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Chapter 1
Introduction

Abstract Huge amount of carbon dioxide emission poses a serious threat to our
environmental and biological systems. Development of sustainable energy system
based on CO, is highly desired. This chapter briefly introduces the approaches of
CO, activation and transformation, and emphasizes CO, reduction to formic acid
and methanol, which are currently considered as promising energy carriers and
alternative fuels.

Keywords CO, emission - CO, activation - CO, reduction - Alternative fuels
Hydrogen economy - Methanol economy

In nature, plants use carbon dioxide (CO,) to produce hydrocarbon and oxygen via
photosynthesis, whereas the respiration consumes oxygen and releases CO,. The
levels of CO, concentration were almost constant and fluctuated minutely before
the beginning of the industrial revolution. However, the balance in nature was
broken since the start of the industrial revolution. Human activities, including
deforestation, cement manufacture, and consumption of fossil fuels, caused the
dramatic increase of CO, atmospheric concentration. This concentration has
exceeded 400 ppm milestone in 2015 and will no longer decrease [1]. CO, is
known as one of the important greenhouse gases. Global warming is the direct
effect of increased atmospheric CO, concentration. The average global surface
temperature has increased by 1 °C than in the 1960s [1]. The period from 2011 to
2015 has been the hottest 5-year period on record. Global warming leads to severe
decline of Arctic sea ice and land ice, thus resulting in the sea level rise of 200 mm
from 1870 to 2000. Another consequence of anthropogenic CO, emission is ocean
acidification. This phenomenon causes major damage to the ocean ecosystems [2].
These combined effects have a strong influence on the biological and ecological
systems worldwide.

Another major concern of our society is the depletion of fossil fuels, a nonre-
newable energy resource. Since the modern society mainly relies on fossil resources
to provide either energy or basic chemical resource, building a sustainable energy or
chemical industry system before the depletion of fossil resources is of much
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Fig. 1.1 Industrial production of salicylic acid and urea with CO,

importance. Therefore, capture and utilization of CO, as fuels and chemicals is
becoming an important scientific project. The use of CO, as an economical and
abundant C1 building block to construct various chemicals and fuels has attracted
increasing attention [3-8]. However, CO, is a thermodynamic stable molecule.
Converting CO, into value-added chemicals and fuels is a challenging task. In the
industry, CO, is only used to produce limited products including urea, organic
carbonates, and salicylic acid (Fig. 1.1). A total of 150 million tons of urea is
produced annually. This process utilizes 109.5 million tons of CO,, which accounts
for 94% of CO, consumption [9]. However, urea production makes no contribution
to carbon sequestration because urea emits equal amounts of CO, when applied to
the soil as a fertilizer. Moreover, the production of the co-reactant, ammonia, from
fossil resources releases more CO,.

The great challenge of CO, transformation is ascribed to the thermodynamic
stability and kinetic inertness of CO, molecule. The length of the C=O double bond
in CO, is 116 pm, which is shorter than that of C=0 in carbonyl compounds
(123 pm); therefore, the C=0O double bond of CO, is extremely stable.

To overcome the high energy barrier of CO, activation, catalysts are required. In
the linear CO, molecule, the carbon atom is electron deficient and thus acts a Lewis
acid, whereas the oxygen atom is a Lewis base. Transition metal as a Lewis base is
demonstrated to be efficient in activating the weak electrophilic CO, molecule. The
three possible coordination modes are illustrated in Fig. 1.2a. n' C-bound structure
is the most common mode. Besides metals in a low oxidation state, other
electron-rich species, such as base and hydride, are prone to attack C by forming a
o bond. Transfer of electron to the C atom results in a bent CO, anion. This
process can be facilitated by the interaction of the O atom with the electrophilic
atoms through the outer coordination sphere. © coordination of one C=0 bond to
the metal center leads to a 1>-CO bonding mode. In this mode, the electron transfers
from CO, to the metal center and weakens the C=0O bonds. Transition metals such
as electron-poor species with a high oxidation state attack the O atom. n' O-bound
mode is observed, but difficult to form. nZ—OO mode is usually found in interaction
with alkali metals. In addition, organocatalysts, such as frustrated Lewis pairs
(FLPs), have recently achieved great progress in CO, activation [10, 11]. FLPs are a
combination of bulky Lewis acid and Lewis base that do not form classical adducts
because of the steric or geometric constraints. FLPs are ambiphilic and thus can
activate CO, by adduct formation (Fig. 1.2b).
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Fig. 1.2 a Coordination modes of CO, with transition metal complex. b Ambiphilic activation of
CO, with FLPs

Besides using catalysts to decrease the energy barrier, using reactants of high
intrinsic energy can render CO, transformation thermodynamically feasible.
Three-membered heterocycles, especially epoxides, is typically used to incorporate
the entire CO, molecule into products. The production of cyclic carbonate ethylene,
propylene carbonate, and polycarbonate has been industrialized [7]. Nevertheless,
no formal reduction is involved in this process. CO, is the end product of hydro-
carbon combustion with the highest oxidation state. To fulfill the energy storage and
convert CO, to fuels, CO, reduction is a prerequisite. CO, is reduced by photo-
chemical, electrochemical, and thermal hydrogenation methods [12—14]. Photo- and
electrochemical CO, reduction are of great interest, but this topic is beyond the scope
of this book. As shown in Fig. 1.3, CO, can be reduced to various compounds,
including aldehydes, acids, amides, alcohols, amines, and hydrocarbon.

Among these products, formic acid (FA) is recently recognized as a promising
hydrogen storage material [15, 16]. Moreover, it can be directly used in the formic
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Fig. 1.3 Various chemicals and fuels from CO, reduction
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acid fuel cell to produce electricity. Production of FA from CO, contributes greatly
to the proposed “hydrogen economy” [17]. The hydrogenation of CO, into formic
acid (Eq. 1.1) in the gas phase is endergonic (AG®;95 = +33 kJ mol_l). When the
reaction is carried out in the aqueous phase (AG°y95 = —4 kJ mol ') or with the
addition of a base such as ammonia (Eq. 1.2, AG®g = —9.5 kJ mol ! in the gas
phase), the CO, hydrogenation becomes exergonic and feasible. If base is added to
the aqueous solution, the reaction is more favorable (Eq. 1.2,
AG°r9g3 = =35 kJ mol ! in the aqueous phase) [18]. The solvent effects of water
and deprotonation of FA with base are important for CO, hydrogenation. The
acid/base equilibrium of CO, in water (Eq. 1.3) makes the reaction quite compli-
cated. Although “hydrogenation of CO,” is frequently used in this book and
elsewhere, in basic aqueous solutions, the substrates used are HCO;  and CO32_
besides CO,, depending on the pH of the solution. The hydrogenation of bicar-
bonate into formate in water (Eq. 1.4) is also known to be exergonic on the basis of
the theoretical calculations (AG®9g = —9.6 kJ mol™!) [19].

CO, +H, = HCO,H (1.1)

CO, +H, + NH; = HCO; + NH;" (1.2)

K,=6.35 K> =10.33
CO,+H,0 = H,CO; " =" HCO; +H' "= COZ +2H"  (1.3)

HCO; +H, = HCO; + H,0 (1.4)

Another product methanol is applied as liquid fuel, as well as in MeOH fuel cell.
The generation of water makes the CO, hydrogenation to MeOH thermodynami-
cally favorable (Eq. 1.5, AG°95 = —9.5 kJ mol™') in the gas phase [20]. The
thermodynamics is more favorable for this reaction in an aqueous solution (Eq. 1.5,
AG®95 = =79 kJ molfl) [18]. The concept of “methanol economy” has recently
been put forward by Olah and co-workers [21-24].

CO, +H, = CH;0H + H,0 (1.5)

Both in hydrogen economy and methanol economy, fossil fuels are replaced
with hydrogen or methanol as a means of energy storage. In methanol economy,
methanol can be regenerated from chemical recycling of CO,. Therefore, carbon
neutral process is achieved. In hydrogen economy, if H, is totally produced from
photocatalytic water splitting, CO, emission is completely avoided. Both economy
forms have specific advantages and disadvantages; they provide promising alter-
natives to the current economy based on fossil fuels. A number of previous books
and reviews described the CO, transformation [9, 18, 25-31]. Whereas our main
focus is the development of an alternative and sustainable economy involving CO,
conversion [32]. This book discusses the transformation of CO, to FA and MeOH
utilizing either homogenous or heterogeneous catalysts. This book covers the most
recent advances in both transformations, including the design of catalysts and



1

Introduction 5

catalytic mechanism. Hence, this book will help and serve as motivation for
studying mechanism of CO, transformation and developing renewable energy
sources.
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Chapter 2
Transformation of CO, to Formic Acid
or Formate with Homogeneous Catalysts

Abstract Homogeneous hydrogenation of carbon dioxide to formic acid or for-
mate has attracted much attention due to its high performance. Various metals
including noble metals and nonprecious metals combined with different ligands
have been investigated. The catalytic mechanism and catalyst design principle are
described in detail. Recently developed CO, hydroboration and hydrosilylation to
formate are also covered.

Keywords CO, hydrogenation - CO, hydroboration - CO, hydrosilylation
Formic acid - Catalyst design - Electronic effect - Pendent-base effect

Formic acid is widely used as preservative, insecticide, and industrial material for
synthetic processes. It can be used directly in FA fuel cells to provide electricity.
Most recently, it is recognized as one of the most promising hydrogen storage
materials, especially for portable power application, because of its many advan-
tages: (1) nontoxic and biodegradable, (2) liquid at ambient conditions, (3) easy to
store and transport, (4) has relatively high hydrogen content (4.4 wt%), and
(5) highly sustainable and renewable. The interconversion of H,/CO, and FA/
formate occurs highly selectively under relatively mild conditions.

The hydrogenation of CO, to formic acid or formate dates back to 1976. The
pioneering work by Inoue et al., using triphenylphosphine (PPhs) complexes of Ru,
Rh, and Ir, opened the avenue for homogeneous catalytic hydrogenation of CO, to
formic acid [1]. However, their research did not attract considerable attention until
the 1990s, in which the interest on CO, conversion to formate was revived. The
catalysts were extended to a variety of transition metals, such as Pd, Ni, and Fe. In
addition to phosphorous ligands, C,N- and N,N-chelated ligands, N-heterocyclic
carbine (NHC) ligands, and pincer ligands were also developed. The solvent effect
has also been widely investigated. Highly polar solvents, such as MeOH, DMSO,
and DMF, are demonstrated to be favorable for the transformation [2]. Noyori and
Jessop et al. used supercritical carbon dioxide (scCO,) as reactant and solvent and
obtained high activity [3, 4]. Recently, water has achieved great success in a wide
variety of applications [5].

Carbon dioxide is a cheap, safe, and abundant C1 building block [6].
Hydrogenation of CO, to formate/formic acid provides a sustainable method for

© The Author(s) 2018 7
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producing basic chemicals and fuels. Homogeneous hydrogenation of CO, to
formate or formic acid has attracted increasing attention, and a number of reviews
have summarized significant progress in the last two decades [6—11]. Table 2.1 lists
the most efficient systems for this transformation. In this chapter, we will introduce
the most recent development of CO, hydrogenation to FA/formate and highlight the
most efficient catalytic systems and catalyst design principle.

2.1 CO, Hydrogenation Using Noble Metals

The work by Inoue et al. on homogeneous CO, hydrogenation to formic acid used a
series of metal complexes with Ru, Rh, and Ir [1]. Following their work, a variety
of noble metal complexes have been developed and exhibited remarkable activity.

2.1.1 Ruthenium Complexes

2.1.1.1 Ru Complexes with Phosphine Ligands

In 1994, Noyori and Jessop et al. explored a scCO, system for CO, hydrogenation
with serval merits [3]. scCO, can act as solvent and reactant, and hydrogen has high
solubility in scCO,. Therefore, scCO, is favorable for mass transport and heat
transfer. RuH,(PMes), (1) and RuCl,(PMej3), (2) afforded high initial rates of 1400
and 1040 h™', respectively, in the presence of Et;N and MeOH at 50 °C.
Subsequently, Jessop et al. utilized appropriate amine and alcohol adducts to
accelerate the reaction rate, achieving a high TOF of 95,000 h™! with RuCl(OAc)
(PMes3), (3) in scCO; [4, 47].

Joo et al. performed extensive studies using phosphine ruthenium complexes
including [RuCly(tppms),], (4) (tppms: 3-sulfonatophenyldiphenylphosphine) and
[RuCl,(PTA)], (5) (PTA: 1,3,5-triaza-7-phosphaadamantane) (Fig. 2.1) in amine-
free aqueous solutions [27, 28, 48-50]. A high TOF of 9600 h™! was obtained with
catalyst 4 at 9.5 MPa and 80 °C. Subsequently, reaction mechanisms were inves-
tigated in detail by Laurenczy and co-workers using ruthenium catalysts 5 [27,
51-53]. Beller and Laurenczy et al. reported moderate catalytic activity (TOF:
1259 h_l) using in situ complex [RuCly(C¢Hg)lo/dppm (6) (dppm: 1,2-bis
(diphenylphosphino)methane) in aqueous NaHCO; under 8.5 MPa of H,/CO, (5/
3.5) at 70 °C [29]. Although this catalyst provided a high initial reaction rate,
deactivation was observed after the first few hours.

Leitner et al. developed a continuous-flow system for the hydrogenation of
scCO; to produce pure formic acid in a single process unit [38]. They performed the
reaction with a ruthenium precursor [Ru(cod)(methallyl),] (7) (cod:
1,5-cyclooctadiene; methallyl: CH,C(CH3)CH,—) and ligand PBuytppms, using
amine-free or amine-functionalized IL as the stationary phase at 50 °C under
10 MPa of H,/CO, (1/1). Notably, they obtained high TON (1970) and TOF
(>295 h™") values in a continuous-flow system using the amine-free IL EMIM
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14 2 Transformation of CO, to Formic Acid or Formate ...

(HCO,) (EMIM: 1-ethyl-3-methylimidazolium). The extraction rate of formic acid
from the amine-functionalized ionic liquid was found to be the limiting factor under
continuous-flow conditions.

A series of ruthenium(II) complexes [(N-N")RuCl(PMes);] (8) with PMe; and
pyridinylazolato ligands (N-N', Fig. 2.1) bearing various electron-withdrawing and
-donating substituents was investigated in the hydrogenation of CO, under super-
critical conditions [54]. The triazolato system with an unsubstituted ligand was
found to be superior (TON up to 4800) under relatively mild conditions. Under
supercritical conditions, Thiel et al. reported that CO, hydrogenation catalyzed by
simple ruthenium complexes with P(OMe);, P(OEt);, P(O'Pr);, and P(OPh); in the
presence of DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) and C¢FsOH [23]. trans-
[RuCl,{P(OMe); }4] offered high activity (TON = 6630, TOF = 1655 h_l) similar
to that of [RuCl,(PMes),] (TON = 7625, TOF = 1905 h_l) under the same
experimental conditions.

Byers et al. studied the effect of inexpensive additives for CO, hydrogenation
with RuCl,(PPhs)(p-cymene) (9) in DMSO or MeOH [55]. They suggested that the
addition of inorganic additives, such as KHCO3;, KOAc, and KNO;, improved
catalytic activity by up to 510%. This study promoted the investigation of cheap
additives to enhance CO, transformation.

Recently, Laurenczy et al. reported the direct hydrogenation of CO, to produce
formic acid with [RuCl,(PTA),4] (10) in acidic media [24]. When H,O was used as
solvent, a formic acid solution of 0.2 M was obtained at pH 2.7 and 60 °C under
20 MPa H,/CO, (3/1), corresponding to a TON of 74. When DMSO was used,
formic acid concentration of 1.9 M was obtained at 60 °C under 10 MPa H,/CO,
(1/1) after 120 h. The catalyst is highly stable and can be recycled and reused
multiple times without loss of activity. A total TON of 749 was achieved after the
fourth cycle in recyclability tests. The most important merits of this system are
direct FA production and without the need for basic additive and the requirement of
acidification after reaction.

In 2016, Dang et al. investigated the steric and electronic effects of bidentate
phosphine ligands in the Ru complexes 11-13 for the hydrogenation of CO, to
formic acid by DFT calculations [56]. As shown in Scheme 2.1, the reaction
undergoes three major steps: cis-trans isomerization of ruthenium dihydride com-
plex, CO, insertion into the Ru-H bond, and H, insertion into the ruthenium
formate ion to release HCOOH. The steric effect of the ligands slightly affected the
reaction, and the electronic effect activated cis-trans isomerization and H, insertion.

Q SO;3Na PPh, /N7 X
) < P»Y/N O
/ /
@ PPh, \N) \ N N-N
tppms dppm PTA N-N'

Fig. 2.1 Phosphine and N,N-bidentate ligands used in Ru complexes
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Scheme 2.1 Overall process of Ru-catalyzed CO, hydrogenation. Redrawn based on Ref. [56].
Copyright (2016) Wiley-VCH GmbH & Co. KGaA, Weinheim

2.1.1.2 Ru Complexes with Pincer Ligands

Pincer complexes are demonstrated to activate small molecules, such as H, and
CO,, through metal-ligand cooperation [57]. The non-innocent nature of pincer
ligands is crucial in the activation of CO, via an aromatization/de-aromatization
mechanism [58, 59]. The crystal structures of CO, adducts 14 and 15 derived from
Ru(PNP) complex 16 and Ru(PNN) complex 17 were reported by Milstein and
Sanford, respectively (Fig. 2.2) [60, 61]. During hydrogenation, complex 16
reversibly converts to 15. Complex 17 showed high activity in CO, hydrogenation
and afforded a TON up to 23,000 and a TOF up to 2200 h™" at 200 °C for 48 h
under 4 MPa H,/CO, (3/1) in diglyme in the presence of K,CO; [32].

In 2013, Pidko et al. reported the catalytic CO, hydrogenation with Ru—PNP
pincer complexes 18-21 in the presence of DBU in THF. Complex 20 gave a high
TOF of 14,500 h™! at 70 °C under 40 bar H,/CO,, whereas complex 21 exhibited
better performance with a TOF of 21,500 h! [33]. The authors revealed the effect
of metal-ligand cooperation in catalytic CO, hydrogenation by in situ NMR
spectroscopy and DFT calculations. Complex 20 produced from ligand-assisted
CO, activation remained in an inactive state and inhibited the catalytic reaction.
The addition of water restored the catalytic activity by providing a pathway toward
the formation of active species (Scheme 2.2). Their group further investigated the
reversible hydrogenation of CO, under mild conditions with Ru pincer complex 18
[31]. Using DBU as a base, complex 18 provided an unprecedented TOF as high as
1,100,000 h™! at 120 °C under 4 MPa H,/CO, (3/1) in DMF. The catalytic
mechanism of the Ru-PNP pincer complex in the presence of DBU was subse-
quently investigated using DFT calculations [62].

In 2016, Olah and Prakash et al. reported an environmentally friendly and direct
approach for CO, capture by amines in aqueous media and in situ conversation to
ammonium formate with Ru—PNP complexes 25 and 26 (Scheme 2.3) [63]. The
amines in this process had a dual purpose of transforming CO, to ammonium
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Fig. 2.2 Pincer Ru complexes for CO, hydrogenation

carbamate/bicarbonate/carbonate and stabilizing the formate product. Among the
various amines tested, tetramethylguanidine (TMG) provided the highest yield of
95% and highest TON of 7375 for 20 h at 50 °C under 50 bar H; in the presence of
complex 25, while diazabicyclo[2.2.2]octane (DABCO) afforded the highest TOF
(433 h™") under the same conditions. Catalyst recycling was also studied in a
biphasic system consisting of 2-methyltetrahydrofuran and water. When catalyst 25
was used, an overall TON of >7000 for formate was obtained after five cycles, and
the activity of the catalyst exhibited no significant decrease. This study presented an
environmentally friendly and straightforward approach to produce formate from
captured CO,.

2.1.2 Rhodium Complexes

For CO, hydrogenation, phosphine ligands as c-donors were demonstrated to be
effective and applicable with metals, such as rhodium. In 1992, Tsai and Nicholas
reported that a precatalyst [Rh(NBD)(PMe,Ph);]BF, (27) (NBD: norbornadiene)
can be converted to [H,Rh(PMe,Ph);(OH,)]BF, (28) by the addition of H; in wet
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Scheme 2.2 Experimentally observed transformations of Ru—PNP complexes in the presence of
H, and CO,. Redrawn based on Ref. [33]

NH4-an+
NHe R co, RnH2,NCOO" H, , Cat.
3-n"n and/or > NH3_,R," HCOOH
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H H
H ,/_\\P:Ph HN, \P " L @N
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Ph H_ Ph Cl TMG DABCO
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Scheme 2.3 CO, capture and conversion to ammonium formate
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THF (4% H,0) and produced formate more than twice as fast than that in dry THF
[64]. The addition of a small amount of water was favorable for the catalytic
activity of rhodium complex in CO, hydrogenation in THF. The authors speculated
that H,O molecule bound to a metal center could form a hydrogen bond with the
oxygen atom of CO,, improve electrophilicity of the carbon atom, and stabilize the
transition state for CO, insertion. Kolesnichenko et al. studied the hydrogenation
reaction catalyzed by Wilkinson’s complex RhCI(PPhs); (29) in polar solvents
(e.g., DMSO and MeOH), which afforded a TON of 2500 for 20 h at 25 °C under
6 MPa H,/CO, (2/4) [2].

Most metal phosphine complexes are lipophilic, while introduction of polar
groups, such as sulfonic acid, endows water solubility on the complexes. This
improvement satisfied the catalytic CO, reduction in water. In 1993, a water-soluble
rhodium catalyst RhCl(tppts); (30) (tppts: tris(3-sulfonatophenyl)phosphine) was
first reported by Leitner et al. for CO, hydrogenation in water. It gave a high TON
of 3440 under relatively mild conditions (rt, 4 MPa H,/CO, = 1/1) in the presence
of HNMe, for 12 h [35].

Phosphines are usually “spectator” ligands. Mimicking the active site of
[Fe-Fe]-hydrogenase, Kubiak et al. synthesized five [Rh(P,N»),]* complexes and
the corresponding rhodium hydrides with substituted cyclic diphosphine P,N,
(1,5-diaza-3,7-diphosphacyclooctane) [65]. They found that pendant amines intro-
duced in the second coordination sphere were unable to deprotonate the strongly
basic dihydride species. The effect of the P,N, ligands was attributed to their
electron-donating ability, which increased electron density at the metal center.
[Rh(depe),]* (depe: 1,2-bis(diethylphosphino)ethane) (31) was found to be the
most active catalyst that gave a TON of 515 under 2 atm H,/CO, (1/1) and 21 °C in
THF in the presence of Verkade’s base (2,8,9-triisobutyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3Jundecane) for 1 h. The less hindered depe ligand is favor-
able for accessing the external base to the metal center to promote the oxidative
addition of H,.

NHC ligands are also strong electron donors. Very recently, Herrmann and Kiihn
et al. reported the hydrogenation of bicarbonate to formate using Rh catalyst 32
with water-soluble bis-NHC ligand under mild reaction conditions [39]. A high
TON of 3600 was obtained with complex 32 under 50 bar H, in 2 mol/L KHCO;3
aqueous solution for 72 h at 100 °C. KHCOj3; showed better catalytic performance
than NaHCO5 as bicarbonate source because of the lower solubility of NaHCO; in
water. The authors utilized DFT calculations to investigate the mechanism
(Scheme 2.4). The mechanism was divided into three steps: first, the chloride ligand
was replaced by bicarbonate; subsequently, bicarbonate was reduced to formate by
reducing agents; and finally, formate was exchanged by bicarbonate. The
rate-limiting step could be the reduction of the carbon atom. The authors suggested
the involvement of another catalyst molecule, which provided an external hydride
for the reduction of bicarbonate.
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Scheme 2.4 Proposed overall mechanism for the reduction of bicarbonate to formate with
sulfonated water-soluble complex 32. Redrawn based on Ref. [39]. Copyright (2016) Wiley-VCH
GmbH & Co. KGaA, Weinheim

2.1.3 Iridium Complexes

Compared with Ru and Rh complexes, Ir complexes have exhibited superior
activity and recently attracted considerable attention. They also showed high sta-
bility and catalyzed reactions under high temperature, thereby providing higher
outcomes.

2.1.3.1 Ir Complexes with Pincer Ligands
In 2009, Nozaki and co-workers developed an Ir trihydride complex IrH3(PNP) (33,

Scheme 2.5) and achieved the highest activity for CO, hydrogenation. Given the
low water solubility of the PNP complex, they chose THF as a cosolvent for



20 2 Transformation of CO, to Formic Acid or Formate ...

B H
’PrszlrfP’Prz
N AH o)
H N
u / ‘ P \ H H,C*O
'Tl/‘ +CO2 i _
iPrp ,!r ! PPr, A PryP o Ir P'Pry
HN o ‘ N
@ \ >
+ HZ/ H B
A"H,0
. HH H ocoH
"PryP—Ir—P'Pr, TS A ‘PrszlrfP‘Prz
N__—~ OH"~ H N
H
‘ . +H/‘ . |
Z Pr,p—EIr=|—PiPr, Z ¢
G Hy\, H
N
N
= -
-H,0 \ - OCOH
|
i
H OH, ipr,p—Ir*—PiPr,
Pr,p— IrfP Pr, N
N ¥z ‘ =
\ =
=
F S~ " oH - D
—p!
TS EIF iPr,p H/!r P'Pr,
N AH +OH
| H
=
E

Scheme 2.5 Proposed mechanism for the hydrogenation of CO, by 33 based on Ref. [13]

homogeneous catalysis. Complex 33 (Fig. 2.3) showed an extraordinarily high TOF
of 150,000 h™" at 200 °C and TON of 3,500,000 (48 h) at 120 °C under 8 MPa H,/
CO, (1/1) in H,O/THF (5/1) [12, 13]. Soon after their study, the catalytic mech-
anisms of the PNP Ir complex were investigated with computational methods [13,
60, 67].

P—I—P  P—|=Ir=

7 r—
H N—Ir—H \ \
N 7 e}
s DA S |r(H X X X X
= ¥‘,P
H

33 P:/PryP 34 P:'Pr,P 35 P:/Pr,P 36 P: {Bu,P 37 P:'Buy,P
X: O or CH, X: O or CH,

Fig. 2.3 Pincer Ir complexes for CO, hydrogenation in water
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Nozaki et al. carried out DFT calculations using pincer complex 33 as a catalyst
[13]. Two competing reaction pathways were identified, and the rate-determining
steps (RDSs) were determined to be deprotonative de-aromatization (via TS E/F)
and hydrogenolysis (via TS I/A) (Scheme 2.5). The calculated free energy profiles
provided an explanation for the effect of H, pressure, base, and solvent and were
consistent with experimental data.

Feller and Milstein et al. presented a unique mode of stoichiometric CO, acti-
vation and reductive splitting based on metal-ligand cooperation [68]. The Ir pincer
complexes 38 and 39 reacted with CO, to give intermediate 40, which resulted in
de-aromatized complex 41 by intramolecular dehydration with the assistance of
H,0 molecule. Complexes 42 and 43 were formed reversibly by CO, binding to the
ligand and metal (Scheme 2.6). DFT calculations revealed that thermodynamic
products 42 and 43 were side products rather than intermediates. Their study helped
us further understand the CO, activation mode of pincer complex through metal—
ligand cooperation.

Scheme 2.7 Proposed H H
mechanism for CO, ('L'P\Il H
hydrogenation using catalyst H,0 _ 1\_
34 with the displacement of k—I——P €O,
formate by H, as the H
rate-determining OH-
step. Redrawn based on Ref. 34
[14]. Copyright (2011) HeH ]
American Chemical Society H P * 0=C_
YUty SPYe)
N—Ir—H 1P|
ey G —
| N—Ir—H
H |\p

HCO,~ Hy
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In 2011, Hazari and co-workers developed IrH3(PNP) complex 34 bearing an N—
H group, which formed stable complex 35 with CO, (Fig. 2.3) [14]. Their calcu-
lations indicated that CO, insertion was facilitated by an N-H-O hydrogen bond
through an outer sphere interaction (Scheme 2.7). Complex 35 achieved a maxi-
mum TON of 348,000 and a high TOF of 18,780 h™'. IrH,(PCP) pincer complex
36 could form rk’-formato complex 37 by reaction with CO, (Fig. 2.3) [69].
Complexes 36 and 37 are efficient and selective catalysts for electrocatalytic
reduction of CO, to formate in CH;CN/H,0.

2.1.3.2 Ir Complexes with N,N-Chelated Ligands

Compared with the widely used phosphine complexes, molecular complexes with N,
N-chelated ligands have attracted less attention in the context of CO, hydrogenation
[25, 70-73]. Recently, Himeda et al. have developed a series of N,N-chelated
complexes [Cp*Ir(DHPT)(OHz)]2+ (DHPT: 4,7-dihydroxy-1,10-phenanthroline),
[Cp Ir(nDHBP)(OH,)]** (nDHBP: n,n’-dihydroxy-2,2"-bipyridine, n = 3, 4, 5, 6),
[(Cp'IrCl),(THBPM)]** (THBPM: 4,4',6,6'-tetrahydroxy-2,2"-bipyrimidine), and
[Cp*Ir(Nn)(OHz)]2+ (n = 1-14, Fig. 2.4). Among these complexes, functionalized
complex bearing OH group exhibited remarkable activity. The significant effect of
the ligands is illustrated as follows:

Electronic effects. The studies by Jessop and Sakaki et al. indicated that com-
plexes bearing strong electron-donating ligands have high activity in CO, hydro-
genation [4, 74]. Inspired by their studies, Himeda’s group developed a series of
half-sandwich Ir complexes [Cp*Ir(4,4’-Rz—bpy)Cl]Jr (R = OH, OMe, Me, H) [17,
75-77]. The chloro ligand in these complexes can readily hydrolyze to form the
corresponding aqua complexes [Cp Ir(4,4'-R,-bpy)(OH,)]** in the presence of
water.

Among these catalysts, complexes bearing OH substituents show unique prop-
erties. The OH group (0'10+ = —0.92) is readily deprotonated to generate a consid-
erably stronger oxyanion electron donor (csp+ = —2.30) when the solution pH
increases beyond 5-6 [76]. Tautomerism of the oxyanion form is observed. The
conjugation effect makes the ligand highly electron donating (Scheme 2.8). These
hydroxy-substituted diamine ligands are classified as “proton-responsive ligands”
(Fig. 2.4) [78]. They are pH switchable and tunable in polarity and
electron-donating ability, and thus, are capable of adjusting the catalytic activity
and water solubility of the complexes.

Hammett constants (csp+ ) are usually used to characterize the electron-donating

ability of the substituents: the more negative the G;’ values, the stronger their
electron-donating ability. Figure 2.5 shows the correlation between the initial TOFs
and the G; values of the substituents for the [Cp*lr(4,4’-R2-bpy)(OH2)]SO4
complexes. The activity of [Cp*Ir(4DHBP)(OH2)]SO4 (4DHBP: 4,4'-dihydroxy-
2,2'-bipyridine; Fig. 2.4) is over 1000 times higher than that of the unsubstituted
analogue [Cp*lr(bpy)(OHz)]SO4 under the same conditions (80 °C, 1 MPa CO,/
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H, = 1). The significant improvement of the activity can be attributed to the strong
electron-donating ability of the oxyanion. The catalytic activity of [Cp Tr((6DHBP)
(OHZ)]2+ and its analogues [Cp*Ir(6,6’—R2—bpy)(OH2)]SO4 (R = OMe, Me, H) was
also investigated [16]. As shown in the Hammett plots (Fig. 2.3), similar to the 4,4'-
substituted analogues, stronger electron-donating substituents lead to higher reac-
tion rates.

Most recently, Himeda et al. reported iridium catalysts with electron-donating
imidazoline moieties as ligands for the hydrogenation of CO, to formate in aqueous
solution. These complexes are considerably more effective than the imidazole
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Fig. 2.5 Correlation between initial TOFs and csp+ values of substituents (R) for the CO,
hydrogenation catalyzed by (a) [Cp*lr(4,4'-Rz-bpy)(OHz)]SO4 (R = OH, OMe, Me, H; triangles)
and (b) [Cp*Ir(6,6’—R2—bpy)(OH2)]SO4 (R = OH, OMe, Me, H; circles). Reaction conditions:
1 MPa of H,/CO, (1/1), 80 °C; a 0.02-0.2 mM catalyst in 1 M KOH and b 0.01-0.2 mM catalyst
in 1 M NaHCOj;. Reproduced from Ref. [16] with permission from the Royal Society of

Chemistry

analogues [79]. The reaction rate (1290 h™") of the bisimidazoline complex [Cp'Ir
(N13)(OH,)]** was considerably higher than that (20 h™") of bisimidazole complex
[Cp*Ir(NIO)(OHz)]2+ under 1 MPa at 50 °C. Under atmospheric pressure at room
temperature, the bisimidazoline complexes exhibited a TOF of 43 h™', which is
comparable to that of the most efficient dinuclear complex [(Cp*IrCI)z(THBPM)]2+
(70 h™") [18]. The catalytic activity of the complex [Cp Ir(N14)(OH,)]** with an
N-methylated imidazoline moiety was the same as that of the unsubstituted
pyridylimidazoline analogue [Cp Tr(N12)(OH,)]**. The high activity was not
attributable to the deprotonation of NH in the imidazoline cycle under the reaction
conditions.

Pendant base effects. A hydroxy group near the metal center may act as an
important functional group, which can facilitate hydrogen dissociation and pro-
duction as found in Fe-guanylpyridinol cofactor in [Fe]-hydrogenase [80-82].
A computational study revealed that the pendant hydroxy group played an
important role in the activation of H, by forming a hydrogen bond [83]. Inspired by
these works, Himeda and Wang et al. developed a series of iridium complexes,
[Cp*Ir(nDHBP)(OHZ)]2+ (nDHBP: n,n’-dihydroxy-2,2'-bipyridine, n = 3, 4, 5, 6),
[(Cp IrCl)»,(THBPM)]**, and [Cp Tr(Nn)(OH,)]** (n = 2-6, Fig. 2.4), as catalysts
for CO, hydrogenation and the reverse reaction formic acid dehydrogenation under
mild conditions in water solvent [16, 18, 19, 84-86].

As shown in the Hammett plots (Fig. 2.3), the TOF (8050 h_l) of [Cp*Ir
(6DHBP)(OH,)]** was considerably higher than that (5100 h™") of [Cp Tr(4DHBP)
(OH,)]** under the same conditions. As the hydroxy groups at the para and ortho
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positions have almost the same electron-donating ability, additional rate enhance-
ment is attributed to the proximity of the hydroxy groups in 6DHBP to the metal
center. The possible cooperative effect of the adjacent OH, namely, pendant base
effect, was studied in detail by experimental and computational methods [16, 19, 86].

The mechanism study suggested that CO, hydrogenation generally involves
three steps: H, heterolysis to generate metal hydride, CO, insertion into the hydride
to give formato intermediate, and dissociation of formate. NMR experiments
indicated that [Cp*Ir(6DHBP)(OH2)]2+ forms the Ir-H species considerably more
easily than [Cp*Ir(4DHBP)(OH2)]2+ in the presence of H,. For instance, 95% of
[Cp*Ir(6DHBP)(OH2)]2+ converted to the Ir-H complex over 0.5 h under 0.2 MPa
H,, whereas only 90% of [Cp*Ir(4DHBP)(OH2)]2+ transformed to the corre-
sponding Ir-H complex over 40 h under 0.5 MPa H,. DFT calculations using
complex [Cp Tr(6DHBP)(OH,)]** suggested that the heterolysis of dihydrogen is
the RDS under basic conditions (pH 8.3) [16]. Furthermore, the calculations
showed that the adjacent oxyanions, which deprotonated from hydroxy groups
under basic conditions, became pendant bases and assisted the heterolysis of H,
(Scheme 2.9A-D).

A study on the deuterium kinetic isotope effect (KIE) further found clear evi-
dence for the involvement of a water molecule in the heterolysis of H, using [CpIr
(6DHBP)(OH2)]2+ and [Cp*Ir(NZ)(OHz)]2+ bearing a pendant base [19]. Water
participation enhanced proton transfer through the formation of a water bridge in
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Scheme 2.9 Proposed mechanism for CO, hydrogenation by [Cp*Ir(6DHBP)(OH2)]2+.
Reproduced from Ref. [16] with permission from the Royal Society of Chemistry



26 2 Transformation of CO, to Formic Acid or Formate ...

rate-limiting H, heterolysis. The KIE study was implemented with D,/KDCO3/D,0
instead of H,/KHCO3/H,0. When D, was used instead of H,, an apparent decrease
in reaction rate was found both in KHCO5/H,0 (KIE: 1.19) and KDCO5/D,0 (KIE:
1.20) solution using [Cp*Ir(4DHBP)(OH2)]2+, which bears no pendant OH.
Replacing H,O with D,O did not lead to a substantial rate decrease in Hy/KDCO;
(KIE: 0.98). This result indicated that D, participated in the RDS for [Cp*Ir
(4DHBP)(OH,)]**. By contrast, for [Cp Ir(6DHBP)(OH,)]** and [Cp Ir(N2)
(OH,)]** bearing pendant OH groups, D,O led to a larger rate decrease than that
with D,. This result suggested that D,O participated in the RDS for [Cp Tr(6DHBP)
(OH,)]** and [Cp*Ir(N2)(0H2)]2+. Therefore, it can be concluded that water par-
ticipated in the rate-limiting heterolysis of H, for [Cp*Ir(6DHBP)(OH2)]2+ and
[Cp Tr(N2)(OH,)]** and not for [Cp Tr(4DHBP)(OH,)]**. This study suggests that
a water molecule interacts with the pendant base and H, at the metal center, and
assists the heterolysis of H, via a proton relay (Scheme 2.10). DFT calculations
supported the participation of H,O in the transition state. The calculated transition
state with a water molecule is 14.2 kJ mol ™! lower than that without H,O. This
finding first proved the involvement of a water molecule in the H; heterolysis using
complexes bearing pendant OH groups.

Recently, Wang et al. developed a series of new proton-responsive
imidazoline-based complexes [Cp*Ir(Nn)(OHz)]2+ (n = 6-9) for highly efficient
CO, hydrogenation in aqueous systems [87]. [Cp*Ir(N9)(OH2)]2+, which contains
two OH groups at the ortho and para positions on a coordinating pyridine ring,
achieved an unprecedented TOF of 106 h™' and TON of 7280 for 336 h at 25 °C
under 0.1 MPa CO, and H,. The high efficiency of this system was attributed to the
combined effects of the strong electron-rich imidazoline moiety and pendant base
(OH groups).

The combined electronic and pendant base effects significantly improved the
activity of the bioinspired complexes [Cp Ir(6DHBP)(OH,)]**, [Cp Tr(N,)(OH,)]**
(N, = 2,2,6,6'-tetrahydroxy-4,4"-bipyrimidine),  and [(Cp*IrCl)z(THBPM)]2+.
[(Cp IrCl),(THBPM)]** provided an extraordinary TOF of 65 h™' and TON of 7200
(336 h) under ambient conditions (25 °C, 1 atm H,/CO,) in CO, hydrogenation.
[Cp Tr(N2)(OH,)]** showed comparable activity with [(Cp TrCl),(THBPM)]**.

PT
~ —0 y 0 —0
/‘o—\ /|OH\OF| /|O—H| H
N N i/ pT N H-0O
N \Ir):| - N \Ir’/I7| = N \Ir/l-|

CH
/ C Ho N/ P4
| p* | Cp* | Cp*
o NS o NS o

Scheme 2.10 Proposed mechanism for H, heterolysis assisted by the pendant base and a water
molecule through proton relay. PT indicates proton transfer. Reprinted with permission from Ref.
[19]. Copyright (2013) American Chemical Society
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2.1.3.3 Ir Complexes with C,C- and C,N-Chelated Ligands

Peris et al. developed a series of water-soluble complexes 44—46 using bis-NHC (N-
heterocyclic carbenes) as electron-donating ligands (Fig. 2.6) [21, 88]. By intro-
ducing hydroxy or sulfonate groups to the side carbon chains, the water solubility
was improved. Thus, the activity was remarkably enhanced for the CO, hydro-
genation to HCO,K. Another merit of bis-NHC ligands is that they endowed high
thermal stability to the corresponding complexes. Finally, a high TON of 190,000
was achieved with complex Irl,(AcO)(bis-NHC) 46, under 6 MPa H,/CO, (1/1) at
200 °C for 75 h.

Fukuzumi et al. developed C,N-chelated water-soluble Ir complex 47 bearing a
carboxyl group [22]. Aqua complex 47 can be deprotonated to give benzoate
complex 48 and hydroxo complex 49. The pK, values of complexes 47 and 48 are
determined to be 4.0 and 9.5, respectively (Fig. 2.7). Complex 48 was utilized for
CO; hydrogenation in 0.1 M K,COj solution (pH 8.8) by bubbling H,/CO, (1/1,
50 mL/min) under atmospheric pressure at 30 °C. A TOF of 6.8 h™' and a TON of
more than 100 were obtained over 20 h. In the same manner, the TOF increased to
22.1 h™" at 60 °C.
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Fig. 2.6 Peris et al.’s NHC Ir complexes for CO, hydrogenation in water
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Fig. 2.7 Fukuzumi et al.’s catalyst for CO, hydrogenation in water. Reprinted with permission
from Ref. [22]. Copyright (2012) Royal Society of Chemistry
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2.2 CO, Hydrogenation Using Non-precious Metals

Although noble metals, such as Ir, Rh, and Ru, are widely used for CO, hydro-
genation and great success has been achieved, their high cost is one drawback for
their practical application. Therefore, various non-precious metals, such as Ni, Fe,
Co, and Mo, were investigated. Efficient ligands for noble metals-based complexes
are usually also capable to construct effective complexes of non-precious metals.
However, some exceptions exist; for example, the Co analogues of the highly
efficient Ir complexes [Cp*lr(nDHBP)(OHz)]2+ (n =4 or 6) showed low activity
because of their low stability [89]. Nevertheless, versatile phosphine and pincer
ligands are applied to develop efficient non-precious metal complexes.

2.2.1 Using Phosphine Ligands

In the pioneer work of Inoue, they used a complex Ni(dppe), (dppe: 1,2-bis
(diphenylphosphino)ethane) as catalyst and obtained a TON of 7 for 20 h at room
temperature under 5 MPa H,/CO, (1/1) [1]. In 2010, Beller and Laurenczy et al.
reported the first hydrogenation of bicarbonate to formate with Fe(BF,), - 6H,O
and P(CH,CH,PPh,); (PP3), which forms iron hydride complexes [FeH(PP5)]BF,
and [FeH(H,)(PP3)]BF, under the reaction conditions [40]. The catalytic reaction
under 60 bar H, at 80 °C provided sodium formate with an excellent yield of 88%
and a high TON of 610 for 20 h. The activity of the iron catalyst is comparable to
that of a noble metal analogue [{RuCl,(benzene)},]/PP; (TON = 624). Two years
later, Beller et al. reported the cobalt analogue Co(BF,), - 6H,O and PP; for
hydrogenation of sodium bicarbonate [41]. A high TON of 3880 was obtained
under 60 bar H, at 120 °C with a yield of 71%. They further prepared a phosphine
ligand tris(2-(diphenylphosphino)phenyl)phosphine in a one-pot reaction [90]. The
multidentate ligand combined with Fe(BF,), - 6H,0 served as an efficient catalyst
for CO, or bicarbonate hydrogenation. The in situ catalyst provided a high TON of
1600 under 60 bar H, at 80 °C for bicarbonate substrate in MeOH over 20 h.

Linehan et al. utilized Co(dmpe),H (dmpe: 1,2-bis(dimethylphosphino)ethane)
for CO, hydrogenation and achieved a remarkable TON of 9400 after 1 h in THF
under 20 atm H,/CO, (1/1) at 21 °C in the presence of Verkade’s base [43]. The
cobalt-based system is similar to the fastest catalysts based on iridium at room
temperature [12]. The mechanism study indicated a significant effect of the strong
base [91].

Copper catalysts are less investigated [92]. Copper complexes with tridentate
1,1,1-tris-(diphenylphosphinomethyl)ethane were studied by Appel et al. and pro-
vided a TON up to 500 under 4 MPa H,/CO, (1/1) at 140 °C for 20 h [93, 94].
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2.2.2 Using Pincer Ligands

In 2011, Milstein and co-workers reported an active pincer iron complex, trans-
[FeH,(CO)(PNP)] (50), which provided a high TON of 788 and TOF of 156 h™"'
under low pressure (0.6—-1 MPa) in H,O/THF (10/1) at 80 °C [42]. The observed
activity was comparable to known noble metal catalysts and highlighted the
enormous potential of iron-based catalysts for possible applications. The mecha-
nism study suggested that the reaction proceeds through direct attack of the iron
hydride to CO,, followed by replacement of the resulting formate ligand by water.
Dihydrogen coordination, prior to heterolytic cleavage of H, by hydroxide or
de-aromatization, and subsequent proton migration were plausible pathways for the
regeneration of the frans-dihydride complex 50 (Fig. 2.8). Milstein and co-workers
also developed pyrazine-based pincer Fe complex 51 (Fig. 2.8), which provided a
moderate TON of 388 for CO, hydrogenation in H,O/THF (10/1) under 10 bar H,/
CO, (6.3/3.3) for 16 h [95].

In 2016, Kirchner and Gonsalvi prepared several iron pincer complexes, among
which complexes [Fe(PNP"-'Pr)(H)(CO)(Br)] (52) and [Fe(PNPMe-"Pr)(H)(CO)
(Br)] (53) were found to be active catalysts for hydrogenation of CO, and NaHCO;
to formate under mild conditions (Fig. 2.8) [45]. Notably, the hydrogenation of
NaHCO; to HCO,Na with complex 52 proceeded even at room temperature in
H,O/THF (4/1), giving a TON of 188 after 72 h. In the presence of DBU, complex
53 afforded sodium formate with a TON of 856 after 21 h and 1032 after 72 h
under an initial pressure of 80 bar in EtOH at 25 °C. A catalytic cycle with 53 was
proposed based on the NMR study (Scheme 2.11). Dihydrido intermediate 54 was
first formed from 53 in the presence of H, and DBU. CO, insertion into 54 gave
hydrido formate complex 55. Further formate elimination and hydrogenolysis
regenerated 54 with the assistance of DBU. Solvent-assisted formate decoordina-
tion may occur to afford a pentacoordinate cationic Fe(Il) hydrido carbonyl species.
However, it was not observed. Under NMR, EtOH stabilized intermediate 56 was
detected. DFT studies indicated an outer sphere mechanism with hydrido formate
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complex 55 as the catalyst resting state. Water molecule is involved in the catalytic
process and stabilizes the reaction intermediates by forming hydrogen bond with
the free formate ion. It facilitates formate elimination from the coordination sphere
of the metal, thereby promoting catalysis. The excess DBU enhances the overall
reaction by acid base reaction with the formic acid product.

In 2015, Bernskoetter and Hazari et al. developed a family of pincer iron
complexes supported by PNP ligands containing a secondary or tertiary
amine (Fig. 2.9) [96]. Among them, complexes 57 and 58 exhibited high activity.
Using Lewis acid, such as LiOTf, as a cocatalyst can significantly enhance the
reactivity. Complex 57 with secondary amine gave a TON of 8910 in THF under
6.9 MPa H,/CO, (1/1) for 24 h in the presence of DBU at 80 °C. By contrast,
under the same conditions, complex 58 bearing a tertiary amine achieved an
unprecedented TON of 58,990 and initial TOF up to 18,050 h™!. The formato
complex, which was stabilized by an intramolecular hydrogen bond between the N—
H moiety of PNP ligand and the carbonyl oxygen of a formate ligand, was iden-
tified as the catalytic resting state. The primary roles of LA are to disrupt the
intramolecular hydrogen bond and assist formate extrusion. In 2016, Bernskoetter
et al. reported a cobalt analogue for hydrogenation of CO, [44]. When paired with
the Lewis acid lithium triflate, pincer cobalt complex 59 afforded a TON near
30,000 (at 1000 psi, 45 °C). This finding represents a notable improvement in for
the activity for cobalt catalysts. The authors successfully synthesized a series of
low-valent pincer—-molybdenum catalysts for CO, hydrogenation [46]. Complexes
60 with PN™°P (MeN(CH,CH,PPh,),) ligand provided a modest TON of 35 under
6.9 MPa H,/CO, (1/1) for 24 h with the addition of Lewis acid LiOTf (Fig. 2.9).
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Fig. 2.9 Bernskoetter’s catalysts for CO, hydrogenation

2.3 CO, Hydroboration and Hydrosilylation to Formate

Formic acid production from CO, hydrogenation with H, is thermodynamically
unfavorable. The addition of a base is one strategy to promote the reaction because
stable formate salt is generated. Hydrosilane and boranes are used as hydrogen
sources for CO, reduction to overcome the unfavorable thermodynamics. The
reduction of CO, to formate, acetal, methoxide (see Chap. 4), and methane is
feasible by using appropriate catalysts [97-103]. The products, silyl formate or
boron formate, can readily release formic acid by the addition of water. This
reaction pathway is a simple method to produce formic acid from CO,. A number
of catalytic systems have been reported.

2.3.1 CO, Hydrosilylation

The hydrosilylation of CO, to formate dates back to 1981. Koinuma et al. first
reported the reaction with complex RuCl,(PPh3); using hydrosilanes HSiMeEt, or
HSiMe(OMe), to produce HCO,SiR; albeit in low yields (up to 14%) [104].

Pitter et al. found that commercially available RuCl; - nH,O is a good catalyst
for hydrosilylation of CO, in MeCN with n-Hex;SiH into n-Hex3SiOOCH and with
Me,PhSiH into Me,PhSiOOCH [105]. The initially formed [Ru"ClI(MeCN)s]
[Ru"Cl,(MeCN),] (61) was found to be the most active catalyst, which provided a
TON of 465 and a TOF of 233 h™! within 2 h at 60 °C. In addition, the reactions
USng EtzSin, thSin, and p—C6H4—(MezsiH)2 ylelded Etle(OOCH)Q, Ph251
(OOCH),, and p-CgH4-(Me,SiOOCH),, respectively. When silyl formate was
exposed to moisture, formic aid was readily released and simultaneously gave
silanediols. Using complex Ru,Cls(MeCN), (61), the authors performed a recycling
test. They found that Me,PhSi(OOCH) could be isolated by distillation. Therefore,
the residue was reused for the next run. After 10 successive experiments, they
achieved a high TON of 4619 [106].

In 2012, Baba et al. utilized cheap Cu(OAc), - H,O and 1,2-bis(diphenylphos-
phino)benzene ligand as a catalyst and achieved a high TON of 8100 under 1 atm
CO; at 60 °C after 6 h using an inexpensive hydrosilane polymethylhydrosiloxane
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(PMHS) [107]. Afterward, they investigated the ligand effect by using other
diphosphines [108]. 1,2-Bis(diisopropylphosphino)benzene was demonstrated to be
the most effective ligand, which achieved a high TON of approximately 70,000 and
TOF of 2900 h™" after 24 h under 1 atm of CO, at 60 °C.

In 2013, Hou et al. reported N-heterocyclic carbene—copper complex [Cu(O'Bu)
(IPr)] (IPr: 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) as a highly efficient
catalyst, which showed a high TON of 7489 and a TOF of 1248 h™" under the same
conditions [109]. The reaction of [Cu(O'Bu)(IPr)] with triethoxysilane at room
temperature instantly afforded [CuH(IPr)]. Subsequent reaction with CO, gave a Cu
formate complex [Cu(OCHO)(IPr)], which was isolated and characterized with
single-crystal X-ray diffraction. This study provided an important insight into the
catalytic mechanism.

In 2013, Garcia et al. reported the first hydrosilylation of CO, using the nickel
complex [(dippe)Ni(pu-H)], (62) (dippe: 1,2-bis(diisopropylphosphino)ethane) as a
catalytic precursor in combination with Et;B to give silyl formate (Et;SiOC(O)H)
in high yields (85-89%) at 80 °C for 1 h [110]. Ninety-five percent of Et;SiH was
converted to yield 88% of silyl formate corresponding to a TOF of 87.7 h™'. The
proposed two pathways for CO, hydrosilylation are depicted in Scheme 2.12. In
one pathway, CO, coordination to the nickel center gives intermediate I. Next, the
coordination of Et;B to CO, and silane assists a nucleophilic attack of the hydride
over CO, yielding species II. Reductive elimination releases the product Et;SiOOH
and regenerates the nickel catalyst. In another pathway, an oxidative addition of
Et;SiH over nickel(0) afforded hydride intermediate I'. The insertion of the
CO, - BEt; adduct into the Ni-H bond generates nickel formate II, which releases
Et;SiOOH.

Okuda et al. reported triphenylborane (BPhj) as an efficient catalyst in highly
polar, aprotic solvents (CH3;CN or CH;NO,) for CO, hydrosilylation. Under mild
conditions (1 bar CO,, 40 °C), it provided silyl formates with high chemoselec-
tivity (>95%) within 7 h [111]. Okuda et al. proposed a similar mechanism as
Garcia’s (Scheme 2.13). Weak or dynamic coordination of BPh; to CO, and to the
Si—H moiety generates two partially polarized species, respectively. Hydridic H
attacks C of CO,, ultimately resulting in the formate product. Highly polar solvents
are supposed to enhance the reaction by stabilizing partially charged species.

Rodriguez and Conejero et al. have prepared platinum complex [Pt(I'Bu’)I'Bu)]
[BArF] (63) (BArF: tetrakis[(3,5-trifluoromethyl)phenyl]borate) [112]. Although
complex 63 is inert in the presence of CO,, it can be transferred into Pt silyl
derivative [Pt(SiHEt)(I'Bu),][BAr'] (64) and platinum hydride [Pt(H)(I'Bu),]
[BAr"] (65) with Et,SiH, (Scheme 2.14). Among these complexes, 63 is proven to
be the most efficient for CO, hydrosilylation. When catalyst 63 (0.5%) was used
with nBuSiHz under 5 atm of CO,, silylformate nBuSiH,(OCOH) was almost
quantitatively obtained at approximately 15 min at room temperature corresponding
to TON and TOF values of 200 and 714 h™", respectively. The high reactivity and
selectivity toward mono-silylformates were attributed to the enhanced elec-
trophilicity of the silicon atom in the silane through its coordination to platinum.
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Scheme 2.12 Mechanistic proposal for CO, hydrosilylation. Reprinted with permission from Ref.
[110]. Copyright (2013) American Chemical Society
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Scheme 2.13 Proposed dual activation mechanism for BPhs-catalyzed CO, hydrosilylation in
highly polar solvents

2.3.2 CO; Hydroboration

Compared with CO, hydrosilylation to formate, CO, hydroboration to formate is
less reported because of its low selectivity to formate. Most of the CO, reductions
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Scheme 2.14 Transformation of 63 to 64 and 65 in the presence of Et,SiH,. Redrawn based on
Ref. [112]. Copyright (2016) Wiley-VCH GmbH & Co. KGaA, Weinheim

with hydroboranes generated mixtures or methoxyboranes as the end product (see
Chap. 4) [113-115].

In 2013, Shintani and Nozaki first developed a copper/N-heterocyclic
carbene-catalyzed hydroboration of CO, under mild conditions to give formic acid
selectively [116]. When pinacolborane (HBpin) and catalyst [Cu(O'Bu)(IPr)] (66,
10 mol%) were treated with 1 atm CO, under 35 °C, single product formic acid
was obtained with 85% yield. Based on a series of experiments, the authors pro-
posed a mechanism (Scheme 2.15). The hydroboration of CO, initially underwent
the reaction of [Cu(O'Bu)(IPr)] with HBpin generating [CuH(IPr)] (67). CO,
insertion to 67 gave [Cu(OCHO)(IPr)] (68). Subsequent reaction of [Cu(OCHO)
(IPr)] with HBpin was turnover limiting and provided boron formate along with the
regeneration of copper hydride. Finally, boron formate afforded formic acid by
treatment with aqueous HCI.

CO,
HBpin O
BuO-[Cu] — > H—[Cu] H
—BuO Bpin O—[Cu]
66 67 68
slow
0] H (0] -
H—< - H—< H—Bpin
OH O—-Bpin

Cu
[Cul= N/kN
\—/

Scheme 2.15 Proposed catalytic cycle for the copper-catalyzed hydroboration of CO,. Reprinted
with permission from Ref. [116]. Copyright (2013) American Chemical Society
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Scheme 2.16 Selective reduction of CO, with HBpin into formic acid catalyzed by Pd(Il) pincer
complex 69

In 2014, Hazari et al. described selective reduction of CO, with HBpin into
formic acid catalyzed by Pd(II) pincer complex 69 (Scheme 2.16) [117]. An
excellent TON of 63,500 was obtained in the hydroboration of CO, under room
temperature. The selectivity was ascribed to the bulky steric hindrance of HBpin.
The decline in selectivity was observed when HBpin was replaced with less steric
hindrance HBcat (catecholborane).
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Chapter 3
Transformation of CO, to Formic Acid
or Formate Over Heterogeneous Catalysts

Abstract Although heterogeneously catalytic CO, hydrogenation to formate was
discovered 100 years ago, only recently important progress has been achieved. This
chapter covers the most recent reported heterogeneous catalysts using Ni, Pd, Ru,
Ir, and Au. The catalyst design and catalytic performance are described. Traditional
supports such as carbon, alumina, silica, and titania are widely used. Cooperative
effect of metals and supports is one important factor for the design of effective
catalyst. Novel catalysts based on nanoporous material or nanoparticle and covalent
framework are attractive due to their high activity.

Keywords CO, hydrogenation - Heterogeneous catalyst
Formic acid - Formate - Immobilization - Support

Heterogeneous catalysts can be reused repeatedly because they can be easily sep-
arated from the reaction mixture by simple filtration. They are environmentally
benign and can be easily operated in continuous processes. In addition, the use of
heterogeneous catalysts in molecule transformation makes the product separation
easier. In 1914, heterogeneous CO, hydrogenation to formate was first observed
[1]. However, using heterogeneous catalysts for formate or formic acid
(FA) synthesis from CO, have only recently attracted renewed attention [2],
although many kinds of heterogeneous catalysts were prepared and used to reduce
CO, to formic acid during the past decades. In this chapter, we introduce the most
recent progress of CO, transformation to formic acid with heterogeneous catalysts.
It is classified according to different metal catalysts applied.

3.1 Nickel-Based Catalyst

The synthesis of FA from carbon dioxide with a heterogeneous catalyst was
reported in 1935 by Farlow and Adkins [3]. The reaction was carried out using
Raney® nickel as catalyst in the presence various amines and under 200400 atm
overall hydrogen pressure and 80-150 °C. In addition, amine was added to shift the
thermodynamic equilibrium toward product formation (Eq. 3.1).
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Raney nickel, 80 °C, 1 h HCOOHsBase
EtOH, 1-Ph-2-aminopropanol ) (3'1)
6 MPa 14 MPa 55% yield

co, + H,

In 2006, Takahashi et al. studied the reduction of CO, through a hydrothermal
method to explore the selective formation of organic compounds [4]. They were
able to form FA selectively at 300 °C when K,COj3 was employed as a CO, source
in the presence of Fe-powder, Ni-powder, and water (Eq. 3.2).

Ni-powder, Fe-powder
300 °C,6h

HCO; + H,0 HCO; (3.2)

In 2016, Huo et al. reported the unsupported hydrogenation of carbonates to FA
in aqueous phase for the first time [5]. The hydrogenation was catalyzed by
nanoporous nickel (NiNPore), which was found to exhibit significant catalytic
activity during the reduction of NaHCO;. FA was obtained in 86.6% yield with
turnover frequency (TOF) of 1738 h™" and turnover number (TON) of 3476 in the
presence of 22 mol% catalyst under 6 MPa hydrogen pressure in an aqueous phase
at 200 °C for 2 h (Eq. 3.3). Interestingly, they found that extending the scope of the
feedstock enables the KHCOj to afford a 92% FA yield, which is higher than that of
NaHCOs;. The hydrogen pressures and pKa values of the carbonates had a signif-
icant influence on the formation of formic acid. The NiNPore catalyst was easily
recovered and could be recycled at least five times without loss of catalytic activity.

. NiNP
CO32’/HCO3’ + H, Cat. NiNPore (3.3)

200°C,2h, H,0  HCOOH

In 2016, Zhao et al. developed another nickel-based catalyst Ni—P/Al,O3 for the
reduction of CO, into HCO, by using NaBH, as hydrogen source [6]. The opti-
mum preparation conditions for the Ni—P/Al,Oj3 catalyst were Ni to P ratio of 1:1,
impregnation time of 12 h, and calcination temperature of 550 °C. The Ni-P/Al,0O;
catalyst obtained was used in industrial applications involving CO, reduction, and
41.37% of the average efficiency of CO, reduction was achieved under optimal
conditions (addition amount of Ni-P/Al,O; of 1%, NaBH, concentration of
0.175 mol Lfl, reaction temperature of 55 °C, pH of 8.0, ethanol concentration of
90%, and residence time of 15 s). Ni,P species distributed evenly on the Ni—P/
Al,O5 catalyst were the active components for the reduction of CO, into HCO, .
These components were determined by scanning electron microscopy (SEM) and
X-ray diffraction (XRD) analysis. Through the hydrogenation of Ni,P, an
increasing amount of boron substances of BH,OH),%; (i=4, 3, 2, 1) and
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HCOzBHj(OH)_;lj (G =3, 2, 1, 0) was generated, and CO, reduction by NaBH, was
promoted.

3.2 Palladium-Based Catalyst

In 1982, Klibanov et al. have found that palladium adsorbed on activated carbon
(Pd/C) not only can be used as a catalyst for FA decomposition but also can be used
as a catalyst for the synthesis of formate from H, and bicarbonate (Eq. 3.4) [7].
They were able to obtain 13 mM of formate by shaking 100 mg of catalyst in 5 mL
of 0.3 M sodium bicarbonate for 20 h and under 1 atm of H, and room tempera-
ture. The heterogeneous catalysts Pd/C, Pd/y-Al,05, Pd/BaSOy, and [W/(PQ***%)./
Pd] (a polymer-supported palladium catalyst) were then investigated by Wrighton
et al. [8]. The Pd-based catalysts equilibrated the H,/NaCOz;H(aq)/NaHCO,(aq)
system at 298 K to a formate to bicarbonate ratios of ~1:1 to ~1.5:1 under
1-1.7 atm of H,. Owing to the chemical equilibrium between carbonate and for-
mate, the reaction was incomplete. Similar observation was also reported by
Feilchenfeld et al. [9]. They were able to reduce alkali metal bicarbonates to their
respective formate salts over a Pd/C catalyst under mild temperature and pressure
conditions. A strong influence of carbonate and hydrogen concentration on the initial
reaction rates was then observed. The rate increased at elevated H, pressure in
accordance with the Langmuir isotherm law. At increased HCO3 concentrations,
the rate passed through a maximum. Measurements of the equilibrium at 35 °C
indicated a Gibbs free energy change of approximately —2.2 kcal/mole. The highest
concentration of HCO, obtainable at 6 atm H, was limited by the common ion
effect to 5.8 M.

Pd/C
298 K

HCO; + H,
1 atm

HCO, + H0 (3.4)

In 2015, Lin et al. systematically studied the hydrogenation of CO,-derived
ammonium carbamates/carbonates at room temperature [10]. A high yield of for-
mate (~92%) was achieved after hydrogenating ammonium carbamate in 70 wt%
ethanol-water solution at room temperature with carbon-supported palladium
nano-catalyst (Pd/AC) and 2.75 MPa of H, (Eq. 3.5). The solvent effect on the
distribution of the reactive intermediates was analyzed by '>C NMR spectroscopy.
The results indicated that ethyl carbonate ions were formed by dissolving either
ammonium carbamate or ammonium carbonate in ethanol. Ammonium ions pro-
mote the formation of ethyl carbonate ions in the presence of ethanol, which can be
readily converted to formates through hydrogenation over the Pd/AC catalyst.
These findings may open a new avenue for sustainable carbon recycling.
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Pd/AC, 20 °C, 8 h
~ HCOONEt, + NH,
70 wt% ethnol-water (3.5)

2.75MPa 92% yield

NH,CO,NH, + H,

3.3 Ruthenium-Based Catalyst

In 2004, Zheng et al. reported the preparation and application of amine-
functionalized silica-immobilized ruthenium catalysts for the hydrogenation of
CO, to FA for the first time [11]. The heterogeneous catalyst Si—(CH,);—NH
(CH,)3CH3-Ru exhibited higher catalytic activity than homogeneous catalysts. FA
was obtained with TOF of 1384 h™' and selectivity of 100% when the hydro-
genation reaction of CO, with H, was performed in ethanol under 16.0 MPa and in
the presence of PPh; and NEt; at 80 °C for 1 h (Eq. 3.6). Subsequently, they
investigated the effect of CO, pressure on the hydrogenation reaction. A TOF of
1482 h™! for HCOOH generation was achieved on immobilized ruthenium catalyst
[Si—(CH;);—-NH,—Ru] under scCO, with H, pressure of 4.0 MPa at reaction tem-
perature of 80 °C, PPhs/Ru molar ratio of 6:1, and stirring speed of 750 r/min [12].

NEt,, Cat.,PPh
co, + H, —2"TB . HCOOH/NEt,

12 MPa 4.0MPa 80 °C, ethanol
TOF = 1384 h'! (36)

100% selectivity
Cat. = Si-(CH,);-NH(NH,);CH;-Ru

In 2008, Han et al. demonstrated the first use of an ionic liquid (IL) as a base in
the silica-immobilized-ruthenium-complex-catalyzed hydrogenation of CO, to FA
(Eq. 3.7) [13]. The HCOOH had a TOF of 103 h™! on the immobilized ruthenium
catalyst [Si—(CH,);—NH(CSCHj3)-RuCl;—PPh;] under a total pressure of 18 bar
(H5:CO, = 1:1) at reaction temperature of 60 °C in the IL 1-(N,N-dimethylami-
noethyl)-2,3-dimethylimidazolium trifluoromethane-sulfonate ([mammim][TfO])
aqueous solution. And then, they designed and prepared a novel IL 1,3-di(N,N-
dimethylaminoethyl)-2-methylimidazolium ([DAMI][TFO]) for CO, hydrogena-
tion promoted by ruthenium heterogeneous catalysts, which they used to improve
the reaction efficiency. A maximum TOF of 920 h™' was achieved in the presence
of [DAMI][TFO] at 80 °C under H, pressure of 9.0 MPa [14]. The molar ratio of
formic acid formed to the IL used can reach 2:1 (0.246:1 w/w) in one reaction
cycle. The unique feature of this approach is that the formic acid can be recovered
easily, and the IL and catalyst can be both reused after a simple separation process.
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IL, Cat.,
co, + H, ———"" . HCOOH

9.0 MPa 9.0 MPa 00 °C, water

Cat. = Si-(CH?2)3-NH(CSCH 3)3-RuCl;-PPh;

L (3.7)
— or —
_N /—i—N\/\N/_| }q/\/N ;N\/\N/_|
| CF,50; \
CF4S0
[mammim][TfO] [DAMI][TfO]

In 2016, Wang et al. synthesized a novel heterogeneous Ru—-DBU/AI,O3 catalyst
(DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene) for the hydrogenation of CO, to formic
acid [15]. They then characterized the Ru-DBU/Al,05 by a combination of FTIR,
XRD, and XPS and found that an amorphous Ru(IlI)-DBU species was formed.
A maximum TOF of 239 h™' was achieved at 80 °C in a highly polar solvent
DMSO in the presence of NEt; and KH,PO, as Lewis organic base and protonic
additive, respectively (Eq. 3.8). The polar solvent improved the productivity of
formic acid by promoting the insertion of CO, into the Ru-H bond. The CO,
insertion is the rate-determining step of CO, hydrogenation.

RU—DBU/A1203
co, + H, HCOOH

9.0 MPa 6.0 MPa 90 °C, DMSO (3.8)
KHCO;

Recently, Srivastava successfully synthesized air- and moisture-stable Ru/SiO,
and Ru/MCM-41 catalysts for the selective hydrogenation of CO, to FA [16]. The
physiochemical properties of the catalysts were examined through sophisticated
analytical techniques, such as N, physisorption (BET/BJH methods), XRD,
temperature-programmed reduction analysis, H, chemisorption, ICP-MS, etc. In the
synthesized catalysts, the Ru/MCM-41 catalyst was found to be highly active in
terms of FA quantity (TON/TOF). To improve solubility of CO, and absorption of
FA produced during the reaction, they synthesized and screened a series of func-
tionalized ILs. They determined that [DAMI][CF;CF,CF,CF,SO;] IL is a
promising reaction medium that can accommodate CO, at high concentrations. The
highest TON value of 17787 for FA was reached using Ru/MCM-41 in a [DAMI]
[CF;CF,CF,CF,S03] medium (Eq. 3.9). Catalyst recycling test indicated that the
TON was decreased slightly after 10 cycles.



48 3 Transformation of CO, to Formic Acid ...

Ru/Silica or Ru/MCM-41
CO, + H, - > HCOOH
20 bar 20 bar 80 °C, solvent system
NEt;

solvent system: [DAMI][CF;CF,CF,CF,SO ;] + H,O

3.4 Iridium-Based Catalyst

In 2013, Hicks et al. reported that mesoporous silica-tethered iridium complex
Ir-PN/SBA-15 (Fig. 3.1) can be used as an effective catalyst for the synthesis of FA
through CO, hydrogenation in aqueous solution in the presence of NEt; and under
mild conditions [60 °C, 4.0 MPa total pressure (H,/CO, = 1:1)] [17]. The highest
activity (1.2 x 10> h™") of the catalyst was obtained at 120 °C, 4.0 MPa, and 2 h.
The catalyst was highly recyclable and retained activity even after 10 cycles. In
2014, Hicks et al. developed a new catalyst (PEI-PN/Ir) by modifying a branched
polyethyleneimine (PEI) with an iminophosphine ligand coordinated to an Ir pre-
catalyst (Fig. 3.1) [18]. By tuning the structure of the PEI-tethered materials, they

Q e § H
N_f__“,}]rc;a \/\N/\\/

H n

: C|3|f N
(MeO)/Sl\ Ph2P
0 o
e
Ir-PN/SBA-15 PEI-PN/Ir
N?‘}\ﬁ
N
J =
f,,m,,&ifﬁqv g2 N ~, (OT),
NN « e N_.N
X O N "ﬂ e
i
2N N ~Ir—Ng
Y N H20
NN NN == N
NN N«\FA*NJ:' | g\
“‘*'~/I“vN\ Ié“‘\./"*'/ ™
”‘%J\rW s
- NN _In
bpy-CTF-[IrCp*Cl|Cl1 Ir@CTF

Fig. 3.1 Heterogeneous catalysts used in CO, hydrogenation to formate
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were able to optimize CO, capture and the conversion abilities of these materials.
Converting 65% of the available primary amines on PEI to PN/Ir active sites
yielded the optimal balance between CO, capture and conversion, thereby
achieving the highest formic acid yields.

In 2015, Yoon et al. developed a novel heterogeneous catalyst (bpy-CTF-
[IrCp*CI]Cl) by immobilizing a {IrCp*} unit onto a covalent triazine framework
through coordination bonding (Fig. 3.1) [19]. This catalyst exhibited excellent
activities for the hydrogenation of CO, to formate in aqueous solution under mild
conditions [120 °C, 8 MPa total pressure (H,/CO, = 1)]. TON of 5000 and an
initial TOF of 5300 h™' were reached, which are the highest values reported to date
for a heterogeneous catalytic system for CO, hydrogenation.

In 2016, Bavykina et al. developed a new stable heterogeneous catalyst by
immobilizing IrCp* through coordination within the covalent triazine framework
(CTF) spheres [20]. They found that the shaped catalysts, Ir@CTF spheres
(Fig. 3.1), are active and fully recyclable during the direct hydrogenation of CO,
into FA under mild reaction conditions (20 bar and 50-90 °C). The highest TON
(219) was reached at 90 °C under 20 bar H,/CO, (1/1). However, this TON is
lower than that of Ir@meso-CTF catalyst (powder solids). Nevertheless, the
Ir@CTF sphere catalysts are easy to handle and recycle during the hydrogenation of
CO, to FA.

3.5 Gold-Based Catalyst

In 2011, Fachinetti et al. prepared a highly stable and robust titania-supported gold
(Au/Ti0,) for the formation of HCOOH/NEt; adducts through the hydrogenation of
CO, in the presence of neat NEt; (Eq. 3.10) [21]. To recover HCOOH, they
exploited an amine-exchange method, in which high-boiling tri-n-hexylamine was
added to HCOOH/NEt; adduct with acid/amine molar ratio (AAR) of 1.715 in a
HCOOH/(n-C¢H3);N molar ratio of 2. A biphasic system was obtained and
fractionated under reduced pressure (90 mmHg), and a liquid fraction consisting of
pure NEt;3 (90% yield) was collected. At increased temperatures, a fraction con-
sisting of 85 wt% HCOOH contaminated by NEt; (11.5 wt%) and (n-C¢H,5);N (3.5
wt%) was recovered. Furthermore, pure anhydrous HCOOH was obtained by
redistilling the high-boiling fraction at atmospheric pressure. Overall, HCOOH was
recovered from the HCOOH/NEt; adduct with AAR of 1.715 in 83% yield.

NEt;, Au/TiO,
—_—

€O+ H 40°C

90 bar 90 bar

HCOOH/NEt; (3.10)

In 2016, Hensen et al. investigated the hydrogenation of CO, to FA by using a
number of unsupported and supported gold nanoparticle catalysts (Eq. 3.11) [22].
Among the examined catalysts, Au/Al,O; was the most active catalyst. The
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catalytic activity depended strongly on the type of support. For example, TON of
110 was obtained using Au/TiO, as catalyst for CO, dehydrogenation, whereas
nearly a twofold increase in TON (215) was observed when Au/Al,O; was
employed as catalyst under the same reaction conditions (3 mL EtOH, 0.5 mL
NEt3, 70 °C, 40 bar H,/CO,, 20 h). The rate of formate formation, normalized per
Au surface atom, was in the range of 118-123 h

co. + H Au/AL O3, 70°C HCOO
Base/H H
2 2 Base, Ethanol (3' 1 1)

20 bar 20 bar

Based on the experimental results, the authors proposed that the reaction occurs
at the interface of the Au® nanoparticles and alumina support (Fig. 3.2). They also
concluded that H, heterolytic dissociation occurs at the Au/support interface and
then generates surface hydroxyl group and metal hydride. The reaction of surface
OH with CO, affords bicarbonate, which can be reduced by hydride to produce
formate. The key intermediates, surface formate, and bicarbonate were observed by
FTIR. This study demonstrated the significant cooperative effect of metals and
supports.

CO, + H, + B: =—= [BH]*[HCOOJ

Formate Hydrogen
desorption/adsorption dissociation/recombination

BH]*[HCOOT @ 1
B:\_% @
H oy

Hydride AU ?
attack/abstraction

@ = DMF or NEt;

Fig. 3.2 Proposed mechanism for CO, hydrogenation over Au/Al,Oj3 catalyst. Reprinted from
Ref. [22], Copyright 2015, with permission from Elsevier
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Chapter 4
Transformation of CO, to Methanol
with Homogeneous Catalysts

Abstract Homogeneous hydrogenation of carbon dioxide to methanol is highly
challenging. Only a few examples using hydrogen as reductant have been reported.
Considerable studies employ borane or silane as a reductant. Although these
hydrogen sources are expensive, these studies have achieved higher outcomes and
are helpful to understand the mechanism of CO, reduction. Indirect ways such as
catalytic disproportionation of formic acid to methanol and cascade catalysis are
also introduced.

Keywords Disproportionation - Cascade catalysis - Metal complex
Organocatalyst - Borane - Silane - Methanol

Methanol is an important starting material for the chemical industry. It can be used
to produce a variety of chemicals including formaldehyde, methyl #-butyl ether, and
acetic acid. Moreover, it is an alternative fuel and suitable for internal combustion
engine because of its high octane number [1]. The industrial production of methanol
is from syngas (CO/H,) using heterogeneous catalysts at high temperature (200—
300 °C) and high pressure (5-20 MPa, Eq. 4.1). Using CO, as a feedstock instead
of CO attracted increasing attention since it contributes greatly to carbon recycling
in methanol economy. The reaction using CO, is thermodynamically favorable than
using CO due to the generation of HO. Meanwhile more H; is consumed. But this
reaction is meaningful if H, is stemmed from renewables.

CO +2H, = CH;0H AHyogx smpa = —90.7 kJ mol ™! (4.1)
CO, +3H, = CH;0H + H,O AHzggk’SMpa = —40.9kJ II'1017l (42)

Homogeneous catalytic hydrogenation of CO, to generate methanol is rather
difficult. Most of the CO, hydrogenation to methanol is performed using hetero-
geneous catalysts as discussed in Chap. 5. However, significant progress has been
achieved recently either using metal complexes or organocatalysts. The most
important results are summarized in Table 4.1.
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4.1 Catalytic Disproportionation of Formic Acid to MeOH

Direct synthesis of methanol from CO, is highly challenging under homogeneous
conditions. Some indirect methods have been reported by catalytic hydrogenation
of urea derivatives, alkyl or cyclic carbonates, carbamates, and formats [32, 33].
Compared to the above-mentioned compounds, formic acid is relatively easy to
obtain from CO, as described in Chaps. 2 and 3. Therefore, methanol generation
from formic acid attracted considerable attention.

In 2013, Miller and Goldberg et al. first reported disproportionation of formic
acid to methanol [2]. It is well known that decomposition of FA releases H, and
CO; by dehydrogenation or generates CO and H,O by dehydration. Their study
demonstrated that FA could be converted to MeOH using [Cp*Ir(bpy)(OH,)](OTf),
as a catalyst in aqueous solution at 80 °C. The thermodynamics of FA dispropor-
tionation were estimated using electrochemical standard potentials. They found that
disproportionation of FA to formaldehyde (Eq. 4.3) and direct formation of MeOH
(Eq. 4.4) are both possible [2].

2HCO,H(aq) — H2CO(aq) + H,0(aq) +CO,  AG59q = —11.9 kcal mol ™'
(4.3)

3HCO,H(aq) — CH30H(aq) + H,0(aq) +2C05(g) AGSe = —23.5kcalmol !
(4.4)

As shown in Scheme 4.1, a mechanism was proposed. Iridium complex reacts
with formic acid to give iridium hydride via f-hydride elimination. Reduction of
protonated formic acid by Ir-H affords formaldehyde, which is further reduced to
generate methanol. Mechanistic investigations using HCO,H in D,O and DCO,D
in H,O showed that the existing C—H (or C-D) bond of formic acid is preserved
during the reduction. This result supports the formaldehyde path. Under optimized
conditions (12.5 mM Cat., 60 °C, pH 0.4, 12 M FA), they obtained the highest
MeOH selectivity of 12% and a TON of 70. The highest TON for methanol was

Ir-OH)%*
r-OH] HCOLH
Il CHsOH
HCO,H HC=0 ——— o
H30+ H2
‘Hy, || -HsO*
CO» + H
HaO* O| T+‘ HCO.H
[Ir-H]* H™ om0

Scheme 4.1 Proposed mechanism of FA disproportionation to methanol with [Cp*Ir(bpy)
(OH,)]** in water. Redrawn based on Ref. [2]
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only 200 after 120 h, nevertheless, this study provided a new approach to MeOH
generation directly from FA.

Subsequently, Cantat et al. reported significant improvement in MeOH yields
from FA disproportionation with ruthenium catalysts [3]. Using [Ru(cod)(methy-
lallyl),], an triphos (CH;C(CH,PPh,);) ligand, and MSA (methanesulfonic acid),
they achieved the highest selectivity of 50% for FA disproportionation to MeOH in
a THF solution at 150 °C. They isolated an important intermediate [Ru(triphos)(lcl-
HCOz)(Kz—HC02)] which liberated CH;OH, H,, and CO, after treated with 2
equivalents FA. This result indicates that MeOH is generated by transfer hydro-
genation of FA but not from hydrogenation of CO,, which is consistent with
Miller’s report. These two reports suggested that complexes, which are inactive for
FA dehydrogenation, are potential to be effective for MeOH production through FA
disproportionation.

Kubiak et al. synthesized a series of complexes 1-5, [Cp*Ir(R-bpy)CI]CI, for the
catalytic disproportionation of formic acid to methanol (Scheme 4.2) [4]. A TOF of
0.91 & 0.04 h™! and MeOH selectivity of 1.17 £ 0.30% were achieved by [Cp*Ir
(bpy)CI]CI under acidic conditions. The research on the effect of the
electron-donating ability of the bipyridine substituent indicated that the stronger
electron-donating group in ligand is not necessary to improve the activity and
selectivity for the disproportionation of FA.

Based on their earlier study of Ir-catalyzed hydrogenation of bicarbonate to
formate and dehydrogenation of formic acid, Himeda et al. developed a CO, to
MeOH conversion system, which go through first hydrogenation of CO, to FA and
then disproportionation of FA into MeOH. This conversion can be realized at
ambient temperature in acidic aqueous solution by using catalyst [Cp*Ir(4DHBP)
(OH,)]SO4 6 (4DHBP = 4,4'-dihydroxy-2,2"-bi-pyridine, Cp* = pentamethylcy-
clopentadienyl) [S]. At present, most of the complex catalytic hydrogenation of CO,
to HCOOH required basic additives, however, they discovered that catalyst 6 can
catalyze the hydrogenation of CO, to formic acid in acidic aqueous media without
using any additives. In this system, using catalyst 6 and H,SO,, FA

1-5
3HCOOH ——> CHsOH + H,0 + 2CO,

Scheme 4.2 The disproportionation of formic acid to methanol catalyzed by complexes [Cp*Ir
(R-bpy)CI]CI 1-5
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Scheme 4.3 The disproportionation of formic acid to methanol in metal-free condition. Redrawn
based on Ref. [6]

disproportionation gave an unprecedented selectivity of 96% for MeOH and FA
conversion up to 98% at 50 °C under 50 bar H,. The authors demonstrated that
MeOH originated from formic acid disproportionation instead of direct CO,
hydrogenation.

In 2016, Cantat et al. reported the first metal-free disproportionation of formate
using stoichiometric dialkylborane reagents (9-lodo-9-borabicyclo[3.3.1]nonane,
BBN-I) and bases without any external reductants (Scheme 4.3) [6]. Organic base
(Et3N) was used to prepare the starting bis(formoxy)borate, 7 . Heating the borate
[EtsNHY, 77] to 130 °C led to the generation of H»/CO, and CH;0BBN, (BBN),0.
It suggests that formate anions can disproportionate to methoxides in the coordi-
nation sphere of boron, with the release of CO, and diboroxane (BBN),O. The

Thermodynamics
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Scheme 4.4 Computed mechanism for the disproportionation of bis(formoxy)borate 7~. Redrawn
based on Ref. [6]
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spectroscopy studies indicated that H,, released by dehydrogenation, played no
significant role in disproportionation. The parallel formation of H, and CH;0BBN
during reactions indicated that the disproportionation and dehydrogenation of for-
mic acid are competing in this reaction. The nature of the base was found to affect
the efficiency of the disproportionation. The bulky tertiary amines, such as ‘Pr,EtN,
improved selectivity of the formation of methoxyboranes. It might originate in the
decreased affinity of the bulky amine for the boron center.

A subsequent mechanistic study combining experimental results and DFT cal-
culations demonstrated two pathways are possible (Scheme 4.4). In borohydride
pathway, the important role of transient borohydride, which generated from
decarboxylation of formate ligands, is to promote the disproportionation of formates
to formaldehyde and methanol scaffolds, and the reduction of aldehydes.

4.2 Cascade Catalysis of CO, to MeOH

The indirect transformation of CO, to MeOH via methyl formate, dimethyl car-
bonate, methyl carbamate, urea derivatives, formamides, and ethylene carbonate
has been developed by Milstein and Ding group [32-35]. Sanford et al. approached
the challenge of MeOH synthesis from CO, using a one-pot cascade reaction [7].
Their strategy applied several catalysts to promote a three-step cascade catalysis
sequence including: (a) FA generation from CO, and H,; (b) formate ester for-
mation from FA; and (c) MeOH production by hydrogenation of the ester
(Scheme 4.5). Under optimized conditions for each step, CO, hydrogenation/
esterification occurred with 40 TONs, while the hydrogenation of the ester yielded
methanol quantitatively at 135 °C. In the one-pot reaction using three catalysts,
only the low TON of 2.5 for MeOH was obtained. This is attributed to the
incompatibility of the three catalysts. A vapor transfer method was then employed
to improve the performance. Catalysts 8 and 9 in an inner vessel were separated
from catalyst 10 in an outer vessel. The deactivation of catalyst 10 by Sc(OTf);
could be avoided. The generated methyl formate was transferred into the outer
vessel simply by elevating the reaction temperature to 135 °C. The hydrogenation
of the ester in the outer vessel proceeded smoothly. The overall TON for MeOH
was improved to 21. The distinct advantage of this approach was that the rate and
selectivity of each step were tunable simply by changing the catalyst, while special
equipment has to be employed to prevent catalyst deactivation due to the incom-
patibility of the catalysts.

In 2015, the same group reported CO, hydrogenation to MeOH using similar
strategy [36]. In the presence of HNMe,, DMF was found to be an important
intermediate, which is further reduced to MeOH. Using a pincer Ru complex 11, a
TON of 550 for MeOH was obtained under 2.5 bar CO, and 50 bar H, at 155 °C
for 36 h, DMF and formate are also detected as coproducts (Scheme 4.6).
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4.3 Direct Reduction of CO, to MeOH with Metal
Complexes

Although direct hydrogenation of CO, to MeOH is highly challenging, considerable
efforts have been devoted to this transformation. Great progress has been achieved
very recently either using H, gas or organosilane and borane as reductants [37, 38].

4.3.1 Hydrogen as Reductant

In 2015, Leitner et al. demonstrated direct hydrogenation of CO, to MeOH using [Ru
(triphos)(TMM)] 12 (TMM = trimethylenemethane) [8]. As shown in Scheme 4.7,
the Ru complex with one equivalent of bis(trifluoromethane)sulfonimide (HNTf,)
gave an initial TOF of 70 h™' under CO,/H, (20/60 bar at room temperature) at
140 °C. A TON of 603 for MeOH was obtained after recharging the H,/CO, three
times (Scheme 4.7). This result indicated that the catalytic activity was comparable
to the most effective heterogeneous system. Mechanistic study revealed that a for-
mate complex, [Ru(triphos)(nz—OzCH)(solvent)]+ was the resting state, while other
complexes isolated from the reaction mixture ([Ru(triphos)(H)(CO),]*,
[Ru,(p-H),(triphos),], and [Ru(triphos)(H)(CO)(Cl)]) were inactive catalysts.
According to the mechanism study, the Ru-formate complex is further reduced by
one equivalent of H, to give the Ru-hydroxymethanolate species, which is then
converted to the Ru-methanolate complex by consumption of another equivalent of
H,. Hydrogenolysis of Ru-OMe liberates the MeOH product and Ru-H. A theoretical
mechanism suggested that hydride migration from Ru to the formic acid ligand
in [Ru(triphos)(H)(H,)(HCO,H)]* is a crucial step in the formation of a Ru-
hydroxymethanolate species with an energy barrier of 15.5 kcal mol .

In 2016, Kothandaraman et al. reported a highly efficient homogeneous catalyst
system, which can directly convert various sources of CO, including CO; in the air
to CH5OH, using pentaethylenehexamine (PEHA) and Ru-Macho-BH (11) at 125—
165 °C [10]. The amount of PEHA was found to be important for the high TON.
After the reaction, CO was detected in the gas mixture. Decreasing the CO,/H, ratio
and (or) lowering the reaction temperature reduced the CO generation and finally to
the undetectable amount by GC. Ethereal solvents including THF, 1,4-dioxane,
diglyme, and triglyme were examined, triglyme provided the highest TON under
the same conditions. Using the high boiling point solvent is also favorable for
product separation as well as the catalyst reuse. MeOH can be easily distilled off,
the residual triglyme solution of catalyst and PEHA can be reused for next run
directly. The catalyst can be recycled for five runs without significant loss of
activity (75% activity remained) and afforded a high overall TON of 2150.
Moreover, for the first time, they demonstrated that CO, captured from the air can
be directly converted to CH30H with 79% yield using a homogeneous catalytic
system (Scheme 4.8).
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Scheme 4.8 CO, capture from air and conversion to MeOH with catalyst 11. Reprinted with
permission from Ref. [10]. Copyright (2016) American Chemical Society

CO, Capture hydrogenation

4.3.2 Borane as Reductant

H, is an economic and most commonly used reductant. One drawback of H; is the
potential safety problem due to its gas phase and flammable characters. In addition,
using H, as a reductant for direct transformation of CO, to MeOH is rather difficult
because of the unfavorable thermodynamics. Only two catalysts are reported to be
effective, moreover, high temperature and pressure are required as above
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mentioned. Other reducing agents such as organosilanes and borane have also been
explored. The generated methoxide can liberate MeOH easily by hydration. The
reduction is favorable due to the formation of stable Si—-O or B-O bond. The
reaction is feasible even under very mild conditions (ambient temperature or
pressure). More importantly, complexes with non-precious metals even
organocatalysts (see Sect. 4.4) are capable to promote CO, reduction to methanol
level using these hydrogen sources. Therefore, using organosilane or borane as
alternative hydrogen sources have attracted increasing attention albeit their rela-
tively high cost. In this section, we mainly introduce the metal complexes-catalyzed
CO, reduction to MeOH using borane as a reductant.

In 2010, Guan et al. reported the first catalytic hydroboration of CO, to
methoxide level with catecholborane (HBCat) as reductant by using a PCP-pincer
nickel hydride ®"PCPNiH 13a (Scheme 4.9) [11]. A high TOF of 495 h™' for
methoxide (corresponding to a yield of 61% based on HBCat) were achieved at
room temperature in C¢Dg. A CatBOBCat by-product was also observed.

Guan and co-workers further investigated other nickel bis(phosphinite) pincer
complex [2,6-(R,PO),C¢H5INiH (LENiH, 13b R = isopropyl, 13¢ R = cyclopentyl)
which was synthesized from [2,6-(R,PO),CcH5]NiCl with LiAlH, [12]. The
reaction of LRNiH (R = ‘Bu, 'Pr, and cPe) with CO, at room temperature gave
respectively the L'NiOCHO 14 (R = ‘Bu, ‘Pr, and cPe) as the sole products. The
formato complexes 14 reacted with HBCat to form LENiH, CH;0Cat, and
CatBOBCat. The reaction of LNiOCHO (R = ‘Bu) 14a is faster than reactions of
other formate derivatives, which indicated that the reaction of formate derivatives
bearing bulky substitutes had a better performance on the formation of CH;OCat. It
was supposed that complex bearing a smaller substituent is favorable for the inter-
action of LRNiH and HBCat, resulting in concentration decrease of active LENiH.
To investigate the scope of reducing reagents for reduction of CO,, the reaction of
LRNiOCHO (R = ‘Bu) 14a with 9-borabicyclo[3.3.1]nonane (9-BBN), pinacolbo-
rane (HBpin) or PhSiH;, was carried out respectively under the same conditions
(Scheme 4.10). They found that the reducing reagent significantly affects the reac-
tion outcome. 9-BBN provided a methoxide, while HBpin gave only formate species
even large excess of HBpin was used. No reaction was observed when PhSiH; was
employed.

H
CO; + HBCat CH;OBCat + CatBOBCat |
CGD61 rt, 1h RQP_NI—PRQ
_____________ H>0O | |
' o | CH;OH + CatBOBCat o) 0
; @ :BHE TON 495, TOF 495 h™', 61% Yield
! o
' ' 13a R=Bu
.. HBcat 13b R=/Pr
13c R=cPe

Scheme 4.9 The reaction of catalytic hydroboration of CO, by ®"PCPNiH 13a
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Scheme 4.10 Reaction of L’NiOCHO (R = ‘Bu) 14 with 9-BBN, HBpin or PhSiH;

Subsequently, Guan et al. studied the reaction mechanism of hydroboration of
CO, with the Ni complexes using a computational method [39]. Based on the
calculation they proposed a mechanism as summarized in Scheme 4.11. The
reduction of CO, goes through three steps. First, CO, insertion into the [Ni]-H
gives a formato complex, which reacts with HBCat to afford HCOOBCat and
regenerate the active species [Ni]-H. HCOOBCat was further reduced by [Ni]-H to
give an intermediate of [NiJOCH,OBCat, which is decomposed to [NiJOBCat and
formaldehyde. Although HCHO was not detected experimentally, it is indeed an
important intermediate according to their calculations. It can be readily reduced by
[Ni]-H to [Ni]JOCHj3, which reacts with the third equivalent of HBCat to give
CH;0BCat and regenerate [Ni]-H. The direct CO, reduction with HBCat is highly
unfavorable. The important role of [Ni]-H is demonstrated to shuttle hydridic H
from the borane to CO,, HCOOBCat, and HCHO.

In 2016, they reported a series of pincer Pd thiolate complexes for CO, reduction
with HBCat (Scheme 4.12) [13]. Complex 15 achieved a TOF as high as 1780 h™
at room temperature under atmospheric pressure. Although the mechanism is not

NiH
[N o HBCat INIH
1
CO, L» [NiJOCH ~ S HCOOBCat

HBCat
CatBOBCat

CHSOBCat<7—§ [Ni]OCHSﬁ HCHO

[Ni]H HBCat [Ni]JH

Scheme 4.11 The proposed mechanism of hydroboration of CO, into methanol. Reprinted with
permission from Ref. [39]. Copyright (2011) American Chemical Society
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[Cat] (1 equiv)
COz (1 atm) + HBCat W CH3OBCat + CatBOBCat
(500 equiv) \H—ZO>
CH3OH
[Cat] time(min) TON TOF (h™)
15 15 445 1780 15M=Pd (R=Pr, Y =Ph)
16 20 447 1341 16 M=Pd (R =Bu, Y = Ph)
17 25 449 1078 17 M =Pd (R = Pr, Y = CHyPh)
18 12 490 2400 18 M =Ni (R = 'Pr, Y = Ph-p-OCH3)
19 13 470 2100 19 M = Ni (R = Bu, Y = Ph-p-CH3)
20 15 460 1800 20 M = Ni (R=Pr, Y = Ph)
21 25 480 1100 21 M =Ni (R = Pr, Y = Ph-p-CF3)
22 13 460 2100 22 M = Ni (R = Bu, Y = CH,Ph)

Scheme 4.12 Pincer complexes for CO, reduction to methanol level

clear yet, it is confirmed that palladium hydride [2,6-('Bu,PO),CsH5]PdH is not the
main active species. Soon after that, they developed the pincer Ni thiolate analo-
gous [14]. It was found that complexes with electron-rich sulfur ligands and less
bulky groups (i.e., isopropyl) on the phosphorus donors are more active. When
complex 18 was used for hydroboration of CO, with HBCat at room temperature
under an atmospheric pressure of CO,, an unprecedented TOF of 2400 h™! was
achieved and the methoxide products were obtained in a quantitative yield.

In 2010, John and co-workers reported the CO, reduction to FA and MeOH
catalyzed by germanium(Il) hydride 24 using ammonia borane as the hydrogen
source under mild conditions [15]. Complex 24 was generated from the reaction of
germanium(Il) chloride 23 with LiNH,BH; and was found to be an effective cat-
alyst for CO, reduction to formate. Addition of LiNH,BH; gave lithium formate
and re-formed germanium(Il) hydride 24 (Scheme 4.13). The yields of lithium
formate were ranged from 85 to 95%. The formato complex 25 was further reduced
with 3 equivalent of NH3;BH; using THF or benzene as solvents at 60 °C. After
workup with D,O, CH;0D was obtained in yield of 33—43% and complex 24 was
regenerated. It is noteworthy that complex 24, which is stable toward water, can be

LiHoNBH3 o)
| THE | Lisg
A Ar Ar
=N, LHNBHs  )=N.  coyg) /=Ns. O 3HgNBH; D0
\  Ge ———— \  Ge Ge I CH30D
N~ “cl  THF N~ toluene N 0" H 60°C
\ \ \
Ar Ar Ar CeDs
24 T 25
Ar= 2,6-IPI'205H3

Scheme 4.13 CO, reduction to methanol with germanium(II) hydride and ammonia borane



68 4 Transformation of CO, to Methanol with Homogeneous Catalysts

easily separated from the products by extraction with benzene. The mechanism
study suggests that the Ge—O bond was cleaved prior to reduction of the —OC(O)H
group. B-OCHj; derivatives were observed by NMR. This study provided an
effective route for the hydrogenation of carbon dioxide to methanol using germa-
nium(Il) hydride as a mediator.

In 2012, Bontemps et al. studied CO, reduction with HBpin and a Ru polyhy-
drides [RuH,(H,),(PCys),] (Cy = cyclohexyl). Although the reaction was com-
pleted in 30 min, CH3;0Bpin was detected by NMR in a relatively low selectivity
(12%) [40]. Subsequently, Michael and Stephan developed a Ru complex with a
tripodal ligand N-((CH,),NHP'Pr,); [41]. The Lewis basic P and Lewis acidic Ru
can cooperatively activate CO,. However, the catalytic reaction only provided a low
TON of 9 for MeOBpin after 96 h at 50 °C under ambient pressure of CO,. In 2014,
Tan et al. reported a labile Ge(Il) hydride bearing a 2-iminocyclohexy-
lidenebenzylamine ligand for the transformation of CO, to formato complex
which was further reduced with AlH3;-NMej; to provide methanol after hydration
[42]. Soon after that, Anker et al. reported two B(C¢Fs);-activated alkaline earth (Mg
and Ca) catalysts, which were effective in selective reduction of CO, to a methanol
equivalent CH3OBpin [16]. The alkaline earth catalysts, 27 and 28, were synthesized
from amidoborane derivatives 26 and 29 with B(C¢Fs); (Scheme 4.14).

Catalytic hydroboration of '*CO, with 3 equivalents of HBpin was conducted in
the presence of 27 and 28 at 60 °C in THF. The borane was completely consumed
within 6 and 4 days respectively. In this reaction, the products were found to be
(pinB),0 and 13CH3OBpin, while the latter one was identified as the sole
3C-containing product of CO, reduction. In addition, small quantities of [HB
(C¢Fs)3]™ anion, pinBO'>CHO (30), and pinBO'>CH,OBpin (31) were identified
throughout the reaction by in situ NMR monitor. Based on the experimental study,
a possible reaction mechanism was proposed (Scheme 4.15). First, CO; inserts into
the M-H bond to form LM-O(CHO), which is then converted into pinBOBCHO
(30) with one equivalent of HBpin. 30 is further reduced with LM-HB(C¢Fs);5 to
form LMO(CH,)OBpin, which reacts with HBpin to provide pinBOCH,OBpin 31.
During the alkaline earth-centered reductive processes, the electrophilic borane acts
as a reagent for the delivery of a hydridic H. Product CH;0Bpin may be formed via
two pathways. In pathway A, complex 31 goes through spontaneous or

Ar Me, Ar A THF
SN _B(CeF s
N N e, B )N HBOT gy, N/ e,
R —

_ M- NMe, =N (THP), ST

H_ HoB—NMe, \ HB—NMe, )»=N" \ H.
M B S Ar - M H B

MeaN—BH:  27:M=Mg n=0 MeoN— BH, r
26 28:M=Ca,n=1 29

Ar = 2,6-di-isopropylphenyl

Scheme 4.14 Synthesis of alkaline earth catalysts 27 and 28. Reprinted with permission from
Ref. [16]. Copyright (2014) Royal Society of Chemistry
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Scheme 4.15 Proposed mechanism for CO, reduction with complexes 31 and 32. Reprinted with
permission from Ref. [16]. Copyright (2014) Royal Society of Chemistry

metal-centered breakdown to form (pinB),O and formaldehyde, which further
reduced to provide CH3O0Bpin. In pathway B, CH30Bpin is directly formed by the
reaction of 31 with another equivalent of LM-HB(C¢Fs);.

Very recently, Jones group reported that bulky amido — germanium(II) 33 and
—tin(Il) hydride complexes 34, as extremely efficient and highly selective catalysts
for the reduction of CO, to methanol level using HBCat or HBpin as the hydrogen
source (Scheme 4.16) [18]. Importantly, Sn complex 34 was demonstrated to be the
most active non-transition metal catalyst yet reported, yielding TOF up to 1188 h™"
at room temperature.

In the subsequent mechanistic study, it was identified that two thermodynami-
cally and kinetically viable catalytic pathways are viable for these reductions
(Scheme 4.17). In both cycles, the first two steps are identical. A germa-/bora-acetal
intermediate 38 was generated via the first hydrogermylation of CO,, followed by
cycloaddition reaction with HBpin across one GeO bond. In route A, intermediate
38 undergoes a o-bond metathesis reaction with HBpin to regenerate 35 and gives
(pinBO),CH, 37. Further reaction of 37 with 35 yielding MeOBpin and the
experimentally observed germanium(Il) borate ester 39 is the rate-determining
step. Intermediate 39 readily reacts with the final equivalent of HBpin to regenerate
catalyst 35. In alternative route B, elimination of formaldehyde from 38 to give 39
is found to be the rate-determining step. In the same way, intermediate 39
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Scheme 4.17 Two possible pathways for the reduction of CO, to MeOBpin, catalyzed by 35.
Reprinted with permission from Ref. [18]. Copyright (2017) American Chemical Society

undergoes a c-bond metathesis reaction with HBpin to give 35 and (pinB),0.
Hydrogermylation of formaldehyde with 35 gives the germanium methoxide 40.
A subsequent spectroscopic study indicates that route A predominates in the
experimental situation through identifying intermediates germanium(Il) and —tin(II)
borate esters. However, the involvement of the second reaction pathway cannot be
ruled out as suggested by a series of related stoichiometric reactions. This study
indicates that relatively cheap main group complexes are viable alternatives to
transition metal-based systems in the catalytic reduction of CO, with boranes.

In 2016, Lu and Williams investigated di(carbene)-ligated nickel complexes 41
and 42 for reduction of CO, to methanol in the presence of inexpensive and easily
handled sodium borohydride at room temperature [17]. The NHC ligands can lead
to high catalytic activity of the complex due to their strong electron-donating
character. They obtained a high TON of 1.1 million over 2 months. The authors
observed that >90% of the hydridic H in NaBH, were converted to C—H bonds in
this reaction, resulting in sodium borate. Furthermore, the complexes are highly
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Scheme 4.18 Mechanistic speculation for CO, reduction by 41

stable to air and water. In NMR experiments direct production of methanol, instead
of boron methoxides was achieved in the presence of 1 vol.% H,O. NMR and X-ray
diffraction experiments have been carried out to study the reaction mechanism. Two
monomeric Ni carbene species were isolated and their structures were determined
by single crystal X-ray diffraction method. NMR experiments suggested that a Ni—
H species was formed with 41 in the presence of NaBH,. The speculated catalytic
cycle was illustrated in Scheme 4.18. Dimer complex 41 cleaves to give monomer
species which reacts with borohydride and CO, to generate an active hydride. The
Ni—H species further reacts with borohydride to give methoxide and regenerates the
Ni monomer complex.

4.4 Transformation of CO, to MeOH
with Organocatalysts or FLPs

FLPs as defined by Stephan are combinations of a Lewis acid and base that are not
mutually quenched as a result of steric or geometric constraints [43]. Initially
developed FLPs usually employ metal Al as Lewis acid. Recently reported FLPs
based on B/N, B/P couple are metal-free and belongs to organocatalysts. It should
be noted that either metal-based or metal-free FLPs are introduced in this section.
The concept of FLPs contributes greatly to the metal-free CO, reduction.
Organocatalysts or FLPs accompanied with organosilanes and borane as reducing
agents offers the possibility of CO, reduction to MeOH under very mild conditions.
Most recently, some FLPs are even demonstrated to be active in the reduction of
CO, to MeOH with H,. This strategy attracted much attention due to its use of only
low cost and earth-abundant reagents [43—45].
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4.4.1 Borane as Reductant

In 2010, Stephan developed the first frustrated Lewis pairs system, Al-based FLPs
43 for reduction of CO, with ammonia borane (AB) to methanol (Scheme 4.19)
[24]. 44 were prepared respectively from the reaction of 43 with CO, and their
structures were confirmed by NMR and X-ray crystallography. The stoichiometric
reaction of 44 with ammonia borane proceeded rapidly at room temperature
affording average extracted yields of 37-51%.

In 2011, Paul and co-workers investigated mechanistic details by DFT calcu-
lation for the CO, reduction with FLPs 43 to methanol using ammonia borane as
the hydrogen source [46]. Unlike CO, reduction by AB to formic acid through a
six-membered transition state (Scheme 4.20a), the computational study revealed
that the reduction pathway by the FLP-CO, complex through a hydride transfer
from the borane end of AB (Scheme 4.20b).

To explore the role of the Lewis acid and base in the reduction of CO,, Lim and
co-workers examined the reaction of CO, and AB catalyzed by FLPs through
quantum chemical calculations [47]. It was found that hydride transfer was pro-
moted by LA (AICl3), while LB (2,4,6-trimesitylenephosphine, PMes;) exhibited a
negative effect, namely hindered hydride transfer. Based on computational data, the
reaction in presence of LB showed a higher hydride transfer barrier than that
exclusively catalyzed by LA by ~ 8 kcal/mol. However, LB played a significant
role in the stabilization of the active FLP-CO, complex. The reaction rate is pro-
moted greatly by increasing the concentration of FLP-CO,.

Stephan et al. further investigated the mechanism for reduction of CO, catalyzed
by Al-based FLP o0-tolsP/Al(CgFs); (Scheme 4.21) [48]. In the reaction, ammonia
boranes bearing larger steric hindrance substitutes were employed to increase their
solubility in a solvent and slow the reaction rate. FLP (o-tol);P/Al(C4Fs); reacted

XaAl, A 5 : !
co 00 i !
MeszP(AlXg) === PMes3 + AlX3 2 ﬁ/® | |
AlX3 _P. | |
43 X = Cl, Br Mes |\l/| Mes | |
. Mes |
44 X=C|, Br ‘="
H>0 ) .
NH3BH3 M2~ HyCOH  37-51% yield
[MesgPH][(MeO)nAlX.q]
15 min, 25 °C PMes,
+ (BHNH), CeHsBr

Scheme 4.19 Stoichiometric reduction of 43 or 44 to CH;0H
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Scheme 4.20 a CO, reduction by ammonia borane to formic acid through a six-membered
transition state. b The reduction of the trapped CO, through a hydride transfer from the borane end
of ammonia borane

Al(CgF
® //O’ (CgFs)s MesNBH, MesN + (otol);P
(otol]3P—C B Pa + A'(Cst)

0-Al(C4Fs)s H\A{H + o, 5 E
45 (CeFs)3
rapid l co, P :

M€3N A](CSF5)3

60 °C H, H o :
CH;0—[B] = H @ ’“>—H ez MBS -B. O)gko,m(cst)a ' P(otol),
3 ® L R Il L,
Mea“ Al(CgFs)s
46

Scheme 4.21 Reaction of 45 with Me;NBHj; to give methoxide

with CO, to give (0-tol);PC(OAI(C¢Fs)3), 45, which generated formate-bridged
species in the presence of H;BNMej;. The experiments demonstrated that 45 reacted
with Me;NBHj; to methoxide level via 46.

In 2013, Fontaine et al. reported the first organocatalyst 1-BCat-2-PPh,-C¢H,4 47
(Cat = catechol) for reduction of CO, to CH;0BR, or (CH30BO); in presence of
hydroboranes including HBCat, HBpin, 9-BBN, BH;-SMe,, and BH;-THF
(Scheme 4.22) [20]. A 99% yield for MeOH was obtained in the reaction of CO,
and BH3-SMe, catalyzed by 47 under atmospheric pressure at 70 °C, with a TOF of
853 h™' and TON of 2950. It is notable that the catalyst exhibited “living” behavior
that addition of hydroboranes could restart the reaction when it was consumed.
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Scheme 4.22 Reduction of CO, in presence of HBCat and Catalyst 47. Reprinted with
permission from Ref. [20]. Copyright (2013) American Chemical Society

To expand the scope of the FLP system, they synthesized a novel
triphosphine-organoalane Al(C¢Hy4(0-PPh,)); 48 to catalyze the reduction of CO,
with HBCat (Scheme 4.23) [21]. The X-ray diffraction of 48 illustrated that two
AIl-P interactions resulted in pseudo-bipyramidal-trigonal geometry. The labeling
experiment indicates that each molecule 48 can capture one CO, to form ambiphilic
CO, adduct under ambient conditions. Induction period was observed when the
reaction of CO, and HBCat underwent with precatalyst 48 under atmosphere
pressure at 60 °C. Species 47 was isolated from the reaction between 48 and HBCat
under atmospheric pressure at 70 °C. However, HBCat cannot react with the adduct
of BH3-SMe, and 48 to generate 47. The reaction between CH3;0BCat and 48 can
produce 47 as well, accompanied by the formation of 49. The species Al(>-O,
0—(MeO),BCat); 49 can be readily hydrolyzed in methanol.

On the basis of previous work, Fontaine et al. investigated the mechanism of
hydroboration of CO, promoted by 1-B(OR),-2-PR’,—~CcH, 50 and 51 by exper-
imental and computational methods (Scheme 4.24) [49]. Phosphine-boranes 50 and
51 were readily converted to formaldehyde adducts 50b-CH,O and 51b-CH,O
respectively in the presence of CO, and HBCat. The 'C labeling experiments
indicated that 50b-CH,0 and 51b-CH,0 are the active catalysts for hydroboration
of CO,. Three possible transition states for the hydroboration of CO, were proposed
according to the DFT calculation. The CH,O moiety in catalyst takes part in
activating CO, or reducing agent (pathways A-C), instead of being hydrogenated
into the CH;OH.

In 2014, Fontaine and co-workers described a Lewis base catalyst 1,8-bis
(dimethylamino)naphthalene (52) for the transformation of CO, to methanoboranes
(CH30BO); with a TOF of 108 h™! at room temperature (Scheme 4.25) [22]. It was

Ph2 Cat

b B

’ N~ M
tol, r.t. \OO" 90/

PhP A +6 CHzOBCat —> 3 BCat + AN

PPh, CatB~(|3 cl)—BCat

PPh,
48 47 49

Scheme 4.23 Generation of 47 in reaction of 48 and CH3;OBCat. Reprinted with permission from
Ref. [21]. Copyright (2013) American Chemical Society
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Scheme 4.25 Catalytic activity of 53 and 54 for the reduction of CO, by BH;-SMe,

discovered that Lewis base catalyst 52 activates the BH;-SMe, to produce a
borenium species 53, which is an active species for reduction of CO,. The reaction
of BH;-SMe, with CO, in presence of catalyst 52 monitored by NMR indicated that
formation of 53 is rate limiting in the catalytic cycle (Scheme 4.26). Following this
report, Mézailles et al. synthesized a zwitterionic boronium species 54, similar to 53
in structure [23]. Calculation of charges at the “BH,” fragment in 54 indicated a
hydridic character as strong as borohydride. 54 was employed to catalyzed the
reaction of BH3-SMe, and CO, giving methoxyborane and methoxyboroxine at
80 °C with a brilliant TON and TOF.
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Scheme 4.26 Proposed mechanism for the reduction of CO, to methoxyboranes with 52.
Reprinted with permission from Ref. [51]. Copyright (2014) Royal Society of Chemistry

Based on the work that the NHC adduct of 9-BBN activates H, in presence of
P(‘Bu)s, [50]. Wang and Stephan developed two novel intramolecular frustrated
Lewis pairs by ring-expansion reaction between phosphine-derived carbenes
C;H,(NPR,), (R = Bu, N'Pr,) with 9-BBN [25]. These FLPs catalyzed the
reduction of CO, to methanol in presence of boranes and achieved a moderate TON
of 100 at room temperature under 5 atm CO,. Interestingly, the reactions with
different boranes afforded different products. A mixture of HCOOBpin,
CH,(OBpin),, and CH;0Bpin were obtained when HBpin was used as a reductant.
However, the HBCat were completely converted into CH3;OBpin, and only
(MeOBO); were observed in the presence of BH3-SMe,.

Subsequently, they conducted phosphine catalyzed CO, reduction with 9-BBN
[51]. It was found that P('Bu); can activate CO, in presence of 9-BBN by forming
an adduct. When the reaction was carried out under catalytic conditions, a TON of
5556 (TOF of 176 h™') and yield of 98% were achieved after 31.5 h at 60 °C
(Scheme 4.27a). An induction period was observed when PPh; or P(p-MeCgH,);
were used instead of P('Bu);. The period span decreased to a half when the con-
centration of the phosphines increased twice.

In 2014, Cantat et al. exploited guanidines and amidines derivatives, such as
1,5,7-triazabicyclo[4.4.0]dec-5-ene  (TBD), 7-methyl-1,5,7-triazabicyclo[4.4.0]
dec-5-ene (Me-TBD), 1,8-diazabicycloundec-7-ene (DBU) to catalyze the reduction
of CO, to methanol with hydroboranes [26]. A TON of 648 and TOF of 33 h!
were achieved by Me-TBD with 9-BBN at room temperature (Scheme 4.27b). The
formation of formoxyborane intermediate HCOOBR, was found to be the
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Scheme 4.27 Reaction of CO, with 9-BBN catalyzed by a P(‘Bu)s, b Me-TBD, and 56

rate-determining step. Interestingly, experimental and computational studies indi-
cated that TBD and Me-TBD catalyzed the hydrogenation of CO, in different
pathways. Me-TBD catalyzed hydrogenation of CO, by activating hydroboranes in
priority, while TBD was first transformed into active frustrated Lewis pairs which
subsequently catalyzed the reduction of CO, (Scheme 4.28).
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Scheme 4.28 Proposed different pathways for the catalytic hydroboration of CO, to formoxyb-
orane HCOOBR, with a Me-TBD and b TBD



78 4 Transformation of CO, to Methanol with Homogeneous Catalysts

Fle Fle F‘e ,O \Q Ie
Cd? c@y B: Cd?/B\O Cd): _BMes, cd?/ Bpin
57 58 59 60a 60b

Fig. 4.1 Ferrocene-based phosphinoborane catalysts for the hydroboration of CO,. Reprinted
with permission from Ref. [29]. Copyright (2016) Royal Society of Chemistry

In the same year, Cantat et al. reported a highly efficient catalyst proazaphos-
phatrane superbases 56 for hydroboration of CO, with 9-BBN to methanol [28].
A high TON of 6043 was achieved with 56 at room temperature (Scheme 4.27c).
Notably, this catalyst also enables the catalytic methylation of amines from CO,
with hydroboranes.

In 2016,Cantat et al. developed a series of ferrocene-based phosphine, borane,
and phosphinoborane derivatives as catalysts for the hydroboration of CO,
(Fig. 4.1) [29]. 57-59 exhibited no apparent catalytic activity while a TON of 41
were achieved with the mixture of 57 and 58 at room temperature. The results
demonstrated the synergistic effects of the mixture of Lewis base and Lewis acid.
High catalytic performance was obtained with 60a at 70 °C under atmospheric
pressure. The reaction afforded a TON of 1980 and TOF of 99 h™" with a catalyst
loading of 0.05 mol% for 20 h.

Inspired by NHCs catalyzed hydrosilylation of CO,, Song et al. investigated N-
methyl-4,5-diazafluorenide (61) and a two ring analogues 62 for CO, hydroboration
using various of boranes (Fig. 4.2) [27]. After a screening of boranes, BH5-SEt,
was demonstrated to be most effective. Under 1.5 atm CO, at room temperature, 61
afforded a TON of 294 after 44 h, while 62 provided a TON of 298 only after 7 h.

In 2014, Mizuta explored commercially available THF solution of BH3, con-
taining a small amount NaBH, to react with CO, to trimethoxyboroxine with 87%
yield at room temperature [30]. NaBH, was found to act as a catalyst in hydrob-
oration of CO, through the formation of HCOOBH; and (HCOO),BH, . Based on
the experiments and literature, the author proposed a mechanism for the reaction of
BH; with CO, promoted by NaBH, (Scheme 4.29). Replacing NaBH, with
HCOONa, 78% yield was obtained, which supported the proposed mechanism.

Fig. 4.2 Organocatalysts 61 H H
and 62 with carbon-centered
activity for CO, — X Q
hydroboration \ / N | ®_
Y,
N© N N
\ PN

61 62
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Scheme 4.29 Proposed mechanism for hydroboration of CO, promoted by NaBH,

4.4.2 Silane as Reductant

Hydrosilane is a commonly used reductant in organic synthesis. The Si-H bond can
be readily activated to give active hydride. More importantly, the inherent affinity of
the silicon atom to oxygen is favorable for CO, activation. It has been employed in
CO, reduction to formate, acetal, methoxide, methane levels, and other CO,
involved reaction. [31, 52-71]. Reduction to formate or methane level is readily
accessible, while controlled reduction to methanol is particularly challenging. In
1989, Eisenschmid and Eisenberg reported the first CO, reduction with alkylsilanes
including Me;SiH, Me,SiH,, and Et,SiH, to methoxide level using a complex [Ir
(CN)(CO)dppe] (dppe = 1,2-bis(diphenylphosphino)ethane) albeit with a low TON
of 2.28 [66]. Another example of CO, reduction to methoxy level with a Ru complex
using organosilane as reducing agents was reported in 2014 [72]. Except for metal
complexes, organocatlaysts are also explored and will be discussed in this section.

N-Heterocyclic carbenes (NHC) bearing a lone pair of carbene electron can
severe as nucleophiles and have been widely used as organocatalysts and ligands. In
2009, Ying and Zhang et al. reported the first organocatalyst catalyzed hydrosily-
lation of CO, to methanol under mild conditions using NHC (Scheme 4.30) [31].
1,3-Bis(2,4,6-trimethylphenyl)imidazolium carboxylate (IMes-CO,) and silane
were treated with CO, in DMF and monitored by '*C{'H} NMR spectroscopy. The
formation of formoxysilanes and silylacetal intermediates and methoxide product
were identified. It was found that the reaction is sensitive to steric hindrance.

CO> + RsSiH R3SIOCH; + R3SiOSiR3

H.O

CH3OH + R3SIOH

Scheme 4.30 The reduction of CO, with R3SiH by NHCs to methanol
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Disubstituted silanes are effective reductants, while trisubstituted ones are inactive.
NHCs with bulky substituents resulted in higher efficiency. With low catalyst
loading (0.05 mol%) of mesitylimidazolylidene, diphenylsilane was fully con-
sumed and transformed to Ph,Si(OMe), typically in 90% yield. TON and TOF up
to 1840 and 25.5 h™' were reached respectively. It is noteworthy that the catalytic
system is resistant to oxygen; the reaction with mixed CO,/O, (1:1) offered the
same result as that with pure CO,. This study provides an efficient and selective
method for CO, reduction to methanol.

Soon after that a series of mechanistic studies was reported [39, 73, 74]. The
calculations by Wang predicted that formaldehyde is an inevitable intermediate. On
the contrary, Ying and Zhang et al. demonstrated with experiments that hydrosi-
lylation of formaldehyde is not feasible. Primary activation involves formation of
NHC-CO, adduct from NHC and CO,. Further reduction of CO, to give a for-
moxysilane intermediate is established as rate limiting. NHC catalyst shows elec-
tronic effect to promote hydridic H transfer from silane to the adduct and generates
a methoxide end product.

In 2012, Muller et al. reported reduction of CO, to formic acid and methanol
with trialkylsilanes by stoichiometric amount of trityl borate [Ph3C][B(CgFs)4]
under ambient conditions [75]. The reaction pathway was established according to
the experimental results and DFT calculations (Scheme 4.31). The reaction of
R;SiH and [Ph;C][B(C¢Fs)4] in PhCl generated chloronium species 63, which was
treated with CO, and trialkylsilane to produce the formate derivative 65 via an
intermediate 64. When triisopropylsilane was used, 65a is the sole product.
However, replacement of triisopropylsilane with less bulky triethylsilane led to a
mixture of 65b and 67b which can provide FA and MeOH by simple hydrolysis.

. SiRs
Cl Cl _SiRs
., [Ph3C][B(CeFs)4] CO, "0 RsSiH
+ R,SiH i ool
phet G
0
63 64
. C';': .n RsSiH _ O/SiRS EtsSiH gHs
0720 (RSO CH, RsSi” * “SiRs
65 66 67
l aR=Et, l H0
HCOOH bR=Pr CHgOH

Scheme 4.31 Reduction of CO, by [Ph3C][B(C¢Fs),4] in PhCl
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Scheme 4.32 Reduction of CO, with silane in the presence of phosphazene superbases

In 2015, Fontaine et al. reported a series of commercially available phosphazene
superbases 68—69 for reduction of CO, with silanes to methanol [76]. The mixture
of formylsilanes, acetalsilanes and methoxysilanes were formed when Ph,SiH,
reacted with 5 atm CO, in presence of 1.25 mol% 68 in DMF after 2 h
(Scheme 4.32). Addition of Ph,SiH, led the further reduction of formylsilanes and
acetalsilanes to methoxysilanes after 36 h. An approximate TON of 76 for MeOH
were obtained in CH;CN solvent after 24 h. Interestingly, it was found that N,N-
dimethylformamide (DMF) can acts as a catalyst for the hydrosilylation of CO,.

4.4.3 Hydrogen as Reductant

Compared to the relatively high cost boranes and silanes, H, is a more attractive
reducing agent since it is more potential for industry application. However metal
complex catalyzed direct CO, hydrogenation to MeOH is rather difficult as above
mentioned. FLP are reported to be effective to cleave H, heterolytically [77-81].
FLP mediated CO, hydrogenation using H, as a reductant is an attractive and
challenging method for CO, hydrogenation to MeOH.

In 2009, Ashley, O’Hare, and co-workers reported the first MeOH production
from H,/CO, under metal-free conditions [82]. Heterolytic cleavage of H, by an
equimolar mixture of 2,2,6,6-tetramethylpiperidine (TMP) and B(C¢Fs); gave a salt
[TMPH][HB(C¢Fs)3] (71). The reaction of CO, and 71 in toluene at 100 °C gen-
erated a formatoborate complex [TMPH][HCO,B(C¢Fs)3] (72) in quantitative yield.
Based on the NMR and MS studies, a mechanism was proposed. B(CgFs)5 attacks
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Scheme 4.33 CO, hydrogenation to methoxide with TMP/B(Cg4Fs)3

on the acyl oxygen atom of 72 resulting in an intermediate A (Scheme 4.33).
Further reduction of the activated formate 73 by an equivalent of 71 affords the
formaldehyde acetal (intermediate 74) which cleaves by [TMPH]" to give inter-
mediate 75. Final hydride reduction of 75 by 71 forms [TMPH][(MeO)B(C¢Fs)s]
76. MeOH may forms by reaction of CH3;0B(CgFs), with TMP or its conjugate
acid. The conversion of 73-74 is supposed to be rate-determining. The reduction of
CO; (1 equiv) by a 1:1 mixture of TMP/B(C¢Fs); (4 equiv) in toluene-dg under an
H, atmosphere led to quantitative conversion into CH;OB(CgFs), after 6 days at
160 °C. Remarkably, CH;0H was isolated in 17-25% yield by direct vacuum
distillation of the solvent at 100 °C with no requirement of hydrolysis.

In 2015, Stephan and Fontaine et al. synthesized two intramolecular B/N frus-
trated Lewis pairs 77 and 78 for hydrogenation of CO, to methanol level [19].
According to experimental study and DFT calculation, both 77 and 78 can be
converted into a stable dimer 80 in the presence of H, through two consecutive
steps of H, splitting and protodeborylation (Scheme 4.34). 80 exhibited no reac-
tivity in the CO, reduction due to its dimeric nature, while the reaction using 78
exclusively generated acetal species BOCH,OB at room temperature. Therefore,
the first protodeborylation step is believed to be required prior to CO, reduction.
The reaction of 77 and 78 with 1 atm H, and 4 atm CO, afforded formate, acetal,
and methoxide derivatives at 80 °C. The author also investigated the hydrogenation
of CO, with 77 by DFT calculation. It was found that the reaction of 79 and CO,
undergoes concerted transfer proton and hydride from N-H and B-H to O and C of
CO,, respectively. This TS is reminiscent of bifunctional metal-based complex for
CO, activation.
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Chapter 5
Transformation of CO, to Methanol Over
Heterogeneous Catalysts

Abstract Hydrogenation of CO, to methanol over heterogeneous catalysts usually
requires hash conditions. Various heterogeneous catalysts based on Cu, Pd, Ni, Ag,
Au, In, and other metals have been recently developed and investigated. Cu doped
by other metals or metal oxides are the preferred selection. Besides metal itself,
catalyst morphology, which is generally influenced by the method of preparation
and calcination, is crucial for reaction conversion and selectivity. The relationship
between catalyst characteristics and catalyst performance is discussed.

Keywords CO, hydrogenation - Heterogeneous catalyst - Methanol - Support
Co-precipitation - Calcination - Specific surface area -+ Morphology

Methanol synthesis through CO, hydrogenation over heterogeneous catalysts has
been extensively investigated since it was first established in the 1960s given its
high industrial relevance. Several excellent reviews on the catalytic hydrogenation
of CO, over heterogeneous catalysts have been published [1-4]. Over the past few
decades, various heterogeneous catalysts have been prepared and used for the
hydrogenation of CO, to methanol. The state of the art of the hydrogenation of CO,
to methanol over heterogeneous catalysts is presented in this chapter.

5.1 Cu-Based Catalysts

The hydrogenation of CO, to methanol over Cu-based catalysts has been widely
reported (Table 5.1). Sun et al. prepared a ZrO,-doped CuZnO catalyst (Zr—Cu/
ZnO) through a successive precipitation method. They found that the presence of
ZrO, increases the dispersion of copper in a manner distinctive from that of CuZnO
[5]. Using Zr—CuO/ZnO as a catalyst under 250 °C, 5 MPa, space velocity (SV) of
4000 h™! and 3:1 molar ratio of H,/CO, provide 26.4% CO, conversion and
0.22 g mL™" h™! methanol yield. By contrast, under the same conditions, only 16%
CO, conversion and 0.14 g mL™" h™" methanol yield are achieved when CuO/ZnO
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is used as a catalyst. Zhang et al. investigated the effect of modifying Cu-based
catalysts with zirconia on 7y-Al,0O3 supports [6]. They found that Zr addition
improves the catalytic activity and methanol selectivity of the catalyst. They
obtained the highest methanol yield with the 12Cul0Zr/y-Al,O5 catalyst under
240 °C, 3.0 MPa, 3:1 molar ratio of H,/CO,, and SV of 1800 h L

Raudaskoski et al. investigated the effect of aging time on coprecipitated
Cu/ZnO/ZrO, catalysts [7]. They found that extending aging time during the prepa-
ration of Cu—ZnO/ZrO, benefits the activity of the Cu—ZnO/ZrO, catalysts in the
hydrogenation of CO, to methanol. The sodium content of the catalyst decreases
and finer crystallite structures are formed with increasing aging time. Wang et al.
utilized a coprecipitation method to prepare a series of Cu/Zn/Al/Zr catalysts
containing different Al/Zr ratios [8]. The catalysts comprise Cu/Zn crystallites in a
fibrous structure. The researchers reported that the dispersion and stability of the
crystallites in the coprecipitated catalysts are better than that of the commercial
catalyst. These properties consequently enhance CO, hydrogenation. Moreover, the
addition of 5% Zr increases the methanol space-time yield (STY) of the catalysts to
80%, which is higher than that of the commercial catalyst. Arena et al. prepared
Cu—Zn0O/ZrO, catalysts (Zn,/Cu,, 0-3; ZrO,, 42-44 wt%) through a novel syn-
thesis route based on reverse coprecipitation under ultrasound irradiation [9]. The
synthesis method significantly improves the total surface exposure, dispersion, and
surface area of the active metal phase in the catalyst, and ZnO strongly promotes
catalyst texture. The hydrogenation reaction over the coprecipitated catalysts is
structurally sensitive, resulting in the changes in turnover frequency (TOF) with
metal dispersion. The activity of the Cu—ZnO/ZrO, catalyst in methanol synthesis
under 160-260 °C and 1.0-3.0 MPa was compared with that of a commercial
Cu-Zn0O/Al, 05 catalyst under the same conditions. The thermodynamic analysis of
the reaction revealed the formation of methanol. The performance of the conven-
tional alumina-based catalyst is poorer than that of zirconia-based catalysts because
water negatively affects the rate of methanol formation. Zhang et al. investigated the
effect of vanadium addition to a Cu/y-Al,O3 catalyst [10]. The efficacy of
Cu-V/y-Al,O3 was higher than that of Cu/y-Al,O5 in the hydrogenation of CO, to
methanol. The researchers also investigated the influence of reaction conditions,
including reaction temperature, SV, and the molar ratio of H, to CO,, on the
performance of 12% Cu-6%V/y-Al,05 catalyst. They reported that the optimum
conditions for CO, hydrogenation are as follows: 240 °C, 3600 h™", and 3:1 molar
ratio of H, to CO,. Tsubaki et al. used a novel low-temperature route for the
efficient conversion of CO, to methanol in a semi-batch autoclave [11].
The researchers reported 25.9% CO, conversion and 72.9% methanol selectivity
under a low temperature of 443 K and pressure of 5 MPa with Cu/ZnO (Al,O3) and
alcohol as the catalyst and solvent, respectively.

Arena et al. investigated the solid-state interactions, adsorption sites, and func-
tionality of Cu-ZnO/ZrO, catalysts (ZrO, loading, 43 wt%; Zn/Cu (at/at), 0.0-2.8)
in the hydrogenation of CO, to methanol [12]. Characterization data indicated that
the strong Cu—ZnO interaction effectively promotes the dispersion and reactivity of
metal copper to oxygen. The interaction of metal Cu particles with ZnO and ZrO,
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Fig. 5.1 Sketch of the catalysts surface and functionality of the various surface sites under CO,
hydrogenation conditions. Reprinted from Ref. [12]. Copyright (2008), with permission from
Elsevier

stabilizes Cu®* sites at the metal/oxides interface, whereas a “mix” of Cuo, cu®*
and oxide basic sites interact to promote the adsorption/activation of H,, CO, and
CO,. The effects of the metal/oxide interface on the functionality of Cu—ZnO/ZrO,
catalysts have a fundamental role in hydrogenation of CO, to methanol. The
dual-site nature of the reaction path explains the formal structure-insensitive
character of CO, hydrogenation over Cu—ZnO/ZrO, catalysts (Fig. 5.1).

Lu et al. synthesized a series of CuO/ZnO/ZrO, (CZZ) catalysts through a urea—
nitrate combustion method [13]. The catalysts were synthesized with 40-150%
stoichiometric amount of urea. The researchers then investigated the performance of
the synthesized catalysts in the hydrogenation of CO, to methanol and the effects of
the urea/nitrate ratio on catalyst properties. The catalyst prepared with 50% of the
stoichiometric amount of urea exhibited the optimum performance. The use of this
catalyst for methanol synthesis from CO, hydrogenation under 240 °C, 3.0 MPa,
3:1 Hy/CO, molar ratio, and 3600 h™' SV provided 17% CO, conversion, 56.2%
methanol selectivity, and 9.6% methanol yield.

Lu et al. synthesized a series of CZZ catalysts through the glycine—nitrate
combustion method with 50-150% stoichiometric amount of glycine [14].
Characterization data indicated that the physicochemical properties of the catalysts
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are strongly influenced by the fuel content used in the combustion process. CuO
dispersion exhibited an inverse-volcano variation trend as glycine amount was
increased from 50 to 150%. The researchers then evaluated the catalytic perfor-
mance of CZZ catalysts in CO, hydrogenation to methanol and found that the
50-CZZ catalyst prepared with 50% stoichiometric amount of glycine exhibits the
maximum activity. ZrO, transforms from the tetragonal (-ZrO,) to the monoclinic
(m-ZrO,) phase with changing glycine content, and the selectivity of methanol over
m-ZrO, is higher than that over #-ZrO,. The catalytic activity of CZZ depends on
the surface properties of metallic copper and the phase state of ZrO,. These results
indicated that the glycine—nitrate combustion method is a simple, fast, and effective
method for the preparation of CZZ catalysts.

Liu et al. utilized fractional precipitation, impregnation—precipitation (IP), and
solid-state reaction methods to synthesize Cu/ZrO, catalysts for methanol synthesis
through CO, hydrogenation [15]. The physical structure and reducibility, as well as
interaction between CuO and ZrO,, of the Cu/ZrO, catalysts are greatly affected by
the preparation methods and determine the performances of the catalysts in
methanol synthesis from CO,/H,. The catalytic performance of Cu/ZrO, is mainly
determined by the interaction between Cu and ZrO, rather than by its surface area.
Compared with the catalysts prepared through other methods, the Cu/ZrO, catalyst
prepared through the IP method exhibits higher CuO dispersion and stronger
interaction between Cu and ZrO,. When used to catalyze methanol synthesis
through CO, hydrogenation, the Cu/ZrO, prepared through the IP method exhibits
higher CO, conversion and higher methanol yield than catalysts prepared through
other methods.

Li et al. investigated the reaction mechanism of methanol synthesis from CO,/H,
using an in situ IR (Infrared Spectroscopy) technique [16]. They confirmed that
methanol could be formed through CO, hydrogenation. The strong adsorbability of
CO, on Cu suppresses the dissociation of H, on Cu, thus decelerating the formation
rate of methanol. The researchers also proposed a scheme for methanol synthesis in
which HCOO-Zn and HCOO-Cu intermediates are present, whereas CH;0-Cu is
absent (Fig. 5.2). In this scheme, HCOO-Zn is the key intermediate, and the
hydroxylation of CH30-Zn is the rate-limiting step.

O COz* Hs
. Hs
CO + Oy =———= CO, ——— HCOOCu
. H l Hg Zn-OH
HCOOZn — .+ CH,0Zn —— CH3O0H
Zn-OH
co

Fig. 5.2 Scheme for the mechanism of methanol synthesis from CO/H, and CO,/H, over Cu/
ZnO/Al,0; catalyst. Reprinted from Ref. [16]. Copyright (2010), with permission from Springer



96 5 Transformation of CO, to Methanol Over Heterogeneous Catalysts

Maniecki et al. comparatively studied the physicochemical properties of different
Cu-support catalysts (support = ZnO, Al,O;, Cr,Os;, ZnAl,O4 FeAlO;, or
CrAl3;O¢) and their catalytic activity in methanol synthesis through CO, hydro-
genation [17]. The researchers then investigated the influence of different supports
on the activity of the copper catalyst in methanol synthesis through CO, hydro-
genation. They reported that the 20% Cu/ZnAl,O, catalyst is the most suitable
catalyst system for methanol synthesis given its high selectivity (93%) and activity.
By contrast, the 20% Cu/FeAlO; catalyst is the most unsuitable catalyst system for
methanol synthesis given its low selectivity (21%) for methanol.

Mao et al. investigated the hydrogenation of CO, to methanol over Cu/ZnO/
ZrO, catalysts prepared through solid-state reaction [18]. They investigated the
effects of calcination temperature on the physicochemical properties of the catalysts
and found that Cu dispersion decreases with increasing calcination temperature.
Moreover, they found that ZrO, transforms from the tetragonal to the monoclinic
phase when the calcination temperature exceeds 600 °C. They reported that the
catalyst that was calcined at 400 °C exhibits the highest activity and achieves
15.7% CO, conversion, 58% methanol selectivity, and 9.1% yield under 240 °C,
3 MPa, 3600 h™!, and 3:1 molar ratio of H,/CO,.

Chou et al. synthesized Cu/ZnO/Al,Oj; catalysts through the decomposition of M
(Cu, Zn)-ammonia complexes (DMAC) under various temperatures and designated
the synthesized catalysts as CZA-T (T = decomposition temperature of DMAC)
[19]. The researchers then investigated the influences of the complete decomposi-
tion temperature of DMAC, reaction temperature, and specific Cu surface area on
catalytic performance. The aurichalcite phase in the precursor plays a key role in
improving the physiochemical properties and activities of the final catalysts. The
catalyst prepared from aurichalcite-rich precursor exhibits small particle size, good
Cu dispersion, large specific Cu surface area, and high STY of methanol under
212 g Lol h7l 513 K, 3 MPa, and 12,000 h™!. As confirmed by evolved gas
analysis (EGA), the residue of the high-temperature carbonate species helps to
inhibit the growth of Cu particles and enhances catalytic activity. The CZA-343
catalyst that contains a high amount of aurichalcite-rich precursor and
high-temperature carbonate species upon calcination has remarkably high activity.

Mao et al. synthesized a series of Cu/ZrO, catalysts with various La loadings
through a urea—nitrate combustion method [20]. They investigated the influence of
La loadings on the physicochemical and catalytic properties of the La—Cu/ZrO,
catalysts for methanol synthesis from CO, hydrogenation. Results revealed that
La** partially substitutes for Zr** and that La,Zr,0- is formed with the introduction
of La. The surface area of Cu first increases and then decreases with increasing La
loading, whereas the amount of basic sites over the catalysts continuously increases.
The conversion of CO, and the surface area of Cu are linearly related. Methanol
selectivity increases linearly with the increase in the fraction of y basic sites to the
total basic sites. These results provide evidence for a dual-site or bifunctional
mechanism of methanol synthesis through CO, hydrogenation over Cu/ZrO,-based
catalysts (Fig. 5.3). The presence of La favors methanol production, and the
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Fig. 5.3 The dual-site or bifunctional mechanism for methanol synthesis from CO, hydrogena-
tion over Cu/ZrO, catalysts. Reprinted from Ref. [20]. Copyright (2011), with permission from
Elsevier

optimum catalytic activity is obtained when the amount of La doping is 5% of the
total amount of Cu®* and Zr**,

Mierczynski et al. compared the physicochemical properties of Cu/
Cr,05-3A1,053 and Au—Cu/Cr,05-3Al,05-supported catalysts and their catalytic
activity in methanol synthesis from H, and CO, [21]. The researchers proved that
the addition of gold to Cu/support catalysts promotes methanol synthesis. The
selectivity of copper—gold catalysts in methanol synthesis is mainly determined by
alloy formation between Au and Cu during reduction in 5% H,—95% Ar mixture at
300 °C. XRD analysis confirmed the formation of Au—Cu alloys. Cu/Cr,05-3A1,0;
catalysts are highly active in methanol synthesis. The introduction of gold onto the
catalyst surface increases methanol selectivity because metallic gold particles
provide nucleation centers for copper crystallization during catalyst reduction.

Arena et al. investigated the effects of ceria promoter and carrier on the func-
tionality of Cu-based catalysts in the hydrogenation of CO, to methanol under 453—
513 K, 3.0 MPa, and gas hourly space velocity (GHSV) of 8.8 N L g~ h™! [22].
The ceria carrier promotes the surface functionality of the Cu-ZnO system by
negatively influencing catalyst texture and metal surface area (MSA). ZnO pro-
motes the dispersion and catalytic functionality of the metal copper phase. The
remarkable promoting effect of ceria on the activity of the Cu—-ZnO system
increases surface methanol yields. Activation in diluted hydrogen enhances the
surface functionality of ceria-promoted Cu—ZnO catalysts. The lack of relationship
between MSA and catalytic activity substantiates the dual-site nature of the main
reaction path, thus confirming the fundamental role of the metal/oxide(s) interface
on the CO,-hydrogenation functionality of the Cu-based catalysts.

Zhang et al. prepared CuO-ZnO-Al,O; catalysts through coprecipitation. They
then studied the effect of SiO,, TiO,, or SiO,-TiO, promoters on the performance
of CuO-ZnO-Al,0; catalysts in methanol synthesis through CO, hydrogenation
[23]. Under reaction conditions of 533 K, 2.6 MPa, 3:1 volume ratio of H,/CO,,
and 3600 h™!, the CuO-Zn0O-Al,O5 catalysts modified with SiO,, TiO,, or SiO,—
TiO, have better catalytic performances than those without promoters. The addition
of promoters increases CO, conversion and methanol yield, and the maximum CO,
conversion and methanol yield are obtained over 2 wt% SiO,—TiO,/CuO—ZnO-
Al,O3. For example, the catalyst promoted with SiO,-TiO, maximized catalytic
activity in CO, conversion by 40.70% and methanol selectivity by 41.17% as
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compared with that without the promoter (15.81% in CO, conversion and 23.31%
in methanol selectivity). All the promoters, including SiO,, TiO,, or SiO,-TiO,,
improved CuO dispersion in the catalyst body and improved the adsorption/
activation of H, on the catalyst, in which the SiO,~TiO, promoter exhibits better
performance than SiO, or TiO,.

Karelovic et al. investigated methanol synthesis from CO, and H, under mild
reaction conditions (140-250 °C and 7 bar) over Cu/ZnO catalysts prepared
through the citrate method [24]. A wide range in copper particle size (2—12 nm)
was obtained by varying copper content and calcination temperature. A total of
100% selectivity to methanol can be achieved under low temperature (lower than
160 °C). The TOFs for methanol formation at 180 °C range from 0.84 x 107* to
298 x 10 s™'. CO formation in reverse water gas—shift reaction is highly
favored at higher temperatures. Methanol formation rates exhibit a linear depen-
dence on the amount of exposed copper atoms and the size of copper particles, and
the size of copper particles greatly influence the selectivity of methanol formation at
constant CO, conversion. The Cu/ZnO catalyst with large copper particles (10—
12 nm) has a relatively higher selectivity for methanol formation than the Cu/ZnO
catalyst with small copper particles (2-3 nm). The activity of mechanically mixed
CuO and ZnO is considerably higher than that of pure ZnO and CuO catalysts,
suggesting that the activity of the Cu/ZnO catalyst is defined by a good contact
between Cu® and ZnO, whereas its selectivity is dependent on the morphology of
copper nanoparticles.

Zhao et al. synthesized a series of promoted Cu/Zn/Al catalysts from
hydrotalcite-like precursors through the coprecipitation method [25]. They inves-
tigated the influence of modifiers (Mn, La, Ce, Zr, and Y) on the physicochemical
properties of the Cu/Zn/Al catalysts. They found that BET-specific surface area, Cu
surface area, and Cu dispersion increase in the order of Cu/Zn/Al < Cu/Zn/Al/
Mn < Cu/Zn/Al/La < Cu/Zn/Al/Ce < Cu/Zn/Al/Zr < Cu/Zn/AV/Y. The total num-
ber of basic sites on the Cu/Zn/Al catalysts exhibits a similar trend. The Zr-modified
Cu/Zn/Al catalyst exhibits the highest density and proportion of strongly basic sites.
The capability of the catalysts for CO, conversion is dependent on the exposed Cu
surface area, and methanol selectivity linearly increases in the order of Cu/Zn/
Al < Cu/Zn/Al/Mn < Cu/Zn/Al/La < Cu/Zn/Al/Ce < Cu/Zn/Al/Y < Cu/Zn/Al/Zx
as the proportion of strongly basic sites to the total basic sites increases. Methanol
production is favored by the introduction of Mn, La, Ce, Zr, and Y to the catalysts.
The Y- and Zr-modified Cu/Zn/Al catalysts exhibit the highest CO, conversion and
methanol selectivity, respectively, and the maximum methanol yield is obtained
over Cu/Zn/Al/Y catalysts.

Arena et al. investigated the effects of temperature, pressure, and SV on the
activity—selectivity patterns of Al,O3-, ZrO,-, and CeO,-supported Cu—ZnO sys-
tems in the synthesis of methanol through CO, hydrogenation [26]. Oxide carriers
control the catalyst texture and MSA, thus affecting the adsorption properties and
catalytic functionality of the Cu—ZnO system. Methanol is the main reaction pro-
duct under high pressures (>0.1 MPa) and low temperatures (<473 K). The
superior performance of the Cu-ZnO/ZrO, system could be attributed to the
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textural and chemical effects of zirconia. The system could attain a STY of
1.2 kgmeon kg;,lt h™' at 10% of CO, conversion per pass (T=513K;
P =5.0 MPa).

Rojas et al. systematically studied the catalytic hydrogenation of CO, into
methanol over Ga-doped Cu/ZnO/ZrO, catalysts [27]. The use of Ga-promoted Cu/
Zn0O/ZrO, catalysts is highly effective for the selective production of methanol from
CO, and H,. Methanol productivity increases with the increasing amount of
exposed Cu atoms and with the increasing surface area of Cu’. Reaction kinetic
analysis revealed that the methanol production increases at high temperature with
increasing H, pressure; however, methanol selectivity decreases at high
temperatures.

Urakawa et al. developed an efficient and highly productive process for the
synthesis of methanol through the continuous catalytic hydrogenation of CO, under
high pressures of up to 360 bar over coprecipitated Cu/ZnO/Al,O5 catalysts [28].
Excellent one-pass CO, conversion (>95%) and methanol selectivity (>98%) are
achieved under the optimized reaction conditions. Under similar reaction condi-
tions, a commercial catalyst (1.3% MgO; purchased from Alfa Aesar, product ID:
45776) exhibited high methanol productivity at a very high GHSV of 182,000 h™!
and the methanol weight time yield (WTY) of 7.7 gveon gc_alt h™! with 65.8% CO,
conversion and 77.3% methanol selectivity. The WTY of the commercial catalyst is
best one reported to date for the one-pass yield of methanol through CO,
hydrogenation.

Shaharun et al. synthesized carbon nanofiber-based Cu-ZrO, catalysts (Cu-—
ZrO,/CNF) through the deposition—precipitation method [29]. The carbon nanofi-
bers were used as a catalyst support after oxidation to CNF-O with 10% (v/v) nitric
acid solution. The researchers also investigated the performance of Cu—ZrO,/CNF
catalysts with various copper loadings of 10, 15, and 20 wt% for the hydrogenation
of carbon dioxide to methanol in a slurry-type reactor under 443 K, 30 bar, and 3:1
molar ratio of H,/CO,. They reported that the highest methanol yield and highest
activity of 4.28 g kgos h™" were achieved using the catalyst modified with 20 wt%
copper loading.

Wei and Sun et al. synthesized a series of Y,03-modified Cu/ZnO/Al,O5 cata-
lysts (Cu**:Zn**:(AI** + Y**) = 2:1:1) using hydrotalcite-like precursors with Y>*:
(Al3+ + Y3+) atomic ratios between 0 and 0.5 [30]. The introduction of Y,Os5 into
Cu/ZnO/Al,0O; catalysts increases the surface area and dispersion of Cu. However,
the dispersion of Cu and ZnO in the reduced catalysts decreases with the intro-
duction of excess Y, which weakens the interaction between Cu and ZnO. Y,0;3
and the hydrotalcite-like structure could prevent the aggregation of Cu nanoparti-
cles during reduction and improve the reducibility of Cu®* species. Cu species are
the predominant active sites for methanol synthesis through CO, hydrogenation.
The addition of suitable amounts of Y,03 to Cu/ZnO/Al,O5 catalysts remarkably
enhances their catalytic performance in CO, hydrogenation. When Y»*:
(Al3+ + Y3+) > 0.1, CO, conversion drastically decreases because of the low Cu
surface area and relatively weak interaction between Cu and ZnO. The researchers
reported that a maximum methanol yield of 0.57 guveon g;alt h™' with a CO,
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Fig. 5.4 Schematic of proposed reaction pathway for the Cu—Cr and Cu/Mo,C catalytic cascade
system. Reprinted with permission from Ref. [31]. Copyright (2015) American Chemical Society

conversion of 29.9% and a methanol selectivity of 89.7% was obtained over the Cu/
Zn0/ALL05/Y,05 catalyst with Y>*:(AI** + Y**) = 0.1 at 503 K and 9.0 MPa.

Thompson et al. developed a novel heterogeneous cascade system for the
hydrogenation of CO, to methanol through a formate intermediate [31]. They
selected a Cu chromite catalyst for the hydrogenation of CO, to formate and a Cu/
Mo,C catalyst for the conversion of formate to methanol. These catalysts work
cooperatively in the presence of ethanol, yielding a methanol turnover frequency of
4.7 x 10~* s under 135 °C, 10 bar CO,, and 30 bar H, in 1,4-dioxane. The Cu/
Mo, C catalyst also catalyzes the hydrogenation of CO, to methanol. The deposition
of Cu onto the Mo,C surface enhances methanol formation rates. The hydro-
genation of CO, to formic acid might be the rate-limiting step for most of the
heterogeneous catalysts (Fig. 5.4).

Xu et al. investigated methanol synthesis through CO, hydrogenation over Cu/
v-Al,O5 catalysts modified with ZnO, ZrO,, or MgO [32]. Modification with ZnO,
Zr0,, and MgO increases the dispersion and surface area of metallic Cu’, as well as
promotes the formation of small Cu® particles on the Cu/Al,O5 catalysts prepared
through impregnation. The activation temperature is also an important factor that
affects the size of the metallic Cu® particle. Methanol is mainly formed through the
hydrogenation of activated CO, with active hydrogen on Cu’ particles and the
direct CO, hydrogenation to methanol is inhibited by high reaction temperature
because of the improvements in reverse water—gas shift reaction and methanation.

Lei et al. synthesized a filament-like ZnO and rod-like ZnO through a
hydrothermal method [33]. They developed two CuO/ZnO catalysts through an
ammonia evaporation synthetic method that involves impregnating filament-like
ZnO or rod-like ZnO in Cu(NH3)i+ complex cation aqueous solution. The activities
of these catalysts in the hydrogenation of CO, to methanol are strongly dependent
on the morphology of ZnO. The CuO/ZnO catalyst prepared with filament-like ZnO
exhibits the best activity and attains 0.55 gmeon g;alt h™' STY of methanol with
78.2% selectivity under 3:1 molar ratio of H,/CO,, 240 °C, 3.0 MPa, and
0.54 mol g4 h™'. The CuO/ZnO catalyst with filament-like ZnO exhibits stronger
interaction between ZnO and Cu, more oxygen vacancies, and superior catalytic
performance than the CuO/ZnO -catalyst prepared through the conventional
coprecipitation method. Mao et al. developed CuO-ZnO-based catalysts with
various promoters (TiO,, ZrO,, or TiO,—ZrO, mixed oxide) through an oxalate
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coprecipitation method [34]. They investigated the effect of TiO,, ZrO,, and TiO,—
ZrO, on the performance of CuO-ZnO catalysts in methanol synthesis through CO,
hydrogenation. All the additives improve the dispersion of CuO in the catalyst body
and increase the surface area of Cu and the adsorption capacities of CO, and H,.
The addition of promoters increases CO, conversion and methanol yield, and their
maximum values are obtained over the TiO,—ZrO, mixed oxide-modified CuO-
ZnO catalyst. The methanol yield and the CO, adsorption capacity of the catalysts
are linearly related, thus substantiating the dual-site mechanism of methanol syn-
thesis through CO, hydrogenation.

Witoon et al. investigated the effects of the pore structures of alumina on the
catalytic performance of copper catalysts in CO, hydrogenation [35]. The activity
of the catalysts in methanol synthesis from CO, hydrogenation is strongly affected
by the pore structure of the catalysts. The Cu-loaded hierarchical meso—macrop-
orous alumina catalyst (Cu/HALI) exhibited higher methanol selectivity and stability
than the Cu-loaded unimodal mesoporous alumina catalyst (Cu/UALl). This behavior
could be attributed to the inhabitation of undesirable reactions induced by the
shortened mesopore diffusion path length (Fig. 5.5).

Mao et al. utilized a surfactant-assisted coprecipitation method to synthesize a
series of CuO-ZnO-ZrO, catalysts for the synthesis of methanol through CO,
hydrogenation [36]. They then investigated the effects of calcination temperature on
the physicochemical properties of the synthesized catalysts. They found that the
size of the copper particles increases with increasing calcination temperature, thus
decreasing the TOF for methanol formation. Methanol synthesis through CO,
hydrogenation is a structure-sensitive reaction in which small Cu particles
demonstrate high TOF values. The CuO-ZnO-ZrO, catalysts prepared through the
novel surfactant-assisted coprecipitation method have significantly higher methanol
selectivity than their counterparts prepared through the conventional coprecipitation
method. The superior property of the prepared CuO-ZnO-ZrO, catalyst can be
attributed to the formation of numerous Cu-ZnO, and/or Cu—ZrO, species and
mesoporous structures.

Homs et al. synthesized a series of CuZnGa catalysts through a microwave-
assisted method [37]. They investigated the performance of the synthesized cata-
lysts in the hydrogenation of CO, to methanol under a range of reaction conditions
(250-270 °C and pressure of up to 4.5 MPa). Characterization indicates that the
one-pot microwave-assisted precipitation method used to prepare the (CuZnGa)yw
catalysts promotes the dispersion of Cu and Ga,03. The performances of the cat-
alysts in the hydrogenation of CO, to methanol are also considerably improved by
the MW-assisted preparation methods. (CuZnGa)yw is highly stable and produces
4.87 molyeon kg;lll h™! at 250 °C with a selectivity of approximately 50% under
4.5 MPa, 3000 h™", and 1:3 molar ratio of CO,/H,. The strong interaction between
Cu and the support prevents metallic copper sintering, conferring the catalyst with
high stability. The good catalytic performance of (CuZnGa)yw in the hydrogena-
tion of CO, to methanol is attributed to an intimate association between the highly
dispersed copper species and strongly basic ZnO species in the presence of small
particles of Ga,Os.
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Fig. 5.5 Illustration of gas diffusion inside mesopores of the Cu/UAIl and Cu/HAI catalysts.
Reprinted from Ref. [35]. Copyright (2015), with permission from Elsevier

Wang et al. synthesized a series of Cu/Zn/Al/Zr hydrotalcite-like catalysts with
Cu**:Zn**: AP*:Zr** = 2:1:0:0.1 (x = 0.6-1.5) through a simple coprecipitation
method [38]. Phase-pure Cu/Zn/Al/Zr hydrotalcite-like compounds are obtained
when x > 0.9, and the yields increase with increasing Al content. The specific
surface area and the dispersion of Cu gradually increase with increasing Al content,
whereas the specific surface area of Cu decreases when Al content exceeds 27.9 mol
%. In CO, hydrogenation, the phase-pure hydrotalcite-like Cu/Zn/Al/Zr compounds
exhibit better catalytic performance with higher CO, conversion and methanol
selectivity than the mixed-phase catalyst (hydrotalcite-like and malachite). Cu/Zn/
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Al/Zr catalysts with Cu®":Zn*":AI*:Zr*" = 2:1:1.2:0.1 derived from phase-pure
hydrotalcite-like precursors exhibit substantial stability and optimal catalytic
performance.

Schlogl et al. performed H/D exchange experiments to investigate the hydro-
genation of CO, to methanol over a Cu/ZnO/Al,O; catalyst [39]. Methanol syn-
thesis exhibits a strong thermodynamic isotope effect, which is attributed to
differences in the zero-point energy of the deuterated species relative to that of their
hydrogen counterparts. H/D substitution exhibits an inverse kinetic isotope effect in
the kinetic regime of CO, hydrogenation. This effect is stronger for methanol
synthesis than for CO formation, suggesting that the two reactions do not share a
common intermediate. Similar observations have been obtained for other catalysts,
such as Cu/MgO, Cu/SiO,, and Pd/SiO,, indicating that methanol formation from
CO, does not proceed through consecutive reverse water—gas shifts and CO
hydrogenation.

Methanol synthesis from CO, over industrial catalysts suffers from a lack of
selectivity because large amounts of CO are formed as by-products. Valant et al.
investigated Cu—ZnO synergy in methanol synthesis from CO, [40]. They syn-
thesized a series of Cu—ZnO coprecipitated catalysts, which were tested in methanol
synthesis through CO, hydrogenation. The Cu—ZnO synergy in the creation of the
active sites for methanol and CO formation is the key for the development of
catalysts for CO-free methanol synthesis. The coprecipitates exhibit a relationship
between migrated Zn and methanol activity as previously observed in mechanical
mixtures. However, this correlation is not observed for CO formation, suggesting
that the active sites for methanol and CO are different. CO, conversion is correlated
with the total amount of chemisorbed hydrogen. Hydrogen spillover on two distinct
active sites results from Cu-ZnO contacts. The researchers then developed a
mathematical model for sphere contact quantification in randomly packed binary
mixtures and reported that their theoretical calculations are in complete agreement
with their experimental results. Therefore, catalyst based on a core—shell structure is
a very promising CO-free methanol synthesis catalyst.

Gao et al. developed a series of core—shell structured Cu@m-SiO, and Cu/
ZnO@m-SiO, catalysts [41]. Given the confined effect of the silica shell, the Cu
nanoparticles are only approximately 5.0 nm in size. The small size of the catalysts
promotes high activity for CO, conversion. The Cu dispersion of the core—shell
nanocatalyst is considerably higher than that of the mesoporous-SiO, supported
catalyst. The contribution of strongly basic sites to the total basic sites significantly
increases with the introduction of ZnO and considerably increases methanol
selectivity. The core—shell structure of the nanocomposites endows the entrapped
Cu nanoparticles with excellent anti-aggregation properties upon reduction.
Therefore, the core—shell Cu/ZnO@m-SiO, nanocatalyst exhibits the maximum
methanol yield with high stability.

Viiles et al. studied the hydrogenation of CO, over Cu/Mo,C (001) surfaces and
Cu/Mo,C powders through a combination of experimental and theoretical models
[42]. The addition of Cu to a Mo,C substrate produces drastic changes in the
selectivity of the system for methanol. The methanol yield obtained on a Cu/Mo,C
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(001) surface is substantially higher than that obtained on bare Mo,C (001), Cu
(111), or Cu/ZnO0001). The deposition of Cu clusters avoids methane formation
and increases methanol production. DFT calculations on the surface models of
possible C- and Mo-terminations corroborated the experimental observations of the
researchers. Calculations for the clean Mo-terminated surface revealed the existence
of two possible routes for methane production: C +4H — CH,; and
CH;0 + 3H — CH4 + H,O. Both routes compete with methanol synthesis and
possess low energy barriers. Moreover, a model for Cu-deposited clusters on the
Mo-terminated surface points toward a novel route for methanol and CO production
that avoids methane formation. The new route is a direct consequence of the
generation of a Mo,C—Cu interface.

Thompson et al. synthesized a series of M/Mo,C (M = Cu, Pd, Co, and Fe)
catalysts and evaluated their activities in CO, hydrogenation at 135-200 °C in liquid
1,4-dioxane solvent [43]. Mo,C serves as the support and cocatalyst for CO,
hydrogenation, exhibiting turnover frequencies of 0.6 x 107*s™' and
20 x 107™* 57" at 135 and 200 °C, respectively. Methanol is the major product at
135 °C, whereas methanol, C,HsOH, and C,, hydrocarbons are produced at 200 °C.
The addition of Cu and Pd to Mo,C with high surface area enhances methanol
production. However, the addition of Co and Fe to Mo,C enhances the production of
C,, hydrocarbons. CO, is the primary source for methanol in this reaction, whereas
CO is the intermediate for hydrocarbon production in CO, hydrogenation (Fig. 5.6).

Dumesic et al. investigated the possible active sites on catalysts used for the
synthesis of methanol from CO, and H, [44]. They synthesized Cu/SiO, catalysts
with different amounts of ZrO, through controlled surface reactions and atomic
layer deposition. The researchers found that Cu-ZrO, interfacial sites, which
increase TOF by an order of magnitude in the synthesis of methanol from CO, and
H,, are the active sites for the synthesis of methanol from CO, and H,.

Mota et al. developed Al,Os- and Nb,Os-supported Cu—ZnO catalysts through
the precipitation or impregnation of the metal precursors [45]. Characterization
results indicated that the atomic ratio of the metals is nearly 1 for the majority of the

CO, +Hy

»CHy,CoHy,C3Hg,C4Hs,
and CoH50H

Fig. 5.6 Proposed reaction pathways to produce alcohols and hydrocarbons from CO, and H,.
The solid arrows denote major pathways and the dashed arrows denote minor pathways. The
pathways are applicable to the following experimental conditions: 200 °C, 10 bar CO,, and 30 bar
H, in 1,4-dioxane. Reprinted from Ref. [43]. Copyright (2016), with permission from Elsevier
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synthesized catalysts. The choice of the synthetic method affects the activity and
selectivity of the catalysts in CO, hydrogenation under the conditions used in the
study. CO, conversion by the catalysts is dependent on temperatures and pressures
and being higher at 270 °C and 50 bar. The most active catalyst is Cu—ZnO/Al,0;
(i), which exhibits 9% conversion under the reaction conditions in the study. Cu—
Zn0O/Al,O;5 (p) and Cu—ZnO/Nb,Os (p) produce only methanol, whereas Cu—ZnO/
Al,O3 (i) and Cu-ZnO/Nb,0Os (i) produce methanol and DME.

Considerable effort has been devoted to the development of technologies for
methanol synthesis through the hydrogenation of CO,. CO, is available from many
sources but inexpensive sources of H, are rare. Kiss et al. developed an efficient
process for methanol synthesis through CO, hydrogenation [46]. The process
involves the use of wet hydrogen by-products from chloralkali production over a
highly active Cu/Zn/Al/Zr fibrous catalyst. A key feature of this novel process is the
use of a stripping unit, where the wet hydrogen (saturated with water) flows in
countercurrent mode with the condensed methanol-water mixture from the flash
separator after reaction. This operation has a double positive effect because it
removes CO/CO, from the methanol-water mixture, thereby enabling CO, to be
completely recycled and eliminating its presence from the product. This operation
also removes water from the wet hydrogen (initially saturated with water), thus
avoiding the negative effect of water on the equilibrium conversion. Moreover, the
process is highly energy efficient with an energy consumption of 550 kWh and
production of 0.48-1.16 ton steam per ton methanol.

Zhao et al. synthesized a series of Cu/ZnO/ZrO, catalysts through the precipi-
tation—reduction method and tested its performance in the synthesis of methanol
through CO, hydrogenation [47]. The precipitation—reduction process influences
the average Cu particle size, aggregation state, and interaction among different
elements. NaBH, content affects the exposed Cu surface area and the ratio of Cu®
Cu™, thus influencing catalytic performance. The catalysts prepared through the
precipitation—-reduction method have higher numbers of basic sites and better
methanol selectivity than the catalyst prepared through conventional precipitation
method. A suitable NaBH, content improved the catalytic performance of Cu/ZnO/
ZrO, catalysts and a maximum STY of methanol was obtained with B/Cu = 5 at
543 K.

Kongkachuichay et al. synthesized Cu—Zn catalysts supported by graphene
oxide (rGO) through an incipient wetness impregnation method and evaluated its
performance in the hydrogenation of CO, to methanol [48]. They investigated the
effects of Cu—Zn metal loading content and reaction temperature on methanol
production through CO, hydrogenation. The use of the rGO nanosheets as the
support greatly enhances catalytic performance and improves the dispersion of
bimetallic compound Cu—-Zn particles. The 10 wt% CuZn/rGO catalyst yielded the
maximum STY of 424 mgyeon gc_alt h™! under 250 °C and 15 bar.

Witoon et al. synthesized a series of CuO-ZnO-ZrO, catalysts through a reverse
coprecipitation method [49]. They investigated the influence of Zn/Cu ratio and
ZrO, content on the physicochemical properties of the CuO-ZnO-ZrO, catalysts,
as well as their catalytic performance in the hydrogenation of CO, to methanol. The



106 5 Transformation of CO, to Methanol Over Heterogeneous Catalysts

binary CuO-ZrO, (67:33) catalyst exhibits the highest methanol selectivity under
all reaction temperatures given its strong basic sites and large CuO crystallite size.
Its maximum methanol yield (144.5 gyeon kgc_alt h_l) is achieved at 280 °C. The
addition of Zn to the binary CuO-ZrO, catalyst increases Cu dispersion and the
number of active sites for CO, and H, adsorption. The increase of Zn/Cu ratio also
causes a weaker interaction between CO, molecules and the catalyst surface,
resulting in a lower methanol selectivity compared to the binary CuO-ZrO, cata-
lyst. However, the weaker interaction between CO, molecules and the catalyst
surface promotes the formation of methanol at low reaction temperatures (240 and
250 °C). The optimum catalyst composition of Cu—Zn—Zr (38.2:28.6:33.2) exhibits
the maximum methanol productivity of 219.7 guieon Kgea h™' at 240 °C. Results
demonstrated the possibility of controlling catalytic CO, hydrogenation by tuning
catalyst composition.

Urakawa et al. systematically studied the interplay among three important
reaction parameters (pressure, temperature, and SV) in the stoichiometric hydro-
genation of carbon dioxide (CO,:H, = 1:3) over a commercial Cu/ZnO/Al,O;
catalyst [50]. Under high-pressure conditions and above a threshold temperature,
the reaction overcomes kinetic control, entering a thermodynamically controlled
regime. Approximately, 90% CO, conversion and >95% methanol selectivity are
achieved with excellent methanol yield (0.9-2.4 gveon gc_alt h™") under 442 bar.
Such high-pressure condition induces the formation of highly dense phases and
consequently limits mass transfer. When this limitation is overcome, the advantages
of high-pressure conditions can be fully exploited, and high WTY
(15.3 gmeon Zea h™") and high GHSV (100,000 h™") could be achieved at 442 bar
pressure.

Comminges et al. studied the influence of the composition of Cu@ZnOx core—
shell catalysts on the formation rate of methanol from CO, and H, [51]. They
inferred structure-reactivity relationships using a reported methodology and from
physicochemical and catalytic observations. Zn migration is responsible for the
formation of the active Cu,Zn(;_O, phase (Fig. 5.7). The researchers reported a
direct correlation between their theoretical and experimental results. The methanol
formation rate is a linear function of Zn migration into Cu during the reduction of
the catalyst and is independent of the catalyst design, thereby confirming that high
Zn migration is necessary to obtain an efficient catalyst for methanol synthesis.

5.2 Pd-Based Catalysts

Pd-based catalysts are also commonly used for the hydrogenation of CO, to
methanol. These catalysts exhibit considerable activity and selectivity (Table 5.2).
Support also exerts a significant effect on the performance of this kind of hetero-
geneous catalyst.

Zhang et al. developed Pd/ZnO catalysts supported on multi-walled carbon
nanotubes (MWCNTs). These catalysts exhibited excellent catalytic performance in
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Fig. 5.7 General scheme for
methanol synthesis over Cu—
ZnO-based catalysts.
Reprinted from Ref. [51].
Copyright (2016), with
permission from Elsevier
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the hydrogenation of CO, to methanol [52]. The TOF is 1.15 x 107* s~ ' when
16% Pd, 1Zn,/CNTs (h-type) was used as a catalyst for CO, hydrogenation under
3.0 MPa and 523 K. CNTs act as the catalyst supporter and promoter. The use of
CNTs instead of AC or y-Al,O5 as the catalyst support increases the relative surface
concentration of the catalytically active Pd° species that are closely associated with
methanol generation. The rate of surface hydrogenation increases because the
MWCNT-supported Pd—ZnO catalysts reversibly adsorb high amounts of hydro-
gen, causing high amounts of active H adspecies to concentrate at the surface of the

functional catalyst.
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Zhang et al. developed Pd-decorated and CNT-promoted Pd—Ga catalysts and
reported that these catalysts display excellent performance in the hydrogenation of
CO, to methanol [53]. Under 5.0 MPa and 523 K, the observed specific reaction
rate of CO, hydrogenation reached 2.23 pmol s ' (m*-Pd)”", which is 1.39 times
that of the non-promoted Pd—Ga host (1.60 pmol s™* (m?-Pd)"1). The addition of
Pd-decorated CNTs not only enhances the molar percentage of catalytically active
Pd° species but also improves the capability of the catalyst to adsorb/activate H,.
Compared with herringbone-type CNTs, parallel-type CNTs possess a smaller
active surface (with less dangling bonds). Parallel-type CNTs thus exhibit a low
capacity for H, adsorption and a limited promoter effect.

Liang et al. developed a novel Pd-decorated and carbon nanotube-promoted Pd—
ZnO catalyst for the hydrogenation of CO, to methanol [54]. Under 5.0 MPa,
543 K, V(H,)/V(CO,)/V(N,) of 69/23/8, and GHSV of 15,000 mL g' h™", the
conversion of hydrogenated CO, and the corresponding STY of methanol reached
6.98% and 343 mgg ' h™!, respectively, over the composition-optimized
Pdy.1Zn;-10%(5.0%Pd/CNTs) catalyst (Table 5.2). This STY (CH30H) value is
1.7 times that (202 mg g~ ' h™") of the corresponding (5.0%Pd/CNTs)-free coun-
terpart Pdy;Zn; under the same reaction conditions. The addition of a minor
amount of Pd-decorated CNTs to the Pd—ZnO host catalyst slightly changes the
apparent activation energy for CO, hydrogenation. The 5%Pd/CNTs (or simple
CNTs) mainly promote catalytic activity by providing sp>-C surface sites for the
adsorption—activation of H, while simultaneously enhancing the molar percentage
of the catalytically active Pd” species in the form of PdZn alloys. Moreover, the 5%
Pd/CNTs generate a surface microenvironment with a high concentration of H
adspecies in the form of sp>-C—H on the functional catalyst.

Cardona-Martinez et al. studied methanol production through CO, hydrogena-
tion over Pd catalysts supported on a-Ga,0s, a-B-Ga,05, and f-Ga,O3 polymorphs
[55]. Increasing the content of the Pd,Ga intermetallic compound improves cat-
alytic activity. The Pd,Ga content of Pd/Ga,0; is dependent on the crystalline
Ga,05 phase of the catalyst. The Pd/a-B-Ga,O; catalyst exhibits the highest
deactivation. The reduction of the number of basic sites on Ga,Oz during the
reaction appears to cause catalyst deactivation. The formation of the intermetallic
compound Pd,Ga and the type of Ga,O3 polymorph strongly affect the catalytic
hydrogenation of CO,. The content of Pd,Ga of the Pd/Ga,O5 catalysts is a crucial
parameter for the hydrogenation of CO, to methanol.

Song et al. developed a novel Pd—Cu bimetallic catalyst for the selective
hydrogenation of CO, to methanol [56]. The synergy between Pd and Cu strongly
affects methanol formation over amorphous silica-supported Pd—Cu bimetallic
catalysts when the Pd/(Pd + Cu) atomic ratios of the catalysts range from 0.25-
0.34. The methanol formation rate over Pd(0.25)-Cu/SiO, is twice that of the
simple sum of those over monometallic Cu and Pd catalysts. Characterization
results indicated that the presence of two well-dispersed Pd—Cu alloy particles
(PdCu and PdCus;) is important for methanol formation. The conversion—selectivity
profile of the Pd—Cu/SiO, catalyst suggested that CO, is the primary carbon source
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for methanol synthesis at low CO, conversion. The CO by-product contributes also
to methanol synthesis through CO hydrogenation at high CO, conversion.

Tsang et al. synthesized well-dispersed core—shell Pd@Zn nanoparticles with
controllable shell thickness from a Pd/CdSe—ZnO precursor in H, without the use of
a surfactant [57]. The newly formed Pd@Zn surface not only promotes the rate of
methanol synthesis but also considerably suppresses RWGS in CO, hydrogenation.
The PANPs on the surface of Pd@Zn are electronically modulated by Zn atoms.
The core—shell Pd@Zn catalysts produced a TOF and selectivity of 3.3 x 107" s
and 80%, respectively, and a yield twice that of the best-reported value over other
Pd-based catalysts.

Diez-Ramirez et al. evaluated the catalytic performance of Pd catalysts sup-
ported on zinc oxide (Pd/ZnO) in methanol production through CO, hydrogenation
under atmospheric pressure [58]. A high reduction temperature increases the for-
mation of PdZn alloy particles. These alloy particles are directly related to a major
conversion toward methanol. Moreover, increasing metal loading improves the
selectivity of methanol as more PdZn alloy particles are formed. A methanol
selectivity of 100% was obtained at 425 K by using the catalyst with a metal
content of 18%. However, TOF was low given the large size of PdZn alloy particles
and their poor dispersion. Calcination conditions influence the size of the generated
metallic palladium particles; slow calcination results in the formation of small
metallic palladium particles. The generation of metallic palladium particles is
related to CO production. The precursor used to load the Pd on ZnO also
remarkably influences the final catalyst structure.

5.3 Ni-Based Catalysts

Kruse et al. investigated CO, hydrogenation on metallic Ni under 1 bar by ana-
lyzing chemical transients following abrupt changes in reactant composition [59].
CO, adsorption is strongly affected by hydrogen co-adsorption and coverage
effects. The observed transients suggested that two reaction mechanisms operate in
parallel. In the first case, a complex obtained through direct CO, hydrogenation
suddenly dissociates and further reacts to produce gaseous methane. In the second
case, a surface intermediate is obtained (a “formate-derived” species) due to slow
hydrogenation and accumulates at the surface of the catalyst. The initial reaction
rate involves the fast and direct hydrogenation of CO,, whereas a low reaction rate
was observed under steady-state conditions due to a change in the mechanism that
involves the accumulation of an oxygen-containing species at the surface over time.

Chorkendorff et al. investigated the formation of supported intermetallic Ni-Ga
catalysts (NiGa and NisGa3) for the hydrogenation of CO, to methanol [60]. The
bimetallic phase is formed during the temperature-programmed reduction of metal
nitrates. Supported nanocrystalline intermetallic Ni-Ga particles of the desired
phase and composition could be produced through the direct reduction of the
corresponding nitrates in hydrogen flow (Fig. 5.8). These intermetallic Ni-Ga
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Fig. 5.8 Proposed mechanism of the formation of NisGaz phase during temperature-programmed
reduction from nitrates. Reprinted from Ref. [60]. Copyright (2014), with permission from
Elsevier

catalysts exhibit high activity and selectivity in the hydrogenation of CO, to
methanol (Table 5.3). Catalytic activity is intimately dependent on composition and
process conditions. Bimetallic Ni—Ga nanoparticles containing 67.5 wt% Ni
exhibited the maximum TOF for methanol.

5.4 Ag-Based Catalysts

Grabowski et al. synthesized Ag/ZrO, and Ag/ZrO,/ZnO catalysts through a
coprecipitation method [61]. They investigated the influence of polymorphic ZrO,
phases and the electronic state of silver on the activity of Ag/ZrO, catalysts in the
hydrogenation of CO, to methanol (Fig. 5.9). The selected conditions for catalyst
preparation influence the dispersion degree, electronic state, and content of silver in
t-ZrO, and m-ZrO,. The presence of oxygen vacancies stabilizes the thermody-
namically unstable 7-ZrO, phase and Ag" cations near oxygen vacancies. The
catalytic activity to methanol increases with increasing #-ZrO, content.

5.5 Au-Based Catalysts

Petrov et al. investigated methanol synthesis through CO, hydrogenation over Au/
Cu—Zn—Al catalysts [62]. They synthesized the base Cu—Zn—Al with different Cu
contents through the rapid precipitation method and subsequently deposited gold
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Fig. 5.9 The proposed
catalytic network scheme. Formates
Reprinted with permission AgHit-ZrO, |, complexes
from Ref. [61]. Copyright
(2011) American Chemical C 02 CATALYST GAS
Society SURFACE PHASE

—+— Methanol

Ag°®IZrO, T~ O,H,cO ——> CO+H0

(0.5-3.0 wt%) on the base Cu—Zn—Al through the deposition—precipitation method.
Characterization results indicated that the formation of methanol is influenced by
the copper content of the base Cu—Zn—Al and by the gold loading. The C4ZA
composition promoted by 1 wt% gold (I wt% Au deposited on Cu:Zn:
Al = 4:1:1 mol ratio) exhibits the maximum methanol yield of 16.6% mass and the
highest degree of CO, conversion of 28.0% mass at 6:1 H,:CO, and 7000 h™!
GHSYV (Table 5.3). The optimal amount of gold content in the base catalyst is 1 wt
%. Cooperation between copper and gold occurs at the copper—gold interface.
Methanol yield is improved by hydrogen spillover and the enhanced adsorption
capacities for CO and H, at the copper—gold interface. Cu chemically interacts with
Zn to form the Cug3Zng; matrix, whereas Cu and Au do not chemically interact.

5.6 In-Based Catalysts

Pérez-Ramirez et al. developed a ZrO,-supported In,O; catalyst for methanol
synthesis through CO, hydrogenation [63]. In,O3/ZrO, has emerged as a highly
efficient catalyst for the hydrogenation of CO, to methanol and features 100%
selectivity and outstanding activity under the industrially relevant conditions of
473-573 K, 1.0-5.0 MPa, and 16,000-48,000 h~' GHSV (Table 5.3). Compared
with the benchmark Cu—ZnO-Al,0O5 catalyst, the supported In,O3/ZrO, catalyst is
more selective and stable for 1000 h on stream. Characterization results indicated
that the creation of oxygen vacancies by thermal desorption and their annihilation
constitute the key mechanism of the catalytic cycle.

5.7 Other Heterogeneous Catalysts

Considerable attention has been paid to the use of AB;_,B,03 perovskite catalyst,
which contains mixed valence ions and catalytic active sites, in hydrogenation. The
AB,_,B,0; perovskite catalyst was first used for CO hydrogenation to higher
alcohol synthesis, Fischer—Tropsch synthesis, and methane reforming with CO,.
Jia et al. developed a pre-reduced lanthanum chromite perovskite doped with
50% Cu catalyst (LaCrq 5Cug 503) for the conversion of CO, to methanol [64]. At
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Fig. 5.10 Sketch of the functionality of various surface sites on LaCrysCugsO; for CO,
hydrogenation. Reprinted from Ref. [64]. Copyright (2009), with permission from Elsevier

250 °C, the catalytic activity (Xco, = 10.4% and Syeon = 90.8%, Table 5.4) of the
LaCr( 5Cug 5Oz catalyst is superior to that of the 13% Cu/LaCrO; catalyst
(Xco, = 4.8% and Syeon = 46.6%). The high catalytic activity of LaCrgsCug 503
could be attributed to the absorption of H, on Cu®" sites and the activation of CO,
on the medium basic sites of the catalyst (Fig. 5.10).

Jia et al. utilized the sol-gel method to synthesize a series of pre-reduced
LaMn,;_,Cu,0O3 (0 < x < 1) catalysts for methanol synthesis through CO, hydro-
genation [65]. The performances of the catalysts are strongly dependent on their
copper content. The perovskite structure can be maintained by doping less than
50% of Cu into LaMnOs. In CO, hydrogenation, the Cu-doped (x = 0.5) LaMnO;
is considerably more active than the other catalysts and exhibits a CO, conversion
rate of up to 11.33% and a methanol selectivity that is close to 82.14%. H, is
adsorbed on Cu" sites and CO, is activated on the medium CO, active species in
the lattice. The strong interaction between Cu* and Mn inhibits the reduction of Cu*
to Cu’ and induces the fine dispersion of medium basic sites to adsorb CO.,.
However, the Cu-undoped LaMnOj3 has no catalytic activity in CO, hydrogenation
given its poor hydrogen adsorption. The poor -catalytic performance of
LaMn 5Cu( 705 and LaMn, ;Cug 9O5 in CO, hydrogenation could be attributed to
the incomplete perovskite structure and lack of interaction between Cu and Mn.
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Chapter 6
Conclusions and Outlook

Abstract In this chapter, we summarize all the homogeneous and heterogeneous
transformation of CO, to formate/formic acid and methanol. The important factors
such as solvent, additive, metal, ligand, and hydrogen source that influence the
reaction performance are discussed.

Keywords Homogeneous catalyst - Heterogeneous catalyst - Catalytic activity
Additive - Solvent - Hydrogen source

In this book, we describe the recent progress in CO, hydrogenation to
energy-related products, specifically formate/FA and methanol with homogeneous
and heterogeneous catalysts. The remarkable achievements contribute significantly
to understanding the mechanism of CO, transformation and realizing the possibility
of a methanol or hydrogen economy.

To activate the most stable CO, molecule, chemists have employed various
strategies, including optimization of hydrogen sources, solvents, and additives and
the design of sophisticated catalysts.

Various hydrogen sources have been utilized in CO, reduction to formate/FA or
methanol. Boranes and hydrosilanes are considerably used especially in homoge-
neous catalysis. They have gained considerable interest in academic research due to
their high contribution to CO, reduction and in understanding the mechanism of
CO, activation. However, sensitivity and expensive cost limit their industrial
application. Highly robust, cheap, and renewable boranes and hydrosilanes are
therefore required to overcome these shortcomings. By contrast, H, remains to be
the most favorable and easily available hydrogen source. Nevertheless, most H, are
currently generated from the industrial reforming of natural gas. H, must be pro-
duced in a green approach, such as electrolysis of water with excess electricity or
water photolysis.

Polar solvents, such as DMSO, DMF, water, and ionic liquid, are found to be
effective for CO, reduction. Water is particularly attractive because it is uniquely
cheap and eco-friendly. However, water-soluble or water-compatible catalysts are
required. In addition, application of ionic liquids with high boiling point as solvents
facilitates FA evaporation.
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Basic additives including carbonate, bicarbonate, and organic amines promote
CO, reduction to formate. Although stoichiometric strong base, such as Verkade’s
base, is favorable in elaborating the reaction rate, high cost prevents its practical
application. When inorganic base is used, additional acid must be added to neu-
tralize formate. Separation of FA from FA—amine salt and recycling of amine is a
problem that requires solution.

For the development of efficient homogeneous catalysts, various phosphine
ligands, C,C-chelated ligands, N,N-chelated ligands, and pincer ligands have been
explored. The non-innocent ligand effects of pincer ligands endow the pincer
complexes with high efficiency of H, or CO, activation via unique aromatization/
de-aromatization and/or hydrogen-bonding interactions. The hydroxy-substituted
aromatic N-heterocyclic ligands construct bio-inspired proton-responsive com-
plexes, which exhibit extraordinary activity for CO, hydrogenation in aqueous
solutions under mild conditions. The synergistic electronic effects and pendant base
effects of such ligands substantially improve catalytic activities. The unique prop-
erty of facilitating proton transfer through the second coordination sphere similar to
those of hydrogenase demonstrates the remarkable success of enzyme mimicking.

Homogeneous catalysts are more effective for CO, reduction to FA than CO,
reduction to methanol. Nevertheless, important progress has been made in CO,
transformation to methanol with various homogeneous catalysts through indirect
approaches, such as disproportionation of FA, multistep synthesis, and most
recently reported direct CO, hydrogenation, hydroboration, and hydrosilylation.

Although precious metals exhibit high efficiency, catalysts with earth-abundant
metals, such as Fe, Co, and Ni, were also developed with considerable success.
Boron-containing metal complexes, even metal-free organocatalysts, such as FLPs
are highly efficient for CO, activation and/or reduction with appropriate hydrogen
sources under mild conditions. The developments of bio-inspired catalysts with
earth-abundant metals and organocatalysts are important subjects for future research.

Contrary to homogeneous catalysts, controlling the selectivity of heterogeneous
catalysts in CO, reduction is rather difficult. A number of heterogeneous catalysts
were prepared by immobilizing homogeneous catalysts, which are efficient for CO,
hydrogenation to formate or FA. In addition, various heterogeneous catalysts based
on Ni, Pd, Ru, Ir, and Au were also prepared by sintering with an appropriate
support and used to reduce CO, to FA. The Ni nanoporous catalyst has recently
been reported to be highly effective and selective for the hydrogenation of car-
bonate to FA. Nanoporous metal catalysts are promising for practical FA produc-
tion from CO, and deserve more investigation.

Heterogeneous catalysts have been extensively investigated, and several excel-
lent catalysts have been developed for CO, hydrogenation to methanol. Among the
studied catalysts, Cu-based catalysts are considered to be the optimal choice for
methanol synthesis due to their high activity. Furthermore, catalysts based on Pd,
Ni, Ag, Au, In, and AB,_,B,0O; perovskite are also effective for CO, reduction to
methanol. A large surface area is crucial for high catalytic activity because it is
favorable for better dispersion of active metal, thereby enhancing catalyst perfor-
mance. In comparison with homogeneous catalysts, heterogeneous catalysts remain
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less active and selective. Therefore, the development of highly efficient, selective,
and stable heterogeneous catalysts based on earth-abundant elements is desired.

Although important advancement has been recently achieved by CO, transfor-
mation to liquid fuels, such as FA and methanol, several problems, as above-
mentioned, need to be solved before its industrial application. Nevertheless, given
that numerous scientists are devoted in researching CO, transformations, significant
progress could be expected in the near future.
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