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Abstract: The increase in anthropogenic CO, concentrations and associated environmental issues
have demanded the development of technologies for CO, utilization. Among various potential
solutions to decrease CO, emissions and achieve carbon neutrality, the recycling of post-combustion
CO; into value-added chemicals and fuels is considered one of the most economically attractive
processes. In this regard, due to its large global demand and versatile applications in the chemical
and energy sectors, methanol serves as the most appealing target for the chemical utilization of CO5.
However, direct hydrogenation of CO, to MeOH has proved challenging due to selectivity issues
and high energy input, mainly dependent on CO,-emitting fossil energy sources. To address these
challenges, an alternative indirect CO,-to-MeOH methodology has been proposed, which involves
the hydrogenation of CO, via the intermediate formation of well-known CO, derivatives, such as
formates, carbonates, formamides, carbamates, and urea derivatives. Homogeneous transition metal
catalysts have been at the center of this research avenue, potentially allowing for more selective and
low-temperature alternative routes from CO, to MeOH. This review aims to highlight the advances
and challenges in homogeneous transition metal-catalyzed hydrogenation of major CO, derivatives
to MeOH. Special attention is paid to the mechanisms of such transformations.

Keywords: homogeneous catalysis; carbon dioxide; hydrogenation; formates; carbonates;

formamides; carbamates; urea derivatives

1. Introduction

The development of technologies for the utilization of carbon dioxide is of paramount
importance for industrial decarbonization and moving forward toward a low-carbon
economy [1]. These measures are driven by global climate change, which due to the
greenhouse effect has recently become an issue recognized by society. CO; is considered
the primary greenhouse gas, and a steady increase in its atmospheric concentration has
been observed in recent decades, reaching a total of 424 ppm in 2023 [2]. Even within
the last decade, despite the 2015 Paris Agreement to reduce CO, emissions, signed by
196 countries/parties [3], atmospheric concentrations of CO, raised by 28 ppm from
396 ppm in 2013, which contributes to about 6.6% of the total current atmospheric CO,
concentration [2].

There are two major approaches to achieve carbon neutrality when shifting towards
a low-carbon economy, both based on balancing carbon emissions with carbon usage:
CSS (Carbon Storage and Sequestration) and CCUS (Carbon Capture, Utilization and
Storage) technologies [4-7]. With regards to CO, utilization, “physical” utilization, e.g.,
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CO, as industrial fluid [8,9], the use of CO, for Enhanced Oil Recovery (EOR) [9,10], CO,
storage in geological formations [11]) and chemical conversion of CO; to various value-
added products are considered [5-7]. The latter option is more industrially attractive since
CO; can serve as a relatively non-toxic and inexpensive C1 source and can be potentially
converted into valuable chemical feedstock, fuel substitutes, polymers, and other useful
materials [12,13]. In this regard, catalytic hydrogenation of CO, has been considered an
attractive approach for CO, utilization, affording either C1-products (CO, CHs, MeOH,
Me;O) or products of further derivatization, such as higher hydrocarbons, higher alcohols,
etc. [14-18]. Among C1 products, methanol is the most appealing target [14] with a current
annual global demand of 85 million tons, most of which is used to produce value-added
chemicals [19]. Moreover, the future global methanol market is expected to grow at a rate of
4.24%, reaching about 136 million tons in 2032 [19]. Based on the growing market demand
for methanol and given the fact that the cost of raw material feedstock strongly influences
the overall product manufacturing expenses, the conversion of abundant and inexpensive
CO; to methanol using “green” hydrogen could potentially lead to substantial economic
and environmental benefits. Moreover, methanol is considered an appealing liquid hy-
drogen storage material that contains 12.6 wt.% of Hj [20] and can be dehydrogenated on
demand [21] or used directly in hydrogen transfer processes in the chemical industry [22].

Direct hydrogenation of CO, to MeOH is challenging due to the high stability of
CO; (AG®298 = —394.36 k] -mol ') and the thermodynamically unfavorable formation of
formic acid (FA) (by AG® = +32.8 kJ-mol~1) as an intermediate product (Scheme 1A) [23].
To overcome high activation barriers, early attempts in catalytic conversion of CO, to
MeOH implied high reaction temperatures and pressures and/or aqueous media, which
often resulted in undesired side reactions, such as overreduction of CO, to CHy and/or
formation of CO, poisoning the catalysts [24]. To address these challenges, an alternative
strategy for the reduction of CO, has been proposed, which involves indirect hydrogena-
tion of CO, via the intermediate formation of the well-known CO, derivatives, such as
formates, carbonates, formamides, carbamates, and urea derivatives (Scheme 1B) [16,24,25].
Such a tandem approach was suggested to lower the activation barriers, enabling con-
version of CO, to MeOH under milder conditions, thus resulting in reduced amounts
of unwanted side products (e.g., CO), which in turn diminishes the catalyst poisoning
issues [24,25]. Moreover, many of the above CO, derivatives are currently produced on
a large scale in industry [18,26]. For example, organic carbonates have great industrial
potential as sustainable solvents and reagents [27,28], and their production from readily
available diols and epoxides is considered one of the attractive venues for CO; utilization in
industrial chemistry [29]. If epoxides are used as a feedstock, their reaction with CO, yields
cyclic carbonates, the reduction of which results in a two-step strategy to convert CO; to
methanol along with value-added diols derived from epoxides [24]. An analogous two-step
route to MeOH from CO, can be anticipated via intermediate production of urea (about
180 million metric tons produced in 2022 with an estimated annual growth rate of about 4%
until 2032 [30]) and urea derivatives [24].

Considering the well-known routes to industrially relevant CO, derivatives [18,26,29],
the development of an applicable indirect CO,-to-MeOH methodology would require effi-
cient and selective catalytic systems for the hydrogenation of these CO,-derived products.
Indeed, several transition metal complexes have been recently reported to catalyze these
transformations, suggesting the potential viability of the two-step CO, reduction strat-
egy depicted in Scheme 1B. The reactivity of CO; derivatives in catalytic hydrogenation
reactions strongly depends on the electrophilicity of the carbonyl group and follows the
trend of formates > formamides > carbonates > carbamates > ureas [24]. Early examples of
hydrogenation of these compounds employed catalytic systems based on precious metal
complexes (mostly Ru) [24,25]. However, due to low natural abundance and the recognized
toxicity of these metals, the development of more economical and environmentally benign
3d metal surrogates became an important research venue. This comprehensive review
aims to highlight the advances and challenges in the catalytic hydrogenation of major
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classes of organic CO; derivatives and to demonstrate applications of these systems in
the tandem conversion of CO, to MeOH. The present work is focused on homogeneous
catalysts for the conversion of formates, formamides, carbonates, carbamates, and ureas
to methanol. The discussion will be structured based on the classes of CO, derivatives
and will include catalytic systems from the first examples through to the most recent ad-
vancements as of the beginning of 2023. Special attention will be paid to the mechanisms
of catalytic hydrogenation reactions. Several reviews on homogeneous hydrogenation of
CO; to methanol, including some examples of tandem approaches, have been recently
published [24,25]; however, these accounts are mainly focused on transformations starting
from CO,, and rather limited examples of hydrogenation of substrates potentially derived
from CO; have been discussed. Recent achievements in the related transfer hydrogenation
of CO, derivatives have been comprehensively reviewed elsewhere [31]. The following
parts of the manuscript will discuss the developments of hydrogenation catalysts based
on the relative reactivity of CO, derivatives (from the most reactive formates to the least
reactive ureas) and on the identity of transition metal catalysts (from conventional precious
metal systems to abundant base metal catalysts).

(A) Direct hydrogenation of CO, to MeOH via formic acid:

H; (g . cat. (0] 2H; (), cat.
COyq ——— Jl_ gy ————> HC-OH + HO
AG°=+328kJmolt  H™ "O"

(B) Indirect hydrogenation of CO, to MeOH via formamides, carbonates,
carbamates, ureas:

X, X
RO H RO™ O
(0] (0]
well-known )k _ MeOH
processes RaN™ "H RoN™ O oy, cat. *
CO; (g) o o ROH and/or R;NH
R
RZNXOR RZN)kNR2 and/or HO\)\OH
« lower activation barriers 9
« relatively mild reaction conditions OAO
 less unwanted side products
* less catalyst poisoning R

Scheme 1. Direct (A) and indirect (B) hydrogenation of CO, to methanol.

2. Catalytic Hydrogenation of Formates

Ammonium formates are considered as intermediate products in the hydrogenation
of CO; to methanol in the presence of amines. Using this strategy, the initially formed
ammonium formates are then condensed to formamides, which undergo further deamina-
tive hydrogenation to MeOH. Such an approach using amines as CO, shuttle reagents is
described in Section 3 of the manuscript (vide infra). In contrast, this section will concen-
trate on the hydrogenation of organic formates, such as methyl and ethyl formates, and
the use of this strategy for the sequential reduction of CO; in the presence of alcohols. For
example, methyl formate is considered as a readily available CO, derivative produced
either by carbonylation of methanol [16] or by hydrogenation of CO, in the presence of
MeOH [16,17].

Although the synthesis of MeOH via methyl formate was first proposed in 1919, and
several heterogeneous catalytic systems for hydrogenation of methyl formate to MeOH
under high pressures and temperatures have been reported [32,33], probably the first
example of a homogeneous catalytic system for hydrogenation of alkyl formates to MeOH
was demonstrated by the Milstein group in 2011 [34]. The reactions were performed
using a series of Ru-PNN complexes (1-4; Scheme 2) with the maximum turnover number
(TON) for MeOH of 4700 (94% yield) observed for the bipyridine-derived catalyst 2 at
only 0.02 mol% loading. In THF, 10-50 bar of H; were required and the optimal reaction
temperature was found to be 110 °C. Analogously, 2-catalyzed hydrogenation of ethyl
formate and n-butyl formate resulted in 91% and 71% of MeOH, respectively. Notably, at
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0.1 mol% loading of 2, methyl formate could be hydrogenated to MeOH with 98% yield
(TON = 980) under solvent-free conditions and low temperature (80 °C) and H; pressure
(10 bar), demonstrating a “greener” approach to MeOH production.

g‘/PtBUz N N ‘ PBu,
/Ru\

1-4 cat.
co
o (0.02-0.1 mol%) 2
G+ Hp (10-50bary — = CH,OH + ROH
H THF or solvent-free H H
80-110 °C, 8-48 h g‘/PBuz NN “piBuY,
R =Me: 94% MeOH _RU_ _ /\Ru/\
R=Et 91% MeOH N[ Co (N | co
R=Bu: 71% MeOH 2 H 4 Cl 4

Scheme 2. Ru PNN-catalyzed hydrogenation of alkyl formates to MeOH.

Considering the well-known ability of complex 1 to heterolytically split H, and pro-
duce the dihydride complex 3, and based on the stoichiometric reactivity of 3 with methyl
formate, which showed a stepwise formation of the Ru(Il) formaldehyde and methoxy
species (7 and 8, respectively; Scheme 3), a metal-ligand cooperative (MLC) mechanism
for Ru-PNN-catalyzed hydrogenation reactions was suggested. Starting with the dearo-
matized species 1 or 2, coordination of the methyl formate to Ru gives complex 5. This is
followed by the addition of H; and the hydride transfer to the formate ligand to generate an
intermediate 6. The subsequent deprotonation of the benzylic side-arm of the PNN ligand
by the methoxy group leads to the release of MeOH and formation of the formaldehyde
species 7, which then undergoes hydrogenation to the methoxy complex 8. Lastly, the
liberation of MeOH from 8 via ligand dearomatization regenerates the catalyst (Scheme 3).
This general mechanistic proposal was further supported by DFT calculations, disclosed by
Wang et al. in 2012 [35].

H

O/ OMe

iy ‘ P'BU, 2
X
H” OMe H ‘PtB“2
n 5

HCO,Me HCO,Me
H H s
= = pt = Spfi
N ‘/PBuz he SN ‘/PBuz MeOH
— U\ N/ ‘ ~,
Ro 12 Ra ] 3 H
O)\H

MeOH g ‘ PBU,
RO
N/
%T e
7

Scheme 3. A plausible mechanism for Ru PNN-catalyzed hydrogenation of HCO,Me to MeOH.

In 2011, Sanford et al. also applied complex 2 in a continuous cascade hydrogenation
of CO, to MeOH with an intermediate formation of methyl formate [36]. Initially, a mixture
of two different ruthenium catalysts (complexes 9 and 2 for CO,-to-FA and formate-to-
MeOH steps, respectively) and Sc(OTf); (to accelerate the esterification of formic acid (FA)
to methyl formate) was subjected to hydrogenation of CO, in CD3OH (10 bar CO;, 30 bar
Hy, 135 °C, 16 h), showing only 2.5 turnovers for MeOH. As a result, despite an improved
Lewis acid-promoted formation of methyl formate from CO,, the addition of even 1 mol%
of Sc(OTf); significantly retards the following 2-catalyzed hydrogenation of the formate to
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MeOH. To overcome this issue, physical separation of the esterification and the formate-to-
MeOH reaction sites was required (Scheme 4). Therefore, the reaction was repeated in a
two-vessel (inner and outer) system. The first esterification step was performed at 75 °C in
the inner vessel using a mixture of complex 9 and Sc(OTf)3 as catalysts. The 2-catalyzed
hydrogenation of methyl formate to MeOH was performed in an outer vessel. For this,
a temperature ramp to 135 °C was applied, which resulted in the transfer of the initially
formed methyl formate (bp = 32 °C) from the inner to the outer vessel. This strategy
allowed to prevent deactivation of catalyst 2 with Sc(OTf); and provided 21 turnovers
for MeOH. Further tuning of each of the individual catalytic steps and/or providing a
better technological solution for the physical separation of esterification/hydrogenation
steps could provide opportunities for the development of an applicable cascade catalytic
approach to methanol from CO,.

inner vessel outer vessel

@@ Q ramp to 135°C g @
1]
C

COp + 3H, —————= _— ———— CH,0H

N Co -
(10 bar) (30 bar) MeOH H” " "OMe transfer to H™ " ~OMe dioxane

dioxane outer vessel 135°C,15h
75°C,1h CO, +Hy
- H,0O [ ]
Catalysts: H Reaction vessel: HCO,Me
fMtes 3 |3
MesP—_| _—PMej N ‘ PBu, o |9
~RuZ Sc(OTf 213
MesP ‘u OAc c(OThs _{_ _Rl g |
cl sc N co ERE:
9 2 3 | € g+sc| 2

Scheme 4. Ru-catalyzed cascade catalytic reduction of CO, to MeOH.

Analogous cascade hydrogenation of CO, to methanol was also reported by Goldberg
et al. in 2019 [37]. Similarly, the overall process consisted of three steps: CO,-to-FA
hydrogenation, FA esterification to HCO,Et, and hydrogenation of the formate intermediate
to MeOH. The first two steps employed {P(CH,CH;PPh;)3}Ru(H), (10) and Sc(OTf)s
as catalysts, respectively, resembling Sandford’s system. In the third formate-to-MeOH
hydrogenation step, in contrast to Sanford’s protocol, instead of an acid-sensitive Ru
complex 2, which showed rather a low turnover to MeOH, a more robust Ir(I) complex
(PCP)Ir(CO) (11) was employed (Scheme 5). Such greater stability of 11 vs. 2 to Sc(OTf)3 as
well as the high thermal stability of 11 allowed tuning of the cascade CO, hydrogenation
to afford > 420 turnovers to MeOH. However, gradual poisoning of catalysts 10 and 11 by
CO, formed via decarbonylation of ethyl formate as a side-reaction, was postulated as a
TON limiting factor.

(9

CO, + 3H, CHsOH + H,0 + Et,0
§ EtOH
(1350 psi; 118)  yggec 16p  TON 420 Catalysts:
' A
® @ e
\ (o) | P Rul T Se(0Ts
1y — Jr——pf
o) EtOH o G sc BuP—lr—PBu,
"W 1l
.C. N eN co
H™~OH H”~ OEt 10 "

Scheme 5. Ru/Ir-catalyzed cascade catalytic reduction of CO, to MeOH.

Considering applications of non-pincer Ru systems, Klankermayer and Leitner et al.
disclosed one-pot hydrogenation of CO, to MeOH conducted in THF in the presence
of EtOH and catalyzed by a Ru(Il) complex bearing a Triphos ligand (Triphos = 1,1,1-
tris(diphenyl-phosphinomethyl)ethane) (Scheme 6) [38]. Initially, the ruthenium pre-
catalysts 12 and 13 were tested in the hydrogenation of both methyl and ethyl formates
under 50 bar of H; at 140 °C, showing up to 77 TON to methanol in 24 h. The reactions
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required acidic conditions to generate a cationic (Triphos)Ru species 14, suggested as the
active catalyst. Encouraged by these findings, and considering the well-known ability
of Ru(Il) phosphine complexes to hydrogenate CO, to formic acid (FA) and its deriva-
tives [39,40], one-pot hydrogenation of CO; in the presence of EtOH and pre-catalysts
10 and 11 was attempted, showing after 24 h at 140 °C the maximum TON of 221 for
11/HNTf, system (Scheme 6).

®
‘<_< PPh PPh, PthT
1/._ ..\\Of 2 pth Ph,P,
= PPh2 “ | wH2

thF’\ Ru . PhoPe;
N

\,

12 14; S = solvent/substrate

13 (25 umol)

HNTf;, (1.0 equiv. to Ru)
CO, + 3H, CH;OH + HyO  (TONpeon 221

THF, EtOH (10 mmol)
(20 bar) (60 bar) 140 °C, 24 h

Scheme 6. (Triphos)Ru—catalyzed hydrogenation of CO, to MeOH in the presence of EtOH.

A similar approach for CO, hydrogenation to MeOH was also demonstrated by the
Beller group in 2017, using a catalyst system based on Co(acac);/Triphos (15,
acac = acetylacetonate) and HNTf, [41]. Conducting the reaction with 20 bar of CO,
and 70 bar of H, in THF in the presence of EtOH for 24 h resulted in TON for MeOH of 50,
which is lower compared to Ru-catalyzed reactions previously reported by Klankermayer
and Leitner et al. [38]. However, the Co-catalyzed hydrogenation could be performed at
lower temperatures (100 °C vs. 140 °C for Ru) without a decrease in the activity of the
catalyst, representing a rare example of a non-noble metal system for the mild reduction
of CO, to MeOH. Analogously to Ru, Co-catalyzed reactions were suggested to involve
a cationic (Triphos)Co species, formed by a slow HNTf,-assisted removal of acac ligands.
However, in contrast to the analogous Ru system [38], the Co-catalyzed conversion of CO,
to MeOH was proposed to take place through an inner-sphere mechanism that does not
involve the intermediate formation of ethyl formate. Although small amounts of both FA
and the formate were detected during the reaction, no significant accumulation of these
products was seen during catalytic runs. Moreover, as the observed inconsistencies in the
rates of hydrogenation of CO,, FA and ethyl formate suggested that both FA and ethyl
formate are only formed as by-products, being a part of a minor reaction pathway [41].

Another example of a base metal catalytic system for the hydrogenation of methyl
formate to MeOH was reported by Milstein et al. in 2018 [42]. The reduction of HCO,Me
with an Mn(I) pincer complex (PNN")Mn(Br)(CO), (16) was performed in toluene at
110 °C as a part of a stepwise process for hydrogenation of dimethyl carbonate (i.e.,
Me,CO3 — HCO,;Me — MeOH; vide infra) and resulted in 85% of MeOH in 30 h us-
ing 2 mol% loading of 16 (activated with 4 mol% of KH) and 30 bar of H,. A hydride
complex (PNNH)Mn(H)(CO), (17) was proposed as an active catalytic species, and to
obtain some insights into the mechanism of this transformation the in situ generated com-
plex 17 was treated with methyl formate to give a MeOH and a formaldehyde species
(PNN)Mn(;yl-O:CHQ)(CO)Z (18). Under catalytic hydrogenation conditions, 18 was pro-
posed to convert to the methoxy complex (PNNH)Mn(OMe)(CO), (19), followed by the
liberation of another equivalent of MeOH (Scheme 7). This reaction pathway largely re-
sembles the MLC mechanism of hydrogenation of methyl formate to MeOH, previously
proposed by the same group for analogous Ru-PNN complexes 1-4 (Scheme 3) [34,35],
with the difference that the Mn system operates via an amine/amide cooperativity and
does not involve dearomatization of the pyridine moiety of the PNN ligand.
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—
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P~ >co - MeOH P~ | co P~ | ~co
Bu2 co Bu2 co Bu2 co
17 18 19

Scheme 7. Reactivity of (PNNH)Mn(H)(CO), (17) with methyl formate.

The related reactivity of another bifunctional manganese pincer complex was recently
disclosed by Leitner et al. [43]. The study was performed using an amide Mn(I) complex,
(PNP)Mn(CO), (20), which could be effectively generated by the treatment of the corre-
sponding amine pre-catalyst (PNHP)Mn(Br)(CO), (21) with NaO'Bu. Although 20 was
capable of hydrogenating ethyl formate to MeOH, no conversion of the formate to MeOH
was observed in the presence of CO; (20 bar). This inhibiting effect of CO, was rationalized
by the formation of a very stable Mn(I) formate intermediate 22 (Scheme 8), blocking the
catalytic turnover. The catalytic activity of the system in the hydrogenation of CO, was un-
locked by the addition of alcoholate Lewis acids (Ti(O'Pr)4 or Sc(OTf)3), allowing removal
of the formate ligand from 22, freeing up of the coordination site at Mn, and efficient gener-
ation of the methyl formate intermediate. Thus, conducting 20-catalyzed hydrogenation of
CO; in the presence of Ti(O'Pr), in either a 1:1 (vol.) mixture of MeOH and 1,4-dioxane
or pure MeOH and using 5 bar of 1*CO, and 160 bar of H; resulted in 68 h at 150 °C in
up to 160 TON for 3CH30H (Scheme 8). The proposed 20-catalyzed reaction pathway
resembles the mechanism for 2-catalyzed transformation (Scheme 3) [34,35]. The detailed
mechanistic studies supported by DFT calculations suggested an MLC outer-sphere route
with turnover-determining transition states being associated with the concerted activation
of H, by 20 and the Mn-assisted C-O bond cleavage of a hemiacetal intermediate, formed
by hydrogenation of the formate [44].

H
o=
H Br Il| (e}
PR, VPR, VPR,
N> / NS L/ N 4 ;
(/Mn\ (/Mn\ _Mn_ R="Pr, Ph
S | ~co E | ~co S | co
2 Co 2 co 2 Co
20 21 22
20
Hy (50 bar) 20
CO, (20 bar) 0 H, (50 bar)
MeOH =~—Xx%—— —————> MeOH + EtOH
not observed 120 °C H OEt 120 °C
20 (10 pmol)
Ti(O'Pr)4 (0.32 mmol)
'%CO, + 3H, 13CH,0H + H,0

MeOH / 1,4-dioxane
(5 bar) (160 bar) or MeOH TON up to 160

150 °C, 68 h

Scheme 8. Hydrogenation of ethyl formate and CO, catalyzed by Mn-PNP complexes.

3. Catalytic Hydrogenation of Formamides

Together with ammonium formate salts, formamides are considered as intermediate
products upon hydrogenation of CO, in the presence of amines [25]. Although, a number
of transition metal complexes has been shown to reduce formamides to the corresponding
methylamines via deoxygenation reactions (C-O bond cleavage) [45,46], catalytic systems
for selective hydrogenation of formamides to methanol via C-N bond cleavage have been
developed to a lesser extent [47].

Probably the first example of the homogeneous tandem hydrogenation of CO; to
methanol with an intermediacy of dimethylformamide (DMF) was demonstrated by San-
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ford and coworkers in 2015 using the ruthenium borohydride catalyst (PNHP)Ru(H)(Ul—
BH,4)(CO) (23; Scheme 9) [48]. The reactions were conducted with 2.5 bar of CO, and
50 bar of H; in the presence of HNMe,, 0.03-0.1 mol% of 23, and 5 mol% of K3PO4
and resulted in 82-96% conversions of CO, to MeOH with turnover numbers up to 550
(Scheme 9). The proposed reaction mechanism is shown in Scheme 3 and involves a fast
reversible formation of dimethylammonium dimethyl-carbamate (DMC) as a CO, capture
step. Due to the very low electrophilicity of the carbonyl group in DMC, its direct hydro-
genation to DMF was suggested to be problematic. Instead, the reversible release of CO,
from DMC was proposed, followed by 23-catalyzed hydrogenation of CO; to formic acid,
driven by the amidation of the latter to DMF. In the last step, 23-catalyzed hydrogenation
of DMF furnishes MeOH. To achieve the proposed sequence, a single pot temperature
ramp strategy was applied, where the reaction mixture was first heated at 95 °C for 18 h
to ensure the initial equilibration of DMC and CO, and 23-catalyzed hydrogenation of
CO, to DME. Subsequently, the temperature of the reaction was increased, and the next
step, 23-catalyzed hydrogenation of DMF to MeOH, was performed at 155 °C for 18-36 h
(Scheme 10). Nonetheless, large quantities of the formate [HCO,][H,NMe;] (DMFA) and
DMF intermediates (up to 74% yield of the mixture) remained unreacted, which could
be attributed to partial decomposition of the catalyst at high temperatures, and further
improvements of the system were required to increase the conversion of CO; to methanol.

23 (0.03-0.1 mol%) o} o}
(2.g€;r)+ (50Htfar) K3PO4 (5 mol%) H/é\g H2NMe2+ H’é‘NMe2 Rupph2 2
HNMe, (;‘6 mmob g °cT—|>_|i55 °C DM+FACH OH + HDc')VI " P; *L N
3 2 BH,
|oa?:302f) z é!smecath 12??éth COz conv., % (I\JI-SCIJ\]H) (DM;—AO*!-]\I]DMF)
0.1 18 18 % 220 740
0.1 18 36 89 267 623
0.03 18 36 82 550 1870

Scheme 9. 23-catalyzed reduction of CO, to MeOH in the presence of HNMe;.

®
O HZNMeg

MezN

2 HNMeZ\% DMC cat 23, Hp 155 °C
2 HNMe2 cat. 23
2H

co,

2
NMe - HNMe,
cat. 23, H2 DMF
HNV
~HNMe,

C @ HQNMeZ
DMFA

CH30H

Scheme 10. Proposed pathway for 23-catalyzed hydrogenation of CO, to MeOH in the presence
of HNMe;.

A plausible mechanism for 23-catalyzed amine-assisted sequential hydrogenation of
CO; to methanol was later proposed by Prakash et al. (Scheme 11) [49]. The reaction was
suggested to start with the generation of the ruthenium mono-carbonyl dihydride species
24, converting CO; to ammonium formate (cycle 1). This is followed by the condensation
of the formate intermediate to the formamide product [50], which then undergoes 24-
catalyzed hydrogenation to hemiaminal (cycle 2). The latter derivative quickly decomposes
to the starting amine and formaldehyde, which participates in the third 24-catalyzed cycle
to produce MeOH (cycle 3). Under high temperatures, formaldehyde could also decompose
to CO, which in turn coordinates to Ru to give a dicarbonyl species [(PN"P)Ru(H)(CO),]*
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(25), observed experimentally and considered as the catalyst resting state. From here, the
active Ru dihydride catalyst 24 can be rescued by the addition of H, and an amine to 25.
Notably, based on control experiments with the closely related (PNMepP)Ru(H)(C1)(CO) (26),
in which the N-H was replaced with N-Me, no ligand-assisted H; transfer to CO, in the
first formate cycle (cycle 1, Scheme 11) was suggested. On the other hand, complex 26 was
found to be inactive in the formamide and formaldehyde reduction steps, suggesting an
MLC pathway (cycles 2/3, Scheme 11).

H ®
"\'K ‘\PPhZ
RoNH
(p/ ‘ ~co
H 'H
2 Ph2 H @
RoNH,
g M ® H H
NK‘tPPhZ Cycle 1 /‘\PPhZ
"R RU
(p/ ~co ( - | ~co
Ph, 23 th Ho g
o co,
Cc.,o_©
H™ "0~ RyNH, g M
ol CH3OH H
® ( ‘RU I PPh,
w,
Ho | ReNH p” | ~CO Negi
- 2 Ph2 O\C/H P/ \CO
I Ph,
o)
OH
o) C‘ L Cycle 3 H
C. H 7 NR, - RoNH H°H H 2
H™°NR, H |~
CO =nmmmmmmmnee [P,
+
H @ ® (p/ | ~co
H - H RzNHZ RzNH > H
| PPhy e, NS 2
( “Ril Cycle2 _N_ |2 R ,
P/ ‘ ~co /RU\CO (/R‘ ~co
Phy H th CcOo 25

Scheme 11. The suggested mechanism for 23/amine-catalyzed hydrogenation of CO, to MeOH
(BH4 ™ ligand in 23 is omitted for clarity).

Almost at the same time as Sanford, Ding et al. disclosed a highly efficient N-
formylation of a series of primary and secondary amines with H, and CO, to give the
corresponding formamides using Ru pincer pre-catalysts 27 and 28, with the highest TON
of 1,940,000 observed for morpholine (Scheme 12A) [51]. Notably, the catalyst was recy-
cled up to 12 times without any significant loss of its activity, demonstrating its potential
practical applicability. Using complex 28, the produced N-formyl-morpholine was also
hydrogenated to MeOH with 94% yield (Scheme 12B). The sequential one-pot strategy
for hydrogenation of CO, to MeOH in the presence of morpholine was also tested and
resulted in 36% of MeOH with a TON of 3600 (Scheme 12C). Similarly to Sanford’s ap-
proach [48], a temperature ramp strategy was applied, resulting in a two-step reaction,
where the formation of N-formyl-morpholine was achieved at 120 °C (40 h), followed by the
hydrogenation of N-formyl-morpholine to MeOH at 160 °C within 1 h. This temperature
ramp was accompanied by the H, pressure increase from 35 atm in the first step to 50 atm
in the second step. Despite moderate yields of MeOH (36%), the developed system shows
significant improvement compared to the 23-catalyzed transformation reported by Sanford
et al. (Scheme 9) [48] and opens further opportunities for integration of CO, capture and
CO; functionalization approaches under one-pot conditions.
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(A) 27

H cl
o] - <
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(35 atm) (35 atm) N~/ THF, 120 °C, 2-96 h bo (p/ | ~co (p/ | ~co
(20-200 mmol) Phy ¢ Phy H
0.00005 mol% of 27: 96 h, TON 1,940,000 27 28
0.005 mol% of 27: 2 h, TON 19,800
® o
N 28 (0.02 mol%)
N + Hp ————— CHOH + HN O
K/ 50 atm)  KO'Bu (0.24 mol%) o vi
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THF, 160 °C, 1h 90% yield
(€)
—\ 28 (0.01 mol%) H, (50 atm) i
CO, + H, + HN O CHOH + K~ \N/\ + HN O
(35 atm) (35 atm) j— THF, 120 °C, 40 h KOBu 36% o N/

(0.12 mol%)

63 %
160 °C, 1 h [ TONpyeon 3600

Scheme 12. (A) 27-catalyzed N-formylation of morpholine; (B) 28-catalyzed hydrogenation of N-
formyl-morpholine to MeOH; (C) 28-catalyzed one-pot two-step hydrogenation of CO, to methanol
in the presence of morpholine.

Inspired by these results, in 2016, Olah and Prakash et al. reported a more practical
and robust CO, reduction catalytic system, capable of efficient capture of CO, from air [52].
Analogously, (PNHP)Ru(H)(5'-BH4)(CO) (23) was used as a hydrogenation catalyst, but
the capture of CO; was achieved using pentaethylene-hexamine (PEHA). Due to the high
basicity of PEHA and its nonvolatile nature, efficient CO, trapping was achieved at high
temperatures, and no temperature ramp for the hydrogenation of CO, to MeOH was
required. The reaction was performed in THF directly at 155 °C using 75 bar CO,/H; (1:3)
in the presence of complex 23 (20 pmol) and PEHA (3.4 mmol), resulting at 200 h in 23% of
MeOH (TON = 1060).

The overall reaction pathway for in situ hydrogenation is depicted in Scheme 13A
and includes the PEHA-supported formation of the carbamate (step 1), formate (step 2),
and formamide (step 3) intermediates. Notably, after hydrogenation of the formamide
intermediate (step 4), the produced MeOH can be separated by a simple distillation, and
the catalyst, solvent, and amine were reused up to five times, showing more than 75% of the
initial activity after five cycles. Switching from THF to triglyme as the reaction medium, re-
ducing the temperature to 145 °C and applying 75 bar pressure of a 1:9 mixture of CO,/H,,
a cumulative TON of 2150 was obtained after five consecutive runs, suggesting potential
applicability of the developed method in a flow-type continuous production of MeOH.
Lastly, the developed CO,-to-MeOH reduction system was tested in the hydrogenation of
CO; captured from synthetic air (400 ppm of CO; in N /O, 80/20; Scheme 13B). After 55 h
at 155 °C, a 79% yield of MeOH was observed, demonstrating the first example of a homo-
geneous system for the capture of CO; from the air and its direct conversion to methanol.
Later on, the same catalyst was applied by Prakash et al. in PEHA-assisted CO,-to-MeOH
hydrogenation in a biphasic H,O/2-methyltetrahydrofuran (2-MTHF) system, allowing
for simple recycling of the catalyst and the amine without any significant loss in their
effectiveness [53]. Interestingly, compared to PEHA, other polyamine auxiliaries as well as
readily available mono-ethanolamine (MEA), showed significantly lower conversions of
CO; to methanol, although comparable (or even greater compared to MEA) effectiveness
of some of these amines in the CO; capture step was observed.
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(A) H
SNy~
CH30H H n co,
cat. 23/ hydrogenation capture
step 1
2H, step 4
H\C//O 4“2 /\%/
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SNy~ TR
N n Co0
hydrogenation
H20 step 3
Hy
HCO,
(B)
Air (400 ppm CO,) cat. 23 H
+ ——————> CHOH + H0 + N
H 50 bar H, ’ ’ N VXNHZ
; 79% NMR yield PEHA
N triglyme
NS 155 °C, 55 h

PEHA

Scheme 13. (A) Proposed reaction pathway for CO, capture and in situ 23-catalyzed hydrogenation
of CO, to MeOH using a polyamine; (B) 23/pentaethylene-hexamine-catalyzed capture of CO; from
air and conversion to MeOH.

An impressive catalytic CO, hydrogenation activity of RuCl,(Ph,PCH,CH,NHMe,),
(29) with HN'Pr, auxiliary was demonstrated by Wass et al. in 2017 [54]. The reaction
was performed in a one-pot manner under rather mild conditions (100 °C, 2 h, 10 bar COy,
30 bar Hj) and low catalyst loading of 50 nmol and showed the selective formation of
MeOH, surpassing previously reported homogeneous catalysts in terms of TON (up to
8900) and TOF (up to 4500 h—1) by at least an order of magnitude (Scheme 14).

29 (50 nmol) TON 8 900; TOF 4 500 h™" Ph Ph
CO, + Hp NaOEt (0.15 mmol) ( ) Phop, G poPh
(10 bar) (30 ban) CHZOH + HyO + HNPr, Crril ) 20
) + toluene A N7 | NT
HN'Pr, (approx. 14.2 mmol) 100°C,2h : H v cl/ H

i \ rate determining
" step

Scheme 14. 29-catalyzed selective reduction of CO, to MeOH in the presence of HN'Pr,.

Notably, the nature of the amine auxiliary in 29-catalyzed CO,-to-MeOH hydrogena-
tion had a strong influence on the outcome of the reaction. Gradually decreasing the steric
hindrance of an amine from HNPr, to HN"Pr,, HNEt, and finally to HNMe; resulted in
decreased MeOH yields, and the formation of large quantities of the corresponding for-
mamide intermediates was detected (from TON,mige of 0 for HN'Pr, to 14,000 for HNMe,).
Such an improved performance of bulkier amines in the production of MeOH was rational-
ized by their reduced tendency to bind to the catalyst as well as by faster hydrogenation of
bulkier amide intermediates (step 2 in Scheme 14; rate-determining step) [54].

Several other Ru-based catalysts for direct amine-assisted hydrogenation of CO; to
methanol have been reported since 2017 [55,56], albeit that these systems demonstrated
lower catalytic activities, compared to 29-catalyzed transformation. Thus, in 2018, Zhou
and co-workers disclosed a one-pot hydrogenation of CO, to MeOH in the presence of
HNMe; and a ruthenium catalyst 30 bearing a tetradentate PNNN ligand (Scheme 15) [55].
The reactions proceeded via an intermediate formation of DMF and were conducted in
isopropanol with 2.5 atm of CO, and 50 atm of Hjy, 0.02 mol% of 30, and 0.2 mol% of
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KO'Bu. A temperature ramp from 90 °C to 170 °C and prolonged reaction times (up to
120 h: 48 h at 90 °C and 72 h at 170 °C) were applied and resulted in 84% overall conversion
of CO, and formation of a mixture of MeOH (TON 2100) and DMF (TON 2070). In addition,
30-catalyzed hydrogenation of CO, to formamides and their further hydrogenation to
MeOH were achieved in a stepwise manner. Thus, TONs of 300,000 and 9500 for two
separate steps, respectively, were obtained using HNMe, for CO, trapping (Scheme 15).

[TONMGOH 2 100; TONpyE 2 o7o]

30 (0.02 mol%)
CO; +  Hy KOBuU (0.2 mol%) o
(2.5atm) (50 atm) CHOH + Sl H,0
N

N _ H
HNMe, (10 mmol) 'ProH |
90°C, 48 h - 170°C, 72 h DMF
80 bar | 30 50.01 mol%) H, (40 atm)
CO,/H, | KOBu (0.1 mol%) CO, (2.5 atm)
: - . : TONyeon 9 500
(1:1) | ProH,90°C,30h ¢ 30 (0.01 mol%) MeoH

I
H/C\ -

N 4 [~
‘ 'KO Bu (0.1 mol%)
DMF 'PrOH, 170 °C, 30 h
Scheme 15. 30-catalyzed reduction of CO, to MeOH in the presence of HNMe;.

An integrated CO, trapping and its sequential reduction to MeOH was also reported
in 2019 by the Kayaki group [56]. The catalytic system consisted of (PN"P)Ru(H)(y'-
BH4)(CO) (23) and either linear or branched polyethyleneimine (PEI) auxiliaries
(Mp = 600-250,000) and allowed production of MeOH without contamination from formate
and formamide intermediates. The reactions were conducted in THF in either a sequential
or one-pot manner. The latter required heating at above 130 °C and resulted in MeOH
production with a TON of 366 using 10 bar of CO, (the highest TON of 599 was achieved
in 100 h at 150 °C applying 20 bar and 60 bar of CO, and Hy, respectively). Interestingly,
compared to branched PEI, linear polyamines showed significantly better CO, uptake
upon the N-formylation step (higher CHO content was determined after the reaction due
to the absence of inactive tertiary amine linkages); however, the subsequent hydrogena-
tion to methanol was found to be comparatively sluggish. Noteworthy, the use of PEI in
23-catalyzed CO; reduction allowed for convenient separation of MeOH from amines and
FA-derived intermediates, which precipitated upon cooling the reaction mixture and could
be filtered off.

An example of a self-separating multiphasic system for amine-assisted Ru-catalyzed
hydrogenation of CO, to MeOH was disclosed by Francio and Leitner et al. last year [57].
The reaction was conducted in n-decane, and the catalyst used resembles complex 23,
originally applied by Sanford et al. (see Scheme 2), but long aliphatic chain substituents
were introduced to the ligand to ensure its exclusive partitioning into a non-polar organic
solvent (complex 31 in Scheme 16). Here, 1,2-dimethylethylenediamine (DMEDA) was
used for CO; trapping, and the reaction mixture was first saturated with CO, (10 bar)
at room temperature. This was followed by heating the mixture under 200 bar of H; at
145 °C for 48 h leading to a biphasic liquid-liquid system, from which MeOH can be easily
separated with the catalyst remaining in n-decane. Although rather harsh hydrogenation
conditions were applied, the maximum TON for MeOH of approx. 2000 was obtained, and
the developed system allowed for simple catalyst recycling without any significant loss of
its activity (total TONpeon of 19,200 with an average selectivity of 96% over 11 runs).
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CazHos
31 (5 umol)
KO'Bu (0.01 mmol) formate
H
H CO, (20 bar) H, (200 bar) + N/H\ POCmst
/N\/\N/ formamide ( Rl
H RT, 10 min 145 °C, 48 h + /®/P/ | ~co
CH3OH + H,0
(10 mmol) n-decane 3 2 CizHzs S
TONyeon 1 353
Ci2Hzs

Scheme 16. 31-catalyzed biphasic reduction of CO, to MeOH in the presence of 1,2-
dimethylethylenediamine (DMEDA).

Besides ruthenium, several other more economical 3d metal surrogates have been
tested in amine-assisted hydrogenation of CO, to MeOH [23,58,59], albeit so far these
systems generally showed comparatively lower catalytic activities. Thus, by analogy
with Ru-PNP catalysts [48,49,51-53], sequential hydrogenation of CO, in the presence of
aliphatic amines and (PNHP)Mn(Br)(CO), (32) was reported by Prakash et al. in 2017
(Scheme 17) [58]. First, the activity of complex 32 at 2 mol% loading was evaluated in the N-
formylation of several amines to the corresponding formamides, with the best conversions
(93-95% in 24-36 h) observed for morpholine, benzylamine, and N-methylbenzylamine.
The reactions were performed in THF at 110 °C under 60 bar of CO,/H,; (1:1) and were
initiated by 10 mol% of KOBu as a base. In the next step, the initial CO,/H, pressure
was released, and the reaction mixtures were subjected to 70-80 bar of Hy, followed by
heating at 150 °C for 24-36 h. A maximum TON of 36 for the two-step conversion of
CO; to methanol was achieved, which is significantly lower compared to TON values
(up to approx. 9000 [54]) observed for analogous Ru-catalyzed transformations (vide
supra) [48,49,51-56]. The proposed mechanism of 32-catalyzed CO, reduction is depicted
in Scheme 18 and is similar to the pathway suggested for (PNHP)Ru(H)(nl—BH4)(CO) (23;
Scheme 11 [49]). However, in the case of Mn, the metal-ligand cooperative reactivity of the
catalyst was suggested for all steps, including the generation of the formate intermediate.

32 (2 mol%)
£ o, H ~P
KOBu (10 mol%) O Hs (80 bar) o ' ["PPr,
co, + Hy ———— /‘é\ — > CH30H + /("}\ + HNR; (NI'M;
(60 bar; 1:1) THF HTNR, THF H R, p” | ~co
+ . 150 °C, 36 h r, Br
HNR; (1 mmol) 110°C, 36 h ’ 32
-H0 HNR,: morpholine  71% 6% 83% (TONeoH 36)
PhCHoNH,?  84% 5% ND  (TONpeoH 21)

@ 4 mol% of 32 was used, ND - not determined

Scheme 17. 32-catalyzed reduction of CO; in the presence of morpholine and benzylamine.

In the same year, Martins and co-workers used the iron(Il) scorpionate catalyst
FeCly{x3-HC(pz)s} (33; pz = pyrazol-1-yl) for solvent-free hydrogenation of CO, to MeOH
in the presence of either pentaethylene-hexamine (PEHA) or 1,1,3,3-tetramethyl guani-
dine (TMG) (Scheme 19) [59]. The maximum yield of MeOH of 46% (TON 2387) was
observed with PEHA in 36 h at only 80 °C under 75 atm of CO,/H; (1:3 ratio). High
thermal stability of complex 33 allowed for low catalyst loading (only 15 pmol) and a
simple constant heating rate, avoiding a “temperature ramp” strategy previously reported
for Ru catalysts [48,51,55]. Formation of catalytically active Fe(II) hydride species, akin
to Fe(H)(Cl){K3—HC(pZ)3} and/or FeHz{K3—HC(pZ)3}, by either heterolytic Hj splitting or
o-bond metathesis of Hy and the Fe-Cl bonds of 33, was suggested as the reaction initiation
step. Noteworthy, complex 33 was also found to mediate the CO,-to-MeOH reduction
using an amine-free protocol.
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Scheme 18. A plausible mechanism for 32/amine-catalyzed hydrogenation of CO, to MeOH.

33 (15 umol) @
PEHA (3.4 mmol) Cle /N N
CO, + Hp — > CHsOH + H,0 /Fer@—:-C*H HN N VENHZ
(75atm, 1:3) 80 °C, 24-36 h Nt 33 PEHA
2

(solvent-free protocol] 24 h: 44% (TON 2 283); 36 h: 46% (TON 2 387)

Scheme 19. 33/pentaethylene-hexamine-catalyzed reduction of CO; to MeOH.

A more recent example of an iron catalyst for sequential amine-assisted hydrogenation
of CO; to MeOH via the formamide intermediate was reported by Bernskoetter et al. [23].
By analogy with Ru-PNP and Mn-PNP derivatives, (PNP)Fe(H)(CO) (34) was employed
as a catalyst, and hydrogenation of CO, was achieved in a two-step manner (Scheme 20).
In the first step, using morpholine as a shuttle and conducting the reaction at 100 °C
with CO,/H, (250/1150 psi) resulted in 83% conversion of CO; to N-formyl-morpholine
with a TON of 1160. The second formamide hydrogenation step was also conducted at
100 °C using 1150 psi of Hp and showed a maximum TON of 590 for MeOH. The catalyst
34 was added at both steps of the transformation. Importantly, completion of the first
formylation step required the addition of 3A molecular sieves to avoid catalyst deactivation
by water generated in situ, whereas the addition of LiOTf and DBU was required in the
second hydrogenation step to avoid the formation of ammonium carbamates, which seem
to inhibit the production of MeOH. Moreover, similarly to the Mn-PNP system reported
previously by Parkash et al. [58], complex 34 was unable to convert CO, to MeOH in a
single-step manner. Large excess CO, was required to produce the formamide intermediate
but inhibited its turnover to MeOH, presumably due to the formation of the stable [Fe-
OC(O)H] resting state [60], decarboxylation of which, to produce catalytically active Fe-H
species, was suppressed by the excess of CO,.

34
34 o (10 umol%) H
(15 umol%) 0 H, (1150 psi) I\ NK PPrp
o, + H —— = Co ————————— CHOH+ HN ©
(250150 ps) THF H Nﬁo THF ’ ~— (p/ Fe~co
+ 100 °C, 16 h 100 °C, 16 h iPry
/7 \ 3A sieves LiOTf, DBU

HN O
— step 1 step 2
(21 mmol) TON 1160 TON 590
Scheme 20. 34/morpholine-catalyzed two-step reduction of CO, to MeOH.

Noteworthy, the related iron complex (PNHP)Fe(H)(iyl-BH4)(CO) (35) has been re-
cently disclosed by Junge, Du, and Beller et al. as a catalyst for formamide-based hydrogen
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storage and release cycles [61]. Although no production of MeOH was reported, complex
35 was found active in the amine-assisted hydrogenation of CO, to formamides, as well
as in catalytic dehydrogenation of formamides, and the system demonstrated high H,
charge-discharge capacity over 10 consecutive cycles.

Apart from sequential routes to methanol from CO, and amines, in which formamides
are produced as reaction intermediates, several transition metal complexes have been
reported to mediate the production of MeOH from formamides without participation in
their formation via N-formylation reactions [62-68]. The best-performing systems for such
hydrogenolysis of formamides are summarized in Scheme 21. From these, the highest
TON for MeOH was detected for complex 34 [65], and others were found significantly less
active. Notably, the ruthenium complex 38 was found to mediate the hydrogenolysis of
formamides even at 60 °C within 3 h, which represents a rare example of a catalytic system
for mild production of MeOH from CO, derivatives [64]. It is also noteworthy that 38 was
applied in tandem hydrogenation of CO; to MeOH in the presence of HNMe; (yield 52%),
where RuCl,(PMes)4 was utilized in the first N-formylation step [64].
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| Cy, H. i
co Y2 BH; Pry
36 37 38 34
Milstein et al. 2010 Sanford et al. 2016 Saito et al. 2017 Bernskoetter et al. 2017
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2 mol% cat. / 10 mol% KO'Bu 30 bar H, 40 bar H,
30 bar H, 100 °C, 24 h 110 °C, 16 h
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Scheme 21. Transition metal complexes studied in the hydrogenation of formamides to MeOH [62-68].

4. Catalytic Hydrogenation of Carbonates

Organic carbonates are widespread chemicals in industrial synthetic chemistry. They
find applications in many different areas, including but not limited to pharmaceuticals,
agrochemicals, lubricants, polymers, electrolytes, etc. [27]. They are also widely used as
“green” solvents due to their low toxicity [28,69,70]. Conventionally, organic carbonates are
produced by phosgenation of alcohols or by catalytic oxidative carbonylation of alcohols;
however, a significant shift towards CO;-based processes for the production of organic
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carbonates has been seen in recent decades [29,69-72]. Considering the advances in these
technologies as well as the constantly growing industrial demand for organic carbonates
(produced on a scale of several 100 kilotons per year) [29], production of MeOH by hy-
drogenation of CO,-derived carbonates represents an attractive alternative to direct CO,
reduction [34]. Nonetheless, the hydrogenation of organic carbonates remains a challenging
task due to their low electrophilicity. The following discussion is devoted to developments
in homogeneous transition metal-catalyzed hydrogenation of linear organic carbonates,
cyclic organic carbonates, and some tandem approaches via carbonate salts to methanol.

4.1. Hydrogenation of Acyclic Organic Carbonates

The first example of homogeneous catalytic hydrogenation of dimethyl carbonate
along with other CO; derivatives (such as formates and carbamates) was reported by
Milstein in 2011 using Ru-PNN pincer complexes 1 and 2 (Scheme 22) [34]. The reactions
were tested in either 1,4-dioxane or THF at 10-60 bar of H, and 100-145 °C. The maximum
TON of 4400 for methanol was achieved using only 0.05 mol% of the catalyst 2 and
conducting the hydrogenation at 50 bar of H, and 110 °C for 14 h. Remarkably, 2-catalyzed
reduction of Me,CO3 to MeOH with TON > 990 was also performed using only 10 bar of
H, under neat conditions.

1 or 2 cat. H H
0 (0.05-0.1 mol%) e e
&+ 3H, (10-60bar) — = 3 CH;OH TN NI
MeO”~~OMe 1,4-dioxane, THF N~ co - N/Ru\
or solvent-free  (TON 890-4400 S co,

100-145°C, 1-48 h

Scheme 22. Ru PNN-catalyzed hydrogenation of dimethyl carbonate to MeOH.

The reduction of dimethyl carbonate catalyzed by complexes 1 and 2 was proposed
to proceed via an MLC mechanism (Scheme 23) with an intermediacy of methyl for-
mate [34,35]. The reaction is initiated by the heterolytic cleavage of Hy by the amide
catalysts 1 and 2 to give a dihydride intermediate 3. This is followed by the migratory
insertion of the carbonate to the Ru-H bond, the release of a molecule of MeOH, and the
formation of the methyl formate complex 5. The latter intermediate reacts with two more
equivalents of Hj to recover the catalyst and produce two more equivalents of methanol,
according to Scheme 3 above.

o}

_ H\PfB Meo)kOMe o
y u e
N/R‘U\CO 0~ “OMe
H. o 9\/‘>Pt8u2
R0
R:
SN | B2 MeOH
— u\CO
Ra 1/2 H
OJ\OMe
q‘/PtBuz
Ru
2 MeOH Ra |
5
2 Hy

Scheme 23. A plausible mechanism for Ru PNN-catalyzed hydrogenation of dimethyl carbonate
to MeOH.

In 2014, Klankermayer and Leitner et al. also demonstrated the hydrogenation of
dimethyl carbonate to methanol using Ru Triphos pre-catalysts 13 and 42 (Scheme 24) [73].
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Similarly to 13-catalyzed EtOH-assisted hydrogenation of CO, to MeOH, the reactions
required activation with HNTI, to generate the catalytically active cationic Ru(Il) species
14 [74], amenable to the proton transfer from the dihydrogen ligand to the carbonyl group
(Scheme 24).

FPth PPh, PPh, ®
Ph,P, \ PhoP, \ " PhoP, \ Hy

H™ migratory insertion

PhoPe—pu . PhPeg PhPeg
N > [ ®
co H s H PPh2T
PhyP, \ H
13 42 14:; S = solvent or substrate PhoPee ) R
Ru\ /{
o=

13 or 42 (1 mol%)

H—H ) R

Q HNT, (1.5 mol%) H* o-bond metathesis
G+ 3H, (50 bar) 3 CH4OH o
MeO™  "OMe dioxane
140 °C, 16 h

Scheme 24. (Triphos)Ru complexes for hydrogenation of dimethyl carbonate to MeOH.

Yet another Ru(ll) pre-catalyst 43 for the hydrogenation of dimethyl carbonate to
methanol was reported by Chen et al. in 2017 (Scheme 25) [75]. The system resembled the
Milstein-type catalysts 1-4 [34], where the phosphine side-arm of the ligand is replaced
with the N-heterocyclic carbene (NHC) donor. The reduction of dimethyl carbonate was
conducted with 50 bar of H; at 140 °C using 0.5 mol% of 43 activated with K3PO4 and
resulted in >99% conversion to MeOH within 24 h. The same system was also found to
be highly active in the hydrogenation of cyclic carbonates (vide infra). The suggested
mechanism likely involves base-assisted dearomatization of the pyridine ligand following
the general scheme proposed previously by Milstein et al. (see Scheme 23) [34].

o 43 (0.5 mol%) N N HN
C. + 3 Hy (50 atm) 3 CH;0H AdNy kLAN
MeO™~“OMe THF, K3PO,, 140 °C NTTENL
24 h >99% conv. @Ph(;'i CO Dipp
43

Scheme 25. 43-catalyzed hydrogenation of dimethyl carbonate to MeOH.

Since 2017, several other examples of Ru-catalyzed hydrogenations of linear carbonates
and polycarbonates have been reported [57,76-78]. These systems are summarized in
Scheme 26, and all operate via MLC pathways. Thus, complexes 1, 23, and 44 were applied
in hydrogenative depolymerization of a bisphenol A-derived polycarbonate, routinely
used in protective CD/DVD films [76-78]. The reactions afforded MeOH and bisphenol
A as the products of the carbonate linkage cleavage, although rather large quantities of
KO'Bu (1 equiv.) were required in the 44-catalyzed reaction. On the other hand, the use of
the lipophilic PNP derivative 31 in the hydrogenation of dimethyl carbonate in n-decane
allowed for efficient catalyst separation and reuse. Although the reactions were conducted
with only 0.03 mol% loading of 31, high H, pressure of 200 bar was required to fully convert
Me,CO3; to MeOH [57].

Moving away from ruthenium systems, in 2018 Milstein et al. reported on Mn-
catalyzed hydrogenation of carbonates [42]. Applying a bifunctional Mn(I) PNN pre-
catalyst, (PNNH)Mn(Br)(CO), (16), a variety of symmetrical and unsymmetrical acyclic
carbonates were hydrogenated to the corresponding alcohols and methanol with excellent
conversions under relatively mild conditions (110 °C, 30 bar of Hy) (Scheme 27A). Moreover,
hydrogenative depolymerization of poly(propylene carbonate) was also demonstrated,
suggesting the applicability of the system for polycarbonate waste treatment. The proposed
reaction mechanism is depicted in Scheme 27B and involves a nonoxidative metal-ligand
cooperative pathway between the Mn center and the secondary amine functionality of the
side arm of the ligand.
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Scheme 26. Ru complexes for hydrogenation of acyclic carbonates and polycarbonates [57,76-78].
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Scheme 27. (A) Hydrogenation of Me,CO3 to MeOH catalyzed by Mn(I) complex 16; (B) a plausible
metal-ligand cooperative mechanism for 16-catalyzed hydrogenation of methyl carbonate.

The first example of cobalt-catalyzed hydrogenation of carbonates has been recently
demonstrated by Beller and co-workers [79]. A series of commercially available Co(Il) and
Co(III) salts and polydentate phosphine ligands have been tested, with Co(BF4),-6H,O/Triphos
(45) being the most active. Several symmetric and non-symmetric acyclic carbonates were
efficiently hydrogenated to MeOH and the corresponding alcohols using 2 mol% of Co loading
and 50 bar of Hy. Almost quantitative conversions were achieved in 2,2,2-trifluoroethanol
(TFE) at relatively mild and additive-free conditions (120 °C, 18 h; Scheme 28). Similarly to
previous reports on the hydrogenation of linear carbonates, the reactions were proposed to
proceed via formate and formaldehyde intermediates.
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Scheme 28. Co(BF,),-6H,O/Triphos (45)-catalyzed hydrogenation of acyclic carbonates.

Another cobalt catalyst for the hydrogenation of acyclic carbonates and polycarbon-
ates has been disclosed by Sundararaju et al. in 2021 [80]. The system comprised of a
[Cp*Co(I)(pyridine-2carboxylate)] complex 46, activated with KO'Bu (Scheme 29). The
reactions were performed in "Bu,O at 160 °C for 20 h; however, rather large quantities of
KO'Bu were required (40 mol%). Nonetheless, along with acyclic monomeric carbonates,
hydrogenative depolymerization of polycarbonates, such as poly(propylene carbonate),
and poly(bisphenol A carbonate), was demonstrated, suggesting the practical utility of the
system in polymer recycling.

46 (1 mol%)
o KO'Bu (40 mol%)
_C. + 3 H, (60 bar) CH3OH + ROH + EtOH
RO™ “OR/Et "Bu,0, 160 °C, 20 h
R = Alk, Ar [8 examples; 49-75% yields of ROH]
[
OH . B " coy
)k % 46 (1 mol%) K _on ° ( SNTY
KOBu (40 mol%) Y 46
o]
"Bu,0, 160 °C, 20 h
o SR e g ol
HO OH

Scheme 29. 46-catalyzed hydrogenation of acyclic carbonates and polycarbonates.

4.2. Hydrogenation of Cyclic Organic Carbonates

Compared to linear organic carbonates, cyclic carbonates are relatively easily accessible
based on the treatment of readily available oxiranes (such as ethylene or propylene oxides)
with CO,. The driving force for this transformation is the high energy content of the oxirane
molecule, and different catalysts have been developed for this transformation to provide
cyclic carbonates with good to excellent yields [29]. Alternatively, cyclic carbonates can
also be produced in good yields by the reaction of CO, with 1,2- and/or 1,3-diols; however,
the presence of a water-trapping agent is required to shift the equilibrium towards the
carbonate product [29]. The subsequent hydrogenation of cyclic carbonates results in the
formation of MeOH and the recovery of a diol, and the overall sequence represents an
attractive approach for the conversion of CO; to MeOH.

To the best of our knowledge, homogeneous hydrogenation of cyclic carbonates
was disclosed for the first time by Ding and co-workers in 2012 [81]. Despite previously
reported successful application of Ru(II)-PNN complexes in the hydrogenation of dimethyl
carbonate by Milstein et al. (see Scheme 22) [34], hydrogenation of ethylene carbonate
to MeOH and ethylene glycol (EG) represents a more economically appealing approach
for utilization of CO,, since the production of ethylene carbonate from CO, and ethylene
oxide is a thermodynamically favorable process. Moreover, the industrial synthesis of
ethylene carbonate has been well-developed as a part of the “omega process” for the
production of EG, with global demands of >25 million metric tons per year (used as a
precursor to polyester and as a component in automotive antifreeze) [81]. With this in
mind, the catalytic activity of Ru(Il) pincer systems was tested in the hydrogenation of a
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series of cyclic organic carbonates, with the best conversions to MeOH and diols achieved
for (PNHP)Ru(H)(C1)(CO) (47; Scheme 30). The reactions were conducted in THF at 140 °C
using 50 bar of H; and rather low loadings of 47 (0.02-0.1 mol%) and showed almost
quantitative yields of the alcohol products (96—>99%). The high efficiency of 47, as well as
its high stability, was demonstrated by hydrogenation of ethylene carbonate at 0.001 mol%
catalyst loading, resulting in 72 h at 140 °C in 84% and 87% of MeOH and EG, respectively,
with a TON of 87,000 and a TOF of 1200 h—1. Moreover, the same system was found to be
highly active in hydrogenative depolymerization of poly(propylene carbonate) conducted
on a several grams scale with only 0.1 mol% of the catalyst loading (Scheme 30).

o 47 (0.02-0.1 mol%) oH o
o%o KO'BuU (0.02-0.1 mol%)  R! 4
R1 R3 + 3H, (50atm) W + CH4OH
W THF, 140 °C, 420 h R2 T ke ol
Rz U Re H—pPn
(11 examples; 96->99% yields N Rk
n=0,1 ( "R
o, P/ ~co
° 47 (0.1 mol%) Ph |
I KO'Bu (0.1 mol%) OH CHoH ZH
_C.. .
% THF, 140 °C, 24 h Ao ° a7

99% 99%

Scheme 30. 47-catalyzed hydrogenation of cyclic carbonates and polycarbonates.

A plausible mechanism of 47-catalyzed hydrogenation of ethylene carbonate is shown
in Scheme 31. The reaction was proposed to proceed via an outer-sphere MLC pathway,
which is initiated by the treatment of 46 with KO'Bu to generate the catalytically active
Ru(II) amide species. This is followed by the heterolytic cleavage of Hy and the concerted
proton/hydride transfer to the carbonyl group of first carbonate, then formate, and, finally,
formaldehyde, as depicted in Scheme 31.

H—H
\ TV PPhy,
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CH30H >
: e kom N T e
s - u MLC mechanism [EEy
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2 H 2 H
X ¥ 7
A oo
+ o) 0 (o] Lo 0]
Ru], Ha _0 ! H
OH ~—oH _I E\/ _ [ OH ! E 0o
HO ™™ [OH OH o>/ H;\r FPPh, c?;
"R
(p/ ‘ ~co
2R s

Scheme 31. Proposed MLC mechanism of 47-catalyzed hydrogenation of ethylene carbonate.

Driven by the idea of designing more robust phosphine-free Ru(ll) pre-catalysts
for the hydrogenation of cyclic carbonates, in 2016 Gao et al. reported the hydrogena-
tion of ethylene carbonate, catalyzed by commercial Ru precursors, ligated with lutidine-
bridged NHC ligands (Scheme 32) [82]. Among all the tested ligands and Ru precursors,
RuHCI(CO)(PPhs); in combination with the ligand 48 was found to be the most efficient,
resulting in >99% conversion of ethylene carbonate and 92% and 42% yields of glycol and
MeOH, respectively. However, overall, these systems turned out to be less active compared
to the analogous Ru-PNP catalyst 47.
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Scheme 32. Ru-NHC-catalyzed hydrogenation of ethylene carbonate.

Significantly more efficient hydrogenation of cyclic carbonates using Ru-NHC complex
43 has been reported by Chen et al. [75]. Despite the sterically hindered nature of 43, nearly
quantitative conversions of cyclic carbonates to MeOH and the corresponding diols were
observed under 50 atm of Hj, 140 °C, and only 0.5 mol% of Ru loading (Scheme 33).
Noteworthy, compared to systems 48-52, which required the use of a strongly basic KO'Bu,
activation of 43-catalyzed reactions was achieved with K3POy. The initiation step was
suggested to proceed via dearomatization of the bridgehead pyridine moiety, resulting in a
Milstein-type MLC mechanism [34,35].

— “er

1 p2 /
43 (0.5 mol%) ROR NN HN
+ 3H, (50 atm) Ho)g(OH + CHIOH | ag— < \R{JAN
THF, K3POy,, 140 °C AW NI
24 h Ph |5 CO Dipp
(99% 91-98% 3 43

Scheme 33. 43-catalyzed hydrogenation of cyclic carbonates.

Concerning other Ru systems, the hydrogenation of ethylene and propylene carbonates
has also been demonstrated using a high-valent (PCP)Ru!V complex 44 (Scheme 26) [78].
Although nearly quantitative yields of MeOH (94-98%), ethylene glycol (99%), and propy-
lene glycol (99%) were detected in 20 h at 1 mol% loading of 44, 50 atm of H, and 130 °C,
the reactions required stoichiometric amounts of KO'Bu, presenting a significant drawback
of the system compared to other Ru catalysts.

Apart from Ru catalysts, in a general trend to develop more economical surrogates for
precious metal systems, several manganese [42,83,84] and cobalt complexes [79,80] have
been shown to catalyze the hydrogenation of cyclic carbonates (Scheme 34). However,
despite the observed high conversions to MeOH and the corresponding diols, these base
metal systems are still inferior to the catalytic activity of the ruthenium complex 47.
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Scheme 34. Base metal complexes for hydrogenation of cyclic carbonates [42,79,80,83,84].

Finally, the feasibility of a one-pot strategy for the coproduction of MeOH and propy-
lene glycol from CO,, propylene oxide, and H; has been recently demonstrated by Helde-
brant et al. [85]. The overall transformation consisted of two steps: the formation of
propylene carbonate from the epoxide and CO, and further hydrogenation of the carbonate
to MeOH and the glycol. Considering the ability of amines and amino alcohols to capture
CO; and promote its further hydrogenation to formates and methanol [86-89], the first step,
the reaction of CO, with propylene oxide, was achieved using branched polyethyleneimine
(PEI4g0) as a catalyst. Herein, PEl4 is suggested to activate CO, allowing for nucleophilic
attack of the carbanion on the epoxide, leading to ring-opening of the epoxide, followed by
cyclization to the carbonate (Scheme 35A). The following hydrogenation step was tested
with a series of Ru catalysts, among which the best performance was demonstrated for
(PNHP)Ru(H)(C1)(CO) (47). The overall transformation was conducted in a sequential
one-pot manner in THF at 140 °C with 20 bar of CO; and 50 bar of H; and only 0.1 mol% of
47 and resulted in >99% yield of the propylene glycol and 24% yield of MeOH (Scheme 35B).
Noteworthy, to avoid disassembly of the pressurized reactor after the first step, the Ru cata-
lyst was added to the system right away along with the propylene oxide, CO,, and PElgq.
The H; gas was introduced only after the completion of the first step. This, however, did
not affect the rate of the carbonate formation and the overall reaction outcome, suggesting
no deactivation of the Ru catalyst in the presence of CO;.
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Scheme 35. (A) CO, capture with PEl4q; (B) One-pot production of MeOH and propylene glycol
from CO,, propylene oxide, and Hj.
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4.3. Hydrogenation of Carbonate Salts

Although the use of primary and secondary amines in CO, capture and hydrogena-
tion via formamide intermediates has been extensively investigated (see Section 3) [48-68],
utilization of tertiary amines as CO; scrubbing agents in CO;-to-MeOH reduction is un-
derdeveloped [86-88,90]. Tertiary amines are incapable of generation of formamides, and
trapping CO, with tertiary amine—alcohol mixtures leads to the production of ammonium
carbonates, which further undergo hydrogenation to methanol. The first examples of such
a tandem approach to MeOH using tertiary amine—alcohol mixtures for CO, trapping
was demonstrated by Heldebrant et al. using Cu/ZnO/Al,O3 as a heterogeneous catalyst
under rather harsh reaction conditions (temperatures of 170 °C and above) [86,88]. Shortly
after, Prakash et al. adopted this methodology to homogeneously catalyzed reduction
of CO; to MeOH using the Ru-PNP complex 23 [90]. The reactions were conducted in
ethylene glycol (EG), and several tertiary amines (such as tetramethyl-ethylenediamine
(TMEDA), tetramethyl-1,4-butanediamine (TMBDA), triethanolamine (TEA), pentamethyl-
diethylenetriamine (PMDETA) and others) were tested. The most efficient formation of
MeOH was observed for TMEDA and TMBDA (92% yield for both). The overall transforma-
tion of CO, to MeOH was performed in a sequential manner, where the first CO; capture
step was achieved within 3 h at ambient temperature and atmospheric pressure, followed
by the 23-catalyzed (0.5 mol%) hydrogenation step at 140 °C and 70 bar of Hy (Scheme 36).
The possibility of amine recycling and reuse for subsequent CO, capture was also demon-
strated. In addition, the system showed efficient CO, capture from synthetic flue gas
(10% CO; in Np) and its effective conversion to MeOH (72% and 94% yields for TMEDA
and TMBDA, respectively), showing potential direct utilization of post-combustion CO5.

H
\ \ H |~
\N/\/N\ \N/\/\/N\ NK PPhy
"RU 23
| | (P/ ‘ ~co
TMEDA TMBDA Pha H.
BH,
23 (0.5 mol%)
OH
HO™ > + o H; (70 bar) OH
NRs + CO; ————— RNH -G~ _OH — = CHOH + NRy + o™~
room oo 140°C, 72 h .
TMEDA 1atm temperature 92%

TMBDA

Scheme 36. Tertiary amine—ethylene glycol based tandem CO, capture and hydrogenation
to MeOH.

A similar approach via CO; capture in the form of carbonate salts has also been tested
using alkali hydroxides. Thus, quantitative conversion of CO, to MeOH (TON 200) was
reported by Prakash and co-workers using 0.5 mol% of complex 23 and 0.5 M solution of
KOH in ethylene glycol as the CO; trapping agent [91]. Analogously to tertiary amines,
the reaction was performed in a sequential one-pot manner. The CO, capture step was
achieved within 3 h at room temperature and atmospheric pressure, whereas the following
hydrogenation reaction required 70 bar of Hp, 140 °C, and 20 h for completion (Scheme 37A).
In addition, excellent yields of MeOH (92% and 100%) were also detected upon 23-catalyzed
hydrogenation of potassium bicarbonate and potassium formate, respectively (Scheme 37B).
Remarkably, the system also proved effective in direct CO; capture from the air and its
further quantitative conversion to methanol, albeit longer times were required for both
CO; capture and reduction steps (48 and 72 h, respectively). The suggested hydrogenation
reaction pathway is depicted in Scheme 37C and includes a 23-catalyzed formation of
potassium formate and its further esterification to alkyl formate, which then undergoes
hydrogenation to MeOH. Despite the observed high efficacy of the developed KOH/EG/Ru
system in CO, capture and hydrogenation to methanol, the main issue of this approach
was related to the deactivation of the base with ethylene glycol to give potassium glycolate
salts (Scheme 37C), hindering regeneration and reuse of the base.
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Scheme 37. (A) KOH—ethylene glycol-based tandem CO, capture and hydrogenation to MeOH;
(B) 23-catalyzed hydrogenation of potassium bicarbonate and potassium formate; (C) proposed
reaction pathway for 23-catalyzed hydrogenation of potassium carbonate.

5. Catalytic Hydrogenation of Carbamates and Urea Derivatives

Carbamates and ureas, having a relatively less electrophilic carbonyl group, are the
most challenging derivatives to undergo hydrogenation [92]. Moreover, there are reports
on catalytic hydrogenation reactions where ureas were used as solvents, being considered
inert to hydrogenation [93,94]. Therefore, examples of hydrogenation of carbamate and
urea derivatives are rather scarce.

Probably the first instance of homogeneously catalyzed hydrogenation of carbamates
was reported in 2011 by Milstein et al. using a (PNN)Ru(ll) complex 2 [34]. The reactions
were performed at 110 °C for 48 h at 1 mol% of the catalyst loading and only 10 bar of
H, (Scheme 38A). Methyl carbamates were quantitatively converted to MeOH and the
corresponding amines, whereas benzyl carbamates afforded MeOH, the corresponding
amines, and benzyl alcohol. Remarkably, in the latter case, no benzyl-O bond cleavage was
detected, which contrasts with Pd/C-catalyzed hydrogenolysis of benzyl carbamates used
for deprotection of carbamate-N functional groups via the release of CO, [95].
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Scheme 38. 2-catalyzed hydrogenation of carbamates (A) and urea derivatives (B), and a reversible
liquid organic hydrogen carrier system based on methanol-ethylenediamine and ethyl urea (C).
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Analogously to carbamates, complex 2 was also reported to catalyze the hydrogena-
tion of urea derivatives [96]. The reactions required 2 mol% loading of the catalyst and
72 h at 110 °C to afford moderate to high yields of MeOH (58-94%) and the corresponding
amines for both alkyl and aryl disubstituted urea derivatives (Scheme 38B). More ster-
ically hindered tetra-substituted ureas showed somewhat lower conversions (46-63%).
Notably, trace amounts of formamides were also detected in the latter reactions, suggesting
a stepwise hydrogenation pathway, in which urea derivatives first undergo conversions to
formamides, followed by their hydrogenation to methanol. The observed catalytic activity
of Ru-PNN complexes has resulted in the development of a reversible liquid organic hy-
drogen carrier system, which is based on Ru-catalyzed hydrogenation of the ethylene urea
to methanol and ethylenediamine and the reverse process, Ru-catalyzed dehydrogenative
coupling of ethylenediamine and MeOH to ethylene urea (Scheme 38C) [97].

In 2014, Klankermayer and Leitner et al. demonstrated the use of the Ru-Triphos pre-
catalyst 13 in the acid-co-catalyzed hydrogenation of 1,3-diphenylurea [73]. The reaction
was performed in THF at 140 °C and 50 bar of H, using 1 mol% of 13 and 1.5 mol%
of HNTf, (Scheme 39). After 24 h, 98% conversion of 1,3-diphenylurea was observed;
however, a mixture of amine products was obtained (66% of aniline, 24% of methyl aniline,
8% of dimethylaniline). Without HNTf;, the analogous 13-catalyzed hydrogenation of
1,3-diphenylurea resulted in selective cleavage of only one C-N bond to yield aniline (75%)
and N-phenyl formamide (74%). Such dependence of the selectivity of the reaction on the
presence of HNTf, additive was rationalized by the acid-assisted formation of a cationic
species [Ru(Triphos)(Solvent)(H)(H,)]™ (14, vs. neutral hydride 41; Scheme 24), which
likely provides better stability of the system at high temperatures.

3 H, (50 bar)
o 13 (1 mol%) PPh,
Ph. & ph HNTF, (1.5 mol%) H Me PhyP,
NN CH30H + PhNH, + Ph—=N + Ph—N PhoPae"
A THF, 140°C, 24 h Me Me Ru

66% 24% 8% 13

Scheme 39. 13/HNTf;-catalyzed hydrogenation of 1,3-diphenylurea.

The formation of carbamates and their further hydrogenation to methanol has been
also proposed by Prakash et al. during the tandem CO,; capture/hydrogenation using
pentaethylene-hexamine (PEHA) and (PNHP)Ru(H)(BH,)(CO) (23; Scheme 13) [53]. The
capture of CO, with an aqueous solution of PEHA (0.33 g/mL) resulted in the formation
of a mixture of a carbamate intermediate with bicarbonate/carbonates. This mixture was
further subjected to 23-catalyzed hydrogenation with 80 bar of H; to give a 95% yield of
MeOH after 72 h at 145 °C. The proposed mechanism for this transformation is described
in Section 3 (Scheme 13A) and includes hydrogenation of the carbamate intermediate to
afford ammonium formate, which is then converted to the formamide species and finally
to methanol.

A similar combination of CO, capture and hydrogenation to MeOH has been demon-
strated by Milstein et al. using amino-alcohols as low-pressure CO, capture reagents and
Ru complex 4 as a hydrogenation pre-catalyst [98]. The overall transformation of CO,
to MeOH was performed in two steps. The best results for the CO, capture step were
achieved with valinol using only 1 bar of CO; and 10 mol% of Cs;CO3 as a base to give
4-isopropyl-2-oxazolidinone in >90% yield after 24 h at 150 °C (Scheme 40). The next
hydrogenation step was performed using 2.5 mol% of the pre-catalyst 4, 25 mol% of KO'Bu
as a base, and 60 bar of H, and resulted in 53% of MeOH and 74% recovery of valinol after
72 h at 135 °C. The advantage of the developed approach is in the direct conversion of the
CO,; capture products to MeOH without isolation of the intermediates and the need for
energetically expensive decarboxylation processes.
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H, (60 bar)
CO, (1 bar) 0 4 (2.5 mol%) H t
HN_~on  Cs,C0; (10 mol%) HN-C. KO'Bu (25 mol%) P
0 CH40H R
DMSO, 150 °C, 24 h DMSO, 135°C, 72 h N | co
- 53%
valinol >90% - valinol (74%) ° cl 4

(1 mmol)

Scheme 40. CO, capture and hydrogenation to MeOH using valinol and pre-catalyst 4.

Concerning other 2nd/3rd-row transition metals, hydrogenation of urea derivatives
has been recently demonstrated by Kumar et al. using an iridium pre-catalyst 56 [99]. The
reactions were conducted in THF at 130 °C and 50 bar of H, and showed excellent conver-
sions (90-99%) of a series of disubstituted linear alkyl and aryl urea derivatives to MeOH
and the corresponding amines (Scheme 41A). Remarkably, the system also proved effective
in the hydrogenative depolymerization of poly-ureas reaching up to 62% conversions
after 72 h at 140 °C and 50 bar of Hj, demonstrating the first example of hydrogenative
recycling of poly-ureas (Scheme 41B). In contrast, cyclic urea derivatives were found to be
incompatible with the reaction conditions, and no conversions of N,N’-trimethylene-urea
and 1,3-dimethyl-2-imidazolidinone were detected. Noteworthy, several Ru pre-catalysts
(such as complexes 47 (Scheme 35), 54 (Scheme 38C), and trans-RuCl, (Ph,PCH,CH,;NH;),»
(57)) have been also tested in the hydrogenation of 1,3-diphenylurea and poly-ureas, but
lower MeOH yields compared to iridium derivative 56 were observed [99].

(®) . ’
56 (2 mol%) H
o] ! Yau \PIP
I KO'Bu (4 mol%) N 2
RN R+ 3H, (50bar) ———————> CH;OH + 2RNH, N4
DR THF, 130°C, 24h - ,PP/ el
_ examples; 90-99% conv. r
R = Alk, Ar [ 57-94% yield for MeOH } o 56
Hy (50 bar)

(B) o 56 (2 mol%) < O/\Q
I KO'Bu (4 mol% :
% X _KOBu (4 mol%) | CH50H + H2N~X~NH 5t S

Cu X %
NN o o 2
N H/n THF 140°C,24-72h } PN NN NN

up to 62% conv.
up to 43% yield for MeOH

Scheme 41. 56-catalyzed hydrogenation of urea derivatives (A) and hydrogenative depolymerization
of poly-ureas (B).

The first example of earth-abundant metal-catalyzed hydrogenation of both carba-
mates and urea derivatives was disclosed by Milstein and co-workers in 2019 [100]. Thus,
using 2 mol% of manganese(I) PNN pre-catalyst 58 in the presence of 3 mol% of KO'Bu,
a series of N-monosubstituted carbamates with aliphatic and aromatic substituents were
hydrogenated to the corresponding amines, alcohols and MeOH (Scheme 42A). The reac-
tion conditions (130 °C for 48 h, 20 bar of H,) were comparable to those for analogous Ru
systems (vide infra) resulting in good to excellent yields of MeOH (81-98%), although N,N-
disubstituted substrates failed to produce any detectable amounts of MeOH, presumably
due to steric reasons.

A
A o 58 (2 mol%)
I KO'Bu (3 mol%)
RUCoorR® + 3H, 20ba) —————————= CH,0H + R'NH, + R20H
Y PhMe, 130 °C, 48 h 10 oxamplos
R' = Ak, Ar; R? = Alk {81—98% yield for MeOHJ
B
® o 58 (3 mol%)
I KO'Bu (4 mol%)
RO nR + 3H; (20bar) ————————— CH;OH + 2RNH, [7 § 139"_3;‘”'95 }
) ) THF, 130 °C, 48 h 0—>99% yield for MeOH
H H r=AK Ar

Scheme 42. 58-catalyzed hydrogenation of carbamates (A) and urea derivatives (B).
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Similarly to carbamates, complex 58 proved highly active in the hydrogenation of
disubstituted linear urea derivatives (Scheme 42B) [100]. In contrast to Ru complex 2, which
showed moderate conversions of tetra-substituted ureas (Scheme 37B), 58 turned out to be
completely inactive in the hydrogenation of such substrates (even under 60 bar of Hy). On
the other hand, slightly decreasing the steric hindrance of the substrate and switching to
the trisubstituted 1-benzyl-3-(4-fluorobenzyl)-1-methylurea afforded 71% of MeOH.

The proposed MLC mechanism of 58-catalyzed hydrogenation of carbamates and
ureas is depicted in Scheme 43. The reactions are initiated by the treatment of complex 58
with KOBu under a hydrogen atmosphere, which generates a hydride species 59, suggested
as an active catalyst. The following migratory insertion of the substrate into the Mn-H
bond of 59 affords the intermediate 60, which then undergoes the C-N/O bond cleavage
and elimination of the corresponding amine/alcohol by metal-ligand cooperation. This is
followed by the regeneration of the catalyst 59 via heterolytic H; splitting accompanied by
the release of N-formamide. The latter species is then converted via MLC to formaldehyde
and then to MeOH, analogously to Ru systems discussed previously (see Section 3).

HH
RHN-C]

\

Scheme 43. The proposed mechanism of 58-catalyzed hydrogenation of carbamates and ureas.

A more recent example of Mn-catalyzed hydrogenation of urea derivatives has been
demonstrated by Wang and Liu using an NHC-based NNC-pincer pre-catalyst 61
(Scheme 44) [101]. Compared to complex 58, the reactions required rather harsh con-
ditions (150 °C, 50 bar of Hy) and resulted in 77-95% yields of the corresponding amines,
whereas the yield of MeOH was not determined. Notably, the same system proved active
in the hydrogenation of dibenzyl and diphenyl carbonates to the corresponding alcohols
(83-90%) and in hydrogenative depolymerization of polycarbonates (polyethylene glycol
terephthalate, bisphenol A polycarbonate and polycaprolactone) to give 89-96% yields of
the corresponding monomers.

N \—r Br

R R 61 (5 mol%) NH; @ LN
Q KO'Bu (10 mol%) \7 Mes
_C. + 3H, (50bar) ———————— CH30H + 2 H*N*{Mn\co
NTON PhMe, 150 °C, 24 h oc’/
H H N
R 61
R = H, OMe N
R = H (95%) &
OMe (77%)

Scheme 44. 61-catalyzed hydrogenation of urea derivatives.
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6. Conclusions

Within the last decade, significant progress has been made in homogeneous transi-
tion metal-catalyzed hydrogenation of formates, formamides, carbonates, carbamates,
and urea derivatives. The developments in this field have been mainly driven by the
search for alternative routes to methanol from carbon dioxide, allowing for sustainable
recycling of CO, into a green fuel and value-added chemicals. Compared to direct hydro-
genation reactions, a combination of effective capture of CO; in the form of its organic
derivatives with their further catalytic hydrogenation to MeOH offers energetically fa-
vorable pathways for chemical utilization of CO, without the need for energetically
expensive desorption and compression processes, considered as major stumbling blocks
to practical CO; capture and utilization technologies. Indeed, the practical viability
of indirect hydrogenative conversion of CO, to MeOH via formates, formamides, and
carbonates has been already demonstrated by several research groups, showing excel-
lent CO;-to-MeOH turnovers and operating under rather mild temperatures (as low as
<100 °C) and H; pressures (mostly in 10-60 bar range). Remarkably, some of these
systems proved effective in capturing and hydrogenating CO, from synthetic flue gas
and even from air under atmospheric CO, pressure. Several research groups have also
reported on effective catalyst recycling approaches, demonstrating another step forward
toward applicable catalytic CO;,-to-MeOH technologies.

A comparison of catalytic activities of transition metal-based homogeneous systems
in hydrogenation of CO, derivatives is shown in Table 1. Not surprisingly, in contrast to
formates, formamides, and carbonates, which showed comparatively high turnovers in
hydrogenation to MeOH (TONmax up to 9500; Table 1, entry 12), catalytic hydrogenation
of carbamates and urea derivatives is developed to a lesser extent. The major obstacles
here are associated with the significantly reduced electrophilicity of carbamates and ureas
compared to other CO, derivatives. This resulted in generally higher catalyst loadings and
prolonged reaction times under elevated temperatures, as well as rather low turnovers to
MeOH (TONpax up to 97; Table 1, entry 43). Nonetheless, as proof of principle, a cascade
conversion of CO, to MeOH via oxazolidinone derivatives has been recently disclosed (see
Scheme 40).

Table 1. Comparison of catalytic activities of homogeneous catalysts based on different transition
metals in the hydrogenation of CO, derivatives (the most active catalytic systems are highlighted

in red) 2.
Entry Substrate Catalyst T, °C/t, h/P(H,), bar ? TONmax for MeOH By-Products € Ref.
Formates
1 1 (Ru) 110/48/10 1155 -d [34]
2 2 (Ru) 110/14/50 4700 -d [34]
3 3 (Ru) 110/48/10 1215 -d [34]
4 4 (Ru) 110/48/10 1365 -d [34]
5 11 (Ir) 155/16/~83 -d HCOOMe © [37]
6 13 (Ru) 140/24/30 77 -d [38]
7 15 (Co) 100/24/70 12 -d [41]
8 16 (Mn) 110/30/30 43 -d [42]
9 20 (Mn) 120/45/50 -d HCOOMe © [43]
Formamides
10 23 (Ru) 155/18/50 99 -d [48]
11 28 (Ru) 160/1/~51 4700 -d [51]
12 30 (Ru) 170/30/~41 9500 -d [55]
13 32 (Mn) 150/24/70 128 -d [58]
14 34 (Fe) 120/16/62 4950 -d [23]
15 36 (Ru) 110/32/~10 97 -d [62]
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Table 1. Cont.

Entry Substrate Catalyst T, °C/t, h/P(H,), bar P TONmax for MeOH By-Products € Ref.
16 37 (Fe) 110/3/20 300 -d [63]
17 38 (Ru) 60/3/80 71 -d [64]
18 39 (Mn) 100/16/30 50 -d [66]
19 40 (Mo) 100/24/30 20 -d [67]
20 41 (Ir) 110/16/40 21 -d [68]
21 57 (Ru) 180/20/30 210 -d [54]

Acyclic carbonates

145/1/~61 2500 -d [34]
2 1(Rw) 145/3.5/~41 2500 _d [34]
23 2 (Ru) 110/14/~51 4400 -d [34]
24 13 (Ru) 140/16/50 o (1\6/[2e129C133r;eat -d [73]
25 16 (Mn) 110/30/30 50 -d [42]
26 31 (Ru) 140/24,/200 3333 -d [57]
27 43 (Ru) 140/24/~51 200 -d [75]
28 44 (Ru) 135/24/~51 99 -d [78]
29 45 (Co) 120/18/50 50 -d [79]
30 46 (Co) 160/20/60 75 -d [80]

Cyclic carbonates
31 16 (Mn) 110/50/50 50 -d [42]
32 32 (Mn) 120/26/30 50 -d [84]
33 43 (Ru) 140/24/~51 196 -d [75]
34 44 (Ru) 130/20/~51 98 -d [78]
35 45 (Co) 120/18/50 50 -d [79]
36 46 (Co) 160/20/60 92 -d [80]
37 47 (Ru) 140/4/~51 4950 -d [81]
38 RuHCI(CO)(PPhs)3/48 130/12/50 44 -d [82]
Carbonate salts
39 ammonium carbonate 23 (Ru) 140/72/70 184 -d [90]
40 potassium carbonate 23 (Ru) 140/20/70 200 -d [91]
41 1522‘;;21;’:; 23 (Ru) 140/48/70 184 -d [91]
42 potassium formate 23 (Ru) 140/48/70 200 -d [91]
Carbamates
43 2 (Ru) 110/48/~10 97 -d [34]
44 4 (Ru) 135/72/60 ~24 -d [98]
45 58 (Mn) 130/24/50 49 -d [100]
Urea derivatives
46 2 (Ru) 110/72/~14 47 -d [96]
47 4 (Ru) 170/96/60 87 -d [97]
18 13 (Ru) 140/24/50 _d Methylamines =,
(32%)

49 54 (Ru) 170/168/60 79 -d [97]
50 55 (Ru) 170/168/60 81 -d [97]
51 56 (Ir) 130/24/50 47 -d [99]
52 58 (Mn) 130/48/20 33 -d [100]
53 61 (Mn) 150/24/50 19 -d [101]

2 Only monomeric substrates are considered. No cascade/tandem approaches for CO;, hydrogenation in the
presence of alcohols/amines are listed herein. The most active systems (in terms of TON) are highlighted in red.
P Conditions for the best TON are shown. ¢ Only CO,-derived by-products are shown. 4 No by-products reported.
¢ The reactions were tested with ethyl formate, showing the formation of a mixture of MeOH, EtOH, and methyl
formate. Only the overall yield of MeOH and HCOOMe was reported. f Hydrogenation of 1,3-diphenylurea was
tested and resulted in 66% of aniline, 24% of methyl aniline, 8% of dimethylaniline.
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Overall, despite these exciting achievements, the majority of the developed catalytic
systems for the reduction of CO, derivatives are based on ruthenium (18 Ru complexes
out of total of 34 complexes; Table 1), which showed the highest turnovers to MeOH for
all substrates. Considering the low natural abundance of ruthenium, a shift towards more
economical catalysts is highly desirable. Several catalytic systems based on abundant
3d metals (Mn, Fe, Co) have been recently disclosed, but these examples are still scarce
and generally show lower activities compared to Ru catalysts (Table 1). Besides, further
improvements in the thermal stability of catalytic systems and their robustness towards
poisoning (for instance by CO) would significantly improve their practical attractiveness.
Nevertheless, the obtained exciting results drive the research in catalytic reduction of
CO; and CO, derivatives forward, and it is expected that the intensity of research in this
direction will only increase in the coming years.
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