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ABSTRACT: The rational and controlled synthesis of metallo-organic cages using polyaromatic ligands is
well established in the literature. There is a strong interest to advance this field towards the use of chiral
ligands capable of yielding cages in a stereoselective manner. Herein, we demonstrate that the classical
approach for designing metallo-organic cages can be translated to polyproline peptides, a biocompatible
class of chiral ligands. We have successfully designed a series of polyprolines, which mimic the topology of
ditopic polyaromatic ligands, to yield the stereoselective synthesis of a novel Pd lantern cage. This work will

pave the way towards the stereospecific synthesis of more complex, functionalized peptide cages.

Inspired by nature’s unparalleled control over self-assembly processes, chemists have long been pursuing
the synthesis of supramolecular constructs in a controlled and predictable manner. »* Metallo-organic
cages are a class of discrete supramolecular non-covalent constructs for which a large set of assembly
rules have been successfully established.’3 The seminal work of Stang, Raymond, Fyjita, and Nitschke
identified a number of design principles which allow the geometry of metallo-organic constructs to be
predicted (e.g. cages or MOFs, M vs L ratio, geometry of the cage).#® Furthermore, software developed
to assist synthetic chemists to rationally design these constructs and predict their properties has recently
been introduced in the literature.>’® However, in scoping the literature associated with these non-
covalent hosts, it is evident that the large majority of ligands used are highly symmetric and are typically

8,11

of a polyaromatic nature.®>” This approach is commonly used as it simplifies the assembly process

(Figure 1).
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Figure 1. Schematic representation of symmetric polyaromatic ligands and low-symmetry ligands
(previous work). Schematic representation of the polyproline peptide used in this work to yield a Pd

lantern cage stereoselectively (this work).

While some encouraging reports are appearing,>*'> challenges still remain when attempting to
synthesize asymmetric constructs. With the aim of developing systems closer to those found in nature,
moving away from polyaromatic structures, Fujita reported the use of simple oligopeptides with pyridine
units at the N and C termini. These peptides form either coordination networks or a series of complex
and entangled metallo-peptide rings when exposed to metals ions (typically Ag*).”*"7 Clever also recently
reported the use of a functionalized cyclic peptide as a ligand for the synthesis of a Pd** peptide complex.
These reports have been instrumental in redirecting this field towards the use of biocompatible ligands.
However, these impressive peptide-based nano-constructs are typically serendipitously discovered,
rendering their manipulation and functionalization extremely challenging. It is evident that the design
principles developed for polyaromatic ligands cannot be applied to the types of peptide-based ligands

currently being reported in the literature. Building upon our previous work,"9?° herein, we successfully

https://doi.org/10.26434/chemrxiv-2024-wv36k ORCID: https://orcid.org/0000-0001-9626-4390 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-wv36k
https://orcid.org/0000-0001-9626-4390
https://creativecommons.org/licenses/by-nc-nd/4.0/

demonstrate that using polyproline helices as supramolecular peptide building blocks, it is possible to
translate the design principles developed for classical polyaromatic ligands to peptide-based ligands.
Moreover, the peptide-based cage reported herein is able to stabilize a reactive species generated in situ.
These findings represent a pivotal discovery towards the future design of highly functionalized cavities
capable of mimicking natural enzymes. The classical ligands used in the assembly of metallo-cages are
typically rigid (i.e., polyaromatic) and they can be treated as rod-like structures that retain their
directionality throughout the self-assembly process.2'?> Moreover, the bite angles,* the relative position
of the two coordinating groups on the ligand backbone, are well defined. Therefore, structural rigidity
and positional control of the coordinating groups are clearly key parameters which should be conserved

in the ideal peptide-based ligand.

Polyproline helices are secondary structures which appear in most proteins. In contrast to other helices
used in supramolecular chemistry, the polyproline helix is retained even in exceptionally short and un-
functionalized sequences (e.g., four prolines).'9>*3 We have recently demonstrated that it is possible to
predict, with high accuracy, the spatial position of functional groups introduced onto the backbone of

polyproline helices (Figure 2a).>°
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Figure 2. a) SC-XRD of 1b used to demonstrate how its spatial arrangement mimics the classical C shape
of ditopic ligands. b) Polyprolines used in this work. Proline rings color-coded according to their helical

face.

Our recent work also demonstrates the resilience of these helices to functional groups, which is
unparalleled when compared to other peptide-based secondary structures.>* Therefore, the polyproline
helix periodicity (i+3), the persistent rod-like shape, and the ability to functionalize the peptide backbone
with a high level of positional control, inspired us to use these peptides as ditopic ligands in the rational

synthesis of peptide-based cages. While this manuscript was in preparation, a similar peptide system was
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used to yield palladium cages.> Interestingly, their system has been shown to favour the formation of a
different type of cage isomer from the one reported herein, demonstrating the complementarity of our
work. These investigations were conducted simultaneously and independently by the two groups. The
first class of ligand we choose to mimic with the polyproline helix was the di-pyridine ditopic ligand
typically employed with Pd** salts to synthesize lantern shaped metallo-cages.” We have recently
demonstrated via SC-XRD, that the hydroxyl groups of trans-hydroxyproline (Hyp) in the peptide AcHyp-
Pro-Pro-HypNH. are facing away from the peptide backbone and on the same polyproline face (Figure
2a).>° This spatial arrangement mimics the classical C shape of ditopic ligands used in the synthesis of
lantern shaped Pd>* cages. We hypothesized that further functionalization with a coordinating group
would result in a peptide-based ligand which should follow the same predictable behavior as the classical
polyaromatic ditopic ligands. The introduction of the coordinating group on position 4 of the proline was
achieved starting from protected cis-hydroxyproline (ESI). Polyprolines 1a-b and 2a-d were synthesized
using solid-phase-peptide-synthesis (SPPS) and purified by preparative HPLC (Figure 2b, ESI). To our
delight, we were able to crystallize compound 1b from slow evaporation of a saturated methanol solution
(ESI). In line with our previous works, the SC-XRD analysis of the structure confirmed that both the
predicted absolute stereochemistry (Flack parameter = 0.07(14)) and the polyproline II secondary
structure had been retained for 1b (Figure 2a).'9*° Peptide 1a was capped with a pivalic amide at the N-
terminus to remove any rotamers in solution, hence simplifying the interpretation of the NMR data.?® A
solution of 1a in DO was treated with 0.5 eq of Pd(ACN),(BF,). and heated at 338 K for 2 h. 'H-NMR and
'H-DOSY analysis showed full conversion of 1a into a mixture of two species (Figure 3; D[m?/s] = 1.89 e™

and 1.96 e™),
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Figure 3. Stacking of 'H-NMR and 'H-DOSY for 1a and (1a).Pd>".
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LC-HRMS showed that the species present in solution were doubly charged (ESI). The chromatogram
trace showed two peaks each with the same mass, charge, and isotopic patterns. These results suggest
that the polyproline tetramer 1a behaves like a chelating ligand forming a ML.** complex, rather than the
desired M.L,# cage. We concluded that the two species in solution were the two isomers of (1a).Pd>*
(Figure 3). As polyproline helices show a periodicity of i+3, the heptameric peptide 2a was synthesized
with the intention of preparing an elongated ligand with the same topology as 1a-b. We hypothesized
that the spacing between the two pyridine groups in 2a would promote the formation of the desired
(2a)4Pd.* cage. A solution of 2a was treated with 0.5 eq of Pd(ACN),(BF,). and heated at 338K for 2h. 'H-
NMR analysis showed conversion of 2a into a single new species and HRMS confirmed this species to be
the desired tetra charged lantern cage. 1D, 2D and 'H-DOSY NMR analysis confirmed the presence of a
single species in solution (Figure 4). Circular dichroism (CD) studies, showed that 2a and (2a),Pd.*

retained the polyproline II conformation (ESI)
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Figure 4. a) Stacking of '"H-NMR and 'H-DOSY for 2a and (2a),Pd.*; HRMS insert of the tetra charged
complex. b) Side view and top view of (2a),Pd.* model (ESI for details), hydrogens are removed for

clarity.

In the case of asymmetric ligands such as 2a, there are four possible Pd.L,4+" isomers that can form in

solution (see figure 1); remarkably, (2a)4Pd.#* is formed in a stereoselective manner. Of the four possible
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cage isomers, due to their symmetry, only two of them can yield a 'H-NMR spectrum which is consistent
with the one obtained for (2a),Pd.#, the all-up or the alternating isomer. The 3-up-1-down isomer can be
excluded as this would yield a highly complex 'H-NMR, as each peptide pillar would be in a different
chemical environment. The cis isomer can also be excluded as its symmetry would yield a 'H-NMR
spectrum with double the number of signals compared to 2a (e.g. the tert-butyl would show as two
singlets, each integrating for eighteen protons). As both sets of aromatic peaks for the pyridines at the N
and C terminals overlap in the complex and in 2a (Figure 4), NOESY NMR could not be used to interrogate
the geometry of this isomer (ESI). Moreover, attempts to crystallize this cage were unsuccessful. To probe
the geometry of (2a),Pd.* around the metal centres, we decided to modulate the steric bulk of the pyridyl
groups. We hypothesised that if the peptides in (2a),Pd.#" are in the all up conformation, the assembly
of peptides 2b-c into cages would not be successful as the steric demand around the Pd centre
coordinating the four lutidines would be too high. On the other hand, if it is the alternating isomer which
is forming in solution, treatment of 2b-c with Pd>* salt should yield a lantern cage as the major product,
as the steric demand would be much lower in this case, with two lutidines coordinating to each metal
centre. In support of our hypothesis, peptide 2d successfully demonstrated that the lantern geometry
could not be achieved with four lutidines around the metal centre, as no complex formation occurred
when 2d was treated with o.5eq of PA(ACN),(BF,). (see NMR analysis in ESI). When 2b and 2¢ are treated
separately with Pd>* salt, complicated mixtures of products were observed in the 'H-NMR with some
precipitate forming in both cases (ESI). These results suggest that cage (2a),Pd.* adopts the all-up
geometry. To explore this further, a detailed computational investigation of the four possible isomers was
performed based on distinct computational approaches. Given the large size of the systems, each
containing nearly 550 atoms, full density functional theory (DFT) calculations for obtaining optimized
geometries were impractical. Therefore, we performed geometry optimizations using four distinct
approaches (ESI). Of these approaches, the optimization of the cages through classical molecular
mechanics (MM) with the universal force field (UFF)?® coupled with SAMSON's automatic molecular
structure perception was successful and smoothly led to reasonable cage structures.?® Single-point
calculations at the PBE03*3'-D33*(BJ)33/def2-SVP34++SMD35(water) level of theory on the optimized cages,
after DFT re-optimization of the hydrogens, revealed a slight preference for the all-up geometry over the

other three isomers, with the all-up geometry being more stable than the alternating structure by 1.93 kJ

7
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mol™. These computational results support our experimental findings. The stability of the (2a),Pd.* was
monitored via NMR studies. 'H- and “F-NMR spectra were recorded for the same sample stored at room
temperature in an NMR tube over a period of four months (Figure 5a). While no changes were visible in
the 'H-NMR, after a few months a new peak emerged in the 'F-NMR spectrum. The chemical shift of this
peak (-131.47 ppm, internal reference TFA) and the presence of satellite peaks consistent with a 29Si-9F
coupling (108 Hz), indicate that this species is [SiFs]>.3°
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Figure 5. a) Stacking of 'YF-NMR spectra at t, (recorded as soon as synthesized) and ¢, recorded after four

months. b) 29Si-“F HSQC and c) 'H-“F HOESY spectra of (2a),Pd.* demonstrating through space

engagement between the cage and [SiFs]*.

A 29Si-9F HSQC experiment confirmed the presence of a silicon atom (-188.32 ppm) directly bound to the
fluorine atoms at -131.47 ppm (Figure 5b); the silicon chemical shift is consistent with literature reports
for SiFe>. While the formation of SiFe¢* in situ due to the slow decomposition of BF, in aqueous
environment (pH 7.4) in a silicate glass tube, is not unexpected, the survival of this anion at this pH in
unbuffered D.O is surprising.3”3® Metallo-organic cages capable of stabilizing a reactive species have been
reported in the literature, 394 and our data suggests that (2a),Pd.*" behaves in a similar manner. We
hypothesize that (2a),Pd.* is engaging with the reactive anion SiFs*, preventing its hydrolysis. 'H-'F
HOESY experiments were performed to probe our hypothesis and investigate any supramolecular
engagement of the anion with the peptide cage. Through space correlation between the fluorine signal at
-131.47 ppm and the aromatic proton of the pyridine at 8.52 ppm of (2a),Pd.*" was established by 'H-9F
HOESY experiments (Figure 5¢; ESI). These results strongly suggest that (2a),Pd.#" is engaging with the

reactive anion formed in situ, stabilizing it, and preventing its hydrolysis in neutral aqueous solution.
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In conclusion, we have successfully demonstrated the stereoselective and rational synthesis of a
polyproline-based Pd-cage. We have demonstrated that the classical approach towards the rational
design of organometallic cages can be translated to polyproline helices. Moreover, this peptide cage can
engage and stabilize a reactive species formed in situ. Future work will explore the ability of these
polyproline-based cages to act as catalysts capable of stabilizing reactive intermediates. These findings
will pave the way towards the stereospecific synthesis of more complex, functionalized peptide cages for
applications in host-guest chemistry, catalysis, and chemical separation. These results will be reported in

due course.
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