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Confinement within supramolecular systems is the leading tech-
nology to finely tune guest functional properties. In this commu-
nication we report the synthesis of a chiral supramolecular cage
able to bias the helicity of a perfluorinated carbon chain hosted
within the cage. We monitor the phenomenon of chiral induction
by Vibrational Circular Dichroism (VCD) experiments complemen-
ted by DFT calculations over the possible conformers.

Helicity represents a major chiral motif found in natural and
artificial systems." It is manifested at the macro- and supramo-
lecular level in a large number of structures, among which the
o-helix in the secondary structure of proteins and the double
helix formed by two strands of DNA are the most prominent
examples. Interestingly, perfluorinated alkane chains longer
than four carbon atoms also adopt helical conformations.” In
contrast to the all-anti conformation of corresponding perhy-
droalkanes, the twisted nature of the perfluorinated carbon
chain is due to hyperconjugative stabilization through ccc—
o*cr interaction.® This particular feature has been observed in
the solid state as well as in solution.” In particular, from the
solid state analysis, a full 360° twist occurs in 33.6 A (13 zigzags
or 26 chain atoms) and the angle between F1 and F5 respec-
tively bound to C1 and C3 (projected 1-5 F---F angle) is 27°.
This helical conformation results in two enantiomeric helices.

In recent years, due to the interest in the development of
functional materials with defined helicity in the structure,
stereo-induction phenomena onto perfluoro-chains were inves-
tigated. In particular, covalent attachment of groups endowed
with a stereogenic centre was exploited in order to bias their
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helicity.> A relevant example, in which the presence of a
stereogenic centre induces preferential helical chirality, was
reported by Monde et al.”“ In particular, the covalent linkage of
a chiral benzyl alcohol to a perfluorinated chain resulted in a
preferential induction of the helical chain handedness. To
confirm the preferential formation of one helix in solution,
the Vibrational Circular Dichroism (VCD) technique was suc-
cessfully applied to reveal the helix absolute configuration.

Inspired by this study, we wondered if it were possible to
induce chirality in a perfluoroalkyl chain using non-covalent
interactions arising from encapsulation of a perfluoroalkyl
chain in a chiral confined space.® It should be highlighted that
Ajami and Rebek already reported that the incorporation of an
alkyl chain within a supramolecular capsule drove the alkyl
chain from the fully extended conformation to a coiled, com-
pressed conformation.” While this capsule exerted the ability to
“coil” the guest present in the interior of the cavity, the
possibility to control the twist direction of the guest chain still
represents a challenge for a confined system.

In this article we report the synthesis of a chiral cage based
on tris(2-pyridylmethyl)Jamine TPMA® metal complexes,” and
the effect that it can induce over an included perfluorinated
dicarboxylic acid. The helix configuration of the perfluoroalkyl
diacidic chain was evaluated with a combination of VCD
experiments and theoretical DFT calculations of the host-guest
complex. VCD experiments, in fact, revealed to be crucial in
determination of the conformation of the supramolecular
inclusion complex in solution.*®

The chiral supramolecular cage with the included perfluoro
diacid was synthesized adapting a synthetic strategy previously

1>

used for the corresponding perhydrocarbon system.’® In parti-
cular, slow addition of the chiral diamine linker (1R,2R)-
cyclohexanediamine (2.5 equiv.) to a dilute DMSO-d¢ solution
of initial Zn(u) complex (1.0 equiv.) in the presence of a
octafluoroadipic acid C¢F (1.0 equiv.) led to included cage
C¢F@(R,R)-1 (Scheme 1 and Section S2.1, ESI). Formation of
the system was monitored by "H NMR. In particular, aldehyde
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Cer@(RR)1

Scheme 1 CgF@(R,R)-1 cage is obtained by imine condensation reaction
between a tris-aldehyde metal-complex, (R,R)-dicyclohexylamine and
octafluoroadipic CgF diacid as templating agent.

proton signal at 10.03 ppm disappears in favour of the for-
mation of the imine signal at 8.49 ppm (Fig. S3.1A, ESI). The
presence of the cage in solution was confirmed also by 2D NMR
experiments COSY and DOSY (Fig. S3.1B and C, ESIt), and ESI-
MS analysis. In the latter, formation of inclusion system
CsF@(R,R)-1 was confirmed by molecular ion signals at
929.2 m/z with the correct isotopic pattern (Fig. $3.3, ESIt). IR
spectra of C¢F@(R,R)-1 were recorded in DMSO-d, revealing the
diagnostic signals related to the guest, in particular the C=0
stretching (1690 cm™'), carboxylate symmetric stretching
(1360 cm™")'* and the C-F stretching 1170 cm ™, however the
overall intensity was too low (~0.2-0.1 A) to record a VCD
spectrum. It should be noted that VCD is approximately 4 to 6
orders of magnitude weaker than IR and for this reason the
synthesis had to be optimized to ensure the inclusion cage
compound at suitable concentrations.

Different samples of CcF@(R,R)-1 at increasing cage con-
centrations were prepared only by modifying the concentration
of initial components. The cage samples were synthetized at 5,
10 and 15 mM final concentration (Fig. S3.1D, ESI}). Suitable
absorbance for the VCD analysis, namely values between
0.2-0.9 A, were obtained for the sample containing the cage
at 10 mM.

VCD spectroscopy, after the first pioneering works in the
seventies,"” is currently a reliable method to assign the absolute
configuration (AC) of organic molecules™® and is in principle
generally applicable, since it does not need the presence of UV-
VIS chromophores like Electronic CD (ECD).'* Although the
VCD technique has several limitations, in particular disadvan-
tages related to weaker signals, the main advantage of this
technique that makes it an essential tool for determining the
absolute configuration of chiral molecules is the straightfor-
ward simulation the VCD spectrum for each stereoisomer that
can be compared with the experimental one usually relying on
several signals.'® Besides that, the technique is quite sensitive
to molecular conformations and intermolecular/supramolecu-
lar interactions,'®'® such that a good correspondence between
calculations and experiments may confirm the picture obtained
by the theoretical modelling.

VCD spectra of both enantiomers C¢F@(R,R)-1 and
CeF@(S,S)-1 have been recorded in 10 mM DMSO solution

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Comparison of experimental (lower traces) VCD spectra of
CeF@(R,R)-1 (top square) and IR absorption spectra (lower square) of
(R,R)-CcF@2 (see Scheme 1) with calculated (upper traces) VCD and IR
spectra of C¢F@(R,R)-1 with the two head groups in P,P configuration and
with the P configuration of the fluorinated chain. Experimental data are
displayed with weaker lines in the lower part of each panel; main corre-
spondences are evidenced with vertical lines.

(Fig. S6.1, ESIt), the semi-difference spectrum is reported in
Fig. 1. The most evident signal is a couplet centred at about
1370 cm ™', at higher wavenumber no clear VCD feature has
been observed apart from a weak couplet in the carbonyl-
stretching region; in the range 1300-1150 cm ' weaker and
broader VCD features are observed. DMSO-dg does not permit
to record VCD signals at lower wavenumber: thus, the only
typical CF stretching features which we were able to observe are
at about 1170 cm ™.

To gain structural information from VCD data, comparison
with calculated spectra is necessary. Due to the complexity of
the system under study, conformational analysis for
Ce¢F@(R,R)-1 was undertaken and all possible diastereoisomers
were considered on the basis of the stereochemical elements
present in the system. As a consequence of the propeller-like
arrangement of the ligand around the metal,'” the empty cage
can exhibit three main diastereoisomeric conformations: two
cages with D; symmetry in which the two helical arrangements
of TPMA are the same (MM, PP) and one in which the two
helical arrangements are opposite (MP). Within these cages the
perfluorinated carbon chain can adopt either P or M helical
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Fig. 2 DFT minimised structure of CgF@(R,R)-1.

forms providing thus a total of six diastereoisomers: MM-M, MM-P,
MP-M, MP-P, PP-M, PP-P (Section S4, ESIt). DFT B3LYP/6-31G(d,p)
calculations were run with Gaussian 16 package Revision B.01'®
starting from six different structures manually generated. Calculated
relative energies revealed that the most stable conformation of the
inclusion cage is PP-P (Fig. 2 and Table $S4.1, ESIY). Inversion of the
internal perfluorinated carbon chain (viz. PP-M) results in a struc-
ture which is 1 kcal mol " energy less stable; even higher is the cost
in the four remaining cases, where at least one TPMA moiety is
present in the M configuration. Nonetheless, optimized DFT struc-
tures are quite regular and respect the proposed classification, see
for example the NCCN dihedral angles reported in (Table S4.1,
ESIT). Other dihedral angles that may influence the chiroptical
response are the ones between phenyl and pyridine groups, that
are all found to be regularly oriented (either M or P depending on
the cage).

The perfluorinated diacidic chain is always elongated, tilted from
trans-planar conformation as expected.* However, to hinge the
carboxylic groups to the Zn ions of the cage, the chain is slightly
more elongated and more ¢rans-planar than a corresponding chain
not entrapped in the cage (Table S4.1, last column, ESIt). The
helicity of the perfluorinated chain is related also to the mutual
orientation of the two terminal COO groups which is indicated by
dihedral angles (Table S4.1, Fig. S4.1 and ESIf).

From Fig. 1 one may appreciate the acceptable correspondence
between the experimental VCD spectrum and the one calculated for
the PP-P geometry, supporting the idea that in DMSO solution this is
the most stable structure. In any case the VCD and IR spectra of each
diastereoisomer were calculated and are presented in Fig. 3. The
comparison of the six calculated spectra is quite instructive and
shows that the (+,—) doublet in order of increasing energy centred at
1370 cm™ ' is associated to P orientation of the two carboxylate
groups (and correspondingly to P helicity of the perfluorinated
chain) while the (—, +) doublet is related to the M orientation,
irrespective of cage chirality. On the contrary, the features calculated
in the 1300-1200 cm ™ * and 14501600 cm ™ * ranges correlate to cage
chirality. Some calculated wavenumbers and rotational strengths are
reported in Table S2 (ESIt) for a normal mode analysis.

One may associate the intense doublet at 1370 cm™" to carbox-
ylate symmetric stretchings: the high energy component is attrib-
uted to the in phase vibrational modes in the two moieties; the low
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Fig. 3 Comparison of experimental VCD spectra of C¢F@(R,R)-1 (top) and
IR absorption spectra of C¢F@(R,R)-1 with calculated VCD and IR spectra
of CeF@(R,R)-1 with the two head groups and fluorinated chains in all
possible configurations (PP-M, PP-P, MM-M, MM-P, MP-M, MP-P). Experi-
mental data in red.

energy component receives contributions from out of phase sym-
metric carboxylate stretchings (PP-B, MP-P, MP-M and MM-M)
while for MM-P and PP-M the low energy component of the doublet
receives contributions prevalently from vibrations localized on the
cage. The CF stretching bands at 1100-1190 cm ™" are less diag-
nostic for two main reasons: they are located in the lowest accessible
spectroscopic range™ and also aromatic CH bendings of the cage
and CH, vibrations of the chiral cyclohexane ring are present there.
Overall, considering observed versus calculated VCD features, we
may notice that the doublet attributed to the guest appears quite
intense and sharp as suggested by calculations, on the contrary,
VCD bands due to vibrations of the cage, particularly the ones
associated to the lateral chains, are broader and weaker. Possible
perturbations due to DMSO-d¢ molecules have not been considered
in the calculations. It is interesting to notice that in the high energy
region we are not able to detect bands associated to cage vibrational
modes, that is the in plane bending of the CH adjacent to the
cyclohexyldiamine (band calculated at 1720 cm™ "), or the in plane
bendings of the phenyl-pyridyl groups; on the contrary we can

This journal is © The Royal Society of Chemistry 2022
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detect the carbonyl doublet at 1700 cm ™" (calculated at 1750 cm ™).
Such observations and the consideration of similarity index (0.42 for
PP-P, 0.61 for MP-P, 0.55 for an average of PP-P and MM-P) might
suggest that we are observing the meso form MP of the cage or that
both the MM-P and PP-P forms are present. Since DFT-predicted
conformational preferences obtained for the isolated, implicitly
solvated molecule may not provide the best representation of the
spectroscopic response of a molecule in solution, it is tempting to
use VCD to determine the real conformer populations.”® However,
another possible explanation could be that the external groups of
the cage are more perturbed by the solvent, thus exhibiting high
conformational flexibility, such that averaging over many structures
could give weak VCD signals.*! On the contrary, vibrational modes
of the guest-molecule and of tris(2-pyridylmethyl)amine rigidified by
Zn complexation (1300-1200 cm ') are much more evident. As a
final note, with the two carbonyls of the carboxylate groups showing
1.23 A calculated length for the free CO and 1.27 A for the one
bound to Zn**, the antisymmetric stretching is more localized on
the free CO (1750 cm™ ), while the symmetric one is delocalized to
the same extent on the two CO bonds (1402 and 1428 cm ™). Major
importance for our conclusions has the experimental ECD spectra
in comparison to the ones calculated for the six conformational
diastereoisomers (Fig. $S6.2 and S7.1, ESI). ECD in the accessible
region is sensitive only to the cage configuration/conformation
confirming the PP structure.

In conclusion, a chiral molecular cage able to control the helicity of
an octafluoroadipic dicarboxylic acid embedded within its cavity is
reported.”> The reaction conditions were optimized to obtain a
suitable instrumental response of the VCD analysis, and computa-
tional studies were carried out to identify the most stable diastereoi-
someric cage in solution. VCD and absorption spectra of CsF@(R,R)-1
are well predicted by the calculations and are in line with experimental
observations. These results confirmed the capability of the cage to
induce a preferential helicity of the perfluorinated guest.
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