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Applying Metallo-Organic Ligand Design Principles to the
Stereoselective Synthesis of a Peptide-Based Pd,L,X, Cage

+ [c

Dominic F. Brightwell*,” Kushal Samanta*,“ Jimmy Muldoon,” Patricia C. Fleming,”
Yannick Ortin,” Lina Mardiana, " Paul G. Waddell,"’ Michael J. Hall,” Ewan R. Clark,"

Felipe Fantuzzi,™ and Aniello Palma*®

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 polypro-
line peptides, a biocompatible class of chiral ligands. We have

Introduction

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." The
seminal work of Stang, Raymond, Fujita, and Nitschke identified
a number of design principles which allow the geometry of
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successfully designed a series of polyprolines, which mimic the
topology of ditopic polyaromatic ligands, to achieve the stereo-
selective synthesis of a novel Pd lantern cage. This cage exhibits
excellent stability in water and demonstrates the stabilization of
a highly reactive species in solution. This work will pave the
way towards the stereospecific synthesis of more complex,
functionalized peptide-based metallo-cages.

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 of a polyaromatic nature.®"'""* This approach
is commonly used as it simplifies the assembly process
(Figure 1). While some encouraging reports are appearing,!'>'*'®
challenges still remain when attempting to synthesize asym-
metric 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 metal ions
(typically Ag™)."*'” 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-con-
structs 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. 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.®'** Moreover, the bite angle,™ the relative position
of the two coordinating groups on the ligand backbone, is 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. Polypro-
line helices are secondary structures which appear in most
proteins. In contrast to other helices used in supramolecular
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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 stereo-
selectively (this work).

chemistry, the polyproline helix is retained even in exceptionally
short and un-functionalized sequences (e.qg. four prolines).?'*
We have recently demonstrated that it is possible to predict,
with high accuracy, the position in space of functional groups
introduced onto the backbone of polyproline helices (Fig-
ure 2a).”Z Our recent work also demonstrates the resilience of
polyproline 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
a) - | b)
O
= ~ \

| m Ry Ry
)Nj\ )Nj\
<
Ri 0 RTY O

to use these peptides as ditopic ligands in the rational synthesis
of peptide-based cages. While this manuscript was in prepara-
tion, McTernan reported the use of a similar peptide system to
yield palladium cages.” Remarkably, our system favours the
formation of a different type of cage isomer. The development
of these complementary methodologies offers unprecedented
control in the design and synthesis of stereoselective peptide-
based cages. This level of control is pivotal to the advancement
of this field as we anticipate a move towards more complex and
functional cages for catalysis and chemical encapsulation. These
investigations were conducted simultaneously and independ-
ently by the two groups. Building upon our previous work,?'*?
herein, we successfully demonstrate that by 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 an
important milestone towards the future design of highly
functionalized cavities capable of mimicking natural enzymes.

Results and Discussion
Design and Synthesis of the Polyproline Ligands

The first class of ligand we chose 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 arrange-
ment 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 ditopic ligand which should follow the same
predictable behavior as the classical polyaromatic ditopic
ligands. Two non-natural proline based amino acids were
synthesised. The introduction of the coordinating group on
position 4 of the proline was achieved starting from protected
cis-hydroxyproline, proceeding via a Mitsunobu reaction using

Ry Ry

| |
0 NR, Q NOR,
o O 0 o 0O 0 o

o)

R T(NOYN(%(N(%(@\(NHQ
O 0 0 0 o

9 2a, R=t-Bu; Ry, Ry=H
( 1a, R=t-Bu; Ry, Ry=H 2b, R= t-Bu; R{= H; Ry= Me
1b, R= 2-Naphthalene; R1= H; R,= Me 2¢, R= t-Bu; Ry= Me; Ry=H
{ 1 2d, R= t-Bu; Ry= Me; Ry= Me

Figure 2. a) Schematic representation of a classical ditopic aromatic ligand and SC-XRD of AcHyp-Pro-Pro-HypNH, and 1b, used to demonstrate how their
spatial arrangement mimics the classical C shape of ditopic aromatic ligands. b) Polyprolines used in this work. Proline rings color-coded according to their

helical face.
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either 4-hydroxypyridine and 2,6-dimethyl-4-hydroxypyridine as
a nucleophile (ESI section 2). Full deprotections, followed by
Fmoc protection of the amine, yielded the desired non-natural
Fmoc protected prolines in good yields. Using Fmoc based
methodology on solid phase peptide synthesis (SPPS), polypro-
lines 1a-b and 2a-d were synthesized and purified by
preparative HPLC (Figure 2b, ESI section 2). The formic acid salts
of the peptides 1a-b and 2a-d, obtained upon HPLC
purification, were converted into the deprotonated free form
using ion-exchange resin (ESI section 2). Using the synthetic
methodology described above, we were able to introduce the
coordinating groups (i.e. pyridine and lutidine) near the
polyproline chiral helical backbones. We anticipated that their
proximity would have a positive impact on the stereoselective
synthesis of our peptide-based Pd cages. To our delight, we
were able to crystallize compound 1b from slow evaporation of
a saturated methanol solution, to provide single crystals
suitable for single crystal X-ray diffraction analysis. Compound
1b crystallized in the orthorhombic space group P2,2,2;, with
large solvent-accessible voids along the crystallographic [100]
direction. The contents of these voids are assumed to be
methanol, disordered over multiple positions, but a suitable
model was not forthcoming and the associated electron density
was hence treated using the Olex2 solvent mask routine (ESI
section 5). We were pleased to observe that despite the high
level of functionalization of 1b, in line with our previous work,
the SC-XRD analysis of the structure confirmed that both the
predicted absolute stereochemistry (Flack parameter=0.07(14))
and the polyproline Il secondary structure had been retained
(Figure 2a)."*? Peptide 1a was capped with a pivalic amide at
the N-terminus to remove any rotamers in solution as observed
for 1b (ESI figure S54), hence simplifying the interpretation of
the NMR data.®”

Pd** Complexation by the Polyproline Ligands

All peptides were soluble in water and D,0. A solution of 1a in
D,0 was treated with 0.5 eq of Pd(MeCN),(BF,), and heated at
338K for 2h. '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 '°). LC-HRMS showed that the species
present in solution were doubly charged. The chromatogram
trace showed two peaks each with the same mass, charge, and
isotopic patterns (ESI figure S62). 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** (DFT models of these two complexes can
be found in the ESI figure S80). 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),Pd,** cage. A solution of 2a was
treated with 0.5 eq of Pd(MeCN),(BF,), and heated at 338 K for
2 h. 'H-NMR analysis showed conversion of 2a into a single new
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Figure 3. Stacking of 'H-NMR and 'H-DOSY for 1a and (1a),Pd**. DOSY f1
scale is logarithmic; Hydrodynamic radius calculated for (1a),Pd?* of ~11 A
and ~10 A, which is in good agreement with molecular modelling, see table
S3 in the ESI.

species and HRMS confirmed this species to be the desired tetra
charged lantern cage (Figure4). 1D, 2D and 'H-DOSY NMR
analysis confirmed the presence of a single species in solution.
Circular dichroism (CD) studies showed that 2a and (2a),Pd,**
retained the polyproline Il conformation (ESI figure S77). In the
case of asymmetric ligands such as 2a, there are four possible
Pd,L,*" isomers that can form in solution (see figure 1);
remarkably, (2a),Pd,*" is formed in a stereoselective manner.
Of the four possible 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 figure $46).
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.

© 2024 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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Figure 4. a) Stacking of 'H-NMR and b) '"H-DOSY for 2a and (2a),Pd,**. DOSY f1 scale is logarithmic; Hydrodynamic radius calculated for (2a),Pd,** of ~15 A
which is in good agreement with molecular modelling, see table S3 in the ESI; c) HRMS spectra and HRMS isotopic pattern for the tetra charged complex. The
red boxes encompassing the measured peaks denote the calculated isotopic pattern for the tetra charged complex with bounds set to calculated isotopic
abundances and a permitted mass deviation of /- 5 ppm; d) Side view and top view of (2a),Pd,** model (ESI section 8 for details), hydrogens are removed

for clarity.

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 0.5 eq. of Pd(MeCN),(BF,), (see NMR
analysis in ESI figures S56, S59 and S60). When 2b and 2c are
treated separately with Pd>* salt, complicated mixtures of
products were observed in the 'H-NMR with some organic
precipitate forming in both cases (ESI figures S54-S55). These
results suggest that cage (2a),Pd,** adopts the all-up geome-
try. To explore this further, a detailed computational inves-
tigation 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 func-

ChemistryEurope 2024, €202400050 (4 of 6)

tional theory (DFT) calculations for obtaining optimized geo-
metries were impractical. Therefore, we performed geometry
optimizations using four distinct approaches : (1) modeling the
full systems with the semi-empirical PM6 method;®? (2)
describing the full systems with Grimme's extended semi-
empirical tight-binding GFN2-xTB method;*¥ (3) the ONIOM
approach combining DFT calculations for both the Pd atoms
and the surrounding pyridine ligands, with GFN2-xTB for the
other atoms; and (4) classical molecular mechanics (MM) with
the universal force field (UFF)®¥ coupled with SAMSON's
automatic molecular structure perception.®?¥ Detailed descrip-
tions of these approaches are provided in the supplementary
information. 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
PBEQP**¢-D35"(BJ)"¥/def2-SVPE + SMD*(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 kimol™". The

© 2024 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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calculated energies associated with each possible isomer follow
a clear trend; a gradual increase in energy directly proportional
to the number of antiparallel helices in the cage (ESI table S1).
These calculations align well with our experimental observa-
tions.

(2a),Pd,** Stability and its Interaction with a Reactive Species

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 5 a). While no decomposition of the cage
was observed in the "H-NMR (ESI figure S49), after a few months
a new peak emerged in the "F-NMR spectrum (Figure S50b).
The chemical shift of this peak (—131.47 ppm, internal reference
TFA) and the presence of satellite peaks consistent with a 2Si-
YF coupling (108 Hz), indicate that this species is [SiF >~ A
#SiF 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 [SiFg]*". The formation of [SiFs*"
in situ is due to the slow decomposition of BF,” in aqueous
environment™®? (pH 7.4) in a silicate glass tube. However, we
were surprised to record the absence of the F~ ions in solution
(expected peak at ~ —127 ppm), which would be expected to
appear from the slow decomposition of free [SiF¢>" in
unbuffered D,0.444

Metallo-organic cages capable of stabilizing a reactive
species have been reported in the literature,**" and our data
suggests that (2a),Pd,** behaves in a similar manner. We
hypothesize that (2a),Pd,** is engaging with the reactive anion
[SiF¢]*~, 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-'F HOESY
experiments (Figure 5¢; ESI figure S52). As a control experiment,
we checked the stability of a sample of (1a),Pd** left in D,O at
room temperature for several months (ESI figure S42a-c).
Interestingly, in contrast to what we observed for the cage
solution, 'H-NMR analysis showed decomposition of the

a) b) 1
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@apdten \ o,

I — @t

(2a),Pd,** 29Si-9F HSQC  |ms
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(2a)pd, @1, <)

(2a),Pd,* 'H-'F HOESY e
= -
\

852/-131.47 ppm

75 85 95  -105 -125 135 145 -155 165

fiepm) e

Figure 5. a) Stacking of "*F-NMR spectra at t, (recorded as soon as
synthesized) and t, recorded after four months. b) *Si"*F HSQC and c)
'H-"°F HOESY spectra of (2a),Pd,** demonstrating through space engage-
ment between the cage and [SiF ]*".
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(1a),Pd** complexes (ESI figure S42a). The '°F-NMR spectrum
showed the presence of [SiFs*~ (—130.48 ppm, confirmed by
#Si%F  HSQC figures S42b-c) and F~ ions in solution
(—=127.28 ppm, ESI figure S42b). The reactivity of [SiFg*~
generated in situ in the (1a),Pd** sample was clearly different
from that observed in the peptide cage solution. These results
suggest that the enhanced stability of [SiF¢]*” in the peptide
cage solution is due to the formation of a host-guest complex
between [SiFJ* and the (2a),Pd,*" cage; a type of
supramolecular complex which cannot form with (1a),Pd** as
it lacks a cavity. This hypothesis is further supported by the
downfield shift in the F NMR spectrum for the [SiF*"
generated in situ in the (1a),Pd** solution (ESI figure S53).

Conclusions

In conclusion, we have successfully demonstrated the con-
trolled, stereoselective synthesis of a novel polyproline-based
Pd-cage. We have demonstrated that the classical approach
towards the rational design of metallo-organic cages can be
translated to polyproline helices. This class of peptides offers
the rigidity and positional control of functional groups, typically
associated with classical polyaromatic building blocks, but with
the added advantage of being chiral. The peptide cage reported
herein shows remarkable stability in aqueous solution. Further-
more, we have demonstrated its ability to engage in host-guest
complexation which has led to enhanced stability of the silicon
hexafluoride ion formed in situ. Future work will explore the
ability of these polyproline-based cages to act as catalysts
capable of stabilizing charged and 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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Classical Approach Polyproline Helices Peptide'-;ased Pd Cage Applying Metallo-Organic Ligand =

Polyaromatic Ditopic Ligands Chiral Ditopic Ligands Single Isomer Design Principles to the Stereoselec-

. o tive Synthesis of a Peptide-Based
The design principles used for the have been successfully used to stereo-  pq| X, Cage
synthesis of classical metallo-organic selectively synthesize a novel Pd
ligands have been successfully trans- lantern cage, which exhibits excellent
lated to polyproline peptides, a bio- stability in water and demonstrates
compatible class of chiral ligands. the stabilization of a highly reactive

These peptide-based ditopic ligands species in solution.




