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Reductive functionalization of CO, with amines:
an entry to formamide, formamidine and

methylamine derivatives

Anis Tlili, Enguerrand Blondiaux, Xavier Frogneux and Thibault Cantat*

CO, utilization for the production of C;-containing molecules is a desirable route to value-added chemi-

cals. In this perspective, we summarize the recent results devoted to the formation of nitrogen com-

pounds obtained by reductive functionalization of CO, in the presence of amines. Using mild reductants,

such as molecular hydrogen, hydrosilanes and hydroboranes, novel catalytic reactions have been

designed in the last few years to facilitate the reductive functionalization of CO, to formamide, form-

amidine and methylamine derivatives. While early efforts were devoted to the formylation of N—H bonds,
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1. Introduction

While the CO, concentration in the atmosphere has exceeded
the symbolic 400 ppm level this year, the search for techno-
logies to reduce CO, emissions is becoming urgent." A myriad
of solutions have been proposed and are currently explored,
either at the research or technological stages. CO, Capture and
Storage (CCS) technologies have the potential to mitigate
meaningful volumes of CO, and a few demonstration plants
are slowly emerging.” It is foreseeable, however, that this tech-
nology will suffer from the lack of added-value able to compen-
sate for the energetic and economic cost of CO, capture and
deposition and the monitoring of the storage sites. The 30
Gt-CO, emitted annually primarily derives from the mineraliz-
ation of carbon fossil resources, ie. hydrocarbons, coal and
gas.” In fact, utilization of these feedstocks in the fuel sector
represents 80% of the world energy portfolio and their trans-
formation in the chemical industry accounts for the pro-
duction of 95% of organic chemical commodities.” In this
context, CO, transformation into fuels and chemicals is a
desirable alternative to CO, storage for cutting the emissions
of this greenhouse gas, while creating added value able to
compensate for the costs of its capture.

CEA, IRAMIS, SIS2M, CNRS UMR 3299, 91191 Gif-sur-Yvette, France.
E-mail: thibault.cantat@cea.fr; Fax: +33 1 6908 6640. http://iramis.cea.fr/Pisp/thi-
bault.cantat/index. html

This journal is © The Royal Society of Chemistry 2015

efficient organic and metal catalysts have been developed lately to promote the complete deoxygenation
of CO, to benzimidazoles, quinazolinones, formamidines and methylamines. Finally, the opportunities
and challenges facing the practical use of CO, in the production of nitrogen-containing molecules are

Yet, the chemical recycling of CO, faces two energetic chal-
lenges. First, the thermodynamic stability of CO, imposes an
input of energy to convert CO, into fuels and chemicals. The
second challenge is kinetic in nature: catalysts are required to
ensure that the activation barriers remain as low as possible
along the chemical transformation pathways so that the overall
carbon balance for CO, utilization is not hampered by thermal
loading needed to overcome high energy transition states.
Obviously, these energetic considerations are associated with
strong constraints on the resources utilized for CO, conversion
as the energy input must be carbon-free and rare or toxic
metal catalysts must be avoided.

As a result of these limitations, only a handful of processes
utilizing CO, as a C; building block have been industrialized
to date, namely the Bosch-Meiser process for the production
of urea from CO, and ammonia, the Kolbe-Schmitt synthesis
of salicylic acid (from CO, and phenol) and the transformation
of CO, into carbonates.’ In total, they represent more than
70% of the total utilization of CO, and less than 1% of the
current anthropogenic CO, emissions (Fig. 1).* It is worth
noting that, in these processes, CO, is only functionalized: new
C-0O and C-N bonds are formed with no formal reduction of
the CO, carbon atom. In this context, a research field is
expanding quickly to provide innovative transformations to
produce organic ureas, urethanes, isocyanates and N-hetero-
cycles featuring a C" center, by CO, functionalization.’

In contrast, CO, reduction to formic acid, methanol,
methane or light alkanes is attracting increased attention
because of the potential utilization of these molecules as fuels

Green Chem., 2015, 17, 157-168 | 157
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Fig. 1 Current and potential market volumes for the conversion of CO,
to chemicals.

or hydrogen carriers.>®® CO, reduction to fuels has the

capacity to reduce significantly CO, emissions by recycling
about 95% of the 30 Gt-CO, released every year by human
activities.® Nonetheless, the low market value of these com-
pounds is set by the petrochemical industry and their competi-
tive production from CO, remains an unsolved challenge.
Indeed, these molecules are energy intensive and their pro-
duction from CO, requires a large amount of “carbon-free”
hydrogen, whose cost exceeds natural gas reforming.” Remark-
ably, a Mt per year pilot-plant is operated by Carbon Recycling
International (CRI) that takes advantage of renewable geother-
mal energy in Iceland to produce methanol from CO,.”*

On the other hand, CO, conversion to chemicals might
offer niche applications in the short term, because the end-
products possess an added-value able to balance the cost of
CO, capture and transformation. In this regard, CO, is an
attractive carbon feedstock in synthesis, as it is non-toxic, cost-
efficient, secured and well-distributed. It should be pointed
out that this application will not reduce significantly our
carbon footprint, as it scales to a maximum of 7% of the
anthropogenic CO, emissions and 11% of the 18.2 Gt-CO, per
year produced at point sources (Fig. 1).> However, this field
could offer viable technologies for the recycling of CO, and
increase at the same time our knowledge on CO, reduction to
foster emerging industrial applications.” Notably, the scope of
chemicals directly available from CO, remains very narrow,
compared to current available petrochemicals. Even at the
laboratory scale, the majority of the basic organic functional
groups, such as ketones, amides and esters, are presently
unavailable from carbon dioxide.” Indeed, these functional-
ities feature a carbon atom that is both functionalized and
reduced. As a result of these limitations, considerable efforts
have been devoted recently to promote the reductive
functionalization of CO, and widen the spectrum of chemicals
accessible from CO,. For example, Willauer et al. have recently
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investigated the formation of light olefins from CO,/H, over
heterogeneous catalysts.®™ ° The utilization of CO, as a
carboxylation reagent for the formation of C-C bonds is also a
hot topic which has been the subject of excellent reviews."’

Herein, we review the results obtained in CO, conversion
using amines as functionalizing reagents, in the presence
of mild reductants having a redox potential close to the CO,/
CH;0H couple (e.g. H,, hydrosilanes and hydroboranes).
Initiated in the 1970s, this field has witnessed a rapid develop-
ment over the past five years with the design of novel processes
able to transform CO, and amines into formamide, formami-
dine and methylamine derivatives.

2. Formylation of N—H bonds
with CO,

The formylation of amines with CO, is an important trans-
formation since the desired formamide products are versatile
chemicals and key building blocks. Among them, N,N-di-
methylformamide (DMF) is a widely utilized polar solvent as
well as an important chemical reagent utilized in a multitude
of applications in organic synthesis.’* It is produced indust-
rially by the carbonylation of dimethylamine (DMA) in the
presence of methanol."” An alternative synthesis route based
on the use of CO, instead of the toxic carbon monoxide and
starting with dimethylamine in the presence of a reductant
has attracted several research groups for a long time. Thereby
especially homogeneous or heterogeneous transition metal
catalysts have been proven to have high potential. The most
efficient and promising systems are overviewed thereafter.

The successive reduction of CO, with hydrogen can afford
formic acid, formaldehyde, methanol and methane. Although
the formation of methanol from CO,/H, is thermodynamically
favourable, the first reduction of CO, to formic acid is uphill.
As such, the addition of a base is usually needed to facilitate
CO, reduction to a formate derivative. Using a secondary
amine, such as DMA, as a base for the hydrogenation of CO,
led to the formation of the corresponding formamide by con-
densation of the amine to the formate and paved the way to
the catalytic formylation of amines with CO,/H, mixtures. The
first catalytic examples reported in the literature were based on
the use of the stable heterogeneous RANEY® Nickel as a
catalyst in 1935."® Some amines including secondary amines
(piperidine, phenylethylamine) as well as primary amines
(n-amylamine) were carbonylated to their corresponding
formamides under quite drastic reaction conditions (60 bar of
CO,, up to 160 bar of H, and temperatures up to 250 °C) with
low to moderate yields. The first homogeneous catalyst was
reported by Haynes et al. in 1970.'* Several well-defined com-
plexes were tested for the synthesis of DMF, the most active
being (dppe),CoH, (PPh;),(CO)IrCl and (PPh;);CuCl (dppe:
1,2-bis(diphenylphosphino)ethane) with TONs (TurnOver
Numbers) reaching 1000. The reactions were performed at
125 °C, with an equimolar mixture of H, and CO,, at a total
pressure of 54 bar (Table 1, entries 1 and 2). It is noteworthy

This journal is © The Royal Society of Chemistry 2015
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Table 1 List of catalysts for DMF synthesis

O
\NH v COp + Hy catalyst \N— c//
Vi F g
CO, H,
Entry  Catalyst (bar) (bar) T(°C) TON Ref.
1 (PPh3);CuCl 27 27 125 900 9
2 (PPh;),(CO)IrCl 27 27 125 1200 9
3 PdCl, 40 80 170 34 10
4 ([Pty(p-dppm);]) 12 94 75 1460 12
5 RuCl,[P(CH;);], 130 80 100 370000 14
6 RuCl,(dppe), 130 85 100 740000 16
7 [Mo] (1) 25 35 110 115 19
8“ Cu/ZnO 60 60 140 70 20
9 Fe(BF,),-6H,0/PP; 30 60 100 727 60
10 Co(BF,),-6H,0/PP; 30 60 100 1300 21
11 Fe(BF,),-6H,O/PPAr; 30 70 100 5100 22

“Starting from dimethylammonium dimethylcarbamate.

Pd(Cl),(MeCN),
(2.5 mol%)

HCOONa (2.5 mol%) N
NH + CO, ——————— N—C
2-methoxyethanol / \H
RT,72h
TON: 174

Scheme 1 Pd-promoted synthesis of diethylformamide.

that different secondary as well as primary amines could be
formylated also under similar reaction conditions in the pres-
ence of Rh or Pt based catalysts.

Afterwards, Kudo et al. demonstrated that simple PdCl, salt
is an effective catalyst, with a catalyst loading of about 3 mol%,
for the synthesis of DMF." The reactions were performed in
the presence of 40 bar of CO,, 80 bar of H, and potassium
bicarbonate as the base. The best result was obtained when
the reaction mixture was heated at 170 °C (Table 1, entry 3).

Inspired by the system of Kudo et al. Morimoto et al. develo-
ped a new palladium based catalyst for the synthesis of diethyl-
formamide.'® An optimized ratio of sodium formate and
2-methoxyethanol (0.05 mmol mL™") in the presence of a
catalytic amount of PdCl,(MeCN), (2.5 mol%) under an
atmospheric pressure of CO, were sufficient to obtain diethyl-
formamide in good yields, without the need for hydrogen
(Scheme 1). It is unclear however whether CO, is the source of
the formyl group in this transformation, as the reaction was
undertaken in the presence of a formate reagent which can
either act as a formyl donor or a reductant for CO,. Interest-
ingly, the authors demonstrated that tetraethylurea could also
be obtained with very high activity and selectivity in the
presence of a well-defined ratio of PPh;/MeCN/CCl,, in the
absence of any reductant.

A series of transition metals have also been tested by the
group of Vaska.'” The most active catalyst for the synthesis of
DMF starting from DMA and carbon dioxide (10-12 bar) in the
presence of molecular hydrogen (67-94 bar) turned out to be a

This journal is © The Royal Society of Chemistry 2015
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o} o) H__O
[IrCI(CO)(PPhs),] 1 I ~¢”
NHz + COp + H, — 7 %% € +HsC Co + |
MeOH HN™ - °H H L .
14 13417 5068 125°C,10d ¢ s
bar bar bar FA MMF DMF
TON: 1145 123 3

Scheme 2 Formylation of ammonia promoted by [IrCl(CO)(PPhs),l.

platinum based catalyst ([Pty(p-dppm);]) (dppm: bis(diphenyl-
phosphino)methane), working in toluene at 75 °C (Table 1,
entry 4). Importantly, the authors demonstrated that the syn-
thesis of DMF could be achieved under very mild reaction con-
ditions and 1 bar of each of the three gas reactants was
successfully transformed at room temperature. Moreover, they
demonstrated that in the presence of [Pt,(u-dppm);]) the for-
mation of DMF is readily reversible by heating DMF at 150 °C
under low pressure of H, (1 bar).

The use of NH; as a reactive substrate presents a further
challenge as three N-H bonds are potentially active in the for-
mylation with CO, and H,. The iridium complex [IrCI(CO)-
(PPh;),] proved to be an effective catalyst for the synthesis of
N-formylamine (FA) from NH;, CO, and H,, in toluene or
methanol solutions (Scheme 2).'®* A TON of 1145 could be
reached after 10 days. Yet, the source of the methyl groups in
the methylated by-products (MMF: monomethylformamide,
and DMF) was not established undoubtedly and could either
originate from the hydrogenation of CO, or the MeOH solvent.

An elegant procedure has been developed by Noyori in 1994
for the synthesis of DMF with TONs up to 370 000 and with
overall rates up to 10000 h™."® The key of success of this
system is the use of a well-defined homogeneous ruthenium
catalyst, namely (RuCl,[P(CH3)3],), with 80 bar H,, in super-
critical CO, (scCO,, 130 bar). scCO, acts both as the reaction
medium and the reactant and increases the solubility of the
organic and gaseous reactants. It is noteworthy that the same
results were obtained when the reactions were carried out with
dimethylamine or the liquid dimethylammonium dimethyl-
carbamate as the source of DMA (Table 1, entry 5). The authors
proposed that the formation of DMF proceeds via two steps.
First, the ruthenium catalyst facilitates the hydrogenation of
CO, and the amine stabilizes the corresponding ammonium
formate salt (Scheme 3, eqn (1)). In the second step, the cata-
lyst promotes the condensation of the amine to the formate, to
yield DMF (Scheme 3, eqn (2)). The same group demonstrated
later on that the developed catalytic system could also be
extended to the use of diethylamine and di-n-propylamine

cat.: RuCl,(P(CHjs)3)

CO, + H, [Me,NH,][HCO,] (1)
+ Me,NH
cat.: RuCl,(P(CH3)3) \ /O
[Me;NH,][HCO,] N—¢ @
-H,0 /N

Scheme 3 Ru-catalyzed synthesis of DMF from DMA, using scCO, and
Hz.

Green Chem., 2015, 17, 157-168 | 159


http://dx.doi.org/10.1039/c4gc01614a

Published on 23 October 2014. Downloaded on 26/08/2015 10:35:40.

Perspective

leading to the corresponding amides, albeit with a lower
activity (TONs of 820 and 260, respectively).”® Moreover, when
bulky dialkylamines were employed, only the corresponding
ammonium formate salts were formed. It is likely that the con-
densation step is controlled both by the steric hindrance of
the amine reagent and the solubility of the formate salt.

Inspired by the discovery of the group of Noyori, the group
of Baiker reported a more efficient protocol for DMF syn-
thesis.> A series of ruthenium complexes of the formula
[RuCL,L,] have been prepared (L: dppm, dppe or dppp (1,3-bis-
(diphenylphosphino)propane)). The best -catalyst system
turned out to be [RuCl,(dppe),] with very high TOFs (TurnOver
Frequencies), up to 360 000 h™" (Table 1, entry 6). The experi-
ments were performed at 100 °C in the presence of 130 bar of
CO, and 85 bar of H,. Under these conditions, 530 kg of DMF
could be produced within 2 hours. In continuity with this
promising result, the group of Baiker focused on the immobil-
isation of ruthenium/phosphorus catalysts.>> The synthesis of
mesoporous ruthenium silica hydride aerogel has been
achieved using the sol-gel process. The obtained materials
showed high catalytic activities in DMF synthesis, leading to
turnover frequencies up to 18400 h™".

After this work, the group of Tumas and Baker proposed a
new alternative based on a biphasic system.>® The association
of scCO, with 1-butyl-3-methylimidazolium hexafluoro-
phosphate as the ionic liquid allowed for the hydrogenation of
CO, and the trapping of the formate ion by amines, catalyzed
by RuCl,(dppe),, to yield the corresponding formamides under
55 bar of H, and 221 bar of scCO, at 80 °C. Excellent selectivity
has been observed with di-n-propylamine reaching a TON of
110.

In 2001, the group of Ito reported the application of a new
class of molybdenum-based catalysts in DMF synthesis
(Table 1, entry 7).>* Even though the catalytic productivity of
this well-defined molybdenum-silyl/phosphorus catalyst with
a TON of 115 (under CO,/H,: 25/35 bar) is lower than those of
other noble metals reported, the introduction of a noble
metal-free system is highly desirable for such transformations.
It is worth noting here that the molybdenum complex 1,
depicted in Scheme 4, reacts under 17 bar of CO, at room
temperature yielding the formate complex 2. The insertion of
CO, into the Mo-H bond turned out to be reversible and 2 de-
carboxylates at 60 °C in benzene. Furthermore, 2 proved to be

O e

H CO,(17b H
Ph /_Ph 2 (17bar)  pp —Ph
[P\\Mg/P toluene, RT [P\\|0//P
o e ~co, o | e
Ph, Ph, benzene, 60 °C Phy O\ Phy
O//C—H
1 2

Scheme 4 Reversible insertion of CO, in the Mo—H bond of complex 1.
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active in the catalytic formation of DMF, suggesting that it
could be a potential intermediate in the catalytic reaction
pathway.

More recently, the group of Han disclosed a novel hetero-
geneous noble metal-free system.>® A mixture of Cu-ZnO (3 : 2)
allows for the synthesis of DMF starting from dimethyl-
ammonium dimethylcarbamate with a very good yield of 97%
(Table 1, entry 8). The reactions were undertaken at 140 °C for
6 h under 120 bar of an equimolar mixture of CO,/H2.

Exploring the hydrogenation of CO, with noble metal-free
catalysts, the group of Beller, Laurenczy and co-workers
described an efficient iron-based system.® The active iron
catalyst is generated in-situ from Fe(BF,),-6H,O and PP;
(tris[2-(diphenylphosphino)ethyl|phosphine) as a ligand. DMF
was obtained in a very good yield (75%) with a TON of 727,
after 20 h at 100 °C, in the presence of 60 bar of molecular
hydrogen and 30 bar of CO, (Table 1, entry 9). Following this
work, a novel cobalt catalyst (Co(BF,),-6H,0/PP3) was shown to
exhibit an improved catalytic activity with a TON of 1308 for
the production of DMF, using similar conditions (Table 1,
entry 10).>° In continuity, they presented later on a more
efficient iron-based catalyst, with a new tetradentate ligand
(PPAr;:  tris(2-(diphenylphosphino)phenyl)phosphine) able
to promote successfully the hydrogenation of CO, with H,
(Table 1, entry 11). DMF as well as diethylformamide could be
obtained with good to moderate yields and with TONs respecti-
vely of 5104 and 2114.%”

In parallel to the search for highly active catalysts in the for-
mylation of amines with CO,/H,, efforts were devoted to enlarg-
ing the scope of active amines in this transformation. In this
respect, Siiss-Fink et al. showed, in 1989, that the ruthenium
clusters, e.g. Ruz(CO)p, [HRuz(CO);4]” and [HzRuy(CO)in]™
(0.7 mol%), were active under 60 bar of CO, and 60 bar of H,
in THF at 140 °C to convert piperidine, 3-methylpiperidine,
pyrrolidine, heptamethylene imine, morpholine and pipera-
zine to their formamides (Scheme 5, 1).?® Even though good
selectivities as well as good yields could be obtained, lower
TONs (down to 43) of the catalyst were observed. With a
similar scope of amines, increased activity was noticed with
[RuCl,(dppe),], in the presence of supercritical CO,, with
TONS ranging from 850 to 210 000, depending on the substrate
and reaction conditions.*’

R4 R o]
talyst 'y
:NH + COp, + Hy —2¥S :N—C\/
R, R, H
Na[HRu3(CO)44] (0.7 mol%) Pd-Al,O5
CO,, (60 bar) CO, (10 bar)
H, (60 bar) H, (20 bar)
THF octane
140 °C, 24 h 130 °C, 24 h
6 examples 18 examples
up to 93% up to 96%
1 I}

Scheme 5 Catalyzed formylation of amines using CO, and Hs.

This journal is © The Royal Society of Chemistry 2015
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NH, RuCly(PMes), (0.06 mol%) H H
DBU (2 eq.) ~o
O/ * €Oz + H, 100°C, 24 h 3

120 bar 80 bar
85%

Scheme 6 Ru-promoted synthesis of formanilide from aniline.

The low basicity of aromatic amines significantly hampers
the rates for the hydrogenation of CO, and, in turn, the formy-
lation of anilines with CO, and H, was found problematic.
Interestingly, this limitation was circumvented by the group of
Jessop with the use of extra bases.*° Indeed, conversion of
PhNH, to formanilide was achieved in 85% yield, using
Noyori’s system (RuCl,(P(CHj3)3)4) at 100 °C for 10 h, in the
presence of 2 molar equivalents of DBU (1,8-diazabicyclo-
[5.4.0Jundec-7-ene) as the additional base (Scheme 6).

To the best of our knowledge, only a heterogeneous
palladium based catalyst, recently developed by the group of
Shi, allows for the formylation of both aromatic and aliphatic
secondary amines using CO, in conjunction with H, at quite
low pressures (CO,/Hy: 10/20 bar) (Scheme 5, I).*' A key
feature of this system is the design of discrete palladium
species supported on aluminium oxide. A variety of secondary
aliphatic amines were converted into their corresponding
formamide derivatives in very good to excellent yields. The
authors demonstrated that the system is reusable and consist-
ently good yields could be obtained after three runs. Neverthe-
less, it is not general since anilines and primary amines
were very poorly converted to the desired products under the
reaction conditions.

The search for alternative reductants able to promote the
formylation of N-H bonds with CO, was motivated by the
narrow scope encountered with H,. In this respect, the group
of Tanaka proposed a novel approach for the synthesis of DMF
based on the use of the discrete ruthenium complex
([Ru(bpy),(CO),*") via the electrochemical reaction of CO,
with a mixture of dimethylamine and dimethylamine hydro-
chloride (Me,NH-HCI) with an efficiency of 21% with respect
to DMF (Scheme 7).*?

The key of success of this system is the reactivity of DMA
with the ruthenium carbonyl complex that leads to the for-
mation of a carbamoyl complex ([Ru(bpy),(CO)C(O)NMe,]"),
which undergoes a two electron reduction to yield DMF.

The development of more general methodologies is of high
interest to establish the synthetic utility of CO, as a C; build-
ing block in the formylation of amines. Hydrosilanes (R;Si-H)
and hydroboranes (R,B-H) are excellent candidates for the
reduction of CO, because the slightly polar and weaker Si-H
and B-H bonds (bond dissociation energy (BDE) 92 kcal mol™*

[Ru(bpy)y(CO)I** P—= —

g, 01mo%  \ £ |
NH + COp + 266 —— =~ N—¢ i\ .7 \ _/
/ MeCN,30°C  / i N N

1 bar 2,2"-bipyridine: bpy

Scheme 7 Electrochemical synthesis of DMF.

This journal is © The Royal Society of Chemistry 2015
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R4 R4 o}
N | \ /
/NH + CO, + silane %» /N—C\/
R, fox R, H
/Pr iPr
N N/ \N Cu(OAc), H,0 Fe(acac),
)\ NS + +
NTON " dppBz PP
TBD Pr JPr Pr
(5.0 mol%) (5.0 mol%) (0.07 mol%) (5.0 mol%)
PhSiH; PMHS PMHS PhSiH;
THF or neat THF 1,4-dioxane THF
100°C, 24 h RT, 24 h 80°C,24h RT, 18 h
7 examples 25 examples 21examples : 18 examples
up to 99% up to 99% up to 94% upto95%
| Il 1 v

Scheme 8 Formylation of amines using CO, and hydrosilane
reductants.

in SiH, and 99 kcal mol™ in BHj;) are easier to activate than
the strong non-polar H-H bond (BDE 104 kcal mol ™). These
reductants could in principle enlarge the spectrum of active
substrates. In this context, in 2011, our group reported a novel
catalytic reaction to promote the formylation of N-H bonds,
using CO, as a carbon source and hydrosilanes as
reductants.*?

Interestingly, the kinetic advantage associated with the use
of a hydrosilane reductant allows for the use of a metal-free
system in the reduction of CO,. In fact, TBD (1,5,7-triazabicyclo-
[7.4.0]dec-5-ene) (5.0 mol%) is able to convert secondary
amines with good to excellent yields when the reactions are
undertaken in THF at 100 °C, with PhSiH; (Scheme 8, I).
Notably, the increased polarity of the solvent has a positive
influence on the rate of the reaction and the best results were
obtained in the absence of the solvent, where the polarity of
the medium is augmented by the formation of the formamide
product. While DMF was obtained in 80% yield from the
carbamate [Me,NCO,|[H,NMe,], the catalyst also enables the
formylation of morpholine and diethylamine. Yet, primary
amines such as n-hexylamine proved to be less reactive and
aromatic primary amines are reluctant to formylation.

From a mechanistic perspective, preliminary stoichiometric
transformations suggested that TBD is able to activate the CO,
molecule to yield adduct 3 (Scheme 9).** In the presence of
morpholine, 3 is transformed into salt 4 in which the carba-
mate anion is efficiently stabilized by the guanidinium cation
TBDH' through H-bonds. Reacting 4 with one equivalent of
phenylsilane affords the formamide product, the silanol as a
by-product and the active TBD base.”® For comparison, alco-
hols (MeOH, iPrOH and PhCH,OH) also react with 3 and the
formation of the corresponding carbonate salt was observed.
Unfortunately, the reduction of these carbonates to the alkyl-
formates was not achieved and the alcohol function was
released as silyl ether.

Importantly, Zhang, Ying et al. demonstrated in 2009 that
N-heterocyclic carbenes (NHCs) were efficient catalysts in the
hydrosilylation of CO, to methoxysilanes, also at room temp-
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Scheme 9 Mechanistic investigation for the TBD-catalyzed formylation
of morpholine.

erature.”® Inspired by this seminal work, our group has
demonstrated that NHCs are able to promote the formylation
of a wide scope of N-H bonds, with CO, and hydrosilanes
(Scheme 8, I1).>® Using IPr as the most reactive organocatalyst,
primary and secondary amines were quantitatively converted
to their formamides, at room temperature. Notably, both N-H
bonds of aniline derivatives could be formylated and the trans-
formation was also extended to more fragile substrates such as
imines, hydrazines, hydrazones and N-heterocycles. Overall,
IPr is about 2000 times more reactive than TBD and this
increased catalytic activity enabled the use of less reactive
hydrosilanes in the formylation reaction. In fact, polymethyl-
hydrosiloxane (PMHS) is a highly attractive reductant in hydro-
silylation chemistry, as it is a cost-efficient, non-toxic and air-
stable by-product of the silicone industry. Importantly, PMHS
proved to be an efficient reductant in the NHC-catalyzed for-
mylation of N-H bonds with CO,. More recently, a copper/
diphosphine catalytic system has been developed by the
group of Baba.’” This system has the advantage of using an
earth abundant metal catalyst, namely a 1:3 mixture of
Cu(OAc),-H,0 and dppBz (dppBz: 1,2-bis(diphenylphosphino)-
benzene). With low catalyst loadings (<0.1 mol%), TONs up to
9000 could be achieved. Moreover, an atmospheric pressure
of CO, (1 bar) was sufficient for the formylation of amines
using PMHS as a reductant, at 80 °C (Scheme 8, III). Primary
and secondary amines could be reacted in moderate to very
good yields. Although our group has shown that Fe(acac),
supported by P(C,H,PPh,); is an efficient formylation catalyst
at room temperature with 1 bar CO,, this iron system is
limited to PhSiH; and milder PMHS and TMDS hydrosilanes
are unreactive under these conditions (Scheme 8, Iv).*®

In 2013, the group of Mizuno followed a two step procedure
to convert CO, to formamides (Scheme 10, 1).>* The hydrosilyl-
ation of CO, was first accomplished with dimethylphenyl-
silane, using a catalytic amount of Rh,(OAc); (0.25 mol%)
and K,CO; (0.5 mol%). The resulting formoxysilane was sub-
sequently trapped by addition of an amine. Although this reac-
tion afforded formamides in low to moderate yields, the two
step strategy allowed for the formation of a secondary alcohol
by replacing the amine with a Grignard reagent.
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Scheme 10 Two-step procedure for the catalytic formylation of
amines using CO; and hydrosilanes.

In continuity with the work of Mizuno, the group of Garcia
reported afterwards a Ni-based catalyst for the hydrosilylation
of C0,."° [(dippe)Ni-(u-H)], (dippe: 1,2-bis(diisopropylphos-
phino)ethane) was used in THF at 80 °C as a well-defined
Ni-catalyst. In order to achieve higher activity towards the
hydrosilylation of CO,, catalytic amounts of a Lewis base (Et;B,
10 mol%) were needed, so as to polarize the Si-H and/or the
carbonyl C=O bonds. Under these conditions, formamides
could be obtained in very good yields starting from primary
amines (Scheme 10, II). Nevertheless, secondary amines
proved to be much less reactive in this approach and the for-
mylation of dibenzylamine was limited to 47%, after 5 h.

The reduction of CO, using hydroboranes (namely 9-BBN,
pinBH and catBH) has been recently discovered by the group
of Guan, using nickel() complexes supported by phosphine-
pinceur ligands (Scheme 11, I).* In 2012, Sabo-Etienne, Bon-
temps and co-workers reported an active ruthenium(u) hydride
complex able to promote the same reaction and reaction inter-
mediates such as formoxyboranes, formaldehyde and a C,-
compound (pinBOCH,0OCOH) were identified in the reduction
of CO, to methoxyborane (Scheme 11, II).*> Remarkably, the
authors were able to trap the transient formaldehyde inter-
mediate with the bulky 2,6-bis(diisopropyl)aniline to afford
the corresponding imine (2,6-iPr,~C¢H;)N—CH,."

In this context, Shintani and Nozaki showed that hydro-
boranes could serve as efficient reductants for the formylation
of amines with CO,, albeit within a two-step strategy.** Thus, a

catalyst

O,
CO; + 3 RyBH 3c/ \BRz + R,BOBR;

catBH pinBH 9-BBN
O—T R, Tcyﬁ
H 2
NirH SR
| H | Hy

Scheme 11 Reported catalysts for the reduction of CO, to methanol
using hydroboranes.
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Scheme 12 Formylation of amine via a catalytic hydroboration of CO,.

NHC/Cu' system has been successfully employed for the mono
formylation of primary as well as secondary amines in very
good to excellent isolated yields (Scheme 12). The system relies
on the use of pinacolborane in addition to the discrete IPrCu-
(OtBu) complex, present in 10 mol%. The reactions were
carried out in THF at 35 °C for 24 h followed by the addition
of the amine in the presence of an additional base (NEt;). The
corresponding formamides were obtained after 45 h at 65 °C.

3. Synthesis of formamidine
derivatives using CO,

In the search for novel catalytic processes able to utilize CO, as
a C; building block in organic synthesis, the complete de-
oxygenation of CO, is of interest to access non-carbonyl com-
pounds. Indeed, the scope of chemical functions available
from CO, is mostly limited to molecules in which at least one
C-0 bond from CO, is retained and the complete reduction of
CO, to CH, is one of the rare catalytic processes able to
promote the deoxygenation of CO,.*> The recent success
obtained for the conversion of CO, to formamides, under mild
conditions, enabled the utilization of this transformation in
cascade strategies. Indeed, formamide derivatives can act as
electrophiles and, for example, the condensation of a primary
amine RNH, to a formamide R’,NCHO is a route to the syn-
thesis of formamidines RN—C(H)NR',, in the presence of hard
drying agents, such as phosphorus oxychloride, trifluoroacetic
anhydride and thionyl chloride. In 2013, our group and the
group of Liu demonstrated independently that, starting from
o-phenylenediamines, benzimidazoles were formed by two
different catalytic systems (Schemes 13 and 14).*

o} ~ ~ o
Ry _Ry
YN LY N
Rj i O R G ~C
NH, N"H
H
NH
N IPr (5 mol%) N
R >+ CO, + PMHS —>< R LH
AN\ THF i
2 1 bar 70°C,24h
X N/R2 x N/RZ
R1—I y H R~ 2 /(|:
NH, N"H
wlt

20 examples up to 90%

Scheme 13 Synthesis of formamidine derivatives using CO, and hydro-
silanes as reductants.
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Scheme 14 Synthesis of formamidine derivatives using CO, and H; as
reductants.

Using the NHC-catalyzed formylation of amines with CO,
and hydrosilanes, very good yields and selectivities could be
achieved for the synthesis of benzimidazole rings, after the
optimisation of the reaction temperature (70 °C instead of
room temperature) in the presence of the PMHS as the reduc-
tant. The reactions were carried out in THF under 1 bar of CO,
(Scheme 13).**® It is noteworthy that the methodology is not
limited to the formation of benzimidazole derivatives and
6-membered N-heterocyclic compounds could be obtained in
good yields with anthranilamide and 2-aminobenzylamine
derivatives. In fact, both amide and amine N-H bonds were
found reactive in anthranilamides, leading to the formation of
quinazolinones in the presence of CO, and PMHS. Similarly,
3,4-dihydroquinazoline heterocycles were synthesized from
their corresponding 2-aminobenzylamines.

In contrast, Liu and co-workers capitalized on the formyla-
tion of N-H bonds with CO,/H, as an entry to formamidine
derivatives.*®” Utilizing RuCl,(dppe), (0.2 mol%) as a catalyst,
benzimidazoles were formed in very good to excellent yields
from o-phenylenediamines substituted with either electron
withdrawing or donating groups. Nonetheless, the utilization
of H, as a reductant comes with a kinetic prize and enables
only the preparation of benzimidazoles. It also imposes harsh
reaction conditions, as the catalytic transformation proceeds
at 120 °C under elevated gas pressures (mixture of CO, and H,:
150 bar). The intermolecular version of these transformations
would be desirable to access formamidines from two equi-
valents of primary amines and CO,, in the presence of a reduc-
tant. So far, hydrosilanes have appeared as the most promising
reductant to tackle this challenge and N,N'-diphenyl-form-
amidine could be successfully obtained in 44% yield, from two
equivalents of PhNH, in the presence of an atmosphere of CO,
and 0.6 equiv. PhSiH;, using 5.0 mol% TBD.** It is likely,
however, that this transformation follows a different route as
TBD is unable to convert aniline to its formamide. Given the
recent developments in the successful reduction of urea
derivatives to formamidines,”” it is probable that TBD favours
the formation of N,N'-diphenyl-urea which is consecutively
reduced by the hydrosilane.

4. Methylation of N—H bonds with
carbon dioxide

Among nitrogen organic chemicals featuring C; chemical
groups, methylamines are the most reduced species with a
N-CH; carbon atom in the -II oxidation state. Current methyl-
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ation methodologies rely on the use of formaldehyde in the
presence of a reductant for the formation of the N-CH; back-
bones and, in the laboratory, hazardous alkylating agents such
as methyliodide, dimethylsulfate and dimethylcarbonate are
preferred.”® Utilizing CO, as a carbon source for the methyl-
ation of N-H bonds would therefore improve the sustainability
of methylamines by providing an alternative route to their petro-
chemical synthesis.*® Such a transformation requires the use
of a mild reductant and an efficient catalyst able to promote
the 6-electron reduction of CO, and facilitate the formation of
a C-N bond. Early investigations on the synthesis of DMF from
CO,, H, and dimethylamine led to the observation of trimethyl-
amine (TMA) as a side-product."” The authors assumed that
TMA resulted from the catalytic hydrogenation of DMF. Yet, as
proposed by Vaska and co-workers, the scrambling of an alkyl
group between two amine molecules or between an amine and
an amide is possible and could account for the formation of
TMA, upon reductive functionalization of CO, with Me,NH
and H,.

In 1995, Baiker et al. reported the first synthesis of methyl-
amines, in a fixed-bed microreactor, using a mixture of
ammonia, H, and CO, and heterogeneous Cu/Al,Oj catalysts.>
Nevertheless, very harsh reaction conditions were required, as
the experiments were conducted between 240 and 280 °C
under 6 bar of NH;-CO,-H, (ratio 1/1/3) (Scheme 15). The for-
mation of methylamine (MA) is favoured at high temperatures
together with the production of CO via the reverse water gas
shift reaction. Importantly, the concentration of ammonia in
the gas mixture has a significant impact on the selectivity and,
at 240 °C, MA is favoured at high concentrations while low
concentrations of NH; facilitate the accumulation of TMA.

Two plausible pathways were proposed for the catalytic
mechanism depending on the carbon species involved in the
formation of the C-N bond.”" Indeed, methanol, obtained by
hydrogenation of CO,, can undergo an amination step to
afford the methylamine product and a molecule of water. Alter-
natively, a C° intermediate corresponding to the adsorption of
formaldehyde at the catalyst surface can account for the for-
mation of an imine intermediate, which is readily hydrogen-
ated to its methylamine. A subsequent work was devoted to
testing various types of metal-alumina catalysts (Cu, Ag, Pt, Ni,
Co, Fe), under the same reactions conditions, so as to
improve the catalytic activities and selectivities.”> The best
amine production rates were obtained with Cu-based catalysts.
Cu-Mg-Al mixed oxides showed interesting activities in this
reaction at 280 °C for the same gas composition.>® While good
selectivities were obtained in all cases for the formation of MA
(>79%), the catalytic activity is directly controlled by the

CH
e s GO, 4 1y, 3 CUAIO, NH, H i ®
_— - + +
® 27 "% Ts0280°c  HiC HsC™ CH; ~ HsC™ “CHy
6 bar (1:1:3 ratio) MA \__DMA ™A
byproducts

Scheme 15 Methylation of ammonia catalyzed by a CuAlOy catalyst.
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Scheme 16 Catalytic systems for the methylation of amines using CO,
and hydrosilanes.

content of aluminium in the catalytic system. The rate of
methylamine production is tripled when the molecular ratio of
aluminium is increased from 25 to 33% in the catalyst (0.24 vs
0.67 Mol kgeqea " h7).

In 2013, our group demonstrated that replacing H, with a
more polar hydrosilane reductant enables the methylation of a
large scope of amines, under mild reaction conditions, namely
with 1 to 5 bar CO, at 100 °C (Scheme 16, I).>* Using a homo-
geneous system, based on a discrete NHC/Zn catalyst a variety
of primary and secondary aromatic and aliphatic amines were
successfully methylated, from CO, as the carbon source and
PhSiH; as the reductant. The source of the extra methyl group
was established unambiguously using *C-labelled CO,. While
bare ZnCl, and ZnEt, salts showed a modest catalytic activity
in the methylation of N-methylaniline, a set of NHCs, phos-
phines and N-heterocycles were screened as supporting
ligands to enhance the catalytic activity and NHCs afforded the
highest conversions. It is likely however that the carbene
ligands increase the stability of the Zn catalyst rather than its
activity, as it was recently demonstrated that ZnH, is efficiently
stabilized using NHCs.>*

Preliminary mechanistic investigations were conducted so
as to identify the main intermediates involved in the methyl-
ation reaction. Kinetic data and monitoring of the product dis-
tribution over time showed that formamides are the main
intermediates. In fact, the Hammett correlation, studied for
substituted N-methylaniline reagents, reveals that the mechan-
ism involves two steps with opposite electronic demands at the
nitrogen center. While the formylation of the N-H bond is
favoured by electron-donating groups, the reduction of the
resulting formamide is facilitated in the presence of electron-
withdrawing groups on the aryl ring (Scheme 17). Notably, this
mechanism is consistent with the known catalytic activity of
zinc complexes in the hydrosilylation of amides.>® As a result

« 5 @«
NH + €O + PhSH; ——— N—C ——— N—CH,
R, R, H R,

Scheme 17 Proposed mechanism for the methylation of amines with
IPrZnCl,.
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Scheme 18 Proposed mechanism for the Ru-catalyzed methylation of
amines.

of this mechanism, secondary aliphatic amines are less reac-
tive than aromatic amines and require longer reaction times
(up to 72 h) to undergo the methylation of N-H bonds,
because the hydrosilylation of the corresponding formamide is
significantly slower.

Shortly afterwards, an elegant procedure has been pub-
lished by the group of Beller to promote the same reaction.””
Once again hydrosilanes (namely PhSiH;) were used as reduc-
tants in this case in association with the ruthenium complex
RuCl,(dmso), (2 mol%) and CataCXium®A as a ligand
(nBuPAd,, 4 mol%). Overall, the scope and reaction conditions
are very similar to the zinc system and the reactions were
carried out in toluene at 100 °C. 30 bar of CO, were required to
obtain good to excellent yields with primary and secondary
amines (Scheme 16, II). Moreover, the authors successfully
demonstrated that their procedure enables the selective
methylation of the amine function when amino alcohols are
used. Indeed, N-methylephedrine was obtained in good yields
(73%) and high selectivity (>7 : 1) starting from ephedrine.

Based on mechanistic investigations, the authors postulate
two possible pathways (Scheme 18). The ruthenium(u) catalyst
may follow a route analogous to the zinc system and promote,
first, the formylation of the N-H bond, followed by reduction
of the formamide with PhSiH;. Alternatively, functionalization
of CO, with two equivalents of the amine reagent can afford a
urea derivative, under dehydrating conditions. Consecutive
hydrosilylation promoted by the Ru catalyst results in the
formation of the methylamine product.

In this context control experiments were performed, start-
ing from 1,2-ethylenediamines, and the two pathways were
found viable. Additionally, the catalyst developed for the
methylation of amines showed a catalytic activity in the hydro-
silylation of ureas, under the applied reaction conditions.

Searching for earth abundant catalysts for the reduction of
CO,, our group reported in 2014 the first iron catalysts able to
promote the hydrosilylation of carbon dioxide. In the presence
of P(C,H,PPh,); as a supporting ligand, Fe(acac), catalyzes the
formylation of amines with PhSiH; and 1 bar CO, at room
temperature while it facilitates the methylation of aniline
derivatives at 100 °C.*®

The use of H, as a reductant for the methylation of amines
with CO, is highly desirable for large scale applications and
the production of bulk chemicals from CO,. Yet, beyond the
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Scheme 19 Ru-catalyzed methylation of amines using H, and CO,.

promising results obtained by the Baiker group (vide supra),
efficient catalysts able to promote the methylation of a large
scope of N-H bonds have remained elusive, until very recently.
In 2013, Klankermayer et al. and Beller et al. reported indepen-
dently the first homogeneous catalysts able to convert amines
to methylamines using CO,/H, as a source of the N-CHj; group
(Scheme 19).°® The two catalytic systems are very similar and
rely on ruthenium triphospine complexes activated by a cata-
Iytic amount of an acid, using the same ratio of CO, and
hydrogen (20/60 bar). The reactions for the mono or double
methylations starting from secondary and primary amines are
performed at nearly the same temperature (140-150 °C). Based
on detailed mechanistic investigations, Klankermayer and
Leitner developed over the last years a highly efficient mole-
cular system, in catalytic reduction chemistry, consisting of the
activation of a well-defined (triphos)Ru(tmm) (tmm=trimethyl-
enemethane) complex by an acid co-catalyst such as trifluoro-
methanesulfonimide (HNTf,). This system showed a very good
catalytic activity in the methylation of amines with CO,/H,.”®

In the system developed by Beller and co-workers, Ru(acac),
mixed with triphos(1,1,1-tris(diphenylphosphinomethyl)-
ethane) as the ligand is used in the presence of catalytic
amounts of methanesulfonic acid (MSA, 1.5 mol%) to obtain
the methylated amines in good to excellent yields (Scheme 19).
Notably, several other ligands were tested under the same reac-
tion conditions but only traces of the product were observed.
Moreover the mono-methylation of amines could be achieved
in the system developed by Beller by taking advantage of the
electronic and steric hindrance of substituted anilines.

From a mechanistic perspective, both groups conclude that
a sequential formylation/amide reduction is the most favour-
able route in the methylation reaction, and the formation of
formamide intermediates was clearly demonstrated. As a con-
sequence, aliphatic amines exhibit a lower reactivity than aro-
matic amines, presumably because the reduction of the
corresponding formamide intermediate is more difficult, in
the absence of an aromatic substituent. However, the Beller’s
group found that replacing the acid promoter with LiCl salt,
together with increased catalyst loadings, enabled the quanti-
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Scheme 20 Methylation of amines with a heterogeneous CuAlO
system.

tative bismethylation of aliphatic primary amines, such as
benzylamine. In parallel, Klankermayer et al successfully
demonstrated the tandem hydrogenation and N-methylation
of acetanilide yielding the unsymmetrical methyl/alkyl ani-
lines. The chemoselectivity of the reaction was investigated
and the mono-methylation of diamines shows promising
selectivity. Despite the reductive conditions, the methylation
of primary anilines is tolerant to ether, ester, hydroxyl, and
carbon-halogen functionalities. Nonetheless, C=C double
bonds might be reduced under the applied conditions,
depending on the substitution scheme of the unsaturation.
Indeed, Klankermayer et al. observed that the C=C bond in
indole is hydrogenated upon methylation. In contrast, Beller’s
system enables methylation of nortriptyline, leaving the trisub-
stituted olefin untouched, and this latter reaction was utilized
for the synthesis of "*C-labelled amitriptyline from '*CO,.

More recently, the group of Shi reported a CuAlOy catalyst
able to promote the methylation of amines with CO, and H,,
albeit with high catalyst loadings.®® Primary and secondary
aromatic and aliphatic amines as well as nitriles and nitroar-
enes were converted to methylamines, at elevated temperatures
(up to 170 °C) and pressures (H,/CO,: 60-70/30 bar)
(Scheme 20).

5. Conclusions and outlook

The utilization of amines as bases to facilitate the hydrogen-
ation of CO, to formates led to the recognition that CO, could
serve as a C; building block for the formylation of N-H bonds.
Developed in the 1980s, this reaction has been mostly utilized
for the conversion of dimethylamine to DMF and its scope
remained quite limited, despite the design of novel metal cata-
lysts. In 2012, the use of hydrosilanes in the formylation of
amines with CO, was unveiled. The hydrosilane reductant
exhibits a kinetic advantage over H, and enables the formyla-
tion of a wide scope of amines with organic catalysts
working at room temperature and 1 bar CO,. Hydrosilanes and
hydroboranes have a limited availability and must be utilized
as non-renewable stoichiometric reagents. Nevertheless, they
possess a mild reduction potential well-suited for CO,
reduction and they exhibit an increased chemoselectivity with
respect to H,. This chemical behaviour allowed for the design
of novel processes to promote the complete deoxygenation
of CO, to formamidine and methylamine derivatives, and the
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H,-versions of these transformations were unveiled shortly
afterwards, using ruthenium catalysts. Overall, while organic
ureas were privileged targets for CO, conversion with amines,
the reductive functionalization of CO, has significantly opened
the spectrum of nitrogen compounds available from this
oxidized carbon feedstock.

Future efforts will surely concern the design of novel cata-
lysts based on earth abundant metal ions or organic mole-
cules, with the aim of increasing the catalytic activity of these
new transformations, at mild temperature and pressure.
A better understanding of the mechanisms at play in the
reductive functionalization of CO, is a venue to explore, and to
facilitate the design of next generation catalysts. Such knowl-
edge would also help improve the chemo-selectivity of the
reduction of CO,, as the presence of reducible chemical
groups, such as aldehydes and ketones, has been problematic
so far. Nonetheless, these efforts are motivated by the number
of potential applications involving these novel reactions. While
the conversion of NH;-CO,-H, mixtures could provide mean-
ingful alternatives to the production of bulk chemicals such as
methylamine, dimethylamine, trimethylamine, and their for-
mamide derivatives, these technologies will also be relevant in
the synthesis of fine chemicals. Although challenging, ''C and
'C labelled molecules are important targets, as ''CO, and
'CO0, are the primary sources of these C-isotopes and N-CHO,
N-CH=N and N-CHj; backbones are commonly found in
nitrogen heterocycles and bioactive compounds.
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