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ABSTRACT: A multinuclear NMR has been carried out to
elucidate the mechanism of action of CC3-R box type chiral mate-
rials for the separation of enantiomers, supported by theoretical
calculations. The potential of these materials to be used as chiral
resolution agents through NMR is evidence in this study.

INTRODUCTION

Enantiomers have physical and chemical identical properties
except for optical rotation, and they also have different biological
and pharmacological properties. Therefore, chiral discrimination
has become more important in several fields, as in the pharmaceu-
tical industry, in stereospecific synthesis, in the food industry,
environmental science and development of optical devices.'™
However, the separation of enantiomers is still a challenge due to
their physical and chemical identical properties.

Microporous small pore size crystalline materials have been of
great scientific and technological interest because of their poten-
tial applications in gas storage, heterogeneous catalysis and mo-
lecular separation. Most microporous solids are formed by ex-
tended three-directional networks such as, zeolites,> metal-
organic frameworks (MOFs),"!" covalent-organic frameworks
(COFs)'*"* or organic polymer networks.' '

Contrary to extended networks, porous organic molecular solids
(POMs) can be soluble in organic solvents. The solubility of
POMs offers some advantages in comparison to insoluble net-
works materials. Their monomers retain the same structural poros-
ity as the original POMs after dissolution in common organic
solvents, and are easily recrystallized. These POMs seem to open
new avenues for promising further applications.

On this regards, the Cooper research’s group synthesized a new
class of porous organic cages (POCs) with permanent and availa-
ble cavities formed via condensation reaction of 1,3,5-
triformylbenzene or tris(4-formylphenyl)amine and various dia-
mines and evidenced the cage-cage self-assemble into crystalline
materials with permanent void space.'”* Cooper and co-workers
first reported the synthesis of POC (CC3) and its use for chiral
separation.'*?’

CC3 is an imine-linked POC, which is synthesized by the one-step
[4+6] condensation of 1,3,5-triformylbenzene with (R,R)-1,2-
Diaminocyclohexane or (S,S)-1,2-Diaminocyclohexane. This cage
has tetrahedral symmetry, and each cage has four windows, the
cage molecules pack in a window-to-window arrangement that

self-assemble into perfectly ordered materials. Porous organic
molecular cages defined as shape-persistent three-dimensional
organic molecules have been explored for gas adsorption, separa-
tion, molecular recognition and sensing. More recently, CC3-R
has been used in gas-chromatographic (GC) separation. Particu-
larly, CC3-R has been successfully used in the enantiomeric reso-
lution of a wide variety of racemates belonging to different clas-
ses without derivatization,”>2

However, these relevant results are based on trial and error exper-
iments and so far for being trivial, which racemates can be suc-
cessfully resolved by a given chiral solid. Therefore, the devel-
opment of physico-chemical techniques that can be used as
screening for the mentioned separations could be of interest for
many researchers working in pharmacy, separation, NMR, model-
ling, etc. For instance, there is little insight on the detailed interac-
tion between the host CC3-R entity and the guest molecule. To
best knowledge, there is just one report applying to a chiral mole-
cule (1-phenyl-1-ethanol), where racemic mixture of 1-phenyl-1-
ethanol is eluted through the chiral material and 30 % ee of the
opposite configuration is obtained in the solution.

Within this study, we provide information related to the interac-
tion of the material CC3-R with several small chiral organic mol-
ecules, many of them biomolecules. Furthermore, it is determined
the preference of this material to some functional group, then we
have found the application to separate racemic mixture of amino
acids (aa) and alpha hydroxyl-acids (4a). In addition, we suggest
that these materials are also likely to be used as resolution agents
of enantiomers.

EXPERIMENTAL

General considerations: CC3-R and CC3-S were prepared ac-
cording to literature procedures (or modified procedures) using
solvothermal strategy.”! The employed guests were purchased
from Sigma—Aldrich and used without further purification. The
samples for liquid NMR analysis were prepared as follows. CC3-
R is dissolved in CD,Cl, at 2.5 mM. Then the guest were added to
this solution to achieve a final concentration of 1, 3, 10 mM for
each sample.

Solution NMR spectroscopy: Solution NMR spectra were rec-
orded with Bruker Avance instruments operating at 'H Larmor
frequency of 300 MHz. Chemical shifts are given in ppm and
relative to TMS for 'H and "*C and relative to NH; (liquid) for °N
nuclei. Coupling constants (J) are given in Hertz as positive val-
ues regardless of their real individual signs. PGSE NMR diffusion
measurements were carried out by using the stimulated echo pulse
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sequence.”’ A rectangular shape was used for the gradient pulses
and their strengths changed automatically during the course of the
experiments. The D values were determined from the slope of the
regression line In (//I;) versus G2, according to Equation 1.
I/I=observed spin echo intensity/intensity without gradients,
G=gradient strength, A=delay between the midpoints of the gradi-
ents, D=diffusion coefficient, d=gradient length. The measure-
ments were performed without spinning. The calibration of the
gradients was carried out by means of a diffusion measurement of
HDO in D,O (Dypo=1.902 10° m* s).2® The experimental error
in D values was estimated to be smaller than £2% (three standard
deviations). All of the data that led to the reported D values af-
forded lines with correlation coefficients above 0.999. The gradi-
ent strength was incremented in 8% steps from 10% to 98%, so
that, depending on the signal/noise ratio, 10-12 points could be
used for regression analysis. Afterwards, the Einstein-Stokes
formula (equation 2) correlates D with hydrodynamic radius ry.

Equation 1:
In(Z/1,)=—=(y5)*G*D(A—-6/3)
Equation 2: Einstein-Stokes formula
kT
6 xnD

Ty =

X-ray diffraction: The crystallinity of the materials was investi-
gated by Powder X-ray diffraction (PXRD). The measurements
were performed using a Panalytical X Pert PRO diffractometer in
a Bragg-Brentano geometry and Cu Kal radiation (A = 1.5406 A).

Other techniques: The morphology of the cages was analyzed by
scanning electron microscopy (SEM). SEM micrographs were
recorded on a SU8230 FE-SEM instrument working at 5-10 kV,
using beam deceleration mode. The samples were prepared by
placing a small amount of powder on a carbon tape on SEM
stubs.C, N and H contents of isolated catalysts were determined
with a Carlo Erba 1106 elemental analyzer. TGA analysis was
carried out using a Mettler Toledo TGA/SDTAS851e with an
automated vertical overhead thermobalance.

DFT studies: All calculations in this work are based on density
functional theory (DFT) and were carried out using the M062X
functional® and the 6-311g(d,p) basis set,*® as implemented in the
Gaussian09 software.’! The geometry of all structures was fully
optimized without restrictions. Host-guest interaction energies
were calculated as:

E,,; = E(host-guest) — E(host) — E(guest)

where E(host-guest) is the total energy of the complexes shown in
Figures 5 and S83, and E(host) and E(guest) are the total energies
of the isolated host model and guest molecules, respectively.

RESULTS

The CC3-R material was synthesized using solvothermal condi-
tions. First of all, it was fully characterized by NMR. In fact,
diffusion NMR spectroscopy was employed with the aim of
measuring diffusion coefficients and estimating hydrodynamic
radii of molecules in isotropic media.**** This technique is mostly
used to study organometallic complexes, as well as supramolecu-
lar systems such as host—guest systems, helicates, grids, supramo-
lecular polymers and more. Diffusion NMR has also found appli-
cations in studies of biosystems, pharmaceutical ones and those of
the structure of nanoparticles.***’ It is accepted that the diffusion
decrease and the hydrodynamic radius of any species increases as
the interaction with the host molecule increase. Therefore, this

technique is especially well suited for studying host-guest interac-
tions such as those occurring during adsorption and separation
processes.

Pulsed Gradient Spin-Echo (PGSE) NMR diffusion measurements
were used to determine the diffusion coefficients (D) of the mate-
rial CC3-R studied here in solution (more details of these experi-
ments are provided in the Supporting Information). The experi-
ments were performed in CD,Cl, from 0.25 to 2.5 mM concentra-
tions of material in order to determine if agglomeration takes
place. In table 1 the diffusion data and hydrodynamic radius for
CC3-R are summarized and compared with the radius obtained
from X-ray. The results shown in Table 1 indicate that diffusion
(D) and hydrodynamic radius of CC3-R remain constant along the
whole range of concentration, indicating that there is no agglom-
eration of the monomers for further experiments.

Table 1. Diffusion data for CC3-R.

Entry | [CC3-R] mM [lo.lo?nzs.l]a A A
1 025 mM R 6.6 8.1
2 0.75 mM R 6.6 8.1 8.5
3 25 mMR 6.6 8.1

a) Experimental error in the D values was (+ 2)%. b) The viscosity (1) used in the
Stokes—Einstein equation was 0.410 107 kgm™s”. Values of n were taken from
http://www.knovel.com. ¢) It is an estimation, deduced from the X-ray structure
described in the reference 8.

NMR spectroscopy study of host—guest interactions. Intrigued
by the way of action of materials in exerting the separation of
organic molecules and racemates shown above, we propose a full
study based on solution NMR that provide a direct and detailed
view on the underlying interactions at the molecular level. Solu-
tion NMR spectroscopy could provide such a view since intermo-
lecular interactions can be studied through their effect on the
chemical shift, relaxation times and translational diffusion coeffi-
cients of the various species. In the case of protein receptors and
ligand binding, specific NMR approaches are routinely applied to
provide information about the binding process and conformations.
Taking advantage of the presence of the permanent porosity of
CC3-R material, its high organic content and its solubility in
dichloromethane, we propose NMR-based approaches in host-
guest heterogeneous related system for the in sifu characterization
of the molecular interactions.

First of all, we carried out "H NMR measurements of the POCs
and the different guests at 298K with concentrations between 1
and 10mM in CD,Cl,. The solvent chosen is CD,Cl, because the
CC3 materials are fully soluble in this solvent. A number of
guests have been employed in order to carry out this study includ-
ing, 1-phenyl-ethylamine which Cooper used in his work, other
biomolecules derived from protected amino acids in the amino
group (Figure 1). For this study, free amino acids were not direct-
ly used because of their insolubility in CD,Cl,. Then, the corre-
sponding commercially available BOC derivated chiral systems in
their two enantiomeric forms have been selected, as shown in
Figure 1. Then, it was carried out the measurement of the different
samples constituted by the host, CC3-R, and each guest at differ-
ent concentrations.

( A
OH NBoc NBoc N B°° <\/Y
A0 A0 oH
0 /m)\f ( )
OH OH o ph%;\
1 2 6
OH NBoc NBoc NBoc OH
O "*) Ckf PRTAN
OH OH
\ J

Figure 1. Illustration of the selected guests (L/S red and D/R blue).

ACS Paragon Plus Environment

Page 2 of 15



Page 3 of 15

oNOYTULT D WN =

First of all, both the host and the series of guests were studies at
298K as solution of pure compounds at 10 mM concentration in
CD,Cl,. Then, the mixture of each guest (concentrations range
from 1-10 mM) and the host (concentration of 2.5 mM) were also
measured at 298K in CD,Cl,. In Table 2 the data of these meas-
urements are collected through proton NMR, where the three
signals of the COF H; (imine), H, (aromatic) and H; (a-NCH) are
analyzed, with the purpose of studying the effect that the presence
of different guests used at different concentrations has on the
selected 'H-NMR resonances of the host CC3-R, which is at a
fixed concentration of 2.5 mM (Figure 2).

Q1

N
"Q
Figure 2. Illustration of the three selected signals of CC3-R.

The observed changes in chemical shifts for the three selected
COF signals are shown in the right column (Guest@COF - COF).
There, it is observed that the coupling of lactic acid (compound 1
in Figure 1 with CC3-R material (entries 2-7) produces a deshield-

The Journal of Physical Chemistry

The guest 2 (N-Boc-alanine, inputs 8-13), 3 (N-Boc-valine, inputs
14-19 and 4 (N-Boc-leucine, inputs 20-25) have a similar behav-
ior as described for ligand 1. However, it is less import when the
steric effect of the hydrophobic chain is enhanced. In this sense,
this effect is slight for guest 5 (N-Boc-proline, inputs 26-31),
where only few little changes in the signals of interest are detected
for concentrations of 10mM, and the greatest effect is shown for
the L series. Furthermore, as the size of the amino acid aliphatic
chain increase, the effect on the host fades. Finally, guest 6 (1-
phenylethanol, inputs 32-33) has no effect on guest signals in the
range of 1- 10mM.

Moreover, if we analyze the data according to the absolute con-
figuration of the host CC3-R used we can observe how the L
series (S absolute configuration) produces a greater effect than the
D series (R absolute configuration. However, the shift of '"H NMR
signal for experiments of guests S@CC3-R (entries 26-31) is only
observed for the highest guest concentration (10mM, entries 28
and 31), whilst no significant changes in the NMR signals are
observed at lower concentration. Therefore, we can conclude that
CC3-R material has a stronger affinity for carboxylic acid group
than the S enantiomer. In addition, this affinity can be nicely
modulated by controlling the steric volume of the aliphatic sub-
stituent.

ing of the three characteristic resonances of the COF as evidence
by the displacement towards higher & of the "H NMR signal. The ch_Ra )& R
deshielding effect is more pronounced as the concentration of 2.58& 10 mM
lactic acid increases. But more importantly, there is a stronger
interaction between the CC3-R and S enantiomers that CC3-R.

This phenomenon is clearly illustrated in the Figure 3. i
Table 2. "H NMR data for the 3 selected signals of the host. CC3-R & R-1
En- 5 'H NMR (ppm) A8 H\/H,/H; 258&3mM

try [guest] mM 0 H, .

1 - 8.165 7.891 3.38 -=/--/--

2 1mM L-1 8.165 7.891 3.381 |0.000/0.000/0.001

3 3mMZ-1_| 8.168 | 7.907 | 3.397 [0.003/0.016/0.017 —

4 10mM L-1 8.176 7.935 3428 |[0.011/0.044/0.048 25&1mM

5 ImM D-1 8.165 7.893 3.382 |0.000/0.002/0.002

6 3mM D-1 8.166 7.900 3.390 |0.001/0.011/0.010

7 10mM D-1 8.173 7.926 3416 |0.008/0.035/0.036

8 1mM L-2 8.167 7.894 3.385 |0.002/0.003/0.005 d)

9 3mM L-2 8.168 | 7.899 | 3.391 [0.003/0.008/0.011 0‘2051’*-&’? : § S,\-/ﬂ

10 10mM L-2 8.167 7.904 3.400 |0.002/0.013/0.020 ' m

11 1mM D-2 8.165 7.890 3.379 |0.000/0.001/0.001

12 3mM D-2 8.165 7.895 3.385 |0.000/0.004/0.005

13 10mM D-2 8.165 7.902 3.396 |0.000/0.011/0.016

14 | ImML-3 | 8165 | 7.890 | 3379 [0.000/-0.001/0.001 —

15 3mM L-3 8.165 7.896 3.386 |0.000/0.005/0.006 25&3mM

16 10mM L-3 8.171 7918 3.409 |0.006/0.027/0.029

17 1mM D-3 8.165 7.891 3.381 |0.000/0.000/0.001

18 3mM D-3 8.166 7.894 3.385 |[0.001/0.003/0.005

19 10mM D-3 8.168 7.910 3.400 |0.003/0.019/0.020 f)

20 1mM L-4 8.167 7.894 3.384 |0.002/0.003/0.004 CC3-R & 51

21 3mM L-4 8.167 7.897 3.389 |0.002/0.006/0.009 25&1mM

22 10mM L-4 8.167 7.899 3.392 |0.002/0.008/0.012

23 1mM D-4 8.166 7.891 3.380 |0.001/0.000/0.000 . . y y

24 3mM D-4 8.167 7.895 3.386 |0.002/0.004/0.004 7.94 7.90 7.86

25 10mM D-4 8.165 7.897 3.388 |0.000/0.006/0.008

26 | ImML-5 | 8165 | 7.890 | 3379 [0.000/-0.001/0.001 Chemical shift (opm)

27 3mM L-5 8.165 7.891 3.380 |0.000/0.000/0.000

28 10mM L-5 8.166 7.894 3386 |0.001/0.003/0.006 Figure 3. 'H NMR data for H, signal of the host with both enantio-

29 | ImMD-5 | 8166 | 7.891 [ 3.380 [0.001/0.000/0.000 mers of ligand 1 at several concentrations.

;? 13£]HMMD,5_55 g}gg ;gg? ;;g? 8885;888;888? A deep study for assessing the binding of guest molecules and the
host CC3-R was performed by applying 'H,'>’N gHMQC and

32 | 10mMS6 | 8.162 | 7.889 | 3.378 |0.003/0.003/0.002 p Yy applying H, N g
"H,C gHSQC NMR experiments. These spectroscopic tech-

33 | 1omMR-6 | 8162 | 7.889 | 3.377 ]0.003/0.003/0.003 >~ 8 p P p

niques have been used for understanding the structure—activity
relationships (SAR) in biomolecules and proteins. In this sense,
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NMR spectroscopy is employed to detect binding of drugs to
receptor proteins and more important to identify the unit of the
protein involved in the process. For instance, 'H,""N gHSQC or
HMQC experiments were known to provide an effective method
to investigate interactions of the guanidinium groups of arginine
units with charged groups on the ligand.*'*” Another experimental
setup to detect binding of ligands to receptor proteins involves the
acquisition of 'H,"*C gHMQC spectra of probes with and without
ligands present. Generally, labeling of proteins with '*C is more
expensive than with '"N. Furthermore, 'H,"*C gHSQC spectra are
more complex than 'H,5N gHSQC spectra. Hence, 'H,1*C
gHSQC experiments have not been widely employed to test for
binding. Nevertheless, in our case it is not a problem since our
host-guest spectra have less signals. Therefore, both experiments
were used to demonstrate the interaction between the CC3-R host
and the selected molecules. One 'H,"’N gHMQC experiment and
other of 'H,"*C gHSQC of the organic cage CC3-R are acquired as
the reference spectra. Then, samples that contain one of the se-
lected molecules (1-6) are prepared. If the resonance position of a
cross-peak is significantly shifted compared to the reference
spectra this is an indication of binding (SAR by NMR).

Table 3 shows the carbon-13 NMR data of two signals of the
CC3-R C, (imine), C, (aromatic) and the nitrogen-15 data for the
N, signal (imine) with the presence of the different guests used at
different concentrations, keeping the concentration of the host at
2.5 mM. In addition, in the column on the right, the observed
changes in the chemical shifts are shown for the three signals, two
of carbon and one of nitrogen, of the host-isolated relative to the
corresponding guest-host mix. The close analysis of the data
collected in table 3 indicates that the change in C, and C, are very
small, suggesting that the interaction between CC3-R and selected
guests does not take place through the carbon atoms of the host,
and therefore nitrogen atoms must be involved.

Table 3. ®C and *N NMR data for the selected nuclei
of the host.

5 °N
En- [gues] mM 5 *C NMR (ppm) | NMR A8 C1/Co/N3
try (ppm)

Ci C, N

1 - 158.65 | 129.03 | 3413 /|-
2 3mM L-1 | 159.10 | 12920 | 338.7 | 0.45/0.17/2.60
3 10mM L-1 [ 159.10 | 12940 | 3373 | 0.45/0.37/4.00
4 3mMD-1 | 159.00 [ 129.13 | 3394 | 0.35/0.10/1.90
5 10mM D-1 | 159.18 | 129.48 | 337.6 | 0.53/0.45/3.70
6 3mM L-2 158.8 | 12920 | 3395 [ 0.15/0.17/1.80
7 10mML-2 | 1589 | 12930 | 338.6 | 0.25/0.27/2.70
3 3mM D-2 | 158.65 | 129.09 | 340.0 | 0.00/0.06/1.30
9 10mM D-2 | 15894 | 12933 | 3393 [ 0.29/0.30/2.00

10 3mM L-3 158.80 | 129.15 339.8 0.15/0.12/1.50

11 10mM L-3 159.00 | 129.30 338.2 0.35/0.27/3.10

12 3mM D-3 158.78 | 129.11 3404 0.13/0.08/0.90

13 10mM D-3 159.80 | 129.13 339.1 0.15/0.10/2.20

14 3mM L-4 158.94 | 129.13 340.9 0.29/0.10/0.40

25 10mM L-4 159.00 | 129.32 339.6 0.34/0.29/1.70

16 3mM D-4 158.86 | 129.06 341.2 0.21/0.03/0.10

17 10mM D-4 158.96 | 129.27 3403 0.31/0.24/1.00

18 3mM L-5 158.65 | 129.09 341.0 0.00/0.06/0.30
19 10mM L-§ 158.80 | 129.20 340.4 0.15/0.17/0.90
20 3mM D-5 158.74 | 129.03 341.6 0.09/0.00/0.30
21 10mM D-5 158.80 | 129.11 340.6 0.15/0.08/0.70
22 10mM S-6 158.69 | 129.06 341.0 0.04/0.03/0.30
23 10mM R-6 158.67 | 129.04 341.1 0.02/0.01/0.20

Indeed, the changes in the chemical shift of nitrogen are quite
significant with the presence of the guests 1-5 indicating that a
strong interaction host-guest occurs in good agreement with the
observed shifts in "H NMR signals. Meanwhile, there is practical-

ly no effect in the NMR signals when molecule 6 is adsorbed. In
addition, the observed changes for 1-4 are in line with what is
observed for the proton, where at 3 and 10 mM guest concentra-
tions changes are detected in host signals. Moreover, the effect is
higher for L series. However, at guest S this is only observed at
concentrations of 10 mM, and in all cases slightly higher for the
L. This behaviour evidences the interactions between both sys-
tems through the carboxylic group and the steric effect of the
hydrophobic chain decrease this interaction.

After that, it was decided to study the effect that the presence of
the host has on guest signals. Table 4 summarizes the proton data
between the guest-free and the guest-CC3-R, maintaining the
concentration of CC3-R at 2.5 mM and that of the guest at 3 and
10 mM. The associated changes are in line with those observed in
the CC3-R. The major changes are those associated with ligand 1
(entries 1-5), and especially the L series, in all cases the signals
are shielded. Ligand 2 (entries 6-10) also presents more signifi-
cant changes for the L than for the D series, this change being of
shielding towards the methynic proton and deshielding towards
the methyl group. However, for ligands 3-5 (entries 11-23)
deshielding happens in all of them, and these deshieldings are
greater for the L than for the D series. All these data can be
summed up as: 1) large steric effect of the guest enhances the
deshielding of its "H NMR signals; 2) large affinity of the guest to
the host minimized the deshielding of guest '"H NMR signals.
Therefore, this supports why this effect is lower in the D series.
On the other hand, the proton signals corresponding to ligand 6
(entries 24-26) do not show any significant changes, so neither the
guest nor the host are affected. This reinforces the finding that the
interaction takes place through the carboxylic acid.

Table 4. "H NMR data for the selected signals of the ligands 1-6 at
several concentrations and the host at 2.5mM concentration.

[guest] | CC3-R | 8 'HNMR (ppm)
Entry M mM H, H, AS Hi/H,
1 L-1 - 4388 1.488
2 3mM L-1 2.5 43512 | 1.4863 [ 0.0365/0.0017
3 [1omMLZ1][ 25 4311 | 14428 | 0.077/0.0452
4 | 3mMD-1 2.5 43622 | 1.4865 | 0.0258/0.0015
5 [1omMD-1] 25 4351 | 14718 | 0.037/0.0165
6 L-2 - 42914 | 144
7 3mM L-2 2.5 42861 | 1.4413 [ 0.0053/-0.0013
8 [1omML2] 25 42808 | 1.4474 | 0.0106/-0.074
9 [ 3mMD2 2.5 42905 | 1.4420 | 0.0009/-0.0020
10 [1omMD-2] 25 42866 | 1.4415 | 0.0048//-0.0015
1.0246/
11 L3 - 42086 | o
1.0375/ | 0.0006/-0.0129/
12 | 3mML-3 2.5 4208 | ou00 10,0109
1.0235/ | 0.0271/0.0011/
13 [ 10mML-3 | 25 41815 | oo 00004
1.0369/ | 0.0006/-0.0123/
14 | 3mM D-3 2.5 42080 | “ocio 0.0049
1.0148/ | 0.0321/0.0098/
15 | 10mMD-3| 25 41765 | oaet 0.0139
0.9836/
16 L-4 - 4264 | o7e7
1.004/ | -0.014/-0.0204/
17 | 3mM L-4 2.5 4278 | 9917 0016
1.0098/ | -0.014/-0.0262/
18 | 10mM L4 | 25 4278 | (9066 -0.0200
-0.014/-0.0126/
19 | 3mM D-4 2.5 4278 | 0.9962 0.0205
-0.014/-0.02/
20 | 10mMD-4| 25 4278 | 1.0036 0.0279
21 L5 - 4352 -
22 [10mML-5]| 25 4344 - 0.008
23 [1omMD-5] 25 4.350 - 0.002
24 [ 10mM S-6 - 4902 | 1.490
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25 10mM S-6 2.5 4.911 1.491 -0.007/-0.001

26 10mM R-6 2.5 4.911 1.490 -0.007/0.000

Figure 4 shows the '"H-NMR spectra of the CC3-R in presence of
the guest 1 in its L, R and racemic forms. There, we can observe
that the material CC3-R is not only a good support of chiral col-
umn for gas and liquid chromatography for the separation of
enantiomeric mixtures as has been shown in previous studies, but
it could also act as a chiral solvating agent (CSA) for poorly
impeded N-BOC-aminoacids and a-hydroxy acids. Therefore, this
material would have an even wider application than that reported
so far.

a)
CC3-R & rac-1

b)
CC3-R & S-1

c)
CC3-R& R1

T T T T T T

1.52 1.48 1.44 1.40 1.36
Chemical shift (ppm)

Figure 4. "H NMR region for the corresponding methyl group signal
of ligand 1 at 3 mM and the host at 2.5mM; a) rac-1; b) S-1; ¢) R-1;
d) isolated S-1.

A variety of NMR pulse sequences that allow the investigation of
diffusion constants in solution has been applied to understand the
host-guest interaction and diffusion in CC3-R. On the basis of
such experiments it is possible to discriminate compounds in
mixtures according to their diffusion properties. This diffusion
experiment has been previously successfully applied to deconvo-
Iute compound mixtures, and to detect molecular association
processes.**** Although, the main difficulty is that for the detec-
tion of changes in the diffusion constant of a ligand that binds to a
protein, it is necessary that a significant amount of the ligand is
bound to the protein on the time average. Diffusion experiments
have been proven to be a valuable tool for characterizing molecu-
lar interactions between small and intermediate size molecules.
Therefore, PGSE diffusion NMR has been also applied to the
several samples. Then, the preparation of different samples of the
selected guests with and without CC3-R present was carried out
and then the comparison of the corresponding diffusion constant
should give information about the binding affinity.

Table 5 shows the data obtained from the diffusion measurements
on all the guests in the samples at a concentration of 2.5 and 3
mM for the host and guest, respectively. As in previous studies,
the case of lactic acid has been the most relevant, confirming that
the enantiomer L has a slightly higher affinity than the D enanti-
omer towards the guest CC3-R. The changes in the diffusion
coefficients and hydrodynamic radius are very clear between free
host and host-guest. In fact, more than 50% of L-lactic acid is
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interacting with the host material. On the other hand, changes in
the values of the diffusion coefficients and hydrodynamic radii for
the other guests 2-6 are not very significant, being at best 21%
host, L-2, which interacts with the guest very far from the values
determined for L-1.

Table 5. Diffusion data for the selected guests 1-7 with and without
the host.

Entry [guest] COF 1510 TH guest free/guest
3mM 2.5mM > A inside
m-/s

1 - X 6.6 8.1

2 L-1 - 22.3 2.4

3 L-1 X 13.5 3.9 51.6/48.4
4 D-1 X 14.2 37 56.1/43.9
5 L-2 - 14 3.8

6 L-2 X 124 4.3 78.2/21.8
7 D-2 X 12.8 4.2 83.8/16.2
8 L-3 - 13.1 4.1

9 L-3 X 12.3 43 87.7/12.3
10 D-3 X 12.8 4.2 91.4/8.6
11 L-4 - 13.1 4.1

12 L-4 X 12.2 4.4 86.2/13.8
13 D-4 X 12.4 4.3 89.2/10.8
14 L-5 - 15 35

15 L-5 X 14.5 3.7 94/6
16 D-5 X 14.9 3.6 98.8/1.2
17 S-6 - 22.3 2.4

18 S-6 X 21.1 2.5 95.5/4.5
19 R-6 X 21.6 2.5 94.9/5.1

Finally, Saturation-transfer NMR spectroscopy, STD, has been
used for many years to characterize binding in tightly bound
ligand-receptor complexes. At the same time it was also shown
that STD NMR is an excellent technique for determining the
binding epitope of the ligand, information that is of prime im-
portance for the directed development of drugs.** Based on that,
STD experiments were carried out over several samples, because
it is a suitable experiment to probe SAR by NMR spectroscopy,
and also to determine association/dissociation contacts. However,
STD experiments were not successful since the size of the host is
too small for applying these experiments being applicable for
systems larger than 15000 KDa.

DFT study of host—guest interactions.

The interaction of guest molecules 1 and 2 and benzoic acid with
a porous organic cage of composition N;,C7,Hg, as a model of the
CC3-R material were theoretically investigated by means of DFT
calculations. After full geometry optimization without any re-
striction, the organic cage maintains its tetrahedral symmetry as
well as its window size and shape. The interaction of lactic acid 1
with the CC3-R model involves a strong hydrogen bond between
the proton of the carboxylic group of the guest molecule and the
imine N atom of the host POC and, in some cases, an additional
weaker interaction between the C=0 oxygen atom of lactic acid
and a neighbouring imine H, atom (see Figure 5). And the same
type of adsorption is found for the guest molecule alanine 2. For
both molecules, different adsorption complexes can be obtained
depending on the relative orientation of the methyl group of the
guest with respect to the organic skeleton of the host COF. All
calculated interaction energies range from -60 to -80 kJ/mol, and
the relative stability of the two most stable orientations for each
enantiomer (labelled as a or b in Figure 5 and Table 6) differ by
15 kJ/mol at most. It is also important to remark that the interac-
tion of the CC3-R model with the L enantiomer is in both systems
slightly stronger than with the D enantiomer, in agreement with
the results from the NMR study.
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Figure 5. DFT structures for the interaction CC3-R-guest; a) L-1 and D-1; b) L-2 and D-2.

Finally, the interaction of benzoic acid with the CC3-R model by
T interaction between aromatic rings was also considered, and
compared with the previously described carboxylic group-imine
bonding (see Figure S83 of the SI). The calculated interaction
energies, -44.6 and -77.4 kJ/mol for the mand imine bonding,
respectively, confirm the preferential interaction through the
carboxylic group.

Changes in the chemical shifts and an increase in signal line
widths are observed in the "H NMR spectrum of the host for N-
BOC-aminoacids and especially with the a-hydroxy acid. This
effect implies a greater deshielding of signals of CC3-R towards
those hosts with more affinity. When the alcohol 6 was studied no
change in the chemical shift of the signals with respect to the
isolated species was observed. This behaviour evidences the
interactions between both systems through the carboxylic group.
Likewise, the 'H NMR signals of the hosts in the presence of the
guest also suffer displacements of the signals with respect to the
free compound. Further shielding of such signals is related to a
greater affinity towards the guest by the host. Other functional
groups, such as free amino acids, were not able to be studied since
CC3-R is only slightly soluble in CD,Cl, while free amino acids
are only soluble in D,O or polar organic solvent. In the study
carried out by means of carbon NMR on the signals of the CC3-R
imine and aromatic it has been shown that this nucleus undergoes
very small changes of magnitude and therefore does not provide
great information as sensor of the interaction process. However,
the nitrogen NMR provides a great deal of information and could
be considered an indicator of the degree of host-guest interaction.

Table 6. DFT data for the host-guest systems depicted in the
Figure 5.

5 L-2a -78.9 2.548 3.451 2.837
6 L-2b -73.0 2450 3.549 2.836
7 D-2a =721 2.265 3.631 2512
8 D-2b -63.7 2.552 3.788 2.654

Eint FH-HI a2 VH-H3

Entry | Guest |y pmol A A A
1 L-1a -76.9 2.519 3.540 2.838
2 L-1b -61.6 3.933 4.191 4.669
3 D-1a -74.8 2.923 3.633 3414
4 D-1b -69.3 2.464 3.764 2.671

In addition, NMR diffusion can also be established as a very
useful tool to identify that molecules interact more strongly with
these chiral boxes. All these results were supported with theoreti-
cal calculations. Finally, the possibility of using these materials as
chiral resolution agents by NMR has been opened.

CONCLUSION

In summary, the study carried out on the CC3-R systems, through
NMR and supported by theoretical calculations, has allowed to
elucidate and to understand the interactions of these systems with
different hosts. In addition, it becomes clear that NMR is a very
useful technique to identify such mechanism of action, guest-host
interaction, in enantiomeric separation processes, just as it has
been in biology. Finally, it has been determined that such materi-
als can be used as enantiomeric resolution agents by NMR. Cur-
rently, we are working to develop chiral materials that act on CSA
but with a greater capacity for the determination of enantiomeric
excesses.
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Figure 1. Illustration of the selected guests (L/S red and D/R blue).
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Figure 3. 'H NMR data for H, signal of the host with both enantio-mers of ligand 1 at several concentrations.
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Figure 4. 'H NMR region for the corresponding methyl group signal of ligand 1 at 3 mM and the host at
2.5mM; a) rac-1; b) S-1; c) R-1; d) isolated S-1.
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23 Figure 5. DFT structures for the interaction CC3-R-guest; a) L-1 and D-1; b) L-2 and D-2.
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Figure 2. Illustration of the three selected signals of CC3-R.
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