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23 Abstract

We present a rapid and efficient method to generate a family of platinum supramolecular square
29 complexes, including previously inaccessible targets, through the use of ball milling
31 mechanochemistry. This one-pot, two-step process occurs in minutes and enables the synthesis
34 of the squares [Ptsy(en)s(NNN)4][CF3SOs]s (en= ethylenediamine, NNN = 4,4’-bipyridine
36 derivatives) from commercially available precursor K,PtCly in good to excellent yields. In
contrast, solution-based assembly requires heating the reagents for weeks and gives lower yields.
41 Mechanistic investigations into this remarkable rate acceleration revealed that solution-based
43 assembly (refluxing for days) results in the formation of large oligomeric side-products that are
difficult to break down into the desired squares. On the other hand, ball milling in the solid state
48 is rapid and appears to involve smaller intermediates. We examined the binding of the new
50 supramolecular squares to guanine quadruplexes, including oncogene and telomere-associated
DNA and RNA sequences. Submicromolar binding affinities were obtained by fluorescence
55 displacement assays (FID) and isothermal titration calorimetry (ITC), with binding preference to

57 telomere RNA (TERRA) sequences. ITC showed a 1:1 binding stoichiometry of the
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metallosquare to TERRA, while the stoichiometry was more complex for telomeric quadruplex

DNA and a double-stranded DNA control.

Introduction

Coordination-driven self-assembly is a highly efficient approach to create a range of
molecular architectures, with applications from biomedical to materials sciences." The most
common strategies in this area typically employ kinetically labile transition metal complexes,
and rely on error-correction provided by reversible assembly to reach the thermodynamically
favored product.” However, these approaches are limited by the inherent lability of the final
metallosupramolecular product, as well as by its structural sensitivity to different environments,
for example in biomedical applications. Using more inert transition metal complexes leads to
robust assemblies, but often requires heating to labilize the metal-ligand bonds and steer the
system away from kinetically trapped side-products.” However, this is not always possible, and
often low reaction yields are obtained. The use of high temperature may also be problematic
when the entropy of product formation is negative, as it accentuates the entropic contribution to
free energy and opposes enthalpic gain from product formation. Supramolecular assemblies
based on Pd(II) and Pt(II) are a case in point for these observations; these complexes have been
extensively studied for their molecular recognition, catalysis," sensing,” antitumor activity,® drug
encapsulation,” lipid bilayer channel formation,® and optoelectronic properties.” The first
example of a discrete cationic molecular square based on Pd(I) was reported by Fujita et al.,
who utilized the chelating ligand ethylenediamine (em) as a means to direct the assembly of
palladium cations and bridging 4.,4’-bipyridine ligands into the structure [(en)Pd(4,4’-

bipyridine)]s."” Our interest in such supramolecular squares arises from the observation that the
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more inert platinum(Il) analogue of this cationic assembly can bind strongly to DNA guanine
quadruplexes and inhibit the cancer-specific enzyme, telomerase.'' However, due to the inertness
of the Pt-N bond, this supramolecular square is typically synthesized by a high-temperature self-
assembly process over extended periods of time, notably by exposure of the aqueous reactant
mixture to 100°C for 4 weeks.'> Two elegant strategies have been explored to make well-defined
architectures from platinum complexes. The first approach focuses on rigid, preorganized ligands
and platinum phosphine complexes to direct self-assembly, and has resulted in an extensive
range of platinum metallacycles with numerous applications.”” The second approach, which
creates water soluble complexes of Pt(II) with the en chelating ligand, labilizes the inert Pt(II)-
pyridine bond using an excess of salt'* or employing an external stimulus such as ultraviolet
(UV) light, followed by molecularly “locking” the complexes upon removal of this stimulus."’
This approach is complicated by extensive purification procedures when excess salts are used,
and sensitivity of some ligands to UV light, thus hindering the ability to generate a large number

of water-soluble platinum complexes with different functionalities.'®

Recently, non-conventional synthetic procedures such as ultra-sonication,'” microwave'®
and solvent-free self-assembly methods based on mechanochemical milling'” or accelerated
aging” have made their entry in the field of synthetic supramolecular chemistry.
Mechanochemical transformations by ball milling®' have proven particularly efficient in the
assembly of a wide diversity of supramolecular architectures based on hydrogen bonds,*” such as
pharmaceutical cocrystals,” halogen bonds,** reversible covalent bond assembly,> as well as for

. 2
222 and open metal-organic frameworks.”’

the assembly of coordination polymers
Mechanochemical techniques have been shown to enable the assembly of supramolecular and

covalent structures faster,”” with superior selectivity” and efficiency”” compared to solution
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techniques, while also permitting the synthesis of structures that have previously been
inaccessible.’® Examples of complex structures assembled by mechanochemical routes include
large macrocyclic hosts like calix[n]arene (n=5 or 7),”' giant hydrogen bonded capsules®® and
covalent organic-cage-based boronate esters and imine linkages.”

Guanine quadruplexes (G4) are DNA and RNA secondary structures formed by self-
folding of four guanine bases in a planar arrangement via Hoogsteen hydrogen-bonds. The
design of molecules that selectively bind to these motifs has emerged as a selective potential
antitumor therapy.’® It has been shown to inhibit the cancer-specific telomerase enzyme, and to
downregulate a number of oncogenes.” Recent research has also focused on targeting a G-rich
non-coding RNA region, known as telomeric repeat-containing RNA (TERRA).*® TERRA is
associated with many cell regulation mechanisms, including telomere maintenance and stability
in both telomerase-positive and negative (ALT) cancer cells. TERRA folds into a parallel-only
topology that is more stable than DNA analogues.’’ Targeting RNA G4 motifs could result in
high specificity for a wide range of cancer cells. Many quadruplex binders capable of stabilizing
the G4-motifs have been obtained via traditional synthetic organic and inorganic chemistry

37a

methods.””™ The implementation of self-assembled supramolecular structures for G-quadruplex

recognition is a particularly appealing strategy to create these binders. We'' and others®™***
have reported the high affinity binding of Pt(II) supramolecular squares to telomeric G-
quadruplexes and telomerase inhibition. However, the investigation and development of the
biomedical potential of platinum-based supramolecular squares are hindered by the low yields
and long reaction times required for the assembly in dilute solutions. Therefore, we were

intrigued by the 2002 report of Orita and co-workers, who described the rapid and high-yielding

preparation of platinum- and palladium-based squares through mechanochemistry, specifically
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by manual grinding of pre-synthesized cis-protected Pt(en)(NO3), monomeric units with 4,4’-
bipyridine.*' Following this pioneering work, however, there have been no other reports on the

mechanochemical assembly of supramolecular square structures.

We now report the efficient generation of a series of new platinum metallacycles from
simple Pt(II) precursors by using ball milling mechanochemistry, in good to excellent yields and
high purities, and provide insight into the factors directing the mechanochemical assembly of
Pt(IT) squares. In particular, we present a one-pot, two-step’” process that enables the synthesis of
supramolecular squares directly from commercially available K,PtCly salt, without the need to
separately prepare or isolate reactive cis-protected monomers.* Whereas the work of Orita and
co-workers utilized manual grinding in a mortar and pestle, we show that the reactivity can be
adapted to automated ball milling, a methodology that provides a significantly larger degree of
control over mechanochemical reaction conditions (e.g. atmosphere, milling time, frequency,
choice of milling media).** Through the use of ball milling, we have now also expanded this
reactivity for rapid, high-yielding synthesis of a family of platinum(Il) supramolecular squares
S1-S4 based on 4,4’-bipyridine and related bridging ligands (Scheme la,b). The resulting
availability of diverse platinum squares enabled us to evaluate their binding affinity towards the
G4-forming human telomeric, oncogene promoter KRAS and TERRA sequences by using

fluorescence displacement, UV/vis spectrometry and isothermal calorimetry experiments.
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Scheme 1 a) Mechanochemical synthesis of platinum squares of the general formula [Pty(en),(N N N)4][CF;SOs]s ;
b) The Pt-squares S1 (80%), S2 (53%), S3 (64%) and S4 (48%) synthesized in this work.
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Results and Discussion

Mechanochemical Procedure for the Synthesis of a Molecular Square

To facilitate the mechanochemical synthesis of platinum supramolecular squares, we
focused on developing a synthetic procedure that would start from a readily available metal
precursor, K,PtCly. In particular, we sought to explore the ability to convert K,PtCly into the cis-
protected platinum complex PtenCl, by mechanochemical ligand exchange with ethylenediamine
(en), using either neat (dry) grinding or milling in the presence of a liquid additive (liquid-
assisted grinding, LAG, Scheme 1a). The exploration of different reaction parameters
(Supporting information: sections 2 and 8) revealed that almost quantitative conversions to
PtenCl, were obtained upon 30 minutes LAG of K,PtCls and en in a 1:1 stoichiometric ratio, in
the presence of 4 equivalents of acetonitrile as a milling liquid. After separation of the byproduct
KCI, the target complex PtenCl, was obtained in upwards of 80% isolated yield.

To achieve the synthesis of a molecular square from mechanochemically obtained
PtenCl,, we envisaged that further milling in the presence of a silver salt and the bridging
bis(pyridine) ligand L1 should lead to concomitant removal of chloride ligands to form AgCl,
and the assembly of platinum(II) squares through Pt-N coordination bonds. Indeed, milling of
PtenCl, in the presence of two equivalents of AgNO; and one equivalent of L1 at a milling
frequency of 25 Hz led to the formation of the targeted cationic square, identified by 'H nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). Specifically, the
formation of the platinum(II) square was detectable in the '"H NMR spectrum of the product
already after 5 minutes milling through the appearance of resonances at 8.9 ppm and 7.9 ppm,
ascribed to protons in a- and B-positions of the pyridine rings attached to Pt*", respectively

(Figure 1a). After 60 minutes milling the "H NMR spectrum was fully consistent with that of the
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expected square, indicating near-quantitative yield (Figure 1la). Importantly, the reaction
outcome was affected by the choice of milling frequency: somewhat harsher milling at a

frequency of 30 Hz led to the formation of the targeted square along with oligomeric byproducts

(Supporting Information Figure S7).

o a)
o o 0
u] [e]

5 min milling ¥ Aj\i Before milling

il o R

o
o 1]

60 min milling After milling 0

9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4
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200.0 nm

Figure 1 a) 'H NMR spectra (D,0, 23°C) of products resulting from the ball-milling synthesis of the square
[Pten(bpy)]s [NOs]s: (above) after 5 min milling, showing a mixture of square S1(2) and oligomeric intermediate
(0). (below) after 60 min milling, showing the convergence of the synthesis to the target square S1; b) '"H NMR
spectra (D,0, 23°C) of products resulting from the solution synthesis of the square [Pten(bpy)]s [NOs]s: (above)

reaction mixture after solution synthesis by refluxing for 3 days, showing square S1(E) (35%) and by-products

(©). (below) the same reaction mixture after milling for 90 min at 25 Hz, showing that the byproducts do not
converge to square S1. AFM height images: c) corresponding to the products resulting from the ball milling
synthesis of the square S1 (30 min of milling) revealing a mostly monodisperse population of spherical structures
with average height 4.9 nm and width of 20.5 nm; d) corresponding to the solid sample obtained after 3 days
aqueous reflux followed by evaporation revealed very different particle morphologies with average height of 17 nm

and width of 104 nm.
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Solution vs. mechanochemical assembly

In order to evaluate the efficiency of this mechanochemical procedure, as well as to
verify whether the results of our '"H NMR analysis might have been affected by spontaneous
assembly of the square structure during sample work-up, we also explored the assembly of the
square in aqueous solution. This was done by either refluxing pre-synthesized Pt(en)(NOs), in
the presence of ligand L1 for 3 days, or by stirring at room temperature for 7 days. In contrast to
room-temperature milling experiments, stirring an aqueous solution of Pt(en)(NOs), with 4,4’-
bipyridine at room temperature did not lead to the formation of molecular squares, indicating that
our evaluation of square formation by milling was not affected by aqueous sample work-up. The
much harsher reflux conditions gave a maximum of 35% of the square along with byproducts
(Figure 1b, top). Similar results were also obtained upon attempted assembly of the square in
methanol solution (Supporting Information, section 10, for NMR monitoring of the room
temperature reaction in methanol).

The comparison of mechanochemical self-assembly to that in aqueous solution reveals
remarkable speed and efficiency for the mechanochemical process. In order to explore whether
the reaction efficiency might have been affected by the presence of Ag" ions we performed a
control experiment in which we prepared enPt(NOs), by reaction of enPtCl, with AgNOs;
followed by removal of the silver salt, and milling for 90 minutes with L1. In this case as well,
the clean formation of the platinum square was observed, indicating that the silver ions do not
play a major role in the rate acceleration upon ball milling (Supporting Information Figure S10).
Moreover, the mechanochemical synthesis was also possible using silver triflate (AgO3;SCF3) as

the silver salt, indicating that choice of anion was not critical for the square S1 assembly.
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Consequently, we speculate that the significantly higher rate of square formation through ball
milling, rather than in solution, is associated with the absence of bulk solvent, enabling the self-
assembly process to take place between highly concentrated reactant phases.

Mechanistic Insight from Intermediates and Byproducts Analysis

The differences between solution and mechanochemical environments led us to compare
the properties of reaction byproducts or intermediates obtained at early stages of milling to those
observed in solution. For this, we monitored the reactions in the solid-state and in solution by 'H
NMR, Fourier-transform infrared attenuated total reflectance (FTIR-ATR) spectroscopy, and
atomic force microscopy (AFM). In particular, we noticed that the '"H NMR chemical shifts of
the byproducts formed under milling conditions (Fig. 1a, top) were different from those of the
solution self-assembly (Figure 1b, top), suggesting that these side-products or oligomers may be
different. Similar results were obtained by comparing the FTIR-ATR spectra of the crude milled
reaction mixture, which was consistent with that of the platinum(II) cationic square, and that of
the solution reaction (after solvent evaporation, Supporting Information; section 11, Fig. S11 and
S19).

We were interested to find out if the side-products formed in solution are intermediate
oligomers that could be converted to the square upon milling.'* After 90 minutes milling of the
residue obtained from evaporation of the solution reaction under 3 days reflux, 'H NMR
spectroscopy did not reveal further square formation (Figure 1b, bottom). This indicates that the
byproducts from the solution self-assembly are not equivalent to intermediates of the solid-state
milling reaction, but may be off-pathway products that do not lead to the platinum(II) cationic
square. Presumably, the solid-state reaction which occurs on a short timescale of minutes to

hours would proceed via shorter oligomeric intermediate structures that quickly convert to the
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square. In contrast, the solution-based reaction occurs at a much longer longer timescale and
higher temperature, possibly leading to longer oligomeric structures that would be difficult to
break down by milling into the tetrameric structures required for cyclization into the square. As a
preliminary route to verify this, we carried out AFM studies of the pure square material,
revealing uniform spherical structures with average height of 4.4 nm and diameter around 19 nm
(Supporting information Figure S12). The AFM of a sample after 30 minutes milling shows a
mostly monodisperse population of spherical structures very similar to that observed for the pure
square, with average height 4.9 nm and width of 20.5 nm (Fig. Ic). On the other hand, AFM
inspection of the solid sample obtained after 3 days aqueous reflux followed by evaporation
revealed very different particle morphologies: here the spherical particles were significantly
larger, with average height of 17 nm and width of 104 nm, indicating that the species obtained in
solution are larger than the ones formed by milling (Fig. 1d). Solution self-assembly of platinum
squares by heating for 3 days thus results in kinetic products that are large and oligomeric, and
are difficult to break down to smaller species that could cyclize to the square. The entropic cost
for these structures may be lower than that for the square formation, and the high reaction
temperature would accentuate this difference.

Synthesis of Larger Squares S2-S4

The successful synthesis of a cationic platinum(II) square of L1 by a two-step milling
process starting from K,;PtCly led us to explore whether the same reaction conditions would be
applicable for the synthesis of square structures based on other bridging ligands, L.2-L4. Notably,
platinum squares based on these bridging ligands have not yet been described, with previous
attempts in solution with palladium analogues leading to oligomers or other cyclic structures.*

The mechanochemical reactions of L2-L.4 were found to be unexpectedly sensitive to the choice
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of silver salt. Whereas poor conversions were observed with AgNO;, as evidenced by 'H NMR,
excellent results were obtained with silver triflate, which might be due to templating effects that
triflate anions were found to exhibit in syntheses of metalla-assemblies.”” The use of AgO;SCF;
as the silver source enabled the first mechanochemical synthesis of the family of Pt(Il) squares
S2-S4 (Scheme 1), demonstrating a general route for solvent-free, rapid synthesis of
supramolecular squares, including those previously not attainable from solution, starting from
the simple reagent K,PtCl;. The 'H NMR yields for $1-S4 were high (S1: 90%, S2: 80%, S3:

85% and S4: 75%), and Scheme 1 shows the isolated yields for each molecule.

The formation of these cationic platinum squares was established by '"H NMR, IR and
UV-vis spectroscopies, as well as by high-resolution mass spectrometry (Supporting
Information; section 4 and 12). By 'H NMR, downfield shifts were noted for the 4,4’-bipyridine
ligand protons, and in the case of S1, these agreed with literature chemical shifts.'**' (Supporting
information Figure S13). Diffusion-ordered NMR (DOSY) for S1-S4 showed that proton signals
of the same square have the same diffusion coefficient, which indicates the presence of only one
species in solution. The diffusion coefficients of these systems in CD3;0D were comparable to
those found for analogues,” and the rate of diffusion was found to scale with square size as
expected, with the fastest diffusion for the smallest square (S1) (Fig. 3a). NOESY experiments
confirmed the coordination of both en and L1 to the platinum. (Supporting Information Figure
S17 and S18). The formation of the platinum systems was further confirmed by high resolution
electrospray ionization mass spectrometry (ESI-MS) (Figure 2b), which show a tri- and/or penta-

cationic peak corresponding to the intact Pt(II)-squares.
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Figure 2 a) DOSY NMR spectra in (CD;0D, 23 °C) of the Pt-squares (S1-S4); b) Selected ESI-MS peaks from the
newly synthesized Pt-square S3 (left), S2 (middle) and S4 (right) corresponding to the fragment ([S3 + 3
CF3S0;1™), ([S2 + 5 CF3S0;]*") and ([S4 + 3 CF5S05]°") respectively (top); Calculated ESI-MS peaks (bottom).

Dynamic Behavior of the Squares under Milling Conditions.

The inert nature of the Pt-N bond means that dynamic exchange of ligands in the squares
S1-S4 would be slow under ambient conditions. However, we were interested in probing whether
this dynamic exchange can be accelerated in the solid state under milling conditions.
Specifically, we (i) added a competing ligand to a platinum square assembly and analyzed the
new species formed after milling, and (ii) we mixed two different platinum squares and probed
any ligand exchange between them.*

When an excess of free 4,4'-bipyridine ligand was added to the square S3 under milling
conditions (milling at 25Hz for 90 min), dynamic exchange was observed. The square S1 was
formed in a 1:2 ratio compared to S3, and free .3 was also detected, as evidenced by "H NMR,
'H-COSY NMR and "H-DOSY NMR spectra (Figure 3). S1 can possibly form by dissociation of
square S3 and binding of L1, or by an associative mechanism involving $3 and ligand L1.">**

While the DOSY experiment was consistent with a degree of self-sorting into S1 and S3, it was
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not clear whether mixed squares containing both L1 and L3 were also formed, due to the broad

peaks observed. (Figure 3).

Mechanochemical milling i)
90 min, 25 Hz
Q
o

S3+L1 ——>  S3+S1+L3+L1+ Mixed Squares?

Mechanochemical milling ii)
90 min, 25 Hz
,Q,

S3 + 81 _—> ?

ué "L " |

o
S3+L1(milling) M

7.6
, . 7.8
L1
I M 8.0
Ll
L3
[} 84 g
g
o o 8.6
R G &
. 8.8
S
9.2
95 93 91 89 87 85 83 81 79 77 75 73 74 "91 89 87 85 83 84 79 77 15
ppm ppm
o o . oo a
" o
0! Ay . §1+83ming_/\A__ *‘Ju}g
o
r-9-6 S1+S3(no milling) E \ JL
L 9.4 o ]
g U | ]
Fo2 I
[a] o o
ro0 & L3 h
- .88 ] g
S1 ,)L
. N A
]
--8.4 S3 }L

T T T T T T T T T T
94 92 90 88 86 84 82 80 78 76
ppm

9.6 94 92 9.0 88 86 84 82 80 7.8 7.6 7.4 72 7.0
(ppm)

Figure 3 (top) Scheme of the reactions performed to probe dynamic exchange in the solid state under milling
conditions, i) excess of free 4,4"-bipyridine ligand was added to the square S3 under milling conditions (milling at
25Hz for 90 min); ii) A mixture of S1 and S3 squares in 1:1 molar ratio were also subjected to ball milling at 25 Hz
for 30 min. (bottom) a) Representative 'H NMR; b) 'H-'H cOSsY NMR; ¢) 'H DOSY NMR spectra (CD;0D, 23
°C) following the solid state ligand exchange process (milling for 30 min) with metallo-square
[Pt4(en)4(L3)4]8+[CF 3S03]5 (S3) upon addition of 4,4’-bipyridine ligand (L1); d) 'H NMR spectra (CD;0D, 23 °C)
following the solid state exchange process (milling for 30 min at 25 Hz) of a mixture of S1 and S3 squares in 1:1
molar ratio.
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A mixture of S1 and S3 squares in 1:1 molar ratio were also subjected to ball milling at
25 Hz for 30 min. The signals were broadened, indicating possible dynamic ligand exchange
between the two assemblies, albeit to a smaller extent than the exchange between square S3 and
ligand L1 (Figure 3). The major signals associated with each square were found intact in 'H
NMR and 'H-COSY NMR spectra (Figure 3). Signals associated with uncoordinated bipyridine
ligands were absent.

In summary, we observed that: (i) rate acceleration by milling occurs in the solid state;
(i1) self-assembly in solution requires heating and long reaction times, which results in the
formation of much larger oligomeric by-products than the milling process, and these are difficult
to convert back to the square complex; (iii) ball milling facilitates the exchange of ligand into a
preformed square, and to a lesser extent, the dynamic exchange of two different squares.

Tentatively, we explain the observed acceleration of the rate of ligand exchange and
square formation upon milling as a result of the very high concentration of reactants in the solid-
state, thus accelerating associative second-order processes for platinum complexes. In contrast,
solution processes involve a competitive solvent coordination process, which most likely
dominates because of the high solvent concentration. Mechanochemical treatment has been
shown to improve many fundamental organometallic reactions, including ligand exchange and

oxidative addition.**°

In contrast, solvent coordination may block the platinum binding sites,
thus requiring heating to replace with ligand. With heating and long reaction times, long

oligomers form, and they are difficult to break down to smaller structures that would cyclize to

the tetramer, and thus the self-assembly only partially yields the square in solution. '
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Guanine Quadruplex Targeting

Libraries of platinum squares with different shape, size and functionalities would be a
good basis to test structure-activity relationships with RNA and DNA G-quadruplexes.”’ S2 is
slightly larger than S1 without introduction of steric bulk, and the phenyl group in S3 aims at
strengthening the m-m interactions properties with G-quadruplexes. The (hydroxyethoxy) vertex
unit of S4 can be used to provide multiple hydrogen-bonding interactions, which have been

36a,36d,52

shown to increase RNA quadruplex binding affinity. RNA specific ligands with available

hydrogen bonding moieties interact with the hydroxyl group within RNA loops of the
quadruplex, thus increasing stability and specificity.***36¢36¢3

In the present work, fluorescence intercalator displacement (FID), UV/vis binding
titration and isothermal calorimetry assays were used to evaluate the binding affinity and
specificity of the platinum squares to TERRA compared to telomeric and oncogene promoter
G4s.>* Here, one RNA and two DNA G-quadruplex-forming sequences were chosen: RNA
TERRA corresponding to a single stranded fragment of human telomeric RNA overhang G-rich
(UUAGGG) repeats (TERRA), H-telo corresponding to a fragment of the (TTAGGG) human
telomeric repeats, KRAS consisting of a G-repeating sequence within the promoter of the KRAS
gene, as well as double stranded sequence ds26mer and single stranded RNA sequence TERRA-
mut used as control sequences (Supporting information Table S1).

The G4-FID assay involves binding the G-quadruplex samples to the probe thiazole
orange (TO), which is highly fluorescent when bound to DNA and RNA sequences, but loses its
fluorescence in the free state in aqueous medium. The addition of a stronger DNA binder

(platinum square) to the TO-quadruplex structure causes the displacement of the dye, and hence,

decreased fluorescence. (Figure 4)
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The concentrations of platinum square required to give a 50 % decrease in dye
fluorescence (DCsg) are shown in Table 1. The DCs values for squares S1-S4 showed strong

binding to G-quadruplexes and were sub-micromolar for most complexes. In comparison to

©CoO~NOUTA,WNPE

11 smaller monometallic complexes,” the platinum squares S1-S4 showed lower DCs values and
13 faster binding (Supporting information Table S2), consistent with their increased positive charge

and m-stacking surface.
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Figure 4. (top) Schematic of the competitive Fluorescence Displacement (FID) Assay. The thiazole orange dye (red
crescent) is highly fluorescent when bound to the G-quadruplex motif. Addition of the G-quadruplex ligand
(platinum square) leads to the displacement of the dye and decrease of the sample fluorescence. (bottom) FID data
obtained for the squares S1-S4.
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Table 1. DCsg values [uM] for S1-S4 (90 min incubation), as determined by FID assay.

Oligonucleotide S1 S2 S3 S4

TERRA 0.352 0.253 0.426 0.727

©CoO~NOUTA,WNPE

11 TERRA-mut 0.533 0.415 0.901 1.41
13 H-telo 0.533 0.403 0.641 0.66
15 KRAS >2.5 0.446 0.666 1.21

18 ds26mer 0.669 0.505 0.641 0.927

In general, squares S1-S3 bound better to TERRA than to other G-quadruplex sequences,
25 with S2 being the strongest binder, while S4 had a stronger affinity to H-telo. For the TERRA
27 G4 motif, the squares showed a strong affinity with DCsy values varying from 0.727 (S4) to
0.253 uM (S2). The selectivities for TERRA vs. the non-quadruplex DNA structure TERRA-mut
32 were modest (DCso (TERRA)/ DCso (TERRA-mut) = 0.66, 0.61, 0.47, 0.51) with S3 as the most
34 selective. This is consistent with the high positive charge of the platinum squares (+8). However,
37 the facile and efficient mechanochemical synthesis introduced here will allow the generation of
39 libraries of self-assembled platinum complexes with lower charge and greater selectivity.

The FID results were confirmed by UV/vis binding titrations of the squares S2 and S3,
44 which showed demonstrated a red shift and a mild hypochromicity of the bands at ~ 300 nm
46 (Supporting Information Figure S1), providing evidence for a n-stacking binding mode.

49 As a means of obtaining further thermodynamic insight into the interaction of S1 with the
51 TERRA, TERRA-mut and H-telo sequences, isothermal titration calorimetry experiments were
performed. S1 showed a standard sigmoidal binding isotherm to the TERRA sequence, while the

56 TERRA-mut and H-telo had more complex profiles (Supporting information Figure S25). The
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TERRA binding profile was fit using a single binding site model while the other isotherms were
fit using the sequential binding sites model using 3 and 4 sites for TERRA-mut and H-telo
respectively. This complex binding behavior has been previously reported for the interactions
between Pt (II) squares and telomeric G-quadruplexes.’® The thermodynamic parameters that
could be accurately extracted are summarized in Table 2, and the remainder of the fitted terms
can be found in the Supporting Information Figure S25. Importantly, the Kgs extracted using ITC
(0.42 uM, 0.9 uM, and 2.2 uM for TERRA, TERRA-mut, and H-telo respectively) are in
agreement with the DCs, obtained via FID. Interestingly, the number of sites differs for each
sequence; TERRA shows a ~2:1 (1.72:1) S1:oligonucleotide stoichiometry, while the TERRA-
mut and H-telo sequences appear to bind 3 and 4 S1 ligands per quadruplex respectively.
Furthermore, the total enthalpy of binding (the sum of all the individual enthalpic terms from the
fits) is negative for the interaction with all oligonucleotides indicating that the overall process is
enthalpically favorable. Overall, the ITC results help by benchmarking the parameters extracted
from the FID and provide a small window of insight into the complex binding mechanisms for

these systems.

Table 2. Summary of thermodynamic parameters obtained by isothermal calorimetry.

Oligonucleotide n Kq(10°M) AH TAS (kcalmol™)
(kcalmol™)

TERRA 1.7240.02 0.403+0.052 -5.00+0.94 3.73+0.46

TERRA-mut 3 0943 +0.133  -8.35+0.25  0.15+£0.02

H-telo 4 2.22+0.32 -11.1+£0.7 -3.37+£0.49
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In conclusion, we have shown a rapid and efficient synthesis of therapeutically
interesting supramolecular platinum squares from the readily available precursor K,PtCly using
mechanochemical ball milling. While solution-based assembly of these structures requires
refluxing for days (weeks) and gives lower yields, ball milling gives the squares at room
temperature, in minutes and in good to excellent yields. We carried out several experiments to
gain mechanistic insight into this remarkable rate acceleration. These revealed that the long
reaction time and high temperatures required by the solution conditions result in the formation of
large oligomeric side-products, which are difficult to break down into the square. In contrast, the
high concentration of reactants in the solid-state accelerates the associative processes that
produce the platinum square, without resulting in off-pathway products. Mechanochemical
treatment was also found to accelerate the dynamic exchange of the squares with other added
ligands.

Using this method, we synthesized previously unreported platinum squares and examined
their binding to DNA and RNA guanine quadruplexes. These included telomere associated DNA
and RNA sequences as well as oncogene sequences. These squares showed submicromolar
binding affinities to the RNA telomeric sequence TERRA, which regulates telomere elongation
in both telomerase positive and telomerase negative (ALT) cancer cells. We believe that the
herein presented facile synthesis of inert metallosupramolecular squares will enable the rapid
optimization of their binding selectivity and therapeutic potential. We are currently looking into
expanding solid-state ball milling reactions to other, more complex self-assembling systems,

particularly those those based on kinetically inert bonds.
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