Chapter 2
Transformation of CO, to Formic Acid
or Formate with Homogeneous Catalysts

Abstract Homogeneous hydrogenation of carbon dioxide to formic acid or for-
mate has attracted much attention due to its high performance. Various metals
including noble metals and nonprecious metals combined with different ligands
have been investigated. The catalytic mechanism and catalyst design principle are
described in detail. Recently developed CO, hydroboration and hydrosilylation to
formate are also covered.
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Formic acid is widely used as preservative, insecticide, and industrial material for
synthetic processes. It can be used directly in FA fuel cells to provide electricity.
Most recently, it is recognized as one of the most promising hydrogen storage
materials, especially for portable power application, because of its many advan-
tages: (1) nontoxic and biodegradable, (2) liquid at ambient conditions, (3) easy to
store and transport, (4) has relatively high hydrogen content (4.4 wt%), and
(5) highly sustainable and renewable. The interconversion of H,/CO, and FA/
formate occurs highly selectively under relatively mild conditions.

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

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

© The Author(s) 2018 7
W.-H. Wang et al., Transformation of Carbon Dioxide to Formic Acid

and Methanol, SpringerBriefs in Green Chemistry for Sustainability,
https://doi.org/10.1007/978-981-10-3250-9_2



8 2 Transformation of CO, to Formic Acid or Formate ...

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

2.1 CO, Hydrogenation Using Noble Metals

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

2.1.1 Ruthenium Complexes

2.1.1.1 Ru Complexes with Phosphine Ligands

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

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

Leitner et al. developed a continuous-flow system for the hydrogenation of
scCO; to produce pure formic acid in a single process unit [38]. They performed the
reaction with a ruthenium precursor [Ru(cod)(methallyl),] (7) (cod:
1,5-cyclooctadiene; methallyl: CH,C(CH3)CH,—) and ligand PBuytppms, using
amine-free or amine-functionalized IL as the stationary phase at 50 °C under
10 MPa of H,/CO, (1/1). Notably, they obtained high TON (1970) and TOF
(>295 h™") values in a continuous-flow system using the amine-free IL EMIM
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(HCO,) (EMIM: 1-ethyl-3-methylimidazolium). The extraction rate of formic acid
from the amine-functionalized ionic liquid was found to be the limiting factor under
continuous-flow conditions.

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

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

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

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

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

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

2.1.1.2 Ru Complexes with Pincer Ligands

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

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

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

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

2.1.2 Rhodium Complexes

For CO, hydrogenation, phosphine ligands as c-donors were demonstrated to be
effective and applicable with metals, such as rhodium. In 1992, Tsai and Nicholas
reported that a precatalyst [Rh(NBD)(PMe,Ph);]BF, (27) (NBD: norbornadiene)
can be converted to [H,Rh(PMe,Ph);(OH,)]BF, (28) by the addition of H; in wet
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Scheme 2.2 Experimentally observed transformations of Ru—PNP complexes in the presence of
H, and CO,. Redrawn based on Ref. [33]
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H H
H ,/_\\P:Ph HN, \P " L @N
Catalysts: L “Rg. Ph L "R S \Ph Amines: /N\H/N\ [,:1\7
Ph/}?ﬁ ‘ Yo P ‘ o
Ph H_ Ph Cl TMG DABCO
BH3
25 26

Scheme 2.3 CO, capture and conversion to ammonium formate
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THF (4% H,0) and produced formate more than twice as fast than that in dry THF
[64]. The addition of a small amount of water was favorable for the catalytic
activity of rhodium complex in CO, hydrogenation in THF. The authors speculated
that H,O molecule bound to a metal center could form a hydrogen bond with the
oxygen atom of CO,, improve electrophilicity of the carbon atom, and stabilize the
transition state for CO, insertion. Kolesnichenko et al. studied the hydrogenation
reaction catalyzed by Wilkinson’s complex RhCI(PPhs); (29) in polar solvents
(e.g., DMSO and MeOH), which afforded a TON of 2500 for 20 h at 25 °C under
6 MPa H,/CO, (2/4) [2].

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

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

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

2.1.3 Iridium Complexes

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

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

Scheme 2.5) and achieved the highest activity for CO, hydrogenation. Given the
low water solubility of the PNP complex, they chose THF as a cosolvent for
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Scheme 2.5 Proposed mechanism for the hydrogenation of CO, by 33 based on Ref. [13]

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

P—I—P  P—|=Ir=

7 r—
H N—Ir—H \ \
N 7 e}
s DA S |r(H X X X X
= ¥‘,P
H
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Fig. 2.3 Pincer Ir complexes for CO, hydrogenation in water
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Reprinted with permission from Ref. [68]. Copyright (2016) American Chemical Society

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

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

Scheme 2.7 Proposed H H
mechanism for CO, ('L'P\Il H
hydrogenation using catalyst H,0 _ 1\_
34 with the displacement of k—I——P €O,
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[14]. Copyright (2011) HeH ]
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In 2011, Hazari and co-workers developed IrH3(PNP) complex 34 bearing an N—
H group, which formed stable complex 35 with CO, (Fig. 2.3) [14]. Their calcu-
lations indicated that CO, insertion was facilitated by an N-H-O hydrogen bond
through an outer sphere interaction (Scheme 2.7). Complex 35 achieved a maxi-
mum TON of 348,000 and a high TOF of 18,780 h™'. IrH,(PCP) pincer complex
36 could form rk’-formato complex 37 by reaction with CO, (Fig. 2.3) [69].
Complexes 36 and 37 are efficient and selective catalysts for electrocatalytic
reduction of CO, to formate in CH;CN/H,0.

2.1.3.2 Ir Complexes with N,N-Chelated Ligands

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

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

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

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

ability of the substituents: the more negative the G;’ values, the stronger their
electron-donating ability. Figure 2.5 shows the correlation between the initial TOFs
and the G; values of the substituents for the [Cp*lr(4,4’-R2-bpy)(OH2)]SO4
complexes. The activity of [Cp*Ir(4DHBP)(OH2)]SO4 (4DHBP: 4,4'-dihydroxy-
2,2'-bipyridine; Fig. 2.4) is over 1000 times higher than that of the unsubstituted
analogue [Cp*lr(bpy)(OHz)]SO4 under the same conditions (80 °C, 1 MPa CO,/
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Scheme 2.8 Acid-base equilibrium between hydroxy and oxyanion forms and resonance
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H, = 1). The significant improvement of the activity can be attributed to the strong
electron-donating ability of the oxyanion. The catalytic activity of [Cp Tr((6DHBP)
(OHZ)]2+ and its analogues [Cp*Ir(6,6’—R2—bpy)(OH2)]SO4 (R = OMe, Me, H) was
also investigated [16]. As shown in the Hammett plots (Fig. 2.3), similar to the 4,4'-
substituted analogues, stronger electron-donating substituents lead to higher reac-
tion rates.

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

Chemistry

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

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

As shown in the Hammett plots (Fig. 2.3), the TOF (8050 h_l) of [Cp*Ir
(6DHBP)(OH,)]** was considerably higher than that (5100 h™") of [Cp Tr(4DHBP)
(OH,)]** under the same conditions. As the hydroxy groups at the para and ortho



2.1 CO, Hydrogenation Using Noble Metals 25

positions have almost the same electron-donating ability, additional rate enhance-
ment is attributed to the proximity of the hydroxy groups in 6DHBP to the metal
center. The possible cooperative effect of the adjacent OH, namely, pendant base
effect, was studied in detail by experimental and computational methods [16, 19, 86].

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

A study on the deuterium kinetic isotope effect (KIE) further found clear evi-
dence for the involvement of a water molecule in the heterolysis of H, using [CpIr
(6DHBP)(OH2)]2+ and [Cp*Ir(NZ)(OHz)]2+ bearing a pendant base [19]. Water
participation enhanced proton transfer through the formation of a water bridge in
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Scheme 2.9 Proposed mechanism for CO, hydrogenation by [Cp*Ir(6DHBP)(OH2)]2+.
Reproduced from Ref. [16] with permission from the Royal Society of Chemistry
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rate-limiting H, heterolysis. The KIE study was implemented with D,/KDCO3/D,0
instead of H,/KHCO3/H,0. When D, was used instead of H,, an apparent decrease
in reaction rate was found both in KHCO5/H,0 (KIE: 1.19) and KDCO5/D,0 (KIE:
1.20) solution using [Cp*Ir(4DHBP)(OH2)]2+, which bears no pendant OH.
Replacing H,O with D,O did not lead to a substantial rate decrease in Hy/KDCO;
(KIE: 0.98). This result indicated that D, participated in the RDS for [Cp*Ir
(4DHBP)(OH,)]**. By contrast, for [Cp Ir(6DHBP)(OH,)]** and [Cp Ir(N2)
(OH,)]** bearing pendant OH groups, D,O led to a larger rate decrease than that
with D,. This result suggested that D,O participated in the RDS for [Cp Tr(6DHBP)
(OH,)]** and [Cp*Ir(N2)(0H2)]2+. Therefore, it can be concluded that water par-
ticipated in the rate-limiting heterolysis of H, for [Cp*Ir(6DHBP)(OH2)]2+ and
[Cp Tr(N2)(OH,)]** and not for [Cp Tr(4DHBP)(OH,)]**. This study suggests that
a water molecule interacts with the pendant base and H, at the metal center, and
assists the heterolysis of H, via a proton relay (Scheme 2.10). DFT calculations
supported the participation of H,O in the transition state. The calculated transition
state with a water molecule is 14.2 kJ mol ™! lower than that without H,O. This
finding first proved the involvement of a water molecule in the H; heterolysis using
complexes bearing pendant OH groups.

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

The combined electronic and pendant base effects significantly improved the
activity of the bioinspired complexes [Cp Ir(6DHBP)(OH,)]**, [Cp Tr(N,)(OH,)]**
(N, = 2,2,6,6'-tetrahydroxy-4,4"-bipyrimidine),  and [(Cp*IrCl)z(THBPM)]2+.
[(Cp IrCl),(THBPM)]** provided an extraordinary TOF of 65 h™' and TON of 7200
(336 h) under ambient conditions (25 °C, 1 atm H,/CO,) in CO, hydrogenation.
[Cp Tr(N2)(OH,)]** showed comparable activity with [(Cp TrCl),(THBPM)]**.
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Scheme 2.10 Proposed mechanism for H, heterolysis assisted by the pendant base and a water
molecule through proton relay. PT indicates proton transfer. Reprinted with permission from Ref.
[19]. Copyright (2013) American Chemical Society
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2.1.3.3 Ir Complexes with C,C- and C,N-Chelated Ligands

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

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

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

2.2.1 Using Phosphine Ligands

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

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

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

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

In 2016, Kirchner and Gonsalvi prepared several iron pincer complexes, among
which complexes [Fe(PNP"-'Pr)(H)(CO)(Br)] (52) and [Fe(PNPMe-"Pr)(H)(CO)
(Br)] (53) were found to be active catalysts for hydrogenation of CO, and NaHCO;
to formate under mild conditions (Fig. 2.8) [45]. Notably, the hydrogenation of
NaHCO; to HCO,Na with complex 52 proceeded even at room temperature in
H,O/THF (4/1), giving a TON of 188 after 72 h. In the presence of DBU, complex
53 afforded sodium formate with a TON of 856 after 21 h and 1032 after 72 h
under an initial pressure of 80 bar in EtOH at 25 °C. A catalytic cycle with 53 was
proposed based on the NMR study (Scheme 2.11). Dihydrido intermediate 54 was
first formed from 53 in the presence of H, and DBU. CO, insertion into 54 gave
hydrido formate complex 55. Further formate elimination and hydrogenolysis
regenerated 54 with the assistance of DBU. Solvent-assisted formate decoordina-
tion may occur to afford a pentacoordinate cationic Fe(Il) hydrido carbonyl species.
However, it was not observed. Under NMR, EtOH stabilized intermediate 56 was
detected. DFT studies indicated an outer sphere mechanism with hydrido formate
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Scheme 2.11 Proposed catalytic cycle for CO, hydrogenation with complex 53. Redrawn based
on Ref. [45]

complex 55 as the catalyst resting state. Water molecule is involved in the catalytic
process and stabilizes the reaction intermediates by forming hydrogen bond with
the free formate ion. It facilitates formate elimination from the coordination sphere
of the metal, thereby promoting catalysis. The excess DBU enhances the overall
reaction by acid base reaction with the formic acid product.

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

2.3 CO, Hydroboration and Hydrosilylation to Formate

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

2.3.1 CO, Hydrosilylation

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

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

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

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

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

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

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

2.3.2 CO; Hydroboration

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

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

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

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

Cu
[Cul= N/kN
\—/

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

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