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Recent Progress in Carbon Dioxide
Reduction Using Homogeneous Catalysts

Lipeng Wu, Qiang Liu, Ralf Jackstell, and Matthias Beller

Abstract Efficient chemical transformations of carbon dioxide into value-added
chemicals are of growing importance in academic and industrial laboratories.
In this respect, the reduction of carbon dioxide to formic acid, methanol etc., offers
interesting possibilities. Herein, we describe the recent developments in carbon
dioxide reductions mainly focusing on the use of defined organometallic catalysts
and in some cases organocatalysts are also included.
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1 Introduction

Since the beginning of the industrial revolution, the concentration of carbon dioxide
in the atmosphere has been significantly increased because of burning fossil
resources to generate energy supply. This increase is generally considered to be
the main reason for global warming [1]. Although the chemical use of carbon
dioxide cannot solve the problem of global warming alone, it’s utilization in
synthesis offers interesting opportunities for the chemical industry and organic
synthesis [2]. In general, carbon dioxide is a favourable C1 feedstock due to its
abundance, availability, low toxicity and recyclability. Recent advances in organo-
metallic catalysis provide effective means for the chemical transformation of CO,
and its incorporation into valuable organic compounds [3—8]. Notably, a variety of
products including urea, cyclic carbonates and salicylic acid are produced already
on industrial scale. In addition, direct carboxylation of Ar-X (X=Cl, Br, OPiv,
B(OR), or H) and hydrocarboxylation of carbon—carbon multiple bonds offer
interesting opportunities although these areas are still far away from practical
applications.

While in biological systems the reduction of carbon dioxide is associated with
photosynthesis, artificial reductions ideally make use of hydrogen. Several excel-
lent reviews in this area have been published by Jessop and Leitner in 1995 [9, 10]
and 2004 [11] and recently in 2011 by Gong [12]. Mechanistic perspectives and
applications using homogeneous (Jessop and Leitner) and heterogeneous (Gong)
catalysts were covered. Thus, the main subject of this review will be on advance-
ments, which have been made since then.

2 Products from CO, Reduction

2.1 From Carbon Dioxide to Formic Acid and Its Derivatives
2.1.1 Using Hydrogen as Reductant

The first homogeneously catalysed hydrogenation of carbon dioxide to formic acid
was reported in 1976 [13]. Since then, especially in the last two decades, intensive
studies followed. Normally, bases were added to thermodynamically drive the
reaction from carbon dioxide to formic acid because the gas phase reaction has a
positive AG value (Scheme 1). In the presence of inorganic base, formates are
produced as final products, while in the presence of primary and secondary amine

COz(g) + Ha(g) ——— HCOOH ()

AG® = 32.9 kJ/mol;
AH® = -31.2 kJ/mol; AS® = -215 J/mol.K-1

Scheme 1 Hydrogenation of carbon dioxide to formic acid: thermodynamics
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bases, formamides are obtained. Nowadays, tertiary amines are often used and
proved to be the most active additive. In the presence of tertiary amines, an acid/
amine ratio (AAR) normally in the range of 1.3 to 2.7 is obtained. On the other
hand, the reduction of carbon dioxide into formates in aqueous solution is more
favourable, in which case HCO;~ or CO;>~ are the actual substrates.

Initial investigations of carbon dioxide reduction revealed ruthenium complexes
to be most active. For example, Hashimoto and Inoue found that H,Ru(PPh;), gave
the best yield for the carbon dioxide reduction among different transition metal
complexes [9]. Further improvement was disclosed by Noyori and co-workers who
used Ru"! catalysts (RuCL,[P(CHj3)3]4) in supercritical CO, (scCO,) in the presence
of triethylamine (NEt3) to give a TON of 7,200 [14, 15]. The increased catalyst
efficiency was believed to be a result of the higher miscibility of H, in scCO,
compared with other previously used solvents. This strategy was further improved,
and catalyst TON values up to 28,500 and TOF 95,000 h~' by using [RuCI(OAc)
(P(CHs3)3)4] were reported [16]. In this latter work, Jessop was also able to obtain
methyl formate with a TON of 3,500 and dimethylformamide (DMF) with 420,000,
respectively. In 2007, Himeda and co-workers [17] reported the use of [Irme*] as
efficient catalyst for the hydrogenation of carbon dioxide; formic acid was obtained
with a TON of 222,000. In 2009, Nozaki and co-workers [18] used a defined
iridium—pincer trihydride complex [I''"PNP] 1 for the hydrogenation of carbon
dioxide (Scheme 2) and reported the highest TON value of 3,500,000 and TOF of
150,000 h™" in aqueous KOH generating potassium formate as the final product.

It is also worth mentioning that in 2010 the group of Fachinetti [19]
reported the production of HCOOH/NEt; adducts by CO, hydrogenation
using [RuCl,(P(CH3)3)4] precursor at 40°C and 120 bar pressure in neat

Scheme 2 Mechanism for Iﬁ H
[I'"™PNP]-catalysed formic ,'Przp_/”/_Piprz
acid generation H ,l‘
| N CO,
=
1
Ho
H
, | ) # coon
IProP—lr——FiPr> iProP——Ir——PiPr,
H No H N
| B
Z Pz

H,O + HCOO-
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trimethylamine. In their work, the goal was to prevent HCOOH decomposition
and to use the resulting adducts as hydrogen transfer reagents.

From all these examples, we can conclude that still today second- and third-row
transition metals of groups eight through ten constitute metals of choice for carbon
dioxide hydrogenation under mild conditions.

Besides hydrogenation of CO,, the biologically relevant reduction of carbonates
and bicarbonates to formates constitutes interesting reactions (Scheme 3). How-
ever, relatively less work has been reported on such transformations. Notably, in
2003 Jo6 and co-workers reported [RuCl,(mTPPMS),,] as active catalyst
(TON =108) using an aqueous bicarbonate solution [20]. Later on, our group
published an improved system based on [RuCl,(benzene)], and dppm for the
hydrogenation of bicarbonates in water [21]. By applying dppm as ligand, a TON
of 2,473 and a yield of 55% could be achieved. At that time, this constituted the
highest TON recorded for the hydrogenation of bicarbonates without the addition of
COs,.

In 2013, novel acyl-phosphine ligands such as 4 (Fig. 1) were designed and used
in the presence of Ru(Me-allyl),(COD). Using this system, the TON for the
Ru-catalysed hydrogenation of bicarbonates was improved to 9,128 [22].

The hydrogenation of bicarbonates to formates offers the possibility to revers-
ibly store hydrogen. In such a “hydrogen battery”, the hydrogen can be released on
demand in the presence of suitable catalyst under mild conditions. Performing
several hydrogenation/dehydrogenation cycles, this concept was demonstrated by
our group in early 2011 by using the previously investigated Ru"/dppm catalyst
(Scheme 4) [23]. Notably, the group of Laurency developed a similar concept and
used [RuCl,(mTPPMS),], as catalyst for hydrogenation/dehydrogenation. Their
system showed good stability and no significant drop of activity was observed after
several cycles [24].

Another H,-storage system was also developed by our group using HCO,H as
the storage material (Scheme 5) [25]. In this respect, the work of Himeda and
co-workers describing the hydrogenation of carbon dioxide and decomposition of
formic acid using half-sandwich iridium complex-4.4’-dihydroxy-2,2’-bipyridine
(DHBP) 5 is of interest, too (Fig. 2) [26]. In this latter case, the hydroxyl group of

CO, + HyO === H,CO3 == HCOj3 + H*<==CO3> + 2H"

HCO3z +H, — HCO,; + H,0

Scheme 3 Equilibrium of aqueous carbon dioxide solution and reduction of bicarbonate to
formate

Oy PCy,

>¢)

Fig. 1 Acyl-phosphine ligand (dicyclohexyl 1-naphthoyl phosphine) for the hydrogenation of
bicarbonates and carbon dioxide
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H, release
(e} . : o
JI\ HCO, Ru/dppm HCO3 JJ\
H o Formate Bicarbonate HO o
H, storage

Scheme 4 Hydrogen uptake and release in the bicarbonate/formate system
H, + CO, === HCOOHAmine == H, + CO,

Scheme 5 Hydrogen storage system based on the hydrogenation of carbon dioxide to formic acid
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Fig. 2 Structure of half-sandwich iridium complex and dinuclear [Cp*Ir]

the ligand is crucial for the high activity. The same positive ligand effect was also
observed later in the ruthenium and rhodium analogues [27, 28]. More recently,
Himeda and Fujita were able to synthesize a dinuclear [Cp*Ir] 6 catalyst for the
CO, hydrogenation. A TOF of 70 h™' was achieved under very mild conditions
(25°C and 1 bar).

So far, all the shown bicarbonate reductions are performed in the presence of
precious metal complexes. However, also nonnoble metal-catalysed reactions have
been discovered in recent years. For example, applying an iron catalyst [29],
formates are obtained from bicarbonate in yield up to 88% with a TON of 610.
Here, [FeH(PP5)]BF, (PP; = tris[(2-diphenylphosphino)ethyl]phosphine) was used
as the defined catalyst. Besides, the reduction of carbon dioxide was also realized;
thus, methyl formate was obtained by hydrogenation of CO, in the presence of NEt3
and methanol with a TON =585 and 56% yield. For the production of DMF, 75%
yield and TON =727 were obtained. In 2012, we were able to improve the
productivity and activity of this iron system (TON =7,500 and TOF =750) via
the modification of ligand structure [30].

Soon after our first report using an iron catalyst, the group of Milstein used the
iron (II) pincer complex trans-[(1Bu-PNP)Fe(H),(CO)] 7 in the hydrogenation of
carbon dioxide and sodium bicarbonate [31]. The reactions were run at a relatively
low temperature (80°C) and pressure (6—10 bar) with TON up to 788 and TOF up to
156 h~!. Based on mechanistic studies, the reaction cycle shown in Scheme 6 was
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Scheme 6 Proposed PtBu,

mechanism for the H0 — J WH
hydrogenation of CO, \ /N— Fe=co CO,
catalysed by Fe(II) pincer Hl
complex 7 Bu,
PtBu,
PtBu,
HC’OH\OH _
e_ O
N—Fe=co M
A
H
t‘Bu2
8 Bu,
HZO
OOCH
PtBuZ P’Buz
~OH
Fe—C6
W) F|"\co
PtBu, fB”Z

10
H,0

proposed. Firstly, insertion of carbon dioxide into the Fe—H bond leads to the
oxygen-bound formate complex 8; the formate ligand is easily replaced by a
water molecule to give the cationic complex 9. Then, in the presence of hydrogen,
the dihydrogen-coordinated species 10 is formed which after heterolytic cleavage
of the H, regenerates the iron complex 7.

Regarding nonnoble metal catalysts, in 2012 our group reported a well-defined
cobalt dihydrogen complex prepared from Co(BF,), 6H,O and tetraphos (PP3 = tris
[(2-diphenylphosphino)ethyl]phosphine) for the hydrogenation of sodium bi-
carbonate and carbon dioxide. For the sodium formate formation, TON up to
3,877 was obtained [32]. In addition, Linehan and co-workers reported in 2013 an
active cobalt system containing Co(dmpe),H 12 (dmpe = 1,2-bis(dimethyl-
phosphino)ethane) and Verkade’s base (2,8,9-triisopropyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3]Jundecane) for the hydrogenation of carbon dioxide at ambi-
ent conditions. TOF of 3,400 h~! at room temperature and 1 bar of 1:1 CO, and H,
were achieved. At higher pressure 20 bar, the TOF was improved to 74,000 h™'
[33]. The key to their success was the choice of a suitable base to match the pKa of
the cobalt dihydrogen intermediate [Co(dmpe),(H),]* 14, so the deprotonation can
occur easily to form the mono-hydride active species 12 for carbon dioxide
insertion (Scheme 7) [34].

Though numerous catalysts for the hydrogenation of carbon dioxide to formic
acid have been investigated, for practical applications, improvements regarding the
recycling of the catalysts and separation of formic acid from the resulting salts are
still problematic. In this context, it is noteworthy that researchers from BASF
reported the use of trihexylamine as amine additive and polar diol as solvent
[35]. The key point of their finding is that the resulting formic acid trihexylamine
salts are not miscible with the free amine and can be easily cleaved thermally to
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Scheme 7 Proposed Me2 Me2
catalytic cycle for CO,
hydrogenation using Co ( / \
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formic acid and amine under mild condition. The respective ammonium salts are
soluble in diols, while the amine is not. Thus, a two-phase system is formed, and
most of the active ruthenium species can be recycled from the amine phase.
Interestingly, they also found that ruthenium carbonyl species were formed in the
carbon dioxide hydrogenation reactions.

Most of the active carbon dioxide hydrogenation catalysts require basic addi-
tives [36], which inevitably produce the formate salts as final products. In order to
avoid the tedious separation of formic acid from the salt mixture, one solution is to
run the reaction under acidic conditions. In this respect, the work of Ogo and
Fukuzumi is interesting, who firstly reported the reduction of CO, to formic acid
under acidic conditions using a water-soluble ruthenium catalyst [37, 38]. Very
recently, Laurenczy and his colleagues were also able to run the direct hydro-
genation of carbon dioxide into formic acid in acid buffer system (pH 2.7), which
prevents the formation of formate salts in aqueous solution. In the presence of a
water-soluble ruthenium catalyst [RuCl,(PTA),] (PTA = 1,3,5-triaza-7-phosphaa-
damantane), 0.2 M formic acid was obtained [39]. Moreover, it was demonstrated
that this catalyst can be reused multiple times.

Another way to separate formic acid from the reaction solution is to heterogenize
the catalyst. Although a number of heterogeneous catalysts are known for the
hydrogenation of carbon dioxide, in this review, the immobilization of molecular-
defined complexes will be addressed. In this respect, Han [40] described a process
using an immobilized ruthenium catalyst together with an ionic liquid
(IL) containing a tertiary amino group as non-volatile base. After reaction, simple
filtration and distillation lead to formic acid. Though the catalyst “Si”-(CH,);NH
(CSCH3;)-RuCl3-PPhj is heterogenized, at the micro level, it is homogeneous.
Similar strategies were also used by Nakahara [41] and Leitner [42] independently.
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2.1.2 Transfer Hydrogenation of Carbon Dioxide

Though phosphine-based catalysts were extensively investigated for carbon dioxide
reduction, the use of related NHC (N-heterocyclic carbene) complexes received less
attention. In 2010, Peris reported the carbon dioxide reduction to formate in the
presence of several iridium NHC complexes (Scheme 8) [43].

Among the different complexes investigated, 16 performed best with a TON up
to 1,800 at 80°C in the presence of 60 bars of carbon dioxide and hydrogen (1:1).
Because these NHC complexes were also active in the transfer hydrogenation of
C=0 bonds, the transfer hydrogenation of carbon dioxide using isopropanol as
hydrogen source was investigated, too. Indeed, they achieved catalyst TON up to
150. Besides, the use of other secondary alcohols such as cyclohexanol and
1-phenylethanol was also possible even though the activity was somewhat lower.
Later on, the same group synthesized ruthenium complexes (n°-arene)Ru(bis-NHC)
for the reduction of CO, with hydrogen and isopropanol. At higher temperature
(200°C), a maximum TON 874 was achieved for the transfer hydrogenation of
carbon dioxide to formate [44]. Moreover, water-soluble carbenes (Fig. 3) were
used, which led to improved catalyst TON [45]. Using the transfer hydrogenation
concept, Dibenedetto and Aresta reported in 2011 the [RuCl,(PPhs)s]-catalysed
reduction of carbon dioxide using aqueous glycerol. Though the TON was low, this
concept is very interesting [46].

Scheme 8 Irldlugl —I PE, =+ PFe
complexes tested in the Bu
transfer hydrogenation Cl—lr Cl_/"\N —

\
reaction of carbon dioxide Cl \r N (
c J
J &/ \7 N N
15 16

17

OH cat.
ot ] e KOO ¢ JOL
R~ g 05MKOHH,0 R R
110 °C
Fig. 3 Water-soluble Ir SOzK SO K

NHC catalysts for transfer

hydrogenation of carbon f N %N—/J

dioxide
abnormal
NHC
K
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2.1.3 Using Hydrosilanes

Apart from hydrogen and alcohols, some hydrosilanes constitute interesting reduc-
tants which are easy to handle and readily available. Thus, the reduction of carbon
dioxide to formic acid using hydrosilanes was investigated in several studies. In
2010, Baba reported the copper-catalysed formation of formic acid from carbon
dioxide. Here, silyl formate is formed initially, which is then hydrolysed to formic
acid (Scheme 9) [47]. At 1 bar of carbon dioxide, formic acid was obtained in 95%
yield with a TON of 8,100. Interestingly, the copper catalyst performed better
compared to other transition metal catalysts, e.g. ruthenium [48] and iridium.
Later on, Nozaki and her colleagues also reported a similar transformation using
Cu/NHC as catalyst [49]. In 2013, Garcia reported that [(dippe)Ni(p-H)], catalysed
such reaction and also showed the possibility of transfer of the silyl formate to alkyl
formates or formamides (Scheme 9) [50].

Using metal-free conditions, Cantat and co-workers demonstrated elegantly
that simply base [51] or carbene [52] catalysed the formation of formamide from
CO, and hydrosilane. Here, the base TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene)
performed best in the reduction of CO, (Scheme 10).

Phy

1.
P
\c H 2
u- ROH/HBF.
P/ - RO)kH
Ph, 20

100°C,4h

cat. 20 or 21 o H,0 HCOOH
R3SiH + CO, —— > )J\ _SiRg —— *
1 bar H (0] 1h R3SiOH

2.
(iPr), (iPr),
P. H P

[ NN j RR'NH i
/ \H/ \P )k
P R'RN H
(iPr), (iPr), 21
Et,B 10 mol%

80 °C, 1h

Scheme 9 Copper- and nickel-catalysed hydrosilylation of carbon dioxide to formic acid and it’s
derivatives
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Scheme 10 TBD-catalysed formylation of amine using CO, and hydrosilane
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2.2 From Carbon Dioxide to Carbon Monoxide
2.2.1 Hydrogen as Reductant

The hydrogenation of CO, to CO, the so-called reverse-water—gas-shift reaction, is
equivalent to the hydrogenation of CO, to formic acid and subsequent dehydration
(Scheme 11). Indeed, Khan [53] reported the carbon dioxide reduction to formic
acid which was decomposed to CO and hydrogen. However, it should be noted that
formic acid is not always the reaction intermediate for CO production.

In 1993, Sasaki and Tominaga reported the hydrogenation of CO, to CO using
Ru3(CO),, as catalyst. In the presence of KI as additive, methanol and methane
were also observed as products [54]. The latter two products are assumed to arise
from the hydrogenation of in situ formed CO. Soon after, the same group improved
this reaction by using [PPN]CI (bis(triphenylphosphine)iminium chloride) as addi-
tive. Here, improved catalyst TON of 80 was achieved at 160°C after 5 h [55]. The
formation of formic acid as intermediate was ruled out by mechanistic studies.
Instead, a chloride-assisted deprotonation of ruthenium hydride species was pro-
posed as shown in Scheme 12.

Interestingly, 20 years after the original work, the same group reported the
synthesis of a series of mononuclear Ru halogen carbonyl complexes, [PPN]
[RuX3(CO)3] (X=CI", Br, and 1), which showed similar productivity in the
RWGS reactions [56].

In order to drive the reaction more towards CO, strategies to remove/use the CO
or water generated from the reaction system have been developed. In this respect,
Sasaki’s group reported that in the presence of ethylene oxide (which absorbs the

CO + H,0 CO, + H,
Scheme 11 Water—gas-shift equilibrium
[H,Ru,(CO), 1>
// \% »
[Ru,4(CO);5* [Ruy(CO),1*
H,0 +
2¢Cr
2 HCl
[Ru,(CO),5(CO,)I*

Scheme 12 Cl ™ -assisted reverse-water—gas-shift reaction
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o RuCly(PPh3)3

T TR, co ¢ OH
CO, H, \> 140 °C. 15 h HO/\/

NMP

Scheme 13 Ethylene oxide-accelerated reduction of CO, to CO
Cat. (2 mol%),
LiCl (8 mol%) CH,OH
NMP, 140 °C, 30 h
CO, (40bar), H, (40 bar)
Cat. = HyRu,(CO);, 88%

Scheme 14 Ruthenium-catalysed hydroformylation/reduction of cyclohexene with carbon
dioxide

water to give ethylene glycol), CO, is readily hydrogenated to CO in 71% yield
(Scheme 13) [57].

Here, ethylene oxide simply acts as dehydration agent to remove the water in the
RWGS equilibrium. Moreover, the subsequent use of CO to produce value-added
chemicals has been investigated as well [58]. Thus, in 2000, Tominaga and Sasaki
combined carbon dioxide reduction and alkene carbonylation in a one-pot manner
to produce alcohols from CO,, hydrogen and alkenes [59]. At 140°C, cyclohexyl-
methanol is obtained in 88% yield directly from cyclohexene in the presence of
LiCl and H4Ru4(CO), (Scheme 14). Four years later, the same group reported a
detailed study on the above-mentioned reaction. They found that the catalytic
activity of ruthenium complex is strongly affected by the anionic species of the
added salts. The reaction rate increased in the order of I~ <Br~ < Cl™, which is
also the order of their proton affinities [60]. In order to improve the selectivity, more
recently, additives like [Bmim][X] (Bmim:1-butyl-3-methylimidazolium) as well
as different ruthenium clusters [61] such as H4Ruy(CO);, and Ru3(CO);,, [Ru
(CO);Cl,], and ligands were added to the reaction. Interestingly, improved results
(higher TON and selectivity) were obtained when bulky monodentate phosphite
ligands were used [62].

2.2.2 Reductants Other than H,

Based on our experience in hydrogen-borrowing reactions, we further developed
the transfer hydrogenation of carbon dioxide to CO using alcohols and its direct use
in alkene carbonylation reactions (Scheme 15) [63]. In such carbonylations which
make use of RWGS reactions, water is produced as a side product and is not
involved in the following alkene carbonylation reactions. Notably, Leitner and
co-workers reported a related rhodium-catalysed hydrocarboxylation of alkenes
with carbon dioxide and hydrogen to produce carboxylic acids [64].

Besides dihydrogen and alcohols, there are also other reductants reported for the
reduction of carbon dioxide to CO. For example, in 2005, Sadighi reported the use
of diboron compounds as CO, deoxygenation reagents. More specifically,
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R Ru5(CO),, (1 mol%)
R1/\/ : [Bnanm]csfze uiv.) COOR
quiv. R1/‘rr'
co, ROH 160 °C, 20 h l

Scheme 15 Reduction of CO, to CO using alcohols and subsequent carbonylation reactions

pinB-Bpin . .
(IPr)Cu-OtBu ~ ——— > (IPr)Cu-Bpin + tBuO-Bpin

IPr= -Bpin = Mez(ll’o\ -
MeZC\O/

iPr
iPr,
N/\N (pinB),O (IPr)Cu-Bpin X co,
iPr g/
(PinB), (IPr)Cu-O-Bpin co
iPr
Scheme 16 Copper-catalysed reduction of CO, to CO

CsF (10 mol%)

CO; + (MePh,Si),
DMSO, 20 °C

CO + (MePhySi),0  Skrydstrup

CH,l,, ZnBr,
CO, + Etzp ——=—> CO + EtP=0 Stephan
CgHsBr

Scheme 17 Reduction of CO, to CO

organocopper (I) complexes stabilized by NHC ligands reacted with pinB—pinB
(bis(pinacolato)-diboron) to form the (IPr)Cu(Bpin) which reacted with CO, under
atmospheric pressure to produce the (IPr)Cu(OBpin) and release CO at the same
time. The active species can be regenerated by reaction of (IPr)Cu(OBpin) with
pinB—pinB (Scheme 16) [65].

In 2014, Lindhardt and Skrydstrup reported the mild and selective reduction of
CO, to CO using disilane as deoxygenation reagent in the presence of catalytic
amount of CsF at room temperature (Scheme 17). In this context also the work of
Stephan and co-workers is noteworthy, which demonstrated the catalytic reduction
of CO, to CO with phosphine as reductant through an in situ generated carbodi-
phosphorane and zinc (II) [66].

2.2.3 Photocatalysed CO, Reduction to CO

Inspired by plants’ efficiency in converting carbon dioxide to carbohydrates and
other organic matter through photosynthesis, chemists have explored the possi-
bilities of directly reducing CO, to CO by photocatalytic means [67]. Because CO,
does not absorb either visible or UV radiation in the wavelengths of 200—700 nm,
this process normally requires a suitable photocatalyst (PS: photosensitizer) to
absorb UV-vis radiation and then transfer an electron to CO,. Hence, the reduction
process begins with excitation of the photosensitizer (PS). In the case of
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Scheme 18 General hv PS
reaction scheme for

photocatalytic CO,
reduction to CO PS: Photosensitizers| RS: Reaction site

RS co,

Ps*

PS”
CcO
>{D: Donor RS
D D* RyNetc.

organometallic PS in general, a transfer of an electron from the metal centre onto
the coordinated ligands takes place. Back-electron transfer from the ligands to the
metal after the charge transfer is prevented by including an electron-donating
species to quench the exciting state of the photocatalyst, thus forming the one
electron-reduced (OER) intermediate for further CO, reduction processes.

Already in 1982, seminal work by Lehn and co-workers led to the development
of the first photocatalytic CO, reductions. Here, CoCl, was used as the catalytic site
for CO, reduction with [Ru(bpy);]Cl, as photosensitizer (Scheme 18) [68]. Apart
from CO, hydrogen was produced as a side product via proton reduction. Though
the turnover number of (CO + H,) was comparably low (32) based on [Ru(bpy)s]
Cl,, the simultaneous reduction of CO, and H,O produces syngas, which is of
interest, too. Clearly, this work represents an early step in the development of
chemical systems capable of artificial photosynthesis and solar energy conversion.
Later on, the same research group found that rhenium-based complexes [Re(bipy)
(CO)3X] (X=CI", Br) acting as both photosensitizer and catalyst are more
efficient and selective catalysts for CO, reduction [69]. It was proposed that the
dissociation of the ligand X~ from the unstable 19-electron complex by OER is a
key step in the photocatalysed reduction of CO,.

Additionally, Fujita and co-workers identified the binuclear [Re-C(O)O-Re]
moiety as a key intermediate of the two-electron reduction process from CO, to
CO [70]. In 2008, an efficient photocatalytic system was successfully developed by
the group of Ishitani using mixed catalysts with fac-[Re(bpy)(CO);(CH3CN)]* and
fac-[Re-4,4'-(MeO),bpy(CO);P(OEt);]" as photocatalysts [71]. Despite the
improved activity of rhenium poly-pyridine complexes, a major problem with
these photocatalysts is the lack of an extended absorption into the visible region.
To solve this problem, Ishitani, Bian and co-workers presented the use of covalently
linked hetero-nuclear Ru and Re multimetallic complexes in the photocatalytic
reduction of CO,. The enhancement of the photocatalytic response to light in the
visible region was achieved due to intramolecular electron transfer from the OER
Ru species to the Re moiety. The binuclear complex Ru-Re, tri-nuclear complex
RuRe; and tetra-nuclear complex RuRej all furnished higher TON for the reduction
of CO, to CO (Fig. 4) [72, 73].

In recent years, the synthesis of new Re complexes for CO, reduction to
CO continued to attract attention. As an example, Hadadzadeh [74] reported the
synthesis of a dinuclear Re(I) complex in 2014 (Fig. 5), [ReCIl(CO);(I-tptzH)Re
(CO)3] 24, (tptzH = 2,4,6-tri(pyridine-2-yl)-2H-1,3,5-triazine-1-ide), for the CO,
reduction with a TON of 17.
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Fig. 4 Structure of hetero-nuclear Ru and Re multimetallic complexes
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Fig. 5 Structure of dinuclear Re(I) complex for CO, reduction

Apart from Re and Re—Ru dinuclear complexes, in 2013, Sato and Ishitani [75]
developed the mononuclear iridium (III) complex [Ir(tpy)(ppy)CI]" 25 for the
selective reduction of CO, to CO under visible light at 480 nm. Interestingly,
there was no extra photosensitizer needed. Here, tri-ethanolamine was used as an
artificial electron donor and the proposed mechanism is shown in Scheme 19.

As shown in Fig. 6, ruthenium complexes alone also showed activity in the
photocatalytic CO, reduction. For example, in 2014 Ishida [76] reported the use of
[Ru(bpy)»(CO),](PFs), (bpy = 2,2'-bipyridine) 28 as catalyst and [Ru(bpy);](PF)»
29 as photosensitizer in the presence of 1-benzyl-1,4-dihydronicotinamide (BNAH)
as an electron donor for the CO, reduction to CO. Interestingly, the iron-based
complex 32 was also reported as active catalyst by Bonin and Robert using Ir(ppy)s
or 9-CNA (9-cyanoanthracene) as photosensitizers. Here, TON up to 140 was
obtained (Fig. 7) [77].

2.3 From Carbon Dioxide to Formaldehyde

Though formaldehyde was proposed as intermediate in several CO, reduction
reactions, HCHO had not been isolated or even observed until 2013 when Bon-
temps and Sabo-Etienne reported the evidence for formaldehyde formation through
NMR studies in the course of CO, reduction using HBpin [78]. Later on, they used
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[CO, adduct] co

Scheme 19 Proposed mechanism for photocatalytic reduction of CO, in the presence of iridium
complex 25

[Ru(bpy)2(CO)2](PFs)2 [Ru(bpy)s](PFe)2 BNAH

Fig. 6 Structure of ruthenium complexes in the photoreduction of CO,

Fig. 7 Iron-based catalyst for photocatalysed carbon dioxide reduction
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Scheme 20 Formation of H chps

formaldehyde from carbon H:Ru’—ﬁz Ar

dioxide N~ . .
HBpin + CO, + ArNH, __ PCyps _ )|\ + pinBOBpin

l H,0/MeOH

CH,0 + ArNH,

amine to trap the formaldehyde to form the corresponding imine. After hydrolysis,
they obtained a formalin solution, which demonstrated for the first time the pro-
duction of formaldehyde from CO, (Scheme 20) [79].

Most recently, Oestreich reported the use of tethered Ru—S complexes for the
catalytic hydrosilylation of carbon dioxide to formaldehyde bis(silyl)acetal or
silylated methanol [80].

2.4 From Carbon Dioxide to Methanol

The conversion of atmospheric carbon dioxide to methanol is a potential techno-
logy for the production of fuel alternatives based on renewable energy
[81, 82]. Besides, methanol is used as starting material for the synthesis of various
bulk chemicals, for example, ethylene and propylene [83]. In this respect, the
“George Olah Carbon Dioxide to Renewable Methanol Plant” represents a demon-
stration plant in Iceland using a heterogeneous copper—zinc oxide—alumina catalyst
for the hydrogenation of carbon dioxide [84]. Meanwhile, homogeneous catalysts
able to reduce CO, at low(er) temperature received increasing attention.

2.4.1 Using Hydrogen as Reductant

In 2011, Sanford and colleagues reported the sequential hydrogenation of CO, to
methanol using a combination of a Ru—Pincer 33 and a ruthenium—phosphine 34
pre-catalyst in the presence of Lewis acid Sc(OTf);. The catalytic sequence
involves (a) hydrogenation of carbon dioxide to formic acid by 34, (b) acid esterifi-
cation to formate and (c) hydrogenation of ester to methanol by 33 (Scheme 21).
The incompatibility of 33 and Sc(OTf); was solved by physically separating the
catalysts using a vial in the autoclave. Thus, an overall catalyst turnover number of
21 was achieved.

More recently, the reduction of carbon dioxide to methanol using one single
ruthenium—phosphine complex was achieved by Klankermayer and Leitner. The
combination of the tridentate ligand triphos (1,1,1-tris(diphenylphosphinomethyl)
ethane) and [Ru(acac);] in the presence of MSA (methanesulfonic acid) in situ
formed an active catalyst to produce methanol with a TON of 221 at 140°C, 60 bar
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3H, + CO, ——————> CH30H + H,0

2 H,/33
l H,/34 ‘MeOH
MeOH/Sc(OTf)ﬁ
HCOOH HCOOMe
-H,0
PMe,
MesP,,,,,l ~PMe;
u
Me P” \ SOAc
Cl
33 34

Scheme 21 Cascade reduction of CO, to methanol

hydrogen and 20 bar CO, (Scheme 22) [85]. The same authors reported in 2015 a
detailed mechanism via DFT study on this reduction process. Moreover, a biphasic
reaction system involving H,O and 2-MTHF was developed, in which case meth-
anol is extracted into the aqueous phase.

In addition, Milstein and co-workers reported in early 2011 an alternative route
to methanol from carbon dioxide using organic carbonates or formats as substrates
in the presence of Ru—pincer catalysts. Turnover number as high as 4,700 was
achieved [86]. Though the process is an “efficient” way from carbon dioxide to
methanol, the economic viability is problematic due to the price of the starting
materials. In this respect, the work of the group of Ding is interesting, who used
cyclic carbonates as starting material for the production of methanol. Excellent
TON of 87,000 and TOF of up to 1,200 h™! were accomplished [87].

2.4.2 Using Other Reductants for the Production of Methanol

The reduction of CO,-derived formic acid was studied by Miller and Goldberg
[88]. Here, formic acid acted as hydrogen source and carbon substrate. The iridium
complex [Cp*Ir(bpy)(H,0)] (OTf), 35 (Cp*=pentamethylcyclopentadienyl,
bpy = 2,2-bipyridine, OTf = trifluoromethanesulfonate) which is known as an
active transfer hydrogenation catalyst proved to be the most active catalyst
(Scheme 23). Methanol and methyl formate were observed in the solution with
2% yield of methanol. Based on isotope labelling experiments, the author proposed
that the formic acid was first reduced to formaldehyde by the in situ formed [Ir—H]
and the formaldehyde was further reduced to methanol. The low product yield and
expensive iridium catalyst encouraged Cantat and colleagues to further develop this
method. In fact, using [Ru(methylallyl),COD] in the presence of triphos and MSA
improved the yield to 50% at 150°C [89].

Interestingly, in 2014 Hong [90] from Seoul reported the transfer hydrogenation
method using isopropanol hydrogen source to produce methanol indirectly from
carbon dioxide (cyclic carbonates). Again, PNP-Ru(II)-type complexes were the
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catalyst/MSA

CO, + 3H, — L MeOH + H,0
EtOH/THF
140 °C
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Scheme 22 Single ruthenium—phosphine complex-catalysed methanol formation from CO,
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Scheme 23 Iridium-catalysed disproportionation of formic acid to methanol

most active catalysts. In the presence of inorganic base, TON up to 16,600 was
achieved (Scheme 24).

The hydrosilylation of CO, to methoxysilyl species is already known since 1989
using Ir(CN)(CO)(dppe) (dppe = 1,2-bis(diphenylphosphino)ethane) at 40°C
though with low TON [91]. In 2010, Guan was able to demonstrate that in the
presence of nickel-pincer hydride, the catalytic hydroboration of CO, to
methoxyboryl species was feasible using borane at room temperature [92]. The
nickel hydride complex 36 was isolated and a mechanism was proposed
(Scheme 25) [93]. Firstly, CO, inserts into the Ni—-H bond; then the subsequent
cleavage of Ni—O bond with HBcat (catecholborane) releases HCOOBcat, which is
reduced to formaldehyde by another HBcat. Finally, hydroboration of formalde-
hyde gives the product CH;OBcat.
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Scheme 24 Transfer hydrogenation of formates and cyclic carbonates to methanol
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Scheme 25 Ni-catalysed reduction of carbon dioxide with borane
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Scheme 26 Reduction of carbon dioxide to methanol with silanes

It is well known that nucleophilic NHC (N-heterocyclic carbene) activates CO,
to form imidazolium carboxylates. Based on this work, in 2009 Zhang and Ying
[94] reported the reduction of carbon dioxide with silane to silylmethoxide [95]
which after hydrolysis produced methanol under ambient conditions (Scheme 26).
Regarding transition metal-free reduction systems [96-99] for methanol produc-
tion, the work from O’Hare and Stephan is noteworthy, who have used FLPs
(frustrated Lewis pairs) as catalyst. The activation of CO, by FLPs forms bridging
carboxylate species which are reduced with ammonia borane [100] or by low
pressure of hydrogen [101]. Finally, hydrolysis of CH;0-LA (LA=BXj3 or
AlX3) led to methanol [102].
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2.5 From Carbon Dioxide to Ethanol

It is known that ethanol can be produced via CO hydrogenation using Co-, Ru- and
Rh-based catalysts. However, the homogeneous hydrogenation of CO, to ethanol is
barely known. In their studies on the hydrogenation of carbon dioxide to CO, Sasaki
and Tominaga found that a small amount of EtOH was formed, too. Notably, they
further improved the yield of ethanol by using Co,(CO)g as cocatalyst in the
Ru3(CO),/KI system. Mechanistic studies revealed that the ruthenium was respon-
sible for the production of MeOH, while cobalt species catalysed methanol homo-
logation with CO [103].

2.6 From Carbon Dioxide to Methylamines

In 2014, the market value of methylamines such as MeNH,, Me,NH and Me;N
exceeded 4,000 Euro/ton. Therefore, the reductive methylation of amines with CO,
can create additional value. The methylation of amines via six-electron reduction of
CO; remained unknown until 2013 when Cantat and his colleagues reported a zinc
catalyst for the methylation of amines with CO, and hydrosilanes at low pressure
[104]. Furthermore, the selective reduction of urea was possible under similar
reaction conditions. Meanwhile, our group developed a Ru/phosphine catalyst
system that was able to convert carbon dioxide and amines into various kinds of
N-methylated products in the presence of hydrosilanes (PhSiH;). Notably, diverse
functional groups were well tolerated under these conditions (Scheme 27)
[105]. Very recently, Cantat also showed the possibility of using iron catalysts for
this transformation albeit high catalyst loading was needed [106].

2 mol% [RuCly(dmso)4]

R Ry CH
\ 4 mol% nBuPAd \ 3
N—H or RNH, + CO, il 2 N—CH, or ,{l
R} PhSiH3, toluene, 100 oC Rg R™ “CH,
Ry 63%-99%, 25 examples
N—H
) : x
N—H * CO; —=<="= [RR,NCO; +H,NR{Ry] ~ ———> Risg R
4 -H0 L]
R R; R
R
[Rul/[H] | -H0 (R[] 1
N—H
R2
Ry o [Ru)/[H] Ry
/N—< N=CHj
R, H -H,0 ],

Scheme 27 Ruthenium-catalysed methylation of amine using hydrosilane as reductant
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27%-94%, 12 examples

PhyP
Ph,P PPh, / «PPhy
triphos \ /RU\P [Ru(triphos)(tmm)]

PPh, - Phy

Klankermayer et al. 2013

1 mol% Ru(acac)3
1 mol% triphos
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THF, 140 oC, 24 h R”

o
or
“CHs rNScH,

R—NH, + CO; + Hy
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[Ru] ? [Rul/H R_ _CH R y~CHs
R—NH, + CO, ——» R_ )L TR LN\ = N
H, N” H H ¢y
H 3

Beller et al. 2013

Scheme 28 Ruthenium-catalysed methylation of amines using CO, and hydrogen

Although some silanes are considered to be waste products from the silicone
industry, all these methodologies are limited by the accessibility of the hydrosilanes
and an additional workup step to remove siloxane by-products. Obviously, catalytic
methylations using CO, and H, represent a greener method with H,O as the only
by-product. In this respect, it is noteworthy to mention the work from
Klankermayer [107] and Beller [108] who simultaneously reported the conversion
of amines into methylamines in the presence of CO, and H,. On the one hand,
Klankermayer et al. presented the use of a molecularly defined ruthenium complex
[Ru(triphos)(tmm)] together with readily available organic acids as cocatalysts to
afford the methylation of aryl amines in good yields. On the other hand, our group
demonstrated the N-methylation of both aromatic and aliphatic amines using CO,/
H,. Applying an in situ combination of Ru(acac)s, triphos and either acid additives
or LiCl, the desired methylated amines were obtained (Scheme 28). Most recently,
our group also developed the methylation of C—H bonds using the same system;
thus, indoles, pyrroles and electron-rich arenes react with CO, and H, to give the
corresponding methylated products [109].

2.7 From Carbon Dioxide to Methane

The reduction of carbon dioxide to methane (Scheme 29) is of substantial industrial
importance; however, synthetic systems capable of reducing carbon dioxide to
methane have been elusive, though carbon dioxide can be reduced to all kinds of
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CO, + 4H, —— CH, + 2H,0

Scheme 29 Methanation process
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Fig. 8 Structure of zirconium complex and borane for methane production from CO,
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Scheme 30 Proposed mechanism for methane formation from CO,

other chemicals as mentioned above. In 1989, Vaska showed the possibility of
producing methane from carbon dioxide and hydrogen in the presence of ammonia
using [Ir(CI)(CO)(PPh;),] as catalyst; formamide was found to be the intermediate
[110]. In 2006, Matsuo and Kawaguchi reported the reduction of carbon dioxide to
methane with hydrosilanes as the reductant [111]. In this case, in situ formed
zirconium-borane complexes were used as the catalyst. The reaction was run in
an NMR tube and TON up to 225 was achieved. The structure of zirconium is
shown in Fig. 8.

In 2012, Brookhart [112] reported a more efficient iridium catalyst with general
structure (POCOP)Ir(H)(HSiR3) for the hydrosilylation of CO, to methane. More
specifically, they found that less bulky silanes like Me,EtSiH gave more selectively
methane. TON up to 8,300 was achieved. Meanwhile, Turculet [113] reported
similar reactions using platinum and palladium silyl pincer complexes. The forma-
tion of a formate ester as intermediate was observed, which was further reduced to
R3Si0OCH,0SiR; and R3SiOCHj3 and finally to R3SiOSiR3 and CH4 (Scheme 30).

Notably, Piers et al. discovered that frustrated Lewis pairs also act as catalysts
for the reduction of CO, to methane using boranes. Here, the key step is the
activation of CO, by FLPs (frustrated Lewis pairs) which is further reduced
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Scheme 31 Pathway for hydrosilation of CO, to methane

(Scheme 31) [114]. Besides, strong Lewis acid such as [Et,Al]" and even [R3Si]*
showed activity in the methane production from CO, [115, 116].

Finally, it is worth mentioning that the photoreduction of CO, to CH, was
reported, as early as 1986. In this respect, Willner and co-workers [117] reported
the use of Ru(bpz)32+ (bpz =tri(bipyrazine)) as photosensitizer and ruthenium
metal as catalyst for the process.

3 Concluding Remarks

In the last two decades, significant developments were achieved in the area of
carbon dioxide reduction. Important basic discoveries, e.g. metal-free reductions, as
well as significant improvements of more practical processes took place. As an
example, after several years of research work, homogeneously catalysed reduction
of carbon dioxide to formic acid derivatives has become a promising tool even for
industrial applications. Particularly, the production of formic acid can be achieved
using iridium and ruthenium complexes with very high catalyst turnover numbers
or nonnoble metal catalysts such as iron. Notably, in these cases, catalyst efficiency
does not represent today the limiting factor for commercial realizations. Here,
feedstock prices and process engineering technologies are crucial. In the next
years, similar efficient catalytic processes are expected for methanol and methane
generation. Apart from hydrogenations, most reductions using silanes or boranes
constitute interesting basic studies, but will be very difficult to realize on a larger
scale. In these works, the basic understanding of the individual elementary steps of
the catalytic cycles is most important. In contrast, the “simple” optimization of
catalyst turnover numbers using boranes or silanes is less interesting. In the future,
challenging work for carbon dioxide valorization will include easily available
feedstocks such as CO, streams directly from power plants. Besides, the efficient
production of C—C bonds via (photo)catalytic means constitutes a major goal for
basic science.
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