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Carbon Dioxide Reduction and Uses as a Chemical Feedstock

Michele Aresta

1.1
Introduction

The utilization of carbon dioxide (CO,) as a source of carbon in synthetic chem-
istry has been a practice exploited at the industrial level since the second half of
the 19th century for the synthesis of urea [1a] and salicylic acid [1Db,c]. CO, has
also long been used for making inorganic carbonates and pigments. A renewed
interest in the industrial utilization of CO, as a source of carbon arose after the
1973 oil crisis. The topic has been comprehensively reviewed by several authors
[2]. A critical assessment of CO, utilization is also available [3].

CO; is ubiquitous - it can be either extracted pure from natural wells or re-
covered from various industrial sources. For instance, quite pure CO, is recov-
ered from urea synthesis. Several other industries, such as those using fermen-
tation or similar methods, also provide a convenient source of pure CO, (above
99%) at low recovery cost, but their seasonality prevents full exploitation so that
several million tons per year (Mt year') of pure CO, are vented. Today, there is
a growing interest in recovering CO, from power station flue gases that contain
around 14% of CO,, but the separation techniques are quite expensive [4] and
are seldom applied on a large scale [5].

In recent years, CO, has also found growing application as a technological
fluid in several industrial sectors, such as a cleaning fluid, in refrigeration, air
conditioning and fire extinguishing equipment, as a solvent for reactions, as a
solvent for nano-particle production, and in separation techniques and water
treatment, as well as in the food and agro-chemical industries (packaging, addi-
tive to beverages, fumigant) [6, 7]. In all such technological applications, CO, is
not converted and can be recovered at the end of the application or vented to
the atmosphere. Most of the CO, used for such applications is currently ex-
tracted from natural wells, yet it is highly desirable to substitute the extracted
CO, with that which is recovered from power stations or industrial processes.
This would be in line with the need to reduce its emission into the atmosphere
— a worrying accumulation since the beginning of the industrial era [8]. How
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much CO, is used in the chemical industry or other applications? Close to
110 Mtco,/y are either converted into chemicals [9] such as urea (70 Mtco,
year '), inorganic carbonates and pigments (around 30 Mtco, year ') or used as
additives to CO in the synthesis of methanol (6 Mtco, year '). Other chemicals
such as salicylic acid (20 ktco, year') and propylene carbonate (a few kilotons
per year) comprise a minor share of the market. In addition, 18 Mtco, year™"
are used [7] as technological fluids, and in the food and agro-chemical indus-
tries (see above). Among industrial uses, the synthesis of urea and salicylic acid
are purely thermal processes, the latter being influenced by the nature of the
Group 1 cation of the original phenolate reacted with CO,. Conversely, both the
carboxylation of epoxides and, more importantly, the synthesis of methanol are
driven by catalysts, mainly metal systems. The development of new catalytic
conversions of CO, requires the knowledge of the properties of metal systems.

Whether or not the utilization of CO, can effectively contribute to reducing
its emission/accumulation into the atmosphere and, thus, if it should be consid-
ered as a technology for the control of global warming is under assessment
[2e]. As effective reduction of CO, emission into the atmosphere requires the
elimination of a few gigatons per year (1 Gt=10°t), technologies for disposal in
natural fields appear better suited [10]. Nevertheless, such technologies are now
seldom applied and are limited, in the best of cases, to megaton-scale geological
disposal; others (e.g. ocean disposal) have yet to be demonstrated. At the mo-
ment, the best approach to reducing CO, emission into the atmosphere would
be to make a selection of a number of technologies, each able to reduce the
emission by a fraction of gigaton per year. According to this perspective, the uti-
lization of over 130 Mtyear ' of CO, could well represent a technology that
could significantly contribute to the reduction of atmospheric loading by recy-
cling carbon and reducing the emission at its source. Such sustainable produc-
tion technologies would reduce waste and make a better use of energy and car-
bon.

The evaluation of how much CO, is avoided when it is used in chemical or
technological processes is not a simple task. The avoided fraction is not repre-
sented only by the amount of fixed CO, — one must consider the whole reaction
cycle based on the emission [11]. Life cycle assessment (LCA) is the only meth-
odology that can give an answer to such a question [12].

In the following sections, the CO, molecule will be considered. Its interaction
with metal centers and the conversion paths that already find utilization or may
find industrial exploitation in the near future are discussed, with emphasis on
the most useful processes.
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1.2
Properties of the CO, Molecule

1.2.1
Molecular Geometry

In its ground state, CO,, a 16e” molecule, is linear and belongs to the Dy
point group. This makes the molecule nonpolar, although it contains two polar
C-O bonds; the vectors associated with charge separation in the C-O bonds are
equal in intensity and opposite in direction (Scheme 1.1).

<« ~—» —» «—
0=C=0 < %0-C**=0 & 0=C%"-0% & *30=C-0°" « %°0-C=0°*

Scheme 1.1 Polarity of the CO, molecule in its ground state.

Nevertheless, CO, maintains all the characteristics of a species containing po-
lar bonds, with two sites that behave quite differently. The carbon atom is elec-
trophilic, while the oxygen atoms are nucleophilic. Consequently, CO, often re-
quires bifunctional catalysis [13] for its activation or conversion. It is noteworthy
that the electrophilicity of carbon is higher than the nucleophilicity of each of
the oxygen atoms, so CO, prevalently behaves as an electrophile.

The Walsh diagram [14] (Fig. 1.1) shows the energy of the molecular orbitals
in the ground and excited states. Any distortion of the molecule from linearity
causes the variation of the molecular energy and C-O bond length, due to the
repulsive interactions generated among electrons. Figure 1.1 also shows that the
energy of the molecular orbitals varies according to the plane in which the
bending of the molecule occurs. In a similar way, any excitation of the molecule
or interaction with electron donors that causes the population of the lowest un-
occupied molecular orbital (LUMO) will also cause a distortion of CO, from lin-
earity. Consequently, electronically excited CO,, the radical anion CO3 or the
adduct of CO, with an electron-rich species, such as B-CO,, will have a bent ge-
ometry with the O-C-O angle close to 133°, a value that minimizes the electron
repulsion and the molecular energy. This is clearly shown by solid-state structur-
al determinations — in all forms in which the carbon atom of CO, is bonded to
a third atom, the O-C-0O angle is close to 133°.

1.2.2
Spectroscopic Properties

1.2.2.1 Vibrational

Table 1.1 shows infrared (IR) and Raman data [15] of gaseous and solid CO,.
Due to its nonpolar character, in the ground state the symmetric stretching of
the C=0 bond is not IR active. In the Raman spectrum this vibration is found
at 1285-1388 cm™". The IR properties of the molecule are used for many pur-
poses, including the quantification of the amount of CO, in the atmosphere (by
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Fig. 1.1 Walsh diagram for CO,: the energy of the MOs changes with the molecular geometry.

Table 1.1 IR and Raman data for CO,

Symc_o Bending Asymc_o
Gaseous 1285-1388 (Raman) 667 2349
Aqueous solution 2342
Solid 660, 653 2344

nondispersive IR), and as a diagnostic tool for identifying CO, and its mode of
bonding in metal systems.

1.2.2.2 UV-Vis

The UV-Vis spectrum [16] of gaseous CO, presents absorption bands of various
intensities in the range 1700-3000 A. The UV-Vis spectrum has not been used
as extensively as the IR.

1.2.2.3 "C-Nuclear Magnetic Resonance (NMR)
CO, dissolved in a nonpolar solvent such as benzene or toluene shows a reso-
nance at 126 ppm. In aqueous solutions the resonance is close to 125 ppm [17]
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and can be used for the quantification of free CO,. The *C-NMR resonance is
often used as a diagnostic tool for identifying the CO, moiety in a compound.

1.2.3  Energy Data and Reaction Kinetics Relevant to CO, Conversion

CO, is, with water, the thermodynamic end-product of the combustion of mate-
rials containing carbon and hydrogen. In fact, CO, is the most thermodynami-
cally stable of all carbon-containing binary neutral species (Table 1.2). Carbo-
nates, both organic and inorganic, that contain the “CO;3” moiety are even more
stable than CO,. The stability of CO, has generated the common belief that it is
“nonreactive” and that any transformation of it will require an energy input that
will render the use of CO, for the synthesis of chemicals inconvenient. The “in-
ertness” of CO, is important with respect to oxidants such as O,; indeed, CO,
behaves as a great combustion regulator or suppressor. Conversely, there are a
number of reactions in which there is no need for an external energy supply,
because the coreagent brings enough energy for the reaction with CO, to occur
at room temperature or lower (e.g. the reaction of CO, with hydroxide, amines
or olefins). It is important to distinguish the thermodynamic from the kinetic
aspects of reactions involving CO,. In fact, quite exergonic reactions, such as

Table 1.2 Energy of formation of some chemicals relevant to CO, chemistry [18]

Compound AH? (k) mol™) AGY (k) mol™) S? (cal K)
CO (g) -110.53 -137.2 197.7
CO;, (g) -393.51 -394.4 213.8
CO;, () -386

CO, (aq) —413.26

CO3 (aq) -675.23

CaO (s) —634.92

HCO3 (aq) -689.93 -603.3 38.1
H,0 (l) —285.83

H,0 (g) —241.83

CaCOs (s) (calcite) -1207.6 -1129.1 91.7
CaCOs (s) (aragonite) -1207.8 -1128.2 88
cocl, (g) -219.1 -204.9 283
CS, () 89 64.6 151.3
CS, (g) 116.6 67.1 237.8
HCN (l) 108.9 125.0 112.8
HCN (g) 135.1 124.7 201.8
CH,0 (g) -108.6 -102.5 218.8
HCOOH (1) —424.7 -361.4 129
HCOOH (g) -378.6 129
CH, (g) —74.4 -50.3 186.3
CH,Cl (g) -81.9

H,NCONHj (s) -333.6

CH;0H (1) -239.1 -166.6 126.8

CH;0H (g) -201.5 -162.6 239.8
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the formation of inorganic carbonates from CO, and oxides (see Table 1.2), are
characterized by a high kinetic barrier that makes them proceed slowly. For ex-
ample, the natural weathering of silicates [19] that converts silicates into carbo-
nates (Eq. 1) and free silica is a very slow process that requires activation to oc-
cur in solution:

In general, the reactions of CO, can be classified into two categories, according

to their energetics:

¢ Reactions that do not require an external energy input, such as those that in-
corporate into a chemical the whole CO, moiety, or, more generally, those in
which the carbon atom maintains the formal +4 oxidation state. Such reac-
tions produce carboxylates and lactones (RCOOR’), carbamates (RR'NCOOR"),
ureas (RR'NCONRR’), isocyanates (RNCO), and carbonates [ROC(O)OR’].

e Reactions that generate reduced forms of CO,, such as: HCOO™ (formates),

[C(O)O]3 (oxalates), H,CO (formaldehyde), CO, CH;OH and CH,.

The latter require energy that is provided as heat (thermal processes), elec-
trons (electrochemical processes) or irradiation (photochemical processes). The
convenience of developing a process based on CO, does not depend on its endo-
or exergonicity. As a matter of fact, several processes are today on-stream that
are strongly endothermic, consume significant amounts of energy and produce
large quantities of waste. Therefore, the convenience of developing a process
based on CO, for substituting an existing one must be evaluated by comparing
the two processes by applying the LCA methodology — the use of CO, will be
convenient if it minimizes the material and energy consumption and the CO,
emission.

Any one of the above reactions will require a catalyst, which often is a metal
system. After the discovery of the first transition metal complex of CO, [20],
emphasis has been on the study of the coordination chemistry of CO, with the
aim of discovering new catalysts for CO, chemical utilization.

13
CO, Coordination to Metal Centers and Reactivity of Coordinated CO,

1.3.1
Modes of Coordination

The modes of coordination of CO, to a metal center(s) are classified in Table
1.3. While the #%-C,0 [20] and #'-C [22a,b] coordination modes have been
known for a long time, the #'-O mode was only recently demonstrated [23].
Moving from the ;' to the u,-#°> mode [40], the C-O bond order decreases and
the length of the bond increases. Nevertheless, it is not straightforward to say
that coordination increases the “reactivity” of the CO, molecule. Whether the co-
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Table 1.3 Modes of bonding of CO, to metal centers

Mode of Structural features M [reference] Vasym Vsym C-O bond length
bonding of the adduct A
n'-C _0 Ir [22a], Rh [22b] 1610 1210 1.20(2), 1.25(2)
M—
C< o
1
n'-0 M.O=C=0 U [23] 2188 1.122(4), 1.277(4)
n*-C,0 0 Ni [24], Rh [25], 1740 1140-1094  1.17, 1.22
e Fe [26], Pd [27]
M_ |
O
o o Pt [28], Ir/Zr [29], 1495 1290-1190  1.229(12),
i Ir/Os [30], Rh [31], 1.306(12)
Mi—C—0—M, Ru [32]
U O Re/Zr [33], Ru/Zr 1348 1288 1.285(5), 1.281(5)
class T M,_c< M, [34], Ru/Ti, Fe/Zr, 1348 1290
0 Fe/Ti [34]
3
U Re/Sn [35], Fe/Sn 1395 1188 1.269(11),
=
class 11 M— C<O>M2 136] 1450 1152 2.257(7), 1.252(3),
o 2.394(2)
s’ 0-M, Os [37], Re [38] 1.276(5), 1.322(5),
M 1.28, 1.25
1 C\
O—M3
st M, Co [39] 1.20(2), 1.24(2)
I
_—~0~
M—G_ o M,
gt M, Ru [21] 1.283(15),
IC\C(M 1.245(16)
o ’
M, M,
e M, Rh/Zn [40] 1.29(14),
[ 1.322(14)
M2\<C>O/M3
M

ordinated CO, is an activated form of CO, is a question that requires a detailed
investigation [25b, 41]. The reduction of the C-O bond order and energy upon
coordination to metal centers represents per se an activation of CO,, but such an
activated form may not be ready for further conversion, due to the high energy
of the bonds formed with metal centers: the metal complexes may sometimes
behave as “stable forms of activated CO,”.
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A consequent question is whether or not the coordination of CO, to a metal
center is a prerequisite for its conversion into other chemicals. In fact, it de-
pends on the kind of reaction CO, has to undergo. The data reported in Section
1.3.3 seem to suggest that the coordination to a metal center is necessary only
if the reduction of CO, to CO is considered. In coupling reactions (C-C or C-E
bond formation), CO, may react directly with nucleophiles produced in the reac-
tion medium by the metal catalyst (e.g. activated olefins); pre-coordination to
metal centers may not be necessary.

13.2
Interaction of CO, with Metal Atoms at Low Temperature: Stability of the Adducts

The interaction of the CO, molecule with main group and transition metal
atoms has been studied using matrix isolation Fourier transform IR spectrosco-
py [42], which recently has been coupled with density functional theory (DFT)
[43]. The latter has played a key role in determining the mode of coordination
of the cumulene in the complex, predicting the equilibrium properties of the
identified species and describing the bonding. Different behavior has been dem-
onstrated for late transition metal atoms [Fe, Co, Ni, Ag and Cu form 1:1
M(CO,) complexes] compared to early transition elements (Ti, V and Cr insert
spontaneously into one of the C=O bonds yielding oxo-carbonyl species) [43].
Isotopic experiments with *CO, and C'®0, have permitted the spectroscopic
identification of the bonding modes in organometallic species. Interestingly, the
coordination of CO, to a metal atom is influenced by the gas matrix. For exam-
ple, it has been shown that the cumulene binds in side-on fashion to nickel to
afford a 1:1 complex with a binding energy equal to 75 k] mol™ in a pure CO,
matrix, while in argon diluted matrices, no reaction occurs. Conversely, if N, is
added to the rare gas matrix, the coordination of CO, occurs to preformed
“NiN,” with a binding energy equal to 133.8 k] mol™" [43]. The combination of
experimental studies with DFT calculations has been fruitful for explaining the
behavior of such systems and the role of N,. Additionally, using DFT it has
been shown that Ti inserts with no “energy barrier” into one of the CO bonds
of CO,, to afford a OTiCO species, which is more stable than any of the possi-
ble Ti(CO,) complexes [43].

133
Reactivity of CO, Coordinated to Transition Metal Systems

While several examples demonstrate that coordinated CO, undergoes electrophilic
attack by protons or other similar reagents at the *bonded oxygen, there is little
evidence [15, 25b, 41] that coordination promotes the formation of a C-C bond,
e.g. between CO; and an olefin. In the latter case, it is more likely that CO, inter-
acts with a M(olefin)-adduct. Alternatively, a three-molecular mechanism involv-
ing the metal center, the olefin and CO, may operate (see Section 1.4.1.1). Scheme
1.2 gives an overview of the documented reactions of coordinated CO,.
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()  Proton [44] [M=Ni [44a], Ru [44b]]
+2H" + 2¢”
“M-CO,” ——— “M-CO” + H,0

H' + e l

“M-COOH”
(i)  Hydride /45]

+e+ HY

RhH,(O,CH)(P(i-Pr);), + CO, —— Rh(CO)(O,CH)(P(i-Pr);), + H,O

(iii)  Alkyl group /46, 25]

+
“M-CO,” + R ———» M-ﬁ-OR
o
@iv)  Silyl group [47]
OSiR; \* R.Si*
"M-CO," + R;3Sit ——— > M-C\\ —> (M—CO)2++ (R3S1),0

(v)  Metal atom /48]
“M-CO,” ——» “(CO)M=0"

(vi)  External phosphine /20, 49]
“M-CO,” + PR, — “M-CO” + O=PR;

(vii)  Isonitrile group /50]

“M(RNC)(CO,)” — RNCO + “M(CO)”
(viii) A second CO, molecule /51]

“M-CO,” + CO, —» “M(CO)CO3”

Scheme 1.2 Reactions of coordinated CO,.

1.4
CO, Conversion

The utilization of CO, for the synthesis of compounds (e.g. carboxylates) con-
taining the entire CO, moiety is an example of a process that follows the “sus-
tainable chemistry” principles [2d,e]. In fact, with respect to processes on-
stream, it reduces the production of waste at source, uses less starting materi-
als, recycles carbon, diversifies the raw materials, and may make less use of sol-
vents if CO, is used as solvent (scCO,) and reagent. Because of the more direct
synthetic procedure, there may also be an associated reduction of energy con-
sumption. Such benefits are rigorously assessed by making use of the LCA
methodology, applied to the CO,-based process and to the process that is being
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substituted [12]. Conversely, if CO, is reduced to other C1 molecules, an energy
input may be necessary. The real benefit in this case can be evaluated by com-
paring the CO, reduction to synthesis gas (syngas) production, which represents
the current route to any reduced form of carbon-based products.

1.4.1
Carboxylation Reactions

The incorporation of CO, into an organic substrate to afford C-COOH,
C-COOC, E-COO-C (E=N, O) or C-OC(0O)O-C moieties is of great importance
from the industrial point of view as it would allow the implementation of direct
methodologies in place of those on-stream that do not respond to the energy-
or atom-economy principles. The formation of a terminal “carboxylic moiety”’
C-CO, is today achieved through quite lengthy and waste-producing procedures.
Thus, the oxidation of an organic moiety (i.e. CH; or benzene skeleton) or the
hydration of CN groups are typically used, via multistep procedures, with pro-
duction of waste and loss of carbon [52]. Alternatively, Grignard reagents can be
reacted with CO, with loss of 1 mol Mg per mole of carboxylate produced. Even
more complex routes are used for the synthesis of cyclic compounds containing
a “CO,” moiety. The catalytic carboxylation of olefins, or other organic sub-
strates, would be of great value in this case and would represent a step forward
towards sustainable processes. Among the carboxylation reactions, the synthesis
of carboxylic acids or lactones, the carbamation of amines and the synthesis of
carbonates are particularly important due to the large market for the products
(of the order of several megatons per year). Special attention will be dedicated
to such compounds in the following sections.

1.41.1 C-C Bond Formation

The carboxylation of an organic substrate such as a saturated hydrocarbon
(Eq. 2) or benzene (Eq. 3) can be considered as a formal insertion of CO, into
the C-H bond. The enthalpy of such a reaction is in general favorable, although
dependent on the reagents. In fact, the carboxylation of methane or benzene is
characterized by a negative change of enthalpy. Nevertheless, it must be empha-
sized that the dependence on entropy is quite different in the two cases, so the
free energy change may be quite different:

CHa4(g) + CO,(g) — CH3COOH(I) (2)
AH = —16.6 k] mol?
AGpg = +7117k] mol ™!

AH = —40.7k] mol !
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The key step in such reactions is the heterolytic C—-H bond splitting that pro-
duces a carbanion that easily reacts with CO, to afford a carboxylate (Eq. 4):
©. (4)
R-H — R + H — RCOO + H' —> RCOOH
The differences and similarities of natural and artificial processes will be sum-
marized and analyzed in the next sections.

1.41.1.1 Natural Processes

C-carboxylation reactions in nature use either CO, or its hydrated form, HCO3
(Scheme 1.3), depending on whether the enzyme active site is hydrophobic or
not. Often a metal cation is required as cofactor. The most used metal ions are
Mg?*, Mn**, Co** and Fe®", with some evidence for the involvement of +3 cat-
ions such as Co*", AI** and Fe** (Table 1.4). The size of the cations, and their
coordination number and charge density may play a key role in the stabilization
of enzymes and in driving their catalytic activity. Cations with ionic radii in the
range 85-110 pm [53] with a coordination number of 6 (octahedral geometry)
are frequently encountered as cofactors in phosphoenolpyruvate carboxylases
and other enzymes. The most abundant carboxylation enzyme in nature is ribu-
lose 1,5-bis(phosphate)-carboxylase-oxidase (RuBisCO) [54], which is found in all
eukaryotes and the majority of prokaryotes.

Table 1.4 Enzymes, substrates and metal cations implied in natural carboxylation reactions

Enzymes Substrates Metal Products Occurrence
cations
RuBisCO ribulose Mg glucose C3-plants (also
higher)
Phosphoenolpyruvate pyruvic acid Mg?*, oxaloacetate C4-plants (mais,
carboxylase (PEPC) Mn** sugar cane,
sorghum, etc.)
Phosphoenolpyruvate pyruvic acid Mg™*, oxaloacetate
(PEP) carboxykinase Mn?*
Acetyl-CoA carboxylase acetyl-CoA Mg®*,  malonyl-CoA
Mn2+
Proprionyl-CoA proprionyl-CoA Mg, methyl-malonyl-
carboxylase Mn** CoA
Pyruvate carboxylase pyruvate Mg, oxaloacetate
Mn2+
Vitamine-K-dependent first 10 glutamic Mn** y-carboxy-
carboxylases acid residues in glutamic acid

the N-terminal
region of the
precursor of pro-
thrombin

1
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R-C-H + HCO;” = R-C-COO™ + H,O (a)
R-C-H + CO, —» R-C-COO™ + H* (b)

?HZOP CH,OP CH,OP

C—OH “00C—C—0 o CH,0P CH,OP Chon

CO, 2

—_— ?—O\Iy _H_+> ?:O W» ClHOH + CHOH —» —» CHOH (c)

HG—OH HC—OH coo” coo” CHOH

CH,O0P CH,OP éHOH

I
CH,OP

Scheme 1.3 C-carboxylation reactions (P=phosphate).

RuBisCO is constituted of a large and a small subunit, and performs both the
carboxylation at C2 of ribulose and its oxidation at the same site with 50% selec-
tivity [55]. The mechanism of action is quite complex — it has been shown that
for both carboxylase and oxidase functions RuBisCO has an active site consti-
tuted by a lysine residue and a catalytic site, both placed in the large subunit.
Once the two C3 moieties are formed (Scheme 1.3¢) the carboxylic functional-
ities are reduced and the two C3 moieties coupled to afford glucose. Formally
the process consists of a CO, reduction to a “HCOH” moiety, inserted into a
C—C bond of a C5 sugar to afford a C6 compound. This process uses some tens
of gigatons per year of carbon of CO, in the natural carbon cycle.

The exploitation of biotechnologies for the utilization of CO, as source of car-
bon is an interesting approach to developing new, environmentally friendly syn-
thetic technologies based on CO,. In principle, both carboxylation and reduction
reactions can be carried out, under mild conditions and using water as reaction
medium, that would greatly improve the environmental quality of new pro-
cesses with respect to those actually on stream [56, 58].

1.4.1.1.2 Artificial Processes

Despite the great industrial value of the formation of a C-C bond using CO,,
the only industrial application is represented by the synthesis of 2(or 4)-hydroxy-
benzoic acid, known for more than a century (Kolbe Schmitt reaction [1b]). This
reaction has been reconsidered [57] using other substrates such as 1- and 2-
naphthol or hydroxypyridines.

A biotechnological synthesis has also been demonstrated to be possible [58].
Thauera aromatica bacteria can use phenol as the only source of carbon under
anaerobic conditions; phenol is eventually converted into CO, and water. The
first step of the degradation path is the carboxylation of phenolphosphate to 4-
hydroxybenzoic acid which is then dehydroxylated to benzoic acid [59] (Scheme
1.4). The carboxylation of phenol is carried out by a phenolcarboxylase enzyme,
a new type of lyase [60]. The isolation of the enzyme from the cytoplasmic por-
tion of the cell allows its use in vitro. In order to extend the lifetime of the en-
zyme, its supported form on low melting agar can be used [61]. Cut-off mem-
branes (that allow the passage of macromolecules of a given size) [58] can be
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050 Y ;‘:;azib

OPO;>

AMP + PPi

—SCoA —SCoA
CO, + H)O «— ES T'

Scheme 1.4 Carboxylation of phenolphosphate to 4-hydroxybenzoic acid.

also used, with an easy separation of products from the mother liquid phase
containing the enzyme and nutrients. Interestingly, the enzyme can also work
in scCO,; [62].

The direct carboxylation of hydrocarbons has been achieved only in the case
of molecules containing active hydrogens using phenolate anion (PhO™) as CO,-
transfer agent [63]. More recently, the 2-carboxylated form of imidazolium salts
(Eq. 7) have been used for CO, transfer to molecules containing active hydro-
gens [64]. The resulting R'"R*ImX can be recycled.

R'R%*Im-2-CO, + substrate-H + MX — R'R*ImX + substrate-COOM (7)
R'R?Im-2-CO, = 1,3-dialkylimidazolium-2-carboxylate

Substrate = PhC(O)CH3;, CH3;0H

MX = NaBF,, NaBPh,, KPFj

All the reactions presented above have as a common drawback, which is the
use of 1 mol Group 1 metal cation per mole of carboxylated product, resulting,
thus, in a process formally similar to the carboxylation of a Grignard reagent.
For practical applications, metal cations would be better substituted with pro-
tons, but that is not an easy process.

The direct carboxylation of methane to acetic acid, a process of great indus-
trial interest, has been achieved in low yield using a two step process with Rh
and Pd catalysts [65].

The carboxylation of alkenes has been attempted using several transition-me-
tal systems, such as Ni(0) [66], Ti [67], Fe(0) [68], Mo(0) [69] and Rh [70] as cata-
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(a)
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Scheme 1.5 (a) Modes of carboxylation of an olefin:
the carboxylate is released upon protonation. (b) Conversion
of terminal and internal alkynes into pyrones.

lysts (Scheme 1.5a). In all cases, a stoichiometric amount of metal atoms was
used to afford stable carboxylates such as metallacycle or hydrido-acrylate, the
product of formal insertion of CO, into the C-H bond of ethylene. These reac-
tions have been very recently revisited using DFT calculations that have shown
the existing barriers in a catalytic cycle with high turnover numbers (TONs) [71,
72). In particular, tailored coligands may assist the elimination of acrylic acid
[71]. Such information can be very useful for designing active catalysts for the
synthesis of carboxylates and, in particular, acrylic acids derivatives that have a
large use in the polymer industry.

The carboxylation of alkynes (Scheme 1.5b) and dienes has been successful,
with both cumulated and conjugated systems being used (Schemes 1.6 and
1.7). In all cases high TONs have been obtained. The carboxylation of butadiene
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Scheme 1.6 Conversion of butadiene into lactones and linear
esters using various metal catalysts.

to six-membered lactones has been performed with high selectivity and yield by
using Pd systems with (i-C3H7)P(CH,),,CN (n=2-5) phosphane ligands in var-
ious solvents, including pyridine [73]. The reaction also proceeds under electro-
chemical catalysis [73b], and it has a good selectivity in scCO, using Pd(dba);
[73¢] as catalyst.

Allene has been converted into pyrones or linear esters [74] by using Ni or
Rh catalysts (Scheme 1.7a and b). Interestingly, allene and CO, undergo a for-
mal “2+2” addition [75] to afford a four-membered lactone (Scheme 1.7c). Both
the four- and six-membered lactones have industrial application, such as for an-
tibiotics or fragrances, respectively.

CH,=C=CH, + CO,

0 N &
A L, T
(a) (b) ()

Scheme 1.7 Conversion of allene into linear esters or pyrones.

FCOZ
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Scheme 1.8 Carboxylation of strained rings.

Strained rings can be carboxylated by using transition metal catalysts [76].
The reactivity depends on the size of the ring, the metal used and the reaction
conditions (Scheme 1.8). In the cases in Scheme 1.8 (b and c), 1 mol metal is
consumed per mole of carboxylated product formed, which is a serious draw-
back to exploitation of the process.

1.4.1.2 N-C Bond Formation

The formation of the N-CO, bond is relevant to industrial processes as it would
allow the synthesis of carbamic acid derivatives avoiding the use of phosgene
(Scheme 1.9).

The synthesis of a labile carbamic acid has been achieved only very recently
[77] using either benzylamine or PhP(OCH,CH,),NH. Both carbamic acids have
been isolated as solid dimers and characterized in the solid state by X-ray dif-
fraction. A common feature is the existence of the dimeric moiety represented
below with an O-HO- - - O distance of 122 pm, very similar to that found in di-
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(@) RR’'NH + CO; = %2 [RR’N-COOH],
[R,R’=PhCH,- or PhP(OCH,CH,-),]

(b) RR°’NH + CO, + R”X +B = RR’N-COOR” + BHX

Scheme 1.9 Synthesis of carbamic acid (a) and carbamates (b) from amines and CO,.

meric carboxylic acids. The monomer RR'N-COOH does not exist free, and de-
composes back to the free amine and CO,. Evidence for the formation of carba-
mic acid in solution has also been provided for amines like w-(1-naphthyl)alky-
lamines [78].
,0--H-0
R'RN — C\ Y C—NRR’
O—-H--0

The reaction of amines with CO, in the presence of an alkylating agent and a
base (Scheme 1.9b) is important industrially as it produces organic carbamates
that find large application in the chemical [79], pharmaceutical [80] and agro-
chemical industries [81]. The many attempts to use transition metals as catalysts
in the 1970s [82] led to the discovery that the metal-carbamato complexes LnM-
OC(O)-NRR' reacted with the alkylating agent RX to undergo an electrophilic
attack by the alkyl group at the nitrogen rather than at the oxygen atom, with a
net alkylation of the amine (Scheme 1.10a).

More recently, carbamic esters have been synthesized successfully under very
mild conditions by using either Group 1 metal or ammonium carbamates in
the presence of a crown-ether [83] (Scheme 1.10b). The latter interacts with the

(a) LoMx + 2RR’NH = LoM-NRR’ + RR’NH,X
LnM-NRR’ + CO, = LnM-OC(O)-NRR’
LnM-OC(O)-NRR” + R”X = LnMX + RR’NR” + CO,

(b)
o R
M@ —\;c— NI/
| I'/ \R
s
R---X
}

RzNCOZR"F MX

(¢) RR'NH + (R”0),CO = RR’N-COOR” + R”OH
(d) RR'NH + (R"0),CO = RR'RN + R’OH + CO,

Scheme 1.10 Carboxy-alkylation of amines to carbamic esters.
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metal or ammonium cation, increases the nucleophilicity of the oxygen and pro-
motes the O-attack of the alkyl cation. Strong bases such as diazabicyclounde-
cene (DBU) [84] have also been used. As the crown-ether can be easily recovered
and recycled, the process is an easy, selective and high-yield route to carbamates
at room temperature by directly using amines, CO, and alkylating agents. An
alternative method for the carbamation of amines is the direct carboxy-alkylation
by using carbonates (Scheme 1.10c). This reaction is of great industrial interest.
It can be promoted by metal systems or other catalysts [85] with the major
drawback being the alkylation of the amine, a process that occurs at higher tem-
perature than the carboxy-alkylation (Scheme 1.10d). Either homogeneous [86]
or heterogeneous [87] catalysts have been developed that work at low tempera-
ture and are very selective towards the carboxy-alkylation of amines. This route
to organic carbamic esters is quite interesting as it may represent a phosgene-al-
kyl halides-free route if carbonates can be prepared from CO, and alcohols or
by any other phosgene-free route.

A biomimetic catalyst has been developed for the carbamation of aromatic
diamines [86h] under mild conditions.

1.4.1.3 O-C Bond Formation

The O-C bond formation is relevant to the synthesis of organic carbonates char-
acterized by the O-C(O)O moiety. Both linear and cyclic carbonates are of indus-
trial interest (Table 1.5). The semicarbonate species RO-C(O)OH is labile, as is
the analogous RR'N-C(O)OH. CH30-C(O)OH has only recently been generated
in solution and characterized by IR [88a] and NMR spectroscopy [88b].

1.4.1.3.1 Cyclic Carbonates

The most common route to cyclic carbonates is the reaction of epoxides with
CO,, which is promoted by a variety of homogeneous, heterogeneous and sup-
ported catalysts; either cyclic carbonates or polymers are obtained [89]. Main
group metal halides [90a] and metal complexes [90b], ammonium salts [91] and
supported bases [92], phosphines [93], transition metal systems [88, 94], metal
oxides [95], and ionic liquids [96] have been shown to afford monomeric carbo-
nates. Al porphyrin complexes [97] and Zn salts [89, 94, 98] copolymerize ole-
fins and CO,.

The carboxylation of epoxides is strongly dependent on the reaction condi-
tions such as temperature and solvent. The use of ionic liquids as reaction me-
dium seems to accelerate the reaction with respect to any other organic solvent,
most probably because ionic liquids promote the formation of and/or stabilize
polar or ionic intermediates. Heterogeneous catalysts such as oxides [95] or sup-
ported ammonium salts [92] or metal complexes [94] work well under these con-
ditions. The solvent can play a key role in such reactions. Amides such as di-
methylformamides or dialkylacetamides can themselves promote the carboxyla-
tion of epoxides, albeit with a low TON [100]. Most likely this is due to the abil-
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Table 1.5 Linear and cyclic carbonates and their market and use (total market 18 Mt year™')
Carbonates Uses
Linear (CH30),CO (CH,CH=CH,0)CO (Et0),CO (PhO),CO solvents, reagents
(for alkylation or
acylation
reactions),
additive for
gasoline
DMC DAC DEC DPC
dimethyl diallyl carbonate diethyl carbonate diphenyl
carbonate carbonate
Cyclic monomers for
HSC‘HC Ph'Hc CcH, Pobymers
H2|C— ,CHZ i FHZ 2 synthesis of
o__0 O, c o o, O O, c o hydroxyesters and
" 1] ﬁ:/ Il hydroxyamines,
O o ] component of
EC PC CC SC special materials
EC PC CcC SC
ethylene propylene carbonate cyclohexene styrene carbonate
carbonate carbonate

ity of such species to activate either CO, or the epoxide (Scheme 1.11). scCO,
also favors [99] the formation of the cyclic carbonate and copolymers.

Metal oxides have also been used for the synthesis of optically active carbo-
nates [101] from pure enantiomers of the parent epoxide with total retention of
configuration. The synthesis of optically active carbonates from a racemic mix-
ture has been achieved with 22% ee in the best of cases, using NDb(IV) com-
plexes with optically active N, O or P donor atom ligands. An NMR study [101]
has demonstrated that such low percentage ee is caused by the de-anchoring of
the ligand from the metal center, with loss of induction of asymmetry.

R /O R /O
R:Nlr\coz R:IT]_C\\ epoxide :N_C\/\
(@ R - > C 0 cpoxiae R™ | O
/N 2N /
7 "H le} H 7\
0" H y
¥) C—
ed
R SNe—
R - \C AN
RO 2o ~n
>N HT 07 H N H, 5
(b) R7| R7| H RO
 H o7 THT ’/C\‘)
g o

Scheme 1.11 Activation of CO, or the epoxide by an amide.
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Scheme 1.12 Mechanism of copolymerization of propene and CO, with Zn complexes.

As noted above, when Al-porphyrin complexes [97] or Zn compounds [98] are
used as catalysts for the carboxylation of epoxides, the formation of polymers is
observed. Al catalysts are now used in a plant in China. The mechanism of the
polymerization reaction has been studied and the most credited mechanism
when Zn compounds are used is shown in Scheme 1.12. The molecular mass
of the polymers varies with the catalyst. Primarily propene oxide and styrene ox-
ide have been used so far, with some interesting applications of cyclohexene ox-
ide. It is wished to enlarge the use of substrates in order to discover new prop-
erties of the polymers.

The limiting factor in the commercial development of the carboxylation of ep-
oxides for the synthesis of monomeric or polymeric carbonates is the unavail-
ability of large amounts of the parent epoxide. Such compounds are today pre-
pared by using several techniques, some of which generate pollution [102]. The
best route to epoxides is based on the use of H,0, [103] that has as the main
drawback the limited amount and the cost of H,0,. Finding a route to cyclic
carbonates that is decoupled from H,0, is of fundamental importance for devel-
oping the large volume industrial production of cyclic carbonates.

R R M
/C=C\H +120,+CO; —» H/f fiH
0

(6}

(8)

A reaction of great interest in this direction is the “oxidative carboxylation” of
olefins that converts cheap products, such as olefins, and a waste, such as CO,,
into valuable compounds (Eq. 8). Such a reaction has been performed using dif-
ferent catalysts on substrates such as propene and styrene. Little information is
available on an early process that uses a complex catalytic mixture [104],
although in later studies the reaction mechanism has been elucidated for both
homogeneous [105] and heterogeneous [106] catalysts. Two reactions are ob-
served (Scheme 1.13): “two-oxygen” addition across the double bond that causes
the splitting of the olefin to afford two aldehydes (compounds 5 and 6 in
Scheme 1.13) and “one-oxygen” transfer to the olefin that produces the epoxide,
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5 RCHO (RCOOH) 2 0.2
6 CH,0 2 0.2

Scheme 1.13 Oxidative carboxylation of olefins with
homogeneous and heterogeneous catalysts.

that is either converted into the carbonate or isomerized to a terminal aldehyde
(compound 2 in Scheme 1.13) or a ketone (compound 3 in Scheme 1.13).
Using RhCl(PEt,Ph); as catalyst a maximum TON of 2—4 towards the carbo-
nate was observed [105a—d]. A more detailed study [105e] showed that the reac-
tion proceeds via formation of a peroxocarbonate that is the real oxidant and
converts into the relevant Rh carbonate (Scheme 1.14). Such a pathway does not
explain the observed TON, as the carbonate should not be an active catalyst.
Using '®0,, 1*C'®0, or *C'®0, it has been possible to demonstrate by accurate
IR study and calculation of vibrational frequencies for the peroxocarbonate com-

COQ’*OL' I 02
oL ,CIRh
L
o) Y
/N
IV P,CIRW Cc=0 P3Cth/ I
Ny AN
'kO b
*0
*Ol4 Cco,
o0 -
L’ P,CIRh Cc=0
\*O/
I

Scheme 1.14 Catalytic cycle for the formation of carbonate via
oxidative carboxylation of olefins.
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plex [107] that the formation of the peroxocarbonate occurs via insertion of CO,
into the O-O bond of the dioxygen—Rh complex. The formation of an asymme-
trically labeled *O-O peroxo bond allowed the subsequent oxygen transfer reac-
tion [107] to an oxophile (like an olefin) to be followed. The resulting carbonate
can be converted into a Rh(I) complex via deoxygenation of the carbonate [105 €]
by a free phosphine (either added or released by the complex). The resulting
Rh(I) complex can restart the process. The progressive release of phosphine
causes the conversion of the original Rh(I) catalyst into a species bearing a
phosphine oxide ligand that is not able to promote the epoxidation of the olefin
anymore. If external phosphine is added, the yield of carbonate is not improved
as the free phosphine is preferentially oxidized with respect to the olefin. Using
unsaturated Rh(I) complexes of the formula “RhCl(L-L)” (L-L=Dbidentate phos-
phines or N-ligands) does not improve the yield as the catalyst is deactivated
via an intermolecular ligand exchange as depicted in Eq. (9). The resulting
“RhCl(L-L),” or “RhCl(olefin),” species are not able to promote the epoxidation
of the olefin.

2"RhCI(L-L)" + n(olefin) — RhCI(L-L), + RhCl(olefin), 9)

Therefore, such Rh catalysts are not useful for practical applications. Using Co,
Cr or Mn analogs, the yield in carbonate is always low with no real improve-
ment of the TON.

The use of Group 1 or 2 metal oxides [106] or of transition metal oxides gives
catalysts with a longer life. It must be emphasized that in the oxidative carboxy-
lation, the catalyst must perform two roles: the oxidation of the olefin using O,
and the carboxylation of the epoxide. This makes the selection of the catalyst
more difficult. For instance, Table 1.6 shows that metal oxides that behave as
oxidants are not good carboxylation catalysts (see, e.g. Ag,0). Table 1.6 also
shows that, in a nonoptimized system, the main reaction is olefinic double-bond
cleavage, suggestive of a radical reaction promoted by the metal oxide. A de-
tailed study has identified the role of Pco, and Po,, temperature, solvent, and
cocatalyst in the double-bond cleavage reaction, enabling the reaction to be per-
formed so that it is not the main process anymore and the carbonate can be
synthesized with more than 50% selectivity [106c].

1.4.1.3.2 Linear Carbonates
The most interesting route to linear carbonates is the direct carboxylation of al-
cohols (Eq. 10):

2ROH + CO, — (R0),CO + H,0 (10)

This reaction has an atom efficiency higher than the phosgene route, and is
much safer and cleaner than the ENIChem and UBE processes that feature a
comparable use of atoms (Scheme 1.15). The existing limitation to the exploita-
tion of the reaction is the low yield at equilibrium that ranges between 1 and
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Table 1.6 Products of the “oxidative carboxylation” of styrene using several oxides?

Catalyst Styrene Selectivity towards

conversion
Styrene Styrene Benzal- Benzoic acid
carbonate (%) oxide (%) dehyde (%) (%)

Molecular sieves 5 AY 16 3.1 11.8 67.5 3.1
Si0, anhydrous® 23 9.1 15.2 45.6 19.1
SiO, hydrated 22 1.1 17.3 50.9 24.1
Ag,0" 28 - 16.4 50.8 24.5
MgO® 14 6.8 13.6 58.8 8.9
Fe,05" 28 10.3 1.8 46.4 33.9
Mo0O5” 27 6.3 5.9 54.8 25.2
Ta,05” 27 2.9 17 48.5 24.4
La,05" 26 2.7 12.7 43 323
Nb,0s? 27 16.6 4.4 46.3 24.1
V,05? 34 7.3 5 55.3 27

ZnoO 125 1.3 14.2 41.1 36

a) Each entry is the average of three tests. The average devia-
tion is +5%. The operating conditions were the same in all
tests. Catalyst: 7x107* mol; styrene: 1.75x 1072 mol; N,N-di-
methylformamide as solvent: 10 mL; temperature: 393 K;
reaction time: 5 h.

b) Po,=5 atm; Pco,=45 atm.

(a) Phosgene Atom efficiency

og + CoOCL % O‘ 0‘ + 2 NaCl +2H,0 0.5

2 NaOH \[{

(0]

HO

(b) Oxidative carbonylation
ENIChem
2CH,0H + %0, + 2CuCl — 2 Cu(OCH;)CI + H,0

0.8
2 Cu(OCH3)Cl + CO — (CH30),CO + 2 CuCl
Ube
2CH;0H + 2NO +% 0, — 2CH3;0ONO + H,O 0.8
2CH30NO + CO — (CH30),CO + 2NO
(¢) Carboxylation of alcohols
2ROH+CO, — (RO)CO +H,O 0.8

Scheme 1.15 Routes to linear carbonates and their atom efficiency.

23



24

1 Carbon Dioxide Reduction and Uses as a Chemical Feedstock

Table 1.7 Thermodynamic properties for the direct carboxylation of alcohols

Carbonate AH (k] mol™)
(Me0O),CO —4.00
(Et0),CO -3.80
(allyl-0),CO -3.91
[CH3(CH,),,0],CO (n > 2) —4.17
(PhO),CO +12.06

Calculated according to Ref. [108].

2% of converted alcohol, using both homogeneous and heterogeneous catalysts.
Table 1.7 gives the thermodynamic properties of some carbonates (aliphatic and
aromatic). The values of AH show that the process is not very favored for ali-
phatic alcohols and is disfavored with phenol and other aromatic alcohols.
Nonetheless, the low equilibrium concentration may not be a drawback for pro-
cess development as the reagents can be recycled. Attempts have been made to
use chemical water traps in order to displace the equilibrium to the right. Mo-
lecular sieves cannot be used at the reaction temperature as the formed surface
OH groups are acidic enough to protonate the carbonate and reverse the reac-
tion. Organic water traps are better suited: aldols (Eq.11) [109, 111], ketals
(Eq. 12) [110] and dicyclohexylcarbodiimide (DCC) [111] have been used as such.

H
| cat. 0 H
CHsO..--IC\Ph + scCO, 5 )I\ " IC\ (11)
CH,0 CH;0 OCH; 0% ph
l\l/le(Et) cat O Me(Et)

+ scCO : +

e C »
CH30™ ™ Me(Et) CH;0 OCH; o4C\Me(Et)
CH;0
(12)

In particular, the dimethyl cyclohexanone ketal also has been reacted with ethy-
leneglycol to afford a cyclic carbonate and cyclohexanone [112], plus methanol
(Scheme 1.16). The use of DCC as water trap deserves comment. A detailed
study has shown that it is a promoter of the carboxylation in addition to being a
simple water removal agent. Combining experimental studies and DFT calcula-
tions, the reaction mechanism has been completely elucidated, as shown in
Scheme 1.17 [113]. Several carbonates have been produced with very high yields
(90-96%) and selectivity (close to 100%). The latter is highly influenced by the
temperature as above 335 K the favored reaction is the formation of carbamate
(Scheme 1.17 A). With DCC, using methanol and phenol it has been possible to
produce the mixed methyl-phenyl-carbonate, (MeO)(PhO)CO [113].
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Scheme 1.16 Use of cyclohexanone-ketal in a two-step
process for carbonate formation, avoiding the formation of
water in the reaction medium containing the carbonate.

?y
CH;0H CyHN N .
CyN=C=NCy + CH;OH ——> Cy HN'gzNCy - Y H~(—CH; —— CyHNC(O)OCH; + CyCH;HN (a)
N 0
CH; “CH;
lco2
?y
CHQ CyHN___N—yy
CYHNCNHCy 4 =0 <« Y® -+ o—CHs
CH;0 0. / b
CHy~ 0=C, (b)
© o

Scheme 1.17 Reaction mechanism of carboxylation of alcohols promoted by DCC.

The carboxylation of alcohols is an interesting reaction for the synthesis of
carbonates that requires a better understanding in order to avoid catalyst deacti-
vation by water. The reaction mechanism has been investigated for the Sn, Nb
and DCC systems. Scheme 1.18 shows two different possible intra- and inter-
molecular mechanisms. The intramolecular mechanism that operates with Sn
and DCC is based on a “double base-activation” of CH3;0OH and produces an
E=0 double bond (E=C) that reduces the activity of the catalyst or generates an
inert polymer (E=Sn). The intermolecular mechanism, that seems to be opera-
tive with Nb systems, can follow two routes that differ with respect to the inter-
mediacy of one or two alcohol molecules. In the latter case, the reaction follows
a “base plus acid activation” of methanol, and the catalysts perform much better
and do not lose activity over several cycles [114]. The water formed in the reac-
tion must be eliminated in order to push the equilibrium to right and avoid the
destruction of the catalysts.

Heterogeneous catalysts also have been used [114c] that do not show better
performances than homogeneous ones.
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Scheme 1.18 Intra- (a and b) and inter-molecular (c) mechanism of formation of linear carbo-
nates.

1.4.1.4 Use of Urea as an Active-CO, Form
Urea (H,NCONHS,) is produced on a large scale (95 Mt year™") [9] from ammo-
nia and CO, (Eq. 13):

2NH; + CO, — H;NCONH,; + H,0 (13)

It can be used as an active form of CO, in reactions with alcohols to afford first
the relevant urethane (Eq. 14) and then the carbonate (Eq. 15) [115]:

H,NCONH,,ROH — H,NCOOR + NHj (14)
H,NCOOR + ROH — ROC(O)OR + NHj; (15)

Such reactions are usually carried out in two steps and the intermediate
urethane can be quantitatively isolated if necessary [116]. Urea has also
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been used for the synthesis of cyclic carbonates by reaction with diols (R=CHj
[117]):
RHC—CH,
N

Il
0

In these reactions, the released ammonia can be easily recovered and re-con-
verted into urea by reaction with CO,. Such a procedure can be useful for the
synthesis of a number of carbonates. It must be emphasized that the separation
cost of the carbonate depends on the length of the carbon chain of the alcohol
and decreases with increasing the number of carbon atoms. Such technology is
not yet applicable for the synthesis of dimethylcarbonate from methanol, but is
more suitable for the preparation of carbonates of higher alcohols.

1.4.1.5 Transesterification Reactions
Any carbonate can be transformed into another one by transesterification:

(RO),CO +2R'OH — (R'0),CO +2ROH (17)
Hz/C_CI‘Iz
o_ C/0 + 2R'OH — (R'0),CO + HOCH,CH,0H (18)
Il

(0)

This process is already used for the industrial synthesis of diphenylcarbonate
from DMC or ethylene carbonate, using Ti(OPh), as catalyst [118]. Other cata-
lysts have been developed [119] that produce a similar or better yield. In gener-
al, the reaction is very selective. This means that if a single process of those
mentioned above is developed for industrial exploitation, then by transesterifica-
tion other carbonates can be produced. The drawback to such a process is the
coproduced alcohol that must be recycled or find utilization with a market com-
parable to that of carbonates (tens of megatons per year). The production sys-
tem must be accurately designed so as to avoid the generation of undue
amounts of byproducts. For example, one could imagine coupling two processes
— the direct conversion of an olefin into the relevant cyclic carbonate and the
conversion of the latter into a linear carbonate with formation of ethylene gly-
col. The latter could be reacted with urea to afford back ethylene carbonate and
ammonia, recycled to produce urea.
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1.4.2
Reduction Reactions

1.4.2.1 Energetics of the Reactions

As reported in Table 1.2, the conversion of CO, into other C; (or C,) molecules,
characterized by a lower O/C ratio or a higher H/C ratio, requires an energy input.
Such energy can be provided in various forms: heat, electrons, radiation or chemi-
cals. The convenience of the use of CO, as carbon source in the synthesis of prod-
ucts such as fuels (high H/C ratio) or intermediates (oxygenates) requires a de-
tailed LCA study. While CO, lies in a deep potential well and its conversions re-
quire an external energy input, most of the routes that produce CO or syngas
(H,/CO=2 mixture) from more reduced carbon [coal, liquid natural gas (LNG),
HC (liquid hydrocarbons) today are quite low in energy efficiency and the reac-
tions used are strongly endothermic. In the following sections natural and artifi-
cial processes for CO, reduction will be considered and compared, when possible.

1.4.2.1.1 Natural Processes

Apart from the formal reduction of CO, to “H,CO” that occurs upon RuBisCO
catalysis, the reduction of CO, to other C1 molecules with the carbon in a lower
oxidation state takes place in a number of microorganisms such as algae and
bacteria. The processes of CO, reduction most often encountered are listed in
Table 1.8, with the name of the enzyme that catalyzes the reduction and the me-
tal present as prosthetic group.

Much interest has been placed on understanding the enzymatic reaction path-
ways so that they can be reproduced in vitro. In particular, CO dehydrogenase
has been studied in detail and the cycle of production of acetic acid from CO,
[126] is quite well understood (Scheme 1.19). The active site contains a S,Fe,-Ni
cluster. The role of the different metal centers in the process has been a matter
of discussion. Through spectroscopic studies on the enzyme, using Fe-labeled
species, the Fe atom (Scheme 1.19a [127]) was suggested to be involved in the

Table 1.8 Processes of reduction of CO; in microorganisms,
the enzyme implied and the metal present as prosthetic group

Reduction process Name of enzyme Metal Reference

CO,+H"+2¢” - HCOO™ formate dehydrogenase W, Mo 120

CO,+2H"+2¢” - CO+H,0 carbon monoxide Ni, Fe 121
dehydrogenase

HCO,H +2H"*+2e” - H,CO+H,0 formaldehyde 122
dehydrogenase

H,CO+2H"+2¢”— CH;0H methanol dehydrogenase 123

CO,+CH, — CH;COOH methanogen Ni, Fe, Co 124

CO,+8H"+8¢” —» CH4+2H,0 tetrahydrofolate none 125
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CODH-mediated synthesis of the acetyl moiety

(CH3)Ni-Fe(CO) — Ni-Fe-C(O)CH3

(a)

Ni-Fe-C(O)CH3 — H3C(O)C-Ni-Fe

(b) | (COINi-Fe) = (CO)(CH;Ni-Fe

(CH;)(CO)Ni-Fe — H;C(O)C-Ni-Fe

Corrin-CHj; + (CO)Ni-Fe — Corrin + CH;(CO) Ni-Fe
CH;C(0)-Ni-Fe + CoAS™ — Ni-Fe + CoAS-C(O)CH;
CoA-S-C(O)CH; — CoASH + HOC(O)CH;

Scheme 1.19 Building up the acetyl moiety.

CO, reduction to CO and CHj uptake from Ni for building the acetyl moiety.
Alternatively, using biomimetic synthetic systems it was shown that Ni (Scheme
1.19D) [128D] could behave as the unique active center where both the CO, re-
duction and the methyl uptake, with consequent formation of the acetyl moiety,
occurred. The involvement of Fe in this part of the process has now been dis-
carded [129] and it has been agreed that Ni is the site in the S,Fe,-Ni enzyme
where both the CO, to CO reduction and the coupling of CO with CHj3 to af-
ford the acetyl moiety take place. Considering that the methyl moiety is made
from CO, converted under tetrahydrofolate catalysis, this route to acetic acid
would be of great industrial interest, if the correct energy source can be found.

1.4.2.1.2 Artificial Processes

Formic Acid and its Derivatives The hydrogenation of CO, to formic acid and
its derivatives such as formamides has been investigated by several research
groups. Active catalysts have been discovered that may hydrogenate CO, in
organic solvents or water or else directly in scCO, and ionic liquids [130f].
Among the formic acid derivatives, formamides can be produced in high yield
using homogeneous catalysts [130f]. Conversely, methods for the production of
methyl formate have not been developed yet. Interestingly, the hydrogenation
can occur in water and bicarbonate or carbonate can be hydrogenated to for-
mate salts at very high rates, with TOF per hour values as high as 9600 at 80°C
and 1364 at room temperature. The hydrogenation of aqueous bicarbonate is
sensitive to CO, pressures that most likely influence the HCO3 concentration.
Whether CO, itself is hydrogenated instead of HCOj is not clear and requires
further mechanistic studies. These reductions show limited selectivity, as prod-
ucts other than formate, i.e. C1 molecules such as CO or CH,, and C2 species
(glycols and others) are also formed. Among the metal complexes used as cata-
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lysts, Ru and Rh systems in aqueous and organic solvents have received great
attention. In general, the production of formic acid is promoted by a base added
to the reaction medium. Its role is to convert formic acid into an ammonium
formate that (i) has favorable thermodynamics and (ii) converts formic acid into
a weaker acid (the ammonium cation has a K, 4-5 orders of magnitude lower
than the acid) reducing the probability of a back addition to the metal center. Li-
gands bearing amine functional groups as pendant arms were found to improve
the catalytic activity of metal complexes in the absence of an external base, but
the catalytic activity was found to be much lower than with added amines.

Ru(II)-trimethylphosphine complexes, being very active [130a,b], have been
extensively investigated also from the kinetic point of view. The rate of forma-
tion of formic acid is first order in both H, and CO,, which explains the influ-
ence of pressure and why scCO, as a solvent has a high positive influence
[130D] on the reaction rate. Catalysts active in water have been extensively stud-
ied [130c¢]. It is highly probable that a cationic mechanism is operating and the
active cationic species is generated with the assistance of added base or alcohol
that promotes the loss of halide. This point has not been demonstrated yet, but
only inferred on the basis of the fact that the effectiveness of various alcohols in
promoting the hydrogenation matches their ability to promote the formation of
cationic Ru complexes [130b]. Among Rh(I) catalysts, Rh(H)(diphosphine) com-
pounds are the most active [130c]. Several other metal complexes have shown
at least some activity, but the best, NiCl,(dcpe), still has yields and rates well be-
low those of Ru and Rh. Because the catalysts have been tested under very dif-
ferent conditions, it is difficult to make a ranking of them on the basis of TOF
per hour values. If one assumes that the rates are first order in both H, and
CO, pressures, and that they roughly double by increasing the temperature by
10°C, then the most active catalyst precursors for formic acid production are
RhCI(TPPTS); [130d], Rh(hfacac)(dcpb) and RuCl(OAc)(PMes)s [130e]. That
water may have a role is demonstrated by the fact that the aqueous-phase cata-
lysts are the most active, which, based only on mass transfer rates, one would
have not predicted. Methods have been discovered to prepare dialkylformamides
[130f,g] and even phenylformamide [130h] from CO, and aniline with the assis-
tance of DBU.

Production of CO and Syngas The production of syngas is of great importance
in the energy and chemical industry. In fact, syngas can be used for the synthe-
sis of methanol or long-chain hydrocarbons, such as gasoline, and other oxyge-
nates. Therefore a great effort has been made to find catalysts and technologies
that make use of CO, for producing CO or syngas, by using either methane
(thermal routes) or water (photochemical conversion, Section 1.4.2.3) as the hy-
drogen source.

The interaction of CO, with a catalyst (metal or metal oxide) surface is rele-
vant to its activation and conversion. Such chemistry has been investigated by
several authors [131], who have studied the adsorption and reaction of CO, on
clean Rh, Pd, Pt, Ni, Fe, Cu, Re, Al, Mg and Ag metal surfaces using spectro-
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scopic methods. The formation of COj is a key step: depending on the metal, it
can either dissociate to CO and O or convert into adsorbed CO3™ and CO. Ad-
sorbed CO, dissociates on Fe, Ni, Re, Al and Mg, and remains unchanged over
Pt and Cu surfaces. If oxygen is pre-adsorbed on the metals, the formation of
stable carbonate structures is favored.

The production of syngas, used for the synthesis of methanol from methane,
occurs via its partial oxidation (Eq.19), steam reforming (Eq. 20) and CO, re-
forming (Eq. 21), also called dry reforming:

CH4 + %02 — CO+2H,  AH3%g = —36kjmol™’ (19)
CHs +H,0 — CO+3H,  AHj =206 kjmol! (20)
CO; +CHy — 2CO+2H;  AHjg = 247 kj mol ™! (21)
C+H,0 — CO+H, AH% = 131 k] mol ™ (22)
CO+H,0 — CO+H, AH)g = —41 kJmol ! (23)

Only the partial oxidation of methane (Eq.19) is exothermic, and can, also if
only partially, compensate the endothermic reactions (20) and (21).

The combination of the three reactions (19)—(21) is known as “tri-reforming”
[132] that produces the proper CO/H, ratio (1.7) for methanol or higher hydro-
carbons synthesis [133]. CO, reforming of methane produces syngas with lower
residual CH,4 with respect to steam reforming, which leaves up to 2% of un-
reacted methane. The great existing interest in dry reforming is justified by the
fact that it can be used in remote natural gas fields to convert on site CO,-rich
LNG streams into liquid fuels [gas-to-liquid (GTL) fuels], which are more easily
transportable than gas and require less energy. Tri-reforming can advanta-
geously be integrated into the direct re-use of flue gas from carbon-based power
plants. The recent discovery of catalysts (Ni-La,O;) that prevent coke formation
may push forward the exploitation of the process. An innovative approach is the
utilization of catalysts under cold-plasma conditions for methane dry reforming
[134] that can also be used for the direct synthesis of oxy-fuels [135]. In 2002, a
pilot plant for the conversion of natural GTL fuel under plasma conditions be-
gan to be operated in Alberta, Canada [136]. The so called “tri-reforming” seems
to be a good option for CO, and methane co-utilization [137]. Such technology
converts two “greenhouse gases” into useful chemicals. CO, can be also used
for the synthesis of ethanol (C;) or higher (C,) alcohols, for which there is a
need for clean selective technologies. Efficient catalysts for ethanol formation
from H,/CO, have been developed [138] and higher alcohols can be produced
in the same way [139]. Nevertheless, the yield is lower than using H,/CO and
the technology requires further development for practical application.

The catalytic hydrogenation of CO, has been applied to the selective synthesis
of Cs, olefins using iron carbide (FesC,) as catalyst (Exxon Corporation process)
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and C,—C, olefin synthesis using a Fe-K/alumina catalyst. A selectivity of about
44% at a CO, conversion of 68% under 2 MPa at 400°C has been reported
[140]. Alternatively, in a two-stage reactor, C,—C, olefins are produced with over
90% overall selectivity by first making methanol using a Cu-ZnO catalyst, which
is then converted using a solid acid catalyst in a second stage [141].

Another interesting use of CO, is as selective oxidant towards hydrocarbons.
CO, is conveniently used as dehydrogenating agent in the conversion of
C¢HsCH,CHj3 into styrene, CgHsCH=CH, [142]. The reaction is represented as:

C¢HsCH,CH; + CO, — C¢HsCH=CH, + CO + H,0 (24)

An aspect of this reaction that deserves attention is that the coproducts CO and
H,0 can be converted into CO, and H, by using a water-gas-shift catalyst:

Hzo + CO — Hz + COZ (25)

In this way, the net result would be the use of CO, as mild oxidant with pro-
duction of the unsaturated hydrocarbon and hydrogen, a process of great inter-
est for a selective dehydrogenation of hydrocarbons.

Production of Methanol Remarkable progress has been made in the last 10
years in terms of catalyst development for the hydrogenation of CO, to metha-
nol, such that 100% selectivity and high TOF have been observed. The excellent
performance, most likely due to a different reaction mechanism [139] than with
CO, compensates for the extra amount of dihydrogen needed for CO, reduction
(Eq. 27) with respect to CO (Eq. 26), that is currently used:

CO +2H, — CH;0H (26)
CO, +3H, — CH;0H + H,0 (27)

CO; is currently added (up to 30% of total C) to syngas that is converted using
Cu-ZnO-based oxide at 250-300°C and 5-10 MPa (ICI process). Interestingly,
the addition of CO, to the H,/CO feed significantly improves the methanol
yield and the energy balance. In such a system, one could imagine that CO,
may be converted into CO by the water-gas-shift reaction and the latter is then
converted into methanol that would still be a production of methanol based on
syngas. That this is not the case has been demonstrated by tracer analysis [143].
The direct methanol synthesis from a CO,/H, feed has been reviewed by sev-
eral authors [144]. Experimental results show a higher yield of methanol from
H,/CO, at 260°C, with respect to H,/CO, with a further improvement when Pd
modified Cu-ZnO [145] is used. The first pilot plant (50 kg day™") has been built
in Japan [146], using a SiO; modified Cu-ZnO catalyst. Recycling the feed pro-
duces a space—time yield of methanol of around 600 g/L h, with 99.9% selectiv-
ity during 8000 h operation at 250°C and 5 MPa. Such a performance is several
times that of conventional catalysts for syngas conversion. As a matter of fact,
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the methanol production from H,/CO, is technically competitive with the in-
dustrial production from syngas, albeit economically still less convenient.

The synthesis of methanol from CO, and water can be carried out by using a
cascade of enzymes that allow the conversion of CO, into HCOO™ (formate
dehydrogenase), CH,O (formaldehyde dehydrogenase) and CH30OH (methanol
dehydrogenases) [122, 123]. All enzymes are easily available and can be used
either separately or co-encapsulated into a unique system that makes the one-
pot-three-step conversion of CO, into methanol [123b]. The limiting factor is
the electron source: the NADPH*/NADP couple has been used so far. Cheap re-
ducing agents or solar energy should be used to generate the electrons neces-
sary for the reduction of CO, to methanol. This process would be of great im-
portance as the production of methanol under such conditions would represent
the solution to recycling CO, and using it as source of carbon in the energy
and chemical industry.

1.4.2.1.3 Photoelectrochemical Reduction

Transition metal complexes have been used as catalysts in photochemical con-
versions of CO, since they can absorb a significant part of the solar spectrum,
have long-lived excited states, and can promote the activation of small mole-
cules. Co complexes with N-macrocycles and Ru(bpy),(CO)X, complexes
(X=CO, Cl, H) have shown quite interesting activity [147].

It is noteworthy that the potential for the reduction of CO, to the radical an-
ion CO3 is —2.2'V versus normal hydrogen electrode (NHE) in strictly anhy-
drous, aprotic solvents, making the one-electron reduction highly unfavorable.
There is a large kinetic “overvoltage” because of the structural differences be-
tween linear CO, and bent CO3". This causes the yield of photochemical conver-
sion under transition metal catalysis to be low. In contrast, proton-assisted mul-
tielectron reductions are much more favorable as shown in Table 1.9. Therefore,
multielectron reduction to any reduced form of CO, requires a considerably
lower potential than the one-electron reduction to the radical anion. Conse-
quently, electrolysis in the presence of catalysts can be carried out at reasonable
voltages, as shown in Table 1.9.

Table 1.9 One-electron versus multielectron reduction of CO,
assisted by protons (pH 7 in aqueous solution versus NHE) [147]

CO,+e =CO3” Eiv=-21
CO,+2H"+2e"=HCO,H -0.61
CO,+2H"+2e"=CO+H,0 -0.53
CO,+4H*+4e =C+2H,0 -0.20
CO, +4H" +4e"=HCHO+H,0 -0.48
CO,+6H" +6e”=CH3;0H +H,0 -0.38

CO,+8H"+8 =CH,+2H,0 -0.24
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Since the early work of Lehn and Ziessel [148] several metal complexes have
been used with the aim of developing an effective photocatalyst for CO, reduc-
tion. In general, only low light efficiencies have been reached that are often
coupled with low selectivity, which leaves open the need of research for develop-
ing effective systems that may find viable applications. Among the tested transi-
tion metals, encouraging results have been obtained with Co and Ru complexes.
CoHMDj [147D] has been used successfully as a catalyst for photochemical re-
duction of CO, because of the small Co"HMD**/Co'"HMD" reorganization en-
ergy, the fast CO, binding to Co'HMD" (1.7x10° M™'s™!) and the large Kco,
(HMD=5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene). X-
ray absorption near edge structure studies suggest that the Co(I) species can
promote the two-electron transfer to the bound CO, with formation of CO3~
and a consequent easy reduction of CO,. The slow step in the photoreduction
of CO, has been suggested to be the C-O bond rupture of the bound carboxylic
acid, produced by protonation of [S-Co"HMD(CO3)J". This hypothesis could
not be tested because the UV-Vis spectrum of [S-Co"'HMD(CO3)|” lacks
features amenable to the study of the proton dependence of the reduction pro-
cess [147b]. Interestingly, it has been found that the doubly reduced species
[Ru' (bpy) (bpy™")(CO)] is able to react with CO, in CH3CN to produce [Ru(bpy),
(CO)(CO0)] together with [Ru(bpy),(CO)(COOH)|™ stabilized by a Group 1 me-
tal cation [147Db]. Re systems have also been tested [147c,d] that are much
slower than the Co and Ni systems, most probably because of Re-Re bond for-
mation.

Alternatively to homogeneous catalysts, semiconductors have been used in an
attempt to reduce CO, in water under sunlight irradiation. HCOOH, HCHO
and CH3;OH are produced by reduction of CO, with H,0 under solar irradiation
of an aqueous suspension of a variety of semiconductors such as TiO, and
SrTiO; [149]. The barrier to the exploitation of this reaction is the low quantum
yield [144 c], that may be improved by using sacrificial hole traps or electron do-
nors, such as n-propanol, tertiary amines or ethylenediaminetetraacetic acid.
This solution is not economically convenient as the organic materials may be
more valuable than the CO, reduction products. An interesting photocatalytic
system for the reduction of CO, with H,O has been reported [150] that has a se-
lectivity of 30% for ethanol production using a Ti-modified mesoporous silica
catalyst, compared to 1.4% over bulk TiO,. This area is of great interest for car-
bon recycling and warrants further investigation.

1.5
Conclusions

CO, is a suitable source of carbon in many synthetic applications or can be
used as a technological fluid with great advantage over other possible solutions
that have a high greenhouse gas potential. In the short term, the use in carb-
oxylation processes (synthesis of carbonates, carbamates and carboxylates, in-
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cluding cyclic compounds) appears to be the most promising synthetic applica-
tion. Addition to CO for making methanol and use as a mild oxidant are other
interesting applications. All such uses, in addition to recycling CO,, reduce CO,
emissions, in part because they are more efficient than existing technologies.
Currently, some 130 Mtco, year ' are used in several applications: for a correct
estimate of the amount of CO, not emitted into the atmosphere, LCA methodol-
ogy must be applied. A fair estimate of the amount of CO, that may be avoided
in the short-medium term is 300 Mtco, year™', should all options of CO, utiliza-
tion be implemented, including the use in air conditioners [151]. The photoche-
mical reduction of CO, in water under solar light irradiation is an option that
would greatly enlarge carbon recycling. A key point is the cost of CO, that does
not have a natural origin, but should be recovered from industrial or power
plants. The existing separation techniques are quite expensive, while large
amounts of very pure CO, are vented. However, should the capture of CO, be
implemented on a large scale, large amounts of CO, would be available for utili-
zation. Concerted policies are necessary that make less random the research,
and focus science and technology upon fields that may better contribute to re-
ducing the CO, emission. As a matter of fact, the utilization of CO, is the only
technology that may produce profit out of recovered CO,, while contributing to
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reducing its global emission.
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