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Abstract: A subtle combination of fundamental and applied organic
chemistry toward process intensification is demonstrated for the large-
scale production of bio-based glycerol carbonate under flow
conditions. The direct carbonation of bio-based glycidol with CO, is
successfully carried out under intensified flow conditions, with
Barton’s base as a potent homogeneous organocatalyst. Process
metrics for the CO, coupling step (for the upstream production, output:
3.6 kg day™', Space Time Yield (STY): 2.7 kg h™' L', Environmental
factor (E-factor): 4.7) outclass previous reports. High conversion and
selectivity are achieved in less than 30 s of residence time at pilot
scale with a stoichiometric amount of CO,. Supporting DFT
computations reveal the unique features of the mechanism in
presence of Brgnsted bases.

Ambitious R&D and production directives in Europe now favor the
integration of disruptive technologies for  reducing the
environmental impact, for enhancing safety measures and for
lifting the extensive reliance on petro-based chains of value.l'=% In
this context, significant efforts have been dedicated to the
upgrading of glycerol (1) into industrially relevant bio-based
platform compounds, such as glycidol (2) and glycerol carbonate
(3).581 In this context, 3 has rapidly accessed the status of rising
star. It has several advantages over other petro-based
carbonates such as ethylene and propylene carbonates, which
are key electrolyte carriers in lithium batteries.[”! The flammability
of 3 is much lower in comparison to ethylene/propylene
carbonates, thus significantly reducing the inherent fire hazards
associated with Li-based batteries.®! By condensation with
dicarboxylic acids or diacyl chlorides,!® 3 has also served as a
building block for the construction of bicyclic carbonates suitable
for non-isocyanate polyurethanes (NIPU) by polyaddition with
polyamines. However, the use of 3 in NIPU chemistry remains
marginal.[>8-1% Carbonate 3 can also be used as a bio-lubricant,
formulating agent or alternative green solvent.[%!

The global production of 3 is still limited, estimated to ca. 3
Mt y' in 2020,['81 which most likely relates to the overall
inefficiency of current industrial processes.! There are currently
three ‘main synthetic routes to access 3 (A-C, Figure 1a). 6:17-21
The most economically viable processes feed on activated
glycerol derivatives such as 2 and COa,.

a. General strategies for accessing 3 {in batch)
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Figure 1. a. Typical preparations of 3 (A: transesterification/alcoholysis of 1; B:
direct carbonation of 1 with CO or COz; C: coupling of 2 with CO2); b. Microfluidic
preparation of 3 from 2 and CO2 with a heterogenized catalyst and featuring a
tube-in-tube configuration;??-?4 ¢. Microfluidic preparation of 3 from 2 and CO>
with a 3D-printed reactor;?! with covalent ionic liquid functionalization; d. This
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work: scalable and intensified flow preparation of 3 from biobased 2 with a
homogeneous catalyst.

However, the alleged inert nature of CO, leads to extended
reaction times, hampering the global process efficiency.?6-2°]
Various carbonation protocols using CO, on oxiranes with
homogeneous and heterogeneous catalysts have been reported
under flow conditions,®-%31 among which only two reports
specifically disclosed the carbonation of 2 (Figure 1b,c)?%2% with
low overall productivities.

Our previous studies established an intensified and scalable
flow process to convert bio-based 1 into the corresponding
oxiranes, including 2 with high selectivity (Section S5, Supporting
Information).*¥l With the invaluable opportunities in terms of
scalability, safety and intensification brought by flow process
technology,!'8%+-% we sought for further downstream valorization
of 2 and for a concrete solution to access 3 at large scale (Figure
1d). We hereby present a DFT-guided homogeneous catalytic
process to access carbonate 3.%401 Structure reactivity
relationships were established among a library of nitrogen-
containing homogeneous organocatalysts displaying a range of
pKan to maximize the reaction selectivity, conversion and output.
A DFT study further rationalized the mechanism. These
conditions relied on a stoichiometric amount of CO,, a low catalyst
loading and a short residence time with very high conversion and
selectivity. The scalability and intensification of the process were
validated with favorable metrics (3.6 kg day™').

To ensure seamless scalability, specific technical and
chemical options were selected: CO, was fed into the reactor
setup with a mass flow controller and homogenous catalysis in 2-
butanone (methyl ethyl ketone, MEK) was privileged.*'! 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (TBD) was selected as a model
catalyst for the direct coupling of gaseous CO, with 2.?2 The
influence of temperature, counter-pressure and CO; flow rate on
the reaction outcome were assessed with 5 mol% of TBD in a
microfluidic reactor (Figure 2, Section S6.1, Supporting
information). The preliminary scouting of reaction conditions led
to conditions striking a balance between yield and selectivity
under intensified conditions. These conditions involved
processing 2 at 140 °C (10 bar) with 2 min of residence time and
10 mLn/min of gaseous COs,.
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Figure 2. a. Microfluidic prototype for the screening of catalyst. Conditions: 2
(1.8 Min MEK with 5 mol% cat.) at 0.25 mL min-'; CO2 (gas, 1 equiv.) at 10 mLy
min”', 140 °C, 10 bar, 2 min estimated residence time. MFC = Mass Flow
Controller; b. Screening of various homogeneous nitrogen-containing organic
bases for the coupling of bio-based 2 with CO: (see a.). [a] Indicative values for
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experimental pKa+ in MeCN reported in the literature*243. [b] Yield in 3
determined by 'H NMR. [c] Yield of 1 determined by 'H NMR.

Next, a library of potential nitrogen-containing
homogeneous organocatalysts was investigated. The series of
homogeneous organocatalysts (Figure 2b) featured 1,1,3,3-
tetramethylguanidine (TMG),1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), 2-tert-butyl-1,1,3,3-tetra- methylguanidine (Barton’s base,
BB), tert-octylimino-tris(dimethylamino)phosphorane (P1-t-Oct),
as well as 2,8,9-trimethyl-2,5,8,9-tetraza-1-phosphabicyclo-
[3.3.3]undecane (Verkade’s base, VB). All selected bases were
evaluated under standardized process conditions (Section S6,
Supporting Information). Starting with the lowest pKan (e.g., TMG,
DBU and TBD), 3 was obtained in up to 86% yield, with the
formation of increasing amounts of 1 (up to 14%). BB afforded the
best compromise with a high yield (91% in 3) with only a minor
amount of 1. Stronger bases than BB (P1-t-Oct and VB)
significantly increased the formation of 1. With BB as the most
promising catalyst, further optimization eventually led to 82% in 3
with only 1 mol% (Section 6.2, Supporting Information) and a
stoichiometric amount of CO.. Decreasing the catalytic loading to
0.5 and 0.1 mol% drastically decreased the conversion to 53 and
12%, respectively.

The scalability of the process was next evaluated in
commercial mesofluidic glass reactors (Corning® Advanced-flow
Reactors™, Section S6.5, Supporting Information). Temperatures
from 120 to 150 °C (10 bar) were assessed first in a lab scale
mesofluidic system with a feed solution of 2 (1.8 M in MEK) and 1
equiv. of CO; in the presence of 1 mol% of BB (Table 1).

Table 1. Scalability trials for the carbonation of 2 in a mesofluidic lab scale glass
reactor of 13.5 mL for various temperature and residence times using 1 mol%
of Barton’s base (BB).

Entry T Residence 2 3 1
(°C) time (s) conv. (%) yield (%) yield (%)

1 120 50 55 52 3
2 120 70 66 62 4
3 120 140 76 66 10
4 130 50 71 66 6
5 130 70 86 80 6
6 130 140 82 76 6
7 140 50 84 77 6
glal 140 70 95 88 7
olal 140 54 91 82 8
10 140 41 87 78 9
116 140 27 69 63 6
126 140 13.5 34 31 3
13 140 140 93 85 8
14 150 50 92 85 7
15 150 70 97 88 9
16 150 140 95 88 7




[a] Experiments performed with a liquid flow rate of 1.82 mL min™' and with a
gaseous flow rate of 72.9 mLy min™.

Comparable trends to the microfluidic experiments were
collected: increasing the temperature had a positive impact on the
reaction outcome. At 140 °C and 70 s of residence time, 3 was
obtained in 88% yield (1 mol% BB). A further increase of both the
temperature and residence time did not improve the selectivity. At
the highest flow rate, implementing 150 °C led to the clogging of
the reactor, most likely due to ring opening polymerization of
24443 The influence of the residence time independently of the
mixing was also studied (Table 1, entries 8-12). A decrease of the
residence time had a moderate impact from 70 to 41 s with a loss
of 10% yield for 3, whereas further shortening to 27 s and 13.5 s
lowered the yields (63 and 31%, respectively).

Additional data points were considered with DBU and TBD
(1 mol%) under similar conditions. In both cases, clogging of the
first fluidic module was observed. DBU is known to easily form an
adduct with CO,“® which is poorly soluble in most organic
solvents. TBD was unsuccessful as well, since it triggered the
polymerization of 2,47l starting at 120 °C. This clogging issue was
also observed for the experiment with 1 mol% of BB at 150 °C,
therefore also underlining the thermal limitation of the reaction
with BB.

The carbonation process was then carried out in a pilot
mesofluidic reactor with BB (1 mol%). A representative flow chart
is depicted in Figure 3. Further intensification led to conversions
of up to 85% within remarkably short residence times (43 s: 80%,
28 s5: 78%, 21 s: 67%) at 140 °C. These results simply outperform
all conditions reported in the primary literature so far. The
attractiveness of this process is emphasized by its  high
throughput and low footprint, which translates to a Space Time
Yield (STY) of 2.7 kg h™' L"" and an E-factor of 4.7 for the upstream
carbonation process (Section S6.5.6, Supporting Information).®!
Crude carbonate 3 was purified with a simple liquid-liquid
extraction with water (1% NaCl) and methyl isobutyl ketone
(MIBK), affording 3 in 71% isolated yield (>95% purity) (Section
S7, Supporting Information). The end-to-end process comes with
an E-factor of 1.99, provided that MIBK and MEK are recovered

through vacuum distillation (Section S6.5.6, Supporting
Information).
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Figure 3. Intensified mesofluidic pilot-scale process (Corning® AFR™ G1, 7
glass fluidic modules in series) for the coupling of 2 and CO2. Conditions: 2 (1.8
M in MEK with 1 mol% BB) at 16.18 mL min"! CO2 (gas, 1 equiv.) at 648 mLy
min™, 140 °C, 10 bar, 28 s estimated residence time. FM = Fluidic Module, MFC
= Mass Flow Controller. Up to 4% glycerol (1) was detected in the crude reactor
effluent

Experimental observations highlighted that the 3-OH group
on 2 plays a critical role, thus suggesting a direct substrate

activation with BB (Section S9.1, Supporting Information). Indeed,

the carbonation of oxiranes lacking a B-OH group, such as
epichlorohydrin and t-butyl glycidyl ether, gave no conversion.

3
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When a 2.25:1 mixture of 2 and epichlorohydrin was subjected to
the same conditions, selective coupling occurred with 2, leaving
epichlorohydrin  unreacted (Section S6.4.2, Supporting
Information). However, by contrast to Kleij’s work,*® the addition
of water did not improve CO, capture: control experiments under
strictly anhydrous conditions gave marginal differences (2-4%) for
the conversion to 3. The potential involvement of a COz-adduct
with weakly basic nitrogen-containing organocatalysts was also
ruled out.®051

The mechanism was studied computationally with the
Gaussian 16 software packagel® (Section S9, Supporting
Information) for a selection of organocatalysts (TMG, DBU, TBD,
BB and P1-t-Oct). The mechanism (Figure 4a) features two steps:
(@) an intermolecular CO, capture (step 1) and (b) an
intramolecular cyclization toward 3 (step 2).
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Figure 4. a. Mechanism for the organocatalyzed coupling of CO2 and 2 toward
3, computed at the B3LYP-GD3BJ/6-31+G*//MO8HX/6-311++G** level of theory
(SMD = MEK, 413 K). Activation barriers (AG¥) are given in kcal mol" and
mentioned next the acronyms of the various bases. b. Free Gibbs energy of
reaction (AG®, in red) and activation barriers (AG¥, in blue) as a function of pKan
of the catalysts for step 1. c. Calculated Free Gibbs energy of reaction (AG®) for
step 2. Experimental pKan were collected from the literature and measured in
MeCN. (Section S9, Supporting Information).

Step 1, which involves the catalyst, the hydroxyl group of 2
and COg, leads to int 1. It proceeds through low activation barriers
(AG*) ranging from 0.1 (P1-t-Oct) to 11 kcal mol' (TMG)
depending on the catalyst, thus indicating a fast CO, capture. AG*
can be linearly correlated with the pKa of the catalyst (Figure 4b,
blue): decreasing AG* are associated with an increasing Brgnsted
basicity. Regarding the thermodynamics (AG°) of the process, the
high stability of CO; is overcome with the favorable acid-base
reaction at the hydroxyl group of 2. This assumption is supported
by a negative value of AG° for DBU, TBD, BB and P1-t-Oct, thus
ensuring a favorable CO, capture, which also correlates with the
pKan of the catalyst (Figure 4b, red).

Step 2 is promoted through the activation of int 1 by the
conjugated acid of the catalyst (produced in step 1) through
another proton shuffle. There are, however, two distinct
mechanisms depending on the steric hinderance of the catalyst.
Catalysts with a lower steric congestion (e.g., TMG and DBU)
directly lead to the final products (3 and the regenerated active
catalytic species). It involves an asynchronous concerted TS,
where both the intramolecular cyclization and the proton transfer
to the alkoxide occur. Values of AG* range from 23.2 (DBU) to
24.9 kcal mol'' (TMG), depending on the catalyst. A change of the
mechanism from concerted to stepwise is noticed with highly
hindered bases (e.g., BB and Pi-t-Oct). The intramolecular
cyclization occurs first, where the oxirane ring is activated through
H-bonding with the conjugated acid of the catalyst, yielding int 2.
The latter is then protonated (TS3, diffusion-limited) to give 3 with
the concomitant recovery of the catalyst. For TBD, the stepwise
pathway seems to be favored due to the symmetry of its
protonated form. The uncatalyzed intramolecular cyclization
appeared uncompetitive with a much higher AG* (27.4 kcal mol-
). Moreover, the presence of the catalyst shifts the equilibrium
toward the formation of the products by drastically lowering AG°.
The thermodynamics of the second step are again dictated by the
acid-base equilibrium (Figure 4c).

In summary, a range of nitrogen-containing organocatalysts
were  assessed  experimentally and  computationally.
Computations emphasized the unique features of a double H-
shuffle mechanism for the coupling of CO; and glycidol according
to a 2-step mechanism. The catalyst's basicity is of paramount
importance for step 1. Indeed, a high pKsu ensures a fast and
favorable CO, fixation with the formation of a highly stable
conjugated acid along with a linear carbonate intermediate. Step
2 is drastically accelerated in the presence of the conjugated acid
of the catalyst, which acts as a general Bragnsted acid catalyst for
the activation of the epoxide, though it remains overall rate-
determining. Contrasting trends are observed in the activation
energies of the two steps of carbonation. This observation
provides insight into why Barton’s Base emerged with the most
favorable results for the entire transformation process. When a
stronger base is employed, it leads to a weaker conjugate acid,
which in turn acts as a less effective Brgnsted acid for the
activation of the epoxide. Given the fast kinetics of both steps, the
carbonation is likely limited by the solubility of CO. in the reaction
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medium, therefore justifying both the selection of MEK as reaction
medium and flow for high mass transfer. The process was
validated at the pilot scale in a commercial mesofluidic reactor,
affording high vyields and selectivity within 28 s with an
unprecedented productivity at low catalyst loading (1 mol%). This
constitutes a significant improvement of existing conditions
toward the intensified and scalable preparation of glycerol
carbonate.
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An intensified continuous flow process for the production of glycerol carbonate from bio-based glycidol and stoichiometric CO, in the
presence of a homogeneous organocatalyst. It features an unprecedented mechanism and fast CO, capture rate, which set robust

foundations for large scale operation.
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