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In the effort to create a sustainable future economy, the ability to directly convert dilute

gas-phase CO2 in waste gas streams into useful products would be a valuable tool,

which may be achievable using Grignard reagents as both the capture and the

conversion materials. The magnesium salt by-product can be recovered, and metallic

magnesium regenerated through conventional high-efficiency electrolysis. This

stoichiometric approach is known as metal looping, where the magnesium acts as the

energy vector for the capture and conversion, allowing both to occur at room

temperature and atmospheric pressure. However, the process has only previously been

demonstrated with 12% CO2 in nitrogen mixtures. If we consider this process in a real

post-combustion flue gas conversion scenario, the sensitivity of Grignard reagents to

other gases (and water vapour) must be considered. While some of these gases and the

water vapour are relatively easily removed, in most flue gas streams the most common

other gas present, oxygen, would be far more challenging to excise, and oxygen is

known to react with Grignard reagents, albeit slowly. In order to determine if higher

oxygen concentrations could be tolerated, allowing the possibility of a variety of

relatively inexpensive and possibly profitable direct CO2 conversion pathways to be

developed, a range of industrially relevant CO2/O2 mixtures were made and carefully

bubbled through phenylmagnesium bromide solutions.
Introduction

The drive to net-zero proposed by many nations, whereby carbon dioxide (CO2)
emissions are reduced by a target date, requires a new way of thinking and a suite
of mitigation technologies as there is no single, silver bullet. If the famous Lan-
sink hierarchy of waste management (reduce, reuse, recycle, recover, dispose) is
applied to interventions in CO2mitigation, including treating it as a waste, we can
see the hierarchy of rst avoiding new fossil carbon entering the supply chain,
then the recycling and reuse of the CO2 in carbon capture and utilisation (CCU),
before nally recovering and disposing of it as in carbon capture and storage
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(CCS).1 While complementary parts of this hierarchy, CCS and CCU have different
approaches and consequently employ different solutions to their respective
challenges. A key challenge in CCU is driving down the cost of the CO2-containing
product so that the price differential with the counterfactual fossil-derived
material is low, promoting a transition to the sustainable alternative. Guide-
lines for the techno-economic analysis of CCU processes and products has been
reported and hotspots include hydrogen production for reduction reactions and
the carbon capture or purication steps.2 The latter is interesting as elimination
of any capture and purication steps can dramatically reduce costs. The problem
is that typical ue gases contain not only carbon dioxide but nitrogen, which is
inert so not a problem; nitrogen and sulfur oxides, which can be stripped out
prior to reaction; and oxygen which is a potential problem as it may be more
reactive than the CO2 in any CCU reactions, leading to by-products, potential high
energy reactions and catalyst damage.

The key challenges in using carbon dioxide as a carbon-source for a product is
its low reactivity and high oxidation state, oen requiring reduction before any
reaction can proceed. Furthermore, to maximise the emissions impact, the
carbon dioxide has to be taken from dilute gas mixture sources, which would
otherwise typically be released into the atmosphere, such as ue gases. While this
is a highly active area of development in terms of climate solutions incorporating
CCS, most benchmark and proposed carbon capture processes have enormous
energetic, capital and process costs. For example, the benchmark amine-capture
route, using monoethanolamine (MEA) when applied to coal power plants,
decreases the plant efficiency by 25–40% and would increase the cost of electricity
produced by the retrotted plant by over 70–100%.3,4

In simple energy terms, the capture cost for CO2 using the MEA system
amounts to approximately 3–4 MJ per kg CO2.5 For comparison, and to illustrate
the energy costs, reducing 1 kg of CO2 to CO directly (generating 0.5 equivalents of
oxygen) would require aminimum of 5.84MJ per kg CO2.6 Similarly, if hydrogen is
to be used as the reducing agent for CO2, the synthesis by water electrolysis of one
stoichiometric equivalent of hydrogen to 1 kg of CO2 (22.72 moles) would, at
a high 80% efficiency, bring the total to 7.14 MJ per kg CO2 leaving, in principle,
humid CO only as the reaction product. This would then require further
conversion into a useful product, with additional hydrogen cost. Note also that
products from CO2/H2 or CO/H2 mixtures also typically require further energy
input in the form of high pressure and temperature reaction conditions.

It has been incorrectly stated on numerous occasions that the low reactivity of
carbon dioxide means that utilisation processes should not be pursued and that
instead amine capture processes should be investigated for use in CCS. However,
this approach is contradictory as amine capture is itself a chemical reaction where
the CO2 is stripped from the ue gas to produce the carbamate salt which is
isolated and then thermally degraded back to the amine and pure CO2.7 There-
fore, if a chemical reaction could be used that produces a desirable product
directly, then the process becomes simplied, intensied and lower cost.

An alternative approach, investigated previously by the authors, used sacri-
cial Grignard reagents to capture and convert CO2 directly from the gas phase to
a range of potentially valuable carboxylic acid products under room temperature
conditions.8 Since the by-product of the reaction, the magnesium dihalide, is the
commercial feedstock for highly efficient magnesium production by electrolysis,
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 230, 292–307 | 293
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in principle the sacricial Grignard reagent could be regenerated.9 This approach
would combine the capture and conversion of the CO2 into a single exothermic
room-temperature process, which would allow the overall conversion of an
alcohol into the carboxylic acid of the next member of the homologous series,
with a carbon chain one atom longer than the starting alcohol (Fig. 1).

Naturally, the magnesium electrolysis is the indirect driving force for the
reaction scheme shown in Fig. 1, by both reducing the carbon dioxide, to allow
formation of the new C–C bond, and also essentially driving the capture of the
CO2 from the gas phase. Each kilogram of CO2 captured and reacted in this
fashion will require 0.552 kg of magnesium, which can be electrolysed from
magnesium dihalide with an energy cost of 14–26 MJ per kg CO2.10 Comparing
this energy cost with that calculated previously of a more traditional carbon
dioxide utilisation (CDU) route may initially seem unfavourable, however, it
should be considered that the Grignard method combines the capture of the CO2

and its conversion into a potentially useful product directly at room temperature
and atmospheric pressure.

This production of a useful product directly may be the key benet of the
Grignard route over conventional capture and conversion, which typically focuses
on simple bulk chemicals such as formaldehyde and methanol (which requires
additional hydrogen). By comparison, the opportunity for the creation of more
complex and valuable compounds, allows the value-added by the addition of the
CO2 molecule to the starting alcohol to be large enough for easier overall prot-
ability. This is an issue for potential CO2-generated products as they tend be low
value, with current prices around US$200 per tonne for formaldehyde and US$400
per tonne for methanol. Although the total global volumes of CO2 that can be used
for the manufacture of specic high-value chemicals is signicantly lower, their
manufacture from, or partially from, CO2 can act as the “thin end of the wedge”
for getting CDU products into the marketplace.

One example of a high value CO2-generated product would be the synthesis of
terephthalic acid, used for the production of PET (polyethylene terephthalate)
using CO2. Here, 1,4-dibromobenzene, which can be selectively yielded from the
reaction of benzene and bromine over zeolites, can be converted into di-Grignard
Fig. 1 Generalised scheme for the formation of a higher carboxylic acid from an alcohol
and CO2 using regenerable Grignard reagents.
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Fig. 2 Synthesis of terephthalic acid from benzene and CO2 via di-Grignard reagent
intermediates.
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agents.11 Exposure to CO2 then allows the terephthalic acid product to form at
room temperature without the risk of the formation of discolouring aldehyde by-
products which also interfere with PET polymerisation from the conventional
route of para-xylene oxidation.12 This is also a relatively rare example of a CO2

utilisation/conversion route that does not require molecular hydrogen to proceed
(Fig. 2).

The putative market value added to the benzene by the utilisation of two CO2

molecules in this fashion is approximately US$1320 per tonne of benzene con-
verted, using average 2017/18 prices, as 1 kg of benzene reacts, via the Grignard,
with 1.13 kg CO2 to yield 2.13 kg terephthalic acid.13

However, there is also a signicant potential issue with using Grignard
reagents as the basis for a combined capture and conversion route for CO2, which
is the presence of other gases and vapour in waste gas streams, particularly oxygen
and water, both of which degrade Grignard reagents and are the reason that
Grignard chemistry is always performed in an inert atmosphere.14 Of the two,
water is most damaging to the Grignard reagents, which are well-known to be
particularly sensitive to water and decompose readily and violently, as shown in
Fig. 3.

The violence and rapid rate of this reaction means that water vapour would
certainly have to be removed from the waste gas streams to allow the CO2 to be
reacted as shown previously, and this energy cost would be dependent on the
water content of the ue gas. However, it is not known whether the oxygen would
also have to be removed from the gas stream to prevent the build-up of either
hazardous compounds or to avoid the risk of re, as Grignard reagents are
considered to be pyrophoric.15 For this reason, relatively few studies have been
carried out on the effect of oxygen on Grignard reagents, with the exception of
investigations into the synthesis of organic hydroperoxides.16 Furthermore, even
if the products of the reaction of the Grignard reagent with oxygen do not pose
a safety hazard, they could reduce the yield of the desired product and introduce
undesirable by-products.

While water can relatively easily be removed from gas streams by desiccants
and/or condensation, oxygen removal is far more challenging, and typically relies
on combustion to consume the oxygen followed by separation of the water and
CO2 by-products.17 A further factor is that the concentrations of oxygen in
industrial ue gases varies widely across different sectors and processes as shown
in Table 1.

For example, in Table 1 two gures are given for steel manufacturing as there
are multiple emission points across a steel plant, with signicant differences in
composition. The rst of the two steel gures combines the emissions of the lime
production and coke oven/production, and the latter is the combined emissions
of the steam generators and hot stoves. However, even in the part of steel
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 230, 292–307 | 295
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Fig. 3 Degradation of phenylmagnesium bromide with water to produce benzene and
hydroxymagnesium bromide.

Table 1 Average dry flue gas compositions for various waste gas sources (in volume
percent)18

Total%
CO2

Total%
O2 Percent O2 in binary CO2/O2 mixture%a Waste gas sources

12.8 7.2 36 Coal power
14.0 2.9 17 Oil power
3.9 14 78 Gas power
10.8 10.9 50 Waste incineration
30.0 10.0 25 Cement production
21.4 7.1 25 Steel (low CO2 processes)
29.1 0.8 2.7 Steel (high CO2 processes)

a Percentage O2 with respect to CO2 and O2 only, ignoring other gases. Calculated from [O2]/
[O2][CO2]
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manufacturing with the lowest oxygen content in its ue gas, the oxygen content
is not negligible and may still be sufficient to cause signicant undesirable
reactivity with Grignard reagents.

To determine whether the presence of oxygen in a hypothetical dry ue gas
mixture could still act as a potential source of carbon for Grignard chemistry and
thus reactive direct capture of CO2, a series of dry binary (CO2/O2) and ternary
(CO2/O2/N2) gas mixtures were bubbled through a solution of phenylmagnesium
halide in THF until the gas supply was exhausted. Aer quenching, the resulting
mixtures were analysed by quantitative 1H NMR to determine the extent of the
reaction and the selectivity to the CO2-based product, benzoic acid.
Results and discussion
Effect of oxygen on the yield of carboxylic acid

To determine the effect of the presence of oxygen on the yield of the CO2-derived
products in a Grignard reaction, phenylmagnesium chloride was chosen due to
the relatively low volatility of the aromatic products of both the main benzoic acid
reaction (shown in Fig. 4) and any potential by-products including the hydrolysis
product, benzene (see Fig. 3).

The main anticipated by-product was phenol, formed via a two-step reaction
and subsequent quench as shown in Fig. 5. The initial product of the reaction
with oxygen would be the magnesium halide salt of phenyl hydroperoxide (1),
which would then disproportionate with another molecule of phenylmagnesium
halide to produce two equivalents of the phenoxy magnesium halide (2) before
acid quenching to form two molecules of phenol.19

Note also that the Grignard–CO2 and both Grignard–O2 reaction routes, which
form benzoic acid and phenol respectively, require overall one molecule of
296 | Faraday Discuss., 2021, 230, 292–307 This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Synthesis of benzoic acid from carbon dioxide and a Grignard reagent.

Fig. 5 Reaction of phenylmagnesium halide with oxygen to yield phenol. Note that while
it is, in principle, possible that the magnesium halide phenyl hydroperoxide salt (1) could
have been converted into free phenyl hydroperoxide by the acid quench, this free phenyl
peroxide is not thought to be stable in isolation, due to having low O–O bond energy, and
could therefore also be directly broken down by the acid to yield phenol.20 As mentioned
in the safety section in the Experimental in this paper, this may not be the case with
potential peroxide products of other Grignard reagents and the possibility of the
production of shock-sensitive and explosive alkyl hydroperoxide compounds must be
considered.
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phenylmagnesium halide to produce one molecule of product, so the yields and
selectivity of the two products were compared directly on the basis of the different
concentrations of phenol and benzoic acid in the product mixture. This was
determined by quantitative proton NMR spectroscopy, using a known concen-
tration of protic DMSO as an internal standard and calibration reference. An
example aromatic spectrum is shown in Fig. 6, showing the high degree of peak
separation at 400 MHz between the two main compounds.

The full spectrum shows the reaction to typically be very clean, with only trace
residual solvent peaks (acetone and tetrahydrofuran) in the aliphatic region of the
spectrum. In many cases, only the phenol and benzoic acid peaks were visible in
the aromatic region, aside from the residual solvent peak from the NMR solvent.

The peaks integrated for comparison between the two main products, which
had the least noise throughout the experimental runs, were the ortho-protons, HA

for both benzoic acid and phenol; 8.07–8.14 ppm and 6.85–6.89 ppm, respectively.
While the proximity of the alcoholic proton to the ortho position in phenol may
have been expected to slightly broaden the corresponding peak, altering the peak
integration for measurement, the minor multiplicity of this peak was typically
apparent, indicating that peak broadening would not be an issue for measure-
ment in deuterated chloroform. Alternative comparisons between the meta and
para peaks of both compounds were typically consistent with those of the ortho
position, but as shown in Fig. 6, these were less accurate across the dataset due to
the presence of the solvent peak and the lower intensity of the single proton para
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 230, 292–307 | 297
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Fig. 6 Aromatic region of the NMR spectrum corresponding to the 5% O2, 13.6% CO2

experiment, typical of most experiments.
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position, particularly on the phenol and especially when the phenol production
was low. The acidic proton for benzoic acid and the alcoholic phenol proton, not
shown on Fig. 6, were identied as singlet peaks at 11.67 ppm and 5.5 ppm
(broad), respectively, and are not suitable for comparison.

Of the trace by-products of the reaction, three main compounds were identi-
ed; a sharp peak at 7.36 ppm which corresponded with traces of benzene
produced from the hydrolysis of the Grignard reagent by trace water, which may
have formed during work-up quench, during the course of the reaction or during
storage of the Grignard (see Fig. 3). Note that this peak would be exaggerated on
the proton NMR spectra by the 6-fold symmetry of the hydrogen atoms on the
benzene molecule.

The only other major trace compounds identied in the reaction mixture were
identied as benzophenone and triphenylmethanol. The former was identied
via 2D COSY NMR, showing coupling between the multiplet at 7.82 ppm and
a complex multiplet at 7.47–7.57 ppm, which is obscured by the much stronger
benzoic acid HB signal at the same position, and the latter triphenylmethanol was
inferred by the presence of the benzophenone and the broad multiplet signal at
7.34 ppm.

The production of benzophenone from carboxylic acid salts using Grignard
reagents has been observed recently where the Grignard intermediate product
benzoate salt was then reacted with organolithium reagents to form a variety of
benzophenones.21 While the previous report required the organolithium reagent
to produce the benzophenone product, this process may occur with Grignards
alone at the low yields observed in this study. Correspondingly this would involve
the reaction of the magnesium benzoate salt with a second molecule of phenyl-
magnesium bromide followed by elimination of magnesium oxide. However,
other recent computational studies have suggested that reactions of aromatic
Grignard reagents may instead follow a radical pathway, which could also account
for the benzophenone.22 Once the benzophenone product appeared, it would then
itself be vulnerable to reaction with a third molecule of phenylmagnesium halide
to produce, aer quenching, the triphenylmethanol (Fig. 7).

While these other compounds consumemultiple stoichiometric equivalents of
the Grignard, it should be emphasised that they are not generated in large
298 | Faraday Discuss., 2021, 230, 292–307 This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Proposed pathway for the production of benzophenone and triphenylmethanol.

Fig. 8 Percentage of theoretical yield for benzoic acid production (solid circles) and
percentage selectivity of benzoic acid over phenol production (open circles).
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amounts, as discussed later. Across the range of CO2/O2 mixtures used, selectivity
towards benzoic acid over phenol remained very high, above 95% in all cases,
although there was a gradual and marginal decrease in selectivity at high oxygen
concentrations, while the yield of benzoic acid reduces signicantly at higher
oxygen concentrations (Fig. 8).

This shows the yield and selectivity for benzoic acid synthesis as a function of
oxygen concentration in a mixture with carbon dioxide. While this may initially
appear to show breakdown of the Grignard reagent there was no corresponding
increase in phenol or any other aromatic compounds within the NMR trace.
Previous studies have shown Grignard carbonation reactions to be rst order with
respect to carbon dioxide in the gas phase. Therefore, it is expected that as the
oxygen concentration increases, and CO2 concentration decreases, the yield of
benzoic acid per unit time will decrease, given the xed volume of gas being used.
Unfortunately, it was not possible to safely add further gas to the reaction mixture
in this study, although we predict that with sufficient gas supply, the reaction
would run to completion, even at the highest oxygen content levels. By plotting
the natural log of the benzoic acid yield against CO2 concentration, a linear trend
line can be tted, passing through the (0,0) point as shown in Fig. 9, which
corresponds with the rst order reaction prole. The small selectivity decrease
with increasing oxygen concentration (Fig. 8) can therefore be seen as a conse-
quence of decreasing benzoic acid yield caused by decreasing CO2 concentration
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 230, 292–307 | 299
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Fig. 9 Natural log of benzoic acid product concentration as a function of carbon dioxide
concentration in the supply gas. Trend line projected back to point (0,0).

Fig. 10 Yield of phenol as a function of oxygen concentration.
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in the feed gas, rather than a signicant increase in phenol yield, which only
varied between 0.1–0.9% across the range of conditions, with no clear trend with
increasing oxygen concentration (Fig. 10).

Indeed, the two results for 0% oxygen concentration (100% CO2) both show
small quantities of phenol produced (0.16% and 0.42%) and the greater of these
two results exceeds the production of phenol at around 50% oxygen concentration
(0.12% and 0.35%), which calls into question whether atmospheric oxygen has
any effect on the production of phenol at all and if perhaps a small amount of
phenol is almost unavoidable.

Similarly, the yield of benzophenone appears to be largely independent of the
oxygen concentration and is again present when there is no intentional oxygen
300 | Faraday Discuss., 2021, 230, 292–307 This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Absolute yield of benzophenone and the yield of benzophenone as a percentage
of benzoic acid yield as a function of oxygen concentration.
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exposure. In Fig. 11, the absolute yield of benzophenone, as a percentage of the
maximum possible yield of benzophenone, and the relative yield of benzophe-
none compared to the yield of benzoic acid is plotted. The weak trend of the
absolute yield (hollow circles) reducing at elevated oxygen concentration gives
similarly weak support to the proposed pathway of the benzoate intermediate of
benzoic acid being the original source of the benzophenone, as shown in Fig. 7.
However, the precise mechanism for the formation of benzophenone remains
unclear, which is not uncommon in Grignard chemistry.22 The amount of sus-
pected triphenylmethanol identied in the reaction mixture was not quantied
due to peak overlap with other trace peaks including benzene, which made yield
measurements by this method uncertain.

Overall, the results have consistently shown that even in the presence of large
amounts of oxygen, the reaction of the Grignard with CO2 is dominant and oxygen
poses no fundamental barrier to the desired reaction. This in turn, preliminarily
indicates that otherwise clean (in terms of acidic gases) and dry ue gas could
potentially be used in the reactive direct air capture of CO2 with phenyl Grignard,
although low CO2 concentrations may suffer from slow reaction rates.
Experimental
Safety notice

The experiments detailed in this paper involve the deliberate exposure of pyro-
phoric Grignard reagents in highly ammable ethereal solution to oxygen,
leading to an extremely high potential risk of re if care is not taken. In most of
the experiments, the concentration of oxygen did not exceed that of air (21%
volume) and the presence of carbon dioxide in concentrations above 35% will
suppress ame propagation at 25 �C and one atmosphere even with extremely
ammable diethyl ether solvent.23 Note also that hazardous or explosive peroxide
products could also be generated with some Grignard reagents.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 230, 292–307 | 301
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However, in order to reduce ammability further, the reaction temperature
was reduced, and the less ammable tetrahydrofuran-solvated Grignard reagents
used, instead of diethyl ether. As an additional precaution, re extinguishing
media was always present and the experiments with high levels of oxygen were
carried out at reduced volume and under constant supervision.

Reagents and gas mixture preparation

All Grignard reagents, additional solvents, molecular sieves and acid were
purchased from Sigma Aldrich and used without further purication. Gas cylin-
ders of CO2, O2, 15% CO2/N2 and compressed air (21% O2/N2) were supplied by
BOC-Linde.

The individual gas mixtures were created using a 500 mL Swagelok sample
cylinder (part no. 316L-HDF4-500) with two needle valves for controlled pres-
surisation and overpressure bleeding. This was connected directly to one of the
gas cylinder regulators and pressurised to a predetermined gauge pressure, cor-
responding to the partial pressure of the gas in the nal mixture at the nal
intended sample cylinder pressure. The sample cylinder was then connected to
the next gas regulator and pressurised further. Final gas composition was then
checked using a CO2Meter SprintIR 100% CO2 sensor to measure CO2 content.
This was calibrated in turn using a pair of Bronkhorst 100 mL min�1 mass ow
controllers to create and measure known CO2/N2 and CO2/O2 mixtures.

NMR

Three types of NMR were used to analyse the products formed: 1D H-NMR, 2D H-
NMR and carbon-13 NMR, all carried out on a Bruker Avance 400 MHz spec-
trometer. A sample of product was weighed and dissolved in 2 mL D2O or CDCl3
(both 99.9% D). As an internal standard and calibration reference, 10 mL (0.156
mmol) of protic DMSO was added to determine the amounts of each product
present in the sample by relative signal intensity, correcting by functional group
proton number.

Grignard reaction method

A 100 mL 2-necked round-bottomed ask was thoroughly cleaned before being
oven-dried at 70–80 �C for 16 hours. A magnetic stirrer bar was placed in the ask,
and the vertical neck connected, via a condenser, to a nitrogen Schlenk line with
a silicone oil exhaust bubbler. The side arm of the ask was stoppered. Using
standard Schlenk line techniques, the line, condenser and reaction ask were
subjected to three cycles of nitrogen purging and vacuum pumping. Under
a strong ow of nitrogen, a pierce-able stopper was placed into the side arm.
Through this stopper, under positive nitrogen pressure, 10 mmol of 2 M phe-
nylmagnesium chloride or 1 M phenylmagnesium bromide, both in THF solution,
were added via syringe through the seal. For binary (CO2/O2) gas mixtures,
10 mmol of Grignard reagent was used; for ternary systems, where the CO2/O2

ratio was lower, this was reduced for safety to 5 mmol. HPLC grade 2-MeTHF,
dried over 3 Å molecular sieves, was added to the ask in a volume ratio of 3 : 1
with respect to phenylmagnesium halide. This was added to prevent fouling of the
magnetic follower from the increase in viscosity of the reaction mixture during
the reaction. Despite the highly exothermic reaction, the temperature of the
302 | Faraday Discuss., 2021, 230, 292–307 This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Diagram of Grignard reaction apparatus. Note that the additional ports on the
Schlenk line cannot be used during or immediately after this type of experiment.
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reaction was maintained below 25 �C by immersing the ask in a cold-water bath.
The nitrogen supply from the Schlenk line was then stopped and the gas mixture
was slowly sparged through the reaction mixture, via a long needle positioned
close to the magnetic follower, with the gas bubbler attached to the Schlenk line.
Note that this process contaminates the non-vacuum side of the Schlenk line with
the reaction off-gases and any other ports on the line should be closed and not
used for other work until the line has been thoroughly purged with the usual inert
gas (Fig. 12).

As the Grignard will react rapidly with the CO2 atmosphere being introduced,
the initial ow rate must be high enough to prevent air from being drawn back
through the bubbler as a negative atmospheric gauge pressure can be easily
achieved. However, this process has allowed for monitoring the reaction progress
in cases where there was an abundant supply of CO2 gas. This monitoring was
achieved by briey interrupting the gas supply and observing the pressure drop
within the experimental apparatus. Exhaustion of the Grignard reagent was
previously typically indicated by the pressure within the reaction vessel failing to
decrease, as indicated by the position of the oil level in the exhaust bubbler
although additional time must be given to account for thermal gas expansion in
the event the gas ow rate has caused the reaction mixture to become overly
cold.22 However, at lower CO2 concentrations, however, this approach was not
found to be reliable, as the reduced reaction rate at low CO2 concentration was
preventing the Grignard reagent from being consumed before the gas bottle was
exhausted, for safety reasons, it was not possible to rell the gas bottle for
continuation of the reaction in this study. The initial high ow rate was reduced
as the reaction progressed and reaction rate diminished, to prevent excessive
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 230, 292–307 | 303
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Grignard solvent evaporation. It is however also worth noting that the solvent
evaporation through the sparging process provided further evaporative cooling to
the reaction mixture.

Aer the reaction, 4 M aqueous HCl was carefully added until the reaction was
quenched and the precipitate of magnesium bromobenzoate was converted into
soluble benzoic acid and magnesium bromochloride. This acid addition will also
break down any peroxides produced from side-reactions. The mixture was then
evaporated to dryness under vacuum by rotary evaporation under mild heating
(less than 40 �C) to prevent evaporation of any phenol generated during the
reaction, then the mixture was ltered from acetone to remove the magnesium
salts before being again dried overnight at room temperature to give a white
microcrystalline powder.
Conclusions

Building on a previous study into the possibility of using Grignard agents for
direct capture and conversion of CO2, the effect of oxygen in the gas stream on the
reactivity of dilute CO2 has been investigated. This would, in principle, allow the
simplication of the capture and conversion process, as well as allow the carbon
dioxide utilisation (CDU) to occur at room temperature and atmospheric pres-
sures, by essentially allowing a looped magnesium cycle to drive the process. The
magnesium dihalide by-product of the reaction could then be directly recycled
using the well-developed industrial route for magnesium metal production.
Through the value-addition of the CO2 molecule into an existing organic struc-
ture, facile routes to protable CDU chemicals may be developed, potentially
paving the way for bulk CDU products to be brought to market that may use
a climate-relevant quantity of emissions in their manufacture.

By carefully conducting a series of experiments on the reaction of Grignard
reagents with industrially relevant concentrations of CO2/O2 gas mixtures,
a comparison between the relative reactivity of the two gases was made. This
demonstrated that phenyl Grignard will preferentially react with carbon dioxide
to a very high selectivity, even when the oxygen is at signicantly higher
concentrations than CO2. Indeed, the concentration of oxygen appears to have
little measurable effect on the rate of the oxygen-based reaction of phenyl
Grignard to phenol. The largest effect of high-oxygen content gases appeared to be
their simple dilution of the CO2 stream, only reducing the overall rate of the
Grignard reaction.

Benzophenone and triphenylmethanol were also detected in the reaction
mixture at low concentrations. The production of benzophenone, similarly to
phenol, appeared to be independent of the oxygen concentration but may have
some weak dependence on the concentration of the intermediate magnesium
benzoate bromide salt. This provides some weak evidence of a double reaction of
phenylmagnesium bromide with CO2, followed by the tripling of phenyl groups to
produce triphenylmethanol aer acidic workup. This would be consistent with
the recent report of benzophenone production from the Grignard reaction with
carbonate salts followed by secondary reaction with organolithium, but at much
lower yield to benzophenone. However, the mechanism of this process, as with
much of Grignard chemistry, is not fully settled.
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