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Formate as a key intermediate in CO, utilization
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Replacing fossil feedstocks for chemicals and polymers in the chemical industry is a key step towards a
future circular society. Making use of CO, as a starting material in Carbon Capture and Utilization (CCU)
or Carbon Capture and Storage (CCS) processes presents a great opportunity. Unfortunately, converting
CO, is not easy — due to its stability and inherently low reactivity either high energy inputs or nifty catalytic
systems are required for its conversion. An electrochemical cell using a gas-diffusion electrode to convert
CO; into formate is such a promising system. But making formate alone does not allow us to substitute
many fossil carbon-fed processes. Oxalic acid on the other hand is a potential new platform chemical for
material production as useful monomers such as glycolic acid can be derived from it. Fortunately, formate
can be converted into oxalate (and subsequently oxalic acid) by coupling two formates in a formate to
oxalate coupling reaction (FOCR). The FOCR is a reaction that has been studied for more than 175 years
and has seen widespread industrial use in the past. In this work, we critically discuss the history of the
FOCR, present the most recent advances and draw a perspective for its future. We provide an overview of
all (side)products obtained in FOCR and examine the various reaction parameters and their ability to
influence the reaction. To understand the reaction better and improve it in the future, we critically discuss
the many mechanisms proposed for the various catalytic systems in the FOCR. At last, we explore the
potential to introduce new catalytic and solvent systems or co-reactants to the FOCR to improve reaction
performance and broaden the range of products from CO, derived formate.

1 Introduction

When John Louis Jullion first patented the coupling reaction
of two formate molecules to oxalate in 1846, the industrial
revolution was in full swing." Today, 175 years later, we have
seen the industrial use and even the formation of a world-
spanning cartel around this reaction to produce oxalic acid.
Yet, the advent of petrochemistry brought about alternative
routes or products and made the formate coupling process
obsolete. In those 175 years, we have developed into a society
emitting ever-more greenhouse gases into our atmosphere
causing severe environmental problems.>™ Society is looking
at the chemical industry to play its part in a transition to a cir-
cular economy by reducing its CO, footprint by utilizing it
rather than emitting it.>”” CO, can become an attractive build-
ing block for producing organic chemicals and materials, as it
is an economical, abundant, and nontoxic carbon source that

“Van‘t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park
904, 1090 GD Amsterdam, The Netherlands. E-mail: g.j.m.gruter@uva.nl
bDepartment of Chemical Engineering & Analytical Science, University of
Manchester, Oxford Road, Manchester M13 9PL, UK

‘Avantium Chemicals BV, Zekeringstraat 29, 1014 BV Amsterdam, The Netherlands

This journal is © The Royal Society of Chemistry 2022

can be incorporated in downstream products with high
‘atom efficiency’.* '* The capturing of CO, and its subsequent
conversion can be integrated in one process to utilize energy
and heat efficiently.">'® However, activation of CO, is still
costly due to its thermodynamic stability and kinetic
inertness."”

Electrochemistry is a promising way to utilize CO, as a
resource for chemicals.'®' It provides ways for sustainable
electricity to be stored in chemical bonds and can contribute
to solving the storage and intermittency problem of renewable
energy. Compared to other pathways, hydrogen is produced
rather than consumed. Out of all options for electrochemical
CO,, conversion, the production of alkali formate and CO are
the most advanced and most promising because of high
volume potential.*>*" The value of CO (syngas) in conversions
such as Fischer-Tropsch processes allows the production of a
broad variety of chemicals and is well known and
established.""*

Formate is today mainly used as an anti-freezing or cooling
liquid or for producing formic acid.*® To unlock an interesting
C, product tree, via the implementation of formate from CO,
at a large scale, we require a formate to oxalate coupling
process. The 175-year-old formate to oxalate coupling route fits
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Scheme 1 "OCEAN" process for CO, utilization via (i) electrochemical reduction to formate, (i) thermal formate coupling to oxalate, (iii) electro-

chemical oxalate acidification, (iv) thermocatalytic reduction of oxalic acid to glycolic acid, and (v) polymer production from oxalic acid and its

derivatives.

right in here and we are currently developing such a route
from CO, to polymers in the European Horizon 2020 “OCEAN”
project (Scheme 1).*

In the first step, CO, undergoes electrochemical conversion
to formate salt. Our research focuses on the electrochemical
reduction of CO, to formate and to CO, which both do not
require hydrogen and elevated temperatures.>>*® As formate
and CO can both be obtained via a 2 electron electrochemical
reduction of CO,, the electrochemical production of formate
from CO, aligns well with the ambition to use CO, as a renew-
able C1 feedstock.”””*® In a next step, formate must be removed
from water for the subsequent reactions. This poses a great sep-
aration challenge due to the high solubility. Separation cost and
energy consumption may represent a big share of the overall
process cost and thus this step must not be overlooked in the
overall process design. The formate can be effectively recovered
from the solution by a combination of solvent extraction, evap-
oration and cooling crystallization. The combination of these
three techniques allows to reduce the overall energy consump-
tion compared to evaporation alone.>® In the second step, these
formates are catalytically coupled to oxalate in the formate
coupling reaction (FOCR), which is the subject of this paper.
Formate is then acidified to oxalic acid in the third step. The
fourth step of the technology targets the derivatization of oxalic
acid to esters or its conversion to produce monomers such as
glycolic acid. In the fifth (and final) step, we investigate new
high-performing  polymers from these CO,-based
monomers.**>? Polymers can be especially interesting as they
allow for long term storage of sequestered CO, in materials.**>*
CO,-Based chemicals such as oxalic acid will become new plat-
form chemicals for a wide range of downstream products such
as MEG, glycolic, and glyoxylic acid that all can be obtained
from oxalic acid in various sustainable routes.>>*°

The formate to oxalate coupling reaction has been dis-
cussed in the scientific literature with major contributions
from Freidlin, Gorski, and most recently Lakkaraju and our
group.’’~° Yet, the story concerning both crucial (industrial)
reaction parameters and (scientific) mechanisms is neither
clear nor complete. Many potential reaction parameters and
their effect on the conversion and selectivity of the reaction
have been reported in scientific publications and patents over
the years but many are contradicting each other as details are
tightly related to the reactor designs or reaction systems that
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were used to generate the data. Many mechanisms were pro-
posed and to date, carbonite ([CO,]*"), first proposed as an
intermediate by Freidlin, is accepted as the main intermediate.
The activation pathways to obtain said carbonite from formate
- which appear to be diverse and interconnected - are not fully
understood yet. Such understanding is required to explain the
many observations made by scientists and alkali oxalate produ-
cers and then optimize for the reaction further.

Given the potential importance of this reaction in electro-
chemical CO, utilization in the future, we aim to first offer a
complete overview of reported observations and their relevance
followed by a critical discussion of all existing and potential
mechanisms. Finally, we will extrapolate improvement poten-
tials and new opportunities even beyond the production of
alkali oxalate.

2 History and factors influencing the
FOCR

To understand the formate to oxalate coupling reaction
(FOCR) we will first look at the research and patent history of
the reaction. A brief timeline of the history is shown in Fig. 1.
Investigations started already in the 19th century shortly after
the discovery of oxalic acid. However, the route starting from
formate was discovered by John Louis Jullion during his
attempts to improve the paper-making process and he
patented the process in 1852." Merz and Weith were the first
to describe the required process conditions in more detail in
1882.%7°% Goldschmidt in 1900 was the first to use a catalyst,
in this case, carbonate base (CO3>7), which also is a product in
the reaction. It was suggested that the carbonate and formate
would decompose upon heating to CO and hydrogen. Then
the carbon monoxide will react with the carbonate to oxalate.>®
The reaction was performed in an iron vessel above 400 °C
under the exclusion of air and the reaction required
45 minutes. Wiens et al. continued the optimization of oxalate
production in 1902, which led to the suggestion to use oxalate
as a (base) catalyst for the reaction, which avoided the separ-
ation of the carbonate after the reaction.®® In 1912, Strauss
patented a reactor design that relies on adding pure alkali
formate to a pre-heated reactor. He claimed that no catalyst is
required and that air is sufficient as atmosphere. However, he

This journal is © The Royal Society of Chemistry 2022
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History and developments in formate coupling reaction
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Fig. 1 Brief history with some of the most important milestones in the FOCR.

did not provide any specific examples and there are no reports
of successful application of his reactor in the historic archives
we visited.®" Mewburn suggested a reactor where the reaction
mixture consisting of only alkali formate is pre-heated to
270 °C and then introduced to the main reactor which is pre-
heated to 440 °C. According to their invention, this procedure
reduced the reaction time to 5 minutes and they obtained an
oxalate yield of 90%.°* Paulus et al. were the first to invent a
continuous process for oxalate production from formate. This
involved pre-heating of formate followed by rapid heating
through spraying the molten reactant on a pre-heated rotating
drum. They claimed that this resulted in a much more rapid
reaction and an instantaneous conversion within 2-3 seconds
without the use of any catalyst and the absence of side-product
formation.®® Wallace adopted the pre-heating strategy for the
batch process shortly after this using a different reactor design
but he didn’t report reaction times.®* In the invention of Bredt
et al. in 1927, for the first time, the use of alkali earth metal
formates was reported. They converted alkali earth metals to
sodium formate using sodium hydroxide. The remaining
sodium hydroxide was discovered to work as an efficient FOCR
catalyst for the first time.®®> Enderli and Hene for the first time
directly used potassium formate as a reactant in 1935 and
recognized that they were required to use active removal of
gases during the reaction and hydroxide as a catalyst to obtain
similar yields as in the sodium formate reaction.®®°® To
actively remove gaseous reaction products, they exchanged the
gas in the reactor by purging it with nitrogen. They optimized
the reaction by varying the required flow rates of gas-removal,
reaction temperatures and catalyst loadings. To our knowl-
edge, their process was in commercial use for several decades
at one of the main oxalate producers in Europe at the time.
Freidlin et al. have studied the formate coupling reaction
intensely between 1937 and 1940 and published their findings
in 14 scientific papers.***>*®%7% They looked at various
aspects from the reaction conditions to the role of reactor
materials and different (gas) atmospheres both from a scienti-
fic perspective but always with process development and appli-

This journal is © The Royal Society of Chemistry 2022

cation in mind. Most notably they investigated the suitability
of a broad range of basic catalysts including the use of alkali
metals, their amalgams, and superbases. Ovenall et al. studied
the reaction of sodium formate incorporated in a crystal
matrix and activated with high-energy y-radiation.®® Unlike
previous studies, they claimed that formate radicals rather
than ionic intermediates were formed by homolytic splitting of
the C-H bond. Subsequently, oxygen radicals were obtained
from the subsequent reaction of the formate radical into CO
and oxygen radical. They used electron spin resonance (ESR)
to analyse the structure and the electronic state of these inter-
mediates. The only carbonate was formed as a product from
the reaction of the oxygen radical with the formate radical.®®
Canning et al. turned their interest towards the thermal
decomposition of alkaline earth formates but did not observe
any oxalate formation. They were the first to establish that the
nature of the cation influences the decomposition of the for-
mates and argued that in the primary stage of the decompo-
sition the transfer of electrons from the acid radical to the
alkaline earth metal ion is required.>

Hartmann et al. studied the decomposition of a wide range
of metal formates into salt matrices by pyrolysis in 1965 and
1966 and analysed the products using IR spectroscopy.*”*® No
oxalate formation was suggested in their studies and it was
claimed that two formate molecules recombine into a tran-
sition complex which then decomposes to carbonate and a for-
maldehyde moiety. Meisel et al. studied the thermal decompo-
sition of several alkali metal formates by a complex dynamic
thermo-analytical method.>* During this study, it was found
that the FOCR with different alkali metal formates results in
different oxalate yields and the atmosphere influences the
ratio of the formate decomposition products. They achieved
the highest yields with potassium formate followed by reac-
tions with sodium and rubidium formate. With lithium and
caesium formate, no oxalate was formed.>* In 1976, Shishido
et al. found that the decomposition temperature ranges for Li,
Na, K, Rb, and Cs formates differ and that transition metal for-
mates decompose at even lower temperatures but don’t lead to

Green Chem., 2022, 24, 8227-8258 | 8229
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oxalate formation.”>”> Based on the findings of Ovenall et al.,
Shishido et al. proposed the formation of oxalate from two
CO, radicals and hydrogen stems from the recombination of
two hydrogen radicals.®® They also established that the for-
mation of oxalate depends on the stability of the formed
oxalate which follows the sequence of K > Na > Rb > Cs. In
1979, Baraldi et al. investigated the thermal behaviour of metal
formates with IR spectroscopy.®’ In this paper, they found that
the decomposition pathways of formates could be divided into
two groups concerning the metals that were used. The first
group, Na, K, Ca, and barium formate, mainly decomposed
into carbonate at 500 °C. Yet they reported the formation of a
stable intermediate from dehydrated formate, indicating that
oxalate was formed in the process. All metal formates from
other main groups decomposed to metal oxides or metals and
gaseous carbon compounds.

Gorski et al. investigated the formate coupling reaction in
1987 from four different angles including the role of the atmo-

sphere, solid reactants, intermediates, decomposition of
oxalate, and the formation of organic gaseous
products.?”*#%82 They were the first to suggest a full mecha-

nism with carbonite, the di-anion of CO,, as a reactive inter-
mediate in the FOCR as shown in Fig. 6.7 The underlying
mechanism suggests that the pathways depend on the nature
of the metal cation-hydride bond during the formate acti-
vation. A covalent bond leads to the formation of free hydro-
gen and carbonite whilst an ionic bond leads to formaldehyde
and metal-oxides.* In the first step, independent of the metal
cation, formate decomposes to hydride (H™) and CO,. The sub-
sequent reaction pathway in the second step depends on the
metal cations. If they form mainly strongly polarized ionic
bonds such as Li, Na, or K, then the hydride abstracts a proton
from formate leading to the formation of hydrogen and the
active carbonite intermediate which subsequently reacts with
another formate to form oxalate. If metal cations form weakly
polarized bonds with a largely covalent character, then the
hydride and formate form a tetrahedral [HCHO]™ intermediate
which decomposes to formaldehyde and an oxygen dianion
(0*7) to form a metal oxide. The formation of organic gaseous
products was related to a heterogeneous reaction of the inter-
mediate formaldehyde with metal oxides in the reaction
medium. As metal oxides only form with certain formats, the
formation of organic gases can be avoided by the choice of
metal.®* For the FOCR they showed that the oxalate yield from
the alkali metal formate is the highest when the same alkali
metal hydroxide was used. Atmospheres also influence the
reaction and whilst nitrogen, carbon monoxide, and hydrogen
are inert towards the FOCR, carbon dioxide, water vapour and
oxygen retard the reaction.*®®’ Masuda studied the thermal
phase transformations of lithium, sodium, and potassium
formate. For these three formates, small endothermic peaks
without any weight changes were observed at 230, 237, and
135 °C, respectively.®* Li et al. patented various designs of con-
tinuous processes for the production of sodium oxalate.®> %

In their earliest process, they aimed to improve the oxalate
yield by improving the formate dehydrogenation by quickly
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heating the sodium formate from 300 °C to 420 °C with hot
nitrogen at high flow velocities.®® In their second design, they
replaced nitrogen with superheated steam for rapid heating.®”
A fluidized bed reactor was patented by Cao et al. in 2009 for
which they claimed to improve the oxalate yield by avoiding
the decomposition of oxalate to carbonate.’® Microwave-
assisted dehydrogenation of formate was patented by Ep et al.
in 2015. They only achieved 75% oxalate yield but increased
the energy efficiency for the heating.”" In 2016, Lakkaraju et al.
performed a mechanistic study of the coupling reaction and
confirmed carbonite as the active intermediate with DFT calcu-
lations and Raman spectroscopy in a reaction mixture of
sodium formate with sodium hydride catalyst.** The formation
of carbonite was claimed as the rate-determining step for the
reaction. They could reduce the reaction time with hydride,
which is a stronger base relative to NaOH but could not reduce
the reaction temperature. This work was patented in 2017.%2
Most recently, we confirmed the presence of carbonite in the
FOCR catalysed when using hydrides as superbases.*> We were
also able to reduce the reaction times from minutes to seconds
and temperature by 200 °C (now 170-200 °C) for the first time.

2.1 Products obtained during attempted formate coupling

The coupling of formate to oxalate ideally only produces
oxalate and hydrogen as products. However, several side reac-
tions occur due to non-optimal conditions. The side-products
can be divided into solid and gaseous and a complete overview
of them is shown in Fig. 2.

Solid oxalate is the desired product; however, carbonate was
often observed as a side product. With hydroxide bases, car-
bonate was obtained at relatively low temperatures at which
the formation of oxalate does not yet occur. However, in our
experiments, we never observed carbonate formation at low
temperatures apparently due to the dry conditions we main-
tained. Additionally, carbonate can be formed by oxalate
decomposition at high temperatures which is helped by the
presence of hydroxide. Another decomposition product is
elemental carbon which is produced from oxalate, formate, or
carbonate at high temperatures. Gorski et al. reported a pro-
nounced carbon formation when lithium formate was used in
the FOCR but only traces of carbon were formed with sodium-
and potassium formate. They explained this with the preferred
formation of carbonate and CO instead of oxalate for lithium
formates.”® The CO formed is then disproportionate to
elemental carbon and CO,. If borohydride is used as a catalyst
in the FOCR with sodium and potassium formate, the for-
mation of meta-borate can be observed. The formation of
metals and metal oxides has been reported when strong bases
were used in the reaction. Gérski et al. suggested the dispro-
portionation of two carbonite intermediates to oxalate and
metals as a potential pathway. However, we believe that, due to
the strong repulsion of the two molecules and low overall con-
centration, this is unlikely to occur. We never observed metal
or metal oxides in our reactions with hydrides as catalysts.

In the formate coupling reaction not only oxalate is pro-
duced but also one equivalent of the valuable gas hydrogen.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Solids and gases obtained as products in the formate coupling reaction. The desired products are oxalate and hydrogen. Solid side products
include carbonate and as well as carbon, metal oxides, and metals. Gaseous side products were found to be methanol, methane, CO,, formal-

dehyde, carbon monoxide, and methyl formate.®2

Additionally, a wide range of other gases has been reported
including formaldehyde, methanol, methyl formate, methane,
carbon monoxide, and CO,. Whilst these gases are products
formed from formates, also water contained in the highly hygro-
scopic reaction mixture leaves the reactor at increased tempera-
tures. The formation of CO and CO, as intermediates in the
reaction pathway from formate to oxalate was suggested by
Gorski et al. The loss of these gases from the reaction was pro-
posed as the reason for the low oxalate yields. The formation of
the gaseous organic compounds such as methanol, methane,
formaldehyde, and methyl formate depends on the formation
of formaldehyde as an intermediate. Potential pathways for
these reactions were discussed in detail by Gérski et al.*® They
found that the formation of formaldehyde as an intermediate
was mainly dependent on the metal counter ion. From formal-
dehyde, methanol and methyl formate can be formed in
Cannizzaro or Tishchenko reactions as shown in Scheme 2.°*°
To gain more insight into gas evolution, we studied the time-
resolved formation of gases during the reaction with different

A) Cannizarro reaction

o
G omm Hfon + MO H—H +
o S N

B) Tishchenko reaction

O (6] O HH
+ —
HJ\O‘\_I-&J\H H™ O

catalysts including hydroxides, superbases, or titanium hydrides
in non-isothermal reactions with heating rates of 10 °C per
minute (Fig. 3). We employed both GC and mass spectrometry,
which were directly connected to the outlets of our reactor.
Independent of the catalysts used in the reaction system, hydro-
gen was observed as the main gaseous product in the tempera-
ture regime where oxalate was produced. CO, and CO were
formed in the potassium hydroxide catalysed reactions when
the reaction mixture was not dried sufficiently. We observed the
formation of CO in trace amounts at the beginning of the reac-
tion during the evolution of residual water when hydroxides
were used as catalysts. Once the hydrogen formation increased
at higher temperatures, CO was not detected anymore. In the
absence of a catalyst, CO, and CO were formed at temperatures
below 380 °C during carbonate formation. If the reaction temp-
erature is set too high, the formation of CO, was also observed
during oxalate decomposition. In the presence of super bases
such as hydrides or amides also CO was produced during
oxalate decomposition at high temperatures.

O HHH 0

9 O H H
— +
P WS

Scheme 2 Formation of (A) methanol via Cannizzaro reaction,®* and (B) methylformate via Tishchenko reaction.®®

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Gases produced during heating of formate with various catalysts.

We also observed various organic gaseous compounds in
uncatalyzed reactions or with hydroxide or titanium hydride as
a catalyst. Methanol formation was only observed shortly after
the appearance of carbon monoxide and carbon dioxide from
pure formate or insufficiently dried hydroxide -catalysed
formate reactions. Methane was detected in the presence of
titanium hydride as a catalyst and coincided here with the
release of hydrogen stored in the titanium hydride. We did
not, however, observe any formaldehyde or methyl-formate.

The evolution of water could be observed in hydroxide cata-
lysed reactions, even if the reaction mixture was dried in a
vacuum oven. The magnitude of water release increases with
higher loadings of hydroxide catalyst and occurred in two
stages at different temperature ranges, which became even
more visible at lower heating rates. We believe that this indi-
cates that the released water is of different origins. The first
one is crystal water strongly attached to hygroscopic hydroxide.
The second source is water produced to initiate the FOCR
itself. For potassium hydroxide catalysed potassium formate
reactions, water was released first, followed by the subsequent
production of CO, CO,, and methane. Finally, hydrogen was
produced and none of the other gases appeared any longer in
the effluent gas.

2.2 Parameters used in past

The production of oxalate and hydrogen, as well as the side
products, is influenced by various process variables as shown
in Fig. 4. We can divide the variables into six categories includ-
ing the formate metal cation, heating of the reaction, the
atmosphere, use and nature of catalysts, potential poisons,
and the reaction time. For each category several continuous
and categorial factors are tuneable, yet not all of them lead to
the desired selective formation of oxalate nor have they necess-
arily turned out to be of influence at all. Catalysts have a
special role in this list as they can drastically change the
required reaction time and temperature of the FOCR.

8232 | Green Chem., 2022, 24, 8227-8258

2.2.1 Metal ion. Importantly, the choice of the formate
metal ion plays a major role (Fig. 4; pillar 1). Formate salts can
be formed with different metals as counter ions, from the
main groups of alkaline metals, alkaline earth metals and
transition metals. Transition metal and alkaline earth metal
formates have historically been of interest as mediators in
nuclear reactors which explains the various investigations into
their decomposition behaviour.*®*8°%°>%¢98 However, the
interest of this research was never the production of oxalate.
However, transition metal formates only lead to the formation
of carbonate, metal oxides, metals, or carbon as solid pro-
ducts. The formation of oxalate from transition metal formates
has never been observed. Most often, a mixture of CO and CO,
was produced.’® Formates from earth alkaline metals of which
the decomposition behaviour has been studied include beryl-
lium, magnesium, calcium, strontium, and barium
formates.?””>>* During their decomposition mainly CO is
formed, from which in some cases other carbonous solids yet
no oxalate was derived.

Only alkaline metal formates produce oxalate in the
decomposition process. Whilst potassium and sodium metal
formates reliably allow oxalate production, this is not the case
for rubidium, caesium, and lithium formates. The oxalate
yield that can be obtained from formate decomposition
follows the sequence of K > Na > Rb > Cs > Li.>*™> Shishido
et al. reasoned that the stability of the produced oxalate is
responsible for this observation.>® The production of oxalates
from lithium formate appears the most challenging as not all
authors report oxalate formation but rather decomposition to
elemental carbon and carbon monoxide.*® Because of this
absence or very limited oxalate production from Li, Cs, Rb,
and transition metal formates we focus on the decomposition
behaviour of potassium and sodium formate in our work. We
were the first to look into mixtures of Na/K formates as these
have the potential to fine-tune the reaction conditions allowing
us a broader array of potential reactor designs. For the remain-
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Fig. 4 The reaction parameter choices made in the past can be categorized into 6 principal pillars of formate metal ion, heating method, atmo-
sphere, catalyst choice, presence of poisons, and reaction time. For each of these pillars, several subcategories are available which contain either

categorial or numerical variables.

ing parameters, we restricted our literature research to para-
meters used in sodium and potassium formate reaction
systems.” If the FOCR is part of a CO, to chemicals process
starting with the electrochemical reduction of CO, to formate,
then potassium is the most desirable metal anion as it prom-
ises the highest CO, conversion efficiencies and yields.****°

2.2.2 Catalysts. The slow reaction rates and high tempera-
tures of the FOCR make it attractive to use catalysts (Fig. 4,
pillar 4). In the early days of its commercial use, bases were
found to improve yields and decrease reaction
temperatures.*>**>%771°1 We can categorize the bases into
three groups: weak bases such as the produced carbonate or
oxalate, strong bases such as hydroxides and sodium borohy-
drides, and superbases such as hydrides or amides which are
unstable in the presence of water.

The weak base alkali carbonate was the first suggested cata-
lyst for FOCR by Goldschmidt in 1900.>° Later Gorski et al.
found that adding equimolar amounts of a base harms the
reaction.’” We investigated various carbonates as catalysts
encouraged by the activity of caesium carbonate, a stronger
base that was active in similar reactions.'®® Unfortunately,
none of the tested carbonates had any visible effect on the

This journal is © The Royal Society of Chemistry 2022

reaction in our tests.*” Also, oxalate, the main product of the
reaction, was used as a catalyst in the process developed by
Wiens, yet we could not observe any catalytic activity when
adding oxalates to the reaction mixture.®® This suggests that a
stronger base is required to drive the reaction.

Alkali hydroxides have been most popular and still are the
only ones used in commercial processes. With hydroxide, the
reaction start-temperature, and optimal reaction temperature
at which the reaction proceeds at its highest rate could be
lowered on average by 40 °C. More importantly, the reaction
completes in a matter of minutes rather than hours.
Unfortunately, hydroxides do not only function as a catalyst
but also as stoichiometric reactants with both formates and
oxalates leading to the formation of carbonate and CO,. Hence
an optimal amount of catalyst loading exists which strikes the
balance between accelerating the FOCR without causing too
much carbonate formation. The optimal amount of hydroxide
was reported within a range of 1-10 wt%. Hydroxide has the
advantage of being relatively cheap and it’s recoverable from
the products after the reaction.

Sodium borohydride is an even stronger base that is stable
in the presence of water. It was used in the formate coupling

Green Chem., 2022, 24, 8227-8258 | 8233
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reaction and reduced the reaction temperature by up to
100 °C. Although high oxalate yields can be achieved, 5 wt%
catalyst loading is still required. Also, metaborate is formed
leading to difficulties to recover the catalyst and the higher
initial cost prevented commercial application.*’

Given that the reaction appears to improve with increasingly
basic catalysts superbases are interesting. Already Freidlin
et al. had made use of them and tested hydrides, amides as
well as alkali metals as catalysts.'®>'° They showed that
amides could lower the reaction temperature by 150 °C and
alkali metals were performing even better. Alkali metals,
however, are difficult to handle and their recovery poses a
major challenge. Freidlin solved this by using amalgams of
alkali metals which were high-density non-miscible liquids at
the applied reaction conditions.'® Due to their toxicity, this is
not a sustainable option in large-scale operations today.
Hydrides have been the most investigated superbases and were
used by Freidlin, Goérski, and Lakkaraju. While they all
reported strong improvements in reaction rates, only a small
decrease in reaction temperatures was observed compared
with hydroxides.*""** We, however, showed most recently that
these superbases can facilitate the reaction at much lower
temperatures and that reactions are limited by the availability
of formate once the reaction mixture melts.*” The reaction
rates are greatly increased and no side products are produced
under optimized conditions. This however requires an absol-
ute absence of moisture. The recovery of the more expensive
superbases catalysts is still very challenging, but only 0.5-1%
of the catalyst is required which outweighs the cost of their
loss as our calculations show.?” Whilst reactor materials
including glass, iron, and nickel were also reported as poten-
tial catalysts, we recently showed that they influence the reac-
tion as poisons and not as catalysts.*?

2.2.3 Heating. The formation of oxalate from formate
requires elevated temperatures and therefore the reaction mix-
tures must be heated. Several parameters within heating influ-
ence the achievable oxalate yield and these include first and
foremost the reaction temperature but also the heating rate,
heating profiles, and pre-heating of the reaction mixtures
(Fig. 4; pillar 2). The only commercial set up to our knowledge
was operated in batch mode where the several hundreds of
kilos of formate were heated conventionally by a gas flame in
big metal reactors. The large bulk of reactant in the container

View Article Online
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requires a relatively long time to reach reaction temperature
and therefore total reaction times of up to six hours were
common,%>6466768,101,106-109 g heequently, the solids formed
have to be removed from the reactor before the next batch can
be processed. Alternatively, the heat can be provided by con-
ductive heat transfer on hot surfaces or heated gases as well as
inductive heating using microwave technology. Various reactor
designs that allow for continuous operation have been
patented.®®1°%119114 They all rely on rapid heating of the reac-
tion mixture by either thinly spreading the molten salt on
rotating drums, spraying it into heated gas chambers, or using
rapid microwave heating. These designs promise a higher
grade of automation, throughput, and higher yields as
decomposition of oxalates are partially prevented by shorter
residence times.

The ideal reaction temperature differs depending on the
formate metal ion, catalyst used, the atmosphere, water
content in the reaction mixture, reaction time, and reactor
design. Hence, the reported ideal reaction temperature differs
across the literature.

In Fig. 5 we illustrate the different processes happening
when potassium format is used as a reactant. We found that
formate does not react in its solid form. In the presence of a
superbase catalyst, oxalate is formed rapidly once the formate
melts (at 170 °C and 248 °C for K- and Na-formate, respect-
ively).” In the absence of superbases, catalyst-free decompo-
sition of formate to carbonate dominate from melting up to
about 360 °C. We, however, found that this decomposition
does not occur in the absence of moisture.®* With hydroxide
as a catalyst, oxalate formation can already be achieved at
320 °C and the ideal reaction temperature window is lowered
to 410-430 °C.**> Without a catalyst, oxalate formation starts at
360 °C and the reaction rate towards oxalate increases up to
440 °C. Above 440 °C the decomposition of oxalate towards
carbonates, volatiles and elemental carbon occurs primarily.
The initial decomposition temperature of oxalate depends
mainly on the atmosphere, metal ions and can be lowered
when catalysts are used. Especially the use of CO, in the atmo-
sphere can lower the oxalate decomposition temperature.’®
Hence the ideal temperature window for oxalate production
historically was between 360 and 440 °C. We found that
without catalyst, the required reaction temperature was higher
and optimally between 420-440 °C.*?

Oxalate formation with hydroxide catalyst

Carbonate from fo

G O)xa|ate formation
without catalyst

Fast oxalate formation
with superbase catalyst

e e e [l

360 °C

Fig. 5 Reactions occurring during formate to oxalate coupling at different temperatures.
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Rapid heating of the formate was proposed in order to
avoid the side reaction to carbonate in the low-temperature
region.”® In our experiments, however, we found no noticeable
impact of slow heating rates on the oxalate yields in our
system. Conversely, fast heating causes strong foaming of the
reactant caused by very rapid gas formation. This harms heat
transfer and increases the reaction temperatures or the reac-
tion times to achieve oxalate yields like reactions with slower
heating rates. We furthermore observed uncomplete reactions
with strong foaming. To overcome these problems, Hene pro-
posed two-stage heating and showed that a longer first reac-
tion stage at a lower temperature followed by a short second
reaction stage could improve oxalate yields significantly.®”
While this was carried out in one reaction vessel, other two-
stage heating processes rely on pre-heating the reaction
mixture in a separate vessel to decrease the required heating
towards the desired reaction temperature. Mewburn showed
earlier that pre-heating formate to 270 °C in a separate heater
before rising it quickly to the desired reaction temperature can
reduce the reaction times significantly and improve the yield.®>
This concept was adapted in many continuous process designs
as they require the reaction mixture in a liquid state.

2.2.4 Atmosphere. Various gases have been used in cata-
lysed and uncatalyzed FOCR as atmospheres throughout
history and the influence of the added gases depends on the
catalytic system in use (Fig. 4; pillar 3). The reaction atmo-
sphere is determined by the gas added to the reaction and
whether gases are produced during the reaction itself. The
latter can furthermore be removed actively by purging. They
include air, inert gases such as argon, helium, and nitrogen,
and gases potentially produced during the reaction such as
hydrogen, carbon monoxide, and carbon dioxide. Air, which
allows for the easiest operation, has been used as an atmo-
sphere in uncatalysed reactions only.?34748:34:3581L115 ghishido
et al., Meisel et al. and Sabbah et al. showed a strong decrease
in oxalate yield for uncatalyzed reactions with all alkali metal
formates.>*>>*'® Gérski et al. attributed the detrimental effect
on the oxygen contained in the air and referred to the work of
Dollimore et al. who showed that oxygen favours the decompo-
sition of oxalate to carbonates.*>''® Qur tests have shown no
or only minor inhibition of the reaction when dry air is used
in conjunction with hydroxide as catalyst.*® Especially at the
operation temperature of the hydroxide, catalysed FOCR
(380 °C), the oxalate decomposition towards carbonate is not
occurring yet and therefore not accelerated by the presence of
oxygen. However, the production of hydrogen and the poten-
tial formation of explosive mixtures in the presence of air
makes its use unsuitable for an industrial process.

The second most common atmosphere used in FOCR is
nitrogen which showed a higher conversion towards oxalate
compared to air,38*1:42:34,33,67,68,81,85.92 Njjtrooen has been used
with all available catalysts and the reaction performs similarly
in the inert atmospheres of argon or helium which indicates
that nitrogen is inert, too.”®

If the FOCR involves equilibrium reactions, the produced
gases should affect the achievable yields or reaction times. In

This journal is © The Royal Society of Chemistry 2022
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the FOCR mainly hydrogen is formed, and water is released
from the hygroscopic reaction mixture. Additionally, CO and
CO, can be produced in undesired side reactions. A potential
influence of these gases on the course of the reaction was
investigated by Gorski et al. who performed the uncatalysed
FOCR in CO and CO, atmospheres.?” They did not observe any
detrimental effect of CO and, therefore, concluded it to be an
inert gas. In our investigations with hydroxide catalysed reac-
tions, however, we found that carbon monoxide reduces the
conversion but has no effect on selectivity towards oxalate.®®
The story for CO, is, however, different and Goérski et al. found
that carbon dioxide did not affect required reaction tempera-
tures but observed that high CO, concentrations reduced the
conversion significantly. They argued that the concentration of
CO, during the uncatalysed reaction needs to be well balanced.
In their proposed mechanism, CO, is a reaction intermediate
that is first formed in the decomposition of formate to form
active hydride species and later reacts with the active carbonite
intermediate as shown in Fig. 6. They assumed that too much
CO, prevents the activation which is an equilibrium reaction.
CO, also prevented the decomposition reaction of the formed
oxalate to carbonate and CO, as this reaction is an equilibrium
reaction and the presence of CO, shifts the equilibrium to the
oxalate side.’” In a hydroxide catalysed FOCR, we, however,
found that CO, inhibits the reaction and blocks the formation
of oxalate in favour of carbonate formation.** We could
recently show that CO, reacts with both hydride and carbonite,
the two highly reactive species in the reaction system."'’
Hydride and CO, react towards formate. Carbonite and CO,
react towards oxalate. In both reactions, no new reactive
species are formed. Therefore, the presence of CO, removes
the active species and inhibits the reaction.

Hydrogen is the main gaseous product of the FOCR and a
valuable feedstock with ever-increasing interest. As it is most
favourable to capture it undiluted in commercial applications,
hydrogen is the most interesting atmosphere. Fortunately,
Gorski et al. have shown that nitrogen behaves as an inert gas
in the sodium formate coupling reaction.*® During the devel-
opment of a commercial hydroxide catalysed potassium
formate coupling process, however, Enderli et al. observed that
hydrogen has an inhibiting effect above a certain partial
pressure.®® Our results, however, do not show inhibition by
hydrogen on the hydroxide catalysed FOCR. Conversely, hydro-
gen appears to be the most suitable atmosphere.®* We suggest
that not the removal of hydrogen as suggested by Enderli
et al., but rather the removal of water which is released from
the reaction mixture improves the oxalate yields. In particular,
we could observe the negative effect of water when steam was
used as an atmosphere. The active removal of water is there-
fore critical in potassium-based systems but also beneficial in
sodium-based systems. The removal can be achieved by either
flowing an inert gas, ideally hydrogen, over or through the
reaction mixture or by applying a vacuum.®”**?

2.2.5 Poisons. Poisons for the FOCR can be summarized
into five groups including reactor materials, reaction products,
gases, dilutants, and water (Fig. 4; pillar 5). The latter is the
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Fig. 6 Reactor apparatus used for formate coupling reaction 100 years
ago. A device with two pivoted lids ¢, ¢! which are connected by chains
a, a, b with a weight C tending to hold the lids in their position when
opened. Pan is surrounded by a receptacle D confining an air bath
between itself and pan A and disposed above a series of gas burners E.
The said receptacle D and the gas burners E is contained in the interior
of a masonry mass F provided with the necessary flue for the combus-
tion gases. Pan A is provided with a tube E for the evacuation of the
steam and gases resulting from the reaction in pan A. The socket H on
the bottom of pan A and normally closed by a valve K allows removing
from pan A the oxalate produced at the end of the operation. The
formate is fed via the lid ¢ and stirred via the stirring device B. Ideally
150-200 kg of formate are heated per m? of heating area. The ideal
temperature for the burner is between 500 to 570 °C, the temperature
in the molten formate is above 400 °C.%*

most well-known poison to the reaction as it suppresses the
formation of the reactive intermediates and in the case of
superbases causes their degradation. Baraldi et al. established
that the reaction of formate always only starts above the de-
hydration temperature of formate.®' We have found that the
use of wet reactants suppresses the reaction and the reaction
can be improved by pre-drying the reactants in vacuum ovens
and preparing reaction mixtures in water-free environments
such as glove-boxes.””> The active removal of water vapour
formed in the reactor when using hydroxides benefits yields
and reaction rates.’® in particular with superbase catalysts, a
water-free environment is most important to avoid degradation
of the catalyst.*

Reactors for the FOCR have traditionally been made from
metals, most commonly steel. This, however, may lead to the
formation of iron oxalates which are difficult to remove and
cause a reduction in oxalate yields.”" Especially in a process
where the FOCR is paired with electrochemical cells, the intro-
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duction of iron ions is undesirable. In these processes, the
electrolytes used for downstream acidification of oxalate to
oxalic acid and the upstream CO,-to-formate reaction are
mixed. Iron is a known poison to the upstream electro-
chemical CO,-to-formate reaction.>® The use of nickel or glass
as reactor materials has shown to be inert towards the reaction
and therefore provide alternatives to iron.”* Oxalate and car-
bonate are both produced in the FOCR and have been
suggested as potential catalysts in the reaction.®®''® Other
reports however suggest that especially carbonate, if present in
larger quantities, reduces the achievable oxalate yield by up to
23%.° We found that only carbonate if added in equimolar
amounts harms the oxalate formation. Gases such as CO,,
oxygen, and steam can also negatively affect the FOCR, as dis-
cussed above. Dilutants are technically not necessarily poison-
ing the formate coupling reaction itself. However, as the reac-
tion is relying on mass and heat transfer in the molten salt,
the introduction of dilutants such as silica or carbon powders
can reduce the obtainable oxalate yield. We have seen this
especially with low-density materials such as silica aerogels.*

2.2.6 Reaction time. The reaction time is the last pillar to a
successful FOCR and depends on the reaction rate, the heat
conductivity, and the mass transfer within the reaction
mixture melt (Fig. 4; pillar 6). Consequently, the combination
of all the previously discussed pillars determines the required
reaction time.

Whilst most patents suggest reaction times from
15 minutes to 1.5 hours, it can require up to 8 hours to reach
completion,’® 6264,66-68,106-109,1197123 * The  glowest reaction

times were reported for large-scale drum reactors which were
operated in batch mode with hydroxide as catalysts (Fig. 6).
The latter limits the reaction rate and convectional heating in
a high volume-to-surface ratio reduces the heating rate,
increasing the overall residence time of the reactants in the
reactor. With increasing reaction times, oxalate can decom-
pose to carbonate or elemental carbon. Hence, Paulus pro-
posed a different reactor design that should allow for more
rapid heating and claims an instant conversion in his patent,
yet he does not back this claim with any evidence.'”” On the
other end of the scale of the required reaction, times are
superbase catalysed systems in which the reaction reaches
completion as quickly as 30 seconds. The reaction rate with
superbases is increased by several orders of magnitude and
the lower reaction temperature reduces the time required to
heat the reaction mixture.

3 Mechanistic pathways

The history of the FOCR literature is rich in proposed
mechanisms'37742,47750,52,53,55,56,81,118,1247130 Interestingly’
these pathways differ not only depending on the study but also
depending on the catalyst used in the FOCR. In many cases
such as in the use of the commercial hydroxide “catalyst,” the
so-called catalyst is a catalyst precursor. The active catalyst
during the reaction is produced in situ. The first suggestion

This journal is © The Royal Society of Chemistry 2022
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known to us is by Goldschmidt, involving decomposition of
carbonate and formate upon heating to carbon monoxide and
hydrogen which then react with the carbonate to oxalate.”
Takagi and Freidlin et al. were the first to systematically study
the FOCR to unveil its mechanism.*®'*® Hartmann et al.
studied the decomposition of metal formate into salt matrices
by pyrolysis in 1965-1966.*”*% In the 1960s radical formations
were proposed and studied by Brivati, Ovenall, Atkins,
Whiffen, and Bellis.'?**2°7*3! Based on the work of Ovenall
et al., Shishido and Masuda proposed the formation of oxalate
from two CO,-radicals and the recombination of two hydrogen
radicals to hydrogen.’>®° Yet, Gorski et al. suggested a multi-
step reaction cycle involving carbonite as a reactive intermedi-
ate. Gorski et al. themselves were not able to directly prove the
presence of carbonite but Lakkaraju later showed spectro-
scopic evidence.*’ We added further proof recently with D,O
quenching studies.*> Most recently, we showed the role of CO,
as a reaction partner or poison of the reaction, depending on
the presence and quantity of base catalysts."’” In another pub-
lication, we address the role of the metal counterion and gas-
removal in hydroxide catalysed reactions.”®

Overall, the FOCR proceeds through various stages illus-
trated in Fig. 7. All reactions start with the activation of
formate by proton abstraction, followed by oxalate formation
via carbon-carbon coupling (carbanion attack on electrophilic
carbonyl of another formate) and - although undesired -

Uncatalysed

Borohydride

Hydroxide

Hydride

Alkali metal

C-C
coupling

Formate attack

CO,attack

Carbonite fusion

Hydroxide attack
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decomposition of oxalate. In parallel, the decomposition of
formate to other organic compounds presents further unde-
sired side reactions.

3.1 Carbon-carbon coupling

Although only the second step in the reaction, we find it
helpful to first discuss potential pathways to couple two
carbons starting from formate. All proposed mechanisms, pre-
sented in Fig. 8, are depending on the presence of a curious
reactive species called carbonite. Carbonites are very short-
lived due to their high reactivity. A comprehensive review of
carbonites was recently published by Paparo et al.'*® Freidlin
et al. were the first to suggest the presence of carbonite in the
FOCR but it was Gorski et al. who based all of their pathways
on the presence of carbonite.*® They suggested the reaction of
carbonite with CO, as the main pathway as shown in Fig. 8B.
The electrons are located on the carbonite’s carbon which
hence acts as a carbanion nucleophile to attack CO, molecule.
Alternatively, Gorski et al. proposed that two carbonite mole-
cules could disproportionate and fuse to form oxalate and
alkali metal following Fig. 8C. Due to the low apparent concen-
tration of carbonite, this reaction appears rather unlikely. If
borohydride is used as a catalyst, the carbonite is stabilized as
borocarbonite. In the reaction with formate, the formate
proton is exchanged for the carboxyl group (Fig. 8D). Gorski
et al. do not provide any detailed reaction mechanisms or com-

Oxalate
Decomposition

Acid-Base reaction
Hydroxide
Disproportionation

Metal + CO,
formation

Formate decomposition

Carbonite
Disproportionation

Fig. 7 The FOCR can be divided into three stages including formate activation, carbon—carbon coupling, and at last decomposition reactions.
Various mechanisms were proposed for each of the stages which differ for catalysts or reaction principles.
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Carbon - Carbon coupling

A) Carbonite attacks formate (Lakkaraju, 2016)

D) Borohydride coupling (Gorski, 1987)

H owm*

HM

=B H-/%- — H—B H + :
‘%M mt H Jd o™

Fig. 8 Four pathways were suggested for the carbon—carbon coupling reaction in the FOCR in literature.** (A) The attack of the active carbonite
intermediate on formate to form oxalate and hydride. (B) Carbonite attacking a CO, molecule to form oxalate by no hydride.*® (C) The disproportio-
nation of two carbonite intermediates to fuse towards oxalate and metal.>® (D) Attack of borohydride stabilized carbonite on formate with the for-

mation of metal borohydride. The coupling of borocarbonite is restricted to the use of borohydrides as a catalyst.

putational proof for their suggested mechanisms but only rely
on observations during thermogravimetric experiments and
product analysis. Although they argue that superbases such as
hydrides or amides should favour oxalate formation a dedi-
cated carbon—-carbon coupling mechanism was not discussed.
Lakkaraju et al. for the first time suggested a detailed
mechanism involving intermediate states and the DFT calcu-

8238 | Green Chem., 2022, 24, 8227-8258
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lations for both potassium and sodium systems. They suggest
a direct attack of the active carbonite on surrounding formate
followed by the release of a new hydride which can function as
a catalyst again (Fig. 8A). It is, however, not the C-C coupling
step in their mechanism which was found to be rate determin-
ing but the generation of the reactive carbonite species in the
first place. In conclusion, it is imperative to produce carbonite

This journal is © The Royal Society of Chemistry 2022
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from formate to produce carbonate. The differences in
required reaction conditions, rates, and reaction orders
suggest that several different mechanisms exist for different
catalysts or catalyst precursors which are all converted to the
active catalyst in situ. We showed that both coupling options of
carbonite with either formate or CO, are possible and the
strong poisoning behaviour of CO, suggests that the reaction
of carbonite with CO, might be preferred over the reaction of
carbonite with formate.''” DFT calculations of Lakkaraju et al.
indicate a strong exothermicity for this reaction.*' The strong
poisonous character of CO, we have seen in the FOCR when a
base is added in catalytic amounts underlines this.*

3.2 Uncatalyzed formate activation

The first step is the activation of formate by breakage of the
carbon-hydrogen bond to form carbonite, for which several
options exist as shown in Fig. 9."*> The reaction mechanisms
might differ depending on the presence and type of a catalyst,
which we discuss individually.

A first mechanism for the uncatalyzed reaction, shown in
Fig. 9A, was proposed by Freidlin et al. and involves the con-
certed coupling of two formate molecules to form a glyoxylate
intermediate. Subsequently, oxalate is formed via the release
of hydrogen.”® The driver for the reaction suggested by
Freidlin is unclear and we deem such a multistep concerted
reaction unlikely. Later Brivati, Ovenall, Atkins, Whiffen and
Hartman studied the decomposition of formates in the pres-
ence of y-radiation. They however aimed to study the decompo-
sition behaviour of organic mediator substances in nuclear
reactors rather than the production of oxalate. '>*1297131
Ovenall et al. established that a CO, radical anion is formed by
homolytic cleavage of the C-H bond in formate at elevated
temperatures after irradiation."*® They studied sodium formate
incorporated in crystal matrix with high-energy y-radiation and
used electron spin resonance (ESR) to determine the electronic
state of the CO, free-radical.

If two calcium formate molecules were used, they recom-
bined into a transition complex and then decomposed to car-
bonate and formaldehyde. Shishido et al translated the
radical mechanism to the formation of oxalate from two CO,
radicals and the recombination of two hydrogen radicals to
hydrogen as shown in Fig. 9B.>* Yet, Gorski et al. showed by
ESR studies that these radicals were only observed if the
samples were irradiated with y-radiation before the measure-
ment and not during thermal decomposition alone.>”***1° As
an alternative they introduced carbonite, a di-valent carbon, as
the reactive intermediate.

Already Freidlin et al. had considered a second route invol-
ving the formation of carbonite when using metals as a catalyst
but rejected this intermediate as they thought the formation of
a two-valent enol-like species was highly unlikely.”® Gérski
et al. used thermogravimetric analysis to study the FOCR and
showed that synthesis gas was not the precursor to organic
species formed during the formate decomposition.”® In their
two-step activation, shown in Fig. 9C, Gorski et al. hence took
the influence of the metal into account. In the first step,
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formate decomposes to hydride and CO,, which is the reverse
reaction of formate formation from CO, and hydrides. They
observed CO, amongst the products for all uncatalyzed reac-
tions independent of the formate metal cation used.
Therefore, they concluded this reaction to be independent of
the formate metal cation and non-reversible as the hydride
rapidly reacts with another formate anion. Hence, this step is
also not influenced by the presence of CO,. Whilst this first
step was proposed to be independent, the second step
depended on the metal cation. Already Meisel et al. studied
the influence of the metal ion on the FOCR with thermo-
gravimetric analysis and concluded that the increasingly
covalent character of the metal-carboxyl bond with increasing
radii of the metal ion hinders oxalate formation.>* They
suggested various decomposition paths, but without any detail
on the actual mechanism. Gorski et al. incorporated this in
their proposition for the second step reaction step. Here the
degree of covalence of the metal-hydride bond determines the
further reaction path. Metal cations with low electron affinity
such as sodium, potassium, or rubidium form strongly polar-
ized bonds with the hydride anion resulting in an ionic charac-
ter. The hydride acts as a strong Lewis base and abstracts a
proton to form molecular hydrogen and reactive carbonite.
This reaction was thought to be favourable due to the
increased bond strength of the newly formed H-H bond com-
pared to the original C-H bond. For metal cations that form
weaker polarized bonds, the hydride-metal interaction is
largely covalent. Consequently, the hydride acted as a nucleo-
phile leading to the formation of the tetrahedral methanebiso-
late which decomposed subsequently to formaldehyde and
metal oxides. Gaseous organic products observed in the
decomposition of most metal formates stemmed from the for-
mation of formaldehyde and its subsequent decomposition
helped by the metal oxides. Methanol was proposed to form in
a Cannizzaro reaction on metal oxides with strong basicity,
whilst weakly basic metal oxides favour the Tishchenko reac-
tion towards methyl formate."**'*” All of Gérski et al.’s sugges-
tions were based on thermogravimetric studies with analysis of
the obtained gases but no spectroscopic or computational evi-
dence was provided. Hence, they were not able to directly
prove the presence of the reactive carbonite. Lakkaraju et al.
showed spectroscopic evidence recently, however only for
hydride catalysed reactions.*’ We added further experimental
proof to the presence of carbonite recently with D,O quench-
ing studies.*” Lakkaraju et al. however disagree with the in situ
formation of hydride and CO, from a formate, as their calcu-
lations show a very high energy barrier for this reaction.** They
propose the in situ formation of hydroxide and carbon monox-
ide as shown in Fig. 9E instead. After this initial in situ for-
mation of hydroxide, the reaction proceeds like hydroxide cata-
lysed reactions as introduced below.

Finally, it has been proposed to include a new potential
pathway in which the formate itself acts as a proton abstract-
ing base. This would lead to the formation of formic acid and
carbonite as intermediates. We include this pathway for
mainly two reasons: it is in line with the carbonite formation
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Fig. 9 The FOCR can be performed without the presence of an additional catalyst. Overall, five different mechanisms for the activation of formate
were suggested historically. (A) Oxalate is formed in a concerted coupling of formate, strictly this combines activation and coupling in one step.”® (B)
Homolytic cleavage of the C—H bond to form formate and hydrogen radical.”® (C) Two-step activation starting with the decomposition of formate
to hydride and CO,. Step 2 is depending on the metal-hydrogen (M—H) bond of hydride formed in step 1. If the M—H bond has an ionic character,
then carbonite and hydrogen are formed. If the M—H bond has a covalent character, then formaldehyde and metal oxide are formed.?” (D) Formate
acts as a strong base itself to form formic acid and carbonite.*! (E) Formate decomposes to hydroxide and CO to in situ form hydroxide catalyst

precursor.

via base abstraction mechanisms suggested for other catalysts
and secondly, we did observe this transition during our mole-
cular dynamic calculations, although as a rare event with a
very high activation barrier. The rarity and high activation
barrier make it difficult to simulate this reaction as it requires

8240 | Green Chem.,, 2022, 24, 8227-8258

computing the behaviour of the system over a relatively long
time. Additionally, the high energies caused by the high reac-
tion temperature make other side reactions difficult to control.
Lakkaraju et al. argue that the proton abstraction by formate
itself has a too high energy barrier and deem the in situ for-
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mation of hydroxide via formate decomposition to hydroxide
and CO is more likely to occur.*’ Interestingly, other than in
catalysed reactions we don’t see any indication for autocataly-
tic behaviour with an acceleration of the reaction rate once an
active catalyst is formed. In a purely carbonite-based mecha-
nism, this should be induced as once carbonite is formed, the
reactive hydride is liberated in the C-C coupling process and
subsequently available as a potent catalyst. Given the high
temperatures required for the uncatalyzed reaction, it may also
be possible that several pathways occur.

To date, it is not yet clear which mechanism the uncata-
lyzed FOCR follows. Experimental evidence of intermediates or
dedicated computational models is not yet available. We know
from ESR studies, that radicals as intermediates can be ruled
out, yet the formation of carbonites could not be proven as
their lifetime and especially concentration in uncatalyzed
systems is expected to be very low. In our recent publication,
we could show that the activation energies are much higher for
uncatalyzed systems compared to catalysed ones and may rely
upon multiple activation pathways.*? Due to the low chance of
success for spectroscopic evidence, we suggest exploring the
reaction mechanism with dynamic computational models in a
form we have used for the hydroxide catalysed reaction
recently.*®

3.3 Base catalysed formate activation

Bases are ideal catalysts for the FOCR and their effectiveness
increases with basicity.*> Varying mechanisms specific to
hydroxide, borohydride, and superbases have been suggested
as shown in Fig. 10. Formate activation with superbases is of
the most simple nature as the superbases which include metal
hydrides, amides or methoxides act as a proton abstractor to
form hydrogen, ammonia, or methanol, respectively and the
active carbonite species.®®*"**

The reaction of hydrides or other superbases with formate
was first described by Freidlin et al. yet no mechanism was
proposed.'® Gérski et al. were the first to include hydrides in
their reaction mechanism as described above and shown in
Fig. 9C.*” Lakkaraju et al. were the first to use a combination
of experimental and computational methods in the form of
DFT calculations to develop and prove a reaction mechanism
for base catalysed formate coupling.”’ They calculated the
respective energies of possible intermediates at different temp-
eratures and proposed the formation of the active carbonite
intermediate by deprotonation of formate with a base as the
rate-determining step (RDS) with a 41 kcal mol ™" energy gap.*’
The importance of the proton abstraction as the elementary
step suggests that the basicity of the catalyst plays a major role
in the reaction. The stronger the base the higher its capability
to abstract the proton from the formate molecule. Lakkaraju
et al. also proved the presence of carbonite by Raman spec-
troscopy when using sodium formate with hydride catalysts in
the presence of high catalyst loadings. Despite many attempts,
we were not able to reproduce this spectroscopic work with
either sodium or potassium formate and their respective
hydrides as catalysts. Hence, we looked for other potential
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proof and recently could show this with the use of D,O
quenching experiments in which we produce deuterated
formate [DCOO]~ from carbonite after reaction of potassium
formate with stoichiometric amounts of sodium- or potassium
hydride.**

Borohydride is a well-known hydride donor and is fre-
quently used in organic synthesis or as a reducing agent.'**'3°
It is easy to handle compared to other hydrides which make it
an interesting catalyst for the FOCR. Gorski et al. showed in
their thermogravimetric studies that the reaction between
sodium formate and sodium borohydride occurs at a lower
temperature of 278 °C compared to 380 °C with weaker bases.
For the activation of formate with borohydride, they suggested
the formation of a carbonite dianion facilitated by the proton
abstraction from formate by the hydride as shown in Fig. 10D.
The carbonite can be stabilized by forming an adduct with the
boron cation. Our group also investigated the reaction and
observed similar behaviour when using borohydride as a cata-
lyst for formate coupling with potassium formate.*” Our
kinetic studies showed a strong improvement in reaction rates
compared to reactions with weaker bases.

Hydroxides are the most used and only commercial catalyst
for the FOCR, yet the reaction mechanisms are still unclear.
Gorski et al. proposed a mechanism that differs from the
hydride and uncatalyzed reaction. Fig. 10A shows their
suggested reaction which starts with a non-reversible
decomposition of formate and hydroxide to form hydrogen,
CO,, and metal-oxide. In a second step, the metal-oxide reacts
with another formate molecule to form the reactive carbonite
and hydroxide. This second reaction was suggested to be
reversible due to its similarity with the oxalate decomposition
reaction, but no further explanation was given. They concluded
that the reaction’s equilibrium position depends on the
binding strength of the O-H bond in the hydroxide. For the
FOCR with lithium hydroxide, this dependency on the O-H
bond strength explains the formation of carbonate rather than
oxalate. With lithium hydroxide, the equilibrium is on the left
causing an increased apparent concentration of metal oxide in
the system which facilitates the carbonate formation. Whether
this reaction mechanism is possible is still not clear.

In our recent publication, we investigated the hydroxide cat-
alysed reaction with a focus on the roles of metal ions and
purging in the reaction.”® The strong influence of the metal
ions on the reaction in the molten salt motivated us to develop
a computational model. We investigated the course of the reac-
tion and the likeliness of intermediates formation in a realistic
molecular dynamic system. All molecules and neighbouring
atoms were freely available for reactions with all species in the
system and were allowed to form intermediates without prede-
termination.’® We accompanied this computational work with
high-resolution kinetics and operando spectroscopy. In our
own path-independent molecular dynamic calculations we did
not observe the formation of metal oxide species or decompo-
sition of formate to CO, as suggested by Gorski et al. During
our Raman studies we have not observed the formation of
metal-oxides either.
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Fig. 10 Bases are the most common catalysts for the FOCR and four different mechanisms were proposed. (A) With hydroxide catalysts Gorski et al.
suggested a two-step activation involving the formation of a metal-oxide which ultimately leads to the formation of carbonite with another
formate.®® (B) Lakkaraju et al. suggest direct deprotonation of formate by hydroxide. We include the potential presence of equilibrium in this
reaction.*®® (C) Hydrides and superbases are the most active catalysts and activate the formate by direct deprotonation to form the active
carbonite. 37444299 (D) Borohydride activates formate similarly but benefits from the formation of a stabilized boro-carbonite species.>®

In our experience potassium formate and sodium formate
in FOCR catalysed by their respective hydroxides showed very
different reaction rates and conversion efficiencies. For potass-
ium formate FOCR with potassium hydroxide, we noticed that
reaction rates were two degrees of magnitude lower than for
sodium-based systems. We found that the low oxalate yields
obtained without purging were caused by low formate conver-

8242 | Green Chem., 2022, 24, 8227-8258

sion rather than the production of carbonate. Interestingly, we
could improve the reaction rates by an order of magnitude by
active gas removal from the reaction. We could show for
sodium-based systems, that rates closer to the hydride systems
are possible in moisture-free conditions even without active
removal of gases. When we analysed the off-gases, we could
show that water is removed initially before the reaction rate
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increases (resulting from formate proton abstraction by
hydroxide). The water content in the purging stream then
decreased and only hydrogen was produced (after one catalytic
cycle, the base is hydride). Additionally, we investigated the
influence of using mixtures of sodium and potassium for-
mates and hydroxides in various ratios.”® We could see that
already adding a small amount of 1-10% sodium was
sufficient to negate the effect of gas removal. Purging also had
a positive effect on the sodium-based systems and allowed
them to reach higher yields, however, the effect was much less
pronounced. Already Hene et al. found that with potassium
formate active purging of the reaction mixture is imperative to
achieve high yields and reduce required reaction times.®”
Surprisingly, this was never reported or mentioned in any
scientific literature. Gorski et al. also did not address the effect
of active gas removal in their mechanism.

We studied this reaction and recently proposed a new
mechanism for the hydroxide catalysed FOCR, a combination of
Fig. 10B and C connected by an equilibrium reaction.”® We
found that the direct proton abstraction from formate by the
hydroxide to form the active carbonite species has a much high
energy barrier of 40 kcal mol™". Interestingly, our calculations
show that the in situ formation of hydride and water in an equi-
librium reaction with hydroxide and hydrogen is much more
likely in molten formate melt and only require 30 kcal mol™.
The formed hydride species can then abstract a proton from
formate to form the reactive carbonite species identical to the
formate activation with superbases described above. The active
removal of water can shift this equilibrium towards the hydride
side as it prevents the back-reaction of newly formed hydrides
to less-active hydroxide. As this reaction requires hydrogen, the
catalytic cycle still needs to be induced by the less likely proton
abstraction by hydroxide. Yet, this event is followed by an expo-
nential increase in the hydride, limited only by the available
hydroxide concentration, via the equilibrium reaction, which we
observe in our reactions as the reaction rate increases exponen-
tially after an induction period and even reaction rates compar-
able to hydride catalysed systems could be achieved. In the pres-
ence of higher amounts of water, we do not observe this accel-
eration as the hydride coming off the carbon-carbon coupling
is converted back to hydroxide. The in situ hydride formation
also explains the difference between potassium and sodium-
based systems in the FOCR. Smaller metal anions such as
sodium can stabilize the formed hydride better compared to
their bulky potassium counterparts. This helps in the initial
hydride formation and makes a quick back-reaction towards
hydroxide and hydrogen less likely.

3.4 Metal catalysed formate activation

Freidlin et al. were the first to employ and test (alkali) metals
as catalysts and even suggested alternative systems to solve the
issue of catalyst recovery by using amalgams of the active
metals.*® Freidlin et al. suggested two different mechanisms
shown in Fig. 12A and B.*® The first mechanism (Fig. 11A)
involves the formation of a metal complex by adding two metal
atoms to the formate. The carbon atom becomes a much stron-
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ger nucleophile and can attack another formate after which
the metals and hydrogen are released. The second mechanism
(Fig. 11B) functions via the transfer of electrons from the
metal to the formate and the formation of a di-valent carbon
intermediate, later known as carbonite. This second mecha-
nism was rejected by Freidlin et al. as they perceived the for-
mation of two valent enol-like species as highly unlikely.”®
Gorski, however, have suggested various mechanisms invol-
ving carbonite, suggested this mechanism once again.*®
However, it is yet unclear via which pathway the hydrogen is
released.

Alternatively, Gorski et al. proposed that the hydride from
formate can be released as a metal hydride with the formation
of a single-valent carbon dioxide anion. The formed hydride is
then available to also activate further formate molecules. The
stability and further reactions of the single-valent carbon
dioxide anion remain a mystery though. A third option con-
sidered by Gorski et al. was the direct reduction of CO, by the
metals as shown in Fig. 11C. This was inspired by their earlier
suggestion of the decomposition of formate to hydride and
CO, as the first step in their uncatalyzed two-step activation.
Whatever the true mechanism for this reaction is, the presence
of alkali metals, metallic sodium and potassium would
increase the concentration of carbonite or hydride anions.

3.5 Decomposition reactions

Both formate and oxalate decompose at elevated temperatures
and form elemental carbon, CO,, CO, and carbonate and
various reaction pathways were proposed. Hydroxide was
found to facilitate decomposition reactions.

The formation of carbonate from formate is the most
widely observed side reaction and appears in the absence of
catalysts or when hydroxide is used as a catalyst. Gorski et al.
proposed an acid-base reaction mechanism for the uncata-
lyzed carbonate formation which is a variation of the oxalate
formation pathway and shown in Fig. 12A. It starts with the
activation of formate where hydride and CO, are formed.
Subsequently, carbonite and hydrogen are formed when the
hydride reacts with another formate.*® To facilitate the for-
mation of carbonate, the carbonite was suggested to interme-
diately decompose to a metal oxide and carbon monoxide in
the absence of CO,. To form carbonate, however, the metal
oxide reacts with a CO, molecule. Hence this proposed mecha-
nism requires both the absence and presence of CO,. The dis-
appearance and reappearance of CO, lead us to question this
mechanism. The proposed mechanism for carbonate for-
mation from formate in the presence of hydroxide, shown in
Fig. 12B, avoids such contradictions. Gorski et al. suggested
that it proceeds via the direct concerted decomposition of
formate and hydroxide to hydrogen, metal oxide, and CO,.
This in effect is the same reaction that takes place in the
hydroxide activation proposed by Goérski et al. to form oxalate.
Instead of the metal oxide reacting with another formate, car-
bonate is then formed in a second step due to the recombina-
tion of metal oxide and CO,. In our experiments, at tempera-
tures lower than required for the FOCR, we did not observe
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Metal catalysed formate activation

A) Metal complex formation (Freidlin, 1942)
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B) Free electron transfer (Gorski, 1987)
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C) Two stage CO, reduction (Gorski, 1987)
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Fig. 11 Three reaction activation pathways were suggested for alkali metals as catalysts which are very active catalysts in the FOCR and three reac-
tion pathways have been suggested. (A) Freidlin et al. suggested activation via the formation of a highly active metal complex.*® (B) Although initially
rejected by Freidlin et al., Gorski et al. argued that the reductive potential via the free metal electrons drives reaction and can lead to the formation
of carbonite or a carbon dioxide anion and active hydride. (C) As a second option, Gorski et al. proposed the two-stage reduction of CO, obtained

from formate decomposition to carbonate was suggested.

any carbonate formation. We observed the formation of carbon-
ate only at high temperatures after oxalate formation. Oxalate,
unfortunately, also decomposes further to form mainly carbon-
ate and CO, but also elemental carbon, metals, and carbon
monoxide was observed. Also, the decomposition of oxalate to
formate and CO, has been reported recently by our group.

As shown in Fig. 13A, Gorski et al. proposed an acid-base
reaction cascade of a total of four reactions starting with the
decarboxylation of oxalate to form CO, and the active carbo-
nite.?” This reaction is the reverse reaction of their proposed
pathway for initial oxalate formation in the FOCR. They pro-
posed that, after decarboxylation, the carbonite readily decom-
poses to form a metal oxide and carbon monoxide. This step
must occur in the absence of CO, to prevent the reverse reac-
tion, oxalate formation. Gorski showed that the decomposition
temperature increases by 50 °C in CO, atmospheres for
sodium (466 to 503 °C), barium (396 to 463 °C), calcium (369
to 423 °C), and lithium (450 to 495 °C) oxalates. In a third
step, carbonate is formed in the reaction of CO, with the metal
oxide. At last, the carbon monoxide, if present in sufficient
amounts, can disproportionate to form CO, and elemental
carbon in the Boudouard reaction. Like Gorski et al. proposed
for the formate decomposition, the alternating absence and
presence of CO, lead us to question this mechanism.
Alternatively, Gorski et al. suggested that oxalate can decom-

8244 | Green Chem., 2022, 24, 8227-8258

pose towards metal and CO, as shown in Fig. 13B. Again, the
oxalate formation is reversed, and carbonite and CO, are
formed. Two carbonites can now recombine to form oxalate
and metallic species. The newly formed oxalate can then
decompose again to build up more metal. Notably, the
absence or removal of CO, is consistent in this mechanism.
Oxalate can be split to form carbonate and formate in the
presence of hydroxide. A detailed reaction mechanism was not
proposed for this reaction. In Fig. 13C we propose that it most
likely proceeds via the attack of the negatively charged oxygen
of the hydroxide on one of the two oxalate carbons and the
subsequent splitting of the carbon-carbon bond to form car-
bonite and carbonate. The carbonite could abstract the proton,
once belonging to the hydroxide, and form formate. In our
recent work, we found that the formation of carbonate in pot-
assium-based systems is independent of hydroxide content
and therefore the decomposition of oxalate without the invol-
vement of hydroxide appears to be preferred.*® In the
decomposition of formate, however, hydroxide is consumed as
a reactant and not recovered as when oxalate is formed.
Hence, the potential for decomposition towards carbonate is
limited by the added amount of catalyst. At the same time, the
catalyst is consumed. In conclusion, it is desirable to choose
reaction conditions such that the oxalate formation is
favoured. Temperature, reaction times, and CO, availability are
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Fig. 12 Formate can decompose mainly to carbonate and carbonous gases CO and CO,. (A) In the absence of catalyst Gérski et al. propose the
reaction to follow an acid—base reaction with a total of four reaction steps. In the first step formate spontaneously decomposes to hydride and CO,.
The formed hydride abstracts a proton form formate in the absence of CO, to form hydrogen and carbonite. In a third step, the unstable carbonite
decomposes to metal oxide and carbon monoxide. At last, carbonate is formed in the reaction of metal oxide and CO,.%® (B) In the presence of
hydroxide, formate is first decomposed in a concerted reaction to form a metal oxide, hydrogen, and CO,. The metal—-oxide and CO, form carbon-

ate in a second step.

crucial here. If too much CO, is present, the catalyst is con-
sumed as a reactant in the carbonate forming reaction. We
recently found that in absence of CO, and by active removal of
gaseous reaction products, the formation of carbonate is inde-
pendent of the amount of hydroxide added. Only longer resi-
dence times at higher temperatures increased carbonate for-
mation.®* Yet we could not distinguish whether the formed
carbonate originated from formate or oxalate decomposition.
Carbonate yields increase at high temperatures and reaction
times whilst oxalate yields are higher at lower temperatures
and shorter reaction times. This indicates an increased likeli-
ness of oxalate decomposition as the origin of carbonate
formation.

This journal is © The Royal Society of Chemistry 2022

In the presence of hydride, we never observed the formation
of carbonate or other decomposition products from potassium
formate due to the relatively low reaction temperatures.*?
Hartmann and Hisatsune studied the decomposition of metal
formate into salt matrices by pyrolysis in 1965-1966.*”*® They
claimed that two calcium formate molecules recombine into a
transition complex and then decomposes to carbonate and for-
maldehyde. The absence of formaldehyde formation for alkali
metal formates indicates the absence of this mechanism for
these formates.

For none of the decomposition reactions of both formate
and oxalate are any computational models nor spectroscopic
evidence available. In the interest of understanding the full
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Oxalate decomposition

A) Acid - Base reaction (Gorski, 1987)
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Fig. 13 The decomposition of oxalate can proceed via three routes, all suggested by Gorski et al. (A) In a four step acid-base reaction suggested by
Gorski, oxalate first decarboxylates to form carbonite an CO,_ In a second step, carbonite decomposes to metal-oxide and CO. The Metal-oxide and
CO; (formed in step 1) react in the third step to form metal carbonate. The CO formed in the third step disproportionates to elemental carbon and
CO; in the fourth step. (B) (Alkalimetal-formation also starts with the decarboxylation of oxalate to carbonite and CO,. In a subsequent step, two
carbonites recombine to form oxalate and (alkaliimetal. (C) The presence of hydroxide can stimulate the decomposition of oxalate to form carbon-

ate and formate.

reaction, we encourage the study of these processes to fully
understand the reactions and to be able to avoid carbonate
formation.

4  Future of formate coupling

Although formate has been coupled to oxalate industrially for
over a century now, there are still new opportunities lying
ahead. We aim to provide an insight into potential gains from

8246 | Green Chem., 2022, 24, 8227-8258

performing the reaction in solution and attempts to harness
the reactivity of the active carbonite intermediate to couple
formate with alternative molecules.

4.1 The FOCR in solution

We have shown that the FOCR starts with the formation of car-
bonite. If superbases are used for this reaction, the reaction
start is determined by the melting point of the used formate,
i.e., 168 °C for potassium formate and 251 °C for sodium

This journal is © The Royal Society of Chemistry 2022
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formate. The fast reaction and independence from the basicity
of superbases indicate that this reaction temperature could be
lowered even further. We propose that the formation of a solu-
tion or salt melt is required to dissolve hydride and formate
and make the two reaction partners available for a reaction.
Therefore, performing the reaction in solution allows lower reac-
tion temperature and introduction of alternative reaction part-
ners. Additionally, the FOCR in solution would allow to perform
more in situ kinetic studies with superbase catalysts. We first
tested various solvents for this reaction. The combination of
requiring a polar solvent to dissolve the hydride and formate,
whilst being aprotic and stable towards contact with superbases
is a great challenge. To our knowledge, we are the first to report
the FOCR in solvents. Overall, we chose to test nine different
solvents with high thermal stability which are shown in Table 1.
Unfortunately, we did not succeed in making oxalate in these
systems as they either suffered from low solvation of formates
or a visible reaction of the solvent with the superbase.

In search of a suitable solvent for the FOCR, we then turned
to ionic liquids (ILs). They consist of large anions and cations
which are sterically hindered and exhibit a delocalized charge.
These attributes prevent efficient packing and lead to those
salts being liquid even at temperatures below 100 °C but can
have high thermal stability with their structure determining
their hydrophilicity. Overall, those molten salts are not dissim-
ilar to the formate melt which facilitates the formate to oxalate
reaction. Conveniently some ILs have been used with
superbases before and were stable."*'*> In Fig. 14 we show
eight ILs we purchased or synthesised as combinations with
three different cations and six different anions. We focused on

Table 1 Solvents tested for the FOCR to reduce the reaction temperature
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combinations that promised to be inert towards superbases at
higher temperatures due to their absence of acidic protons.
Initially, we tested the solubility of formates in the ILs. In a
glovebox, we transferred 750 mg of each IL into a 2 ml glass
vial equipped with a stirring bar. To the ILs we added 25 mg of
potassium formate and 20 mg of sodium hydride. Formate
and hydride only dissolved in [Pg g 6,14][DCA], [Csmim][DCA],
and [C,mim][NTf,] in a mass ratio of 375: 1 IL to formate. The
high molar mass ILs appears to be limiting the solvation due
to the relatively low ion-to-mass ratio compared with formate.
To observe the suitability of the systems for the FOCR we sub-
sequently heated the mixtures to 175 °C and analysed them
using '"H-NMR, *C-NMR, and *'P-NMR. We observe that the
ILs stayed intact even upon contact with hydride at elevated
temperatures. We visibly observed a reaction in all systems
which caused the formation of gas and a colour change.
Unfortunately, also formate appears to have stayed intact and
the formation of oxalate could not be observed even after
extended reaction times of up to 3 hours. We could not ident-
ify which reaction occurred chemically. We conclude that
whilst the search for a suitable solvent system promises
further reductions in reaction temperature in the FOCR and
allow for more insights into the reaction mechanism, this
proves a difficult task and requires more work in the future.

4.2 Opportunities of the active carbonite intermediate in
formate coupling

Formate made from CO, is arguably an expensive reactant as it
requires the investment of two electrons. To make oxalate in
the FOCR, two formates and thus the investment of four elec-

Solvent Chemical structure
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HO\)\/OH
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e

N-Methyl-2-pyrrolidone

Di(propylene glycol) methyl ether

Phenoxyethanol

Benzaldehyde

Cinnamaldehyde

Sulfolane
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Fig. 14 Structures of the eight ionic liquids used to facilitate the formate to oxalate coupling reaction.

trons are required. Hence, we think it is interesting to see if it
is possible to use the carbonite intermediate to create other
valuable products by coupling it with alternative reaction part-
ners. As the carbonite intermediate is very reactive due to its
high negative charge density, it can react as a Lewis base
towards a nucleophilic attack of an electrophile. The reactive
intermediate of the FOCR, carbonite, is a reactive carbanion
nucleophile not dissimilar to well-known organometallic car-
banions such as organolithium or organomagnesium
reagents.

Like the carbonite dianion, these organometallic com-
pounds exhibit the presence of a free electron pair on a carbon
atom. In consequence, the carbon-atom becomes a nucleo-
phile and turns those reagents into extremely reactive com-

8248 | Green Chem., 2022, 24, 8227-8258

pounds and even have been used to capture CO,.'*® Other
than carbonites, however, organomagnesium or organolithium
compounds can be stored in solutions (such as apolar sol-
vents). This makes them attractive as reagents in organic syn-
thesis. They are broadly used in nucleophilic addition reac-
tions to form new carbon-carbon bonds. The most common
examples are the alkylation of aldehydes and ketones in the
Grignard reaction, worth a Nobel Prize in 1912, the alkylation
of metals and metalloids or the coupling with organic
halides."” Due to the similarity between carbonite and those
organometallic compounds, we expect carbonite to also react
with a broad variety of molecules.'?® The carbonite shares the
two surplus electrons to form a new covalent bond between its
carbon atom and the targeted species. In Fig. 15 we summar-

This journal is © The Royal Society of Chemistry 2022
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Fig. 15 The top shows the proposed general mechanism for a potential reaction of carbonite an electrophile. At the bottom, the various potential

routes of alternative reactants and the resulting products are shown.

ize the potential alternative reactant groups with electrophilic
carbonyl groups we base on proven reactants for organomagne-
sium and organolithium compounds which include aldehydes,
ketones, esters, and alkenes as well as molecules with good
leaving groups.

Due to its instability, the carbonite must be provided in situ
by the abstraction of a proton from formate with a superbase.
The greatest challenge is providing the active carbonite whilst
avoiding side reactions between the alternative reactant and
the superbase. Due to the current unavailability of a suitable
solvent, it is necessary to perform the reaction in a formate
melt and therefore a temperature of at least 170 °C is required.

This journal is © The Royal Society of Chemistry 2022

A potential reaction partner must not decompose in these con-
ditions. If the use of stoichiometric amounts of superbase
wants to be avoided, the reaction partner should release a
hydride or other superbases after the coupling to allow the for-
mation of another carbonite in a catalytic cycle.

Potential side reactions of the alternative reactants with the
superbase include the attack of the superbase as a reducing
agent on the carbonyl carbon by nucleophilic addition."*®
Some carbonyl compounds also undergo enolization if treated
with strong bases or with molecules with higher proton acidity
than formate. If aldehydes are used, the enolate can further
react at the a-carbon with the carbonyl of another aldehyde

Green Chem., 2022, 24, 8227-8258 | 8249
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molecule to obtain p-hydroxy aldehyde. Hence molecules with
lower proton acidity than formate (exclusion of e.g. -OHj
—-COOH, -NH,) and not prone to form enols for a-hydrogen
abstraction are most likely more suitable to avoid conden-
sation reactions with reagents and products. Physical pro-
perties, especially the phase of the reactant, influence the reac-
tant introduction and product separation and determine the
required reactor design. Using a liquid is preferable as it eases
its introduction, and it could act as a solvent/dispersant for
formate and hydride. Gaseous reaction partners need to be
provided in large excess in a pressurized reactor or bubbled
through the molten formate. We evaluated a variety of poten-
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tial compounds shown in Table 2 and chose CO,, paraformal-
dehyde, benzaldehyde and cinnamaldehyde for proof-of-prin-
ciple experiments.

4.2.1 Alternative coupling with CO,. We showed earlier
that CO, if supplied as a gas, is the strongest poison to the
coupling reaction which indicates its involvement in the
FOCR.® Initially, we tried to couple CO, and formate and
could show the successful incorporation of CO, and formation
of oxalate from CO, in a pressurized reactor."'” Overall, oxalate
can be formed via four routes shown in Fig. 16. These include
the FOCR without the involvement of CO, (Fig. 16A); the for-
mation of two formate molecules from CO, and hydrides and

Table 2 Physical properties and reactivity towards proton abstraction by alkali hydrides of evaluated reactants which are commercially broadly

available for coupling with formate

Reactant Reactivity with alkali hydride® Phase at formate activation ~Melting point (°C)  Boiling point (°C)
Aldehydes Paraformaldehyde Low Gas 120-170
Acetaldehyde High Gas 21
Propionaldehyde High Gas —-80 49
Butyraldehyde High Gas 76
Acrolein Low Gas 53
Crotonaldehyde Low Gas 104
Formylcyclohexane Medium Gas/liquid 161
Benzaldehyde Low Liquid -26 178
Glucose High Liquid 150
Furfural Low Gas/liquid -37 162
Methylbenzaldehyde Low Liquid 200
Cinnamaldehyde Low Liquid 248
Glutaraldehyde High Liquid -14 187
Phthalaldehyde Low Liquid 56 266
Esters Dimethyl terephthalate  Low Gas/liquid 142 288
Methyl butyrate High Gas -85 102
Ethyl butyrate High Gas -101 121
Pentyl acetate High Gas/liquid -71 148
Isopentyl acetate High Gas/liquid =79 142
Benzyl acetate High Liquid =51 215
Pentyl butyrate High Liquid -73 185
Octyl acetate High Liquid -39 210
Methyl benzoate Low Liquid -12.5 199
Methyl cinnamate Low Liquid 35 261
Ketones Acetone High Gas -95 56
Ethyl methyl ketone High Gas —-86 80
Diethyl ketone High Gas —-40 102
Cyclohexanone High Gas/liquid -31 155
Methyl phenyl ketone High Liquid 20 202
Acetic acid anhydride High Liquid -73 140
Alkenes 5-Decene Medium Gas -73/-112 170
2-Heptene Medium Gas — 99
Toluene Medium Gas -95 110
Xylene Medium Gas/liquid -10 140
Leaving group  Chlorobenzene Low Gas —45 132
Chloronaphthalene Low Liquid — 256
Bromobenzene Low Gas -30 156
Bromonaphthalene Low Gas 2 145
1-Chlorohexane Medium Gas -94 135
1-Bromohexane Low Gas -84 155
Cco Carbon monoxide Low Gas —205 -191
CO, Carbon dioxide Low Gas -78 -78

“In the evaluation process the reactivity of the reactants with alkali hydride driven proton abstraction was ranked in the categories low, medium,
high. We did not consider reduction of aldehydes or esters. Low reactivity includes molecules with protons with lower acidity then formate and
not prone to form enols for a-hydrogen abstraction. Medium reactivity includes molecules with protons with similar acidity then formate and/or
prone to form enol for a-hydrogen abstraction. High reactivity includes molecules with protons with higher acidity then formate (e.g. —-OH;
—-COOH, -NH,) and/or highly prone to form enol for o-hydrogen abstraction. The hydride ion could attack the carbonyl carbon by nucleophilic
addition, aclaiglg as a reducing agent. This might happen according to the basic strength of the metal hydride and the reactivity of the carbonyl
compound.

8250 | Green Chem., 2022, 24, 8227-8258 This journal is © The Royal Society of Chemistry 2022
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Three fundamental pathways for oxalate production are consisting of either (A) classic FOCR without the involvement of CO,, or (B—D) with

the involvement of CO,. (A) Oxalate and hydrogen can be formed by traditional formate to oxalate coupling (FOCR) from two formates catalysed by
hydride via the carbonite intermediate in the formate melt. CO, can dissolve in the formate melt and react towards oxalate in two ways. (B) Two for-
mates can be formed from CO, in a reaction between CO, and hydride. One of these two formates is activated to carbonite and react with the other
formate to oxalate in a FOCR reaction as in (A). (C) It can react with hydride to form formate which can subsequently react towards oxalate in a
FOCR reaction. (D) Alternatively, CO, can be attacked by the reactive carbonite intermediate formed from the reaction of formate with hydride to

form oxalate directly in a stoichiometric reaction.

their reaction in FOCR (Fig. 16B); formation of formate from
CO, and a hydride and its reaction with a carbonite from
formate (Fig. 16C); formation of carbonite from formate and
direct coupling with CO, (Fig. 16D). With isotope labelling
studies we could indeed see that all three reactions occur sim-
ultaneously. Most oxalate (72%) was formed from formate in
the FOCR (Fig. 16A) and 27.5% from carbonite reacting with
CO, (Fig. 16D) and 0.5% from FOCR of formate with CO,
derived formate (Fig. 16B). Unfortunately, the presence of large
amounts of hydride and an excess of supercritical CO,
appeared to also stimulate the formation of carbonate from
CO, and formate in a yet not understood pathway.

4.2.2 Alternative formate coupling with aldehydes.
Inspired by this initial success, we moved on to explore the
coupling of carbonite with formaldehyde, cinnamaldehyde
and benzaldehyde. The coupling of formate and formaldehyde
is very interesting, as it opens a direct pathway for glyoxylic
acid production from CO, and formaldehyde (which can be
produced from CO, directly or via CO, derived CO or
methanol).'**™**! Today, glyoxylic acid is an important com-

This journal is © The Royal Society of Chemistry 2022

ponent in fine organic synthesis and is widely in the pharma-
ceutical, food, cosmetic industry and used in the synthesis of
vanillin and allantoin.'*>"'** A reaction of formate with benz-
aldehyde would lead to phenyl glyoxylic acid, currently an
intermediate for the synthesis of pharmaceuticals and an
interesting monomer for new poly(a-)esters.'**'*> The reaction
of carbonite with cinnamaldehyde would lead to benzylidene
pyruvic acid, an interesting precursor, in organic synthesis.'>®

Whilst the stability of formaldehyde in the required reac-
tion conditions is unlikely, cinnamaldehyde and benzaldehyde
promise to be stable in the reaction conditions. They have low
enolization potential and exhibit a high thermal stability, and
boiling point. Formaldehyde can be introduced to the reaction
in solid para-benzaldehyde form. Benzaldehyde and cinnamal-
dehyde are even easier to introduce as they are liquids and
lead to desirable products which could be used e.g, in
polymer applications.

Other than in the alternative reaction with CO,, for the
aldehyde reactions, no pressurised reactor was required. We
used inert conditions with a constant nitrogen flow in a

Green Chem., 2022, 24, 8227-8258 | 8251
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Schlenk line to prevent the intrusion of water. This setup
allowed us to introduce the reactants in different orders and at
different times. We analysed the reaction products using IR,
NMR and GC-MS techniques to detect the formation of the
desired reaction products or known potential side-products
such as benzyl benzoate. During this work, we faced several
hurdles and could not obtain any coupling of formate and
aldehydes. Therefore, we did not observe the anticipated coup-
ling products. Initially, we mixed all reaction partners and
heated them together but did not show any formation of the
desired product. In the reaction of paraformaldehyde with
formate, we observed the complete evaporation or decompo-
sition of formaldehyde during heating. When heating benz-
aldehyde and cinnamaldehyde together with formate we sur-
prisingly saw the formation of a thick suspension and no reac-
tion. Even the addition of equimolar amounts of hydride did
not lead to any reaction in the suspension. In the end, a liquid
mixture could only be obtained when benzaldehyde or cinna-
maldehyde was first heated under reflux, and formate was
added in small amounts up to 5 mol%. Even with the addition
of hydride, no reaction occurred. Subsequently, we introduced
sulfolane as a solvent or diluent but could not increase the
amount of formate that could be added before the formation
of a suspension. Interestingly, the addition of hydride to the
mix of formate and benzaldehyde in sulfolane did cause a
reaction, yet not the formation of desired product but benzyl
benzoate. A similar reaction of benzaldehyde and hydride in
toluene was reported before."””

In conclusion, the attempt to couple formate with alde-
hydes led to the formation of a thick unreactive suspension
when the reactants were mixed in equimolar amounts. The
addition of hydride to benzaldehyde dissolved in sulfolane
lead to the formation of benzyl benzoate and not the desired
phenyl glyoxylic acid. Cinnamaldehyde dissolved in sulfolane
did not appear to react with hydride. None of these experi-
ments yielded the desired coupling of K-formate and benz-
aldehyde or cinnamaldehyde.

5 Conclusions and outlook

Many parameters are available to reduce the residence times
of the reaction mixture in the reactor, increasing yield and
reactor cost. It becomes apparent that the plethora of different
factors is likely to be related to or affect each other. Through
the publication history on the FOCR contradicting reports are
present. The best example is water, which is considered the
most common and potent poison, and yet reactor designs in
which the reaction is performed using an aqueous solution
have been patented. Overall, this makes it difficult to optimize
the reaction and avoid faults in reactor designs beforehand.
We provide a complete overview and systematically assess the
effect of all reported reaction parameters which we divided
into six sub-categories. This provides a starting point to
uncover intercorrelations and the relative impact of each para-
meter. Recently, we used this overview to evaluate the influ-
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ence and importance of reaction parameters in hydroxide cata-
lysed FOCR systems given their high relevance when coupled
with electrochemical CO, reduction to formates.??#1% Within
this realm, the absence of water and choice of temperature
were found most important. The former can be achieved
through drying of the reactant prior and its active removal
once released as a gas. We found, that the required tempera-
ture is dependent on catalyst choice but dictates the required
residence time and formation of side products. With new
superbase catalysts, the reaction temperature and time could
be lowered drastically for the first time.**

Independent of the catalyst, we show, that carbonite today
is established as the reactive intermediate in the FOCR. Its
presence is proven spectroscopically as well as by D,O
quenching.”"** We recently contributed new insights into the
role of counter-ions and the presence of equilibrium reactions
in the hydroxide-based system.’® Whilst we shine a light on
the reaction towards oxalate in hydroxide catalysed or uncata-
lyzed systems, the decomposition reactions towards carbonate
and gaseous or elemental carbon compounds are still not fully
understood. Further work is needed to understand the
decomposition reactions especially the formation of
carbonate in hydroxide-catalysed systems, as the avoidance of
this side reaction allows for major improvements of the
process.

The use of carbonite as a reactant to form interesting pro-
ducts with the introduction of alternative reaction partners
opens new possibilities. We assessed over 30 potential alterna-
tive coupling partners for coupling with active carbonite inter-
mediate and especially their reactivity of the hydride catalyst
poses a major challenge. We performed proof-of-principle reac-
tions with CO,, formaldehyde, benzaldehyde and cinnamalde-
hyde but failed in the coupling of carbonites with aldehydes
due to competing reactions. For CO, we could show the suc-
cessful coupling with carbonite using isotope labelling.
Unfortunately, also the production of carbonate was increased
in high hydride concentrations and the presence of excess
amounts of supercritical CO,. As equimolar amounts of
hydride are required for the coupling of CO, and formate, and
the carbonate formation occurs it is questionable if this pre-
sents a viable alternative to the FOCR.'"”

The development of commercial FOCR processes in con-
junction with electrochemical CO, reduction to formate is
required to close the gap between CO, reduction and the pro-
duction of valuable chemicals starting from oxalic acid. Many
reactor designs were proposed in the past but the knowledge
on how to build and operate them has been lost over time. The
next step to bring FOCR back to life, require the assessment
and testing of various reactor types which conform with the
knowledge about the influence of reaction parameters on the
FOCR. For the newly discovered superbase catalysed FOCR,
suitable large-scale reactors must be developed. A further
reduction in reaction temperature or harnessing the reactivity
of the carbonite intermediate in alternative reactions is an
interesting scientific challenge that requires more work in the
future but is at this point far from industrial relevance.

This journal is © The Royal Society of Chemistry 2022
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