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Molecular tectonics: gas adsorption and chiral uptake of (L)- and
(D)- tryptophan by homochiral porous coordination polymers
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Combinations of two enantiomerically pure organic tectons 1
and 3 with either Zn(ll) or Cu(ll) cations leads to the formation of
four homochiral 3D networks among which two, 1-Cu and 3-Cu, are
robust porous crystals
permanent microporosity. 3-Cu porous crystals capture 66% and
20% of L- and D-tryptophan, respectively, after 30 min adsorption.

displaying homochiral cavities and

Over the past two decades, Porous Crystalline Materials have
attracted considerable attention owing to their applications in
storage, separation, catalysis and drug delivery for example.l?
Among these porous extended and periodic solid state architectures,
coordination networks (PCPs), formed by self-assembly processes
between organic tectons and metallic centres, are of particular
interest.3 The design of porous systems with desirable functions and
properties can be based on the molecular tectonics approach.*>
Homochiral permanently porous crystalline materials represent an
important sub-class of porous materials combining porosity and
chirality. Examples of chiral extended architectures of the metal-
organic frameworks (MOFs) or PCPs have been reported.® Among the
broad range of properties that PCPs can offer, chiral PCPs, offering
tailored chiral pores and cavities, are of particular interest for
enantiomeric separation.” L-tryptophan is an essential a-amino acid,
useful as precursor of important neurotransmitters such as
serotonine and melatonine and thus the chiral separation of a
racemic mixture by chromatography is a relevant issue especially for
the industrial production.8

Herein, we report on the design and preparation of two
homochiral PCPs 1-Cu and 3-Cu, their gas sorption properties and
enantioselective adsorption of tryptophan in the solid state. Two

isostructural compounds 1-Zn and 3-Zn were prepared for
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comparison. The design of the 3D networks is based on the use of
enantiomerically pure organic tectons 1 and 3 bearing two chiral side
chains and four carboxylate coordinating groups (Scheme 1). Their
combinations with Cu(ll) lead to the formation of highly robust
homochiral porous crystals displaying channels lined with
homochiral alkyl moieties. Tectons 1 and 3 differ in both the
connectivity of the alkyl fragment bearing the stereocenter
(C*HMekEt for 1 and C*(CH,)MekEt for 3) and their handedness, (R,R)

enantiomer for 1 and (S,S) enantiomer for 3.
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Scheme 1 Tectons 1 and 3 and synthetic intermediates

The common starting material for the synthesis of compounds 1 and
3 was the dibromo-dihydroxy-phenyl 5 (Scheme 1). The reaction of 5
with either the enantiomerically pure tosylate derivative 9 or 11
afforded the dibromo compounds 6 and 7, respectively. Compounds
9 and 11 were obtained upon tosylation of the enantiomerically pure
commercially available alcohols 8 and 10. The coupling of the
dibromo derivatives 6 and 7 with the boronic ester 12 afforded the
tetraesters 2 and 4. Finally, the desired tectons 1 and 3 were
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obtained upon saponification of 2 and 4 (see ESI). As metallic centers
Zn%* and Cu?* cations were chosen owing to their propensity to form
paddlewheel-type nodes with carboxylate moieties.

The use of enantiomerically pure tectons for the preparation of chiral
coordination networks has been employed by us®and others.1°
Under hydrothermal conditions, combinations of tectons 1 and 3
with Zn(NOs), in DMF at 100 °C afforded colourless single crystals of
1-Zn and 3-Zn, respectively (see ESI). Under similar conditions,
combinations of 1 and 3 with Cu(NOs), in DMF at 85°C and in the
presence of HCl (1 drop, 3.7%) afforded, after 24h, blue
microcrystalline powders of 1-Cu and 3-Cu (see ESI).

Fig. 1 Portions of the crystal structure of 1-Zn (top) and 3-Zn (bottom) showing the two
types of channels along the c axis. The substituents bearing the stereogenic centres
pointing towards the interior of channel are differentiated by color (blue for 1-Zn and
green for 3-Zn). H-atoms and solvent molecules are omitted for clarity.

The solid state structures of 1-Zn and 3-Zn were elucidated by X-
ray diffraction on single crystals (Figure 1). In both cases, crystals, in
addition to 1 or 3 tectons and Zn2* cation, contain solvent molecules.
Solvent molecules were disordered and structures were refined
using the squeeze command. Both coordination polymers crystallize
in trigonal chiral space group R3. In both cases, the tetranionic
octadentate tectons act as connecting units, linking two distinct Zn(ll)
atoms through dimeric paddle wheel type motif with a Zn-Zn
distance of ca 2.98 A. The Zn(ll) centers adopt a distorted square
pyramidal geometry with average Zn-O (carboxylate) distances of
2.056 A for 1-Zn and 2.118 A for 3-Zn. The coordination sphere
around each metal centre, composed of four O atoms belonging to
carboxylate moieties, is completed with a water molecule. The 3D
architectures form an interconnected network of cavities of two
distinct sizes and shapes: a large ovaloid cavity (14 A x 14 A x 25 A)
and a smaller spherical cavity with 13 A diameter. The free volumes
explored by a sphere of 1 A radius account for 53% (6280 A3) and 52%
(6148 A3) of the unit cell volume for 1-Zn and 3-Zn, respectively.
Interestingly, the larger ovaloid cavities are decorated with the chiral
fragments pointing towards the centre of the cavity, thus modulating
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the available empty space by the nature of the appended chiral
fragments.

Unfortunately, no single-crystals suitable for XRD analysis could
be obtained for the Cu-based architectures. However, comparisons
(Figure 2) of Powder X-ray Diffraction (PXRD) patterns of
polycrystalline powders of 1-Zn, 3-Zn, 1-Cu and 3-Cu with patterns
simulated for 1-Zn and 3-Zn using the single crystal data (ESI Fig. S17
and S18), revealed a good match between them. Thus, it seems
reasonable to assume that 1-Cu and 3-Cu 3D-networks are
isostructural with 1-Zn and 3-Zn, respectively.

In order to establish the robustness of crystalline materials and
their permanent porosity, they were activated by solvent exchange
with methanol and dichloromethane, followed by heating at 120 °C
under dynamic vacuum for 12h. Unfortunately, 1-Zn and 3-Zn
crystals were found to be unstable in CH,Cl, and thus it was not
possible to perform solvent exchange to generate porous crystals.
Interestingly, both 1-Cu and 3-Cu could be activated. This was
established by PXRD which revealed minor changes of the unit cell
parameters without loss of crystallinity (Figure 2). The thermal
stability of the activated 1-Cu and 3-Cu crystals was studied by TGA
which revealed that both materials were stable up to ca 300 °C (see
ESI).
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Fig. 2 XRPD patterns for 1-Zn (a), 1-Cu (b), activated 1-Cu (c), 3-Zn (d), 3-Cu (e) and
activated 3-Cu (f).

The permanent porosity of the Cu-based PCPs was demonstrated by
N, adsorption—desorption measurements performed at 77 K (Figure
3). The adsorption isotherms display a sharp uptake at low pressure
and Type-| profiles, which are characteristic of microporous solids.
The BET and Langmuir surface areas were determined to be 954 m?/g
and 1198 m?2/g for 3-Cu, and 930 and 1102 m2%/g for 1-Cu. The
porosity was confirmed by CO, adsorption isotherms at 195 K.
Isotherms of both samples exhibited Langmuir profiles that reached
plateau values of about 243 cm3(STP)/g at 1 bar. The measured CO;
capacities correspond to an occupied volume of 0.62 cm3/g (CO,
density () = 0.77 g cm-3 was used), which matches the pore volumes
of 0.57 and 0.59 cm3/g for 3-Cu and 1-Cu respectively, as estimated
by considering the crystal density and pore volume explored by a
sphere having a radius of 1.2 A. Collectively, these results indicate an
almost complete filling of the empty spaces in the crystal structures
and prove the easy accessibility of cavities to diffusing gases. Taking
advantage of the microporous nature of 1-Cu and 3-Cu crystals, they
have been tested for their storage capacities under mild conditions
by collecting CO; and N, adsorption isotherms up to 10 bar and at
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room temperature and at 273 K. Dealing with CO2 capture, 1-Cu
shows Type-l isotherms and total absorbed amounts of 165 and 203
c¢cm3(STP)/ g, corresponding to 32% and 40% of the host weight at
moderate pressure of 10 bar. Nitrogen adsorption experiments
(Figure 3), revealed low uptake even at high pressure and the uptake
was directly proportional to pressure in the covered range, indicating
low nitrogen affinity. This observation may be exploited for selective
separation of carbon dioxide
Furthermore, the porous crystals were checked for methane storage.

in a mixture with nitrogen.

CH,4 isotherms exhibit Langmuir profiles reaching the value of 104
c¢cm3(STP)/g at 273 K and 10 bar (extrapolated Qmax= 150 cm3(STP)/g.
The isosteric heat of CO, adsorption, determined by applying the
Van'’t Hoff equation, is 27 kJ/mol. This is in agreement with reported
data for porous crystals and MOFs without open metal sites or
specific interactions with pore's walls.21416 However, the binding
energy for CH4 of 18 kJ/mol is rather high and may be accounted for
by multiple van der Waals interactions between the hydrocarbon
pendant groups and the gas.'” Similar values have been obtained for
porous molecular crystals displaying pores lined with hydrocarbon
moieties. 18
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Fig. 3 CO, and N, adsorption isotherms at 195 K and 77 K for a) 3-Cu, b) 1-Cu, c) CO,
(circles), CH, (triangles) and N, (diamonds) adsorption isotherms at 273 K (full symbols)
and 298 K (empty symbols) for 1-Cu compound.

The chiral and porous nature of 1-Cu and 3-Cu was exploited for
chiral recognition and enantioselective adsorption.1®-22 Based on the
size of cavities and the nature of the chiral units pointing towards the
interior of the empty chiral space, the adsorption of D- and L-
tryptophan was investigated in water. Prior to adsorption studies,
the stability and crystallinity of 1-Cu and 3-Cu in water at room
temperature was investigated. After immersion in water for 24 h of
the crystalline materials, the solvent was removed and the
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microcrystalline powder was studied by PXRD which revealed the
integrity of the both materials (See ESI Fig S25 and S26). For the
uptake processes, enantiopure activated crystals of 1-Cu or 3-Cu
were immersed in an aqueous solution containing pure L- or D-
tryptophan and their absorption capacity was monitored by UV-Vis
absorption spectroscopy by measuring the intensity of the band at
280 nm of tryptophan in solution as a function of time as reported in
Figure 4 (see ESI for optical absorption measurement methods).
From the concentration values, calculated by the calibration line, the
enantioselective recognition was evaluated as a function of time
(Figure 5). While enantioselective recognition was negligible in the
case of 1-Cu, 3-Cu adsorbs preferably L-tryptophan: for instance after
30 mi. 66% of L- and 20% of D-tryptophan from solution were
adsorbed with a ratio of 3.3. A higher ratio was obtained at shorter
times and initial guest uptake. This is an indication that high
enantioselectivity can be most favourably achieved far from the
equilibrium conditions. The desorption process showed that, after 24
h, only 2.5-4.9% of guest is released from the adduct, indicating that
strong host-guest interactions occur (Supporting Information). The
higher stereoselectivity of 3-Cu with respect to 1-Cu can be explained
by the longer pendants bearing the stereogenic carbons at their ends
which protrude toward the center of the cavity and recognize more
efficiently one of the enantiomers. However, the softness of the
alkoxy chains does not allow high values of enantioselectivity.
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C

Fig. 4 UV-vis absorption spectra collected at different concentrations containing
enantiopure D-tryptophan (a and c) and L-tryptophan (b and d) and 1-Cu (a and b) and
3-Cu (c and d), respectively.
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Fig. 5 Plot of guest concentration (C) versus time for a) 3-Cu and b) 1-Cu MOFs. L- and D-
tryptophan are indicated as circles and triangles, respectively.
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In conclusion, two new enantiomerically pure organic tectons 1 and
3 bearing four carboxylate moieties as coordinating sites and two
chiral appended chains were designed and prepared. Their reaction,
under hydrothermal conditions in DMF, with Zn(ll) and Cu(ll) cations
as metallic nodes leads to the formation of enantiomerically pure
porous crystals with their space occupied by the chiral chains. The
crystalline materials are robust and exhibit permanent porosity and
high thermal stability. In the case of 1-Cu and 3-Cu, crystals are stable
in water and in organic solvents. The latter solid state architectures
were shown to uptake guest molecules. The Copper based porous
crystals capture N, CO2 and CH4 molecules. The sorption of CO; takes
place at room temperature and under rather low pressure (10 bar).
Interestingly, the porous crystals show high affinity for CO, with
respect to N,. Furthermore, 1-Cu and 3-Cu were shown to adsorb D-
and L-tryptophan from water. Interestingly, 3-Cu preferably
adsorbed L-tryptophan: the amount of adsorbed L- versus D-
tryptophan resulted in a ratio higher than 3.3 after 30 min. With the
aim of exploring selective chiral uptake and separation of other chiral
molecules such as alcohols by homochiral porous crystalline
architectures, we currently investigate the synthesis of new
enantiomerically pure tectons and their combinations with metal
centers.
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Graphical Abstract

Combination of an enantiomerically pure tecton with Cu(ll) cation
yields robust porous homochiral crystals displaying preferential
adsorption of L-tryptophan.
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