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Carbon dioxide is an ideal raw material for the synthesis of complex organic compounds because of its rich,
non-toxic, and good physical properties. It is of great significance to transform CO, into valuable fine
chemicals and develop a green sustainable cycle of carbon surplus. Based on hydrosilane as a reducing

agent, this work summarizes the recent applications of reductive amidation of CO, using different
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catalysts such as organocatalysts, ionic liquids (ILs), salts, transition metal complexes, and solvents. The

main factors affecting the reductive amidation of CO, and the possible reaction mechanism are

DOI: 10.1039/d0ra05858k

rsc.li/rsc-advances and hydrosilane are prospected.

1 Introduction

The use of fossil fuels contributes to climate change by emitting
large amounts of CO,.* But human beings have to rely on fossil
fuels to get a lot of commercial chemicals.” So far, great efforts
have been made to reduce the use of fossil fuels or to find
alternative sources of energy, such as the conversion of bio-
logical substrates into value-added chemicals®**° and the prep-
aration of biodiesel.”** But the environmental problems
caused by CO, need to be solved urgently. Creating a carbon
balance to recycle carbon waste is necessary, which can not only
reduce CO, emissions but also achieve energy savings. More-
over, CO, is often used as C1 building block because it is non-
toxic, cheap, and readily available.*® Therefore, the conversion
of CO, into valuable chemicals has attracted the attention of
many researchers. The activation of CO, is difficult, due to its
high thermodynamic stability and kinetic inertness. In recent
years, many strategies have been applied to the formation of C-
C, C-0O, and C-N bonds. The construction of the C-N bond
attracts much attention because N-formylation compounds are
key chemical intermediates in the synthesis of drugs, pesti-
cides, dyes, and fragrances." In addition, the in site generated
formyl group can be converted into other functional groups.
In general, H, is the cleanest and most economical reducing
agent. However, due to the high relay capacity of H,, the
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discussed. Moreover, the future orientation and catalytic systems of the formylation of amines with CO,

reduction of CO, often requires harsh experimental conditions,
such as high temperature, high pressure, and the use of some
precious metals.” Hydrosilane and hydroborane as more effi-
cient and convenient reductants for reductive amidation of CO,
duo to their weaker and more polar Si-H and B-H bonds in
comparison to the H-H bond in the H,." But metal hydride and
hydroborane are generally sensitive to air and moisture, pre-
venting other broad applications.” Hydrosilane is a cheap,
nontoxic, and easy-to-treat reducing agent, and even Si-H polar
bonds with mild reducibility are more dynamically active.*
Therefore, using hydrosilane as a reducing agent, a large
number of catalytic systems have been developed for the
reductive amidation of CO, under mild conditions (Table 1).
In recent years, the catalytic systems for reductive amidation
of CO, using hydrosilanes as a reducing agent have been widely
developed and reported. However, this method is different from
the direct formylation of aryl group reported by the group of
Liu.*»** It is N-formylation requiring amines as a functional
reagent, which can be roughly divided into four categories,
including organocatalysts, ionic liquids (ILs) and salts, transi-
tion metal complexes, and solvents. Previous reports are mainly
focused on the functional reduction of CO, to build C-C, C-O
and C-N bonds using catalytic systems of either nonmetallic or
transition-metal complexes.”** In the present review, the
emphasis was placed on the design and development of budget
catalysts and catalytic systems to facilitate the reductive ami-
dation of CO,, and attention is paid on the understanding of the
reaction mechanism and process optimization. Reaction
conditions, application range, and main factors affecting each
catalytic system are also reviewed, in which control of the
reaction conditions is necessary to selectively afford formylated
products since the fractional reduction of CO, via 2-electron
reduction, 4-electron reduction, and 6-electron reduction

This journal is © The Royal Society of Chemistry 2020
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Table 1 The reduction of CO, to formamides with amines over various reducing agents
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hydrogen (H,)
R metal hydride (M-H) catalysts RY\ 0
NH + CO, + hydroboranes (B-H) [ ———— /N—{
R hydrosilane (Si-H) R H
H donor Advantages Disadvantages

Hydrogen (H,) Clean and atom economical
Metal hydride (M-H)
Hydroborane (B-H)
Hydrosilane (Si-H)

Strong reduction ability

Strong reduction ability

Mild reduction potential,

cheap, nontoxic, and easy-to-handle

affords formamide, aminal, and methylamine, respectively.”
Besides, the problems of each catalytic system also prospect.

2 Organocatalysts for N-formylation
of amines with CO,

Organic catalysts are organic compounds that do not require
metal atoms to speed up chemical reactions. Because of their
non-toxic properties and their stability to air and water, they are
generally considered safe reagents. These characteristics

Harsh reaction conditions (high reaction

temperature and pressure)

Sensitive to air and moisture

Sensitive to air and moisture

Different hydrosilanes with a greater effect on the reaction

eliminate concerns about the discharge of metal-containing
waste streams, and allow the possibility of working under
ambient conditions, which are preferred for industrial appli-
cations. In addition, many organic catalysts are readily available
from renewable feedstock, offering the potential to reduce
carbon emissions.

2.1 N-heterocyclic carbenes (NHCs) and related compounds

Hydrosilane was used as a reducing agent in the formylation of
an amine with CO, catalyzed by 1,5,7-triazabicyclo[4.4.0]dec-5-

ey

R'\ IPr 5 mol%
NH+ CO, + PMHS N
R 1 sitm THF, r.t., 24 h R H
27 examples,
up to 99% yield
Selected examples: O e}

H
or
-Bu

N"H A

0
N | | NQ/N @]
J<H Ph ph"“ph \f
1, 99% 2,87% 3,60% 4,66% 5, 99%
" 6, R=H, R'=H, R"=H, 35%
| 7, R=H, R'=OMe, R"=H, 86%
N\(O 8, R=H, R'=n-Bu, R"=H, 87%
H 9, R=Me, R'=Me, R"=Me, 71%
R R 10, R=i-Pr, R'=H, R"=i-Pr, 47%

12, R=H, R'=NO,, R"=H, 0%

Scheme 1 NHCs catalytic systems for the formylation of amines with CO, and PMHS.2®
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ene (TBD). But the so-called diagonal transformation makes the
catalytic reductive functionalization of CO, to afford formylated
products, which is limited to the basic amine.* Therefore,
Cantat and co-workers®® reported the use of unsaturated N-
heterocyclic carbenes (NHCs) 1,3-bis(2,6-diisopropylphenyl)-
2,3-dihydro-1H-imidazole (IPr) as a highly effective catalyst for
reductive amidation of CO, in the presence of poly-
methylhydrosiloxane (PMHS). In tetrahydrofuran (THF), mor-
pholine 25 was catalyzed by 5 mol% IPr to afford N-
formylmorpholine 1 at room temperature. The activity of
different hydrosilanes was as follows, (EtO);SiH (28% yield),
Ph;SiH (4% yield), tetramethyldisiloxane TMDS (43% yield),
and PMHS (90% yield). The PMHS is a nontoxic and stable
silicon industrial chemical waste,” and performs very good
reducibility and selectivity in the reductive amidation of CO,.
IPr is an effective catalyst for the formylation of amines with
CO,, which is applicable to various substrates such as amine
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(giving 1), imine (giving N-(diphenylmethylene)formamide 3),
hydrazine (giving N,N-diphenylformohydrazide 4), N-
heterocyclic ring compounds (giving 5,6-dihydropyrimidine-
1(4H)-carbaldehyde 5), and aniline derivatives (giving N-(4-
butylphenyl)formamide 2, N-methyl-N-phenylformamide 6, N-
(4-methoxyphenyl)-N-methylformamide 7, N-(4-butylphenyl)-N-
methylformamide 8, N-mesityl-N-methylformamide 9, N-(2,6-
diisopropylphenyl)-N-methylformamide 10), except that the
formylation of p-nitro-N-methylaniline 11 cannot afford N-
methyl-N-(4-nitrophenyl)formamide 12 (Scheme 1).?® In general,
amines are used as functionalized reagents in the process of N-
formylation. In 2018, an abnormal N-heterocyclic carbene
(aNHC) catalyzed for N-formylation of the amide with CO, was
reported by Mandal and co-workers.** Extended N-formylation
of different substrates is of great significance in organic
synthesis. Some heterogeneous catalytic systems have also been
designed based on the excellent catalytic activity of NHC such as

Table 2 The effect of temperature and solvent type on N-formylation of the amine 13 with CO, (ref. 33)

0] 0]
OEt SB, & PMES NSC 7.5 mol% OEt
NH, 2 24 h HN_ _H
1 atm
13 14 O
Entry Solvent T[°C] Yield [%]
1 DMF 50 77
2 Acetonitrile 50 0
3 Toluene 50 0
4 THF 50 0
5 DMA 50 95
6 DMA 100 Trace
Cl WOH
N\../S
R\ NSC75mol% R\ 0O
NH+CO, + PMHS - N
R 1 atm DMA,50°C,24h R H
12 examples,
0r
Selected examples: up to 90% yield
N._O N._O 0 N._O
Y T o~ Y
/©/ H O/ H N° H /©/ H
MeO H Br

15, 83% 16, 86%

17, 73% 18, 80%

Scheme 2 NSC catalytic system for the formylation of amines with CO, and PMHS **
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porous organic polymers,** and poly-NHC.** At the same time,
the development of heterogeneous catalytic systems success-
fully realized the reuse of catalysts.

CO, is fixed by vitamin B1 in animal tissues, which can
facilitate the transformation of pyruvate into oxaloacetate.
Inspired by this fact, Dyson and co-workers* reported using
non-toxic, cheap, stable, and easy to store thiazolium carbene
(NSC)** to catalyze the reductive functionalization of CO, to
afford the formylated products with PMHS as the reductant
under mild conditions. It was found that at a relatively low
temperature (50 °C) was more conducive to the formation of
formylated products, while at 100 °C, it would lead to over-
reduction to afford methylated products.®® The use of solvents
in this catalytic system is critical for the control of product
distribution. In a polar solvent like N,N-dimethylacetamide
(DMA) and N,N-dimethylformamide (DMF), the desired for-
mylated product ethyl formylphenylalaninate 14 was obtained
with high yields (95% and 77%, respectively), while polar
solvents such as acetonitrile, toluene, and THF were not active
for reaction (Table 2).>* This may be due to the instability of the
catalyst in these solvents, another possible reason for better
performance in DMF or DMA could be its higher solubility
toward CO,.

The catalytic system was suitable for aromatic amine, alicy-
clic amines and aliphatic amines, the formylated product N-(4-
methoxyphenyl)formamide 15 (83%), N-cyclohexylformamide
16 (86%), and N-hexylformamide 17 (73%) were obtained,
respectively.®® In the catalytic system, the 4-bromoaniline can
also afford N-(4-bromophenyl)formamide 18 (80%). However,
the application scope of secondary amines is not discussed in
the catalytic system (Scheme 2).

It is of great significance to apply NHCs to reductive ami-
dation of CO,. But the drawback is that NHCs are air-sensitive
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and must be generated fresh before use.* It is important to
develop different methods to convert CO, into value-added
chemicals. In the metal-free catalytic systems that have been
used for CO, valorization, the activation modes of CO, are
mainly divided into three categories based on the different
binding modes: one Lewis base (LB) adduct, one LB and Lewis
acid (LA) adduct, and one LB and two LA adducts®® As the P
atom of the phosphorus compound acts as a nucleophile, it
generally reacts with CO, to afford LB adduct rather than the
phosphorus formate. In 2015, Kinjo and Chong® provided
a new method for capturing CO,. The formylation of amines
with CO, and Ph,SiH, was finished with 72-99% yields by using
1,3,2-diazaphospholene (NHP-H) as a catalyst, an N-heterocyclic
base containing a phosphorus atom in its structure. The cata-
Iytic system was widely used for aliphatic/aromatic primary and
secondary amines, and alicyclic amines. The substrate with less
steric hindrance can produce formylated products with high
yield such as N,N-diethylformamide 19 (95% yield), and N,N-
diisopropylformamide 22 (61% yield).”” Due to different reac-
tion mechanisms involved, amines with electron-withdrawing
groups still exhibit good activity such as N-(4-trifluoromethyl)
formamide 24 (71% yield) (Scheme 3).

2.2 Organic superbases

As is known to all, in the formylation reaction between amine
and CO,, the use of H, as a reducing agent requires the addition
of metal catalysts. And the reaction needs to be carried out
under the conditions of high temperature and high pressure.*®
These harsh reaction conditions greatly limit the extensive use
of H, and the expansion of the range of directly available
compounds obtained from CO,.

In 2012, Cantat and coworkers'® applied organic catalysts for
the first time to the formylation of amines with CO, in the

TRt

1,3,2-Diazaphospholene

R\ . R\ 0O
NH + CO, + Ph,SiH,——>1ol% N—
R 2 CDCN,rt,4h g
1atm 2 equiv. H
21 examples,
yield > 99%

Selected examples:

20, 84%

22,61% 23, 94%

0 |
0
0 S N.__O
N—{ /\/\N)J\H ©/\H H /@/ \f
— H "' MeO H

21, 97% 7,93%

=, 0 X {0
_< " CN%H CF3/©A H HMeO/©/ f

24, 71% 15, >99%

Scheme 3 1,3,2-Diazaphospholene-catalyzed reduction of CO, to formamides using amines and Ph,SiH,.3”

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 33972-34005 | 33975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05858k

Open Access Article. Published on 14 September 2020. Downloaded on 3/17/2026 1:45:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

Table 3 Varieties of superbases for catalytic formylation of morpholine using CO, and PhSiH3 (ref. 16)

0
/N catalyst 5 mol% /N
o NH + CO, + i 0] N
2 PhSIHs e 00 C 240 A/ J<H
2 atm 1 equiv.
25 1
catalysts: NMe,

|
Me

X

TBD Me-TBD DBU DABCO DMAP

Entry Catalyst Yield [%]
1 TBD 65

2 Me-TBD 20

3 DBU 15

4 DABCO 17

5 DMAP <5

6 TBD (without solvent) >99%

presence of hydrosilane. Replacing the commonly used CO,/H,
system with hydrosilane can not only avoid the burden of high
temperature and pressure conditions but also improve the
selectivity of the reaction.'® TBD, a cyclic guanidine, was found
to be a more effective catalyst to embed CO, into N-H of 25 to
obtain 1 after testing the reactivity of different superbases under
the same experimental conditions (Table 3).*

In the absence of any solvent, the obtained formylation
product 1 is quantitative (yield > 99%) (Table 3).* The effects of
different hydrosilanes on reactivity were also explored, and
PhSiH; was found to be a more effective reductant. The study of
the scope of the catalytic system found that the reaction activity
of the substrate was related to its basicity and the steric
hindrance around N atom of amines. Strong basicity was more

(A

R'\NH + COL+ g, TED 5 mOl% R'\N O
R ¢ I .3 THF or none R
1atm 1equiv. 1qg90°C 24h H
7 examples,
yield >99%

Selected examples:
yields: in THF (without solvent)

O

23, 49% (>99%)

0] N

S\ 9
M

1, 65% (>99%)

<

22,10% (48%) 6, 39% (40%)

19, 47% (>99%)

\

0 111 5 P
—<NJ<H ©/f PH

O O

VAR /Y
26, 64% (83%)

0 H H O
N LY N
%H ©/ f n-CsH/»] 3_<H

27,0 (0)

21,20% (24%) 17,0 (0)

Scheme 4 TBD catalytic reduction of CO, to formamides using amines and PhSiHz.
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R\ DBU10mol% R\ 09
R/NH +COz+ PMHS - 3090 o4, N
1 atm R H
9 examples,
up to 93% vyield

Selected examples:

QO 0 Ox-H N( 0
O\_/NA<H <:/\N_<H ©\/T\© ©/ \I-T
1, 82% 23, 82% 28, 36% 29, 74%

| 7, R=H, R'=OMe, 87%

R N._O 30, R=H, R'=Me, 88%
D/ Y 31 R=H R=CO,Me, 12%
R’ H' 32, R=H, R=CI, 21%
33, R=Me, R'=H, 93%

Scheme 5 DBU catalytic systems for the formylation of amines with CO, and PMHS 38
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conducive to the reaction. However, 19 (47% yield) and 22 (10% low activity for the formylation of both aromatic amines and

yield) were obtained with lower yield when the steric hindrance primary amines (Scheme 4).'

around N atom of amines was increased.'® At the same time, the Subsequently, other superbases were reported as catalysts
commonly used solvent DMF (N,N-dimethylformamide 26) can  for the formylation of amines and CO,. In 2018, Li and Chen*
be obtained. It was also found that the catalytic system showed also reported that the superbase 1,8-diazabicyclo[5.4.0Jundec-7-

'B ~
N
R\ BTMG 1mol% R\ 0O
NH+CO, + PhSiHy == —=—== N~
R 1atm 1equiv. goop R H

7 examples,
up to 96% yield
Selected examples:

Q |
— L N__O
@) O N H
g ~Nn4 ( NX | b
\_/ H H H
1, 96% 23, 84% 34, 90% 6, 95%
| | 0

Bepibeptepgegy

32 84% 12,0 35, 95% 21, Mixture of formamide
and urea

Scheme 6 BTMG catalytic reduction of CO, to formamides using amines and PhSiHz.4°

This journal is © The Royal Society of Chemistry 2020
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en (DBU) was used as a catalyst for reductive amidation of CO,,
and the formylated product (N-methyl-N-(m-tolyl)formamide 33)
yield reached 93% in CH;CN after reaction at 30 °C for 24 h. The
DBU catalytic system could selectively afford formylation
products by adjusting the reaction temperature.*® The catalytic
system is suitable for aliphatic amines and aromatic amines,
but the activity of the reaction decreases when the substrate is
attached with electron-withdrawing groups such as N-(4-chlor-
ophenyl)-N-methylformamide 32 (21% yield) (Scheme 5).%®

Cyclic carbamate can be obtained from CO,, in which the
cheap and stable N,N,N,N-tetramethylguanidine (TMG) has
better reactivity than the well-modified cyclic guanidine.*
Therefore, alkylated TMG, 2-butyl-1,1,3,3-tetramethylguanidine
(BTMG), was applied to the formylation of amines with CO, and
proved to be an efficient catalyst.** In MeCN, PhSiH; used as the
reducing agent, the formylated product 1 (80.5% yield) can be
obtained with only 0.1 mol% catalyst (TON = 805 and TOF =
33.5 h™'). Its catalytic activity was also higher than that of
complex cyclic guanidine compounds, and BTMG catalyzed
reaction was completed within 50 min, which was superior to
the reaction with TBD (>300 min).** BTMG is more stable and
has higher activity than TMG, since TMG itself is formylated
leading to the catalyst deactivation. At the same time, the
catalytic system is suitable for aliphatic/aromatic primary and
secondary amines. However, when the substrate is attached
with electron-withdrawing groups, it will have low reaction
activity or even no reaction. Even if 11 underwent reaction for
22 h, the corresponding formylated product 12 was not ob-
tained (Scheme 6).*

TBD was applied to formylation of CO, for the first time,
which provided a progressive strategy for the reductive func-
tionalization of CO,.*” By using DBU as a catalyst, the for-
mylated products in high selectivity were obtained at a low
temperature (e.g., 30 °C). With simple BTMG as a catalyst, high
yields of formylated products were obtained with low catalyst
load. However, the scope of application of this kind of catalysts
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is limited: TBD (7 examples), DBU (9 examples), BTMG (7
examples), and only some simple aliphatic and aromatic
amines, especially TBD even only showed good activity to
secondary amines.* In the catalytic system, the reaction time is
often longer. Therefore, more adaptable and selective catalytic
systems need to be developed.

3 lonic liquids (ILs) and salts for N-
formylation of amines with CO,
3.1 Ionic liquids (ILs) and organic salts

ILs are composed of organic cations and organic/inorganic
anions, with adjustable performance, good thermal stability,
and chemical stability. It is worth noting that the majority of ILs
are non-metallic salts, which can avoid the problem of metal
pollution, so it has a promising application prospect in the field
of catalysis.***® At the same time, compared with other non-
metallic catalysts, ILs are easy to separate and can be reused,
and designed by the synergistic effect between anion and cation
with special functions.*—°

In 2015, Liu and co-workers®* reported that in the absence of
solvent, ILs composed of 1-butyl-3-methylimidazolium (BMIm)
and different anions were used as catalysts for the formylation
of N-methylaniline 36 with CO, to obtain formylated product 6
with different yields (Table 4).

Among the tested ILs, 1-butyl-3-methylimidazolium chloride
((BMIm]Cl), 1-butyl-3-methylimidazolium bromide ([BMIm]Br),
and 1-hexyl-3-methylimidazolium chloride [HMIm]CI exhibited
high activity for catalyzing the reductive amidation of CO,.*
However, the [BMIm]CI could catalyze the formation of for-
mylated product 6 with 91% yield under a low catalyst load of
10 mol%. There is a huge difference in reactivity for ILs with
different anions, which is attributed to the synergy between
anions and cations. Although there was no change in the catalytic
activity of alkylated 1-butyl-3-methylimidazolium and [HMIm]|C],
it was not enough to indicate that cations had little effect on the

Table 4 Various ILs for catalytic reduction of CO, to formamides using amines and PhSiHz"

H |
N.__O
©/ e CO,+ PhSiH = T
2 s 30°c,5h H

36 10 atm 2 equiv. 6
Entry Catalyst Yield [%]
1 [BMIm]CI 93
2° [BMIm]CI 91
3 [BMIm|Br 94
4 [BMIm|NO; 83
5 [BMIm]|PF, 0
6 [BMIm|BFj 0
7 [HMIm]CI 92
8 [BMIm]CI 92

“ Reaction conditions: ILs (1 mmol), substrate (1 mmol). * [BMIm]CI (10 mol%). ¢ Reused for the fifth time.
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(\NL
N\/C_
R B?/ﬁ Cl100 mol% R\ =~ O
m mo
NH+CO, + PhSiHs | 3]0 C 5n > N
R 10atm 2 equiv. ' R H
15 examples,
up to 99% yield
Selected examples:
— 0 Q o)
— H A /&
1, 99% \_20, 62% 20' 28% N 21, 60% 21 10%
Y
O
06 R=H, 95%
N ) ’ 0
NN /©/ 38 R=F, 89%
37,62% 12, R=NO,, 0%
Scheme 7 [BMIm]Cl catalytic reduction of CO, to formamides using amines and PhSiHz.>*

Table 5 Different catalysts used for N-formylation reaction using N-methylaniline as a model substrate

H
N

~ Catalyst 10 mol%

+ CO, + PhSiH;
1atm 1.2 equiv.

9

N

36 6

Entry Catalyst T [h] Yield [%]
1 [BMIm]CI 20 6

2 [BdMIm]Cl 20 38

3 [BMP]CI 20 47

4 TBAI 20 2

5 ABAB 20 6

6 TBAC 20 65

7 TBAF-3H,0 6 99

reaction. In the presence of PhSiH;, the [BMIm]CI was success-
fully used as the catalyst for the formylation of aliphatic/aromatic
primary and secondary amines.”® In addition to substrate 11,
amines with electron-withdrawing groups also had good activity
such as N-(4-fluorophenyl)-N-methylformamide 38 (89% yield)
was obtained. However, in the process of formylation of primary
amines with CO,, the diformylated products were obtained such
as  N-butyl-N-formylformamide 20’ and N-benzyl-N-for-
mylformamide 21’ (Scheme 7).>*

In 2016, Dyson et al. reported the activity of chlorine salt-
containing different cations as catalysts for the formylation of
amines with CO, and PhSiH; under the CO, pressure of 1 atm with
the catalyst load of 10 mol%.** And the reactivity was found to

This journal is © The Royal Society of Chemistry 2020

follow the order of [BMIm]CI < 1-butyl-2,3-dimethylimidazolium
chloride ([BAMIm]|CI) < 1-butyl-1-methylpyrrolidinium chloride
([BMP]C]) < tetrabutylammonium chloride (TBAC). They still
showed lower activity after a longer reaction time (20 h), and the
yield of formylated product 6 catalyzed by [BMIm]Cl and TBAC was
6% and 65%, respectively. However, the tetrabutylammonium
fluoride (TBAF) was found to show excellent activity by testing the
salts containing the same tetrabutylammonium (TBA) cation but
different anions, and the formylated product 6 (99% yield) could
be obtained in short reaction time (6 h).*> This result further
indicates that the driving force of this type of catalyst is mainly
from anion nucleophilicity: I <Br~ <Cl” < F~ = OH ", where the
more nucleophilic is more conducive to the reaction (Table 5).
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Bu.*.Bu

. Bu” "Bu ,
R\ , TBAF 10 mol% _ R\ 0

NH + CO, + PhSiH; N

R X rt., 2-7h R/ H

1atm 1.2 equiv.
22 examples,

Selected examples:

35, R=H, 85% (4 h)
40, R=NO,, 0% (7 h)

17, 94% (2 h)

Os_H
0]
. it

) )

43,59% (4 h)

up to 99% yield

6, R=H, 85% (4 h)

31, R=COOMe, 51% (7 h)
41, R=CHO, 40% (7 h)
42, R=CF3, 53% (7 h)

3,40% (4 h)

Scheme 8 TBAF catalytic reduction of CO, to formamides using amines and PhSiH3.5?

The catalytic system could tolerate many unsaturated func-
tional groups, giving methyl 4-(N-methylformamido)benzoate
31 and N-(4-formylphenyl)-N-methylformamide 41.>> The cata-
lytic system is also applied to aliphatic amines (giving 17),
aromatic amines (giving N-phenylformamide 35), imines
(giving 3) and hydrazones (giving N'-(diphenylmethylene)for-
mohydrazide 43). For aniline and its derivatives, the substrate
attached with an electron-withdrawing group in the C4-position
was less reactive such as N-methyl-N-(4-(trifluoromethyl)phenyl)
formamide 42 (53% yield). The catalytic system can even
promote 4-nitroaniline 39 being converted to the corresponding
formylation  product  N-(4-nitrophenyl)formamide 40
(Scheme 8).*

The catalytic system was also reported and proved it is effi-
cient for reductive amidation of CO, under mild conditions by
Liu and co-workers.*® But products at different reduction levels
can be obtained by using different hydrosilanes in the work. In
the reductive functionalization of CO,, (EtO);SiH used as
areductant can afford formylated products with high selectivity.
At the same time, PhSiH; was used as a reducing agent, meth-
ylated products could be obtained. This work provides a new
method to improve the selectivity of reductive amidation of
CO,.

At present, the use of the natural product and bio-derived
compounds as sustainable catalysts or solvents has attracted
the attention of more and more researchers. Glycine betaine
(GB, 1-carboxy-N,N,N-trimethylmethanaminium inner salt) is

33980 | RSC Adv, 2020, 10, 33972-34005

a quaternary ammonium alkaloid with an amphoteric structure
that is widely found in plants.> GB has the advantages of being
biodegradable, non-toxic, and cheap. It has a broad application
prospect in the catalytic field owing to its basicity.>**® Therefore,
it is of great significance to apply for the reductive amidation of
CO,. So, the reaction of formylation of amines, and CO, with
Ph,SiH, catalyzed by GB was studied by He and co-workers at
a relatively low temperature of 50 °C.>* It is found that the
catalytic system has a wide range of applicability. Aliphatic
amines and aromatic amines with electron-withdrawing and
electron-donating groups can get corresponding formylated
products such as N-(4-chlorophenyl)formamide 45 (65% yield)
and 15 (84% yield). And the activity of amines with the electron-
withdrawing group is lower than the amines with electron-
donating groups. Meanwhile, the -catalytic system could
tolerate some reducible functional groups, such as alkenyl
(giving N-allyl-N-phenylformamide 44) and carbonyl group
(giving N-(4-acetylphenyl)-N-methylformamide 46) (Scheme 9).>*

It is worth noting that Han and Xie* also reported the
application of GB as a catalyst for the formylation of amines
with CO, and PhSiH; in CH;CN and 3 mol% catalyst, which
could afford formylated products at room temperature in good
to high yields (15-92%). The catalytic system has a wide range of
applicability, and can even promote substrate 39 being con-
verted to the corresponding formylated product 40 (23%
yield).”” However, substrates with high steric hindrance
around N atoms are relatively inactive. The studies on the

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 GB-catalyzed reduction of CO, to formamides from amines using PhSiHz.>
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| o

GB 10 mol% R'\N_/<O
50°C,18h g

2 equiv.
14 examples,
up to 99% yield

Selected examples:

23, X=CHg, 99%

44, 95% 1, X=0, 98%
| 6, R=H, 92%
O 35, R=H, 71% NYO 7. R=OMe, 96%
15, R=OMe, 84% 32, R=ClI, 88%
45, R=Cl, 65% R 46, R=COMe, 62%

>$/\g0 o

0] H
B 19

R—NH; + CO, + PhSiH; GB & mulle >—H + R—N

© CH3CN,50°C,18h 5 __ H
5atm 2 equiv. R—NH
o]
b
Yield (a, b)

OMe

o ﬁj o

Yield (86%, 10%) Yield (92%, 3%)  Yield (91%, 3%)

15, 15 47, 4717 48, 48
OMe
NH2 /\/\/\/\
NH,
Yield (81%, 3%)  Yield (91%, 5%) Yield (81%, 4%)
21, 21 50, 50 51, 51

Scheme 10 Formylation of various primary amines and 4-nitroaniline using CO, as the carbon source.®”
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Fig. 1 Chemical structure of lecithin.®®

distribution of formylated products of primary amine showed
that mono-formylated products were the main products
(Scheme 10).

The successful application of GB for the formylation of
amines with CO, has proved that natural products have great
potential in the reductive functionalization of CO,. Lecithin as
a natural product has good biological compatibility, which is
renewable, non-toxic, and widely used as food additives, bio-
logical surface-active agent, and catalyst,*** with a structure
similar to GB (i.e., zwitterionic structure) (Fig. 1). Importantly,
lecithin is more easily obtained than GB, which is widely found
in soy, eggs, and rapeseed.®

In 2018, Han and Hu® successfully used lecithin as an
effective catalyst for the reductive functionalization of CO, to
formylated products in the presence of an amine and PhSiH; as
a hydrogen source. In a conditioned screening experiment, 36
used as the model substrate to afford the corresponding for-
mylated product 6 (97% yield), and PhSiH; was demonstrated to
be the more effective reducing agent. By controlling the CO,
pressure, the catalytic system can afford formylated product 6
with high selectivity (0.1 MPa, 17% yield; 0.3 MPa, 84% yield).
The catalytic system is suitable for aliphatic/aromatic primary
and secondary amines. Amines attached to electron-donating
groups and electron-withdrawing groups can also afford corre-
sponding formylated products with higher yields such as 7 (95%

View Article Online

Review

yield) and N-(4-bromophenyl)-N-methylformamide 53 (80%
yield).*® Even the substrate 11 can also afford the corresponding
formylated product 12 (24% yield) proving that the catalytic
system has high reducibility. For primary amines, mono-
formylated products can also afford with high yields, indicating
that the catalytic system has high selectivity (Scheme 11).

Choline-based ILs are completely composed of biological
materials. It is a type of environmentally friendly material with
low toxicity, high stability, and strong basicity.***® Yang and
Zhao® by screening experiments found that acetylcholine-
carboxylate bio-ionic liquids (ACH-AA) composed of acetylcho-
line and carboxylate is an efficient catalyst for reductive ami-
dation of CO,. It was reported that the viscosity of ILs increased
with the length of the carboxylic acid carbon chain,* thus
increasing the permeability and diffusion coefficient of CO,.*®
The ACH-AA had higher nucleophilicity and basicity. And it
showed higher activity and selectivity for the reductive amida-
tion of CO,. In the presence of PhSiHj;, no solvent, and 30 °C
reaction temperature, 6 mol% ACH-AA could catalyze pyrroli-
dine to afford the corresponding formylated product N-for-
mylpyrrolidine 55 (100% yield). The catalytic system is not only
suitable for secondary aliphatic amines and aromatic amines,
but also can tolerate unsaturated double bonds (giving 44).
However, for the larger amines, the activity was lower, e.g., for
the synthesis of N-(4-methoxybenzyl)-N-phenylformamide 57
(Scheme 12).

[BMIm]|C] and ACH-AA are both ILs catalytic systems that
could be reused many times without loss of activity. To achieve
the catalyst recycles, some heterogeneous catalytic systems are
also designed for reductive amidation of CO, such as micro-
porous polymers,* iron-rich Gibeon meteorite,” and zwitter-
ionic covalent organic frameworks.”””> Although complex
preparation processes were required, it is important for the
sustainable conversion of CO,. Performance of these two types
of ILs and organic salts, such as TBAF catalytic systems, can be
adjusted. High activity and selectivity of the catalyst can be
designed by the interaction between anions and cations. It is

R\ lecithin 5 mol% _ R\ 9
NH + CO, + i
K 2% PhSIHs = CN rt, 10 h R/NJ<
10 atm 2 equiv. H
15 examples,
yield > 99%
Selected examples:
NH o /™ 9 /9
3 T N g NH
H —  H ~—~ ¥
52, 89% 19, 97% 1,>99%
R' H | 6, R=H, 97%
N. _O 35 R=H,R'=H, 91% N0 7 R=OMe. 95%
45, R=Cl, R'=H, 80% /©/ 53 RBr. 80%
— i— 0 H 3 N
= H 50, R=H, R'=OMe, 96% R 12, R=NO,, 24%

Scheme 11 Lecithin catalytic reduction of CO, to formamides using amines and PhSiH=.6®
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\
NH+ CO;, + PhSiH;

R 1atm 3 equiv.

Selected examples:

“OAc |
~
O/\/rll\
ACH-AA 6 mol% R\ _/<O
o /N
30°C,6h R H
15 examples,

up to 100% yield

O OsH

0 0 H= !
O o O

54, 96% 55, 100%

|
N\fo 6, R=H, 90%
\ 7.R=OMe, 91%
R 32, R=Cl, 90%

56, 90% 44, 86%

OT\H/@OMe
o

57, 63%

Scheme 12 ACH-AA catalytic reduction of CO, to formamides using amines and PhSiHz.5”

Table 6 N-Formylation of N-methylaniline using CO, catalyzed by various alkali-metal carbonates

H |
N
~ 0.+ PhSIH catalyst 5 mol% N\(O
+ + i
2 '3 GH4CN, rt.,12 h H
35 1atm 1 equiv. 6

Entry Catalyst Yield [%]
1 Li,CO; <1
2 Na,CO; <1
3 K,CO; 65
4 Rb,CO; 81
5 Cs,CO; 94
6 Na,CO;/15-crown-5 ether 21

worth noting that natural products are non-toxic, biodegradable
and environment-friendly, showing great potential in the field
of catalysis.

3.2 Inorganic salts

K,CO; supported on alumina was reported as the active catalyst
for the hydrosilylation of benzaldehyde.”? Cui and coworkers
also reported Cs,COj catalytic reduction of amides, aldehydes,
and ketones in the presence of hydrosilane.”” In 2015, Moto-
kura and co-workers™ successfully got silyl formate by using
CsF and K,CO;j to catalyze hydrosilylation of CO,. The use of low
cost, readily available, and stable inorganic salt as the catalyst
for the formylation of amines with CO, was successively

This journal is © The Royal Society of Chemistry 2020

reported. In 2016, Lin and Fang’ used the simple and easily
available inorganic salt Cs,CO; as the catalyst for the N-for-
mylation of amines with CO, in the presence of PhSiH;. The
formylated products were obtained in 14-99% yields at room
temperature. The catalytic activity of carbonate of different
alkali metals was also investigated. The presence of “cesium
effect””®” resulted in the change of solubility or nucleophilicity
of different carbonates. The results show that the reactivity of
alkali-metal carbonates of different sizes is different. 15-Crown-
5 ether was added to the Na,CO;-based system and it was found
that the yield of formylation catalyzed by Na,CO; increased to
21%, proving that the solubility of carbonate is an important
factor affecting the catalytic activity (Table 6).””

RSC Adv, 2020, 10, 33972-34005 | 33983
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\
NH+ CO, + PhSiH;

R

1atm 1 equiv.

Selected examples:

(@)
—N/_\N—<O >—H \N_qo
%‘NH
58, 99% 59, 80% 26, 95%

R' N\(O 6, R=H, R'=H, 90%
D/ 53, R=Br, R'=H, 82%
R H 60, R=H, R=CI, 83%

OYH

Sl

63, 32%

.
one

62, 42%

CH4CN, r.t.,12 h R/N

H

24 examples,
up to 99% vyield

OJ\NJ\ OYH
A

©/N\/\
22, 47% 44, 70%
H 35, R=H, 93%
N

15, R=OMe, 90%
61, R=CF3, 42%
40, R=NO,, 18%

Scheme 13 Cs,COs5 catalytic reduction of CO, to formamides using amines and PhSiH3z.”

Table 7 Different carbonates used for the formylation of morpholine with CO,

/ \ Catalyst 10 mol% / \ O

O NH +CO,+ PMHS - o N

30 atm 4 equiv. THF, 100 °C, 12h \_/ H

25 1
Entry Catalyst Yield [%]

1 Cs,CO; 99
K,CO; 99
3 Na,CO; 85

In the conditional optimization experiment with the 36 as
the model substrate, PhSiH; used as a reducing agent in CH;CN
under 1 bar of CO, at room temperature for 12 h, the formylated
product 6 was obtained with 94% yield.”” In this catalytic
system, the catalyst load had little influence on the reaction.
Under the same reaction conditions, the yields corresponding
to 5 mol%, 2.5 mol%, and 1 mol% catalyst load are 94%, 91%,
and 90%, respectively. And it turns out that the solvents have
a big effect on the reaction, and the desired products cannot be
obtained in some solvents. By controlling the temperature of
the reaction and the pressure of CO,, the formylated products
can be obtained selectively. The catalytic system was found to be
very resistant to many functional groups, such as aryl bromide
(giving 53), allyl (giving 44), and cyano groups (N-(2-cyanoethyl)-
N-phenylformamide 63).”” However, the substrate (e.g,

33984 | RSC Adv,, 2020, 10, 33972-34005

diisopropylamine) having high steric resistance has a lower
reactive activity. In general, aniline and its derivatives have
a remote effect of the substituent, which results in the lower
reactivity of substrates attached with electron-withdrawing
groups than that of the substrates with electron-giving substit-
uents. This method is also applicable to the non-amine
nitrogenous compounds to afford corresponding formylated
products like N,N'-diphenylformohydrazide 62 (Scheme 13).

In 2016, Bhanage and co-workers® tested the catalytic
activity of different carbonates at 100 °C and under CO, pres-
sure 3 atm, in the presence of PMHS. In this catalytic system,
although Cs,CO; and K,CO; both could afford formylated
product 1 (99%), the relatively cheap K,CO; was selected as the
catalyst for the N-formylation of amines with CO, (Table 7).

This journal is © The Royal Society of Chemistry 2020
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PMHS
4 equiv.

\
/NH + CO, +
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Selected examples:

1, 99%

Q\COOH Q

P

26, 92%

0
65, 0 55, 92%
H
N#© 35 R=H 85%
\ 67, R=Br, 0%

=

THF,100°C,12h g H

21 examples,
up to 99% vyield

H \/\N/\/

-
va. S

59, 70% 64, 54%

N~ NJ<
SRR

34, 95%

|
N\(O 6. R=H, 93%
Y 68, R=NOy, 0%

66, 0

Scheme 14 K,COs-catalyzed reduction of CO, to formamides using amines and PMHS 8

Rl

\
NH+ CO; + PhSiH,
R 10atm 3equiv.

Selected examples:

KoWO, 7.5 mol% R\ _<O
o ,N
CH3CN,70°C, 12h H
12 examples,
up to 98% vyield

-~
m d \ 0 N\fO 6, R=H, 94%
= 0
Ny A (H R/©/ 1" 7,R=0Me, 92%

34, 98% 1, 90%

R
N

32, R=Cl, 85%

0
Y 44, R=Allyl, 81%
H 27 R=Ph, 52%

Scheme 15 K,WO4,-catalyzed reduction of CO, to formamides using amines and PhSiH3.82

The catalytic system was suitable for aliphatic/aromatic
primary and secondary amines.* And diallylamine was also
formylated to afford N,N-diallylacetamide 64. However, amines
attached with electron-withdrawing groups or amines with large
steric hindrance showed lower activity and even could not
obtain the desired formylated products such as N-methyl-N-(2-
nitrophenyl)formamide 68 and N-benzyl-N-(tert-butyl)form-
amide 66 (Scheme 14).%° The catalytic system requires higher

This journal is © The Royal Society of Chemistry 2020

CO, pressure, reductant equivalent and catalyst dosage, which
may be due to the use of less reductive PMHS.

Since the oxygen atom of tungstate ion has high electron
density.®* It is speculated that tungstate anion can activate
hydrosilane to promote the reduction of CO,. In this regard,
potassium tungstate has been applied for the reductive ami-
dation of CO, by He and co-workers.?” By adjusting the pressure
of CO, to a higher state (2 MPa), the reductive amidation of CO,
could be complete with higher selectivity. The catalytic system is

RSC Adv, 2020, 10, 33972-34005 | 33985
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suitable for most of the aromatic secondary amines and
heterocyclic amines. For the substituted aniline derivatives, the
activity of the substrate substituted by the electron-withdrawing
groups was lower than that of the substrate substituted by the
electron-donating group, such as 32 (85% yield) and 7 (92%
yield).®> When the steric hindrance increases, like in the case of
N,N-diphenilfamine, the formylated product was obtained in
a low yield (Scheme 15).

4 Transition metal complex for N-
formylation of amines with CO,
As a common intermediate in the process of CO, reduction,

metallic hydrogen compounds (M-H),**** can promote the CO,
reduction by forming complexes with electron-donating ligands

View Article Online

Review

to enhance the nucleophilicity of M-H. As a new pathway to
reduce CO,, different transition metal complexes (Ni, Cu, Fe,
Ru, Zn, Mn) have been applied to catalyze the formylation of
amines with CO,. The same metal can be combined with
different ligands to develop diverse catalytic systems. And the
selection of ligands developed from initially toxic diphospho-
phenyl to relatively green NHC and some ionic liquids. This is of
great significance for the reductive functionalization of CO,.

4.1 Cu-based complex

In 2012, Motokura and co-workers® reported in the presence of
PMHS, the Cu-base complex (3 equivalents of 1,2-bis(diisopro-
pylphosphino)benzene (L1) to Cu) is an effective catalyst for the N-
formylation of amines with CO,, 1 atm of CO, pressure and
reaction temperature of 80 °C in 1,4-dioxane, giving formylated

L1 L2 L3
<:PPh2
PhyP<__PPh,
PPh, ©/ P\©
L4 dppp L5 PhsP L6 dppm
o o K
P
PPh, PPh, ©
PPh, PPh,
L7 dppb L8 dppe L9 Cy;P L10 Xantphos
X
1 ) !
PPh, P N
(@] (@) Cpph \k\PPh2>3
2 O PCYZ
L11 TPPi L12 dppbt L13 PP3 L14

Fig. 2 The structure of the used phosphorus ligand.®>2¢
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R\ Cu(OAC)H0 1 L1 (1:3) R O

NH+CO,+ PMHS

R 1 atm

Selected examples:

OYH

AN

\ O

)

37,83% (24 h) 26, 75% (5 h)

Gt D o

70, 3% (90 h)  71,63% (24 h)

1,4-dioxane, 80 °C

23, 98% (5 h)
from [Me,NCO5][MeoNH,]

6, 87% (30 h)

N~

R H

22 examples,
up to 98% yield

04 4

69, 47% (48 h)

35, R=H, 71% (48 h)
15, R=OMe, 80% (48 h)
40, R=NO,, < 1% (48 h)

Scheme 16 Copper—diphosphine complex catalytic reduction of CO, to formamides using amines and PMHS 8

products in moderate to excellent yields. The effect of different
ligand structures L1-L5 (1,2-bis(diphenylphosphaneyl)benzene
L2, 1,2-bis(dicyclohexylphosphaneyl)benzene L3, 1,3-bis(diphe-
nylphosphaneyl)propane L4 (dppp), and triphenylphosphane L5
(Ph;P)) (Fig. 2) on the reaction was experimentally tested, and it
was found that diphosphine (L1 or L3) with o-benzene structure
was a good formylated ligand compared with the double-dentate
ligand (L4) and single-dentate ligand (L5) connected with the
propyl chain.** Among these diphosphines, the activity of alkyl-
functional ligands such as isopropyl and cyclohexyl was supe-
rior to that of the phenyl counterpart.

Table 8 The effect of bite angle of the ligands“°®

The catalytic system is suitable for aliphatic secondary amines,
alicyclic amine, and aromatic primary and secondary amines.*
Commonly [Me,NCO,|[Me,NH,] used as the substrate to afford
DMF 26 in 75% yield, which further indicates that the reaction of
amines with CO, does not affect the N-formylation. At the same
time, amines with branched chains showed lower reactivity, and
the reactivity decreased with the increase of the number of methyl
attached to piperidine-derived such as formylated product 23
(98% yield), 2,6-dimethy-N-formylpiperidine 69 (47% yield) and
2,2,6,6-tetramethyl-N-formylpiperidine 70 (3% yield).* This is due
to the large volume of the catalyst itself, and the substrate of

H
NH N._O
i +CO,+ PhSiH,—— QA e
] t2 s Ligand, r.t., 4 h H
72 am 35

Ligand Bite angle, 8° Yield [%]
L5 — N.R.
L9 — N.R.
L11 — N.R.
L10 102 11
L7 87 23
L6 84 59
L8 89 9%
L12 98 83

“ Reaction conditions: aniline (1 mmol), Si-H (6 mmol), Cu(OAc), (1 mmol), ligand (1.2 mmol);

This journal is © The Royal Society of Chemistry 2020

N.R. = no reaction.
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R\ Cu(l)-(dppe) R\ O
/NH + CO, + PhSiH3 t /N
r.t.
R fatm 2equiv. R H
13 examples,

Selected examples:
H Os_H
_N._0 e
H CeH1s~  CeHiz

51,95% (5 h) 96% (6 h)

O ﬁi*

1,99% (2 h) 9, 92% (8 h)

up to 99% yield
(@)
| H
e {
T OO
6, 99% (2 h) 74,99% (2 h)
Os_H
H
SACINGS
R

35, R=H, 96% (4 h)

27,91% (6h) 45, R=Cl, 95% (5 h)

Scheme 17 Cu(i)-(dppe)-catalyzed reduction of CO, to formamides using amines and PhSiHz.2°

a large steric hindrance has a great impact on the reaction activity.
Some regionally selected formylated products like N+(2,2,6,6-
tetramethylpiperidin-4-yl)formamide 71 that is a precursor of the
highly functional 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
derivative, were synthesized. When the substrate was aniline and
its derivatives, the electron-donating group attached in the C4-
position of the aromatic ring facilitated the formylation reac-
tion.** However, when the substrates are attached with the
electron-withdrawing groups, the reaction cannot occur, e.g., for
the synthesis of 40 (yield < 1%) (Scheme 16).

The complex [Ir(H)(CF5SO3)(NSiN)(coe)] (NSiN = bis(pyridine-
2-yloxy)methylsilyl fac-coordinated) was used as a catalyst for the
synthesis of silyl carbamates in the absence of solvents. The
method was then applied to the reductive amidation of CO,, but
the formylated products were obtained in very low yield.** In 2016,

Zhang and coworkers* used bis(diphenylphosphoino)ethane (L8)
(Fig. 2) as a ligand of Cu. The Cu(OAc),-L8 as a highly effective
catalyst for reductive amidation of CO, without any solvent in the
presence of PhSiH; under room temperature and 1 atm CO, with
only 0.1 mol% catalyst loading, giving the formylated products in
91-99% yields.? The influence of different ligands L5-L12 (L5,
bis(diphenylphosphaneyl)methane L6 (dppm), 1,2-bis(diphenyl-
phosphaneyl)benzene L7 (dppb), L8 (dppe), tricyclohex-
ylphosphane L9 (Cys;P), 9,9-dimethyl-9H-xanthene-4,5-diyl)
bis(diphenylphosphane L10 (xantphos), triphenoxymethane L11
(TPPi), and 1,4-bis(diphenylphosphaneyl)butane L12 (dppbt))
(Fig. 2) on the reactivity was also explored. It was found that
monophosphine ligands (L5, L9, L11) are inactive for the N-for-
mylation reaction, and bite angle (8°) of the ligand has an

[(dippe)Ni(u-H)j 1 mol% O RNH, O

CO, + EtsSiH )KOS.Et HN—
1atm 1 equiv. Et3B 10 mol% =i R H

THF,80°C, 1h 3 examples,

up to 85% yield
H
I H
onulea et
H ‘>*NH
H
16, 83% 21, 80% 87, 85%

Scheme 18 Catalytic reduction of CO, to formamides using amines and EtsSiH over [(dippe)Ni(u-H)],.8”
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important effect on the activity of the catalyst. The larger bite
angle is, the lower the yield of the formylated product (Table 8).>°

The catalytic system is suitable for aliphatic/aromatic
primary and secondary amines, and can selectively give mono-
formylated products with high yields for primary amines.*
Indoline can be also formylated to afford N-formylindoline 74 in
the catalytic system. For aniline with electron-withdrawing
groups, the formylated product can be obtained by increasing
reaction time. Amines with high steric hindrance required
longer reaction time to obtain higher yields of formylation
products, as in the case of 27 (Scheme 17).*° It is worth noting
that the catalytic system showed excellent catalytic activity in
the absence of solvents.

4.2 Ni-based complex

In 2013, Garcia and co-workers®” found that the intermediate
(Et3SiOC(O)H) in the process of CO, formylation could be ob-
tained in high yields using nickel complex [(dippe)Ni(p-H)], as
a catalyst after only 1 h, in the presence of 10 mol% of Et;B. So
this method is applied to reductive amidation of CO, in THF at
80 °C for 1 h with Et;SiH (Scheme 18).

4.3 Fe-based complex

Li and coworkers reported the esters were reduced to aldehydes
by iron complexes.*® In 2009, Beller et al. and Zhou et al. inde-
pendently reported that carbonyl iron complex was used as
a catalyst for the amide reduction to amine.*>*" In 2013, the
reduction of urea to formamidine using an iron complex as
catalyst was reported by Cantat and coworkers® for the first
time. Moreover, phosphorus-containing ligands proved to be
effective ligands for catalytic formylation of amines with CO,.**

View Article Online

RSC Advances

In 2013, Cantat and coworkers® screened different phosphorus
ligands (L4, L5, L7, and tris[2-(diphenylphosphino)ethyl|phos-
phine L13 (PP;); Fig. 2) to form complexes with Fe(acac), as
catalysts for reductive amidation of CO, in the presence of
PhSiH;. In THF reaction at room temperature for 18 h, the L13
and Fe(acac), in a molar ratio of 1: 1 as a catalyst (5.0 mol%)
could catalyze the N-formation of N-methylaniline 36 to afford 6
(vield > 95%) (Table 9).>*

It was found that the catalytic system was suitable for
aliphatic/aromatic primary and secondary amines. The amine
containing a functional group of carbonyl group could be for-
mylated to afford the corresponding product 46 (65% yield).>*
Imine and hydrazine could also afford the corresponding for-
mylated products 3 (8% yield) and 62 (26% yield), respectively.
However, the substrate with large steric hindrance has lower
activity, e.g., di-iso-propylamine being formylated to afford 22
(40% yield). For aniline and its derivatives, the substrate
attached with the electron-donating group was more active than
the electron-withdrawing counterpart.”® However, for primary
amines, diformylated products were obtained such as N-benzyl-
N-formylformamide 21’ and N-formyl-N-heptylformamide 52’
(Scheme 19), proving that the selectivity of the catalytic system
was low for primary amines.*

4.4 Ru-based complex

To achieve industrialize reductive amidation of CO,, it is highly
desirable to develop new catalysts that can promote reductive
formylation at low catalyst loads and ambient temperatures.
Based on the general metal catalytic reduction of CO,, the
common intermediate is the metal hydrogen intermediate.®***
Meanwhile, it is speculated that the strong electron donor

Table 9 Iron-catalyzed formylation of N-methylaniline using CO, (ref. 21)
g o
~ Catalyst 5.0 mol%
+CO,+ PhSiH, ) : h
, THF, rt., 18 h H
1bar 1 equiv.
36 6
Ligands:
PPh, PPh; 5
( oy 0 ),
PPh; PPh,
L4 dppp L5 PhgP L7 dppb L13 PP,
Entry Catalyst Yield [%]
1 Fe(acac), + L13 (1: 1) >95
2 Fe(acac), <1
3 L13 <1
4 Fe(acac), + L5 (1:4) <1
5 Fe(acac), + L4 (1:2) <1
6 Fe(acac), + L7 (1:2) <1

This journal is © The Royal Society of Chemistry 2020
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R\ Fe(acac), + PP; (5 mol%) R\ O
NH + COz+ PhSiHy— T N
R 1atm 1 equiv. i R H
19 examples,
yield > 99%
Selected examples: | H
—/ 9 4( O N.__O N.__O
N— N— b b
—/ H AQ H H H
19, > 95% 22, 40% 6, > 95% 35, 79%

\21, 79% 21, 17%
e
v D
»—H
NH N
=0
59, 70% 75, < 1%
hig
T
3, 8%

O O
AUATY wﬁH

H” 0

\ 52, 45% 52", 25%
g

H>: Ph
0 G N0
Ot
Ph H

46, 65% 62, 26%

Scheme 19 Fe-base complex catalytic reductive amidation of CO, using amines and PhSiHz.2*

ability of NHC ligands can increase the nucleophilicity of metal
hydrides, thus promoting the reduction of CO,. In addition,
bis(NHC) rhodium complexes as effective catalysts for hydro-
silylation of ketones have also been reported.”® In 2015, Nguyen
and co-workers® reported the alkyl-bridged bis(tzNHC) (tz =
1,2,3-triazol-5-ylidene) rhodium complexes used as a catalyst for
N-formylation of amines with CO, in the presence of Ph,SiH,.
The catalytic system had high catalytic activity and selectivity for
aliphatic, primary and secondary amines, and aromatic amines.
At the same time, the catalytic system can tolerate some
reducible functional groups such as alkenyl (giving N-allyl-N-
butylformamide 78), alkyne (giving N-butyl-N-(prop-2-yn-1-yl)
formamide 79), and carbonyl (giving methyl N-butyl-N-for-
mylglycinate 80). Generally, amines with large steric hindrance
have relatively low activity such as 59 (60% yield). For aniline
and its derivatives, the activity of substrates attached electron-
withdrawing groups is lower than that of substrates attached
electron-donating groups such as 18 and 15 (Scheme 20).
Although reductive amidation of CO, was achieved at lower
catalyst loads (0.1 mol%) and lower temperatures (25 °C),
a relatively high pressure (25 atm) was required.

33990 | RSC Adv, 2020, 10, 33972-34005

4.5 Zn-based complex

In 2015, Yang and co-workers® designed and synthesized
a fluoro-functionalized polymeric NHC-Zn complex (F-
PNHC-Zn) as a stable catalyst for the formylation of amines
with CO, and PhSiH;. N-Methylaniline was used as
a substrate to study its application range, and corresponding
formylation products were obtained in medium yields for
amines attached with electron-withdrawing groups
(Scheme 21).

The Lewis base-transition metal center (LB-TM) catalytic
system could activate H, effectively.”® In 2017, Luo and
coworkers®® designed and synthesized an interesting catalyst
system that integrates ILs [BMIm|Br, tetrabutylamine bromide
(TBAB) and salen transition metal complex Zn(salen) into the
binary catalytic system (Fig. 3), because the chiral ligands of
large rings have proven to have the stronger electron-donating
capacity.””*®

The synergies between LB and transition metal center acti-
vate the hydrosilane and promote reductive functionalization of
CO, to formylated products in the presence of amines. More-
over, the synergistic effect between the two has experimentally

This journal is © The Royal Society of Chemistry 2020
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up to 99% yield
Selected examples:

o o) Os_H 0
MN)J\H >\‘—H Y N)J\H
2 H %*NH AN
17, quant. 59, 60% 76, quant. 23, 99%
e A ~AT
! NS N\ N">Co,Me
74,nd. (24h) 78, quant. (24 h) 79, 63% (24 h) 80, 90% (24 h)
H
o
R H

15, R=OMe, 95% (24 h)
18, R=Br, 40% (24 h)

Scheme 20 Bis(tzNHC) Rhodium complexes catalytic reduction of CO, to formamides using amines and Ph,SiH,.%*

R'\NH - F-PNHC-Zn 5mol% R\ 0O
+ + i
K 2% PhSIHs ™ e g0 C. 24 h R/N (
1atm 3 equiv. H
7 examples,

up to 85% yield

6, R=H, R'=H, 71%
| 30, R=H, R'=CH3, 81%
R N.__O 32, R=H,R'=Cl, 72%
D/ \I& 33, R=CH3, R'=H, 85%
38, R=H, R'=F, 65%

53, R=H, R'=Br, 61%
60, R=Cl, R'=H, 66%

Scheme 21 F-PNHC-Zn catalytic reduction of CO, to formamides using amines and PhSiHz.>4

proved that Zn(salen) and 1.0 mol% TBAB were used alone to obtained in the yield of ca. 37% and 80%, respectively (Fig. 4A).
induce the N-formylation of substrate 36 at 40 °C and CO, However, at the temperature of 25 °C and CO, pressure of
pressure 1.5 MPa for 24 h, and the formylated product 6 was 0.5 MPa, the single-component catalyst was basically inactive,

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 33972-34005 | 33991
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Fig. 3 The catalysts consist of different ionic liquids and Zn(salen).®®
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Fig. 4 Kinetic curves from the N-formylation reaction of N-methylaniline, CO,, and PhSiH3 catalyzed by the (A) one-component Zn(salen) or (B)
Zn-(salen)/TBAB bicomponent catalyst. Reaction conditions: 10 mL stainlesssteel autoclave, N-methylaniline (1.0 mmol), PhSiHz (1.0 mmol),
Zn(salen) (0.5 mol%), TBAB (1.0 mol%), CO, pressure (0.5 MPa or 1.5 MPa), reaction temperature (25 °C or 40 °C).°¢

but the two-component catalyst consisting of Zn(salen) and
TBAB could afford the formylated product 6 in 99% yield after
7 h. The reaction could be finished after 3 h by increasing the
temperature to 40 °C and the CO, pressure to 1.5 MPa (Fig. 4B).
It's worth noting that the catalytic system could be reused for 5
times without loss of reactivity.”®

Both ILSZ1 and ILSZ2 are efficient for a wide range of
amines, including aliphatic/aromatic primary and secondary
amines, hydrazine (giving 62), and imines (giving 3), and can
tolerate the carbonyl group (giving 46).”* However, during the
formylation of primary amines, the presence of bisformylation
led to a decrease in the selectivity of the reaction such as 16/, 20/,
and 35'. Aniline and its derivatives could afford the formylated
products in moderate to excellent yields, in addition to
incomplete formylation of the substrate 11. Moreover, when the
steric hindrance of substrate increased, the reaction could not
take place, generally unable to give e.g., the formylated product
70 (Scheme 22).

4.6 Mn-based complex

In 2019, the group of Li reported the formation of Mn-based
complex with ligand 2-(dicyclohexylphosphaneyl)-9-(pyridin-2-
yl)-9H-carbazole (Fig. 2, L14) and Mn as the catalyst for reduc-
tive amidation of CO,.*® Interestingly, double and mono N-for-
mylation of primary arylamines with CO, and PhSiH; could be

33992 | RSC Adv, 2020, 10, 33972-34005

obtained selectively by changing the experimental parameters
(Scheme 23).

5 Solvent promoted N-formylation of
amines with CO,
5.1 Dimethylsulfoxide (DMSO)

Cantat and co-workers®® reported the reaction of formylation of
amine and CO, catalyzed by NHCs, and proved that the nucle-
ophilicity and basicity of NHCs played a key role in activating
the Si-H bond of the hydrosilane to promote the reductive
amidation of CO,. Considering that amines are also nucleo-
philic and basic, it may be possible to activate the Si-H bond in
a similar way to the NHCs. But the problem is that nucleophi-
licity and basicity of amines are not enough to activate the Si-H
bond. According to reports, solvents can regulate the nucleo-
philicity and alkalinity of amines.*®'** Therefore, In 2016, Lv
and co-workers'* reported that without any catalyst, the effect
of different solvents on the formylation of an amine with CO,
and PhSiH; at room temperature. An experiment using 25 as
a model substrate found that the formylated product 1 was
obtained quantitatively in the polar aprotic solvent such as DMF
and DMSO. For less polar or no polar solvents, the reaction
cannot occur successfully. The effect of amine on hydrosilane

This journal is © The Royal Society of Chemistry 2020
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Scheme 22 ILSZ1 and ILSZ2 catalytic reductive amidation of CO, using amines and PhSiHz.%¢

O
>\—H i) CO, (1 atm), PhSiH3 (2 equiv.), 12 h
Mny(CO)40 (0.5 mol%) R—NH
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R—NH,+ CO, + PhSiH;

CH4CN, r.t. 0
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R-N i) CO, (15 atm), PhSiH; (4 equiv.), 24 h
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Scheme 23 Mn-based complex catalytic reduction of CO, to formamides using amines and PhSiHz.%°
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Table 10 The effect of different solvents on the reaction®?

/\ Solvent / \ O
d  NH+COp+ PhsH;— — =0 N4
rt.,24h N/
1 atm 1.5 equiv. H
25 1
Entry Solvent Yield [%]
1 n-Hexane N.R.
2 Benzene N.R.
3 Toluene Trace
4 THF Trace
5 1,4-Dioxane Trace
6 CHCl, N.R.
7 CH;CN 12
8 DMF >99
9 DMSO >99

was mainly influenced by the polarity of the solvent
(Table 10).*

It is worth noting that the simple solvent catalytic system
could be widely applied for the formylation of aliphatic/
aromatic primary and secondary amines and hydrazine
(giving N'-phenylformohydrazide 84)."> In primary amines,
monoformylated products were obtained selectively and
quantitatively. In aniline and its derivatives, substrates with
C4-attached electron-donating and electron-withdrawing
groups could also afford corresponding formylated prod-
ucts 15 and N-(4-fluorophenyl)formamide 83, respectively
(Scheme 24).1°2

View Article Online

Review

5.2 vy-Valerolactone (GVL)

Although many efficient catalytic systems have been reported,
there is no doubt that the development of a simple, efficient,
non-toxic and renewable catalytic system for the formylation of
amines and CO, to produce methylamine is still very important.
At present, the use of bio-derived compounds to achieve
sustainable catalysis is a hot field."*"°® GVL as a bio-derived
compound has the advantages of low toxicity, biodegrad-
ability, low steam, and widely existent in fruit.’*”'*® In 2016,
Song and co-workers'* reported the use of PhSiH; as a reducing
agent in the presence of amine for the GVL-promoted the CO,
reductive functionalization to afford formylated products. The
catalytic system is suitable for most aliphatic/aromatic primary
and secondary amines. In the product distribution of primary
amine, although there are also diformylated products N-formyl-
N-phenylformamide 35" and N-formyl-N-octylformamide 51,
monoformylated products 34 and N-octylformamide 51 were
the main products. For aniline and its derivatives, the reaction
activity could be improved by attaching the electron-donating
groups in C4 of the aromatic ring. It is necessary to extend
the reaction time to obtain the ideal yield or the reaction is not
performed when the electron-withdrawing group is connected
in C4 of the aromatic ring (Scheme 25).'° However, relatively
high CO, pressures (30 atm) were required in this simple
catalytic system.

Solvent play a vital role in the process of reductive amidation
as well, in the presence of catalysts. It can effectively promote
the generation and separation of carbaminate, thus increasing
the nucleophilicity of carbaminate to improve the reaction
activity of the catalytic systems."’

R\ bmso _ R\ 0O
NH+ CO, + Ph&%m’ /N—/<
R 1atm 1.5equiv. R H
20 examples,

Selected examples:

up to 99% vyield

0] OYH H
/HsSHJKH NS /©/N\|f0
R

81, 99%

82, 99%

35, R=H, 97%
15, R=OMe, 95%
83, R=F, 82%

| e
N\(O N\N)J\H
©/ H ©/ H OQ“TO

6, 95%

84, 59%

85, 89%

Scheme 24 DMSO promoted the reduction of CO, to formamides using amines and PhSiH3.102
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H
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H

R=H, 96% (3 h)
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Scheme 25 GVL-promoted the reduction of CO, to formamides using amines and PhSiH3.2%°

Table 11 NHC- and amine-catalyzed N-formylation of morpholine by CO, (ref. 16)

O/ \NH co Catalyst 5 mol% O/ \N4<O

+ + i
\__/ 2* ReSH = ThE tt, 1h . AL !

25 b. THF, 100 °C, 24 h 1
Catalysts:

NMe, R’ & & R’
N N J X N\/N
/)\ N = R2 " R2
N ” N N R R

TBD DBU DMAP IPr: R'=i-Pr, R?=X=H
Cl,-IPr: R'=-Pr, R?=H, X=ClI
Entry Catalyst Yield [%] pKa Ref.
1 TBD 65 14.47 16
2 DBU 15 12 16
3 DMAP <5 9.2 16
4 IPr 99 — 28
5 Cl,-IPr 35 — 28

6 The influencing factors of the N-
formylation of amine and CO,
6.1 Effect of the catalyst basicity

Among the reductive amidation of CO, catalytic systems re-
ported at present, the base catalytic system is the main one.

This journal is © The Royal Society of Chemistry 2020

NHCs can catalyze a wide range of amines to afford desired
formylated products in good to excellent yields owing to its
strong basicity. So the basicity of the catalyst has a great influ-
ence on the reaction. Cantat et al. demonstrated that the cata-
Iytic activity of the IPr was significantly higher than that of the
Cl substituted IPr (Cl,-IPr), and the decreased reactivity was due

RSC Adv, 2020, 10, 33972-34005 | 33995
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Table 12 The effect of different halogen anions on the reaction®*
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> . catalyst 10 mol% \(
+ COZ + PhS|H3 t H
r.t
1 atm
36 6
T
Entry Catalyst [h] Yield [%]
1 TBAI 20 2
2 ABAB 20 6
3 TBAC 20 65
4 TBAF-3H,0 6 99
1000 = 1000 1 - 100.0 T
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Fig.5 The dependency of reaction yield on the pKj, of the catalyst in DMSO in the N-formylation of (a) N-methylaniline, (b) 3,5-dimethylaniline,

and (c) benzylamine.***

to lower basicity.”® The same results were also observed in the
TBD catalytic system (Table 11).*

In IL and salt catalytic systems, Hao et al.* demonstrated
that the driving force of catalytic activity was mainly anion. The
catalytic activity sequence of different halogen anions was I" <
Br~ < CI” < F~. The higher basicity the more enhanced the
catalytic activity (Table 12).

Dyson et al.'** expressed the basicity of the catalyst by the
conjugate acid pK, of the catalyst and proved that the basicity
of the catalyst had an important influence on the reaction. In
the formylation of N-methylaniline, the pK, value of the cata-
lytic system was between 4-7.5 and the reaction activity
increased linearly. The catalytic system with pK, of 4.0 had no
reactivity, while that with pK, of greater than 7.5 was almost
unchanged (Fig. 5). Therefore, before designing an effective
catalytic system, the basicity of the catalyst should not be
neglected.

6.2 Effect of the hydrosilane as reductant

Hydrosilane is an effective reducing agent for the formylation of
the amine with CO,, so the effects of different hydrosilanes on
the reaction of reverse reductive functionalization of CO, to
formylation products were briefly summarized. Hydrosilane
completely replaced by alkyl or phenyl groups showed lower
reduction activity (Entries 1 and 2, Table 13). Secondly,

33996 | RSC Adv, 2020, 10, 33972-34005

oxosilane showed moderate reducing activity. Cantat and co-
workers®® reported that oxysilane PMHS used as reducing agent
for reductive amidation of CO, could afford formylated product
1 in 90% yield (Entries 6, 1a, Table 13). Meanwhile, He and co-
workers'? also reported ((EtO);SiH) as a reducing agent for the
synthesis of formylated product 1 (86% yield). In addition, our
research group® and Cantat et al.*® also obtained the same
results (Entries 4, 6a, Table 13). So far, PhSiH; shows the
strongest reducibility in most reported catalytic systems to
promote reductive amidation of CO,. Our research group®
found that the reduction activity of Et;SiH was lower than
(EtO);SiH, indicating that the electronic effect had an important
influence on the reductant. In the phenyl substituted hydro-
silane, the trend order of reducing activity was PhSiH; >
Ph,SiH, > Ph;SiH, indicating that the steric hindrance of
hydrosilane was high to reduce its reduction activity.

6.3 Effect of the reaction temperature and CO, pressure

In the formylation of the amine with CO, and hydrosilane, the
reaction temperature and CO, pressure are the important
factors influencing the reaction, because the control of the two
factors can selectively give formylation products. In 2014, Can-
tat and co-workers®* first reported that different reductive
degrees of formylation products are obtained by different
reaction temperatures, and the low temperature can selectively

This journal is © The Royal Society of Chemistry 2020
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Table 13  Effect of different hydrosilanes on the formylation of amines with CO,

O
O NH +CO,+ RSH —= O N
\__/ S \/_/<

25

H

1a, IPr 5 mol%, THF, r.t., 24 h

1b, TBD 5 mol%, THF, 100 °C, 24 h

H
N

9y

36

|
N__O
~N
+CO0,+ RySH —= ©/ f

6a, 6 mol% ACH-AA, CH3CN, 50 °C, 6 h
6b, 5 mol% HCOOCs, CH3CN, 50 °C

Entry Hydrosilane Yield [%] of 1a*® Yield [%)] of 1b*® Yield [%)] of 6a®” Yield [%)] of 6b""?
1 Et,SiH — — 0 0

2 Ph,;SiH 4 0 - 0

3 Ph,SiH, - 33 8 3

4 (EtO),SiH 28 46 56 86

5 TMDS 43 — — 0

6 PMHS 90 — 16 30

7 PhSiH; 99 65 66 7

provide formylation products. Dyson and co-workers*® also ob-
tained formylated products at a lower temperature of 50 °C,
while the methylated product was obtained when the temper-
ature rose to 100 °C. Our research group also reached this
conclusion (Table 14).*” Another possible consequence of high
temperatures is to affect the solubility of CO,.

In 2018, He and co-workers® reported that the formylation
products were obtained by controlling CO, pressure at a higher
CO, pressure of 2 MPa. Due to the increase of CO, concentra-
tion at a higher pressure, the complete consumption of
reducing agent hydrosilanes can stop the CO, reduction at the
formylation stage (Table 15). Therefore, low temperature and
high pressure are conducive to reductive amidation of CO,.

Table 14 Effect of the reaction temperature on the formylation of the amine with CO, and hydrosilane

; Ao
~
O/ +CO,+ PhSiH;— ©/ f

36 6¢c, 5 mol% Fe(acac), + PP3, THF, 18 h
6d, 6 mol% ACH-AA, CH;CN, 6 h
H
NH, NYO
/©/ + CO, + PMHS /©/ H
MeO MeO

86 15a, 7.5 mol% NSC, DMA, 15-24 h
Entry T [°C] Yield [%] Ref.
1 RT >95 (6¢) 21
2 100 75 (6¢) 21
3 50 83 (6d) 67
4 100 N/A 67
5 RT 66 (15a) 33
6 70 10 (15a) 33

This journal is © The Royal Society of Chemistry 2020
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Table 15 Effect of the CO, pressure on the formylation of the amine with CO, and PhSiH3 (ref. 82)

H
N

~N K2WO4 7.5 mol%

+CO, + PhSiH,

&

CH3CN, 70 °C, 12 h

(j&fo

6

CO, pressure

Yield [%]

36 4 equiv.
Entry
1 1 bar
2 2 MPa
Dew OO
T N—
A r/N Ar {,1(\\
o
H- H H
~0 I I
| 0:2.0
o M
R' R” R
[NHCH][RR'NCOO] [TBDH][RR'NCOO]

Fig. 6 Catalyst stabilized carbamate.

7 Mechanism of the N-formylation of
amines with CO,

To increase the application range of CO, and develop more
efficient and sustainable catalytic systems, the mechanism of

R3SiOH R'R2NH

R' 0
W

Y
O

Trace
95

the N-formylation of amines with CO, catalyzed by a large
number of organic catalysts has been reported. Li and Zhou
found that the real role of NHCs in catalyzing reductive ami-
dation of CO, was neither the mode of activating Si nor the
mode of activating CO,. One of the most likely activation
modes, the “Sn2@Si-acceptor”, was proposed.’™ The reaction
first forms NHC-CO, adduct, and in the presence of amine,
carbamate is generated and stabilized to produce carbamate
[NHCH][RRNCOO)] by catalyst NHCs or polar solvent, and then
activated to reduce CO, to generate intermediate formoxysilane
and finally react with the amine to get the product. DFT calcu-
lation by Wang and Cao'* also proved the existence of this
intermediate and transition state. When the organic superbase
TBD was first applied to the formylation of CO,, the possible
mechanism was also extensively reported. Cantat et al. also re-
ported the generation of [TBDH| [RRNCOO],'* and the DFT
calculation'® showed that the activation of hydrosilane to
reduce CO, by [TBDH]| [RRNCOO] was more favorable. By

R2 H R'Il"Si— ~ R3SIH
/ X
R
HCO,
R R R |
X_Si-IIR' ‘:\
\ X—Si—H
Rll |
Rll
HCO, o9 B

Scheme 26 N-Formylation reaction with a TBAF catalyst.*
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Scheme 28 The mechanism of the N-formylation of amines with CO, and hydrosilanes.

comparing the actions of the two catalysts, it is found that the
same is that both of them can stabilize the newly formed
carbamate as a base-catalyzed reaction. The only experiment
that is not consistent with this result is that the CO, reduction
rate is reduced when N,N-diphenylthiourea as a co-catalyst.*
However, the true behavior of N,N'-diphenylthiourea in the
TMG catalytic system has not been reported (Fig. 6).

It is a fact that TBAF can activate the hydrosilicone in
carbonyl reduction.’*'** TBAF was used as a catalyst for
reductive amidation of CO,, and the possible mechanisms were
also proposed (Scheme 26).°> Salt mainly attacks hydrosilanes
by nucleophilic anions to make CO, embedded in the Si-H
bond of hydrosilanes, thus achieving reduction purpose. Most
salts include TBAF, Cs,CO3, GB, and various carboxylates in this
way.

In 2018, Dyson and co-workers reported the mechanistic
study of N-formylation with ILs [TBA][OAc] catalyst, and three
possible pathways were proposed to depend on the nucleo-
philic of the substrate and reaction conditions (Scheme 27).
Pathway 1 favors other paths (pathway 2, 3) when the substrate
is non-nucleophilic amines in the presence of a catalyst, and
the formoxysilane intermediate can be obtained. Pathway 2 is
the process of amine-assisted formoxysilane intermediate
formation. And the catalyst is used as a base to stabilize in situ
generated carbaminate. Pathway 3 is more favorable when the
substrates are strongly nucleophilic amines. And the silylcar-
bamate intermediate can be obtained. In the presence of the
excess amount of hydrosilane, the silylcarbamate intermediate
can directly afford formylated products. Without the excess
amount of hydrosilane, silylcarbamate can afford for-
moxysilane intermediate. At the same time, the amine/CO,/
carbamate/carbonate equilibrium is established."® In
pathway 2 and 3, a base catalyst to stabilize in situ generated
carbaminate. The action of ILs catalyst is similar to that of an
organic catalyst.

34000 | RSC Adv, 2020, 10, 33972-34005

Generally, strong acid anions are not basic enough to
support the formation of carbaminate, while can activate the
hydrosilane by attacking hydrosilane directly as a nucleo-
phile (like pathway 1). Therefore, the activation of hydro-
silane by carbamate is more popular than other nucleophiles
as long as a sufficiently alkaline catalyst is present in the
reaction, and generally has better reactivity as a base catalyst
than as a nucleophile.’ In ILs and salt catalytic systems, ion
pairing can have a detrimental effect on the catalytic activity.
Dyson and coworkers combined ion pairing energies with
nucleophilicity and basicity data on the anion, to obtain
structure-activity relationships between the salt catalyst and
its catalytic activity and optimize the N-formylation
reaction.!

In the study of the catalytic mechanism of inorganic salts, it
was found that the anions of salts seemed to activate hydro-
silanes as nucleophiles.”” However, the cations of salts did not
participate in the reaction but may affect the solubility of
catalysts. Based on already built amine/CO,/carbamate/
carbonate equilibrium, carbaminate may also be formed in
the process of inorganic salt catalytic reductive amidation of
CO,.

From the distribution of products in the catalytic systems, it
is found that in reductive amidation of CO,, both the mono-
formylation products and diformylated products are obtained.
At the same time, when considering the effect of temperature on
the reaction process, it can be found that methylated products
are mainly obtained at high temperatures. It is indicated that
side reactions such as bisformylation and N-methylation often
occur in the reductive amidation of CO,. Based on the previous
studies, the overall reaction mechanism is summarized in
Scheme 28.

However, in the 1,3,2-diazaphospholene catalytic system, the
intermediate formoxysilane is given in a different way. The
catalytic system is different from the metal-free catalysis. The

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05858k

Open Access Article. Published on 14 September 2020. Downloaded on 3/17/2026 1:45:37 AM.

Review

508

CO, first forms NHPOCOH with the catalyst, which has ionic
properties, rather than the NHC-CO, adducts formed at the
initial stage of the reaction as in the NHCs catalytic system.
Then, in the presence of hydrosilane, the main intermediate of
N-formylation formic acid derivative Ph,Si(OCHO), was formed.
Because the Si—O bond was more stable than the P-O bond, the
amine hydrolysis resulted in the formation of amides, and the
possible reaction mechanism was proposed (Scheme 29).*”
The catalytic mechanism of transition metal complexes has
also been studied. In 2015, Nguyen and co-workers® applied
Rh-based complex to catalyze reductive amidation of CO,, and
the possible reaction mechanism was proposed (Scheme 30).
First, the auxiliary ligand is dissociated, and then the rhodium
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Scheme 29 The mechanism of the 1,3,2-diazaphospholene catalytic N-formylation of amines with CO, and Ph,SiH,.>”

catalyst is oxidized and adducted with Ph,SiH, to form
a reductive silica-based rhodium intermediate. This interme-
diate then promotes the reduction of CO, hydrogenation to the
rhodium silyl formate. Finally, a simple addition elimination
reaction is performed to obtain the desired formylation
product.

Later in 2016, the mechanism of Cu-based complex catalytic
N-formylation of amines was also proposed by the group of Han
(Scheme 31).2° The mode of activation of hydrosilane by tran-
sition metal complexes is different from that of organic cata-
lysts, ILs, and salt catalytic systems. At the initial stage of the
reaction, M-H complex®** with reducing capacity is formed.
The CO, is then embedded into the activated Si-H bond to form

Ph,SiH,
SiPh,
1R2 Bis(tzNHC)Rh===[Rh]") H[Rh]i(_lim CO,
phgtsi~ O~ N R ~CRplex A
OH
O.__NR'R? \
1 Ph,Si” PhySi" Osc.
R\ O ,[Rh](m)OH Rh] D) @)
N—< + Rgsion H piRN
R H
A
0._0
Ph,Si~
(llry
RH"H
(Ph,SiH),0 AR

Scheme 30 The mechanism of the Rh-based complex catalytic N-formylation of amines with CO, and Ph,SiH,.%*
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Scheme 31 The mechanism of the Cu-based complex catalytic N-formylation of amines with CO, and PhSiH3.2°

cuprum silyl formate, and finally undergoes a simple addition
elimination reaction to produce a formylated product in the
presence of an amine.

8 Conclusions and perspectives

In this review, four catalytic systems, including organic, IL and
salt, transition metal complex, and solvent catalysis have been
reviewed. The biggest advantage of the organic catalytic system
is that it can avoid the pollution caused by metals and can be
widely applied to various amines, such as NHC, so it can be used
as an alternative and relatively green method to promote the
reductive functionalization of CO,. IL and salt catalytic systems
are considered to be outstanding catalytic systems. Firstly, such
catalytic systems can promote the reductive formylation of CO,
by using simple salts. Secondly, the performance of the catalytic
system is adjustable, and the efficient catalyst can be designed
according to the interaction between anions and cations in the
catalyst. Finally, the reductive formylation of CO, can be ach-
ieved by internal salt structure lecithin, GB, and biological
derivative acetylcholine. Sustainable catalysis by natural prod-
ucts and derivatives is a hot research field at present. With these
three advantages, this kind of catalytic system has great
potential. As for transition metal complex catalytic systems, the
use of metals and toxic ligands limits the development of such
catalytic systems, leading to organic catalytic systems as an
alternative to such catalytic systems. However, it is interesting
to note that a two-component catalytic system with IL and metal
complex can facilitate reductive formylation of CO, at a lower
load due to the synergistic effect between the two. It is proved
that this kind of catalytic system also has a certain development
prospect. As the solvent promoted CO, reductive formylation is

34002 | RSC Adv, 2020, 10, 33972-34005

the simplest catalytic system, it is of great significance to
develop environmentally friendly solvent catalyzed reductive
functionalization of CO,.

The applications of various catalytic systems are summa-
rized and found that larger space steric hindrance of the
substrate showed lower activity, while secondly lean electronic
substrate against reaction is due to weak alkaline. In aniline
and its derivatives, once the substrates attached to the electron-
absorbing group are less active than those attached to the
electron-giving group, especially substrates with para-nitro-
bonded substrates have low or no activity in many catalytic
systems. The formylation of primary amine is usually accom-
panied by the presence of bisformylation. The general mode of
action of catalysts follows the base catalysis mode. The main
influencing factors of the reaction were emphasized and it was
found that low temperature and high pressure could selectively
produce formylation products.

Although many excellent catalytic systems have been re-
ported, there are still some deficiencies in these catalytic
systems:

(i) For organic catalytic systems, the selectivity for primary
amines is low due to the presence of diformylation. In addition,
high load and long reaction time are often needed in the cata-
Iytic process. It is necessary to design catalytic systems with
renewed modes for activation of hydrosilane to break these
limits.

(ii) For ILs and salt catalysis systems, the design and prep-
aration of ILs are complex. However, if simple and efficient ILs
based on natural products or biological derivatives can be
designed, it will be more conducive to the sustainable trans-
formation of CO,.

This journal is © The Royal Society of Chemistry 2020
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(iif) Leaching of metal species the use of toxic ligands may
cause serious environmental issues that should be taken into
consideration for transition metal complex catalytic systems.
Therefore, catalyst stability and reusability should be
considered.

(iv) The extensive use of toxic solvents (e.g., DMF) in catalytic
systems will also cause great damage to the environment. It is
necessary to develop environmentally friendly solvents to
promote the formylation of amines with CO,.

List of abbreviations

ILs Ionic liquids

NHCs N-heterocyclic carbenes

NHC N-heterocyclic carbene

IPr 1,3-Bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-
imidazole

PMHS Polymethylhydrosiloxane

TMDS Tetramethyldisiloxane

aNHC Abnormal N-heterocyclic carbene

DMA N,N-Dimethylacetamide

DMF N,N-Dimethylformamide

THF Tetrahydrofuran

DMSO Dimethylsulfoxide

GVL v-Valerolactone

LA Lewis acid

LB Lewis base

NHP-H 1,3,2-Diazaphospholene

TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene

Me-TBD 1-Methyl-1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-
alpyrimidine

DMAP N,N-Dimethylpyridin-4-amine

DABCO 1,4-Diazabicyclo[2.2.2]octane

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-en

T™G N,N,N,N-Tetramethylguanidine

BTMG 2-Butyl-1,1,3,3-tetramethylguanidine

BMIm 1-Butyl-3-methylimidazolium

[BMIm]CI  1-Butyl-3-methylimidazolium chloride

[BMIm|Br  1-Butyl-3-methylimidazolium bromine

[HMIm]Cl  1-Hexyl-3-methylimidazolium chloride

[BAMIm]Cl 1-Butyl-2,3-dimethylimidazolium chloride

[BMP]CI 1-Butyl-1-methylpyrrolidinium chloride

TBA Tetrabutylammonium

TBAF Tetrabutylammonium fluoride

TBAC Tetrabutylammonium chloride

TBAB Tetrabutylammonium bromine

TBAI Tetrabutylammonium iodide

GB Glycine betaine

ACH-AA Acetylcholine-carboxylate

L1 1,2-Bis-(diisopropylphosphino)-benzene

L2 1,2-Bis(diphenylphosphaneyl)benzene

L3 1,2-Bis(dicyclohexylphosphaneyl)benzene

L4 (dppp)  1,3-Bis(diphenylphosphaneyl)propane

L5 (Ph;P)  Triphenylphosphane

L6 (dppm) Bis(diphenylphosphaneyl)methane

L7 (dppb)  1,2-Bis(diphenylphosphaneyl)benzene

L8 (dppe)  1,2-Bis(diphenylphosphaneyl)ethane

L9 (CysP)  Tricyclohexylphosphane
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L10 (9,9-Dimethyl-9H-xanthene-4,5-diyl)

(xantphos)  bis(diphenylphosphane)

L11 (TPPi) Triphenoxymethane

L12 (dppbt) 1,4-Bis(diphenylphosphaneyl)butane

L13 (PP;)  Tris[2-(diphenylphosphino)ethyl]phosphine

L14 2-(Dicyclohexylphosphaneyl)-9-(pyridin-2-yl)-9H-
carbazole

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl

LB-TM Lewis base-transition metal center

[TBAJ[OAc] Tetra-N-butylammonium
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