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Preface

Since the beginning of the industrial revolution and the concomitant use of fossil
resources, the concentration of carbon dioxide significantly increased in the
atmosphere. This growth is generally considered to be the main reason for global
warming. It is clear that the chemical use of carbon dioxide cannot solve this
problem; however, it’s utilization in synthesis offers interesting opportunities for
the chemical industry and organic synthesis. In general, carbon dioxide is a
favorable C1 feedstock due to its abundance, availability and low toxicity. As
shown in this collection recent advances in organometallic catalysis provide
effective means for several chemical transformations of carbon dioxide and its
incorporation into interesting building blocks such as carbonates. In addition,
advancements of academic and industrial investigations provide the basis for
efficient catalytic reductions of carbon dioxide. In this respect the production of
formic acid derivatives but also methanol are worth mentioning. Finally, also more
basic topics for carbon dioxide valorization are covered. Here, the photocatalytic
reduction of CO, is an example, which currently creates lots of attention in basic
research. We sincerely hope the readers will be inspired by the different articles and
benefit from the described concepts and ideas for their own research.

We would like to take this chance to thank the editorial staff of Topics in Current
Chemistry and the editorial board for choosing us to help assemble this collection.
Special acknowledgements should go to Na Xu and Dr. Charlotte Hollingworth for
their great assistances.
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Abstract The achievements in the synthesis of carboxylic acids and esters from
CO, have been summarized and discussed.

Keywords Carboxylic acid - Carbon dioxide - C—C bond formation -
Carboxylation - Organic halides

1 Introduction

Carboxylic acids and derivatives are one of the most important structural units that
are frequently found in a vast array of natural products, and they are highly versatile
starting materials for the preparation of biologically active compounds and other
fine chemicals [1-3]. There are well-established protocols for the preparation of
carboxylic acids [4, 5], such as the oxidation of alcohols or aldehydes and the
hydrolysis of nitriles and related derivatives. Despite the efficiency of these
conventional procedures, however, the most straightforward method for accessing
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carboxylic acids is the direct carboxylation of carbon nucleophiles using CO,, the
simplest alternative feedstock, as the electrophilic partner. Therefore, novel
carboxylation methodologies have been developed to induce the inert CO, molecule
to undergo chemical transformations [6—17]. Employment of high-energy starting
materials, including alkenes/allenes/alkynes, aromatic compounds, and
organometallic reagents, is common choice for fixation of inactive CO, to construct
carboxylic acid derivatives [18-25]. Transition-metal complexes are well known to
catalyze the formation of carboxylic acids from carbon dioxide and various
nucleophilic reagents [26-36]. Recently, transition-metal-catalyzed reductive car-
boxylation of organic (pseudo)halides with CO, and direct insertion of CO, into C—
H bond become powerful alternatives to classic methodologies for preparing
carboxylic acids [37]. Additionally, CO, transformations driven by external energy
input, such as light (photo irradiation) or electricity (electrolysis) [38], as well as
biocatalytic carboxylation [39, 40], were also well developed for incorporation of
CO, into organic substrates to furnish the corresponding carboxylic acids.

2 Addition of CO, to Unsaturated Hydrocarbons
2.1 Coupling of CO, and Olefins

Since the first discovery of the reactions of metal complexes with carbon dioxide
and olefins in the late 1970s, [41] a plethora of reports have been published in
oxidative coupling of CO,. The group of Hoberg performed seminal research in the
field of CO, activation. They prepared and isolated the stable nickelalactone,
formed from ethene and CO, at a Ni complex in the presence of DBU [42]. The
Nickelalactone complex exhibits properties characteristic for an organometallic
compound (Scheme 1). Thus, as expected, hydrolysis yields propionic acid (85%,
identified as the methyl ester). The Ni—C bond is available for insertion reactions
with systems containing C=C double bonds; the products obtained after acid
hydrolysis are shown in Scheme 1. Insertion of CO, into the Ni—C bond afforded
succinic anhydride in 80% yield [43]. Analogously, (o,B-unsaturated)zirconacycles

0. 0 Z>""COO0H
U +
~-"CooH

AN

< COOH(Me) <O _
(CH30H/HCI) (dbu)le‘/:L - -

CO,
[LN] —— LnNi\O

o COOH

\ \ /\/\/\COOH
Ph /\/\COOH

WG ~_~_ COOH NS cooH

WG = CN, CO,Me

Scheme 1 Reactions of nickelalactone with various electrophiles
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Scheme 4 Iron complex-mediated double carboxylation of ethene

were found to react with various electrophiles just as those employed in the coupling
reactions of nickelalactone to give the corresponding carboxylic acids [44].

Cycloolefins are also ideal substrates for CO, coupling reactions with nickel(0)
systems [45, 46]. In the case of cyclopentene, by variation of the ligands and
additives, it is possible by successive application of carbon dioxide or carbon
monoxide to prepare a highly selective series of cyclopentane- and cyclopentene-
carboxylic acids, cyclopentanedicarboxylic acids or 2-hydroxycyclopentane car-
boxylic acid in good yields. The C5-skeleton is retained in the products.

The nickel-mediated stoichiometric fixation of carbon dioxide with monosub-
stituted olefins was also developed by Hoberg’s group originally (Scheme 2) [47].
The regioselectivity of the C—C bond formation was largely dependent on
temperature and ligands. The branched thermodynamical product was further
favored for the branched/linear ratio of products raised from 4/1 to 25/1 as the
temperature increased from 25 to 60 °C.

Inspired by the work of Hoberg’s, Rovis demonstrated a reductive carboxylation
of electron-deficient and -neutral styrene derivatives in the presence of substoi-
chiometric nickel" catalyst together with Et,Zn as reducing [H] source, yielding the
single o-carboxylated products regioselectively [48] (see Scheme 3).

Hoberg’s group further extended their investigations to the reactions of ethene on
iron(0) complexes. Surprisingly, no monocarboxylic acids but exclusively dicar-
boxylic acids, namely succinic acid and the isomeric methylmalonic acid, are
formed (Scheme 4). Apparently, the iron carboxylates II and III derived from a
common intermediate, the oxaferracyclopentanone I, which was influenced
significantly by the ligands on the course of the C—C coupling reaction [49].
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1) FeCl, / bis(imi idi
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Scheme 5 TIron-catalyzed hydrocarboxylation of electron-rich styrene derivatives

BrMg —<:|
R

X -
FeCls / CuBr /PBug

COo
R.__~_MgBr| —2=R_~_ COOH

Scheme 6 Cooperative iron—copper catalyzed hydrocarboxylation of terminal alkenes

Recently, the iron-catalyzed hydrocarboxylation of electron-rich aryl alkenes had
been developed by Thomas’s group using a highly active bench-stable iron™
precatalyst to give a-aryl carboxylic acids in excellent yields and with near-perfect
regioselectivity (Scheme 5) [50], which was a good complement to Rovis’s
carboxylation of electron-deficient styrene.

Furthermore, Hayashi and Shirakawa reported a cooperative iron—copper
catalyzed hydromagnesiation of terminal alkenes by alkene-Grignard exchange
(Scheme 6). The resulting alkyl Grignard reagents could react with carbon dioxide
to afford the corresponding carboxylic acid in good yield after acidic workup [51].

2.2 Acrylic Acid Synthesis from Ethene and CO,

Acrylic acid is an important basic chemical for the synthesis of polyacrylates, which
find use as special plastics and superabsorbers. It is, therefore, of great interest to
develop a cost-efficient route to acrylic acid under mild conditions. The synthesis of
acrylic acid from the cheap starting materials ethylene and CO, is particularly
attractive via B-H elimination of the metallactone. However, the rigid five-
membered metallactone ring did not undergo B-H elimination readily in most cases
(Scheme 7), likely due to kinetic barriers and unfavorable free energy of the overall
coupling reaction [52]. Hence, the matellactones are in most cases quite stable, and
cleavage of the M—C or the M—O bond would not occur without decomposing the
metalcomplex.

Scheme 7 Proposed catalytic = ( CO,
cycle for acrylic acid synthesis K [LoNi]
O

LoNi
oH ~l
|_2NifﬁL 0" "o
L
0o

Ni
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Scheme 8 Preparation of hydrido-acrylate metal complexes

Challenged by this perception, extensive investigations were conducted to
catalytic synthesis of acrylic acid based on transition metal systems. It was found
that Mo and W complexes [53-55] readily coupled with ethene and CO,, yielding
hydrido-acrylate complexes that were not able to eliminate acrylic acid (Scheme 8a,
b). Later, nickel metallacycles were also converted into hydrido-acrylates upon
treatment with bis(diphenylphosphino)methane (dppm) [56], which then evolved to
give dimeric phosphido Ni complexes bearing a bridging acrylate (Scheme 8c),
although no evidence for the release of acrylic acid was obtained either.

The research group of Papai examined the mechanism of metal-assisted CO,/
C,H, coupling reactions by means of density functional calculations [57, 58] and
revealed that although the formation of acrylic acid from ethene and CO, is
thermodynamically allowed, the high bond-dissociation energies of the M-H and
M-0O moieties in the hydrido-acrylate intermediates present substantial Kinetic
barriers to the elimination of acrylic acid. A preformed Pd—-COOMe moiety was
used as a model system to investigate the insertion of an olefin into the Pd—C bond
and subsequent acrylate elimination (Scheme 9) [59]. The experimental findings
demonstrated that the esterification of the carboxylic moiety prevented the
formation of O-M bond and facilitated the release of acrylate moiety from the
metal center. Rieger and coworkers further confirmed this discovery [60] and
showed that B-H elimination could be induced by a splitting of the M—O bond and
in situ methylation of nickelalactone. However, the reaction was not catalytic, and
acrylic acid was obtained in a low yield, probably due to the decomposition of the
complex to elemental nickel in a significant degree. Later, it was found that when
using bidentate ligands, the conversion of nickelalactones into acrylates upon
treatment with CH3I was largely dependent on the size of the ligand (Scheme 10)
[61]. The ring-opened intermediate could not undergo B-H elimination if too bulky
ligand was employed.

Reprinted from the journal 5 @ Springer
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Scheme 9 Pd-COOMe model Lo — Lo
system for acrylate elimination < /Pd” -COOMe > < /Pd ~">Co0OMe
L

I\ Z>COOMe
< Pd'l-H
v

(v /f \:

> COOEt

OEt

< N.l < /104’< quOMe . +

Scheme 10 Synthesis of methyl acrylate via methylation of metallacycles

Alternatively, catalytic coupling of ethylene and CO, to form acrylate salt in the
presence of a base is a reaction of high interest. Schaub described the palladium- or
nickel-catalyzed synthesis of sodium acrylate from ethylene and CO, using fBuONa
[62] or sodium phenolates [63, 64] as bases. Lithium acrylate was obtained via
nickel-catalyzed carboxylation of ethylene with CO, employing stoichiometric
amounts of Lil, NEts, and Zn [65]. However, the yield and TON observed was quite
low.

2.3 Carboxylation of 1,3-Dienes

Apart from monoenes, the reaction of 1,3-dienes with CO, mediated by metal
complex were also studied. Hoberg and Schaefer prepared sorbic acid from
{Ni(cod),}, dcpe or bipy as ligands, 1,3-pentadiene, and 1 bar CO, in THF [66]. It
was found that the coupling of 1,3-dienes with CO, at nickel(0) gives allyl
carboxylate complex predominantly [66, 67], which could react with maleic
anhydride or be protonated to release the CO,-containing product (Scheme 11).
Wakther et al. synthesized two air-stable nickel" allyl carboxylate complexes [68],
which showed an n-3-allyl- and a monodentate carboxylate group at the ends of the
chain in X-ray analyses.

Hoberg also demonstrated that further exposure of nickel'(TMEDA) allyl
monocarboxylate complex I to CO, for another 24 h (or for 5 days after adding
extra pyridine) led to the formation of nickel dicarboxylate complex II, which
treated with MeOH/HCI provided the corresponding cis-diester (Scheme 12a) [69].

@ Springer 6 Reprinted from the journal
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Scheme 11 Ni-prompted carboxylation of 1,3-dienes

-30 °C E
| -80°C_ 5
L: pyridine | LaNi~

-40 °C tort c
Hz0*

Scheme 12 Diverse products obtained from nickel-mediated coupling of 1,3-dienes and CO, under
different conditions

Not long afterwards, Hoberg et al. found that in the presence of a pyridinenickel(0)
system, 1,3-butadiene coupled with carbon dioxide to form C9-mono- or C18-
dicarboxylic acids depending on the temperature (Scheme 12c, b) [70]. It is also
found that linear C13-acids with three or four C=C double bonds and terminal
carboxylic groups can be prepared by reaction of 1,3-butadiene and carbon dioxide
under similar fluorinated pyridine/nickel(0)-mediated conditions [71].

The first catalytic telomerization of butadiene and incorporation of CO, by using
nickel complexes was reported in 1987 [72], which gave an olefin-functionalized
cyclopentane carboxylic acid in a conversion of 95% (Scheme 13). Interestingly, a
very similar structure of the bicyclic six-membered nickelalactone intermediate was
determined by X-ray as early as in 1978 [73], which provided good insight into the
catalytic cycle. However, despite this finding, further investigations on the
tautomerization of butadiene and the insertion of CO, catalyzed by nickel complex
mostly failed. It seems that the only way to obtain the products of nickel-mediated
conversions of dienes and CO, is by the hydrolysis of the relatively stable nickel™
carboxylate complexes [74, 75].

Recently, Mori and coworkers systematically developed the concept of
nickelacycle cleavage using oxophilic reagents [76] and combined it with the
earlier work of Hoberg and Walther. They used dimethyl- or arylzinc reagents to
cleave intermediates generated from the coupling of 1,3-dienes and CO, promoted
by nickel(0) complexes (Scheme 14a) [77]. The transmetalation affords a [Ni"R’"]

Reprinted from the journal 7 @ Springer
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Scheme 14 Nickelacycle cleavage using organozinc reagents

species, which readily undergoes reductive elimination, thereby releasing the
products from dicarboxylation or arylative carboxylation and reforming the
nickel(0) complexes. The reaction had the potential of being carried out with
catalytic amounts of nickel(0), which could be recovered without decomposition.
Interestingly, when arylzinc instead of alkylzinc reagents were employed, arylative
carboxylation rather than dicarboxylation occurred, affording the corresponding 1,4-
addition products in good yield (Scheme 14b).

Soon after, the nickel-catalyzed ring-closing carboxylation of bis-1,3-diene and
CO, utilizing organozinc compounds as supplemental reagents was realized
(Scheme 15) [78, 79]. A remarkable feature of this reaction is the role of ZnR,
not only as a transmetalation agent but also as a reduction medium, thus allowing
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[Ni(acac),]
ZnEty, L
THF, 0 °C XW
[LoNi]

Scheme 15 Ni-catalyzed ring-closing carboxylation of bis-1,3-diene and CO,

the use of air stable [Ni(acac),] as a precatalyst. Furthermore, Mori and coworkers
upgraded this reaction to an asymmetric level [79], which afford cyclic carboxylic
acids in good yields and with high enantioselectivities.

Besides nickel(0) complexes, iron(0) complexes also mediate the coupling
reaction of diene and CO, (Scheme 16). Starting from [Fe(n4-butadiene)(PMe3)3]
[80], iron™ n*-allyl carboxylate complex I was prepared, which exhibits a dynamic
equilibrium in solution. Acid hydrolysis in methanol (—30 °C) affords the methyl
esters of the two carboxylic acids II, and Il in a molar ratio 10/1. As expected,
I could further react with CO, (90 °C, 5 bar) with preferential insertion in the
terminal Fe-C &-bond of I, and not in that of I,. After hydrolysis, only 1,4-
dicarboxylicacids (IIL/IIL, = 27/1) were isolated. More interestingly, upon treat-
ment of I with FeCl;, the symmetrical, linear o, ®-dicarboxylic acid V was obtained
in good yield after acidic workup, the formation of which could be explained in
terms of an intermolecular C—C coupling of the allyl ligands of two molecules of I,.
When PEt; was used as ligand instead of PMe; [81], the relative amount of
compound II, increased in direct hydrolysis; and the 1,2-diacid I'V,, appeared as the
main product in the further reaction of the Iron" n’-allyl carboxylate complex with
CO,.

The catalytic formation of carboxylation compounds from 1,3-butadiene and CO,
has been achieved on palladium complexes (Scheme 17), and attracted a
considerable interest since its discovery by Inoue et al. [82, 83]. Many studies
have been aimed at gaining a better understanding of the factors governing the
selectivity of the reaction. Thus, Musco [84, 85] studied catalysts of the type
Pd(PR3), (n = 2, 3) and found that lactone is preferentially formed with the more
basic phosphines [e.g., PCys, P(i-Pr);], whereas mainly open esters are formed with
ligands less basic than P(#-Bu),Ph. Behr and coworkers improved the original
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Top Curr Chem (Z) (2017) 375:4

N

L3Fe/j
N\
L = PMej or PEt3
> cozl
X
L.Fe - /-‘\ 0 _— LsFe
\ = — .
o) LsFe —O 0
o) I, ©
Iy | a
PEts | PMe,
1) CO, Feols 1) CO,, 90 °C
2) H0% o o
Ha 30* +
-30 OCJ 2)Hs0
o HooC
pr— H r—
HOOC \ /NN ooc—" N\—coon
Iv, COCH I, i,
l ' *
A" CO0H HOOG ~~_ COOH
\ 1, 1,
HOOC c00 ]
oo H 1A, = 10:1 ZIE=27/1
IVp v
Scheme 16 Iron-mediated coupling reaction of diene and CO,
CO,, L
Pd(O)] —————*>
[Pd(0)] o~
| NF
] 2N
I Pd Mo
e N

0. _OH o
~ 7
NN ? Pd |
/ T~
”\;O NN
o

0<% l
>_7N » —
o) AN o X NN X
3 ! }
Scheme 17 Product distribution in the palladium(II)-catalyzed reaction of 1,3-butadiene and CO,

synthetic procedures of Inoue and Musco by using palladium” acetate or
acetylacetonate complexes and phosphines in acetonitrile as the solvent, which
led to a significant increase in the yield of the lactones [86]. The use of phosphine
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ligands of high basicity and large cone angle proved necessary in order to optimize
yield and selectivity [87, 88]. In general, it was found that six major products may
be obtained with palladium catalysts system [89-93].

Rhodium and ruthenium catalysts were also tested. In the rhodium-catalyzed
reaction of butadiene and carbon dioxide, besides the C9-lactones generated as in
the case of palladium catalysts system, a new Cl13 vy-lactone-2-ethyl-2,4,9-
undecatrien-4-olide is formed in a novel combination of three molecules of
butadiene with one of CO, [94]. Unfortunately, ruthenium catalysts were found to
be quite ineffective. The total yield of the products from tautomerization of
butadiene and insertion of CO, is in less than 7% [90].

2.4 Carboxylation of Allenes

As early as 1980, Dohring and Jolly probed the co-oligomerization of allenes and
CO, with catalytic amounts of [Pd(n3—allyl)2] and mono- or bisphosphines in
toluene, and obtained a mixture of six-membered lactones, esters, and oligomeric
and polymeric materials (Scheme 18) [95]. Later, an analogous result was obtained
using [Rh(dppe)(n-BPh,)] as catalyst in this reaction [96].

Later, a palladium-catalyzed cycloaddition of methoxyallene with CO, was
studied by Tsuda et al. [97], which afforded the hetero-D-A-like [2 4+ 2 + 2]
product in relatively high yield stereospecifically (Scheme 19). The methoxy
functional group plays an important role, as it enriched the electron density on
allene, which facilitated the cycloaddition of methoxyallene with the electron-
deficient CO,.

In 1984, Hoberg investigated the nickel-mediated coupling of terminal allene and
CO, with basic chelate ligands (Scheme 20) [98]. The supposed five-membered
nickelalactone is reminiscent of those formed in the reaction of CO, with alkenes.
Acidic workup with CH;OH/HCI affords the ester whose exO—Methyl group is
arranged to the o-position of carbonyl group as the only product regioselectively.
Recently, well-designed electron-donating bidentate amidines were applied to this
nickel-mediated reaction as ligands [99], and as expected, the 1,2-addition products
was prepared in good yield with high regioselectivity.

Interestingly, Mori et al. showed that nickel-mediated sequential addition of CO,
and aryl aldehydes into terminal allenes gave the “opposite” 2,3-addition products
mainly (Scheme 21) [100]. This can be attributed to the sterically bulky ligands
coordinated to the nickel center, which keeps aryl aldehydes away from the o-
carbon, forcing the electrophile attacking at the y-position.

o AT
Aoty

Scheme 18 Pd- or Rh-catalyzed coupling reaction of allene and CO,
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Scheme 21 Nickel-mediated cascade addition of CO, and aryl aldehyde to terminal allene

Not long afterwards, Nickel-mediated regio- and stereoselective carboxylation of
trimethylsilylallene was also achieved [101, 102], using PhMe,SiH or R,Zn as the
reducing agent (Scheme 22). Allyl silane mono- or di-esters were produced in
medium yield depending on the equivalent of CO, employed.

In 2008, Iwasawa’s group reported an approach to catalytic CO,-fixation through
c-allyl palladium species generated from hydropalladation of allenes [103]. The
tridentate silyl pincer-type palladium precatalyst was triggered by appropriate
reducing agents, like Et;Al or Et,Zn, forming the active [Pd-H] species, which
drove the catalytic cycle efficiently (Scheme 23). The proposed allyl palladium
intermediates in the catalytic cycle as well as several off-cycle species were
isolated, identified, and characterized [104]. All of these complexes were found to
be kinetically competent catalysts, which thus further supported the mechanism
proposed by Iwasawa and coworkers.

Sato and coworkers described a nickel(0)-promoted carboxylation of allenamides
with carbon dioxide proceeding via a nickelalactone intermediate, affording B-
amino acid derivatives in good yield. (Scheme 24) [105]. The regioselectivity was
largely dependent on the substituent R’ on the allene moiety. When R'=H, (Z)-a,B-
dehydro-B-amino acids were obtained, while more bulky group, such as Me, ¢-Bu,
presented at the allene end, o,B’-unsaturated-f-amino acids were delivered. Inspired
by this work, Hou further developed a methodology for catalytic alkylative
carboxylation of allenamide with CO, in the presence of NHC-Cu complex and
using dialkylzinc reagents as coupling partners [106]. The resulting alkyl-attached
(2)-0,,B-dehydro-B-amino acid derivatives were obtained in good yield with high
regio- and stereoselectivtiy.
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Scheme 24 Nickel-promoted carboxylation of allenamides
2.5 Carboxylation of Alkynes via Cyclization

The first nickel-catalyzed cycloaddition of CO, to terminal alkyne was observed by
Inoue in 1977 [107], giving 4,6-dibutyl-2-pyrone together with 1-hexyne oligomers.
However, the yield and selectivity of this reaction were quite low. The same
reaction was also carried out using cobalt complex as catalyst, which provided
pyrone in an even lower yield. Later, Inoue expanded the substrate scope to
3-hexyne [108] and 4-octyn [109], and found that the main product pyrone was
given in much better yield along with several by-products (Scheme 25).
Analogously, Complex [(dppe)Rh][BPh,] was applied to the oligomerization of
methylacetylene and CO,, which gave a mixture of dimeric, trimeric, and aromatic
products [110].

Inoue et al. firstly suggested a mechanism involving the formation of
nickelacyclopentadiene from the nickel catalyst and two equivalents of alkyne,
followed by subsequent insertion of CO, to afford the pyrone (Scheme 26a)
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Scheme 26 Proposed mechanism routes to formation of pyrone from alkyne and CO,

[107, 109]. Soon afterwards, oxanickelacyclopentene generated from carbon
dioxide, one equivalent of alkynes and nickel(0) complex was also proposed to
be the potential intermediate in pyrone preparation (Scheme 26b) [111-113], and
which was confirmed by Walther et al., who performed the IR-investigations of the
catalytic formation of tetraethyl-2-pyrone from hex-3-yne and CO, at Ni(0) centers,
and determined the structure of tetraethyl-oxanickelacyclopentene complex I by X-
ray [114]. Walther and coworkers also studied the influence of the nature of the
phosphine ligands on the product distribution, and found that the yield of pyrone
could increase up to 96% when phosphanes of high basicity and small cone angle
were employed [115]. On the basis of DFT calculations, Buntine and coworkers
suggested that, in analogy to the reaction of CO, and olefins at nickel(0) complexes,
oxidative coupling of one alkyne and CO, with nickel complex results in a
thermodynamically stable oxanickelacyclopentene complex [116].
Oxanickelacyclopentene derivatives were shown to be versatile synthones
(Scheme 27) [47, 111-113]. Protonolysis of complex I led to 2-methylcrotonic
acid, and incorporation of carbon monoxide into complex I gave dimethylmaleic
anhydride [113]. Furthermore, coupling of two equivalents of complex I with
geminal dihalides afforded cyclic anhydride [112]. Insertion of a second alkyne into
Complex I delivered oxanickelacycloheptadienones II, which could undergo
reductive elimination forming pyrone. Hydrolysis of Complex II gave (Z, 2)- 2,4-
dienyl carboxylic acid (R=CF;). Interestingly, when R=CO,Me, the originally
formed dienyl carboxylic acid further underwent intramolecular 1,4-addition
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Scheme 27 Reactions of oxanickelacyclopentene with various electrophiles

leading to the five-membered lactone [111, 112]. Recently, five- or six-membered
nickelacyclic carboxylates [117], analogous to Complex I, was found to be quite
active to couple with o-haloketones, forming o,B-unsaturated d-ketocarboxylic
acids in good yield, which were easily converted into pyranones or isocoumarins.

Diynes were also found to be good substrates in cycloaddition with CO,. Upon
treatment with equimolar [118] or catalytic [119, 120] amounts of [Ni(cod),] and
several bisphosphines, diynes coupled with CO, to give bicyclic o-pyrones in
moderate to good yield (Scheme 28a). Recently, Louie et al. developed an efficient
approach to catalytic formation of bicyclic o-pyrones from diynes and CO, in the
presence of Ni-NHC complex under mild conditions (Scheme 28b) [121, 122]. It is
suggested that the steric bulk of the NHC ligand shields the Ni(0) complex from an
unproductive coupling with the diyne, leading to a high selectivity of oxanickela-
cyclopentene formation. Subsequent insertion of the second pendant alkynyl unit
followed by a carbon—oxygen bond-forming reductive elimination then released the
pyrone product in good yield. Similarly, Sato et al. investigated the nickel-mediated
carboxylation of o, ®-enyne [123, 124], and the corresponding cyclic carboxylic
acids were obtained in moderate yield though with a little bit low selectivity.

In 1999, Saito et al. reported on the nickel-mediated syn-hydrocarboxylation of
terminal alkynes that resulted in o,B-unsaturated carboxylic acids regio- and
chemoselectively (Scheme 29) [125]. Indirect evidence for the formation of the
nickelacycle intermediate was obtained by using a deuterated acid as the quenching
reagent. The deuterium atom was introduced at the vinyl position (96% atom % D),
indicating the existence of a Ni—C bond in intermediate. They also expanded the
substrate scope to conjugated enynes and diynes (Scheme 29), and found that
hydrocarboxylation occurred only at the alkynyl unit, and CO, was incorporated at
the end carbon with less steric substituent. Analogously, Iwasawa et al. developed a
nickel/bidentate amidines system for coupling of alkynes and CO, [99], which
offered o,B-unsaturated carboxylic acids with lower regioselectivity. Besides the
nickel system, titanium complexes generated from Ti(OiPr), and CsHoMgCl, were
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Scheme 29 Nickel-mediated syn-hydrocarboxylation of alkynes

also employed for the synthesis of vinylcarboxylic acids and butenolides via syn-
hydrocarboxylation and hydroxyalkyl-carboxylation of alkynes, respectively [126].

Later, nickel-promoted syn- alkylative or arylative carboxylation of terminal
alkynes, using organozinc reagents as the alkyl/aryl source, was performed under
CO, atmosphere [127], providing B,B’-disubstituted, o,B-unsaturated carboxylic
acids regio- and stereoselectively (Scheme 30a). The o,B-unsaturated carboxylic
acids could further be trapped by an intramolecular proximity-nucleophile (-OH, -
NHR) to give heterocyclic compounds in good yield (Scheme 30b) [128]. Not long
afterwards, the syn-addition of alkyl group and CO, to silylated alkyne was also
achieved via a similar method using catalytic amount of Ni complex, and the
regioselectivity was largely dependent on the steric and electronic nature of the
substituent [129]. Analogously, syn- arylative carboxylation of disubstituted alkynes
delivered tetrasubstituted alkene in high yield and, however, with a relatively low
regioselectivity [130].

More recently, several research groups revisited the hydrocarboxylation of
alkynes with CO, and focused on carrying out the reactions at low transition-metal
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Scheme 31 Hydro-, alkyl-, or aryl-carboxylation of alkynes in the presence of Ni or Cu complexes

catalyst loadings under mild conditions with expanding substrate scope of alkynes.
Ma and coworkers reported on a concise synthetic route to 2-alkenoic acids via
nickel-catalyzed coupling of alkynes and CO, using diethyl zinc as the [H] reservoir
with high regio- and stereoselectivity (Scheme 31a) [131]. Further, Ma et al.
employed this method to the preparation of o-alkylidene-y-butyrolactones via
hydrocarboxylation of homopropargylic alcohols and subsequent intramolecular
esterification (Scheme 31b) [132]. Almost at the same time, Tsuji et al. investigated
the copper-catalyzed CO,-fixation with alkynes in the presence of hydrosilanes as
reducing reagents [133]. Both the internal and terminal (Symmetrical or unsym-
metrical) alkynes were hydrocarboxylated in moderate to good yield. Hou described
an analogously hydro- or methylative carboxylation of both terminal and inter
alkynes with high regioselectivity using cascade (hydro-) methylative alumination
and NHC-Cu catalyzed carboxylation in one pot [134]. However, the inter alkynes
was narrowly limited to those possessing a tethered directing ether group.
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Additionally, it was found that nickel(0)-mediated carboxylation of aryl ynol ether
proceeded in a highly regioselective manner to give a-substituted-p-aryloxyacrylic
acid derivatives (Scheme 31c) [105]. Furthermore, in 2016, Hou demonstrated a
NHC-Cu-catalyzed alkylative carboxylation of ynamides (Scheme 31d), both cyclic
and acyclic, in simple one-pot procedure, affording the corresponding o-amide-a, 3-
unsaturated carboxylic acids with high regio- and stereoselectivity [135].

Sakaki and Tsuji [136] reported a nickel-catalyzed double carboxylation of
internal alkynes with CO, (Scheme 32) employing Zn powder as reducing reagent,
and MgBr, as an indispensable additive for its key role in the second CO,
incorporation, which was disclosed and supported by DFT calculations. A wide
range of maleic anhydrides were prepared in good to high yield.

In 2012, Ma and coworkers unveiled the first copper-catalyzed anti-nucleomet-
allation—carboxylation of 2-alkynylanilines with carbon dioxide in the presence of
dimethylzinc and cesium fluoride (CsF) for the effective synthesis of indolyl-3-
carboxylic acids and indolodi- hydropyran-2-one (Scheme 33) [137]. They
suggested that all the three metals Cu, Cs and Zn created a synergetic environment
for the smooth conversion to the anti-amino carboxylation products, which was
further facilitated by fluoride ion for its CO,-activation through FCO, ™ interme-
diate. In the same year, Inamoto et al. reported another example of anti-amino(oxo)
carboxylation [138], and found that in the absence of transition metal catalysts, o-(1-
alkynyl)anilines could be transformed into indolyl-3-carboxylic acids using 10
equivalents of K,CO3 with CO, at 10 atm.

Along with the heterocarboxylation of alkynes mentioned above, the more
challenging catalytic silacarboxylation [139] and boracarboxylation [140] were also
accomplished (Scheme 33). Such novel conversions would lead to the addition of
both a silyl or bory unit and a carboxylate group to the C—C triple bond, and the
resulting products o,B-unsaturated B-(sila)boralactone derivatives could serve as
versatile building blocks for further construction of multifunctionalized alkenes.
Inspired by the work of stoichiometric silylcupration of 1-hexyne [141, 142], Tsuji
and coworkers developed the first catalytic silacarboxylation of internal alkynes
employing CO, and silylborane in the presence of a copper catalyst [L-Cu-ClI],
affording silalactones regioselectively in good to excellent yields (Scheme 33a)
[139]. Analogously, Hou et al. demonstrated the first catalytic boracarboxylation of
alkynes with bis(pinacolato)diboron and CO, using an N-heterocyclic carbene
(NHC) copper catalyst, giving B-boralactone derivatives regio- and stereoselectively
(Scheme 33b). The isolation and structural characterization of B-boryl alkenyl
copper complex, B-boryl alkenyl carboxylate copper salt and the lithium—copper
transmetalation intermediate provided key insight into the mechanistic aspects of
the catalytic cycle (Schemes 33c, 34) [140].

Ni(acac)o(bpy) (10 mol%) (6]

¢} @)
R_— Rv _Zn(3eq) MgBrp(2eq) _ ﬁ
CO, (1 atm), MS 3A

R' R"

Scheme 32 Nickel-catalyzed double carboxylation of internal alkynes with CO,
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3 Insertion of CO, into Organometallic Reagents

As a long-known reaction, insertion of CO, molecule into the M—C bond of a
organometallic compound afforded carboxylate species straightforwardly. Origi-
nally, organometallic compounds of group I and Il were employed to investigate
this kind of CO,-fixation. The use of organomagnesium compounds in carboxylic
acid synthesis could be traced back to the beginning of the “Grignard reagents”
legacy around 1900. Due to its strong nucleophilicity and basicity, the addition of
Grignard reagents to CO, delivered the corresponding carboxylic acid efficiently
(Scheme 35a) [143-146]. Interestingly, treatment of CO, with allylic magnesium
reagent resulted in <y-carboxylation (Scheme 35bl), whereas o-carboxylation
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occurred with allylic barium reagent (Scheme 35b2) [147]. The regioselectivity of
v-carboxylation of allyl-magnesium might attribute to the aggregation of magne-
siated species. The double bond geometry of allylbarium was completely retained.

Magnesium amides (alkyl magnesium amides) [148-151], especially
Mg(NiPr,),, BuMgNiPr,, and (TMP),Mg (TMP: 2,2,6,6-tetramethylpiperidino),
are a kind of new bases for stoichiometric, position-selective deprotonation/mag-
nesiation of weakly acidic CH, such as cyclopropyl-CH cyclobutyl-CH and cubyl-
CH, in particular those activated by an adjacent amide group. The resulting amido-
stabilized magnesium spices could be trapped by CO, smoothly, affording the
corresponding carboxylic acids with high regio- and stereoselectivity and in
moderate to good yield (Scheme 36).

Organolithium reagents came into the synthetic use for carboxylic acid somewhat
later, but are very important for the low-cost preparation of carboxylic acids
[152-156]. For example, aryl lithium intermediate generated from Br/Li exchange
smoothly coupled with CO, to give lithium benzoates, which underwent lactoniza-
tion after acidic workup spontaneously (Scheme 37) [157].

However, Grignard and organolithium reagents are quite restricted in the types of
functional groups that can be present in either organometallic compounds or
reactants due to their high reactivity, and thus is of limited use in organic synthesis.

The organometallic compounds of group III elements, especially the organo-
boron reagents, had their wide application in coupling reactions, and of course were
found to react efficiently with CO,. In 1960, Ziegler and coworkers demonstrated
that the addition of triethylaluminum to CO, offered the compound Et,Al(OOC-Et),
which can—depending on the stoichiometry—further react with AlEts, leading to a
mixture of carboxylic acids and alcohol after subsequent hydrolysis [158]. The
research groups of Zweifel and Eisch reported that afe vinylalane complexes
underwent a smooth conversion to the corresponding alkenoic acids upon treatment
with CO, in the presence [159, 160] or absence [161] of organolithium reagents
(Scheme 38A). Recently, Hou and coworkers [162] found that when treatment with
CO, in the presence of NHC-Cu catalyst, arylaluminum species generated in situ by
deprotonative ortho-alumination of aromatic compounds bearing a directing group
could be transformed into the corresponding aryl carboxylic acid with moderate to
high yield (Scheme 38b).
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Scheme 38 Conversion of organoaluminium to carboxylic acid with CO,

One of the early attempts to activate CO, by utilizing less polarized boron—
carbon bonds was reported in 2006 by Iwasawa and coworkers [163]. In this report,
rhodium catalysts were employed to conduct carboxylations of aryl- and alkenyl-
boronic esters under an atmospheric pressure of CO, (Scheme 39). However, it was
observed that the boronic esters bearing bromo, nitro, alkynyl, and vinyl substituents
were entirely inert under otherwise identical Rh(I)-catalyzed carboxylation condi-
tions. Some of these drawbacks have been circumvented later by the research
groups of Hou [164] and Iwasawa [165] who independently introduced the less-
expensive and readily available copper catalysts to perform the carboxylation of
such boron-type compounds (Scheme 39). In accordance with the findings, the
copper—catalyst system showed a broader substrate scope than the rhodium-
catalyzed methods and allowed for the synthesis of a wide range of functionalized
carboxylic acids. DFT studies on the Cu'-catalyzed carboxylation of arylboronate
esters suggested a basic catalytic cycle including transmetalation, CO, insertion and
carboxylate displacement [166]. Analogously, a simple silver'/phosphine system
was also found to enable the catalytic conversion of arylboronic esters to the
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Scheme 40 Radiotracer synthesis of ''C-labeled carboxylic acid via Cu'-catalyzed carboxylation of
arylboronate esters

corresponding carboxylic acid with wide functional group compatibility as well as
good yield [167].

Recently, a pH-controlled monophasic/biphasic switchable Cu-NHC -catalyst
system was developed for carboxylation of organoboronic esters and benzoxazole
with carbon dioxide [168]. The tertiary amine-functionalized catalysts could be
recycled and used for at least four times with a slight loss of activity.

The approach of Cu'-catalyzed carboxylation of arylboronate esters further found
its application in radiotracer synthesis of ''C-labeled carboxylic acids [169]. In this
way, a ''C-labeled oxytocin receptor ligand was prepared in one pot for less than
10 min (Scheme 40). HPLC gave ["'C]-X in 20% RCY at 43 min from radionuclide
production with a radiochemical purity of >98% and a specific radioactivity of
1.5 Ci pmol .

Allylborons as well as allylstannanes were carboxylated using (n3 -allyl)Pd"(-
L)(carboxylate) (L=PR3 or NHC) or allyl-bridged Pd(I) dimers (n3-allyl)2Pd2/NHC
as active catalysts in high efficiency (Scheme 41a) [170-174]. However, substrates
possessing substituent(s) at o or y position(s) were not fit in this Pd-catalyzed
coupling reaction. The substrate scope was extended to more substituted allylborons
by employing a well-studied NHC-Cu/tBuOK catalyst system in Duong’s group
(Scheme 41b) [175]. A diverse array of substituted P, y-unsaturated carboxylic
acids were prepared via this method with high regioselectivity, including that
featuring all-carbon quaternary centers.

Alkylboron compounds, generated from hydroboration of terminal alkenes with
9-borabicyclo-[3.3.1]nonane, were also successfully used as substrates for carboxy-
lation with CO, in the presence of a copper (I) complex [176, 177], which showed
high functional group compatibility (Scheme 42). A stoichiometric amount of base,
such as MeOLi or +-BuOK, played an important role in promotion of the coupling.
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In 1997, Shi and Nicholas reported the oxidative addition of [PdO(PR3)4] to
allylstannanes, followed by insertion of CO, into the palladium-allyl bond, thereby
created a carboxylate ligand, which is cleaved from the palladium center by the
oxophilic R’3Sn species (Scheme 43) [178]. The resulting organotin carboxylates,
especially diorganotin esters, have a wide range of commercial applications in
industry as stabilizers for polymers and copolymers made from vinyl chlorides.
Later, the research group of Wendt [179] revisited the work of Shi and Nicholas,
and found that carboxylation of allylstannanes with CO, occurred in the presence of
palladium pincer catalysts, which afforded the organotin carboxylates in good yield.
Recently, just as mentioned above, Hazari and coworkers developed another two
efficient (n3-allyl)2Pd/NHC and (n3-ally1)2Pd2/NHC catalyst systems for the CO,-
fixation with allylstannanes or with allylborons [170-174].

Based on the work of Pd-catalyzed carboxylation of allylstannanes, Nicholas and
coworkers [180] further studied a tentative three-component carboxylative coupling
reaction between allyl halides, allylstannanes and CO,, using Pd or Pt phosphine
complexes as catalysts, which gave a mixture of four allyl esters in moderate to
good yield (Scheme 44a). The low selectivity probably resulted from the reversible
carboxylative procedure and the unfavorable reductive elimination equilibrium to
form ester and regenerate Pd(0) species. Similarly, Bao et al. [181] performed the
carboxylative coupling of allyltributylstannan with benzyl chlorides and CO, to
produce benzyl but-3-enoates in satisfactory to good yields in the presence of
catalytic palladium nanoparticles (Scheme 44b).

Interestingly, other than the allylstannanes, N-Boc-o-amido stannanes and o-
acetoxy stannanes were also transformed into the corresponding o-amino acids and
mandelic acid derivatives, respectively, using CO, as Cl source, which were
promoted by CsF in the absence of any transition-metal catalyst (Scheme 45a)
[182—184]. In addition, the configuration of the a-carbon was inverted up to 90%
when chiral N-protected o-amido stannanes (ee > 99%) were employed in this
reaction. Alternatively, a-amido stannanes could undergo facile Sn—Li exchange for
in situ generation of lithiated amide, which could be trapped with CO, to form o-
amino acids derivatives in good yields (Scheme 45, b) [185].
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Silicon is similar in electronegativity to carbon and the carbon-silicon bond is
quite strong (~75 kcal/mol). Most of the valuable synthetic procedures base on
organosilanes involves either alkenyl (aryl) or allylic silicon substituents.
Carboxylation of aryl- and allylsilanes were first realized with the aid of
aluminum-based Lewis acids, giving aromatic and B,y-unsaturated carboxylic acids
respectively with relatively low yield (Scheme 46a, b) [186]. Later, a more efficient
CsF-mediated desily-carboxylation method, just as that used for activation of
organostannanes, was developed [187]. Various electron-deficient aryltriethylsi-
lanes were coupled with CO, smoothly, affording the corresponding desily-
carboxylated products in high yield. On the other hand, desily-carboxylation of
electron-rich aryltriethylsilanes did not proceed at all. Furthermore, in combined use
of CsF-mediated desily-carboxylation and Ag'-catalyzed cyclization [188], numer-
ous trimethyl(2-methylenebut-3-yn-1-yl)- silane derivatives were transformed into
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Scheme 46 Carboxylation of aryl- and allylsilanes prompted by aluminum-based Lewis acids or CsF

2-furanone or 2-pyrone derivatives depending on the substituent R’ at the alkyne-
motif (Scheme 46c¢).

Later, Mita and Sato successfully expanded the substrate scope of CsF-mediated
desily-carboxylation to a-hetero (O, N) silanes. a-Siloxy silanes were carboxylated
efficiently through a key intramolecular Brook rearrangement intermediate
(Scheme 47a) [189], while carboxylation of a-amino silanes proceeded smoothly
via direct intermolecular activation of silanes with fluoride (Scheme 47b) [190].
Furthermore, domino reactions including successive ammonium salt formation,
CsF-mediated desily-carboxylation, esterification, and 2,3- or 1,2-Stevens rear-
rangement were applied to a kind of structure-limited o-amino silanes for one-pot
synthesis of a-amino acids via ammonium ylide intermediates (Scheme 47c) [191].

Organozinc reagents have become one of the most useful of organometallics in
terms of synthesis since they tolerate a broad range of functional groups. The
reactivity patterns of organozinc compounds are similar to derivatives of Group TA
and ITA metals. However, the carbon-zinc bond has more covalent character, and
thus the organozinc reagents are considerably less reactive towards electrophiles.
Many of the synthetic applications of these organometallics derived from zinc are
based on this attenuated reactivity and involve the use of a specific catalyst or
addictive to promote reaction. As in case of CO,-fixation, the research groups of
Dong [192] and Oshima [193] almost simultaneously published their findings of the
coupling between alkyl- and arylzinc halides with CO, promoted by in situ formed
Aresta complex [194] [(CysP) 2M(n2—C02)] (Dong: M=Ni, Pd; Oshima: M=Ni;),
which enables carboxylation of functional group compatible both aliphatic and
aromatic nucleophiles (Scheme 48).

Later, an efficient process for the carboxylation of functionalized organozinc
reagents with CO, under transition-metal-free conditions was investigated by
employing LiCl as promoter in different solvents (Scheme 49a) [195], results of
which suggested that the polarity and donor numbers of solvent may affect the
coupling reaction significantly, and DMF was found to be the best one in this
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reaction. Analogously, MgCl,-accelerated addition of functionalized organozinc
reagents to carbon dioxide was also achieved under mild conditions (Scheme 49b)
[196, 197]. By this method, ibuprofen was prepared in a short four-step route
(Scheme 49c).

The insertion of CO, into the metal-C bond of organo transition-metal compounds
[198-203], such as organo scandium [204], titanium [205], zirconium [205-209],
nickel [210-213], iron [214], copper [215-219], tungsten, [220, 221], palladium
[207, 222-224], iridium [225], ruthenium [226-228], and rhodium [225, 229-231]
complexes, also had been widely investigated, and in most cases, carboxylation of the
C-ligand(s) occurred efficiently, affording the corresponding functionalized metal
carboxylate products (Scheme 50). Experimental and computational studies showed
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that the carboxylation of zirconium and other d° metal as well as ruthenium alkyls
species likely proceed via coordination-migratory insertion mechanisms. On the other
hand, carboxylation of group 10 metal complexes (M=Pd, Ni) occurs by direct Sg2
backside attack of CO, on the M—R group to generate a M™ ~ O,CR ion pair that
collapses to the product. For the most thoroughly studied carboxylation of group 6
metal complexes, a concerted I, (associative interchange)/Sgi (internal electrophilic
substitution) mechanism was proposed. Similar [,/Sgi mechanisms had been
implicated for the incorporation of CO, into Ru, Rh, and Cu complexes too.

4 Insertion of CO, into C-X Bond

Taking into consideration that stoichiometric organometallic species are frequently
prepared from organic halides, an ideal strategy within the carboxylation filed
would be the use of organic (pseudo)halides as coupling partners, thus avoiding the
need for well-defined and stoichiometric organometallic reagents [37]. As evident
from the wealth of literature data reported in recent years, the metal-catalyzed
reductive carboxylation of organic (pseudo)halides has reached remarkable levels of
sophistication, representing powerful alternatives for preparing carboxylic acids
from simple precursors.

In 2009, a novel protocol for the Pd-catalyzed coupling of carbon dioxide with
aryl halides directly without pre-synthesis of organometallic reagents was presented
by Arkaitz Correa and Rubén Martin, using ZnEt, as reducing agent (Scheme 51)
[232]. Tt was proposed that, instead of coupling with organozinc species that are
often formed by halogen-metal exchange between Et,Zn and aryl iodides, the
insertion of carbon dioxide into the Pd-aryl bond followed by transmetalation with
Et,Zn is the key step for this catalytic transformation. Analogously, Daugulis
described a Cu/TMEDA system for catalytic carboxylation of aryl iodides using
Et,Zn as reducing agent [233]. Good functional group tolerance is observed, and
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Scheme 52 Ni-catalyzed coupling of carbon dioxide with aryl- or vinyl- chlorides via SET processes

additionally, hindered aryl iodides such as iodomesitylene could also be
carboxylated.

Apart from the regular Et,Zn, manganese with the aid of Et;NI could work as
efficient reducing agent in nickel-catalyzed carboxylation of aryl- and vinyl-
chlorides with CO, (Scheme 52) [234]. Various aryl- and vinyl- chlorides were
successfully converted to the corresponding carboxylic acid in good to high yield.
The proposed mechanism suggested that a key aryl-Ni(I) intermediate was
generated upon single-electron transfer (SET) mediated by Mn, probably facilitated
by Et4NI. Subsequent insertion of CO, into the C(sp2)-Ni(I) bond followed by a
second SET process would regenerate the LnNi(0) species while forming the
targeted carboxylic acid upon final hydrolytic workup.

Later, Rubén Martin and coworkers extended this kind of reaction further to the
development of Ni-catalyzed direct carboxylation of benzyl halides with CO, using
zinc as reducing partner for assembling phenylacetic acids (Scheme 53) [235]. All
the primary, secondary, and tertiary benzyl halides were coupled with CO,
efficiently via benzylic C(sp>)—halide activation under mild reaction conditions with
an excellent chemoselectivity profile. A similar key benzyl-Ni(I) intermediate
generated upon SET reduction mediated by Zn was also proposed. DFT calculations
[236] revealed the crucial roles of MgCl, as a non-innocent additive for either
stabilizing a Ni(I)-CO, complex prior CO, insertion, or facilitating SET-type
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processes. Alternatively, reductive carboxylation of primary benzyl halides
employing Pd catalysts and Mn as reductant was developed by He et al. [237].
Again, MgCl, was found to be essential for stabilizing Pd/benzylhalide adduct and
thus CO, insertion.

The carboxylation of unactivated alkyl halides possessing B-hydrogens were also
achieved by utilizing Ni precatalysts and bidentate nitrogen-containing ligands,
particularly 1,10-phenanthroline backbones, together with Mn as reducing agent
(Scheme 54) [238, 239]. Despite the reluctance to undergo oxidative addition and
the proclivity of the in situ generated alkyl-Ni species towards destructive B-hydride
elimination or homodimerization, the coupling between unactivated alkyl halides
and CO, proceeded smoothly, delivering the corresponding carboxylic acids with
excellent functional group compatibility as well as moderate to good yield.
Interestingly, it was found that the inclusion of orthosubstituents adjacent to the
nitrogen atom of the 1,10-phenanthroline backbone was critical for success. With a
combination of n-butyl N-orthosubstituted 1,10-phenanthroline and additive n-
BuyNBr (TBAB), nickel-catalyzed carboxylation of unactivated primary, secondary
and even tertiary alkyl chlorides occurred with an exquisite chemoselectivity profile
at atmospheric pressure of CO, (Scheme 54b). This methodology was further
adapted in iterative cross-coupling scenarios of polyhalogenated backbones for its
feasibility on promoting intermolecular cross electrophile coupling reactions
(Scheme 54c).

Specifically, based on extensive studies and experimental finds, Rubén Martin
reported a mild and user-friendly cascade reductive cyclization/carboxylation of
unactivated alkyl halides with CO, route to elusive tetrasubstituted carboxylated
olefins with five- or even six-membered ring substituents upon treatment with the
well-developed Ni"/1,10-phenanthroline/Mn system [240], in which CO, insertion
took place at a distal reaction site rather than the initial site (Scheme 55). Alkyl
halides possessing alkyne motifs at an appropriate position within an alkyl side-
chain were converted to the desired tetrasubstituted vinyl carboxylic acid with
excellent chemoselectivity and divergent syn/anti selectivity. The observed anti-
selectivity might be attributed to a preferential recombination of the Ni' center to the
less steric side of the vinyl radical during SET-type processes, which was supported
by indirect evidence that only a single anti carboxylic acid was obtained when upon
exposure of iodo(2-methoxycyclopentylidene)methyl benzene (E:Z = 2:1) under
the typical reaction conditions.

Very recently, Ni-catalyzed reductive carboxylation of secondary organic halides
was developed [241] employing bromocyclopropane derivatives due to ring strain
and sp2-like orbital rehybridization of cyclopropyl rings, which facilitated the
carboxylation to some extent as aromatic rings did (Scheme 56). Interestingly,
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Scheme 55 Ni-catalyzed reductive cyclization/carboxylation of unactivated alkyl halides

cis/trans ratios were invariably observed for unsymmetrically substituted substrates,
regardless whether diastereomerically pure trans- or cis-cyclopropyl bromides were
utilized, thus suggesting the intermediacy of SET-processes via Ni(I) reaction
intermediates. There was no competitive ring-opened products obtained through a
radical intermediate was suggested as a key role played in catalytic cycle.
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Scheme 57 Ni- or Co-catalyzed carboxylation of tosylates, triflates, and mesylates

Inspired by the success of cross-coupling reactions of organic halides with CO,,
simple C-O electrophiles have recently emerged as powerful alternatives to organic
halides in cross-coupling reactions due to their low toxicity, ready availability and
natural abundance of alcohols. The first example of a catalytic CO, insertion into C—
O bonds was reported by Tsuji and Fujihara using aryl tosylates and triflates under
similar conditions to those employed for the carboxylation of aryl chlorides with a
system based on NiCl,(PPh;3),/EtyNI and Mn as reductant (Scheme 57a) [234].
Later, Tsuji and Fujihara further extended the scope of these reactions by utilizing
either Co™ or Ni"" catalysts (Scheme 57a) [242]. Alkenyl as well as sterically
hindered aryl triflates was converted to the corresponding carboxylic acids smoothly
via this approach. Analogously, by employing NiBr,(bpy) as catalyst in the absence
of halogenated additives, a wide variety of electron-rich or electron-poor aryl
tosylates including ortho-substituted substrates were found to be quite active to
couple with CO, under moderate temperatures and atmospheric pressure [243].
Carboxylation of unactivated primary alkyl mesylates or tosylates were also
achieved by Rubén Martin and coworkers under similar conditions as those utilized
for the carboxylation of unactivated aryl bromides (Scheme 57b) [238].

The powerful Ni''/Mn system was employed further for the efficient carboxy-
lation of either aryl or benzyl ester derivatives via activation of traditionally
considered inert C(sp2)- and C(sp3)-O bonds (Scheme 58) [244]. However, most
C-0 bond-cleavage remained limited to m-extended systems. This limitation could
be partially overcome by the use of hemilabile directing groups on the ester motif.

In 2014, Tsuji and Fujihara described the cobalt-catalyzed carboxylation of
propargyl acetates with CO, again using Mn as reducing agent (Scheme 59a). The
incorporation of CO, into the C—O bond of various secondary or tertiary propargyl
acetates with bulky substituent on the alkyne terminus proceeded smoothly,
affording the corresponding carboxylic acids in good to high yields [245]. There is
no allenyl carboxylic acid observed, which could be one of the main products in
traditional Zn-mediated coupling of propargyl bromides with CO, [246]. In late
2014, Rubén Martin et al. reported on catalyst-controlled regiodivergent reductive
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Scheme 59 Co- or Ni-catalyzed carboxylation of propargyl acetates and allyl acetates

carboxylation of allyl acetates, which was capable of introducing the carboxylic
acid function selectively at either site of the allyl terminus (Scheme 59b) [247]. The
ligand as well additives and reducing agent exerted non-negligible influence on
reactivity and thus determination of the selectivity. Specifically, a protocol based on
L2 with Mn/MgCl, resulted in linear carboxylic acids, whereas a selectivity switch
was observed when operating with L1 and Zn/Na,COj;, obtaining o-branched
carboxylic acids.

Recently, the group of Mita and Sato described the Pd-catalyzed carboxylation of
allylic alcohols via formal activation of C—OH bonds using the classic Et,Zn as
reducing agent (Scheme 60a) [248]. In all cases analyzed, o-branched carboxylic
acids were exclusively obtained regardless of whether linear or o-branched allyl
alcohols were utilized. Very recently, Zhu and coworkers described the direct
conversion of 4-hydroxybenzoic acid that derived from lignin-based vanillic acid
and syringic acid to terephthalic acid by activation of phenolic C(sp2)-OH bond
using PANiOx supported on activated carbon as catalyst precursor in a fixed reactor
(Scheme 60b) [249].

Additionally, a catalytic carboxylation of air-, thermally stable and highly
crystalline ammonium salts via benzylic C(sp3)-N cleavage was developed in
Rubén Martin’s group [250] under almost the same conditions as those used for
coupling of benzyl halides with CO, (Scheme 61). Various phenyl acetic acid
derivatives were prepared with moderate to high yield including those possessing o-
alkyl chains.
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5 Insertion of CO, into C—H Bond

The development of efficient catalytic systems for direct C—H bond functionaliza-
tion is a long-desired goal of chemists because these protocols provide environ-
mental friendly and waste-reducing alternatives to classical methodologies for C—C
and C-heteroatom bond formation. During the past decade, remarkable progress in
organometallic chemistry has set the stage for the development of increasingly
viable metal catalysts for C—H bond activation reactions.

Undoubtedly, as one of the rapidly emerging areas for C—H bond functional-
ization, direct and catalytic carboxylation of saturated as well as aromatic, olefinic,
and acetylenic hydrocarbons is of considerable interest to chemical researchers and
remains a challenge to chemists.

5.1 Carboxylation of C(sp)-H Bonds

In noncatalytic processes, the direct carboxylation of terminal alkyne can be
achieved by insertion of CO, into alkynyl-metal species [251], obtained by
deprotonation of alkynes with strong bases such as alkali metal hydrides or
organometallic reagents [252-255]. In these transformations, however, the benefit
of using chemically inert CO, is more than offset by the requirement of using such
energy-rich substrates. Recently, Zhang et al. reported on the carboxylations of
particularly C—H acidic alkynes by only employing mild Cs,CO; as the base under
relatively forcing conditions (120 °C and 2.5 bar of CO,) [256]. Using this method,
after treatment with acid after the reaction, various propiolic acids were synthesized
in good to excellent yields with a wide substrate scope (see Scheme 62).
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In 1974, Saegusa et al. demonstrated the first transition-metal mediated
carboxylation of phenylacetylene with CO, gas at atmospheric pressure in the
presence of stoichiometric amounts of Cu(I) or Ag(I) salts (Scheme 63) [257].
Alkylation of the in situ intermediately formed Cu(I)- or Ag(I)-propiolate
complexes with methyl iodide drove the carboxylation/decarboxylation equilibrium
toward the desired products, giving the corresponding propiolic esters in moderate
yield. In the absence of an alkylating agent, the Cu(I)-phenylpropiolate complexes
extrude CO, readily at 35 °C with regeneration of copper phenylacetylide species.

About 20 years later, Inoue et al. reported the first example of catalytic
carboxylation of terminal alkynes with C—H functionalization in the presence of
copper or silver salts (Scheme 64) [258]. The Cu- or Ag- propiolates formed
intermediately were once again removed from the equilibrium by in situ alkylation
with 1-bromohexane. This way, various hexyl alkynyl esters with aliphatic and
aromatic substituents were prepared in moderate to good yields. Recently, Lu et al.
developed a new version of this transformation using (IPr)Cu'Cl as catalyst and
K,COj; as base [259]. They found that under an elevated CO, pressure of 15 bar,
various propiolic esters were synthesized via coupling of terminal alkynes, CO, and
allyl-, benzyl-, or similarly reactive organochlorides in good to excellent yields, and
the (IPr)Cu'Cl catalyst could be easily recovered without any loss in activity.
Similarly, Kondo et al. discovered that alkyl propiolic esters could be accessed at
ambient CO, pressure utilizing a copper/phosphine catalyst system in the presence
of Cs,CO; and alkyl halides (R’-Br or R’-T) [260].

Building on the work of carboxylative esterification of terminal alkynes, a new
approach was investigated [261] for the synthesis of arylnaphthalene lignan lactones
that are valuable natural products with promising anticancer and antiviral properties.
One-pot multicomponent coupling between phenylacetylene, carbon dioxide, and

cat. Ag(l) or Cu(l
R——H + CO, + R-X 9 or uB), R —==—COOR'
Base

Scheme 64 Ag'- or Cu'-catalyzed carboxylative esterification of terminal alkynes
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3-bromo-1-phenyl-1-propyne afforded the corresponding 1,6-diyne in situ, which
further underwent [2 4 2 + 2] cycloaddition, forming the naphthalene core
efficiently (Scheme 65). This methodology could be used to generate a broad
range of arylnaphthalene lactones and closely related analogues, both naturally
occurring and otherwise, in a parallel or high-throughput fashion [262]. Via a
similar 1,6-diyne propargyl propiolate intermediate, Miiller and coworkers [263]
developed a sequentially four-component copper-catalyzed alkyne carboxylation—
propargylation-azide cycloaddition process furnishing 1,2,3-triazolylmethyl aryl-
propiolates, which could be further expanded to a five-component synthesis of
1,2,3-triazolylmethyl 3-amino arylacrylates by a concluding Michael addition in the
same pot.

Following the principle of microscopic reversibility, Goo3en and coworkers
found that copper(I)-phenanthroline systems, which are known for their high
activity in catalytic decarboxylations, could also shift the carboxylation/decarboxy-
lation equilibrium toward the carboxylated products at a lowered temperature [264].
By this way, for the first time, propiolic acids can thus be synthesized in excellent
yields from alkynes and carbon dioxide in the presence of the mild base cesium
carbonate (Scheme 66).

Soon later, Zhang et al. disclosed an alternative CuCl-TMEDA system for the
carboxylation of terminal alkynes at room temperature and atmospheric CO,
pressure in DMF [265]. However, electron-deficient aryl alkynes could not be
converted using this method just as that happened in Goofen’s work. To overcome
this limitation, Zhang et al. developed a CuCl-poly-NHC catalytic system with
substantially improved activity, with which even (4-nitrophenyl)acetylene and
similarly electron-deficient derivatives were carboxylated at room temperature and
ambient CO, pressure (Scheme 67).

In continuation of the pioneering studies by Saegusa and Inoue, several research
groups investigated the use of silver catalysts in carboxylation of terminal alkynes. In
2011, Lu and coworkers reported Agl salt catalyzed direct carboxylation of terminal
alkynes under ligand-free conditions [266]. This catalytic system showed a substrate
scope similar to the copper-based catalysts, although the yields were somewhat lower.
Later, GooBBen and coworkers discovered that low loadings of silver(I)/DMSO
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Scheme 67 Catalytic carboxylation of electron-deficient terminal alkynes using CuCl-poly-NHC

catalysts in ppm-quantities effectively promote the carboxylation of terminal alkynes
at 50° C and ambient CO, pressure [267]. Almost simultaneously, Zhang et al.
extended their Cu(I)-NHC approach to sliver catalysts, and prepared silver nanopar-
ticles that deposited on the poly-NHC ligand material to facilitate the coupling
reaction of terminal alkynes and CO, [268]. A high catalytic activity is reached that
allows the conversion even of electron-deficient aryl-substituted alkynes. The key
advantages of this approach are the recyclability of the heterogeneous catalyst and the
negligible silver leaching. In all three cases, Cs,CO5; was once again critical for
reaching high yields with low catalyst loadings (see Scheme 68).

Very recently, several new catalytic systems, such as ferrocenyl diphosphines
Cu() complexes [269], bridged bis(amidate) rare-earth metal amides [270] and
metal—organic framework MIL-101 supported bimetallic Pd—Cu Nanocrystals [271],
were developed for efficient coupling of terminal alkynes and CO, at ambient
pressure. It was also found that bifunctional silver tungstate salt (Ag,WOQO,) could
activate alkyne with Ag™ and CO, with WO, synergistically [272], which allows
the coupling reaction to perform smoothly at room temperature and under
atmospheric pressure of CO, without extra addition of ligand (Scheme 69).

Some other aspects of this kind of carboxylation were also investigated. For
example, it was found that ethylene carbonate could be used as superior solvent for
carboxylation of terminal alkynes, since its ability to reduce the energy barrier for
CO, insertion, which was revealed by DFT calculations [273]. The Cu! salts could
be incorporated into ionic liquid, which showed no loss of catalytic activity towards
the carboxylative reaction [274]. Supercritical CO, was also employed as both a
reactant and solvent in the reaction, giving the functionalized propiolic acids in
excellent yields [275]. All of these investigations resulted in a more extended
substrate scope and a better yield.

5.2 Carboxylation of C(sp2)-H Bonds
5.2.1 Friedel-Crafts Carboxylation of Aromatics

The most desirable route to the synthesis of arylcarboxylic acids would be the direct
use of carbon dioxide via Friedel-Crafts chemistry. Friedel and Crafts themselves
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Scheme 68 Ag'-catalyzed carboxylation of terminal alkynes
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Scheme 70 Al,Clg/Al promoted carboxylation of aromatic compounds

observed that a minor amount of benzoic acid was formed when carbon dioxide was
bubbled through a mixture of aluminum chloride and benzene heated to the boiling
point of the latter [276]. Many attempts to make this reaction practical had failed
[277-282], and arylcarboxylic acids are generally obtained in poor yields because of
the low electrophilicity of CO, and/or side reactions caused by the strong Lewis
acidity of aluminum-based species which promoted the formation of secondary
products such as benzophenones and diphenylmethanes in major amounts.

In 2002, the research group of Olah and Prakash reported the first efficient and
chemoselective preparation of aromatic carboxylic acids with a carbon dioxide-
AlL,Cl¢/Al system (Scheme 70) [283]. Aluminum served as a scavenger for the
disturbing HCl liberated from the reaction to generate the high active AlCl; species
in situ, which initiated the substitution further. Later, alkyl or arylsilyl chlorides
were also found to be an efficient promoter for the Lewis acid AlBr3-mediated
direct carboxylation of aromatics [284]. Using this method, alkylbenzenes as well as
polycyclic arenes are carboxylated regioselectively with CO, of 3.0 Mpa at room
temperature.

In 2010, Munshi and coworkers showed that Al,Clg can perform as a catalyst in
Friedel-Crafts carboxylation of toluene with CO, under the combined influence of
fluorinated solvent and base, forming p-toluic acid with a turnover number of 7.87,
which may set a stage for further improvement in catalytic Friedel-Crafts
carboxylation [285].

Friedel-Crafts carboxylation with CO, could also be applied to 1-substituted
indoles and pyrroles. Dialkylaluminum chlorides instead of aluminum trihalides
were employed as the CO,-activator, with the aid of which, indole-3-carboxylic
acids and pyrrole-2-carboxylic acids were prepared regioselectively in moderate to
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Scheme 72 Proposed mechanistic pathways for Friedel-Crafts carboxylation

good yield [286]. Furthermore, Lewis-acid EtAlICl, was found to be a good initiator
for the carboxylation of a-arylalkenes and trialkyl-substituted alkenes with CO, by
combined use of 2,6-dibromopyridine to afford o,f- and/or P/y-unsaturated
carboxylic acids through a Friedel-Crafts-like process (Scheme 71) [287].

On the basis of experimental findings, there are two most possible mechanistic
pathways for Friedel-Crafts carboxylation (Scheme 72) [283]. One possible
pathway involves an initial complex between benzene and Al,Clg, with subsequent
formation of organoaluminum intermediates, which was first suggested by Friedel
and Crafts (Scheme 72a) [276]. The other proceeds through the formation of various
complexes of CO, with aluminum chloride, followed by a typical electrophilic
aromatic substitution (Scheme 72b). According to the experimental data and DFT
theoretical calculations, the most feasible reaction mechanism proposed involves
super electrophilic aluminum chloride-activated carbon dioxide reacting with the
aromatics in a typical electrophilic substitution.

To learn more about the carboxylation of aromatics and to find optimized
conditions, Olah and Prakash tested a wide range of solid and liquid Lewis and
Brgnsted acids and found that except for aluminum halides none of the other acids
(TiCly, FeCls, FeBrs, GaCls;, Ga(OTf);, CF5SOsH, K-10, Nafion-H) were able to
promote the effective carboxylation reaction. Interestingly, this limitation was partly
overcome just by changing the addition order of reactants [288]. Incubation of
Lewis acid and CO, for 1 h prior to the addition of toluene led carboxylation to
occur with a few other Lewis acids other than Al,Clg in the usual way.
Spectacularly, CuBr, produced p-toluic acid as major product when preincubated
with CO,, whereas bromotoluene is a major product when added with toluene and
then pressurized with CO, at the same temperature and pressure. Later, a kinetic
study involving stoichiometry, order of reaction, rate constants (k), and rate laws
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Scheme 73 Effect of incubation on the course of reaction showing an example for CuBr,. a Incubation ->
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performed on carboxylation of toluene by CO, further demonstrated that addition of
[CO,-Al,Clg] complex generated from preincubation of CO, with Al,Clg for 1 h to
toluene with subsequent elimination of [H'] was much faster than the typical
Friedel-Crafts reaction [289] (see Scheme 73).

5.2.2 Kolbe-Schmidt Carboxylation of Phenols

The preparation of hydroxyl benzoic acid from carbon dioxide and alkali metal
phenoxides is generally known as Kolbe-Schmidt synthesis [290, 291]. It is a
subject of novel experimental [292-301] and theoretical investigations [302-307],
by which hydroxyl benzoic acid was industrially produced as one of few chemicals
from CO,. It was observed that the yield of the reaction and distribution of products
were highly dependent on the experimental conditions. It is interesting that sodium
phenolate always leads to the formation of ortho-hydroxyl benzoic acid, i.e.,
salicylic acid (Scheme 74a), whereas potassium phenolate often results in the
production of para-hydroxyl benzoic acid (Scheme 74b). Even though the
mechanism is not quite clear, it is possible that sodium phenolate exists as contact
ion pairs, of which sodium cation coordinates with one oxygen of CO, that prefers
the formation of salicylic acid; in contrast, potassium phenolate forms dissociated
ion pairs and thus attacks CO, through the para-position. Although in most cases
this reaction is feasible only with highly electron-rich phenols, phenols with
electron-withdrawing groups such as CF; could also undergo this reaction under
certain conditions [292], and such a reaction even occurs for 3-hydroxy pyridine
[293] (Scheme 74b) and hydroxyl-2(1H)-pyridinone [308].

Modification of the Kolbe-Schmitt process for the synthesis of p-aminosalicylic
acid was also investigated [309-312], and the yields claimed in most instances are
modest. Boric acid was found to be a proper promoter to increases the yield of PAS
presumably by chelation and removal of the PAS formed in situ from the
equilibrium, thus leading to a greater conversion of m-aminophenol to PAS [313].

5.2.3 Transition-Metal-Catalyzed Carboxylation of C(sp2)-H Bond
One of the first reports on the promoted or catalyzed conversion of CO, by insertion

of sp2 C-H bond was published by Fujiwara and coworkers in 1984 [314].
Treatment of simple palladium' salts with aromatic compounds led to activation of
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the Ar—H bond to yield [Ar—Pd-H] species. Subsequent coupling with CO, at
1-30 bar gave aromatic carboxylic acids in yields between 2 and 66% (Scheme 75).
However, the authors also observed, not unusual for palladium complexes, biphenyl
self-cross coupling products in yields of up to 60%.

Since then, this area kept in silence for almost three decades until recently, in
2011, when Iwasawa et al. reported on a novel Rh(I)-catalyzed carboxylation of
aromatic compounds directly via chelation-assisted ortho C-H bond activation
(Scheme 76) [315]. Variously substituted and functionalized 2-arylpyridines and
1-arylpyrazoles underwent carboxylation in the presence of the rhodium catalyst
and a stoichiometric methylating reagent, AlMe, (OMe), to give carboxylated
products in good yields. Later, insertion of CO, into the C—H bond of simple arenes
was also achieved using rhodium(I)-catalyst without the assistance of a directing
group. Various arenes such as benzene, toluene, xylene, and other electron-rich or
electron-deficient benzene derivatives, and heteroaromatics are directly carboxy-
lated with high TONs [316]. However, despite the wide generality, the regiose-
lectivity is not as high for this reaction, and a mixture of regioisomers was always
obtained.

Very recently, Ma and coworkers applied the Rh(I)/phosphine/AlMe,(OMe)
catalytic system to the direct carboxylation of heterogeneous solid-state aryl C-H
bonds of dcppy backbones that constructed UiO metal-organic framework (MOF)
as organic linkers to generate free carboxylate groups for the first time (Scheme 77)
[317].

For direct carboxylation of C-H acidic (hetero)arenes [318], Boogaerts and
Nolan developed a novel approach [319] on the basis of the Gold(I)-mediated C-H
activation [320, 321]. They discovered that gold complex [Au(IPr)OH] enabled
efficient, direct carboxylation of (hetero)arenes at ambient temperature, provided
that KOH is present as a stoichiometric base. Soon later, Hou and coworkers [322],
as well as Cazin, Nolan, and coworkers [323] independently found that inexpensive
copper NHC-copper complexes could serve as excellent catalysts for the direct
carboxylation of aromatic heterocyclic C-H bonds with CO, (Scheme 78).
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Interestingly, both isolated complex [Cu(IPr)Cl] as well as the in situ-generated
NHC/copper complexes proved to be viable catalytic system in the presence of a
strong base, such as Ks-OBu [324]. Key to the success was the remarkably high
basicity of N-heterocyclic carbene (NHC) gold complex 1 (pK,pmso of 30.3) and
NHC-copper complex 2 (pK.pmso of 27.7), which allowed the functionalization of
heteroarenes and arenes bearing moderately acidic C—H bonds with pK, values of
less than 32.3 {with complex [Au(Ir/Bu)OH]} and less than 27.7. Later, a new kind
of NHC-Cu catalyst (zzNHC-CuCl) using 1,2,3-triazol-5-ylidene as ligand was
employed for the direct C—H carboxylation of benzoxazole and benzothiazole
derivatives [325], which showed better catalytic efficiency than that of the
[Cu(IPr)CI] complex, giving the corresponding carboxylic esters after treatment
with methyl iodide in high yields.

As the initial C—H activation proceeds through a simple protonolysis mechanism
[326-329], simple base, such as LiOsBu [330, 331], Cs,CO;5 [332], could be used as
an effective reagent for direct carboxylation of aromatic heterocycles such as
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indoles, oxazoles, thiazoles, and oxadiazoles without any transition-metal catalyst,
though, under a little harsher conditions (Scheme 79).

5.3 Carboxylation of C(sp3)-H Bonds

Additional challenges are represented by direct carboxylation of less active Csp3-H
bonds, as well as the employment of mild reaction conditions. An early and familiar
example for a base-mediated insertion of CO, into C(sp3)-H bond was shown by
the carboxylation of various acidic methylene compounds [333-336], such as
ketones, fluorene, indene, acetonitrile derivatives, etc. Using this method, a
sequential carboxylation/intramolecular cyclization reaction of o-alkynyl acetophe-
none with CO, was developed recently for the preparation of 1(3H)-isobenzofu-
ranylidene acetic acids and esters in good yield and with high selectivity toward
5-exo oxygen cyclization at room temperature (Scheme 80) [337].

Recently, DBU as a mild base has attracted more attention in this area.
Stoichiometric DBU was utilized as an efficient promoter for the synthesis of f3-
hydroxycarboxylic acids from ketones via carboxylation with CO, and sequential
asymmetric hydrogenation (Scheme 81a) [338]. Interestingly, DBU could be
immobilized on methylhydrosiloxane support and reacted with CO, to form a
reversible CO, carrier (RCC), which could transfer the ketones to ff-ketoester under
ambient CO, pressure and temperature (Scheme 81b) [339]. This RCC is found to
be recyclable and shows retention of activity in five recycles.

The carboxylation of acidic C(sp3)-H bonds of acetylacetone could also be
realized using carbon dioxide at zinc sulfide with deposited ruthenium nanoparticles
photo catalytically (Scheme 82). The reaction encompasses ruthenium-mediated
one-electron reduction of CO, to CO, with electrons from the conduction band of
ZnS and one-hole oxidation of acetylacetone to the relevant radical. Coupling of
photo-generated radicals leads to the formation of carboxylic acids [340].

Besides the acidic C(sp3)-H bonds of ketones(acetylacetones), the direct
carboxylation of active benzylic or allylic C-H bonds were also achieved. In
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2012, Sato and coworkers developed a sequential protocol for insertion of CO, into
the benzylic C(sp3)-H bond by combined operation of nitrogen-directed, Ru(0)- or
Ir(I)- assisted, catalytic C—H silylation and fluoride-mediated desily-carboxylation
(Scheme 83) [341]. The main drawback of this approach is that despite the high
conversion efficiency of the C-H silylation, the undesired protodesilylation
occurred in the next key step of desily-carboxylation, resulting in generation of a
small amount of C(sp2)-silylated byproducts.

Later, light-driven carboxylation of o-alkylphenyl ketones was devised by
Murakami and coworkers [342]. Photoirradiation of o-alkylphenyl ketones induces
photoenolization to generate the highly reactive o-quinodimethanes, which was
captured by CO, and underwent a [4 + 2] cycloaddition to afford the six-membered
cycloadduct. Subsequent ring-opening gave the desired o-acylphenylacetic acids
with moderate to good yield (Scheme 84a). Very recently, using a similar light/
ketone/copper system, Murakami and coworkers developed a new method for
photo-assisted direct carboxylation of allylic C(sp3)-H bond (Scheme 84b) [343].
The mechanism studies suggested that photo-excited ketone firstly grabbed an
allylic hydrogen atom from a simple alkene, and then coupled with the resulting
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allylic radical species to form homoallyl alcohol intermediates, which underwent a
NHC-copper catalyzed migration of allyl group upon treatment with CO,.

6 Hydrogenation of Carbon Dioxide

The hydrogenation of carbon dioxide to formic acid by insertion of CO, into the
metal-hydrogen bond of the catalyst is one of the best-studied catalytic reactions of
CO, [16, 28, 38, 344-347]. The synthesis of formic acid by hydrogenation of CO,
was first discovered by Farlow and Adkins in 1935 using Raney nickel as the
catalyst [348]. The first homogeneously catalyzed example was reported by Inoue
et al. [349]. To date, the most active homogeneous catalysts used so far for this
reaction are complexes of rhodium [350-359], ruthenium [358-368], and iridium
[358, 359, 367, 369-373], usually with halide(s) or hydride(s) as anionic ligands and
phosphines, NHCs or pyridines as neutral ligands. In general, the production of
formic acid is promoted by a base, such as triethylamine, KOH, NaOH, present in
the reaction medium, which converts the acid into formate salts. The formation of
formate salts improved the thermodynamics and drove the equilibrium towards the
desired product side. The catalytic hydrogenation of CO, could be carried out in
organic solvents, water or ionic liquids, or else directly in supercritical CO,.

In 2009, Nozaki and coworkers [371] studied the catalytic activity of iridium
hydride complexes bearing PNP pincer ligands towards the hydrogenation of CO, in
aqueous media in the presence of KOH (Scheme 85). This water-soluble iridium
complex exhibits both a remarkable TOF (73,000 h™!) and TON (3,500,000) at
120 °C, which are the highest values for this reaction reported to date. Later, Hazari
and coworkers established a simple model for predicting the thermodynamic
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favorability of CO, insertion into Ir'" hydrides, and developed a new Ir'™ trihydride

complex that has a basic structure similar to Nozaki’s catalyst with an additional
hydrogen bond donor in the secondary coordination sphere (Scheme 86). The CO,-
inserted Ir'™" formate complex X is one of the most active water-soluble catalysts for
CO, hydrogenation.

Recently, along with the classic Ru [374-378], Rh [376, 379], and Ir [380-386]
catalysts, other transition—metal complexes [387-394] were also investigated for the
synthesis of formic acid/formate from CO, and H,, in particular the inexpensive
iron [395-404] and copper [322, 405-407] complexes.

Remarkably, Marino and coworkers demonstrated that an artificial carbonic
anhydrase enzyme in which the native zinc cation had been replaced with a
Rh() could catalyze the conversion of CO, to HCOOH efficiently by direct
hydrogenation (Scheme 87) [379].

In 2010, Beller and coworkers reported the first iron-catalyzed preparation of
methyl formate from CO,/H, in MeOH in the presence of amines (Scheme 88, left)
[395]. Later, the same group developed a well-defined second-generation of iron
catalysts for improved hydrogenation of carbon dioxide and bicarbonate
(Scheme 88, right) [396]. The achieved turnover numbers are at least 1 order of
magnitude higher in comparison with any previously reported iron system, which is
comparable to the known Ru, Ir, and Rh systems.

Very recently, Christopher et al. demonstrated that copper(I) complex
LCu(MeCN)PFg could be used as an active catalyst for CO, hydrogenation in the
presence of a suitable base DBU (Scheme 89). Mechanism studies revealed that the
relatively weak base DBU which could strongly coordinated to copper played
important and unusual roles in pushing the catalytic cycle forward [406].
Coordination of the base to Cu' is essential for promoting H, activation and
displacing formate from the inactive formate complex, and most importantly,
(re)generating the active hydride intermediate LCuH from the less active
[(LCu),H] " [405].
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Scheme 88 Well-defined iron catalysts for CO, hydrogenation

Based on the wonderful works of transition metal-catalyzed CO, hydrogenation,
a Ru-Rh bimetallic catalyst system was developed for the synthesis of acetic acid
via methanol hydrocarboxylation with CO, and H, using imidazole as ligand and
Lil as additive in 1,3-dimethyl-2-imidazolidinone (DMI) solvent (Scheme 90)
[376]. The acetic acid can be generated in large amount at 180 °C and above, and
the TON still exceeds 1000 after five cycles. The mechanism studies suggested that
the ligand imidazole played a key role in stabilizing catalyst and improving catalytic
activity due to its good coordination capability to the active metal center. It was also
found that imidazole could suppress the reduction of CO, to CO, which led to a high
selectivity of acetic acid production. The additive Lil was indispensable too in this
transformation. Without Lil, the Ru—Rh complex was liable to decompose and no
acetic acid was formed.
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Scheme 89 CO, hydrogenation LCu(MeCN)* + DBU
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Scheme 90 Synthesis of acetic acid via methanol hydrocarboxylation on Ru—Rh bimetallic catalyst

Alternatively, apart from transition metal catalyst, intramolecular N/B frustrated
Lewis pairs were employed as metal-free promoter for CO, hydrogenation
(Scheme 91) [408]. Activation of H, on weakly Lewis acidic boron centers
together with the concurrent interaction of NH and BH fragments with CO,
facilitated the reaction between CO, and H,, affording formate mainly as well as a
small amount of acetal and methoxy derivatives.

7 Electrochemical Carboxylation

The electrochemical carboxylation of organic substrates with carbon dioxide is an
interesting method of synthesis of carboxylic acids, which could be performed with
or without transition-metal catalysts. By this approach, carboxylic groups are
introduced into organic halides [409-420], alkenes [421-425], alkynes [426-432],
vinyl triflates [433-435], ketones [436—438], etc. For example, electrocatalytic
carboxylation of 2-amino-5-bromopyridine afforded the corresponding benzyl
6-aminonicotinic carboxylate in good yield after treatment with BnBr (Sche-
me 92a); [439] while pentafluoroethylarenes was transformed into 2-aryltetrafluo-
ropropanoic acids under similar electrochemical conditions (Scheme 92b) [440].
Direct electrochemical carboxylation of electron-deficient benzyl alcohols was also
realized [441], giving the corresponding phenylacetic acids in moderate yield
together with a small amount of reductive byproducts, toluene derivatives
(Scheme 92c). A similar electrochemical procedure was applied to the synthesis
of biologically interesting flavanone-2-carboxylic acids with high regioselectivity
and moderate to good yield (Scheme 92d) [442, 443].
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Scheme 92 Electrochemical fixation of CO,

8 Biocatalytic Carboxylation

In parallel to recent advances in the chemical CO,-fixation, enzymatic (biocatalytic)
carboxylation is currently being investigated at an increased pace [40, 444, 445]. To
date, four major pathways of biological CO,-fixation are known: [446, 447].

1. Calvin—-Benson-BasshaM—Cycle [448, 449],

o—(@
o o~ o-® o—® HO $
HO— ™ HO ——COz H,0 COOH
OH N\ - co, T o — +
OH H+ OH OH
CO.H
o o-® o-® ':éH
@ = phosphate o—

@ Springer 48 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:4

2. reductive TCA (Arnon—Buchanan) cycle [450],
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3. reductive Acetyl-CoA (Wood-Ljungdahl) pathway [451-453],
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4. acyl-CoA carboxylase pathways: 3-hydroxypropionate/malonyl-CoA cycle
[454, 455], 3-hydroxy-propionate/4-hydroxybutyrate cycle [456], dicarboxy-

late/4-hydroxybutyrate pathway [457], and the ethylmalonyl-CoA pathway
[458].
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However, due to the high substrate specificity of these biosynthetic pathways, it
is unlikely that these pathways might be exploited to convert non-natural substrate
surrogates.

On the other hand, several unspecific CO,-fixation reactions occur in catabolic
(biodegradation) pathways. Carboxylases or decarboxylases involved in biodegra-
dation usually possess relaxed substrate specificities, which enable the regioselec-
tive carboxylation of various types of substrates, in particular epoxides
(Scheme 93a) [459-461], phenolic compounds (Scheme 93b) [445, 462—468] or
electron-rich heteroaromatics (Scheme 93c) [469-476]. In summary, it appears that
the enzymatic fixation of CO, to produce well-defined carboxylic acids in a broadest
sense seems feasible.

9 Conclusions and Outlook

In conclusion, the preparative aspects of using CO, in carboxylic acid and ester
synthesis as C1 source undoubtedly represent a key strategy for the development of
greener chemical processes. In recent years, substantial advances in the field of
CO,-based carboxylic acid (ester) preparation, have allowed the use of relatively
less-reactive coupling partners, such as unactivated organic (pseudo)halides,
(hetero)aromatics, and allylic/benzylic compounds. These methods are distin-
guished by their wide scope and functional group tolerance and therefore may
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importantly emerge as competitive and convenient protocols for the synthesis of
carboxylic acid derivatives.

Despite the recent advances realized, the use of superstoichiometric amounts of
reducing agents is still a remaining issue. In this regard, more environmentally
benign reducing agents or the implementation of photocatalytic techniques using
clean solar energy would be a considerable step-forward. Additionally, although
some progress had been made in direct carboxylation of C—H bonds, the means to
functionalization of unactivated C(sp3)-H with COj is still rare. Moreover, catalytic
asymmetric carboxylation of organic compounds for the synthesis of enantioen-
riched carboxylic acids is virtually absent in the literature. In this regard,
development of elegant catalyst systems with robustness and long-term stability,
which could exhibit high selectivity in bond-breaking and bond-forming transfor-
mations would be the key matter in this area. Alternatively, biotechnologies would
provide highly specific biosynthetic pathways for CO,-fixation and carboxylic acid
production. Overall, It is certainly speculated that a continued growth and
impressive advances in this promising area of research have yet to come.
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Abstract Alcohols are ubiquitous compounds in nature that offer modular building
blocks for synthetic chemistry. Here we discuss the most recent development of
different classes of alcohols and their coupling chemistry with carbon dioxide as to
afford linear and cyclic carbonates, the challenges associated with their formation,
and the potential of this chemistry to revive a waste carbon feed stock.
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1 Synthesis of Acyclic Organic Carbonates
1.1 The Importance of the Formation of Acyclic Carbonates from Alcohols

Among various organic molecules which can in principle be derived from CO, and
alcohols, acyclic carbonates such as dimethyl carbonate (DMC), diethyl carbonate
(DEC), and diphenyl carbonate (DPC) have attracted considerable attention over the
past decades [1, 2]. Especially DMC has been a focus of active recent research in
the field, since it represents a multifunctional molecule that can be applied as an
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apolar solvent, a fuel additive, or as an organic reagent in the production of higher
carbonates including polycarbonates, polyurethanes, and isocyanates [3-5].

Conventionally, DMC has been produced either from oxidative carbonylation of
methanol or through a reaction between methanol and phosgene (Scheme 1) [4].
Neither process can be regarded as sustainable or environmentally benign, since
they use highly toxic and corrosive reagents, and require expensive catalysts in the
case of the oxidative carbonylation or disposal of hydrogen chloride when using
phosgene. A much more attractive way to produce DMC (and related acyclic
carbonates) would be the direct reaction between CO, and methanol, as shown in
Scheme 1. The sole byproduct of this process is water, and its atom economy is
comparable to that of the oxidative carbonylation of methanol.

One major drawback of this reaction, however, is its equilibrium limitation
(thermodynamics), providing only (very) low yields in DMC. High pressures of
CO; might help to partially overcome these limitations [6] but at the cost of a high
energy demand accompanying this pressurization. Removal of the water formed in
the DMC synthesis is another way to shift the equilibrium towards the desired
product DMC. Accordingly, the development of efficient catalysts and in
combination with a dehydrating agent has become one major focus in the synthesis
of acyclic carbonates [7]. Besides DMC, DEC and DPC also have relevance in
industrial processes [8, 9]. DPC has already found wide application in polycarbon-
ate synthesis being efficiently used for transesterification of Bisphenol A (BPA).
The derived polycarbonate is a thermoplastic polymer used on a large scale as a
material for numerous applications (including electrical insulation) with a
production of more than a billion tons per year; apart from the DPC route, the
major process towards BPA-based polycarbonates still relies on the direct reaction
of BPA with phosgene. DPC synthesis from phosgene or through oxidative
carbonylation, comparable to DMC synthesis, has technical and logistic disadvan-
tages. Transesterification of DMC with phenol is an attractive alternative to the
conventional synthesis methods, however, in order to make the overall process
“greener”, DMC needs to be produced in a sustainable way.

For the direct synthesis of DMC from methanol and CO,, efficient removal of
water—besides the adequate choice of a catalyst—seems to be crucial in order to

(0]
i ¢

Phosgene route: CI/C\CI + 2CH30H — HCl + H3CO”™ “OCHj
(o]

Il
cat. C
Oxidative carbonylation: ~ CO + 050, +2CH3OH — H,O + HzCO~ ~OCHj

i

Cc
Direct synthesis from CO: CO, + 2CH3;OH =—— H,O + H3CO” “OCH,4

Scheme 1 Different routes for the synthesis of dimethyl carbonate (DMC)
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achieve an improvement of this promising methodology and to increase its
relevance in industrial synthesis. Thus, the following sections will concentrate on
organic and inorganic promoters for DMC formation, and the importance of
dehydrating agents.

1.2 Organic Promoters

One approach to address the equilibrium limitation is based on organic molecules
acting as promoters for DMC formation. Activation of CO, or water capture might
both be performed by the same organic molecule [10-12]. Especially in the latter
scenario, a stoichiometric use of the promoter is required, since water is usually
bound irreversibly. For instance, Aresta and coworkers established the use of
dicyclohexylcarbodiimide (DCC; Scheme 2) for the direct synthesis of DMC from
CO; and methanol under mild conditions (e.g., 80 °C and 5.0 MPa of CO,). Based
on the use of DCC, they reported yields of up to 62% for DMC after only 6 h, but
the protocol could also be successfully employed in the conversion of ethanol or
allyl alcohol substrates, thereby giving access to other dialkyl carbonates.
Mechanistic and computational studies led to a putative mechanism, with an
isourea/hemi-carbonate adduct as the proposed key intermediate (Scheme 2).

A different synthetic route towards DMC synthesis, which gives access to
symmetric and asymmetric acyclic carbonates, is based on Mitsunobu’s reagent.
This methodology, developed by Chaturvedi et al. [11], can furthermore be
successfully employed to convert primary, secondary, and even tertiary alcohols in a
one-pot reaction with good to high yields (70-98%) in all reported cases. Recently,
the successful application of DBU for the synthesis of acyclic carbonates was
demonstrated by Jang and coworkers [12]. The scope comprised the synthesis of
various cyclic and acyclic organic carbonates, including DMC, which could be
obtained in 48% yield under comparatively mild reaction conditions (70 °C, 10 bar
CO,).

1.3 Metal-Based Homogeneous Catalysis
Among the homogeneous metal catalysts considered, metal alkoxides have been

intensively studied in DMC synthesis since they have been shown to absorb CO, to
form organic carbonates [13, 14]. Besides titanium, zirconium, and niobium

Mitsunobu's reagent

CHy 5 5 DBU
© ogo | |

Scheme 2 Organic promotors for the direct formation of DMC from alcohols and CO,

N N N® PhP / EtOOC-N=N-COOEt @“O
(T8 Mo =
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compounds [14-18], tin(IV) complexes have been investigated in detail with respect
to DMC formation from methanol and carbon dioxide. Tetraalkoxy [Sn(OR),] as
well as dialkoxydialkyl [R3Sn(OR?),] tin compounds are classes of organometallics
both active in DMC formation, even though the efficiency of the reported systems
remains rather low [18-20]. Significant improvements of the methodology were
made by Sakakura et al. by investigating the effect of different drying agents on the
DMC formation catalyzed by organometallic tin compounds. Initially starting with
orthoesters, DMC yields of 48% (based on the orthoester reagent) and a selectivity
of 85% (DMC) were found under high pressures of CO, (300 atm) and reaction
temperatures of 180 °C, using [Bu,Sn(OMe),] as catalyst [21]. Notably, a
substantial enhancement of the catalyst performance by the addition of onium salts
was observed. One drawback of this approach, however, was the required
stoichiometric use of orthoesters. As shown in Scheme 3, they can capture water
under the release of an alcohol and an ester, but recycling of the desiccant is not
feasible.

By contrast, drying agents such as acetals promised to be more sustainable, since
they feature recovery potential from the formed ketone that upon reaction with
alcohols can regenerate the acetal [22]. In comparison to the orthoester system, a
combination of tin compound and acetal performed slightly better with a DMC yield
of 58% based on the acetal. Even though in this case onium salts do not lead to
improved catalyst performance, more recently it has been shown that acidic co-
catalysts have a pronounced influence on the efficiency in DMC formation, and for
instance the presence of small amounts of co-catalytic Ph,NH,OTf accelerated the
reaction substantially [15].

Besides organic desiccants, also inorganic versions such as molecular sieves have
been successfully employed in the dehydration process [6]. Even though zeolites are
not considered to be very efficient under high reaction temperature conditions,
yields up to 45% based on MeOH were reported [6]. Mechanistic proposals are
based on early structural findings [23], as depicted in Scheme 4. After CO, insertion
into the metal methoxide moiety, the bridging alkoxide reacts with the hemi-
carbonate anion with subsequent DMC release. The active species can be
reestablished from the corresponding oxide or hydroxide by reacting with methanol
under the release of water [24]. Recent reinvestigations and density functional
theory (DFT) calculation, though, suggest that the actual active intermediates might
be stannoxane dimers (Scheme 4) [25, 26].

(0]
H3C I
\ /OCHS
Orthoester: HsCO-C + Ho0 2 CHzOH + H3C’C\OCH3
OCHs;
0
HsCO. ..OCH - 2 CH3O0H _C.
Acetal: STTCTTTR L H0  =————== HyC"CHg
Me Me + 2 CH30H

Scheme 3 Organic desiccants that have been employed as water-capturing agents
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Scheme 4 Mechanistic proposal based on structural findings (left); reactive intermediates suggested by
computational and experimental studies

1.4 Metal-Based Heterogeneous Catalysis

The use of heterogeneous catalysts in the synthesis of chemical compounds has
several key benefits if compared with homogenous catalysis. Separation of the
catalyst from the products is usually straightforward, e.g., by a simple filtration. At
the same time, the ease of separation is advantageous when it comes to recyclability
of the catalyst. This makes heterogeneous catalysts an interesting choice for
industry, especially when similar selectivities and activities as in the case of
homogenous catalysts can be achieved. For DMC synthesis, the use of metal oxides
has had a considerable impact on the field. Beside main group metal oxides such as
Mg—Al hydrotalcites [27, 28], mainly transition metal oxides have been employed.
Among these are vanadium oxides, doped with Brgnsted acids [29] or copper/nickel
[30], but the most widely studied systems consist of zirconium and cerium oxides.

Early work by Tomishige and Fujimoto revealed the great potential of the
amphoteric materials ZrO, and CeO, (or solid solution mixtures) [31-35], being
mainly attributed to synergistic effects between their acidic and basic sites [31].
However, for the simple metal oxides the equilibrium restriction did not allow for
yields exceeding 2% [34] even under high CO, pressures of 6 MPa and
temperatures around 127 °C. Doping of the metal oxides with Brgnsted acidic
sites using H3PO,4 or H3W ,04q led to slightly improved yields or shorter reaction
times under comparable conditions [36-38].

Major breakthroughs were only achieved, though, if dehydrating agents were
added. In contrast to orthoesters or acetals, which were formerly used by Sakakura,
Tomishige, and coworker suggested the use of nitriles in 2009 [39, 40]. Water
capture with nitriles leads to amides, which can later be converted back to the
corresponding nitrile and enable the regeneration of the dehydrating species. The
elegance of this synthetic route is based on the simultaneous conversion of CO, and
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methanol to DMC and the nitrile hydration to the corresponding amide by CeO,_If
using acetonitrile as desiccant at 0.5 MPa CO, pressure and 150 °C, the yield of
DMC after 48 h reached about 9% but with only a mediocre selectivity for DMC of
65%. Also the selectivity of amide formation upon water capture remained an issue,
especially in the light of recyclability of the dehydrating agent. Benzonitrile proved
to be a much better choice not only with respect to selective amide formation, but its
use also increased the DMC yield to a remarkable 47% (1 MPa, 150 °C, 86 h), with
a significantly improved chemo-selectivity of 75% [41].

As suggested by the authors, the reason for this improved reactivity/selectivity
behavior might be suppression of competitive alcoholysis of the formed amide, if
compared to acetamide that is in situ produced from acetonitrile. A systematic
screening for suitable nitrile-based dehydrating agents [42, 43], which are efficiently
hydrated by CeO,, finally led to the use of 2-cyanopyridine as the preferred nitrile in
combination with a cerium oxide catalyst. With this system (5 MPa, 120 °C, 12 h),
yield of and selectivity for DMC were extraordinarily high, reaching levels of 94
and 96%, respectively. The recycling of the formed amide was also addressed, and
the dehydration of 2-picolinamide by Na,O/SiO, was shown to be feasible even
though the overall efficiency should be improved. The scope is not only limited to
the formation of DMC, but also ethanol or branched alcohols could be converted in
a similar way albeit with a drop in yield of the corresponding carbonate product.

In order to provide a lead for further improvement of the catalytic system,
mechanistic insights are inevitable. Tomishige et al. [44] proposed a reaction cycle
based on kinetic, spectroscopic, and computational studies, leading to an overall
mechanism as depicted in Scheme 5. It resembles the mechanism suggested by Bell
et al. for the zirconium oxide catalyzed formation of DMC from methanol and CO,
[45]. A molecule of CO, inserts into the Ce-OCHj; bond of surface bound methanol
to yield a Ce-methyl carbonate species. For the next step the authors suggested a
nucleophilic attack of another surface bound methoxy group to give DMC. The
formed hydroxide species on the cerium oxide surface can subsequently react with
2-cyanopyridine and result in the formation of 2-picolinamide [46, 47]. Other
authors, however, claim the attack of gas-phase methanol [48], or the formation of a
carbomethoxide intermediate on the cerium oxide surface [49]. Therefore, the exact
mechanism concerning the cerium oxide mediated formation of DMC remains
subject of ongoing debate in the literature.

Its superb performance regarding yield and selectivity towards DMC formation
makes the combination of cerium(IV) oxide and 2-cyanopyridine a promising
candidate for further commercial applications. This is reflected in the development
of the first continuous flow process using fixed bed reactors [50], as well as
intensified research concerning the reusability of the cerium oxide catalyst, which
eventually suffers from deactivation by adsorption of the formed amide [44, 51].
Interestingly, the scope of this system is not limited to the formation of simple
acyclic carbonates, but can also be employed to cyclic carbonates (see “Cyclic
Organic Carbonates from Saturated Alcohols” and “Formation of Six-membered
Cyclic Carbonates” sections of this review) [52], as well as cyclic and acyclic
carbamates and urea derivatives [53-55]. Very recently, cerium oxide and
2-cyanopyridine was furthermore used to synthesize polymeric materials from
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Scheme 5 Mechanism of cerium oxide catalyzed simultaneous formation of DMC and 2-picolinamide
formation from MeOH/CO, and 2-cyanopyridine, respectively

CO; and diols, as depicted in Scheme 6 [56]. Despite the low molecular weight of
the produced materials, this represents the first exciting example of a direct
copolymerization between CO, and diols.

1.5 Prospects of Acyclic Carbonate Formation

Over the last two decades, huge progress has been made regarding the yield and
chemo-selectivity in the production of DMC from methanol and carbon dioxide.
Homogeneous and heterogeneous catalyst systems have been improved continu-
ously, going hand in hand with the development of efficient dehydrating systems to
shift the reaction equilibrium towards the formation of DMC. Various studies were
dedicated to homogeneous metal alkoxide compounds, with tin(IV) complexes
leading the way. In combination with different water-removing agents, good yields

(o)
C602

nHO” ™M oH * nCO; — o/\(\dfn\o)K i

2-cyanopyridine

M,, around 1000 Da
MM, 1.2-1.4

Scheme 6 Direct polycarbonate formation from diols and carbon dioxide
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and selectivities for the formation of acyclic carbonates were obtained. Even better
performances were achieved using heterogeneous, amphoteric metal oxides such as
zirconium oxide and cerium oxide, with the latter giving excellent yields and
selectivities towards DMC when combined with 2-cyanopyridine as desiccant.
Although product separation and recyclability of catalyst and dehydrating agent
have been clearly demonstrated, recovery of the nitrile from 2-picolinamide remains
problematic for further applications and is at the same time crucial to optimize the
cost-benefit ratio as well as to design a truly sustainable, atom-economical route for
the preparation of acyclic organic carbonates. New reactor technologies such as the
use of flow chemistry with a clever use of recycle streams may at some point in time
allow to efficiently run DMC and related synthesis in continuous mode at low
conversion of the alcohol without the need for a dehydrating agent.

2 Cyclic Organic Carbonates from Saturated Alcohols
2.1 Synthesis of Five-Membered Cyclic Carbonates
2.1.1 Metal-Based Catalysts

From an industrial point of view, the transformation of ethylene glycol (EG) and
propylene glycol (PG) is of high interest. Both EG and PG are byproducts obtained
in the transesterification of ethylene carbonate (EC) and propylene carbonate (PC),
respectively, using MeOH as a reagent and with the aim to produce DMC. Thus,
recycling of the EG or PG by reaction with CO, has the potential to lift the overall
sustainability of DMC synthesis from EC or PC (Scheme 7) [57].

Tomishige reported the first attempt for this transformation using a calcined
Ce0,-ZrO, catalyst system in the presence of acetonitrile [58, 59]. Conversions of
0.7 and 1.6% were obtained under optimal reaction conditions using 0.36 mmol
(total amount of Ce and Zr) of catalyst weight, 200 mmol of CO,, 120 mmol
acetonitrile, a reaction temperature of 150 °C for 2 h: these conditions led to the
synthesis of EC and PC from EG and PG, respectively. Interestingly, the EC and
PC amount increased when the calcination temperature of the catalyst system was
increased, which resulted in lowering the amount of acid/base sites and the surface
area. As in the formation of linear carbonates, the reaction mediated by the CeO,—
71O, catalyst system is thermodynamically limited with a maximum conversion of
2%; removal of H,O would be crucial to maximize the conversion/yield of the
carbonate product.

Scheme 7 Synthesis of cyclic o
carbonates from CO, and the OH
glycols EG and PG R)\/OH + €O, =—— 0O 0 + HO
R
EG:R=H EC:R=H
PG: R =Me PC:R=Me
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Subsequently, He et al. reported two different catalyst systems such as dibutyltin
oxide/dibutyltin dimethoxide and low toxic magnesium and its oxide for the
synthesis of PC from PG and CO, under supercritical conditions using N,N,-
dimethylformamide (DMF) as solvent [60, 61]. In both cases, the maximum
conversion obtained for PG was <4% with 100% chemo-selectivity. Also, alkali
carbonates were used to catalyze the PC synthesis from PG and CO, with a relative
high yield of 10.5% under supercritical conditions in the presence of ammonium
carbonate and acetonitrile [62]. Acetonitrile did not only act as a solvent here but
also as the dehydrating agent to eliminate the water produced during the reaction
thereby shifting the equilibrium towards the formation of PC. However, the
hydrolysis of acetonitrile may generate acetamide and can subsequently react with
water to form acetic acid and ammonia. Acetic acid can react with PG to produce
propylene glycol-2-acetate, lowering the overall selectivity towards PC. Therefore,
introduction of ammonium carbonate into the reaction system inhibited the
hydrolysis of acetamide and improved the chemo-selectivity toward PC.

The combination of its bio-based origin and wide reactivity has made glycerol
carbonate (GC) a versatile and renewable building block for organic chemistry. The
direct carboxylation of glycerol (Gly) and CO, is a very interesting though
challenging route that would convert two waste materials from the chemical
industry into a valuable product (Scheme 8). Mouloungui et al. attempted to prepare
GC under supercritical conditions but the reaction did not occur [63]. Later on,
Dibenedetto employed tin-based catalyst systems [n-Bu,Sn(OMe),] and [n-
Bu,SnO] under solvent-free conditions using 6 mol% of catalyst [rn-Bu,Sn(OMe),],
5 MPa of CO, pressure, a reaction temperature of 180 °C for 15 h to obtain a
maximum conversion of 6.7% [64]. Molecular sieves were introduced into the
reactor to reduce the water content in the homogeneous phase to favor the
equilibrium towards the formation of GC.

Hereafter, Dibenedetto applied mixed oxide catalysts (CeO,/Al,0; and CeO,/
Nb,Os) under the same reaction condition mentioned above in a biphasic system
using tetra(ethylene glycol) dimethyl ether (TEGDME) as solvent to obtain a
maximum Gly conversion of 2.5%. The catalyst was recyclable at least 3 times
without any observable loss of activity [65]. Munshi et al. showed that addition of
methanol to the Dibendetto’s n-Bu,SnO-based catalyst system enhanced the
catalytic activity and as a result 30% yield for GC in 4 h at 80 °C and 3.5 MPa CO,
pressure using 1 mol% of catalyst could be attained [66]. The reaction with
diglyme, an inert aprotic solvent, instead of methanol did not improve the yield of
GC and also the use of other alcohols such as ethanol, propanol and butanol slowed
down the reaction rate. These combined results indicated that the role of methanol is
not just acting as a solvent but it is likely also chemically involved. The proposed
mechanism presumes the activation of 7-Bu,SnO by methanol to give n-

Scheme 8 Synthesis of GC o
from Gly and CO, OH )k
Ho_L_oH + co, =—— Q 0O  + HoO
OH
Gly GC
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Bu,Sn(OMe), which in turn reacts with Gly forming n-Bu,Sn(glycerol-2H) and
undergoes CO, insertion, leading eventually to GC via a Sn(glycerolcarbonate)
complex. The catalytic cycle is completed by ligand exchange in the presence of
methanol followed by ring-closing, release of the GC product and the reformation
of the Sn(OMe), complex species as shown in Scheme 9. During the process, the
monomeric species (n-Bu,Sn(glycerol-2H)) can either incorporate CO, or
oligomerize causing catalyst deactivation. The addition of methanol prevents the
formation of an oligomeric species as it is actively involved in the formation of GC
whereas the water formed during reaction is removed continuously from the system.

Similar to Tomishige’s work [58] using acetonitrile as a medium that helps to
overcome the thermodynamic limitation of the process, Sun and coworkers used
acetonitrile as a sacrificial coupling agent in the presence of a La,0,CO3-ZnO
catalyst system for the transformation of CO, and Gly into GC [67]. The highest
Gly conversion (30.3%) with a GC yield of 14.3% was reported at 4 MPa of CO,
pressure, a reaction temperature of 170 °C after 12 h when the catalyst system was
calcined at 500 °C. The envisioned mechanism involves the activation of Gly by
Lewis acidic sites (Zn>") forming a glyceroxide anion, and subsequently the oxygen
atom of the adjacent hydroxyl group attacks the zinc cation resulting in zinc-
glycerolate species along with the formation of a molecule of water which is
converted to an amide reacting with acetonitrile.

The uncalcined catalyst produces only a low yield of GC due to the higher
content of crystal lattice water, which favors the hydrolysis of acetonitrile (cf.,
amide formation) and results in more byproducts. With the introduction of
La,0,CO3, the amount of lattice oxygens (La—O pairs) increases on the surface and
leads to an increase of moderately basic sites, which in turn enhance the activation
of glycerol and CO, and thereby exhibit higher catalytic activity than pure ZnO.

2MeOH
Bu H2O G'V

AN

/Sn:O

Bu Ho\)\/OH

H.O +
N 2MeOH
‘ /
2MeOH /Sn\ n-BuaSn(glycerol-2H)

O
\Sn/ ‘_/ HO

B" ‘o CO,

carbonate
intermediate HO

Scheme 9 Proposed reaction path towards GC formation [66]
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Likewise, various other catalysts systems such as Cu/La,O; and Cu-supported
catalysts, Zn/Al/La and Zn/Al/La/M (M=Li, Mg and Zr) hydrotalcites, and Zn/Al/
La/X (X=F, Cl, Br) catalysts were also successfully employed for the direct
carbonylation of Gly to obtain maximum conversions of the substrate of <36%
under typically harsh, supercritical reaction conditions in the presence of
acetonitrile [68-70].

Very recently, He and coworkers obtained GC from the carbonylation of Gly and
CO; over CeO, catalysts with the hydrolysis of 2-cyanopyridine as the sacrificial
dehydrating agent [71]. Calcined CeO, with three different morphologies pertinent
to nanoparticles, nano-rods and sponge-like nanomaterials were prepared corre-
sponding to three different types of methods being precipitation, hydrothermal
treatment and sol-gel methodology, respectively. All three samples showed
excellent catalytic performance obtaining GC yields between 20 and 34% under
relatively mild reaction conditions (150 °C, 4 MPa, 5 h) with an activity order of
nanorod catalyst > catalytic nanoparticles > sponge-like catalyst. The CeO, nano-
rod type catalyst with the most abundant basic sites and oxygen vacancies gave the
highest yield of GC, and sponge-like CeO, with medium amount of basic sites and
the least defects gave the lowest, indicating that the oxygen vacancies play an
important role in the catalytic system. Among various dehydrating agents used,
2-cyanopyridine showed the best performance ascribed to the relatively strong
alkalinity and the formation of intramolecular hydrogen bonding in the produced
amide when the nitrile reacts with water. By optimizing the reaction conditions, the
GC yield could be increased to as high as 78.9% and the used catalyst could be
easily regenerated through the calcination process at 400 °C for 5 h, and was
recycled five times successfully.

2.1.2 Organocatalysts

Jang and coworkers introduced a metal-free carbonylation reaction in which
alcohols are converted into their corresponding cyclic carbonates in the presence of
an organic base and dibromomethane (CH,Br,) as the solvent [11]. The organic
base, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), is assumed to deprotonate the OH
unit of ethylene glycol (EG), which would render it more nucleophilic. DBU is also
known to form an adduct with CO,, and can in this way increase the nucleophilic
character of CO, favoring reaction with EG. In the presence of 2 equivalents of
DBU at 0.5 M of CH,Br; and at 0.5 MPa/70 °C, EG (0.5 mmol) was converted into
EC (24% after 18 h). In the presence of an ionic liquid (IL: bmimPFg), the EC-yield
was enhanced to 54% and under higher CO, pressure (1 MPa) it was further
improved to 74%.

ILs are well known to increase the solubility of CO, in the reaction media. Under
the optimized reaction conditions, various other alcohols were also tested as
substrates and it was found that Gly underwent good conversion obtaining a GC
yield of 86%. Similarly, other methyl- and phenyl-substituted ethylene diols
underwent smooth conversion to their cyclic carbonates to afford yields of 67-79%.
A cyclic diol was also tested and displayed an excellent yield of 73%. A set of
additional experiments was performed to understand the operating mechanism in
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these diol/CO, coupling reactions. First, an '®*O-labeling experiment was conducted
with mono-'*0-labeled styrene glycol and a 70% yield of the styrene carbonate was
achieved, where the 180 label did not exchange with 150 during the reaction, i.e. the
cyclic carbonate had the '®0-labeled atom incorporated. Second, the use of optically
active (S)-styrene glycol was examined, and the resultant styrene carbonate was
analyzed by HPLC showing full retention of the initial configuration.

The mechanism of the aforementioned reaction is shown in Scheme 10 in which
the primary alcohol first attacks the DBU-CO, adduct to form the carbonate
intermediate I, which then reacts with CH,Br, to form reactive carbonate II. Then
the intermolecular attack of the (pre-activated) secondary alcohol unit onto the
carbonate followed by the elimination of HOCH,Br affords the styrene carbonate
product. The intramolecular addition of the carbonate nucleophile in intermediate
IIT likely is not competitive under these conditions as supported by the experimental
result obtained using (S)-styrene glycol.

3 Formation of Six-Membered Cyclic Carbonates
3.1 Metal-Based Catalysts

The pioneering group of Tomishige has successfully performed various carbony-
lation reactions of diols and CO, to afford their cyclic carbonates. Recently, they
employed the privileged CeO, catalyst in combination with 2-cyanopyridine as
dehydrating agent to yield various five- and six-membered cyclic carbonates from
CO, and diols [52]. From a series of different metal oxides combined with
2-cyanopyridine for the synthesis of PC from PG and CO,, CeO, was shown to be
more active by 2 orders of magnitude compared with other metal oxides.
2-Cyanopyridine was preselected as nitrile for its exceptional reactivity towards
hydration forming 2-picolinamide. Without the addition of 2-cyanopyridine, the PC
yield was as low as 0.3% due to the unfavorable thermodynamics. Addition of
100 mmol of 2-cyanopyridine provided an excellent PC yield of >99% (chemo-
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Scheme 10 Plausible mechanism for cyclic carbonate formation from styrene glycol and CO,
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selectivity >99%) in just 1 h using 20 mol% catalyst (CeO,), at 130 °C/5 MPa CO,
and this is the highest yield of PC from CO, and PG to date.

To extend the synthetic potential of this catalyst system, synthesis of six-
membered ring carbonates was carried out by employing various 1,3-diols with
monoalkyl-, dialkyl-, and phenyl-substitutions and generally the corresponding
cyclic carbonates were obtained in high yields of 62-97% with good to excellent
chemo-selectivity (77-99%). The ester that is formed by reaction of the diol starting
material with 2-picolinamide in situ produced was spotted as the major byproduct.
Syntheses of six-membered ring carbonates, especially those having multiple
substituents, are difficult to realize using any methodology, despite the fact that they
represent useful chemicals and intermediates for, inter alia, biodegradable polymers
for drug delivery systems. The results obtained for this Ce-based catalyst system
mediating the synthesis of various six-membered carbonates are highly attractive
compared to other methodologies reported to date, except for the non-substituted
trimethylene carbonate derived from oxetane and CO,, for which Kleij et al. [72]
reported a very high yield (95%) using a simple though highly reactive Al-catalyst
based on amino-triphenolate ligands.

After the reaction, the CeO, catalyst was removed from the reaction mixture and
the filtrate was analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), which indicated that no Ce species had leached into the
filtrate (<0.1 ppm). The catalyst was therefore successfully reused for three times
without any loss of its high selectivity and yield; the BET surface area and X-ray
diffraction pattern of the CeO, material before and after the reaction remained
virtually unchanged and thus indicated that the CeO, catalyst is highly stable under
the experimental conditions. The mechanistic details are similar to the ones already
discussed for the formation of acyclic carbonates in “Synthesis of Acyclic Organic
Carbonates” section. Overall, this catalyst system shows the best yields for cyclic
carbonate synthesis (five- and six-membered ones) from diols and CO, reported to
date.

3.2 Organocatalysts

Buchard and coworkers [73] performed the synthesis of six-membered cyclic
carbonates directly from various 1,3-diols and CO, at room temperature, 0.1 MPa of
CO, using standard reagents. First, the selective mono-insertion of CO, into one of
the O-H bonds of 1,3-butanediol in various solvents was examined in the presence
of DBU as catalyst. After the selective formation of the mono-carbonate
intermediate at low concentration, 1 equivalent of tosyl chloride/triethylamine
was added to the reaction mixture and stirred at room temperature. The pure
targeted product was isolated in an appreciable yield of 44%, which was increased
to 68% when a higher concentration of diol (going from 0.1 to 1.7 M) was applied.
Investigation into the scope of diol substrates revealed that various 1,3-diols were
good reaction partners in this organocatalytic approach, and the corresponding six-
membered cyclic carbonates were isolated in low to good yields (11-70%). After
initial insertion of CO,, into one of the O-H bonds, tosylation of the carbonate
species or the remaining alcohol function can be envisaged. Hereafter, the
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cyclization proceeds via either an addition/elimination sequence or an SN2 pathway,
leading to retention or inversion of stereochemistry, respectively.

However, the exclusive formation and isolation of the (R,R)-configured cyclic
carbonate from (R,R)-2-4-pentanediol (yield: 53%) as well as the optical activities
of the cyclic carbonates obtained from enantiopure (R)- and (S)-1,3-butanediol,
clearly indicated a preference for the addition/elimination pathway (Scheme 11),
with no observable racemization or inversion of stereochemistry, which was further
supported by DFT calculations.

4 Cyclic Carbonates Derived from Unsaturated Alcohols

4.1 Metal-Based Catalysts

Reaction of CO, with propargylic alcohols typically affords a-alkylidene cyclic
carbonates through a carboxylative cyclization process (Scheme 12), which is also a
promising and green route to convert CO,. Moreover, «-alkylidene cyclic
carbonates possess a wide range of applications in organic synthesis being for
instance building blocks in the formation of a-hydroxy ketones and 5-methylene-
oxazolidin-2-one derivatives.

Inoue et al. [74] performed the Pd(0)-catalyzed [Pd(PPhs),] carboxylative
cyclization reaction of CO, (1 MPa) with sodium 2-methyl-3-butyn-2-olate
(prepared from the corresponding alcohol and a slight excess of NaH) and
iodobenzene in THF as solvent at 100 °C and obtained the cyclic vinylidene
carbonate in 68% yield. Alternatively, the use of copper catalysis proved to be
highly beneficial to further develop this type of reaction. For instance, a cationic
copper complex derived from 2,5,19,22-tetraaza[6](1,1")ferrocenophane-1,5-diene
was an effective catalyst operating under 3.8 MPa of CO, and 100 °C affording
good yields of the cyclic carbonates (>90%) using various substituted propargylic
alcohols under neat conditions [75]. Similarly, CuCl in the presence of the IL
[BMIm][PhSO3;] yielded the «-alkylidene cyclic carbonate in 97% yield under a
milder CO, pressure of 1 MPa at 120 °C [76].

Substantial improvement in activity was reported for metal-based catalyst
systems when Mizuno et al. communicated a tungstate-based complex (i.e.,
TBA,[WO,], TBA = tetrabutylammonium) as an efficient homogeneous catalyst

DBU-H
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derived from retention of
(R)-1,3-butanediol configuration

Scheme 11 Preferred pathway for the conversion of (R)-1,3-butanediol into its six-membered carbonate
[73]
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Scheme 12 Conversion of CO, into an «-alkylidene cyclic carbonate with an exo-cyclic double bond
using propargylic alcohols

for conversion of CO, with propargylic alcohols to give the corresponding cyclic
carbonates under mild reaction conditions [77]. DFT calculations allowed
optimizing the tungstate structure and the basicities of oxygen atoms in various
polyoxometalates (POMs) were compared with the natural bond orbital (NBO)
charges; the simple [WO4]*~ tungstate was found to be the most basic among the
series. Under only 0.1 MPa of CO, pressure and at a relatively low temperature of
60 °C, propargylic alcohol (2-methylbut-3-yn-2-ol) was coupled with CO, in
acetonitrile to give the corresponding carbonate structure in 76% yield. Upon
lowering the catalyst loading while increasing the CO, pressure (2 MPa) and
reaction time, the total turnover number could be enhanced to a significant 473 with
a yield of 95%. In a similar way, more lethargic substrates such as propargylic
alcohols with internal triple bonds (cf., 1-ethynylcyclohexan-1-ol) were also
effectively transformed to their cyclic carbonates in excellent yield of up to 95%.

Having witnessed the enhancement in activity brought about by the [WO4]*~
anion in carbonate formation under much milder conditions, Song and coworkers
[78] employed a Ag,WO,/Ph;P dual catalyst system for the conversion of CO, and
propargylic alcohols to provide the w«-alkylidene carbonates under solvent-free
conditions. In this dual catalyst system, the [WO4]27 anion was envisioned to
activate both CO, and the propargylic alcohol generating a carboxylate intermediate
which could then be intercepted by Ag-activated C=C triple bond to afford the
product (Scheme 13).

Using this system at 1 mol% of catalyst loading, 25 °C and 0.1 MPa of CO,
pressure an optimum yield of 96% was obtained. Subsequently, other substrates
were examined with this dual catalyst and propargylic alcohols with alkyl and aryl
substituents at the propargylic position were also effective substrates to give the
corresponding cyclic carbonates in good to excellent yields. The method was,
however, not effective for 1-isopropyl and 1,1-cyclopentylene substituted substrates
which showed (very) low conversions due to a combination of steric hindrance and
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Scheme 13 Chemical fixation of CO, through the dual activation pathway [78]
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ring strain. Secondary propargylic alcohols failed to form the carbonate product,
while the internal propargylic substrate 2-methyl-4-phenylbut-3-yn-2-ol required
both higher CO, pressure (1 MPa) and temperature (80 °C) to afford the
corresponding cyclic carbonate in good yield (82%) using longer reaction times
(36 h). This catalyst system was easily separated by extraction with hexane and
after drying the catalyst could be successfully recycled four times without
observable loss of activity.

At room temperature and CO, pressures <2 MPa, AgOAc/DBU [79] and
F-MOP-3-Ag/DBU catalyst systems (F-MOPs = fluorinated microporous organic
polymers having Ag(I) sites incorporated) [80] in toluene gave good results.
Notably, both catalyst systems were successful in converting various terminal and
bulky internal propargylic alcohols to their corresponding cyclic carbonates in good
yields. Heterogeneous metal systems have also been reported as effective catalysts
for a-alkylidene carbonate formation. Important limitations for these supported
catalyst systems, though, were primarily the required supercritical conditions and
high catalyst loadings and, moreover, a limited substrate scope allowing only the
conversion of terminal propargylic alcohols [81, 82]. Significant improvement of
activity and reusability features of heterogeneous metal catalysts was reported by
Liu and coworkers [83] who used porous organic polymers (POPs) as a solid
support. This material allows the introduction of various CO,-philic functional
species inside its structure to obtain a more active, functional and reusable catalyst.
Specifically, the authors prepared porous poly(triphenylphosphine) with azo (R—
N=N-R) functionalities (i.e., a poly(PPh3)-azo material) with the Ag sites being
coordinated by the phosphine ligands. This system was efficiently used for CO,
transformations taking advantage of cooperative effects between the functional
porous polymer and the metal species. The poly(PPhs)-azo-Ag/DBU catalyst
converted at room temperature and a CO, pressure of 1 MPa the benchmark
propargylic alcohol 2-methylbut-3-yn-2-ol to its corresponding cyclic carbonate
with a yield of 56% in 3 h; a higher yield was achieved by further increasing the
reaction time to 18 h (>99%) with a remarkable total TON of 1563. The presence of
a high local concentration of PPh; ligands and azo functionalities in the polymer
(PPhs/Ag = 200:1, azo/Ag = 300:1) facilitated cooperative effects towards the
formation of o-alkylidene compounds. Moreover, the catalyst system was also
shown to be recyclable at least five times without loss of activity. After several uses,
transmission electron microscopic (TEM) analysis of the catalytic material indicated
that the metallic Ag particles were still highly dispersed without changes in particle
size after recycling. In order to establish possible leaching, the catalyst was
separated through centrifugation after the reaction performed for 1 h, and the filtrate
was analyzed by ICP-AES which demonstrated that there was no observable
leaching of Ag species (<10 ppb). Then, various terminal propargylic alcohols with
both alkyl and aryl substituents were examined as substrates and these reacted
efficiently with CO,, though substrates comprising bulky isopropyl groups or small
rings required longer reaction times to obtain good yields presumably due to steric
effects.

The proposed mechanism for the formation of a-alkylidene cyclic carbonates
mediated by the poly(PPhjs)-azo-Ag catalyst system is shown in Scheme 14 [83].
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First, the propargylic alcohol, activated by DBU, reacts with pre-activated CO, to
generate a carbonate intermediate. An intramolecular ring-closing step is then
followed by proto-demetalation to afford the corresponding cyclic carbonate with
the regeneration of the active Ag species and DBU.

Similarly, He et al. [84] used [(PPh3),Ag]>,COj3 (in situ formed from Ag,CO5 and
PPhj3) as a robust and highly efficient single-component bifunctional catalyst for the
coupling of propargylic alcohols and CO, at room temperature and atmospheric
pressure. After only 2 h, 2-methylbut-3-yn-2-ol and CO, were converted to the
cyclic carbonate in 93% yield under neat conditions using the in situ prepared
catalyst. The recovered precipitate after the reaction could be reused in a subsequent
carboxylative cyclization cycle.

Ag nanoparticles (NPs) have been immobilized to other solid supports such as
sulfonated macro-reticular resins (SMRs) forming an active AgNPs/SMR catalyst
[85]. Alternatively, Ag halides were supported on a porous carbon material
(AgX@C, X=Cl, Br and I) [86] and the resultant catalyst was effective at room
temperature and atmospheric pressure in the carboxylative cyclization of the
propargylic alcohol 2-methylbut-3-yn-2-ol and CO, in the presence of DBU as co-
promoter. The use of the AgNPs/SMR catalyst gave a 91% yield of the cyclic
carbonate after 10 h in DMF, and the catalyst was shown to be recyclable at least
five times. The Agl@C catalyst furnished the product in 99% yield within 4 h in
acetonitrile, and was used in a total of 10 cycles without any significant loss in
activity.

Interestingly, a zinc salt (Znl,) in combination with triethylamine (NEt;) was
recently proposed as a catalyst system in this area and showed excellent synergistic
effects to promote the solvent-free reaction of CO, and 2-methylbut-3-yn-2-ol under
a CO, pressure of 1 MPa and at 30 °C to obtain 4,4-dimethyl-5-methylene-1,3-
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dioxolan-2-one in 95% yield after 10 h [87]. These results are promising to devise
new catalyst systems based on earth-abundant and cheap metals such as Zn.

4.2 Organocatalysts

As CO, prevalently behaves as an electrophile, strong Lewis bases based on
nitrogen heterocycles have the potential to activate CO, affording zwitterionic
adducts. Thus, such organocatalytic promotors can be utilized as convenient and
cheap CO, transformers to accomplish its conversion by increasing its nucleophilic
character. N-heterocyclic carbenes (NHCs) incorporating electron-donating het-
eroatoms have a strong basic character and this enables strong G-donor ability of the
NHC useful for CO, activation. Imidazolium-2-carboxylates (with the integrated
CO, molecule in an activated state) have been spectroscopically and structurally
identified as NHC—CO, adducts. Ikariya and coworkers [88] prepared NHCs (1,3-
dialkylidazol-2-ylidenes) and their corresponding CO, adducts (1,3-dialkylimida-
zolium-2-carboxylates), and employed them as efficient catalysts for cyclic
carbonate synthesis using propargylic alcohols and CO,.

The NHC-CO, adducts showed comparatively superior activity under milder
conditions than the NHCs themselves, which required supercritical conditions to
obtain good results for the conversion of 2-methyl-3propyn-2-ol in the carboxyla-
tive cyclization with CO, to form the corresponding cyclic carbonate. Under
solvent-free conditions at 4.5 MPa CO, and 60 °C, various NHC-CO, adducts,
prepared by variation of the N-substituents (di-isopropyl, di-fert-butyl, diaryl) were
tested for their catalytic activity. The NHC-CO, adduct 1,3-di-fert-butylimida-
zolium-2-carboxylate gave the best yield (99%) for the cyclic carbonate product
among the adducts tested. If the catalyst loading, CO, pressure and/or temperature
were lowered, a significant amount of an acyclic product (1,1-dimethyl-2-oxo-
propyl-1’,1’-dimethyl-2’-propynyl carbonate) was obtained along with the desired
cyclic carbonate. The carboxylative cyclization affording the cyclic carbonate and
the subsequent addition of another propargylic alcohol to the product is thought to
lead to this 2:1 coupling product of both substrates.

Various five-membered cyclic carbonates were prepared in good yields from
different propargylic substrates having disubstituted alkyne groups using the NHC—
CO, catalyst. The presence of electron-withdrawing groups conjugated to the triple
bond in the substrate led to the targeted products in faster rates and at lower reaction
temperatures. The NHC-based catalyst also tolerates propargylic substrates
equipped with heterocycles such as pyridine and thiophene, whereas allylic
compounds such as 2-methyl-3-buten-2-ol and 2-methyl-4-phenyl-3-buten-2-ol did
not give any cyclization product. In each product, the C=C double bond was found
to have a (Z)-configuration, indicating that the addition of the NHC—carboxylate to
the alkyne fragment proceeded predominantly in an anti fashion. The postulated
mechanism for the NHC—-CO, mediated carboxylative cyclization of propargylic
alcohols and CO, involves the nucleophilic addition of the imidazolium-2-
carboxylate to the C=C triple bond and subsequent intramolecular cyclization of
the alkoxide intermediate (Scheme 15). A significant positive effect of electron-
donating N-alkyl substituents present in the NHC structure implies that the
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intramolecular nucleophilic attack of the CO, moiety, once bound to the NHC, onto
the substrates may be rate-limiting step in this catalytic cycle.

N-heterocyclic olefins (NHOs) are compounds that are capable of further
stabilizing the positive charge that arises upon activation of CO, due to
aromatization of the heterocyclic ring thereby making the terminal carbon atom
of the initial olefin group more electronegative and susceptible towards the
activation of electrophilic reaction partners. Recently, Lu et al. [89] prepared
various NHO-CO, adducts and employed them as catalysts for coupling of
propargylic alcohols and CO, to yield «-alkylidene carbonates. For comparative
reasons, NHC-CO, adducts were also prepared and in situ decarboxylation
experiments monitored by IR spectroscopy in CH,Cl, at 40 °C revealed that
decarboxylation of the NHO systems occurred within 2 h, whereas only small
amounts of NHC adducts decomposed under similar conditions. This demonstrates
that the decarboxylation of NHO-CO, adducts is relatively easy and therefore of
more practical use for cyclic carbonate synthesis. The relatively poor thermal
stability of NHO-CO, adducts therefore offers an opportunity to use these
compounds as active catalysts for CO, transformations at low temperature. In the
catalyst activity screening phase, 2-methyl-4-phenylbut-3-yn-2-ol was chosen as a
model substrate and reacted with CO, at 2 MPa pressure and 60 °C for 12 h.
Among the various NHO-CO, adducts, the isopropyl-substituted NHO-CO, adduct
showed the best results leading to a 93% isolated yield of the cyclic carbonate. The
difference in catalytic activity observed for the NHO—CO, adduct in comparison
with its corresponding NHC-CO, was established for various propargylic
substrates, and typically the NHO adducts are about 10-100 times more active
than their NHC analogues. Various terminal and internal propargylic alcohols
smoothly underwent the carboxylative cyclization reaction and were converted into
their corresponding «-alkylidene cyclic carbonates in moderate to excellent yields.
Apparently only a slight structural difference exists between the NHO and
NHC adducts; the much higher reactivity for the NHO-CO, adducts was tentatively
ascribed to the lower stability of the Ceqrpoxyiae—Cnuo bond.
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The proposed mechanistic manifold begins with the zwitterionic compound
NHO-CO, that adds to the triple bond of propargylic substrate through nucleophilic
attack. Meanwhile, hydrogen transfer of alcohol generates the new zwitterion Ia
(Scheme 16, path A), and then the alkoxide anion attacks the carboxylate carbon to
release the desired product and regenerating the NHO, which rapidly captures free
CO; to form the NHO-CO, adduct to induce further turnover. The higher thermal
instability of the NHO-CO, adducts favorably adds to the overall kinetics of the
reaction, thus creating higher turnover at lower temperatures as compared with the
reactivity of analogous NHC-CO, adducts. The NHO with increased electroneg-
ativity at the terminal carbon atom can also act as a Brgnsted base able to abstract a
proton from the propargylic alcohol to form the intermediate Ila (path B) which
subsequently reacts with CO, to give intermediate IIb (Scheme 16, path B).
Subsequently, the intermediate Ilc is obtained by intramolecular ring-closure within
intermediate IIb, which abstracts a proton from the 2-methyl imidazolium cation to
release the desired product. The obvious difference between both pathways A and B
is that the hydrogen at the alkenyl position of cyclic carbonate originates
exclusively from the propargylic substrate (path A) or both substrate and catalyst
(path B): this aspect may be elucidated by a proper labeling of the NHO and/or
propargylic substrate.

The same group also prepared various CO, adducts of alkoxide-functionalized
imidazolium betaines (abbreviated as AFIBs) and explored the AFIB—CO, adducts
as effective organocatalysts within the context of carboxylative cyclization of
propargylic alcohols with CO; [90]. The best result (97% yield) for the AFIB—CO,
mediated formation of the cyclic carbonate product was obtained under 2 MPa
pressure at 60 °C using 2-methylbut-3-yn-2-ol as substrate. The catalyst system
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Scheme 16 Proposed mechanism of the carboxylation reaction catalyzed by the NHO-CO, adduct [89]
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proved to be more effective for the carboxylative cyclization of terminal rather than
internal propargylic substrates.

Minakata et al. [91] treated various allylic alcohols with stoichiometric tBuOI
under 0.1 MPa of CO, pressure and low reaction temperature resulting in the
synthesis of five-membered cyclic carbonates containing a potentially useful
alkyliodide group. The reagent, fBuOl, can be readily prepared in situ from
commercially available fert-butyl hypochlorite (fBuOCI) and sodium iodide (Nal),
and serves to iodinate an elusive and rather unstable alkyl carbonic acid that is first
generated from CO, and an unsaturated alcohol. The introduction of the iodine atom
radically changes the position of the equilibrium of the initial CO,-trapping reaction
(Scheme 17). The use of tetrahydrofuran (THF) as solvent and a reaction
temperature of —20 °C resulted in the conversion of prop-2-en-1-ol into the
corresponding cyclic carbonate in 92% yield. To further investigate the efficacy of
fBuOlI, other iodinating reagents such as bis(pyridine)iodine tetrafluoroborate
(IPy,BF,), N-iodosuccinimide (NIS), I, and a combination of I, and triethylamine
were tested, but all these reagents failed to provide the desired product.

The main reason for BuOI being the most appropriate iodinating reagent is
related to the liberation of a relatively weak acid (i.e., fBuOH) during the reaction of
allyl-carbonic acid and rBuOI. ff-Branched allylic alcohols also could be smoothly
transformed into their corresponding cyclic carbonates in good yields. Both (E)- and
(Z)-allylic alcohols were transformed into their corresponding cyclic carbonates.
Allyl alcohols containing rigid cyclic olefins, hydroxyl, ester or silyl groups, and
homo-allylic alcohols allowing the formation of six-membered cyclic carbonates
were also compatible with this CO, conversion reaction. Similarly, various internal
propargylic alcohols reacted with CO, under similar conditions and permitted the
synthesis of the corresponding iodoalkyl derived carbonates in good yields.

Recently, an efficient carboxylation/alkene functionalization reaction of homoal-
lylic alcohols was reported by Johnston et al. [92] to produce chiral cyclic
carbonates (Scheme 18) using an approach similar to the one reported by Minakata
(vide supra). At low temperatures and ambient pressure, a toluene solution of
3-phenylbut-3-en-1-0l was treated with CO,/N-iodosuccinimide in the presence of
various bases including NaH, DBU, TBD, DMAP as well as hydrogen bond donors
such as TFA and thiourea but these conditions failed to deliver the desired carbonate
product or gave only rise to low yields. A Brgnsted acid/base combination was then
explored to promote the reaction and the use of a chiral pyrrolidine-substituted

(@) H-A + t-BuOl —> I—A + t-BuOH
X i
_0
(©) COp s J S |9 ¢ B ?Ao | o’
2 + —> _—
= H - tBuOH | ’) \/]\/

Scheme 17 a Reaction of fert-butyl hypoiodite with weak acids. b Strategy for trapping carbonic acids
with tert-butyl hypoiodite [91]

o
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Scheme 18 An R! [+ o
enantioselective method for the R )k
synthesis of cyclic carbonates | CO, (0.1 MPa) (o XEN6)
from homoallylic alcohols and R2 OH ) ) w
CO, using a chiral StilbPBAM chiral StiibPBAM 1 Ré
organocatalyst [92] HNTf,, -20°C .
good yields
high ee’s
Ph Ph
o |H
H\N N-H
\ 7
SSace
StilbPBAM

bis(amidine) gave a promising 18% yield of the iodinated cyclic carbonate in 39%
ee. An analogous catalyst incorporating trans-stilbene diamine (StilbPBAM,;
Scheme 18) instead of trans-cyclohexane diamine provided the product in 33%
yield and 36% ee. Exploration of strong Brgnsted acid additives (HNTf,) (1 equiv)
combined with the StilbPBAM organocatalyst enhanced the activity to provide a
95% yield (91% ee) in the presence of molecular sieves (4 A). Combined, the results
suggest an important role for hydrogen-bonding in the key selectivity-determining
step, and a unique reactivity associated with the proper mutual positioning of the
Brgnsted acid and base in the relevant transition state that controls the asymmetric
induction. Various other substituted styrene homoallylic alcohols were also tested:
p-naphthyl substituted anisole derivatives (meta- and para-substituted), and halogen
substituted substrates were all converted into their six-membered carbonates with
excellent enantioselectivity and in good yields, whereas substitution near the alkene
moiety was not tolerated and no conversion was noted in these cases.

5 Cyclic Carbonates from Halo-Alcohols

Another approach for the preparation of cyclic carbonates from CO, could be the
use of halohydrins (haloalcohols) as potential starting substrate in presence of a
base. The obvious drawback of this approach is the stoichiometric amount of halide
waste that is produced alongside, but in certain cases it may provide an alternative if
other methods fail to deliver the desired organic carbonate structure.

Using PEG-400 as an environmentally friendly solvent and K,CO; as an easily
accessible base, various cyclic carbonates (yield 72-100%) were prepared by the
group of Wu starting from vicinal halohydrins such as chlorohydrin, bromohydrin,
and phenyl and alkyl-substituted halohydrins at low CO, pressure (2 MPa) and
temperature (50 °C) [93]. The choice of PEG-400 as a reaction medium is beneficial

@ Springer 82 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:15

in terms of solvation of the potassium cation to increase the basicity of K,CO3, an
increase in CO, concentration in this specific medium accelerating the reaction, and
the ease of product separation. Similarly, Zhang and coworkers [94] reported on the
utilization of 1.1 equiv. of Cs,CO; as base, obtaining both five- and six-membered
cyclic carbonates in good to excellent yield under relatively mild conditions (40 °C
under 0.1 MPa CO,, Scheme 19). By variation of different solvents and bases, the
optimal conditions were determined (Cs,CO3z, DMF) and the haloalcohol substrate
3-chloro-1-propanol reacted efficiently with CO, giving 95% yield of trimethylene
carbonate (TMC). One advantage of this method, which seems a general approach if
the haloalcohol is readily available, is the easy formation of larger-ring size cyclic
carbonates which remains a synthetic challenge in the area of organic carbonates.
The mechanism of this reaction is pretty straightforward with the Cs,COj first
deprotonating the alcohol resulting in the formation of a cesium alkoxide. The latter
in turn reacts with CO, to form a carbonate intermediate which in the final step
undergoes an intramolecular ring closing reaction affording CsCl as a byproduct and
TMC.

Even more recently, Buchard and coworkers developed a related protocol for
the formation of six-membered cyclic carbonates starting from 1,3-diols at low
(0.1 MPa) CO, pressure and using DBU [73]. The procedure involves the
activation of both the alcohol functions of the substrate by tosyl chloride and
DBU allowing the in situ formation of a pseudo haloalcohol. This intermediate is
then easily converted in the presence of NEt; to the desired cyclic carbonate.
DFT analysis revealed that the mechanism most likely goes through an addition/
elimination sequence with intermediate formation of a tosylated carbonate
species, and subsequent attack of the other activated alcohol (by NEt;3) onto this
carbonate fragment releasing the product with retention of configuration as was
indeed experimentally observed for various chiral substrates. As for the
aforementioned methodologies, stoichiometric amounts of DBU-HCI and
TsOHNEt; are produced, and some optimization regarding the atom-economy
will still be required.

o
HO ¢l 0.1 MPaCO,, 10 mol% TBD O)LO
1.1 equiv Cs,COg, DMF v
- CsClI
TMC
o o]

®

Cs,CO J__oCs

HO_~_ClI #' cs® Oe\/\/C| cO. (O R — O)J\O

-CsHCO; o~ Cscl

Scheme 19 Reaction manifold for the formation of TMC using 3-chloro-1-propanol as the starting
material and Cs,CO; as base [94]
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6 Conclusions and Outlook

This overview of the latest developments in the area of cyclic carbonate synthesis
from alcohol substrates and CO, shows several advances made over the last
5-10 years with a major focus on the more recent achievements. Since the direct
conversion of alcohols in the presence of CO, is thermodynamically limited and
only low equilibrium yields can be attained, several catalytic processes have been
developed to circumvent this issue by using dehydrating agents. This approach has
resulted in the high-yield synthesis of both cyclic as well as acyclic carbonates in
good yields, though a crucial feature to optimize remains the regeneration of the
dehydrating species. If this agent can be efficiently recycled then such a process
would be extremely useful for larger scale preparation of carbonates, and
commercial exploitation. Apart from bypassing the thermodynamic limitations,
other approaches that use more functional substrates such as propargylic alcohols
have also been proven to be effective, and the carboxylative cyclization reaction is
now a valuable tool in organic synthesis. Similar types of activation protocols where
the initial alcohol function can first react with CO, to form a linear carbonate
followed by intramolecular attack onto a pre-activated alkyne fragment would be
welcome in order to design new conversions and amplify the role of mono- and
polyalcohols as suitable platform molecules in organic synthesis. Several useful
protocols towards five- and six-membered carbonate synthesis in the presence of
stoichiometric amounts of often simple and cheap reagents have already been
developed. However, to answer the ever-growing need for more sustainable
manufacturing of bulk and fine chemicals, new catalysis protocols are warranted to
address this feature more effectively. Thus it seems that the combination of
(poly)alcohols and CO, as reaction partners will continue to inspire scientists to
work on greener and more sustainable catalytic methods for the production of
carbonated compounds that will find use in areas diverse as bulk, polymer and
pharmaceutical chemistry.
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Abstract The use of CO, as a C1 building block will be of essential importance in
the future. In this context the synthesis of cyclic carbonates from epoxides and CO,
gained great attention recently. These products are valuable compounds in a variety
of chemical fields. The development of new catalysts and catalytic systems for this
atom-economic, scalable, and industrially relevant reaction is a highly active
research field. Over the past 17 years great advances have been made in this area of
research. This chapter covers the survey of the important known classes of homo-
geneous catalysts for the addition of CO, to epoxides. Besides pioneering work,
recent developments and procedures that allow this transformation under mild
reaction conditions (reaction temperatures of <100 °C and/or CO, pressures of
0.1 MPa) are especially emphasized.
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1 Introduction

Until now, the availability of raw materials and their origin, i.e. fossil resources,
were not a major concern. However, this is changing due to an increasing awareness
of the public with respect to sustainability, as well as economic constraints. In this
respect, establishing an economy based on methanol and carbon dioxide as a

Chapter 3 was originally published as Biittner, H., Longwitz, L., Steinbauer, J., Wulf, C. & Werner, T.
Top Curr Chem (Z) (2017) 375: 50. DOI 10.1007/s41061-017-0136-5.

P< Thomas Werner
thomas.werner @catalysis.de

' Leibniz Institute for Catalysis, Albert-Einstein-Str. 29a, 18059 Rostock, Germany

Reprinted from the journal 89 @ Springer


http://orcid.org/0000-0001-9025-3244
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77757-3_3&domain=pdf

Top Curr Chem (Z) (2017) 375:50

feedstock is a long-standing challenge, as well as a fascinating vision [1-4]. In
addition, part of global warming is attributed to increasing carbon dioxide levels in
the atmosphere, which is mainly caused by the thermal use of fossil fuels [5]. On 9
May, 2013, the daily average concentration of CO, in the atmosphere at Mauna Loa
Observatory (Hawaii) surpassed 400 parts per million for the first time in human
history [6]. In recent years these concerns resulted in several strategies to reduce the
atmospheric CO, concentration. Besides the prevention of CO, emissions, which is
the most reasonable long-term approach, the use of CO, as a readily available, non-
toxic, and cost efficient C1 source received considerable interest as an alternative
feedstock for the chemical industry [7—10]. In particular, the addition of CO, to
epoxides is a frequently studied reaction, which is used even on an industrial scale
for the synthesis of cyclic carbonates and polycarbonates (Scheme 1) [11-13]. The
synthesis of cyclic carbonate is of particular interest due the wide range of possible
applications, e.g. as solvents, electrolytes, monomers for polymer synthesis,
synthetic building blocks, fine chemicals, and industrial lubricants [14-18].

Various other approaches have been reported for the synthesis of cyclic
carbonates (Scheme 2). As early as 1883, the reaction of highly toxic phosgene and
ethylene glycol to produce ethylene carbonate was reported by Nemirowsky [19].
Besides phosgene, various other C1 building blocks such as dimethyl carbonate
[20, 21], urea [22-24], CO [25-27], and CO, [28-30] have been converted with
diols to yield cyclic carbonates. Moreover, halohydrins [31, 32], propargyl alcohols
[33-35], and even alkenes have been used as starting materials [36-38]. For the
conversion of alkenes the substrate is either epoxidized or converted to a halohydrin
in the first step and subsequently converted with CO,.

However, the most attractive route, especially with respect to green and
sustainable chemistry, is the atom-economic and redox neutral addition of CO, to
epoxides [39, 40]. This reaction is currently intensively investigated and great
advances have been made over the past 17 years. The interest in this up to date and
highly active research area can be illustrated by the dramatic increase of the number
of publications concerning the synthesis of cyclic carbonates since 2000 (Fig. 1).

cyclic carbonate polycarbonate
O | j\ i
/A + co, M» o~ Yo + O/\ro
R p, Tt \_/
] R

Most frequently produced cyclic carbonates from terminal epoxides and CO,:

X X X X
o 0 o 0 o 0 o 0
Me Et PH
ethylene carbonate propylene carbonate butylene carbonate styrene carbonate

Scheme 1 Cycloaddition of CO, to epoxides yielding cyclic carbonates and/or polycarbonates
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During this time, several excellent general reviews [12, 14, 41-44] on different
aspects, as well as surveys on catalysts and catalytic systems including organocat-
alysts [45, 46], ionic liquids [47-51], metal organic frameworks [52, 53], and
homogeneous metal-based catalysts [54-57] for this transformation have been
reported. This review covers the most important classes of homogeneous catalysts
and catalytic systems for the conversion of epoxides and CO,. Besides highlighting
pioneering work, recent developments and procedures that allow this transformation
under mild reaction conditions (reaction temperatures of <100 °C and/or CO,
pressures of 0.1 MPa) are especially emphasized. Thereby, this review is divided
into three main sections based on the catalyst category: organocatalysts including
ionic liquids, privileged metal complex catalysts, and miscellaneous catalytic
systems based on transition metals and main group elements.

2 Organocatalysts
2.1 Ammonium Salt Catalysts

In 1956, Lichtenwalter and Cooper reported that quarternary ammonium halides
were active catalysts for the synthesis of cyclic carbonates [58]. They described
tetrabutylammonium bromide (TBAB) and tetraecthylammonium bromide as easily
accessible and most active in the synthesis of ethylene carbonate starting from
ethylene oxide (EO) and CO, (Table 1, entry 1). Notably, this catalyst showed
higher activity and stability compared to other systems known at that time [59, 60].
Subsequently, numerous organo- and metal catalyst systems based on quaternary
ammonium salts have been reported. In general, tetrabutylammonium salts can be
considered the most frequently used (co-)catalysts in the addition of CO, to
epoxides.

In 2002 Cal6 et al. reported the use of tetrabutylammonium halides as solvents
and catalysts in the synthesis of cyclic carbonates [61]. A mixture of TBAB and
tetrabutylammonium iodide (TBAI) in a ratio of 1:1 w/w allowed full conversion of
epoxides, e.g. styrene oxide (SO) into cyclic carbonates. Remarkably, TBAI
catalyzed the reaction even at low CO, pressure (0.1 MPa) and a reaction
temperature of 60 °C (entry 2). Recently, Crousse studied hydrofluoroethers as
solvents in combination with TBAI [62]. The reactions were realized under mild
conditions at 80 °C and atmospheric pressure or 0.5 MPa. The hydrofluoroethers
allowed the enhanced delivery of CO, towards the reagents and facilitated the
reaction, in comparison to classical organic solvents. In particular, 1 was an
excellent solvent for the synthesis of cyclic carbonates (entry 3). Endo et al.
described simple hydro iodides of secondary and primary amines as effective
catalysts even under mild conditions [63]. Detailed investigations revealed that the
activity was highly affected by the nature of the counter anion. The catalytic activity
increased with increasing bulkiness of the substituents on the ammonium nitrogen
atom, as well as with increasing basicity of the parent amine. Dicyclohexyl
ammonium iodide (2) was the best catalyst among the ammonium salts investigated
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Table 1 Selected homogeneous ammonium salt-based catalytic systems

v QO
F FF F F |e H/g\H
F F
1 2 3
OH
® © "ﬁ"% ®
HO/\/NMe3 S HO/\/NBu3
I@ N/ Ie
X

4 5 6
Entry Cat. (mol%) Sub. (mmol) T (°C) p (MPa) t (h) Yield (%) References
1 TBAB (1) EO 200 3.4% 0.5 97 [58]
2 TBAI (10)° SO (250) 60 0.1 22 80 [61]
3¢ TBAI (5) SO (1) 80 0.5 6 91 [62]
44 2 (5) SO (1) 45 0.1 24 84 [63]
5¢ BnBr (1) SO (5) 120 0.1 4 86 [64]
6 [BuyN]JOH (1) SO (10) 120 1 24 88 [65]
7t [Me,NII (1) SO (5) 100 0.1 24 92 [67]
8¢ 4 (6) SO (14.3) 85 1 6 99 [68]
9 5(0.28) SO (35.5) 120 0.1 6 95 [69]
10 6 (5 SO (16) 45 1 18 89 [70]

# TInitial CO, pressure at 40 °C before heating to 200 °C

b

c

d

Amount given in wt%

NMP was used as solvent

Hydrofluoroether 1 was used as solvent

¢ 500 mol% DMF were employed

& EtOH was used as solvent

1 mol% cavitand 3

(entry 4). Notably, for some examples excellent yields were obtained even at 24 °C
even though only 20% yield was obtained at this temperature for styrene carbonate.

The use of benzylbromide (1 mol%) in combination with DMF (500 mol%) as a
very simple catalyst system at low CO, pressure (0.1 MPa) has also been reported
(entry 5) [64]. However, high reaction temperatures >100 °C were required.
Interestingly, Ema and co-workers recently reported quaternary ammonium
hydroxide as metal-free and halogen-free catalyst for the synthesis of cyclic
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carbonate (entry 6) [65]. Tetrabutylammonium hydroxide was converted into the
bicarbonate which was the catalytic active species. DFT calculations revealed the
lowest-energy process in which the rate determining step is the initial ring-opening
reaction by the bicarbonate and subsequent CO, addition. Remarkably, the
tetrabutylammonium cation carries the positive charges on the hydrogen atoms,
but not on the central nitrogen atom. The positively charged hydrogen atoms form
an anion-binding site are capable of stabilizing various anionic transition states and
intermediates.

Tetramethylammonium halides have never shown any activity in the coupling of
CO, and epoxides even under harsh reaction conditions [66]. Remarkably,
Mirabaud et al. reported the use of host—guest systems consisting of tetramethy-
lammonium halides and cavitand 3 [67]. Interestingly, the usually unreactive salts
[Me,N]X could efficiently be activated through host—guest chemistry. In this system
[Me,N]I showed the highest activity even at low CO, pressure (0.1 MPa) and low
catalyst loading (1 mol%) (entry 7).

Functionalized ammonium salts bearing a hydrogen donor group in the side chain
have been studied as catalysts. In this respect, choline iodide (4) has been reported
as an efficient bifunctional catalyst in ethanol as solvent (entry 8) [68]. Park and co-
workers described the microwave-assisted one pot-synthesis of amino acid based
ionic liquids in water [69]. These compounds, e.g. 5 exhibit good activities for the
conversion of styrene oxide even at low CO, pressure (0.1 MPa, entry 9).
Previously the same group reported the use of amino acids with water as additive as
a metal- and halide-free catalyst system [71]. More recently, Biittner et al. reported
the use of bifunctional ammonium salt 6 as efficient catalyst for the addition of CO,
to epoxides achieving turnover numbers (TONs) up to 693 and initial turnover
frequencies (TOFs) of up to 392 h! [70]. At higher catalyst loading (5 mol%) this
catalyst gave good conversion and yields even at 45 °C (entry 10). Based on the
obtained results and in accordance with previous reports the authors proposed the
dual activation of the epoxide as shown in Scheme 3 [45, 46].

The epoxide is activated by hydrogen bonding of the catalyst. A nucleophilic
substitution reaction of the iodide forms an alkoxide. Subsequent addition of CO,
and intramolecular nucleophilic substitution forms the cyclic carbonate and liberates
catalyst 6.

Concurrent to the development of homogeneous catalytic systems, the immo-
bilization of catalysts on organic and inorganic supports has been intensively
studied over the past decades. The majority of those systems operates under drastic
conditions (reaction temperatures >100 °C and/or at CO, pressures >0.1 MPa). For
example He and co-workers used soluble polyethylene glycols (PEGs), e.g.
PEG6000 for the immobilization of quaternary ammonium salts which proved to be
efficient and recyclable catalysts under supercritical conditions [72]. In the presence
of 0.5 mol% 7 propylene oxide (PO) was converted with CO, to yield 98%
propylene carbonate (Table 2, entry 1).

However, systems that operate efficiently under milder conditions are compar-
atively rare. In 1993 Nishikubo and co-workers reported insoluble polystyrene
supported quaternary onium salts as recyclable catalysts for the addition of CO, to
epoxides [76]. In further investigations they observed that the activation energy for
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Scheme 3 Proposed mechanism for the conversion of epoxides with CO, in the presence of bifunctional
ammonium salt 6 [70]

Table 2 Selected immobilized ammonium salts as catalysts
HO
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Br[BusNJ— PEGgggo T—INBus]Br Q c® N/\\\\/Ie @\/\ Q;’\?j
Lo |
(P9 OH
9

7 8 10

Entry Cat. (mol%) Sub. (mmol) T (°C) p (MPa) t (h) Yield (%) References

1 7(0.5) PO (28.6) 120 8 6 98 [72]
2 8 (1) PGE" (4) 90 0.1 5 92 (73]
3 9(2) SO 90 1 4 93 [74]
4 10 (0.9) SO (4.4) 100 0.1 205 89 [75]

* Dimethylacetamide was used as solvent

® Phenyl glycidyl ether

soluble supported catalysts is significantly lower compared to their insoluble
counterpart [73]. Thus, soluble catalyst 8 gave excellent yield on phenylglycidyl
carbonate with low catalyst loading (1 mol%) and low pressure (0.1 MPa) of CO, at
90 °C (entry 2). More recently, Kohrt et al. reported polystyrene and silica
supported bifunctional ammonium salts as efficient catalysts for the conversion of
various epoxides under mild conditions. Notably, the polystyrene supported catalyst
9 was more active but showed partial decomposition during recycling experiments
(entry 3) [74]. In contrast the respective silica supported catalyst was stable over 13
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Table 3 Selected homogeneous phosphonium salt-based catalytic systems

O (I?Ph & r1®
H ..
® © HC Pen T e “NPNR | e
3 3 OH h
o ~FBUs | \@ © O © PhgP ® @N&

OH

(0]
1 12 13 14 15a, R= -CH,-tBu

Entry Cat. (mol%) Sub. (mmol) T(°C) p (MPa) t (h) Yield (%) References
1 [PhsPEL]I (0.1) EO (400) 221 8.3 4 91 [77]
2% [PhsPBu]l (0.5) PO (200) 125 2 1 95 [78]
3P [PhsPMel]l (5) PGE (1) 25 0.1 24 99 [79]
4 11 (2) PO (34.4) 90 1 3 99 [80]
5¢ 12 (15) SO (0.2) 120 0.1 12 91 [81]

13 (1) SO (10) 60 0.1 24 92 [82]

14 (5) PO (10) 25 0.1 6 90 [83]

15a (1) SO (5.0) 100 0.1 7 50 [84]

? Water (33.5 mol%) was used as co-catalyst/solvent
® ]-Methoxy-2-propanol was used as solvent

¢ Chlorobenzene was used as solvent

cycles. The use of silica supports has also been reported, e.g. silica supported
aminopyridinium iodide 10 catalyzed the conversion of styrene oxide with CO,
under atmospheric pressure (entry 4) [75].

2.2 Phosphonium Salt Catalysts

Already in the early 1960s simple phosphonium salts were used for the synthesis of
ethylene carbonate (Table 3, entry 1) [77]. Zhang and co-workers showed that the
presence of water remarkably improved the activity of various onium salts [78]. The
activity order of cations was PPh;Bu™ > Bu,N* ~ [Bmim]" > K" > Na™. The
activity of anions varies in the order I” > Br~ > CI™ > PFs~ > BF,™ under protic
conditions (presence of water) while it was Br > Cl” > 1" > PFy~ ~ BF,
without water. Thus, [Ph;PBu]l proved to be the most active catalyst in the presence
of water (entry 2). The turnover frequency of the reaction in water (194 h™') was
about four times higher compared to the reaction without water (48 h™").

More recently, several phosphonium-based catalysts have been reported, which
show excellent activity below 100 °C and/or low CO, pressure. In 2013 Endo and
co-workers reported phosphonium iodides as efficient catalysts for the synthesis of
phenyl glycidyl carbonate (PGC) even at low CO, pressure (0.1 MPa) and ambient
temperature (entry 3) [79]. It was observed that the nature of the solvent had a
significant effect on the catalyst performance. Protic solvents such as 1-methoxy-2-
propanol proved to be most suitable, which was attributed to the activation of the
epoxide by hydrogen bonding. Furthermore, the impact of the counter ions was
studied. If no nucleophile was present the formation of the desired cyclic carbonates
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Scheme 4 Formation of adduct 16 from 12, as well as the attempt to convert 16 with CO, [81]

was not observed. The activity for counter ions under protic polar conditions was
identical to the reported results by Zhang and co-workers [78]. Werner and co-
workers reported a bifunctional phosphonium salt catalyst 11 (entry 4) [80, 85]. The
introduction of the alcohol group as a hydrogen bond donor functionality in the
catalyst structure significantly increased the activity of the catalyst compared to
simple tetrabutyl phosphonium halides. This is attributed to epoxide activation by
hydrogen bonding in line with the respective bifunctional ammonium catalyst 6
(Scheme 3). Even at low reaction temperatures of 45 °C the reaction operates
smoothly and the catalyst can simply be recovered by organic solvent nanofiltration
[86].

Most recently, Toda and Suga used phenolic phosphonium salts in cyclic
carbonate formation from epoxides and CO, (entry 5) [81]. In the presence of
15 mol% 12 at 120 °C and atmospheric CO, pressure, styrene carbonate was
produced in 91% yield. Interestingly, adduct 16 was observed after trying to recycle
the phenolic phosphonium catalyst 12 (Scheme 4). This adduct could be prepared
by converting allyl glycidyl ether (AGE) with 12. Even though 16 does not form the
desired cyclic carbonate with CO,, it is assumed that this adduct generated in situ
can catalyze the overall process of cyclic carbonate formation. Werner and co-
workers reported bifunctional catalysts based on a phosphonium salts bearing a
simple phenolic moiety for the synthesis of oleochemical carbonates from CO, and
renewables [87].

Recently, Shirakawa and co-workers reported a bifunctional arylic phosphonium
salt catalyst 13 (entry 6) [82]. A distinct trend regarding the position of the alcohol
moiety and the yield was observed (the yield decreased in the order ortho > para
> meta). If the alcohol moiety was protected by a methyl group the yield decreased
significantly from 80 to 16% emphasizing the crucial involvement of the acidic
phenol moiety. In addition, chiral bifunctional binaphthyl catalysts were developed
and tested in kinetic resolution reactions. However, an enantiomeric excess of 13%
was not exceeded.

Zhou and Lu developed a halide-free organocatalyst based on phosphorus ylides
such as 14 (entry 7) [83]. In contrast to the organocatalysts 11-13, the catalytic
reaction of an epoxide and CO, in the presence of the P-ylide-CO,-adduct 14
involves the direct activation of CO,. Mechanistic in situ FTIR experiments
revealed that in the absence of a CO, atmosphere the formation of cyclic carbonate
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Scheme 5 Proposed dual activation of CO, and epoxides by 14 in the synthesis of cyclic carbonates.
[83]

did not occur. However, as soon as CO, was introduced to the reaction system the
specific PC band at 2~' = 1800 cm ™' increased gradually. The authors attributed
this fact to a direct activation of CO, by the P-ylide-CO,-adduct 14. Moreover,
kinetic studies were performed to clarify the reaction mechanism. These experi-
ments revealed a second order dependence on catalyst concentration indicating a
dual activation by the phosphonium and carboxylate moieties (Scheme 5).

In addition, if enantiopure epoxides were employed retention of the stereochem-
istry was observed and enantiomeric excesses >99% for cyclic carbonates were
obtained.

Dufaud and Martinez studied azaphosphatrane 15a as catalyst for the cycload-
dition of epoxides and CO, at ambient pressure (entry 8) [84]. Mechanistic studies
revealed first order dependence on CO,, styrene oxide, and catalyst 15a
concentrations. The rate-determining step of this reaction is the activation of
CO,. Carbon dioxide inserts into the P-N bond forming a tricyclic phosphoryl—
carbamate structure which is highly reactive and sensitive to hydrolysis. The
epoxide can be activated by the hydrogen of the P-H center. Overall, a dual
activation of CO, and epoxide is reported. Interestingly, the stability and activity
increases with the bulkiness of the substituents at the nitrogen center. These bulky
groups act as protecting groups and prevent degradation of the activated
phosphoryl-carbamate structure. Among the tested catalysts, neo-pentyl sub-
stituents in 15a led to an active and stable catalyst which achieved a turnover
number of >1000 after 4 days for the conversion of epichlorohydrin. Further
investigations were carried out to evaluate the effect of increasing the bulkiness of
the R groups in catalyst 15 [84, 88, 89]. A molecular cavity of the azaphosphatranes
was anticipated which plays a crucial role for epoxide activation of the P-H center.
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Scheme 6 TONSs for the azaphosphatranes in the reaction of SO and CO, at 100 °C, 0.1 MPa, and
4 days using 1 mol% catalyst 15 [84, 88, 89]

High catalytic activity was obtained if the substituents at the nitrogen atoms in 15b
were replaced by the napthyl analogues —CH,—pOMe-naphtyl (15¢, Scheme 6).

The catalytic activity increased due to changes in the local substitution of the
aromatics. This was attributed to the tailor-made cavity for epoxide activation by the
P-H center and is related rather to available space around the catalytic center than to
electronic properties. The catalyst 15d reached a TON of 800 after 4 days, which
was four times higher than obtained for 15b.

2.3 Imidazolium Salt Catalysts

In the early 2000s, epoxides were converted with CO, in the presence of
imidazolium salts and imidazolium-based ionic liquids (ILs) [90, 91]. Notably, this
was achieved even under halide-free conditions and temperatures below 100 °C,
even though in those cases only low conversions were achieved [90]. In the presence
of 17 a TOF of up to 515 h™' was obtained under supercritical conditions (Table 4,
entry 1) [91].

In 2008 Zhang and co-workers were the first to report the use of hydroxyl-
functionalized imidazolium-based ILs as catalyst for this reaction [92]. Among the
investigated salts compound 18 was the most active (entry 2). The superior activity
of the hydroxyl-functionalized IL was addressed to the activation of the epoxide
through hydrogen bonding which facilitates the nucleophilic attack of the halide
anion (Scheme 7). More recently, Denizalti reported hydroxyl-functionalized
imidazolium iodide 19 as highly efficient catalyst even at moderate reaction
temperatures of 60 °C (entry 3) [93].

Interestingly, Cokoja and co-workers showed that simple imidazolium bromides
can catalyze the addition of CO; to epoxides even under mild reaction conditions
[94]. The acidic C, proton of the imidazolium salt activates the epoxide by
hydrogen interaction which was observed in FTIR studies [96].
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Table 4 Selected imidazolium salts as homogeneous catalysts

iPr
® ® ® /C
Me\Né\NznOct o Me\Né\N/\/OH o nBu\Né\N OH o
\—/ BF, \—/ Br \—/ I
17 18 19
N 3
OCt\N/ N . 5 IS ® /\\ OH I/\ 5
. nOct—-N\\/N\)\/N\//N~nOct 2Br
F
F
20 21

Entry Cat. (mol%) Sub. (mmol) T (°C) p (MPa) t (h) Yield (%) References

1 17 (1.7) PO (30) 100 14 0.08 98 [91]
2 18 (1.6) PO (200) 125 2 1 99 [92]
3 19 (2) PO (10) 60 0.5 8 >99 [93]
4 20 (10) PO (10) 70 0.4 22 91* [94]
5 21 (5) PO (10) 70 0.4 16 95* [95]

? The conversion is given (>99% selectivity)

Consequently, increasing the acidity of imidazolium proton by introducing
electron withdrawing substituents to the nitrogen atoms further increased the
activity. Thus, catalyst 20 showed higher activity compared to the respective non-
fluorinated salt which gave only 73% conversion under the same conditions as
described in entry 4. Subsequently, the same group introduced hydroxyl-function-
alized bisimidazolium salt 21 which showed even higher activity under the same
conditions (entry 5) [95]. DFT calculations showed that intermediate A is
approximately 13 kcal mol™' lower in energy compared to intermediate B of the
unfunctionalized catalyst (Fig. 2).

2.4 Amidine-Based Catalysts

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 22) is a frequently employed (co-
)catalyst in CO, fixation reactions. He and co-workers studied Lewis basic ionic
liquids as catalysts for the conversion of propylene oxide with CO, [97]. Both the
cation and the anion had a strong impact on the catalytic activity. HDBU" in
combination with ClI~ showed excellent results at low catalyst loading (1 mol%),
but high reaction temperatures (140 °C) while DBU alone was found to be inactive.
The tertiary nitrogen in the cation has the potential to form a carbamate species with
CO, , which can be considered an activated form of CO, [98, 99]. Moreover, the
epoxide might be activated by a hydrogen bond formed between the oxygen of the
epoxide and the proton attached to the ammonium nitrogen. In 2012 Endo et al.
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Scheme 7 Proposed mechanism according to Zhang et al., for the conversion of epoxides with CO, in
the presence of bifunctional imidazolium salt 18 [92]
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Fig. 2 Activation of the epoxide via hydrogen bonding by catalyst with hydroxyl group (a left) and
without hydroxyl group in the bridge (b right) [95]

reported adduct 23 as an efficient catalyst for the synthesis of cyclic carbonates at
room temperature and atmospheric pressure of CO, (Table 5, entry 1) [100].
Coulembier et al. described the iodine DBU adduct 22-1, as a dual catalyst (entry
2) [101]. Most recently, Hirose and co-workers reported DBU in combination with
benzyl bromide to catalyze the addition of CO, to various epoxides under similar
conditions. The initial step is the in situ formation of the catalytic active species 24
(entry 3) [102]. Weiss and co-workers employed amidinium iodide 25 as catalyst in
the synthesis of cyclic carbonates in amidinium carbamate 26 as reaction media
(entry 4) [103]. Compound 26 is a reversible, room temperature ionic liquid and
easily prepared by exposing a 1:1 mixture of the respective amidine and primary
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Table 5 Selected amidine-based catalytic systems
(€]

H Ph
N | Ie ( o |
X N N Br H  Me
N
Me
22 23 24 25
Entry Cat. (mol%) Sub. (mmol) T (°C) p (MPa) t (h) Yield (%) References
1 23 (5) SO 25 0.1 24 64 [100]
2 221, (5) BO 65 0.1 475 96" [101]
3 24 (5) SO (6) 65 0.1 22 82 [102]
4° 25 (2) PGE (0.7) 50 2.5 8 99 [103]
* The conversion is given
® Room temperature ionic liquid 26 was used as solvent
N me NH 0, 1t E '\r!lle )Ol\
P < + NHy f//———— N NS €] _nHex
nHex \\Mr Me nHex Ny, 50 °C nHex 7\/'/ Me ~o H
e e

Scheme 8 Synthesis of reversible, room temperature ionic liquid 26 [103]

amine to CO, gas (Scheme 8). Notably, no reaction was observed in the absence of
a catalyst 25.

2.5 Carbene-Based Catalysts

In 2008 Lu and co-workers studied the thermal stability and catalytic activity of
CO, N-heterocyclic carbene (NHC-CO,) adducts [104]. They observed that in the
presence of free CO, the decomposition of NHC-CO, adducts can be significantly
inhibited. However, upon addition of PO the formation of propylene carbonate was
detected. Notably, adduct 27 proved to be an efficient organocatalyst for the
addition of CO, to propylene oxide, as well as other epoxides (Table 6, entry 1).
Subsequently, the same group reported the immobilization of 27 on MCM-41. Even
though longer reaction times are required, the immobilized catalyst gave compa-
rable yields and was recovered by simple filtration [105]. The authors proposed the
in situ activation of CO, and subsequent addition to the epoxide followed by the
ring-closing, which liberates the product and the carbene catalyst 27 (pathway A,
Scheme 9). This is one of the rare examples of direct organocatalyzed CO,
activation in this reaction and subsequent conversion with epoxides which operates
even under halogen- and solvent-free conditions. Furthermore, Ajitha et al. studied
various pathways for NHC-catalyzed addition of CO, to epoxides by means of DFT
calculations [106]. They suggest that the favored pathway B proceeds via a Sy2
anti-attack of the carbene to the least-substituted carbon of a CO,-epoxide complex.
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Table 6 Selected carbene-based catalytic systems

@/ \ @/ \ @/ \ [\
R-Ny _N-R R-Ng _N-R nBu—N _N-Me R-N__N-R
o j; o I\ o I )
O (@] O (@] O (@]
27 28 29 30

R= 2,6-diisopropylphenyl

Entry  Cat. Co-cat. Sub. T(C) p (MPa) t(h)  Yield References
(mol%) (mol%) (mmol) (%)

1# 27 (0.5) - PO (50) 120 2.0 24 100 [104]

2 28 (2)° ZnBr, (2) SO (17.5) 80 0.1¢ 24 88 [107]

3 29 (3)¢ ZnBr; (3) SO (5) r.t. 0.1 2 98 [108]

4 30 (1) KI/18C6 (1) BO (25) 90 1.0 24 91 [109]

? CH,Cl, was used as solvent

® In situ generation from N,N’-(2,6-diisopropylphenyl)dihydro-imidazolium chloride and K,CO;5 (1:1).
DMSO was used as solvent

¢ Argon/CO, = 1:1
9 In situ generation from [BMIM]Br and 3 mol% K,CO;. [Bmim]Br was used as solvent
¢ KI:18-crown-6 ether (18C6) = 1:1
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Scheme 9 Possible mechanism for the NHC catalyzed addition of CO, to epoxides adapted from Lu and
Ajitha [104, 106]

R= 2,6-diisopropylphenyl (pathway A), Me (pathway B)

The group of Cao and Shi reported the in situ formation of 28 from the respective
imidazolinium chloride and equimolar amounts of K,COj5 as a base (Table 6, entry
2) [107]. In the presence of ZnBr, as co-catalyst, this system was active under low
CO, pressure (0.05 MPa) and concentration (50 vol.%). Hence, SO could be
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converted to the respective carbonate in 88% yield. The authors propose a similar
mechanism as shown in Scheme 9 (pathway A). Additionally, the activation of the
epoxide by the Lewis-acidic metal center, as well as the nucleophilic ring-opening
by the bromide is taken into account. Most recently, they reported a similar system
utilizing n-butyl methyl imidazolium bromide ([Bmim]Br) as solvent and precursor
for the in situ formation of catalytic amounts of the respective NHC [108]. If the
corresponding CO,-Adduct 29 is employed in combination with 3 mol% ZnBr, in
[Bmim]Br, an excellent yield on styrene carbonate were obtained at room
temperature and 0.1 MPa CO, (entry 3). Werner and co-workers reported a
catalytic system for the simultaneous activation of CO, by 30 and the epoxide by
KI/18-crown-6 complex. Utilizing this system TONs up to 403 and TOFs up to
228 h™! could be achieved. Butylene oxide (BO) was used as test substrate which
could be converted to the respective carbonate in excellent yield at 90 °C under
solvent-free conditions (entry 4) [109].

2.6 Hydrogen Bond Donor-Based Catalytic Systems

Organocatalytic systems based on phenol derivatives are frequently used for
epoxide activation by hydrogen bonding enabling the conversion with CO, under
mild conditions. Thus, they can be considered a privileged class of organocatalysts.
In 2003 Shi and co-workers reported the use of phenols as catalysts in combination
with different amine bases as co-catalyst. Several active systems for the synthesis of
propylene carbonate have been identified. The combination of 4-dimethyl
aminopyridine (DMAP) and p-methoxyphenol (31) proved to be the most efficient
representing the most active catalytic phenol/base system under otherwise the same
conditions (Table 7, entry 1) [110]. To elucidate the mode of activation, trans-
deuteriohexylene oxide (37) was prepared and used as substrate in the DMAP and
phenol co-catalyzed reaction with CO, (Scheme 10). Only trans-38 was observed
which suggests that this reaction system proceeds via pathway A. In this case the
epoxy ring is activated by phenol through hydrogen bonding. Subsequently, the
epoxide is first opened by DMAP and reacts with CO, to form trans-38. If the
reaction would proceed via pathway B carbonate cis-38 would be expected having
the opposite configuration at the carbon center bearing the deuterium atom. In an
extension of their work Shi et al. reported the use of Schiff bases in combination
with DMAP as catalyst system under comparable reaction conditions [111].

Kleij and co-workers developed a binary catalytic system comprising commer-
cially available phenolic compounds in combination with TBAI as a co-catalyst
[112]. In a wide screening, pyrogallol (32) showed high activity even at low reaction
temperatures of 45 °C (entry 2). Notably, this system is also active at room
temperature (23 °C) leading to 63% yield of propylene carbonate under otherwise
the same conditions. The mechanism for the carbonate formation was studied by
DFT calculations. The computational studies revealed that besides the activation of
the epoxide the key role of the hydroxyl groups in 32 is to stabilize intermediates
and transition states by inter- and intramolecular hydrogen bonding. The same group
recently reported a one-component bifunctional catalytic system based on
polystyrene supported pyrogallol 33 [113]. The catalyst was prepared by two
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Table 7 Selected catalytic systems based on phenol derivatives as hydrogen bond donors

34 35, R= CgHyg

N
~
OH
OH
N -~
36
Entry Cat. Co-cat. Sub. T(CC) pMPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1* 31 4) DMAP (4) PO (4.5) 120 3.57 48 100 [110]
2° 32 (5) TBAI (5) PO (0.002) 45 1 18 83 [112]
3 33 (8) - PO (10) 45 1 18 96 [113]
4° 34 (0.5) TBAI (5) SO (2) 80 1 18 76 [114]
5° 35 (1.5) TBAI (5) SO (1) 50 1 18 93 [115]
6 36 (0.2) TBAI (0.5) SO (10) 110 0.1 12 94 [116]

% CH,Cl, was used as solvent

® MEK was used as solvent

sequential copper-catalyzed alkyne azide cycloaddition reactions and final treatment
with methyl iodide. The 1,2,3-trihydroxybenzene moieties and the phenyltriazolium
unit existed in a 1:4 ratio.
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Scheme 10 Possible reaction pathways for the synthesis of 38 in the presence of phenol as hydrogen
bond donor and DMAP as nucleophilic co-catalyst [110]

Even at low temperatures (45 °C) catalyst 33 showed high activity in the
coupling of epoxides with CO, (entry 3). This catalyst could be recycled and reused
for various substrates, but had to be reactivated with Mel after five runs to regain the
initial catalytic activity.

Subsequently, the same group showed that increasing the local concentration of
phenolic sites is beneficial for catalytic turnover [114]. Tannic acid (34) is a
naturally occurring plant polyphenol which is inexpensive and readily available
[115]. It contains multiple phenol fragments and proved to be a highly active
catalyst in combination with TBAI as co-catalyst (entry 4). Notably, initial turnover
frequencies up to 236 h™' were achieved. Most recently, cavitand-based polyphe-
nols were also reported as highly active organocatalysts. Resorcin [4] arene-based
catalyst 35 showed a broad substrate scope with low catalyst loading (1.5 mol%)
and low reaction temperature (50 °C, entry 5). At elevated temperature, high initial
turnover frequencies up to 488 h™' were observed which are among the highest
reported to date for organocatalysts. Saptal et al. described the synthesis of catechol
porphyrin-based covalent organic framework 36 [116]. This catalyst is also used in
combination with TBAI as co-catalyst, but is active even at low CO, pressures
(0.1 MPa) and solvent-free conditions (entry 6). This catalyst 36 has a high surface
area (~10° m? g7") and is thermally stable up to 250-300 °C.

Besides the phenol systems, several other hydroxyl functionalized compounds
have been studied as hydrogen bond donor catalysts for the conversion of epoxides
with CO, under mild conditions (Table 8). Also, in those cases the activation of the
epoxide and stabilization of formed intermediates via hydrogen bonding is the
accepted mode of activation. Jerome and Tassaing used 2.5 mol% fluorinated
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Table 8 Selected catalytic systems based on hydroxyl functionalized organocatalysts except phenol-
based systems

>(©Me Y o (o
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Me HO OH
4

(0]

44 45 6 47
Entry Cat. Co-cat. Sub. T(¢C) pMPa) t(h) Yield References

(mol%) (mol%) (mmol) (%)

1 39 (2.5) TBAI (2.5) ED? 80 8.0 05 >98° [117]
2 39 (3.0) TBAB (3.0) PO 60 2.0 2 >99 [117]
3 40 (3.0) TBAB (3.0) PO 60 2.0 25 100° [118]
4 41 (2.2) TBAB (2.2) ELSO* 120 5.0 10 >99° [119]
5 42 (5) TBAI (5) PO (10) 70 0.4 16 96° [120]
6 43 (8) TBAI (8) PO (6) 25 0.1 20 86 [121]
7 44 (5) TBAB (5) PO (5) 70 0.5 18 99 [122]
8 45 (0.8) - PO (42.8) 120 1.0 3 91 [123]
9 46 (10) TBAI (10) SO (0.9) 23 0.1 18 93 [124]
104 47 (10) TBAI (5) PO (2000) 50 1.0 7 98 [125]

* 1,2-Epoxydodecane
® Conversion is given
¢ Epoxidized linseed oil

d
Water was used as solvent

alcohol 39 in combination with 2.5 mol% TBAI as catalytic system (Table 8, entry
1) [117]. Kinetic investigations revealed a significant improvement of the reaction
rate in the presence of 39 as activator of the epoxide. For the model reaction, the
conversion of CO, and 1,2-epoxydodecane (ED) at 80 °C and 8.0 MPa, the rate
constant &’ increased from 0.0005 min~"' when TBAI is used alone to 0.1200 min "
for TBAI combined with 39. It should be noted that the non-fluorinated equivalent
of 39 lead to rather low reaction rate constant of 0.017 min~! , which confirms the
positive impact of CF3-substitution of the catalyst. Moreover, 39 (3 mol%) was
tested in combination with TBAB (3 mol%) to produce propylene carbonate (PC) at
60 °C, 2.0 MPa (entry 2). The increase of the rate was attributed to synergistic
effect between TBAB and the fluorinated hydrogen bond donor. A comparison of 39
and pyrogallol (32, Table 7, Entry 2) in combination with TBAB revealed that both
catalysts showed a superior catalytic activity compared to TBAB (0.0058 min~")
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alone; however, the constant for pyrogallol (0.0162 min~") was lower than for 39
(0.0270 min™ ).

Further investigations were carried out to test several commercially available
fluorinated alcohols as activators [118]. Accordingly, 40 also proved to be an
efficient activator of PO for the formation of propylene carbonate (entry 3).
However, the determined reaction rate constants for 40 (1.59 h™') was slightly
lower than for 39 (2.24 h™") in the cycloaddition of PO and CO, at 60 °C, 2.0 MPa
(3 mol% TBAB). Eventually, DFT calculations were carried out and demonstrated
that the substitution of alcohols with trifluoromethyl groups significantly increases
the stabilization of intermediates and transition states within the catalytic cycle.
Moreover, the decrease of Gibbs energy of each step in the catalytic cycle was
determined in the presence of fluorinated alcohols compared to non-fluorinated
[126]. Finally, fluorinated hydrogen bond donor catalysts in combination with
TBAB were introduced in an organocatalytic approach for the synthesis of
carbonated linseed oil from the respective epoxide and CO, (entry 4) [119].
Quantitative conversion for this challenging substrate was observed in the presence
of 2.2 mol% TBAB, 2.2 mol% perfluoro-tert-butanol (41) after 10 h at 120 °C and
5.0 MPa.

Hou and co-workers reported pentaerythritol (PETT, 42) in combination with KI
as binary catalytic system for the synthesis of cyclic carbonates [127]. However,
harsh reaction conditions were required even for the conversion of terminal
epoxides. Cokoja and co-workers developed a catalyst system also based on PETT
(42), in which the nucleophile was provided by TBAI co-catalyst [120]. Excellent
results were obtained at 70 °C, 0.4 MPa after 16 h reaction time, e.g. yielding 96%
of propylene carbonate (entry 5). In eight catalytic cycles high yields >90% of PC
were obtained, proving the high recyclability of this system.

Hirose and co-workers developed a binary catalyst system composed of
2-pyridine-methanol (43) and TBAI which efficiently catalyzes the conversion of
epoxides with CO, even at room temperature and 0.1 MPa CO, pressure (entry 6)
[121]. "H NMR investigations revealed hydrogen bond donation of the catalyst to
the epoxide, which was indicated by a significant upfield shift of the OH proton
signal from ¢ = 6.50 to 5.49 ppm. Interestingly, if benzyl alcohol was used as
catalyst, the yield decreased significantly revealing the crucial influence of the
pyridine moiety. He and co-workers used ethylenediaminetetraacetic acid (EDTA,
44) as hydrogen bond donor (entry 7) [122]. Also, in this system a nucleophile is
necessary and provided by TBAB. Under optimized reaction conditions of 5 mol%
44 and 5 mol% TBAB after 18 h at 70 °C and 0.5 MPa an excellent yield of PC of
99% was obtained.

Alkanol amines are produced in great amounts and employed as CO, scrubber for
flue gas. Park and co-workers reported alkanol amine CO, scrubbers as catalysts for
the synthesis of PC from PO and CO, (entry 8) [123]. Among the tested alkanol
amines, N,N-dimethylpropanolamine 45 proved to be the most active catalyst.
Notably, under the given reaction no co-catalyst or solvent was required.

Mattson and co-workers used dinaphthylsilanediol (46) and TBAI to produce
styrene carbonate at 23 °C (entry 9) [124]. Titrations experiments of 46 with either
TBAI or SO were monitored by '"H NMR and gave evidence for hydrogen bond
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interaction of the silanediol with both the halide and the epoxide. Most recently,
Zhang and co-worker tested several boronic acids as hydrogen bond donor catalysts
in combination with tetrabutylammonium salts in the synthesis of cyclic carbonates
[125]. Excellent yield of 98% of PC was obtained in the presence of 10 mol% (2,6-
dimethylphenyl)boronic acid (47) and 5 mol% TBAI at 50 °C, 1.0 MPa after 7 h
(entry 10). It was found that the two ortho substituents play a crucial role for
catalytic activity. Moreover, several solvents were tested and water proved to be a
unique reaction medium for this binary catalytic system. Boronic acids tend to form
dimers or trimers in neat or non-coordinating solvents. Thus, when triphenylborox-
ine was tested as catalyst no reaction was observed in THF while in water 53% of
cyclic carbonate was obtained.

3 Privileged Metal Complex Catalysts
3.1 Metal Complexes Based on Porphyrins

Inoue and co-workers reported as early as 1978 the trapping of CO, by tetraphenyl-
porphinato-aluminium methoxide (Al(TPP)OMe, 48a) and the conversion of
propylene oxide with CO, even at room temperature and low CO, pressure of
0.1 MPa (Table 9, entry 1) [128]. Notably, this system operates under halide-free
conditions. Ahmadi et al. reported Sn(TPP)(OTf), 48b as efficient catalyst in the
presence of stoichiometric amounts of tetrabutylphosphonium bromide (TBPB) in
DMF at 50 °C (entry 2) [129]. Subsequently, chromium(III) porphyrinate 49 was
also found to be a good catalyst in combination with DMAP as co-catalyst (entry 3).
The tetra-p-tolyl derivative 49 showed better solubility and thus was a more
effective catalyst than the tetraphenyl analogue [130]. Jing and co-workers studied
several biomimetic metalloporphyrin complexes based on main group metals
[Mg(II), Al(II), Sn(II), and Sn(IV)] [131]. They observed a direct correlation
between the Lewis acidity of the metal center and the catalytic activity of the
metalloporphyrin complex. They also studied the influence of various co-catalysts.
As a result two catalytic systems Mg(TPP) 48c¢/TBAI and AI(TPP)Cl 48d/
phenyltrimethyl ammonium tribromide (PTAT) have been identified as the most
active systems to catalyze the addition of CO, to epoxides at room temperature
(entries 4 and 5).

Ema et al. studied several onium salt-functionalized porphyrin catalysts for this
reaction [132]. Based on their initial studies they designed catalyst 50 which showed
very high catalytic activity (TON of 138,000 and TOF of 19,000 h™') for the
conversion of epoxyhexane at 120 °C (entry 6). Mechanistic studies with '*O-
labeled CO, and D-labeled epoxide suggested that the catalytic cycle involved
initial nucleophilic attack of Br™ on the less hindered side of the epoxide to generate
an oxyanion (Scheme 11). The insertion of CO, and subsequent intramolecular
ring-closure forms the cyclic carbonate and regenerates the catalyst. DFT
calculations supported the experimental results revealing that the quaternary
ammonium cation underwent conformational changes which stabilize various
anionic species generated during the catalytic cycle [133].
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Table 9 Porphyrin-based catalysts and catalytic systems

48a, M= Al, X= OMe, Y= —
48b, M= Sn, X=Y= OTf
48c, M= Mg, X=Y= —

48d, M= Al, X=Cl, Y= -

50, R= —[O(CH,)sNBu3]Br 51
Entry Cat. Co-cat. Sub. T(¢°C) pMPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1 48a (0.18) NMI* (0.29) PO (140) 20 0.1 96 8 [128]
2° 48b (2) TBPB (100) SO (1) 50 0.1 20 98 [129]
3 49 (0.014) DMAP PO (159) 60 54 40 >99 [130]
(0.088)
4 48c (0.05) TBAI (0.2) PO (100) 25 14 24 99 [131]
5 48d (0.1) PTAT (0.2) PO (50) 25 1.0 5 99 [131]
6 50 (0.0005) - EH (10) 120 1.7 24 69 [132]
7 51 (0.22) TBAB (7.2) PO (12.5) 29 0.1 24 96° [134]

? 1-Methylimidazole
® DMF was used as solvent
¢ The conversion is given (99% selectivity)

9 1,2-Epoxyhexane
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Scheme 11 Proposed catalytic cycle for the ammonium-functionalized catalyst 50 [132, 133]

Dai et al. prepared a porous organic tetrastyryl porphyrine polymer by
solvothermal polymerization of the tetrastyryl porphyrine monomer [134]. Subse-
quently, the polymer was metalated with Co(IIl), Zn(Il), and Mg(II), respectively,
and used as heterogeneous catalysts for the coupling of CO, with epoxides.
Immobilized Co-catalyst 51 gave the best results at 29 °C and 0.1 MPa CO,
pressure (entry 7) Notably, the catalytic activity at low CO, concentration (0.1 MPa,
15 vol.% CO, and 85 vol.% N,) was similar to the respective homogeneous
Co(TPP) catalyst.

3.2 Cr(II)(salen) and Co(III)(salen) and Related Metal Complexes

In contrast to many other ligand systems, salen, salophen, and related ligands offer
several advantages: (1) They can be easily and efficiently synthesized usually in
high yields, and (2) the modular construction from diamines and salicylaldehydes
enables easy tuning the steric and electronic properties of the catalyst [54, 135].
Thus, salen ligands are widely employed and can be considered as a privileged class
of ligands in transition metal catalysis. Hence, it is no surprise that complexes based
on those ligands have also been employed in the coupling of CO, with epoxides. In
2001 Nguyen and co-workers reported the use of chromium salen complex 52 in
combination with DMAP as efficient binary catalyst system for this reaction [136].
Notably, in the presence of this system PO is quantitatively converted to the cyclic
carbonate at 75 °C and 0.34 MPa CO, (Table 10, entry 1). At higher temperatures
(100 °C) and pressure (0.69 MPa) a turnover frequency of 916 h™! was obtained.
The groups of Lu and Sun reported the synthesis of chrome complexes bearing the
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Table 10 Selected examples for Cr(IlI) and Co(III) complexes as catalysts

_N\CF/N._ _N\Cr/N_
- SN, - TN
Bu N\ / Q l (&) tBu Bu N\ o) Cl 0] tBu
1B tBu/

u tBu tBu
52 53
/ N\
_N\ /N_
MeO \ p o borwe d j%;} «do | o / h—"
tBu
S8da, X=Br 55 56a, X=Cl
56b, X= 0,CCCly
56¢c. X= QAc
Entry Cat. Co-cat. Sub. T(CC) p(MPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1# 52 (1) DMAP (1) PO (3.81) 75 0.35 1.5 100 [136]
2 53 (0.02) - PO (200) 80 2.0 8 97 [137]
3 54a (2.5) TBAB (2.5) SO (1.66) 25 0.1 24 92 [138]
55 (1.5) TBAB (1.5) SO (1.66) 25 0.1 24 84 [139]
5% 56a (1.0) DMAP (2) PO (14.3) 100 2.07 1.5 100 [140]
56b (0.1) TBAB (0.1) PO (500) 25 1.2 20  49° [141]
56¢ (0.1) [TBA]Ala PO (100) 0 0.69 20 104 [142]

0.1)°

% CH,Cl, was used as solvent
® Conversion is given, 50.5% ee
¢ [TBAJAla = tetrabutylammonium L-alaninate

9 Under the given reaction conditions an ee% of 85.2 was obtained

nucleophilic co-catalysts covalently bound to the ligand backbone [137]. The
catalyst 53 proved to be the most active. The initial turnover frequency (after 1 h)
for the conversion of PO was reported to be 1936 h~'. However, 8 h were required
to obtain the desired propylene carbonate in an excellent yield of 97% which
corresponds to a TOF of 609 h™' (entry 2). Remarkably, 53 was active even at
lower temperature (25 °C) and CO, pressure (0.5 MPa). Interestingly, the analogue
binary system composed of Cr(salen) complex with N-benzyl-pyrrolidine backbone
and 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) as co-catalyst was
completely inactive at 25 °C.

Most recently, North et al. reported the synthesis and use of various chromium
salophen complexes in combination with TBAB as a binary catalytic system [138].
Complex 54a proved to be the best catalyst allowing the conversion of terminal
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Scheme 12 Proposed in situ formation of catalytically active species 57 from 54a and TBAB [138]

epoxides, e.g. styrene oxide at ambient temperature and 0.1 MPa carbon dioxide
pressure (entry 3). The authors showed that neither the metal complex 54a nor
TBAB displayed significant activity when used alone.

The catalytic activity of both the catalyst and co-catalyst strongly depend on the
nature of the counterion. The conversion in the presence of tetrabutylammonium
salts as co-catalysts decreased in the order Br~ ~ I > ClI” > F~ in combination
with 52. The catalytic activity of the metal complex 54 showed the trend
X =Br >ClI" > AcO™ >1 > TsO". Kinetic studies indicate that both catalyst
components interact to form complex 57, which is considered to be the catalytically
active species (Scheme 12). Most recently, North and co-workers reported
chromium-based catalyst 55, which gave similar results to 54a (entry 3 vs. 4) [139].

Nguyen and co-workers reported chiral cobalt salen complex 56a in combination
with DMAP as binary catalytic system for the conversion of terminal epoxides with
CO, reaching TOFs up to 1200 h™"' (entry 5) [140]. The conversion of propylene
oxide gave the respective carbonate in quantitative yield after 1.5 h at 100 °C in
CH,Cl, and 2 MPa CO, pressure. The use of chiral catalysts offers the possibility to
perform kinetic resolutions by selective addition of CO, to one enantiomer of a
racemic mixture of an epoxide. Lu et al. studied the kinetic resolution of racemic
propylene oxide at 25 °C using 56b in combination with TBAB as co-catalysts
(entry 6) [141]. In the presence of this catalyst system, a turnover frequency up to
245 h™' and 50.5% ee was achieved. Under similar conditions the enantiomeric
excess could be improved up to 70.2% using tetrabutylammonium chloride as co-
catalyst. Under comparable conditions Jing et al. reported an enantiomeric excess of
up to 85.2 and 10% yield for propylene carbonate using catalyst S6¢ in combination
with amino acid-based chiral ionic liquids (entry 7) [142].

3.3 Zn(Il)(salen) and Related Metal Complexes

Zinc salen and salphen complexes are frequently studied catalysts for the addition of
CO, to epoxides. In this context, Kleij and co-workers studied various zinc salphen
complexes in combination with TBAI as binary catalyst system [143]. In an initial
screening complex, 58 showed the highest activity even at a low reaction
temperature of 45 °C. Under optimized reaction conditions propylene carbonate was
obtained in 90% yield (Table 11, entry 1). If the reaction is performed under
supercritical conditions the solvent can be omitted and the reaction time is
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Table 11 Zinc(II) salphen, salen and related complexes as catalysts

Me
@N, | o
74
—N N= =N N=
\ N
(0] O tBu (0] O tBu
tBu tBu tBu tBu
58 59

; N= tBu
/N‘Zn/\ b/
o ©

O tBul
O tBu Q
—N N=
N/
O ~ Q /Zn\
oz o o Y=~
Bu %\ tBu tBu
tBu tBu n

60 61
Entry Cat. Co-cat. Sub. T p t(h) Yield References
(mol%) (mol%) (mmol) °C) (MPa) (%)
1? 58 (2.5) TBAI (2.5) PO (2) 45 1.0 18 90 [143]
2° 58 (2.5) TBAI (2.5) PO (2) 25 0.2 18 73 [145]
3 59 (0.5) - SO (10) 80 1.0 18 88 [147]
4 60 (0.01) TBAI (0.5) PO (42.9) 85 1.0 2 86° [148]
5 61 (0.2) TBAB (1.8) PO (50) 25 0.1 48 76 [149]

% CH,ClI, was used as solvent
® 2-Butanone (MEK) was used as solvent

¢ The conversion is given

significantly decreased [144]. Previous to this report, Kleij and co-workers
published a study on the influence of the ligand structure, metal center and solvent
on the reaction outcome [145]. Notably, the reaction can be performed under much
milder conditions by choosing the right solvent. If the reaction is performed in MEK
as solvent at 25 °C and 0.2 MPa CO, propylene carbonate was isolated in 73% after
18 h (entry 2). Subsequently Kleij, Bo and co-workers reported a detailed DFT
study on the cycloaddition of CO, to propylene oxide in the presence of catalyst 58
and TBAI [146]. The coordination of the zinc salphen complex to the epoxide
polarizes the C—O bond, which facilitates the ring-opening step by nucleophilic
attack of the iodide (Scheme 13). The study revealed that the nucleophilic attack to
the methylene carbon is predominantly controlled by steric factors. In contrast, the
nucleophilic attack to the methine carbon is influenced by electronic factors, which
are more dominant.
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Scheme 13 Proposed catalytic cycle for the synthesis of cyclic carbonates in the presence of Zn(salphen)
complex 58 [143]

Recently, the synthesis of bifunctional catalyst 59 has been reported [147].
Instead of salphen, a salpyr ligand was used and alkylated with Mel at the N-pyridyl
atom. Thus, the catalyst 59 provides the nucleophile which makes the addition of a
co-catalyst unnecessary (entry 3). Chan and co-workers reported catalyst 60 as
highly active catalyst [148]. In the presence of 0.01 mol% 60 and TBAI as the co-
catalyst a conversion of 86% of propylene oxide was achieved after 2 h at 85 °C
(entry 4).

The turnover frequency for this reaction was 4300 h™' per zinc center. Even
higher TOF values were achieved in the conversion of 1,2-epoxyhexane. At 95 °C
and low catalyst loading of 0.0025 mol% an initial turn TOF of 7400 h™" per zinc
center was determined. The groups of Zou and Deng reported the preparation of
salen-based zinc-coordinated conjugated microporous polymer 61 by linking
Zn(salen) 62 with 1,3,5-triethynylbenzene (Scheme 14) [149]. Catalyst 61 in
combination with TBAB as co-catalyst exhibits extraordinary activities with initial
turnover frequencies up to 11,600 h~! at 120 °C. Notably, the catalyst was even
active under ambient conditions even though longer reaction times (48 h) are
required (Table 11, entry 5).
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Scheme 14 Preparation of zinc-coordinated conjugated microporous polymer 62 [149]

3.4 Al(III)(salen) and Related Metal Complexes

Aluminum salen and related complexes are extensively studied as catalysts for the
coupling for epoxides with CO,. In 2004 Lu et al. studied, based on their previous
work [150], the use of the monometallic aluminum salen complex 63a in
combination with various tetrabutylammonium salts as binary catalytic systems for
this reaction [150, 151]. Catalyst 63a showed the highest activity in combination
with TBAI as co-catalyst. Notably, a turnover frequency of 61.5 h™" was achieved
in the conversion of propylene oxide with CO, at room temperature (Table 12, entry
1). Alternatively potassium iodide 18-crown-6 complex can be used as nucleophilic
co-catalyst leading to comparable results [152]. Recently, the groups of Ren and Lu
studied bifunctional catalyst 64 the conversion of both epoxides, as well as
aziridines with CO, [153]. In the conversion of propylene oxide with CO, catalyst
64 showed superior activity reaching a turnover frequency of 3100 h™" at 120 °C
(entry 2). In contrast the respective binary catalytic system comprising aluminum
salen complex 63b and 2 equiv TBAB reached a TOF of only 245 h™' under the
same conditions (entry 3). Catalyst 64 was even active at 80 °C with an initial TOF
of 2210 h™" (entry 4).

Cuesta-Aluja et al. reported an aluminum salabza catalyst 65 (entry 5) [154]. This
monometallic catalyst system reached a TOF of 901 h™' for the conversion of PO
and a maximum TOF of 3434 h™' for epichlorohydrin conversion. Interestingly, the
provided nucleophile has a crucial influence on the selectivity of the epoxide CO,
coupling reaction. If (Ph;P=N=PPh3)CI (PPNCl) was used as co-catalyst instead of
TBAB for the reaction of cyclohexene oxide (CHO) with CO,, poly(cyclohexene
carbonate) is the main product. Styring and co-workers used a non-symmetric
aluminum salenac complex 66 for the addition of CO, to SO (entry 6) [155].
However, to obtain SC in reasonable yields of 90% the reaction needs to be carried
out at 0.1 MPa and 110 °C for 48 h employing CH,Cl, as solvent and TBAB as co-
catalyst. Notably, under these conditions TBAB alone gave comparable conversion
of SO (70%) to 66 alone (73%).

Ji and co-workers reported monometallic aluminum salen complex 67 with
covalently bound imidazolium-based ionic liquids (entry 7) [156]. Polyether chains
were attached to the imidazolium moieties in order to increase the “CO, capture”. It
is suggested that the oxygen of the polyether side chains interacts weakly with CO,
exhibiting higher activities compared to non-PEG functionalized catalyst.

@ Springer 116 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:50

Table 12 Monometalic Al(IIT)(salen) and related complexes as catalysts

o’ | o] /Q
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R’ o’ o o | No~ N—mu

cl EtEN ® OBy Bro ®N|aZ ¢l
R2 Bu 1BuU
63a, R'= R2= H 64 85
63b, R'= R%= fBu
Me, /\ —N/_\N_
iw\ N= j AL :
AL M O I‘ °
© (I:I S Me =N® e ¢ ®N=\ Me
ME o fo/\/ﬁN\/ cl c® «\/N(J’\o)
67
Entry Cat. Co-cat. Sub. T(¢C) p MPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1 63a (0.125) TBAI (0.125) PO (192) 25 0.6 8 62 [151]
2 64 (0.004) - PO (100) 120 2.5 8 99 [153]
3 63b (0.004) TBAB (0.008) PO (100) 120 2.5 8 8 [153]
4 64 (0.01) - PO (100) 80 2.5 1 22 [153]
5 65 (0.05) TBAB (0.25) PO (42.9) 80 1.0 05 23 [154]
6" 66 (1.0) TBAB (1.0) SO (2) 110 0.1 48 90° [155]
7 67 (0.5) - AGE® 100 1.0 25 95 [156]

% CH,CI, was used as solvent
® Conversion is given

¢ Allyl glycidyl ether

Moreover, recycling experiments with 6 runs without the loss of selectivity and
excellent conversion were performed.

3.5 Bimetallic Al(IIT)(salen) and Related Metal Complexes

In 2007, North and co-workers reported bimetallic aluminum salen complex for the
synthesis of cyclic carbonates at ambient temperature and pressure [157]. Bimetallic
aluminum salen complex 68 proved to be remarkably active, catalyzing the
synthesis of cyclic carbonates at ambient temperature and pressure (Fig. 3;
Table 13, entry 1) [157, 158].

In the presence of 2.5 mol% 68 and 2.5 mol% TBAB as co-catalyst, 98%
conversion of styrene oxide was observed at 25 °C and 0.1 MPa CO, pressure after
24 h (Table 13, entry 1). Remarkably, even at 0 °C propylene carbonate could be
isolated in 77% yield after 3 h. Further investigations of this binary catalyst system
revealed first-order kinetics of CO,, epoxide, catalyst 68 but a second-order
dependence for TBAB (Eq. 1).
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Fig. 3 Catalysts discussed in this section (for details see Table 13)

rate = k[epoxide]'[CO,]'[68]' [BusNBr]”. (1)

Based on these studies a mechanism was proposed that takes the observed
second-order dependence of the reaction rate of TBAB concentration and the
identification of tributylamine in the reaction mixture into consideration
(Scheme 15) [165, 166]. North et al. reported the decomposition of TBAB to
tributylamine (Bus;N) and 1-bromobutane (BuBr) to play a crucial role in the
catalytic cycle. The amine activates CO, in situ forming the corresponding
carbamate salt A which is supposed to coordinate more readily to the Al(salen)
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Table 13 Bimetallic Al(IIT)(salen) and related complexes as catalysts

Entry Cat. Co-cat. Sub. T(¢°C) p MPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1 68 (2.5) TBAB (2.5) SO (2) 25 0.1 24 98* [157]
2 69a (2.5) - SO (1.66) 26 0.1 6 89 [159]
30 69b (2.5) - SO (1.66) 26 0.1 20 79* [160]
4 69c (2.5) - SO (1.66) 26 0.1 24 86" [160]
5 70 (2.5) - SO 27 0.1 24 99% [161]
6 71 (1.5) TBAB (1.5) SO (1.66) 25 0.1 24 83 [139]
7 72 (0.25) TBAB (0.5) SO (1.66) 50 1.0 24 85 [162]
8 73 (2.5) TBAB (2.5) SO (1.66) 26 0.1 24 93* [163]
9 68 (0.5) - PO 50 5.0 24 50 [164]

* The conversion is given

b Propylene carbonate was used as solvent
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Scheme 15 Catalytic cycle for the cyclic carbonate synthesis using 68 and TBAB [165, 166]

complex 68 than CO,. Experiments in presence of added BusN imply that the rate-
determining step is the formation of B. Notably, complex 68 was stable over 60
reactions, though the TBAB decomposed in situ and had to be regularly replaced
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during the recycling experiments. In addition, a one-component catalyst 69a with an
ammonium salts covalently bound to the catalyst was prepared (Table 13, entry 2)
[159, 160, 167].

Moreover, polystyrene and silica supported derivatives 69b and 69c¢ were
synthesized, which gave comparable results to 69a (Table 13, entry 2 vs. entries 3
and 4). Furthermore, 69¢ was used in a gas phase flow reactor and allows even the
conversion of flue gas with styrene oxide to produce styrene carbonate [160, 168].
Even though catalyst deactivation was observed over time, this effect was reversible
by requarternization of the deactivated catalyst. Following to the concept of binding
the co-catalyst to the ligand backbone, one-component catalysts 70 with covalently
attached quaternary phosphonium groups onto the salen ligand was prepared. This
catalyst showed comparable results to 69a (entry 5) [161]. Furthermore, amine
functionalized Al(salphen) complex 71 was synthesized, which exhibits even higher
activity than 68 since under the same reaction conditions of 68 only 1.5 mol%
catalyst amount were necessary to obtain similar results (entry 1 vs. 6) [139].

Contrary to the bimetallic u-oxo-bridged aluminum salphen complexes 68-71, a
phenyl bridged bimetallic complex 72 was reported [162]. Even though this catalyst
proved to be active at lower catalyst/co-catalyst loadings elevated reaction
temperature of 50 °C and a pressure of 1.0 MPa were necessary to obtain styrene
carbonate in 85% after 24 h (entry 7). Notably, this catalyst proved to be efficient
for the conversion of several internal epoxides into the corresponding cyclic
carbonates. Furthermore, North et al. reported the synthesis of bimetallic aluminum
acen complexes, e.g. 73 [158, 163]. Catalyst 73 was highly active even at 0 °C in
the presence of TBAB as co-catalyst (entry 8). Catalysts 68—73 have in common
that they require the presence of a nucleophilic organocatalysts. Thus, either TBAB
was used as co-catalyst or in case of 69 and 70 ammonium or phosphonium
bromides were covalently bound to the ligand of the aluminum complexes to enable
the formation of cyclic carbonate. However, further studies revealed that under
suitable reaction conditions (high CO, pressure) 68 can catalyze the addition of CO,
to epoxides even in the absence of any co-catalyst (entry 9) [164]. This suggests a
change in the reaction pathway. In this context, mechanistic investigations and
density functional theory calculations revealed carbonato-bridged bis-aluminum
salen complex 74 to be a key intermediate in this halide-free reaction (Scheme 16)
[169]. This complex is formed by CO, insertion into the bridging metal-oxygen-
metal bond of complex 68 and was characterized by 'H NMR, infrared spectroscopy
and mass spectrometry.

3.6 Metal Complexes Based on Amino Phenolate Ligands

Amino triphenolate ligands are readily accessible and easy to modify. Thus, they
have emerged as an interesting ligand scaffold [170]. During the past 5 years metal
complexes based on this ligand type have been established as a privileged class of
catalyst for the synthesis of cyclic carbonates from epoxides and CO, under mild
reaction conditions. In 2012 Kleij and co-workers reported iron(Ill) amino
triphenolate complex 75 as an efficient catalyst for this reaction [171]. The
combination of iron complex 75 and TBAI as co-catalyst leads to an active system
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Scheme 16 Insertion of CO, into the p-oxo-bridge of 68 forming p-carbonato-bridged bis-aluminum
salen complex 74 [169]

giving good to excellent yields of cyclic carbonates even at 25 °C and 0.2 MPa CO,
pressure in MEK e.g. propylene carbonate was obtained in 74% yield (Table 14,
entry 1). Neither the catalyst 75 nor the co-catalyst TBAI showed catalytic activity
when used alone.

Mechanistic investigations suggest that the dimeric complex 75 dissociates in the
presence of propylene oxide into a more reactive monomeric species 81
(Scheme 17). Internal epoxides and even oxetanes were converted; however, the
reaction temperature had to be increased to 85 °C. Interestingly, the stereochemistry
can be controlled by the catalyst/co-catalyst ratio which relates to two possible
reaction pathways leading either to the cis- or trans-product [177].

Kleij and co-workers also reported aluminium complex 76 as catalyst, which
showed extraordinary high initial turnover frequencies up to 36,000 h™' [172]. At
catalyst loadings of 0.05 mol% 76 and a loading of TBAI of 0.25 mol% high
conversion of epoxyhexane (EH) was achieved at 90 °C (Table 14, entry 2).
Moreover, a variety of functionalized terminal internal epoxides, as well as oxetanes
could be converted. Notably, catalyst 76 was used for selective formation of a wide
range of cis-carbonates, which were subsequently hydrolyzed yielding the
respective cis-diols in high selectivities and yields [178]. Further studies revealed
that lower catalytic activities were obtained when the CI substituents are changed to
Me, Bu or H [179]. Kinetic studies and DFT calculations indicated the
monometallic mechanism is operative, with the insertion of CO, as rate-limiting
step. Interestingly, the initial coordination of the epoxide to the Lewis-acidic metal
center is around 15 kcal mol ™' lower compared to a zinc salphen 58/TBAI binary
catalytic system. The higher catalytic activity is mainly addressed to the lower
energetic span and the potential of complex 76 to form a less energy-demanding
hexacoordinated transition state. Complex 76 also catalyzed the challenging
coupling of highly substituted terpene oxides with CO, into bio-based cyclic
carbonates [180].

Most recently the groups of Yuan and Yao reported the application of rare earth
metal catalysts for this reaction [173]. Catalyst 77 in combination with TBAB
proved to be an active binary catalytic system (entry 3). Interestingly, this complex
also catalyzed the reaction of epoxides with CO, and anilines yielding cyclic
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Table 14 Selected examples for metal complexes based on amino phenolate ligands
Me

Me’ M Cl
Me O N e Q cl
\FI -0 7 o) P cl
—° Me ~AI—O.
oy | | Mé |
M e _— e
Cl
e} Me
Me’ N

o

%

Me
75 76 77
Me

R

R
Entry Cat. Co-cat. Sub. T(CC) pMPa) t(h) Yield References

(mol%) (mol%) (mmol) (%)

1* 75 (0.5) TBAI (5) PO (2) 25 0.2 18 74 [171]
2 76 (0.05) TBAI (0.25) EH (10) 90 1 2 96° [172]
3 77 (0.1) TBAB (0.6) SO (29.5) 85 0.1 24 83 [173]
4 78 (0.2) TBAI (0.8) SO (2.5) 85 0.1 24 93 [174]
5 79 (0.3) TBAB (0.9) SO (16.63) 85 0.1 24 91 [175]
6 80 (0.16) TBAB (1.8) SO (2.5) 100 0.1 6 79 [176]

% MEK was used as solvent

® Conversion is given (>99% selectivity)

0.5 mol% 81
4.0 mol% TBAB
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o] 0.125 mol% TBAB
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Scheme 17 Conversion of cis-butylene oxide to the cis- or trans-carbonate depending on the 81/TBAB
ration [177]

carbamates. The authors suggest the initial formation of the cyclic carbonate and
subsequent reaction with the aniline as one possible reaction pathway. Previously,
the same group reported neodymium complex 78 containing a bridged
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poly(phenolate) ligand and its use as catalyst for the cycloaddition of epoxides and
CO, [174]. In the presence of TBAI as a co-catalyst a turnover frequency of up to
4000 h™" was achieved for complex 78. Styrene oxide was converted under
atmospheric pressure at 85 °C in 24 h yielding 93% of the respective carbonate
(entry 4). The synthesis and utilization of bimetallic aluminum complexes based on
amino triphenolate ligands has also been reported [175]. In the presence of catalyst
79 various terminal carbonates, e.g. styrene carbonate (entry 5), as well as internal
carbonates were obtained in good to excellent yields from the respective epoxides.

The group of Sun reported dinuclear Zn, Cu, and Cd complexes bearing NH,-
functionalized phenolate ligands [176]. These complexes were successfully applied
to the addition of CO, to epoxides. The authors described catalyst 80 as the most
active of the investigated catalysts. Styrene oxide was converted in the presence of
0.16 mol% 80 and 1.8 mol% TBAB (entry 6). Even though a low CO, pressure of
0.1 MPa was sufficient to obtain styrene carbonate in 79% yield a relatively high
reaction temperature of 100 °C was required. The conversion of enantiomerically
pure (R)- or (§)-styrene oxide (>99% ee) led to the respective carbonates in only 80
and 81% ee. Besides a stereospecific Sy2 pathway leading to retention of
configuration at the stereocenter, an alternative Sy1 pathway leading to partial
racemization was considered. Moreover, the role of the NH,-groups of the ligand in
the catalytic process was investigated. The improved activity of the catalyst
compared to complexes bearing tertiary amine groups is addressed to the Lewis-
basic activation of CO, by the NH,-groups.

4 Miscellaneous Catalysts Based on Transition Metals and Main Group
Elements

4.1 Alkali and Alkaline Earth Metal-Based Catalytic Systems

In 1984 Kuran and co-workers reported a detailed study on the use of alkali metal
salts in combination with various phase transfer catalysts [181]. Potassium iodide in
combination with 18-crown-6 82a as phase transfer catalyst proved to be a very
efficient system (Table 15, entry 1). It was found that various other alkali metal salts
such as K,CO;5 and potassium phenolate as well as other phase transfer agents such
as polyglyme, PEG, and even DABCO and TMEDA facilitate the reaction under
drastic conditions (120 °C, 4 MPa, 24 h). More recently, Werner and co-workers
used poly(dibenzo)-18-crown-6 (82b) in combination with potassium iodide as
recyclable catalyst system. They showed that this system can be used for the
conversion of a various terminal epoxides even at 80 °C, e.g. propylene carbonate
was obtained in 93% yield after 14 h (entry 2) [182]. Jing and co-worker prepared
aza-crown ether based ionic liquid 83, which showed in combination with KI
cooperative catalytic activity in the addition of CO, to propylene oxide (entry 3)
[183]. Desens and Werner utilized the KI/18C6 system reported by Kuran et al.
[181]. in combination with N-heterocyclic carbenes for the convergent activation of
CO, and the epoxide (Table 6, entry 4) [109].
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Endo and co-workers studied the conversion of phenyl glycidyl ether [184] and
other epoxides [185] with CO, under atmospheric pressure in the presence of
5 mol% of various alkali metal salts. LiBr proved to be the most active catalyst in
N-methylpyrrolidinone (NMP) as solvent (entry 4). Notably, only halide salts
showed high catalytic activity. The order of intrinsic activity was found to depend
on the nature of the halide (C1~ > Br™ > I"), which is the order of nucleophilicity
of the anion in polar aprotic solvents. Furthermore, the order of the activity for the
cation is in accordance with the Lewis acidity and was found to be lithium
salt > sodium salt > ammonium salt. However, LiCl, which presumably should be
the best catalyst, showed only low conversion due to its low solubility in the
reaction mixture. Moreover, a kinetic analysis showed that the CO, pressure showed
no effect on the reaction rate. Wu and co-workers performed DFT calculations for
the addition of CO, to epoxides catalyzed by LiBr [186]. Based on the determined
free energies of activation, they identified the ring-opening of the epoxide or the
ring-closing to form the cyclic carbonate as possible rate-determining steps
depending on the reaction conditions.

Ghosh and co-workers studied alkali metal salts in combination with Lewis basic
co-catalysts [187]. Lithium bromide in combination with DMAP proved to be active
even below 100 °C. A turnover frequency of 295 h™' was obtained at 130 °C and
2 MPa CO, pressure (entry S5). Notably, in the absence of DMAP, the turnover
frequency dropped to 8.2 h™'. Sun et al. reported the increased catalytic activities of
alkali metal salts in the presence of water [78]. Also in this study the intrinsic
activity of the salts depended on the nature of the anion. However, in water as protic
solvent the activity increased in the order CI” < Br~ < 1. Han and co-workers
performed DFT calculations to elucidate the catalytic mechanism of KI in the
presence of hydroxyl substances as co-catalysts [188]. It was demonstrated that the
introduction of hydrogen bond donors as co-catalyst allowed the activation of the
epoxide, as well as the stabilization of the transition states via hydrogen bonding.
Park et al. reported the microwave-assisted synthesis of cyclic carbonates catalyzed
by formic acid as hydrogen bond donor in combination with KI. The reaction
progresses rapidly (15 min) using 200 W microwave power even at low CO,
pressure <1 MPa (entry 6) [189]. The calculated transition state energy for the rate-
determining step (ring-opening) shows a significant energy difference of
31.29 kJ mol ™' compared to H,O/KI. Natural occurring amino acids in combination
with KI have also been reported [190, 191].

Park et al. showed that the histidine (84)/KI system gave a turnover number of
535 for propylene oxide in 3 h (entry 7) [190]. The use of co-catalyst with alcohol
moieties as hydrogen bond donors, e.g. triethanol amine (85) in combination with
KI has also been reported [192, 193]. Werner and co-workers reported that this
system was active even at reaction temperatures <100 °C (entry 8) [192]. Similar
results could be obtained in the presence of hydroxyl functionalized imidazole 86
(entry 9) [194]. Notably, in the presence of 86 as co-catalyst the yields could be
improved for several examples compared to the triethanol amine catalyst system.
Both systems also gave good results at 60 °C even though longer reaction times
were required.
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Scheme 18 Proposed mechanism for the MgBr,/Ph;P catalyzed conversion of epoxides with CO,
according to Shim and co-workers [195]

It should be noted that alkali metal salts have been extensively studied in
combination with various organic supports, e.g. catalytic systems based on biomass
derived hydrogen bond donors such as B-cyclodextrin [197], cellulose [198, 199],
lignin [200], sugarcane bagasse [201], as well as lecithin [202], organic polymers
[203, 204]. However, these systems usually require reaction temperatures >100 °C
and carbon dioxide pressure well above 0.1 MPa. A detailed discussion would go
beyond the scope of this chapter.

In contrast to alkali metal-based systems, alkaline earth metal salts have been
much less frequently used as catalysts. However, Ren and co-workers recently
reported a Mg(II)-based catalyst system which operates at room temperature [195].
The most active system was the combination of MgBr;, and triphenylphosphane
(entry 10). In this case, the reaction time can be reduced to 1 h if the reaction is
performed at 60 °C. The authors propose two pathways for the addition of CO, to
the epoxide (Scheme 18). In pathway A the epoxide is activated by the Lewis-acidic
MgBr, while in pathway B activation occurs by an in situ formed phosphonium salt.
In both pathways CO, activation by the Lewis-basic phosphane is suggested.

Most recently, He et al. reported calcium halides in combination with DBU as a
cooperative catalytic system [196]. The halide activity increased in the order
F~ <Cl” <Br ~ I'". The reaction proceeds smoothly at atmospheric CO,
pressure (entry 11). Notably, in the absence of the CaBr;, the yield dropped to 41%.
In the absence of DBU the yield was <10%. The authors proposed an dual
activation model involving the epoxide ring opening by either a DBU-CO, adduct
or bromide in combination with the Lewis-acidic activation of the epoxide by Ca*"

4.2 Boron and Carbon Group-Based Catalytic Systems
Several boron group catalysts have been discussed in previous sections, e.g. Zhang

and co-workers reported boronic acid catalyst 47 in combination with tetrabuty-
lammonium salts as co-catalysts in the synthesis of cyclic carbonates (see
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Table 16 Selected boron and carbon group-based catalytic systems
Ph Ph AlMe;

Et, I Et Me, :
Et—Al SIN Ay Me—AI IO AI\M’\je '\/le‘rxj/\_,\N’Me NEL o
Me e N’N Me M'\e/|7‘\/o/?|\oere /A\ c
J >:_7’ € " Me Me  cyN NCy,
Me Me
88 89 90
Entry Cat. Co-cat. Sub. T(C) p MPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1 87 (5) TBAB (5) SO (1.7) r.t. 1 24 83 [205]
2 88 (5) TBAB (5) SO (1.7) 18 0.1 24 89 [206]
3 89 (0.1) PPNCI (0.1) PO (10) 100 1 12 87* [208]
4 InBr; (5) PhsP (10) PO (10) r.t. 0.1 5 82 [210]
5 90 (2.5) - SO (8.8) 75 0.1 20 90 [211]
6 SnCl, DBU (0.25) PO (200) 50 0.2 3 >99 [212]
(0.05)
7 BusSnl (2) TBPI® 2) PO (50) 40 49 1 100 [213]

? Conversion is given (selectivity >99%)

® Tetrabutylphosphonium iodide

Chapter 2.6) [125]. Moreover, aluminum-based systems were discussed in the
privileged metal complex section (Chapter 3). Besides those systems, recently
several other aluminum-based catalytic systems have been described which
facilitate the efficient conversion of epoxides with CO, under mild reaction
conditions. In 2012 Castro-Osma et al. reported bimetallic aluminum complex 87 in
combination with TBAB as co-catalyst operating at room temperature (Table 16,
entry 1) [205]. Notably, this complex displayed significantly higher catalytic
activity than the corresponding monometallic complex. Subsequently, this catalytic
system was further evaluated [206, 207]. A parallel screening of various catalysts
was performed including 19 different aluminum complexes based on 87 as lead
structure. As a result of this screening, trimetallic complex 88 was identified as the
best catalyst allowing the reaction to be performed even at 0.1 MPa CO, pressure
(entry 2) [206]. Kim, Lee, and co-workers studied mono- and dinuclear aluminum
complexes based on multidentate aliphatic amino alcohols [208, 209]. *’Al NMR
revealed that the dinuclear complexes remain dimeric in solution regardless of the
presence of a co-catalyst and/or epoxide [209]. Aluminum complex 89 showed the
highest activity in combination with PPNCI (entry 3) [208]. Shibata et al. reported
an efficient and very simple catalytic system comprising InBr;y as catalyst and
triphenylphosphane as additive [210]. Notably, this binary catalytic system allowed
the conversion of several terminal epoxides, e.g. propylene oxide at room
temperature and 0.1 MPa CO, pressure (entry 4).

Systems based on Si, Ge, Sn, and Pb are far less studied. However, a silanol-
based catalyst 46 has been discussed in Chapter 2.6 and tin porphyrine complex 48b
was introduced in Chapter 3.1. Usually group 15 onium compounds, namely
ammonium and phosphonium salts, are frequently employed as catalysts and co-
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catalysts in the addition of CO, to epoxides. Recently, Lambert and co-workers used
a cyclopropenium salt 90 as a metal-free one component organocatalyst for this
reaction (entry 5) [211]. Even though only four cyclic carbonates were prepared
from the respective epoxides, 90 exhibits an easily modifiable structure and thus is a
promising new class of onium salt catalysts. Jing and Nguyen reported the use of
simple SnCl, in combination with different amine bases as catalyst. In the presence
of DMAP initial turnover frequencies up to 1388 h™' could be achieved [212]. A
binary catalytic system based on SnCl, in combination with DBU allowed the
conversion of propylene oxide with CO, even at 50 °C and low CO, pressure of
0.2 MPa (entry 6). In situ '"?Sn NMR spectra indicated 8 different tin species. The
Lewis-acidic metal center is coordinated by propylene oxide, chloride and/or DBU.
Another simple Sn-based system which operates under mild conditions has already
been reported in 1987 by Baba and co-workers (entry 7) [213].

4.3 Transition Metal-Based Catalytic Systems

In this chapter transition metal-based catalytic systems are discussed. However,
transition metal complexes comprising privileged ligands namely porphyrines,
salen, and related ligands as well as amino phenolate ligands have been discussed in
chapter 3. D’Elia and co-workers recently gave an excellent overview about group
III-V transition metal complexes as catalysts for the addition of CO, to epoxides
[56]. Only very few of the early transition metal systems catalyze this reaction under
mild conditions.

Eddaoudi and co-workers reported the use of readily available YCl; in
combination with TBAB as a catalytic system for the conversion of propylene
oxide under ambient conditions (Table 17, entry 1) [214]. The direct capture and
conversion of CO, from flue gas emitted by a point source, e.g. industrial flue gas
might maximize the benefits of CO, use. Barthel et al. studied various early
transition metal salts in combination with TBAB as catalyst system for the synthesis
of cyclic carbonates [215]. YCI; proved to be a feasible catalyst leading to 98% CO,
conversion and 37% yield of propylene carbonate even under a stream of CO, with
a total gas flow (50 vol.% CO, with Ar) of 59.44 x 10~" mol s™'. If oxygen was
used instead of argon slightly lower catalytic efficiency was observed. The presence
of water, which is also a component of flue gas, led also to a reduction of the
reaction rate. However, the authors could finally show that this catalytic system is
active even if real flue gas (10.2 vol.% CO, content) was used, reaching CO,
conversions of up to 73% based on propylene carbonate yield.

Go et al. reported a series of new half-sandwich titanocenes and their application
in the synthesis of propylene carbonate. A titanium complex 91 based on a mono
anionic bidentate tetrazole in combination with TBAI provides a conversion of
propylene oxide of 86% at a temperature below 100 °C (entry 2) [216]. Kim et al.
reported a dinuclear zirconium complex 92 as catalyst for this reaction [217].
Notably, this was the first study on zirconocene catalysts for the addition of CO, to
epoxides. TBPB proved to be the best co-catalyst for the conversion of PO at a
moderate reaction temperature of 75 °C (entry 3). Lee and co-workers studied
various simple transition metal salts MX,, in combination with onium salt co-
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Table 17 Selected group III-V-based catalytic systems for the conversion of CO, with epoxides

N= N, Me Me
cl i NH &5 0 Et
LoN= o\||/O
Tu ~o C'_Zf_c' Me\@?\l)\N,Bu
N o o —/  8°
HN<,"

N
94
Entry Cat. Co-cat. (mol%)  Sub. T(¢C) p MPa) t(h) Yield References
(mol%) (mmol) (%)
1 YCI; (1) TBAB (2) PO (100) 25 0.1 4 75% [214]
2 91 (0.1) TBAI (0.1) PO (28.5) 75 22 45 86° [216]
3 92 (0.2) TBPB (0.2) PO (10) 75 1 7 92 [217]
4 VCl; [BuyN]OAc PO (100) 90 1.5 4 98 [218]
(0.33) (0.33)
5 93 (2.5) TBAI (5) EH (2) 25 0.2 18 91 [219]
6 NbCls TBAB (1) PO (100) 25 0.05 14 99¢ [220]
0.5)
7 NbCls (1) 94 (2) PO (10) r.t. 0.4 2 93 [221]

* Conversion is given

catalysts. Vanadium(III) and iron(Ill)chloride showed the highest activity. Subse-
quently, different onium salts were studied as co-catalysts. Most interestingly, non-
nucleophilic tetrabutyl-ammonium acetate was highly active. The order of activity
for the tetrabutyl-ammonium salts in combination with FeCl; was AcO™ > Cl™ > -
Br~ > 1. Hence, in the presence of 0.33 mol% of VCl; and 0.33 mol%
[BuyNJOAc a conversion of 98% of PO was achieved at 90 °C and a pressure of
1.5 MPa CO,. (entry 4) [218]. Coletti et al. evaluated a series of different
substituted salen and salphen vanadyl complexes as well as commercially available
VO(acac), 93 with TBAI as co-catalyst. Interestingly, 93 proved to be the most
active catalyst allowing the conversion of various epoxides, e.g. epoxyhexane at
25 °C and low CO, pressure of 0.2 MPa (entry 5) [219].

In an initial study Monassier et al. explored group IV-VI transition metal halides
and oxychlorides in combination with DMAP for the conversion of propylene oxide
with CO, under mild conditions (50 °C, 0.5 MPa, 12 h) [220]. NbCls/DMAP formed
an active catalyst system leading to high conversion up to 96% and turnover
frequencies up to 67.2 h™'. A screening of different nucleophiles resulted in a system
which showed even better performance. The combination of NbCls and TBAB
allowed the conversion of propylene oxide even at room temperature and
p(CO,) = 0.05 MPa (entry 6). Furthermore, it has been reported that the catalytic
activity of the Nb halides decreased in the order NbCls > NbBrs > NbFs [222].
Subsequently, mechanistic studies on the synthesis of propylene carbonate from PO
and CO, for both systems (NbCls/DMAP and NbCls/TBAB) have been reported
[223]. The potential energy surface profile calculated by Zhang et al. showed a barrier
for the ring-opening of PO by TBAB of 28.2 kcal mol ™" [224]. This relatively high
activation barrier prevents the reaction to occur at ambient conditions in the absence
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Scheme 19 Proposed mechanistic pathways for the addition of CO, to PO catalyzed by NbCls and
DMAP [223]

of NbCls. In contrast, in the presence of DMAP-NbCls the barrier for the ring-opening
step at the less substituted carbon atom is lowered to 3.2 kcal mol~". For the NbCls/
TBAB the ring-opening is barrierless reaction at the sterically less hindered carbon
center assisted by the Lewis acid [223]. Another interesting aspect for the NbCls/
DMAP system has been revealed by a combination of kinetic investigations and
in situ spectroscopy which suggested the involvement of a second DMAP molecule in
the rate-determining step (the ring-closing). DMAP facilitates this step after the
dissociation of a chloride ligand from the niobium center. This may take place
through direct nucleophilic attack of DMAP at the hemicarbonate species (pathway
A, Scheme 19) or ring opening of an activated epoxide molecule (pathway B). The
same groups also reported the use of imidazolium bromides as co-catalysts for this
reaction [221]. In wide screening of 31 different salts compound 94 proved to be the
most efficient co-catalyst allowing complete conversion of PO within 2 h at room
temperature and low CO, pressure (entry 7).

In the early 1980s, Kisch and Ratzenhofer reported that MoCls, FeCl; , and CoCl,
catalyzed the addition of CO, to propylene oxide at room temperature and low CO,
pressure (0.1 MPa) in the presence of triphenylphosphane. Even though long reaction
times of 7 days were required the respective carbonate was obtained in yields >75%.
The best catalytic system was the combination of MoCls and triphenyl-phosphane
(5:1) yielding propylene carbonate in 78% (Table 18, entry 1) [225].
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Group VII- and VIII-based systems able to catalyze the addition of CO, to
epoxides under mild conditions have also been reported. Wong et al. reported
tricarbonyl rhenium (I) complex 95 with a pyrrolidinium bromide moiety as catalyst
for the addition of CO, and epoxides, e.g. styrene oxide in a pyrollidinium-based
ionic liquid as solvent (entry 2) [226]. Bu et al. used ruthenium complex 96 for the
synthesis of propylene carbonate. At low catalyst loading (0.024 mol%) the desired
product was obtained in 97% yield in the presence of cetyltrimethylammonium
chloride (CTAC) as co-catalyst (entry 3) [227]. The same group also reported trans-
dichlorotetrapyridine-ruthenium(Il) as a catalyst [228]. Under slightly more drastic
conditions (80 °C, 3.0 MPa, 4 h) 99% yield was achieved. Buonerba et al. reported
the synthesis of an air stable dinuclear iron(IIl) thioether-triphenolate complex 97
and its application in the addition of CO, to epoxides (entry 4) [229]. Fuchs et al.
used iron(III) catalyst 98 without co-catalyst for the synthesis of cyclic carbonates
from epoxides and CO, [230]. High conversions were obtained for several terminal
epoxides, e.g. 96% for styrene oxide at 80 °C (entry 5).

Dinuclear cobalt complex 99 has been reported by Tang and co-workers as
catalyst for cyclic carbonate synthesis [231]. In combination with phenyltrimethy-
lammonium tribromide this catalyst facilitates the reaction at ambient temperature
(entry 6). Zevaco and co-workers reported a series of differently substituted N,N-
bis(2-pyridinecarboxamide)-1,2-benzene ligands [232]. Cobalt, chromium, and iron
complexes based on these ligands were prepared and tested as catalysts in the
coupling of CO, with epoxides to produce polycarbonates and cyclic carbonates,
respectively. In the presence of catalyst 100 propylene carbonate was obtained at
80 °C and 3.5 MPa CO, pressure in 78% yield (entry 7). Notably, this ionic
complex bearing a tetraethyl ammonium counterion does not require any additional
co-catalyst.

Most recently, Rulev and co-workers reported chiral cobalt(III) complex 101,
which offers Brgnsted acid as well as Lewis base properties [233]. The authors
propose the ligand acting as a hydrogen bond donor activating the epoxide. In the
presence of 101 various epoxides, e.g. styrene oxide could be converted to the
respective carbonates without the addition of a co-catalyst (entry 8).

Unfortunately, no kinetic resolution was observed when terminal epoxides were
used as substrates. However, if chalcone oxide was converted Kinetic resolution did
occur. At 60% conversion the enantiomeric purity of the remaining epoxide was
55%.

Since the pioneering work of Inoue and co-workers [234], catalysts based on zinc
are probably the most frequently studied metal containing catalytic systems for the
synthesis of cyclic carbonates and polycarbonates from carbon dioxide and
epoxides. Thus, several privileged zinc complexes have been already discussed in
chapter 3. However, numerous other systems based on zinc complexes or simple
zinc salts have been studied that catalyze the addition of CO, to epoxides under
mild conditions.

In 2014 Zevaco and co-workers reported the synthesis of 102a as catalyst for the
synthesis of propylene carbonate (Table 19, entry 1) [235]. In the presence of
0.2 mol% TBALI as co-catalyst the desired product was obtained in a yield of 88%
after 20 h at 40 °C and 0.2 MPa. Initial turnover frequencies of up to 744 h™' were
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Table 18 Selected group VI-IX-based catalytic systems for the conversion of CO, with epoxides
tBu
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Entry Cat. Co-cat. Sub. T(¢C) pMPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1 MoCls (1)  PPhs (5) PO (143) r.t 0.1 168 78 [225]
2% 95 (0.8) - SO (2.5) 80 1.5 94 [226]
3 96 (0.024) CTAT (0.024) PO (210) 75 3.0 97 [227]
4 97 (0.25) TBAB (0.5) PO 60 2.0 99° [229]
5 98 (0.2) TBAB (0.2) SO 30 5.0 20 96 [230]
6 99 (0.1) PTAT (0.4) PO (100) it 0.69 3 912 [231]
7 100 (0.2) - PO (143) 30 3.5 20 78 [232]
8 101 (2) - SO 50 5.0 24 95° [233]

% The ionic liquid N,N-methyl ethyl pyrrolidinium bromide was used as solvent

® Conversion is given
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determined in the presence of only 0.1 mol% 102a at 80 °C after 1 h. Moreover,
under adjusted reaction conditions Zn-catalyst 102a was also able to produce
poly(cyclohexene carbonate) (PCHC) from CHO and CO,. Additionally, different
co-catalysts were tested in the reaction of CHO and CO,. In terms of selectivity,
using TBAB and TBAI lead rather to cyclohexene carbonate (CHC) as the main
product while tetrabutylammonium chloride and PPNCI lead to the formation of
pure PCHC. Hence, it was considered that soft Lewis bases like Br™ and I promote
the reaction of CHC and a harder Lewis base will give PCHC. Further investigations
were conducted with special emphasis on the ligand structure of the Zn-N,O,
catalyst system [236]. In total, 19 ligands were tested. Under the given reaction
conditions the TOF and yield of PC of catalyst 102a was further increased by
substitution of electron withdrawing groups CN to CO,Et and Cl substituents at the
phenyl backbone (102b, entry 2). Regarding the mechanism, Zevaco and co-
workers proposed the formation of an ionic complex bearing tetrabutylammonium
counterion (similar to cobalt complex 100) to play a crucial role within the catalytic
cycle. The same group reported zinc bispyridylamide complexes for the catalytic
formation of cyclic carbonates [237].

In the model reaction catalyst 0.1 mol% 103 and 0.1 mol% TBAI co-catalyst
produced PC in 92% yield after 20 h at 80 °C and 3.5 MPa (entry 3). PPNCI or
DMAP proved to be inappropriate co-catalyst. In the case of DMAP, poor reactivity
was observed, which was attributed to the formation of a stable 103/DMAP
complex.

He and co-workers reported a Zn-complex 104 for the formation of cyclic
carbonates using 1-hydroxy-2-pyridone as ligand (entry 4) [238]. In the presence of
0.15 mol% 104 and 0.5 mol% TBAI PC was obtained after 6 h at 80 °C and
1.0 MPa. The maximum TOF for this catalyst was 22,000 h~! at 120 °C and 3.0
MPa CO, (0.0025 mol% 104, 0.9 mol% TBAI, 1 h, yield = 55%). However, high
catalytic activity was only observed when both 104 and TBAI were employed. In
recycling experiments, five runs were performed. FT-IR spectra of fresh 104 and
recovered catalyst 104/TBAI after the Sth run displayed overlapping bands for
y(NO) at 1185 cm~! and y(CO) at 1624 S indicating good stability of 104.

Mashima and co-workers developed a zinc cluster system 105 operating under
ambient reaction conditions (entry 5) [239]. However, to yield propylene carbonate
in 99% at 25 °C and atmospheric CO, pressure comparably high catalyst loadings
of 2 mol% 105 and 4 mol% TBAI were required. In order to investigate the
applicability of this catalytic system several gas impurities in the ratio of v(CO,)/
v(X) = 95/5 (X = Ar, Air, O,, CO, NO,, SO,) were investigated yielding similar
rates of conversion to pure CO, regardless from the type of impurity.

Claver, Godard, and co-workers reported a monometallic zinc complex 106 as
catalyst for the addition of CO, to epoxides (entry 6) [240]. A maximum TOF of
480 h™" was calculated after a conversion of 24% (1,2-epoxyhexane with CO,) in
the presence of 0.05 mol% 106. IR, NMR, and XRD investigations revealed a rapid
exchange of the Zn-species of the “ligand arms” at room temperature. The catalyst
system 106/TBAI was recycled five times, yielding 98% PC after the first run and
88% after the fifth run.
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Table 19 Selected examples of zinc-based complexes as catalysts for the addition of CO, to epoxides
under mild conditions

N N N N
R2 / N, S \ R2 — \Zn” /O O«
‘g;O/Zn\o_ o ~ ¢ 4 e N
\ & LO. _ N N‘O’ ‘O‘f P
EtO OEt H H

102a, R'= H, R®= CN 103 104
102b, R'= CI, R?= CO,Et

e : 0
N N\
=N N tBu
a (¢}

0O Q
Y 108 106 107
CF3
oo LD
N, 2
N 4 |
O
e}
Q NG
N Zn\ N 7 N\
7 Q O Br., 'Zn/N_
N
& . ,N B N
(= o
108 108
Entry Cat. Co-cat. Sub. T(CC) pMPa) t(h) Yield References
(mol%) (mol%) (mmol) (%)
1 102a (0.2) TBAI (0.2) PO 40 0.2 20 88 [235]
2 102b (0.2) TBAI (0.2) PO 40 0.2 20 97 [236]
3 103 (0.1) TBAI (0.1) PO (143) 80 35 20 92¢ [237]
4 104 (0.15) TBAI (0.5) PO (5) 80 1.0 6 99 [238]
5 105 (2.0)  TBAI (4.0) PO (20.0) 25 0.1 6 99 [239]
6 106 (0.05) TBAI (0.1) PO (42.9) 80 3.0 16 89 [240]
7 107 (0.14) TBAB (0.2) PO (43.8) 80 5.0 24 82° [241]
8 108 (1.0)  TBAB (5.0) PO (71.5) 50 1.0 24 98" [242]
9 109 (0.1) - EO 100 3.4 1 83 [243]

? Conversion is given
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Masedu-Bulté and Aghmiz reported a tridentate NN’O-donor Schiff base ligand
forming a mononuclear Zn(Il) complex 107 for the cycloaddition of CO, and
epoxides (entry 7) [241]. DFT studies in order to compare the stability of tetra-,
penta-, or hexacoordinated species were carried out. Although hexacoordinated is
the major species, in solution penta- and hexacoordinated species coexist due to
only small energy differences between both species. However, X-ray diffraction
crystallography of the isolated 107 revealed a penta-coordinated complex. Under
supercritical conditions at 100 MPa, 100 °C and only 0.5 h employing 0.005 mol%
107 and 0.0005 mol% TBAI a maximum TOF of 3733 h™' was observed.

Chen et al. reported a zinc complex 108 bearing imine-benzotriazole phenoxide
ligands (entry 8) [242]. At 50 °C and 1.0 MPa a yield of 98% SC was obtained in
the presence of 1.0 mol% 108. However, the use of 5.0 mol% TBAB was required.
Kim and Kang reported 109 as catalyst for the formation of cyclic carbonates from
epoxides and CO, (entry 9) [243]. The complex 109 was treated with 10 equiv of
epoxide to give 110 suitable for XRD analysis (Scheme 20).

In the proposed mechanism 110 is considered to be a key intermediate in the
catalytic cycle (Scheme 20). NMR investigations were performed introducing
labeled '*CO, into an NMR tube with 110 to give a new set of broad resonances in
the 'H NMR, as well as a specific carbonate resonance at & = 170 ppm in the "*C
NMR spectra. A maximum TOF of 851 h™' was determined in the presence of 109.
Moreover, in further studies polystyrene pyridine was used to form an immobilized
ZnBr, complex of type 109 [244].

Even very simple catalytic systems comprising zinc salts and onium salt co-
catalysts facilitate the conversion of CO, with epoxides even under mild conditions.
Already in 1986 Kisch and co-workers employed several MCl, salts in combination
with onium co-catalysts (Table 20, entry 1) [245]. In the presence of 0.2 mol%
ZnCl, and 0.8 mol% TBAI propylene carbonate was obtained in 98% yield after
24 h at room temperature and atmospheric CO, pressure. Interestingly, if PC was
used as solvent, ZnCl, (0.7 mol%) and KI (1.4 mol%) proved to be also a feasible
catalyst system under ambient reaction conditions (r.t., atmospheric pressure, 21 h).
However, ZnCl,/TBAI was only suitable for the conversion of terminal epoxides.
Internal epoxides like CHO and 2,3-epoxybutane could not be converted to the
corresponding cyclic carbonates under these conditions. In 2005, Fujita and co-
workers reported a similar catalyst system composed of ZnBr, and TBAI (entry 2)
[246]. At elevated reaction temperature of 90 °C and a short reaction time of 0.5 h
an excellent yield of 98% SC was obtained. The pressure had a crucial impact on the
reaction outcome. The optimum was found to be 8.0 MPa, thus reaction occurs in
scCO,. A maximum TOF of 996 h™! was determined with 0.05 mol% ZnBr, and
0.2 mol% TBAI after 0.5 h at 80 °C and 8.0 MPa. Notably, a distinct trend
regarding the yield was effect by the counterions of the employed zinc salts with
decreasing yield in the order of ZnBr; > Znl, > ZnCl,.

Yin, Au, and co-workers reported ZnBr, as a suitable catalyst in combination
with [PhyP]I as co-catalyst (entry 3) [247]. At elevated reaction temperatures it is
possible to achieve excellent TOF of 6272 h™' in the synthesis of PC, which was
obtained in 90% yield after 1 h at 120 °C and 2.5 MPa. However, the presence of
even trace amounts of water decreased the yield significantly. Hence, epoxides
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Scheme 20 Proposed mechanism for the formation of cyclic carbonate in the presence of 109 [243]

needed to be dried prior use to obtain reproducible results, as well as high yields. In
contrast, Qiao and Yokohama reported zinc phenosulfonate octahydrate and TBAB
for the synthesis of PC (entry 4) [248]. The use of microwave irradiation
(TOF = 6989 h™") compared to conventional heating (TOF = 6383 h™") acceler-
ated the catalytic reaction significantly applying 3 MPa CO, and 100 °C or
300 W MW irradiation for 0.25 h. Remarkably, TOFs of up to 20,371 h~! could be
obtained at 120 °C using only 0.01 mol% Zinc catalyst after 0.25 h to yield 51% of
PC. In consideration of CO, to be in an excessive amount in the system Arrhenius
law was used to determine the catalytic constant for the pseudo-first order reaction
in v = k [PO]. In respect to those assumptions, for MW irradiation a catalytic
constant 10*k = 8.44 s~' and for oil bath heating 10*%k = 7.59 s~' were determined
at 100 °C, 3 MPa, 0.25 h.
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Even though often reaction temperatures >100 °C are required it has to be
mentioned that zinc salts in combination with imidazolium salts have been
frequently studied and represent a privileged class of catalytic systems, too. In 2003
Kim et al. reported the synthesis of ionic liquid-derived zinc tetrahalide complexes,
which are obtained by reacting 1-alkyl-3-methylimidazolium with zinc halides
[249, 254]. The catalytic activity of imidazolium zinc tetrahalide in the coupling of
ethylene and propylene oxide with CO, was greatly influenced by the nature of
halide groups bonded to the zinc center. The catalytic activity increased in the order
[ZnBry]*~ > [ZnBr,CL,]*~ > [ZnCl,]*". High TOFs up to 3588 h™' (ethylene
oxide) and 1846 h™' (propylene oxide) were achieved with catalyst 111 for the
coupling reactions at 100 °C and 3.5 MPa (entry 5). The obtained TOFs were
considerably higher compared to simple imidazolium-based ionic liquids. Arai et al.
studied the catalytic activity of various metal salts in the presence of 1-butyl-3-
methylimidazolium chloride (112a) for the conversion of styrene oxide [250]. The
nature of the metal cation had a significant impact. The catalytic activity decreased
in the order Zn*" > Fe’™ > Fe?" > Mg?" > Li* > Na™' , which is in accordance
with the Lewis acidity of the metal cations. Quantitative yield on SC was achieved
for the catalyst system ZnBr,/112a at a reaction temperature of 80 °C (entry 6). Xia
et al. showed that turn over frequencies up to 5410 h™' could be achieved with
ZnCl, in combination with [BMim]Br (entry 7) [251]. An even higher TOF of
5580 h™' was obtained when ZnBr, was employed. More recently, Sun and co-
workers reported dicationic ionic liquids, e.g. 113 in combination with zinc iodide
(entry 8) [252]. For the best catalyst system, excellent yields on various cyclic
carbonates could be obtained even though reaction temperatures of 110 °C were
required. Notably, zinc salts have also been studied with ionic liquids immobilized
on various supports. Chung and co-workers reported a polyimidazolium-based
tertiary catalytic system. The imidazolium-based polymer originates from histamine
as precursor. In the presence of 114 styrene carbonate was obtained in 94% yield
(entry 9) [253].

5 Summary and Future Trends

The reaction of carbon dioxide with epoxides to produce cyclic carbonates has
gained considerable attention over the past 17 years. Notably, the synthesis of
ethylene and propylene carbonates has already been industrialized. In this
chapter we have summarized recent progress in cyclic carbonate synthesis starting
from CO, and epoxides. Especially emphasized were homogeneous catalysts and
catalytic systems which allow this transformation at reaction temperatures <100 °C
and/or carbon dioxide pressures <0.1 MPa. With respect to the employed catalyst
types it can be stated that organocatalysts in contrast to metal complex catalysts are
often commercially available and/or easily accessible, e.g. ammonium and
imidazolium salts. The nature of these catalysts includes often a modular synthesis,
which allows easy modification and thus comparably simple optimization of the
catalyst structure. However, metal complexes show considerable higher activity and
thus can be employed in considerable smaller amounts (1-2 magnitudes) compared
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to the organocatalysts. Although metal-based systems usually require the use of
onium salts as co-catalysts.

The reaction of terminal epoxides with carbon dioxide is well established and can
be performed at room temperature and low CO, pressure. In contrast the conversion
of internal epoxides under mild conditions remains challenging. In several cases the
experimental work was nicely complemented by theoretical calculations. The
gained knowledge and insights into the interaction between the catalytic species and
substrate helped to rationalize the experimental results and might allow the design
of new catalysts and processes. The development of catalysts which are able to
facilitate the conversion of epoxides at low CO, concentrations and pressure
(preferably at 0.1 MPa) namely simple air would be a significant progress. The
control of the cis/trans selectivity in the conversion of internal epoxides as well as
kinetic resolutions of racemic epoxides are still open challenges. The direct access
of cyclic carbonates from olefins has been investigated, but so far no efficient
catalytic method has been developed which is generally applicable. The increasing
number of publications since 2000 on the synthesis and application of cyclic
carbonates reveals the major interest in this field of research to the chemical
community. The authors hope that this review is a valuable contribution for
scientists interested in the field and might stimulate further developments.
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Abstract Chemical fixation of CO, into value-added chemicals represents a
promising field in view of sustainable development and green synthesis. In this
aspect, the construction of heterocyclic compounds from CO, and readily available
starting materials is particularly appealing in both organic and pharmaceutical fields
since CO, can be regarded as carbon and oxygen resource with advantages of
abundance, renewability, non-toxicity, and non-flammability. In this chapter, we
have summarized elegant protocols with elaborately designed substrates for the
direct incorporation of entire CO, molecule or “CO” or “C” fragments into lac-
tones and other heterocycles such as oxazolidinones, cyclic carbonates, quinazoline-
2,4(1H,3H)-diones, etc., through the formation of carbon—carbon, carbon—nitrogen
and/or carbon—oxygen bonds promoted by homogeneous catalysts.

Keywords Carbon dioxide - Catalysis - Heterocycle - Lactone - Sustainable
chemistry - Synthetic methods

1 Introduction: CO, in Heterocycles Synthesis

Since the Industrial Revolution, the concentration of CO, in the atmosphere has risen
continuously, which is acknowledged as the dominant factor resulting in global
warming. In this context, CO, capture and storage (CCS) has been proposed as an
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alternative strategy for mitigating carbon accumulation. On the other hand, CO, can be
regarded as a carbon and oxygen resource with advantages of abundance, renewa-
bility, non-toxicity, and non-flammability. In this context, transformation of CO, into
value-added products has received considerable interest and presents a promising field
in organic synthesis [1-6]. The construction of heterocyclic compounds from readily
available starting materials is particularly appealing in both organic and pharmaceu-
tical fields. CO, as an alternative and sustainable building block has been employed for
the purpose of heterocycle synthesis [7—10].

Generally, the carboxylation is involved in CO, capture process by adopting
carbon, nitrogen, or oxygen-nucleophile and subsequent cyclization is realized with
an additional electrophile. With this strategy, CO, can be fixed and further
incorporated into various heterocycles through the formation of carbon—carbon,
carbon—nitrogen, and/or carbon—oxygen bonds. In this chapter, we have summarized
selected works on incorporating entire CO, molecule or “CO” or “C” fragments
into heterocyclic compounds. The subject has been roughly divided into two parts,
incorporation of CO, into lactones and other heterocycles such as oxazolidinones,
cyclic carbonates, quinazoline-2,4(1/H,3H)-diones. With respect to the synthesis of
lactones, the general protocol is to couple unsaturated hydrocarbons with CO, or
through carboxylative cyclization of carbon nucleophiles with CO,. In regards to
other heterocycle construction, CO, can be trapped by nitrogen or oxygen
nucleophiles, followed by intramolecular cyclization, resulting in the formation of
oxazolidinones, cyclic carbonates, and quinazoline-2,4(/H,3H)-diones etc.

2 Incorporation of CO, into Lactones
2.1 Coupling Unsaturated Hydrocarbons with CO,

The construction of heterocyclic compounds by adopting CO, as carboxylation or
carbonylation reagent is particularly appealing since CO, can be regarded as a
sustainable, abundant, and ubiquitous C1 resource. In this respect, incorporation of
CO, into lactones provides a promising molecular assembly protocol involving
simultaneous carbon—carbon and carbon—oxygen bond formation. The synthesis of
lactones via coupling CO, with unsaturated hydrocarbons such as 1,3-butadiene,
diynes, and allenes have been successively reported based on transition-metal
catalytic systems (Scheme 1). From a mechanistic perspective, the insertion of CO,
into carbon—metal bond is generally involved in the reaction pathway, thus resulting
in the formation of a carbon—carbon bond. The subsequent reductive elimination
process releases the metal catalyst with forming a carbon—oxygen bond.

As early as 1976, a seminal work was reported by Inoue and coworkers about the
catalytic addition of CO, to 1,3-butadiene in the presence of the palladium—
phosphine complex as listed in Table 1 [11]. Solvent-screening implies that polar
aprotic solvents such as DMF and DMSO are favorable and Pd(diphos), is more
effective than Pd(PPh;),, leading to the formation of a small amount of the five-
membered J-lactone 1 and butadiene oligomers such as 2, 3, 4.

@ Springer 146 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:21

Unsaturated hydrocarbons Lactones

: ! O

SN L co, —— 1 /9
i i =

R

Z/%R _ o)
+ COp —» Z

=R ? Ng¥e)

Scheme 1 Lactones synthesis via coupling CO, with unsaturated hydrocarbons

Further studies focus on improving the selectivity of lactone 1. Musco et al. then
found that the distribution of the products mainly depends on the phosphine ligands
[12]. In particular, the employment of basic phosphine ligand e.g., tricyclohexyl
phosphine (PCy;) is beneficial to the formation of the lactone 1, that is, the
electronic control arising from phosphine ligand is crucial for the selectivity control.

More interestingly, the selective formation of d-lactone has been realized by
using “reversible CO,-carrier palladium complex” without additional ligand, which
is the Pd(IT) complex containing a cyclometalated ligand and a functional phosphine
(Scheme 2). Another catalytic system composed of the cationic Pd(II) precursor
[Pd(MeCN),][BF,],, phosphine ligand such as PPh;, p-hydroquinone, and trimethy-
lamine is also demonstrated to be effective [13].

With respect to the reaction mechanism, the oxidative coupling of the two
butadiene units is assumed to coordinate to the palladium complex, resulting in the
formation of the m-allylic complex 7. Subsequently, CO, is inserted into the
palladium-carbon bond to give a palladium carboxylate complex 8. Intramolecular
hydrogen transfer and subsequent isomerization affords the carboxylic acid 9, which
then undergoes intramolecular 1,4-addition to produce the five-membered lactone
product as depicted in Scheme 3.

o-Pyrones are versatile building blocks in organic synthesis and important
heterocyclic structures commonly existing in biological active natural products. In
1988, Tsuda’s group disclosed Ni(COD),/trialkylphosphine as an efficient catalytic
system for cycloaddition of terminally dialkyl-substituted diynes and CO, to
construct the bicycle w«-pyrones (Scheme 4, R=Alkyl) [14]. Remarkably, the
structures of diynes intensively influence the reaction outcome. As a consequence,
each diyne containing different alkyl substituent requires its specific phosphine
ligand. For terminally unsubstituted diynes (Scheme 4, R=H), functionalized
phosphine ligands (12a, 12b) containing pyridyl groups are applied as efficient
ligands for the conversion of 10, whereas ordinary trialkylphosphine ligands are
confirmed to be ineffective [15].

The cycloaddition of the silyl-substituted diynes 13 and CO, affords the
corresponding o-pyrone bearing a trimethylsilyl group [16]. The silyl substituent
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Scheme 3 A plausible mechanism for the palladium-catalyzed incorporating CO, into J-lactone
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2
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10 R
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R=H, Phosphine ligand = 12a or 12b
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N” “CH,CH,P(nBu), N” “CH,P(nBu),
12a 12b

Scheme 4 Ni(COD),/trialkylphosphine-catalyzed cycloaddition of diynes with CO,

attached to sp> carbon can be easily converted into a variety of functional groups such
as hydroxyl, acyl, and halogen. Alternatively, simple protodesilylation of 14 assisted
by fluoride can deliver a-pyrone 15 with a quantitative yield as shown in Scheme 5.

As reported by Louie et al. when the N-heterocyclic carbene such as 1,3-bis-(2,6-
diisopropylphenyl)-imidazol-2-ylidene) (IPr) is employed as a ligand in cooperation
with Ni(COD),, the cycloaddition of diynes and CO, can proceed smoothly under
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Scheme 5 Synthesis of silyl-substituted a-pyrones through the cycloaddition of the silyl-substituted
diynes with CO,
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Scheme 6 Ni(COD),/IPr-promoted cycloaddition of diynes with atmospheric pressure of CO,

atmospheric pressure (Scheme 6) [17]. Notably, in the case of the isolated, well-
defined complex Ni(IPr),, the catalyst loading can be decreased to 1 mol%,
although high substrate concentration is necessary.

The reaction mechanism of Ni(0)/PR; or Ni(0)/IPr-catalyzed cycloaddition of
diynes with CO, is supposed to involve an initial [2 + 2] cycloaddition through
coordinating CO, to Ni(0) to afford the oxanickelacycle species 16. Subsequent
insertion of another alkynyl delivers the intermediate 17. The o-pyrone can be
obtained through further reductive elimination process, with regeneration of Ni(0)
catalyst as depicted in Scheme 7.

In 2003, Mori et al. developed a one-pot multi-step procedure for the regio- and
stereoselective synthesis of a-methylene-y-lactone 19 through the nickel-mediated
sequential addition of CO, and aryl aldehydes into terminal allenes [18]. As
illustrated in Scheme 8, oxidative addition of 18 and CO, to the Ni(0) provides the
oxanickelacycles 20 or 21. The oxanickelacycle species is vulnerable to

@ Springer 150 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:21

)

z o NiL,
(L=PRjsorIPr)

reductive

elimination
R
——R
~ NiL, s /—|
AN LN~ 0
X' ¢
o AN j
R <
17
insertion oxidative

coupling

=R
R (¢}
16
Scheme 7 Possible reaction pathway for the formation of a-pyrone

1) Ni(cod); (1 equiv.)
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2) ArCHO (2 equiv.) R
18 rt, 6 h (in one-pot)
3) PPTS, benzene, reflux 19
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o . Ar.__OH
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o) R o ——————*> R COO-
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Scheme 8 Nickel-mediated sequential addition of CO, and aryl aldehydes into terminal allenes

electrophiles such as aryl aldehydes, resulting in the formation of y-hydroxy
carboxylate derivative 22. Final dehydration cyclization affords the desired o-

methylene-y-lactone 19.

2.2 Carboxylative Cyclization of Carbon Nucleophiles with CO,

Trapping CO, by a carbon nucleophile delivers a carboxylate species with the
formation of a carbon—carbon bond. If the well-designed substrate contains an
additional electrophile such as an alkynyl group, subsequent intramolecular
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Scheme 9 Synthesis of lactones via cascade carboxylation and cyclization with carbon nucleophiles

cyclization can smoothly occur between the carboxylate and electrophile, thus
providing the lactone via forming a carbon—oxygen bond. With this cascade
carboxylation and cyclization strategy, lactone derivatives can be produced by
capturing CO, with an appropriate substrate, that is, an elaborately designed
molecule bearing potential nucleophilic site (for CO, capture) and electrophilic site
(for intramolecular cyclization).

In this part, we focus on the protocols based on an well-designed substrate that
can in situ generate a nucleophilic site to trap CO, into a carboxylate species, and
subsequent intramolecular cyclization with an adjacent electrophilic group affords
the desired lactone as summarized in Scheme 9.

The preparation of y-butyrolactone, an important lactone product, was initially
reported by Inoue in 1979 through the Pd-catalyzed [3 + 2] cycloaddition of
methylenecyclopropane with CO, [19]. Palladium(0) combined with various
phosphine ligands is examined for catalyzing this ring-expansion reaction under
4 MPa CO, with a reaction temperature greater than 130 °C (Table 2). Less basic
phosphine ligands such as PPh; and P(OEt); exhibit a tendency to produce the
lactone 24 rather than 25. The cycloaddition reaction has been further investi-
gated but a relatively high CO, pressure and reaction temperature is still
inevitable [20].

Another predominant procedure for the y-butyrolactone synthesis is described by
Greco and coworkers, that is, a Pd-catalyzed [3 4+ 2] cycloaddition reaction
between CO, and 2-2-trimethylsilylmethyl-2-propenyl acetates 26 [21]. It is
believed that an #°-Pd trimethylenemethane (Pd-TMM) complex is in situ generated
via an oxidative addition of Pd(0) to 26, which is also supposed to be the catalytic
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Table 2 Pd-catalyzed [3 + 2] cycloaddition of methylenecyclopropane with CO,

' o] '
R R Pd(0)-phosphine R RR le)
+ co, — '~ " ,. R + o
(4Mpa)  130°C,20h 0 ~
23a: R = Me 24 25
23b: R = -(CH,)s-
Substrate Catalyst® Conversion (%) Yield (%)°
24 25
23a (17 mmol) Pd(dba),—PPh; 97 69 8
(17 mmol) Pd(diphos), 93 Trace 48
(16 mmol) Pd(dba),—P(OEt)3 26 8 Trace
(9 mmol) Pd(dba),—P(nBu); - 1 5
(17 mmol) Pd(dba),—Me,PCH,CH,PMe} 32 4 7
23b (29 mmol) Pd(dba),—PPh; 71 32 Trace
(30 mmol) Pd(diphos), 74 5 21

? Catalyst (0.4 mmol), Pd(0)—phosphine (1:4)
® Pd(0)—phosphine (1:2)
¢ Determined by liquid chromatogram analysis

4 Not determined

species of aforementioned cycloaddition of methylenecyclopropane with CO,.
Subsequently, the electron-rich carbon of Pd-TMM species can capture CO, to
afford a carboxylate intermediate with formation of a carbon—carbon bond. Then
intramolecular ring-closure could readily accomplish through a carbon-oxygen
bond formation. With this strategy, the cycloaddition reaction could proceed under
quite mild conditions with rapid reaction rate (Scheme 10).

The carboxylative cyclization of f-alkynylketones with CO, is able to afford a
series of aromatic or aliphatic ketone-substituted y-lactones 29 in the presence of
AgOBz and 7-methyl-1,5,7-triazabicyclo-[4.4.0]dec-5-ene (MTBD) under mild
conditions [22]. As shown in Scheme 11, the ketone substrate 28 containing an
alkyne group in the -position, can generate an enolate 30 through deprotonation by
strong bases such as MTBD, which is expected to further trap CO, to afford f-
ketocarboxylate intermediate 32. With the activation of carbon—carbon triple bond
by silver salt, the subsequent cyclization smoothly occurs to give the y-lactone.

Recently, Skrydstrup’s group have reported that the reaction of alkynyl indoles
with CO; in the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) furnishes the
tricyclic indole-containing heterocyclic compounds through the cascade carboxy-
lation and cyclization process (Scheme 12) [23]. The well-designed indoles
derivative, bearing an alkynyl group in the C2-position, the C3-position of which
is a potential nucleophilic site. TBD is assumed to activate CO, by forming a
zwitterionic TBD-CO, adduct 35. The carbon—carbon bond is formed by
nucleophilic addition of the C3 of indole onto the TBD-CO, adduct, and subsequent
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Scheme 10 Formation of catalytic species Pd-TMM complex and further conversion into -
butyrolactone

re-aromatization furnishes carboxylate intermediate 36. Further cyclization on the
alkyne provides the tricyclic heterocycle 34 containing the indole and lactone
scaffold.

Yamada’s group then disclosed the silver/CsF-promoted carboxylative cycliza-
tion of trimethyl(2-methylenebut-3-yn-1-yl)silane derivatives 38 with CO, to afford
the corresponding five or six-membered lactone derivatives 39 or 40 (Scheme 13)
[24]. With the activation of CsF, carbanion 41 is generated via the cleavage of C-Si
bond and formation of Si—F bond. Then nucleophilic addition of 41 to CO, furnishes
carboxylate intermediate 42. Silver(I) catalyst serves as an activator of carbon—
carbon triple bond, thus facilitating the subsequent cyclization to deliver the
2-furanone 39 and 2-pyrone 40 derivative via path a and b, respectively.

Arynes are highly reactive species to be applied as intermediates in multicom-
ponent coupling reactions for the construction of new carbon—carbon bonds as well
as carbon-heteroatom bonds. In this context, Kobayashi et al. have disclosed an
NHC-copper-catalyzed three-component coupling reaction between the ortho-
arynes in situ generated, terminal alkynes and CO, to access a wide range of
substituted isocoumarins in good to high yields (Scheme 14) [25]. The proposed
mechanism is illustrated in Scheme 14. Initially, a copper acetylide intermediate 43
is generated by the base-promoted deprotonation of alkyne. Simultaneously,
fluoride-induced silyl elimination of 2-(trimethylsilyl)aryl triflates takes place to
afford the ortho-benzyne 44. The copper acetylide 43 then nucleophilic addition to
44 to produce the ortho-alkynyl copper complex 45. The transient intermediate 45
can be rapidly intercepted by CO, to generate the copper carboxylate 46, which
further goes through cyclization and protonation process to finally furnish the
isocoumarins.

A Pd-catalyzed carboxylation of alkenyl C—H bond of 2-hydroxystyrenes with
CO, has been achieved by Iwasawa’s group [26]. Such a protocol results in the
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Scheme 11 Carboxylative cyclization of fS-alkynylketones with CO, catalyzed by AgOBz/MTBD

formation of coumarin derivatives in good-to-high yields via carboxylation and
lactonization. The hydroxy group in the substrate behaves as a directing group for
C-H activation as depicted in Scheme 15.

Recently, a transition-metal free example for the synthesis of lactones has been
reported by Zhang et al. [27]. Carboxylative cyclization of the substituted
1-propenyl ketones with CO, provides a straightforward access to various o-pyrone
compounds promoted by CsF.

3 Heterocycles Synthesis Through Trapping CO, with Nitrogen
or Oxygen Nucleophiles
3.1 Cyclization of Nitrogen Nucleophiles with CO,
Trapping CO, with a nucleophile centered at nitrogen, generally amino group, leads

to the generation of a carbamic species (R'R>NCOO™) through the formation of C—
N bond. If the substrate molecule contains an unsaturated C—C or C-N bond, the
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Scheme 12 TBD-catalyzed trapping of CO, by 2-alkynyl indoles

carbamic species can further react with such unsaturated function groups thus
resulting in intramolecular cyclization to provide various heterocycles. Based on
this design pattern, well-designed substrates such as propargylic amines, allyl
amines, «-allenyl amines, o-alkynylanilines, and 2-aminobenzonitrile perform a
carboxylative cyclization with CO,.

The carboxylative cyclization of propargylic amines with CO, is a thermody-
namically favored and atom-economic reaction for the synthesis of pharmaceuti-
cally significant heterocycles, i.e., oxazolidinones. Superbases such as TBD, 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), alkylguanidines, and phosphazene bases as
shown in Scheme 16 can serve as organocatalysts for this purpose [28]. In the
presence of MTBD, 2-oxazolidinones 48 can be obtained from propargylic amines
47 and CO, in excellent yields by employing aprotic polar solvent such as CH;CN
under ambient conditions. Catalyst screening indicates that both the basicity and
steric hindrance of the superbase have a significant influence on the catalytic
performance.

tert-Butyl hypoiodite (fBuOIl) has been demonstrated as an efficient organocat-
alyst to promote the cyclization of propargylic amines with CO, under atmospheric
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Scheme 13 Silver/CsF-promoted carboxylative cyclization of trimethyl(2-methylenebut-3-yn-1-
ylsilanes with CO,
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Scheme 14 (IPr)CuCl-catalyzed three-component coupling reaction of 2-(trimethylsilyl)aryl triflates,
terminal alkynes and CO,
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Scheme 16 Superbase-catalyzed carboxylative cyclization of propargylic amines with CO,

pressure at —20 °C, leading to oxazolidinones bearing an idomethyl group [29].
Noticeably, allyl amines substrates are also tolerated with this protocol.

Recently, Han’s group has developed protic ionic liquids (PILs), such as 1,8-
diazabicyclo-[5.4.0]-7-undecenium 2-methylimidazolide [DBUH][MIm] to catalyze
the reaction of CO, with a broad range of propargylic amines to obtain
2-oxazolidinones under mild conditions [30]. Such PILs can be easily reused at
least five times without a decrease in catalytic activity. DFT studies reveal that both
the cation and anion are crucial in promoting CO, electrophilic addition step and
intramolecular cyclization step by capturing and providing proton, respectively.

Due to the activation effect on the carbon—carbon triple bond of propargylic
amines, transition-metal catalytic systems such as [Ru(COD)-(COT)]/tertiary
phosphine, [31] Pd(OAc),, [32] AgOAc [33] and NHC-Au(I) complexes [34] are
demonstrated to be efficient in accelerating this carboxylative cyclization.
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Scheme 17 The cooperative AgNO3/DBU promoted carboxylative cyclization of propargylamines with
atmospheric CO,

Particularly, the dual-component system composed of AgNO3; and DBU has been
disclosed to promote this cyclization with the use of air as CO, source [35]. With
this protocol, various oxazolidinones can be smoothly obtained from propargylic
amines under open-air conditions. As shown in Scheme 17, the DBU-CO, adduct
49, a zwitterionic carbamate species comes from the reaction of DBU and CO,, can
be deemed to be an activated form of CO,. On the other hand, the silver salt is
recognized as an efficient activator of carbon—carbon triple bond of propargylic
amine. The synergistic effect of the two components renders the reaction to perform
under mild conditions with fixation of CO, from air.

Our group has described copper(Il)-substituted polyoxometalate-based ionic
liquids, e.g., [(nC;H;5)4N]¢[a-SiW{;039Cu] as bifunctional catalysts for the
carboxylative cyclization of propargylic amines with CO, [36]. The dual activation
of the anion of the [(nC7H;5)4N]¢ [¢-SiW{;039Cu] towards both propargylic amines
and CO, has been shown by NMR investigations. Very recently, we have also
reported the zinc complex ZnCl,(TBD),, which can be in situ generated from ZnCl,
and TBD, as a robust catalyst for such a cyclization reaction under atmospheric
pressure and mild temperature [37].
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Scheme 18 Pd-catalyzed three-component coupling reaction of o-allenyl amines, aryl halides, and CO,

o-Allenyl amines, an analogical class of substrates, can work in the same way as
propargylic amines to incorporate CO, into oxazolidinones. In 2009, Ikariya et al.
disclosed that carboxylative cyclization of a-allenyl amines with CO, could be
promoted by Pd(OAc), under supercritical conditions [38]. Then, Ma’s group
reported a mild procedure of the Pd-catalyzed three-component coupling reaction of
o-allenyl amines 50, aryl halides and CO, in the presence of a stoichiometric
amount of base (Scheme 18) [39]. The intermediate 52, which is generated by
oxidative addition of R?I to Pd(0), presumably reacts with the carbamate 53 to yield
n-allylic palladium species 54. Then the subsequent intramolecular cyclization
affords the oxazolidinone with release of the palladium catalyst.

More recently, Ikariya et al. have demonstrated that the NHC-Ag(I) carboxylate
complexes can serve as an efficient catalyst for the synthesis of oxazolidinone
derivatives from allenylmethylamines and CO, under mild conditions with excellent
selectivities (Scheme 19) [40].

The propargylic amines can be readily prepared through the three-component
coupling reaction between alkynes, aldehydes, and amines, so-called A*-coupling
reaction. In this context, Li et al. have combined the A’-coupling reaction and
carboxylative cyclization into one-pot process to synthesize oxazolidinones directly
from terminal alkynes, aldehydes, primary amines, and CO, (Scheme 20) [41]. In
this copper-catalyzed tandem A>-coupling/carboxylative cyclization reaction, CO,
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Scheme 22 Carboxylative cyclization of primary o-alkynylanilines with CO, to yield
4-hydroxyquinolin-2-ones

serve as not only a reagent but also a promoter, that is, to react with primary amines
to prevent the amines from poisoning the copper catalyst.

The carboxylative cyclization protocol can be also applied to construct
benzoheterocycles like benzoxazine-2-one and 4-hydroxyquinolin-2-one derivatives
by employing o-alkynylanilines as substrates.

Yamada’s group has disclosed that in the presence of catalytic amount of silver
salts such as AgNO; or AgOAc and equivalent DBU, the incorporation of CO, into
benzoxazine-2-one 56 could be achieved by employing secondary o-alkynylanilines
55 as reactants under mild conditions (Scheme 21) [42]. The carboxylative
cyclization is suggested to proceed via a silver-activated carbamate intermediate 57.

Interestingly, when primary o-alkynylanilines 58 are selected as substrates,
4-hydroxyquinolin-2-one derivatives 59 are obtained rather than benzoxazine-2-
ones under the same AgNO;/DBU catalytic system albeit requirement of higher
temperature (Scheme 22) [43]. Similarly, the carbamate species is generated
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initially by the reaction of 58 with CO,. Then subsequent rearrangement occurs with
deprotonation by DBU to produce an isocyanate intermediate 62. Further
intermolecular cyclization of 62 affords the 4-hydroxyquinolin-2-one 59.

Recently, the lactam product, e.g., 2-quinolinones were obtained by lactamization of
alkenyl C—H bond with CO,. Other polyheterocycles containing a lactam moiety were
also successfully synthesized via this base-promoted protocol [44]. As depicted in
Scheme 23, Xi et al. reported another metal-free method for carbonylation of o-
arylanilines with CO, to afford phenanthridinones as an important class of lactam
heterocycles [45]. The isocynate was proposed as a possible intermediate generated at
high temperature, following by formation of the carbamate initially.

2-Aminobenzonitriles are a class of readily available substrates containing both
nucleophilic sites (amino group) for trapping CO, and carbon—nitrogen triple bond
(cyano group) for subsequent intramolecular cyclization. Inorganic or organic bases
such as Cs,CO3, [46] DBU, [47] 1,1,3,3-tetramethylguayyniaine (TMG) [48], and
N-methyltetrahydropyrimidine (MTHP) [49] have been employed for catalyzing the
carbonylative cyclization of 2-aminobenzonitrile with CO, to produce biologically
and pharmaceutically valuable heterocyles, viz. quinazoline-2,4(/H,3H)-diones.
The mechanism of this cyclization reaction is illustrated as Scheme 24. Carbamate
species 63 is readily generated from the amino group and CO, with the assistance of
a base. Then the carbamate 63 can be converted into the desired product through
nucleophilic cyclization and subsequent rearrangement via the isocyanate interme-
diate 65.

Monomeric tungstate, i.e., TBA;[WO,] (TBA = tetra-n-butylammonium) exhi-
bits more excellent catalytic efficiency for the reaction of 2-aminobenzonitrile and
CO, with higher turnover number (TON) than above base-mediated systems,
probably being attributed to the specific interactions between the tungsten-oxo
moiety with both CO, and 2-aminobenzonitrile as depicted in Scheme 25 [50, 51].

Ionic liquids have also been developed as green and recyclable catalysts for the
carbonylative cyclization of 2-aminobenzonitrile with CO,, as well as acting as
reaction medium to replace polar solvents such as DMF and DMSO (Scheme 26).
Basic ionic liquids, 1-butyl-3-methyl imidazolium hydroxide ([Bmim]OH) [52] and
1-butyl-3-methylimidazolium acetate ([Bmim]Ac) [53], reversible ionic liquids [54]
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Scheme 24 Base-mediated cyclization f 2-aminobenzonitrile with CO,

and protic ionic liquids such as [DBUH][TFE] [55] (TFE = trifluoroethanol) are
consecutively reported to be effective for this cyclization reaction under
atmospheric pressure. Their superior catalytic performance may arise from the
basic anions of ILs for activating amino group of 2-aminobenzonitrile. In particular,
[DBUH][TFE] could facilitate the reaction to proceed under ambient conditions,
which may be ascribed to the simultaneous activation effect to both CO, and the
substrate.

Interestingly, the reaction of 2-aminobenzonitriles and CO, can be realized in
water without any catalyst under relatively high CO, pressure and reaction
temperature (14 MPa and 160 °C) [56]. Density functional theory (DFT) calculation
reveals that initially CO, may in situ generate carbonic acid in the presence of
water, rather than react with the 2-aminobenzonitrile directly. Moreover, carbonic
acid was confirmed to react with 2-aminobenzonitrile more easily than CO, itself
presumably owing to the synergistic action of carbon oxygen atom and one of the
hydroxyl oxygen atom towards cyano group (Scheme 27) [57].

The carbonylative cyclization of o-phenylenediamines with CO, presents an
accessible route to benzimidazolones. TBA,[WQ,] is demonstrated as an efficient
catalyst for this cyclization reaction benefiting from the simultaneous activation of
the tungsten-oxo moiety towards both CO, and o-phenylenediamine [58]. Liu’s
group then disclosed that the carbonylation of o-phenylenediamines with CO, can
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Scheme 26 Catalytic systems based on ionic liquids for the cyclization of 2-aminobenzonitrile with CO,

be promoted by ionic liquid [DBUH][OAc]), which serves as a bifunctional catalyst
with the capacity of activating CO, and o-phenylenediamines by the cation and
anion of the ILs, respectively [59]. With this protocol, various benzimidazolones are
produced in good-to-high yields under 9 MPa CO, at 120 °C as shown in
Scheme 28.

3.2 Trapping CO, with Oxygen Nucleophiles
Similar to the strategy of trapping CO, with nitrogen nucleophiles, the reaction of
oxygen nucleophile with CO, furnishes a carbonic acid species (R'OCO, ™). In the

presence of unsaturated carbon—carbon bond, subsequent intramolecular cyclization
can be achieved through the nucleophilic addition of carbonic acid species to
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unsaturated carbon—carbon bond, delivering cyclic carbonate or other heterocycles
via further transformation.

The carboxylative cyclization of propargylic alcohols with CO, presents a
promising approach to access a-alkylidene cyclic carbonates, which are applied as
important intermediates in organic synthesis. In this context, catalytic systems based
on organocatalysts or transition-metals have been established. Organocatalysts, for
example, tertiary phosphine [60], guanidines [61], N-heterocyclic carbene (NHC)-
CO, adduct [62], N-heterocyclic olefin (NHO)-CO, adduct [63], and alkoxide-
functionalized imidazolium betaines (AFIBs)-CO, adduct [64], have been devel-
oped for the preparation of wa-alkylidene cyclic carbonates with demand of
pressurized conditions. Since Co [65], Fe [66], Cu [67, 68], Pd [69], Ag [70-75],
and Zn [76] are recognized to be capable of activating carbon—carbon triple bond of
propargylic alcohol, catalytic activities can be further enhanced by designing
catalysts based on these transition-metals. Besides, inorganic base, e.g., K,COj3 in
combination with crown ether, is reported as an efficient dual-component catalyst
[77].

Ikariya’s group has reported the nBusP-catalyzed carboxylative cyclization of
propargylic alcohols in supercritical CO, conditions but the catalytic role of the
tertiary phosphine remains undefined [60]. A putative zwitterionic phosphane-CO,
adduct is proposed, in which CO, is an activated form, thus promoting nucleophilic
addition of the CO, to the unsaturated alcohol. As shown in Scheme 29, NHC-CO,
adduct has also been demonstrated as an efficient catalyst for the reaction of
propargylic alcohol with CO, [62]. Recently, NHO with high electronegativity at
the terminal carbon atom has been found to easily react with CO,, forming the
corresponding NHO-CO, adduct [63]. The NHO-CO, adduct exhibits a much
higher catalytic activity than the corresponding NHC-CO, adduct under the same
conditions. Lu’s group has also developed AFIBs, which bear an alkoxide anion and
an imidazolium cation, to be effective catalysts for the cyclization of propargylic
alcohols with CO, under mild conditions [64].

NHC-CO, addcut (5 mol%), 4.5 MPa, 60 or 80 °C

R? ?
OH 0 0J<
3 NHO-CO, addcut (2 mol%), 2 MPa, 60 °C o)
R + co 1
= 2 R \/\éRz

AFIB-CO, addcut (2 mol%), 2 MPa, 60 °C

R’l

iPr

o)
00 S Bn~ *\ \
o) N N /w
X \—
tBu~ 2 N-tBU Pr~NAXN—iPr _/é)
_ _ 0
0
NHC-CO, adduct NHO-CO, adduct AFIB-CO, addcut

Scheme 29 Carboxylative cyclization of propargylic alcohols with CO, promoted by CO,-zwitterionic
adducts
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Among the catalytic systems based on transition-metals, silver has been
intensively studied due to its significant capacity of activating carbon—carbon triple
bond. In this respect, AgOAc cooperating with DBU has been developed for
promoting the incorporation of CO, into cyclic carbonates [70]. Initially, the
carbonic aid intermediate 67 is generated from the base-induced reaction of alcohol
and CO,. Then intramolecular cyclization is facilitated by a silver salt, which plays
an activation role on the alkyne. Finally, the protonation of alkenyl-silver
intermediate 68 gives the desired product and releases the silver catalyst
(Scheme 30).

Our group has developed silver salts/phosphine catalytic system to avoid the use
of equivalent organic base. The binary system Ag,WO,/PPh; shows dual activation
effects towards both propargylic alcohol and CO,, that is, the silver cation is able to
activate carbon—carbon triple bond and the tungstate anion could activate both CO,
and the O-H bond of propargylic alcohol [71]. We have also discovered that
bifunctional silver complex i.e., [(PPh3),Ag],COs3, in situ generated form Ag,CO3
and PPh;, exhibits excellent catalytic activity thus facilitating the reaction to
proceed under ambient conditions [72]. The bulkier [(Ph3P)2AgI]Jr is supposed to be
capable of activating carbon—carbon triple bond and enhancing O-nucleophilicity of
the alkylcarbonic anion, thereby promote the intramolecular nucleophilic cycliza-
tion as shown in Scheme 31. Very recently, we have disclosed that AgOAc, in
conjunction with tetraheptylammonium bromide, serves as a robust catalyst for this
carboxylative cyclization reaction with TON up to 6024 [74].
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Scheme 31 Bifunctional [(PPh3),Ag],COs-catalyzed CO, incorporation into o-methylene cyclic
carbonates

The asymmetric incorporation of CO, into bispropargylic alcohols 69 can be
achieved by the employment of AgOAc and chiral Schiff base ligand, as depicted in
Scheme 32 [73].

In addition, the iodo-substituted cyclic carbonates 73 or 74 can be obtained from
the mild reaction of olefinic or acetylenic alcohols (71 or 72) with CO, using tBuOI
as an organocatalyst [78]. As shown in Scheme 33, the olefinic alcohol can
reversibly react with CO, to produce the alkylcarbonic acid 75. This weak acid can
be trapped by tBuOl to generate an O-iodinated species 76 and cyclic carbonate can
be formed via further intramolecular ring-closure.

Similarly, enantioselective synthesis of six-member cyclic carbonates has been
achieved by using dual Brgnsted acid/base catalyst system from homoallylic
alcohols and CO, [79].

In 2011, Jiang’s group reported the copper-catalyzed domino reaction for the
preparation of substituted 3(2H)-furanones from propargylic alcohols, nitriles, and
CO, [80]. As illustrated in Scheme 34, w«-alkylidene cyclic carbonates 77 is
generated from the reaction of propargylic alcohols and CO, in the presence of Cul
and DBU, further hydrolysis of which affords o-hydroxyketone intermediate 78.
Then, the copper-promoted nucleophilic addition of 78 onto nitrile occurs to form
the intermediate 79. Consecutive intramolecular Claisen condensation and further
dehydration produces the desired 3(2H)-furanones.

A novel “CO,-recycling” process involving a palladium-catalyzed cascade
reaction between 4-methoxycarbonyloxy-2-butyn-1-ols 80 and phenols to produce
the phenoxy-substituted cyclic carbonates 81 has been well demonstrated by
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Scheme 34 CO,-participated copper-catalyzed domino reaction for the construction of 3(2H)-furanones

Yoshida et al. [81]. The elaborately designed substrate 80, initially goes through
decarboxylation to eliminate one CO, molecule in the presence of palladium
catalyst, providing an allenylpalladium methoxide intermediate 83. Then, the
released CO, is trapped by oxygen anion and further incorporated into phenoxy-
substituted cyclic carbonates through the n-allylpalladium intermediate 85
(Scheme 35).
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4 Perspectives

Incorporating of CO, or “C=0”, “C” fragment into heterocyclic compounds such
as lactones, oxazolidinones, cyclic carbonates, quinazoline-2,4(/H,3H)-diones have
been achieved by elegant protocols with rationally designed substrates. Generally,
the applied reactant contains potential carbon-nucleophile, nitrogen-nucleophile, or
oxygen-nucleophile that can be in situ generated. In this respect, activation of C-H
bond and C-Si bond by base and fluoride, respectively, is the key for generating
carbon-nucleophile. The activation of N-H bond and O-H bond by base or
hydrogen-bond interaction would facilitate the formation of nitrogen-nucleophile or
oxygen-nucleophile. Such nucleophiles further trap CO, to furnish the correspond-
ing carboxylate, carbamate, or alkylcarbonate intermediate, respectively. Subse-
quent intramolecular cyclization or/and isomerization provides various heterocyclic
products, concomitant with the formation of new carbon—carbon, carbon—nitrogen
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or/and carbon—oxygen bond. Unsaturated functional groups, for instance, alkynyl,
vinyl, and nitrile group are introduced at appropriate positions serving as
electrophiles to accomplish intramolecular cyclization process. In this respect,
transition-metal catalysts have been designed for the purpose of activating such
unsaturated groups, leading to the intramolecular nucleophilic addition proceeding
smoothly under mild conditions, particularly low pressure. Moreover, well-defined
organocatalysts are also demonstrated as potential alternatives with excellent
catalytic performances in promoting insertion of CO, into heterocyclic compounds
in a cost-effective and environmentally benign manner. Though significant
progresses have been made in catalytic transformation of CO, for heterocycles
construction over the past decades, continuous interest is concentrating on
establishing efficient procedures for upgrading CO, into value-added products. In
this context, we envision that the following aspects would provide new prospects for
the development of CO, chemistry:

1. Development of metal catalysts with high catalytic activities, non-noble metal
catalysts instead of noble metal catalysts, biocompatible metal catalysts in place
of toxic metal catalysts;

2. Design of bifunctional or cooperative catalysts for simultaneously activating
both the substrate and CO,, or simultaneously activating multiple functional
groups in the substrate;

3. Design of substrates bearing potential nucleophilic and/or electrophilic sites, or
adopting highly reactive reagents with high free energy as reactants;

4. Design of thermodynamically favorable reactions;

5. Carbon dioxide capture and utilization (CCU) strategy [8, 82-84]: adopting
captured CO,, for instance the ammonium carbamate, which is derived from
absorption of CO, by an amine, as a “CO,-measurable” reagent to perform
subsequent conversion.
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Abstract Ureas are an important class of bioactive organic compounds in organic
chemistry and exist widely in natural products, agricultural pesticides, uron herbi-
cides, pharmaceuticals. Even though urea itself has been synthesized from CO, and
ammonia for a long time, the selective and efficient synthesis of substituted ureas is
still challenging due to the difficulty of dehydration processes. Efficient and eco-
nomic fixation of CO, is of great importance in solving the problems of resource
shortages, environmental issues, global warming, etc. During recent decades, che-
mists have developed different catalytic systems to synthesize ureas from CO, and
amines. Herein, we focus on catalytic synthesis of ureas using CO, and amines.

Keywords Carbon dioxide - Synthesis of ureas - Catalysis - Dehydration -
Carbamates

1 Introduction

Ureas are an important class of bioactive organic compounds in organic chemistry
and exist widely in natural products, agricultural pesticides, uron herbicides,
pharmaceuticals, etc. (Scheme 1). Consequently, a diverse range of synthetic routes
leading to ureas have been developed. Nowadays, urea itself is produced from
synthetic ammonia and carbon dioxide in industry, which is based on the Bosch—
Meiser urea process developed in 1922. In this reaction, the overall conversion of
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Scheme 1 Selected urea compounds with bioactivity

NH; and CO; to urea is exothermic and generally the process needs conditions at
150-250 °C with pressures as 5-25 MPa [1]. In fact, to synthesize substituted ureas,
careful design of the process and catalysts is needed to make the synthetic methods
efficient and practical. Since the 1960s, much effort has been made for this purpose,
and methods making use of carbonyl precursors such as phosgene, isocyanates, or
carbon monoxide to synthesize ureas were developed. However, to make synthesis
in chemical industry more sustainable and environmentally friendly, new catalytic
methods other than these traditional ones are required.

Efficient and economic fixation of CO, is of great importance in solving the
problems of resources shortage, environmental issues, global warming, etc. Synthesis
of ureas from CO, and amines has attracted chemists’ broad interests since Bazarov’s
discovery on synthesis of urea from ammonia and CO, in 1870 [2-6].

Considering the weak acidity of CO,, it is well known that treating CO, with
amines will lead to carbamate acid 1 or carbamate anion 2 and 3 even at room
temperature and low CO, pressure. One key factor to successful urea synthesis from
CO, and amines is the efficient removal of H,O. Under catalytic conditions, the
starting material undergoes subsequent dehydration of carbamate 3 to generate urea
products (Scheme 2). However, the transformations between CO, and 1, 2, and 3
are reversible [7]. Hence, the efficient conversion of carbamic acids or carbamate
anions into ureas is still challenging.

R'R2NH Q H.0 i
— 3 2
N)k

RIRZN” N0 NH,R']RZ > R'R’N
Carbamate Salt 3

0
co,
R'R®NH <=——= R1R2Nk
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OH (B)
Carbamic Acid 1
or Salt 2
B = Base

Scheme 2 General process of the preparation of urea from CO,
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There were interesting works since the 1970s developed on the use of
dehydration agents such as N,N'-dicyclohexylcarbodiimide, N-phosphonium salt
derivatives or diarylphosphite/bases [8]. In 1974, Yamazaki et al. have demon-
strated a novel and simple way for the synthesis of ureas and thioureas from CO,
and CS, under low pressure (e.g. through bubbling CO, into the solution) and at
40 °C in the presence of diphenyl (or triaryl) phosphites and tertiary amines
(Scheme 3) [9]. Co-existence of tertiary amines and phosphites is crucial in the
formation of products. The carbamate-substituted N-phosphonium salt (4), which
reacts with another aniline to yield the urea, might be the key intermediate in this
reaction. Interestingly, this intermediate is similar to the carbamyl phosphate, which
is involved in urea cycle in living cells.

Ogura and co-workers used dry ice to react with amines using carbodiimides as
the alternative dehydrating agents at —75 °C to produce disubstituted ureas.
Otherwise, the high pressure CO, condition must be provided for different primary
amines to give ureas in moderate to superior yield with triaryl amines at room
temperature. Nevertheless, when aromatic amines were employed as substrate,
reactions were relatively sluggish [10].

Another example used unusual Me3;N-SO; complex as dehydration reagent for
synthesis of phenyl ureas from CO, and amines in the presence of DBU [(1,8-
Diazabicyclo(5.4.0)undec-7-ene] as base [11]. In this work, organic base has
important influence on the formation of ureas. It is noteworthy that both electron-
deficient and electron-rich anilines can be transformed into the corresponding ureas
with moderate yields. Attempts to synthesize alkylureas and alkylcarbonates using
this protocol were not successful. It was deduced that this failure was ascribed to the
addition—elimination mechanism instead of the isocyanate-involving mechanism.

In 2004, Marsura et al. described the use of modified “phosphine-imide” [12] as a
valuable and safe alternative reagent to hazardous phosgene or triphosgene for the
synthesis of ureas (Scheme 4) [13]. The key factor of this strategy is the formation of
iminophosphorane species from amine using PPh3/CCl4/Et;N combination followed
by dechlorination with the aid of base. This formed in situ an iminophosphorane
intermediate that could react with carbon dioxide and the other molecule of the amine

(@]
H-P(OPh), Pyridine X
CX,  + RNH, + o rR. AL R
40 °C N" N
H H
X=0,S PO(OPh);

Scheme 3 Urea synthesis from aniline and CO, and CS,
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Scheme 4 Urea synthesis via “phosphine-imide” pathway

substrate to produce urea products efficiently. By using this protocol, dialkyl ureas
are produced in good yields under mild conditions. Notably, asymmetric configu-
ration of L-amino acid esters could be retained during the reaction.

Another mild route to symmetrical and unsymmetrical ureas was based on the
use of Mitsunobu’s reagent [14]. This protocol features its broad substrates scope
and good yields using a combination of PPh3/DEAD (diethylazodicarboxylate) at
mild reaction conditions (room temperature, bubbling CO,). The mechanism is
depicted in Scheme 5. Carbamate acid from the treatment of amine with CO, reacts
with PPhs-derived zwitterion to form the stabilized zwitterion species (5), which
reacts with another molecule of amine to give highly active intermediate (6),
followed by a rearrangement step to give the substituted urea products.

Recently, Gee et al. extended Mitsunobu’s reagent-based chemistry to transform
the short-lived 11C02 into ''C-labelled symmetrical ureas [15]. However, the
authors proposed a different phosphine oxonium ion as the intermediate instead of
the highly reactive zwitterionic species. Similarly, this system showed broad
substrate scope and excellent yields under mild condition providing a practical way
to the synthesis of potentially valuable ureas.

In these systems, the condensations could occur efficiently at mild conditions
(e.g. at 40 °C, 4 h reaction time). However, the substrate scope was quite limited
either to aniline derivatives or aliphatic amines. During recent decades, chemists
have developed different catalytic systems on more efficient and powerful
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Scheme 5 The mechanism of the Mitsunobu’s reagent-involved synthesis of ureas
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methodologies to produce ureas from CO, and amines. In this chapter, we could not
cover all the recent works on synthesis of ureas. Accordingly, a brief discussion
focusing on catalytic synthesis of ureas using CO, and amines will be given.

2 Catalytic Synthesis of Ureas from Amines and CO,

In the last decades, many catalytic methods were developed for synthesis of ureas
from amines and CO, based on the use of Lewis bases, transition metals, ionic
liquids, etc.

In 1987, triphenylstibine oxide (Ph;SbO) was found to be effective to catalyze the
conversion of diamines and CO, to cyclic ureas in the presence of molecular sieve as a
dehydrating agent [16]. Obviously, such reactions of diamines can be attributed to the
strategy of substrate-assisted carbon dioxide activation for heterocyclic synthesis
[3, 17]. Notably, cyclic ureas are found as important motifs in biologically active
molecules with antineoplastic and anti-viral activity [18]. Later, the same group
reported the promotion effect of tetraphosphorus decasulfide (P4S)p) for Ph3SbO-
catalyzed synthesis of ureas showing a much broader substrate scope. In the presence
of 2.5 mol% of Ph3SbO and 5 mol% of P4Sg, 1,3-dialkylureas (RNHCONHR, where
R = Bu, iBu, sBu, 7Bu, allyl, Ph) and tetramethylurea were obtained with
acceptable reactivity at 80 °C under an initial CO, pressure of 4.9 MPa, from the
corresponding amines and carbon dioxide. Here, P4S;; was used as not only a
dehydration agent, but also a chemical activator via thiolation reactions. It was
revealed that two successive steps happened: thiolation of carbamic acid to an
intermediate antimony carbamate species followed by aminolysis of the carbamoth-
ioic acid (Scheme 6). >*C NMR studies were done for butylamine at 2 atm CO,.
Quantitative formation of butylammonium N-butylcarbamate (7) was detected. After
heating the solution to 30 °C in C¢Dg in the presence of Ph3SbO/P,4S),, signals of
triphenylantimony bis(butylcarbamate) (8) appeared, which was more active toward
thiolation by P4S to form butylammonium N-butylcarbamothioate (10) under higher
temperatures (step 3). Finally, the mixture was heated at 80 °C, and the amounts of
1,3-dibutylurea started to increase (step 4). Under similar conditions at 80 °C for48 h,
no change was detected in the reaction without the use of catalyst.

In 1986, Fujiwara and co-workers reported the pioneering PdCl,(CH;CN),
catalyzed synthesis of ureas from the reaction of CO, and dialkylamines in the
presence of PPhs in CCl4/MeCN co-solvent [19]. In this system, formamides could
also be obtained selectively by using HCOONa as the additive in 2-methoxyethanol.
Among all the tested catalysts such as PdCl,, PdCl,(PhCN),, PdCI,(Et,NH),,
PdCl,(dppe),,  Pd(OAc),, Pd(OAc)(bpy), Pdy(dba);, Pd(acac),, and
Rh(CO)(PPhg)zBI‘, Rqu(PPh3)4, Rl.lClz(PPhg)z, Only PdClz(CHgCN)z giVeS the
best results. Here, the use of CCly as the solvent may promote the formation of the
[HNEt,(CCl3)]*Cl™. The activated N-H bond will be inserted by the Pd(0) species
to form the key HPANEt, intermediate. Then CO, could insert into a Pd—N bond.
The salt intermediate might be well solved in acetonitrile, which is the beneficial
factor to use such polar solvent. The highest yield for N,N,N',N'-tetracthylurea was
36% and N,N-diethylformamide was 9%.
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Scheme 6 Proposed mechanism on Ph;SbO-catalyzed urea synthesis

During the study on the synthesis of carbamates from the reaction of CO, and
secondary amines with terminal alkynes in the presence of ruthenium catalysts,
Dixneuf and co-workers found that straightforward synthesis of N,N'-disubstituted
symmetrical ureas could be achieved when using aliphatic primary amines as the
substrates [20]. In this work, under heating conditions, ruthenium complexes reacted
with terminal alkynes such as propargyl alcohol to afford alkyne ruthenium species
acting as an efficient dehydrating reagent (Eq. 1).

\\\_|RU| RHN. _NHR
2 RNH2 + COZ

o=0
=

[R'CoH H20]
hydration product
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Thus, the presence of stoichiometric amounts of an alkyne (e.g. 2-methylbut-3-yn-
2-ol) was required. However, the organophosphine-promoted reaction of amine and
CO, with such alkyne compound is a competing side reaction and oxazolidinone 11
was formed as the main by-product. It became to be the major product when higher
ratio of BusP/Ru was used, even with formation of urea product being fully retarded
(Eq. 2). The best ratio for PBus/RuCl;-3H,0 was two and the highest yield was
achieved for the reaction of n-decylamine giving 68% yield of N,N'-di-n-decylurea.

R1 R2
OH PBu
RNH, + CO, + H—CEC+R1 - 5 N, O
2 R~
R il (2)
o)
11

R= cyclohexyl, R'=R?= Me

Carbamates were proposed as the key intermediate. In the mechanism, it was
proposed that the first step is coordination of the alkyne with the Ru center (I) to
activate the alkyne; then the nucleophilic addition of the ammonium carbamate to
the carbon—carbon triple bond of I giving a vinyl ruthenium intermediate II;
substitutive addition of amine substrate to II will lead to the urea product and a
ruthenium-coordinated enol (IIT) following with protonation to an organic molecule
(e.g. hydroxyl ketone IV being in situ consumed up) and regeneration of the active
catalytic species I (Scheme 7).

In the Ni-catalyzed N-methylation of amines with CO, and hydrosilanes in the
presence of phosphine ligands, production of monomethylated ureas in good yields
were achieved by using lower amounts of PhSiH; for both aliphatic and aromatic
primary amines [21]. The best ligands are dippe [(1,2-bisdiisopropylphos-
phino)ethane] and dcype [(1,2-bis-dicyclohexylphosphino)ethane]. For different
amines, the corresponding monomethylated ureas were obtained in 31-82% yields
(Scheme 8). This result is consistent with the mechanistic proposal that ureas are the
intermediates to the corresponding methylated products.

Based on the product distribution and experimental observations, it was proposed
that electrophilic isocyanates are key reaction intermediates. In the presence of
hydrosilanes as dehydrants, the carbamic acid would be dehydrated to isocyanate,
which could also be generated via dehydration of formamide. The reduction of
formamides will lead to the methylated amines, which along with the free primary
amines react with isocyanates to give the N-methylated tri-substituted target
products or di-substituted by-products (Scheme 9).

As famous acid and oxidation catalysts, the basicity of polyoxometalates (POMs)
has been less explored for catalysis [22-24]. In fact, highly charged POMs
(especially lacunary POMs) have electron-rich oxygen atoms on their surfaces,
which can function as basic active sites. Based on density functional theory (DFT)
calculations, Mizuno et al. found that a simple monomeric tungstate, TBA,[WO4,]
(12, TBA=[(n-C,Hy)4N]") possessed the highest basicity among these tested
tungstates, and thus acted as a promising homogeneous catalyst for chemical
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Scheme 7 Proposed mechanism on urea synthesis with alkyne as dehydrant
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Scheme 8 Ni-catalyzed synthesis of ureas in the presence of phenylsilane
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Scheme 9 Proposed pathway for Ni-catalyzed synthesis of ureas in the presence of phenylsilane

fixation of CO, with amines to give urea derivatives [25]. Remarkably, in this
system formation of urea from o-phenylenediamine (13) and CO, occurred at
atmospheric pressure and 413 K. In the presence of such tungstates as the catalysts,
efficient synthesis of cyclic ureas (e.g., 14) from aryl diamines were achieved
(Eqg. 3). The bifunctionality of for simultaneous activation CO, and the substrate
was proved by the 'H and '>C NMR spectra. Notably, in the presence of transition
metal complexes such RuCl,(dppe), [dppe = 1,2-bis(diphenylphosphino)-ethane],
cyclic ureas could also be formed with 20% yield from the reaction of o-
phenylenediamine with CO, [26].

H

NH, catalyst N
+ CO, /Eo + H,0 (3)

NH» NMP, 413 K ”

14

13

As another benchmark reaction for CO, use in synthesis of heterocyclic
structures, the reaction of 2-amino-benzonitriles (15) with CO, can be promoted by
tungstate salts such as TBA,[WO,] (12) [27]. Various of quinazoline-2,4(1H,3H)-
diones (16) were obtained in high yields (69-96%) under mild conditions and the
turnover number reached up to 938. NMR studies showed that carbamic acid 17 was
formed as the key intermediate through the simultaneous activation of both
2-aminobenzonitirile and CO, by 12 (Eq. 4).
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Later, The effects of POMs and bases on reactions by tungstate TBA;[WO,]
were further studied and a broad substrate scope was achieved and cyclic urea
derivatives as long as 1,3-disubstituted urea derivatives were obtained with medium
to good yields, respectively [28].

Very recently, Chao and co-workers described the use of metal salts of oxalates
as catalysts for the synthesis of N,N'-dialkylureas from CO, and amines [29].
Among the metal salts of oxalates (metal = Na, Ni, Mn, Y, Ce, and Zr) and other
yttrium salts of borate, carbonate and citrate, and yttrium oxide, Y,(C,04); was
found to provide the best catalytic performance. Under the optimized conditions,
aliphatic primary amines were converted to the corresponding N,N'-dialkylureas
with moderate to high conversions of amines (71-86%) and isolated yields of ureas
(57-75%) and very high selectivity (95-97%). However, secondary and aromatic
amines proved incompatible with the carbonylation reaction. Notably, besides the
targeted product, by-products N,N'-dialkyloxamide (18), N-alkyl isocyanate (19),
and N,N'-dialkyl carbodiimide (20) were also identified in the product mixture
(Scheme 10).

Sun and co-workers reported the use of [urea—Zn]l, eutectic-based ionic liquid
for conversion of carbon dioxide to cyclic carbonates. In the catalyst [urea-Zn]l,,
urea molecule was coordinated to Zn>" ion via forming Zn—-O—C=N and/or Zn—
O=C-N. The NH, groups of urea played a role in activating CO, through the

Y,(C504), CO,(20 atm)/N,(10 atm) O
2 R—NH, R‘NJ\N’R + H,O
[}
NMP, 150 °C H H
other by-products:
(0] O R
IN=C=O N:C:NI
R-NH HN-R R R
18 19 20

Scheme 10 Yb-catalyzed synthesis of ureas
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generation of carbamate salt and could participate in forming hydrogen bond with
epoxides [30].

Heterogeneous catalysis for the synthesis of diphenylurea (DPU) from aniline
and CO, was investigated in the presence of bimetallic Cu—Fe/ZrO, materials [31].
Cu-—Fe/ZrO, was prepared by wetness impregnation of cupric nitrate and ferric
nitrate on the ZrO, support followed by calcination at 450 °C for 6 h and reduction
at 300 °C for 3 h. In this reaction system, metallic copper and cupric oxide are the
main active species, while metallic iron and ferric oxide are the promoters.
Meanwhile, the Lewis acid sites and Lewis base sites on the surface of ZrO, play
important roles for activity. The best material has the metal loading based on metal
oxide as 10 wt% with molar ratio of Cu to Fe as 3:1. With a weight ratio of catalyst
to aniline as 1:10, at 160 °C and 1 MPa of CO,, yield of DPU lower than 6% with
high selectivity (>95%) were obtained after 7 h.

Garcia et al. [32] and Tomishige et al. [33] showed independently that cerium
oxide could act as effective and reusable heterogeneous catalyst for direct synthesis
of cyclic ureas from CO, and diamines. From kinetic and FTIR studies, a
mechanism with four sequential stages was proposed as follows: (1) the absorbed
amine reacted with CO, on CeO, to afford carbamic acid and carbamates species,
(2) decomposition of the carbamic acid to an amine group and CO,, (3) nucleophilic
addition of a free amino group to the carbamate, which is the rate-determining step,
(4) desorption of cyclic urea product and regeneration of CeO, catalyst
(Scheme 11). Note that severe deactivation occurred upon reuse and attempts to
reactivate used catalysts were not completely successful. On the used CeO, catalyst,

/\
HN_ _NH " HZN/\/NH2
T)/ ce” Cce 2C0;

(1) Formation of carbamate

(4) Desorption of product and, species on CeO,

regeneration of CeO,

Oy _OH
Y

Lo NH
HN\H/NH J/
o) HN
Ce—O—ce O\)@\\,O H

H,0 " y CO,
(3) Nucleophilic attack (2) Decomposition of carbamic
of the amino group %0 56 acid to an amino group and CO>»
Ceé— " Ce

Scheme 11 CeO,-catalyzed synthesis of ureas from CO, and diamines
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IR spectroscopic analysis showed the presence of inorganic carbonates, which might
block the active sites on the surface.

Although various catalytic systems to form ureas from amine and CO, have been
developed, further explorations of heterogeneous catalytic strategies would be
valuable and attractive in industry. Several heterogeneous catalytic methodologies
have been explored. In 2010, KOH/PEG oo was reported by He and co-workers to
be capable of promoting carboxylation of amines and CO, [34]. PEG has been
regarded as CO,-philic material owing to the existence of “CO,-expansion effect”
could lead to the physical property changes of reaction mixture and it can increase
the basicity of KOH through complexation with K*. On the other hand, PEG can act
as the physical dehydrating reagent because of its hydrophilic property. Using
catalytic amount of KOH/PEG, aliphatic primary amines were transformed into
ureas fluently. Nevertheless, aromatic amine is not proper substrate. The catalyst
bears excellent recycling ability, maintained its’ catalytic activity even after five
times.

Later on, the same group demonstrated a similar catalytic system using
PEG/superbase binary system for CO, uptake, captured CO, was stored in the form
of amidinium carbonate salt (Scheme 12). Reacting the liquid amidinium carbonate
salt with amines including primary amines, even secondary aliphatic amines and
diamines at 110 °C could lead to ureas in superior yields [35]. The formation and
application of this novel amidinium carbonate salt provided an efficient and elegant
pathway to use CO, as carbon block in chemical synthesis.

Dehydrant-free strategies represent a greener route to ureas when using amine
and CO, as substrate, which leads to less by-products comparing with the
dehydrating reagent-based systems. DBU was reported to promote the reaction of
aniline under high pressure CO, atmosphere at 100 °C, giving diphenylurea in 46%
yield. Further application of this reaction system to aliphatic amines resulted in
mixture of urea and unidentified products [36]. Unlike the dehydrant-based strategy,
high temperature and pressure are postulated as key factors to realize the
dehydration step.

In 2002, Jessop and co-workers reported the synthesis of tetra-alkylureas from
the reaction of dialkylamines with CO, at 60 °C without participation of transition
metals [37]. In the presence of CCly, the reaction was weakly promoted by DMAN
(1,8-dimethylaminonaphthalene) or PPh;. A two-step procedure is beneficial
comparing with the one-step reaction. For the reaction of dibutylamine (2 mmol)

N
s
/N . H OH COZ O Q\j/\j
N <O/\%,n
DBU

heat _
o)Lf o yOr

- H
H 0.__0 . -H0
2 nBU_NH2 + (@) n _N ~
{ o \g/ DBUH oo™ ™Bu jof "By

Scheme 12 Organic base/PEG-promoted synthesis of ureas
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and CO, (1 bar), quantitative yield of the corresponding urea was obtained through
this two-step process, and 1 mmol of DMAN, 1 mL of CCly , and 10 mL of THF
were used. In this system, dialkylammonium dialkylcarbamate was produced in situ
followed by the reaction with CCl, and the free dialkylamine to give the final urea
product (Eq. 5).

o NHR, °
CC|4 5
NHR, + CO, g M, (5)
RZNJ\O, HB ~ooc RZN)J\NRZ + H,0

Interestingly, compared with the use of cesium bases, the simple use of K;PO, as
the catalyst in the reaction of CO, with aliphatic primary amines leads to 1,3-
disubstituted ureas with higher efficiency [38]. In the presence of 1 mol% of K5;PO,,
at 5 MPa of CO, the best results (up to 87% yield) for the reaction of n-butylamine
was achieved at 170 °C in NMP for 4 h. No reactivity was observed for the reaction
of aniline, possibly due to its low nucleophilicity. In the presence of K;POy, the first
step is the formation of the carbamate salt. (Eq. 6).

RNH, + CO, + B =———= BH'RNHCO, (6)

After the reaction, K3PO, was completely transformed into KH,PO, and
KHCOs;. The reactivity partially attributed to the synergy effect exerted by the co-
presence of KHCO; and KH,PO,4. The polar solvent was believed to be able to
stabilize the intermediate ionic species and to promote the dehydration process.

It was reported that the reactions of aniline with CO, or CS; could be promoted
by AICl; [39]. The resulting N,N'-diphenylurea and N,N'-diphenyl thiourea were
obtained with high yield and selectivity, respectively. In the reaction of aniline with
CO,, phenyl isocyanate was detected as the intermediate by GC/MS. In the case of
catalysis by calcined Mg—Al layered double hydroxide, however, the catalyst can be
recycled several times with only slight loss of activity. Using N-methyl-2-
pyrrolidone as solvent, a series of organic amines were converted into 1,3-
disubstituted urea smoothly [40].

Ionic liquids (ILs) are generally composed of organic cations and inorganic/
organic anions. The combination of different ion components could lead to tailored
functions for wide applications. It is known that CO, exihibits superior solubility in
the ionic liquid [41]. The combination of bases and ionic liquid such as CsOH/
[BMIm]Cl was found useful in the synthesis of ureas from CO, and amines
(Scheme 13) [42]. Under the optimized condition (170 °C, 60 atm CO,), a broad

; (0]
(BMim)CI/CsOH
_ = R JJ\ R +

2 R-NH, * CO, NN H,0
Gl H H
N
BMimCl

Scheme 13 CsOH/ionic liquid promoted synthesis of ureas
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substrate scope (both aliphatic and aromatic amines) and convenient purification
makes the method highly attractive and practical. As to less active anilines, ureas
were obtained in lower yields although longer reaction time needed. Electron-
deficient m-nitroaniline failed to produce ureas probably owing to its inertness. It is
worth mentioning the catalytic CsOH/BMImCI system could be reused after
removing water even after three times without obvious loss of catalytic activity.

Another interersting synthetic pathway to disubstituted ureas from amines and
CO; has been developed by Han et al. involving use of catalytic amount basic
functionalized IL 1-n-butyl-3-methyl imidazolium hydroxide ([BMIm]OH) under
solvent-free condition [43]. Under the optimal conditions with catalytic amounts
(15 mol%) of [BMIm]JOH at 170 °C, urea yield for reaction of aliphatic primary
amines could reach 55% while branched amines led to lower yields. And no
products were obtained when aniline and secondary amines employed. Putative
pathway includes the following steps (Scheme 14): (a) combination of nucleophilic
amine with CO, gives carbamate salt easily and this process could explain the
failure that uses less basic aniline as reactant; (b) ionic change between carbamate
salt and [BMIm]OH; (c) carbamate anions are activated by BMIm™ through
intermolecular interaction, combination of RNH3+ and OH™ gives water and free
amine; (d) free amine interacts with carbamate leads to urea and the regeneration of
catalyst to complete the cycle.

In 2010, Shi and Deng et al. studied the use of Co(acac);/BMMImCI
(BMMImCI = 1-butyl-2,3-dimethylimidazolium chloride) for synthesis of N,N’-
disubstituted ureas from amines and CO, in the absence of bases [44]. In this
system, the use of bases or chemical dehydrants were avoided. Many different metal
sources such as Zn-, Cu-, Fe-, and Ni-based salts, showed some reactivity. Among
these results, Co(acac); showed a little better activity. For the reaction of different
substrates (20 mmol scale), 0.2 mmol of Co(acac); and 20 mmol of BMMImCI
were used at 160 °C for 10 h’ reaction, 45-81% isolated yields for N,N'-
dialkylureas and 6-23% isolated yields for N,N’-diarylureas were obtained. The
catalyst system could be recycled without significant loss in activity.

Later, Kim et al. reported a detailed mechanism investigation (including
experimental, as well as calculation studies) into the mechanism of urea synthesis
from amine and CO, assisted by ILs [45]. Reaction parameters in the carboxylation
of n-butylamine (BA) with CO, have been investigated in detail. Notably, the
interaction of cation and anion plays crucial roles in the reaction.

Scheme 14 Ionic liquid- O0® 0® . ®O
promoted synthesis of ureas RNHCOO RNHj3 RNHCOO BMIm * RNH; OH
ﬂ o6 H,0
2RNH, * CO, RNHCOO BMIm * RNH,
®0 “
o BMIm, OH o H
-N-~
T R
Ry AR g - 0
H H 9
BMIm
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Deprotonation of imidazole by 1,1,3,3-tetramethylguanidine in ethanol leads
to the protic ionic liquid 1,1,3,3-tetramethylguanidinium imidazolide
[HTMG][Im] (21), which promotes efficient synthesis of quinazolines from
2-aminobenzonitriles and CO, at ambient conditions (Scheme 15) [46]. Under
solvent-free conditions, this method is suitable for various 2-aminobenzonitriles
bearing electron-withdrawing or electron-donating substituents to afford the
corresponding quinazoline-2,4(1H,3H)-diones in moderate to excellent yields
(up to 94%). Again, this IL is also recyclable for five cycles with almost
consistent activity.

Ionic liquid DBU ([DBUH][OAc], 22) was found active in catalyzing the
carbonylation of o-phenylenediamines with CO, to 2-benzimidazolones under
solvent-free conditions [47]. A variety of diamines were transformed to the desired
product in 69-96% yield. 2-Aminothiophenol was also tested and benzothiazolone
was prepared in 63% yield (Eq. 7). It was proposed that [DBUH][OACc] served as a
bifunctional catalyst for reactions with the iminium cation activating CO, and the
acetate anion activating o-phenylenediamines. Control experiments implied that the
reaction proceeded via isocyanate intermediates. Interestingly, the catalyst
[DBUH][OACc] can be recycled five times without any decrease of reactivity.
Similarly, another protic IL [DBU][TFE], which was obtained by the neutralization
of DBU with trifluoroethanol (TFE), was successfully applied to transformation of
CO, and 2-aminobenzonitriles to quinazoline-2,4(1H,3H)-dione under atmospheric
conditions [48].

§ [DBUH][OAC] (22) R

< (] (

L - e ol
NH, A N

12 examples

Ry = H, Ph, CH;, COCHjg
Rz = H, CHs, Cl, Br, F, NO,, COOC;Hs Yield: 69%-96%

()

Except for protic IL catalysis in CO, transformation, aprotic ILs based on azole
anions were also capable of activating CO,. Azole-anion-based aprotic ionic liquid
[BuyP][2-MIm] (23) was synthesized by the deprotonation of weak proton donors
(e.g., 2-methylimidazole) with tetrabutylphosphonium hydroxide, [Bu,P][OH] [49].

K( R’
NH, _ U\ o /\/\P/\) N)\l:l
o ) @ ’ \—/
SN NN N 6»\ )) R?
[HTMG](Im] (21) [DBUH][OAC] (22) [Bu4P][2-MIm] (23)

Scheme 15 Ionic liquids used in urea synthesis from amines and CO,
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This adduct [BuyP][2-MIm] could activate atmospheric CO, through the formation
of carbamates as key intermediates (Eq. 8).

R‘I H/ R1
/\/\ID/{)N)\N 0=Cc=0 /\/\/\)N)\ ?

N-C

r+ \—=/ 1 atm ))+ \—=/
R? R?

23

o (8

In general, with 50 mol % loading of [BuyP][2-MIm] (23), catalytic carbony-
lation of ortho-phenylenediamines with CO, to produce benzimidazolones in
moderate-to-good yields at atmospheric pressure (Scheme 16). Remarkably, the
activity in this reaction catalyzed by aprotic IL is comparable to the catalysis by
[TBA]L,WO,.

The so-called reversible ionic liquid (ReIL) can be converted back into free
neutral compounds by bubbling N, or argon through them and/or applying heat. The
pioneer work by the Jessop group showed that their smart switchability to influence
the chemical reactions and processes providing facile separation techniques [50].
After bubbling CO, at atmospheric pressure through the mixture of DBU and
ethanol (0.5 mol of each) for 2 h, the mixture was cooled to 0 °C to get the desired
reversible ionic liquid 24 as solid. 24 was used for efficient transformation of CO,
and 2-aminobenzonitriles into quinazoline derivatives at atmospheric pressure and
40 °C without the use of solvent. The catalyst could be reused at least six times
without considerable loss in reactivity [51]. Notably, the reaction could also be
catalyzed by simple DBU, albeit with lower reactivity (ca. 40% yield). For the
substrate scope, seven examples were shown and the corresponding products were
obtained with high yields (75-96%) for 15-48 h (Scheme 17).

NH H
| N 2 23 AN N
R+ + C02 L
1 _ R 1 /EO
XH 1 atm =

X
( X=NH,S)
H H H H
N N N 0 N
=0 =0 =0 =0
N N N N
H H H H
84% 85% 52% 70%
F N cl N ¥
CE =0 CE =0 =0
N N S
H H
91% 60% 10%

Scheme 16 [Bu,P][2-MIm] promoted urea synthesis
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Scheme 17 Reversible ionic liquid promoted transformation of CO,

Heterogenisation of ionic liquids using polystyrene was shown as a successful
strategy for the synthesis of symmetric disubstituted ureas from CO, and amines
[52]. A three-step procedure was used to prepare the active supported ionic liquid
catalyst Poly-2. In detail, the reaction of Merrifield’s resin (1% crosslinked,
3.5-4.5 mmol Cl/g) with bis(2-chloroethyl)amine in acetonitrile under heating
conditions was followed by treatment with 1-methylimidazole to give a solid
intermediate. Anion exchange by mixing the solid intermediate and sodium
bicarbonate in anhydrous methanol gave the final basic ionic liquid product
(Scheme 18). Effect of different anionic species, such as CI~, MsO ™, TsO™, AcO™,
OH", etc. on the activity of dicyclohexylurea synthesis was investigated and the use
of basic bicarbonate ion gave the best results (78% yield).

Using Poly-2 as the catalyst, a variety of aliphatic mono- and diamines were
transformed to the corresponding diureas in good yields (59-83% yields) at 170 °C
with 90 atm CO, for 4 h. As weaker nucleophiles, aromatic amines (e.g. aniline) are
not suitable substrates showing no reactivity. It was proposed that the catalytic
behavior of Poly-2 is enhanced by interactions of bicarbonate anion to both
substrates and CO,. In addition, the flexibility of the aliphatic linker moiety of the
cationic part was also suggested to be beneficial. Notably, the catalyst can be
recyclable seven times.

It is noteworthy that transition metal imido complexes could react with CO,
giving ureas or ureate complexes. In 2012, Anderson et al. reported the synthesis of
ureas from titanium imido complexes using CO, at ambient temperature and

\ \
N

_\lzl:(chloroethyl amlne.‘zij1 methyllmldazole . _7 28 NaHCOs ._\ J , HCOa
g e e

NN NN
Poly-2

Scheme 18 Preparation of polystyrene supported Poly-2 (PS = polystyrene)
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Scheme 19 The formation of a o 0 o)
carbamate metallocycle by 0=C=0 o-c” o i
. + —_— [ - I+ C
[2 + 2] reactions S M]—N M I
[M]=NR R N-g
25 26

pressure [53]. In this work, the coordinatively unsaturated 12-electron complex
dichloro rbutylimido bispyridine titanium (25) reacted with CO, to produce N,N'-di-
tbutyl urea. The reactivity of 25 with CO, in the presence of acid or amine was
investigated systematically. It was proposed that the metallocarbamate 26 will be
formed from the insertion of M=N bond into C=0 bond of CO, (Scheme 19).

It was believed that the formation of the thermodynamically stable titanium oxo
complex is the driving force for the forward reaction of 28 to form isocyanate 29
(Scheme 20). The heterocumulene metathesis reactions of 29 with the other
molecule of 27 either form metallocycles 31 via [2 + 2] cycloaddition across RN=C
of 29 or form 32 via [2 4 2] cycloaddition across C=0 of 29. Hydrolysis workup of
31 or 32 leads to the formation of symmetrical urea 34, which could be also
generated through carbodiimide 33 from metallocycle 32.

A terminal imide complex [(O;)-Nb=NMe(Py),] (35) was synthesized from a
nitride complex, which was an intermediate in the transformation of dinitrogen to
ammonia. Similar with the reactivity of titanium imido complex 27, imide monomer
35 reacted with CO, to give metallocycles ureate complex [(03)—Nb1(py)] (36) via
isocyanate intermediate (Scheme 21) [54].

Even though a variety of catalytic systems have been explored, extra base or
other additives are required for the successful transformations. In the absence of
catalysts, diamines react smoothly with CO, to give the corresponding cyclic ureas
[55]. A recent method to produce ureas has been described by Zhao et al. employing

o}
R R 4/
N N o
| WPy €02 N — = | NFCEOL LRy
Clonqio® cw.}i/o AT~
PN P Cl
Py o py” | el 29 ’ 30
27 Py
28 |7 -
0 N/R
R. /
0 H3O® N% R\N/(
S cli L N~ or | O
RHN” “NHR TS R Cl 12
P Cl ~
34 y Py Py/Fl’y “
31 - 32 -
®
H3O /
N=c=N" 30
R

Scheme 20 Possible mechanisms for the conversion of CO, with Ti-imido complexes to ureas
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Scheme 21 Synthesis of metallocycles ureate complexes from Nb-imido complexes and CO,

primary amines and CO, in the absence of additives and solvent [56]. Screening
about the temperature and pressure revealed that the existence of a balance point of
both the factors. Temperature higher than 180 °C decreased the yield gradually
could be ascribed to the reversibility of reaction. Addition of extra additives into the
system could not improve the yield considerably. Under the optimal reaction
condition, aliphatic primary amines react smoothly with CO, to give ureas of
different type. However, again, secondary and aromatic amines have been proven to
be unsuitable substrates to give symmetrical ureas. It is worth mentioning that
reacting a primary amine with another secondary one could yield the unsymmetrical
urea using this method. By reacting a cyclohexylisocyanate with amines, the
formation of relevant ureas proceeds drastically indicated the existence of
isocyanates in this reaction process (Scheme 22).

3 Catalytic Transformations of CO, Involving Urea Intermediates

In 2013, the Beller group described a general catalytic methylation of amines from
CO,, in which ureas were proposed as the intermediates resulting from dehydration
of ammonium carbamates [57]. Notably, under catalytic conditions, relatively bulky
aromatic diamine 38 gave 13% of N,N'-diphenylethyleneurea (39), apart from 76%
of 1,3-diphenylimidazolidine (40) and 10% of the dimethylated product (41)
(Eq. 9).

HO_ _OH

; i ‘fy/h RHN/C\NHR\%\ H H
et

2 R_NH2 + COZ _— R/N\n/o H3N+_R
0] H?O
/’o(/ $
% R-N=C=0 ~¢

Scheme 22 Synthesis of ureas without the use of catalysts or solvent
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While an inadequate amount of PhSiH3 was used, Liu et al. also detected the
tetra-substituted urea intermediate by employing B(CgFs); as an metal-free catalyst
for the methylation of amines using CO, as a C1 building block in the presence of
hydrosilanes [58]. In a recent work by Sun and co-workers, B(C¢Fs); was used to
promote the synthesis of benzimidazoles via cyclization of o-phenylenediamines
with CO, in the presence of PhSiH3 with 2-benzimidazolones as possible key
reaction intermediates [59].

4 Related Synthetic Methods (e.g. Production of Carbamates)

In 1986, Inoue’s group developed a novel catalyst aluminum porphyrin to activate
and fix CO; in the presence of a secondary amine and epoxide to afford carbamates
under mild reaction conditions [60]. When the reaction was performed at room
temperature with a CO, balloon, the major product was amino alcohol instead of
carbamates. Raising the temperature and the pressure of CO,, the reaction
chemoselectivity was improved obviously (Scheme 23). It is worth noting that the
development of catalytic system was based on the organometallic research of
aluminum porphyrin. And the reaction intermediates were characterized by NMR
systematically.

In the same year, Sasaki and Dixneuf published the first example of one-step
synthesis of vinyl carbamates from CO,, diethylamine and terminal alkynes using
Ru3(CO);, as catalyst [61]. Unfortunately, the yield of the reaction was relatively
low (up to 36%) and the chemo- and regioselectivities were poor. Dixneuf et al.
improved aforementioned method by using mononuclear ruthenium(II) as catalytic
precursors. And the yield of reaction was successfully increased to 67% [62]. A

RS R!
|
N o%
R3 OH
o 1 mol% o R
H Al(TPP)O,CCH
AN, Ny + CO, ( )2__3 +
R R R R CHg3Cl or Pyridine RS R
60°C,6h l(l
R3” \)\OH
R2

Scheme 23 Aluminum porphyrin catalyzed carbamates synthesis
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Scheme 24 Proposed mechanism for Ru-catalyzed reaction of ammonium carbamates to terminal
alkynes

variety of mononuclear ruthenium(Il) precursors can be employed under this
reaction condition. They declared that the ammonium carbamate was formed in situ
first and suggested that the addition of carbamate to the alkyne may access through a
ruthenium-vinylidene intermediate (Scheme 24). In 1987, Sasaki and Dixneuf have
discovered that RuCl3-3H,O have similar reactivity for this reaction [63].

In 1987, the same group developed a method to synthesize oxoalkyl N,N-
diethylcarbamates in one step with CO,, secondary amine, and acetylenic alcohols
catalyzed by Ru3(CO);, in moderate yield [64]. They also discovered that
oxazolidones can be exclusively obtained by exocycloaddition under similar
reaction conditions when primary amine n-propylamine was used (Scheme 25).

As a type of important intermediates and chemical products, carbamates were
often used in organic synthesis. As early as in 1981, Laas et al. developed a
methodology to synthesize 3H-indole in three steps [65]. First, the cyclic carbonate
was formed in the reaction of CO, and acetylenic alcohol in the present of
triethylamine and Cul. Then the oxazolidone was obtained efficiently by the
nucleophilic addition of aniline followed by dehydration afterwards in second step.
The 3H-indole was ultimately obtained by decarboxylation (Scheme 26).

Under solvent-free conditions, the combination of Ag,WO,/Ph;P was used to
promote the three-component reaction of amines, CO, and propargyl alcohols [66].
Various of «-alkylidene cyclic carbamates bearing exocyclic alkenes and carba-
mates were obtained in moderate to high yields in the one-pot reaction of primary or
secondary amines, 5 bar of CO, with propargyl alcohols at 50 °C for 12 h. It was
proposed that the reaction went through a tandem aminolysis of a-alkylidene cyclic
carbonates/intramolecular cyclization/tautomerization sequence and the dual acti-
vation capacity of Ago,WO, relies on the role of both the silver cation and the
tungstate anion.

As we know that ureas can be synthesized via the carbonylation of amines with
CO,, carbamates can be formed similarly by carbonyaltion of amines and alcohols
with CO,. In 2007, De Vos et al. reported the methodology of synthesis of urea
compounds from CO, employing Cs(I) base catalysts [67]. Both symmetrical and
unsymmetrical ureas were synthesized in moderate to superior yields. Screening
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Scheme 26 The synthetic procedure of 3H-indole from acetylenic alcohols via oxazolidones

inorganic bases with different anions and cations indicated that suitable combina-
tions can lead to good reactivity. Suitable temperature is indispensable for the high
conversion within a set of reaction time period. Operating reaction at higher
temperature resulted in the decreased yields, which could probably resulted from
reversibility of the reaction as mentioned above. NMP is rather important for the
successful transformation as it is capable of absorbing CO, and stabilizing the
probable ionic intermediate. Anilines and secondary amines failed to give
symmetrical ureas under the same reaction. Comparing with primary amines,
lower basicity of anilines and steric hindrance could explain this observation. When
using a primary amine and a secondary amine as substrates, unsymmetrical ureas
were obtained in satisfying yields (67-95%).

De Vos and co-workers developed the method further to access carbamates with
CO,, amines, and alcohols [68]. They discovered that the selectivity to carbamate
increases from K,COj; to Cs,COj5 in the series of alkali carbonates. A large amount
of alcohols (usually over 10 times) was necessary to suppress the side product urea.
Mechanistic investigations suggested that two main pathways, most probably
parallel routes, may be involved in carbamate formation, either via ureas or via
isocyanates (Scheme 27). Sakakura’s group also developed Sn [69] and Ni [70]
catalytic systems on direct synthesis of carbamates from CO,, amines, and alcohols,
respectively.

In 2010, Mufioz et al. reported the synthesis of cyclic carbamates and cyclic ureas
using CO, as carbonylating agent via an activated carbamate generated by treating
carbamate anion (generated in situ from amines and CO,) with electrophiles such as
DPPA (diphenylphosphoryl azide), DPPCI (diphenyl chlorophosphate), SOCl,, etc.

(0]
C32CO3 1 JJ\ 3
R'R2NH + CO, + ROH ——0—w——> R: -R
z 200 °C, 24 h N O+ HO

R2
Scheme 27 Cs,COj; catalyzed synthesis carbamates from amines, alcohols and CO,
199 @ Springer
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Scheme 29 Synthesize ureas and carbamates with Mitsunobu reagents

Then the intramolecular trapping of the activated carbamate processed either by a
hydroxyl group or an amino group to form of cyclic carbamates or cyclic ureas in
good to excellent yields (Scheme 28) [71]. The authors discovered that the
electrophiles had the effects on carbamate anion generation and product
configuration.

Almost at the same time, Dinsmore et al. used the similar strategy to synthesize
ureas and carbamates with Mitsunobu reagents (Scheme 29) [72]. For the primary
amine carbamic acid, unlike the aforementioned intramolecular reaction of Sy2
mechanism, the author suggested that the reaction underwent isocyanates as the
intermediate via dehydration of the carbamic acid by Mitsunobu reagent.

5 Conclusion

In recent decades, catalytic synthesis of ureas from CO, and amines have gained
increasing interests. In fact, this topic is also closely related with the concept of
chemical CO, fixation. Generally, in these systems no much energy is needed and
the formation of the stable urea products makes this type of transformation
thermodynamically favoured. There were many in situ-generated or defined catalyst
systems developed for this transformation to make the final carbonyl group
contained urea products. Notably, it is quite interesting to see that many different
types of catalysts are effective for activation of CO,, amine, or carbamate
intermediates. Notably, it is clear that efficient removal of water (dehydration
process) is the key factor for the synthesis of ureas from CO,/amine and often
(over)stoichiometric amounts of dehydrants are required. Consequently, large
volumes of wastes are generated. This is for sure not friendly to the requirement of
sustainable chemical industries. Apart from dehydration efficiency, chemoselective
catalytic systems are also highly desired, considering the often involved isocyanate
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intermediates. Besides, the substrate scope is sometimes quite limited to either
aliphatic or aromatic amines.

Hence, from the viewpoint of cost-effectiveness and green chemistry the use of a
cheap, stable and recyclable catalyst without stoichiometric excess of dehydrants in
urea synthesis is very attractive. Obviously, this means chemists still need to look
for new dehydration concepts and technologies for urea synthesis, especially based
on new activation mode for CO,, amines, or carbamates.
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Abstract Carbon dioxide (CO,), a key greenhouse gas produced from both
anthropogenic and natural sources, has been recently considered to be an important
C1 building-block for the synthesis of many industrial fuels and chemicals. Cat-
alytic hydrogenation of CO, using a homogeneous system is regarded as an efficient
process for CO, valorization. This approach leads to the direct products including
formic acid (HCOOH), carbon monoxide (CO), methanol (MeOH), and methane
(CHy). The hydrogenation of CO, to CO followed by alkene carbonylation provides
value-added compounds, which also avoids the tedious separation and transporta-
tion of toxic CO. Moreover, the reduction of CO, with H; in the presence of amines
is of significance to attain fine chemicals through catalytic formylation and
methylation reactions. The synthesis of higher alcohols and dialkoxymethane from
CO; and H; has been demonstrated recently, which opens access to new molecular
structures using CO, as an important C1 source.
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1 Introduction

Carbon dioxide (CO,) constitutes an important by-product during fossil fuel use and
has been accumulating significantly over the past few decades due to rapid
industrialization and urban population growth. Consequently, two major CO,-
related problems confront the world today. Firstly, the concentration of atmospheric
CO, has reached record levels and continues to increase, which is a huge concern in
climate change, rising sea levels, and ocean acidification [1, 2]. Secondly, the
increasing worldwide concern for gradually depleting fossil fuel reserves might lead
to higher energy- and chemical-costs [3].

Nowadays, CO, is of great interest as a C1 feedstock due to its high availability,
low toxicity, and recyclability. The sequestration and use of CO, to manufacture fuels
and value-added chemicals with renewable energy will not only mitigate the net
amount of CO,, but also contribute substantially to the sustainable growth of the
global economy. On the other hand, CO, is a highly oxidized and thermodynamically
stable form of carbon, hence its chemical use usually requires high energy input
through thermal-, photo-, and/or electro-reductive processes. Photo- and/or electro-
chemical reduction of CO, would most likely operate on a smaller scale, and
extensive reports regarding this area can be found elsewhere [4, 5]. Thermal reduction
of CO,, according to the nature of the catalyst, can be divided into homogeneous and
heterogeneous processes. The latter is outside the scope of this chapter, and many
relevant works can be found in the literature [6, 7]. There are also several reviews
[3, 8-12] concerning the fixation of CO, in homogeneous hydrogenation.

Among the reagents used for a homogeneous CO, reduction process, hydrogen
(H,) is probably the most promising reductant, which can also be produced from
non-fossil resources, such as photochemical water splitting. Common products from
direct CO, hydrogenation can be formic acid (HCOOH), carbon monoxide (CO),
methanol (MeOH), and/or methane (CH,), depending on the number of reductive
electrons involved in the process. The thermodynamic quantities in such transfor-
mations, including the relevant changes in the Gibbs free energies and enthalpies,
are shown in Eqs. (1)—(4) [8, 13].

CO,(g) + Ha(g) — HCOOH(I) AG° =32.8kJmol™'; AH® = —31.5kJmol™" (1)

CO;(g) + Hy(g) — CO(g) + H,0(g) AG° = 28.6kJmol~'; AH® = 41.2kJmol !
(2)
COs(g) + 3H,(g) — MeOH(I) + H,O(I) AG°® = —9.5kJmol™!; AH® = —131.2kJ mol ™!
(3)
COs(g) + 4H,(g) — CH4(g) + 2H,0(I) AG° = —130.6kImol~!; AH® = —253.0kJ mol~!
(4)

The reduction of CO, with H, in the presence of a nucleophile, such as amines, is
of great significance to attain value-added chemicals. In this chapter, relevant
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Fig. 1 CO, valorization via homogeneous reduction with H,

discussions will also include the formylation and methylation of amines using CO,
and H,, as well as reverse water—gas shift (RWGS) reaction followed by the
carbonylation of alkenes (Fig. 1).

2 Hydrogenation of CO, to Formic Acid and Its Derivatives
2.1 Hydrogenation of CO, to Formate

Formic acid is widely used in the leather and tanning industry, as animal feed
additives, as well as in the preparation of silage. Compared to the established
process for formic acid production, which is based on the use of MeOH and CO, the
hydrogenation of CO, provides a promising alternative. However, the change in
Gibbs free energy (AG) for such transformation in the gas phase is positive (Eq. 1).
In order to drive the equilibrium towards the thermodynamically unfavorable
direction, normally the reaction is carried out in the presence of a base (Eq. 5).

CO,(g) + Ha(g) 4+ base — HCOO™ + H-base™ AG®°<0; AH°<0  (5)
2.1.1 In Organic Solvent

Pioneered by the group of Inoue, in 1976 the homogeneous hydrogenation of CO, to
formate using transition metal complexes of Ru, Rh, or Ir as catalysts in the
presence of trimethylamine (Et;N) was described [14]. In later studies, intensive
efforts were devoted to the development of catalytic systems that can improve the
turnover number (TON) and frequency (TOF) for such transformation [13, 15], and
representative systems are summarized in Table 1. Early results of CO, to formate
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Table 1 Ru-, Rh-, and Ir-catalyzed hydrogenation of CO, to formate

Catalyst precursor Ligand Solvent Additive (5/%183 ) /% TON T/?:l
2 2
[Rqu(PPh3)4]I[7I] 87 4
[RhCI(PPh;);] 22 0.5
[irHy(PPhy)s] PPh; CeHe Et;N 2.512.5 it 15 07
[Pd(PPhy),]"! 3 0.1
[RuHy(PMes),]®”! PMe; scCO, Et;N 8.5/12 50 3700 1400°
[RuCI(OAc)(PMej)]*" PMe; s¢cCO, CE‘~‘N’ 7/12 50 32,000 95,000
oFsOH
— N.
[Ru(CI)(PMe3);(NN1)]! Q*"ﬂ« s¢CO, DBU 7/10 100 4800 1200
NN1
[RuCL,[P(OMe);],]*" P(OMe); s¢CO, DBU 7/10 100 6630 1655
[Ru(bpy)»(H,0),](OTH),]*2 NN EtOH EtN 3/3 150 5000 625
Py
. . _
[RuH(HCO,)(CO)(PNN1)]"? . diglyme | K,CO; 3/1 200 23,000 2200°
.
PNN1
3 \ N/ P'Bu,
[RuH(CI)(CO)(PNP1)]"3] . DMF DBU 3/1 120 - | 1,100,000
P'Bu,
PNP1
\7/
[14-15] thx a
[RuH(CI)(CO)(CNC1)] W DMF DBU 3.9/0.1 84 17,500 99100
QN;MQSMES
CNC1
N{_\Pth 2-
[RuH(BH,)(CO)(PNP2)|!"®! oo MTHF/ | DABCO 5/-- 55 7000° -
;NPZ H,O
[Rh(cod)Cl],/dppb!'7 Pm\C\Pth DMSO Et;N 2/2 it 1150 52
dppb
[RhCl3-3H,0)/CyPPh,!'™ CyPPh, MeOH PElg0 4/4 60 542 34
Me /Pr
N Pre., N.
[Rh(PNP3),0Tf]!'" o on, THF " @ 22 21 280 920
PNP3 Verkade's base
\
[19a, 19b] Qj"'p'z 120 300,000 150,000
[IrHy(PNP4)] - THF KOH 2.512.5 200 | 3.500.000 73000
SN
[IrH;(PNP5) ]2 THF KOH 472 140 450,000 22,500
PNP5
[RhCl(mtppts)s]>! ot 1 mo NHMe, 22 it 3439 286
[RhCI(mtppms)s]2*! s 3.5/0.5 24 524 262
[RuCly(mtppms),],23* 2! 6/0 54 289 1.4
pp
[HRu(ac)( mtppms);]>* miopts H,0 NaHCO; 1/0 50 284 16
[RuClL(PTA),]!%® 23] @ Q 6/0 54 358 0.78
[Cp*Ir(PTA),CI]" B3 ’ 10/0 100 - 23¢
[RuCly(tppms),],1=* . H,0 NaHCO, 6/3.5 80 - 9600
{2
i
[RuCly(C¢He)]/dppm!>*! ; H,0 NaHCO; 5/3.5 70 2520 1260
[Cp*RhCI(DHPT)]™ o~ on 3/3 120 15,400 33607
[CsMegRuCI(DHPT)]" 262 %,;Q\N }> H,0 KOH 2/2 80 2400 270"
[Cp*IrCI(DHPT)] " 26 26¢] 33 120 | 222,000 33,000
[Cp*RhCI(4DHBP)]™ T KOH 0.5/0.5 80 1200 160
[CsMegRuCI(4DHBP)] " 2] W KOH 0.5/0.5 80 5400 92¢
[Cp*IrCI(4DHBP)] " 2] s wff’“ 0.0 KOH 3/3 120 190,000 42,000
[Cp*Ir(OH,)(3DHBP) " 2] e e, 2 KHCO; 0.5/0.5 50 0.3 0.3
[Cp*Ir(OH,)(5DHBP) " 6] S KHCO,4 0.5/0.5 50 1.1 1.1
[Cp*Ir(OH,)(6DHBP)]*" 4] KHCO; 0.5/0.5 120 12,500 25,200
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Table 1 continued

. " P/MPa T TOF
Catalyst precursor Ligand Solvent Additive (Hy/CO,) C TON o
HO. OH
N 153,000
[(Cp*IrCl)(THBPM)] - 7 QHQ H,0 | KHCO; 22 00 79000 13700
wd o 2,525 80 53,800
THBPM 34,000
[Cp*Ir(NN2)(OH,)J?" 268 No H,0 KHCO; 1.5/1.5 30 34,000 33,000
[IrH,(HCOO)(PNP6)]* (. H,0 KOH 2.8/2.8 185 348,000  14,500°
[IrL(AcO)(NHC1)J2" <©Aé§ H,0 KOH 33 200 | 190,000 2500
[Cp*RhCI(NHC2)]" *¥) <QAC> H,0 KHCO; 5/-- 100 3600 50

TON turnover number, TOF turnover frequency, DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene, DABCO 1,4-
diazabicyclo[2.2.2]octane, Cp* pentamethylcyclopentadienyl

% Initial reaction TOF

" The catalyst was recycled for five consecutive times

revealed Ru-phosphine complexes to be the most active. In 1994, Noyori et al.
reported the high activity of [RuH,(PMes)4] for CO, to formate transformation in
supercritical carbon dioxide (scCO,), with a TOF of 1400 h™! [16]. In 2001, Jessop
and co-workers improved the activity (TOF of 95,000 h™') using
[RuCl(OAc)(PMes;),] as the catalyst by survey of a variety of amines and alcohols
in scCO,. There are several advantages in using scCO, both as the reactant and
solvent, such as efficient mass and heat transport, as well as high miscibility of H,.
Besides monodentate and bidentate phosphines [17], tridentate compounds can also
be employed as anchoring ligands in the Ru-catalyzed hydrogenation of CO,. In the
last decade, a variety of pincer-type ligands have gained considerable attentions in
reduction reactions. In the context of CO, reduction, the group of Milstein reported
in 2012 the structural studies of a Ru-pincer complex [RuH(CO)('BuCOO)(PNP1)],
which was proposed to activate CO, through an aromatization/dearomatization
mechanism [18]. One year later, [RuH(HCOO)(CO)(PNN1)], the crucial interme-
diate, was characterized through X-ray diffraction studies by Sanford et al., and high
TON and TOF of 23,000 and 2200 h™' were achieved with the Ru-pincer complex
[19]. In 2014, Pidko et al. improved the activity to a TOF of 1,100,000 h! using
[RuH(CO)(C1)(PNP1)] as the catalyst and DBU as the base in DMF [20]. In the
same year, they prepared lutidine-derived bis-N-heterocyclic carbene ruthenium
CNC-pincer complexes and applied them in CO, hydrogenation [21]. Later on, the
activity of a representative Ru—CNC pincer catalyst [RuH(CI)(CO)(CNC1)] was
improved and a TOF of 99,100 h~! was achieved [22]. In 2016, Olah and Prakash
et al. combined the CO, capture and hydrogenation steps to generate to ammonium
formate. The amines used in the process were proposed to serve dual purpose of
capturing CO, and stabilizing the formate product. The in situ formed ammonium
carbamate/bicarbonate/carbonate from the captured CO, was selectively converted
to formate in high yield with the Ru-pincer complex [RuH(BH4)(CO)(PNP2)] under
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moderate reaction conditions. The catalyst was recycled for five consecutive cycles
and a TON of >7000 was obtained by performing a biphasic reaction [23]. Usually,
ruthenium complexes have shown better performance than rhodium catalysts in the
hydrogenation of CO, to formate. Although various phosphine and pincer ligands
have been investigated in the Rh-catalyzed reduction of CO,, generally only
moderate activity has been achieved [24-29]. Moreover, phosphine ligands have
also been used in the Ir-catalyzed hydrogenation of CO,. However, the activity was
somehow lower than that of Ir with nitrogen-containing or pincer ligands [14, 30].
Nozaki et al. in 2009 reported a state-of-the-art catalyst system based on the pincer-
type complex [IrH3(PNP4)], which converted CO, to HCOOK with very high TON
and TOF of 3,500,000 and 73,000 h~' at 200 °C [31-33]. In 2015, the group of
Zhou reported the development of a new Ir-pincer catalyst, which was demonstrated
to be highly efficient for hydrogenation of CO, to formate in THF, with a TON and
TOF of 450,000 and 22,500 h_l, respectively [34].

2.1.2 In H>O Solution

In the context of the sustainable chemistry, reactions carried out in water have
attracted much interest. The first water-soluble rhodium-phosphine complex
effective for the hydrogenation of CO, to formate in water was reported by Leitner
et al. in 1993, and high TON of 3,440 at room temperature was achieved while using
[RhCl(mtppts)s] as the catalyst and HNMe, as the base [35]. Later, Joo and
Laurenczy et al. investigated several water-soluble Rh- and Ru-complexes [36-38]
such as [RhCl(mtppms)s], [RuCly(mtppms),],, and [RuCl,(PTA),] for the hydro-
genation of CO, in aqueous NaHCOj; solution [39-41] or CaCOj; suspension [42],
and TON of several hundreds was achieved. In 2010, Beller and Laurenczy et al.
investigated the hydrogenation of CO, in aqueous NaHCOj solution by screening of
Ru complexes generated by reaction of [RuCl,(CgHg),4] with phosphine ligands such
as  PPhs, bis(diphenylphosphino)methane (dppm), bis(dicyclohexylphos-
phino)methane (dcpm), bis(diphenylphosphino)ethane (dppe) [43, 44]. High TON
and TOF of 2520 and 1260 h™' were achieved when dppm was employed as the
ligand, but a loss of activity was observed for the catalyst after the first few hours.
Recently, Himeda et al. developed a series of half-sandwich Ir complexes with
proton responsive ligands, which contained pendant base moieties in the second
coordination sphere [8, 15]. These catalysts exhibited high activity in the
hydrogenation of CO, to formate salt, some even at ambient temperature and
pressure [45-51]. In particular, their half-sandwich Ir complexes with 4,4'-
dihydroxy-2,2’-bipyridine (4DHBP) or 4,7-dihydroxy-1,10-phenanthroline ligands
(DHPT) have successfully been applied to the hydrogenation of CO,, with TONs up
to 222,000 and 190,000. N-Heterocyclic carbenes (NHCs) have also been
demonstrated by Peris et al. to be effective ligands in the Ir-catalyzed hydrogenation
of CO, to formate, with TON of 190,000 being achieved using [Irl,(OAc)(NHC1)]
as the catalyst [52]. In 2016, The group of Kiihn recently prepared water-soluble
bis-heterocyclic carbene complexes and found that the rhodium catalyst
[Cp*RhCI(NHC2)]™ was more active compared with the corresponding iridium
derivative in the hydrogenation of bicarbonate to formate [53].
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Table 2 Fe-, Co-, and Cu-catalyzed hydrogenation of CO, to formate

) Iy P/MPa T TOF
Catalyst precursor Ligand Solvent Additive (H,/CO,) rC TON pe
[N(PPh;)ﬂ[Fe;H(CDOﬂ)“][” [N(PPhy),]" MeOH - 2.072.07 | 175 6 0.06
[FeCl3)/depe [ 113 15
[NiCL}/depel™® sopo DMSO | DBU 46 0 117 16
[Fe(BE,), 6H,0/PP;1]57 C 80 610 30
[Co(BF.),-6H,0/PP311% oS bon MeOH | NaHCO; 6/0 120 | 3877 194
PP31
a0
[Fe(BE,), 6H,0/PP;2]% . é [ MeOH | NaHCO; 6/0 60 7546 770°
PP32
4 \N/ P'Bu;
[FeH,(CO)(PNP1)]4%! THF NaOH 0.66/0.33 80 788 156
P'Buy
PNP1
e DBU
[FeH(CO)(BH,)(PNP7)]1“! ( THF LiOT? 3.5/3.5 80 | 58,990 2458
N=
[40d] \%P‘Euz
[FeHCI(CO)(PNP8)] THF NaOH 0.63/0.33 55 388 24
PBu,
PNP§
Knolker’s iron complext! z. O/ 1 Nanco 3o 120 | 447 19
P oc' Ff\co‘ ~ EtOH a 3
co
Ph
[Fe(BF),(P41)]* e e MeOH | NaHCO; 6/~ 80 1229 51
Pal
[FeHBr(CO)(PNP9)]*! N, EtOH DBU 0.42/0.42 80 | 10,275 489
PPr,
- PNP9 -
[Cp*Co(OH,)(4DHBP)*" 1481 AW H,O NaHCO, 2/2 100 39 39
/P
[CoH(dmpe),]™*! MEZPTPMEZ THE | "WV 11 21 | 9400 | 74,000
mpe
[Cu(OAC),|™! - dioxane DBU 4/4 100 165 3
PPh,
[Cu(triph (46-471 P
phos)(CH;CN)PE] oo CH;CN DBU 212 140 500 25
triphos

TON turnover number, TOF turnover frequency, DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

 Initial reaction TOF

Owing to the ready availability, low-cost, as well as eco-friendliness, the use
of non-precious metals to replace noble metals in catalysis is an important long-
term goal in chemistry. As shown in Table 2, early studies on the hydrogenation
of CO, to methyl formate based on [FesH(CO);;]” catalyst system were
reported by the group of Evans and Newell in 1978, but only very low TON and
TOF of 6 and 0.06 h™! were observed [60]. In 2003, Jessop and co-workers
described the combined use of Fe and Ni with phosphine ligands as catalysts for
the hydrogenation of CO,, and reasonable activity was achieved when using
DBU as the base in DMSO (TON of 113 and 117 for [FeCls]/dcpe and
[NiCl,(dcpe)], respectively) [61]. In 2010 Beller and co-workers presented a
well-defined [Fe(BF,),/PP31] catalyst for the reduction of bicarbonates to
formate with TON of 610 [62]. Later, the same group improved the activity of
such transformation, with TON of up to 7546 and 1897 using [Fe(BF,),/PP32]
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as the catalyst [63]. Interestingly, the tetradentate ligand PP3;1 has also been
found effective in Co-catalyzed hydrogenation of CO, to formate, with TON and
TOF of 3877 and 194 h™' [64]. Fe complexes with pincer-type ligands have
been demonstrated highly efficient in the hydrogenation of CO, to formate
[65-68]. Pioneering work in this context was reported in 2011 by Milstein et al.
with [FeH,(CO)(PNP1)] as the catalyst, and moderate TON and TOF of 788 and
156 h~' were achieved [65]. Recently, the group of Hazari and Bernskoetter
et al. described an enhancement of the activity by Lewis acid in Fe-pincer
catalyzed CO, hydrogenation, which might originate from cation assisted
substitution of formate for dihydrogen during the slow step [66]. Knolker’s iron
complex was also demonstrated to be active on the hydrogenation of bicarbonate
and carbon dioxide with a TON of up to 447 [69]. In 2015, the group of
Gonsalvi synthesized molecularly defined iron complexes including [Fe(BF,),(-
P41)] and moderate to good activities were observed in bicarbonate hydrogena-
tion to formate [70]. One year later, they found iron complexes
[FeHBr(CO)(PNP9)] with PNP pincer ligands based on the 2,6-diaminopyridine
scaffold promoted the catalytic hydrogenation of CO, and NaHCOj; to formate,
reaching a high TON of up to 10,275 [71].

For Co-based catalysts, Linehan et al. reported the hydrogenation of CO, under
ambient conditions using [CoH(dmpe),] in aqueous media [72—74]. High TON and
TOF of 9400 and 74,000 h~! were obtained when Verkade’s base was used in the
reaction. In addition to Fe and Co, some Cu-phosphine complexes have also been
demonstrated as effective catalysts in the reduction of CO, to formate. In 2015,
Ikariya and Watari et al. reported the catalytic ability of some Cu complexes in the
presence of strong organic bases, and TON of up to 165 was observed [75]. In 2016,
the group of Appel described the use of triphos in the Cu-catalyzed CO,
hydrogenation, with an improved TON value of 500 [76]. Further studies including
the measurement of the thermodynamic hydride donor ability, or hydricity, of
[(triphos)(Cu),H]" demonstrated the thermodynamic favorability using copper
hydrides for CO, hydrogenation [77].

2.2 Hydrogenation of CO, to Formamide

Formamides have been widely applied as versatile building blocks in organic
synthesis. Perhaps the most important chemical in this class is of N,N-dimethyl-
formamide (DMF), which is extensively used as a polar solvent and an important
chemical reagent. Nowadays, DMF is industrially produced by carbonylation of
dimethylamine (DMA) with CO. When the hydrogenation of CO, is carried out in
the presence of primary/secondary amines such as DMA, the resulting formate
would be transformed into the corresponding formamide. The latter route, based on
the use of CO, instead of the toxic CO, has been shown very promising for the
synthesis of formamides [79].

In 1970, Haynes et al. reported the first homogeneous catalysts for the synthesis
of DMF from CO,/H,, including several well-defined complexes such as
[CoH(dppe),], [CuCl(PPh3);], [RhCI(PPh;3);], and [IrCl(CO)(PPh;),], and TON of
up to 1200 was achieved (Table 3) [80]. Studies by the group of Vaska on the
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Table 3 Catalytic hydrogenation of CO, to formamides

; . P/MPa o 1
Catalyst precursor Ligand Solvent amine (Hy/CO,) T/°C TON | TOF/h
[CoH(dppe),]P" 1000 59
[CuCI(PPho) PPh; CeHs NHMe, 2.72.7 125 900 ot
[RhCI(PPh;);]™" /\ 125 170 10
[IrC1(CO)(PPh,),]*" PhoP - PPh, CeH NHMe, 2.712.7 125 1200 70
[RuCl,(PPh;);]°" dppe 120 8120 0.5
[Pd(PPhy),(CO5) T 7
[RuCl(PPhy)]™ PPh; 125 201 8
[Pty(dppm)y]"" dppm toluene NHMe, o1 75| 1460 60
[RuC1,(PMe3) P> PMe; 5cCO, NHMe, 8/13 100 | 370,000 | 19,470
e, | wco | | ST less] o
[RuCly(dppm),]I** thp/H"\Pth 5cCO, 95,000 | 190,000
[RuClz(dppe)z][[Z“]] dppe:n=0 5¢CO, NHMe, 8.5/13 100 | 740,000 | 360,000
3a dppp: n =1
[RuCly(dppp),] e 5¢CO, 10,700 2650
[RuCl,(dppe),]™" dppe 5cCO, morpholine 8.7/12.8 100 [ 210,000 [ 68.400
N\,
N PPh, .
551 et morpholine 3.5/3.5 120 | 194,0000 | 202,000
[RUH(CI(CO)PNP2)] (Pm THF NHMe, 3.53.5 120 | 599,000 5400
PNP2
F"h
Si
[MoH,(P,SiP,)]* ““[‘wg;pf " toluene NHMe, 3525 110 115
M
B By
P,SiP,
[Fe(BF,)," 6H,O/PP,11°71 [Pth NEt, NHMe, 6/3 100 727 36
] . e NHMe, 7/3 100 5104 255
[Fe(BFy), 6HL0/PPs2] P oo THF NHE, 33 100 2114 110
PPh,
[Co(BFy),6H,0/PP;1]7") o ;,,m Et;N NHMe, 6/3 100 1308 65
PP32

TON turnover number, TOF turnover frequency

complexes of Ru, Os, Rh, Ir, and Pt revealed that the most active platinum based
catalyst [Pt,(dppm)s] gave a TON of 1460 [81, 82]. In the 1990s, Noyori et al.
reported a highly active catalyst system, [RuC1,(PMe3),], for the synthesis of DMF
in scCO,, with TON of up to 370,000 and TOF of up to 19,470 h! [83, 84]. It is
noteworthy that with the liquid dimethylammonium dimethylcarbamate as the
source of DMA, the same results were obtained under similar reaction conditions.
The same group demonstrated that diethylamine and n-propylamine could also be
transformed into the corresponding formamides with decreased activity using the
same catalyst [84]. Inspired by these results, Baiker et al. studied a series of Ru
complexes with biphosphine ligands such as dppm, dppe and dppp in the synthesis
of DMF from CO, under supercritical conditions. High TON and TOF of up to
740,000 and 360,000 h~' were observed when using [RuCly(dppe),] as the catalyst
[85, 86]. Under similar conditions, morpholine was also successfully converted to
the desired product in high activity [87]. The state-of-the-art catalytic system using
Ru-pincer complex [RuH(CI)(CO)(PNP2)] for the formylation of DMA and
morpholine with CO, was reported by Ding et al. [88] in 2015. Under relatively
mild conditions (120 °C, CO,/H, = 35/35 atm), the catalyst showed very high
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Table 4 Catalytic hydrogenation of CO, to free HCOOH

P/MPa

Catalyst precursor Ligand Solvent (H,/CO,) T/°C TON | TOF/h' | FAM
[Rh(NBD)(PMe,Ph)|BF,"! PMe,Ph THF 4.8/4.8 40 128 2.6
[Cp*Ru(NN3)(OH,)]SO, @4\3 H,0 5.5/2.5 40 55 0.8

[RhCl(mtppms);]°” QPQ H,0 5/5 50 - -1 013

mipom

[RuCly(PTA),]*" [@ DMSO 5/5 60 749 6 1.9
[Cp*IrCI(NN4)|CI®!! GO H,0 3.83.8 | 40 | 10,000 - o

0 ~
[RuCI(PhCO,)(PNP10)(PPhs)]**? %N/ r DMSO/H,0 8/4 60 4200 260 | 0.33
PNP10

TON turnover number, TOF turnover frequency

TON and TOF values for formylation of morpholine (1,940,000 and 20,2000 h_l)
and DMA (599,000 and 5400 h_l), respectively.

Remarkable progress has also been made in the development of catalytic systems
based on non-precious metals for the formylation of amines with CO, (Table 3). Ito
et al. reported in 2001 a class of well-defined molybdenum catalysts for DMF
synthesis from CO, with a TON of 115. An efficient Fe-based catalyst with
tetraphosphine ligand PP31 was developed by Beller and co-workers in 2010, and
DMF was obtained in high turnover (TON 727) [62]. In further studies, they
improved the Fe catalyst with PP32 instead of PP;1 as the ligand for the
hydrogenation of CO, to DMF and diethylformamide with high TONs of 5104 and
2114, respectively [63]. Interestingly, the same group also developed a novel Co
catalyst with PP31 which exhibited an improved catalytic activity with a TON of
1308 for the production of DMF [64].

2.3 Hydrogenation of CO, to Free Formic Acid

The metal complex-catalyzed hydrogenation of CO, to formates or formamides has
been intensively studied for a long time. The stoichiometric base can shift the
equilibrium of CO, hydrogenation to the reduction direction due to the stabilization
of the product (Eq. 5). However, the added base for formate has to be removed from
the reaction solution by neutralisation to yield free HCOOH, which complicates the
overall operation. For CO, hydrogenation, the nature of the solvent can also have a
significant effect on the catalytic performance, through stabilizing the catalytic
intermediate or influencing the entropy difference between reactants and products.
Probably by virtue of hydrogen bonding stabilization of formic acid, polar solvents
such as dimethylsulfoxide (DMSO) and water have been identified as favorable
solvents for CO, hydrogenation to free HCOOH.

Early studies revealed that the hydrogenation of CO, to free HCOOH in THF
with a Rh-monophosphine complex was inefficient (TON of 128 after 2 days,
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Table 4) [90]. The CO, hydrogenation to free HCOOH in H,O catalyzed by a
bipyridine-containing Ru-complex was also not satisfactory, and TON of 55 was
achieved after 70 h [91]. In 2011, Joo et al. reported the use of [RhCl(mtppms);] for
such transformation in aqueous sodium formate, and 0.13 mol L~! HCOOH was
achieved [92]. When the reaction was carried out in the absence of sodium formate,
almost no formic acid was observed. An efficient catalytic system for producing
high concentration of free HCOOH, in the absence of a base or other additives, was
firstly reported by the group of Laurenczy in 2014. TON of up to 749 after 120 h
was achieved with the complex [RuCl,(PTA)4], which provided 1.9 mol L!
HCOOH in DMSO [93]. Soon after Li et al. reported the base-free direct
hydrogenation of CO, to formic acid in water with [Cp*IrCl(NN3)]+, an Ir-N,N'-
diimine complex, affording HCOOH with concentration up to 0.12 mol L™" [94].
Very recently, Leitner and co-workers developed a new catalytic system for CO,
hydrogenation, which yields 0.33 mol L™' of HCOOH under base-free conditions
[95]. With a Ru-pincer complex [RuCI(PhCO,)(PNP10)(PPh;)] as the catalyst, the
reaction was carried out in mixed solvent (DMSO/H,0) at 60 °C, to give the
product with very high TON and TOF of 4200 and 260 h™".

3 Hydrogenation of CO, to CO Followed by Alkene Carbonylation

The hydrogenation of CO, to CO (RWGS) is usually performed under heteroge-
neous catalysis and/or by photo-/electrochemical methods. The generated CO can
be used in various industrially important processes, including methanol synthesis,
carbonylation reactions and Fischer—Tropsch reactions. Herein, we describe the
developments in the carbonylation reaction of alkenes using CO, as CO surrogate in
homogeneous catalysis.

In 2000, Sasaki et al. reported the hydroformylation/reduction of cyclohexene
with CO, and H, using the ruthenium catalyst derived from [H4Ru4(CO);,] and
LiCl, to give hydroxymethylcyclohexane in 88% yield [96]. Following studies by
the group of Haukka revealed that such transformation was promoted by the
presence of halides and suitable counter ions, such as alkali metal cations or alkaline
earth cations [97]. Tominaga and co-workers studied alkene carbonylation with
CO,/H; catalyzed by some ruthenium cluster complexes and halide salts, and found
that under identical reaction conditions, the same products were formed in similar or
even better yields as compared to the conventional carbonylation with CO [98]. In
2004, the group of Tominaga and Sasaki applied a biphasic ionic liquid—toluene
system in Ru-catalyzed hydroformylation/reduction of 1-hexene with CO,, to give
heptanol in high yield and moderate chemoselectivity [98]. A halide salt was used as
the promoter to suppress the hydrogenation of alkene to alkane. In this system, the
ruthenium complexes effectively catalyzed the RWGS reaction, alkene hydro-
formylation, and aldehyde hydrogenation, leading to the ultimate formation of
alcohols. Recently, the group of Beller disclosed that the combination of a bulky
phosphite ligand and [Ru3(CO);,] gave a more efficient catalyst than the known
ruthenium/chloride system for hydrohydroxymethylation of terminal and internal
olefins with CO, at lower temperature (Scheme 1) [99].
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[Ru3(CO)45] (2 mol%), LiCl (8 mol%) /\/\;LLH/
CO,/H, (40/40 bar) CHZOH
NMP, 140 °C, 10 h

(@) W
70% yield (low regioselectivity)

[Ru3(CO)4,]/L (0.5/0.55 mol%)
LiCl (25 mol%) R . R
N> + N + R
CO,/H;, (30/30 bar) CH,0OH CHO ~
R =nCgH43 NMP, 130 °C, 24 h

(b) R

N

yield% (n/iso)

MeO ! 'Bu L:  76% (51/49) 1% 15%
O\P—O no ligand:  33% (51/49) 6% 22%
O/

O By L

MeO

Scheme 1 Ru-catalyzed hydrohydroxymethylation of alkenes with CO,/H,

[Ru3(CO)42]
Co2 + 3H2 +R1/\ + HNR2R3 LiCl, BTAC R1/\NiJ\NR2R3
o]
20 bar 60 bar toluene, 160°C,5d 35 959 yield

12 examples

[Ru] [Ru]
H,
[Ru] HNR2ZR3
- CHO AN
€ rNH, RTE -HZ0 R1TISNRZRS

Scheme 2 Ru-catalyzed hydroaminomethylation of alkenes with CO,H, and amines

In 2009, Eilbracht et al. reported Ru-catalyzed one-pot RWGS/hydroformylation/
reductive amination of alkenes using CO, as the C1 source, furnishing a variety of
amines in moderate to high yields [100]. LiCl and benzyl triethyl ammonium
chloride (BTAC) were used as additives to suppress the formation of side products
such as alkanes, alcohols, and formamides (Scheme 2).

Later on, Leitner et al. disclosed a catalytic protocol for the synthesis of free
carboxylic acids directly from CO,/H, and olefins (Scheme 3) [101]. With
[RhCI(CO),], as the catalyst and CH3l and p-toluenesulfonic acid (PTSA) as
additives, terminal and internal olefins were converted to the corresponding one-
carbon-elongated carboxylic acids in high conversion, but with moderate regios-
electivity. Using PTSA as the co-catalyst, an enhancement of the hydrocarboxy-
lation was observed. Mechanistic studies suggested that the overall transformation
might be accomplished via a Rh-catalyzed RWGS reaction followed by hydrox-
ycarbonylation cycles.

In 2014, Beller and co-workers developed an unprecedented alkene alkoxycar-
bonylation with CO generated in situ from CO, reduction by alcohols. The direct
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O [{RhCI(CO),},] (2.4 mol%) QCOOH
PPh; (24 mol%)

p-TsOH (18 mol%) 86% yield
_ 50 mol% CHj| 5 .
NN CO, (60 bar), H, (10 bar) NN,
AcOH, 180 °C, 16 h 2 'COOH
P 90%, 1/2/3 = 53/26/11

78%, 11213 = 43/24/11

Scheme 3 Rh-catalyzed hydroxycarbonylation of alkenes with CO,/H,

R2 [Ru3(CO)s2] (1 mol%) R2
R@ + CO, + ROOH [Bmim]ClI (2 equiv.) R1\/‘?2J
160 °C, 20 h COOR3

41-95% vyield, 36 examples

Possible reaction pathways:

R 0N co, [Ru] co [Ru] RCHO [Rul, -H, ~on
Path | - -RH Path Il
Ru r2| [Ru]
PaEth |]| RIZ R oH
R?
-7 RK/ R2
HCOOCH,R? RI_. %J
(Ru] COOR?

Scheme 4 Ru-catalyzed alkoxycarbonylation of alkenes with CO, and alcohols

[Ru3(CO),,]-catalyzed alkoxycarbonylation of alkenes was carried out in the
presence of halide source at 160 °C to give the esters in high yield (Scheme 4)
[102]. Several possible pathways were proposed for the process, which might
involve aldehyde and/or formate intermediates.

4 Hydrogenation of CO, to MeOH

Methanol is used as a fuel for our daily life, and a versatile building block for the
manufacture of many bulk chemicals. Nowadays, MeOH is industrially produced
from syngas (CO/H,) at high temperatures (250-300 °C) and high pressures
(50-100 atm) using a copper-zinc-based oxide catalyst. The hydrogenation of CO,
to MeOH provides a promising way for its valorization. Although the direct
hydrogenation of CO, to MeOH is thermodynamically a downhill reaction, it is
difficult to be realized in real-world via an energy-efficient and cost-effective way.
On the other hand, catalytic hydrogenation of some CO, derivatives, e.g., formic
acid, formates, carbonates, carbamates, or urea, is of significant current interest,
which provides an alternative and mild approach for the indirect hydrogenation of
CO, to MeOH. It is worth to note that the transformations of CO, to its derivatives
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Scheme 5 Catalytic hydrogenation of methyl formate, dimethyl carbonate, carbamates, and urea
derivatives

have been widely used in CO, fixation, and some have been well developed in
industrial processes.

4.1 Hydrogenation of CO, Derivatives to MeOH

Although the hydrogenation of ketones and aldehydes to alcohols has been well
developed, so far the reduction of CO, derivatives, e.g. carbonates and carbamates
to MeOH proves much more challenging and has been less explored. A seminal
study for indirect catalytic hydrogenation of CO, to MeOH was reported by
Milstein et al. in 2011 using some Ru-pincer complexes [103]. As shown in
Scheme 5, for the hydrogenation of methyl formate and dimethyl carbonate to
MeOH with [RuH(CO)(PNN3)], high TONs of 4400 and 4700 were attained
respectively under 50 atm H, at 110 °C after 14 h. In the catalytic reduction of
carbamate, the corresponding amines and MeOH were produced in high yield with
the same catalyst under 10 atm H,. These remarkable results revealed that the
catalysts are effective in breaking C-N or C-O bonds of these CO, derivatives,
along with a simultaneous reduction of a carbonyl group. When the same complex
was used as the catalyst in the hydrogenation of methyl formate, an even higher
activity with TON of 4700 was observed under identical reaction conditions.
Simultaneously, the same group also communicated the catalytic hydrogenation of
urea derivatives with [RuH(CO)(PNN3)], affording the corresponding amines and
MeOH in high yields under relatively mild conditions (13 atm H,, 110 °C) [104].

On the basis of the experimental investigations by Milstein and DFT studies by
Yang [105], a metal-ligand cooperative catalysis mechanism involving aromatiza-
tion—dearomatization of the pincer ligand has been proposed. As shown in Fig. 2,
for the hydrogenation of dimethyl carbonate heterolytic cleavage of H, by complex
1 resulted in the formation of frans-dihydride complex 2. Subsequently, the hydride
from the complex was transferred to the carbonyl group of coordinated carbonate to
form intermediate 3. In this step, the temporary dissociation of the Et,N group was
essential to provide a free site for substrate coordination. The benzylic arm in the
complex 3 was deprotonated by the adjacent methoxy group, which gave one
molecule of MeOH and the dearomatized species 4 with coordinated formate.
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Fig. 2 Postulated mechanism for the hydrogenation of dimethyl carbonate to MeOH catalysed by
[RuH(CO)(PNN2)]

Similarly, the addition of H, to 4 followed by the hydride transformation to formate
lead to the intermediate 5. After the deprotonation of the benzylic arm by the
methoxy group, MeOH and a dearomatized complex 6 with formaldehyde were
formed. Finally, catalyst 1 was regenerated through the dihydrogen addition to 6,
and the deprotonation by the methoxy group in the complex 7. The formation of the
second molecular of MeOH involving breaking of a C—-OCH3 bond of formate was
suggested to be the rate-determining step.

In 2012, Ding and co-workers reported the hydrogenation of ethylene carbonate
to give MeOH and ethylene glycol (EG), both are important bulk chemicals
(Scheme 6) [106]. High activity with TON of 84,000 for MeOH and 87,000 for EG
were achieved with Ru-pincer complex [RuHCI(CO)(PNP2)] as the catalyst under
50 atm H; at 140 °C in THF. Notably, coupling of this present catalytic system with
the ethylene carbonate production in OMEGA process is expected to establish a new
bridge from CO, and ethylene oxide to MeOH and EG. The catalyst has also been
used for the hydrogenation of polycarbonates to afford 1,2-propylene glycol and
MeOH. A mechanism was proposed based on deuterium-labeling studies and some
control experiments. The catalytic precursor [RuHCI(CO)(PNP2)] would undergo
an elimination of HCI by reaction with KO'Bu, leading to the formation of amido
Ru complex 1. The following-up heterolysis of H, on complex 1 was expected to
furnish the Ru-dihydride complex 2. Repetitive outer-sphere attacks of Ru-
dihydride/NH on the carbonyl group of the substrate or its reduced intermediate
would finally give the corresponding alcohol products with regeneration of amido
complex 1.

Usually, the decomposition of formic acid releases H, and CO, by dehydro-
genation or produces CO and H,O by dehydration [107]. The disproportionation of
formic acid to methanol was communicated by Miller and Goldberg et al. in 2013
using [Cp*Ir(bpy)(OH,)](OTf),] as a catalyst [108]. Under optimized conditions,
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Scheme 6 Catalytic hydrogenation of ethylene carbonate to MeOH and EG with Ru-pincer complex

they obtained MeOH selectivity of 12% corresponding to a TON of 70. The author
proposed that formic acid was first converted to formaldehyde, which was further
reduced to methanol based on isotope labeling experiments. One year later, Cantat
et al. significantly improved the yield of FA disproportionation to MeOH using
ruthenium catalysts containing of [Ru(cod)(methylallyl),], triphos (CH3C(CH,.
PPh,);) ligand and methanesulfonic acid. They achieved the highest selectivity of
27% for formic acid disproportionation to MeOH in THF solution at 150 °C [109].
Their experiments showed that MeOH was generated by transfer hydrogenation of
formic acid other than the hydrogenation of CO,. Compared with the Ir complex,
the Ru complex was less reactive, but it showed high selectivity for methanol
production. In 2015, Cantat et al. found the nonprecious metal complex,
[CpMo(CO);H], was active for the catalytic formation of methanol and methyl
formate from formic acid and achieved a selectivity of 21% relative to
decarboxylation [110]. Interestingly, Himeda and Laurenczy et al. demonstrated
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that with an iridium catalyst [(Cp*)Ir(4DHBP)(OH,)][SO,4] (structure of 4DHBP,
see Table 1) both the hydrogenation of carbon dioxide to formic acid and the
disproportionation of formic acid into methanol can be realized in one-pot reaction.
The first step was carried out in aqueous acidic media without additives. The
resulting formic acid can undergo complete disproportionation into MeOH with
unprecedented selectivities of 96% with the same catalyst in the presence of H,SO,,
with FA conversions of 98% [111].

Ir, Ru, Mo
3HCOOH - - - CH30H + H,O + 2CO,
disproportionation

T | (6)

hydrogenation

4.2 Direct Hydrogenation of CO, to MeOH

Direct CO; hydrogenation to MeOH proves extremely challenging for homogeneous
catalysis, and so far there are only a few reports in the literature [112—117]. Recently,
the group of Sanford described the use of a cascade approach for the hydrogenation of
CO, to MeOH [118]. As depicted in Scheme 7, this strategy involved a three-step
sequence mediated independently by several catalysts: (1) CO, hydrogenation to
HCOOH catalyzed by a Ru-phosphine complex catA, (2) a Lewis acid-promoted
esterification to generate methyl formate, (3) MeOH production by the hydrogenation
of ester using a Ru-pincer complex catC. To access the compatibility of each step, the
catalysts and reaction conditions were carefully investigated and a vapor transfer
method was used to prevent the deactivation of catC by Sc(OTf);: catA and catB were
placed in a vial in the center of the vessel, while catC was placed in the outer well of the
Parr reactor. Under optimized reaction conditions, TON of 2.5 for MeOH was
observed in the one-pot reaction, while TON was increased to 21 using transfer
approach for CO, hydrogenation.

Additionally, the same group reported the tandem hydrogenation of CO, to
MeOH catalyzed Ru-pincer complexes in the presence of amine. MeOH was
obtained with TON of up to 550 using [RuH(BH4)(CO)(PNP2)] as the catalyst. The
amine was proposed to capture CO, to produce dimethylammonium dimethylcar-
bamate (DMC) and convert formic acid to DMF. Independently, Ding et al. also
developed a one-pot two-step procedure for the hydrogenation of CO, to MeOH via
the intermediacy of formamide [88]. With  Ru-pincer complex

Inner vessel: catA, catB

3Hz + CO, : CHsOH + H,0 PMe;s
Outer vessel: catC TON = 21 Meap/«,l‘?umPMea
Hy 2H, MesP” ‘ SOAc  Sc(OTf)
tC
cath ™ | -roH cl
HCOOH ﬂ, HCOOR catA catB catC
-H20 [RUH(CO)(PNN12)]

Scheme 7 Cascade catalysis for the hydrogenation of CO, to MeOH
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Scheme 8 Tandem Ru-catalyzed hydrogenation of CO, to MeOH

[RuH(CI)(CO)(PNP2)] as the catalyst, high TON of up to 3600 for MeOH was
achieved in the presence of morpholine (Scheme 8).

The first CO, capture from air and direct reduction to MeOH in one-pot was
demonstrated by the group Olah and Prakash in 2015 [119]. As presented in
Scheme 9, pentaethylenehexamine (PEHA) was used to capture CO, by bubbling
air in the aqueous solution to form carbamate and bicarbonate/carbonate. The
resulting mixture was in situ hydrogenated by Ru-pincer complex [RuH(BH,4)(-
CO)(PNP2)], to give MeOH with TON of up to 215. In the same year, Milstein et al.
reported an aminoethanol-mediated approach for CO, hydrogenation to MeOH
[120]. CO, was captured by (2-methylamino)ethanol and valinol with catalytic
Cs,COs to give the corresponding oxazolidinone in moderate to high yield. Efficient
hydrogenation of the captured product was realized using Ru-pincer complex to
give the corresponding aminoethanol and MeOH in high yield.

The direct hydrogenation of CO, to MeOH without use of amines was presented
in 2012 by the group of Leitner et al. (Scheme 10) [121]. With [Ru(tmm)(triphos)]
and bis(trifluoromethane)sulfonimide as the catalyst, TON of up to 221 for MeOH
was achieved under 20/60 bar of CO,/H, at 140 °C in THF within 24 h. Based on
mechanistic studies, a biphasic system consisting of H;O and 2-methyltetrahydro-
furan (2-MTHF) was further developed, and methanol was synthesized with an
improved TON of up to 603 using re-pressurisation [122].

5 Reduction of CO, to Higher Alcohols and Dialkoxymethane Ethers
When MeOH and CO are both produced from the hydrogenation of CO,, the

carbonylation of MeOH in the presence of halide salts can result in the formation of
acetic acid, which could be further hydrogenated to ethanol (EtOH). Repeating the
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Scheme 10 Direct hydrogenation of CO, to MeOH with Ru-triphos system

carbonylation and hydrogenation of ethanol, C,, alcohols could in principle be
obtained. Early studies from the group of Sasaki described the Ru—Co bimetallic
catalysis for the hydrogenation of CO, to CO, MeOH, EtOH, and methyl formate
(Scheme 11) [114]. The reaction was carried out at 200 °C using [Ru3(CO);,] and
[Co,(CO)g] as the catalysts and KI as the additive, to give EtOH in poor activity and
selectivity. In 2015, Qian and Han et al. reported the hydrogenation of CO, to C,
alcohols with a [Ru3(CO),]/[Rhy(CO)4Cl,]-Lil system [123]. The reaction was

Reprinted from the journal 221 @ Springer



Top Curr Chem (Z) (2017) 375:23

CO, + Hy bimetallic catalysis > CO + MeOH + Cy. alcohols

lodide salt

(a) [Ruz(CO)42)/[Coy(CO)g]-Kl, Ho/CO, (2/10 MPa), 200 °C, NMP
EtOH: 26% selectivity

(b) [Ruz(CO),]/[Rhy(CO)4Cly]-Lil, Hy/CO, (4/4 MPa), 160 °C, DMI
C,., alcohols: 96% selectivity
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Scheme 12 Catalytic hydrogenation of CO, to dialkoxymethane

carried out at 160 °C, which was the lowest temperature reported so far, and the
selectivity for C,, alcohols was as high as 96%.

Very recently, the group of Leitner reported for the first time the synthesis of
dimethoxymethane (DMM) by a multistep reaction of methanol with CO,
(Scheme 12) [124]. Using [Ru(tmm)(triphos)] in combination with the Lewis acid
Al(OTY);, various dialkoxymethane ethers were afforded with TON of 29-118. This
new catalytic reaction provides the first synthetic example for the selective
conversion of CO,/H, into a formaldehyde oxidation level, thus opening access to
new molecular structures using CO, as an important C1 source.

6 Methylation Reaction Using CO, and H,

Methylation reaction has been frequently used for the synthesis of bio-active
compounds and important chemicals. The most common methylation method in
industry makes use of toxic formaldehyde, whereas in organic synthesis less benign
reagents such as methyl iodide and dimethyl sulfate prevail. Catalytic methylation
using CO, and H, represents an elegant and viable method with H,O as the only by-
product. A breakthrough in the methylation of amines using CO,/H, has been
reported in 2013 by the group of Klankermayer and Leitner [125] and the group of
Beller, respectively [126]. The two methodologies both used Ru-triphos complex as
the catalyst and required similar reaction conditions ((H,/CO,: 60/20 bar, temper-
atures: 140 or 150 °C), which afforded the respective mono- or bis-methylation of
primary and secondary anilines in high yields. In both catalytic systems, a catalytic
amount of acid (HNTf, = trifluoromethanesulfonimide or MSA = methanesulfonic
acid) was found to play a crucial role for the generation of the Ru-H active species.
While exploring the substrate scope, they both found aliphatic amines to be the least

@ Springer 222 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:23

Ar
N-H
] [Ru(triphos)(tmm)] R CHs
+ COp+ H ————————>  _N__ or
or 2" T HNTR, THF, 150°C  ArT CHs - aNcp,
ArNH,
(a) 27-94% yield, 12 examples
Ru(acac)s/triphos H CH
) 3
R-NH, + CO, + H, _ MSA or°L|CI Ny, O R PhyP PPh,
THF, 140 °C, 24 h 3 R "CHg PPh,
40-99% yield, 35 examples triphos
Proposed pathway:
o R. .CHj,
R-NH, + CO, —RY, g I _[RulMz R, CHs — "N RPh2
H, N~ "H H CH, PhyP
H Ru\/;&
P~ p
Ph, /N
o [Ru(triph(és%(t;nm)]/HNsz R? Ru(tmm)(triphos)
(b) R-NHy + I ——— )R\ S S s
R2 “R3 -H20 R‘N/ R3 -2H,0 T R

[Ru(triphos)(tmm))/HNTf,
CO,/H,

-3H,0 B 40-92% yield, 6 examples

A 20-91% vyield, 17 examples T

Scheme 13 Ru-catalyzed N-methylation using CO,/H,: a methylation of amines, b tandem
condensation/reductive methylation of amines with aldehydes

[Ru(acac)s/triphos/acid]
2-4 mol% Ru
Ar—H + CO, + H, { b Ru) Ar—CHj Ph,P PPh,
THF, 140-160 °C
20 bar 60 bar -H,0 40-91% yield PPh,

indoles, pyrroles 18 .
examples
electron-rich arenes P triphos

Scheme 14 Catalytic methylation of C-H Bonds with CO, and H,

reactive substrates, probably due to the reduction of the corresponding formamide
intermediate, which is more difficult in the absence of an aromatic substitute. To
solve this problem, Beller et al. used LiCl instead of MSA as the promoter, and
increased the catalyst loading, which resulted in the bismethylation of aliphatic
primary amines in high yields. In parallel, the group of Klankermayer employed
acetanilides as the substrate in the hydrogenation/N-methylation to give unsym-
metric methyl/alkyl anilines. Further studies by Klankermayer et al. revealed that
the combination of the complex [Ru(triphos)(tmm)] and an acid promoter also
enabled the reductive methylation of isolated imines, as well as the direct coupling
of amines with aldehydes followed by reductive methylation of the in situ formed
amines [127]. Interestingly, the practical utility of the protocol which resulted in the
corresponding N-methyl amines was demonstrated with the preparation of
butenafine as a model pharmaceutical product in high yield (Scheme 13).

Beller et al. reported the first example for the catalytic methylation of C—H bonds
using CO, and H, (Scheme 14). The key to realize such transformation is the
combination of an in situ formed Ru-triphos catalyst and some Lewis acids. The
efficient methylation of carbon nucleophiles, for example, indoles, pyrroles, and

Reprinted from the journal 223 @ Springer



Top Curr Chem (Z) (2017) 375:23

electron-rich arenes, was performed in THF at 140-160 °C to give the correspond-
ing methylarenes in high yields [128].

7 Future Perspective and Outlook

The capture and valorization of CO, are highly energy intensive processes, which
results in additional CO, emissions. To realize these transformations in a more
benign and sustainable manner, efficient catalytic systems that are effective under
mild conditions have to be developed in the future. The production of H, accounts
for a significant part of the overall economics of the CO, reduction process. Non-
fossil fuel-based renewable H, production methods, including photo- and/or electro-
chemical splitting of water and biomass pyrolysis, should be explored.

Although very high activity has been achieved in the reduction of CO, to
formate, the separation of the product to free acid still complicates the process. On
the other hand, the hydrogenation of CO, to free formic acid provides an ideal way
to valorized CO,, but the activity of this transformation is still far away from
practical application. The catalytic reductive formylation and methylation of amines
represent important alternatives in the activation and chemical use of CO,. In such
transformations, the reductive deoxygenation energy is significantly compensated
by the coordination of amines to CO,, and the formation of N-C bonds facilitating
the reduction of CO,. These protocols represent a diagonal approach for CO, use,
which effectively combine both the reduction of CO, and C-N bond formation in a
single transformation. RWGS reaction for producing CO has recently been
considered an ideal approach for efficient CO, activation/reduction. Development
of RWGS systems effective under mild conditions is required, and photo-/electro-
chemical promoted RWGS reaction provides an alternative method for this reaction.
When CO is produced from CO, hydrogenation, a better way is to use CO in situ for
follow-up reactions such as Fischer—Tropsch reaction, MeOH synthesis, and MeOH/
alkene carbonylation, which could avoid the tedious separation and transportation.

The hydrogenation of CO, to MeOH provides an ideal way to transform CO, to
value-added fuels and chemicals. Nowadays, the only industrial process utilizes
heterogeneous catalyst with Cu/Zn/Al,0O5; under harsh conditions. In homogeneous
hydrogenation of CO, to MeOH, there are only two catalytic systems (Ru-triphos
and Ru-pincer complexes). Nevertheless, the activity still needs to be improved
further. Hence, the development of efficient homogeneous catalyst for the
hydrogenation of CO, to MeOH is highly desired. The reduction of CO, to
value-added fine chemicals such as higher alcohols and dialkoxymethane ethers
present an alternative method for the use of CO,.

Currently, most of the homogeneous catalytic systems are based on precious
metals (Rh, Ru, Pd, Ir), which are not readily available and expensive. With respect
to process sustainability and eco-friendliness, the development of catalytic systems
based on non-noble metals is highly preferred. Although high pressure system is
required for the use of scCO, both as reactant and solvent, it could enhance the
solubility and mass transfer of the reactant resulting in superior activity and also
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eliminate the need of additional solvents. In this regard, the CO, varolization in its
supercritical state should be explored further.
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Abstract The dramatic increase in anthropogenic carbon dioxide emissions in
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production of energy vectors and commodity chemicals. Photo- and electrochemical
reduction of CO, are appealing strategies for the storage of sustainable and inter-
mittent energies in the form of chemical bonds of synthetic fuels and value-added
molecules. In these approaches, carbon dioxide is converted to products such as CO,
HCOOH and MeOH through proton-coupled electron transfer reactions. The use of
earth-abundant elements as components of the catalytic materials is crucial for the
large-scale applicability of this technology. This review summarizes the most recent
advances related to this issue, with particular focus on studies where molecular
metal complexes are used as catalysts. In addition, with the aim of aiding in the
design of more robust and efficient non-noble metal-based catalysts, we discuss the
lessons learned from the corresponding mechanistic studies.
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1 Introduction

Over the past 150 years, societal development has been largely powered by the
combustion of non-renewable fossil fuels, and our current standard of living is
clearly a result of numerous innovations driven by the energy obtained from these
fuels. However, the global supply of such resources is not limitless, and with the
ever-expanding global population, the world energy demand continues to increase
[1]. In 2015, total world energy consumption was 13,147 Mtoe (million tonnes of oil
equivalent), or 5.50 x 10°° J, equal to average power consumption of 17.5 TW [2].
Energy demands are projected to increase by 37% between 2013 and 2035, with
average growth of 1.4% per year [3]. Approximately 86% of this energy is obtained
from oil, coal, and natural gas in roughly equal parts. In addition, due to the
excessive consumption of such fossil fuels, the concentration of atmospheric carbon
dioxide (CO,) has increased, with values now exceeding 400 ppm, which
contributes to the ongoing changes in our planet’s climate. It is clear, therefore,
that in order to stop the continued accumulation of CO, in the atmosphere and to
realize world energy goals, a shift towards carbon-neutral, secure, and renewable
energy sources is crucial [4].

On a global scale, sunlight is one of the few energy sources that can meet the
projected human energy demands in an environmentally and socially responsible
manner. Solar energy reaches the surface of the earth at a rate of 120,000 TW [5],
far exceeding the global rate of human energy consumption. The use of sunlight as
an energy source requires systems with the ability to capture, convert, and store such
energy. The capacity for storage is a fundamental need, given the temporal
mismatch between solar irradiance and human energy demands. Nature provides us
with proof that solar energy conversion can be performed on such a large scale.
Photosynthesis stores solar energy in reduced carbon compounds at a rate of 120
TW [6], and in the process of cellular respiration, these solar fuels are efficiently
oxidized using oxygen as the terminal electron acceptor. The blueprints provided by
photosynthesis and cellular respiration have enabled the development of energy
infrastructure for the capture of solar energy and its storage in chemical compounds.

In this context, the catalytic conversion of carbon dioxide into fuels and organic
materials using either light or electric current as energy input is an important
strategy that not only reduces atmospheric CO, levels, but also provides a pathway
for the replacement of fossil fuels [7]. Energy transportability is a particularly
important issue in the development of energy conversion technologies. The fact that
liquid products from the photo- or electrochemical reduction of CO,, such as
methanol and formic acid, can be easily transported from the production site to
where they are needed is a major advantage of this technology [8-10].

Carbon dioxide is the ultimate product of oxidation of carbon-based compounds,
and it is an extremely thermodynamically stable molecule. Thus, the recycling of
carbon dioxide to create useful products is a challenging process that requires a
large energy input. Despite the linear symmetry and overall nonpolar nature of the
molecule, some chemical reactivity may be anticipated, associated with either the
presence of the m-electron density of the double bonds, the lone pairs of electrons on
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the oxygen atoms, or the electrophilic nature of the carbon atom. Thus, one possible
means of activating carbon dioxide is through modification of its electronic and
geometric properties via direct coordination to a metal center of a molecularly
defined catalyst. In this case, the energy barriers for the corresponding proton-
coupled electron transfer reactions are lowered, allowing the catalytic reduction of
CO, (vide infra).

The energy requirements for CO, reduction are highly sensitive to pH and to the
number of electrons required for the half-reactions, as shown for pH 7 vs. NHE in Fig. 1
[11]. The reduction of CO, by one electron to form CO, ™ is an extremely unfavorable
process, having a formal reduction potential of —1.90 V (Eq. 1), due at least in part to
the kinetic restrictions imposed by the structural difference between linear CO, and bent
CO,™ [12]. An alternative and more favorable pathway for reducing CO, is through
proton-coupled electron transfer (PCET) reactions, since thermodynamically more
stable molecules are produced (Eqs. 2—7). Because they involve protons, these reactions
are more favorable at low pH [13]. However, it should be noted that according to the
redox potentials of reactions in Egs. (2), (3), (4) and (9), any catalyst that reduces CO, to
carbon monoxide or formate is also thermodynamically capable of reducing H™ to Hs.
Thus, when reduction of CO, is carried out at low pH values, generation of H, is favored,
and the selectivity for CO, reduction is diminished.

One major challenge in proton-assisted multi-electron reduction of CO, to liquid
fuels is the formation of chemical bonds to transform the simple CO, molecule into
more complex and energetic molecules such as methanol (Eq. 6) and methane
(Eqg. 7). Although the synthesis of such molecules from CO, is thermodynamically
more favorable than the formation of carbon monoxide, the difficulty in transferring
multiple electrons to the site of reduction limits the feasibility of the process.
Accordingly, 2H"/2e” reduction products, namely formic acid and carbon
monoxide, are generally obtained in the reaction. While CO is a useful chemical

COz + e —  COy E0=-1.90V (1)
CO; + 2H* + 200 — CO +  H0 E0=-0.53V (2)
CO; + H* + 200 — HCOH E0=-0.61V (3)
CO; + + 2¢¢ — HCOy E0=-0.43V (4)
CO; + 44* + 4 ————>= HCHO + Hy0 E0=-048V (®)
CO; + H* + e — CHOH + H0 E0=-0.38 V (6)
CO; + gyt + g — CHy +  2H0 E0=-0.24V (7)
2H,0 — O +OAHY *f e E0=0.82V (8)
2HY  + 2 — E0=-0.41V 9)

Fig. 1 Energy requirements for reducing carbon dioxide through proton-coupled electron transfer
reactions. All potentials are reported vs. NHE at pH 7
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and can be converted into liquid hydrocarbons via the Fischer—Tropsch reaction
with H,, formic acid has recently garnered attention as a carrier of H, because it is
liquid at ambient temperatures and can be converted into H, and CO, in the
presence of catalysts under moderate conditions [14].

In this book work, we review the use of molecularly defined catalysts for the
photo- and electrochemical conversion of carbon dioxide to useful products.
Considering the obvious advantages in integrating the corresponding molecular
catalysts into devices for economically viable applications, we aim to highlight the
recent developments in the use of earth-abundant metal complexes as CO, reduction
catalysts. The first section is devoted to the molecular electrochemical reduction of
CO,, while the second section is focused on photochemical approaches.

2 Electrochemical Reduction of CO,

Electrochemical systems for the reduction of carbon dioxide to liquid fuels require
the application of an external bias or current to supply the electrons for reducing
CO, [15-17]. Instead of using a sacrificial reductant, as in the case of the
photochemical reduction of CO, (vide infra), the corresponding oxidation occurs at
the counter electrode. In some cases, the cathodic and anodic reactions are separated
in a two-compartment cell to avoid reoxidation of the species derived from the
reduction of CO,. Although the use of a sacrificial electron donor is not necessary,
the presence of Lewis and Brgnsted acids enhances catalysis considerably [18]. In a
broad sense, electrocatalysts are electron transfer molecules that ideally operate near
the thermodynamic potential of the reaction to be driven (e.g. reduction of CO, to
CO). Direct electrochemical reduction on most electrode surfaces requires a large
overpotential (1), which reduces conversion efficiency. The overpotential can be
considered as the difference between the applied electrode potential, Vyppiied, and the
potential of the chemical reaction, E° (products/substrates), at a given current
density.

The use of an electrocatalyst is essential to achieving efficient reactivity and
selectivity. Such a molecule is involved in the electron transfer process at the
cathode and also accelerates the chemical reaction. Fast kinetics for both processes
are a necessary condition for an efficient electrocatalyst. In addition, a thermody-
namic match between the redox potential for the electron transfer at the cathode and
the chemical reaction that is being catalyzed is crucial for the catalytic efficiency of
the system. All these factors can be optimized through chemical tuning of the
electrocatalyst by screening different metal centers with the appropriate ligand.
Reaction rates for these processes can be estimated from the steady-state limiting
current in cyclic voltammetry (CV), or by rotating-disk voltammetry studies of the
heterogeneous electron transfer kinetics. The electrocatalytic activity can be easily
observed in CV. In a CV under an inert atmosphere, an electrocatalyst should show
a wave corresponding to the reversible redox couple Cat™. Upon addition of CO,,
the current of the CV should increase significantly, while the potential shifts
anodically, and reversibility in the return oxidation wave is lost due to a reaction
between CO, and the electrocatalyst. Thus, the use of electrocatalysts as mediators
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in the electrochemical reduction of CO, lowers the overpotential, improves
selectivity, and increases the reaction kinetics.

2.1 Mn Complexes

In 1984, Lehn and coworkers first introduced the use of [Re(bpy)(CO);Cl]-type
complexes as catalysts for the electrochemical reduction of carbon dioxide [19].
When bulk electrolysis experiments were performed in DMF-H,O (10%) at
—1.25 V vs. NHE, carbon monoxide was observed as the only product, with
faradaic efficiency (FE) of up to 98%. Following on this seminal work, Deronzier
and coworkers in 2011 reported the use of [Mn(bpy)(CO);Br] 1 (Fig.2) as
electrocatalyst for the selective reduction of CO, to CO [20]. On the basis of CV
studies using tetrabutylammonium perchlorate (TBAP) in MeCN as the supporting
electrolyte and under an Ar atmosphere, it was proposed that after the one-electron
reduction of complex 1 and immediate loss of bromide anion Br™, a dimer species
[Mn(bpy)(CO)3], (2) was formed. Subsequent reduction of the dimer species
resulted in the formation of [Mn(bpy)(CO);]” (3). The formation of dimer 2 had
already been shown for 1 by IR and UV/Vis spectroelectrochemical experiments in
tetrahydrofuran (THF) electrolytes [21].

The electrochemical behavior of 1 in an acetonitrile solution saturated with CO,
showed no significant differences between the first two reduction events observed
under an Ar atmosphere. On the other hand, the presence of 5% v/v H,O induced a
dramatic change, with strong enhancement of the cathodic current at the second
reduction event, evidence of the involvement of the reduced Mn dimer 2 as the
active species in the electrocatalytic process. Controlled potential electrolysis of a
solution containing the complex 1 at a concentration of 1 mM in MeCN/H,O (95/5)
under CO, confirmed the catalytic activity of such a complex. Carbon monoxide
was observed as the only product of the reaction, with FE > 99%. Compared with
its rhenium analogue, electrocatalyst 1 reduced CO, at markedly lower overpoten-
tial (a gain of 0.40 V), while selectivity and FE for the production of CO were
almost identical. This represented a major advantage, since manganese is 1.3
million times as abundant as rhenium in the Earth’s crust, at 950 mg Mn/kg crust
versus only 7 x 10™* mg Re/kg crust [22]. This fact becomes important when the
cost of scale-up and the environmental ramifications of mining large quantities of
raw material are considered.

R~ Br N Br QN/ Br ~rRBr
1 4 [
=N |n/co <;J)\Nln/co N))\Nl _co /N\Nln/co
n
=N~ | >co l >N ] >co SNT| >co >N | >co
RN co _ co =~ co AR CO
1R=H 7 8 9R = Mes
4R=tBu

Fig. 2 Molecular structures of Mn-based catalysts used in the electrochemical reduction of CO,
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In 2013, and stemming from the work of Deronzier, Kubiak and coworkers
modified complex 1 by replacing the bipyridine ligand with 4,4’-di-fert-butyl-2,2’-
bipyridine (bpy-tBu). The resulting complex Mn(bpy-tBu)(CO);Br (4) was a robust,
selective, and efficient catalyst for the reduction of CO, to CO [23]. The addition of
Brgnsted acids to a CO,-saturated solution of 4 and subsequent reduction of the
complex led to the stable and efficient production of CO from CO,. Three different
weak acids were used (H,O, MeOH, and TFE), and the catalytic current increased in
cyclic voltammograms as the acid strength was increased. In particular, when 2,2,2-
trifluoroethanol (1 M) was used, current densities of up to 30 mA/cm® were
observed during bulk electrolysis at —2.2 V vs. SCE using 4 (5 mM) and a glassy
carbon working electrode in MeCN. In all cases, carbon monoxide was selectively
produced, with no observable production of H,. The role of the corresponding dimer
[Mn(bpy-Bu)(CO)s3], (5) and anionic [Mn(bpy-Bu)(CO);]™ (6) species as catalytic
intermediates was confirmed with the assistance of infrared spectroelectrochemistry
(IR-SEC) and X-ray crystallographic studies.

With the aim of exploring a ligand platform other than the commonly used
bipyridine scaffold, Agarwal and coworkers in 2014 introduced the first manganese
N-heterocyclic carbene complexes as catalysts for the CO,-to-CO electrochemical
conversion [24]. Surprisingly, complexes 7 and 8 mediated the reduction of carbon
dioxide following a two-electron reduction step, as observed in the CV and
preparative-scale electrolysis experiments. This is in contrast to the previously
observed behavior of 1 and 4, where two sequential single-electron reduction events
were necessary prior to the formation of the catalytically active species. In addition,
even though the strong c-donor character of the NHC ligands pushed the reduction
potentials cathodic, both species 7 and 8 exhibited catalytic current enhancement
under a CO, atmosphere at voltages comparable to 1. As previously observed with
other Mn-based catalysts, carbon monoxide was selectively produced, with rather
low FE of 35%, during bulk electrolysis experiments using TBAP and MeCN/H,0
(95/5) as supporting electrolyte.

With the goal of improving the aforementioned manganese electrocatalysts in
terms of increased activity and reduced overpotential, Kubiak and coworkers
designed and synthesized complex 9, where a sterically demanding bipyridine
ligand, 6,6'-dimesityl-2,2"-bipyridine (mesbpy), was utilized to eliminate dimeriza-
tion during the catalytic cycle [25]. As expected, complex 9 displayed a single two-
electron reduction wave under nitrogen, with no evidence of dimerization. The
corresponding anionic [Mn(mesbpy)(CO)3]™ (10) species was formed at —1.6 V vs.
Fc™/Fc, which corresponds to 300 mV more positive potential than in the case of
catalyst 1. IR-SEC experiments and chemical reduction experiments with KCg
unambiguously corroborate the role of 10 as a catalytic intermediate. Controlled
potential electrolysis at —2.2 V vs. Fc*/Fc with 0.3 M TFE resulted in the selective
production of CO from CO, with FE of > 98%. Unfortunately, when the anionic
complex 10 binds CO, with H™, catalytic activity does not occur until a ca. 400 mV
more negative potential, which results in no decrease in catalytic overpotential when
compared to complex 1.

It was recently reported that the use of Lewis acids, specifically Mg”* cations,
significantly reduces the required overpotential for the electrochemical reduction of
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CO, to CO when complex 9 is used as catalyst [18]. In fact, carbon dioxide
reduction proceeded at the same potential as CO, binding (ca. —1.6 V vs. Fc"/Fc),
which translates to one of the lowest overpotentials ever reported for a molecular
electrocatalyst (n = 0.3-0.45 V). Based on variable-concentration CV studies, IR-
SEC experiments, and controlled potential electrolysis, it was proposed that
catalysis with added Mg(OTf), proceeds via a reductive disproportionation
mechanism of 2CO, + 2e~ — CO + CO;>".

An important strategy in the development of molecular electrocatalysts for
energy storage is the incorporation of functional groups in the second coordination
sphere of the catalyst that can directly interact with substrates bound to the metal
during a catalytic cycle, which facilitates crucial reaction steps such as H-H bond
heterolysis and hetero-formation, intra- and intermolecular proton transfer, and
coupling of proton and electron transfer [26]. In this regard, the research groups of
Gobetto and Bocarsly independently reported the synthesis of a Mn complex
featuring a pendant phenolic group in the second coordination sphere, with the
intention of directly stabilizing the O atom of the CO, molecule through hydrogen
bonding (Fig. 3) [27, 28]. In the case of Gobetto and coworkers, a Mn(I) tricarbonyl
complex containing two hydroxyl groups (10) was synthesized, and its electro-
chemical behavior towards CO, reduction was tested. In contrast to the catalytic
behavior of the aforementioned Mn-based catalysts, complex 10 was able to drive
the electrochemical reduction of CO, to CO in the absence of Brgnsted acid
additives [27]. This is explained by the proximity of protons to the active site rather
than their bulk concentration in solution. An unusual selectivity for manganese
electrocatalysts was observed when bulk electrolysis experiments at —1.8 V vs.
SCE were performed with 10 in anhydrous MeCN, giving a mixture of CO (70%)
and HCOOH (22%).

Bocarsly and coworkers designed and prepared a manganese complex with the
ligand 6-(2-hydroxyphenyl)-bpy, containing only one pendant hydroxyl group (11)
[28]. Although the catalytic behavior in the absence of added Brgnsted acids was
not tested, production of CO from CO, with FE of 76% was observed during
electrolysis experiments using 11 (1 mM) at —1.5 V vs. SCE in MeCN/H,0 (95/5).
Based on the results of CV studies, it was reported that catalyst 11 exhibited over
seven times the catalytic current density of MnBr(bpy)(CO); (1) at roughly the same
overpotential. Theoretical computations suggest that the origin of the increased

Br Z OH
N~} ~Co (N |
n = X
N"| >co N | N
10 1

Fig. 3 Manganese electrocatalysts featuring pendant hydroxyl functional groups in the second
coordination sphere
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activity is the result of an intramolecular mechanism for the corresponding proton-
assisted dehydration of the -catalytic intermediate [Mn(6-(2-hydroxyphenyl)-
bpy)(CO);COOH] (12). Since the addition of pendant hydroxyl groups in the
second coordination sphere of Mn-based complexes 10 and 11 did not render
catalytic systems capable of operating at lower overpotentials than [Mn(bpy)(CO);.
Br] (1), additional research is still needed in this area.

2.2 Fe Complexes

Iron-based molecular electrocatalysts for the conversion of CO, to CO rely almost
exclusively on porphyrin-based ligand platforms [18]. In terms of catalytic
activity, selectivity, and overpotential, iron(0) porphyrin complexes represent the
state of the art in the homogeneous electrocatalytic reduction of CO, [8, 29]. The
first report in this area was in 1991 by Savéant and coworkers, who claimed that
iron(0) porphyrin 12 (Fig. 4) was able to drive the electrochemical conversion of
CO, to CO at —1.8 V vs. SCE in DMF [30]. In 1996, the same research group
reported that electrocatalysis was significantly improved in terms of both
efficiency and lifetime in the presence of weak Brgnsted acids [31]. The reported
system did, however, require reduction potentials that were still too negative for
practical use (ca. —1.5 V vs. SCE). More importantly, these seminal contributions
paved the way for future developments within the framework of iron-based
molecular electrocatalysts.

In 2012, Savéant and coworkers reported a breakthrough in the area of molecular
catalysts for CO, electroreduction [32]. They found that iron complex 13, featuring
phenolic groups in all ortho and ortho’ positions of the phenyl groups, was
considerably more active than electrocatalyst 12 for the conversion of carbon
dioxide to CO. For instance, when CV experiments were carried out using complex
13 (1 mM) with a CO,-saturated DMF solution containing 2 M H,O, a 60-fold
increase in catalytic current at —1.33 V vs. NHE was observed relative to the
corresponding experiments under an Ar atmosphere. This is indicative of a fast

12 13 14

Fig. 4 Molecular structures of iron tetraphenylporphyrin complexes used as molecular catalysts in the
electrochemical reduction of CO,
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catalytic reaction. In fact, preparative-scale CO, electrolysis at —1.16 V vs. NHE
resulted in the formation of CO with FE of 94% and average current density of
0.31 mA/cm?, which corresponds to logTOF = 3.5 [33]. The catalyst also displayed
remarkably robustness: no degradation of the iron complex was observed after 50
million turnovers at low overpotential (465 mV), which were achieved in only 4 h
of electrolysis. Based on mechanistic investigations, it was unambiguously shown
that the basis for the enhanced activity was the high local concentration of protons
associated with the phenolic hydroxyl substituents around the iron center [34].

In a further development, Savéant and coworkers prepared an iron porphyrin
complex by substituting two of the opposite phenyl rings of tetraphenylporphyrin
with ortho-, ortho’-phenol groups while replacing the other two phenyl groups with
perfluorinated arenes (14) [35]. This complex proved to be an excellent catalyst with
respect to selectivity, overpotential, and turnover frequency for the conversion of
CO; to CO. For instance, CV experiments using 14 (1 mM) in a CO,-saturated
DMF solution containing 1 M PhOH resulted in a 120-fold increase in catalytic
current at —1.28 V vs. NHE relative to the corresponding experiments under an Ar
atmosphere. Fixed-potential electrolysis at —1.08 V vs. NHE with 1 mM 14 under
CO; in the presence of 3 M PhOH was marked by stable CO production over 3 h,
with faradaic yields > 99% and no visible degradation of the iron complex. Fluorine
substitution upon switching from 13 to 14 proved to be a successful strategy, with
improved catalytic efficiency and overpotential, thanks to the inductive effect of the
fluorine substituents.

In 2015, Naruta and coworkers reported the use of a cofacial iron tetraphenyl-
porphyrin dimer 15 for the selective electrochemical reduction of carbon dioxide to
CO (Fig. 5) [36]. This electrocatalyst was inspired by the metalloenzyme carbon
monoxide dehydrogenase (CODH), which features a Ni—Fe dinuclear complex at its
active center and cooperatively promotes the selective interconversion of CO, and
CO at extremely low overpotentials [37]. CV experiments showed a strong catalytic
current at —1.46 V vs. NHE in the presence of CO, when a solution of 15 (0.5 mM)

Ph
Ph

> G = [

Ph
Ph
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Fig. 5 Chemical structure of the iron porphyrin dimer used in the electrocatalytic reduction of carbon
dioxide
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in DMF/H,O (10%) was employed with the cofacial iron tetraphenylporphyrin
dimer 15. This indicated a catalytic process once the Fe™—Fe® porphyrin species was
electro-generated. Bulk electrolysis experiments at —1.35 V vs. NHE confirmed the
catalytic activity of the iron dimer. In this case, after 10 h of electrolysis reaction,
carbon monoxide was obtained with FE of 88%, and hydrogen with 12%. The high
activity, selectivity, and stability of 15 can be plausibly attributed to the resulting
cavity between the two iron centers, where a molecule of CO, can be easily
embedded. The double interaction of the CO, molecule with the metallic active
centers facilitates a push—pull mechanism, where one Fe center acts as a Lewis base
to push an electron pair to the coordinated CO,, and the second Fe center acts as a
Lewis acid to promote C—O bond cleavage and the formation of CO.

Most of the iron-based molecular catalysts employed in the electrochemical
reduction of CO, produce CO as product. However, in terms of energy vectors,
HCOOH is by far a more interesting product [14]. In this context, Berben and
coworkers showed that the iron carbonyl cluster [Fe4,N(CO),,]~ (16, Fig. 6) was a
selective electrocatalyst for the reduction of CO, to formate in aqueous solutions
[38, 39]. During controlled potential electrolysis at —1.2 V vs. SCE and pH 7,
electrocatalyst 16 produced formate with a high current density of 4 mA cm™2 for
over 24 h, and FE of 96%. According to thermochemical measurements performed
using IR-SEC, the difference between the hydride donor ability of the catalytic
intermediate [HFe4;N(CO);,]” in MeCN and aqueous buffered solutions is key to
explaining the high and rather unusual selectivity for the electroreduction of CO; in
water when complex 16 is used. An attempt to increase the catalytic activity of iron
cluster 16 by adding a pendant hydroxyl group in the second coordination sphere of
the catalyst was reported in 2016 [40]. Unfortunately, the resulting iron cluster 17
was no longer active for the electrocatalytic reduction of CO,, and in this case,
protons were selectively reduced to H, even in the presence of CO,.

\/ \ /
/Fe—CO /Fe—CO
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/Fe\ co /Fe\ co
- -
OchF (lzo P~co Och‘e éo P~co
oc” L o¢ HO(H;C)PhoP” | o¢
16 17

Fig. 6 Molecular structures of iron carbonyl clusters used as electrocatalysts for the conversion of CO,
to formate in water
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2.3 Ni and Co Complexes

Based on the seminal work of Sauvage and colleagues with [Ni(cyclam)]2+
(cyclam = 1,4,8,11-tetraazacyclotetradecane) and related macrocyclic complexes
showing high selectivity for the activation of CO, over H,O under reductive
electrocatalytic conditions [41], several Ni-based catalysts have recently been
developed [42]. For instance, Chang and coworkers reported the synthesis of a
series of nickel(Il) complexes supported by N-heterocyclic carbene—pyridine ligands
(18-20, Fig. 7) and their ability to drive the CO,-to-CO electrochemical conversion
with high selectivity for the activation of CO, over H,O [43]. However, CV studies
under a CO, atmosphere using mixtures of MeCN/H,O clearly showed rather low
efficiency for the reduction of CO,.

In a work by Fujita and coworkers, a series of molecular complexes similar in
structure to [Ni(cyclam)]2+ were reported as efficient electrocatalysts for the
selective reduction of CO, to CO in aqueous solutions [44]. For instance, complex
21 produced CO with FE of 88% at —0.96 V vs. NHE and pH 5. As expected, when
the pH of the supporting electrolyte was lowered to values less than 2, the
electrochemical reduction of CO, was no longer selective, and a 1:1 mixture of
CO:H, was produced during controlled potential experiments, although the FE
remained unchanged, at 88%.

In 2015, Sun and coworkers reported the synthesis of a planar nickel complex
coordinated with a pincer-type carbene—pyridine—carbene ligand (22) and its use as
electrocatalyst for the generation of CO from carbon dioxide [45]. According to
long-term controlled potential electrolysis of 22 at —1.773 V vs. Fc*/Fc for 2 h in
CO;,-saturated MeCN with 0.4 mM H,O, only CO was produced as the major
product, and no detectable H, was obtained via gas chromatographic analysis. As in
the case of nickel complexes 18-20, the catalytic efficiency of 22 was moderated, as
observed in the CV studies under a CO, atmosphere.

Peters and coworkers explored electrochemical CO, reduction using a cobalt
complex supported by a redox-active pyridyldiimine ligand platform (23, Fig. 5)
[46]. Specifically, the authors showed that when H,O was employed as the proton
source (10 M in MeCN), CO was produced with FE of 45% near the Co"° redox
couple for 23 (E;» = —1.88V vs. Fct/Fc) and simultaneous H, evolution
(FE = 30%). X-ray photoelectron spectroscopy (XPS) measurements of glassy
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Fig. 7 Chemical structures of Ni- and Co-based electrocatalysts for electrochemical CO,-to-CO
conversion
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carbon electrodes after controlled potential electrolysis experiments supported the
assertion of the molecular nature of the cobalt active species rather than an
electrodeposited film. The ability to store electrons in the structure of the
pyridyldiimine ligand of 23 during electrocatalysis was confirmed by X-ray
crystallography and theoretical studies.

3 Photochemical Reduction of CO,

Systems applied for light-driven CO, reduction usually include a catalyst (CAT),
responsible for CO, coordination and its subsequent reduction; a sacrificial
electron donor (SD), which is consumed stoichiometrically; and a photosensitizer
(PS) that mediates the electron transfer from the SD to the CAT (Fig. 8). Two
mechanisms by which the excited PS is quenched are known. In oxidative
quenching, an electron from the PS* is transferred directly to the catalyst,
whereby the PS is oxidized, and the active, reduced form of the catalyst is
generated. In the second step, the original PS is regained by donation of an
electron from the SD to the PS*. In the reductive mechanism, the excited PS is
first reduced by an SD molecule to form PS™ and SD. This electron is then
transported to the neutral catalyst to generate the active CAT ™. The preference for
one mechanism over the other is strongly dependent on the redox potentials of the
particular species of the CAT, PS and SD.

Ruthenium complexes (Ru(N”N)3;) bearing diimine ligands such as 2,2’-
bipyridine (bpy) or phenanthroline, along with cyclometalated iridium complexes
Ir(CAN)3) such as Ir(ppy)s (ppy = 2-phenylpyridine) and their derivatives, are
widely used as light-harvesting components (Fig. 9). Due to their absorption in the
visible light range and their strong internal heavy atom effect (triplet MLCT), high
quantum efficiency in photocatalysis will be achieved [47]. To find fully earth-
abundant systems employing a CAT and a PS containing non-precious metal
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Fig. 9 Molecular structures of transition metal complexes and organic dyes used as photosensitizers in
the photochemical reduction of CO,

centers, heteroleptic emissive copper(I) complexes ligated by a diphosphine (e.g.
xantphos) and a diimine (phenanthroline derivatives) applied as PS were developed
by Beller, originally for proton reduction [48, 49], and by Ishitani (Fig. 10) [50].
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Fig. 10 Molecular structures of Cu-based complexes used as photosensitizers in the photochemical
reduction of CO,
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For the conversion of carbon dioxide into highly valuable molecules (CO,
HCOOH), the application of an SD is imperative (Fig. 11). It provides either the PS
(reductive quenching) or the catalyst (oxidative quenching) with an electron.
Amines and ascorbic acid continue to be used in homogeneous CO, reduction.
Researchers have reported ongoing challenges in employing water as a simple and
green electron donor and combining CO, reduction with water oxidation in an effort
to mimic photosynthesis [51].

3.1 Mn Complexes

The first photochemical reduction of carbon dioxide with a homogeneous
manganese catalyst was reported in 2014 by Ishitani’s group using a system
consisting of a solution of DMF/TEOA or MeCN/TEOA (25% v) containing fac-
Mn(bpy)(CO)3;Br (1) as CAT (0.05 mM), 6-PS (0.05 mM) as PS, and BIH as SD
(0.1 M). After irradiation for 12 h with monochromatic light (480 nm), formate was
formed as the main product (TONyxcooy = 157), along with carbon monoxide
(TONco = 12) and hydrogen (TONy, = 8) as by-products. The product that was
preferentially produced was dependent on the solvent. In the case of acetonitrile, the
formation of formate was drastically reduced (TONycoon = 78), while the quantity
of carbon monoxide and hydrogen (TONco = 40; TONy, = 17) increased. Thus, it
is obvious that the solvent has a strong influence on the selectivity of the system
[52]. During irradiation, dimerization takes place after reductive quenching of
RuPS™. Dimerization of the one-electron-reduced species was previously reported
for electrocatalytic CO, reduction with 1-Mn as catalyst [20] (Fig. 12).

In 2015, Kubiak et al. reported a heterogeneous manganese-bipyridine system
(26) for the photocatalytic reduction of CO,. Instead of employing a common
bipyridine as a ligand, a 5,5'-dicarboxylate-2,2’-bipyridine was used, which ligated
Zr(IV) ions to form a stable metal-organic framework (UiO-67; University of Oslo)
which was doped with Mn(bpy)(CO);Br (Fig. 13). After 18 h of irradiation with
monochromatic light (470 nm; 2.51%1077 einstein sfl), formate was the main
product (TONycoo = 110), with selectivity of 99%, while carbon monoxide
(TONgo = 14.5) and hydrogen (TONy, = 1) were by-products. An overall
quantum yield of 13.8% was calculated. The photocatalytic reaction took place in
a mixture of DMF/TEOA (4:1 v/v) with 0.5 mM CAT, 0.5 mM 6-PS as PS, and
0.2 M BNAH as SD. After the reaction, the catalyst was recovered from the solution
and reused in a subsequent experiment (TONycoo after 4 cycles = 170). This
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Fig. 11 Chemical structures of sacrificial electron donors used in the photochemical reduction of CO,
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Fig. 12 Molecular structures of Mn-based catalysts used in the photochemical reduction of CO,
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Fig. 13 MOF-based photocatalyst used in the photochemical reduction of CO,

concept involves fixing the Mn center into a stable framework to stabilize the
catalyst by avoiding the dimerization process during photocatalysis [53] (Fig. 14).

A system similar to the Mn(bpy)(CO);Br was reported by Kubiak et al., in which
the exchange of bromide with cyanide should lead to a more efficient catalyst (24).
Ishitani et al. reported that dimerization of the one-electron-reduced Mn-species
occurs in conjunction with the loss of the bromide ligand. As a ligand, cyanide binds
much more strongly than bromide to the metal center, due to n-backbonding, which
should prevent the loss of ligand and consequent diminished dimerization. The
authors proposed that, instead of dimer formation following one-electron reduction,
a disproportion of two one-electron-reduced species to the initial complex 24 and
the two-electron-reduced active intermediate [Mn(bpy)(CO)s]~. The experiments
were performed in DMF/TEOA (4:1 v/v) or MeCN/TEOA (4:1 v/v) with varying
ratios of CAT to PS. Two different products were formed, while the distribution of
the products was strongly influenced by the solvent used (see above). In DMF/
TEOA (0.1 mM CAT; 05 mM PS), the main product was formate
(TONgcoo = 130). Carbon  monoxide (TONco = 7.1) and hydrogen
(TONy, = 1.6) were also formed after 15 h of irradiation with monochromatic
light (470 nm) in the presence of 6-PS as PS and BNAH as SD. In acetonitrile,
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carbon monoxide became the favored product (TON¢o = 21), followed by formate
(TONgcoo = 9) and hydrogen (TONy, = 1.3) [54].

In all previously described systems, ruthenium was used as a light-harvesting
unit. In 2016, Bian et al. reported the first fully earth-abundant manganese-based
photocatalytic system, applying 8-PS as PS and 25 as CAT. CO was the major
product (TONgo = 119) accompanied by formate (TONycoo = 19) as a by-
product in wet acetonitrile (20:1 v/v) when a CAT concentration of 2 mM was
employed in conjunction with TEA as SD and a fourfold increase in the
concentration of PS [55].

3.2 Fe Complexes

The first iron catalyst for carbon dioxide reduction was reported in 1997 by
Grodkowski et al., who employed a tetraphenylporphyrin iron(Ill) (Fe(III)TTP)
complex with a chloride as ligand in the axial position. Those porphyrin complexes
have been established as efficient catalysts in electrocatalytic CO, reduction.
Irradiation of a solution containing Fe(II)TTP and TEA or TEOA as SD in DMF
caused the loss of the Cl™ ligand and a multistep reduction of the iron center to
Fe(0), which acted as the active species for a nucleophilic attack of CO, to form the
corresponding formyl adduct that was subsequently reduced to CO. The main
product was CO (TON¢o = 70), and hydrogen was formed as a by-product. In that
system, no PS was involved, and the porphyrin served as the light-harvesting unit
via ligand-to-metal charge transfer. The photoexcitation of FeTTP was inefficient.
Upon light excitation, the porphyrin was reduced to the corresponding chlorine
structure and was subject to photolysis [56]. To mitigate photo-decomposition of the

Fig. 14 Molecular structures of iron tetraphenylporphyrin, phthalocyanine, and corrole complexes used
as molecular catalysts in photochemical reduction of CO,
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porphyrin ligand, 9-PS was added as PS, which, owing to its reduction power, was
able to generate the active Fe(0) species. The efficiency of a system containing both
CAT and PS increased approximately by a factor of 10 [57].

In addition to porphyrins, phthalocyanines and corroles have been employed as
macrocyclic ligands for Fe(Ill) in CO, reduction. The photoexcitation and the
mechanism of reduction leading to the active species and CO,-to-CO conversion
were analogous to those of the porphyrins. Also, the photocatalytic activity, the
amount of carbon monoxide formed in the presence or absence of 9-PS, was
comparable to the that of the porphyrins [58, 59].

Substitution of iron porphyrins with simple iron salts (Fe(ClO4),) as CAT in
conjunction with an organic dye (9-PS) in an acetonitrile solution containing TEA or
TEOA (5% v/v) as SD also led to activity in proton-coupled reduction of CO,. After
irradiation with visible light, a TON¢¢ of 18.4 was obtained, with selectivity of 21%.
Compared to tetra-m-tolylporphyrin (Fe""TTP), Fe(ClO,), led to lower CO formation
and diminished selectivity (TON¢o(Fe"TTP) = 61.8, select. = 38%) [60].

Bonin et al. investigated an FeTTP with two hydroxyl moieties in the ortho position
of each phenyl ring. A solution containing the CAT and TEA as SD was irradiated with
UV light (280 nm). The favored product was CO, with a TONq of 28 and selectivity
of ~ 80%. The activity was in the range of the parent FeTTP, but the hydroxyl groups
stabilized the resulting iron-formyl complex after coordinating CO, to Fe(0) via
hydrogen bonding. The phenolic protons acted as an internal proton source and
accelerated C—O bond cleavage. Adding either 1-PS or an organic dye 11-PS allowed
the system to operate under visible light irradiation and increased the activity of this
CAT to a TON(g of 140 (organic dye: TONco = 40-60; selectivity ~ 100%) with
selectivity for CO of 93% in acetonitrile using TEA as SD [61].

Robert and coworkers introduced an Fe-p-TMA bearing tertiary tri-methyl-
ammonium moieties on all four phenyl rings as a CAT for 100% CO formation in
the absence of a PS. In this case, the TMA groups served as the light-harvesting unit
in the visible light range. In a solution of acetonitrile containing BIH as SD and TFE
as a proton source, which enhanced the activity of the system, a turnover number of
101 with respect to CO was obtained after 102 h of visible light (420 nm)
irradiation. At 102 h, the CO production reflected the high stability and robustness
of the CAT. The mechanism is very similar to all other porphyrin derivatives [62].

Beller’s group published a method for CO, reduction via photocatalysis using
Fe3(CO)g 27 as CAT, TEOA as SD, and either 2-PS or 5-PS as PS in NMP. With the
addition of excess bipyridine as a ligand (LL1), the activity of the system improved with
respect to the formation of CO. All other ligands (L.2-L.11) had no significant effect on
selectivity or productivity. Both the ligand and the PS employed influenced the
selectivity of the catalytic system (L1-11, depicted in Fig. 15). After 5 h of visible
lightirradiation, an overall TONcg /g, 0f 291 of a mixture consisting of CO and H, was
reached, with a decent quantum yield of 15.1% (TONco = 36, select. = 47%;
TONco = 42, select. = 53 using L1). Using operando FTIR, Fe(bpy)(CO); 28 was
proposed as an “in situ”-formed active intermediate in CO, reduction [63].

In the 1990s, Knolker et al. reported an iron cyclopentadienone complex which
was first used in organic synthesis. These iron complexes (30-33) have been
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Fig. 15 Molecular structures of iron catalysts used in the photochemical reduction of CO,

successfully applied as CO,reduction CATs in combination with 3-PS. The active
species is a hydrido iron carbonyl complex. The carbonyl group in the ligand was
reduced to a hydroxyl moiety and acted as an internal proton source to facilitate C—
O bond cleavage and stabilize the intermediate iron-formyl complex. A mixture of
NMP/TEOA (5:1) containing CAT 30 and 3-PS irradiated with monochromatic
light (400-700 nm; 5 h; light power output = 2.5 W) led to the formation of CO
(TONco = 421), formate (TONycoo = 40), and trace amounts of hydrogen. For
quantum yield determination, the solution was irradiated with 440 nm, and a
quantum yield of 68% was calculated for CO. The activity and selectivity was
heavily influenced by the steric and electronic properties of the cyclopentadienone
ligand. TEOA was used as SD and proton source. The active species, the iron
hydrido complex, was detected with operando IR [64].

A plethora of systems using non-noble metal complexes as CAT have been
reported, but stable and efficient PS containing non-precious metals are still rare, as it
is very difficult to compete with the high efficiency of triplet harvesting complexes
containing Ru or Ir. Heteroleptic emissive Cu(I) PS developed by the Beller group for
photocatalytic proton reduction are also suitable for CO, reduction in the visible light
range when combined with iron catalysts. Ishitani et al. reported the first Fe/Cu system
for the effective reduction of CO, by employing a dimeric macromolecular
heteroleptic CuPS (13-PS) with one diimine and one diphosphine ligand, together
with an iron complex 29 as CAT. Visible light irradiation of an acetonitrile/TEOA
solution containing PS, CAT, and BIH as SD produced only CO (TON¢o > 270) and
H,, with selectivity of 78% with respect to CO. Quantum yields of 6.7%
(mononuclear) and 2.6% with a TON¢cg > 54 (dimeric) were reached [50].

To establish a fully non-noble-metal system, Fe-CAT (30, Fig. 15) was combined
with in situ-generated heteroleptic CuPS. Numerous phenanthrolines and diphos-
phines have been applied as ligands for the CuPS (NN1-NNS5, PP1-PP3, Fig. 10).
An array of ligands with sterically demanding groups were tested to avoid flattening
of the excited state of the PS and subsequent exciplex quenching by a solvent
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molecule. The best system consisted of Cu(Bathocuproine)(Xantphos) and CAT 30,
and showed activity of TONco = 487, selectivity of 99%, and a quantum yield of
13.3% after 5 h of irradiation with visible light in a solution of NMP/TEOA and
BIH as SD. Key advantages of in situ formation include the ability to bypass the
synthesis of the PS, the simple screening of ligands, and the use of an excess of
diphosphine ligand to force the equilibrium between heteroleptic and homoleptic
bathocuproine complexes towards the more active heteroleptic species [49]
(Fig. 16).

Applying an iron quaterpyridine 34 complex together with 5-PS in acetonitrile/
TEOA (4:1) using BIH as SD, remarkable activity for iron catalysts was reached,
with a TONco of 1879 and selectivity of 97%. The substitution of Ru PS with an
organic dye as light-harvesting unit enabled the selective conversion of CO, to CO
with a TON¢o of 1365, an exceptionally high quantum yield for a single metal
complex system at a loading of 1.1% [65].

3.3 Co Complexes

In 1982, Lehn et al. reported the first application of CoCl,*6 H,O as photocatalyst
for CO, reduction using either MeCN or DMF containing 20% water as solvent,
TEA or TEOA as electron source as well as proton donor, and 5-PS as PS. With the
addition of aromatic redox-active diimine ligands such as bpy or phen, the activity
increased significantly. A TONco of 0.7 with selectivity of 88% in MeCN/H,O
(4:1), and a TON(q of 8.5 in DMF with dmp as additional ligand, with selectivity of
33%, was achieved with respect to CO in a CO/H, mixture. In DMF, quantum yields
of 1.2% for CO and 6.5% H, were calculated [66-68] (Fig. 17).

To avoid the use of precious transition metals not only in the CAT but also in the
PS, Yanagida et al. reported a combination of an earth-abundant Co-cyclam CAT
and p-terphenyl 9-PS as the light-harvesting unit. UV light (> 290 nm) irradiation
of a MeCN/MeOH (2:1) solution containing 35, 36, or 37 and TEA or TEOA as SD,
CO and HCOO™ formed preferentially, with trace amounts of H,. CO was
preferentially generated over formate by a factor of 2. Co-cyclam together with
p-terphenyl 9-PS gave rise to good selectivity and a high quantum yield of 25%.
Upon substituting Co-cyclam with CoCl,*6 H,O, no activity was observed [69, 70].
Interestingly, when phenazine 10-PS was used in place of 9-PS, HCOO™ was
formed as product, with selectivity of 99%. In addition to an electron, phenazine
transferred an additional proton to the cobalt metal center to form a cobalt hydride
complex, which facilitated the insertion of CO, to form a formyl ligand [71].

Lau et al. investigated a Co" complex 38 using a pentadentate macrocyclic ligand
based on pyridine, together with a cyclometalated Ir(ppy); 1-PS PS and TEA as SD.
Irradiation of an acetonitrile solution with light (> 440 nm) led to a TON¢o of
< 270 and selectivity of 97% with respect to CO. Supported by electrochemical
investigations, a Co'(L™) intermediate was observed which allowed activation of
CO, to form the adduct (LCOHCO[). The electron-withdrawing m-backdonation,
which weakened the C-O bond and facilitated the consequent cleavage, provides a
plausible explanation for the significant formation of CO [72].
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Fig. 16 Molecular structures of cobalt catalysts used in the photochemical reduction of CO,

The same group reported a quaterpyridine cobalt complex 39 bearing two H,O
molecules as ligands. This complex, in combination with a Ru(bpy); 5-PS as PS and
BIH as SD in MeCN/TEOA (5:1), led to highly selective (98%) CO,-to-CO
conversion, with a TON¢o of 497 (0.05 mM CAT) up to 2660 (0.005 mM CAT).
The catalyst loading was inversely proportional to the turnover number. A quantum
yield of 2.8% was calculated for CO. Applying an organic dye 12-PS instead of 5-
PS, a TONco of 790 and a quantum yield of 0.8% was achieved by irradiation at
460 nm in DMF [65].

Chan et al. reported a Co™ complex with a tetradentate tripodal nitrogen ligand
used in photocatalytic CO, reduction as CAT 40 (5 M) in combination with 1-PS
(0.4 mM) as PS and TEA as SD in MeCN. The major product was CO (hydrogen
was the only by-product), with selectivity of 85% and a maximum TON¢q of 953
after irradiation for 70 h with blue LEDs (460 nm) [73]. The selectivity of CO
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formation (> 95%) and the TON¢o were significantly improved by applying 4-PS
instead of 1-PS. The compound 4-PS displayed enhanced emission properties and
better long-term stability during irradiation [74]. The introduction of a new Co"
complex 41 bearing a less rigid tetradentate ligand based on 2,2'-bipyrrolidine gave
rise to even higher selectivity (95%) and a turnover number of 368 for CO [75].

Co" implemented in metal organic frameworks (MOFs) with incorporated
benzimidazole moieties 42 have been investigated as CATs. A suspension of
microporous zeolites with topically applied MOFs was irradiated (420 nm) in
MeCN/H,0 (4:1) containing 5-PS as PS and TEOA as SD. A mixture of CO and H,
was produced after irradiation, with selectivity of 58% with respect to CO and a
quantum yield of 1.48%. The CAT was recycled and used for five further catalytic
reactions. The CO,-capturing properties of the MOF improved the performance of
the CAT [76].

Ouyang et al. recently reported a dinuclear cobalt cryptate complex for light-
driven CO, reduction. Irradiation of a solution of MeCN/H,O (4:1) containing 43
(0.025 uM) as CAT, 7-PS as PS, and TEOA as SD at a wavelength of 450 nm gave
rise to high selectivity with respect to CO (98%) and a TONco up to 16,896
(TOF = 0.47 s ") after 10 h. A quantum yield of 0.04% was calculated. When the
mononuclear complex 44 was applied instead of 43, the system showed no activity.
The authors proposed that the high efficiency was attributable to the synergistic
effect of two Co metal centers, which was supported by DFT calculations [77].

Cobalt porphyrins 45, phthalocyanines 46, and corroles 47 have also been applied
as photocatalysts, with activity and reactivity analogous to that of iron porphyrins
[58, 78].

3.4 Ni Complexes

In 1987, inspired by the electrocatalytic CO, reduction with Ni'-cyclam reported by
Beley et al. and the light-driven CO, reduction with Co-cyclam as a homogeneous
catalyst reported by Tinnemans et al., Spreer et al. and Otvos et al. introduced a
photocatalytic system for CO,-to-CO-conversion employing 48 as catalyst, 5-PS as
PS, ascorbate buffer as the electron source, and water as solvent. The TON for CO was
very low at certain pH values, and selectivity of 78% with respect to the produced
hydrogen was observed [TONco = 0.1 (0.052), select. = 13 (78); pH 4 (6)] [79, 80].

Nearly 10 years later, Mochizuki et al. reported a Ni"-cyclam-dimer (49). Using
the same conditions and PS (5-PS) as Spreer et al., the authors found that the dimer
showed increased activity and higher selectivity in CO, reduction than the
corresponding monomer (TON¢o = 4.4, select. = 94%) [81].

Girault et al. reported a biphasic system of water and supercritical CO, for the
conversion of carbon dioxide to CO using 1-Ni as CAT, 5-PS as PS, and ascorbic
acid or TEOA as sacrificial agent. The proposed mechanism assumes that the
reduction of the catalyst by the PS and the subsequent reduction of the bound CO,
occurs in the aqueous phase, contrary to the binding of CO, to the active CAT,
which occurs at the phase interface between water and scCO,. Even the applied
pressure has an influence on the quantity of products formed. Higher pressure leads
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Fig. 17 Chemical structures of Ni-based catalysts for the photochemical CO,-to-CO conversion

to a higher TON of CO (TON¢o = 2.2 in H,O/scCO,, pH 5.1, select. of 88%,
quantum yield = 0.14) [82].

In 2013, Chang et al. reported a very active system using 50 with an NHC-
isoquinoline ligand. The CAT showed high activity in electrocatalytic CO,
reduction at very low overpotentials (E = —1.20 V vs. SCE). Therefore, this
complex was employed in a photocatalytic system using 1-PS as PS and TEA as SD
in acetonitrile. After irradiation for 7 h in the visible light range (400-700 nm), a
TON of 98,000 with selectivity of ~ 100% was reached, with catalyst loading of
2 nM. Similar to some Mn-systems, the catalyst loading was inversely proportional
to the turnover number. In this system, Chang et al. proposed an oxidative
quenching mechanism between PS, CAT, and SD for CO, reduction [83].

4 Outlook

As discussed in this review, tremendous advances have taken place in the electro-
and photochemical reduction of carbon dioxide using earth-abundant molecular
catalysts, in terms of both activity and selectivity. With the proper design of a
redox-active ligand, catalysts based on low-cost metals such as Fe, Mn, and Co are
able to selectively reduce CO, to CO or HCOOH as primary products. However,
one of the main drawbacks of these catalytic systems is their low stability under
operating conditions. Most of the catalysts reviewed here decompose after a few
hours of reaction, which is a serious impediment to their implementation on a large
scale. Accordingly, future research efforts in this area should focus on developing
strategies to extend the lifetime of such molecular catalysts. In addition, initial steps
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should be taken towards the integration of these earth-abundant catalysts in tandem
cells, where the electrons and protons for the reduction of carbon dioxide are
provided by the oxidation of H,O, to demonstrate the sustainability of this
promising technology.
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