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1. Introduction

The dream of a decarbonized economy is realistically far from
reality since the global energy-related CO, emissions over the
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From CO, activation to catalytic reduction:
a metal-free approach
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Over exploitation of natural resources and human activities are relentlessly fueling the emission of CO, in the
atmosphere. Accordingly, continuous efforts are required to find solutions to address the issue of excessive CO,
emission and its potential effects on climate change. It is imperative that the world looks towards a portfolio of
carbon mitigation solutions, rather than a single strategy. In this regard, the use of CO, as a C1 source is an
attractive strategy as CO, has the potential to be a great asset for the industrial sector and consumers across
the globe. In particular, the reduction of CO, offers an alternative to fossil fuels for various organic industrial
feedstocks and fuels. Consequently, efficient and scalable approaches for the reduction of CO, to products
such as methane and methanol can generate value from its emissions. Accordingly, in recent years, metal-
free catalysis has emerged as a sustainable approach because of the mild reaction conditions by which CO,
can be reduced to various value-added products. The metal-free catalytic reduction of CO, offers the
development of chemical processes with low cost, earth-abundant, non-toxic reagents, and low carbon-
footprint. Thus, this perspective aims to present the developments in both the reduction and reductive
functionalization chemistry of CO, during the last decade using various metal-free catalysts.

last 120 years have continuously increased with a few sporadic
dips.'* For example, the global CO, emissions are expected to
drop by 8% in 2020, which will be the lowest since 2010.** This
sharp decline in CO, emission comes at the expense of the
COVID-19 pandemic, which has resulted in a severe health
crisis and tremendous economic hardship globally, restricting
human activities and hence is not sustainable.
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In 2019, the carbon dioxide emissions from anthropogenic
activity reached 34 Gt, and Fig. 1 presents the steady increase
in CO, emission over the last two decades. The CO, emissions
from power plants and other industrial facilities are considered
primarily as a waste product and liability. Accordingly, to
address the issue of CO, emissions and their potential effects
on climate change, society must continue to accelerate the
exploitation of new energy technologies. It has been predicted
that the CO, emissions need to decline by at least 50% to
restrict an increase in the global average temperature by 2 °C by
the year 2050.> Consequently, single technology solution is not
expected to resolve this issue, rather the world will require
a portfolio of carbon mitigation solutions relying on low-carbon
or zero-carbon energy sources. Thus, one of the options that
may be beneficial in achieving this target is the carbon capture
and storage (CCS), which is being considered worldwide.*** CCS
technologies have the potential to mitigate a significant amount
of CO,; however, the storage of captured carbon faces multiple
challenges in terms of economic viability. Hence, recently,
a relatively new alternative of carbon capture and recycling
(CCR) has been gaining momentum. CCR involves the trans-
formation of CO, into fuels and chemicals, while creating an
added value, and thus can compensate the cost of its capture. In
this regard, CO, is considered an attractive carbon feedstock in
chemical synthesis since it is non-toxic, increasingly abundant,
and environmentally well-distributed. Among the chemical
processes, the reduction of CO, into various chemicals such as
formic acid and methanol or light hydrocarbons such as
methane is an extremely useful conversion owing to the wide
applications of these products such as hydrogen carriers and
their direct use as fuels. Thus, the reduction of CO, into various
energy intensive chemicals and fuels is considered to have the
most potential for chemical transformation of CO,.** However,
it should be noted that the current use of CO, in chemical
synthesis is very limited,*® which may be overcome by
addressing two major issues. Firstly, the high kinetic and
thermodynamic stability of CO, requires suitable catalysts for
its reduction. Traditionally, over the years, various homogenous
and heterogeneous methods have been developed for the cata-
lytic reduction of CO, mainly using transition metal-based
catalysts under harsh reaction conditions.”™ The transition
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Fig. 1 Energy-related global CO, emission in the last two decades.’®
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metals used in the catalytic reduction of CO, are usually rare,
and hence expensive, and also toxic to the environment.
Secondly, the economics of the catalytic process must be
competitive with the products obtained from the petrochemical
industry. This may be achieved by replacing the expensive
transition metals with metal-free catalysts operating under mild
conditions. An ideal catalyst will ensure that the activation
energy remains low, and thus the overall carbon balance is not
compromised by the thermal loading since the energy input
should be as carbon-free as possible. In recent years, metal-free
catalysis along with transition metal-based catalysis have
emerged as a sustainable approach because of the milder
reaction conditions under which CO, can be reduced into
various value-added products using boranes and silanes as
reductants. The metal-free catalytic reduction of CO, can allow
the development of chemical processes with low cost, earth-
abundant, non-toxic reagents, and a significantly reduced
carbon-footprint.

In this regard, it is worth mentioning that excellent reviews
are available in literature, which either highlighted reduction or
reductive functionalization of CO,.*'*** However, a detailed
article covering the activation, reduction and reductive func-
tionalization of CO, in an integrated way using metal-free
catalysts and reducing agents such as boranes, silanes and
hydrogen is lacking. Thus, this perspective aims at document-
ing these developments in both the reduction and reductive
functionalization chemistry of CO, during the last decade using
metal-free catalysts. We begin by highlighting the various acti-
vation modes of CO, by major classes of metal-free systems. The
various conceptual aspects of CO, activation are described and
correlated with how metal-free systems can mimic transition
metals. This understanding is considered to be fundamental in
the design of appropriate catalysts. Subsequently, two aspects of
the reduction chemistry of CO, are widely covered. The first part
deals with recent developments in the reduction of CO, into
formic acid, methanol and methane. The second part docu-
ments the catalytic reduction of CO, together with its func-
tionalization, forming new C-N bonds to yield N-formylamines,
N-formylamides, N-methylamines and aminals.

2. Activation of CO, by various metal-
free systems

The activation of CO, molecules is an uphill task owing to its
high thermodynamic and kinetic stability.** Nevertheless, this
process is considered to be the key step in the design of any
catalytic process for the conversion of CO, into value-added
products. Although CO, has a zero dipole moment, it is
a charge-separated molecule with an inherent difference in
polarity between its oxygen and carbon atoms. Thus, in contrast
to other inert molecules, such as N,, the presence of this
internal dipole along the C-O bonds makes the CO, molecule
ambiphilic in nature. The HOMO of the CO, molecule is centred
on the oxygen atoms, while its LUMO is located on the carbon
atom. Consequently, the carbon centre is susceptible to nucle-
ophilic attack, while the oxygen centres can interact with

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Common binding modes of the CO, molecule with metal
(considering a single metal).

electrophiles. Traditionally, transition metal-based catalysts
have been considered as the most efficient for activation of CO,
owing to their ability to interact with CO, molecules in various
ways. In this regard, the most common strategy for CO, acti-
vation involves coordination with metal ions. The commonly
observed binding modes of CO, with metals are demonstrated
in Fig. 2.*> One of the most common binding modes involves
n'~(C) bonding, in which the metal activates CO, upon inter-
action with its C centre (Mode I, Fig. 2). This binding mode is
generally observed in electron-rich metals, where electron
transfer is facilitated by metal coordination with the electro-
philic carbon centre. In this type of coordination with electron-
rich metal ions, the LUMO of CO, gets populated, resulting in
the re-hybridization of the C atom and a transformation in its
geometry from linear to bent. The other mode of interaction
involves one of the oxygen atoms with a metal ion generating
the n'~(0) binding mode (Mode II, Fig. 2). In this interaction, an
electron-deficient metal ion binds with the nucleophilic ‘O’
centre of CO,. The third type of interaction (Mode III, Fig. 2)
corresponds to the bidentate binding mode, in which the metal
ion functions as an ambiphilic centre coordinating in an n*(C,
O) fashion, where the metal ion binds with both the carbon and
oxygen centres. Here, the metal ion acts in a synergistic fashion,
in which a suitable metal orbital filled with electrons interacts
with the C-centred LUMO, while the O-centred HOMO interacts
with the empty d-orbital of the metal ion. Mode IV bonding
represents the n* (0,0) bonding mode (Fig. 2), which is usually
known as the “metal carboxylate” type of binding.

In this regard, it should be noted that catalytic processes
involving CO, without a metal is challenging. Consequently,
researchers assumed that CO, cannot be activated under metal-
free conditions. However, recent developments have made it
possible to overcome this challenge, where the transition metal-
free activation of CO, has been demonstrated. The most
prominent example of metal-free CO, activation can be cited
from the nature itself, where an enzyme known as ribulose-1,5-
bisphosphate carboxylase oxygenase (RuBisCO) can fix atmo-
spheric CO, during photosynthesis.>® The active site of the
RuBisCO enzyme consists of the amino acid lysine, which is
where the activation of CO, occurs. During this enzymatic
process, the carbamate intermediate is formed through capture
of CO, molecule by the nucleophilic amine group present in the
active site of RuBisCO (Fig. 3). This understanding clearly
highlights the affinity of the nitrogen lone pair of electrons to
form an adduct with CO,. During this interaction with the CO,
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Fig. 3 Schematic representation of CO, activation in the active site of
RuBisCo.

molecule, the electron density is transferred from the nitrogen
to the low lying empty molecular orbital (LUMO) of CO,,
resulting in the bending of its linear structure in order to
minimize the energy of the transition state. This nucleophilic
interaction by the nitrogen of the amine group is similar to the
metal binding Mode I, as mentioned in Fig. 2. Infact, the acti-
vation modes of CO, by metal ions can be considered as stra-
tegic guidelines for conceiving metal-free activation. To date,
most of the metal-free activations follow the Mode 1- or Mode
III-type interaction, as described in Fig. 2. However, this
knowledge from nature clearly inspires the logical extension
using various nitrogen bases for the activation of CO, as a viable
route to replace the expensive and rare transition metals. To
date, the reported metal-free activation of CO, can be divided
into three distinct subclasses: (a) organic nucleophile-mediated
activation (including nitrogen and phosphorus bases and N-
heterocyclic carbenes (NHCs)); (b) ionic liquid (IL)-mediated
activation and (c) ambiphilic activation by frustrated Lewis
acid base pairs (FLPs). Organic nucleophiles are probably the
most studied metal-free systems with regard to CO, activation
owing to their availability and structural diversity, including
alkyl/aryl mono- and polyamines, N-heterocyclic carbenes,
amidine-like and guanidine-like derivatives. Among the organic
bases, amidines and guanidines show better activity towards
CO, activation. For example, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) are the
most recognised organic bases (Fig. 4), which are widely used in
various transformations for the activation of the CO, molecule.
The interaction between DBU and CO, molecule can be traced
back to 1978 when Iwatani et al. reported the formation of
a white solid upon the exposure of liquid DBU to CO, gas, which
was characterized by IR spectroscopy and elemental analysis.>
The high basicity of DBU is beneficial in the adduct formation
with CO, by nucleophilic attack. In 2002, Franco and co-workers
used this adduct for the synthesis of N-alkyl carbamates.* In
2004, Pérez et al. attempted to crystallize the DBU-CO, adduct
by exposing a DBU solution in acetonitrile (ACN) to CO,, but
failed to isolate the desired crystals.”® However, they were able to
characterize the DBU-CO, adduct by NMR spectroscopy and the
BC NMR spectrum in D,O, which displayed a resonance at
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Fig. 4 Representative examples of isolated and well-characterized
nitrogen base-CO, (1-4) adducts and NHC-CO, adducts (5-7).

0 160.7 ppm. Up to 2010, the solid-state characterization of this
nitrogen base-CO, adduct remained unsuccessful, until Villiers
et al. first isolated the TBD-CO, adduct and characterised it via
single crystal X-ray crystallography.”” Dissolving TBD in anhy-
drous THF, and subsequent purging with CO, resulted in the
formation of an off-white powder, which was crystallized at
70 °C under a CO, atmosphere. The N-C(CO,) bond length was
measured to be 1.48 A, which is slightly longer than the typical
N-C bond length (~1.35 A) observed in various carbamates. The
BC NMR spectrum recorded in CD;CN revealed that the '*C
resonance arising from the CO, molecule displayed a downfield
shift at 6 154.4 ppm. The reaction was carried out under anhy-
drous conditions in order to avoid the possible formation of
bicarbonate. Subsequently, various nitrogen bases were used
for the activation of CO,. Some of the representative examples
of these isolated adducts (1-4) are presented in Fig. 4.

In addition to nitrogen bases, N-heterocyclic carbenes
(NHCs) emerged as another class of nucleophiles for the acti-
vation of CO,. Soon after the isolation of the first NHC by
Arduengo in 1991, NHC became the most versatile ligand for
organometallic catalysis.”® By virtue of their singlet ground
state, the lone pair of electrons resides in a sp>hybridized
orbital on the carbene carbon atom along with an unoccupied p
orbital. The lone pair of electrons in the carbene centre makes
NHCs nucleophilic, and hence they can act as very efficient ¢
donors. In 1999, Kuhn and co-workers first introduced NHCs to
capture CO, molecules, where they demonstrated the formation
of a zwitterionic adduct (5, Fig. 4) and characterised this adduct
crystallographycally.®®* Later in 2004, Louie and co-workers
demonstrated the reversible binding of CO, with NHC, in
which the addition of 1 atm CO, to 1,3-dimesitylimidazol-2-
ylidene (IMes), or 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene (IPr) resulted in the formation of the corresponding
zwitterionic imidazolium carboxylates.?®” The IPr-CO, adduct
was characterised via X-ray crystallography, and almost similar
bond lengths of both C-O bonds in the adduct indicate that the
negative charge is distributed equally. The "*C NMR spectrum
in CD,Cl, showed a peak at § 152.3 ppm, which was assigned to
the **C resonance arising from the carboxylate group. Following
this study, CO, adducts (6 and 7, Fig. 4) with various newer
versions of NHCs such as abnormal NHC (aNHC)* and

10574 | Chem. Sci., 2020, 11, 10571-10593

View Article Online

Perspective

cyclic(alkyl)(amino) carbene isolated and
characterized.

Another class of compounds commonly used for the activa-
tion of CO, molecules is ionic liquids (ILs). ILs are comprised of
a cation and anion with one of the ions as an organic species
possessing a delocalized charge. Ionic liquids exhibit high
thermal stability and volatility, which can sustain both high
temperature and pressure in the reaction medium, unlike
organic solvents. Furthermore, the properties of ionic liquids
can be tuned by varying the substituents on the organic part of
the counterion, and hence they are often termed as “designer
solvents”. In 2002, Davis and co-workers reported the chemi-
sorption of CO, on an amino group-functionalized IL.** In 2010,
Lei and Dai developed anion-functionalized protic ionic liquids
(PIL).** In their work, the PILs were formed via the combination
of different super bases such as 7-methyl-1,5,7-triazabicyclo
[4.4.0]dec-5-ene (MTBD) with partially fluorinated alcohols/
imidazoles/phenols, etc. These strong bases have very high
proton affinity, deprotonating even weak proton donors to form
thermodynamically stable PILs. These PILs could capture CO,
efficiently (8, Fig. 5). The nucleophilic character of ILs is
exploited during the activation of CO,, where the accumulated
negative charge on the CO, molecule after its activation is
stabilized by ion-pairing interactions with the cationic part of
the IL, as shown in 8. The major ILs used for the activation of
CO, are depicted in Fig. 5.*

Another common mode of metal-free CO, activation is
observed through frustrated Lewis pairs (FLPs). The concept of
FLPs was developed from the initial observation by H. C.
Brown in 1942 while studying the interaction between lutidine
and BMe;,** and later from the seminal work by Wittig and
Benz,* Tochtermann,®® Piers,*” Oestreich®® and many others.
Based on the information gained through the years, FLPs are
defined as a combination of a Lewis acid (LA) and Lewis base
(LB) that is unable to form a classical acid-base adduct
because of steric or geometric restrictions. The area of FLP
research propelled in 2006 from the breakthrough made by
Stephan and co-workers when Mes,P(C¢F,)B(CsF5), was
observed to reversibly bind with molecular hydrogen under
mild reaction conditions.** The activation of H, was carried
out using an FLP following the concept of synergistic

(CAAC)** were

Activation of CO, by PIL
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Fig.5 Activation of CO, by PIL and combination of cations and anions
for the construction of various ILs used for CO, activation.
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Fig. 6 Activation of H, and CO,, highlighting the resemblance
between transition metal-mediated activation and FLP-mediated
activation.

activation, which is similar to the ambiphilic activation mode
of a transition metal for a small molecule such as H,. In the
case of FLP-mediated activation, the electrons from the
bonding orbitals of H, are transferred to the LUMO of the LA,
while in the case of metal-mediated activation, the bonding
electrons are transferred to a suitable empty d orbital (Fig. 6, A
and C). Simultaneously, the electrons from the HOMO of the
LB are transferred to the anti-bonding orbital of H,, while in
the case of metal-mediated activation, the d electrons are
transferred to the anti-bonding orbital of the H, molecule
which results in the cleavage of the H-H bond (Fig. 6, B and D).
This concept was logically extended to the activation of CO, by
FLPs. FLPs are capable of activating carbon dioxide since they
are ambiphilic, allowing nucleophilic activation by the Lewis
base (LB) at the carbon, and subsequent electrophilic activa-
tion by the Lewis acid (LA) at the oxygen atoms (Fig. 6, F). This
bifunctional interaction was shown to be the key feature for
the transition metal-mediated CO, activation process (Fig. 6, E
and mode III, Fig. 2). The first report on FLP CO, activation
appeared in 2009 by Stephen, Erker and co-workers, in which
they reported a phosphino-borane LA-LB system for the
formation of a zwitterionic product after activating the CO,
molecule.* Specifically, B(C¢Fs); and P'Bu; were added to
bromobenzene under CO, atmosphere, which resulted in the
formation of a white precipitate. It was found that the elec-
trophilic C centre binds with the Lewis basic phosphorus unit,
while the nucleophilic O of CO, binds with the Lewis acid
boron, forming stable carboxylate adduct 9 (Scheme 1).

®
CO,, t P'Bus

f——

80 °C, vacuum

PBus + B(CgFs)s

07 o—B(CeFs)s
9

Scheme 1 Activation of CO, by P/B FLP, forming a carboxylate
adduct.
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3. Metal-free catalytic reduction of
CO;

The reduction of CO, to various value-added products leads to
a decrease in the formal oxidation state of carbon centre of CO,
is of great interest. CO, can be reduced sequentially to various
energy intensive chemicals and fuels. For example, the 2e-, 4e-,
6e- and 8e-reduction of CO, can lead to the formation of formic
acid, formaldehyde, methanol and methane, respectively
(Scheme 2). Traditionally, these reductions have been carried
out using transition metal-based catalysts.***** In recent years,
catalytic metal-free CO, reduction has emerged as an alternative
to the expensive transition metal-mediated process. The
previous section described various metal-free systems that can
activate CO, under ambient conditions, opening up the possi-
bility of the catalytic reduction of CO, under metal-free
conditions.

3.1. Frustrated Lewis pairs for CO, reduction

Since the pioneering discovery in 2009 by Stephen, Erker and
co-workers*® on CO, activation by a phosphino-borane FLP
system, CO, reduction has taken a quantum leap in the last
decade. The first FLP-mediated CO, activation followed by its
reduction into methanol was reported in 2009 by Ashley and
O'Hare.** The reduction of CO, into methanol was accom-
plished using hydrogen gas in a stoichiometric amount. Their
work took advantage of the fact that FLP can split the hydrogen
molecule,* and subsequently the hydrogen activation is inte-
grated with the CO, activation step to realize the thermody-
namically challenging conversion. In this work, the
combination of B(CeFs); and TMP (TMP = 2,2 6,6-tetrame-
thylpiperidine) in presence of H, and CO, resulted in the
formation of a formatoborate complex, [TMPH]-[HCO,B(C¢F;);]
(11), under heating (Scheme 3A). This observation can be
explained considering stepwise activation of hydrogen and CO,
molecules. The reaction between an equimolar amount of TMP
and B(CgFs); in the presence of H, yields [TMPH]|HB(CF5)3]
(10), where the H, molecule is heterolytically cleaved. This
splitting of the hydrogen molecule by an FLP composed of TMP/
B(CeFs); was previously proposed by Sumerin et al*

HCOOH

2e”

8e”

CH, CO, HCHO

4e”
6e”

CH4OH

Scheme 2 Sequential reduction of CO, by 2e, 4e, 6e and 8e leads to
the formation of various chemicals and fuels.
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Scheme 3 (A) CO, activation in the presence of TMP/B(CgFs)s/H>. (B)

Reduction of CO, with H, by FLP composed of TMP/B(CgFs)s.

Subsequently, heating 10 in toluene above 110 °C under 1 atm
CO, led to the formation of the formatoborate complex [TMPH]
[HCO,B(CeFs)3] (11, Scheme 3B). A carbonyl stretch at
1662 cm™ " was observed in the IR spectrum of complex 11 and
the C NMR spectrum revealed a resonance at 6 169.9 ppm,
confirming the incorporation of CO,. Furthermore, the struc-
ture of 11 was established by single crystal X-ray study. Finally,
purging CO, in a mixture of TMP/B(C4Fs); in C,Dg under an H,
atmosphere resulted in their quantitative conversion into
[CH;0B(CeF5);][TMPH] (15) after 6 days of heating at 160 °C.
The formation of methanol in ~17-25% yield was observed
after vacuum distillation. This may be explained considering
following steps presented in Scheme 3B. Specifically, upon
heating, 11 reversibly decomposes to 10, which stays in equi-
librium with TMP, B(CeFs5); and H,. The free B(C4F5); present in
the medium can be arrested by the acyl oxygen of 11 to produce
intermediate 12. This activated formate intermediate 12 can be
reduced by 1 equivalent of 10 to form acetal 13, releasing
B(CeF5);. Due to the instability of acetal in solution, the
[TMPH]" counterion serves as the H" donor and 13 is converted
into 14 and [TMPH][B(CeF5);OH] . Next, 14 undergoes reduc-
tion in the presence of 10 in the medium to form 15. The
formation of methanol can be explained by considering the
reaction of 15 with TMP or its conjugate acid. Even though this
work represents the first reduction of CO, to methanol using an
FLP-based system under a low pressure of CO, (1-2 atm), it
suffers from a serious drawback since it is not a catalytic
process. Thus, to address this shortcoming, Piers and co-
workers reported that the addition of a hydrosilane to the
reaction mixture in the presence of excess B(C¢F5); transforms
the process into a catalytic one.*® In the presence of excess
B(CeFs); and triethylsilane, the B(C¢F5)s/Et;SiH adduct 16 is
generated, which can rapidly hydrosilate the formatoborate
complex 11 to form formatosilane compound 17, regenerating
[TMPH]'[HB(CcF5)s]~ 10 (Scheme 4), thus making this process
catalytic. Subsequently, the formatosilane 17 is further hydro-
silated by 16 sequentially to (Et3SiO),CH, (18), Et;SiOCH; (20)
and CH, (21), leaving (Et;Si),O (19) as a by-product.
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Scheme 4 Converting stoichiometric CO, reduction into catalytic
process by adding excess B(CgFs)s and EtsSiH to the TMP/B(CgFs)s
system.

Although, this reaction was catalytic, it still lacked good
efficiency. The low efficiency was attributed to multiple factors
such as the nature of the ion pair formed in the reaction
medium* and the high entropy of the FLP system, as pointed by
Fontaine and coworkers,">** which originates from the use of
discrete molecules of LA, LB and CO,. Thus, to favour the
reaction entropically, the LA and LB centres were assembled
within the same molecule. In this regard, in 2013, an aryl
bridged phosphine-borane system was introduced for the
catalytic hydroboration of CO, into methoxyborane, which
could further be hydrolysed to methanol.*® In this work, the
phosphine-borane 1-Bcat-2-PPh,-C¢H, (cat = catechol) (22)
functions as an ambiphilic system for the reduction of carbon
dioxide in presence of various hydroboranes, resulting in the
formation of CH;0BR, or (CH;0BO); as the product. The TON
(turnover numbers) and TOF (turnover frequencies) reported
were as high as >2950 and 853 h™", respectively (Scheme 5A). In
a typical catalytic run, exposing 1-Bcat-2-PPh,-CcH, to 1 atm of
CO, at room temperature in the presence of 100 equiv. of HBcat
resulted in the formation of a white precipitate. The white
precipitate was characterized as catBOBcat. Analyzing the
solution by "H NMR spectroscopy showed the presence of a new
singlet at ¢ 3.37 ppm, which was attributed to CH;OBcat.
Moreover, this FLP reduced CO, in the presence of BH;-SMe, at
70 °C with a TOF of 973 h™! and TON of up to 2950, which is
comparable to that of transition metal catalysts. This was the
first report where BH; was introduced as a hydrogen source for
the catalytic reduction of CO,. A detailed DFT study was con-
ducted to understand the mechanism of the reaction.*” The
reaction proceeds via a three-step process, in which CO, is first
reduced to formatoborate, followed by formaldehyde, and then
the final product methoxyborane (Scheme 5B). Four different
modes of activation of borane were considered during this
calculation and the most feasible one involved the simulta-
neous activation and binding of both borane and CO, to the
catalyst (Scheme 5B). As the first step, the Lewis basic phos-
phorus atom present in the FLP activates the boron centre of the

This journal is © The Royal Society of Chemistry 2020
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Scheme 5 (A) Catalytic reduction of CO, using ambiphilic B/P FLP
catalyst. (B) Plausible catalytic cycle using ambiphilic B/P FLP catalyst
based on DFT calculation.

hydroborane by forming an adduct, and the enhanced nucleo-
philicity of the borane causes hydride to transfer to the elec-
trophilic carbon of CO,, forming a formate anion. Further, the
formate anion can bind with the boron centre of the catalyst in
a concerted way, thus resulting in intermediate 23 (see Scheme
5B). However, this type of activation contradicts the classical
FLP-mediated CO, activation. This simultaneous activation
results in a four-coordinated boron centre observed in 23, which
can stay in equilibrium with compound 24. The next step
involves the formation of formaldehyde intermediate 26
(Scheme 5B) upon reduction by hydroborane through inter-
mediate 25 (see Scheme 5B). In the next step, in the presence of
hydroborane, 26 is further reduced to the corresponding
methoxyborane (27), while regenerating the catalyst 22. In
subsequent study with '*C labeled CO,,” it was identified that
26 plays the role of an active catalyst instead of a reaction
intermediate, as portrayed in Scheme 5B. The ambiphilic nature
of the catalyst where LA-LB is present in the same molecule
plays a key role in the efficacy of this FLP-based catalyst.

In 2014, Stephan's group reported an intermolecular P/B-
based FLP for the catalytic reduction of CO, (Scheme 6A).>* In
their report, a stoichiometric reaction between 9-BBN, phos-
phine (R;P; R = ‘Bu, 4-MeC¢H,) and CO, yielded (R;PCH,-
O)(HC(O)O)B(CgH,4) (28) (see Scheme 6B), in which CO, is
incorporated both in the form of formate and a phosphonium
methoxy unit, and its structure was characterized by X-ray
crystallography. This control experiment established the CO,
activation step using the P/B FLP. This observation prompted
them to extend their study in a catalytic direction, where in the
presence of a catalytic amount of “BusP, CO, was successfully
reduced using 9-BBN at 60 °C to methoxyborane with the
highest TON of 5500 (Scheme 6A). When the catalytic reaction
was performed in the presence of 9-BBN, 4 mol% ‘Bu;P, using
CO,, it yielded various reduction intermediates. The first step
involves the formation of a boron formate intermediate 30 via
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