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Pyrrolidine, an important feedstock in the chemical industry, is commonly produced via vapor-phase
catalytic ammoniation of tetrahydrofuran (THF). Obtaining pyrrolidine with high purity and low energy
cost has extremely high economic and environmental values. Here we offer a rapid and energy-saving
method for adsorptive separation of pyrrolidine and THF by using nonporous adaptive crystals of per-
ethyl pillar[6]larene (EtP6). EtP6 crystals show a superior preference towards pyrrolidine in 50 : 50 (v/v)
pyrrolidine/THF mixture vapor, resulting in rapid separation. The purity of pyrrolidine reaches 95% in
15 min of separation, and after 2 h, the purity is found to be 99.9%. Single-crystal structures demonstrate
that the selectivity is based on the stability difference of host—guest structures after uptake of THF or
pyrrolidine and non-covalent interactions in the crystals. Besides, EtP6 crystals can be recycled
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Pyrrolidine is an important feedstock in the chemical industry
that has been widely used in the production of food, pesticides,
daily chemicals, coatings, textiles, and other materials.
Particularly, pyrrolidine is a raw material for organic synthesis
of medicines such as buflomedil, pyrrocaine, and prolintane.”
Moreover, pyrrolidine is also used as a solvent in the semi-
synthetic process of simvastatin, one of the best-selling
cardiovascular drugs.’* In the chemical industry, there are
many preparation methods for pyrrolidine. The most common
way to obtain pyrrolidine is the gas-phase catalytic method
using tetrahydrofuran (THF) and ammonia as raw materials;*
this is carried out at high temperature under catalysis by solid
acids. However, separating pyrrolidine from the crude product
is difficult because of similar molecular weights and structures
between pyrrolidine (b.p. 360 K and saturated vapor pressure =
1.8 kPa at 298 K) and THF (b.p. 339 K and saturated vapor
pressure = 19.3 kPa at 298 K), which result in complicated
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processes and large energy consumption.’ Therefore, it is
worthwhile to find energy-efficient and simple methods to
separate pyrrolidine from THF.

Many techniques and materials, including porous zeolites,
metal-organic frameworks (MOFs), and porous polymers, have
facilitated energy-efficient separations of important petro-
chemicals and feedstocks, including THF and pyrrolidine.*”
However, some drawbacks of these materials cannot be
ignored.® For example, the relatively low thermal and moisture
stabilities of MOFs limit their practical applications. Therefore,
the development of new materials with satisfactory chemical
and thermal stabilities for pyrrolidine/THF separation is of high
significance.

In the past decade, pillararenes have been widely studied in
supramolecular chemistry.” Owing to their unique pillar struc-
tures and diverse host-guest recognitions, pillararenes have
been used in the construction of numerous supramolecular
systems.’ Recently, nonporous adaptive crystals (NACs) of
macrocycles, which have shown extraordinary performance in
adsorption and separation, have been developed by our group
as a new type of adsorption and separation materials."* Unlike
MOFs, covalent-organic frameworks (COFs), and other mate-
rials with pre-existing pores, NACs do not have “pores“ in the
guest-free form, whereas they adsorb guest vapors through
cavities of macrocycles and spaces between macrocycles. NACs
have been applied in separations of many significant chemicals
such as alkane isomers, aromatics, and halohydrocarbon
isomers."”> However, such materials have never been used to
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separate pyrrolidine and THF. Herein, we utilized pillararene
crystals as a separation material and realized the selective
separation of pyrrolidine from a mixture of pyrrolidine and
THF. We found that nonporous crystals of per-ethyl pillar[6]
arene (EtP6) exhibited a shape-sorting ability at the molecular
level towards pyrrolidine with an excellent preference, while
crystals of per-ethyl pillar[5]arene (EtP5) did not (Scheme 1). In-
depth investigations revealed that the separation was driven by
the host-guest complexation between pyrrolidine and EtP6,
which resulted in the formation of a more stable structure upon
adsorption of pyrrolidine vapor in the crystalline state. EtP6
crystals can also adsorb THF. However, when these two chem-
icals simultaneously exist as the vapor of a 50 : 50 (v/v) mixture,
EtP6 prefers pyrrolidine as an adsorption target. Compared with
previously reported NAC-based separation, this separation took
place rapidly. 95% purity was achieved in 15 min, and the purity
increased to 99.9% after 2 h of separation. Moreover, pyrroli-
dine was removed upon heating, along with the structural
transformation of EtP6 back to its original state, endowing EtP6
with excellent recyclability.

EtP5 and EtP6 were prepared as previously described and
then a pretreatment process was carried out to obtain guest-free
EtP5 and EtP6 (Fig. S1-S41)."* According to powder X-ray
diffraction (PXRD) patterns, activated EtP5 and EtP6 (denoted
as EtP5«a and EtP6f3, respectively) were crystalline, and the
patterns matched previous reports (Fig. S5 and S67).* Studies
from our group indicated that EtP5« and EtP6§ crystals were
nonporous, presumably due to their dense packing modes.

We first investigated the adsorption capabilities of EtP5«
and EtP63 towards pyrrolidine and THF vapors. Based on time-
dependent solid-vapor adsorption procedures, both EtP5« and
EtP63 showed good ability to adsorb pyrrolidine and THF
vapors. As shown in Fig. 1a, the adsorption amount of THF in
EtP5a was higher than that of pyrrolidine. It took 6 hours for
EtP5« to reach saturation points for adsorption of both pyrro-
lidine and THF vapors. The final storage of THF in EtP5« was
2 : 1 (molar ratio to the host), whereas the storage of pyrrolidine
was 1: 1. It seemed that the THF vapor was favored to occupy
EtP5«, which was ascribed to the relatively lower boiling point
of THF. A similar phenomenon was found for EtP63. Time-
dependent solid-vapor adsorption experiments for pyrrolidine
demonstrated that it took just 1 hour to reach the saturation
point, while it took 4 hours for the THF vapor (Fig. 1b). The
adsorption amount of THF vapor was twice that of pyrrolidine.

(b) Catalytic H
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Scheme 1 Chemical structures and cartoon representations: (a) EtP5
and EtP6; (b) THF and pyrrolidine.
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Fig.1 Time-dependent solid—vapor adsorption plots of (a) EtP5« and
(b) EtP6g for single-component pyrrolidine and THF vapors. PXRD
patterns of (c) EtP5« and (d) EtP68: (I) original activated crystals; (II)
after adsorption of THF vapor; (ll) after adsorption of pyrrolidine vapor.

"H NMR spectra and thermogravimetric analyses (TGA) further
confirmed the adsorption and storage of THF and pyrrolidine in
both hosts (Fig. S7-S161). Meanwhile, in the desorption
process, adsorbed pyrrolidine and THF in EtP6§ were easily
released under reduced pressure and heating. Based on these
data, it was clear that pyrrolidine could be adsorbed rapidly by
both EtP5« and EtP63 in molar ratios = 1 : 1, while THF could
be captured in a relatively slow process. Structural changes after
adsorption of these two vapors were analyzed via PXRD experi-
ments, in which varying degrees of changes before and after
adsorption were observed, evidencing the appearance of new
crystal structures (Fig. 1c and d). Nevertheless, only slight
differences were observed in the PXRD patterns after the
adsorption of THF or pyrrolidine, which might be ascribed to
the structural similarity of the two molecules.

To study the mechanism of adsorption, guest-loaded single
crystals were obtained by slowly evaporating either THF or
pyrrolidine solutions of pillararenes (Tables S2 and S37). In the

Side view

Top view

pyrrolidine@EtP5

Fig. 2 Single crystal structures: (a) 2THF@EtP5; (b) pyrrolidine@EtP5.
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crystal structure of THF-loaded EtP5 (2THF@EtP5, Fig. 2a and
S1771),"“ two THF molecules are in the cavity of one EtP5
molecule driven by multiple C-H---O hydrogen bonds and C-
H---7 bonds. EtP5 assembles into honeycomb-like infinite edge-
to-edge 1D channels. In the crystal structure of pyrrolidine-
loaded EtP5 (pyrrolidine@EtP5, Fig. 2b and S197), one pyrroli-
dine molecule, stabilized by C-H---7 interactions and C-H---O
hydrogen bonds between hydrogen atoms on pyrrolidine and
oxygen atoms on EtP5, is found in the cavity of EtP5. It's worth
mentioning that a hydrogen atom which is linked with the N
atom of pyrrolidine also forms a strong hydrogen bond with an
oxygen atom on the ethoxy group of EtP5. EtP5 forms imperfect
1D channels because of partial distortion of orientation. The
PXRD patterns simulated from these crystal structures matched
well with the experimental results (Fig. S18 and S20%), which
verified that the uptake of vapors transformed EtP5«a into
pyrrolidine-loaded EtP5.

In the crystal structure of THF-loaded EtP6 (2THF@EtP6,
Fig. 3a and S217), one EtP6 molecule encapsulated two THF
molecules in its cavity with C-H---O interactions, forminga1: 2
host-guest complex. Although 1D channels are observed, EtP6
adopts a slightly different conformation, caused by the presence
of THF. Moreover, the PXRD pattern of EtP6§ after adsorption
of THF vapor matches well with that simulated from
2THF@EtP6, which is evidence for the structural trans-
formation upon adsorption. In the crystal structure of
pyrrolidine-loaded EtP6 (pyrrolidine@EtP6, Fig. 3b and S237),
a 1:1 host-guest complex with pyrrolidine is found. Driven by
C-H:--m interactions and C-H---O hydrogen bonds formed by
hydrogen atoms on pyrrolidine and oxygen atoms on EtP6, one
pyrrolidine molecule is in the cavity of EtP6 with the nitrogen
atom inside the cavity. The window-to-window packing mode of
hexagonal EtP6 molecules in pyrrolidine@EtP6 contributes to
the formation of honeycomb-like infinite edge-to-edge 1D
channels, favorable for guest adsorption. Likewise, the PXRD
result of EtP6p after adsorption of pyrrolidine is in line with the
simulated pattern of pyrrolidine@EtP6, indicating that EtP64
transformed into pyrrolidine@EtP6 in the presence of pyrroli-
dine (Fig. S22 and S247%).

Side view

Top view

pyrrolidine@EtP6

Fig. 3 Single crystal structures: (a) 2THF@EtP6; (b) pyrrolidine@EtP6.
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According to the adsorption ability and different crystal
structures after adsorption of guest vapors, we wondered
whether EtP5a or EtP63 could separate mixtures of THF and
pyrrolidine. We first evaluated separation by EtP5«. GC analysis
indicated that the adsorption ratios of THF and pyrrolidine
were 65.7% and 34.3%, respectively, when EtP5« was exposed to
50 : 50 (v/v) pyrrolidine/THF mixture vapor (Fig. 4a and S257).
Such adsorption was also illustrated by "H NMR (Fig. S267).
Although EtP5« showed a preference for THF, the selectivity is
not satisfactory and cannot be applied to industrial separation.
The less satisfactory selectivity may be ascribed to the similar
crystal structures of EtP5 after adsorption of THF or pyrrolidine
and insufficient strong stabilizing interactions. The PXRD
pattern of EtP5« after adsorption of the 50 : 50 (v/v) pyrrolidine/
THF mixture vapor exhibited minor differences compared with
that simulated from either 2THF@EtP5 or pyrrolidine@EtP5,
due to poor selectivity (Fig. 4b).

Nevertheless, selective separation of THF and pyrrolidine was
achieved with EtP6(. As shown in Fig. 4c, time-dependent solid-
vapor adsorption experiments for a 50 : 50 (v/v) pyrrolidine/THF
mixture were conducted. Unlike the phenomenon in single-
component adsorption experiments, uptake of pyrrolidine by
EtP6 increased and reached the saturation point rapidly (less
than 2 hours), while capture of THF was negligible. According to
the NMR and GC results (Fig. S27 and S287), the purity of pyrro-
lidine was determined to be 99.9% after 2 hours of adsorption,
which indicates the remarkable selectivity of EtP6 for pyrrolidine.
The PXRD pattern of EtP64 after adsorption of the mixture was
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Fig. 4 (a)Time-dependent solid—vapor adsorption plot for EtP5« in
the presence of 50 : 50 (v/v) pyrrolidine/THF mixture vapor. (b) PXRD
patterns of EtP5a: (I) original EtP5¢; (I1) after adsorption of THF vapor;
(1) after adsorption of pyrrolidine vapor; (IV) after adsorption of pyr-
rolidine/THF mixture vapor; (V) simulated from the single crystal
structure of pyrrolidine@EtP5«; (VI) simulated from the single crystal
structure of 2THF@EtP5«. (c) Time-dependent solid—vapor adsorption
plot for EtP6 in the presence of 50 : 50 (v/v) pyrrolidine/THF mixture
vapor. (d) PXRD patterns of EtP6g: (I) original EtP6g; (Il) after adsorp-
tion of THF vapor; (lll) after adsorption of pyrrolidine vapor; (IV) after
adsorption of pyrrolidine/THF mixture vapor; (V) simulated from the
single crystal structure of pyrrolidine@EtP6g3; (VI) simulated from the
single crystal structure of 2THF@EtP6g.
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consistent with that from single-component adsorption, indi-
cating the structural transformation in the crystalline state upon
selective capture of pyrrolidine from the mixture. Although THF
and pyrrolidine have similar molecular structures, their non-
covalent interactions with EtP6 are different. We assume that
the hydrogen bond between N-H and the oxygen atom on EtP6
stabilizes pyrrolidine and leads to such selectivity. More impor-
tantly, compared with previous adsorption processes using NACs
reported by our group, the selective separation of pyrrolidine was
completed rapidly. According to the GC results, the purity of pyr-
rolidine reached around 95% in the initial 15 min, while it usually
takes hours for selective separations of other substrates using
NACs. Increasing the adsorption time to 2 h improves the purity to
over 99%. The rapid separation of pyrrolidine with high purity
using EtP6( shows great potential in industrial applications.

Apart from selectivity, recyclability is also an important
parameter for an adsorbent. Consequently, recycling experi-
ments were carried out by heating pyrrolidine@EtP6 under
vacuum at 100 °C to remove adsorbed pyrrolidine. According to
TGA and PXRD analysis, the recycled EtP6 solid maintained
crystallinity and structural integrity that were the same as those
of activated EtP6 crystals (Fig. S29 and S307). Besides, it is worth
mentioning that the recycled EtP6 solids were still capable of
separating mixtures of pyrrolidine and THF without loss of
performance after being recycled five times (Fig. S317).

In conclusion, we explored the separation of pyrrolidine/THF
mixtures using NACs of EtP5 and EtP6. Pyrrolidine was purified
using EtP6 from a 50 : 50 (v/v) pyrrolidine/THF mixture with
a purity of 99.9%, but EtP5 exhibited selectivity towards THF.
Moreover, the separation of pyrrolidine by EtP6 was extremely
fast so that over 95% purity was determined within 15 min of
adsorption. The rapid separation is unique among NAC-based
separations. Single-crystal structures revealed that the selec-
tivity depended on the stability of the new structures after
adsorption of the guests and the non-covalent interactions in
the host-guest complexes. PXRD patterns indicated that the
structures of the host crystals changed into the host-guest
complexes after adsorption. Additionally, the NACs of EtP6
exhibited excellent recyclability over at least five runs; this
endows EtP6 with great potential as an alternative adsorbent for
rapid purification of pyrrolidine that can be applied in practical
industry. The fast separation with such simple NACs in this
work also reveals that minor structural differences can cause
significant changes in properties, which should provide
perspectives on designs of adsorbents or substrates with
specifically tailored binding sites.

Data availability
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