#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Continuous and scalable synthesis of a porous

{") Check for updates‘
organic cage by twin screw extrusion (TSE)+

Cite this: Chem. Sci., 2020, 11, 6582

@ Francesca Greenwell,?
a

Benjamin D. Egleston, {2 Michael C. Brand,
Michael E. Briggs,® Stuart L. James, {2® Andrew |. Cooper,
Deborah E. Crawford (2 *¢ and Rebecca L. Greenaway £ *a

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The continuous and scalable synthesis of a porous organic cage (CC3), obtained through a 10-component
imine polycondensation between triformylbenzene and a vicinal diamine, was achieved using twin screw
extrusion (TSE). Compared to both batch and flow syntheses, the use of TSE enabled the large scale

synthesis of CC3 using minimal solvent and in short reaction times, with liquid-assisted grinding (LAG)
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state. A new kinetically trapped [3+5] product was also observed alongside the formation of the targeted
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Introduction

The use of mechanochemistry in the formation of supramo-
lecular assemblies* and porous materials* has emerged recently
as an alternative to conventional solution-based synthetic
procedures. Mechanochemistry can remove or greatly reduce
the use of solvent compared to conventional solution methods,
leading to more efficient and greener synthetic routes.® Recent
examples include the use of ball-milling in the synthesis of
macrocycles,*® metal-organic cages,® and rotaxanes,” as well the
formation of co-crystals.® Ball-milling has also been used to
make both crystalline and amorphous porous materials such as
metal-organic frameworks (MOFs),” covalent organic frame-
works (COFs)," and covalent triazine-based frameworks
(CTFs).* The use of solvent-free mechanochemical synthesis for
porous materials is particularly attractive since it offers the
potential to avoid additional desolvation steps, which can
negatively affect porosity. However, drawbacks of using ball-
mills to carry out mechanochemical synthesis include the
limited ability to control temperature and the difficulty in
scaling up the technique. To overcome these limitations,
researchers have turned to using twin screw extrusion (TSE) for
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mixture of CC3 and [3+5] species rendered the material porous.

the continuous and scalable synthesis of MOFs," and discrete
organic compounds,*® with little or no solvent. TSE permits
mechanochemical synthesis, typically carried out on gram scale
by ball-milling, to be scaled up to kg h™" quantities.

Porous organic cages (POCs) are discrete molecules that
contain a permanent internal cavity accessible through
windows, which can pack together into 3-dimensional struc-
tures with interconnected pores. POCs are a relatively new class
of porous material, but they have already shown potential in
a number of applications,'**> most recently in the formation of
porous liquids.*®*” In particular, the imine-based POC, CC3*®
(Scheme 1), has found a wide range of applications,' and is
surprisingly hydrolytically stable, expanding its potential in
a range of applications.”® CC3 has been used for molecular
shape-sorting,”* chiral separations,**** and for the separation of
rare gases.* It was also processed into composite membranes,>
thin films for molecular sieving,”® and used to form organic
alloys.”” Simple chemical modification of CC3 has led to new
proton conductors® and porous molecular crystals that are
exceptionally stable under both acidic and basic conditions.*
Given the wide range of potential applications, it was desirable
to determine a scalable and efficient route to CC3 to improve its
commercial viability and, by extension, to allow the scale up of
other POCs. CC3 can be synthesised in batch® or in flow,*" but
this requires long reactions times or the use of a large amount
of solvent, respectively. We therefore investigated mechano-
chemical synthesis, specifically TSE, to establish a continuous
and scalable synthetic route to CC3, employing little or no
solvent.

To date, there is only a single example of the formation of
orthogonal imine and boronate ester organic cages using
mechanochemical grinding in a ball-mill, and those cages were

This journal is © The Royal Society of Chemistry 2020
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Scheme1 (a) Synthesis of CC3 — a [4+6] porous organic cage formed

through the dynamic imine condensations of 4 equivalents of 1,3,5-
triformylbenzene (TFB) with 6 equivalents of cyclohexanediamine
(CHDA). Two cage enantiomers can be formed, CC3-R and CC3-S, by
using the different chiralities of CHDA, (R,R)-CHDA and (S,S)-CHDA,
respectively. (b) The cages can pack together window-to-window to
form a 3D diamondoid pore network in the solid state (CC3e).

non-porous.*> Here, we report the successful and scalable

synthesis of CC3 by TSE, with minimal added solvent (8 equiv.
relative to the formed cage). To our knowledge, this is the first
example of the formation of a permanently porous organic cage
using mechanochemistry, and the first example of using TSE for
these types of materials. By using TSE, we also discovered the
formation of a new kinetically trapped [3+5] oligomeric species
that had not been observed before in solvent-based syntheses.
This highlights the potential of mechanochemistry to give
access to compounds that would not otherwise be possible.*

Results and discussion

The synthesis of CC3-S involves the reaction of four molecules
of 1,3,5-triformylbenzene (TFB) with six molecules of (S,S)-1,2-
cyclohexanediamine ((S,5)-CHDA) via 12 reversible imine
condensations (Scheme 1a). Typically, high-dilution is required
for the formation of POCs to ensure that any kinetically formed
oligomers or products can equilibrate to the thermodynamic
cage product within the reaction timeframe.** Once syn-
thesised, discrete cages can then be directed to pack together
using solvent to form 3-D structures, which after desolvation
can be porous. Alternatively, POCs can be rendered amorphous
by disrupting their ability to crystallise.* In the batch, solution-
phase synthesis of CC3, the cages favour packing together in
a window-to-window fashion to form a 3-D diamondoid pore
network in the solid state (CC3a, Scheme 1b)."* Due to the
nature of mechanochemical synthesis, involving removal of
solvent and application of mixing, compression, and shearing
forces in TSE, it was difficult to predict how the synthesis of CC3
would proceed and whether it would successfully undergo
subsequent assembly into a 3-dimensional network.
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Furthermore, based on previous experience with attempted
batch syntheses at high-concentrations, we expected that
undesired kinetic products were likely to form, such as insol-
uble polymers, or amorphous rather than crystalline
materials.*

Optimisation of cage formation using TSE

To optimise the formation of CC3-S via TSE (Fig. 1), we inves-
tigated a range of conditions including temperature, reaction
stoichiometry, extruder screw speed, liquid-assisted grinding
(LAG) with different solvents, screw configuration, and the use
of different additives (Tables 1 and S1, ESIt). For each set of
conditions, the extruded samples were analysed using "H NMR
spectroscopy in the first instance, followed by HPLC, HRMS,
and PXRD. Care was taken with the solution-based analyses to
run the samples immediately after sample preparation to avoid
equilibration to CC3; that is, to capture the identity of the
product that came directly out of the extruder, rather than
allowing the mixtures to further equilibrate once fully dissolved
(see Fig. S2, ESIY).

Initially, the reactants were briefly mixed together and then
manually fed into the extruder with a standard screw configu-
ration (Fig. 2a, Table 1, entries 1-7). This consisted of conveying
and kneading sections at angles of 30° and 60°, at a speed of
55 rpm, which was previously reported to provide efficient
mixing with a reasonable residence time of less than 2
minutes.™

A range of temperatures both above and below the reactant
melting points were investigated (ambient, 60, 100, and 160 °C;
entries 1-4) for the reaction between TFB (4 equiv., melting
point 156-158 °C) and S,S-CHDA (7 equiv., melting point 40-43
°C). Initially, an excess of CHDA was used since this had been
previously reported to be well tolerated and improve conversion
in the formation of CC3 by solvent-based methods.>® No
conversion to CC3 was observed at ambient temperature. Partial
conversion to CC3 was observed at 60 °C, but no further
conversion was apparent upon passing the same mixture
through the extruder a further two times under the same
conditions (Fig. S8, ESIt). At the higher temperatures of 100 and
160 °C, all of the TFB was consumed and an increased torque
(exceeding the extruder's built-in limit of 12.5 Nm) was
observed, but this was associated with the formation of an

insoluble material, assumed to be polymeric in nature. In an

Fig. 1 Twin screw extruder used in this study to investigate the
synthesis of POCs.

Chem. Sci., 2020, 11, 6582-6589 | 6583
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Table 1 Summary of the conditions screened during the optimisation of CC3 formation using twin-screw extrusion

TFB : CHDA Temp. (°C) Speed (rpm) LAG Sol. : CHDA Screw config.
1 4:7 RT 55 X — Standard
2 4:7 60 55 X — Standard
4:7 100 55 X — Standard
100 X — Standard
4 4:7 160 75 X — Standard
5 4:7 60-100 75-100 X — Standard
6 4:6 60 55 X — Standard
7 4:8 60 55 X — Standard
8 4:8 60-80 200 X — Reverse
9 4:8 60-80 200 CHCl, 1:1 Reverse
10 4:8 60-80 200 H,0 1:1 Reverse
11 4:8 60-80 100 CHCIl, 1:1 Reverse
12¢ 4:8 60-80 200 CHCl, 1:1 Reverse
13° 4:8 60-80 200 CHCl, 1:1 Reverse
14 4:8 60-80 200 CHCl; 1:4 Reverse
15 4:8 60-80 200 CHCIl, 1:8 Reverse
16 4:6.2 60-80 200 CHCl, 1:1 Reverse
17 4:10 60-80 200 CHCIl, 1:1 Reverse

@ TFA used as an additive. > NaHCO; used as an additive.

attempt to increase conversion to CC3 and to avoid insoluble
polymer formation, a temperature gradient was introduced
along the barrel from room temperature to 100 °C (entry 5).
However, again the torque limit was exceeded, which coincided
with the formation of insoluble material, possibly due to the
loss of water vapour that might reduce the reversibility of the
system. An alternative approach was therefore taken, whereby
the reagent stoichiometry was varied, ranging from a stoichio-
metric balance (4 : 6 TFB : CHDA, entry 6) to a large excess of
CHDA (4 : 8, entry 7), while maintaining the temperature at
60 °C. The latter afforded better conversion to CC3, but residual
TFB was still present.

We next employed an alternative screw configuration that
contained a number of reverse conveying segments (Fig. 2b)
which retards the flow of material along the extruder (Table 1,
entries 8-17). Our aim was to drive the reaction to completion
by increasing the amount of time the reagents would be knea-
ded." The reaction was carried out at 200 rpm because a higher
speed was needed to reduce the increased torque resulting from
the reverse screw configuration (entry 8). Also, by using a slight

temperature gradient along the barrel from 60 to 80 °C,
complete consumption of TFB could be achieved (confirmed by
'"H NMR spectroscopy), although other oligomers were still
observed along with the desired CC3 product (Fig. S3, ESIt).
In all extruded mixtures, analysis of relative peak areas by
HPLC indicated the formation of one additional main species
along with CC3 in an approximate 30 : 70 ratio (Table S2, ESIf).
HRMS indicated two main mass ions corresponding to the
formation of a [3+5] ‘partial cage’ and the targeted [4+6] CC3
(Fig. 3, S5 and S7, ESIt). This [3+5] species was not isolated with
CC3 previously when using solvent-based synthesis methods.
However, it has been reported by Lively and co-workers to be an
observable intermediate in the formation of CC3 using mass
spectrometry, although based on computational modelling the
formation energy of a [3+5] species was reported to be
~154 kJ mol " higher than for the thermodynamically favoured
[4+6] cage.*® It is likely, therefore, that the consistent formation
of a mixture of [3+5] and [4+6] species in an approximate 30 : 70
ratio respectively is due to the kinetic trapping of this inter-
mediate species, which does not occur in solution (Fig. 3).

kneading

conveying

kneading conveying kneading conveying

conveying

T 1

Liquid
Input

Solid
Input

Fig. 2

kneading reverse conveying

kneading reverse conveying

Product Output

MASS FLOW

(a) Schematic illustration of the standard screw configuration, and (b) the reverse screw configuration, used during the investigations and

optimisation of the synthesis for CC3. The six heating zones down the length of the barrel are labelled (H1-H6).
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Fig. 3 Comparison of the formed [4+6] and [3+5] structures by TSE:
(a) targeted [4+6] (CC3) cage viewed through one of the cage
windows; (b) proposed structure of the [345] species (window view
(left) and side view (right)) showing the free NH, group available to
interact with the pore. Hydrogens are omitted for clarity, with CHDA
vertices highlighted in red.

With complete consumption of TFB observed with the
alternative screw configuration (200 rpm, temperature gradient:
60-80 °C, 4 : 8 TFB : CHDA), we believe that CHDA ‘wets’ the
reaction mixture because its melting point is lower than the
60 °C reaction temperature. This, combined with the formation
of water as a reaction side-product, provides some level of
reversibility in the extruder, affording the mixture of these two
species, but it does not allow complete conversion to the desired
cage product. Therefore, using the same screw speed, temper-
ature gradient, and ratio of precursors, we next investigated the
use of liquid-assisted grinding (LAG) in an attempt to increase
reversibility and to favour the formation of CC3. The use of both
chloroform (entry 9) and water (entry 10) was investigated;
chloroform is a typical solvent used in the formation of these
types of organic cages in solution based methods,** and whilst
imine bonds are not typically stable in water, CC3 is surprisingly
hydrolytically stable.”® Additionally, we were interested in what
effect water might have on the formation of the kinetically
trapped [3+5] species, with the potential for hydrogen-bonding
with the free amine. For ease of reagent addition to the extruder,
CHDA was dissolved in each of the solvents (1:1, based on
molar equiv.) and added via a syringe pump (0.25 mL min~ ")
prior to the solid hopper, where solid TFB was manually fed in
at ~100 mg min~ . Full consumption of TFB was observed with
both solvents. While a similar mixture of 30 : 70 species was
formed in the presence of water, the use of chloroform favoured
formation of CC3, with a 15 : 85 ratio of [3+5] : [4+6] apparent,
as estimated by comparison of the relative peak areas in the
HPLC traces. Further investigations into reducing the screw
speed (200 to 100 rpm, entry 11), the use of additives (tri-
fluoroacetic acid added to the CHDA/CHCI; mixture to catalyse
imine formation, entry 12; NaHCO; pre-mixed with the TFB to
remove some of the formed water during cage formation, entry
13), increased quantities of chloroform (1:4 and 1:8
CHDA : CHCI; based on molar equiv., entries 14 and 15), and
alternative equivalents of the diamine (from 6.2 equiv. CHDA,
up to an excess of 10 equiv. relative to 4 equiv. TFB, entries 16
and 17) did not improve the conversion to CC3. For a summary
of all the reaction conditions attempted, and their subsequent
analyses, see Tables S1-S3 and Fig. S3-S7 in the ESL{

Due to the inherent reversibility of the imine bonds, to
confirm that the mechanical grinding was not causing decom-
position of the cage to the [3+5] species, a sample of pure CC3,

This journal is © The Royal Society of Chemistry 2020
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pre-formed using standard solution-based batch conditions,
was processed in the extruder using the alternative screw
configuration. No conversion to any side-products was observed
(Fig. S9, ESIf). To further demonstrate that the mechanical
grinding was responsible for the formation of CC3, a series of
studies were carried out using dynamic scanning calorimetry
(DSC), followed by analysis using "H NMR spectroscopy, to rule
out product formation solely due to heating. By simply mixing
the two precursors at room temperature, no formation of cage
was observed (Fig. S10, ESIt). Generally, polymer formation was
observed when the reactions were heated without mixing, with
the formed material being insoluble. This was particularly
evident when the reactions were heated above 60 °C, an exo-
therm is observed between 60-75 °C when the reaction mixture
is analysed by DSC (Fig. S11, ESI{). This probably explains the
observed torque increase and insoluble polymer formation
during the initial extrusion studies.

Scale-up and continuous processing

With the successful formation of CC3 by TSE, albeit alongside
a [3+5] side-product, we next investigated scale-up using the
optimised conditions, but now using a solid addition unit for
the controlled addition of TFB. Initially, the solid addition
hopper was calibrated with TFB to determine an average
dispensing rate of 86 + 3.5 mg min~' (Table S4, ESI{), and
a stock solution of CHDA : CHCl; (~53 mL, 1: 1 molar equiv.)
was prepared. It was found that maintaining a 4 : 8 TFB : CHDA
molar ratio was an important factor in obtaining consistent
formation of the products, and the addition rate of the CHDA
solution was adjusted accordingly (i.e., 0.22 mL min~* stock
solution, equating to 1.10 mmol min ' of CHDA, for 0.55
mmol min~* of TFB, see Tables S5 and S6, ESI?).

The stock solution was introduced into the extruder con-
taining the reverse screws via a syringe pump, prior to the solid,
using the above addition rates, with a screw speed of 200 rpm
and a temperature gradient of 60 to 80 °C along the barrel
(Fig. 5a). Overall, it took 38 minutes of reagent addition (total
addition rate = 20.6 g h™') before material first began to be
extruded (this equates to ~13 g of material in the barrel), at
which point, the product mixture was steadily extruded at
~16.3 g h~" with a residence time of 11 minutes. By comparing
samples of the material taken from the 1°* and 2" kneading
sections along the barrel length to the extrudate, the reaction
was actually found to be complete at the 1st kneading section,
and no further conversion was observed down the remaining
length (Fig. S22, ESIt). This means that a shorter barrel could in
principle be used, and the 2" reverse kneading section
removed, which would shorten the residence time considerably
and increase throughput rate.

Once the extrusion process reached a ‘steady state’, starting
materials were continuously fed into the extruder for 3 hours to
yield 49 g of material with no major issues being encountered
such as increased temperature or torque (Fig. S16 and S17,
ESIT). Analysis of aliquots throughout the process at 30 min
intervals (using 'H NMR spectroscopy and PXRD) confirmed
a similar purity, product distribution, and crystallinity

Chem. Sci., 2020, 1, 6582-6589 | 6585
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throughout the whole reaction process, with full consumption
of the TFB (see Fig. S20 and S21, ESI{). The as-made extruded
solid was fully soluble in both CDCl; (NMR) and a 1 : 1 mixture
of DCM : MeOH (HPLC), suggesting that no polymer had been
formed as a side-product, and the product contained a 12 : 88
ratio of [3+5] : CC3 with an overall 95% purity, as determined by
HPLC and LCMS (Fig. S14 and S15, ESI}). Comparison of the
average mass of materials being fed into the extruder (20.6 g
h™"), the mass being extruded (~16.3 g h™*), and the maximum
theoretical extruded mass of CC3 assuming complete conver-
sion (8.89 g h™%), indicates that while chloroform or water was
lost by evaporation during the extrusion process, some also
remains in the extruded material (Table S7 and Fig. S18, ESIT).

In comparison with both batch and flow methods, the use of
TSE reduces the volume of solvent used during the reaction
vastly (by 98-99.5%), while also drastically lowering the reaction
time (Table 2, Fig. 4).

Cage packing

Analysis by PXRD of the extruded solids suggested that the
products prepared in the complete absence of solvent were all
amorphous. Crystalline TFB was observed in the reactions when
incomplete consumption had occurred (Fig. S6, ESIT). However,
upon introducing LAG using chloroform, the presence of some
crystalline CC3a was apparent by PXRD, albeit alongside a large
amount of amorphous material that could be observed by SEM
analysis (Fig. S6 and S28, ESIt). Unfortunately, while previous
reports suggest that defect engineered CC3 can show interesting
sorption properties,*® and amorphous CC3 demonstrates higher
porosity than crystalline CC3e,* the as-extruded mixtures of
[3+5] : [4+6] (70 : 30, amorphous and 80 : 20, semi-crystalline)
were found to be non-porous after desolvation (Fig. 5c),
possibly because of the unreacted excess diamine used during
the synthesis occupying the cage cavities. Unfortunately, when
a stoichiometric quantity of diamine was employed under the
optimised conditions, instead of an excess, whilst all of the TFB
was consumed and a similar ratio of [3+5] : [4+6] species was
formed, the reaction mixture contained a larger number of
impurities (see Tables S1-S3 and Fig. S4, S5, ESIT).

Purification of bulk CC3

Purification of the scaled-up reaction mixture was next investi-
gated because the as-extruded mixtures were non-porous.
Previously, purification of these cages has typically involved
fully dissolving the material in dichloromethane followed by the
removal of any insoluble precipitate by filtration. An anti-
solvent, such as hexane, is then added to precipitate out the
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Fig.4 (a) Comparison of solvent volume used to form 5 g of CC3 (red)

by each synthetic method, compared to the overall solvent used for
both the reaction and subsequent purification; (b) comparison of the
time required to synthesise and purify 5 g of CC3. Solid colour bars for
TSE are plotted, but due to the low solvent volume used and the short
reaction time compared to both batch and flow, on the plotted scale
they are negligible.

cage material, which can be collected by filtration.*® This
method could be used to purify extruded CC3, but it would
require a large amount of solvent. Clearly, this would negate the
solvent savings achieved by using TSE. We therefore looked to
exploit the low solubility of CC3 in many solvents and investi-
gated purification procedures where the produced material was
simply washed in a minimal volume of solvent in which the
[3+5] species and other impurities would dissolve.

A range of solvents were investigated and Soxhlet extraction
was utilised to minimize the volume of solvent used (Table S8,
ESI{). Complete removal of the [3+5] species was not achieved,
even with prolonged Soxhlet extraction, although the propor-
tion in the mixture could be reduced, and the overall purity and
CC3 percentage could be improved by washing with ethyl
acetate or ethanol (9:91 and 5:95 [3+5]: CC3, respectively,
Fig. 5b and S247). However, despite this small amount of

Table 2 Comparison of the solvent volume and reaction time required to make 5 g of CC3 by various methods, and overall rate of formation

Solvent volume (mL) Reaction time (h)

CC3 : [3+5] by HPLC (a/a) Rate of formation (g h™")

Batch®® 154 120
Flow** 600 10
TSE 2.96 0.56

6586 | Chem. Sci, 2020, 11, 6582-6589
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(a) Scale-up procedure for the formation of CC3 by TSE (screw speed = 200 rpm); (b) HPLC traces of pure CC3 formed using batch

synthesis and post-processed by TSE under the same conditions (reverse screw configuration, 200 rpm, temperature gradient: 60-80 °C),
compared to the as-extruded mixture from the scale-up (88 : 12 CC3 : [3+5], 95% purity), and the purified solids post-Soxhlet extraction with
a range of solvents (CC3 ~8.2 min, [34+5] ~7.6 min); (c) nitrogen adsorption (filled) and desorption (empty) isotherms for pure CC3, the as-

extruded material, and the samples purified by Soxhlet extraction.

residual [3+5] product, the washed products were found to be
porous to nitrogen (Fig. 5¢) and carbon dioxide (Fig. S29, ESIT).
In particular, washing with ethyl acetate and ethanol formed
‘technical grade’ CC3 that was as porous, or even more porous,
than pure CC3 samples (SAger (N») = 339 and 474 m” g *
respectively for EtOAc and EtOH washed samples; SAgpr (N,) =
420 m? g~ ! for pure CC3).

It was found that the solvent-produced, 100% pure CC3, after
post-synthetic processing in the extruder, appeared to be
somewhat less crystalline by SEM, although crystalline CC3a
was still apparent by PXRD and the material was still porous
(Fig. S27 and S28, ESIT). This suggests that whilst mechanical
grinding does not cause decomposition of the cage (as dis-
cussed earlier), it can lead to some loss in crystallinity. By
comparison, the as-extruded material, which was largely
amorphous by SEM, became much more porous after washing
with ethyl acetate, and in particular with ethanol. These prod-
ucts were as porous as the pure batch-made CC3 that had been
post-synthetically processed in the extruder. This suggests that
the use of a Soxhlet extraction not only removes impurities but
also improves crystallinity, which has a direct impact on the
porosity of the resulting material. Additionally, even taking into
account the solvent used and the time taken to purify the as-
extruded material by Soxhlet extraction, the solvent saving is
large compared to flow methods (96.5% reduction, Fig. 4a), and

This journal is © The Royal Society of Chemistry 2020

the reaction time is greatly improved compared to the batch
synthesis (85% reduction, Fig. 4b).

Conclusions

In conclusion, the use of TSE has enabled the large-scale
synthesis of a porous organic cage, CC3. During optimisation,
increased temperature and residence time, through use of
reverse screws to specifically prolong the kneading time, were
required to promote conversion. Inclusion of LAG improved the
preferential formation of the desired cage species in the product
mixture over the kinetically trapped [3+5] side product. Whilst
clean conversion to solely CC3 was not achieved after optimi-
sation, the mixtures could be simply washed by Soxhlet extrac-
tion to obtain ‘technical grade’ CC3 of improved purity,
crystallinity, and containing a smaller proportion of the [3+5]
species, resulting in porous material that is comparable to pure
CC3 in terms of gas uptake. Overall, the formation of CC3 by
TSE uses minimal solvent and has a greatly shortened reaction
time, and is more favourable than both the batch and flow
syntheses previously employed.
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