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A closed cycle for esterifying aromatic
hydrocarbons with CO, and alcohol
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The ability to functionalize hydrocarbons with CO, could create opportunities for high-volume CO, utilization. However, current
methods to form carbon-carbon bonds between hydrocarbons and CO, require stoichiometric consumption of very resource-
intensive reagents to overcome the low reactivity of these substrates. Here, we report a simple semi-continuous cycle that
converts aromatic hydrocarbons, CO, and alcohol into aromatic esters without consumption of stoichiometric reagents. Our
strategy centres on the use of solid bases composed of an alkali carbonate (M,CO;, where M*=K* or Cs*) dispersed over
a mesoporous support. Nanoscale confinement disrupts the crystallinity of M,CO; and engenders strong base reactivity at
intermediate temperatures. The overall cycle involves two distinct steps: (1) CO,>-promoted C-H carboxylation, in which the
hydrocarbon substrate is deprotonated by the supported M,CO; and reacts with CO, to form a supported carboxylate (RCO,M);
and (2) methylation, in which RCO,M reacts with methanol and CO, to form an isolable methyl ester with concomitant regen-

eration of M,CO,.

ethods to insert CO, into hydrocarbon C-H bonds could

enable its use as a C, feedstock for commodity carboxylic

acids and their derivatives (for example, esters, amides
and nitriles)"”. In addition to providing high-volume applications
for CO,, such processes may also offer practical advantages over
current industrial routes to carboxylic acids, which require aero-
bic oxidations under highly corrosive and potentially hazardous
conditions and utilize more complex hydrocarbon starting mate-
rials’. However, functionalizing hydrocarbons with CO, faces
significant thermodynamic and kinetic hurdles. For example,
aromatic hydrocarbon esterification with CO, is slightly exother-
mic but entropically disfavoured, which results in a positive AG®
and low equilibrium conversion at any temperature (Fig. 1a)**.
Moreover, the high homolytic and heterolytic bond strengths
of hydrocarbon C-H bonds result in a large kinetic barrier for
C-H activation, which must occur before C-C bond formation.
Previously, researchers have converted hydrocarbons and CO, into
carboxylates (C-H carboxylation) using highly resource-intensive
stoichiometric reagents to provide a driving force and overcome
the kinetic barriers’'". In particular, C-H carboxylation of ben-
zene to form benzoate has been performed using n-BuLi and
t-BuOK (ref. '), Al° and AICI, (ref. '?) or AlMe, ;(OEt), 5 (ref. )
as limiting reagents. Although benzoate produced by these meth-
ods could be protonated with acid and converted into carboxylic
acid derivatives using conventional chemistry, all of these carbox-
ylation reagents require multiple synthetic steps from primary
mineral and/or hydrocarbon feedstocks, are non-regenerable and
more expensive than any high-volume carboxylic acid derivative,
and generate superstoichiometric waste.

We recently showed that CO,* can serve as a base promoter for
C-H carboxylations at intermediate temperatures (200-350°C) in
reaction media composed of Cs* or K* carboxylates'*"'¢. The CO,* -
containing alkali carboxylates exhibit remarkable basicity in this
temperature regime, allowing for carboxylation of ordinarily non-
acidic C-H bonds (pK,> 40 in organic solvent). This chemistry is

most effective for converting a monocarboxylate to a dicarboxylate,
wherein the monocarboxylate serves as both the substrate and the
reaction medium. We also showed that the addition of a caesium
carboxylate co-salt (for example, caesium isobutyrate) to Cs,CO,
enables carboxylation of benzene at elevated temperatures'c.
Although this approach avoids the use of a strong organic base or
Lewis acid, the co-salt partially decomposes under the reaction
conditions and greatly complicates product isolation. Moreover,
the reaction showed no selectivity for mono- versus di- or tricar-
boxylation.

To overcome these limitations, we envisioned a cycle that uses
a solid base form of M,CO; to promote hydrocarbon C-H carbox-
ylation, and then a combination of CO, and alcohol to convert the
resulting carboxylate into an isolable ester with concomitant regen-
eration of M,CO; (Fig. 1b). Since the net transformation is hydro-
carbon esterification with CO, and alcohol, this two-step cycle is
still subject to the low equilibrium conversion dictated by AG®.
However, the use of a solid carrier facilitates product isolation and
reactant recycling. In addition, the formation of water as a byprod-
uct makes it possible in principle to drive esterification to much
higher conversion by employing a sorbent to remove water in one or
both steps. Thermal regeneration of the water sorbent would serve
as the energy input to compensate for AG°.

Results and discussion

The simplicity of the hydrocarbon esterification cycle belies the
challenge of rendering a gas-solid reaction between a hydrocar-
bon and M,CO,. Previous studies have shown that thermally pre-
treated metal oxides featuring pairs of basic and Lewis acidic surface
sites (that is, O and exposed metal cations) catalyse hydrocarbon
hydrogen/deuterium exchange and olefin isomerization via hetero-
lytic C-H activation at moderate temperatures, but this reactivity is
rapidly poisoned by CO, or H,O via the formation of inert surface
carbonates and hydroxides'”-*%. One previous report in the patent
literature has described benzene carboxylation with ball-milled
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Fig. 1| A closed cycle for the esterification of benzene using CO, and methanol. a, General outline of a closed, two-step cycle for aromatic hydrocarbon
esterification that consumes no resource-intensive stoichiometric reagents; AG® and AH® are the standard free energy change and standard enthalpy
change, respectively, for the esterification of benzene with CO, and MeOH with all species in the gas phase at 298 K. b, Hydrocarbon esterification using
carbonate dispersed over mesoporous TiO, (M,CO,/TiO,). In the first step, supported M,CO, deprotonates benzene, forming a carbanion that rapidly
reacts with CO, to generate a surface-bound benzoate. In the second step, the surface-bound benzoate reacts with MeOH and CO,, forming a volatile
methyl ester and regenerating M,CO,/TiO,. Note that, for simplicity, we have shown the MHCO, species. However, under carboxylation conditions (380-
440°C), MHCO; is thermally unstable and will decompose back into M,CO;, releasing 0.5 equivalents of H,0 and CO.,.

K,CO; and CO, to form potassium terephthalate at 400 °C, but the
reaction required extreme pressures (350-1,750bar) and the use of
CdF, and aluminium carbide as stoichiometric additives>.

We hypothesized that dispersing M,CO, over a mesoporous
material would engender reactivity with hydrocarbon substrates
in the absence of stoichiometric additives by disrupting the bulk
M,CO; structure and increasing the surface area (Fig. 1b). A
number of supported M,CO, materials have previously been syn-
thesized, but they were investigated as carbon capture materials®,
catalysts for transesterification” or precursors to supported alkali
oxides®, and never used for hydrocarbon activation.

Synthesis and characterization of M,CO,/TiO,. TiO, was initially
chosen as the M,CO, support because of its excellent chemical and
thermal stability. To avoid inhomogeneities in M,CO, loading, we
used a sol-gel method to synthesize monodisperse, mesoporous
TiO, spheres”. Scanning electron microscopy (SEM) confirmed
a uniform particle size of ~800nm (Fig. 2a), and characterization
of the pore sizes by the Barrett-Joyner-Halenda method indi-
cated a narrow distribution of pore diameters with a peak at 11 nm
(Supplementary Fig. 1). The porous structure is composed of ana-
tase-phase TiO, nanocrystallites, and displays a Brunauer-Emmett—
Teller surface area of 110m?g™" and a pore volume of 0.32cm’g™".

K,CO, or Cs,CO, was dispersed over the TiO, via incipient wet-
ness impregnation followed by solvent evaporation at 150°C*. A
single impregnation step resulted in a loading of 560 umol M,CO,
per gram of TiO, (1x), which corresponds to 15.4 wt% Cs,CO, and
7.2wt% K,CO,. Higher loadings were prepared by iterative impreg-
nation and drying steps, leading to materials with 1.12mmol (2x)
and 1.68 mmol (3x) M,CO, per gram TiO,. As expected, reductions
in the surface area and pore volume were observed on increasing
the M,CO; loading (Supplementary Table 1).

A suite of characterization methods showed that, at low load-
ings (1x), the M,CO; in the resulting M,CO,/TiO, material is very
finely dispersed within the pores, such that most CO,>~ moieties
are exposed to guest molecules. Scanning transmission electron
microscopy elemental mapping studies of Ti and Cs/K confirmed
that the M,CO, is distributed uniformly both within a single par-
ticle and between particles (Supplementary Figs. 2 and 3). SEM
images of Cs,CO,/TiO, (1X) revealed no obvious morphological
changes on Cs,CO, loading, and no large Cs,CO; particles were
visible on the surface of the TiO, support (Fig. 2a). No new peaks
were observed in the powder X-ray diffraction (pXRD) pattern of
Cs,CO,/TiO, (1X) or K,CO,/TiO, (1xX) relative to bare TiO,, indi-
cating the absence of crystalline M,CO; particles within the pores
(Fig. 2c and Supplementary Fig. 4). Infrared spectra were collected
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Fig. 2 | Characterization and proposed model of M,CO,/TiO,. a, SEM images of monodisperse, mesoporous TiO, spheres (left) and Cs,CO,/TiO, (1x)
(right). No obvious morphological changes were observed on Cs,CO; loading, and no large Cs,CO, particles were visible on the surface of the TiO, support.
b, A highly simplified model of M,CO,/TiO, (1x), consistent with all obtained characterization data. At low loadings (1x), the M,CO, is amorphous and very
finely dispersed, such that the majority of CO,% is surface exposed and chelated to M+ cations (M*+=Cs* or K*). Larger crystalline domains of M,CO, are
formed only at higher loadings (2-3x). ¢, pXRD patterns (1=0.496944 A) of Cs,CO,/TiO, as a function of carbonate loading. At low loadings (1x),

the supported Cs,CO; is essentially amorphous. Peaks associated with bulk-like, crystalline Cs,CO; do not appear until much higher loadings (2-3x%).

d, Infrared spectra of Cs,CO,/TiO, as a function of carbonate loading. The pair of peaks at 1,560 and 1,340 cm™ are assigned to bidentate CO,? or similar
surface-bound species featuring reduced symmetry. The single peak at 1,380 cm™ that grows in at higher loadings is assigned to bulk-like, symmetrically
coordinated CO,%. e, Solid-state C NMR spectra of K,”CO,/TiO, as a function of carbonate loading. Two distinct CO,%> species are observed. The broad
resonance at 167 ppm is assigned to disordered surface CO,%, whereas the sharper resonance at 170 ppm is assigned to bulk-like CO,*.

as a function of loading to probe the local CO,* coordination envi-  via operando high-temperature magic angle spinning NMR*** to
ronment (Fig. 2d). Bulk M,CO, displays one infrared-active C-O  remain at temperatures up to 320°C (Supplementary Fig. 6), sug-
stretching vibration at ~1,400cm™. This vibration splits into two  gesting that the disordered carbonate species supported on TiO, is
distinct bands as the symmetry around the anion is lowered, such ~ remarkably resistant to crystallization.
as when the CO;* is surface bound”*. At low Cs,CO, loadings, Measurement of the magnetic relaxation dynamics for K,"*CO,/
the C-O stretching region of the Cs,CO,/TiO, infrared spectrum is  TiO, (2x) revealed substantially different behaviour for the surface-
dominated by a pair of peaks at 1,340 and 1,560 cm™. The observed  bound species compared with the bulk-like carbonate. At room
splitting of 220cm™ appears most consistent with CO,> bound temperature, the longitudinal relaxation time (T,) decreased from
in a bidentate fashion to a weakly polarizing cation, such as Cs*, 221s for the 170 ppm resonance to 23 s for the 167 ppm resonance
although more complicated polydentate structures are also pos-  (Supplementary Fig. 5). This result is consistent with a disordered
sible’. At higher loadings (2X and 3Xx), the finely dispersed Cs,CO, structure for the surface-bound species in which the CO,* has
species aggregate to form larger, crystalline nanoparticles within  increased mobility*. The intensity of the 167 ppm resonance relative
the pores. Carbonate aggregation was evidenced by the appearance  tothe170 ppmresonancedecreasesastheloadingisincreased (Fig.2e).
and growth of new peaks associated with crystalline Cs,CO, in both ~ Along with the pXRD and infrared characterization results, this
the pXRD patterns and the infrared spectra (Fig. 2c,d). Very similar ~ observation suggests that bulk-like domains of M,CO, form at
pXRD and infrared results were obtained for K,CO,/TiO, samples  higher M,CO,/TiO, loadings. Quantification of '*C peak areas indi-
(Supplementary Fig. 4). cated that surface-bound CO,* accounts for ~60% of *C content
The structure of the CO,* species in M,CO,/TiO, was further in K,*CO,/TiO, (1X), compared with only ~30% in K,"*CO,/TiO,
investigated by solid-state magic angle spinning NMR spectroscopy ~ (3X) (Supplementary Fig. 7). These values were corroborated by
of K,®CO,/TiO, samples prepared with varied loadings (1-3X) of  surface titration studies in benzene (Supplementary Fig. 8)*.
98% *C-enriched K,CO,. Although bulk crystalline K,*CO, dis-
plays a single C resonance at 170 ppm (Supplementary Fig. 5), Benzene carboxylation and methylation. Informed by these char-
K,"CO,/TiO, samples show the appearance of an additional broad  acterization studies, we next evaluated the first step of the hydro-
resonance centred at 167 ppm, which we have assigned as disordered ~ carbon esterification cycle: CO;*-promoted C-H carboxylation to
surface-bound CO,* (Fig. 2e). The broadening and upfield shift of form a supported alkali carboxylate salt. Benzene was chosen as
this new resonance are consistent with previous NMR character-  an initial model aromatic substrate. Carboxylation reactions were
ization of amorphous calcium carbonate®. Notably, although dis-  carried out by heating M,CO,/TiO, under benzene and CO, (2:1
ordered amorphous calcium carbonate is known to spontaneously ratio; 30bar total pressure at reaction temperature) in a stainless
crystallize at temperatures below 300°C*, the resonance associ- steel batch reactor at various temperatures between 380 and 440°C
ated with surface-bound CO,* in K,*CO,/TiO, (2Xx) was observed  (Fig. 3a). Industrial-grade CO, (99.5%) was used without further
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Fig. 3 | Carboxylation, volatilization and cycling results for K and Cs,CO,/TiO, (1x). a, Initial optimization of benzene carboxylation (left table) and
volatilization (right table) at various temperatures (T) and pressures (p). Benzene carboxylation was observed on M,CO,/TiO, (1x) at temperatures

as low as 380 °C, and was not observed at all on bulk M,CO;. Volatilization of the surface-bound benzoate could be accomplished using either MeOH/
CO, to form methyl benzoate or H,0/CO, to form benzoic acid. b, Cycling results for K,CO,/TiO, (1x), Cs,CO,/TiO, (1x) and bare TiO,. Although the
M,CO,/TiO, (1x) materials seem indefinitely stable to cycling, bare TiO, is deactivated after just one cycle. K,CO,/TiO, (1x) cycling conditions: benzene
carboxylation was performed at 440 °C for 3 h, and methylation was performed at 280 °C for Th at 20 mImin~". Cs,CO,/TiO, cycling conditions: benzene
carboxylation was performed at 440 °C for 0.5 h, and methylation was performed at 250 °C for 1h at 100 mImin~". TiO, cycling conditions: benzene
carboxylation was performed at 420 °C for 3h, and methylation was performed at 280 °C for 1h. ¢, Cs,CO,/TiO, (1x) also facilitates the esterification of
other simple aromatic hydrocarbons in addition to benzene, such as biphenyl and naphthalene (the yields shown are the average of five cycles).

purification. The products were quantified by '"H NMR with an  perhaps because benzoate decarboxylation becomes a competing
internal standard (Supplementary Figs. 11 and 12). We found that ~decomposition pathway above this temperature’”. Shorter reac-
Cs,CO,/TiO, (1x) reacted with benzene to form caesium benzoate  tion times (0.5h) could be achieved by increasing the temperature
at temperatures as low as 380°C, with yields reaching a maximum  to 440°C. Small amounts of dicarboxylated isomers were produced
of 92 umol g™ TiO, after 3h at 420°C. Yields plateau above 420°C,  along with benzoate. K,CO,/TiO, (1) required slightly higher tem-
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Fig. 4 | Mechanistic studies. a, In the absence of CO,, M,CO,/TiO, catalyses benzene hydrogen/deuterium (H/D) exchange, suggesting that the
carbonate surface reversibly deprotonates benzene at elevated temperatures. In the presence of Cs,CO,/TiO, (1x), a 1:1 mixture of C,H, and C,Dg is
completely scrambled after 12 h at 400 °C. b, KIE values for benzene C-H carboxylation were measured via intermolecular competition experiments. A
primary KIE was observed, consistent with slow C-H deprotonation relative to CO, addition. The mass spectrum shows the relative amounts of methyl
benzoate-H; and D obtained from carboxylation of a 1:1 mixture of C;H, and C¢D; using Cs,CO5/TiO, (1x) at 380 °C for 0.5 h. ¢, Ratio of protiated to
deuterated products obtained from carbonate-promoted carboxylation of 1:1, 1:2 and 1:4 mixtures of C;H, and C¢,D (380 °C; 0.5h). KIE values of 1.8 and
1.5 were obtained for K,CO; and Cs,CO,/TiO, (1x), respectively. d, Proposed mechanism featuring irreversible benzene deprotonation, consistent with
the hydrogen/deuterium exchange and KIE experiments. Note that, for simplicity, we have shown the MHCO, species. However, under carboxylation
conditions (380-440 °C), MHCO; is thermally unstable and will decompose back into M,CO;, releasing 0.5 equivalents of H,O and CO.,.

peratures to produce comparable yields, forming 99 pmolg™ TiO,
after 3h at 440°C. Commercial mesoporous TiO, featuring broad
particle and pore size distributions could also be used as M,CO,
supports instead of monodisperse spheres, although the lower sur-
face area and pore volume of these materials led to lower yields
(Supplementary Table 6).

In sharp contrast with the M,CO,/TiO, materials, no carboxyl-
ation products were observed when subjecting Cs,CO, or K,CO,
powders to the same reaction conditions (Fig. 3a). Consistent with
this result, benzoate yields did not increase for M,CO,/TiO, materi-
als as the M,CO, loading was increased beyond 1x (Supplementary
Table 7). Higher M,CO; loadings resulted in larger M,CO; parti-
cles with bulk-like domains. These results show that disrupting the
bulk structure of M,CO; through confinement within mesopores is
essential to engender CO,* reactivity with benzene at low pressures.

Interestingly, mesoporous TiO, freshly calcined at 450°C also
promoted benzene carboxylation, yielding 84 pmolbenzoateg™ at
420°C. However, we found this reactivity to be highly sensitive to
H,O vapour. On the addition of 20 pl H,O to the reaction vessel
(pm,0: ~2bar at reaction temperature), benzoate yields plummeted
to <5pmol g™ Unlike the bare metal oxide, substantial activity was
maintained by M,CO,/TiO,, even in the presence of H,O. Under
similarly wet conditions, 44 pmolbenzoate g™ TiO, was formed on
K,CO,/TiO, (1x) at 420°C, compared with the 70 pmolg™" TiO,
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obtained under dry conditions. Benzene activation on bare TiO,
may rely on Lewis acidic, coordinatively unsaturated Ti*" defect
sites that are easily quenched by water, similar to what is observed
on other activated metal oxides such as y-Al,0,"'.

Next, we examined methods to convert the surface-bound alkali
benzoates into volatile methyl esters and regenerate the CO,> sur-
face. Gratifyingly, benzoate methylation proceeded readily on
exposure of the carboxylated M,CO,/TiO, (1X) material to a flow
of MeOH-saturated CO,. For K,CO,/TiO,, after 1h of flowing
CO,/MeOH (20 mlmin~!) at 3bar and 280°C, 80% of the benzoate
was collected as methyl benzoate in a downstream cold trap; 70%
methyl benzoate was collected from Cs,CO,/TiO, after 1h at 250°C
(100mlmin™") (Fig. 3a). Gas chromatography-mass spectrometry
(GC-MS) analysis of the material in the cold trap revealed trace
dimethyl carbonate (DMC)—a well-known methylating agent™.
This result suggests that methyl carbonate species (DMC or methyl
carbonate (CH,0CO,")) formed in situ from MeOH and CO, are
responsible for methylating benzoate (Supplementary Fig. 16).
Fortuitously, methylation also served as a means of product puri-
fication, as no dicarboxylic acid esters were recovered in the cold
trap. Notably, volatilization of benzoic acid was also achieved using
H,O-saturated CO, streams, but this process was less efficient; in an
unoptimized procedure, ~30% benzoate was recovered as benzoic
acid after 1h of flowing CO,/H,0 at 3 bar and 380°C (Fig. 3a).
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Cycling experiments and substrate scope. Having identified con-
ditions for carboxylation and methylation, we assessed the ability of
M,CO,/TiO, to catalyse a closed hydrocarbon esterification cycle
over multiple iterations. When a single sample of K,CO,/TiO, (1x)
was used for ten CO, insertion cycles, methyl benzoate was isolated
as the only detectable product from each cycle with an average yield
of 69 umol methyl benzoateg™ TiO, per cycle (which corresponds
to 64 umol g™ K,CO,/TiO, per cycle) (Fig. 3b). No deactivation was
observed over the ten cycles. SEM and gas sorption measurements
after the ten cycles indicated slight sintering of the K,CO,/TiO,
material, which evidently did not affect reactivity (Supplementary
Figs. 18-20). Similar results were obtained using Cs,CO,/TiO, (1x),
which produced an average yield of 52 pmolmethyl benzoateg™
Cs,CO,/TiO, per cycle over ten cycles. When mesoporous TiO, was
subjected to the same cycling conditions, the yield of methyl ben-
zoate decreased from 53 to <10umolg™" after just one cycle (Fig.
3b). The drop in yield is a consequence of deactivation of the TiO,
surface by MeOH during the methylation step. The resistance of
M,CO,/Ti0, to alcohol/H,0O deactivation is essential for sustaining
robust esterification activity over multiple cycles.

Hydrocarbon esterification was readily applied to other aromatic
substrates. Biphenyl esterification generated 30pmolg™"Cs,CO,/
TiO, of methyl 3- and 4-biphenylcarboxylate in a 4:1 ratio (average
of five cycles), and naphthalene esterification produced 15umol g™
Cs,CO,/TiO, of methyl 2-naphthoate per cycle (average of five
cycles), with methyl 1-naphthoate observed in trace quantities
(Fig. 3c). Similar to benzene, methylation also served as a product
purification step, as the initial carboxylation reactions for both sub-
strates produced a complex mixture of mono and dicarboxylated
isomers (Supplementary Tables 9 and 10). Together, these examples
represent the synthesis of a carboxylic acid derivative using hydro-
carbon and CO, without consuming any stoichiometric reagents.
Remarkably, this challenging transformation can be performed in
a closed cycle using a very simple material that is robust, easy to
prepare and handle, and contains no precious metals.

Mechanistic studies. We hypothesized that the carboxylation mecha-
nism proceeds via hydrocarbon deprotonation by M,CO,/TiO,, fol-
lowed by rapid reaction with CO, to form a surface-bound carboxylate.
To test this hypothesis, we first assessed the ability of M,CO,/TiO, to
deprotonate benzene through isotope exchange experiments. Under
an inert atmosphere (N,) and in the presence of Cs,CO,/TiO, (1X), a
1:1 mixture of C;H:CiD; (0.5bar) showed complete hydrogen/deute-
rium scrambling after 12h at 400°C (Fig. 4a). The use of K,CO,/TiO,
(1x) led to partial hydrogen/deuterium scrambling under the same
conditions. No scrambling was observed in the absence of M,CO,/
TiO,, or when bulk M,CO; powders were used (Supplementary Fig.
21). These results provide independent evidence that the M,CO,/TiO,
materials are capable of heterolytic activation of aryl C-H bonds.
Competition experiments were performed to determine whether
there is a kinetic isotope effect (KIE) for C-H carboxylation.
Analysis of carboxylation reactions performed at 380°C for 0.5h in
the presence of various ratios of C;Hg and C,D; revealed KIE values
of 1.8 and 1.5 for K,CO, and Cs,CO,/TiO,, respectively, indicat-
ing that C-H deprotonation is slow relative to CO, addition (Fig.
4b-d and Supplementary Fig. 22). Similar KIE values (1.8-2.3) have
been observed in this temperature regime for solid base-catalysed
reactions featuring rate-determining deprotonation®. Interestingly,
hydrogen/deuterium scrambling of the benzoate product was
observed when the carboxylation was performed at temperatures
higher than 380°C, or for durations longer than 0.5 h, but the C;H/
C¢D; reactants remained unscrambled. These results suggest that
the mixture of benzoate and carbonate formed on benzene carbox-
ylation is dynamic, with mobile benzoate anions undergoing revers-
ible protonation/deprotonation and carboxylation/decarboxylation
(reversible phthalate formation) over the course of the reaction.

Support effects. In addition to TiO,, ZrO, (100m?g™),
y-ALO; (250m?g™") and ordered mesoporous carbon (CMK-3;
1,060m*g™")"" were also investigated to elucidate specific support
effects (Supplementary Table 11). Due to the surface hydrophobic-
ity of mesoporous carbon, methanolic Cs,CO, stock solutions were
required to facilitate uniform pore impregnation. Interestingly, the
C-H carboxylation step appeared relatively insensitive to chemi-
cal differences between the three oxide supports (TiO,, ZrO, and
v-ALO;). Specifically, the percentage of CO,* converted into mono-
and dicarboxylates was very similar for all oxide supports, and aver-
aged between 10 and 13% (Supplementary Table 12). However,
because higher mesoporous pore volumes enabled higher CO,*
loadings, Cs,CO,/y-AlLO, produced significantly higher absolute
carboxylate yields. For example, values up to 164 pmol carboxyl-
atesg™! Cs,CO,/y-Al O, were observed—nearly double the amount
obtained for Cs,CO,/TiO, (Supplementary Table 12). Compared
with the oxide supports, ordered mesoporous carbon led to a
dramatic improvement in the overall CO,* conversion and abso-
lute carboxylate yields. Carbonate conversions of up to 26% and
absolute carboxylate yields of 359 pmolcarboxylatesg™ Cs,CO,/
carbon were observed when CMK-3 was used as the support
(Supplementary Table 12). In contrast with the robustness of the
carboxylation step, the methylation procedure is highly sensitive to
the chemical identity of the support. Of the four supports investi-
gated, M,CO,/TiO, appeared uniquely able to support both efficient
formation of methyl carbonate species and carboxylate methylation.
For example, no DMC was observed by GC-MS when Cs,CO; sup-
ported on y-Al,O; or carbon was used, and these materials gave cor-
respondingly low methyl ester yields (<10%) (Supplementary Fig.
16 and Supplementary Table 13). Methyl benzoate yields could be
increased to 75-90% by introducing DMC vapour into the system
(Supplementary Table 13). In light of these findings, future research
will focus on developing novel composite materials that possess
both the high mesoporous pore volumes needed for high carbon-
ate loadings and the specific active sites required for in situ DMC
formation, as well as investigating alternative processes where DMC
is produced in a separate step"*.

Conclusion

High-volume aromatic esters are currently synthesized from hydro-
carbon feedstocks in a two-step sequence of aerobic oxidation of
a methyl group followed by acid-catalysed esterification. Although
these transformations are substantially exergonic because of the
driving force of oxidation, the challenges of controlling selectivity
and handling corrosive oxidations provide incentives for alternative
processes. Further advancing a carboxylation/methylation cycle
towards application will require providing a controlled energy input
such as water removal, to minimize reactant volumes, and further
tuning of solid base materials, to accelerate the individual steps.

Methods

Synthesis of M,CO;/TiO,. Monodisperse TiO, spheres were synthesized according
to a previously reported procedure”” and calcined in air (450 °C; 2h). Calcined TiO,
(1.00g) was added to a 20-ml glass vial and impregnated with an aqueous solution
of M,CO, (1.75M; 0.320 ml). To achieve homogeneous loading, the carbonate
solution was added dropwise in three portions and thoroughly mixed using a
spatula after each addition*. The glass vial was then sealed with a septum cap and
placed under partial vacuum. After 12h, the material was dried under flowing

N, (80°C for 0.5h; 150°C for 1h) to produce M,CO,/TiO, (1x). Higher loadings
(2-3%) were prepared through iterative impregnation and drying steps.

Carboxylation of aromatic substrates. Benzene carboxylation procedure. Small
stainless steel batch reactors (total volume: ~27.5 ml) were built from single-ended
miniature sample cylinders (25 ml), fittings and valves purchased from Swagelok
(Supplementary Fig. 9). Before each reaction, the reactor was dried at 120°C in

an oven for at least 3 h, then cooled to room temperature under vacuum. M,CO,/
TiO, (333-600 mg) and an amount of benzene (0.90-1.00 ml) was added such that
the final benzene pressure at reaction temperature (380-440°C) was 20 bar. After
benzene addition, the reactor was sealed, attached to a stainless steel gas dosing
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manifold, and degassed by freeze-pump thawing. CO, (50 psig, or 4.5 bar) was
dosed into the reactor at room temperature (10 bar at reaction temperature). The
reactor was then removed from the manifold, wrapped in heat tape and insulation,
and heated to the desired temperature at a rate of 20 °Cmin~". After the reaction,
the reactor was cooled to room temperature, depressurized and dismantled. For
direct analysis of carboxylation products, the soluble salts were separated from the
support via aqueous extraction (3 x 10 ml; 70 °C), followed by filtration through a
syringe filter (0.2 pm pores; polyvinylidene fluoride (PVDEF)). The aqueous extract
was dried and the alkali salt products were analysed by '"H NMR in D,0. For
cycling studies, the reactor was depressurized and dismantled, excess benzene was
evaporated (150 °C under N,), and the solid contents of the reactor were directly
transferred into the U-shaped reactor used for the volatilization studies.

Biphenyl carboxylation procedure. M,CO,/TiO, (333-600 mg) and biphenyl

(600 mg, or 7.5bar at 420 °C) were loaded into a dried stainless steel reactor.
The reaction setup and workup were identical to benzene, except that the excess
biphenyl was removed by washing with Et,O before either product extraction or
cycling studies.

Naphthalene carboxylation procedure. M,CO,/TiO, (500 mg) and naphthalene
(250 mg, or 3.8 bar at 400 °C) were loaded into a dried stainless steel reactor.
The reaction setup and workup were identical to benzene, except that the excess
naphthalene was removed by sublimation before either product extraction or
cycling studies.

Volatilization of aromatic carboxylates. Volatilization experiments were
conducted in a U-shaped stainless steel reactor equipped with an inline filter
(0.5pm) in the vertical portion to hold the sample (typically 333-600 mg) in place
(Supplementary Fig. 9). The partial pressure of ROH (methanol or H,0) in the
gas phase was controlled by heating an upstream bubbler. Volatile products were
collected in a downstream cold trap (-78 °C) or base trap. Before flowing CO,
(100 mlmin™), the system was first pressurized with CO, and the reactor and
bubbler were pre-heated to the desired temperatures.

Volatilization studies on K,CO,/TiO, (1x). For methylation of benzene
carboxylation products, the reactor was set to 280 °C, the methanol bubbler was
heated to 80 °C and the total pressure was set to 3 bar. The CO, flow rate was set to
20mlmin~" and the reaction duration was 1 h. For protonation of benzoate using
H,0/CO,, the reactor was set to 380 °C, the H,O bubbler was set to 110°C and the
total pressure was set to 3 bar. The CO, flow rate was set to 100 mlmin~', and the
reaction duration was 3 h.

Volatilization studies on Cs,CO,/TiO, (1x). For methylation of benzene
carboxylation products, the reactor was set to 250 °C, the methanol bubbler was
heated to 80 °C and the total pressure was set to 3 bar. The CO, flow rate was set to
100 mlmin~ and the reaction duration was 1h. Similar conditions were used for
the methylation of biphenyl and naphthalene carboxylation products, except the
reactor temperature was 280 °C and the total reaction duration was 2 h.

Volatilization product analysis. For volatilizations using methanol, the cold trap
was dismantled from the apparatus and the methanol solution was gently sonicated
to remove dissolved CO,. Methyl ester products were analysed directly by high-
performance liquid chromatography.

Data availability

The main data supporting the findings of this study are included in the paper and
its Supplementary Information files. Additional raw data (NMR spectra, mass
spectra and so on) are available from the corresponding author on reasonable
request.
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