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With around 300 billion tons, carbon dioxide gas (CO2) is
the most abundant carbon source of the Earth�s atmosphere.
It has been present throughout most of geological time and is
a natural, fluctuating constituent.[1] It constitutes the primary
carbon feedstock for the production of biomass, and thus life
on earth. However, since the industrial revolution the
concentration of CO2 has risen significantly from around
280 to more than 380 parts per million in 2009 (Figure 1).[2]

Most of this increase is attributed to the burning of carbon-
rich fossil fuels—coal, natural gas, and oil—, which currently
represent 80–85% of the world�s energy sources. There is no
doubt that these still relatively inexpensive energy carriers
will continue to play a major role at least in the next decades.
Hence, a further steady increase of CO2 concentration by 50–
100 % is envisaged by the year 2030.[3]

The increased concentration of CO2 contributes to
increased trapping of heat radiating from the Earth�s surface,
which leads in turn to the so called greenhouse effect. Despite

numerous debates it is widely accepted that this is the main
reason for global warming and will result in climate changes.
Hence, there is major political and scientific interest in
preventing CO2 formation and lowering its concentration in
the atmosphere.[4] The obvious solution for this problem is to
increase the efficiency of known energy technologies and
convert as fast as possible to energy sources that do not
generate CO2, for example, solar and wind power. Unfortu-
nately, switching to alternative energy sources will be a
gradual process. Hence, all kinds of new technologies are
needed that allow for commercially viable sustainable energy
technologies, such as improving the efficient removal and use
of CO2 from today�s fossil-fueled industries, and replacing oil
and coal by less carbon-intensive natural gas. In this respect
chemistry (in general) and catalysis (in particular) constitute
key technologies to achieve these goals. However, it is
obvious that utilization of CO2 to generate chemical products
can not solve the greenhouse effect. At present more than 110
million tons of CO2 are used to produce chemicals. This
corresponds to only 1% of the net annual anthropogenic
release (13 000 million tons) of CO2 to the atmosphere. Even
so, the increased exploitation of CO2 as starting material in
the chemical industry is desirable, because it is an abundant,
cheap, and nontoxic C1 source.

At the moment, the toxic carbon monoxide (CO) is the
main competing feedstock to CO2 in many industrial pro-
cesses. In general, CO2 is less reactive than CO and a larger
energy input is needed when using CO2 as raw material.[5]

Nevertheless, in industry around 105 million tons of CO2 are
used for the production of urea. In addition, salicylic acid
(90 000 tons), cyclic carbonates (80000 tons), and polypropy-
lenecarbonate (70000 tons) are produced on industrial scale
and a number of academic examples applying CO2 in organic
synthesis are known (Scheme 1).[1, 6]

Taking thermodynamics into account carbonates, ure-
thanes, and urea are the most attractive products from CO2

Figure 1. Trends in atmospheric CO2 in the last 50 years. Atmospheric
CO2 at Mauna Lao observatory, Scripps Institution of Oceanography
NOAA Earth System Research Laboratory (January 2010).

Scheme 1. Representative examples of utilization of CO2 in organic
synthesis.
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because no additional reduction step is needed. However,
formates and especially methanol represent interesting chem-
ical product options when the required hydrogen or reduction
equivalents are generated from renewable energy, e.g. hydro-
gen from electrolysis of water powered by photovoltaics or
wind energy (Scheme 2).

In the last decades excellent reviews by Jessop and Leitner
have summarized the field of homogeneously catalyzed
hydrogenation of CO2.

[7] Advances that have been made
since then include: the discovery of new highly active catalysts
for the production of formic acid and formates, the direct
reduction of CO2 with silanes to methanol at ambient
conditions,[8] and the development of the concept to use
CO2 as hydrogen storage material by combining CO2 hydro-
genation with selective formic acid decomposition.[9]

In this Highlight we point out the recent achievements by
Nozaki and co-workers for the reduction of CO2 in the
presence of iridium catalysts.[10] Since the beginning of the 90s
there has been an increasing interest in catalytic hydro-
genations of CO2 towards formic acid, alkyl formates, and
formic acid amides. Hence, improvements with respect to
catalyst productivity and activity have been continuously
accomplished. Compared to heterogeneously catalyzed re-
ductions of CO2,

[11] hydrogenation towards formic acid
derivatives in the presence of organometallic complexes
proceeds at comparably low temperature (< 100 8C) and
sometimes low pressure.

As shown in Table 1, to date high turnover numbers
(TON) have been achieved in the hydrogenation of CO2 using
transition-metal catalysts based on rhodium,[12–15] rutheni-
um,[16–18] and iridium.[19, 20]

In 1992 Graf and Leitner already reported a benchmark
TON up to 3400 by using various Rh–phosphine complexes as
catalysts at room temperature with low H2/CO2 pressure.[13,14]

Shortly afterwards, further improvement was disclosed by
Noyori and co-workers who used RuII catalysts in super-
critical CO2 (scCO2) and obtained a TON of 7200.[16, 17] The
increased catalyst efficiency was believed to be a result of the

higher miscibility of H2 in scCO2 compared with other
previously used solvents. Later on, Jessop and co-workers
achieved TON values of up to 28500 and turnover frequen-
cies (TOF) of up to 95000 h�1 by using [RuCl2(OAc)(PMe3)4],
which is highly soluble in scCO2.

[18] The next milestone was
disclosed in 2007, when Himeda et al. reported excellent
catalyst productivity (TON = 222000) for the formation of
formic acid in the presence of a cationic [IrIIICp*] catalyst
with phenanthroline derivates as ligands.[19] Most recently, a
significant breakthrough in catalyst efficiency for hydrogena-
tion of CO2 was achieved by Nozaki and co-workers.[10] As
active catalyst they used a defined iridi-
um–pincer trihydride complex [IrIIIPNP]
1 containing two diisopropylphosphino
substituents (Scheme 3). Excellent TON
values of 3500 000 and TOF values of
150 000 h�1 were obtained in aqueous
KOH generating potassium formate
(HCOOK).

This catalyst efficiency opens up new
possibilities for the industrial production
of formic acid and related formates.
Formic acid itself is an important chem-
ical preservative for winter feed for cattle
and an antibacterial product in the poul-
try industry.[20] In addition, it is used for the production of
solvents and synthetic building blocks. So far, the annual
production (> 500000 ton-scale) is based on base-catalyzed
reaction of carbon monoxide with methanol and subsequent
hydrolysis. Comparing the hydrogenation of CO2 with this
established route it is clear that hydrogen is the cost-
determining factor in the latter process. Depending on the
future pricing of CO2, the hydrogenation of CO2 might
become an economically viable route. From an environmental
point of view the required hydrogen should be produced
without concomitant formation of CO2.

[21]

In Scheme 4 the proposed catalytic cycle for the hydro-
genation of CO2 using the iridium–trihydride complex 1 is
shown. The resulting formate complex 2 is believed to react
with hydroxide to give the amidoiridium dihydride species 3,
which has been independently prepared by addition of
CsOH·H2O to the corresponding chloroiridium dihydride
complex. Notably, 3 converts into 1 in the presence of
molecular hydrogen, thus closing the catalytic cycle.

The rationale behind the improved catalytic behavior of
this type of pincer complex is the formation of strong

Scheme 2. Hydrogenation of CO2 to formic acid and methanol.

Table 1: Catalytic hydrogenation of CO2 to formic acid.

Catalyst precursor Solvent Additives pH2=CO2
[bar] T [8C] t [h] TON TOF [h�1] Ref.

[RhCl(PPh3)3] MeOH PPh3 +NEt3 20/40 25 20 2700 125 [12]
[{RhCl(cod)}2] DMSO NEt3 + dppb 20/20 RT 22 1150 52 [13]
[RhCl(tppts)3] H2O NHMe2 20/20 RT 12 3439 287 [14]
[(dcpb)Rh(acac)] DMSO NEt3 20/20 RT 0.2 267 1335 [15]
[RuCl2{P(CH3)3}4] scCO2 NEt3 + dppb 85/120 50 47 7200 150 [16]
[RuH2{P(CH3)3}4] scCO2 CH3OH 80/120 50 0.5 2000 4000 [17]
[RuCl2(OAc)(PMe3)4] scCO2 NEt3, C6F5OH 70/120 50 0.3 28 500 95000 [18]
[Cp*Ir(phen)Cl]Cl H2O KOH 30/30 120 48 222000 33000 [19]
[IrIIIPNP] H2O KOH 30/30 120 48 3500000 73000 [10]

Scheme 3. Highly
active IrIII-pincer
complex 1 in hy-
drogenation of
CO2.
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coordination between the metal and the tridentate ligand,
thus preventing the latter from being easily removed from the
metal center and the interesting redox chemistry of the ligand,
which has also been observed in other catalytic reactions.[22]

What are the remaining challenges for the hydrogenation
of CO2? Obviously, using a modular approach it is feasible to
optimize Nozaki�s state-of-the-art pincer complexes fur-
ther.[23] However, more crucial for practical applications will
be efficient catalysis with industrially available feedstocks
enriched with CO2, for example, CO2 streams directly from
power plants or large industrial plants. However, it should be
noted that the availability and use of inexpensive “green”
hydrogen[24] or alternative reduction equivalents is a prereq-
uisite for such large-scale applications.

In addition, for the future it might be also important to
investigate more closely the efficient hydrogenation of
carbonates (CO3

2�) or bicarbonates (HCO3
�)[25] because of

their easy availability and handling. From a scientific stand-
point, efficient catalysis with inexpensive biorelevant metals
such as iron complexes constitutes an interesting academic
challenge. Finally, the development of more energy efficient
reduction processes of CO2, or more likely of CO2-enriched
synthesis gas mixtures (CO/H2), to methanol at lower
temperature or with the aid of visible light is of major
importance to industrial and society. We are convinced that
organometallic catalysis will contribute further on to develop
solutions for these vital questions.
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