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Abstract: Large, non-symmetrical, inherently chiral bispyridyl
ligand L derived from natural ursodeoxycholic bile acid was
used for square-planar coordination of tetravalent Pd",
yielding the cationic single enantiomer of superchiral coordi-
nation complex 1 Pd;Ls containing 60 well-defined chiral
centers in its flower-like structure. Complex 1 can readily be
transformed by addition of chloride into a smaller enantio-
merically pure cyclic trimer 2 Pd;L;Clg containing 30 chiral
centers. This transformation is reversible and can be restored
by the addition of silver cations. Furthermore, a mixture of two
constitutional isomers of trimer, 2 and 2', and dimer, 3 and 3',
can be obtained directly from L by its coordination to trans- or
cis-N-pyridyl-coordinating Pd". These intriguing, water-resist-
ant, stable supramolecular assemblies have been thoroughly
described by '"H DOSY NMR, mass spectrometry, circular
dichroism, molecular modelling, and drift tube ion-mobility
mass spectrometry.

Chirality is a common property of many naturally occurring
compounds and an essential element of life. In the field of
supramolecular chemistry, there have been significant efforts
to mimic Nature in the preparation of chiral concave
supramolecular systems utilizing chiral natural products,
their derivatives, or various synthetic ligands. Chiral cavity-
containing structures are attractive for a variety of applica-
tions, from transport and recognition to catalysis and protec-
tion of biochemically active and inherently chiral compounds.
Supramolecular chemistry can utilize various reversible and
irreversible intermolecular interactions to obtain concave
assemblies. One of the most fascinating strategies, which
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results in directed and stable interaction between the
subunits, is to utilize the coordination ability of organic
binding sites to metals, forming either distinct metallo-
supramolecular structures (capsules, cages, or other assem-
blies having cavities)!'! or polymeric materials (metal-organic
frameworks, or MOFs).?!

The coordination geometry of the metal ions and the
number of the binding sites of the ligands and overall
structure of the ligand define geometry of the coordination
assembly. The use of divalent or tetravalent Pd" of cis-, trans-,
or square-planar binding geometry, together with various
rigid or flexible pyridyl ligands, has proven to be a successful
strategy in obtaining numerous supramolecular assemblies. In
general, the ligands used for their preparation are mostly
symmetrical, relatively rigid, and very often achiral.l'l

To prepare discrete chiral species of Pd" or Pt", two
pathways have been developed: i) utilization of chiral met-
allo-corners and achiral ligands, or ii) chelation of chiral
multidentate ligands to achiral metals. In the second case, the
chiral moiety might be appended to a side of the ligand,*! or
a simple chiral molecule can constitute the actual core of the
ligand.™

Focusing on the chiral concave coordination assemblies
resembling the structures presented and starting from the
smallest ones, several examples of chiral metallo-supramolec-
ular rhomboids have been prepared by self-assembly of chiral
bis-pyridyl-substituted ditopic ligands with 90° cis-blocked
Pd", often with [(enPd)(NO;),].”! There are no chiral
supramolecular triangles described so far, but a large
number of their achiral analogues.'*! And finally, the
preparation of large achiral molecular open boxes, either
trifacial or multi-facial, can be done through self-assembly of
di- or tetratopic ligands and 90° building blocks. The trifacial
box is the smallest and entropically the most preferred
isomer, which can be represented by either assembly MgL; or
M;L,. For the former assembly, the organic linker is often
tetrapyridyl coordinating to 90° Pt or Pd metal corners.!*”
The M;L4 assembly is represented by work of Fujita et al.,
where 60° donor, 1,2-bis(ethynylpyridine)benzene, in combi-
nation with Pd", yielded solvato-controlled assemblies of
Pd,L¢ and Pd,L.[¥ Clever etal. described an intertwined
achiral Pd;L¢ cage built of two trefoil-knotted substructur-
es.®! However, chiral concave structures of Pd,L¢ have not
yet been obtained.

Small terpenoids have been used on several occasions for
modification of coordination ligands,” yet large triterpenoids,
such as bile acids, have not been utilized for preparation of the
ligand itself. Bile acids are inexpensive, natural, and enantio-
merically pure compounds (with over 9 chiral centers in
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a single molecule). Their rigid tetracyclic steroid skeleton is
decorated by various numbers of readily reactive hydroxy
groups of defined stereochemistry, and by flexible alkyl chains
bearing carboxyl functional groups, which makes them
excellent building blocks for supramolecular and material
chemistry.'*!! Several groups of covalent macrocycles built
of 2-5 bile acid units have been presented and studied for
their host—guest chemistry, for example, cyclocholates, chol-
aphanes, and cyclocholamides.*'?! Nevertheless, large mac-
rocyclic bile acid-based systems have not been built by metal-
coordination. Out of available bile acids, only ursodeoxy-
cholic acid (UDCA) provides an optimal conformation of the
hydroxy groups (position 3R,7S in divergent manner) con-
taining 110° angles, which can be further equipped by pyridyl
binding sites. For these reasons, UDCA was selected as the
starting building block for the preparation of our ligand when
aiming at the construction of superchiral coordination com-
plexes.

The ligand L was prepared in two steps from UDCA
(Scheme 1). Complexation of L with [Pd(CH;CN),(BF,),] in
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Scheme 1. Preparation of ligand L. Reaction conditions: a) potassium
bicarbonate, DMF, benzyl bromide; b) triphosgene, pyridine, CH,Cl,.

2:1 ratio in [D¢]DMSO (55°C, 15 min) provided supramolec-
ular assembly 1, Pd;Ls. From the 'H NMR spectrum, clear
downfield chemical shifts of the carbamate -NH- protons and
pyridyl S-protons (H3' and H3"), and slight upfield shift of
pyridyl a-protons (H4’ and H4") were attributed to a success-
ful and quantitative metal-ligand complexation (Figure 1).
The number of signals for the complex corresponds to those
of the ligand, indicating that the supramolecular assembly is
formed spontaneously in symmetrical and precise order.

Based on the symmetry of 1, there are two options for the
ligand assembly around the Pd metal centers. The Pd;Ls
complex can be assembled by clockwise- and counterclock-
wise-directed three-membered ligand cycles aligned in 3—7
connectivity (barrel shape, numbering in Scheme 1; Support-
ing Information, Figure S5), or of two parallel clockwise
cycles aligned similarly 3—7 (flower shape, Figure 2). In both
cases the cycles are interconnected through coordination to
three atoms of square—planar Pd"™ (PdN, coordination
sphere). The comparison of their ground state energies of
optimized molecular models FEjyyer < Eparer (AE =20 keal.
mol ') suggests preferential formation of the flower-like
complex (Figures 2, S5).

ESI-MS analysis of 1 shows an intense single peak
corresponding to ion [Pd;L¢]*" (Figure 3). The drift tube
IM-MS analysis for [Pd,Lg]*" shows the presence of several
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Figure 1. Formation of hexamer 1 from L as followed by '"H NMR
(IDgDMSO, 400 MHz, 298 K).

Figure 2. Optimized structures of 1 (CAM-B3LYP, hydrogens were
omitted for clarity).
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Figure 3. a) ESI-TOF MS spectrum from 1 (5 um in CH;CN). Inset
shows the fit of theoretical isotopic distribution for ion at m/z 776
which corresponds to molecular formula of [Pd;L¢]*". b) IM-MS ion
mobilograms for ion [Pd;L¢|*" recorded at drift tube temperatures
120°C and 28°C.
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closely related conformers of 1, which can be seen by the
different, yet close, drift times. Their distribution results from
variation of collision cross-sections (CCSs) for particular
conformers between 1106 and 1192 A2, corresponding to the
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maximum of 10 A difference in CCS derived diameters (if
a spherical structure for the complex was assumed). The
conformational diversity is temperature-dependent and is
likely caused by the movements of the flexible alkyl side
chains bearing benzyl carboxylate group, which might resem-
ble “waving” of the complex (or possibly opening and closing
of the flower). Close to RT there are only two gas-phase
conformers observed, but at elevated temperature of 120°C at
least 10 distinct conformers can be seen (Figure 3).

Spatial movement of the benzyl groups can also be
observed from multiple "C NMR signals corresponding to
benzyl carbons (Figures S7, S8b). Broadening and multiplicity
of the carbon signals in the upper side of the steroid skeleton
(C11, C18, C19, and C21) can be assigned to the interaction
with the surrounding benzyl groups, or possible formation of
their self-inclusion complex (Figure S8a). Furthermore, the
'"H NMR spectrum of 1 at 130°C excludes the possibility that
the IM-MS profile observed could originate from different
isomers and not from different conformers as suggested
(Figure S6). Unfortunately, the motion of benzyl groups
might also be the reason for the difficulties in obtaining an
X-ray quality single crystal of 1. Moreover, the *C NMR
spectrum revealed four different signals for CH;CN of the
palladium salt (Figures S7, S8a), which presents an initial
implication on the ability of 1 to operate in host-guest
chemistry.

'"H DOSY NMR measurements show that all the proton
signals originate from one species with diffusion coefficient
D=6.73x10"m?*s™" (logD =-10.17, [Dg]DMSO, 303K;
Figure S9). This value corresponds to the hydrodynamic
diameter of 3.6 nm, as calculated from the Stokes—Einstein
equation under the consideration of its roughly spherical
shape. This value is in good agreement with the calculated
3.8 nm diameter obtained from the CCS acquired by IM-MS
measurement and with the 3.9 nm diameter determined from
its molecular model.

Circular dichroism (CD) studies of L and 1 were per-
formed to examine their chirality. The CD spectra were
compared with those calculated from their optimized struc-
tures in methanol (Figure4 for 1, Figure S36 for L).
Calculated spectra reproduce the overall structures of the
experimental CD spectra, indicating that structural models
are realistic. CD bands at around 240 nm are shifted to the
260 nm, owing to the formation of the coordination structure/
bond. Similar shifts can be observed also from the UV/Vis
absorption spectra of L and 1 (Figure S33). The experimental
CD spectrum of 1 shows a negative shoulder in the low energy
side of the 270 nm band, and a very weak positive band at
about 330 nm. Calculations produce the weak 330 nm band
but underestimate the negative shoulder. For more details,
see the Supporting Information, Chapter 3.

Complex 1 was further studied for its stability in aqueous
solution by MS (1 measured from H,O, Figure S11), and by
'HNMR titration with D,O (Figure S10). Both methods
showed 1 to be robust and water-stable. Interestingly, the
addition of D,O into 10 mm [D¢]DMSO solution in a 1:3 ratio
resulted in the formation of a gel.

Complex 1 can readily be transformed to a single constitu-
tional isomer of trimer Pd;L;Cly (reaction pathway 1, RPI;
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Scheme 2. General preparation and interconversion of coordination
assemblies of L.

Scheme 2) by treatment with alkylammonium chlorides
(TMACI or TBACI). Six chloride anions replace three
molecules of L during this transformation, giving Pd complex
of the PdN,Cl, coordination sphere. After the saturation
point is reached, complex 2 remains stable even at higher
concentrations of TBACI, as shown by '"H NMR (Figure S12).
Observation of a single isomer 2 in 'H NMR spectrum is
further support for assembly 1 to be the flower-like assembly
(from two clockwise cycles connected through PdN,, 1; by
addition of ClI- we obtain one clockwise cycle of Ls
coordinating as trans-PdN,Cl, sphere, 2).

'H DOSY NMR experiments show assembly with D =
7.15x 107" m*s™! ([D¢]DMSO, 303 K) for complex 2, which
corresponds to a complex that is larger than L yet smaller than
1 (for comparison, see Table 1). This could be assigned to two
possible assemblies Pd,L,Cl, or Pd;L;Cl,. The final product 2
cannot be observed directly by ESI-MS because of its zero net
charge. Instead, an MS experiment was designed to follow the
stepwise formation of 2 by measuring the reaction mixture
after partial additions of TMACI to the solution of 1. Indeed,
by this approach gradual and fast (within minutes) formation
of [Pd;LsCL]*" and [Pd;L,Cl,]*" ions, most likely turning in
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Table 1: Comparison of the results of IM-MS and 'H DOSY NMR of

determination of their size characteristics.

Complex lon CCs [AY D[x107" m?s7]

L - 276 21.9

3+3 [(enPd),L,]*" 679 8.38

2 [Pd;LsCl,]** 879 -
[Pd,L,Cl*" 688 -
[Pd;L;Clg]° - 7.15

1 [Pd,L " 1165 6.73

the next step into [Pd;L;Clg]°, could be detected (Figures S13,
S14). The formation of [Pd,L,CL]*" or a similar intermediate
that could lead to the complex [Pd,L,Cl,]° were absent.
Interestingly, species having an odd number of chlorides were
not observed, thus the ligand leaves in one step from both
metal coordination sites, and is immediately replaced by
a pair of chlorides. The IM-MS analysis for [Pd;LsCl,]*" and
[Pd;L,Cl,]*" ions show a gradual decrease in their CCS values,
and cross sections of 879 A? and 688 A? are obtained for the
main conformers (Table 1, Figure S13).

The transformation of 1 into 2 is reversible and the
original structure of 1 can be restored by adding Ag” ions. The
addition of 6 equiv of AgBF, to the sample of 2 obtained by
RPI led to an immediate change in the '"H NMR spectra, and
further heating of the mixture (55°C, 15 min) resulted in total
recovery of 1 (Figure 5). Respectively, addition of AgBF, into
RPI ESI-MS sample led to reconstruction of 1 and appear-

ance of the peak for [Pd;L¢] ** (Figure S15).
Reconstructed 1, after 1 h at 55 °C t
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Figure 5. "H NMR spectra visualizing interconversion of 1 and 2 (from
down to top). The ligand L was added in slight excess to compare the
signals to a side-product of transformation during TBACI addition.

To provide further evidence supporting the interpretation
of 2 as Pd;L;Cl, and to fully exclude the possibility for 2 to be
a dimeric assembly, we used cis-blocked Pd" [(enPd)(NO;),]
for complexation with L in 1:1 ratio. As expected from the
coordination geometry of the metal, this procedure led to
a formation of two constitutional isomers of dimeric
[(enPd),L,]*" complexes 3 and 3’ (Figure 6; see the Support-
ing Information for more details). Comparison of 'H DOSY
NMR and CCS from IM-MS for assemblies 2 and 3 shows

Angew. Chem. 2015, 127, 15682 -15687

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

=
omso| vt
HQOJLJMLPL}HW

Complex 1

H4’ H4" Bn Bn
NH- HHQ‘ H | He
M J e

RP1:2+L . TBA-| TBAY ‘
Complex 2 L | \J

| . &_

RP2:2+2" [Phe “ f
TL\ | Ud W “L

Complexz (N
3+3 en{. J‘ H
Complex 3| 3 - 3 dl JI\J“JH L ﬂ

Figure 6. Comparison of 'H NMR spectra for coordination assemblies
1 Pd;Lg, 3 and 3’ (enPd),L,, and 2 and 2’ Pd;L;Clg (product obtained
either by the RPT or RP2 pathways).

clear size differences (Table 1), which confirms the interpre-
tation of 2 to be the trimeric complex.

The trimeric assembly 2 can also be obtained by a second
reaction pathway (RP2), which proceeds directly from L by its
coordination to trans-Pd" [(PhCN),PdCl,] in 1:1 ratio. Beside
the 'HNMR signals for 2 as the main product (the same
chemical shifts, as in the case of the RPI product), there is
a very close second set of signals of a co-product 2’ (Figure 6).

From the 'H DOSY NMR experiments, we can conclude
that 2’ and 2 are of the same size (Figure S21). Considering
the fact that the trans-Pd" is thermodynamically more stable
than its cis-isomer (and thus their interconversion is not
viable), two different constitutional isomers, 2 and 2, of
Pd;L;Cl, coordination complex can be presumed (Scheme 2).
Their ratio was determined as 2:2'=4:1 from the integration
of '"H NMR signals and our conclusions based on the isomeric
distribution was confirmed by comparison of the ground state
energies of their optimized molecular models, E, < Ey (AE =
4.4 kcal.mol™"; Figure S18). Thus 2 should be present in
excess. Variable temperature (VT) 'HNMR experiments
were carried out to study the thermodynamic equilibrium
between 2 and 2’ (Figure 7). The thermodynamic data
obtained from the van ’t Hoff plot (Supporting Information,
Figure S25) are in agreement with those obtained by compu-
tational calculations and help explain the conversion (Sup-
porting Information, Section 2.5.2).

If the '"H NMR spectra of products obtained by RPI and
RP2 are compared (Figure 6), in the case of RPI there is only
one set of signals corresponding to trimeric structure 2 (3—7
connectivity). This uniform directional organization can
easily be explained as described above based on the
organization of the parental complex 1 (both cycles are of
the same directionality, thus giving the same directional single
trimeric cycle after the addition of chloride). On the contrary,
from the RP2 reaction pathway we can obtain both isomers 2
and 2’ as they are formed from free ligands coordinating to
trans-Pd" in 3—7 or 7—3 connectivity.

Similar to RPI, the assemblies 2 and 2’ obtained by RP2
convert to 1 in the presence of Ag' salt. Comparison on the
ongoing chemistry of the reverse conversion for both cases
can be done (Scheme 3). In the case of RP2, two molecules of
trimer are needed for the formation of one molecule of 1, as
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Figure 7. Changes in distribution of isomer 2 and 2’ in dependence on
temperature as observed from VT 'H NMR measurement.

Formation of 1: 6 L + 3 Pd(BF4); — PdsLe® + 6 BF4

RP1, 2: PdsLe™ + 6 CI' — PdsLsCls + 3 L

RP2, 2 + 2" 3L + 3 PdCl, — PdsLsCls

RP1 —1: Pd;LsCls + 3L + 6 Ag” — PdsLs + 6 AgCl

RP2 — 1: 2 Pd3LsCls + 6 Ag™ — PdsLe + 6 AgCl + 3 PdCl,

Scheme 3. Summary of transformation reactions of coordination
assemblies of L.

there are no free ligands present for the direct recovery as in
the case of RPI. This might suggest that the coordination
bonds between the ligands and metals in products of RP2 are
partially broken down first, giving the building blocks for re-
assembly into 1in the second step. The same mode might also
be present in RPI case.

Altogether, these experiments represent a nice example
of reversible transformation of supramolecular systems 1 and
2 back and forth (Scheme 2).

To conclude, since the introduction of the first metallo-
supramolecular squares in 199013 the ligands used in
formation of bordered supramolecular assemblies were only
symmetrical and mostly achiral. This work introduces the first
successful utilization of a ligand which is non-symmetric and
at the same time inherently chiral, ultimately forming an
unprecedented example of enantiomerically pure metallosu-
pramolecular coordination assembly with a record 60 chiral
centers in its structure. Despite the complexity, flexibility, and
number of functional groups of the ligand we find it very
intriguing that the coordination complex is formed in such
a unique three-fold symmetry manner. Using Pd" of trans- or
cis- coordination geometry we were able to prepare even
smaller dimeric and trimeric metallocycles containing 20 and
30 chiral centers. Utilization of these non-symmetric chiral
and relatively flexible ligands represents a new approach to
stable Pd" complexes with potential for a broad spectrum of
applications in chiral host—guest recognition, enantioselective
separation, chiral catalysis or even in applications as mem-
brane channels owing to their amphiphilic character and
likely biocompatibility. Their significant stability in aqueous
environment only supports the potential for biological
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applications. The studies on their host—guest recognition
properties are currently ongoing in our lab.
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