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Carbon dioxide (CO,) is an attractive C1 building block in chemical synthesis due to its abundance, avail-
ability and sustainability. However, the low reactivity and high stability generally limits its transforma-
tions under mild conditions to value added chemicals. Recent advances in flow chemistry provide effec-
tive means for the chemical transformation of CO,, and many new methods and techniques that fully
utilized the advantages of continuous flow platforms for the chemical fixation of CO, have been realized.
In view of the rapid development and the urgent need for continuous transformation of CO,, herein we
wish to present an update of the recent advances in this research area.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since pre-industrial times, the concentration of CO, in atmo-
sphere has gradually increased due to the combustion of fossil fu-
els to meet the world’s energy demand. This increase is generally
considered to be the main reason for the rise in atmospheric tem-
perature and probably abnormal changes in global climate [1,2].
During the past decades, great efforts have been made to reduce
the net amount of anthropogenic CO, released in the atmosphere
[3,4]. Among which, the development of chemical processes using
CO, as a promising alternative carbon-based C1 feedstocks of fossil
fuel resource for the production of industrially attractive chemicals
has received considerable attention [5-12]. Although the chemical
fixation of CO, cannot solve the global warming problem alone,
it could provide access to materials of commercial interest from
such an abundant, nontoxic, renewable, and low-cost carbon re-
source, thus offers interesting opportunities for the chemical in-
dustry, organic synthesis and so on [13,14]. However, as the end
product of all carbon-based combustion process and possessing the
highest oxidation state of carbon, CO, is thermodynamically sta-
ble and kinetically inert [15,16]. To power the conversion of CO,
to value-added chemicals, harsh reaction conditions of high tem-
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perature and high pressure are often required, which induces the
indirect production of additional CO, thus might offset the ben-
eficial effects of CO, transformation to chemicals [17-19]. In this
context, the development of novel system to enable the reaction
under mild conditions is highly desirable.

Recent advances in flow chemistry provide effective means for
the chemical transformation of CO, and its incorporation into valu-
able organic compounds, and it has attracted much attention from
both industry and academia due to their several well-defined ad-
vantages [20-25]. At first, the high surface area to volume ratio of
flow reactor not only permits sufficient mixing of different phases,
such as the gas CO, with liquid reaction system or immobilized
catalyst, but also enables precise temperature control. Such high
mass and heat transfer rate could increase the reaction efficiency
significantly, and also improve the process control effectively [26-
28]. Secondary, the excellent thermal management and the low
material hold-up in flow reactor could make its implementation
much safer in practice, thus enabling transformations that are diffi-
cult, or simply not feasible to perform in batch, and also facilitating
the rapid reaction optimization and streamline multistep processes
[29-31]. Thirdly, the numbering-up methodology for its production
throughput increase enables small flow reactors to produce com-
parably large quantities of product, thus largely reduces the time
from lab research to industrial application [32].

Despite these advantages, the application of flow chemistry on
CO, transformation remains a challenging task. Due to the inher-
ent low reactivity of CO,, many batch reactions often quite long
reaction times, but it is usually not amenable to flow conditions as
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Fig. 1. Schematic diagram of reaction device. Reproduced with permission [42].
Copyright 2019, Wiley-VCH.

the resulting low flow rate might lead to inefficient mixing. More-
over, depending on the operating conditions and reactor geome-
try, different flow patterns such as slug flow, annular flow, bubble
flow and churn flow might be formed, which influence the experi-
mental results directly. In this context, the operative parameters of
a continuous process will most probably differ substantially from
a batch process, and need to be accurately adjusted [26]. On the
other hand, the possible formation of carboxylic salt precipitation
might lead to irreversible blocking of the flow reactor, thus rep-
resents another obstacle in the implementation of batch reactions
into continuous flow. Furthermore, other problems such as the cat-
alyst recycling, product separation as well as the flow rate synergy,
solvent and/or waste compatibility for multistep reactions should
also be considered for CO, transformation under flow conditions.

Along with the rapid development of transformations employ-
ing CO, as a C1 synthon in batch conditions [33-41], reactions
with CO, in continuous flow systems has attracted more and more
attentions. Moreover, with the generation of new concepts, more
efficiency catalysts, and novel equipments, innovative approaches
have been reported for solving the above-mentioned challenges.
Despite ongoing progress, the only one comprehensive review in
this important and active research field was given by Jamison and
co-workers in the beginning of 2019 [42]. Since then, many new
methods and techniques that fully utilized the advantages of con-
tinuous flow platforms for the chemical fixation of CO, have been
realized. Multistep continuous synthesis of complex drugs using
CO, as C1 synthon have also emerged. In view of the rapid de-
velopment and the urgent need for continuous transformation of
CO,, herein we wish to present an update of the recent advances in
this direction. We will divide the literature reports by the reaction
types: the CO, participated cycloaddition and carboxylation reac-
tions. In each part, we will focus on the development of new cata-
lysts and equipments in flow chemistry. While the possible mecha-
nism, the synthetic utilization and the remaining challenges of cur-
rent transformations will also be discussed. We hope this concise
review can give inspiration to related researchers that how com-
petitive are these flow chemistry-based approaches for the con-
struction of valuable chemicals using CO, as C1 synthon. Notably,
flow chemistry should be seen as a powerful complementary tool
to assist modern synthesis programs, rather than a direct com-
petitor to batch chemistry. The schematic representations of some
common equipment that may be implemented in a flow platform
are illustrated in Fig. 1.

2. Cycloaddition of CO, with epoxide

The cycloaddition of CO, with epoxides to cyclic carbonates
represents one of the most important reactions utilizing CO,
as a chemical feedstock [43,44]. As an important class of com-
pounds featuring unique physical and chemical properties, cyclic
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Scheme 1. Si0,-C3Hg-P(n-Bu);Br catalyzed coupling of PO with CO,. Reproduced
with permission [48]. Copyright 2006, Royal Society of Chemistry.

carbonates have been frequently associated with numerous appli-
cations involving as environmentally friendly nonprotic solvents,
electrolytes in batteries, raw materials for plastics, precursors for
pharmaceutical intermediates and so on [45]. Although this reac-
tion has been developed about sixty years ago [46], it is kinetically
highly unfavorable due to the inherent high barriers, and usually
requires relatively high temperature and pressure [47]. Therefore,
the development of new catalytic systems as well as the refine-
ment of flow reactors to improve the reaction efficiency and pro-
duction capacity are highly desirable.

As early as 2006, Sakakura and co-workers reported the first
cycloaddition of CO, with propylene oxide (PO) to propylene car-
bonate (PC) in packed-bed reactor, by using SiO, immobilized
C3Hg-P(n-Bu)3Br as a synergistic organic-inorganic hybrid catalyst
(Scheme 1) [48]. Notably, the acidic inorganic silica support could
not only facilitate catalyst separation, but also promote the cat-
alytic activity of the basic phosphonium salt part. They found that
the pseudo-first order rate constant of SiO,-C3Hg-P(n-Bu)sl nor-
malized to a phosphorus atom was about 300 times larger than
that of P(n-Bu)4l. It was proposed that the acidic surface silanol
groups could interact and activate propylene oxide, thus playing a
synergistic role with halogen anion to promote the cycloaddition.
Finally, with 10 g SiO,-C3Hg-P(n-Bu);Br (8.5 mmol phosphorus) as
catalyst, the fixed-bed flow reactor experiment was performed un-
der 10 MPa with a propylene oxide flow of 0.1 mL/min (weight
hourly space velocity, WHSV=0.5 h~1) and CO, flow of 0.2 mL/min
by gradually raising the temperature from 90 °C to 160 °C. Finally,
>80% conversion of PO and >99.9% selectivity could be achieved
for more than 1000 h, with TON up to 11,500. This seminal re-
search clearly demonstrated the powerfulness of packed-bed reac-
tor and supported catalysts in CO, cycloaddition to propylene ox-
ide. From then on, a series of new supported catalysts were de-
veloped and successfully applied to the cycloaddition of CO, with
epoxides based on packed-bed reactors.

In 2015, Xiong et al. reported the cycloaddition of CO, to
epichlorohydrin 1 in a packed bed reactor under solvent free con-
ditions, using coconut shell activated carbon (CSAC) tethered ionic
liquids as catalyst (Scheme 2) [49]. Under 140 °C and 14 MPa,
with the flow rates of epichlorohydrin 1 at 1 mL/min and CO, at
50 mL/min, the CSAC tethered Bmim-COOH/Br could catalyze the
continuous reaction to give a stabilized 82% conversion after 50 h,
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with liquid hourly space velocity (LHSV) of 6 h™!. It was proposed
that the carboxyl group of the catalyst might form hydrogen bond
with oxygen in epichlorohydrin 1 resulting in the polarization of
C-0 bond, which facilitated the following nucleophilic ring open-
ing of Br~ and CO, insertion.

In 2017, Ding and co-workers synthesized a novel imidazolium-
based polymer supported ionic liquids PSIL{IMD), via the solvother-
mal copolymerization of vinyl functionalized imidazolium chloride
slat, and applied it to the flow conversion of CO, to PC in fixed-bed
reactor (Scheme 3) [50]. Under the catalysis of 0.3 g of PSIL(IMD),
the PO was continuously fed (15 pL/min) without any solvents un-
der 2 MPa of CO,, with gas hourly space velocity (GHSV) of 4000
h=1. During the study period of 130 h, PC could be obtained with
a yield ranging between 41% and 45%, demonstrating the catalytic
stability of PSIL(IMD). The performance of PSIL(IMD) under batch
conditions was also studied, and various cyclic carbonates could
be obtained in high yields with the S/C (substrate/catalyst) ratio of
127 under 2 MPa of CO, at 130 °C for 5 h. These results further
illustrated the high catalytic activity of the PSIL(IMD) catalyst.

In 2021, Garcia-Verdugo and Luis developed a novel type of
multifunctional polymers based on ionic liquid and Rose Bengal
(RB) fragments for the efficiently cycloaddition of CO, and epox-
ide [51]. By adjusting the nature of the supported ionic liquid-
like phases (SILLPs), the catalytic activity of RB fragments could
be fine-tuned, thus proving high activity and stability during the
continuous flow reaction conditions. As shown in Scheme 4, a pre-
heater was employed to heating the mixture of CO, (50 pL/min)
and styrene oxide 3 (5 pL/min) before contacting the supported
catalyst RB-SILLP. By fixing the reaction temperature at 150 °C, and
the total pressure of 140 bar, cyclic carbonate 4 can be obtained in
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53% conversion and >99% selectivity for 10 days, with a productiv-
ity of 1129 gcyciocarbonate/(8catalysch), among the higher productivi-
ties reported so far under continuous flow conditions. Moreover,
no appreciable leaching of RB or decay on the catalytic activity
was observed during the continuous operation. Based on system-
atic experiment studies it was proposed that the residual water
and RB fragments could benefit the formation of NHC fragment
from imidazolium unit. Then the reaction of NHC with CO, gave
zwitterionic NHC-CO,, which was considered to be the real cat-
alytic species to promoted the following ring opening of epoxide
and CO, insertion steps.

In 2021, a green and high-efficiency DBU-based ionic liquid cat-
alyst immobilized on SBA-15, DBU@SBA-15, was reported by Yin
and co-workers and applied to the cycloaddition of PO and CO, to
PC using packed bed reactors (Scheme 5) [52]. The cation [DBU]*
and anion [Br]~ grafted with SBA-15 could catalyzed the cycload-
dition in a synergistic manner. By performing the reaction under
2 MPa of CO, at 90 °C, with the PO flow rate of 0.1 mL/min, CO,
flow rate of 5 mL/min, 57.1% yield of PC could be achieved af-
ter continuous reaction for 2 hours. After 24 h of continuous use,
16.86% yield could also be maintained. But after 26 h, the cata-
lyst activity was lost with only 4% yield obtained. However, the
quality of the recovered catalyst was not leached out after con-
tinuous use for 30 h, demonstrating the stability of the catalyst. It
was proposed that the deterioration of the catalytic activity might
be caused by the occupation of active sites on the active center for
a long time by CO,, and adding co-gas or desorption of CO, after
a certain time were suggested to circumvent the deactivation.

Apart from supported ionic liquids, other novel heteroge-
neous catalysts are also developed and applied to the cyclic car-
bonate synthesis from CO, and epoxides. In 2020, Bui, Kon-
war and Mikkola employed inexpensive mesoporous melamine-
formaldehyde resins MMFR as efficient heterogeneous catalyst for
direct synthesis of cyclic carbonates from CO, and epoxides [53].
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As shown in Scheme 6, the continuous-flow reaction was per-
formed in a down flow vertical fixed-bed reactor packed with the
polymeric MMFR (1.95 g, <100 um). Epoxides 5 was pumped into
the reactor at a flow rate of 0.01-0.04 mL/min, with weight hourly
space velocity (WHSV) of 0.26-1.9 h-!, while CO, was simultane-
ously supplied with 15 mL/min. By fixing the reaction tempera-
ture at 120 °C, and the total pressure of 13 bar, the cyclic carbon-
ates 6 could be obtained continuously with 76%-100% conversion
and >99% selectivity during 7-13 days of operation. Notably, al-
though the catalytic activities decreased in batch mode, due to the
potential N-active sites poisoning, they showed exceptional stabil-
ity in continuous flow conditions. It was believed that the abun-
dant Lewis basic N-sites of the melamine resins was critical for the
high catalytic activities, as it could activate CO, molecules effec-
tively and then facilitated the ring opening of the epoxides. Based
on CO,-temperature programmed desorption, the concentration of
surface basic sites for MMFR was estimated to be 172 pmol/g,
while the activation energies of CO, desorption (strength of ba-
sic sites) were calculated to be 92.1 kJ/mol. The highly catalytic
activity and stability of MMFR demonstrated their potential for
industrial-scale applications.

Along with the exploitation of new catalysts, a lot of focus have
also been given to the development of new types of flow reactors
aiming to further improve the production efficiency [54,55]. In this
regard, the development and application of microreactors for the
chemical fixation of CO, have received considerable attention. In
general, microreactors possess controllable and very high specific
surface area, thus especially suitable for the gas-liquid two-phase
processes. Moreover, the utilization of microreactors provides op-
portunity for the application of homogeneous catalysis for the CO,
based chemical processes.

In 2018, Ren and co-workers reported the efficient coupling of
CO, with epoxides 5 to various cyclic carbonates 6 in microreac-
tor under the catalysis of binary (salen)AICl/"BuyNBr (TBAB) sys-
tem (Scheme 7) [56]. The microreactor bearing a complex sloped
structure, with geometric size of 300 pm x 300 pm x 1 cm (length)
was employed as mixing channel, enabling the multiple separa-
tion and recombination of liquid and gas phases to complete the
ample mixing process. After which, a delay reactor (1/8 inch 316L
stainless steel tube, wall thickness 0.5 mm, 22.83 mL) was used
for the reaction. By adjusting the flow rate of epoxides 5 and
CO, to change the retention time, a variety cyclic carbonates 6
could be obtained with high yields (>90%) and excellent selec-
tivity (99%) under 150 °C and 2.0 MPa CO, pressure within the
residence time of less than 100 s. Notably, compared to the reac-
tion in a conventional stirred reactor, they found that the reaction
in microreactor possessed significantly higher TOF value, higher
and stable reaction rate, and little effect by the CO,/epoxide mo-
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lar ratio. It was proposed that the activation of epoxides coordi-
nated to the electrophilic (salen)AICl and ring opening by the at-
tack of nucleophilic "BuygNBr is the rate determining step, and this
“electrophile-nucleophile” synergistic effect could be intensified in
the microreactor, thus further improve the catalytic activity.

In 2021, Xu and Wang reported the synthesis of PC from PO
and CO, based on a highly efficient continuous-flow microreaction
system using 1-butyl-3-methylimidazolium bromide ([BMIM]|Br) as
catalyst (Scheme 8) [57]. The influence of various reaction param-
eters was systematically studied. Finally, by setting the molar ratio
of [BMIM]Br/H,0/PO to be 0.14/0.25/1 and that of CO,/PO to be
1.4, the PC could be obtained in 99.7% yield at 140 °C and 3.0 MPa
with the residence time of 166 s. The flow pattern inside the mi-
croreaction system was identified to be varied between slug flow
and annular flow. The recycling performance of [BMIM]Br catalyst
was also investigated, and it could be recycled via vacuum distil-
lation and reused for 5 times giving more than 86% yield without
erosion of selectivity.

In 2021, Selva and Fiorani et al. developed a binary system con-
sisting of NaBr/diethylene glycol (DEG) for the continuous flow
synthesis of cyclic carbonates 6 from CO, and terminal epoxides
5 in microreactors (Scheme 9) [58]. The 1/16" stainless-steel coil
with a length of 500 cm and internal volume of 0.157 cm? was em-
ployed as microfluidic reactor. The solution of epoxides 5, NaBr in
DEG was delivered by HPLC pump, and CO, was supplied as a liq-
uid via a refrigerated dual head pump. By fixing the reaction tem-
perature at 220 °C, and the total pressure of 120 bar, with the flow
rate of CO, and DEG solution at 1.0 and 0.1 mL/min, respectively,
a variety of cyclic carbonates 6 could be obtained in 92% to >99%
conversion with 91% to >99% selectivity. It was proposed that DEG
was not only the reaction medium, but also act as chelating agent
for Na* and hydrogen bond donor to assist the ring-opening of
epoxide.

Notably, the homogeneous NaBr/DEG mixture could be recy-
cled via a semi-continuous extraction procedure without loss of
performance, which bypassed typical drawbacks associated to het-
erogeneous catalyst deactivation to a certain degree. The catalytic
performance of NaBr/DEG binary system in batch reaction was
also studied. Although the reaction conditions of batch mode were
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far milder, a lower productivity was obtained. The potential of
continuous-flow system in terms of process intensification could
also be appreciated.

As another intelligent processing of gas-liquid transformations,
the application of tube-in-tube reactor to the chemical transfor-
mation of CO, has attracted more and more attention [59]. In
general, Teflon AF-2400, a chemically inert copolymer of tetraflu-
oroethylene and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole, is
employed as the inner gas permeable membrane tubing. As an ex-
tensively microporous, amorphous material with high gas perme-
ability, it could effectively deliver CO, gas to the liquid flow stream
in a controlled manner, thus increase the concentration of CO, in
the system and improve the reaction efficiency.

In 2018, Rehman and co-workers reported the synthesis of
styrene carbonate 4 from styrene oxide 3 and CO, in a "tube-in-
tube" gas-liquid continuous flow reactor, using tetrabutylammo-
nium bromide (TBAB) and ZnBr, as an efficient and economical
binary homogeneous catalyst (Scheme 10) [60]. The experiments
were performed in a gas-liquid tube-in-tube coil reactor fits over
a Unigsis FlowSyn operating system with Teflon AF-2400 semiper-
meable membrane as inner tube. The rapid permeability of CO,
through the membrane, together with the high surface area to vol-
ume ratio in such continuous flow reactors, enabled the complete
conversion of styrene oxide 3 within significantly reduced 45 min
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o
Ph O |
3 17
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Scheme 10. ZnBr,/TBAB catalyzed reaction in tube-in-tube reactor. Reproduced
with permission [60]. Copyright 2018, Elsevier.
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under 120 °C and 6 bar of CO, pressure. Based on detailed kinetic
study, the reaction was determined to be first-order in styrene
oxide, TBAB and CO, concentrations. Meanwhile, by using ZnBr,
as a co-catalyst, the activation energy of TBAB catalyzed reaction
could be significantly reduced from 55 kJ/mol to 32 kj/mol, clearly
demonstrating the importance of synergistic effect.

In 2021, Kleij and Pericas reported the first continuous flow
preparation of glycerol carbonate 8 from glycidol 7 and CO, with
Merrifield resin supported TBD (TBD@Merrifield) as powerful het-
erogeneous, metal-free and halide-free catalyst (Scheme 11) [61]. A
conceptually distinct substrate-controlled approach was involved,
in which the hydroxyl group of glycidol 7 activated CO, to form
a carbonic acid intermediate I with increased nucleophilicity, then
the intramolecular attack on the oxirane under basic condition pro-
viding the glycerol carbonate 8 under essentially halide-free condi-
tions. Notably, the tube-in-tube reactor, with the inner tube made
of Teflon AF-2400 as a permeable membrane, was employed to
charge the CO, into the system at low pressure. Meanwhile, a
back-pressure regulator was installed after the packed bed reac-
tor to prevent CO, outgassing and to retain a homogeneous solu-
tion stabilizing the flow throughput. By pumping the 0.33 mol/L
solution of glycidol 7 in methyl ethyl ketone (MEK) at a rate of
0.155 mL/min into the tube-in-tube reactor having a local CO,
pressure of 3 bar, while operating the back pressure regulator at
13.1 bar, 17.3 g (147 mmol) glycerol carbonate 8 could be ob-
tained in 48 h, under 70 °C and a catalyst loading of 1.59 g
(1.48 mmol), with an accumulated TON of 99 and a productivity
of 2.04 mmol h™! mmolc~! at the steady state. The flow setup
was very stable during the reaction course with no loss of catalytic
performance observed.

3. CO, participated carboxylation reaction

As another important route for the chemical fixation of CO, to
valuable chemicals, the direct carboxylation of carbon nucleophiles
with CO, has attracted increasing attention due to the associated
high atom economy. Moreover, the resulting carboxylic acids and
derivatives have wide application in pharmaceuticals, agrochemi-
cals and advanced materials [62-64]. However, due to the inherent
thermodynamical stability and kinetic inertness of CO, gas, special
strategies are required to activate CO, or carbon nucleophiles to
enable the C-C bond constructions. Consequently, the combination
of flow chemistry with photocatalysis or electrosynthesis as well
as the involvement of highly active organic metal intermediates for
CO, participated carboxylation reaction has been investigated and
well developed in recent years.

3.1. Carboxylation based on C-H metalation manner

The reaction of strong nucleophilic carbon like Grignard and
organolithium serves as a powerful method for synthesizing car-
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Scheme 12. Low-temperature flow platform enabled carboxylation. Reproduced
with permission [66]. Copyright 2014, American Chemical Society.

boxylic acids. However, the accessibility of such nucleophilic car-
bon, especially the highly reactive organolithium species is limited,
as the latent organometallic reagents are dangerous and difficult
to handle. Notably, flow chemistry techniques offer potential util-
ity for such organometallic reagent participated reactions, as the
reactive components could be safely handled in a fully contained
system with the temperature controlled accurately, thus avoiding
the formation of side products [65]. Moreover, it enables the in-
suit generation of organometallic reagents and the subsequent car-
boxylation with CO, to be performed in a more maneuverable se-
quence manner.

In 2014, Ley and Browne developed a continuous flow chem-
istry platform and applied to a broad range of low tempera-
ture organometallic reactions [66]. Based on the essence of run-
ning low temperature organometallic reactions in batch, a novel
flow chemistry platform consisting of three precooling-coils (PC
1 to 3) and two reaction coils (RX 1 and 2) with independently
variable volume was designed. By stacking the coils over a cen-
tral cryo-cooling device, the latent organometallic reagents, the
organometallic species as well as the electrophile streams could
be precooled independently in the precooling-coils and then com-
bined at the appropriate points and passed in to the appropriate
reaction coils. With this new developed flow reaction system, 20-
compound library of polysubstituted, fluorine-containing aromatic
substrates were synthesized effectively via a sequential metalation
quench procedure. Notably, the carboxylation of aryl lithium in-
termediate with CO, was also realized using a fluorine-directed
ortho-metalation approach (Scheme 12). By employing a Teflon AF-
2400 gas permeable membrane tube-in-tube reactor to deliver CO,
as electrophile, and fixing a back pressure regulator to the output
of the platform to ensure CO, dissolving in solution, a variety of
fluoroaryl carboxylic acids 10 could be obtained in up to 76% yield
from simple fluorobenzenes 9. These results illustrated this system
might be operated as a supportive device to provide early scale-up
and deliver quantities of material suitable for application testing.

In 2019, an efficient and atom-economic three-step flow syn-
thesis of ibuprofen from p-xylene was realized by Kim and co-
workers, based on a sequential benzylic C-H metalations manner
(Scheme 13) [67]. The first two steps alkylation were realized in a
capillary microreactor consisting of two micromixers M1 and M2
and two tube reactors R1 and R2, with the LICKOR type superbase
generated in situ from ‘BuLi and ‘BuOK for the selective benzylic
C-H metalation. The mixture of starting material with ‘BuOK was
mixed with ‘BuLi in M1 and reacted in R1, then the resulting so-
lution was sequentially mixed with alkylation reagent in M2 and
reacted in R2. By varying the concentration, solvent, base equiva-
lents, temperature and precisely controlled the residence time via
changing the length of tube reactor, the methylation and isopropy-
lation product 11 and 12 was obtained in 95% and 93% yield with
MeOTf and isopropyl iodide as alkylation reagent, respectively.
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Scheme 14. Carboxylation of 4,4-difluoropiperidine on Vapourtec setup. Repro-
duced with permission [68]. Copyright 2022, American Chemical Society.

The final synthesis of ibuprofen was conducted by biphasic re-
action with CO, as electrophile, using a flow microreactor con-
structing with three micromixers and three tube reactors (R1 to
R3). Considering the difficultly in metalation of the benzyl posi-
tion of 12, caused by the steric hindrance and electronic nature, 3.0
equiv. of ‘BuLi/'BuOK was employed with a longer 52 s residence
time in R1. Then, the resulting solution was slightly diluted with
2-MeTHF, to benefit the dissolution of CO, and avoid the possible
clogging issue, with 3.9 s of residence time in R2. Finally, the intro-
duction of three equivalents of CO, gave ibuprofen effectively via a
biphasic segment flow. Notably, by continuously operating the flow
reaction for 10 min, 2.3 g of ibuprofen could be obtained with 57%
isolated yield by recrystallization. The gram-scale productivity of
ibuprofen as well as the effective inhibition of by-products, clearly
demonstrated the superiority and practicability of flow chemistry.

In 2022, Matthieu and co-workers reported the large-scale car-
boxylation of N-Boc-4,4-difluoropiperidine 13 based on continuous
flow process (Scheme 14) [68]. At first a Vapourtec setup was used
for the initial condition optimization, in which a Unigsis glass mi-
croreactor R1 was used for the N-Boc-directed «-deprotonation of
s-BulLi, and a coil PTFE reactor R2 (R2’+R2") was used for the sub-
sequent trapping of the lithiated piperidine with CO,. Meanwhile,
CO, was dispensed by a Vapourtec SF10 peristaltic pump. By fixing
the residence times in R1 and R2 with 12.2 and 1.7 s, and adjusting
the flow rates of s-Buli, difluoropiperidine 13 and CO, in 2.8, 7 and
80 mL/min, the flow reaction under -10 °C over 111 min without
interruption could transform 69 g of difluoropiperidine into car-
boxylic acid in 58% isolated yield with 94% conversion.

Then, to get a larger quantity and improve safety, a single glass
microreactor consisting of two sections (R1=2 mL and R2’=2 mL)
and equipping with integrated heat exchangers connected to a
thermostat was employed for the lithiation/carboxylation sequence
(Scheme 15). All the devices, including Syrdos syringe pumps to
deliver s-BulLi and difluoropiperidine, MFC for CO,, thermostat and
pressure sensors, were connected to a HiTec Zang LabManager and
controlled by LabVision software. By increasing the flow rates of
s-Buli, difluoropiperidine 13 and CO, to 8.4, 21 and 450 mL/min,
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Scheme 15. Scale-up of flow carboxylation of N-Boc-4,4-difluoropiperidine. Repro-
duced with permission [68]. Copyright 2022, American Chemical Society.

with residence times in R1 and R2 (R2’+R2") shortened to 4.1 and
0.8 s, respectively, the scale-up flow experiment under -40 °C over
95 min with no interruption, could deliver the desired carboxylic
acid 14 in 65% overall yield with a productivity of 85 g/h. As the
carboxylic acid lithium salt precipitation at the mixing point led
to clogging and an increase in pressure in the system, a washing
procedure was needed during the production campaign between
each run. Finally, 400 g of carboxylic acid could be obtained over
the course of a day based on the established safe and scalable
flow process. This process clearly demonstrated the powerfulness
of flow chemistry in the organolithium mediated carboxylation re-
action.

3.2. Carboxylation based on photocatalysis

In principle, the chemical fixation CO, processes could be accel-
erated by accessing radical mechanisms involving single-electron
species as a strategy to overcome the inherent barriers [69]. The
employment of photocatalysis has been important to the discovery
of novel carboxylation reactions, as it could convert light energy
to chemical energy by harvesting photons and subsequently gen-
erating reactive intermediates via single electron transfer manner
[70-74]. Moreover, with the combination of flow chemistry, the in-
creased surface area during the photocatalysis enables more effi-
cient irradiation of photocatalyst, thus leading to shorter reaction
times and facile scale-up [75].

In 2021, Romo and co-workers realized the first photocatalyzed
B-selective hydrocarboxylation of «,f-unsaturated ester, nitriles
and ketones with CO, under flow conditions (Scheme 16) [76]. The
pivotal UV excitation was conducted in 10 mL photochemical flow
reactor with wavelength of 220-400 nm (105 W). Meanwhile, the
tube-in-tube reactor was used to ensure the efficient delivery of
CO, (6 bar) to the liquid flow stream. With p-terphenyl 16 as pho-
tocatalyst and N-ethyl-2,2,6,6-tetramethylpiperidine 17 as electron

| 21%-87% yield
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Scheme 16. Photocatalyzed flow hydrocarboxylation. Reproduced with permission
[76]. Copyright 2021, American Chemical Society.
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Scheme 17. Proposed mechanism and telescoped synthesis of B-lactones. Repro-
duced with permission [76]. Copyright 2021, American Chemical Society.

donor as well as bulky (TMS)3SiH as hydrogen atom donor, the
photoexcitation at 35 °C with a total resident time of 20 min en-
abled the regioselective flow hydrocarboxylation of various of «,f-
unsaturated ester, nitriles and ketones 15 to proceed smoothly to
deliver the corresponding carboxylic acids 18 in up to 87% yield.
Some of the carboxylic acids bearing all-carbon quaternary cen-
ters could also be accessed in good to excellent yield. Further-
more, with the thus developed B-selective flow hydrocarboxyla-
tion as key step, the telescoped synthesis of B-lactones 19 was
also realized from o, 8-unsaturated esters 15, through a subsequent
«-bromination and B-lactonization sequence. A variety of bicyclic
and spiro B-lactones could be obtained effectively without purifi-
cation of intermediates.

Based on systematically investigation and previous reports, a
possible reaction mechanism for the photocatalyzed fS-selective
hydrocarboxylation was proposed (Scheme 17). Initially, the pho-
toexcitation of p-terphenyl 16 gave excited singlet state of p-
terphenyl* I. The subsequent single electron transfer with amine
17 delivered the reduced p-terphenyl radical anion II, which could
reduce CO, to CO, radical anion III, thus initiating a Giese-type ad-
dition to the «,B-unsaturated ester, nitriles or ketones 15. Finally,
the quenching of the generated radical anion IV with a hydrogen
atom from (TMS)3SiH gave the final carboxylate product 18’. The
further reduction of radical anion IV and following protonation of
VIII might also be involved during the reaction course.

3.3. Carboxylation based on electrochemistry

Apart from photocatalysis, electrosynthesis represents another
useful tool for the chemical fixation of CO,, as it could overcome
the inherent thermodynamic stability of CO, by using electrons as
redox reagents [77-84]. Moreover, it affords a very facile and pre-
cise way to generate highly energetic intermediates via control of
the electrode potential, providing good alternatives to traditional
chemical methods. In this context, electrocarboxylation has the po-
tential to address sustainability from not only a raw materials per-
spective but also an energetic perspective. In this vein, the combi-
nation of electrosynthesis with flow chemistry has been a promis-
ing general strategy for carboxylation reactions of CO, [85,86].

In 2021, Buckley and co-workers developed the first highly se-
lective electrochemical hydrocarboxylation of «,f-unsaturated es-
ters with CO, [87]. Using triethanolamine (TEOA) as a proton
source, EtyNI as electrolyte, the constant voltage electrolysis with
inert carbon electrode in DMF enabled the B-carboxylation to
give all-carbon w«-quaternary centered carboxylic acids in good
yield. The corresponding electrochemical flow process was also
conducted in a Vapourtech ion electrochemical reactor fixing
carbon-carbon sheet electrodes (Scheme 18). The reaction of «,f-
unsaturated ester 20 with CO, at a constant voltage of 10 V in
closed cycle with speed of 0.5 mL/min for 4 h gave the desired
product 21 in 81% yield on a gram scale, which could be isolated
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by simple crystallization, further demonstrating the simplicity of
their approach. It was proposed that the initial reduction of «,8-
unsaturated ester 20 or CO, were all possible routes to the final
mono-carboxylated product 21. Meanwhile, the high regioselectiv-
ity could be explained by the DFT calculation of Lan and Yu [88],
where the acrylate radical anion complex possessed higher spin
density in the f-position.

The w«-carboxylation of amine derivatives with CO, represents
to be as a reasonable and economical route to «-amino acids
in particular the unnatural ones, with the carboxyl unit derived
from CO, directly. As early as 2017, Atobe and co-workers re-
ported a direct electrochemical carboxylation of aldimines in a
flow microreactor for the synthesis of «-amino acids [89]. How-
ever, the instability of aldimines restricted the application of this
method to some extent. Therefore, an integrated flow synthetic
system was developed in 2021 by the same group, in which the
aldimines was generated in-situ and applied directly to the elec-
trochemical carboxylation in a flow operation manner (Scheme 19)
[90]. A desiccant bed column with 20 cm long and 1.0 cm in-
ner diameter filled with 4 A MS as desiccant was employed for
the initial dehydration-condensation. Meanwhile, the subsequent
electrochemical carboxylation of the thus in-suit formed aldimine
22 with CO, was conducted in electrochemical flow microreactor
with Hex4NClO,4 electrolyte in THF using constant-current mode
at current density of 12.7 mA/cm?2. Moreover, the rapid acidifica-
tion could avoid the decomposition of thus formed unstable car-
boxylate ions, thus enabled the electrochemical carboxylation to
be performed in the absence of sacrificial anode. Finally, not only
aryl-substituted aldimine intermediates, but also more demanding
alkyl-substituted ones were all tolerated to deliver the correspond-
ing o-amino acids 24 in up to 89% yields. These results clearly
demonstrated the unique advantages of flow chemistry in multi-
step synthesis progress.

4. Conclusion and outlook

In the last four years, significant advancements have been made
in flow chemistry enabled reactions using CO, as a C1 synthon,
which have been summarized in this review. In particular, packed-
bed type, coil type and chip type reactor as well as the tube in
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tube reactor have all been applied to the chemical fixation of CO,.
Examples of heterogeneous catalysis in packed-bed reactor and
homogeneous catalysis in microreactors provide efficient routes
for the coupling of CO, with epoxides to cyclic carbonates with
shorter reaction times, lower catalyst loadings, and better sustain-
ability. Based on flow technology enabled C-H metalation, a se-
ries of carboxylic acids and their derivatives have been constructed
from CO, and simple aromatics and alkanes. Moreover, electrosyn-
thesis and photocatalysis has also been employed for the carboxy-
lation of CO, in continuous flow systems, based on the facts that
electrochemistry and photochemistry could generate highly ener-
getic intermediates in a facile and precise way.

Despite these tremendous achievements, there is still ample
room for chemical fixation of CO, under continuous flow systems
to valuable chemicals. First of all, more successful examples are
needed to demonstrate the feasibility and potential of continuous-
flow techniques, based on the fact that there have been more and
more synthetically important reactions developed using CO, as C1
synthon. Secondary, multistep continuous-flow synthesis involving
CO, as carboxylation reagent is emerging and successful examples
have been shown here. Although these results represent a ma-
jor leap toward the real-world active pharmaceutical ingredients
synthesis, the scope of such elegant transformations needs further
demonstration. Thirdly, apart from electrosynthesis and photocatal-
ysis, enzymatic catalysis also represents a very promising approach
for continuous-flow manufacturing [91], more and more successful
examples are expected. Finally, considering the rapid and exciting
progress in CO, participated asymmetric synthesis [92-95], suc-
cessful examples of continuous-flow asymmetric catalysis for the
chemical fixation of CO, are foreseeable.

In light of advantages of continuous flow systems, it is hoped
that with the further development of new catalytic systems, new
synthetic strategy and new engineering techniques, more and more
attractive and useful CO,-based continuous-flow transformations
will be exploited. Considering the ever-growing number of contri-
butions to this very promising but also challenging research field,
a bright future can be forecast.
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