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17.1
Introduction

Carbon dioxide (CO,) fixation for synthetic purposes requires either reduction
or coupling reactions. Reduction of CO, by catalytic hydrogenation has been ex-
tensively studied. Industrial application at present is minor; CO, is included
with CO in the feed for the currently-practiced heterogeneous hydrogenation to
methanol, while Lurgi Ol-Gas-Chemie has explored the hydrogenation of CO,
without CO as an alternative process [1, 2]. Homogeneously catalyzed hydroge-
nation of CO, is not in production at this time, although it has been 35 years
since the first catalysts for the production of formamides were discovered by
Haynes and coworkers [3, 4]. During the past 15 years, much more efficient cat-
alysts have been developed; before 1990, the only system to give high yields of
formic acid (>1000 TON) operated at 160°C [5], but now a catalyst giving
32000 TON at only 50°C is known [6]. Even greater improvements have been
observed for the synthesis of formamides by CO, reduction. Unfortunately, the
same progress has not been observed for homogeneously catalyzed hydrogena-
tion of CO, to other products such as methanol or oxalic acid.

This chapter presents an overview of the primary findings from 1970 to the
present. Hydrogenation using H, as the reductant will be described, although
there are examples of the electrocatalytic reduction of CO, [7-10] and the use of
other reductants [11]. More detailed reviews on homogeneous hydrogenation of
CO, have been published, covering the years up to 1994 [12, 13] and from 1995
to 2003 [14].

The motivation for studying or contemplating industrial applications of CO,
hydrogenation does not stem from a desire to use up excess CO, in order to
lessen global warming. If the H, that is used in the reduction is derived from
either the water-gas shift reaction (WGSR) or from steam reforming of
methane, then 1 or 0.25 equivalents of CO,, respectively, were produced per
molecule of H,. Thus, the hydrogenation of CO, to formic acid, using H, from
WGSR, results in neither a net consumption nor a net production of CO,. Hy-
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17 Homogeneous Hydrogenation of Carbon Dioxide
AG°® AH° AS°®
(kd/mol)  (kd/mol)  J/(mol-K)
COy(9) + Ha(g) — HCO,H(I) 32.8 -315 -216
COy(g) + Ha(g) + NHz(ag) === HCO,(aq) + NHs*(aq)  -9.5 -84.3 -250
COy(9) + Ha(g) + NHMey(liq) === HC(O)NMey(liq) + H,O(l) na -239 na
COy(g) + 3Hx(g) CH3O0H(l) + Ho0(1) -9.5 -131 -409

Scheme 17.1 The thermodynamics of CO, reductions.

drogenation of CO, to formic acid using H, from methane does result in the
net consumption of CO,, but in order to consume a significant portion of the
excess CO, one would have to synthesize a ridiculously large amount of formic
acid!

Multiple products are possible from CO, hydrogenation, but all of the prod-
ucts are entropically disfavored compared to CO, and H, (Scheme 17.1). As a
result, the reactions must be driven by enthalpy, which explains why formic acid
is usually prepared in the presence of a base or another reagent with which for-
mic acid has an exothermic reaction. Of the many reduction products that are
theoretically possible, including formic acid, formates, formamides, oxalic acid,
methanol, CO, and methane, only formic acid and its derivatives are readily pre-
pared by homogeneous catalysis.

17.2
Reduction to Formic Acid

Formic acid, a synthetic precursor and a commercial product for use in the
leather, agriculture and dye industries, is traditionally prepared by carbonylation
of NaOH at elevated pressure and temperature [15, 16]. The use of toxic CO
begs the question; can a competitive route be found using CO, instead? Given
that CO and H, are roughly interchangeable thanks to the WGSR and that CO,
in the post-Kyoto world is essentially free, CO,/H, should be competitive with
CO if sufficiently active and inexpensive catalysts can be identified. Of course,
the economics are considerably more complicated than that simple analysis:
complicating factors include the costs of water addition or removal and the costs
of the bases used. Nevertheless, the homogeneous hydrogenation of CO, as an
alternative route to formic acid has been the subject of a large number of stud-
ies, starting with the first reports in the mid-1970s [17, 18].

Hydrogenation of CO, to formic acid (Eq. (1)) is thermodynamically unfavor-
able unless a base is present (see Scheme 17.1); the proton transfer to the base
drives the reaction. In the absence of a base, the reaction usually fails complete-
ly or provides only small yields [19, 20], even though the initial rate of reaction
was high in one case [21]. For the reaction in water, NaOH, bicarbonates, carbo-
nates and even dialkylamines [22] are used as the base. For the reaction in or-
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ganic solvents, amines are most commonly used, but some amines are decid-
edly superior to others in this respect. Whilst NEt; is most often used because
it is inexpensive, far greater rates are observed (at least for the RuCl(OAc)
(PMej)-catalyzed hydrogenation) if an amidine or guanidine base such as 1,8-
diazabicyclo-[5.4.0]-undec-7-ene (DBU) is used instead [6]. The increase in rate
with some bases has never been satisfactorily explained, but could be related to
a base-assisted step in the mechanism (e.g., a hydrogen-bonding interaction be-
tween metal-bound H, and base during hydrogenolysis of a metal formate; see
Section 17.2.1) or possibly to the ability of amidine bases to solubilize CO, in
the form of bicarbonate in wet organic solvents [23]. Whichever base is used,
there remains the question of how to separate the base from the formic acid
product. The addition of an acid to the raw amine/formic acid mixture would
liberate the formic acid and leave the amine in the form of a salt [24]. A base-ex-
change [25, 26] with a high-boiling amine such as imidazole would allow for
thermal decomposition of the salt to give free formic acid and recyclable amine
[27, 28].

CO, + H, = HCO,H (1)

The equilibrium yield of formic acid is limited by the amount of base. Many
reports describing the hydrogenation in aqueous solution indicate yields of up
to 1mol formic acid per mol base, although Karakhanov was able to obtain
1.34 mol per mol NHEt, in water at 155°C [29]. Higher yields of 1.6 to 1.9 are
found for the reaction in organic solvents [18] and in supercritical CO, (scCO,)
[30, 31]. Because the reaction in the absence of base is thermodynamically un-
favorable, added base must still stabilize the formic acid product, even after
1 equiv. acid has been produced and essentially all of the base is protonated. In
fact, HCO,H and NEt; are known [32-34] to exist in relatively stable adducts of
various ratios, including 1:1, 2:1, and 3:1, plus unprotonated amine (even at
3:1 acid:amine ratios) and oligomeric chains of formic acid molecules ending
with an amine. It is not clear, given that these higher ratios are possible, why
the yield in practice is limited to a ratio of 1.9:1, or lower.

Solvent choice is important for optimizing the rate of this reaction. One of the
most active catalysts to date, RhCI(TPPTS)3, is used in water, despite the very poor
solubility of H, in that medium. For the hydrophobic catalysts, the best solvents so
far have been scCO, and polar aprotic solvents. The supercritical medium is
highly effective because of the enormous concentrations of CO, and H, in the
same phase as the catalyst, and also the elimination of mass-transfer limitations
on the transfer of these reagent gases into traditional liquid solvents. These advan-
tages are particularly important for the RuH,(PMes), and RuCl(OAc)(PMes)4 cat-
alyst precursors [30, 31, 35] because the hydrogenation rate is first order with
respect to both H, and CO, [36]. For the same catalysts in conventional liquid
solvents, the rate was found to decrease in the order DMSO>MeOH>
MeCN>THF > H,O0. Performing the reaction in MeOH/NEt; and diluting the sol-
vent with hexane causes the rate to decrease, a result which was attributed to the
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decrease in the dielectric constant of the medium [36]. Similarly, dissolving large
amounts of ethane or fluoroform (CHF;) into the MeOH/NEt; mixture causes the
rate to drop or rise, respectively [36]. Rhodium(I) catalyst precursors [20, 37] have
similar dependence of rate on solvent polarity, with DM SO always being excellent
and less-polar aprotic solvents such as acetone, THF, or benzene being inferior.
However, methanol was found to be better than DMSO for RhCl(PPhs); [37]
and decidedly inferior for [RhCl(COD)],/dppb [20]. The overall need for a highly
polar solvent is not related to gas solubility (H, is more soluble in the nonpolar
solvents), but may be related to the ability of polar solvents such as DMSO to in-
crease the entropy of the formic acid product by disrupting hydrogen bonding [20].

Even in aprotic solvents, the hydrogenation with most catalysts requires at
least a small quantity of water or an alcohol as a co-catalyst or promoter; using
thoroughly dried solvents leads to poor rates of reaction. This phenomenon was
first observed by Inoue et al. [18] for Pd(dppe),, but has since been found to ex-
ist also for many of the Rh- and Ru-based catalysts. However, for the catalyst
precursor [RhCl(COD)],/dppb, added water was found to inhibit the hydrogena-
tion, and added molecular sieves to remove trace water were found to help the
rate [20]. For those systems which require water, the amount needed is typically
very small; on the order of a few equivalents per catalyst [6, 18]. There are so
many possible roles for water in a hydrogenation mechanism that it is very dif-
ficult to demonstrate conclusively how the water may be helping. Possibilities
include hydrogen bonding during CO, insertion, hydrolysis of formate ligands,
capturing CO, in the form of bicarbonate, or even supplying protons in an ionic
hydrogenation. Some alcohols can be more effective than water at promoting
the reaction. Munshi et al. [6] surveyed a large number of alcohols as co-cata-
lysts for the RuCl(OAc)(PMes)s and found the most effective alcohols to be
those that have an aqueous-scale pK, below that of the protonated amine (10.7
for HNEt3) and that have a potentially coordinating conjugate base. Thus, 3,5-
(CF3),C¢H30H and triflic acid, which fulfill both requirements, are particularly
effective, whereas MeOH and water are only moderately active because they are
insufficiently acidic, and 2,6-tBu,C¢H3;0H and HBF, have no activity because
their conjugate bases are too sterically encumbered or insufficiently nucleophilic
to have any coordinating ability.

A large number of catalysts or catalyst precursors for the reaction in Eq. (1)
have been identified (Table 17.1). Almost all of these are complexes of Rh and
Ru, although there are a few, less active, examples of Ir, Pd, Ni, Fe, Ti, and Mo.
The most active catalysts are RhCl(TPPTS);, Rh(hfacac)(dcpb) and RuCl(OAc)
(PMes)4, with little difference between them after rough correction of the turn-
over frequencies (TOF) for pressure and temperature differences [38]. Musashi
and Sakaki [39] argue that the barrier to CO, insertion into M-H bonds in-
creases in the order Rh(I)<Ru(II) <Rh(III) because Rh(III)-formate bonds are
too weak and Ru(II)-H bonds are too strong compared to the case of Rh(I).
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Table 17.1 Homogeneous catalyst precursors for the hydrogenation of CO, to formic acid.

Catalyst precursor Base Pszcoza) Tempera- Time TON TOF? Reference(s)

[atm] ture (h] (7]

ra

Ruthenium
Ru,(CO)s(dppm), NEt; 38, 38 RT 21 2160 103 40
RuCls, PPh; NEt; 60, 60 60 5 200 40 41
RuH,(PPh;), NEt; 25,25 RT 20 87 4 18
RuH,(PPh;), Na,CO; 25,25 100 4 169 42 42
RuH,(PMejs),4 NEt; 85, 120 50 1 1400 1400 30
RuCl,(PMes)4 NEt; 80, 140 50 47 7200 153 31
RuCl(OAc)(PMe;)4 NEt; 70, 120 50 0.3 32000 95000 6
TpRuH (PPh;)(CH;CN) NEt; 25, 25 100 16 1815 113 43,44
[Ru(CL,bpy),(H,0),][03SCF3], NEt; 30, 30 150 8 5000 625 45
[(CsH4(CH3)3NMe,)Ru(dppm)|BF, None 40, 40 80 16 8 0.5 46
[RuCl,(CO),]y NEt; 81, 27 80 0.3 400 1300 24
K[RuCl(EDTA-H)] None 3,17 40 0.5 na 250 21
[RuCl,(TPPMS),], NaHCO; 60, 35 80 0.03 320 9600 47
[RuCl(C¢Meg) (DHphen)]Cl KOH 30, 30 120 24 15400 642 48
CpRu(CO)(u-dppm)Mo(CO),Cp NEt; 30, 30 120 45 43 1 49
Rhodium
[RhCl(COD)],+dppb NEt; 20, 20 RT 22 1150 52 25
[RhCl(COD)],+dippe NEt; 40 total 24 18 205 1 50
[RhH(COD)]4+dppb NEt; 40 total RT 18 2200 122 20
RhCl(PPh;); Na,CO; 60, 55 100 3 173 58 51
RhCI(PPh;); NEt; 20, 40 25 20 2700 125 37
RhCI(TPPTS); NHMe, 20, 20 81 0.5 7260 22,52
[RhCl(#*-CYPO),]BPh, NEt; 25, 25 55 4.2 420 100 53
Rh(hfacac)(dcpb) NEt; 20, 20 25 - - 1335 54
[Rh(NBD)(PMe,Ph);|BF, None 48, 48 40 48 128 3 19
RhCl;+PPh; NHMe, 10, 10 50 10 2150 215 29
Palladium
Pd(dppe), NEt; 25,25 110 20 62 3 18
Pd(dppe), NaOH 24, 24 RT 20 17 0.9 55
PdCl, KOH 110, na 160 3 1580 530 5

PdCl,(PPhs), NEt;3 50, 50 RT na 15 na 26
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Table 17.1 (continued)

Catalyst precursor Base PHZ,COZa) Tempera- Time TON TOF? Reference(s)
[atm] ture [h] (h]
ra

Other metals

TiCl,/Mg None 1,1 RT na 15 na 17
Ni(dppe), NEt; 25,25 RT 20 7 04 18
NiCl,(dcpe) DBU 40, 160 50 216 4400 20 56
FeCl;/dcpe DBU 40, 60 50 7.5 113 15 56
MoCl;/dcpe DBU 40, 60 50 7.5 63 8 56
[Cp*IrCl(DHphen)]Cl KOH 30, 30 120 10 21000 2100 48

a) In some cases,

the pressure of CO, was not given and was calculated from the

total stated pressure minus the pressure of H,.

b) The TOF values are not directly comparable to each other because some are at
complete conversion and some are at partial conversion. They can, however, give
an order of magnitude indication. Initial TOF values will be even higher.

na=data not available; RT=room temperature.

17.2.1
Insertion Mechanisms

Carbon dioxide is known to readily insert into a metal-hydride bond to give a
metal formate [57, 58]; this forms the first step in insertion mechanisms of CO,
hydrogenation (Scheme 17.2). Both this insertion step and the return path from
the formate complex to the hydride, generating formic acid, have a number of
possible variations.

Insertion of CO, into a metal-hydride bond normally requires the prior disso-
ciation of an ancillary ligand to generate a coordinatively unsaturated complex, be-
cause CO, coordination to the metal usually precedes the formal insertion
(Scheme 17.3, lower pathway). Ab initio calculations [59] support this mechanism
for the insertion of CO, into the Ru—H bond of RuH,(PH3),, a model for the cat-
alyst RuH,(PMes),. However, it is theoretically possible for CO, insertion to take
place without prior CO, coordination (Scheme 17.3, upper pathway) [60, 61]. The

>O
o
n
—i{g)

HCO.H Hy Scheme 17.2 Simplified insertion mechanism.
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Scheme 17.3 Mechanisms of CO, insertion into a metal-
hydrogen bond. “L" represents a potentially dissociable ligand.
Ancillary ligands are not shown.

upper pathway of Scheme 17.3 was supported for the CO, insertion step of the
catalyst in Eq. (2) by hybrid density functional calculations [62, 63].

PhoP~/ " H , szPP '\C ,/\,32 PhP—/ "0
yPth '. / Zz o] ot pPPhg)Qo,H
O=Cc=0" H
(2)

Hydrogen-bonding during the CO, insertion step may bring down the kinetic
barrier and thereby explain the promoting effect of water and alcohols. Tsai and
Nicholas [19] first proposed this for their system based on the catalyst precursor
[Rh(nbd)(PMe,Ph);]BF, (Scheme 17.4a). However, for the insertion of CO, into
the Rh—H bonds of [RhH,(PHj;),(H,0)]" and [RhH,(PH;)5]", proposed to be
models of the actual catalyst in Tsai and Nicholas’ system, Musashi and Sakaki’s
calculations [39] show that for this particular system the barrier-lowering effect
of water during the attack of CO, is due not to hydrogen-bonding but to differ-
ing trans effects present in the complexes with and without water. In contrast,
for the TpRuH(PPh;)(MeCN) system, hydrogen-bonding to external water was
proposed (Scheme 17.4b). Density functional theory (DFT) calculations suggest
that this interaction reduces the transition state energy by only 23 kJ mol™" [43].

a) b)
H_. _O.
oo CO; T
| 1 LnRU_H HZO Cl) c')
LnRh\H,C§O 7 LR H

Scheme 17.4 Possible hydrogen-bonding interactions assist-
ing in the insertion of CO, for the (a) [Rh(nbd)(PMe,Ph);]BF,
[19] and (b) TpRuH (PPh3) (MeCN) systems.
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The hydrogen-bonding interaction in Eq. (2) greatly decreases the activation en-
ergy for CO, insertion [62, 63].

The formate complex that results from CO, insertion can liberate formic acid
and return to the starting hydride species by one of three return pathways, the
most obvious of which is hydrogenolysis (path A of Scheme 17.5). Hydrogenoly-
sis involves either oxidative addition of H, or coordination of H, as a molecular
hydrogen ligand, followed by elimination of formic acid, although technically it
is possible for hydrogenolysis via a “sigma-bond metathesis” mechanism with-
out prior H, coordination. Evidence for the hydrogenolysis mechanism for the
intermediate [M(O,CH)(CO)s]” (M=Cr, W) was the fact that the related carboxy-
late species [M(0,CMe)(CO)s]” reacts with MeOH to form MeCO,Me only when
H, is present [64]. In that system, H, was believed to bind to a site made avail-
able by prior dissociation of a carbonyl ligand. The hydrogenolysis pathway was
also proposed for the catalytic intermediate Rh(O,CH)(dppb); the dihydride
formed by H, oxidative addition was calculated to be lower in energy than the
molecular hydrogen complex, but the latter was more reactive and therefore
was the dominant pathway [65, 66]. The reaction between the bound H, ligand
and formate was facilitated by a hydrogen-bonding interaction with external
base (Scheme 17.6b). For some systems, the H atom from the H, ligand might
transfer to the free carbonyl oxygen atom by a six-center transition state
(Scheme 17.6¢) rather than to the metal-bound oxygen via a four-center transi-
tion state (Scheme 17.6a). The six-membered transition state was shown, by cal-
culation, to be preferred for the Ru intermediate [RuH(O,CH)(H,)(PR3)3]" [59].

Path B in Scheme 17.5 involves hydrolysis or alcoholysis of the formate com-
plex, yielding formic acid and a hydroxide or alkoxide complex, which then un-
dergoes hydrogenolysis. This pathway would explain the observations that water

-
Path A M—O,CH
H/ \H
H, -HCO,H
M—O,CH —= < or — > M—H
M—O,CH
H—H
(.
Path B
ROH Ha
M—O,CH ——> M—OR ——— M—H
-HCO,H -ROH
Path C
H H
Hp
M—O,CH M M—H

-HCO,H

Scheme 17.5 Return pathways from the formate intermediate
to the starting hydride.
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H--H II-iH : H
An-0 Rh-O_ ! rr. L
YO =0 ~0” TH

Scheme 17.6 Transition states for the transfer of a hydrogen
atom from a molecular hydrogen ligand to a formate ligand:
a) four-centered; b) four-centered and base-assisted [66]; and
c) six-centered [59].

and alcohols increase the rate of reaction for many catalysts. Inoue et al. [18]
proposed this mechanism for the reaction catalyzed by Pd(dppe), for precisely
this reason. Further, it has been observed for the RuCl(OAc)(PMe;), catalyst pre-
cursor that the most effective alcohols are those for which the conjugate bases
are not sterically encumbered (and therefore are potentially coordinating) [6],
although none of these arguments can be considered to be more than circum-
stantial.

Path C (Scheme 17.5), which involves reductive elimination of formic acid be-
fore reaction with H,, is only possible for dihydride and polyhydride catalysts.
This pathway was proposed for the catalyst precursor [Rh(nbd)(PMe,Ph);]" by
Tsai and Nicholas [19], who observed the intermediates [RhH,(PMe,Ph);L]* and
[RhH (;2-0,CH)(PMe,Ph),L]" (L=H,0 or solvent).

17.2.2
lonic Hydrogenation

Ionic hydrogenation mechanisms involve the sequential transfer of hydride and
proton to the substrate [67]. This was suggested by the Leitner group for the hy-
drogenation of CO, with the catalyst precursor RhH(dppp), (Scheme 17.7) [50].
Spectroscopic evidence for each of the three intermediates was obtained by
studying the steps as stoichiometric reactions. However, catalyst precursors that
generate the highly active RhH(diphosphine) species in solution were subse-
quently found to operate by a more conventional insertion mechanism [20].

CO,
(dppp)oRhH  ——— [(dppp)-Rh]"[O,CH]

_ H
HCOZF\ / 2 Scheme 17.7 An ionic hydrogenation

mechanism for CO, hydrogenation
[(dppp)oRhH,ITOCHI 50,

497



498

17 Homogeneous Hydrogenation of Carbon Dioxide

17.2.3
Concerted lonic Hydrogenation

The Noyori mechanism for the concerted ionic hydrogenation of ketones involves
the simultaneous donation of a hydride ion from a metal hydride complex and a
proton from an acidic ligand bound to the same metal (Scheme 17.8a). There is no
reason why this mechanism should not also be possible for CO, hydrogenation
(Scheme 17.8D) [6, 43, 68], although it has not yet been possible to demonstrate
that this mechanism operates for any of the catalysts shown in Table 17.1. The
mechanism does not require the ketone or CO, to bind to the metal or to insert
into the M—H bond, as is required in more conventional mechanisms. Pomelli
et al. [68] evaluated the possibility that bound formic acid could serve as the proton
source in such a mechanism for RhH(diphosphine) catalyst, but found that the
energy of the intermediates in the conventional insertion pathway were lower.
The concerted mechanism for CO, hydrogenation was more recently suggested
by Lau’s group [43, 44] to explain the catalytic activity of the complex TpRuH(-
MeCN)(PPhs) in the presence of water, methanol and the acidic alcohol
CF3CH,O0H, the last of which offers the greatest rates of reaction. NMR spectros-
copy detected TpRu(OCH,CFs)(PPh3)(MeCN) and possibly TpRu(O,.
COCH,CFj3)(PPhj3)(MeCN). The ionic hydrogenation mechanism does not neces-
sarily require an inner-sphere alcohol ligand. The alcohol could merely be outer-
sphere, bound by an unconventional hydrogen bond to the metal hydride (i.e.,
M-H- - - HOR). Hybrid density functional calculations have shown that the transfer
of H, from an unconventional hydrogen bond to CO, is energetically feasible [63].

17.2.4
Bicarbonate Hydrogenation

In basic aqueous solutions, CO, exists primarily in the bicarbonate or carbonate
forms. Thus, the hydrogenation of either CO, or bicarbonate salts in such solu-
tions could conceivably proceed by hydrogenation of the bicarbonate anion. Pd

a) b) o
M_H R20=O M_H\‘CRZ ’YI_H COQ M_H_\é/
ReN., RZN\H__,E) RO R,o\H__,E)
-RaCHOH -HCO,H
MHa _H, M M-Ha _H, M
RaN RaN e /O

Scheme 17.8 Concerted ionic hydrogenation mechanisms
for the hydrogenation of (a) ketones and (b) CO,. The acidic
ligand is shown as an alcohol in Scheme 17.7b, but could
equally well be water, a secondary amine, or a carboxylic acid.
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complexes are known [5, 18] to catalyze the hydrogenation of bicarbonates and
carbonates, although the mechanism is unknown. This mechanism has been
proposed for the catalyst precursors PdCl,/KOH [5, 69], RuCl,(PTA)4 [70], and
[RuCl,(TPPMS);]; [47]. The complex RuCl,(PTA), hydrogenates CO, rapidly in ba-
sic aqueous solutions but not in the absence of base, although this may be due to
thermodynamics rather than evidence of a bicarbonate hydrogenation mecha-
nism. Reaction of RuCl,(TPPMS), with NaHCO; gives Ru(O3CH),(TPPMS),,
which reacts stoichiometrically with H, to produce HCO53.

It must keep be borne in mind that insertion and other pathways for CO, hy-
drogenation are not only possible but are believed to operate for some catalyst
precursors, such as RhCI(TPPTS);, even in aqueous solutions [52].

17.2.5
Other Mechanisms

Hydrogenation of CO, to formic acid could potentially proceed first by reduc-
tion to CO, followed by a reaction between CO and water to give formic acid, a
reaction which is known (Eq. (3)). It is unlikely that this pathway to formic acid
is common because very few homogeneous catalysts (primarily homoleptic car-
bonyl complexes) [71-73] have been reported for the hydrogenation of CO, to
CO, and because the few CO, hydrogenation catalysts that have deliberately
been exposed to CO, in order to check whether this pathway is operating, have
been poisoned as a result [18, 19, 31, 74].

CO, + H, = CO 4 H,0 = HCO,H (3)

17.3
Reduction to Oxalic Acid

Hydrogenation of CO, could also generate oxalic acid (Eq. (4)); the electrochem-
ical reduction of CO, to oxalate dianion has been well studied [75-77]. However,
there have been almost no reports of oxalic acid or its esters being detected
among the products of homogeneous CO, hydrogenation. Denise and Sneeden
[78] reported the detection of traces of diethyloxalate (0.002 TON) in a similar
reaction in ethanol solvent at 120°C. The lack of other reports may not neces-
sarily be evidence that oxalic acid is not formed; the conventional methods for
detecting formic acid (especially "H-NMR spectroscopy) are not effective for
oxalic acid. Therefore, oxalic acid — were it formed — would go undetected by
many researchers studying the hydrogenation of CO, to formic acid. In order to
determine whether oxalic acid is a co-product of formic acid production, a meth-
od was developed in the Jessop group which used dimethylsulfate to methylate
the oxalate anion. The dimethyloxalate was then detectable by gas chromatogra-
phy. By using this assay method, it was possible to show that catalysts having
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high activity for the hydrogenation of CO, to formate anion do not simulta-
neously produce detectable quantities of oxalate anion [79].

2CO, + H, = HO,CCO,H (4)

It may not be that surprising that an effective homogeneous catalyst for the re-
action shown by Eq. (4) has not been found; it is difficult to imagine a facile mech-
anism by which oxalate anion or oxalic acid could be generated at a metal center.

17.4
Reduction to Formate Esters

17.4.1
In the Presence of Alcohols

Formate esters can be synthesized by the hydrogenation of CO, in the presence of
alcohols in addition to the usual base (Eq. (5) and Table 17.2). The alcohol used is
typically methanol or ethanol, giving methyl- or ethylformate; the yield decreases
with increasing length of the alkyl chain [80, 81]. Most typically, the pathway is
catalytic hydrogenation of CO, to formic acid followed by an uncatalyzed thermal
esterification (Eq. (6)). The formic acid intermediate, which has been observed
spectroscopically for the RhCl(PPhs); [80] and RuCl,(PMe;), [82] systems, builds
up to a concentration somewhat lower than 1:1 with the base. The thermal ester-
ification is slow because the reaction is performed in the presence of excess base.
Tests of thermal esterification under basic conditions have been performed sepa-
rately; acetic acid is esterified, in 25% yield after 44 h at 100°C, by an excess of
methanol in the presence of 1 equiv. NEt; [31]. The yield of methyl formate from
CO, is optimum at a temperature which is sufficiently high to allow substantial
esterification, but not so high that the hydrogenation catalyst is deactivated. This
optimum temperature is ~80°C for the RuCl,(PMes), catalyst precursor [31, 82]
and 100-125 °C for the RhCl(PPhs); [80]. Selectivity, on the other hand, is poor at
the optimum temperature but greater at higher temperatures, where the yield is
poor instead [31, 82]. Complete selectivity is not obtained in the presence of base,
although Lodge and Smith [83] showed that the liquid products obtained after the
reaction in the presence of basic Al,0; contained only the ester and no formic
acid; presumably the acid was captured by the solid base.

CO; + H, + ROH = HCO3;R + H,0 (5)

catalyst ROH
CO; +H, =, HCO,H T‘ HCO,R + H,0 (6)

Formate ester synthesis by CO, hydrogenation in the absence of base has also
been observed [45, 64, 74, 84]. As one might expect, the selectivity is much
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Table 17.2 Homogeneous catalyst precursors for the hydrogenation of CO,, in
the presence of methanol or ethanol, to the corresponding formate esters.
Catalyst precursor Base Phaz, cod? Tempera- Time TON TOF® Reference(s)
[atm] ture [h] ]
ra
Ruthenium
RusH;3(CO)1, None 17,17 125 24 7 0.3 74
RuHCI(PPhs);/BF; None 30, 30 100 na 17 na 86
RuCl,(PPhs); Al,03 60, 20 100 64 470 7.3 83
RuCl,(PMes) 4 NEt; 80, 125 80 64 3500 55 82
[Ru(Cl,bpy),(H,0),][05  NEt; 30, 30 100 8 160 20 45
SCF3l,
*RuCl,(dppe), NEt; 85, 130 100 16 12900 830 87
TpRuH (PPh;)(MeCN) NEt; 25,25 100 16 75 4.7 44
Rhodium
RhCI(PPhs); NEt; 25, 25 140 21 30 1.4 81
RhCI(PPhs); NaOMe 68, 29 140 21 27 1.3 55
RhCI(PPh;); TED >200, 48 100 5 120 24 80
Palladium
Pd(dppe), NEt; 25,25 140 21 24 1.1 81
Pd(dppm), NEt; 70, 30 160 21 58 2.8 88
Pd(dppm), NEt; 15, 15 120 24 9 0.4 89, 90
MnPdBr(COs)(dppm), NEt; 6,6 130 na na 7 91
Other metals
Fe;H(CO)1q None 20, 20 175 96 6 0.06 84
W(0,CH)(CO); None 17,17 125 24 16 0.7 64
IrH;(PPhs);/BF; None 30, 30 100 na 33 ma 86

a) In some cases, the pressure of CO, was not given and was calculated from the
total stated pressure minus the pressure of H,.

b) The TOF values are not directly comparable to each other because some are at
complete conversion and some are at partial conversion. They can, however, give
an order of magnitude indication. Initial TOF values will be even higher.

na=data not available.

greater by this method because there is no base to interfere with the esterifica-
tion or to stabilize the formic acid intermediate. Although there have not yet
been reports of very high TON by this method, the value of 160 obtained by
Lau and Chen using the [Ru(Cl,bpy),(H,0),][O3SCF;], precursor is the most
impressive [45].

Other mechanisms for the synthesis of alkylformates, not via formic acid es-
terification, are possible. Hydrogenation of CO, to CO, followed by catalytic car-
bonylation of alcohol, would produce alkyl formate. This mechanism seems
more likely for the anionic metal carbonyls because they are known catalysts for
alcohol carbonylation. However, Darensbourg and colleagues [64, 74, 85] showed
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that [W(O,CH)(**CO)s]” gives H'?CO,H as a product, and they proposed that
formic acid was again the intermediate for the [MH(CO)s]” (M=Cr, W) system,
even though formic acid was not directly observed in the presence of alcohol.
Another possible mechanism is the hydrogenation of alkyl carbonate anion
formed by the reaction of alcohol, amine, and CO,, although to date there are
no known examples of this mechanism. Finally, alcoholysis of a metal formate
complex to give a metal hydroxide and alkyl formate (Eq. (7), in contrast to path
B in Scheme 17.5), was proposed by Kolomnikov et al. [86]. However, Darens-
bourg showed that this mechanism could be ruled out for [M(O,CH)(CO)s]™ be-
cause that complex does not react with alcohol [64].

MO,CH + ROH = MOH + RO,CH 7)

17.4.2
In the Presence of Alkyl Halides

Given the lack of reactivity of higher alcohols in this reaction, alternative means
of producing alkylformates have been explored using more reactive reagents
instead of alcohols. Alkyl halides have been known, since Kolomnikovs 1972
study [86], to produce alkyl formates when they are present during CO, hydro-
genation (Eq. (8)). That study described the production of methyl formate from
methyl iodide in very low yield and only 5 TON using Ru, Ir, and Os phosphine
complexes. Better yields (up to 64% but only 15 TON) were obtained by Darens-
bourg and Ovalles [92] using [Cr,H(CO);o]” or [WCL(CO)s]™ catalyst precursors
and NaO,COH or NaOMe as base. The base was necessary to trap the HX acid.
The proposed mechanism is shown in Scheme 17.9. The last step of the mecha-
nism, the reaction of bound RCI with a formate ligand, was investigated kineti-
cally and is proposed to proceed by oxidative addition of the RCI followed by re-
ductive elimination of the formate ester. Alkyl chlorides were found to be more
reactive than the bromides or iodides because the heavier halides led to exces-
sive stability of the catalytic intermediate [MX(CO)s]". Bulky alkyl halides react

RO,CH [(GC)sWCIT H,, NaHCO,

#/ \ NaCl + CO, + H,0
[(OC)4W(O,CH)(RCI] [(OC)sWHI"
Gl [(0C)sWO,CHT

Scheme 17.9 Proposed mechanism for the preparation of for-
mate esters using alkyl halides [92].
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slowly, or not at all. Yields would have been better had there not been produc-
tion of alcohol by formate ester hydrolysis and production of alkane by a side
reaction (Eq. (9)).

H, + CO; + RX = RO,CH + HX (8)
[MH(CO)s]” + RX = [MX(CO)s]” + RH 9)
17.43

In the Presence of Epoxides

Hydrogenation of carbon dioxide in the presence of an epoxide generates a mix-
ture of the diol, its formate esters, and the cyclic carbonate. While the reaction
has been shown to operate in high yield (1300 TON for the cyclic carbonate; Eq.
(10)) [93], the fact that a mixture is generated and that the cyclic carbonate could
be made more cleanly in the absence of H, makes the reaction uninteresting
for synthesis. Sasaki’s group showed that this reaction in the presence of an
amine base gives CO rather than cyclic carbonate (Eq. (11)) [94]. The epoxide
then serves as a trap for the water.

T
1) RUCI(PPhy)s OH OH OH OCH HCO OH
COs + Hy + S —— + +
100°C
R 40h R R
0]
Il Il )k
HCO OCH O O
R

RuCly(PPhy) OH OH
CO; + Hy + /' \ % + CO

(1)
(-
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17.5
Reduction to Formamides

Formamides have applications as solvents (particularly dimethylformamide
(DMF) and formamide itself), as intermediates for insecticides and pharmaceu-
ticals, and (for formanilide, PANHC(O)H) as an antioxidant [95]. Formamides
are prepared either from CO or from methylformate or formamide, which are
themselves prepared from CO.

Preparation of formamides from CO, and a non-tertiary amine by homoge-
neous hydrogenation has been well studied and is extremely efficient (Eq. (12)).
Essentially complete conversions and complete selectivity can be obtained (Table
17.3). This process seems more likely to be industrialized than the syntheses of
formic acid or formate esters by CO, hydrogenation. The selectivity is excellent,
in contrast to the case for alkyl formates, because the amine base which would
stabilize the formic acid is used up in the synthesis of the formamide; conse-
quently little or no formic acid contaminates the product. The only byproducts
that are likely to crop up in industrial application are the methylamines by over-
reduction of the formamide. This has been observed [96], but not with such
high conversion that it could constitute a synthetic route to methylamines.

CO, + H, + NHR; = HC(O)NR, + H,0 (12)

The formamide that has most often been synthesized in studies of this reac-
tion is DMF. The first report of the reaction was by Haynes et al. in 1970 [3].
By far the most active catalyst precursors are the Ru(ll) complexes
RuCl,(PMes)4 [31, 97] and RuCl,(dppe), [87], although RuCl; and dppe or PPh;
can be combined to make an active catalyst [98]. The mechanism, at least for
RuCl,(PMej3),, is believed to be hydrogenation of CO, to formic acid by the
usual insertion mechanism followed by uncatalyzed thermal condensation be-
tween the formic acid and the dimethylamine (Eq. (13)). The formic acid/for-
mate salt intermediate is observed spectroscopically [31, 97]. Fortunately, the
condensation step seems to be essentially irreversible.

catalyst

Three alternative mechanisms have been mentioned in the literature. Reduc-
tion of CO, to CO followed by carbonylation of dimethylamine was ruled out by
Haynes et al. [3] for RhCI(PPh;); because no carbonyl complexes were detected.
Aminolysis of formate complexes (Eq. (14)) was proposed by Kudo et al. [69],
but strong evidence has not been obtained. Finally, CO, is known to react with
the amine to produce a carbamate salt (Eq. (15)), and it is possible that the
pathway to the formamide is by hydrogenation of the carbamate rather than of
the CO,.



17.5 Reduction to Formamides | 505
MO,CH + NHR,; — MOH + HC(O)NR; (14)
CO; + 2NHR, = [NHsz][OzCNRz] (15)
For longer-chain or more bulky amines, yields and conversions are often
significantly lower, possibly because the carbamate formed (Eq. (15)) is solid
[99], but some successful syntheses have been reported. Siiss-Fink et al. were
able to prepare the formamides of piperidine and pyrrolidine at 140°C using
Table 17.3 Homogeneous catalyst precursors for the hydrogenation of CO,, in
the presence of dimethylamine, to dimethylformamide.
Catalyst precursor Puz,co2” Tempera- Time TON TOEY Yield?  Reference(s)
[atm] ture [h] [h %]
[ra
Ruthenium
RuCl;/dppe/AlEt; 29,29 130 6 3400 570 73 105
RuCl,(PPhs); 29,29 130 6 2650 440 51 105
RuCl,(PMes) 4 80, 130 100 70 420000 6000 71 31,97
RuCl,(PMes), 80, 130 100 19 62000 3000 99 31,97
RuCl,(dppe), 85,130 100 2 740000 360000 18 87
RuCL,PH(CH,OH),,P(CH,0H);, 85,133 100 48 10000 210 100 106
Rhodium
RhCI(PPhs); 28,28 100 17 43 25 11 3
RhCI(PPh;); 80,40 150 5 36 7 65 107
Palladium
Pd(CO;)(PPhs), 28,28 100 17 120 7 60 3
PdCl,/KHCO; 80,40 170 1.5 34 23 99 69
Other metals
CdCl,(PPhs), 28,28 125 17 10.5 0.6 4 4
Pt(CO3)(PPhs), 28,28 100 17 104 6 47 3
Pt,(dppm); 67-94, 75 24 1460 61 na 96
10-12
Pt,(dppm); 114 total 100 24 1375 57 mna 108
IrC](CO)(PPh;)," 50-68, 125 240 1145 5 na 109
13-17

a) In some cases, the pressure of CO, was not given and was calculated from the
total stated pressure minus the pressure of H,.

b)

The TOF values are not directly comparable to each other because some are at

complete conversion and some are at partial conversion. They can, however, give
an order of magnitude indication. Initial TOF values will be even higher.
c) Data in this column may be either isolated yield or % conversion, depending on

data available.
d)
na=data not available.

Using NHj to produce formamide.



506

17 Homogeneous Hydrogenation of Carbon Dioxide

Na[Ru3;H(CO);4] catalyst precursor [100]. Tumas’ group [101] obtained 100% con-
version to di(n-propyl)formamide from di(n-propyl)amine by performing the re-
action in an ionic liquid at 80°C. Jessop's group [102] found that adding
C¢FsOH to the RuCl,(PMe;), catalyst precursor allows one to obtain 96-100%
conversion to a variety of bulky formamides, including those from heptylamine,
piperidine, and benzylamine, at 100°C (3 pmol Ru, 100 pmol C¢FsOH, 5 mmol
amine). For less basic amines such as aniline [103], no formamide is obtained
unless an additional base is added such as DBU instead of, and not in addition
to, the CsFsOH. Baiker’s group [99, 104] used RuCl,(dppe), catalyst precursor
and water as a promoter to prepare a range of formamides from aliphatic
amines in very high TON at 100°C.

17.6
Reduction to Other Products

Reduction of CO, past formic acid generates formaldehyde, methanol or methane
(Egs. (16-18)), and ethanol can be produced by homologation of the methanol. The
liberation of water makes these reactions thermodynamically favorable but eco-
nomically less favorable. The reductions typically require much higher tempera-
tures than does the reduction to formic acid, and consequently few homogeneous
catalysts are both kinetically capable and able to withstand the operating conditions.

CO, + Hy — HC(O)H + H,0 (16)
CO,; + 3H, — CH30H + H,0 (17)
CO,; +4H, — CH,4 + 2H;0 (18)

The hydrogenation of CO, to CO is the reverse water-gas shift reaction, which
has been reviewed elsewhere [110, 111].

Hydrogenation to both formaldehyde and formic acid is catalyzed by
K[RuCl(EDTA-H)] [21, 112, 113], but the proposed mechanism involved a highly
unlikely reverse insertion of CO, (Eq. (19)).

MH + CO, — MCO,H (19)

Methane production by CO, hydrogenation has been catalyzed by
[PACl(dppm)], (1.5 TON at 120°C) [78, 89] and Ru3(CO);,/I, (76 TON at 240°C)
[72, 73, 114]. The inclusion of KI in the latter system shifted the selectivity over
to methanol production (95 TON) by preventing deposition of Ru metal which
would have catalyzed methane production. The mechanism was believed [114]
to be reduction of CO, to CO followed by hydrogenation of the CO to CH;0H
via DombeKs [115] mechanism.

Ethanol production by homologation of methanol can be achieved by hydroge-
nation of CO, (Eq. (20)) [116]. Sasaki's group showed that both Ru and Co car-
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bonyl catalysts are required, as is an iodide salt; in the absence of iodide, methyl
formate is obtained. The high-boiling solvent 1,3-dimethyl-2-imidazolidinone
(DMI) was required for the reaction, which was typically performed at 180°C.
In a separate study [71], the same group showed that hydrogenation of CO, to
methanol by these same catalysts also produces ethanol (up to TON 17, TOF
1h™") because of the in-situ homologation of the methanol product.

RLI3 (CO)H
Co,(CO)

—2="’8, CH;CH,0H + 2H 2
LT, DM CH;CH,0H + 2H,0 (20)

CH;3;0H + CO, + 3H,

Carboxylic acids have been prepared by CO, hydrogenation in the presence of
alkyl iodides and catalyzed by the Ru3(CO);,/Co,(CO)s combination (Eq. (21)).
Although the yield was not high (2.5 TON, mol acetic acid per mol Co), the re-
action is an interesting variation [117].

Rus(CO)y,
Co,(CO)q
_ 2

CH3l + CO, + H
R T

CH;CO,H + HI (21)

17.7
Concluding Remarks

Highly efficient catalysts have been developed for the hydrogenation of CO, to
formic acid and formamides, to the point where industrialization could be con-
sidered. Researchers have been far less successful in developing efficient homo-
geneous catalysts and optimum conditions for the hydrogenation of CO, to al-
kyl formates, methanol, methane, and especially oxalic acid. These are the areas
in which research efforts are most needed.

Great progress has been made in the understanding of the insertion mecha-
nism of CO, hydrogenation to formic acid. However, the evidence for other
mechanisms remains circumstantial. Strong evidence for exciting new mecha-
nisms, such as concerted ionic hydrogenation, is unavailable. Because research
in this area has progressed far more rapidly during the past decade than in ear-
lier decades, one can anticipate many more new results in the near future and
look forward to a greater clarification on the subject of mechanism.
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Abbreviations

Clbpy  6,6'-dichloro-2,2"-bipyridine

COD 1,5-cyclooctadiene

CYPO Cy,PCH,CH,0CH;

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
depb 1,4-bis(dicyclohexylphosphino)butane
dcpe 1,2-bis(dicyclohexylphosphino)ethane
DFT density functional theory

DHphen 4,7-dihydroxy-1,10-phenanthroline
dippe 1,2-bis(diisopropylphosphino)ethane
DMF dimethylformamide

DMI 1,3-dimethyl-2-imidazolidinone
DMSO  dimethylsulfoxide

dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
dppp 1,3-bis(diphenylphosphino)propane
dppm 1,1-bis(diphenylphosphino)methane
EDTA-H protonated ethylenediaminetetraacetic acid

hfacac 1,1,1,5,5,5-hexafluoroacetylacetonate

NBD norbornadiene

PTA 1,3,5-triaza-7-phosphaadamantane

scCO, supercritical CO,

TED triethylenediamine

THF tetrahydrofuran

TOF turnover frequency (TON per h)

TON turnover number (mol product per mol catalyst)
Tp tris(pyrazolyl)borate

TPPMS  sodium triphenylphosphine monosulfonate
TPPTS  sodium triphenylphosphine trisulfonate
WGSR  water-gas shift reaction
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