 15 mL of dry THF in
a Schlenk flask. The reaction mixture was stirred for 24 h at -30 °C under nitrogen
atmosphere. Then, 2/3 of the solvent was removed under reduced pressure, and 3 mL of
ether was added dropwise to yield a greenish solid 4.2. The resulting residue was filtered
off and washed with pentane (2 x 3 mL). X-ray quality crystals were obtained by slow
diffusion of diethyl ether (3 mL) into a saturated solution of 4.2 in MeOH (1 mL) at room
temperature. Yield: 0.22 g (69%). Elemental Analysis Calcd. for C28H56Ni4O16; M =
883.56 g/mol: C 38.06%; H 6.34%. Found: C 38.03%, H 6.32%; FT-IR (KBr, cm-1): ν(OH) 3440-3200br; ν(C=O) 1594s; ν(C=C) 1517m; ν(P=O); ν(C-O) 1016m and ν(Ni-O)
569m cm-1. NMR spectroscopy was not useful due to the paramagnetic nature of the
compound.
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4.2.4 Synthesis of [Ni(dmpe)2Cl]2[Ni3(OAc)8] (4.3)
A solution of dmpe (0.21 g, 1.206 mmol) in 1 mL of CH3CN was added dropwise
to a solution of Ni(OAc)2·4H2O (0.15 g, 0.603 mmol) in 20 mL (CH3CN) with constant
stirring in a Schlenk flask under nitrogen atmosphere. The mixture was stirred for 12 h to
produce a reddish-orange solution. The resulting solution was filtered through Celite, after
which the solvent was removed under reduced pressure, forming a reddish-orange gummy
compound. Then the dropwise addition of pet-ether (10 mL) produced an orange powder.
The solid product was filtered, washed with pet-ether (10 mL), and dried under vacuum to
give 4.3 as an orange solid (0.26 g, 72%). Elemental Analysis Calcd. for
C40H88Cl2Ni5O16P8; M= 1436.11 g/mol: C 33.42; H 6.12%. Found: C 33.38; H 6.09%. Xray crystals of 4.3 were grown at room temperature by the layering of hexane on a saturated
DCM solution of 4.3 over a week. NMR spectroscopy was not useful due to the
paramagnetic nature of the compound.
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4.2.5 X-ray diffraction studies
A crystal of each compound suitable for single–crystal X-ray diffraction was
mounted on a glass fiber coated with oil and cooled to 93 °C in a stream of nitrogen gas
controlled with an Oxford Cryostream Controller 700. Data collection was performed on
a Bruker SMART APEX II X-ray diffractometer with graphite-monochromated Mo Kα
radiation ( = 0.71073 Å), operating at 50 kV and 30 mA over 2θ ranges of 4.92 ~ 54.22º.
No significant decay was observed during the data collection. Data were processed on a
PC using the Bruker AXS Crystal Structure Analysis Package, and Data collection:
APEX2,28 cell refinement: SAINT,29 data reduction: SAINT,29 absorption correction:
SADABS,30 structure solution: XPREP,31 and SHELXTL,32 structure refinement:
SHELXTL; molecular graphics: SHELXTL; publication materials: SHELXTL. Neutral
atom scattering factors for non-hydrogen atoms and anomalous dispersion coefficients
were taken from the SHELXTL31 program library. Neutral atom scattering factors were
taken from. Full-matrix least-square refinements are minimizing the function w (Fo2 –
Fc2)2 were applied to the compound. All non-hydrogen atoms were refined anisotropically.
All H atoms were placed in geometrically calculated positions and refined as riding atoms.

4.2.6 CO2 hydrogenation
For experimental procedure and general information see Chapter 3.2.7.
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4.3 Results and Discussion

4.3.1 Syntheses, spectroscopic and structural analyses for compounds 4.1, 4.2 and
4.3
Nickel complex 4.1 was readily synthesized by the reaction of nickel(II) acetylacetonate
Ni(acac)2 with dmpe in THF at -30 to -40 oC for 18 h (see 4.2.2), with a yield of 66%.
Nickel complex 4.2 was obtained by the reaction of Ni(acac)2 and dmpe at -30 to -35 oC in
toluene/MeOH for 24 h (see 4.2.3), with a yield 69%. The reaction of Ni(OAc)2·4H2O and
dmpe under N2 atmosphere for 12 h at room temperature led to [Ni(dmpe)2Cl]2[Ni3(OAc)8]
4.3 in yield 72% (see 4.2.4). All the paramagnetic complexes 4.1, 4.2, and 4.3 were fully
characterized by elemental analysis, FT-IR and single crystal X-ray diffraction studies.
NMR studies were challenging, given the paramagnetic nature of 4.1, 4.2, and 4.3. The
molecular structure of a single repeat unit of 4.1 is shown in Figure 4.1. The unit cell also
contained two molecules of CHCl3.
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Figure 4.1. Molecular structure of [Ni(acac)2(dmpeO2)]·2CHCl3 (4.1). Hydrogen atoms
are omitted for clarity. The thermal ellipsoids represent 50% probability.

Vital crystallographic data, selected bond lengths and bond angles are summarized
in Tables 4.1 and 4.2. Complex 4.1 is polymeric in the solid state (Figure 4.2). In 4.1, each
nickel atom is coordinated by six oxygen atoms: two from dmpeO2 neutral ligands, and the
other four from chelating acac anions. Nickel(II) ion is in a tetragonally distorted
octahedral coordination sphere. The O2–Ni1–O2* and O6–Ni1–O6* angles are 180.00(6)o.
The bond angles within the coordination sphere are close to the ideal value of 90o for a
tetragonal geometry [O2–Ni1–O6 = 90.52(5), O2–Ni1–O9 = 89.80(5), O6–Ni1–O9 =
93.21(4)] (see Table 4.2). The Ni–O (dmpeO2) bond distances of 2.0868(11) Å for Ni1–O9
and Ni1–O9*, respectively are greater than those of Ni–O (acac) 2.015–2.002Å due to acacbeing bound more strongly to the Ni center because it is anionic. The same mode of binding
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was observed in the crystal structure of [{acac}Ni[P-(CF3)2O]2}2Ni(acac)2]·2THF,
reported by Allefeld et al.20

Figure 4.2. Polymeric structure of 4.1 in the solid state. Hydrogen atoms are omitted for
clarity. The thermal ellipsoids represent 50% probability.

It can be hypothesized that the dmpe ligand could have been oxidized to dmpeO2
by adventitious oxygen or by water in the presence of an oxidant,33 and then coordinated
to nickel via the oxygen atom. Additionally, we propose that Ni(acac)-dmpe complex may
be fairly unstable. Repeated attempts to synthesize a Ni(II)-acac/dmpe complexes have
failed. The nickel–oxygen distances to the acetylacetonato (acac) ligand are found to be
Ni1–O2, Ni1–O2* = 2.0153(11) Å, Ni1–O6, Ni1–O6* = 2.0223(11) Å. These values are in
good agreement with those observed in [Ni(acac)2(dppp)] complex.18
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The FTIR spectrum of complex 1 contained the absorption bands at 1611s, 1519m,
1165m, 1020m and 587m cm-1 which are assigned to ν(C=O), ν(C=C), ν(P=O), ν(C-O) and
ν(Ni-O), respectively.
Complex 4.2 has a tetrameric cubane Ni4(OMe)4 center (Figure 4.3). Key
crystallographic data, selected bond length and angles are shown in Tables 4.1 and 4.3,
respectively. The oxygen atoms of the four methoxides are bridging in a µ3 fashion. The
bite angles of the acetylacetonate ligands are 90.65 (5)o [O6–Ni1–O2] which is typical of
such complexes.8 The transoid angles vary between 167.67(5)o [O(31)*-Ni(1)-O(37)] and
171.92o [O(2)-Ni(1)-O(31)], indicating significant distortion of the octahedral geometry of
nickel(II). The bond angles among the oxygen atoms of acac, Ni(II) and the oxygen atom
of methoxide are almost linear [O6–Ni1–O33 = 177.47 (5)o]. The Ni–O(acac) bond lengths,
which lie in the range 2.0083(12) to 2.0188(11) Å, are comparable to the average NiO(acac) bond distances reported in [Ni(acac)2(dppp)].18
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Figure 4.3. X-ray molecular structure of [Ni(acac)(MeO)(MeOH)]4 (4.2). Hydrogen atoms
are omitted for clarity. The thermal ellipsoids represent 50% probability.

The observed Ni–O (MeO) and the Ni–O (MeOH) bond lengths are in general
agreement with those found in similar complexes such as [Ni(OCH3)(OCH2CCl3)] The
oxygen atoms of the four methoxides are bridging in a µ3 fashion in complex 4.2. The bite
angles of the acac ligands are 90.65 (5)o [O6–Ni1–O2] which is typical of such complexes.8
The transoid angles vary between 167.67(5)o [O(31)*-Ni(1)-O(37)] and 171.92o [O(2)Ni(1)-O(31)], indicating significant distortion of the octahedral geometry of nickel(II).
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Table 4.1. Crystallographic data and structure refinement details for compounds 4.1 and
4.2.
Compound

4.1

4.2

Empirical formula

C18H32Cl6NiO6P2

C28H56Ni4O16

Molecular weight

677.78

883.56

Crystal color/shape

Pale blue, block-like

Pale blue-green, block- like

Crystal size (mm)

0.18 x 0.15 x 0.13

0.269 x 0.196 x 0.182

Crystal system

triclinic

monoclinic

Temperature

-93(2) °C [180(2) K]

-93(2) °C [180(2) K]

Space group

Pī [No.2]

C2/c [No. 15]

a (Å)

8.5321(2)

21.1779(5)

b (Å)

9.4858(3)

10.8597(3)

c (Å)

9.7422(3)

19.8929(7)

α (deg)

103.1387(13)

121.1500(10)

β (deg)

98.4027(12)

98.4027(12)

 (deg)

98.3700(13)

90

Unit cell volume V (Å3)

746.40(4)

3915.4(2)

Molecules per cell z

1

4

Density calculated

1.508 Mg/m3

1.499 Mg/m3

F(000)

348

1856

Absorption coefficient

1.324 mm-1

1.957 mm-1

Theta range for data collection

2.185 to 27.137°

2.757 to 27.131°

Unit cell parameters
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Reflections collected

22236

16412

Independent reflections

3278

4315

Observed reflections

2962

2962

Rint

0.0514

0.0192

Data/restrains/parameters

3278/0/155

4315/0/233

R1

0.0289

0.0229

wR2 [all data]

0.0777

0.0617

Largest diff. peak and hole

0.480 and -0.468 e- 1.010 and -0.526 e-/Å3

Final R indices

/Å3

148

Table 4.2. Selected bond lengths [Å] and angles [°] for 4.1.
Bond

Lengths [Å]

Bond

Angles [º]

Ni(1)-O(2)

2.0153(11

O(2)-Ni(1)-O(2)*

180.00(6)

Ni(1)-O(2)*

2.0153(11)

O(2)-Ni(1)-O(6)*

89.48(5)

Ni(1)-O(6)*

2.0223(11)

O(2)*-Ni(1)-O(6)*

90.52(5)

Ni(1)-O(6)

2.0223(11)

O(2)-Ni(1)-O(6)

90.52(5)

Ni(1)-O(9)

2.0868(11)

O(2)*-Ni(1)-O(6)

89.48(5)

Ni(1)-O(9)*

2.0868(11)

O(6)*-Ni(1)-O(6)

180.0(5)

P(10)-O(9)

1.4939(12)

O(2)-Ni(1)-O(9)

89.80(5)

P(10)-C(13)

1.7843(18)

O(2)*-Ni(1)-O(9)

90.20(5)

P(10)-C(12)

1.7917(18)

O(6)*-Ni(1)-O(9)

86.79(4)

P(10)-C(11)

1.8045(17)

O(6)-Ni(1)-O(9)

93.21(4)

O(2)-C(3)

1.261 (2)

O(2)-Ni(1)-O(9)*

86.79(4)

O(6)-C(5)

1.264(2)

O(2)*-Ni(1)-O(9)*

180.00(6)

C(3)-C(4)

1.400(2)

O(9)-Ni(1)-O(9)*

180.00(6)

The bond angles among the oxygen atoms of acac, Ni(II) and the oxygen atom of
methoxide are almost linear [O6–Ni1–O33 = 177.47 (5)o]. The Ni–O(acac) bond lengths,
which lies in the range 2.0083(12) to 2.0188(11) Å, are comparable to the average NiO(acac) bond distances reported in [Ni(acac)2(dppp)].18 The observed Ni–O (MeO) and the
Ni–O (MeOH) bond lengths are in general agreement with those found in similar
complexes such as [Ni(OCH3)(OCH2CCl3)]34 and [Ni(acac)2(MeOH)2].8 In the FTIR
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spectrum of complex 4.2, the absorption bands at 3440-3200br, 1594s, 1517w, 1016m and
569m cm-1 are assigned as ν(OH), ν(C=O), ν(C=C), ν(C-O) and ν(Ni-O), respectively.

Table 4.3. Selected bond lengths [Å] and angles [°] for 4.2.
Bond

Lengths [Å]

Bond

Angles [º]

Ni(1)-O(6)

2.0083(12)

O(6)-Ni(1)-O(2)

90.65(5)

Ni(1)-O(2)

2.0188(11)

O(6)-Ni(1)-O(31)

95.77(4)

Ni(1)-O(31)

2.0386(10)

O(2)-Ni(1)-O(31)

171.92(4)

Ni(1)-O(31)*

2.0565(10)

O(6)-Ni(1)-O(31)*

99.50(5)

Ni(1)-O(33)

2.0576(11)

O(2)-Ni(1)-O(31)*

93.34(5)

Ni(1)-O(37)

2.1381(12)

O(31)-Ni(1)-O(31)*

80.79(4)

Ni(2)-O(22)

1.9993(12)

O(6)-Ni(1)-O(33)

177.47(5)

Ni(2)-O(26)

2.0283(11)

O(2)-Ni(1)-O(33)

90.89(5)

Ni(2)-O(33)*

2.0488(11)

O(31)-Ni(1)-O(33)

82.87(4)

Ni(2)-O(33)

2.0591(11)

O(31)*-Ni(1)-O(33)

82.41(4)

Ni(2)-O(31)

2.0535(11)

O(6)-Ni(1)-O(37)

87.91(5)

Ni(2)-O(35)

2.1153(13)

O(2)-Ni(1)-O(37)

96.44(5)

O(2)-C(3)

1.281(12)

O(31)-Ni(1)-O(37)

88.71(4)

O(6)-C(5)

1.252(2)

O(31)*-Ni(1)-O(37)

167.67(5)

The reaction of Ni(OAc)2·4H2O and dmpe under N2 atmosphere for 12 h at room
temperature led to [Ni(dmpe)2Cl]2[Ni3(OAC)8] 4.3 in yield 72% (see 4.2.4). The molecular
structure of complex 4.3 is illustrated in Figure 4.4. The crystal data and experimental
150

parameters for complex 4.3 are given in Table 4.4. Each nickel atom has an octahedral
environment in [Ni3(OAc)8]. Two acetate groups acted as bridging ligands where one
oxygen atom is ligating two nickel atoms as µ2-O bridges. The other six acetate groups
acted as a bidentate chelate ligand, where two acetate oxygen atoms are bonded to one
nickel ion whereas four acetate oxygen atoms are coordinated to two nickel ions in the
trimeric structure of nickel complex 4.3.

Figure 4.4. X-ray molecular structure of [Ni(dmpe)2Cl]2[Ni3(OAc)8] (4.3). Hydrogen
atoms are omitted for clarity. The thermal ellipsoids represent 50% probability.

Unfortunately, the quality X-ray data is very poor, and the structure could not be
refined successfully. Therefore, I did not attach the selected bond lengths and bond angles
in this Chapter. Additionally, attempts to grow suitable X-ray crystals using other solvents
were unsuccessful.
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Table 4.4. Crystal data and structure refinement for complex 4.3.
Compound

[Ni(dmpe)2Cl]2[Ni3(OAc)8]

Empirical formula

C40 H88Cl2 Ni5 O16 P8

Formula weight

1436.11

Temperature

180(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P 21/c

Unit cell dimensions
a = 13.2874(4)Å

α = 90o

b = 22.3140 (7) Å

β = 90.0280(10)o

c = 23.2046(7) Å

γ = 90o

Volume

6880.0(4) Å3

z

4

Density (calculated)

1.302 Mg/m3

Absorption coefficient

1.655 mm-1

F(000)

2648

Theta range for data collection

1.266 to 27.295°.

Index ranges

-17<=h<=14, -28<=k<=28, -29<=l<=25

Reflections collected

69800

Independent reflections

14491 [R(int) = 0.0243]

Completeness to theta = 25.242°

96.1 %
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Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

14491 / 0 / 313

Goodness-of-fit on F2

3.916

Final R indices [I>2sigma(I)]

R1 = 0.2750, wR2 = 0.6859

R indices (all data)

R1 = 0.2786, wR2 = 0.6892

Extinction coefficient

0.159(16)

Largest diff. peak and hole

12.488 and -2.316 e.Å-3

4.3.2 Catalytic hydrogenation of CO2
Our attempts to monitor the catalytic activity of complexes 4.1, 4.2, and 4.3 for CO2
hydrogenation are summarized in Table 4.5. None of these complexes demonstrated any
appreciable catalytic activity for the hydrogenation of CO2 to formic acid or formamide.
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Table 4.5. Hydrogenation of CO2 to carbamate formation using 4.1, 4.2, and 4.3 as precatalysts.a

Ni Cat.

a

Amine

Ni:Amine

TON

Compound 4.1 morpholine

1:500

0

"

dimethyl amine

"

0

"

2-ethylhexylamine

"

0

Compound 4.2 morpholine

1:2,000

0

"

"

0

Compound 4.3 morpholine

1:500

0

"

"

0

diethylamine

dimethylamine

Reaction conditions: compound 4.1 (4.43 μmol) and morpholine (2.22 mmol) in 1 mL

DMSO, compound 4.2 (3.40 μmol) and DIMCARB (3.40 mmol) in 1 mL DMSO, T = 100
˚C, t = 21 h, CO2 was 60 bar and H2 was added until the total pressure was 100 bar, stirring
rate 450 min-1.

4.4 Conclusion
In conclusion, we have successfully synthesized and characterized three new Ni(II)acac/Ni-OAc complexes. None of these Ni(II) complexes were a successful pre-catalysts
for the hydrogenation of CO2 to formic acid or formamide, even though Ni(acac)2 or
Ni(OAc)2·4H2O and dmpe together form an in situ catalysts of very good activity for the
same reaction.
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Chapter 5
Abundant-Metal Pincer Complexes for Catalytic Hydrogenation of CO2

5.1 Introduction

5.1.1 Background of pincer ligand and metal pincer complexes
A pincer ligand is defined as a tridentate chelating agent that preferentially binds to
transition metals in a tridentate and meridional fashion (Figure 5.1).

Figure 5.1. Schematic representation of pincer ligand.

The first PCP pincer complexes were reported by Shaw in 1976.1 After Shaw’s initial
design, the PCP backbone of the pincer ligands was modified to the PNP platform, which
combines soft phosphines with a hard π-base such as the amido group (Scheme 5. 1).2,3 The
major advantage of replacing the carbon by nitrogen is to generate a more flexible system
that prefers the facial arrangement, unlike the meridional geometry preferred by the former.
Of the multidentate ligands developed in coordination chemistry, pincer ligands have
gained tremendous popularity, mainly due to their high tunability and their general
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tendency to form stable metal complexes.4 These complexes can be heated or exposed to
acids, bases, and oxidants without decomposition.
Recently, transition metal-pincer complexes have drawn attention in different areas
of chemistry such as specific bond activation, small molecule activation, and homogeneous
catalytic transformation.5,6

Scheme 5.1. Variation of pincer complexes.2,3

Most research to date on pincer complexes has focused on precious metals such as
Ru, Ir, Pd, and Pt, and has also shown catalytic activity for CO2 hydrogenation, and the
hydrogenation and dehydrogenation of organic compounds.7-10 Present efforts are focused
on the substitution of these precious metals with cheaper, more abundant transition metals.
In this regard, there is still considerable demand to develop abundant transition metal-based
catalysts for known reactions due to their low cost and low toxicity. In this chapter, I
discuss the synthesis, and characterization of abundant transition metal-pincer complexes
and their catalytic studies for the hydrogenation of CO2 to formic acid derivatives.
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5.1.2 Formic acid derivatives from CO2 hydrogenation using abundant-metal pincer
complexes
Formic acid derivatives are relatively high value-added chemicals that are widely
used in the leather, textile, and latex rubber industries.11,12 Using CO2 as a C1 feedstock
provides an alternative and promising route for the synthesis of formic acid derivatives
compared to conventional methods. Indeed, many homogeneous precious metal-pincer
complex catalyst systems have been developed for this purpose.7,8 Also, abundant-metal
pincer complex catalysts have very recently drawn attention for the synthesis of formic
acid derivatives.13,14 Considering the excellent catalytic efficiency of abundant metalpincer complexes, in this section I summarize the synthesis and their catalytic application
for the hydrogenation of CO2 to formic acid derivatives.
The synthesis and characterization of the pyridine-based iron(II)-pincer complex,
trans-[(tBu-PNP)Fe(H)2(CO)] 5.1 were reported by Langer et al.13 They utilized the
isolated complex 5.1 for the hydrogenation of CO2 to formate in the presence of a base at
low-temperature with a high TON value of up to 788 (Scheme 5.2). It was found that
complex 5.1 reacted with CO2 in pentane solution to produce a formate compound (Scheme
5.3) and NMR investigation also showed that the formate ligand is easily replaced by a
water molecule to form a cationic complex.

Scheme 5.2. CO2 hydrogenation to produce formate.
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5.1
Scheme 5.3. The reaction of 5.1 with CO2 to produce a formate compound.

In 2016, the Bertini group synthesized and characterized two iron(II) pincer
complexes bearing the 2,6-diaminopyridine scaffold [Fe(PNPH-iPr)(H)(CO)(Br)] 5.2 and
[Fe(PNPMe-iPr)(H)(CO)(Br)] 5.3, respectively. Both complexes showed high catalytic
activity as homogeneous catalysts for the hydrogenation of CO2 to formate in a protic
solvent at room temperature.14

5.2

5.3

The cobalt(I) complex [(iPrPNP)Co(CO)2]+ with a lithium triflate (LiOTf) as cocatalyst was employed for the hydrogenation of CO2 to formate (Scheme 5.4).15

Scheme 5.4. Cobalt-catalyzed CO2 hydrogenation.
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Among the cobalt(I) catalysts, the paired Co(I)/LiOTf system improved the catalytic
activities, obtaining a TON of up to 30,000, although this TON value is less than the 60,000
TON value obtained with the [(iPrPNP)Fe] catalyst. In addition, solvent effects were also
screened under the reaction conditions, and acetonitrile solvent afforded a maximum TON
of 14,000.
Recently, Bernskoetter et al.16 developed several Fe/Co-pincer catalysts bearing
alkali metal salts for the selective CO2 hydrogenation to formate. They utilized the binary
catalyst system for the dehydrogenation of formic acid and MeOH, and for the
hydrogenation of CO2 to formic acid and MeOH (Scheme 5.5). They observed that the
Lewis acid plays a crucial role in increasing the catalytic activity and stability of the
catalyst for this process.

Scheme 5.5. (a) Dehydrogenation of formic acid, (b) CO2 hydrogenation to formate, and
(c) dehydrogenation of MeOH.

A low valent molybdenum-pincer complex [(k4-PNMeP)-Mo(C2H4)(k-O2CH)] and
an alkali metal salt were developed by Zhang et al.17 for the hydrogenation of CO2 to
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formate under basic conditions (Scheme 5.6). They obtained a maximum TON value of 35,
which was quite modest in comparison to the catalytic activity of Fe and the Co-pincer
catalyst. The authors also claimed that the Mo-PNP complex used for this reaction was the
first homogeneous low valent Mo-pincer catalyst. They proposed that future studies be
needed for further development of this catalyst, and also to know the role of the catalyst in
the catalytic cycle.

Scheme 5.6. CO2 hydrogenation by Mo-PNP complex.

CO2 captured in aqueous amine and converted in-situ to formate with up to 95%
yield was reported by Kothandaraman et al.18 using Ru/Fe-PNP pincer complexes [PNP =
PiPr2(CH2)2NH(CH2)2-PiPr2Fe(H)(CO)Br] (Scheme 5.7). They noticed that superbases
were the best substrates in aqueous media under the reaction conditions. Furthermore, the
catalyst was recycled for five consecutive cycles for the production of formate, with a TON
value > 7,000.

Scheme 5.7. Ru/Fe catalyzed CO2 hydrogenation.
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Some abundant-metal pincer complexes have shown high catalytic activity for the
hydrogenation of CO2 to formate,13-18 however, the hydrogenation of CO2 to formamide by
abundant metal-pincer complexes have so far not been explored. In this chapter, I report
the synthesis and characterization of Co(II)/Ni(II)-PNN pincer complexes and their
catalytic activities toward the hydrogenation of CO2 to formamide.

5.2 Experimental

5.2.1 General
MnCl2, Mn(OAc)2·4H2O, Mn(acac)3, Mn(OTf)2, CoCl2, NiCl2, and [(2-(di-tertbutylphosphinomethyl)-6-diethylaminomethyl)pyridine] (PNN) were purchased from
Sigma-Aldrich, and Strem Chemicals, and used without further purification unless
otherwise specified. All manipulations involving air and moisture sensitive compounds
were carried out using a high vacuum and standard Schlenk techniques, or in a glove box
under N2. Glassware was dried at 120 °C overnight. The organic solvents were distilled
under argon after drying over appropriate drying agents. NMR spectra of DMSO-d6 or
CDCl3-d1 solutions were measured at room temperature with a 400 MHz Bruker Avance
NMR spectrometer equipped with an autosampler. Chemical shifts are indicated in ppm
relative to tetramethylsilane (TMS). However, 1H NMR spectroscopy did not provide
useful information due to the paramagnetic nature of the cobalt compound. Elemental
analyses (C, H and N) were performed at Laboratoire d’Analyse Élémentaire de
l’Université de Montréal (Fisons EA 1108).
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5.2.2 X-ray crystallographic analyses
For single crystal X-ray structure analysis, crystals of compounds 5.4 and 5.5 were
coated with oil, collected onto the aperture of a mounted MicromountTM (MiTeGen Microtechnologies for Structural Genomics; USA) and cooled to 93 °C in a stream of
cold nitrogen gas (Oxford Cryostream 700). Data collection was performed on a Bruker
SMART APEX II CCD X-ray diffractometer with graphite-monochromated Mo Kα
radiation ( = 0.71073 Å), operating at 50 kV and 30 mA. Data were processed using the
Bruker AXS Crystal Structure Analysis Package APEX2: Data collection: APEX2;19 cell
refinement: SAINT;20 data reduction: SAINT;20 absorption correction: SADABS;21
structure solution: XPREP22 and SHELXTL;23 structure refinement by full-matrix leastsquares method: SHELXL-2014;24 and molecular graphics: XP (part of the Bruker AXS
Crystal Structure Analysis Package SHELXTL). All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were placed in geometrically calculated positions and
refined as riding atoms. Structural data have been deposited with the Cambridge
Crystallographic Data Center; CCDC reference numbers are 1561811 for compound
5.4×THF and 1538716 for compound 5.5×H2O. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data
request/cif.

5.2.3 General procedure for the catalytic hydrogenation of CO2
The general procedure has already been described in Chapter 3.2.7
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5.2.4 Synthesis of [Co(PNN)Cl2]·C4H8O (5.4)
In a Schlenk flask, 1.2 equivalent of PNN (0.30 g, 0.92 mmol) in 1 mL of THF was
added slowly to a suspension of anhydrous CoCl2 (0.10 g, 0.77 mmol) in dry THF (10 mL)
under a nitrogen atmosphere. The mixture was stirred and heated to 65 oC for 6 h, and then
the violet-colored solution was cooled to room temperature. A dark blue precipitate
formed, which was collected by filtration, washed with pentane (10 mL) and dried in vacuo
to give a dark blue solid of 73% yield (0.29 g). X-ray quality crystals were grown by the
layering of pentane in a concentrated solution of 5.4 in THF. Anal. Calcd for
C23H43Cl2Co1N2O1P1: C, 50.34; H, 8.20. Found: C, 50.30; H, 8.15. Complex 5.4 is not
suitable for NMR studies due to its paramagnetic nature.

5.2.5 Synthesis of [Ni(PNN)Cl]Cl·H2O (5.5)
In the glove box, PNN ligand (0.39 g, 1.20 mmol) was added to a suspension of
anhydrous NiCl2 (0.13 g, 1.00 mmol) in dry THF (20 mL) in a Schlenk flask containing a
stir bar under N2 atmosphere. The resulting solution was brought out of the glove box, and
the reaction mixture was heated to 65 oC for 12 h, and then the clear reddish solution was
cooled to room temperature. The reaction mixture was concentrated to half of the original
volume under reduced pressure, and ether was added slowly into the solution, producing a
reddish precipitate. The red solid was collected by filtration and dried under vacuum to
give a yield 0.37 g (70%). Single crystals suitable for X-ray diffraction were obtained by
the layering of hexane on a saturated solution of 5.5 in CHCl3. Anal. Calcd for
C19H37Cl2N2Ni1O1P1: C, 48.51; H, 7.87, N, 5.95. Found: C, 48.50; H, 7.70, N, 5.85. 1H
NMR (DMSO-d6, 400.30 MHz, δ): 1.51 (s, 18H, P(C(CH3)3)2), 1.81 (t, 6H, N(CH2CH3)2),
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3.02 (q, 4H, N(CH2CH3), 3.84 (s, P-CH2), 4.38 (s, 2H, Py-CH2-N), 7.39 (d, 1H, Py-H5),
7.46 (d, 1H, Py-H3), 8.06 (t, 1H, py-H4) ppm. 31P{1H} (DMSO-d6, 166.04 MHz, δ): 39.9
ppm.

5.3 Results and Discussion

5.3.1 Synthesis of the complexes 5.4 and 5.5
The pincer complexes [Co(PNN)Cl2]·C4H8O 5.4 and [Ni(PNN)Cl]Cl·H2O 5.5 were
synthesized by the reaction of anhydrous CoCl2 or NiCl2, respectively, with 1.2 equivalent
of the PNN ligand in THF (Scheme 5.8). Complex 5.4 was dark blue, air/moisture sensitive,
and required handling under an inert atmosphere. Complex 5.4 displayed broad 1H NMR
signals, which were thus not very useful for accurate peak analyses. Complex 5.5 was a
red, air stable crystalline solid that was soluble in CHCl3 and DMSO but insoluble in
common organic nonpolar solvents. The 31P{1H} NMR spectrum of 5.5 showed a single
resonance at 39.90 ppm. The molecular structure of complex 5.4 was confirmed using Xray crystallography. It matches that reported by Milstien et al. for this complex.25
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Scheme 5.8. Synthesis of the complexes 5.4 and 5.5 from PNN ligand.

5.3.2 X-ray crystallography of 5.4
Crystallization of 5.4 from THF/pentane produced crystals suitable for X-ray
diffraction. The solid-state structure of complex 5.4 is depicted in Figure 5.2. The PNNpincer ligand is coordinated to the cobalt(II) center via an amine-N, a pyridine-N, a
phosphine-P, and two chloride ligands. Crystallographic data and refinement parameters,
and selected bond lengths and angles are presented in Tables 5.1 and 5.2, respectively. The
trigonal bipyramidal coordination environment of the Co atom is completed by PNN and
two chlorine atoms.
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Figure 5.2. The molecular structure of 5.4. Thermal ellipsoids are drawn at the 50%
probability level. Most hydrogen atoms are omitted for clarity.

In complex 5.4, the Co(1)-Ni(1) (pyridyl) bond distance ~2.176(3) Å was shorter
than that of Co(1)-N(8) (amino) ~2.444(3) Å, which was due to the steric effect of the
bulky ethyl groups attached to the N(8) atom (amino). As a result, diethylamino-N(8) was
not strongly bound to the cobalt center, compared to N(1) (pyridyl). A similar observation
was also reported for the [Fe(PNN)Cl2] complex, where the corresponding bond lengths
were Fe- N1(amino) ~2.288(4) Å and Fe-N2(pyridyl) ~2.198(4) Å.26 The Co-Cl bond
lengths ~ 2.302(9)-2.318(9) Å in complex 5.4 were similar to those observed in the
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[Co(PCPMe-iPr)(py)Cl] complex [2.310(4)Å].27 The Co(1)-P(14) bond length

was

~2.467(9)Å which is 0.34 Å greater than that found in the [(iPrPNP)CoCl] complex.28
The N(1) and Cl(1) atoms located in the axial position with a bond angle of N(1)Co(1)-Cl(1) ~160.28° in complex 5.4 significantly deviated from the ideal angle of 180°,
which supports the claim that the cobalt complex is a distorted trigonal bipyramidal.
Similarly, the bite angles N(1)-Co(1)-P(14) ~77.91(7)° and N(8)-Co(1)-N(1) ~75.92 (10)°
are less than 90o.

Table 5.1. Crystallographic data and refinement parameters for 5.4 and 5.5.
Compound

5.4

5.5

Empirical formula

C23H43Cl2Co1N2O1P1

C19H37Cl2N2NiO1P1

Molecular weight

524.39

470.08

Crystal color/shape

dark blue, plate-like

red, block-like

Crystal size (mm)

0.263  0.167  0.132

0.248 x 0.243x 0.222

Crystal system

monoclinic

orthorhombic

Temperature

-93(2) °C [180(2) K]

-93(2) °C [180(2) K]

Space group

P21/c [No. 14]

Pna21[No.33]

a (Å)

14.9993(8)

31.682(2)

b (Å)

11.2797(6)

10.5648(7)

c (Å)

16.0972(7)

13.9142(9)

α (deg)

90

90

β (deg)

103.121(2)

90

Unit cell parameters

170

 (deg)

90

90

Unit cell volume V (Å3)

2652.3(2)

4657.3(5)

Molecules per cell z

4

8

Density calculated

0.926 Mg/m3

1.341 Mg/m3

F(000)

1116

348

Absorption coefficient

0.926 mm-1

1.142 mm-1

Theta range for data collection 2.598 to 27.496°

1.948 to 27.106°

Reflections collected

57881

22236

Independent reflections

60901

9115

Observed reflections

5072

8735

Rint

0.0460

0.0204

Data/restrains/parameters

6090 / 0 / 255

9115/1/502

R1

0.0577

0.0226

wR2 [all data]

0.1614

0.0543

Largest diff. peak and hole

1.924 and -1.293 e-/Å3

0.480 and -0.468 e-/Å3

Final R indices

Table 5.2. Selected bond distances [Å] and angles [°] for complex 5.4.
Bond

Lengths [Å]

Bond

Angles [deg]

Co(1)-N(1)

2.176(3)

N(1)-Co(1)-N(8)

75.92(10)

Co(1)-N(8)

2.244(3)

N(1)-Co(1)-Cl(1)

160.28(8)

Co(1)-Cl(1)

2.3021(9)

N(8)-Co(1)-Cl(1)

97.83(7)
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Co(1)-Cl(2)

2.3187(9)

N(1)-Co(1)-Cl(2)

96.12(8)

Co(1)-P(14)

2.4676(9)

N(8)-Co(1)-Cl(2)

97.61(8)

P(14)-C(13)

1.833(3)

Cl(1)-Co(1)-Cl(2)

103.29(4)

P(14)-C(15)

1.863(4)

N(1)-Co(1)-P(14)

77.91(7)

P(14)-C(19)

1.873(4)

N(8)-Co(1)-P(14)

142.68(7)

N(1)-C(2)

1.344(4)

Cl(1)-Co(1)-P(14)

97.92(3)

N(1)-C(6)

1.347(4)

Cl(2)-Co(1)-P(14)

111.29(3)

N(8)-C(7)

1.483(4)

C(13)-P(14)-C(15)

103.91(19)

N(8)-C(9)

1.485(5)

C(13)-P(14)-C(19)

103.04(19)

N(8)-C(11)

1.496(4)

C(15)-P(14)-C(19)

113.7(2)

C(2)-C(3)

1.391(4)

C(13)-P(14)-Co(1)

115.49(14)

C(2)-C(13)

1.507(4)

C(15)-P(14)-Co(1)

119.3(3)

C(3)-C(4)

1.378(5)

C(19)-P(14)-Co(1)

126.2(2)

C(4)-C(5)

1.390(5)

C(2)-N(1)-C(6)

119.3(3)

5.3.3 X-ray structure of 5.5
Single crystals suitable for the X-ray analysis of 5.5 were obtained by the layering
of hexane on a saturated solution of 5.5 in CHCl3. The solid-state structure of 5.5 is shown
in Figure 5.3. Crystallographic data and refinement parameters, as well as selected bond
lengths and angles, are given in Tables 5.1 and 5.3, respectively.
The Ni(II) centre adopted a slightly distorted square-planar geometry where the
Ni(II) ion was coordinated by two nitrogen, one phosphorus, and one chloride atoms. A
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second chloride was the counter anion and did not show any close contacts with the nickel
center within the crystal packing. The N(8)-Ni(1)-P(14) bond angle ~171.49(6)°, and the
N(1)-Ni(1)-Cl(1) angle ~178.73(7)° deviated slightly from linearity ~180°, and P(14),
N(1), N(8), Ni(1) were almost co-planar, which supports the distorted square planar
structure of Ni(II). Two bite angles, N(1)-Ni(1)-P(14) ~86.48(6)°, and N(1)-Ni(1)-N(8)
~85.98(8)°, were slightly less than 90°. The Ni-Cl distance of 2.159(7) Å was in the range
encountered for a similar square-planar nickel(II) complex [(Me2NNNQ)NiCl].29 In complex
5.5, the Ni(1)-P(14) bond length of 2.182(6) Å, and the average C-C bond lengths of the
pyridine ring ~1.374 Å were similar to those previously reported for other [Ni(PNPiPr)Cl)]
complexes.30 The Ni(1)-N(1) (pyridyl) distance of 1.876(2) Å was shorter than the Ni(1)N(8)(amino) bond length of 2.014 (19)Å; a similar observation was found in complex 5.4.
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Figure 5.3. The molecular structure of complex 5.5 with the thermal ellipsoids at 50%
probability level. Hydrogen atoms are omitted for clarity.
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Table 5.3. Selected bond distances [Å] and angles [°] for complex 5.5.
Bond

Lengths [Å]

Bond

Angles [deg]

Ni(1)-N(1)

1.876(2)

N(1)-Ni(1)-N(8

85.98(8)

Ni(1)-N(8)

2.0143(19)

N(1)-Ni(1)-Cl(1)

178.73(7)

Ni(1)-Cl(1)

2.1592(7)

N(8)-Ni(1)-Cl(1)

93.89(6)

Ni(1)-P(14)

2.1822(6)

N(1)-Ni(1)-P(14)

86.48(6)

P(14)-C(13)

1.834(2)

N(8)-Ni(1)-P(14)

171.49(6)

P(14)-C(15)

1.872(2)

Cl(1)-Ni(1)-P(14)

93.57(3)

P(14)-C(19)

1.875(3)

C(13)-P(14)-C(15)

105.31(12)

N(1)-C(2)

1.349(3)

C(13)-P(14)-C(19)

105.22(12)

N(1)-C(6)

1.361(3)

C(15)-P(14)-C(19)

113.30(12)

N(8)-C(9)

1.497(3)

C(13)-P(14)-Ni(1)

99.67(8)

N(8)-C(11)

1.501(4)

C(15)-P(14)-Ni(1)

118.29(9)

N(8)-C(7)

1.501(3)

C(19)-P(14)-Ni(1

112.82(8)

C(2)-C(3)

1.379(3)

C(2)-N(1)-C(6)

119.8(2)

C(2)-C(13)

1.502(3)

C(2)-N(1)-Ni(1)

123.94(16)

C(3)-C(4)

1.383(4)

C(6)-N(1)-Ni(1)

115.60(17)

C(4)-C(5)

1.373(4)

C(9)-N(8)-C(11)

107.7(2)

C(5)-C(6)

1.383(4)

C(9)-N(8)-C(7)

108.5(2)

C(6)-C(7)

1.476 (4)

C(2)-C(3)-C(4)

119.4(3)

C(9)-C(10)

1.505(5)

C(4)-C(5)-C(6)

119.1(2)
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5.3.4 Reactivity studies of 5.4 and 5.5 with H2
The reaction of isolated complexes 5.4 and 5.5 with H2 did not give the expected
compounds [Co(PNN)(H)Cl] and [Ni(PNN)(H)]Cl, respectively, (equation 5.1), and no
Co/Ni-H signals were observed by 1H NMR spectroscopy.

31

P{1H} NMR chemical shift

was also unchanged with respect to the original compounds, indicating no reaction
occurred between 5.4/5.5 and H2.

(5.1)

5.3.5 Catalytic hydrogenation of CO2
Two isolated Co(II)/Ni(II)-PNN pincer complexes 5.4 and 5.5, and four types of
manganese salts, MnCl2, Mn(acac)3, Mn(OAc)2·4H2O, and Mn(OTf)2 with PNN ligand
were tested as precatalysts for the hydrogenation of CO2 to formamide (Scheme 5.9).
Unfortunately, no catalytic activity was observed for the hydrogenation of CO2 in the
presence of morpholine and dimethylamine as substrates under the applied reaction
conditions. The results are summarized in Tables 5.4 and 5.5, respectively.
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Scheme 5.9. Co(II)/Ni(II) catalyzed CO2 hydrogenation.

Table 5.4. Testing of in situ catalysts for the formylation of morpholine/DMA using CO2
and H2.a
Entry

Metal precursors

Ligand

TON

Metal:ligand:amine = 1:2:200

a

1

MnCl2

PNN

0

2

Mn(acac)2

"

0

3

Mn(OAc)2·4H2O

"

0

4

Mn(OTf)2

"

0

Reaction conditions: catalyst (39.73 μmol), ligand (79.40 µ mol),

morpholine (7.94 mmol) or DIMCARB (3.97 mmol) in 0.5 mL of DMSO;
T = 100 °C; t = 21 h; CO2 pressure 60 bar, H2 added until total pressure of
100 bar; stirring rate 450 min-1.
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Table 5.5. Preformed Co/Ni-catalyzed hydrogenation of CO2 with morpholine/DMA.a
Entry Catalyst precursor

Amine

TON

Catalyst:Amine = 1:500

a

1

none

Me2NH

0

2

5.4

"

0

3

5.5

"

0

4

5.4

morpholine

0

5

5.5

"

0

Reaction conditions: catalyst (9.54 μmol), morpholine (4.77 mmol)

or DIMCARB (2.39 mmol) in 0.5 mL of DMSO; T = 100 °C; t = 21 h;
CO2 pressure 60 bar, H2 added until total pressure of 100 bar; stirring
rate 450 min-1.

5.4

Conclusion
Co(II)/Ni(II)-pincer complexes of the ligand [2-(di-tert-butylphosphinomethyl)-6-

dimethyl aminomethyl)pyridine] (PNN) were synthesized and characterized. Complex 5.4
exhibited a distorted trigonal bipyramidal geometry whereas 5.5 exhibited a distorted
square-planar geometry around the cobalt and nickel atoms, respectively. Isolated
Co(II)/Ni(II)-PNN complexes and the in-situ formed Mn-PNN pre-catalysts did not show
catalytic activities for the hydrogenation of CO2 to formamide. Several trials attempted to
synthesize the Co/Ni-H complex by the reaction of 5.4/5.5 with H2 under the reaction
conditions. These experiments were also unsuccessful.
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Chapter 6
General Conclusion and Recommendation for Future Works

6.1. General conclusion
In this dissertation, the catalytic formylation of primary/secondary amines with
CO2 and H2 using abundant-metal complexes has been investigated using five types of
amines, including morpholine, dimethylamine, 2-ethylhexylamine, aniline, and N-methyl
aniline. I have discussed my findings in the conclusion of each chapter. However, some
important points remain and are summarized here, followed by suggested directions for
future research.
In Chapter 2, the in situ preparation of catalysts from abundant-metal salts and a
suitable phosphine were found to be catalytically active for the formylation of
dimethylamine, 2-ethylhexylamine, morpholine, aniline, and N-methylaniline from H2 and
CO2. We have developed novel and efficient in-situ catalysts such as Ni(acac)2 and
Ni(OAc)2·4H2O/dmpe, for the formylation of morpholine and 2-ethylhexylamine,
respectively. Generally, metal salts with bidentate phosphine ligands showed higher
catalytic activity than monodentate phosphine ligands for the synthesis of formamides. The
preliminary results, especially those from morpholine and 2-ethylhexylamine, represent a
good starting point for further development in the near future of the hydrogenation of CO2
to N-formylmorpholine and 2-ethylhexylformamide. I have optimized the reaction
conditions by selecting a suitable temperature, solvent, and total pressure of CO2 and H2.
It was found that if the reaction temperature was less than 60 oC, no formamide was formed.
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To date, a maximum TON value of 18,000 has been achieved during this research for the
formylation of morpholine using nickel(II)-based complex with a dmpe ligand.1
In Chapter 3, three types of isolated Ni(II) complexes (3.1, 3.3, 3.4) with the dmpe
ligand were synthesized and fully characterized. Complex 3.3 was characterized by X-ray
crystallography for the first time, and the nickel(II) center was found to have a distorted
square-planar geometry in this complex. All isolated nickel(II) complexes were tested for
the catalytic hydrogenation of CO2 to formamides. Among them, complex 3.3 was the best
catalyst and showed the highest TON value of 6,300, for the synthesis of DMF using
abundant-metal complexes. We have proposed a reaction mechanism via the formation of
the Ni-H intermediate as the active compound for the hydrogenation of CO2. In contrast,
complex 3.4 was found not catalytically active for amide formation.
In Chapter 4, three types of new polynuclear Ni(acac)/Ni(OAc) complexes (4.1,
4.2, 4.3) were synthesized and fully characterized. For both 4.2 and 4.3, the complexes that
were originally produced before the workup are not known; however, whatever the
complexes were, they were chemically changed when I tried to purify or crystallize them.
For complex 4.2, the reaction of Ni(acac)2 and dmpe in THF at -30 oC produced a sticky
green compound, which was extracted with MeOH and filtered through a Celite. This
filtrate was then layered with ether at room temperature for crystallization. Quality green
crystals were thus obtained, which were identified as 4.2 by X-ray diffraction analysis. For
complex 4.3, the sticky green compound was obtained the same way, extracted with
CH2Cl2, and filtered through Celite. Single crystals were formed by the layering of hexane
onto the filtrate solution in DCM. It was hypothesized that complex 4.3 is formed during
the crystallization process in DCM/hexane.
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All isolated nickel(II) complexes (4.1, 4.2, 4.3) were also tested as homogeneous
catalysts for the hydrogenation of CO2 to formamide using morpholine and dimethylamine.
Unfortunately, no catalytic activity was observed under our standard reaction conditions.
However, solid carbamate was formed under these conditions.
In Chapter 5, the PNN pincer ligand was reacted with CoCl2, NiCl2, MnCl2,
Mn(OAc)2·4H2O, and Mn(OTf)2. Of the five reactions, only complexes 5.4 and 5.5 were
synthesized and fully characterized. The molecular structures of 5.4 and 5.5 were then
determined by single crystal X-ray diffraction studies. Cobalt complex 5.4 has a distorted
trigonal bipyramidal geometry, whereas the nickel(II) ion in complex 5.5 is in a distorted
square-planar coordination environment. I also studied the catalytic activity for the
hydrogenation of CO2 to formamide using isolated complexes 5.4 and 5.5 as homogeneous
catalysts. Unfortunately, no catalytic activity was observed using our standard reaction
conditions.

6.2 Future work
The main goal of this project was to develop abundant-metal complex catalysts with
high activity, high stability, low toxicity, low price, and high abundance for the
hydrogenation of CO2 to formamides in the presence of primary/secondary amines. To
achieve this goal, I have selected and tested in situ prepared/isolated cheap and abundantmetal salts with phosphine/PN/NHC ligands as homogeneous catalysts for the synthesis of
the formamides. These findings can be extended in several directions, as follows.
First, the formylation of amine reactions can be further explored using the most
promising in situ prepared abundant-metal complexes such as Fe(acac)2, Ni(acac)2, or
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Ni(OAc)2·4H2O/dmpe with secondary cyclic amines using CO2 and H2 (see equation 6.1).
In addition, the most efficient isolated catalyst, 3.3, could be further evaluated for the
hydrogenation of CO2 to formamide using the cyclic secondary amines (equation 6.1). In
situ generated Ni(acac)/dmpe pre-catalyst can also be used for the synthesis of MeOH via
formamide as the intermediate.

(6.1)

MX2 = Ni(acac)2, Fe(acac)2, Ni(OAc)2·4H2O, complex 3.3

Second, isolated [NiCl2(dmpe)] complex 3.3 showed the highest catalytic activity
for the hydrogenation of CO2 to DMF, with a TON value of 6,300. Although a significant
development has been made using complex 3.3, the mechanism for the formylation of
amines with CO2 hydrogenation using abundant-metal/phosphine as a catalyst is unknown.
High pressure spectroscopic (IR, NMR) and density functional theory (DFT) calculation
studies could help to reveal the mechanism of this kind of formylation reaction.
Next, the development of the use of carbon dioxide, both as a reactant and as a
solvent, could be realized in two ways. Firstly, the formylation of amines with carbon
dioxide could be extended to hydroxyl-containing functional groups, such as 2methylamino ethanol and 2-methylaminoethanol. Secondly, the extension to further
reactions, such as the synthesis of organic carbonates, and to more sophisticated reactions,
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like the synthesis of vinyl carbamate from phenylacetylene, amine, and carbon dioxide,
could be demonstrated.
Research could also be performed to find a way of using the isolated Ni(II)
complexes (3.1, 3.3) as effective catalysts for carbonyl-ene reactions. Standley et al.2 have
reported a series of air-stable nickel(II) complexes, such as [L2Ni(aryl)X] (L = PPh3, PCy3;
X = Cl, Br) and [LNi(aryl)X] (L = dppe, dppp), and tested them as pre-catalysts for the
nickel-catalyzed carbonyl-ene reaction. To the best of our knowledge, there have been no
studies on the reactivity of complexes 3.1 and 3.3 towards Grignard reagents. Therefore,
the catalytic activity of complex 3.3 for the carbonyl-ene reaction could be explored in
more depth (Scheme 6.1). The results of such a study could subsequently be used to
conduct a comparative study on the catalytic activity of complex 3.3 as a pre-catalyst for
the carbonyl-ene reaction, as compared to those with the related reported Ni(II)diphosphine and Ni(cod)2 as the source of nickel (Scheme 6.2).

3.3

6.1

Scheme 6.1. Reactivity of complex 3.3 towards Grignard reagent.2
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Scheme 6.2. Ni-catalyzed carbonyl-ene reaction.2

Another interesting research direction could be to study the catalytic activity of
nickel nanoparticles for the hydrogenation of CO2 to formic acid/formamide. Nickel-based
catalysts have attracted attention because of their availability and low price, along with
their potential applications as catalysts and as magnetic materials.3,4 Over the past few
years, there has been a growing interest in the synthesis of nickel nanoparticles because,
compared to commercial nickel powder, nanoparticles have a higher surface area and
higher catalytic activity.
In 2015, Chen et al.5 developed a method for the catalytic activity of commercial
nickel powder catalyst for the reduction of NaHCO3 using N2H4·H2O to produce formic
acid with a 50% yield and 99% selectivity. This research encouraged me to prepare new
nano-nickel catalysts using greener reducing agents, such as H2, sugar, and NaBH4 because
N2H4·H2O imposes environmental and biological risks. The synthesized nickel complexes
(4.1, 4.2, 4.3) discussed in Chapter 4 could be tested for the potential application in the
synthesis of nickel nanoparticles. The proposed nickel nanoparticles could then be
synthesized using the liquid phase reduction method according to the preparation of iron(0)
nanoparticles (Scheme 6.3).6 Additionally, the thermal decomposition method could also
be tested according to the method published in the literature (Scheme 6.4 ).7
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Scheme 6.3. Synthesis of nickel nanoparticles.6

Scheme 6.4. Preparation of nickel nanoparticles by thermal method.7

Firstly, the Ni-nanoparticles could be synthesized and fully characterized by SEM,
TEM, XPS, and XRD techniques. Secondly, the synthesized Ni-nanoparticles could be
tested catalytic activity for the hydrogenation of CO2 to formic acid (Scheme 6.5). If these
approaches are found to be feasible, there would be an opportunity to complete a
correlation study between the commercial nickel powder catalyst and the synthesized
nickel nanoparticles, analyzing both of their impacts in the hydrogenation of CO2 to formic
acid.

Scheme 6.5. Proposed pathway of reduction of HCO3- into formate over Ni-nanoparticles.5

Once the results of the correlation study are known, the formylation of various types
of primary and secondary amines could be performed with CO2 and H2 over synthesized
nano-nickel catalysts. Different reaction parameters could also be investigated for the
hydrogenation of CO2 in the presence of amines to further the studies.
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In the last 10 years, the abundant-metal based pincer complexes have attracted
considerable attention because of their ease of availability and economic advantage
compared to expensive metals, such as Rh, Ru, and Ir. Our synthesized Co/Ni-PNN pincer
complexes are not active catalysts for the hydrogenation of CO2 to formamide. However,
the synthesized complex (5.5) could be used for further studies as a homogeneous catalyst
for various types of cross-coupling reactions (equation 6.2),8 CO2 insertion reactions
(Scheme 6.6)9, and the reduction of CO2 to MeOH (Scheme 6.7).10
Heck reaction

(6.2)

Reduction reaction of CO2 with HBcat

6.2

6.3
Scheme 6.6. Ni-catalyzed reduction of CO2 to nickel formate complex.9
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In addition to the insertion of CO2 into the Ni-H bond in complex 6.2, another
interesting research direction might include studying the activity of complex 6.2 as a
homogeneous catalyst. As such, it could be used for the hydrogenation of CO2 to methanol
using catecholborane (HBcat) or other reducing agents, similar to the previously reported
reaction using [NiH(POCArOP)] (Scheme 6.7).10 It can be noted that there are no reported
studies of nickel-carbonyl complexes from the reaction of Ni(CO)4 and the PNN pincer
ligand, which therefore offers yet another area for potential exploration.

Scheme 6.7. Complex 6.2 catalyzed reduction of CO2 with HBcat to MeOH.10

Finally, further attempts could also be undertaken to study the complexation
behaviour of the synthesized pincer complexes (5.4, 5.5) with the activation of small
molecules, such as N2, CO, and NH3. Ammonia, N2, and CO activation with Co/Ni-pincer
complexes are relatively scarce in the literature, and so there is great potential for these
reactions.
Overall, I propose that all of the above future work directions would be interesting
areas for both academic/industrial research.
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Appendix A1

Table A1.1. Catalyst screening for formylation of morpholine.a
Entry

Metal precursor

Ligand

TON

Yield (%)

Metal salt:ligand:morpholine = 1:4:100
1

FeCl2

none

0

0

2

none

Ph3P

0

0

3

AlCl3

"

0

0

4

FeCl2

"

10

10

5

CoCl2

"

0

0

6

Co(OAc)2

"

6

6

7

NiCl2

"

0

0

8

Ni(OAc)2·4H2O

"

12

12

9

Cu(OAc)2

"

0

0

10

none

PN

0

0

11

FeCl2

"

0

0

12

CoCl2

"

0

0

13

NiCl2

"

0

0

14

none

PTA

0

0

15

FeCl2

"

12

12

16

NiCl2

"

16

16

17

Ni(OAc)24H2O

"

18

18

Metal salt:ligand:morpholine = 1:2:100
18

FeCl2

none

0

0

19

none

dmpe

0

0

20

AlCl3

"

0

0

21

MnBr2

"

0

0

22

FeCl2

"

56

56

23

FeCl3

"

54

54
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a

24

Fe(OAc)2

"

56

56

25

Co(acac)2

"

20

20

26

Co(acac)3

"

50

50

27

NiCl2

"

18

18

28

NiCl2·6H2O

"

14

14

29

Ni(OAc)2·4H2O

"

72

72

30

Ni(acac)2

"

86

86

31

Cu(OAc)2

"

20

20

32

Cu(OAc)2∙H2O

"

26

26

33

Cu(acac)2

"

14

14

34

Zn(BF4)2∙xH2O

"

10

10

35

none

dppe

0

0

36

FeCl2

"

16

16

37

CoCl2

"

0

0

38

Co(OAc)2

"

0

0

39

NiCl2

"

20

20

40

Ni(OAc)2·4H2O

"

26

26

41

Cu(OAc)2

"

0

0

42

none

dppp

0

0

43

FeCl2

"

0

0

44

CoCl2

"

0

0

45

Co(OAc)2

"

0

0

46

NiCl2

"

0

0

47

Ni(OAc)2·4H2O

"

0

0

48

Cu(OAc)2

"

0

0

Reaction conditions: metal salt (57.0 µmol), entries: 2-9, 10-13, and 14-17 for Ph3P, PN

and PTA (0.23 mmol), entries: 18-34, 35-41 and 42-48 for dmpe, dppe, and dppp (0.12
mmol) and morpholine (5.72 mmol) and DMSO (0.5 mL), T = 100 oC, t = 21 h, CO2
pressure 60 bar, and H2 added until the total pressure 100 bar, stirring rate 450 min-1. The
TON value is an average of the results from 2 trials.
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Table A1.2. Catalyst screening for formylation of 2-ethylhexylamine.a
Entry

Metal-precursor

Ligand

TON

Yield (%)

Metal salt:Ligand:2-ethylhexylamine = 1:2:100

a

1

FeCl2

none

0

0

2

none

dmpe

0

0

3

AlCl3

"

0

0

4

MnBr2

"

0

0

5

FeCl2

"

58

58

6

Fe(OAc)2

"

58

58

7

CoCl2

"

30

30

8

Co(OAc)2

"

30

30

9

Co(OAc)2∙4H2O

40

40

10

NiCl2

"

32

32

11

Ni(OAc)2·4H2O

"

70

70

12

CuI

"

0

0

13

CuCl2

"

10

10

14

ZnBr2

"

0

0

15

InCl3

"

0

0

Reaction conditions: metal salt (30.5 µmol), dmpe (61 µmol) and 2-ethylhexylamine (3.05

mmol) in 0.5 mL DMSO, T = 135 oC, t = 21 h, CO2 60 bar and H2 added until the total
pressure 100 bar, stirring rate 450 min-1. The TON value is an average of the results from
2 trials.
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Table A1.3. Catalyst screening for formylation of dimethylamine.a
Entry

Metal-precursor

Ligand

TON

Metal salt:Ligand:NHMe2 = 1:2:200
1

FeCl2

none

0

2

none

dmpe

0

3

FeCl2

"

54

4

Fe(OAc)2

"

108

5

Fe(BF4)2∙6H2O

"

78

6

Co(OAc)2∙4H2O

"

0

7

Co(acac)2

"

0

8

Ni(OAc)2·4H2O

"

142

9

Ni(acac)2

"

138

10

NiBr2∙4H2O

"

92

11

Cu(OAc)

"

86

12

Cu(BF4)2∙4H2O

"

26

13

NiCl2

PNHP

0

14

Fe(OAc)2

"

0

15

Ni(OAc)2∙4H2O

"

0

Metal salt:Ligand:NHMe2 = 1:4:200

a

16

Fe(OAc)2

PN

0

17

"

PO

0

18

Ni(OAc)2∙4H2O

Me2PhP

0

19

Ni(acac)2

"

0

20

NiBr2∙4H2O

"

0

Reaction conditions: metal salt (39.1 µmol), entries: 2-12, 13-15, for dmpe and PNHP

(0.078 mmol), entries: 16-17 for PN, PO and entries: 18-20 for Me2PhP (0.156 mmol),
dimethylamine (3.91 mmol) and DMSO (0.5 mL), T = 100 oC, t = 21 h, CO2 60 bar, and
H2 added until the total pressure 100 bar, stirring rate 450 min-1. The TON value is an
average of the results from 2 trials.
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Appendix A2

Selected Figures

Figure A2.1. Unit cell of 4.1 with and without the solvent molecules (packing range: -1.5,
2.0; 0, 1; 0, 1).
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Figure A2.2. The FT-IR spectrum of complex 4.2 (KBr pellet).
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Figure A2.3. 1H NMR spectrum of crude product N-formylmorpholine (400 MHz, MeOD-d4).
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Figure A2.4. 1H NMR spectrum of crude product 2-ethylhexylformamide (400 MHz, MeOD-d4).

FT-IR spectral data:

The FT-IR spectrum of the complex (4.1) (KBr, cm-1): 1611s, 1519m, 1165m, 1020m and
587m cm-1 which are assigned as ν(C=O), ν(C=C), ν(P=O), ν(C-O) and ν(Ni-O),
respectively.

The FT-IR spectrum of the complex (4.2) (KBr, cm-1): 3440-3200br, 1594s, 1517w, 1016m
and 569m cm-1 which are assigned as ν(OH), ν(C=O), ν(C=C), ν(C-O) and ν(Ni-O),
respectively.

200

