DOMI | MINA

NVS TIO
ILLV § MEA

Platinum-lanthanide metallodrugs for

imaging and therapy

A thesis submitted for the degree of
Doctor of Philosophy

in Inorganic Chemistry

Kezi Yao

Keble College

University of Oxford

Trinity Term 2021






Abstract

This work describes the development of several Lanthanide-Platinum complexes and
outlines the application of the products as theranostic agents. The luminescence and
relaxivity properties of the complexes is investigated for imaging purposes and the

cytotoxicity of the complexes is exploited for therapeutic use.

Chapter 1 discusses the fundamental properties of lanthanides and platinum. For
lanthanides, the discuss focuses on their luminescence, magnetism and stability. As for
platinum, the discussion focuses on the properties that relates to its cytotoxicity, such

as cellular uptake. A brief literature review on Ln-Pt theronostic complexes is given.

Using the CuAAC reaction to conjugate Ln and Pt building blocks is described in
Chapter 2. Another type of click reaction-SPAAC is utilised in Chapter 3. The
photochemical properties of the clicked Pt complexes are studied thoroughly. The

purification and characterisation of Ln-Pt complexes are also investigated.

Chapter 4 describes a series of cell-permeable Ln-Pt complexes, of which the relaxivity
and cell diffusion NMR of the Gd complexes were studied and the photophysical

properties of the switch-on Eu complexes was also investigated.

Chapter 5 delineates the conclusion and chapter 6 provides experimental procedures.
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Chapter 1: Introduction

Molecular imaging agents have made a significant impact on the field of biomedical
imaging, allowing biochemical detail and specificity in images beyond the capabilities
of the imaging hardware alone. The lanthanides have a broad spectrum of properties
that have facilitated the application of these elements as probes in magnetic resonance
imaging (MRI), optical imaging and positron-emission topography (PET).

One of the major causes of human deaths throughout the world is cancer. According
to the World Health Organization (WHO), cancer-related deaths are expected to rise to
22 million by 2030.! The discovery of cisplatin by Rosenberg and colleagues in 1965
provided the first indication of the anti-proliferative properties of platinum complexes.
Since then, cisplatin and its analogous have achieved great success in treating cancer
despite the disadvantages of these drugs, which include side-effects and drug resistance.
Thus, new and more advanced platinum-based cancer treatments are needed, and could
be highly beneficial in enhancing cancer patient survival.

In this thesis, the development of lanthanide-platinum complexes for theranostic
purpose of cancer is discussed and explored. The lanthanide (Ln) part of the complexes
discussed can be utilised in multimodal imaging methods including MRI and
luminescent imaging. On the other hand, the platinum (Pt) moiety can be used for
therapeutic purposes. A number of different features of platinum complexes were
studied in this thesis such as oxidation state (Pt(II), Pt(IV)) and photoresponsiveness.
To achieve a combination of imaging and therapeutic abilities, which can be called the
theranostic properties, success in synthesis of the Ln-Pt complexes is needed involving
effective coupling strategies between the lanthanide and platinum moieties, requiring

the understanding of the chemical and spectroscopic nature of Ln and the chemical and
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cytotoxic studies of Pt. Therefore, in this chapter, the properties of Ln and Pt are first

presented before the introduction of Ln-Pt complexes.

1.1 General Lanthanide Chemistry

In this section, the general chemical properties of lanthanides are presented. The general
electronic configuration of Ln is [Xe]4/"6s2, except for lanthanum, cerium, gadolinium
and lutetium possessing [Xe]4/"'5d'6s? configurations. The electronic configurations
of Ln elements become uniformly [Xe]4/™!, once they are ionised to the most common
+3 oxidation state. It is worth noting that, upon ionisation, La(IIl) does not possess any
felectrons while Lu(IIl) possesses a filled 4f orbital. The trivalent lanthanide ions are
the most stable form for the lanthanides and dominate the lanthanide chemistry.
Lanthanide complexes exhibit similar chemical properties because of their electronic
properties stated above. 4f orbitals are valence orbitals, which are shielded by the more
spatially dispersed filled 5s and 5p orbitals from the coordination environment. Thus,
the electrostatic interactions between the Lewis acidic lanthanide metal ion and ligand
play a major role in bond formation in lanthanide complexes, and the ligand field
perturbation upon 4f orbitals is minimal. In an aqueous environment, the coordination
number of the Ln complexes varies from 8 to 10. Substantially, the lanthanide ion with
the most common +3 oxidation state contributes to the coordination geometry, leading
to the fact that it is more favourable for hard donors like N and O atoms to be bound to

hard Ln metal ions.

1.2 Lanthanide Luminescence

Beyond their general chemical properties, the luminescence properties of many of the

13



Ln has been studied extensively for several decades; their unique emission spectra are
being exploited for application as imaging probes as a consequence of their unique
photo-physical properties, such as long luminescent lifetime, large pseudo-Stokes shift
and sharp emission. The electronic configurations introduced in the last section lead to
the fact that the emission properties of different Ln metals are largely different
throughout the Ln series. All of the open shell lanthanide ions demonstrate luminescent
properties, as shown in Figure 1.1 and Table 1.1, and their characteristic emission
spectra are distributed from the ultra-violet (UV) region (Gd(IIl)), green (Tb(IlI)),
yellow (Dy(IlI)), red (Eu(Ill)) to near-infrared (NIR) (Nd(III), Yb(ILI), Er(Ill)) (Figure
X).?

Table 1.1. Most common emissive f~f transitions of Ln(III) **

Ln Transition A [nm]
Pr 'D, = °F, 1000
'D, = 'G, 1440
'D, - ’H,(J =4,5) 600, 690
Py = *H(J=4-6) 490, 545, 615, 640,
Py = F()=2-4) 700, 725
Nd Yy, = () =9/2-13/2) 900, 1060, 1350
Sm *Gs), = °H)(J =5/2-13/2) 560, 595, 640, 700, 775
465/‘2 N (JF[(/ - 1/2 _ 9/2) 870, 887/ 926, 1010, 1150
Eu °Dy = 'F(J=0-6) 580, 590, 615, 650, 720, 750, 820
Gd °P, 1, = %S, 315
Tb °D, - 'F(J=6-0) 490, 540, 580, 620, 650, 660, 675
Dy *Fq), = °H,(J =15/2-9/2) 475, 570, 660, 750
4115/2 N (’H/(/ — 15/2 _ 9/2) 455, 540, 615, 695
Ho °S, =1/ =8.7) 545, 750
5F, — 31,(/ = 8,7) 650, 965
Er S5, = () =15/2,13)2) 545, 850
oy = s 660
1,0=9/2,13/2) = %15 810, 1540
Tm 'D, = *F,, H,.°F () =3,2) 450, 650, 740, 775
]G4 N 3H6.3F4,3H5 470, 650, 770
SH, = *H, 800
Yb ’Fs ) = °Fy ) 980
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Figure 1.1: Top: partial energy diagram for Ln(1ll) ions. The main excited states are marked
in red, while the fundamental ground state is indicated in black.> Bottom: illustration of

Ln(lll) emission firom reference.’

Lanthanide ions possessing partially filled 4f orbitals show sharp line-shape emission
spectra. The f~f transitions contain electric dipole and magnetic dipole characters. As
suggested by the Laporte rule (electric dipole selection rule), although magnetic dipole
transitions are allowed, f~f transitions are weak due to no changes in parity on transition.
There a number of mechanisms to partially relax the selection rules (e.g. vibronic

coupling). The symmetry of metal ions is affected by molecular vibration, the vibronic
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coupling of excited states takes place and leads to very narrow transitions.

The small extinction coefficients, usually in the range of 0.5 — 3.0 dm’mol’cm™, of
trivalent lanthanide ions results in extremely inefficient direct excitation, which is only
feasible with laser pulses. Therefore, direct excitation of a lanthanide ion will only

result in weak emission.?

1.3 Sensitised Lanthanide Luminescence

High-intensity sources are required in many applications of Ln complexes to directly
excite the lanthanide ions, which limits their utilisation in various aspects. By
populating the emissive excited state of a lanthanide ion, the weak f-f emission can be
mitigated through the excitation of a nearby chromophore which acts as a sensitising
group, also known as an antenna group, and populates the emissive excited states of Ln

through energy transfer.

Excitation .
Emission

A\

Ln

Lanthanide

chelates

Figure 1.2: Schematic representation of sensitised lanthanide luminescence with energy
transfer.

Introducing the antenna groups can be achieved by covalently incorporating them
into the ligand manifold or other methods (e.g. co-ligand). Radiative processes can take

place for these f~centred excited states to produce lanthanide emission with large Stokes
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shift, microsecond (or longer) lifetime and well-defined characteristics, resulted from
the forbidden f-f transitions and antenna effect. Moreover, high energy oscillators, such

as X-H, C-H, and N-H, can quench the luminescence of the lanthanide.

Short-lived emission from S,
O_Q O :antenna
Q : lanthanide ion

S;-Ln3*
Il ISC
- T
T,-Ln MCT
e
Single or (S )*- (Ln?)
multiphoton
excitation (Sp) - (Ln®)" ,
—_— Long-lived emission from (Ln3*)*
So-Ln3*

O—Q T, phosphorescence being observed when a d-block chromophore is used

Figure 1.3: Simplified Jablonski diagram for the main energy transfer processes leading to

the lanthanide emission.

Figure 1.2 shows the demonstration of the sensitisation process for lanthanide
luminescence while Figure 1.3 presents the Jablonski diagram of the energy transfer
pathways. The excitation of an organic chromophore begins with single- or multi-
photon absorption for a typical sensitisation process. After internal conversion (IC), the
excitation results in the singlet excited states (S1) of the organic chromophore, which
can be relaxed down to ground state via non-radiative decay or radiative decay with
fluorescence. Alternatively, intersystem crossing (ISC) can take place from S; leading
to the population of the triplet excited states (T1), which can be followed by the events
of non-radiative decay - phosphorescence of the organic chromophore, or energy

17



transfer (ET) to the lanthanide excited state. The ISC between S| and T, can take place
by either a Dexter or Forster mechanism (shown in Figure 1.4), depending on the donor-
acceptor energy overlap and chemical structure.® Dexter transfer involves the two parts
of the molecule directly exchanging electrons via orbital overlap, so it requires facile
electron exchange or superexchange (i.e. through the bridging ligand orbitals). Forster

transfer is a resonant process and is a dipolar, longer-range interaction.
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Figure 1.4: Pictorial representation of energy transfer between donor D and acceptor A

through the Forster and Dexter mechanisms.’

The energy-transfer effectiveness is dependent on the properties of the Ln (III)
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acceptor state and donor triplet state. The back energy transfer can depopulate the Ln
(IIT) emissive states when the gap is less than 2000 cm™!, which means the energy
transfer mediated by the triplet state usually plays the major role in the sensitisation.®
The short-life S; states of the antenna can also result in the sensitisation of the Ln
luminescence which can be a leading factor in the sensitisation of emissive state of the
lanthanide with the intra-ligand charge transfer (ILCT).® It is worth noting that Figure
1.3 shows a simplified presentation of the sensitisation process while the practical
situation can be more complicated.

Complexes containing Yb are particularly attractive because charge transfer plays an
important role in such systems, since the emissive excited states >Fs;» of Yb(III) is much
lower than triplet excited states of the common organic chromophore. Horrocks et al.
assumed that the ?Fs; emissive states can be excited via a reversible ligand-to-metal
electron transfer.” Yb?" is reduced to Yb?" by the excited organic chromophores and
forms ligand-to-metal charge transfer (LMCT) states in the process followed by the
oxidisation of Yb?* generating the (Yb**)* excited states by the radical chromophore,
which leads to the ytterbium emission. Other than Yb complexes, LMCT can also be
found in the energy transfer processes of other Ln systems. Nevertheless, LMCT states
can possess lower energy than those of the emissive states of Ln in these systems.
Subsequently, it results in the quenching in Ln luminescence.

While organic chromophores are widely exploited for the sensitisation of high energy

emitting lanthanides such as terbium and europium,

chromophores containing
transition metals have been increasingly studied for more than 20 years.>!° Transition
metal containing chromophores can be employed as antennae for the sensitisation of

near IR emitting lanthanides, as they offer higher photostability when compared to

organic counterparts and a wide range of absorptions: from visible to near IR
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wavelengths. The triplet metal-to-ligand charge-transfer CMLCT) state in such systems
ensures an efficient energy transfer process. The long emission lifetime of some
complexes enable them to be used for the study of the energy transfer mechanism of
this type of complexes.!!>!? The result showed that the energy transfer in this type of d-
f complexes is mainly mediated by a Dexter-type mechanism where the donor is
directly linked to the lanthanide, or where the through-space superexchange can govern
a Dexter-type process, with efficient lanthanide emission at distance up to 20 A for

conjugated systems. '3

Sensitising near-IR lanthanide luminescence

Due to the limited choices of chromophores that could be used to sensitise the
emission from lanthanides that emit light at longer wavelengths, d-block metal
complexes have been intensively studied as sensitizers for NIR luminescence from Er**,
Nd**, Pr** and Yb*" since the beginning of this century.'* Among the transition metal
chromophores, Pt complexes were found to be quite effective. Ward and Faulkner
reported a covalently-attached Pt (II)-Ln (III) heteromatallic complex, whose structure
is shown in Figure 1.5, where the Ln(1,3-diketone); and the Pt (II) fragment were bound
together via 5,6-dihydroxy-1,10-phenanthroline.!> Subsequently, other polynuclear

Ln,-Pt complexes have also been investigated to study their potential application in

16-19

biological imaging and telecommunication.
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Figure 1.5: Ln-Pt complexes in which the Pt fragment acts as an antenna to excite the NIR
3+
emission of Ln

1.4 Lanthanide Luminescence quenching
The quenching of the lanthanide luminescence is a very important concept in the Ln
complexes. As mentioned above (Section 1.3), oscillators such as NH and OH can
quench the emissive states of Ln(III) ions because of their vibrational energy which is
close to the f-f transition energy.? It is a non-radiative quenching process, which
subsequently results in reduced Ln(III)-centred emission intensity. The smaller the gap
is between the lowest-lying lanthanide excited state and the ground level, the more
efficient quenching by vibrational modes will be. O-H oscillators are found to be the
most efficient at quenching lanthanide emission, resulting from the closer overlap of
the vibrational states with the metal centred energy levels. Nevertheless, the
luminescence of Ln complexes cannot be efficiently quenched by deuterated oscillators
such as ND, OD and CH because the deuterated molecules have lower vibrational
frequencies, which reduces the extent of quenching in deuterated solvents and results
in longer emissive lifetimes than for their protonated equivalents. The depopulation rate
of emissive states in H>O is much faster than that in D,O (~200 times). Ln(III) centres
such as Eu(IIT) and Tb(III) are less likely to be quenched by the bound H>O molecule
since the energy gaps between excited and ground states are larger because their
Franck-Condon overlap with higher vibrational harmonics is reduced. As a
consequence of the increased rate of non-radiative relaxation, the oscillators can also
significantly lengthen the luminescent lifetime of the systems.

The Ln(III) ion in aqueous solution is bound by H>O molecules in completion of the
coordination of lanthanide complexes. X-ray crystallography can be used to determine
the hydration states of Ln complexes. However, it is limited by the difficulty of crystal

growth and structural inconsistency between solution state and solid state. Typically,
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the modified Horrocks’ equation, as shown in Equation 1.1, can also be used to
calculate the number of bound H,O molecules for the Ln complexes.?! This means that
one could use the decay constant of the emissive states in time-resolved luminescence
measurements for both H,O (kx) and D,O (kp) to calculate the number of inner-sphere
solvent molecules, ¢.%!
q = Avn (kn — kp — Brn) 1.1

Constant A indicates how likely it is that lanthanide radiation will be quenched by
OH oscillators, and is parameterised for each lanthanide ion. Moreover, the lanthanide
emission can be quenched by the donors bound to it and solvent molecules in the outer
sphere. Therefore, the constant B, as an empirical correction factor in the equation, was
introduced representing the quenching effect from all outer-sphere solvent oscillators.

Values of A and B for Eu(IIT) and Tb(III) are tabulated in Table 1.2.2?

Table 1.2: Factors of A and B used in the Horrocks’ equation in aqueous solution

A B
Eu 1.2 ms 0.25 ms?
Tb 5ms 0.06 ms?

1.5 Lanthanide as luminescent probes

In this section, the application of lanthanides as luminescent probes is introduced and
discussed. Ln-containing compounds have been studied extensively over the years
focusing on their luminescence properties. Time-resolved luminescence techniques can
be used to remove all short-lived fluorescence signal from the system background,

leaving the long-lived signal displayed by the lanthanide probe. Upon adopting this
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technique, the signal-to-noise ratio of the signals obtained can be reduced to the extent
that analyte concentrations can be detected to the femtomolar level. A graphical
presentation is shown in Figure 1.6 about applying a delay time in a complex biological

matrix which enables the detection of lanthanide luminescence.?’
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Figure 1.6: Time-resolved detection of Lanthanide luminescent signal modified from reference
23% . The measurement take place after a delay of the excitation pulse. This allows the decay
of all short-lived processes and the detection of only long-lived luminescence during the

acquisition time.

Lanthanide luminescence, as introduced in previous sections, involves a series of
complex energy-transfer processes. Therefore, changes in each step of those processes
can lead to the modulation of the luminescence signals. Different strategies are
employed to develop responsive luminescent lanthanide complexes, the principle
behind the design is the modulation of sensitisation pathways of Ln(IlI) centred
emission via external analytes. In the first mechanism, analytes can directly interact
with the Ln(IIl) ion, modulating the luminescent intensity or lifetime. The second
method involves perturbation in the excited states of the sensitising chromophore,
which then affects the energy transfer between the chromophore and Ln(III). In the

third mechanism, the analytes can act as sensitizer for the Ln(III) luminescence, thus
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the presence of the analytes populates the Ln(IIl) emissive states.

Responsive Ln(III) complexes have been developed to detect changes in pH?>2423 or
presence of other anions (F-, PO4*, CO3%),2%28 cations (Zn?*, K¥, Na*),?*! and even
macromolecular biological substrates (proteins, DNA). There are a range of important
properties that the Ln(IIl) probes need to possess to achieve the sensing process, such
as good aqueous solubilities, long excitation wavelength (visible range), and, most

importantly, thermodynamic stabilities and high kinetic rates.

1.6 Paramagnetic NMR / Lanthanide as MRI contrast
agent

1.6.1 Introduction of MRI imaging

Magnetic resonance imaging (MRI) has revolutionised medicine and soft tissue
imaging over the past few decades. This technique probes the local magnetic field
around a nucleus, by applying a constant magnetic field (By) to the sample, which aligns
the nuclear spin populations, then a radio-frequency (RF) pulse is applied perpendicular
to Bo. The RF pulse transfers the magnetization away from equilibrium. The
realignment to Byresults in emission of a radio-frequency signal which is recorded. The
frequency of this signal is dependent on the effective magnetic field at the nucleus,
which is used to indicate the chemical environment. MR-active nuclei must have non-
zero spin to possess a nuclear magnetic moment, these include 'H, *C, '°F and 3'P (spin,
I = 1). In the case of biological samples, the vast majority of the MR- active nuclei
present belong to protons in water. Thus, MRI utilises proton relaxation times to probe

biological environments, as the relaxation of the water molecules from the aligned state
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is highly dependent on their environment. There are two kinds of relaxation time:*

(a) The spin-lattice, or longitudinal, relaxation time, 7;: a measure of the time
taken for the nucleus to return to equilibrium after the applied RF pulse.
Essentially 77 determines how often an experiment can be repeated.

(b) The spin-spin relaxation time, or transverse time 7>: describe the time taken
for the nuclear spins to diphase. 7> determines the rate at which the signal
dies away.

Relaxation times enable differentiation of biological tissue in images. Various
relaxation-based pulse sequences in MRI can be used to generate contrast and highlight
specific biological features. MRI contrast agents — such as lanthanide-based complexes
can be used to shorten the relaxation time which enhances the contrast.

For example, contrast agents like gadolinium complexes are widely used in
acquisition and interpretation of MRI.*? Gd(IIl) process seven unpaired electrons,
isotropic electronic distribution which confers relatively slow electronic relaxation
rates and no paramagnetically induced chemical shift. Rapid exchange of bound solvent
with bulk solvent gives rise to a single peak for which the weighted average chemical
shift is indistinguishable from bulk water under the conditions of an MRI experiment.
These properties, combined with the chemical stability of gadolintum(IIl), make
gadolinium contrast agents ideal for the purposes of imaging — provided that issues of
toxicity of the free metal can be dealt with by encapsulation into stable complexes (a

topic that we will discuss in detail later in this chapter)

1.6.2 Relaxivity

It is necessary to introduce the concept and details of relaxivity when it comes to the

effectiveness of complexes as contrast agents. Because of the isotropic ground state of
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seven unpaired f-electrons of gadolinium, it is mainly used as a 7; contrast agent. The
relaxivity (7;) of a contrast agent is defined as the relaxation rate (R1 = 1/77) per mmol
of Gd. Therefore, the relaxivity is independent with respect to concentration, and it is
used to compare between different contrast agents. The larger relaxivities per mmol of
Gd indicate the complexes to be better contrast agents, which also means one can obtain
decent images with lower concentrations of contrast agent.

T can be influenced by both diamagnetic and paramagnetic contributions, as shown
in Equation 1.2. 7;% is equivalent to relaxation time of the molecule with no contrast
agent, while the paramagnetic relaxation can be divided up into inner-sphere and outer-
sphere components (Equation 1.3).3* Outer sphere molecules are more numerous than
inner sphere molecules and they tend to exchange more rapidly with bulk solvent, thus
complexes with q = 0 give rise to a significant enhancement in contrast as the solvation
of the molecule is considered as a whole.*® The first approximation adopted here is that
the outer-sphere contribution is likely to be similar for all complexes in current use,
considering the similarity in their structures. However, there is expected to be a much
greater contribution for the inner-sphere solvent molecules such as H>O directly bound
to the Gd centre in the rapid exchanging environment on the NMR timescale. The

following equations gives the relationship between 7/ and the number of inner-sphere

H>0 molecules, g is shown in Equation 1.4.

(1/Tpara = (UT{®) + (1UTP®) 1.3
e =—Lm 1.4

IS Tym+tm
In Equation 1.4 P, is the molar fraction of coordinated solvent molecules with
respect to the total solvent molecules which relates to the concentration of the complex,

Tim 1s the enhancement in relaxation rate for a bound solvent molecule, and 7, is the
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residence lifetime of a coordinated solvent molecule which is the reciprocal of the
exchange rate of the bound solvent molecules.’**%37 Therefore, it is worth noting that
the number of inner-sphere solvent molecules bound to an individual Gd complex is
related to the magnitude of the relaxivity (though equation 1.4 may oversimplify the
situation, as it assumes that all bound water molecules have the same residence time).
Moreover, T, plays the major role in the observed relaxivity in the case when 77, >>

Tm.

1.6.3 Safety

The toxicity of contrast agent is an important factor for the use in vivo.**>° Therefore,
Gd(III) must be complexed in such a way as to maintain the enhancement of MRI but
minimise toxicity. If the gadolinium contrast agents have poor blood stream clearance
and poor kinetic stability, this will result in free Gd(IIl) ions being released from
chelated complexes. As free Gd(III) ions are of a similar size to calcium(II) ions this
can disturb Ca(Il) - mediated signalling processes. Free Gd(III) ions can also induce
colloidal precipitate formation and accretion in membranes.*’ In 2006, several studies
demonstrated a link between gadolinium contrast agents and nephrogenic systemic
fibrosis (NSF) in patients.*!#?

Approval for the three least kinetically stable commercial contrast agents (Gd.DTPA,
Gd.DTPA-BMA, Gd.DTPA-BMEA, in which the ligands are all linear) were
withdrawn by the FDA in 2010, as the highest number of NSF cases was associated
with these linear contrast agents.**~*> The FDA also introduced a box safety warning on
all contrast agents, advising against over dosing and repeat dosing. Since the
introduction of the warning, patient with reduced kidney function need to be assessed

before the use of Gd contrast agents, and this action has helped to reduce cases of NSF
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significantly.*6

Increasing evidence since 2013 also shows that Gd(III) contrast agents can be
irreversibly retained in the central nervous system (CNS).*’~#*° This finding was
observed with all Gd contrast agents, while there are significantly higher incidents of
Gd(I1I) deposition from linear contrast agents.”® As a result, in 2017, the European
Medical Agency (EMA) reviewed the Gd contrast agents, leading to the suspension of
two contrast agents Omniscan® and Optimark®; and restriction of two agents:
Multihance® to liver imaging, and Magnevist® to low concentration intra-articular
imaging.’! The FDA also required new warnings regarding the accumulation of Gd in
the brain.>

Due to the safety concern of the Gd contrast agents, the Gd agents need to have both
high thermodynamic stability and kinetic inertness and remain intact for the duration of
their residence within the patient. The stability of chelated lanthanide complexes will

be discussed in Section 1.8.
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Figure 1.7: Structure of commercially available Gd contrast agents for MRI.
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1.7 Magnetic properties and NMR/Paramagnetic

NMR

The NMR spectra of most of the Ln-containing systems are influenced by their
paramagnetic properties. The Ln-induced shift (LIS, Aw) is given by the sum of the
diamagnetic shift (Ad) and the hyperfine shift. The hyperfine shift is defined as the
difference in chemical shift of the nucleus between the paramagnetic and the
corresponding diamagnetic system. It consists of contact shift (Ac) and pseudo-contact
shift (Ap). The contact shift originates from interactions through chemical bonds.
Generally, it is a relatively small contribution in Ln complexes since the f-orbitals
influence the overlap between the Ln centre and the corresponding nucleus.> On the
other hand, the pseudo-contact shift resulting from the dipole-dipole interactions
through space usually is the dominating contribution due to the local magnetic field
created by the magnetic anisotropy of the paramagnetic centre.

Ao =Ag+ Ac+ Ap 1.5
where the diamagnetic shift Aq is the variation in chemical shift of the ligand proton in
the process of complexation between the Ln(III) ion and free ligand. It is worth noting
that Aq only contributes to a small share in the shift difference since the structural
changes of complexes are relatively more influential than the diamagnetic parts such as
for Lu(Ill) complexes. The contact shift Ac, also known as the Fermi contact shift,
originates from the charge density of unpaired electrons via spin polarisation at the
given nucleus. A¢ results from the through-bond spin coupling between the unpaired
electron orbitals and the nucleus. The paramagnetic metal centre can be several

chemical bonds away, or longer if the chemical bonds contain = character. Therefore,
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A can reflect information about the bonding structure.>* Moreover, in the complexes,

A from the paramagnetic Ln(III) ion can be calculated by:

—-A-<S;, >j
¢ h-y1"Bo

1.6
The pseudo-contact shift A, differs from another contributions and derives from the
same unpaired electron, though via a different mechanism. It usually relates to the
paramagnetic shift in the NMR spectra of Ln complexes, and it is caused by the
coupling between nuclear dipole moment and electron dipole moment. Bleaney in 1972
first proposed the equation to estimate A, in a paramagnetic Ln-containing system,>>

and it is based on the assumption of larger magnitude of J states split by the ligand field

in comparison to kT. The expression can be written as following:

1.7

_ 2B%*D (<r2>Ag(3c0529—1)+(r2)A%(sin29c052(p))
P™ 60k2T2

-3
where g is the Bohr magneton, £ is the Boltzmann constant, ¢, 6 are the angles
involving the nucleus being observed, the lanthanide ion and the external magnetic field,
as shown Figure 1.8, <r?> A9 and <r? > A3 parameters are crystal field terms
originated from the polarisability of ligand donor and the symmetry features of the
system. The coefficient C; determines the sign of hyperfine shift, and it relates to the

magnetic susceptibility. Equation 1.7 can be simplified as following for a system

featuring axial symmetry characters.

_ 2B%C; (<r2>A(2’(3c0529—1))

P 60Kk2T2 1.8

r3
It is worth noting that the relative angle and position of the nucleus to the Ln ion are
only adopted in the determination of Ap. Moreover, the magnitude of A, depends

primarily on the distance between nucleus of interest and the Ln ion.
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Figure 1.8: Lanthanide induced shift as a function of angle (8, ¢) and distance (r) of
the nucleus. The paramagnetic centre is located at the origin of the axes. The direction

of the external magnetic is parallel to the z axis.

However, as reported by Aime et al.,’® the pseudo-contact part of the paramagnetic
shifts of Ln complexes can be recognised as the dominating contributor of paramagnetic
effect despite the fact that the previously introduced two factors are both present in the
paramagnetic effect.

Blackburn et al.>’% demonstrated that the Bleaney analysis is a useful method when
analysing the behaviours of solution composed of the Yb(III) complex with DTMA
ligand, (where DTMA = DOTA tetrakis-methylamide). Nevertheless, Parker et al.
showed the limits of the Bleaney’s theory in describing the magnetic anisotropy of a
number of Ln complexes with low symmetry. Furthermore, they noted three
assumptions for this theory to be applied to Ln complexes containing DO3A. First, in
systems with low symmetry, terms for higher-ordered crystal field are important and
influential. Thus, upon performing a Bleaney analysis, one is advised to include the

contribution of higher-ordered crystal field terms.® Second, considering the electron
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distribution of Ln(IIl) ion as a point charge is an over-simplification. It is more
appropriate to regard the electron distribution to be in prolate or oblate shape depending
on the coordination environment of each Ln atom.®® Last, this theory uses the total
angular momentum quantum number J, derived from the spin-orbit coupling, to
determine the Bleaney coefficient C;. In certain cases, using the J-mixing instead of J
is more appropriate in the case where the spin-orbit coupling energy is of similar

magnitude to that of the ligand field.

1.7.1 Structural aspects derived from NMR spectroscopy

Since the activation energy barrier to the interconversion is relatively high, the
octadentate isomer structures, e.g. DOTA, are mostly in slow exchange (as shown in
Figurel.9). The SAP isomer is generally the major component. However, the overall
composition will depend on conditions such as the temperature, solvent, and structural
changes of the complex.®! For heptadentate DO3A complexes, due to a lower activation
energy barrier to the interconversion, the SAP and TSAP isomers are more likely to be
in fast exchange on the NMR timescale, leading to broader NMR peaks.%> The
asymmetry of DO3A complexes also leads to NMR spectra being more difficult to
assign in comparison to C4 symmetric systems such as DOTA. For axial symmetric
complexes, the largest Ln-induced shift of TSAP axial protons is generally recognised
to be smaller than that of the equivalent counterpart for the SAP isomer.%*%* This is
because the TSAP isomer has a larger angle () at the z axis, which also leads to a larger
A,. Furthermore, structures of the complexes also result in faster water exchange rate
for TSAP isomers in comparison with SAP isomers at the Gd centre, which can make

purification of the TSAP isomer beneficial to enhancing relaxivity.%
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Figure 1.9: Representation of possible diastereoisomers of [Ln.DOTA]" complexes and the

mechanism of interconversion. Image adapted from literature.*

1.8 Stability of Ln complexes

[Ln.DOTA] Ln.DO3A [Ln.DTPAJ [Ln.EDTA]

Figure 1.10: Representation of 4 common lanthanide complexes which will be discussed in this

section.
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In this section, the stability of the lanthanide complexes is introduced, which is regarded
as primary importance especially when it comes to the design of Ln complexes for in
vivo use. The range of the coordination numbers of Ln ion is from 2 to 12, in which the
most common ones are 8 and 9. In the preparation process, to avoid demetallation, the
Ln ion needs to be tightly coordinated in the corresponding chelate ligand. The non-
bonding 4f orbitals and high oxidation state contribute to the special properties of Ln
ions, and the bonding of Ln ions is predominantly ionic in character, which means the
hard donor atoms such as O and N are more favourable as the bonding atoms of the
ligands. Furthermore, the exchange between ligand and metal is extremely fast due to
the ionic nature of 4f-elements.**-% Using ligands with chelating arms arranged around
the Ln(IIl) ion can significantly overcome the intrinsic lability of the Ln(IIl) ions.
Adopting hard donor atoms in the macrocyclic chelating ligand can further enhance the
thermodynamic stability of the Ln complexes and minimise the possibility of
demetallation due to the strong ionic interaction between the metal and ligand. Whilst
linear (acyclic) ligands can dissociate from the Ln ion by removing one donor atom at
a time, dissociation of macrocyclic ligands requires all donor atoms to be removed at

the same time, requiring a much higher activation energy.

1.8.1 Thermodynamic Stability

The thermodynamic stability can be represented by the stability constant which is
defined as the equilibrium constant of the complexation reaction. The thermodynamic
stability constant can be calculated based on the concentration values of all species in

solution, as shown in Equation 1.9:
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_ [LnL]
Ktherm - [Ln3+][L] 1.9

However, an important assumption for applying the thermodynamic stability
constant is that the ligand is fully protonated in the solution. Therefore, in the case of a
physiological environment, the thermodynamic stability constant is not applicable.
Hence, under physiological conditions another indicator, the conditional
thermodynamic stability constant, is introduced to predict the thermodynamic stability
of Ln complexes. For the use of Ln complexes at physiological pH 7.4, by considering
which level the ligand will be protonated at this pH, the relationship can be

demonstrated as Equation 1.10:

_ [LnL][HT]™
Ktherm_ [Ln3+][HnL] 110

In Table 1.3, the thermodynamic properties of several common Ln(III) ions and
representative chelators are presented. Complexes of the aminopolycarboxylate ligands
(EDTA, DPTA and DOTA) show good thermodynamic stability since the ligands are
hard donors. Moreover, less steric hindrance while encapsulating the Ln ion also plays
an important role in the nature of thermodynamic stability, despite the decresse in
entropy which originates from the flexible arms of ligands which are constrained by
complexation.

Table 1.3: Thermodynamic stability constants for examples of linear and macrocyclic ligands

with Ln(Ill) ions.

EDTA® DPTA® DOTA®®
La(1ll) 15.5 19.5 22.9
Eu(Ill) 17.3 22.5 23.5
Gd(lI1) 17.4 22.5 24.7
Th(I1l) 17.9 22.7 24.2
Lu(1ll) 19.9 22.4 25.4
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As shown in the first column of Table 1.3, the stability of EDTA-based Ln complexes
depends on the charge density of the corresponding Ln centre. This can be contributed
to the increase in electrostatic interaction between the Ln(Ill) and the ligand, resulting
from the changes in charge density across the Ln series. When it comes to the DTPA-
based complexes, the same trend of increased thermodynamic stability persists until the
stability reaches a maximum value at around Tb(III).

The DOTA-based Ln complexes generally possesses better thermodynamic stability
among the three ligands shown in Table 1.3. This can be rationalised by the fact that
the overall increase in thermodynamic stability of [Ln.DOTA] complexes results from
the pre-organised macrocyclic nature of DOTA ligands, which means less energy is

required to rearrange the ligand to forming the chelate for the Ln(III) ions.

1.8.2 Kinetic Stability

Kinetic stability is an important factor in evaluating the stability of complexes in
solution. Ln(III) ions are generally kinetically unstable, with exchange rates with water
around the order of 10° 5.9 Ln complexes with aminopolycarboxylate ligands have
been extensively studied, especially for Gd complexes, since they are used as MRI
contrast agents. The kinetic stability of Ln complexes depends on several factors such
the rigidity of ligand, pH in water and the temperature. The formation of Ln(III)
complexes with a flexible chain ligand such as EDTA is much faster than for
macrocyclic ligands like DOTA (structure of Ln.EDTA and Ln.DOTA is shown in
Figure 1.10). The formation of [Ln.EDTA] complexes consists of a rapid forming step
of an intermediate and a slow rearrangement step of the total structure.’® On contrary,

the complexation of DOTA-based (macrocyclic) Ln complexes involves a mechanism
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with three steps outlined below, which has been elucidated by potentiometry,
luminescence spectrometry and EXAFS. The first step is the fast formation of the
intermediate LnH>DOTA(H20)s by coordinating to the acetate arms outside the cavity.
Coordination to two nitrogen atoms and concerted proton transfer to two carboxylate
arms follow in the first slow rate determining step forming LnHDOTA(H2O)s. In the
third step, the Ln(IIl) ion moves into the ligand cavity and coordinates to the four
nitrogen atoms after a concerted rearrangement. Simultaneously, the last H atom is
removed, which is the second rate-determining step, to yield the final product
[Ln.DOTA]". In this step, the four nitrogen atoms and four oxygen atoms are finally
bound to the Ln(III) ion.”®"! It is worth noting that the local pH has an impact on the
formation rate of the complex. The pH of the mixture drops dramatically after the Ln
salt 1s added and continues to slowly decrease for 48 hours. After stirring for three to
four days, the pH of the mixture decreases gradually, remaining constant after 7 weeks.
Therefore, the complexation rate can be optimised for pH lower than 7 since it enables
the deprotonation of intermediate and avoids the formation of the Ln hydroxide
precipitates.

While investigating the kinetics of the formation of Ln complexes, it is also
importance to consider and study the dissociation of Ln complexes, which is influenced
by several competing factors: including precipitation of Ln hydroxide salt and
competition from other cations such as Zn(Il), Cu(Il). Transmetallation of linear
chelates with Zn(Il) or Cu(ll) in phosphate buffer has been found to be the most
significant for Gd.DTPA-BMA, followed by Gd.DTPA and then Gd.BOPTA.”>73
Moreover, the transmetallation rate of acyclic complexes such as [Gd.DTPA]*
correlates with the concentration of Zn(II) ion, which confirms the direct attack of the

complex by another cation.”* The structure of complexes was demonstrated in Figure
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1.7 and 1.10. On the other hand, for EDTA-based Ln complexes, the proton-involved
mechanism primarily dominates the dissociation process instead of being attacked
directly by competitive cations since all acetate arms are hindered resulting in the
inaccessibility to the cavity.”

Table 1.4: Kinetic stability constants (Kobs) and percentage release of Gd(I1l) in human

serum at pH 7.4 after 15 days.’337576

% Release in human
Contrast Agent kobs (s7%)
serum
Gd.DTPA (Magnevist®) 1.2x103 1.9
Gd.DTPA-BMA (Omniscan®) 2.0x 107 20
Gd.DO3A (Not clinically _
2.3x103 -
approved)
Gd.HP-DO3A (ProHance®) 6.3x 10° <0.1
Gd.DOTA (Dotarem®) 2.1x10° <0.1

It is shown in Table 1.4 that the Gd complexes of a macrocyclic ligand
(DO3A/DOTA) exhibit enhanced kinetic stability in comparison to those of an acyclic
ligand (DTPA). Briicher et al. reported the dominance of the transmetallation of Gd(III)
complexes under physiological conditions and the accelerated exchange rate of
[Gd.DTPA]* with Cu(Il) while endogenous anions are present such as citrate,
carbonate and phosphate.?®’” The transmetallation rate of [Gd.DOTA] is not affected
by the acid-catalysed dissociation at the level of physiological pH.”! The DOTA-based
complexes benefit from extra contribution of kinetic stability originating from the
macrocyclic effect of DOTA compared to acyclic chelates such as DTPA.

The kinetic stability of Gd-DO3A complexes has been thoroughly reviewed by Long

et al. They also reported that the kinetic stability of Gd(III) chelates depends
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substantially on the their appended arms, and the coordination number of the ligand
does not obviously affect the total kinetic stability.”® The reduction in kinetic inertness
of Gd(III) complexes is prevented by the strong coordination of pendant arm to the
Gd(III) centre due to the decrease in the number of coordination. It is worth noting that
the ligand backbone could be less strong by the alkylation of fourth position on the
cyclen nitrogen with a bulky group. This would hold the Gd(III) ion in a tighter cavity
position and increase the kinetic inertness of the chelates. The hydration state reduction

upon N-alkylation leads to enhanced steric hindrance in the ligand cavity.

1.9 General Platinum Properties

In this section, the general properties of platinum are introduced based on its physical
and chemical nature. There are six natural isotopes for platinum: °°Pt, 1°2Pt, 194Pt, 19°Pt,
196pt, and '?®Pt with the most abundant one being *>Pt, which makes up 33.83% of total
Pt abundance as shown in Table 1.5.

Table 1.5: Natural platinum isotopes and nuclear spin quantum number

Isotopes Natural Abundance Nuclear Spin Quantum Number (1)
190pt 0.01% =0
192pt 0.078% =0
194pt 32.9% =0
195pt 33.8% 1=1/2
196pt 25.3% =0
198pt 7.21% =0

Furthermore, %Pt is the only Pt isotope with NMR activity as shown in Table 1.2

due to its nuclear spin quantum number I = 7. Since all other isotopes of Platinum have
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zero nuclear spin quantum number, the NMR spectroscopy of '*°Pt is of wide and
effective use both in direct observation of '*>Pt resonance and of the “satellites” of '*Pt.
It 1s worth noting that the term of “Pt satellites” is defined to describe the NMR
resonance of a nucleus coupled to 3Pt which splits into a symmetrical doublet around
the central resonance which results from species with all the other Pt isotopes.
Relatively, the ratio of intensities of the NMR resonances is roughly 1:4:1 as shown in

Figure 1.11.7980

J(195Pt-H)

1/6 2/3 1/6

Figure 1.11: A demonstration of '’ Pt — 'H satellites.

1.10 Coordination chemistry of platinum complexes

The coordination-related properties of platinum complexes based on the oxidation
states of Pt are introduced in this section. The most common oxidation states for Pt are
+2 and +4, though platinum can exhibit in oxidation states from 0 to +6.78! It is worth
noting that the +1 and +3 oxidation states of Pt generally exist in molecules with M—M

bonds. The +2 oxidation state strongly favours square-planar geometry, with a
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coordination number of four. The +4 oxidation state of Pt typically is found in
octahedral systems with a coordination number of six. Figure 1.12 shows the splitting

of the d-orbitals for Pt(II) and Pt(IV) together with their electronic configurations with

strong field ligands.
—_ dx2- dyz
dz2 dx2-dy2
—H— dxy
t
_H_ ” ” T dy dy. dy,
dz2
tH t
! T d,d,
Pt(ll) d® Pt(IV) d®

Figure 1.12: Splitting of the d-orbitals in crystal fields of square-planner (Pt(Il), d°) and

octahedral (Pt(IV), d°) symmetries. The electrons are configured in a strong ligand field.

Pt(II) is recognised as a “soft” acid, according to the Pearson’s “soft/hard” acid/base
theory, which means it is easy to be polarized and prone to form complexes with “soft”
bases.??# Stable Pt(II) complexes are usually formed with “soft” ligands with S or P
donors and ligands which enables n-bonding such as alkynes, alkenes, NO>" and CN".
The stability of halide complexes with Pt(II) rank in the or Pt(Il) also shows high
affinity for some O-donor ligands such as acetates, phenoxides diketonates and
carboxylates while it generally shows low affinity for “hard” (F and O) ligands.?*
Platinum(IV) with +4 oxidation state possesses a d® electronic configuration, and the

coordination number of Pt(IV) is 6 with octahedral geometry.?* Pt(IV) complexes are
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low-spin because the splitting of d-orbitals is large thus with a large stabilisation energy
of the crystal field. Based on previously introduced “hard/soft” acid/base theory, Pt(IV)
is also regarded as a “soft” acid. However, it is much “harder” compared to Pt(Il).
Moreover, Pt(IV) complexes are generally more kinetically inert and more thermally

stable than Pt(II) complexes.”

1.11 Trans effect

In this section, the concept of trans effect is introduced, which is important for the
discussion of Pt complexes. The trans effect is a kinetic effect which is first
systematically discussed by Chernyaev in the 1920s in the discussion of the
coordination chemistry of metals, especially for Pt(Il) and Pt(IV). It can be defined as
the effect of which, in a metal complex, a ligand influences the rate of substitution
reaction of a leaving group at the opposite position.®> It is worth noting that this
influence to the trans groups is larger than to the adjacent groups, or cis groups. The
trans effect is a kinetic effect defined only in the substitution reaction, which is regarded
as related to the corresponding transition state and the ground state. Substitution
reactions of platinum complexes with square-planar geometry do not always produce
the thermodynamically preferred isomer. As follows, the empirical series comparing
the trans effect are presented based on the kinetics of substitution reactions for a range

of ligands 34-%6;

CO, CN-, C:H4> PR3, H > CH3™ > RS> CsHs~, NO>™, I" > SCN™ > Br- > Cl” >
pyridine > NH3; > OH™ > H,0
The trans effect can be attributed to the combination of o-bonding and n-bonding
effects.®® For ligand with strong o-donor effect, such as PR3 and H™, they are capable
to contribute a high electron density to the metal centre and thus weaken the chemical
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bond for the trans group. On the other hand, ligands such as CO and CN™ can provide
empty orbitals which has strong m-acceptor effect and draws the electron density from
the metal ion to them, which makes the frans ligand electron-deficient and allows
nucleophiles to attack the trans group.

The trans-influence can be investigated through the measurements of coupling
constants by NMR spectroscopy, vibrational strength by IR spectroscopy and

lengthening of bonds determined by X- ray diffraction.33-8

1.12 Cisplatin and its mechanism of action

In 1968, Dr B. Rosenberg accidently discovered the anticancer activity of cisplatin (cis-
[PtCl2(NH3).], also known as CDDP).87:# Clinical trials quickly showed its anticancer
effectiveness towards solid tumours. In 1978, cisplatin was approved by the FDA for
clinical use in metastatic testicular cancer and ovarian cancer.®® Later, it was approved
for other cancers such as transitional bladder cancer, lung cancer, lymphomas,
myelomas and melanoma. Nowadays, it is widely and routinely applied worldwide,
together with a series of additional drugs.*!

Since the hydrolysis of the Cl is suppressed by the high concentration of CI in the
blood stream, the cisplatin stays as the neutral form after it is administered in a saline
solution via blood perfusion. The cellular uptake of cisplatin takes place via passive
and active transport (partly via copper transporters).”? After the cisplatin enters a cell,

where the concentration of CI is significantly lower, the aquation of cisplatin takes

place which leads to the DNA binding as shown in Figure 1.13.
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Figure 1.13: Cellular uptake, aquation and inactivation pathways of cisplatin. Image adopted

from that in reference 86.

Nuclear DNA is the main target of cisplatin, and cisplatin can bind to two adjacent
nucleobases on DNA and form intra- and inter-strand crosslinks. The majorities of
crosslinks are 1,2-GpG intra-strand which accounts for 60-65% of the total amount and
1,2-ApG intrastrand takes up another 20-25%. The rest of crosslinks are the 1,3-GpXpG
intrastrand which features another base between the two platinated guanines, the G-G
interstrand and monofunctional adducts.®*87 The structure of the DNA is damaged by
the formation of the 1,2-intrastrand crosslinks, which disables the replication and
transcription of the DNA. Furthermore, several nuclear proteins such as High Mobility

Group-domain (HMG) proteins can recognise the platinum-DNA lesions. Upon binding
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with those proteins, nucleotide excision repair is hindered, and subsequently this leads
to cell death.”? The structure of the DNA-cisplatin adducts are illustrated in Figure 1.14.

There are also other pathways that lead to the cytotoxicity of cisplatin. For example,
cisplatin can increase the levels of reactive oxygen species (ROS), which originate from
the reaction of cisplatin with -SH (thiol) containing molecules. This maintains the redox
homeostasis within the cell.®* Moreover, cisplatin can block the Thioredoxin Reductase
(TrxR) enzyme, which is responsible for the reduction of disulfide bonds. TrxR is also
able to alter the mitochondrial functioning and cause NADPH depletion, which thus

increases in the levels of OH- and O, species.”

1,2-GpG HaN
60%-65% ‘g

20%-25%
intrastrand crosslink  HsN"

NH3 intrastrand crosslink

Pt-dGG HsN,, »
interstrand crosslink Pt

H3N/

/°/unll||NH3 1,3'GpoG

intrastrand crosslink
NH3

Figure 1.14: The common Cisplatin-DNA adducts formed.

45



1.13 The limitations of cisplatin and the development

of second and third generation Pt(II) anticancer drugs

In this section, the further discussion of cisplatin is presented with its drawbacks and
the improvements made to develop later generations of Pt(Il)-based anticancer drugs.
First, despite the clinical success of cisplatin, it possesses several flaws. The first and
main one is the development of resistance, which can be either inherent or acquired.
The inherent resistance of cisplatin results from the intrinsic genetic instability,
specifically, the spontaneous mutations during cell division. The acquired resistance of
cisplatin can originate from the exposure to the chemotherapeutic agent.”

Moreover, some serious side-effects can be produced by using cisplatin such as
nausea, nephrotoxicity, vomiting, renal toxicity, asthenia and hair loss.”® Furthermore,
cisplatin is relatively inconvenient to be administered: it is given intravenously instead
of orally.”® Essentially, the therapeutic effect of cisplatin is therefore limited which
makes it necessary for the study of alternative drugs.

Alternative strategies for the development of new generation of Pt drugs have also
been extensively researched from which the second and the third generation of Pt
anticancer drugs were developed, by modifying the leaving group (Cl) and changing
the ammines, respectively. Among the newer generations of Pt complexes, as shown in
Figure 1.15, oxaliplatin, carboplatin, lobaplatin, nedaplatin, and heptaplatin have been
approved clinically. The former two have been used worldwide, and the latter three
have been used in Asia.®” Carboplatin can be used for similar cancers as cisplatin with
fewer side-effects, while oxaliplatin has been applied on different series of cancers with
the major focus on colorectal cancer.?” However, there are still some disadvantages for

these Pt-based drugs, in which the majority are serious dose-limiting side-effects and
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the development of resistance.”® There are several other approaches to overcome the
drawbacks of Pt(II)-related drugs such as targeting delivery to increase drugs that reach
cancer cells, improving combination therapy and developing new drugs without cross-

resistance.®

0
0
HaN H N
M, \\\\\CI N2\ o 0 HiNy,, .~°‘\\ \\\\\\\
o Pt
N\ v NNy
H,N (of N o o
X o
Cisplatin Oxaliplatin Carboplatin
0
NH, o NH
[e) 2 O
\ / o) NH,
o
/Pt\ I \Pt/ >_<o \Pt/
N
0 0 ~ 7/ Yo
NH, © \NH3 NH,
o
Lobaplatin Nedaplatin Heptaplatin

Figure 1.15: Pt(ll)-anticancer drugs approved for clinical use.

1.14 Pt(IV) Prodrugs

The concept of prodrugs is important in the development of drugs, especially cancer-
related drugs, it is a “derivative of a drug that is metabolized or activated in the body to
release or generate the active drug, ideally at the target site of specific position”.”
Prodrugs can be introduced to overcome several potential limitations of Pt(II)
anticancer drugs: low permeability or lipophilicity, weak aqueous solubility, chemical
instability, requirement for intravenous administration, limited membrane absorption,
lack of site-specificity and over-rapid excretion.!? There are two main pathways for
developing prodrugs for cancer chemotherapy. The first aspect is cancer targeting
which can result in increased permeability and accumulation of drugs. For example, the

1

drugs can be targeted through conjugation of drugs with antibodies,'°! or polymeric
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cancer cell targeting peptide carriers.!?>-1% The second one is that the release of drug
molecules is controlled towards the tumour site, such as the hypoxia-mediated

release/immunotoxins, enzymatic cleavage and acid-promoted liberation.”

R
|
L///// Leaving Group Ligands
Vi, \\\\\\ * reaction kinetics
“pt * toxicity profile
/ * lipophilicity
’ e solubility
L
|
R

Figure 1.16: The generalised structure of platinum (IV) prodrugs adapted from

referencel 04."%

Pt(IV)-based drugs are recognised as an important type of prodrugs, which are a
useful alternative to Pt(Il) drugs to reduce treatment side-effects. The Pt(IV) prodrugs
feature these advantages since they can enter the cells as Pt(IV) complexes before they
are reduced to Pt(II) complexes where substitution reactions can then take place.'%6107

Pt(IV) complexes are relatively kinetically inert compared to Pt(II) ones. Therefore,
they are excellent prodrugs for Pt(II) complexes as they could avoid undergoing
reactions on the way to the target area and feature a higher therapeutic index.!% Two
additional ligands of Pt(IV) complexes compared to Pt(Il) counterparts enables the

modification of a range of important chemical properties of Pt(II) drugs such as the

aqueous solubility, lipophilicity, and reduction potential. Additionally, it can be used in
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combination with other approaches such as nanoparticles and peptides to incorporate
additional desirable properties. Moreover, biologically active axial ligands can be
released in the target cell upon reduction.”?

There have been four Pt(IV) drugs entering clinical trials: iproplatin, tetraplatin,
satraplatin and LA-12 as shown in Figure 1.17. Iproplatin and tetraplatin have been
abandoned due to the weak cytotoxicity compared to cisplatin of the former and the

over-toxicity of the latter. Satraplatin is currently under clinical trials for the purpose of

108 109

combination therapy,'”® and LA-12 is now in phase I of clinical trials.

o HN_ ©Q

OH H )k \P!/CI
>—le/1 W \ |/ \ |/ H,N

(0]
ST T <:>_/|\ T

Iproplatin Tetraplatin Satraplatin LA-12

Figure 1.17: Pt(IV) complexes that have entered clinical trials.

1.15 Ln-Pt Theranostic Complexes

Theranostic agents combine diagnostic and therapeutic properties within the same unit
(particle or molecule) and allow direct monitoring of drugs in the body, yielding
information on drug location, safety and efficiency. The development of theranostic
agents and their application in drug delivery is a rapidly emerging field and is an
important step toward more personalized medicine.

In this thesis, I mainly focus on Pt-Ln molecular theranostic agents. There are already
several example in literature exploiting Pt-Ln theranostic agents. In 2003, Z.

Pikramenou reported a hairpin-shaped Ln-Pt> luminescent complex which binds to
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DNA.'!"0 The structure of the complex is shown in Figure 1.18, where the Ln(III) ion is
bound to a DTPA-type ligand with two thiol arms. The Pt(II) terpyridyl moieties that
are established as DNA intercalators are linked to the Ln-DTPA via the aromatic
thiolates. The synthetic approach of the Ln-Pt> is a one-pot reaction between the DTPA
ligand, LnCl3 and Pt terpyridine in a 1: 1: 2 ratio. The Eu emission of the Eu-Pt; was
quenched due to the overlap of the charge transfer absorption and its spectral region,
while the Nd-Pt> complex shows characteristic NIR emission of Nd(III). The DNA
recognition is detected by linear dichroism. In 2009, L.M. Rendina presented that the
Gd version of the hairpin molecule that Pikramenou reported can effectively target the
nuclei of tumour cell.!'! The cellular uptake study showed that the Gd-Pt, complex can
accumulate in tumour cells by one order of magnitude higher than that of human
endothelial cells. Intracellularly, the Gd-Pt, complex is found to accumulate in nuclei

as a result of its propensity to bind to DNA.

Figure 1.18: Structure of hairpin-shaped Ln>-Pt complex.

There have been increasing examples of Pt-Ln theranostic agents during the past
decade. For example, both Z. Guo and A.K.Patra reported modified hairpin-shaped Ln-
Pt; complexes in 2014 and 2017 respectively.!'>!!? In both of their molecules the Ln(III)
ions stay in the DTPA-type cage, and the Pt fragments are linked to the Ln part via
pyridine or quinoline. Guo found the Gd-Pt; has comparable cytotoxicity with cisplatin

at high concentration (= 0.1 mM) and its proton relaxivity is higher than that of the
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commercial MRI contrast agent Gd-DTPA. Therefore, he defined the Gd-Pt> complexes
as promising theranostic agents. The Eu-Pt, and Tb-Pt> complexes that Patra reported
were found to be stable in aqueous media by ESI-MS and time-dependent UV-vis traces.

Cell uptake studies using confocal microscopy showed that the complexes ultimately
(J
= o
0]
O‘. Cl N XN l H
; NH
/N H NS
N N\ | N 0
N A

localise in nuclei.

Figure 1.19: Structure of water soluble cyclometalated Ln-Pt conjugates.

In 2015, Pope reported a water soluble cyclometalated Ln-Pt conjugate, whose
structure 1s shown in Figure 1.19, which shows visible luminescence and enhanced
water relaxivity.''* The confocal fluorescence microscopy reveals that the complex is
poorly taken up by MCF7 cancer cells. In the same year, Wong reported a water-soluble
light-responsive antitumor agent as shown in Figure 1.20. The Pt (II) moiety is found
to quench the Ln emission. The excitation energy absorbed by the antenna chromophore
is channelled mostly via intersystem charge transfer to the dissociative states of Pt and
no Eu emission is detected. The dissociation of the Pt fragment can be further
understood by a paper presented by P. Sadler in which the two-photon induced
dissociative Pt complex has similar structure.!'> The change of Eu emission enables a
real-time monitoring of cisplatin release in an off-on manner. The Gd version of this

compound was reported later in 2017, which therefore has MRI or fluorescence imaging
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properties depending on the choice of lanthanide. '
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Figure 1.20: Schematic illustration of the photo-induced cleavage of the Eu-Pt complexes.

1.16 Project aims

This work explores the preparation of kinetically stable Ln-Pt complexes in which the
lanthanide moiety is based on the DO3A structure and is employed as an emissive/MR-
active probe. The platinum moiety is a therapeutic building block with potential anti-
cancer activity, with access to different oxidation states. The following chapters discuss
the synthesis of the Ln-Pt conjugates, including photoactivatable complexes and
“switch-on” luminescent Ln-Pt(IV) complexes. The characterisation of the properties
of these compounds, and the relaxivity behavior and cellular penetration properties of

the Gd complexes are discussed in detail.
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Chapter 2: Copper(I) Catalysed Click

Reaction of Ln-Pt Complexes

2.1 Introduction

2.1.1 Click chemistry

In 2001, the concept of “click chemistry” was first introduced by Kolb, Finn and
Sharpless.! This term was expected to include all those synthetic approaches that could
be used in both small- and large scale reactions in which the starting substrates are
selective for each other. Thus, the synthesis of compound can be simplified, and the
drug discovery process could be accelerated. The authors also outlined a number of
criteria that the click chemistry should meet including high yields, modularity,
regiospecificity and stereospecificity, wide scope, inoffensive by-product, simplicity of

performing and ease of removing solvents.

2.1.2 Copper-catalysed alkyne azide click reaction

There are several chemical reactions that are identified as click reactions: nucleophilic
ring opening reactions, Diels-Alder reactions, the addition to carbon-carbon multiple
bonds and cycloaddition reactions. Among these click reactions, the cycloaddition of
alkynes with azides is the most widespread example. The syntheses of compounds
containing alkyne and azide groups are relatively easy to perform and stable towards a
range of different chemical conditions. Moreover, most common organic groups do not

interact with azide or alkyne functional groups in mild conditions. In particular, the
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alkyne and azide cycloaddition catalysed by a copper(I) catalyst which forms1,2,3-
triazoles 1s the most heavily explored click reaction. Since its report by Sharpless,
Folkin and Meldal, it has been successfully applied in bioconjugation, materials science
and drug discovery.>* The Cu(l) catalysed alkyne-azide cycloaddition (CuAAC)
reaction has demonstrated several advantages as there is no protecting group required,
the reaction yield is excellent, and the reaction is compatible with water and a lot of
organic solvents used in organic chemistry. An extra advantage of using Cu(l) catalyst

is that it forms stereospecific products compared to the uncatalysed reaction.
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Figure 2.1: The copper(l) catalysed cycloaddition of alkynes and azides (Right); Non-catalysed
alkyne-azide cycloaddition with non-stereoselectivity (Left).

2.1.3 Lanthanide complexes undergoing CuAAC reactions

a. Lanthanide complexes with appended alkyne groups

The first example that used lanthanide complexes in a CuAAc reaction was published
by Hulme in 2006. The coupling between the Eu(IIl) DOTA-derived complex and the
azide containing antenna group was conducted in presence of micromolar amount of

Cu(I), which resulted in a dramatic enhancement of Eu(III) luminescence.’

= 9
S 0 \ Cu()
\37/»: ‘ NN O - >
ZIaN A
/ NH o)
0

S

Figure 2.2: lllustration of the first alkyne-appended lanthanide complex that underwent
CuAAC reaction.
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In 2009, Lowe and Faulkner exploited the use of a heptadentate DO3A ligand
containing a propargyl arm in CuAAC reactions. The propargyl-appended lanthanide
complexes were used as synthetic substrates to couple with the azide-containing
molecules via the CuAAC reaction. Upon the click reaction, the coordination
environment of the lanthanide ions can be dramatically changed as the resulting triazole
group was able to coordinate to the lanthanide centre. These changes can be observed
by 'H NMR and luminescence spectra.®’ A later example of a click reaction between
propargyl-appended lanthanide complexes and azide appended ferrocene resulted in a
redox-active d-f dyad whose luminescence can be reversibly switched by changing the

oxidation state of the ferrocene chromophore.®
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Figure 2.3: lllustration of examples of alkyne appended lanthanide DO3A complex that
underwent CuAAC reactions.

b. Lanthanide complexes containing azide groups

While CuAAC reactions have been widely exploited with alkyne-appended DO3A-like
complexes for the formation of multimetallic, bioconjugates and multimodal imaging
agents” 3, there are fewer examples of using the azide-containing lanthanide

complexes as the Cu(l) click-reaction precursors. Faulkner and co-workers have
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presented an example where the azidophenacyl DO3A lanthanide complexes and the
propargyl DO3A lanthanide complex act as effective substrates for Cu(I) click reaction
resulting in aryl-triazole-appended bimetallic complexes, in which the carbonyl oxygen
allows the phenacyl moiety to directly coordinate to the metal centre, which reduces
the quenching effect from the surrounding water molecules. The coordination of the
carbonyl oxygen also facilitates the efficiency of energy transfer from chromophore to
the metal centre, which results in a better sensitising effect of the lanthanide emission.
The resulting aryl triazole acts as the sensitising chromophore which mediates

lanthanide luminescence.!.

o H/(‘)\,'O 0. H/I,\/O HOLO 0
° \/\N7 . °=<_\wa 0=<_ N7

L= Cuso,

N--'Ln'--N—\ : J\
k/N\/\O/ Na 4/,:3‘\) \\ sodium_ /N\/ \JX Ln N—>=
o\g) 0'\") ascorbic K/N\\n/)

Figure 2.4: lllustration of CudAC click chemistry reaction applied to azide—appended
lanthanide DO3A complex.

2.2 The Design of the Ln-Pt complex

In this work, novel lanthanide-platinum complexes were designed based on two main
building blocks: azidophenacyl-DO3A and alkyne-appended malonate. The
azidophenacyl-DO3A moiety provides an octadentate binding site for the lanthanide
ion and an antenna for sensitising the emission of lanthanide, while the malonic acid
group can act as a ligand to the platinum. After coordination to the malonate ligand, the
platinum(II) centre can be oxidised by H>O: to platinum(IV). Figure 2.5 shows the
structure of the designed Ln-Pt complexes, the azidophenacyl-DO3A lanthanide and

the alkyne appended malonate were linked by Cu(l) catalysed azide-alkyne
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cycloaddition reaction.

O 7 N
SN N
o \_|||/
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P/t/o ©
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HaN

Figure 2.5: Chemical structure of the designed Ln-Pt complex, where the lanthanide is

coordinated to the phenacyl-DO3A ligand and the platinum is bound to the malonate ligand.

2.2.1 Malonate platinum complexes

Malonate platinum complexes and their derivatives have a similar structure to
carboplatin. Carboplatin is recognised as the next generation of platinum anticancer
drug after cisplatin.!> It was designed to overcome the drawbacks of cisplatin,
especially toxicity. The lower toxicity of carboplatin can be attributed to the inclusion
of the 1,1-cyclobutyldicaboxylate moiety as a leaving ligand which promotes both the

stability and aqueous solubility of carboplatin in comparison with cisplatin.

HaN | o HaN
/
HsN O H3N
carboplatin malonate platinum

Figure 2.7: lllustration of the structure of carboplatin and malonate platinum complexes

indicating leaving and non-leaving groups.
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Similar to carboplatin, the malonate group coordinates to the platinum atom through
a six-membered ring and acts as a leaving group when the platinum centre binds to
DNA, while the amine groups act as non-leaving groups and remain attached following
DNA binding. It is well-recognised that the nature of the leaving ligand plays an
important role in determining the toxicity and side-effects of a platinum drug, because
the leaving capability of different leaving ligands from the binding platinum atom can
remarkably influence the biodistribution of the drugs in vivo. The bidentate anionic
leaving groups like the malonate group hydrolyse slower than labile anionic leaving
groups such as chloride from cisplatin, leading to increased stability of the platinum
complexes in blood. Additionally, dicarboxylate platinum complexes are typically more
water-soluble. Thus, they are less toxic because they can be excreted via kidney
efficiently. However, their anti-tumour abilities can be reduced as their cytotoxicity and
tissue penetration ability are weaker.!®

There are some examples of previous malonate platinum complexes and their
derivatives as anticancer drugs that have been reported. The modifications on the
malonate ligand will be discussed in Section 2.2.1.1, while modifications focused on

altering the axial position of the platinum will be discussed in Section 2.2.1.2.
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2.2.1.1. Examples of modification on the malonate ligand

g
Peptide
)

HaN o OH

AN
HaN ° OH /N

NH

OH
o

Figure 2.8: lllustration of some examples of malonate platinum derivatives. (a) alternation of
the lipophilic properties by adding two hydroxymethyl groups, (b) attaching ferrocene group to
form the Pt-Fe bimetallic complexes; (c) peptide functionalisation of the complex via CuAAC

reaction, (d) conjugation with other drug molecule to achieve higher selectivity.

As shown in Figure 2.8 (a), two hydroxymethyl groups were adding to the malonate
ligand which changed the kinetic reactivity and DNA-binding rate of the complex,
ultimately leading to higher anti-cancer efficacy.!”!8 In 1992 D. Gibson and co-workers
attached ferrocene to the malonate complexes which result in a series of Pt-Fe
bimetallic complexes, structure was demonstrated in Figure 2.8 (b). The metallocene
was shown to navigate the drug almost entirely to the liver and the spleen, but had only
negligible antitumor activity.!® As shown in Figure 2.8 (¢), A.J. Mieszawaska and co-
workers reported an alkyne-appended malonate platinum complexes in which the
alkyne had undergone a CuAAC reaction with a nuclear localization sequence peptide
to improve the drug localisation into the cell’s nucleus.?’ C.J. Marmion etc. tethered the

first FDA-approved histone deacetylases inhibitors: suberoylanilide hydroxamic
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acid(SAHA) with the malonate platinum which enhance the selectivity of the drug to

cancer cells, the structure of the complex is shown in Figure 2.8 (d).?!

2.2.1.2. Modification on axial position of the platinum

B.K. Keppler and co-workers synthesised a series of malonate platinum(IV) complexes
by replacing the axial hydroxide groups with carboxylate groups including both
symmetric and asymmetric axial ligands. They also evaluated their antiproliferative
potency in various human cancer cell lines, the malonate platinum(IV) complexes

investigated are shown in Figure2.9.22-24

OR4 NHR;
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Figure 2.9: Examples of axial modifications of malonate platinum(IV) complexes from B.K.
Keppler's work. R;= Me, Et, Pr, Bu, Py, MeO(CH,),; R.= Pr, Cyclopentyl; R3;= Pr, Bu, Pentyl,
Hexyl; Ry= Me, Et, Pr, Bu, Pentyl, Hexyl, Octyl, 'Pr.

2.3 Synthesis and Characterisation

The Cu(I)-catalysed click reaction between azidophenacyl DO3A Ln complexes and
propargyl-appended diethyl malonate yielded the triazolophenacylDO3A Ln
complexes with the malonate bidentate ligand which can bind to the Pt, the reaction

scheme is shown in Figure 2.16.
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2.3.1 Synthesis of azidophenacylDO3A Ln complexes

Figure 2.10 depicts the general synthetic pathway for the formation of
azidophenacylbromide (compound 2.1). It was synthesised from 4’-
aminoacetophenone, the primary aromatic amine underwent nitrosation with nitrous
acid which was generated in sifu from sodium nitrite and hydrochloric acid. The
diazotization reaction occurred through reaction with sodium azide. The crude product
was extracted with ethyl acetate. The reaction went to completion with a high yield, as
a result of the electron-withdrawing acetyl substituent. The product, azido-
acetophenone, was obtained after washing with cold hexane. The brominated
compound 2.1 was obtained by using 2 equivalents of p-toluenesulfonic acid and N-
bromosuccinimide in acetonitrile with heating to reflux. This method was adopted from
a bromination procedure reported by Chang in 2002.2° The crude product was purified
by using flash column chromatography on silica gel with hexane and ethyl acetate. The
final product was kept in the dark at low temperature in case of photodecomposition.

(0] (0] (0]
Br

HCI, NaNO,, NaN, p-toluenesulfonic acid

b -
Y -

NBS, CH5CN, 82°C, 6h

EtOAc, H,0

NH, N3 N3

21
Figure 2.10: Synthetic pathway for formation of Azidophenacylbromide

The reaction between compound 2.1 and tert-butyl protected triester (compound 2.2)
was carried out in the presence of potassium carbonate and a nucleophilic catalyst (KI)
in acetonitrile at room temperature. After 16 hours the solid was removed by filtration,

and the solvent was removed by rotary evaporation, which resulted in crude protected
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ligand. The purification was achieved by the flash column chromatography on silica

gel. The deprotection of the tert-butyl protection group was carried out in

dichloromethane by treatment of trifluoroacetic acid at room temperature. The

deprotected ligand was dissolved in methanol with corresponding lanthanide triflate

salts with heating to 60 °C for 48 hours at pH 6. The methanol was removed, and the

product was dissolved in water. Sodium hydroxide solution was added dropwise to

remove excess of lanthanide ions, which were precipitated as Ln(OH); and removed by

centrifuging. The resulting complexes were characterised by 'H-NMR spectroscopy,

UV-Vis spectroscopy, and mass spectrometry.
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Figure 2.11: synthetic pathway for formation of AzidophenacylDO3A lanthanide complexes.

2.3.2 Characterisation of azidophenacylDO3A Ln complexes

Figure 2.12 illustrates the '"H NMR spectra of Yb.2.5 and Eu.2.5. The exchange of SAP
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and TSAP isomers is slow enough in both complexes so that the isomers can be clearly
distinguished. For Yb.2.5 complex, peaks between 80 - 140 ppm are assigned to typical
axial protons of SAP isomers while resonances around 50-14 ppm are assigned to axial
protons of TSAP isomer. In the case of Eu.2.5, the highly shifted resonances in the
region around 35-25 ppm are assigned to the axial protons of the SAP isomer. Signals
that indicate the presence of the TSAP isomer are also observed in the spectrum around

8-12 ppm.

Yb.2.5

(50 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -
f1 (ppm)

Eu.2.5

e |

40 35 30 25 20 15 10 5 0 -5 -0 -15 -20 -25 -30 -35
f1 (ppm)

Figure 2.12: 'H NMR of azidophenacylDO3A Yb/Eu Complexes

The UV-vis absorption spectra of the azidophenacylDO3A ligand 2.4 and its
lanthanide complexes Ln.2.5 were measured in H>O at 10 M. The spectra are shown

in Figure 2.13. The ligands exhibit a broad absorption band at 295 nm in aqueous
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solution which corresponds to the charge-transfer (CT) originating from the phenacyl
chromophore. Upon complexation, a bathochromic shift is observed in the absorption
spectrum. The Eu, Tb, Lu and Yb complexes all show absorption maxima at 320 nm.
This red shift of the CT signal indicates there is substantial interaction between the
carbonyl group on the azidophenacyl chromophore and lanthanide centre. The presence
of the electropositive lanthanide ion in the macrocyclic cavity facilitates the polarisation
of carbonyl group, while simultaneously stabilising the polar charge-transfer excited

states, thus decreasing their energy.

Lu.2.5

—Yb.2.5

Absorbance (a.u.)

I ! I ! I ! I ! I
250 300 350 400 450
Wavelength (nm)
Figure 2.13: Comparison of the UV-vis absorption spectra of azidophenacylDO3A Ln

Complexes (D:0, 107*M)

As shown in Figure 2.14, the luminescence spectroscopy of the Eu.2.5 complex
exhibited strong and characteristic Eu emission bands upon excitation in the

chromophore band, with the peaks at 580 nm, 592 nm, 616 nm, 653 nm, 688 nm and
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701 nm arising from the *Do-"Fy(J =0, 1, 2, 3, 4, 5) transition. The excitation spectrum
shows a relatively broad band which is extended to the visible region. By employing
two-photon excitation microscopy, it could be possible to use this molecule as an

imaging agent under sensitisation with a NIR light source.
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Figure 2.14: Top left: Excitation spectrum of Eu.2.5 (Aem = 615 nm, slit width 5nm), *313
nm is artefact; top right: emission spectrum of Eu2.5 (Lex = 357 nm, slit width 1 nm). Bottom
left: Excitation spectrum of Tb2.5 (Aem = 549 nm, slit width 5 nm), *273 nm is artefact,
bottom right: emission spectrum of Th.2.5, (Aex = 357 nm, slit width 1 nm). All of the spectra

were measured in water.

The lifetimes of Eu.2.5 in Ho O and D>O were measured. From lifetimes, the
hydration number g (the number of solvent molecules coordinated to the lanthanide

centre) was determined by employing modified Horrocks’ equation:
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q = A(ku—kp - B) (2.1)
where A4 and B are parameters specific for each lanthanide, respectively, Ag~= 1.2 ms
and Bg,= 0.25 ms™!.

Table 2.1: Tabulated luminescent lifetime of Eu2.5 and its corresponding hydration number q.

Complex TH20/MS Tp20/MS q

Eu.2.5 0.51 1.22 1.06

The hydration number g obtained for Eu.2.5 indicates that the complex is octadentate
species in solution, where the ketone actively participates in the coordination, and there

is only one water molecule coordinated in the axial position.

2.3.3 Synthesis of the propargyl appended diethyl malonate

Figure 2.15 depicts the synthetic approach to a propargyl diethyl malonate compound
2.6. Starting from diethyl malonate, the ethoxide ion from sodium ethoxide was used
to deprotonate the hydrogen atom from the diethyl malonate. Subsequently the enolate
ion underwent alkylation reaction with propargyl bromide which yielded in the
alkylated malonate ester. The crude product was obtained via the extraction between
water and dichloromethane as a yellow oil. The resulting crude product was then
purified by flash column chromatography on silica gel with ethyl acetate and petroleum
ether. The pure product was characterised by NMR spectroscopy and mass spectrometry.
The side product of this reaction was also purified by the flash column chromatography,
"H NMR and mass spectrometry indicated that small amount of bis-alkylated product

was formed from the reaction.
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Figure 2.15: synthetic pathway for formation of propargyl diethyl malonate (yield: 92%,).

2.3.4 The CuACC click reaction

The preparations of malonate-appended lanthanide complexes were achieved via
CuAAC click reactions. Compound 2.6, Ln.2.5, sodium ascorbate and copper sulphate
were dissolved in methanol. The Cu(Il) was reduced to the Cu(l) catalyst in situ by
sodium ascorbate. The conversion of the reaction was modest when using 1:1
equivalent of azide and alkyne. This issue could be rationalised by the bulky nature of
the azidophenacylDO3A precursor and the low reactivity of the azide group. Hence an
excess of alkyne was added, to drive the reaction to completion. The reaction was
conducted at 40°C, and HPLC was used to monitor the process of the reaction. About

90% of the lanthanide precursor Ln.2.5 was consumed after 48 hours.
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Figure 2.16: synthetic pathway for the CuAAC reaction between Ln.2.5 and compound 2.6 and
the following ester deprotection of the click product.
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Figure 2.17: '"H NMR spectra (DO, 400 MHz) of Lu.2.7 (bottom) and complex Lu.2.8, the

disappearance of the Hs and H7 indicate the deprotection of the malonic ester.

Reverse-phase HPLC was adopted to purify the targeted product Ln.2.7. This
purification was conducted on a HPLC C;g column, which successfully removed the
residue of alkyne precursors and catalytic copper source. Details of the HPLC method
can be found in the experimental methods section of this thesis. Briefly, acidic eluent
conditions were employed using a shallow H>O/MeOH gradient. The product was
collected by mass detection at [M+H]*. Re-injection of the product determined the

purity of the ligand by analytical HPLC. The diethyl malonate lanthanide complexes
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were then dissolved in water. 1 M sodium hydroxide solution was used to adjust the
solution to pH 12 until no longer changing, and the reaction mixture was stirred at room
temperature overnight which resulted in the cleavage of the ethyl groups. Purification
of the product was attempted with both reverse-phase HPLC and 500 MWCO cellulose
membrane. Both methods were found to be successful. Figure 2.17 shows the 'TH NMR

spectra of the Lu complexes before and after the deprotection of the ethyl groups.

2.3.5 The Pt coordination and oxidation

cis-[Pt(NH3)212] was synthesised by stirring potassium tetrachloroplatinate with 10
equivalents of potassium iodide in water for 30 minutes. To the resulting potassium
tetraiodide platinum complex, 2 equivalents of ammonium chloride was added to the
solution, replacing two of the cis iodides. After stirring in water at pH 10 for 2 hours,
the cis-[Pt(NH3).Io] was formed as an orange solid. Pure cis-[Pt(NH3):l2] was
recrystallized from DMF. Aquation of the cis-[Pt(NH3)2l2] in the presence of 2
equivalents of silver nitrate resulted in formation of silver iodide as a pale yellow
precipitate which was removed by filtration. The clear filtrate containing Pt.2.9 was

used directly in the next step.
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Figure 2.18: synthetic pathway for making the Ln-Pt complex 2.10 and the oxidisation of the
Pt(1l) centre using H>O-.

Pt.2.9 bound to the malonate appended lanthanide complexes Ln.2.8 yielded the
Ln.2.10 complexes. 1 equivalent of Ln.2.8 was added to the Pt.2.9 water solution. IM
sodium hydroxide solution was added dropwise to adjust the pH of the solution to 9,
and the resulting solution was stirred at room temperature for 24 hours. The reaction
was monitored by reverse-phase HPLC, and the product was also purified by
preparative HPLC using the same condition for isolating Ln.2.8 complexes. The pH of
the reaction turned out to be crucial for this reaction, basic sodium hydroxide was added
to deprotonate the proton of the malonic acid which could accelerate the binding
between the malonate and the platinum. However, the first attempt of this reaction in
pH 12 resulted in insoluble black solid which was believed to be metallic Pt(0). This
hypothesis was supported by a previous report that pH affects the interconversion
between Pt(I) and Pt(0).2¢ Later attempts of the reactions were all conducted at pH 9,
and stirred at room temperature for 24 hours.

The oxidisation of the Ln.2.10 complexes was achieved by stirring the purified Ln.2.10
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complexes in 5% of hydrogen peroxide solution. The resulting product was purified by

using reverse-phase HPLC, or 1000 MWCO cellulose membrane.

2.3.6 Photophysical characterisation of Eu-malonateDO3A-

Pt complexes

Figure 2.19 depicts the UV-vis spectra of Eu.2.8, Eu.2.10 and Eu.2.11 complexes in
H>O at 10* M. The Eu.2.8 complex exhibit a broad band at 280 nm in aqueous solution,
which can be attributed to the ILCT transition located on the phenacyl triazole moiety.
This shown a hypsochromic shift compared to the Eu.2.5 complex (320 nm as shown
in Figure 2.13). Both of the Eu-Pt(Il) (Eu.2.10) and Eu-Pt(IV) (Eu.2.11) complexes
exhibits a broad absorption band centred at 295 nm in aqueous solution which shows a
bathochromic shift compared to Eu.2.8. This can be rationalised by the bidentate
binding of the platinum to the malonate which results in the stabilisation of the charge-

transfer excited states of the chromophore.
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Figure 2.19: Top left: UV-vis absorption spectra of the Eu.2.8, Eu.2.10 and Eu.2.11; top right:
emission spectrum of Eu.2.8; bottom left: emission spectrum of Eu.2.10 (Eu-Pt(Il) complex),
bottom right: emission spectrum of Eu.2.11 (Eu-Pt(IV) complex). All of the spectra were

measured in water, lex = 357 nm, slit width Inm.

All of the peak shapes, especially the hypersensitive peaks of the three Eu complexes:
Eu.2.8, Eu.2.10 and Eu.2.11, are similar to each other. The AJ,/ AJ; ratio of the three
Eu complexes are 1.35, 1.35 and 1.33 respectively. This indicates both binding of the
Pt centre to the malonic ligand and the oxidation of the Pt barely affects the local
symmetry of the Eu ion. This can be explained by the long distance between the
lanthanide ion and the malonate bidentate ligand, which means modification on the

malonate does not affect the coordination environment of the lanthanide.
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2.3.7 'H and Pt NMR characterisation

Eu.2.8

35 30 25 20 15 10 5 0 5 .10 -15 20 -25 -
f1 (ppm)

Eu.10

0 35 30 25 20 15 10 5 0 5 10 -15 20 -25 -
f1 (ppm)

Eu.11

35 30 25 20 15 10 5 0 5 10 -15 20 -25 -

f1 (ppm)
Figure 2.20: The 'H NMR spectra (D:0, 400 MHz) of Eu2.8 (top), Eu.2.10 (Eu-Pt(Il), middle)

and Eu.2.11 (Eu-Pt(1V), bottom) complexes.

The '"H NMR spectra of the three Eu complexes are shown in Figure 2.20, in all the

three complexes, the exchanges of SAP and TSAP isomers were slow enough so that
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the isomers can be distinguished obviously. The highly shifted peaks in the region
around 35-25 ppm are assigned to the axial protons of the SAP isomers, while
resonances observed in the spectra around 10 ppm indicate the presence of the TSAP.
The chemical shifts of the SAP and TSAP peaks in the three Eu complexes are similar
to each other. In all the three complexes, the ratio of the integration between SAP/TSAP
isomers are all close to 1. The similarity of the chemical shifts and the same ratio of the
integration of SAP/TSAP protons indicate that the binding of the platinum(Il) and
platinum(IV) moieties does not affect the coordination environments of the europium
ions, which agrees with the luminescence results we discussed in the last section.

The 3Pt NMR spectra of the Ln-Pt complexes with different Pt oxidation state were
measured and shown in Figure 2.21. The chemical shifts of ' Pt are consistent with
Pt(II) and Pt(IV) oxidation states. The '°Pt chemical shift of cis-[Pt(NH3)2(H20))2]**
(complex Pt.2.9) was also measured as a reference to the Ln.2.10 complex. The '*°Pt
chemical shift of complex Pt.2.9 is at -1596 ppm, upon binding to the malonate ligand,
the '°Pt resonance shifted upfield dramatically to -2098 ppm. This results from the
replacement of the two neutral coordinated water molecules to the negative malonic
bidentate ligand, which lead to the higher electron density around the Pt centre, thus the
greater shielding effect. The Lu-Pt(IV) complex Lu.2.11 has a '>Pt signal at 1085 ppm.
Different lanthanide centres did not affect the chemical shift of the '*Pt NMR signal,
as the '°°Pt chemical shift of the Eu-Pt(IV) complex Eu.2.11 is 1084 ppm, which -
within error - is the same as for the Lu-Pt(IV) complex as shown in Figure 2.21 bottom
graph. This echoes with the luminescence and 'H NMR result of Eu —Pt(II/IV)
complexes discussed previously: the binding of the platinum and the oxidation states
of the bound Pt centre do not affect the Eu centre because of the long distance between

the Pt and the Ln. In this case, the paramagnetic Eu does not affect the '°>Pt resonance
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as well.
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Figure 2.21: The '’ Pt NMR spectra of Lu.2.10 (top), Pt.2.9 (middle) and Lu.2.11 (bottom)
Eu.2.11 (bottom inset) in D;O.
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2.4 Conclusion

This chapter described the synthesis and characterisation of a series of Ln-Pt bimetallic
complexes in which the lanthanide ion is coordinated by a DO3A octadentate
macrocyclic ligand with a pendent malonic arm, and the platinum is binding to the
malonate ligand. The malonate ligand was coupled to the DO3A moiety via the CuAAC
reaction. The advantages of using such an approach are the CuAAC reaction has been
intensively utilised in coupling functional building blocks together, and the synthesis
has proved to be straightforward. However, residual traces of copper ions from the
catalyst may lead to undesirable cytotoxic effects, which would be a drawback if we
want to apply these Ln-Pt complexes in vivo. Thus, effective ways of removing the
residual copper salt need to be further investigated before the biological application of
the complexes. Otherwise, alternative methods need to be applied to couple the
lanthanide and the platinum moieties to avoid using a copper catalyst, which we will
discuss in the following chapters. Other future work can involve modifying the axial
ligands of the Pt(IV) complexes, so that - for example -imaging probes or drug
molecules can be conjugated to the hydroxide group on the platinum to achieve multi-

modality imaging or multi- function therapy.
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Chapter 3: Photoactivatable Pt(IV) Triazole
Anticancer complexes and Copper-free

Click Reaction of Ln-Pt Complexes

3.1 Introduction

3.1.1 Photoactivatable anticancer drugs

Photoactivated chemotherapy (PACT) is a treatment involving photoactivatable drugs
which are non-toxic under dark conditions, and can be photoactivated with light
irradiation for medical applications. One of the advantages of PACT, compared to
conventional photodynamic therapy (PDT), is that there is no requirement for molecular
oxygen in order to instigate a photocytoxic effect. For solid tumours which are often
hypoxic (i.e. low oxygen levels) this is particularly relevant.

Transition metals have been studied as photoactivatable anticancer drugs, of which
Rh(IIT) and Ru(Il) have been some of the most exploited over recent years.'”” Under
440 nm light irradiation, the Rh(III) complexes with cyclometalated ligands can cause
DNA cleavage. Barton et al. reported a [Rh(bpy)2(chrysi)]>* complex with a bulky
cyclometalated chrysi ligand (5,6-chrysenequinone diamine) in 1999, and observed that
the Rh(IIT) complexes show selective binding towards DNA upon activation.! In 2009,
Sadler et al. presented the first case where a Ru(Il) complex can selectively lead to
photo-cleavage of a pyridine ligand upon visible-light irradiation, resulting in a reactive
species which can bind to nucleobases.’

Metal complexes containing Fe(II),%° Cu(I)!° and V(VI)!! were also explored as
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photoactive anticancer agents, some of which can be activated by visible and near-IR
light. Moreover, they are able to generate reactive oxygen species such as singlet
oxygen ('02) and enable the detection of photo-dissociation or DNA photo-binding
activities.

Luminescent Pt(II) complexes have been studied thoroughly for applications in cell
imaging due to their photophysical properties; and as photoactivated drugs because of
their photochemical properties. Most of the Pt(II) complexes studied for these purposes
are cyclometalated.!>"'* More recently, Pt(IV) prodrugs have been intensively studied
to reduce the side-effects of Pt(II) anti-cancer drugs, because as low-spin d¢ complexes
Pt(IV) complexes are more kinetically inert to substitution and require reduction to Pt(II)
before exerting a cytotoxic effect. One strategy is the development of photoactivatable
Pt(IV) complexes as anti-cancer prodrugs as they are relatively inert and non-toxic
under dark conditions, but can undergo controlled and localised reduction to generate
cytotoxic species. Bednarski et al. reported the first generation of photoactivatable
Pt(IV) anticancer drugs.'>!® As shown in Figure 3.1, the general formula of the diiodo
Pt(IV) complex is trans, cis-[Pt(X):212(en)], where en = ethylenediamine and X = Cl-,
OH-, acetate or methylsulfonate. The ethylenediamine bidentate ligand was chosen to
produce a “cis” geometry of non-leaving groups, since - by extrapolation from cisplatin
and transplatin - the frans-Pt(Il) was not thought to be able to form lethal intrastrand
DNA cross-links required for cytotoxic activity. It was advantageous to use the iodides
as the ligands due to its low energy ligand-to-metal charge-transfer (LMCT) transition
resulted from the fact that the iodide is a weak field ligand. For example, cis-
[Pt(OAc):12(en)] and trans, cis-[Pt(OH):12(en) ] had the UV-vis spectroscopic absorption
bands centred at A = 389 and 384 nm respectively, with a tail up to ca. 550 nm."

However, these complexes showed no significant difference between their dark and

87



light toxicities. This may be because they are too easily reduced by thiols in a cellular

environment.!>!7
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Figure 3.1: Photoactivatable diiodo Pt(IV) complexes.

The photochemical reduction of Pt(IV)-azido complexes was first reported by Vogler
et al., which presented that frans-[Pt(CN)4(N3):2]> was converted to [Pt(CN)4]* upon
irradiation with UV light (300 nm).!® Following this, Sadler and Bednarski et al.
developed and reported the second generation of photoactivatable Pt(IV) anticancer
prodrugs, Pt(IV) diazidodihydroxido complexes, containing azides instead of iodides
as the photo-cleavage groups.!®2¢ Both the cis and trans diazido diammine Pt(IV)
complexes as shown in Figure 3.2 (complex A and B) were studied and showed strong
LMCT bands around 250 and 290 nm with the absorption tails ending around 480 nm.
The initial UV-vis studies showed that the cis Complex A was activated slower than the
trans Complex B which could be rationalised by the UV-vis absorption band of
Complex B showing a 29 nm bathochromic shift compared to Complex A and the higher
extinction coefficient of Complex B. Furthermore, the cytotoxic study also showed
higher cytotoxicity for Complex B following photoactivation towards different human
cancer cells.

Complex C and Complex D were synthesised and investigated with the ammine
groups replaced by pyridine. Both complexes showed high stability in solution in the
dark. Upon irradiation with UVA (365 nm) or blue light (420 nm), these complexes

evolve azido radicals. Complex C and Complex D can be rapidly reduced to Pt(II)
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species upon irradiation to form Pt(II) - 5'-GMP adducts in the presence of 5'-GMP used

to mimic the binding of species to guanine in nucleic acids in aqueous solution.
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Figure 3.2: Photoactivatable diazido Pt(IV) complexes.

Further studies of the complexes were carried out using NMR spectroscopy,?’” EPR
spectroscopy?® and computational methods.?* Functionalisation of the prodrugs in the
axial position of the Pt* and replacing the pyridine with N-(heterocyclic) imine groups

was also investigated.3%3!

3.1.2 Copper-free azide-alkyne cycloadditions

Click chemistry has been expanded to develop Cu-free click reactions. It is
advantageous since it avoids the use of a cytotoxic Cu catalyst.’?> For example, the
strain-promoted azide-alkyne cycloaddition (SPAAC) reactions is a typical Cu-free
click reaction. These are used in various biorthogonal reactions for labelling
biomolecules,*? achieving bifunctional drugs*® and functionalising nanoparticles* etc.
There is a major difference between CuAAC and SPAAC reactions: the product
distribution. Normally for the Cu(I)-catalysed reactions resulting in asymmetrical
compounds, one of the products is favoured over the other, while in the case of the

SPAAC, both possible isomers are typically obtained (Figure 3.3).%°

89



- — R
R2 Au R1 1 \)/RZ
\ P‘
N R4
+ benzene \\N ~N
ﬁ
N
Na PPh;—Pt i N Au—R,
PPh;—Pt—N N—N
3 3 PPh3

PPh;
Figure 3.3: lllustration of a copper-free click reaction between Au(l) and Pt(ll) complexes,

rearrangement could happen between Pt and the N atoms from triazole groups.

A number of d-block metal azido complexes have been reported to undergo Cu-free
cycloaddition reactions with unsaturated compounds, such as Au(l), Ru(Il) and
Pt(IT).3¢#! Pt(IV) azido complexes were first reported for their Cu-free click reaction
with alkynes by our group in 2018.%? This research presented the study of the reactivity
of a series of electron-deficient alkynes and trans,trans,trans-[Pt(N3)2(OH)2(py)2].
Since azido groups on Pt(IV) are considerably less electron-rich than those on Pt(II),
the azido groups on Pt(IV) are considered to be likely to undergo cycloaddition with
electron-deficient acetylenes.** However, it was shown that reactions can take place in
mild conditions without a Cu catalyst using internal alkynes, producing both mono and
bis click products. Terminal alkynes (HC=CR) could undergo azide-acetylene ligand
exchange with metal azides, rather than 1,3-dipolar cycloaddition. This was also
reported by Pombeiro that cis-[Pt(N3)2(PPhsz):] reacts with phenylethyne to give trans-
[Pt(C=CPh),(PPhz),].4**

There are also some examples of lanthanide complexes that undergo SPAAC
reactions. Most of them are lanthanide complexes with an appended arm that contain a
strained alkyne such as dibenzylcyclo-octyne (DBCO), which undergoes click reactions

with azido functional groups to achieve coupling.*34¢
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3.1.3 Aim of this chapter

The previous chapter described using a CuAAC reaction to couple an azido-containing
lanthanide building block with an alkyne-containing building block that coordinates to
platinum moieties. However, the drawback of the CuA AC method is that the copper is
toxic in biological systems, and the presence of copper(l) could also lead to the
unexpected reduction of platinum(IV). Therefore, we investigated an alternative way to
link the lanthanide-containing and platinum-containing building blocks by using
strained alkynes which do not require a Cu catalyst for the click reaction to occur.
Following the synthetic success of the SPAAC reactions between trans,trans, trans-
[Pt(N3)2(OH)2(py)2] and the strained alkynes discussed previously, in this section we
extended the studies of SPAAC reactions of the Pt(IV) complex with another two
strained alkyne - 1,4-diphenyl-2-butyne-1,4-dione and 5,6,11,12-
tetradehydrodibenzo[a,e]- cyclooctene (Sondheimer diyne). We have not only studied
the synthesis and characterisation of the click products, but also investigated in their
photophysical and photochemical properties and their potential as photoactivatable
anticancer drugs. We then employed the SPAAC reaction of trans,trans,trans-
[Pt(N3)2(OH)2(py)2] and azidophenacylDO3A Ln complexes, to couple the lanthanide

and platinum moieties together under mild conditions.

3.2 Phenyl Click Platinum Complexes

3.2.1 Synthesis and purification

The reaction scheme of between trans,trans,trans-[Pt(N3)2(OH)2(py)2] (Complex 3.1)
and 1,4-diphenyl-2-butyne-1,4-dione (Complex 3.2) is illustrated in Figure 3.4. The

synthesis of Complex 3.1 followed the method that was previously reported in 2010.47
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We investigated various conditions of the SPAAC reactions including different solvents.
When the reaction was conducted in methanol it resulted in decomposition with
formation of a black Pt(0) precipitate, while in acetonitrile the reaction afforded
cycloaddition products. Thus, the solvent plays an important role in the cycloaddition
reaction. We also determined that adventitious residual H>O; contaminant in the 3.1
(remaining from the final synthesis step of this compound) has a significant effect on

the product formation, which will be discussed in detail in later sections.
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Figure 3.4: The reaction scheme of SPAAC reaction between 3.1 and 3.2.

Following the reaction scheme shown in Figure 3.4, Complex 3.1 and alkyne 3.2
were dissolved in acetonitrile. The reaction was stirred at 35°C for 48 h, after which the
solvent was removed by rotary evaporation, and the crude product was obtain as pale
yellow solid. The crude solid was purified by reverse-phase HPLC under neutral
conditions, as shown in Figure 3.5, the first fraction at tr = 0.66 min corresponding to
unreacted 3.1, the second fraction at tr = 4.01 min was the bis-nuclear species 3.5 in
which the two Pt moieties was linked by O-O bond, the third fraction at tr = 4.31 min

was the mono-nuclear complex 3.3. The residual H>O» of 3.1 from oxidation reaction
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was found to have a significant effect on the bis-nuclear product, the more H,O; present
in the starting materials 3.1 the more dimer is formed. When HPLC-purified 3.1 was
used for the reaction (which meant there was no residual H>O») there was only mono-
nuclear product was formed according to the HPLC and the '"H NMR spectra results.
Both the monomer and dimer products were collected by mass-directed HPLC. The
molecular weight of the dimer exceeded the detection limit of the HPLC mass
spectrometer (1250 m/z), both the monomer and dimer were collected as the same
fragmentation product [3.3 - OH]" at 688 m/z as shown in Figure3.6. We were initially
unaware of that 3.5 was a dinuclear species, until the X-ray crystallographic structure

was obtained (Figure 3.13), HRMS and NMR spectroscopic data helped to confirm the

structure.
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Figure 3.5: HPLC trace of crude mixture from reaction between complex 3.1 and 3.2 showing
product distribution. tr = 4.01 min (3.5, 8%), 4.31 min (complex 3.3a/3.3b, 73%).
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Figure 3.6: Extracted ESI-MS spectra of 3.5 and 3.3a/3.3b from the HPLC traces.

3.2.2 Characterisation of the monomer
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Figure 3.7: Analytical RP-HPLC trace of 3.3 showing co-elution of the two interconverting

isomers 3.3a and 3.3b.

After HPLC purification, the HPLC eluent of the collected fractions was removed by

freeze-drying. Although on re-injection for analytical HPLC the fraction of monomer
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eluted as a single peak (Figure 3.7), in d3-MeCN solution at 25 °C, the monomer existed
in dynamic equilibrium between two isomers in a 1:1 ratio. 'H and '*C NMR spectral
resonances of complexes 3.3a and 3.3b were fully characterised by 1D and 2D
(COSY/ROESY/HSQC/HMBC) spectroscopic techniques. Figure 3.8 illustrates the 'H
NMR of 3.3a/3.3b with full assignment. Figure 3.9 is the 'H-'>Pt HMBC NMR
spectroscopy of the 3.3a/3.3b in d3-MeCN, which revealed two distinct '*°Pt
environments, for 3.3a (689 ppm) and 3.3b (785 ppm) respectively. Addition of D>O
to the d3-MeCN NMR sample resulted in the loss of the 3.3b C-OH 'H NMR spectral
resonance at 4.93 ppm, as a result of proton/deuterium exchange. The equilibrium
species 3.3a/3.3b were stable in d3-MeCN (in the dark), for a period of at least 6 months.
Although in the HPLC mass spectrum, complex 3.3 was shown as [3.3 - OH]" (688.04

m/z), in HRMS, [3.3 + H]" (706.15 m/z) was observed (Figure 3.10).
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Figure 3.8: '"H NMR spectrum of complex 3.3a/3.3b with assignments.
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Figure 3.10: HRMS of complex 3.3 species [3.3+H]" (706.1484 m/z), mass error:0.1 ppm.

The crystals of 3.3b were grown by a Part II student — Sam Hare as yellow crystals,
by vapour diffusion of tetrahydropyran into a concentrated MeCN solution of HPLC-
purified 3.3. Single crystal X-ray crystallography revealed the structure of the mono-
click product (3.3b) which had cyclised via attack of the Pt-OH ligand at the PhCO

group to form a 5S-membered ring, the crystal structure was shown in Figure 3.11.
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Figure 3.11: X-Ray crystallographic structure of 3.3b with thermal ellipsoids display at 50%
probability. Pt-azido group naming convention; N15 = N,, N16= Ny and N17 = N,.

Both the azido (Pt-N4-Ng-N,) ligand angle and bond lengths are very similar to those
seen in the diazido precursor complex; (174.8(6)° in 3.3b vs 174.4(4)/175.3(4)° in
diazido Pt(IV) complex 3.1);*” and 1.218(6)/1.215(4), 1.218(5) A (Nu-Np) and
1.142(6)/1.139(4),1.146(5) A (Np-N,) in 3.3b and 3.1 respectively. The angle subtended
at Pt-No-Np is more acute for complex 3.3b (114.2(3)°) compared to complex 3.1
(118.0(3)°, 120.3(2)°). The Pt-N1 triazole bond length is 1.998(4) A, which, compared
to reported Pt(II) N1-coordinated 1,4-disubstituted triazole complexes with lengths of

2.149(2) A - 2.139(2) A, is indicative of relatively strong bonding.*®
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3.2.3 Purification and characterisation of the dimer 3.5

The HPLC-purified complex 3.5 was dried by lyophilisation. 3.5 was noticeably less
soluble than complex 3.3 in organic solvents (MeCN, MeOH). In mass-direct HPLC,
3.5 was collected as 688 m/z due to its molecular mass exceeding the detection limit, in

HRMS, [3.5 + Na]" (1465.26 m/z) was detected as shown in Figure 3.12 with the mass

error 0.73 ppm.
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Figure 3.12: HRMS of complex [3.5 +Na], 5.6 ppm error.
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Figure 3.13: X-Ray crystallographic OLEX2 structure of the peroxide dimer 3.5 with
thermal ellipsoids displayed at 50 %. fully labelled structure is given in Experimental section.

The X-ray crystal structure of 3.5 shows an O-O bond length of 1.475(8) A,
consistent with a bond order of 3.1*° and it also exhibits a COON-O009 (peroxide) bond
length of 1.432(8) A. The Pt-N azido (Pt-N29-N30-NO1F) ligand shows slightly greater
linearity (176.8(9)°) than is observed in the azido ligand(s) contained in both 3.3b and
3.1. The bond lengths within the azido ligand are very similar to 3.3b and to 3.1; 1.210(9)
A (N29-N30) and 1.147(9) A (N30-NO1F). The angle subtended at Pt-N29-N30
(116.0(5)°) is intermediate between that seen for complex 3.3b and complex 3.1, and
the Pt-N33 triazole bond length is 2.011(6) A, slightly elongated in comparison to
3.3b.%°

'H and "*C NMR spectral resonances of 3.5 were fully characterised by 1D and 2D
spectroscopic techniques. Figure 3.14 and Figure 3.15 illustrate the "H NMR and '3C

NMR spectra of the 3.5 with full assignment respectively. Although the determination
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of the resonances of the two pyridines are tentative. Most of the "H NMR spectroscopic
features resemble the monomer complex 3.3a/3.3b: the protons in the ortho positions
of the pyridine ligands are in chemical shifts around 9 ppm and have sharp '*>Pt NMR
satellites. A singlet was observed at 9.16 ppm in 3.5, which underwent exchange with
the residual water peak.This may correspond to protons of the associated/coordinated
H>0». Assignment of the '*C NMR spectra was aided HSQC and HMBC experiments.
Many features of the '*C NMR spectrum of 3.5 were similar to that of 3.3a/3.3b,
including the observation of a 2Jcp coupling of 43.8 Hz for one of the quaternary

triazole carbon resonances in 3.5 (150.5 ppm).

Figure 3.16 is the 'H-'"Pt HMBC NMR spectrum of 3.5 in d3-MeCN, the Pt NMR
resonance of 3.5 is at 776 ppm, while in the same solvent the monomers 3.3a/3.3b give
rise to two resonances at 689 ppm and 785 ppm respectively. This suggests that dynamic
exchange processes are similar to those seen for 3.3 do not occur in 3.5, consistent with
the carbonyl/hydroxyl group of the triazole ligand being part of the stable peroxide

bond.
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Figure 3.16: 'H-""’Pt HMBC NMR (proton at 500 MHz) spectrum of complex 3.5 in ds-MeCN.

UV-vis spectroscopy of 3.3a/3.3b was consistent with partial loss of a N3—Pt LMCT
band, with the Amax moving to shorter wavelengths, from 299.5 nm (complex 3.1) to
261.5 nm (complex 3.3) (Figure 3.17). The UV-vis absorption spectrum of complex 3.5

was broadly similar to the spectrum of 3.3a.
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Figure 3.17: Comparison of the UV-vis absorption spectra of complex 3.1, 3.3 and 3.5.

IR spectroscopy of a freshly prepared ds-MeOD sample of complex 3.3 showed a
sharp peak at 2048 cm' arising from the strong asymmetric N3 stretch. The IR
spectroscopy of 3.5 in d4-MeOD revealed a sharp peak at 2049 cm™!.This was slightly
weaker compared to the starting diazido complex 3.1 (2051 cm™, solid),>! but is similar
to the value reported for the cyclometallated mono triazole DMAD complex

trans, trans, trans-[Pt(N3)(CsHsN3O04)(OH)(py)2] (2047 cm™).4?
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3.2.4 Interconversation of 3.3 and 3.5 in solution

a. Conversion of 3.3a/3.3b to 4 in d,~~-MeOD

monomer
3.3a 3.3b 3.4

Figure 3.18: illustration of the conversion of complex 3.3a/3.3b to complex 3.4 in di-MeoD.

When the synthesis of 3.3a/3.3b was conducted in MeCN followed by solvent removal
and resuspension of solid 3.3a/3.3b in protic solvents, it did not result in decomposition.
Instead, 3.3a/3.3b underwent a conversion to a new complex (3.4) in d4s-MeOH (Figure
3.18). By the time *C, "H-*C HSQC and HMBC NMR spectral data had been acquired
for a freshly prepared solution of 3.3a/3.3b in ds-MeOH, partial conversion to 4 had
already begun. Complete conversion of 3.3a/3.3b to 3.4 was relatively slow, with 100%
conversion after 22 d ("H NMR spectroscopy, ds-MeOH, Figure 3.19). During this time,
the Pt NMR spectral resonances at 832 ppm (3.3a) and 784 ppm (3.3b) converged to

a single resonance at 824 ppm for 3.4 (ds-MeOH).
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Figure 3.19: Top: 'H NMR spectra of 3.3a/3.3b converting to 3.4 over 22 d (d;-MeOH) at 20
°C. Bottom: Conversion of 3.3a/3.3b to 3.4 in the absence of light (d-MeOH) measured by
normalised summed integration of Pyom. 'H NMR spectral resonances for 3.3a (4H, at 8.93

ppm) and 3.4 (4H at 8.54 ppm).
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b. Conversion of complex 3.5 to 3a/3b in d3-MeCN
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Figure 3.20: Top: illustration of complex 3.5 convert to complex 3.3a/3.3b in MeCN. Bottom:
"H NMR spectra obtained immediately in ds-MeCN (red) and 'H NMR spectrum acquired of
the same sample after 6 h (blue).

Complex 3.5 was unstable in MeCN solution, changing over time in the absence of
light. Comparing 'H NMR spectra obtained immediately following dissolution (Figure
3.20 top) with "H NMR spectrum acquired later the same day (Figure 3.20 bottom),
new resonances can already be seen appearing in the later spectrum marked with * in

Figure 3.20, which indicates 3.3a/b ware formed.
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3.2.5 Photochemical studies

a. Photochemistry of complex 3.3
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Figure 3.21. Irradiation of 3.3 (detected by ESI-MS predominantly as [3.3 — OH]") in the
presence of 5'-GMP with UVA irradiation in PBS solution; resulted in photo-release of N3 and
formation of [3.3 — N3]", as monitored by HPLC.

The photochemical properties of 3.3 were investigated with 5'-GMP (5 equiv.). The
irradiation reactions were carried out in phosphate-buffered saline (PBS) solution UVA
light (365 nm) and the reaction monitored by HPLC (Figure 3.21). Upon irradiation,
azide release was observed, through detection of the [3.3 — N3|" fragment (663.16 m/z).
The identity of this main photoproduct was also confirmed by HRMS (663.1318 m/z).
Meanwhile, the decrease [3.3 - OH]" (688.14 m/z) which represent complex 3.3 was
observed, which indicates the decomposition of the complex.

195pt NMR spectroscopy was also used to investigate the decomposition of complex

3.3 in d3-MeCN. Two new Pt NMR peaks was observed at 858 ppm and 810 ppm
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after irradiation, corresponding to the photoproducts [3.3 — N3]*. No !*>Pt signals were
observed in the Pt(Il) region of the spectrum. This supported the hypothesis that upon
irradiation, 3.3 does not form Pt(II) photoproducts, unlike for the precursor diazido
complex 3.1 which forms a variety of photoproducts, including Pt(II) species. When
complex 3.3 was irradiated in the presence of 5'-GMP, no adducts were detected. Pt(IV)
diazido complexes have demonstrated evolution of azidyl and hydroxyl radicals under
irradiation, which is considered to contribute to their potent photocytotoxic effects.’?~

54

b. Photochemistry of complex 3.4
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NMR spectra (d+MeOH) of complex 3.4 a) before irradiation (86.1 MHz) and b) after
irradiation with blue light, forming [4 - N3]* (107.6 MHz).

195t NMR spectroscopy of 3.4 (ds-MeOH) under irradiation also showed conversion
from the resonance at 824 ppm (3.4) to 1189 ppm [3.4 - N3]" in the Pt)(IV) region of
the spectrum (Figure 3.21). This is consistent with previous discussion of the

photochemistry of 3.3a/3.3b (d3-MeCN), which showed the '*>Pt resonances move to a
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more deshielded position following irradiation and release of azide.

c¢. EPR irradiation studies of complex 3.3 and complex 3.5

EPR spin-trapping experiments under irradiation (440 - 480 nm) were also carried out
with freshly prepared 3.3a/3.3b and 3.5 in the presence of DMPO. The EPR
spectroscopic results were measured and analysed by Arnau Bertran and Dr. Alice
Bowen. The formation of DMPO+-N3 and DMPO-+-OH radical adducts indicated
evolution and trapping of N3¢ and OHe radicals in both cases.

For 3.3a/3.3b, a steady state radical adduct concentration (5.5 = 0.6 uM) was
reached after ~30 min of continuous irradiation and remained constant during the period
of irradiation (~3 h) (Figure 3.22b). For 3.5, the radical adduct concentration peaked

after ~30 min irradiation (3.1 £ 0.3 uM) and then decayed (Figure 3.22d).

The comparatively low concentration of 3.5 in the experiment was due to its
reduced solubility in H2O. DMPOe-N3 : DMPOe+-OH molar ratios of 90 : 10 and 95 : 5
were determined by spectral simulation for 3.3a/3.3b and 3.5, respectively (Figure
3.22a and 3.22c). The DMPOe-N3 signals quickly disappeared after irradiation ceased,
with a lifetime of ~7 min, demonstrating that radical evolution in aqueous solution can
be switched on and off by blue light irradiation. The persistance of the DMPO+-OH
signal is due to the much longer lifetime of that radical adduct in comparison to
DMPO-"-N3,% rather than due to the evolution of OHe radicals in the dark from
3.3a/3.3b. Evolution of OHe radicals from 3.3a/3.3b in H>O is induced by irradiation,
as it can be seen from the initial rise in the DMPQO¢+-OH signal (Figure 3.22b, red trace),
while it seems to be light-independent for 3.5.H,O, (Figure 3.22d, red trace), with the

same weak DMPQOe<-OH signal under irradiation as is observed in the dark.
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Figure 3.22: EPR spin trapping experiments under irradiation of 3.3a/3.3b at 10.5 mM in H,O
(a, b) and 3.5.H:0; at < 1 mM (c, d) in the presence of 21 mM DMPO. (a, ¢) Experimental
spectra averaged for 100 min under continuous illumination (black) and simulations with a
DMPQO+-N3 : DMPQO-+-OH molar ratio of 90 : 10 (a) and 95 : 5 (b) (ved). (b, d) EPR intensities
of the total radical adduct signal (black), DMPO<+-N3 signal (blue) and DMPO-+-OH signal

(red). Vertical axes have the same scale in (a, ¢) and (b, d), respectively, for comparison.

We did not detect photo-ejection of the triazole ligand from the Pt centre of 3.3, 3.4
or 3.5 in any of our irradiation experiments, possibly due to the additional stability
afforded by cyclisation of the biphenyl ligand, resulting in bidentate coordination.
MS/MS studies of 3.3 also confirmed the strong binding of the triazole ligand.
Irradiation of 3.3 in the presence of the DNA model 5’-GMP with either UVA or 452
nm light did not produce any detectable 5’-GMP-Pt products, which confirms the
stability of the Pt-triazole coordination.

The photocytotoxic mechanisms of diazido complexes such as 3.1 are complicated,

since azidyl radicals, hydroxyl radicals, 'O, various DNA-binding Pt(IV) and Pt(II)
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fragments can be produced upon irradiation.>* The relatively simple photochemistry
observed for complex 3.3 may enable us to better understand the photocytotoxic role
and relative importance of the azidyl radical when released in cellulo. Such azidyl-
releasing complexes in the same line as photoCORMS (CO-releasing)’® and NORMS
(NO releasing)®’ complexes may find application as phototherapeutics since azidyl
radicals and azide anions are cytotoxic; one pathway by which azidyl radicals may exert
their cytotoxic activity is via oxidative attack of tryptophan residues in proteins;?® and
sodium azide inhibits cytochrome oxidase in the mitochondrial electron transport chain

causing cell death.>®
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3.3 Platinum Diyne Double Click Complexes

Based on the study of the click reaction between trans, trans, trans-[Pt(N3)2(OH)2(py)2]
and 1,4-diphenyl-2-butyne-1,4-dione, we looked at the click reaction between
trans, trans, trans-[Pt(N3)2(OH)2(py)2] and a di-alkyne compound - Sondheimer diyne.
The two alkynes of the Sonheimer diyne can react with two azides in a concerted
manner, which provides the possibility of forming multi-nuclear Pt(IV) triazolato azido

complexes.

3.3.1 Synthesis and characterisation
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major product
Figure 3.23: Synthetic scheme between the diazido Pt(IV) complex 3.1 and Sondheimer diyne

3.6.

The Sondheimer diyne was synthesised according to the reported procedure and
purified by flash column chromatography.**%° The SPACC reaction between diyne 3.6
and 3.1 was conducted in acetonitrile at room temperature by adding a diyne acetonitrile
solution to a solution of 3.1 in acetonitrile dropwise. The reaction was monitored by
LCMS and was judged to be completed after 2 days. No mono-Pt(IV) cycloaddition
intermediates were detected by ESI-MS during the course of the reaction. This is

consistent with DFT calculations of the reactivity profile of the diyne, which indicates
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that the activation energy for the second cycloaddition is lower than for the first, due to
the highly distorted alkyne bond in the mono-substituted intermediate, arising from
steric repulsion between the substituent on the triazole ring and the hydrogen atom on
the benzene ring.%! The product was purified by mass-directed HPLC under neutral
conditions, which was detected as both [M + H]" (1143.20 m/z) and [M + Na]* (1165.36
m/z).

The isolated product is a mixture of two regioisomers, which co-eluted with a
purity of 95% as shown in Figure 3.24. Different isomers could arise from the
rearrangements between the Pt and the triazole N atoms as demonstrated in Figure 3.3.
The major isomer was purified by recrystallization: yellow crystals were formed from
the acetonitrile solution of the HPLC purified products on standing for 24 h. The
crystals were analysed by X-ray crystallography which helped us to determine the

structure of the major isomer (Figure 3.25).
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Figure 3.24: HPLC trace of reinjected complex 3.7-[N1,N3] for purity testing. tg = 3.7 min (3-
[NI1,N3], 95%). Relative intensities are calculated by relative UV-Vis spectral absorbance

integrated over the range 210 nm — 400 nm.
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The crystal structure revealed the ligand interactions around the puckered chair of
the cyclooctene ligand. The pyridine ligands undergo m-m interactions with the
cyclooctene ring ranging from 3.527 — 4.509 A in length. A hydrogen-bond interaction
of 2.178(3) A was observed between Pt(1)-OH(2) and triazole N(2); the corresponding
interaction on the other side of the molecule measured 2.242 A (Pt-OH(3) to triazole

N(5)).

Figure 3.25: X-ray crystallographic structure of 3.7-[N1, N3] with thermal ellipsoids displayed
at 50% probability.
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The identity of 3.7 was also confirmed by HRMS [3.7 + H]" (C36H3:N1604Pt2H):

1143.2123 m/z found; 1143.2069 m/z calcd., 4.7 ppm error) as shown in Figure 3.26.
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Figure 3.26: HRMS of [M + H] " (C36H3:N1604Pt:2H): 1143.2123 m/z found; 1143.2069 m/z calc
(4.7 ppm error).

The 3.7-[N1, N3] complex was fully characterised by 'H, Pt and '3*C NMR spectra.
Figure 3.27 illustrates the "H NMR spectrum of the complex with full assignment. Most

of the resonances of the pyridine protons resemble the diazido Pt(IV) starting substrate,
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with the ortho proton on the pyridine rings process the characteristic sharp '°°Pt
satellites. Figure 3.28 shows the '"H-'">Pt HMBC NMR spectroscopy of the complex in
D>0, the Pt NMR resonance of 3.7-[N1, N3] is at 723 ppm.

The 3.7-[N1, N3] complex was found to be stable in d3-MeCN for a period of at least
5 weeks judging by "H NMR spectroscopy. Different NMR solvents can change the
195pt NMR chemical shift of [N1,N3] significantly: as shown in Figure 3.29, when the
NMR solvents changed from d3-MeCN to D0, the peaks shift towards upfield
significantly. The '"H-'"Pt HMBC NMR also showed that !°>Pt NMR resonance change

from 723 ppm (d3-MeCN) to 886 ppm (D20). This solvent effect is reversible.
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Figure 3.27: 'H NMR spectrum of 3.7-[N1, N3] with assignments in D:O.
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Figure 3.28: 'H-"” Pt HMBC NMR spectrum of 3.7-[N1, N3] in ds;-MeCN.
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Figure 3.29: 'H NMR spectra of 3.7-[N1, N3] in ds-MeCN (top), and DO (bottom).

The UV-Vis spectrum of 3.7-[N1,N3] (Figure 3.30) showed a long shoulder with Amax
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ca. 252 nm and a tail into the visible region corresponding to the N3—Pt LMCT
transition band, with increased intensity at shorter wavelengths compared to 3.1. due to
the presence of the diyne aromatic groups. IR spectroscopy of a freshly parepared d-
MeCN sample of Pt-diyne-Pt showed a sharp peak at 2043 cm™' arising from the strong
asymmetric N3 stretch. This was slightly weaker compared to the starting diazido
complex 3.1 (2051 cm™!, solid) and the Ph Pt click product (both the monomer 2048

cm’! and dimer 2049 cm™).
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Figure 3.30: Comparison of the UV-vis absorption spectra of complex 3.1(black) and 3.7-[N1,
N3] (red)

3.3.2 Photochemical studies

The photochemistry of 3.7-[N1,N3] was monitored by 'H-'"Pt HMBC and 1D '*°Pt

NMR spectroscopy at 22 mM, Air = 452nm, for 180 min. During irradiation, the
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intensity of the Pt NMR spectroscopic resonance corresponding to [N1,N3] (854 ppm)
decreased, with small amounts of new Pt(IV) species (1267, 1350 ppm) and two more
intense Pt(I1) signals appearing (-2224 ppm and -2369 ppm). These spectra indicate the

formation of multiple Pt(II) and Pt(IV) photoproducts.
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Figure 3.31: 'H-" Pt HMBC NMR spectra of 3.7-[N1, N3] in d;-MeCN
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Figure 3.32: "’ Pt NMR spectra of a solution of 1.5 mM 3.7-[N1,N3] and 2 mol. equiv. of 5 -
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GMP showing formation of new Pt(Il) species following irradiation (bottom).

Irradiation of a solution of 3.7-[N1,N3] (1.15 mM) and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO, 20 mM) monitored by EPR spectroscopy in either water or cell-free
lysate (KNS42) generated azidyl (N3-) and hydroxyl (OH") radical species, trapped in a
85 : 15 and 90 : 10 molar ratio, respectively, with a maximum trapped radical
concentration of 7 mM. The signals started to decay after 30 min irradiation. The
inclusion of 5’-GMP in the solution of 3.7-[N1,N3] in lysate had a significant effect;
the maximum trapped radical concentration reduced to 3 mM with a 95:5 N3:OH-

molar ratio and radical trapping slowed down.
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Figure 3.33: cw-EPR spectrum a) showing trapping of azido (N3') and hydroxyl (OH) radicals
in freshly prepared KNS42 lysate (Air 440 — 480 nm; spectra averaged over 1 h of maximum
signal intensity) and b) deconvoluted kinetic profiles for the two radical adducts DMPO-N; and
DMPO-OH.
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3.4 Double Click Ln-diyne-Pt Complexes

Based on the studies of double-click 3.7-[N1,N3] synthesis, we substituted one of the
Pt azido substrates to an azidophenacylDO3A Ln complex. By doing that, we
synthesised a Ln-Pt complex in which the both the lanthanide and platinum moieties

were linked to the Sondheimer diyne via SPAAC reactions.

3.4.1 Synthesis and characterisation
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Figure 3.34: The illustration of the double click reaction between complex Ln.2.5, 3.1 and 3.6.

The synthesis of azidophenacylDO3 A lanthanide complexes Ln.2.5 followed the same
procedure as described in Chapter 2. The SPACC reaction between diyne 3.6
azidophenacylDO3A lanthanide Ln.2.5 and trans,trans,trans-[Pt(N3)2(OH)2(py)2] 3.1
was conducted in acetonitrile/water solution at room temperature. 1:1 mixture of 3.1
and Ln.2.5 azido complexes was dissolved in acetonitrile, the minimum amount of
water was added to fully dissolve the mixture as the Ln.2.5 complex was only sparingly
soluble in acetonitrile. To this solution of azido compounds, a solution of diyne 3.6 in
acetonitrile was added dropwise over 30 min. The reaction was monitored by LCMS
and was judged to be completed after 2 d. The solvent was removed by rotary

evaporation at 40 °C, the resulting crude product was purified by reverse phase HPLC
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at neutral pH. Since the molecular weight of the compound exceeded the detection limit
of the HPLC mass spectrometer, the fractions were collected using UV/Vis absorption
as the detection method, which were submitted to the departmental mass spectrometry
facility to identify the target products. Side products such as di-Ln and di-Pt double
click product were also observed by mass spectrometry. Figure 3.35 shows the high-
resolution mass spectra of di-Yb side product (left) and Yb.3.8 complex(right) with
mass error at 1.28ppm and 0.14ppm respectively. HPLC re-injection was used to
confirm the purity of the HPLC isolated product, as shown in Figure 3.39, the re-

injection trace shows 100% purity of the Yb.3.8 complex.
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Figure 3.35: High resolution mass spectra of of di-Yb side product (left) and Yb.3.8 (right)

measured in negative mode. Top are spectra measured, and the bottom are theoretical spectra.

Figure 3.36 shows the proton NMR spectra of the Yb.2.5 and Yb.3.8 complexes. In

both complexes, the exchange of SAP and TSAP isomers are slow enough so that the
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isomers can be distinguished obviously, where peaks between 140-80 ppm are assigned
SAP while resonances around 50-14 ppm are assigned TSAP. Peaks in the conjugated
complexes are broader than the non-conjugated one which could result from the higher

rigidity of the conjugated complex.
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Figure 3.36: 'H NMR spectra of Yb.2.5 (top) and Yb.3.8 (bottom) complexes in D:O.
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Figure 3.37: Comparison of the UV-vis absorption spectra of complex Eu.2.5 (black), di-Pt

complex 3.7-[N1, N3] (blue) and Eu.3.8 (red).

The Eu version of the complex was also synthesised, and its photophysical properties
were studied. The UV-vis spectrum of Eu.3.8 is shown in Figure 3.37, Amax ca. 265 nm,
with a tail extend towards to visible wavelength. Compared to the starting Eu substrate
Eu.2.5, the UV-vis absorption showed a blue shift which indicated the formation of a
triazole group. The Amax 1s relatively close to the di-Pt complex 3.7-[N1, N3] (252 nm).
The shorter wavelength absorption can result from the diyne structure. The
luminescence spectra of Eu.3.8 is shown in Figure 3.38 exhibited characteristic Eu
emission bands, with the peaks in 580 nm, 592 nm, 616 nm, 653 nm, 688 nm and 701

nm arise from the *Do - "F; (J=0, 1,2,3,4,5).
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Figure 3.38: Left: Excitation spectrum of Eu.3.8; right: emission spectrum of Eu.3.8.

Table 3.1: Tabulated luminescent lifetime of complex Eu.2.5 and Eu.3.8 and their

corresponding hydration number q.

Complex T H20/ms ™ D20/ms q
Eu.2.4 0.51 1.22 1.06
Eu.3.8 0.63 1.23 0.63

The luminescence lifetimes of complexes Eu.2.5 and Eu.3.8 are tabulated in Table
3.1. From their values in D;O and H»>O, the number of coordinated solvent molecules
was determined according to the modified Horrocks’ equation. The hydration number
q obtained for complex Eu.2.5 indicate that the complex is octadentate species in
solution, where the ketone actively participates in the coordination and only one water
molecule coordinates in the axial position. Upon SPAAC reaction, the Pt coupled
compound Eu.3.8 was observed with a smaller hydration value ¢ = 0.63, which is due

to the bulky structure of the complex reducing water coordination.
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3.4.2 Stability study

KY-B2-66 Yb prap3 MS621 reinject 2 Sm (Mn, 1x1) 3: Diode Array
397 _ Range: 1.16e+2
9276269 Area
Time Height Area Area%
E 3.9700 114919112 9276269.00 100.00
7.5e+14
[ 2] E
<
5.0e+14
; Trace 1
2.5e+14
0.0 LN A BULARE UL AN UL AL UL UL IS L UL BRI RULE RN VLIS LS R R |
-0|00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
KY-B2-68-reinjeqt 3: Diode Array
4.89 Range: 4.055e+2
E I
3.0e+2 4.53
2 20e+2] ‘ ‘
1 Trace 2
1.0e+2
_ !
| ‘t‘
—t .
0.0 ML I R B L R S I L L LS I LR LR e s s e s nanaa IS
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Figure 3.39: Top: HPLC trace of reinjected Yb.3.8 for purity testing. tR = 3.97 min (100%,).
Relative intensities are calculated by relative UV-Vis spectral absorbance integrated over the

range 210 nm — 450 nm. Bottom: HPLC of Yb.3.8 after standing in 1:1 MeCN:H,O for 2 weeks.

When the HPLC-purified Ln.3.8 complex remained in solution in protic solvents over
time, different species formed. Figure 3.39 trace 1 is the re-injection HPLC of the
isolated complex just after HPLC purification, which shows 100% purity; trace 2 is the
HPLC of same complex suspended in 1:1 acetonitrile: water for 14 d showing two peaks
at different retention times which indicates the complex has converted to new species.
We proposed that the rearrangement could happened between the triazole and the
platinum centre as discussed previously in the complex 3.4. The chemical structures of

three possible isomers of Pt-triazole rearrangement products are depicted in Figure 3.40.

127



¢ %
0 /'| O /"|~\ 6]
[l 1 1
\ \
s\ o N \“‘/N/\\__g I/N\‘" N/\_\_‘g(
NV NG l/__,—Yb“" _______ Yb-="~
( YE----3” o 0" N ) DU NN /l
_____ Yb NN FNON
O—‘ \ 1 \—I/
)\/N Y S L/ o !
S L/ o= o=
&=
N, N
N B N °N -~ N™ SN
= s@s ®
OOO N/, ,\N OH
N. .N oH py. T Ny | _—~N_ N
NNy N\ >ptl
__Pt HO—Pt—OH py” | N3
py | \N
3 N PY
OH 3
NI, N2] N1, N1]

[N1, N3]

Figure 3.40: The structure of three Yb.3.8 isomers rearranging the Pt-triazole bond.

195Pt NMR spectra were used to further understand the isomerisation of the complex,
as shown in Figure 3.41, as shown in the top graph is the isolated Lu.3.8 in D>O, the
major peak at 910 ppm is related to the main product just after the reaction. Because
there was about 6 h delay between dissolving the sample in D>O and acquiring '*°Pt
NMR spectra, we started to see a minor peak at around 890 ppm during which time
correlated to the newly formed isomers. The middle and bottom graph in Figure 3.41
show the '>Pt NMR spectra of the same sample stayed in DO for 13 days and 21 days
which the peak at 910 pm was decreasing while the peak at 890 ppm is increasing. Mild
heating (45°C) was used to accelerate the conversion between the isomers, however the
NMR solution was found to form precipitate after 3 hours of heating, which means the
complex was not stable in water solution upon heating. The precipitate was soluble in
methanol and its methanol solution shows the correct mass of [Lu.3.8+H*]" in mass
spectroscopy. Thus, the precipitate could be a polymer of the complex. Further study

needs to be done to confirm this hypothesis.
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Figure 3.41: "”Pt NMR spectra of Lu.3.8 in D;O over 21 days, showing formation of new

isomer.

129



3.5 Conclusion and Future Work

This chapter presented the synthesis, characterisation and photochemical studies of
diazido Pt(IV) complex 3.1 with two different strained alkynes and extended the study
to the synthesis of a Ln(III)-Pt(IV) complex through a double-click SPAAC reaction.
The work associated with the synthesis, characterisation and properties of diazido
Pt(IV) complex 3.1 with two strained alkyne - 1,4-diphenyl-2-butyne-1,4-dione and
5,6,11,12-tetradehydrodibenzo[a,e]- cyclooctene (Sondheimer diyne) was published.%?-
64 Results show that the mono azido-, mono triazole- click product turn out less potential
to be a photoactivatable complex compared to the diazido Pt(IV) substrate, but could
still have potential photo-cytotoxicity. Further study is needed. The coupling of Ln-Pt
utilising SPACC reaction was successful under mild conditions without using the
cytotoxic copper catalyst. Using mixed azido compounds as reaction substrates with
the Sondheimer diyne results in undesired side-products due to the nature of reaction:
di-Pt and di-Ln complexes are also formed as side-products. Furthermore, without the
control afforded by a Cu catalyst, multiple isomers can be formed, although there is
evidence that suspension of the mixture of products in protic solvents (MeOH, H,0)
can induce triazole rearrangement of the click product at the Pt(IV) centre, which is

anticipated to overcome the latter issue.
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Chapter 4: Cell-permeable SalicylateDO3A

Ln-Pt complex

4.1 Introduction

4.1.1 INDIANA

In collaboration with Professor Andrew Baldwin and Dr Gogulan Karunanithy, a 'H
diffusion NMR method has recently been developed by them to indicate whether the
contrast agent is intracellular.! This method was developed to distinguish between
intracellular and extracellular water based on the fact that water diffusion in
intracellular fluids is defined by the boundaries of the cell. Since the cell is much
smaller than the voxel (volume pixel) in an MRI image, this means that intracellular
fluid can be treated as a slow diffusing pool, whilst extra-cellular fluid is treated as a
fast diffusing pool. The INDIANA (IN cell DIffusion Analysis) methodology allows
these two pools and their properties to be quantitatively described, including the
relaxation rates. In this chapter, we will use the INDIANA method to investigate the

cellular uptake of the Gd complexes.

4.1.2 Switch-on luminescent sensor

The general concept of generating “switch-on” luminescence following reduction of a
platinum(IV) prodrug to platinum(Il) is a highly promising strategy for tracking
(sub)cellular distribution and reduction of platinum(IV) prodrugs. Previously reported
strategies include axial platinum(IV) coordination of quenched fluorophores such as

fluorescein® and selective fluorescence reporting from organic probes following the
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reaction with specific platinum(II) reduction fragments.’

Lanthanides provide a significant advantage over purely organic fluorophores, by
producing a highly distinctive emission profile when excited, from which background
autofluorescence can also be effectively removed through time-gating.* There were
examples for using lanthanide complexes as responsive probes based on the modulation
of the emission intensity, lifetime or polarisation. The lanthanide probes have been
applied to report on local pH, pM (M = Zn, Na, K ...) or the concentration of anions,

such as bicarbonate, citrate, lactate, bicarbonate, or urate.>

N\ o/ B % \ A
L / B 7
A B

?/o (0//\0/?‘ N /\\[/Q
N D il ™\

Figure 4.1: Complex A: Eu pH sensor, complex B: Eu probe that emission would be quenched
upon binding to Zn(I1l); complex C: Eu complex which showed modulation of emission in the
presents of Na" and K'; complex D: Eu complex used to detect hard anions such as

carboxylates or phosphate.®

The d-block metal complexes were found to sensitise the luminescence of multiple
lanthanide complexes from visible to NIR emission. The d-f hybrids can be prepared
by conventional synthesis and self-assembly. Ru(Il), Pt(II), Pd(II), Re(I), Os(II) and

Ir(Ill) complexes have been incorporated as sensitisers for luminescence from
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lanthanides,”!%!2 or at the other extreme quenching of lanthanide luminescence in the
presence of a *MLCT state of lower energy can be used to signal the formation of a
transition element complex.® Recently, several Ln-Pt(II) complexes was investigated in
which the Pt(IT) moieties acted as the antenna for the Ln emission. %' Some of them
were also studied as theranostic agents to achieve both imaging and therapeutic
purpose.'’2 The cellular uptake and localisation properties of the complexes were
investigated by confocal microscopy. Wong et al.'® found a Eu-Pt complex in which the
binding of Pt was believed to quench the emission of the Eu (Figure 4.2 Complex C),
as the energy absorbed by the antenna ligand is transferred to the dissociative states of
the cis-Pt(II) moiety which means very limited energy can be transferred to the Eu(I1I)
excited state for emission. Thus, the release of the cisplatin can be controlled by two-

photon excitation in vitro, and the luminesce of Eu can be used to monitor this process.!®

OMe

Figure 4.2: Complex A and B:d-f complexes in which the d-block metals act as sensitiser for
the lanthanide emission. Complex C and D: Ln-Pt complexes which can be used as theranostic

agents.
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4.1.3 Salicylic acid and its platinum complexes

There are a few examples of synthesis and characterisation of salicylate-platinum.?'-26

I. Lampronti and S Hou have synthesised salicylate-platinum(II) complexes (Figure 4.3)
and studied their anticancer activities. The presence of O-donors as anionic ligands is
the common character of Pt-drugs provided with a better therapeutic index than
cisplatin, namely carboplatin, oxaliplatin, nedaplatin and lobaplatin. The salicylate
leaving group with O-donors may also result in better lipophilic properties for the
platinum drugs comparing to cisplatin which leads to better cellular accumulation. The
results of the papers have shown that the salicylate Pt(I) complexes shown in Figure
4.3 with R = CH(CHz3), were all more potent than Carboplatin, Oxaliplatin and

Eptaplatin against four human cancer cell lines 3A0, A59, NCI-H460 and SGC-790.%*

0
N 0
o] S=—0 R Hy
>Pt< O\Pt/ §
o /s\:o . O/ \Hz
R
o) ! Hy
R o NHs R © N °
N Dl >_<

R O/ \NH3 R (0] Hz (e}

R = H, I, CH(CH3),
Figure 4.3: Chemical structure of salicylate-platinum and derivatives which has been studied

as anticancer drugs.
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4.1.4 Modifying the axial position of platinum complexes to

increase their cellular uptake

As discussed previously in Chapter 1, the cellular uptake and rate of reduction of Pt(IV)
prodrugs inside the cells depend strongly on the coordinated ligands. D. Osella et. a/
have reported the conjugation of the valproate (VPA) and octanoate (OA) ligands to the
axial position of cisplatin (structure shown in Figure 4.4). In the case of cis,cis, trans-
diamminedichloridobis(valproato)platinum(IV) complex, the valproate ligand was
known as an anti-epileptic drug which has histone deacetylase inhibitor (HDACI)
activity. The remarkably increased cytotoxicity was interpreted as the result of the
increased cellular accumulation of the complex by virtue of its increased lipophilicity
and of the synergy with the HDACI action of VPA. While in the case of cis, cis, trans-
diamminedichloridobis(n-octanoato)platinum(IV), the complex exhibits a 106-fold
enhancement in cellular accumulation in ovarian (A2780) cancer cells in comparison
to its synthetic precursor, cis,cis,trans-diamminedichloridobishydroxideplatinum(IV).

This results from the enhanced accumulation of the complex which origins from the

higher lipophilicity.
0]
O
Q A~~~
HO Cl ||V/NH3 c|>
AN l ~NHs CI/Pt\ AN IV/NH3
Y NH; Pt
CI7 | TNHq 0 cI” | TNHg
OH 0]
0 NN

Figure 4.4: Chemical structure of the cis-Pt(IV) precursor, the [Pt(NH3),(Cl:)(VPA),] and
[Pt(NH3),(Cl;)(OA);] complexes.
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4.1.5 The design of salicylate-containing lanthanide complex

In this chapter, a series of Ln-Pt complexes were designed in which the lanthanide is
bound in an octadentate DO3 A binding site, while the pendent salicylic acid group can
act as a ligand to a second metal centre — platinum. The salicylic ligand has the
advantages of providing the phenyl carboxylic acid and hydroxide groups as the
bidentate binding site and also providing an aromatic chromophore to sensitise the
lanthanide emission. The axial position of the platinum(IV) complexes can be modified
to octanoyl groups to improve the overall cellular uptake of the complexes. Alternating
the lanthanide ions can allow different imaging technique, for example, the Gd
complexes can be used in NMR related imaging so that the INDIANA NMR diffusion

method can be applied, while Eu/Tb can be used in optical imaging.

4.2 Synthesis

4.2.1 Synthesis of salicylic appended lanthanide

DO3Acomplexes

The synthesis started from 3-methylsalicylic acid, which reacted with acetyl chloride at
0-5°C to give the 2-acetoxy-3-methylbenzoic acid product. The intermediate then
undergoes a Fries rearrangement in the present of anhydrous aluminium chloride to
obtain the 5-acetyl-2-hydroxy-3-methylbenzoic acid, proposed reaction scheme is
shown in Figure 4.5.2” However, the Fries rearrangement was found to generate
multiple products which could be because the acetyl group rearranged to different

positions of the aromatic ring.
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Figure 4.5: Fries rearrangement reaction starting from 3-methylsalicylic acid and acetyl

chloride.

Since the Fries rearrangement discussed above was found to be not very effective,
we decided to start with the commercially available methyl 5-acetylsalicylate, in which
the methyl group of the carboxylate can be easily removed under basic condition. The
acetyl group can be brominated and the resulting bromination product 4.1 can undergo
alkylation with triester. Figure 4.6 depicts the synthetic pathway for formation of
compound 4.1. Bromination of aromatic carbonyl compounds with CuBr; was found to
be effective and straightforward.?® The reaction of methyl 5-acetylsalicylate with 2.2
equivalent of CuBr> was conducted in 1:1 mixture of chloroform and ethyl acetate. After
filtering out the CuBr white precipitate and removing the solvent under reduced
pressure, the crude product was obtained as pale-yellow oil. The pure product can be
recrystallized from dichloromethane/hexane mixture after standing in freezer overnight.

The product was characterised by ESI-MS, 'H NMR and *C NMR.

© 0
Br

CUBI'2

—_—

O EtOAc, CHCI3 0
0 OH
0 OH
~ ~

4.1
Figure 4.6: Synthetic attempts of brominated 4-methylsalicylic acid.
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Bromination of 4-methylsalicylic acid was also attempted in order to generate the
brominated methyl group. This can be used to prepare corresponding triester derivative
which can act as a 7-coordinated position for the lanthanide. The bromination reaction
with CuBr2 was found to be unsuccessful as no brominated compound was found
judging by TLC, mass spectroscopy and 'H NMR. Alternative bromination approach
using NBS was tested, although the '"H NMR result indicated that the bromination
happened in the aromatic ring rather than the methyl group.?® Another bromination
method starts from protecting the carboxylic acid with methyl group and then the
brominate the methyl protected product with NBS in carbon tetrachloride. The reaction

schemes are showed in Figure 4.7

Br.

a)

CUBrz
HO EtOAc, CHCI3
reflux
HO o HO o
b)
NBS Br
/
reflux
HO o} HO 0
C) Br
H,SO,4 NBS
HO
MeOH HO CCly HO
HO (6]
o o) o o

Figure 4.7: Synthetic attempts of brominated 4-methylsalicylic acid.
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As shown in Figure 4.8, the reaction between methyl 5-bromoacetyl-2-
hydroxybenzoate (4.1) and fert-butyl protected triester (2.2) in the presence of
potassium carbonate resulted in the crude protected ligands. The purification of the
crude product was achieved by the flash column chromatography on silica gel with
acetonitrile and water as eluents (yield: 56%). The deprotection of the fert-butyl
protection group was carried out in dichloromethane by adding the trifluoroacetic acid
dropwise. The reaction was stirred at room temperature for 24 hours, after which the
dichloromethane and most of the trifluroacetic acid were removed by rotary evaporation.
The deprotected crude product was dissolved in minimum amount of methanol and
precipitate with diethyl ether to yield the product as a pale yellow solid (yield: 82%).
The lanthanide complexation of the deprotected ligand was carried out in methanol with
the corresponding lanthanide triflate salt at 60°C. After 48 hours, methanol was
removed, and the complex was dissolved in 3-5 ml water. The pH of the water solution
was adjusted to 10 by adding 1M sodium hydroxide solution dropwise to precipitate
out the excess lanthanide ion. The Ln(OH); solid was removed by centrifuging, the
resulting supernatant was stirred at 50°C for 24 hours with the pH maintained at 10.
The methyl-deprotected ligand was purified by dialysis with 500 MWCO cellulose
membrane (yield: 50%). The pure product Ln.4.5 was characterised by ESI-MS, NMR
spectroscopy, UV-vis spectroscopy and luminescence spectroscopy, the

characterisation of Ln.4.5 is in section 4.3.
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Figure 4.8: Synthetic pathway for the preparation of a series of lanthanide DO3A complexes
with a pendent salicylic ligand.

4.2.2 Synthesis of lanthanide salicylicDO3A platinum

complexes

Reaction of Ln.4.5 with cis-[Pt(NH3):12] yielded the heterometallic Ln-Pt(II) complex
Ln.4.6. Previously, the platination was carried out with cis-[Pt(NH3)2Clz], which was
found to be less effective. This may due to the much higher solubility product (Ksp) of
AgCl (1.8 x 1071%) compared to Agl (1.5 x 107!%). The K, of the corresponding Ag salt
was important because the halogen ligand of the cis-platinum complexes need to be
precipitated as an Ag" salt before the platinum centre binds to the salicylic arm. The pH
of the reaction was another vital factor of accelerating the platination reaction, as the
deprotonation of the salicylic acid can help its coordination to the platinum. However,
increasing the pH dramatically may cause the undesired formation of Ag(OH) solid and
Pt(0) which will ultimately affect the yield of the product. Carrying out the reaction at

pH = 8 with 1.2 equivalent of silver nitrate and cis-[Pt(NH3)212] was found as the best
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reaction condition. Oxidation was accomplished by treating the Ln.4.6 complexes with
15% H>0» aqueous solution to give the Pt(IV) di-hydroxido complex Ln.4.7 complex.
Reaction of Ln.4.7 complexes with octanoyl chloride in the presence of pyridine
afforded the Ln-Sali-Pt(IV) di-octanoic acid conjugate Ln.4.8. All lanthanide and
lanthanide-platinum complexes can be purified by reverse-phase HPLC with an eluent

system comprising of water + 0.1% formic acid/ acetonitrile + 0.1% formic acid.
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Figure 4.9: Synthetic pathway for the preparation of a series of Ln-Pt(ll) complexes Ln.4.6,
the oxidisation of the Ln.4.6 complexes and the axial modification of the Ln-Pt(IV) complexes
Lnd4.7.
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4.3 Characterization of the Complexes

43.1 HPLC Dpurification and high-resolution mass

spectrometry (HRMS)
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Figure 4.10: HPLC traces of A) Gd.4.5, tg = 2.15 min; B) Gd.4.6, tr = 3.88 min; C) Gd.4.7, tr
= 1.75 min; D) Gd.4.8, tr = 6.08 min and E) Eu.4.5, tr = 2.15 min.

Figure 4.10 shows the LCMS re-injection traces of Gd-Pt complexes 4.5-4.8. Trace A
is the reinjection of Gd.4.5 complex with the retention time at 2.15 min. For trace B the
peak at 3.88 min is the Gd-Pt(II) complex Gd.4.6, while in trace C and D with the peaks
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at 1.75 min and 6.08 min are associated with the Gd-Pt(IV) and di-octanoic Gd-Pt(IV)

complexes Gd.4.7 and Gd.4.8 respectively. All complexes are stable in aqueous

solution for at least 50 days according to the LCMS reinjections results of the solutions.

The LCMS results also indicated that changing the lanthanide ion of the lanthanide ion

did not affect the retention time of the complex, as shown in the Figure 4.10, Eu.4.5

has the same retention time as Gd4.5. Thus, the same HPLC purifying method can be

applied to complexes with different lanthanide ions (Eu/Gd/Tb/Yb/Lu) without further

modification. The HPLC purifications were achieved by mass-directed method, all

complexes were observed as [M + H]" and [M + Na]" ions, while in HRMS the

complexes were preferably observed as [M + 2H]?** ion (Figure 4.11).
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Figure 4.11: HRMS of Ln.4.6 in MeOH, Left: Eu.4.6, molecular formula: C:3H3;sEuNsQOoPt,

measured as [M+2H']**, mass error: 1.3 ppm; right: Lu.4.6, molecular formula:
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C23H3sLuNsOoPt, , measured as [M+2H]**, mass error: 0.3 ppm. Top: measured spectra,

bottom: predicted spectra.

4.3.2 NMR characterization

4.3.2.1 '"H NMR
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Figure 4.12: 'H NMR spectra of Eu.4.7 (top), Eu.4.6 (middle) and Eu.4.5 (bottom)

The 1H-NMR spectrum of europium complexes — Eu.4.5, Eu.4.6 and Eu.4.7 all
exhibited similar NMR spectra compared to DO3A europium analogues with shifted
resonance peaks, as shown in Figure 4.12. The four main resonances between 25 and
35 ppm show four different proton environments on the macrocycle backbone,
indicating the square antiprismatic (SAP) geometry predominates, whereas the
resonances from the twisted squared antiprismatic (TSAP) have much lower chemical
shifts around 8 ppm. The axial proton of the SAP isomers in the Pt(Il) (Eu.4.6) and

Pt(IV) (Eu.4.7) become broader comparing to the Eu only complex (Eu.4.5), while the
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TSAP peaks of the three complexes are all relatively sharp compared to the SAP proton.
Among the three complexes, the chemical shifts of the resonances stay almost the same.
The similarity of the "H-NMR spectra suggests that all three europium(IlI) complexes
(Eu.4.5, Eu.4.6 and Eu.4.7) adopted very similar structures in solution, and indicates
the binding of the Pt(II) or the oxidisation of the Pt(II) centre to Pt(IV) would not affect
the '"H NMR chemical shifts of the DO3A ligand.

The '"H NMR spectra of Yb.4.5 and Yb.4.6 also exhibited similar forms. The
relatively sharp peaks imply that the complex is an eight-coordinate complex where the
ketone is actively engaged in the coordination. Peaks between 140-80 ppm are assigned
to typical axial protons of SAP isomers while resonances around 50-15 ppm are

assigned to axial protons of TSAP protons.
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Figure 4.13: 'H NMR spectra of Yb.4.6 (top) and Yb.4.5 (bottom)
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4.3.2.2 PIPt NMR

The Pt NMR of all complexes measured are consistent with Pt(I) and Pt(IV)
oxidation states. !> Pt NMR of Lu.4.6 revealed a single resonance at -1608 ppm (D>,
Figure 4.14). The '>Pt NMR resonance of Eu.4.6 is identical to its Lu counterpart,
while the resonances Tb and Yb complexes (Th.4.6 and Yb.4.6) are slightly different,
which are -1622 ppm and -1631 ppm respectively as shown in Figure 4.14. Overall, the
differences in Pt NMR of different Ln-Pt(II) complexes are all within 2%, which
means the paramagnetic lanthanide centre only has minor effect on the Pt resonance.
The Lu-Pt(IV) complex Lu.4.7 has the resonance at 1691 ppm, which is consistent with
typical '3Pt(IV) NMR chemical shift in literature. While the '°°Pt resonance of Lu.4.6
was observed as a singlet, the the Pt resonance of Lu.4.7 was revealed as a quintet
(Figure 4.15), which is resulted from the coupling to the two equivalent quadrupolar (/
= 1) N nuclei of the NH3 ligands. The coupling constant of between Pt and N is 213
Hz. The same coupling phenomenon was observed in the di-octanoic Gd-Pt(IV)
complex Gd.4.8 with a couple constant = 210 Hz. The magnitude of the 'J (1*3Pt, '“N)
coupling constant (213 Hz, 210 Hz) is consistent with other 'J (14N, 1°°Pt) constants that
was previously observed in the Pt(IV) species, for example , cis,cis,cis-
[Pt(N3)2(OH)2(NH3)2] (167 Hz). After modifying the axial position of the platinum
centre by adding the octanoic groups, the platinum resonances were changed
significantly. The '*>Pt NMR signal for the mono-octanoic Gd-Pt(IV) complex Gd.4.7
was observed at 1777 ppm, while the resonance of di-octanoic Gd-saili-Pt(IV) complex
Gd.4.8 was observed at 1918 ppm (Figure 4.16). The '°*Pt chemical shift of Gd.4.7
shifted downfield from the di-hydroxide axial ligands to mix axial ligands and to di-
octanoic axial ligands is due to the decreasing electron density around the platinum

nucleus.
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Figure 4.14: Pt NMR spectrum (108 MHz, D>0) of Lu.4.6, Th.4.6 Eu.4.6 and Yb.4.6.
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Figure 4.16: top: "’ Pt NMR spectrum (108 MHz, D;0) of mono-octanoic Gd-Pt(IV) Gd4.7;
bottom: '”>Pt NMR spectrum (108 MHz, D,0) of Gd.4.8.
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4.3.3 Crystal data

//\\

Figure 4.17: Molecular structure of Eu.4.6 from single crystal X-ray diffraction studies;
thermal ellipsoids are drawn at 20% probability and water in the solvent sphere is omitted for

clarity,

Crystals suitable for X-ray analysis of Eu.4.6 were grown by slowly cooling the
saturated water solution of the complex. The structure was solved and analysed by Dr.
Amber L. Thompson and Dr. Kirsten E. Christensen. They solved the structure by
charge-flipping using 'Superflip’ and refined by full-matrix least squares on F? using
CRYSTALS suite. The structure demonstrated a monocapped square antiprism (SAP)
configuration of the Eu centre. The crystal structure also showed that there is one water
molecular coordinated to the Eu centre. The hydration state agrees with the result of
calculated by employing the modified Horrocks’ equation. To the best of our knowledge,
this 1s the first reported europium-platinum X-ray single crystal structure; bond lengths
and angles are essentially consistent with other previously reported Ln(III)-Pt(II)

complexes. Full bond lengths and angles data are listed in Experimental chapter.

4.3.4 Relaxivity study

'H T relaxation times can be a good indicator of the type of binding between the water
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molecules and the Gd complexes in solution. Measurement of the 7; relaxation
enhancements obtained with complexes Gd.(4.5-4.8) offers further insights into their
solution-state structure. The relaxivity of the complexes was determined by observing
the variation of 1/77 with complex concentration in media (DMEM) as shown in Figure
4.18. In all cases, the resulting plots showed a linear response to concentration across a
wide range, indicating that all complexes were essentially stable in solution and that
their properties are not changed by their local environment (since a change in speciation
would be expected to result in curvature of the plots). All the Gd.(4.5-4.8) exhibit

relaxivities consistent with a single water molecule in their inner coordination sphere.
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Figure 4.18: Variation of 1/T; with concentration of gadolinium for complexes Gd.(4.5-4.8) at

different concentrations (at 25°C, in DMEM, 14.1 T).

The relaxivity r1 = 1/[Gd]77 is a concentration-independent term that can be used to
compared different contrast agents. It is a useful measure of the effectiveness of a
complex as a contrast agent; the best contrast agents will have large relaxivities per
mmol of gadolinium, effectively meaning that good images can be obtained with lower

concentrations of contrast agent. r1 values of the complexes Gd.(4.5-4.8) are 2.21, 3.79,
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3.13 and 2.65 mM-'s!, respectively. The Gd4.5 complex has the lowest relaxivity, while
the Gd4.6 complex has the highest relaxivity. The differences between the relaxivities
can be resulted from the different pendent Pt moieties that affect the residence time of

solvent (zm)

4.3.5 INDIANA study

As discussed previously, using the INDIANA model, the diffusive behaviour of water
within cellular systems can be robustly described using a two-pool model with the water
residing in either an intra- or extra-cellular pool. This results from the intrinsic diffusion
of water being slower in the viscous intra-cellular compartment and its maximum
displacement being restricted by the presence of the cell membrane. The model also
explicitly accounts for exchange between the two environments.

The Diffusion NMR data acquisition and analysis were carried out by Dr. Gogulan
Karunanithy and Prof. Andrew Baldwin. When fitting variable diffusion delay data
from '"H NMR spectroscopic experiments, it is possible to derive a number of system
properties including intra- and extra-cellular diffusion coefficients, populations of
water in the two environments, exchange rate of water over the membrane, average cell
radius and, crucially for this study, intra- and extra-cellular longitudinal relaxation rates
of water. Due to the relaxation enhancement caused by MRI imaging reagents, by
comparing the difference in relaxation rates in the presence and absence of these agents
in cellular systems, we can quantitatively assess the degree to which they are localised
within cells.

As the relaxivities of the four complexes are different, this must be considered
when using an increased intra-cellular relaxation rate as a proxy for cellular uptake of

imaging agent. To address this, we used the relaxivity of the complexes measured in

156



DMEM (Figure 4.18). To estimate the partitioning of the four complexes between extra-
and intra-cellular environments, we assumed that the relaxivity of the compounds inside
cells could be approximated by their relaxivity in media. Using the INDIANA method
described above, we found the extra- and intra-cellular longitudinal relaxation and
compared this to the values in the absence of any complex to give AR; for each
compound in the two environments. This value was then divided by the relaxivity to

show how the compound was partitioned.

1.0 extra-cellular
intra-cellular

0.8

0.6 +

0.4 -

0.2

Conc per mM compound added (mM)

0.0 -
Gd.4.5 Gd.4.6 Gd.4.7 Gd.4.8
Figure 4.19: Calculated partitioning of complexes Gd.(4.5-4.8) between extra- and intra-

cellular environments following 1.5 h incubation with KNS42 cells. The concentration of
complexes in the two environments is found by comparing longitudinal relaxation rates in the
presence and absence of the compounds (AR;) and then dividing by the relaxivity. The error
bars are calculated by propagating the error in AR; for three independent samples and taking

the standard deviation.
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The results of our analysis are shown in Figure 4.19. The 'H diffusion measurements
were used to quantify the accumulation of the compounds within cells. Complexes
Gd.4.5-4.8 accumulated relatively well in the cells, whilst there was a reduction in
accumulation for Gd.4.6 which incorporated the Pt(II) group. Gadolinium complexes

enter cells predominantly by micropinocytosis,**3!

whereas platinum(Il) complexes
enter cells through a combination of copper transporters, anion/cation transporters and
passive diffusion.’? Significantly lower cellular accumulation was observed for the
platinum(IV) compound, Gd.4.7, consistent with the oxidation state and ligand sphere
of the Pt modulating the ability of the complex to enter cells. The copper transporter
mechanism 1is less viable for platinum(IV) complexes, since there are no vacant
positions available in the octahedral platinum(IV) coordination sphere. Cellular uptake
of platinum(IV) complexes is therefore thought to occur through a combination of
passive diffusion and active pathways.** Finally, Gd.4.8, which incorporates two OA
ligands, showed a similar uptake to Gd.4.5, demonstrating the notable effect of the
modified coordination sphere of the platinum(IV) on the degree of cellular
accumulation. If diffusion is the predominant cellular uptake mechanism for Gd.4.7,
increasing the lipophilicity through inclusion of octanoic acid groups as in Gd.4.8
would be anticipated to significantly enhance uptake, and the data are consistent with
this, although without discounting the possibility of uptake through micropinocytosis.
The dominant route(s) of cellular uptake for other lanthanide-platinum conjugates are
unknown, since only a handful of examples have been reported, with either labile,**3>
or kinetically inert lanthanide chelation.?®3” From these data, we suggest that the route(s)
vary significantly depending on the coordination sphere of the platinum. These

diffusion results are particularly enlightening in combination with the cytotoxicity

results (below) to give an overall picture of the cellular behaviour of the complexes.
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4.4 Cytotoxicity Study

Table 4.1. Cytotoxicity (ICso, uM) values of compounds Gd.(4.5-4.8) in KNS42 cell line. Cells
were exposed to ¥ log serial dilutions of compounds for 1.5, 24, 48 and 72 h. ICsp values were

determined using a 3-parameter log inhibitor vs. concentration curve fit.

Complex Gd.4.5 Gd.4.6

Time/h ICs0 95% Cl ICs0 95% Cl
1.5 >1000 - 637.9 446.1-934.3
24 >1000 - 316.7 226.6 - 445.9
48 >1000 - 75.3 65.79 - 86.25
72 >1000 - 75.7 64.68 - 88.82

Complex Gd.4.7 Gd.4.8

Time/h ICs0 95% Cl ICs0 95% Cl
1.5 227.6 183.2-283.7 >1000 -
24 96.5 80.13 - 116.4 >1000 -
48 91.4 73.43-114.0 747.5 644.4 -871.2
72 53.2 43.34- 65.50 142.8 111.2-84.5

Cell cytotoxicity study of the Gd complexes in KNS42 cell line (paediatric
glioblastoma) was conducted with the help from Dr. Alison Howarth. Complex Gd.4.5
was well-tolerated by KNS42 cells (viability > 90%) across all concentrations and time-
points tested. This indicated minimal cytotoxicity for Gd.4.5, with ICso values
exceeding 1000 uM (Table 4.1, Figure 4.20). The Gd(III)-Pt(Il) complex Gd.4.6
demonstrated increasing cytotoxicity after 1.5 h exposure (ICso = 637.9 uM at 1.5 h
incubation). The Gd(III)-Pt(IV) complex Gd.4.7 was significantly more cytotoxic than
complex Gd.4.6 after 1.5 h and 24 h exposure. However, no significant difference in
cytotoxic effect between Gd.4.6 and Gd.4.7 was observed at longer (48 h and 72 h)

exposure times. Complex Gd.4.8 was less cytotoxic than Gd.4.6 and Gd.4.7 at all
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exposure times, with ICso> 1000 uM at 1.5 h and 24 h, with increasing cytotoxicity
after 48 h exposure. Whilst complex Gd.4.5 showed no toxicity towards cells up to a
concentration of 1000 uM, the platinum-containing bimetallic complexes Gd.(4.6-4.8)
displayed varying degrees of cytotoxicity. As kinetically-inert 5d® complexes,
platinum(IV) complexes are suggested to reduce to platinum(Il) intracellularly before
ligand exchange and binding to cellular targets (e.g. DNA, proteins) can occur.’®
Complexes Gd.(4.7-4.8) all demonstrated increased cytotoxicity towards the cells with
prolonged contact time. However, complex Gd.4.8 showed a more pronounced “latent”
period of initial lower cytotoxicity, compared with complexes Gd.4.6 and Gd.4.7,
consistent with an outer-sphere mechanism of reduction for Gd.4.8 which is likely to
be slower than an inner-sphere mechanism of reduction for Gd.4.7. For Gd.4.7, the
reduction mechanism could involve bridging to one or both axial hydroxido groups,*

which is not possible for Gd.4.8.
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Figure 4.20: KNS42 compound toxicity. KNS42 cells were exposed to % log serial dilutions of
test compounds for 1.5, 24, 48 and 72 h. ICsg values were determined in Graphpad prism using
a 3 parameter log inibitor vs. concentration curve fit. Three independent replicates were

performed.

4.5 ICP-MS Study

Stability of the Gd complexes in DMEM media was tested by ICP-MS analysis. 5 repeat
samples of each complexes were prepared, and control samples were DMEM only
samples where no Gd complexes were used. The results were tabulated in Table 4.2: for
Gd.4.5 complex, the ratio of Gd : Pt is 1 : 0 as there is no Pt in the complex. For the
other three Gd-Pt bimetallic complexes, the Gd : Pt ratio were all around 1 : 1 which
indicated the complexes are stable in DMEM media (detailed ratio of Gd:Pt was listed
in Experimental Chapter). We have also done the elemental analysis of KNS42 cell, by
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incubating the complexes containing media with the cell at 37°C for 1.5 hours,
following by the removal of the media by centrifuging and digestion of the cell. The
ICP-MS results of cell showed that the complexes entered the cell, however at the
condition we conducted the experiment, the detected concentration of Gd and Pt were
only at uM level. The low concentration might affect the ICP-MS measurement, as the
measured Gd:Pt ratios of the cell sample in different replicate varied a lot (showed in
Experimental Chapter), so that the results were not accurate enough for us to investigate
the ratio of Gd and Pt in cell. To improve the ICP-MS measurement accuracy in cells,
more cells can be used in the incubation step to increase the overall metal concentration
after digestion. The cell concentration we did for the ICP-MS measurement was
4.5¢*/ml, while the cell concentration for the cell diffusion NMR study was 6¢’/ml.
Thus, conducting the cell ICP-MS analysis at cell concentration around 1¢’/ml might

be reasonable next step to improve the ICP-MS analysis accuracy.

Table 4.2: Elemental concentrations of Pt and Gd in complexes Gd.(4.5-4.8) determined over
S replicates (RI - R5).

Total Pt concentration (mM)
Gd.4.5 Gd.4.6 Gd4.7 Gd.4.8
(ImM) | (0.5mM) | (0.5 mM) (1 mM)

Replicate | Control

R1 0.0 0.0 0.5 0.4 0.7
R2 0.0 0.0 0.5 0.4 0.9
R3 0.0 0.0 0.5 0.4 0.9
R4 0.0 0.0 0.5 0.4 0.8
R5 0.0 0.0 0.5 0.4 0.9

Total Gd concentration (mM)
Gd4.5 Gd.4.6 Gd4.7 Gd.4.8
1ImM) | (0.5mM) | (0.5mM) | (1 mM)

Replicate | Control

R1 0.0 1.0 0.6 0.4 0.7
R2 0.0 1.0 0.5 0.4 0.8
R3 0.0 1.0 0.5 0.4 0.8
R4 0.0 1.1 0.5 0.4 0.8
R5 0.0 1.1 0.5 0.3 0.8
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4.6 Photophysical Study

4.6.1 UV-vis

Figure 4.21 displays the normalised absorption spectra of the Ln-Pt complexes. For all
complexes, only changing the lanthanide barely change their absorption bands. The
absorption spectra of Ln.4.5 complexes all show an absorption band at 309 nm which
corresponds to the n-n* absorption of the salicylate chromophore. The Ln-Sali-Pt(II)
complexes Ln.4.6 shows an red shifted absorption band at 343 nm, which is the MLCT
of the salicylatePt(Il). When the Pt(II) centre was oxidised to Pt(IV), we observed a

blue shift of the absorption.
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Figure 4.21: UV-Vis absorption of Eu and Gd complexes, Ln.4.5: 309nm, Gd.4.8: 324nm,

Gd.4.7: 325nm, Eu.4.7: 330nm, Ln.4.6: 345 nm

4.6.2 Luminescence study

As shown in Figure 4.22, the luminescence spectra of the both Eu.4.5 and Eu.4.6
complexes exhibited strong and characteristic Eu emission bands upon excitation in the

chromophore band, with the peaks in 580nm, 592nm, 616nm, 653nm, 688nm and
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701nm arising from the transitions the *Do - "F; (J = 0, 1,2,3,4,5). The hypersensitive
emission band Do - 'F, at 616 nm in Eu.4.6 shows significant increase compared to
Eu.4.5 which indicate the binding of salicylic acid to the platinum centre perturbs the
coordination environment of the europium. The excitation spectrum shows a relatively
broad band which is extended to around 380 nm, which makes the luminescence
lanthanide complexes excitable by employing two-photon excitation in the near-IR
optical window 700-820 nm that has the best penetration of cells and tissues. So that

the complexes can be used as cellular imaging probe by two-photon excitation
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Figure 4.22: A).: Excitation spectrum of Eu.4.5, B) Emission spectrum of Eu.4.5, C): Excitation
spectrum of Eu.4.6, D) Emission spectrum of Eu.4.6. All samples are equimolar 107 M in HO.

The terbium(Ill) complexes Th.4.5 and Tb.4.6 also exhibited strong characteristic
emission bands as shown in Figure 4.23. The excitation spectra of Th.4.5 and Tb.4.6

exhibited broad bands centred on 350 nm and 310 nm respectively.
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The lifetimes of the four Eu/Tb complexes in H,O and D,O obtained by fitting the

luminescence decay curve. The lifetime values are demonstrated in Table 4.3 and

hydration number g of each complexes were calculated according to Horrocks’ equation.

The g numbers are all close to one, further indicating the carbonyl oxygen is strongly

coordinated to the metal and the ligands are octadentate species in solution.
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Figure 4.23: A): Excitation spectrum of Tb.4.5, B) Emission spectrum of Th.4.5, C): Excitation

spectrum of Th.4.6, D) Emission spectrum of Th.4.6. All samples are equimolar 107 M in HO.

Table 4.3. Lifetime values of the excited states of the luminescent Eu.4.5, Eu.4.6, Th.4.5 and

Tb.4.6. The measurement of the lifetimes of luminescence in water and D;O allowed the

determination of the hydration number using the modified Horrocks’ equation.*

Complex  Aex/nm Aem/NM T H20/pUS T D20/ q
Eu.4.5 348 616 657 2131 0.96
Eu.4.6 348 616 609 1869 1.03
Tb.4.5 350 547 1736 2903 0.85
Tb.4.6 310 547 1702 2596 0.71
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4.6.3 Switch-on luminescence study

Although the both the salicylic acid and salicylic-Pt(Il) sensitised the emission of the
lanthanide effectively, the salicylic-Pt(IV) was found to quench the lanhtanide emission.
This provided us a method to monitor the reduction process of Ln-Pt(IV) drugs as well
as the distribution of the drug.

In comparison, Eu.4.7 and Eu.4.8 exhibited only very weak luminescence, and poor
signal-to-noise ratios were obtained (the emission and excitation spectra can be found
in Experimental Chapter). However, when the platinum (IV) centre in Eu.4.7 and
Eu.4.8 were treated with ascorbic acid (AA), dramatic enhancements in luminescence
intensity were observed in both complexes. In the case of Eu.4.7, the incubation of AA
resulted in a 35-fold enhancement of signal on regenerating Eu.4.6 (Figure 4.24) over
a period of 216 hours, while in the case of Eu.4.8 the enhancement was 13-fold (Figure
4.25). The excited-state manifold of the platinum (IV) complex acts to quench the
europium emission, meaning that switching on of signal can potentially be used to
observe reduction of the complex in situ. The enhancements of emission of different
Eu-Pt(IV) complexes were different, which indicate the reduction rate of Pt(IV) to Pt(1I)
in different complexes are different. This can result from the reduction potential
differences origin from the varied axial groups of the Pt(IV) complexes. Ultimately,
different reduction potential can result in different cytotoxicity in various time points
as we observed in the cytotoxic study in KNS42 cell. However, the “switch-on”
luminescence study of these Eu-Pt complexes can be further studied in cellular
environment and the emission changes can be correlate to the cytotoxicity of the
complexes.

The mono-octanoic acid platinum(IV) complex also showed a “switch-on” in

luminescence when reduced with ascorbic acid, the luminescence spectrum is shown in
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Figure 6.2 (Experimental Chapter). The “switch-on” spectra of the three Eu-Pt(IV)
complexes measured with more time points are shown in Figure 6.1, 6.2 and 6.3
(Experimental) The “switch on” effect we observed here is consistent with other
Pt(IV)/Pt(Il) couples that display reductive “switch on” fluorescence; the quenching in
the Pt(IV) state being thought to arise from the presence of metal-based d-orbitals
energetically positioned between the HOMO and LUMO of the fluorophore.*!#2
Luminescence in the Pt(IV) oxidation state is more likely to be observed if one or more
ligands are cyclometallated.*** Although the mechanism of reduction in cellulo is
likely to be complicated and involve more than one reducing species,* ascorbate acid-
mediated reduction gives an initial insight into the potential for monitoring the
reduction of these compounds through fluorescence microscopy.

However, verification of the “switch on” mechanism requires more photophysical
investigation, the validation of the hypothesis is outside the scope of this work and

hence has not been conducted.
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Figure 4.24: Luminescence spectrum of Eu.4.7; Aex = 330 nm, emission slit = 1 nm. a) before
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as time increases the intensity of emission increases.
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4.7 Conclusion and Next Step

A series of Ln-salicylateDO3 A-Pt complexes were synthesis and fully characterised by
mass spectroscopy, NMR spectroscopy and UV-vis and luminescence spectroscopies.
The ICP-MS confirmed the Ln:Pt ratio and the structure of crystal X-ray
crystallography demonstrated a monocapped square antiprism (SAP) configuration of
the Eu centre. The cytotoxic studies showed different toxicities of the complexes at
varied time points. The INDIANA diffusion NMR study reveal the cellular update
profile of different Gd-Pt complexes. Optical microscopy is considered as the next step
to investigate the subcellular localisation of the complexes. The synthesis of the
naphthalene as chromophore can also be continued to enable longer wavelength of light
to excite to emission of complexes. A “switch-on” luminescence of Eu-Pt(IV) to Eu-
Pt(II) was observed, further study of this phenomenon in cell environment can reveal
more details of the action of the complexes in cell and can be compared with the
cytotoxicity and INDIANA result we already obtained. The luminescence behaviour of
the Yb version can give us further information of the energy transfer mechanism to the
Ln centre, i.e. the possibility of Dexter energy transfer mechanism. Lastly, the Ln-
salicylateDO3A complexes is possible to detect metal ion environment as the salicylic
acid can bind to the metal ion which eventually perturb the lanthanide luminescent or

magnetic properties.
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Chapter 5: Conclusion and Future Works

This work has investigated the development of several Ln-Pt theranostic complexes.
The work started with the investigation of Ln-Pt bimetallic complexes in which the Ln
and Pt building blocks were conjugated by CuAAC click reactions. To avoid using
cytotoxic Cu salts, Ln-Pt conjugates using SPAAC methods were investigated utilising
the diazido Pt(IV) complex, azidophenacylDO3 A lanthanide complex and Sondheimer
diyne. The SPACC reaction of the Pt(IV) complexes was first studied in full details
including reaction condition, characterisation and photoactivatable properties, and the
results of the investigation have been published as three papers.! The third Ln-Pt
system is the cell-permeable Ln-Pt complex, of which the relaxivity and cell diffusion
NMR of the Gd complexes were studied in detail and the photophysical properties of
the switch-on Eu complexes was also investigated, the results have been summarised
and published.* Possible new approaches to investigate Ln-Pt theroanostic complexes

are detailed below:
1. Ln-Pt Complexes with Extended Chromophore:
6’20 Oj)\ -
Y

T T8 o0

O'Bu
o\<
O'Bu e} O
K,CO3, MeCN o—<

Figure 5.1: The proposed naphthalene-diol containing ligand.
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Following the success of synthesizing Ln-salicylateDO3A-Pt complexes in Chapter 4,
the investigation of a chromophore that contained a naphthalene-diol group to substitute
the salicylate group has also been intitiated. There are two advantages of using this new
chromophore group: 1. the naphthalene chromophore can be excited at longer
wavelength; 2. the lower excited state of chromophore can transfer energy more

effectively to a lanthanide centre, especially specific lanthanides which emit NIR light

(Yb, Nd).
o 0} OH OH
i) Ba(OH), 0 0 o piperidine
NaOH (aq.) AcOH
| | 11) HCl (aq.)
O
5.1
0 OAc OAc (0] OAc OAc
NBS, p-TsOH
» Br
DCM, 80°C, 30min
52 5.3

Figure 5.2: Top: the reaction scheme for synthesising compound 5.1. Bottom: bromination of

the Ac-protected naphthalene-diol compound 5.2 which resulted in 5.3.

The reaction scheme for synthesising the naphthalene-diol compound 5.1 is illustrated
in Figure 5.2.>% The ring opening of 2,6-dimethyl-y-pyrone was induced by Ba(OH)..
Hydrochloric acid was used to hydrolyse the intermediate Ba®*-chelate complex
affording the diacetylacetone. The naphthalene core structure was established by
condensation of two molecules of diacetylaceone in a mixture of piperidine and acetic
acid. The product was purified by flash column chromatography and characterised by

NMR spectroscopy and mass spectroscopy.

175



Compound 5.1 was protected by acetyl groups before the bromination reaction.
Different reaction conditions of the Ac-protected compound were tested, including
brominating agents, solvents, reaction time and heat. The best reaction condition was
found to be using N-bromosuccinimide as brominating agent, dichloromethane as
solvent, and heated under microwave for 30 minutes. The side-product of the reaction
is the bi-brominated product which was removed by flash column chromatography. The
product 5.3 was purified by flash column chromatography and characterised by NMR
spectroscopy, mass spectroscopy and UV-vis spectroscopy with a maximum absorption

band at 391 nm.

The alkylation reaction of the brominated chromophore to the triester was
subsequently investigated, however, the fert-butyl protected ligand was found to
decompose under TFA deprotecting condition. Thus, alternative deprotecting or
alkylating strategies need to be found to achieve the synthesis of the target ligand shown

in Figure 5.1.

2. Ln(III)-Pt(IV) axial complexes:

Development of the Ln(III)-Pt(IV) complexes in which the Ln moiety is
attached to the axial position of the Pt centre is another approach to investigate the Ln-
Pt theronostic complexes especially the behaviour of the Pt(IV) prodrugs. For example,
in 2020, Meade and co-workers has reported a Gd(III)-Pt(IV) complex in which the
Gd moiety was attached in the axial position of the Pt. Results showed the complex is

an effective 7;-weighted MR contrast agent.®
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Figure 5.2: structure of the Gd(III)-Pt(IV) complex.®

Several strategies for achieving axial coupling of the lanthanide moity to the Pt
complexes were evaluated, however none of them have satisfying results. A better
coupling method therefore needs to be found to achieve axial coupling of lanthanide to

platinum. The methods evaluated to date are shown below:

1. Using a coupling agent (HATU or HBTU), forming the activated NHS-ester, in
different reaction conditions (solvent, pH, temperature). In these reactions I can
observed the formation of activated esters, but no coupled products, and the
activated ester decomposed over time. Figure 5.3 showed one of the reactions as

an example.

r
OH O&NN\_‘\‘/N OH
Cl\l /NH2—< 0,
Pt
0N XK >
NH,—
cl (LH 2 HBTU, TEA
DMF

Figure 5.3: one of the attempted coupling reactions between lanthanide and platinum.

2. Click reaction between lanthanide and platinum complexes using both CuAAC and
SPAAC strategies. In the case of Cu-catalysed reaction, the reaction was unsuccessful
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potentially because the Pt(IV) complex can be reduced by the Cu(l) catalyst. In the
case of SPACC reaction, the click reaction was found to be slow (less than 5%

conversion after 5 days) and a large number of side products was generated.

N3 0] | IS A

O, Q 0 Oy’
N \/O 0
N/Pt \O 7< >
N, Cl) o Cu(I),DMF
- 1O
of.>o =

Iz =2
N/ N
— v
7\
O O
e) @]
X
Y

Figure 5.4: lllustration of click reaction between lanthanide and platinum complexes.

3. The third type of conjugation strategy was to conjugate the brominated
chromophore to the Pt complex first, and then carry out an alkylation reaction
between the Pt complex and the triester ligand. The reactions went well, and the
alkylated Pt-triester ligand can be purified by HPLC or flash chromatography.
However, when it came to the deprotection of the triester, the ester group between
the Pt and the triester was proved to be unstable in both acidic and basic conditions,
the bond between triester and Pt always disassociated before full deprotection of
the triester, even under mild conditions (lower concentration or different acid like
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formic acid, acetic acid).
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VK@*O PN . {?‘\N/R ) " o< (" w}@_{)
PN —_— NK/ \)_>f—©—l< S VA K/N\)O o
Na\|/l© K,CO4 . N~"0o 0 ‘BuOT]/
@l/Plt\Ng MeCN BUOTK N3 l /NI 2 [¢] +
& oH 0 @/PI < o
~’ oH Ny | @
NG
[¢) 2 @‘/Fit\Na
’. o OH
N NS
Nale
A
\/KQ\FO NaOH
+>

o
Ny | @ H,0
3 2

Pt

Figure 5.5: lllustration of alkylation reactions between Pt complex and triester, and the

following deprotection reactions.

3. Ln2-Pt complexes:

When having the success on both attaching the Ln on the equatorial and axial position
of the Pt centre respectively, a Lny-Pt complexes in which one of the Ln is on the axial
position and the other one is on the equatorial position can be envisaged, as shown in
Figure 5.3. By developing such complex, dual-modality imaging becomes possible. For
example, putting Gd(III) and Eu(IIl) in the Ln building blocks would enable MR and
luminescent imaging from the same complex simultaneously. Different lanthanide ions
can be used without changing the ligand, and more details of the sub-cellular

distribution and metabolism of the complex could be monitored.
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Figure 5.3: The illustration of Ln;-Pt complexes.
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Chapter 6: Experimental Method

6.1 General Procedure

Commercially available solvents and chemicals were purchased and used without
further purification unless otherwise stated. Anhydrous solvents, where used, were
degassed with nitrogen and dried by passing through a MBraun MPSP-800 column,
degassed by freeze-pump-thaw and then used immediately. Deionised water was
obtained using an Elix® Essential water purification system. Propargyl bromide was
used as 80 wt% solution in toluene. All other chemicals were used as received. TLC
Silica gel 60 plates were purchased from Merck and used by cutting manually. TLC
Aluminium oxide 60 F254 with 60 A pore size (neutral A1203) were purchased from
Merck. Geduran® Si 60 Silica gel for column chromatography was purchased from
Merck (particle size 25 — 45 pm). Neutral alumina was purchased from Sigma-Aldrich
(activated AI203, Type I, 70 — 290 mesh). Dialysis tubes (500, 1000MWCO) equipped
with regenerated cellulose were purchased from Sigma-Aldrich and used to purify the
lanthanide and lanthanide-platinum complexes. The dialysis tube was activated by 10%
ethanol solution in deionised water followed by deionised water alone before being
used. The corresponding complexes were dissolved in water and transferred into
dialysis tube. The dialysis tube was placed in a SL-beaker filled with deionised water.
The dialysis lasts for at least two days under stirring and the deionised water was

replaced with fresh deionised water more than three times during the course of dialysis.

NMR spectroscopy: NMR spectra were acquired at 298 K. 400 MHz 'H, 86 MHz '*°Pt
NMR spectra were recorded on a Bruker Avance III HD nanobay NMR equipped with

a 9.4T magnet. 500 MHz 'H NMR, 107 MHz '>Pt NMR spectra were recorded on a
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Bruker Avance IIl NMR equipped with a 11.75T magnet. '*C NMR spectra at 126 MHz
were recorded on a Bruker Avance NMR spectrometer equipped with a 11.75 T magnet
and a '3C detect cryoprobe. All spectra are referenced to the residual solvent peak,
unless otherwise stated. The chemical shifts (8) are reported in parts per million (ppm)
and coupling constants in Hz. NMR abbreviations used are as follows: singlet (s),

doublet (d), triplet (t), quartet (q), multiplet (m) and broad (br).

NMR Spectroscopy (Diffusion Experiments): All diffusion NMR experiments were
acquired at 298 K on a 14.1 T (600 MHz) Agilent DD2 NMR spectrometer equipped
with a 5 mm z-axis gradient triple resonance room temperature probe. Gradients were
calibrated using the known diffusion coefficient of residual HDO (1902 pm?s!) in a
sample of D>O at 298 K. The spectrometer temperature was calibrated with ds-methanol.
A stimulated echo pulse sequence with six variable diffusion delays (A = 50, 100, 200,
300, 400 and 500 ms) was used in all diffusion experiments. In all experiments &= 2
ms, 12, the time for which the magnetisation is transverse, was always set to 10 ms and

I were

eleven quadratically spaced gradient field strengths between 8 and 60 G-cm™
employed.

All spectra were Fourier transformed and phased using NMRPipe. Data were
analysed in phase-sensitive mode, with the lowest gradient field strength and diffusion
delay spectrum used to determine the phase parameters that are then applied to all other
spectra. The water peak intensity in each spectrum was integrated and analysed using
the INDIANA method! to determine the intra-cellular water mole fraction, cell radius,
water exchange rate over the membrane and diffusion coefficients and longitudinal

relaxation rates in both the intra- and extra-cellular spaces. Previous simulations have

shown that while the INDIANA method is relatively insensitive to small changes in the
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intra-cellular longitudinal relaxation rate it is sensitive to when this rate exceeds
approximately 0.5 s

NMR Relaxivity Experiments: Relaxivity data were acquired at 298 K ona 14.1 T
(600 MHz) Agilent DD2 NMR spectrometer equipped with a 5 mm z-axis gradient
triple resonance room temperature probe. In all cases longitudinal relaxation rates were
measured using an inversion recovery pulse sequence. To minimise radiation damping
effects 100 pL of sample was placed in a co-axial NMR tube and CDCI3 was placed in
the outer tube to provide lock signal. For all experiments the recycle delay time was set
to at least ten times the T1 time to ensure that the magnetisation relaxed fully back to
equilibrium prior to the inversion pulse. Typically, fifteen different relaxation delays
up to five times the T1 time were employed. Spectra were subsequently phased and
Fourier transformed using NMRPipe. Peak intensities for each relaxation delay were
integrated and fit to the equation: S(t) = S(o0)(1 — 2e~F1t)) where S is the signal
intensity and S(e0) and R; are fitting parameters using in-house python scripts that

employ the LMFIT and nmrGlue modules.

Mass Spectrometry: Low-resolution mass spectra were acquired using either an
Agilent Technology 1260 Infinity or a Waters LCT Premier XE spectrometer. LC-MS
were measured by a Waters LCT Premier bench-top orthogonal acceleration time-of-
flight LC-MS system. High resolution accurate mass spectra were recorded to 4 decimal

places using Bruker pTOF and Micromass GCT systems.

Elemental analysis (Pt, Ln) of complexes: complexes were dissolved in DMEM
media and analysed by ICP-MS analysis. Five repeat samples for each complex were

prepared. The average of the replicates were calculated including error calculation. 50
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pL of compound containing media was added to the PFA vials, to which 500 pL 16M
HNOs3 and 100 pL of 30% H>0O, were added. The samples were digested overnight at
70° C. Following this digestion the samples were allowed to cool to room temperature,
where they appeared transparent and yellow in colour. Following complete digestion,
the samples were diluted to 15 mL with water.

Trace elemental analyses of Pt and Gd, were undertaken by inductively coupled plasma
- mass spectrometry (ICP-MS), using a PerkinElmer NexION 350D ICP-MS at the
Department of Earth Sciences, University of Oxford. All sample and standard
measurements were blank corrected, using blank measurements taken periodically
during the analytical run. The run was arranged so that every ten samples were
bracketed by a gravimetrically prepared calibrant standard, as a gauge for analytical
precision and accuracy. A secondary quality control standard was also measured to
verify the validity of the calibration. Detection limits are calculated as three times the
standard deviation of the blank series measured during the analysis (ca. n=19) and

corrected for the sample dilutions.

Analytical HPLC: HPLC was performed using a Waters Autopurification system,
equipped with an ACQUITY QDa performance mass spectrometer and UV-Vis
absorption spectrometer. UV-Vis absorption spectra were acquired on the HPLC.
MilliQ® water (Milipore, Merck) and HPLC-grade MeCN/MeOH were used as eluents

A and B respectively.

Neutral conditions consisted of original solvents, basic conditions contain 0.05%
NH4OH (pH 8) in both solvents and acidic conditions contain 0.1% formic acid in both

solvents (pH 2), gradient and column conditions are described in the chart below. Crude
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samples were dissolved in 95:5 H20/MeCN and filtered (nylon, ionic membrane, 0.2
uM).

prep-HPLC: Prep-HPLC used a Waters X-Bridge OBD semi-prep column (5 pm, 19
mm x 50 mm), with an injection loop of 1 ml. Samples (in HO/MeOH) were filtered
(IM) and injected in 750 pL aliquots, with mass-directed purification with an
ACQUITY QDa performance mass spectrometer.

Analytical HPLC: Analytical HPLC used the same solvents and a Waters X-Bridge

OBD column (5 pm, 4.6 mm x 50 mm) and an injection loop of 0.02 ml.

Method 1, Column: Xbridge, flow rate: 1ml/min for analytical, 25ml/min for preparative run
Time/min Solvent A % Solvent B %

0 95 5

5 50 50

5.5 5 95

6.5 5 95

9 95 5

Method 2, Column: Xbridge, flow rate: 1ml/min for analytical, 25ml/min for preparative run

Time/min Solvent A % Solvent B %
0 95 5

1 95 5

2.5 70 30

8 30 70

9 95 5

Method 3, Column: Sunfire/Xbrdige, flow rate: 1ml/min for analytical, 20ml/min for preparative

run
Time/min Solvent A % Solvent B %
0 95 5

1 90 10

8 25 75

9 5 95

10 95 5

Method 4, Column: Xbridge, flow rate: 1ml/min for analytical, 20ml/min for preparative run
Time/min Solvent A % Solvent B %

0 80 20

1 80 20

8 10 90

9 50 50

10 80 20
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X-ray crystallography: Low temperature single crystal X-ray diffraction data were
collected using a (Rigaku) Oxford Diffraction SuperNova A diffractometer. Raw frame
data were reduced using CrysAlisPro and the structure was solved from the integrated
intensities with charge-flipping using 'Superflip’.? The structure was refined using full-
matrix least squares on F? using the CRYSTALS suite.’™ Crystallographic data have
been deposited with the Cambridge Crystallographic Data Centre (CCDC: 1960280)

and can be obtained via www.ccdc.cam.ac.uk/data_request/cif.

Infrared spectroscopy: Infrared spectra were recorded in solid-state using a Bruker
Tensor 27 FT-IR spectrometer with an IR Diamond Attenuated Total Reflectance

module.

Luminescence spectroscopy: HORIBA Jobin Yvon FluoroLog3 fluorimeter
(Hamamatsu R928 detector and a double-grating emission monochromator) was used
to acquire the luminescence spectra. The standard conditions for acquiring emission
and excitation spectra are room temperature and steady-stated mode unless otherwise
stated. HORIBA Jobin Yvon FluoroLog3 fluorimeter system equipped with a Xenon
flash lamp was used to acquire emission lifetimes. Luminescence lifetimes were

obtained by tail fit for Eu(Ill) complexes using Origin software.
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6.2 Synthetic Methods

tBuDO3AH: 1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-

tetraazacyclododecane, (2.2)°

O t
O'Bu

/N~
N N

[ j O'Bu
‘BuO
N

O
Cyclen (7.00 g, 40 mmol) was added to dry MeCN (175 mL) with sodium hydrogen
carbonate (11.30 g, 134 mmol) and stirred for 20 minutes in an ice bath. Tert-butyl
bromoacetate (19.75 mL, 134 mmol) dissolved in dry MeCN (75 mL) was added
dropwise over 30 minutes. The solution was then allowed to warm to room temperature
and stirred under nitrogen for 48 h. The inorganic solids were removed by filtration and
the solvent removed under reduced pressure to give a pale cream solid. The solid was
dissolved in a minimum amount of DCM, hexane added and triturated to remove excess
tert-butyl bromoacetate. The resulting cream solid was washed with toluene and then
recrystallized from hot toluene to yield the product as a white solid (7.65 g, 37%).
"H-NMR (400 MHz, CDCI+): 61 9.97 (s, 1H), 3.32 (s, 4H), 3.26 (s, 2H), 3.06 (s, 4H),
2.90-2.83 (s, 12H), 1.42 (s, 27H) ppm. "*C-NMR (126 MHz, CDCl3): 8¢ 170.67, 169.78,
82.01, 81.85, 58.41, 51.54, 49.38, 47.68, 28.39, 28.36 ppm. ESI-MS (MeOH): m/z cal.

for [M+H]" 515.4, found m/z 515.4 [M+H]", 537.4 [M+Na]".
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4-Azido acetophenone’

N3

4-Aminoacetophenone (1 g, 7.4 mmol) was dissolved in mixture of 14 ml ethyl acetate
and 2 ml H>O, and this solution was left to cool in an ice-water bath for 10 minutes. To
this a solution of NaNO; in 2.4 ml H>O was added dropwise (0.87g, 12.6 mmol) stirred
for 30 min. A solution of NaN3 in 2.7ml H>O was added dropwise (0.82, 12.6 mmol).
After stirring for a further 30 min, the solution was diluted by 16 ml H>O and washed
with 2 x 20 ml ethyl acetate. The combined organic phase was wash with 1 M NaOH
solution, then water, dried over Na2SO4 and concentrated in vacuo and dried in Schlenk
line to give the target compound as pure yellow crystals (1.16 g, 93%).

'"H-NMR (400 MHz, CDCls) 8: 2.62 (s, 3H), 7.14 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.0

Hz, 2H). IR (cm'): 2095 (N3), 1683 (C=0).

1-(4-azidophenyl)-2-bromoethan-1-one (2.1)®

(0}
Br

N3
4-Azido acetophenone (1 g) was dissolved in 20 ml acetonitrile, p-toluenesulfonic acid
monohydrate (2.08 g, 12 mmol) and N-bromosuccinimide (1.09 g, 6 mmol) were added.
Stirred under reflux for 2 h. Removed solvent under reduced pressure, and redissolved

in 50 ml DCM, washed with water, dried over MgSO4 and removed solvent under
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vacuum. The crude product was purified by silica gel chromatography (6:4 (v:v)
DCM:hexane) to obtain a pale yellow solid (0.78 g, 54%).
'"H NMR (400 MHz, CDCls) &: 8.01 (d, J = 8.5Hz, 2H), 7.11 (d, J = 8.4Hz, 2H), 4.45

(s, 2H). IR (cm™): 2096 (N3), 1678 (C=0).

Tri-tert-butyl 2,2°,2°°-(10-(2-(4-azidophenyl)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (2.3)°

To a solution of triester (1g 1.9 mmol) in dry acetonitrile (40 ml), potassium carbonate
was added (0.54 g, 3.8 mmol) followed by 1-(4-azidophenyl)-2-bromoethan-1-one
(0.47 g, 1.9 mmol). The suspension was left stirring at RT under nitrogen for 3 h. The
reaction was filtered and the solvent was removed by reduced pressure. The crude
product was purified by silica gel column chromatography (9:1 (v.v) CHCI3;:MeOH) to
obtain an orange solid. (1.42 g, 83%)

"H-NMR (400 MHz; CDCls) &: 7.92-8.13 m, 2H), 7.03-7.21 (m, 2H), 3.45 — 2.06 (m,

24H), 1.45 (s, 27H). ESI-MS: m/z cal. for [M+Na]" 696.4, found m/z 696.4.
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2,2°,2”°-(10-(2-(4-azidophenyl)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetic acid (2.4)'°

To a solution of Tri-tert-butyl 2,2°,2°°-(10-(2-(4-azidophenyl)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate (0.5g 0.74 mmol) in DCM (5 ml), TFA (5
ml) was added dropwise. The reaction was stirred at RT for 24 h, the solvent were
removed under reduced pressure. The resulting solid was treated with a small amount
of methanol following addition of diethyl ether to triturate the target product as white
powder. The solvent was decanted and the solid was dried under vacuum to afford target
ligand in quantitative yield. (0.31 g, 81%)

'"H-NMR (400 MHz, D>0O) & 7.83-8.04 (m, 2H), 7.02-7.21 (m, 2H), 4.05 — 2.75 (m,

24H). ESI-MS: m/z cal. for [M+H]" 506.2, found m/z 506.2 for [M+H]"

General method for synthesis of the azidophenylDO3A lanthanide complexes

(Ln.2.5)!!
N- -,L.n\- -N
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To a solution of the ligand 2.4 in methanol the appropriate lanthanide triflate salt was
added (1.2 eq.) and the solution was stirred at 60°C for 30 min. The pH was adjusted to
4 by adding 1 M NaOH dropwise. The reaction was left to stir at 60°C for 48 h. The
methanol was removed under vacuum, leaving an oil that was dissolved in water. The
pH of this solution was adjust to 10 by addition of NaOH solution in order to precipitate
excess lanthanide as its insoluble hydroxide, which was separate by centrifugation and
the supernatant was filtered by a syringe filter. The aqueous solvent was removed by

freeze-drying to obtain product.

(Ln: Eu). Yield: 86%. 'H-NMR (400 MHz; D-0) &: 33.8, 32.0, 22.5, 20.3, 15.9, 9.7, -
3.5,-5.0,-7.3,-8.8,-9.8, -11.1, -11.7, -15.6, -17.1. Only resolved peaks outside 0 to 5

ppm are reported. ESI-MS: m/z cal. for [M+Na]" 678.1, found m/z 678.1 for [M+Na]".

(Ln: Yb). Yield: 82%. 'H-NMR (400 MHz; D,0) &: 133.6, 126.5, 119.5, 90.5, 85.4,
81.9,70.3, 67.1, 56.9, 43.6, 37.5, 30.5, 28.8, 25.8 23.6, 22.5, -24.6, -27.7, -35.0, -36.5,
- 39.3, -42.7, -46.0, -48.1, -51.4, -66.5, -81.0. Only resolved peaks outside -20 to 20

ppm are reported. ESI-MS: m/z cal. for [M+Na]" 699.1, found m/z 699.1for [M+Na]".

(Ln: Lu). Yield: 87%. 'H-NMR (400 MHz; D,0) &: 8.08(d, J = 8.8, 2H), 7.18 (d, J =

8.7, 2H), 4.02 (br, 16H), 3.21(br, 8H), 2.86 (br, 4H). ESI-MS: m/z cal. for [M+Na]*

700.1, m/z found 700.1 for [M+Na]".

192



diethyl 2-(prop-2-yn-1-yl)malonate (2.6)'?

To a stirring solution of diethyl malonate (0.5g) in ethanol, 1.1 equivalent of sodium
ethoxide was added and stirred for 15 min. 1 equivalent of propargyl bromide was
added dropwise. The resulting solution was stirred at room temperature for 16 h. The
solvent was removed by reduced pressure and the crude product was obtained as yellow
oil. Flash column chromatography was used to purify the product (silica gel, ethyl
acetate: petroleum ether = 6: 4). (1.14 g, 92%)

"H NMR (400 MHz, CDCl3) 6: 4.16 (qd, J = 7.2, 1.8 Hz, 4H), 3.49 (t, J = 7.7 Hz, 1H),
2.70 (dd, J=17.7, 2.7 Hz, 2H), 1.96 (d, J = 5.4 Hz, 1H), 1.21 (t, J= 7.1 Hz, 6H). ESI-

MS: m/z cal. for [M+H]" 199.1, found m/z 199.1 for [M+H]".
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General method for the synthesis of the lanthanide complexes from Ln.2.5 and 2.6

(Ln.2.7)"3
(0]
Q
M\ .
N\I‘.,’N\__-o
_____ Ln"")
O—— /’ I"‘\
SN AN
o
'O/
N—N
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Ln complex Ln.2.5 (0.2g) was dissolved in methanol, 1.5 equivalent of the alkyl
compound 2.6, 1.6 equivalent of sodium ascorbate and copper sulphate were added to
the solution. The solution was stirred at 40°C for 48 h. HPLC (acidic conditions with
0.1% formic acid, HPLC method 3, Sunfire column) was used to monitor the reaction

progress and purification of the crude product.

(Ln: Lu). Yield: 36%. 'H NMR (400 MHz, D,0) &: 8.34 (s, 1H), 8.27 (d, J = 8.7 Hz,
2H), 8.15 (s, 1H), 7.90 (d, J = 8.3 Hz, 2H), 4.05 — 2.75 (m, 28H), 1.48 (t, /= 7.1 Hz,
6H). ESI-MS: m/z cal. for [M+H]" 876.2, ound m/z 876.2 for [M+H]".

(Ln: Eu). Yield: 45%. 'H-NMR (400 MHz; D-0) &: 32.6, 31.5, 22.6, 21.0, 14.9, 8.9, -
34,-49,-7.2,-88,-9.6,-11.0,-11.6, -14.6, -17.0. Only resolved peaks outside 0 to 5

ppm are reported. ESI-MS: m/z cal. for [M+H]" 854.2 found m/z 854.2 for [M+H]".
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General method for the ester deprotection of lanthanide complexes 2.7 (Ln.2.8)'*

N—N
\
AN N
HO
O
OH
O

Ln complex Ln.2.7 (0.15g) was dissolved in water and 1M NaOH solution was added
dropwise until the pH of the solution reached 10. The resulting solution was stirred at

50°C for 16 h. The product was purified by 500 MWCO cellulose membrane.

(Ln: Lu). Yield: 85%. '"H NMR (400 MHz, D;0) §: 8.32 (s, 1H), 8.25 (d, J = 8.5 Hz,
2H), 8.13 (s, 1H), 7.80 (d, /= 8.1 Hz, 2H), 4.05 — 2.75 (m, 24H). ESI-MS: m/z cal. for
[M+H]" 820.2 found m/z 820.2 for [M+H]". UV-vis absorption (nm) 275.

(Ln: Eu). Yield: 88%. 'H-NMR (400 MHz; D-0) &: 35.5, 32.4, 22.8, 21.5, 15.1, 9.9, -
2.9,-3.5,-6.2,-8.8, -9.8,-11.0,-12.5, -15.6, -18.5. Only resolved peaks outside 0 to 5
ppm are reported. ESI-MS: m/z cal. for [M+H]" 798.2, found m/z 798.2 for [M+H]".

UV-vis absorption (nm) 275.
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cis-[Pt(NH3):15]

Potassium tetrachloroplatinate with 10 equivalents of potassium iodide were dissolved
in water and stirred for 30 minutes. 2 equivalents of ammonium chloride was added to
the solution. 2M KOH solution was added dropwise until the pH reached 10 and stay
unchanged. The solution was left to stir for another 2 hours, the cis-[Pt(NH3).I>] was
formed as orange solid. Pure product was recrystallized from DMF.

ESI-MS: m/z cal. for [M+H]" 483.96, found m/z 483.83 for [M+H]".

cis-[Pt(NH3)2(H20)]?* (Pt.2.9)

2 equivalents of silver nitrate was added to a water suspension of cis-[Pt(NH3).12]. The
silver 1odide was formed as a pale-yellow precipitate. The suspension was stirred at
room temperature for 24 h and the precipitate was removed by filtration. The clear
filtrate containing Pt.2.9 can be used directly in the next step.
195pt NMR (107 MHz, d3-MeCN) 8: -1596.

General method for the ester deprotection of lanthanide-platinum complexes

Ln.2.10
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1 equivalent of Ln.2.8 (0.12g) was added to the Pt.2.9 (1.5 equivalent) water solution.
IM sodium hydroxide solution was added dropwise to adjust the pH of the solution to
9, and the resulting solution was stirred at room temperature for 24 hours. Solvent was
removed by reduced pressure and the crude product was purified by HPLC (acidic

condition with 0.1% formic acid, HPLC method 3, Sunfire column).

(Ln: Lu). Yield 33%. '"H NMR (400 MHz, D,0) &: 8.33 (s, 1H), 8.27 (d, J = 8.5 Hz,
2H), 8.14 (s, 1H), 7.81 (d, J= 8.1 Hz, 2H), 4.06 — 2.75 (m, 24H). Pt NMR (107 MHz,
d3-MeCN) &: -2098. ESI-MS: m/z cal. for [M+H]" 1047.2, found m/z 1047.2 for

[M+H]". UV-vis absorption (nm) 295.

(Ln: Eu). Yield:28%. 'H-NMR (400 MHz; D,0) &: 35.2, 27.4, 25.7, 24.9, 10.1, 9.14,

72,-1.7,-25,-5.1,-64, -8.6,-9.8, -11.0, -12.1, -13.1, -16.6, -19.0. Only resolved

peaks outside 0 to 5 ppm are reported. Pt NMR (107 MHz, ds-MeCN) &: -2096. ESI-
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MS: m/z cal. for [M+H]" 1025.2 found m/z 1025.2 for [M+H]". UV-vis absorption (nm)

295.

General method for the ester deprotection of lanthanide-platinum complexes

Ln.2.11

-

-
-

-

Complexes Ln.2.10 (0.1 g) was dissolved in 2 ml of water, 0.5 mL 30% H>O> solution
was added dropwise to the solution. The resulting solution was stirred for 16 h. Solvent
was removed by rotary evaporation and the crude product was obtain as yellow oil and
purified by HPLC (acidic conditions with 0.1% formic acid, HPLC method 3, Sunfire

column).

(Ln: Lu). Yield 76%. 'H NMR (500 MHz, D,0) &: 8.66 (s, 1H), 8.32 (s 1H), 8.12 (d, J
= 8.6 Hz, 2H), 8.05 (d, /= 8.6 Hz, 2H), 7.81 (d, J= 8.1 Hz, 2H), 4.06 — 2.75 (m, 24H).
195pt NMR (107 MHz, d3-MeCN) 8: 1085. ESI-MS: m/z cal. for [M+H]" 1081.2, found

m/z 1081.2 for [M+H]". UV-vis absorption (nm) 295.
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(Ln: Eu). Yield 85% '"H-NMR (400 MHz; D>0) &: 34.9, 27.1, 25.4, 24.7, 21.7, 10.3,
94,9.1,7.4,-1.7,-2.3,-2.9, -5.0, -8.0, -10.7, -11.8, -16.4, -18.6. Only resolved peaks
outside 0 to 5 ppm are reported. 1Pt NMR (107 MHz, ds-MeCN) §: 1084. ESI-MS:

m/z cal. for [M+H]" 1089.2, found m/z 1089.2 for [M+H]". UV-vis absorption (nm) 295.

trans,trans-|Pt(py)2CL,">

PYy/,,, ot \\\\\\CI
a?” g,

Pyridine (1.8g, 24 mmol) was added to a solution of K;PtCl4 (2g, 4.8 mmol) in distilled
water (50 ml). The solution was stirred at 85 °C overnight until colourless, cooled and
syringe filtered. The solvent was removed and the salt was washed with diethyl ether
(3 ml). HCI (2M, 50 ml) was added and the solution was stirred at 75 °C for 24 hours.
The resulting yellow suspension was put on ice and filtered by Buchner filter, and
washed with cold minimal H,O, methanol and diethyl ether to give the pale yellow
product (1.66 g 82%).

"H NMR (400 MHz, d¢-acetone) &: 8.92 (dd, 3Jupe = 35 Hz, *Jun = 7 Hz, 4H) 8.05 (it,

3Jun = 7 Hz, 2H) 7.55 (dt, 3Jun = 7 Hz, 4H).

trans,trans-|Pt(N3)2(py)2]">

trans, trans-[PtCla(py)2] (1.60 g, 3.80 mmol) was suspended in H,O (275 mL), AgNOs
(1.28 g, 7.60 mmol) was added and the reaction stirred at 60 °C overnight. The grey

solution was filtered (celite, then IM). NaN3 (1.24 g, 19.00 mmol) was added and the
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reaction was stirred at room temperature, after 4 h additional NaN3 (1.24g, 19.00 mmol)
was added, and the solution stirred for 4 h. The solution was placed on ice, filtered, and
the yellow product washed with cold, minimal solvents (H>O, ethanol, ether) to give
the crude product (1.60 g, 3.68 mmol, 96%). The crude product was purified by
recrystallisation from pyridine (in the ratio product/solvent of 1 g/37.5 mL, pre-heated
to 40 °C), followed by filtration (IM), and cooling to 4 °C. The yellow product was
isolated by filtration, washed and dried under vacuum. (1.38g, 87%)

"H NMR (400 MHz, d¢-acetone) &: 8.86 (d, *Jupt = 36 Hz, 3Jun = 7 Hz, 4H), 8.08(t, *Jun

=7 Hz 2H), 7.65 (t, 3Jun = 7 Hz, 4H).

trans,trans,trans-Pt'"Y (N3)2(py)2(OH)2 (3.1)"3

OH

Py, | N3

Pt
N3/ | \py
OH

trans, trans-[Pt(N3)2(py)2] (500 mg, 1.14 mmol) was suspended in 30% H»O, solution
(35 ml) and left to stir at 45 °C for 3 hours. The solvent was reduced to 5 ml on a rotary
evaporator at 50 °C. Ethanol (20 ml) was added and the solution was filtered (IM).
Diethyl ether (60 ml) was added, the solution was allowed to cool and left in the freezer
overnight. Yellow crystals were isolated on filtration (513 mg, 95%).

"H NMR (400 MHz, D;0) 8: 8.82 (d, *Jupi = 27 Hz, 3Jun = 6 Hz, 4H) 8.30 (t, 3Jun = 8
Hz, 2H) 7.84 ppm (t, *Jun = 7 Hz, 4H). ESI-MS (MeOH): m/z cal. for [2M+H]" 943.1,

m/z=965.1 [2M + Na]*; 943.1 [2M + H]"; 494.0 [M + Na]*. IR (cm!): 2032.35 (N3).
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Reaction of 3.1 with 1,4-diphenyl-2-butyne-1,4-dione (3.2) to give complex

3.3(3.3a/3.3b)'6

_~. dynamic exchange OH O
N3/ N

1,4-diphenyl-2-butyne-1,4-dione (70 mg, 0.299 mmol) was dissolved in MeCN (22 ml).
trans, trans, trans-[Pt(N3)2(OH)2(py)2] (150 mg, 0.318 mmol) was added whilst stirring
at 35 °C for 48 h. The solvent volume was reduced to 5 ml in vacuo, syringe filtered
and purified by HPLC (neutral condition, HPLC method 1, Xbridge column). Complex
3a/3b was isolated as a pale yellow solid (60 mg, 0.085 mmol, 28 %). Subsequent
analysis of .33 confirmed that it was an equilibrium mixture of two isomers: 3.3a and

3.3b.

'H NMR (500 MHz, ds:MeCN) &: 9.13 (dd, 3Jup = 27.6, *Jun = 6.7, 2H), 8.95 (dd, *Jup:
=28.0,3Jun = 6.7, 4H), 8.70 (dd, *Jupi = 27.9, *Jun = 6.7, 2H), 8.21 (d, *Jun = 8.1, 2H),
8.13 (d, *Jun = 7.5, 2H), 8.12 (m, 1H), 8.03 (m, 2H), 8.01 (m, 1H), 7.68 (dd, 2H), 7.60
(m, 1H), 7.58, (m, 1H), 7.56 (m, 4H) 8.03 (m, 2H), 7.49 (m, 1H), 7.47 (m, 2H), 7.46
(m, 2H), 7.45 (d, 2H), 7.43 (m, 2H), 7.26 (dd, 3Jun = 6.7, 3Jun = 6.7, 2H), 7.06 (t, *Jun
=7.5, 1H), 6.94 (dd, *Jun = 7.6, *Jun = 7.6, 2H), 6.68 (d, 3Juu = 8.1, 2H), 4.93 (s).

13C NMR (151 MHz, d>MeCN) §: 190.3, 188.1, 186.4, 159.3, 150.5, 150.4, 150.1 ),
147.9 (q, 3Jcp = 25.8), 147.1 (q, “Jep = 13.6), 145.6 (q, Jep = 33.1), 143.2, 143.0,
142.9, 142.2 (q, 2Jcr = 33.7), 138.1 (q), 137.7 (q), 134.3, 134.1, 134.0, 131.3, 131.2,
129.6, 129.3, 129.2,129.1, 128.5, 128.1, 127.2 (Jer= 26.5), 127.1 (Jep= 25.7), 127.0

CJop= 27.4), 125.3, 103.0 (q).
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195pt NMR (107 MHz, d>-MeCN) &: 689 (3.3a), 785 (3.3b).

ESI-MS (MeCN): m/z cal. for [2M+Na]" 1433.3, [2M+Na]" was found at 1433.3

Characterisation of complex 3.5

'H NMR (500 MHz, d5-MeCN) &: 9.16 (s, br, 1H), 9.14 (dd, *Jipc = 26.7, i = 6.7,
4H), 8.51 (dd, > = 26.7, it = 6.6, 4H), 8.11 (t, 3Jiart = 7.6, 2H), 8.06 (d, >yt = 8.3,
4H), 7.85 (¢, 3Jun = 7.8, 2H), 7.68 (t, Jun = 7.8, 4H), 7.59 (t, *Jut = 7.5, 2H), 7.46 (t,
i = 7.8, 4H), 7.22 (t, Jun = 6.6, 4H), 7.09 (t, > = 7.4, 2H), 6.95 (t, i = 7.8,
4H), 6.75 (d,3Jun = 8.3, 4H).

13C NMR (151 MHz, d5.MeCN) 3: 187.9 (q), 153.3 (q), 151.6 (q, 2Jcp 43.8 Hz), 150.42,
150.37, 143.1 (q), 143.0, 142.8, 138.6 (q), 133.8, 131.3, 129.1, 127.2 (t, *Jep= 27.2),
127.0 (¢, 2Jcp= 26.2), 128.8, 128.6, 126.4, 112.1 (q).

195pt NMR (107 MHz, ds-MeCN) 776 ppm. ESI-MS: m/z cal. for [M.H20, +Na]*

1465.3, [M.H,0, +Na]" at 1465.3 m/=.

Characterisation of rearranged complex 3.4
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'H NMR (400 MHz, ds-MeOH) &: 9.05 (d, *Jupt = 25, >Jun = 6, 2H), 8.54 (d, *Jup = 25,
3Jun = 6, 2H), 8.26 (dd, 3Jun = 6, 1H), 7.97 (dd,*Jun = 6, 1H), 7.93 (d, 3Jun = 6, 2H),
7.81 (dd, 3Jun = 7, 2H), 7.57 (t, *Jun = 7, 1H), 7.43 (dd, 2H, *Jun = 7), 7.33 (dd, 2H),
7.04 (dd, 1H, 3Jun = 7), 6.91 (t, 2H, *Juu = 7), 6.71 (d, 2H, *Jun = 6).

13C NMR (126 MHz, d4-MeOH) &: 188.0 (q), 152.0 (q), 151.3, 150.7, 145.3 (q), 143.8,
143.6 (q), 143.4, 138.8 (q), 134.1, 131.2, 129.9, 129.2, 128.8, 128.6, 128.1 (Ji3c195p=
26), 127.6 (Jisciosp= 26), 126.3, 108.4 (q).

195pt NMR (107 MHz, ds-MeOH) &: 824

IR v cm! (ds-MeOH): 3391.11 (br), 2508.44 (br), 2048.63 (sharp, VasymN3), 1654.70,
1613.38, 1597.02, 1460.08, 1405.16, 1254.93, 1213.32, 1106.53, 1013.34, 934.54,
894.13, 768.44, 691.38.

ESI-MS (MeOH) m/z: cal. for [M+H]" 705.7, found [M + H]" (m/z) = 705.7 and [M —

OHJ* (m/z) = 688.1)
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ortho-(Phenylsulfonylmethyl)benzonitrile'’

PhSO,

O—=0

alpha-bromotolunitrile (4.01g) was added to benzene sulfinic acid sodium salt
dihydrate (4.82 g, 24.0 mmol, ChemCruz) in DMF (30 ml) under an inert atmosphere.
The reaction mixture was stirred at 80°C for two hours and then cooled to room
temperature. The reaction mixture was worked up with HyO/EtOAc. The organic layer
was isolated, dried with MgSOys, filtered and the solvent removed in vacuo to yield 5.65
g of crude product. The crude product was then recrystallised with minimal hot EtOAc
and hexane until the clouding point was reached, yielding the solid white product (2.54g,
50%).

"HNMR (CDCI3) 6 = 7.79 — 7.41 (m, 9H), 4.58 (s, 2H). ESI-MS m/z: cal. for [M+H]"

280.0, found m/z = 280.0 [M+Na]".

5,6,11,12-Tetradehydrodibenzo[a,e]cyclooctene (3.6)!7

500 mg (1.93 mmol) of ortho-(phenylsulfonylmethyl)benzaldehyde was added to
CIPO(OEt): (0.33 ml, 2.3 mmol) and dry THF (50 ml) under an inert atmosphere.
Lithium bis(trimethylsilyl)amide (LIHMDS, 1 M in THF, 3.9 ml, 3.9 mmol) was added

at -78°C. The reaction mixture was stirred at -78°C for 30 minutes, then at room
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temperature for 1.5 hours. Lithium diisopropylamide (LDA, 1 M, in THF / hexane, 9.6
ml, 9.6 mmol) was added dropwise at -78°C. The reaction mixture was stirred at -78°C
for two hours and then quenched with aqueous NH4CI (100 ml, 1 M). The reaction
mixture was worked up with H>O (1 x 100 ml) and EtOAc (2 x 200 ml). The organic
layers were combined and the solvent removed in vacuo to yield 870 mg of crude
product. The product was purified by column chromatography (DCM:hexane 2:3) to
yield 45 mg of pure product as a yellow solid (0.23 mmol, 11%).

"H NMR (CDCls) = 6.92-6.95 (m, 4H), 6.71-6.77 (m, 4H). ESI-MS (MeCN) m/z cal.

for [2M+H]* 401.3, found 401.3.

Reaction of 3.1 with diyne 3.6 to give complex 3.7 — [N1, N3]'¢

= o

N N\m _—

ard ‘\ N
OH O

N3

/ OH
lN ‘ N N
N \P / \N/

— ‘\ N

L
Diyne 3.6 (5,6,11,12-Tetradehydrodibenzo[a,e]cyclooctene) (60 mg, 0.3 mmol, 0.4 eq)
was added to trans,trans,trans-[Pt(N3)2(OH)2(py)2] (400 mg, 0.84 mmol) in MeCN
(250 ml) and the reaction mixture stirred at room temperature for 48 h. The resulting

yellow solution was concentrated, filtered and purified by HPLC (neutral condition,

HPLC method 2, Xbridge column), the product 3.7 eluting as a single species at tr =
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4.01 min. The mixture of isomers of complex 3.7 was reconsituted in MeCN; crystals
of 3.7 — [N1, N3] formed on standing at room temperature (24 mg, 6 %).

"H NMR (500 MHz, d3-MeCN) &: 8.64 (dd, 8H, *Jup = 27.5, *Jun = 6.2) 7.91 (dd, 4H,
3un = 7.3, %Jun = 7.3), 7.45 (d, 2H, *Juu = 5.8), 7.41(dd, 8H, *Jun = 6.7, *Jun = 6.7),
7.39 (t, 2H, 3Jun = 8.3), 7.03 (t, 2H, *Jun = 7.5, 1H), 5.90 (d, 2H, *Juu = 7.8).

13C NMR (126 MHz, d3-MeCN) 6: 150.1, 147.3 (q), 142.9 (C;), 141.0 (q), 134.3 (q),
131.5, (q), 130.8,130.7, 130.2, 128.9, 126.9 (*J13c-195pt = 27.3). Pt NMR (107 MHz)
d: 723 in d3-MeCN, 886 in D-O. HRMS(m/z) m/z cal. for [M+H]" 1143.2139, found

1143.2123 [M+H]".

The double click lanthanide-platinum complex 3.8

(0]
7// i /\(O
N\ ! ,N
Ly
N - :
)\/N\_.“/N

OH
NN ey
_pt”

py | \N3

OH

Ln DO3A-azidophenyl (75 mg, 0.11 mmol) and trans,trans,trans-[Pt (N3)2(py)2] (52
mg 0.11 mmol)were dissolved in a mixture of 50ml H>O and 50 ml MeCN, stirred for
20 min. A solution of Sondheimer diyne (22 mg, 0.11 mmol) in 10 ml MeCN was

added dropwise over a period of 15 min. Stirred at RT for 48 h. Solvent was removed

under reduced pressure, the resulting yellow solid was purified by HPLC (neutral
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condition, HPLC method 2, Xbridge column) and 20 mg of product was isolated as a
yellow solid.

(Ln: Eu) 'H-NMR (400 MHz; D-O) &: 35.9, 28.1,24.4,23.7,22.7,11.2,8.4, 8.1, 6.4,
-1.6,-2.4,-2.8,-5.1,-8.2,-10.8, -12.8, -16.4, -18.6. Only resolved peaks outside 0 to 5
ppm are reported. HRMS found m/z 1324.2542 for [M+H]".

(Ln: Yb) '"H-NMR (400 MHz; D,0) 6: 130.1, 99.5, 92.1, 86.7, 49.7, 38.3, 24.0, -43.2,
-49.5, -57.8, -59.6, -61.8 -65.6, -76.8. *>’Pt-NMR (500 MHz; D20) 6: 911 HRMS

m/z cal. for [M + H]" 1345.2713, found1345.2711.

Methyl 5-(2-bromoacetyl)-2-hydroxybenzoate (4.1)'8

(0]

To a stirred solution of methyl 5-acetylsalicylate (1.0 g, 5.1 mmol) in CHCI3/EtOAc
(40 mL) was added copper (II) bromide (2.384 g, 10.8 mmol). The reaction mixture
was gently refluxed at 45 °C. The progress of the reaction was monitored by TLC. After
completion of the reaction, the reaction mixture was filtered and water (50 mL) and
EtOAc (40 mL) were added to the reaction mixture. EtOAc layer was separated and
aqueous layer was re-extracted with EtOAc (20 mL x 2). The EtOAc fractions were
combined, dried over anhydrous MgSQOs, filtered, and the supernatant concentrated
under reduced pressure to afford the crude 5-bromoacetyl-2-hydroxybenzoic acid
methyl ester as a yellowish white solid. Crude product was recrystallized using CH>Cl»
and hexane. (1.131g, 82%) '"H NMR (400MHz, CDCl3) &: 11.33 (s, 1H), 8.52 (d, 1H),

8.11(dd,1H), 7.07(d, 1H), 4.40(s, 2H), 4.01 (s, 3H) ppm. 3C NMR (126 MHz; CDCl; )
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0:189.4,170.0, 166.0, 136.2, 132.3, 125.7, 118.6, 112.5, 53.0, 30.4. ESI-MS (MeOH):

m/z cal. for [M + H]* 272.9, found 272.9.

2,2',2"-(10-(2-(4-hydroxy-3-(methoxycarbonyl)phenyl)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (4.3)"°

O

OB HLOtBu
=

N oH
tBuO\"/ o\
0]

0]

To a solution of L1(0.772g 1.5 mmol) (/) in dry acetonitrile (35 ml), potassium
carbonate was added (0.415g, 3 mmol) followed by the addition of benzoate (0.408g,
1.5mmol). The suspension was left stirring at ambient temperature under an inert (N3)
atmosphere overnight. The potassium carbonate was removed by filtration and the
solvent was removed from the filtrate by reduced pressure. The crude product was
purified by silica gel column with MeOH and CHxCl,. The resulting product was
deprotected with TFA (6 mL) in DCM (12 mL) (0.452¢g, 56%). 'H NMR (400MHz,
D20): 8.43 (d, 1H), 8.24(s, 1H), 8.07(dd, 1H), 3.98(s, 3H), 3.94-2.88 (br, 24H) ppm.
BC NMR (126 MHz; CDCl3 ) 8: 169.4, 165.9, 164.0, 135.0, 131.5, 117.9, 112.7, 52.9,

48.8, 57.1-46.8(br). ESI-MS (MeOH) m/z m/z cal. for [M + H]* 707.4, found 707.4.
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2,2',2"-(10-(2-(4-hydroxy-3-(methoxycarbonyl)phenyl)-2-oxoethyl)-1,4,7,10

tetraazacyclododecane-1,4,7-triyl)triacetic acid (4.3)"°

To a solution of compound 4.2 (0.5g 0.74 mmol) in DCM (5 ml), TFA (5 ml) was
added dropwise. The reaction was stirred at RT for 24 h, the solvent were removed
under reduced pressure. The resulting solid was treated with a small amount of
methanol following addition of diethyl ether to triturate the target product as white
powder. The solvent was decanted and the solid was dried under vacuum to afford
target ligand in quantitative yield.

"H NMR (500 MHz, D,0) &: 8.13 (d, J = 13.9 Hz, 3H), 7.85 (dd, J = 8.8, 2.3 Hz, 2H),
6.82 (d, /= 8.8 Hz, 2H), 4.31 (s, 1H), 3.82 (s, SH), 3.75 (s, 6H), 3.69 (s, 4H), 3.37 (s,
12H), 3.23 (s, 1H). '*C NMR (126 MHz, D,0) 6: 173.76, 169.39, 165.92, 163.96,
134.95, 131.44, 126.17, 117.94, 112.69, 58.05, 55.74, 52.90, 51.18, 49.46, 48.82,

48.24. ESI-MS m/z: cal. for [M + H]* 539.2, found m/z 539.2 for [M+H]".
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General procedure for the synthesis of salicylateDO3A lanthanide complexes

(Ln.4.4)"

O\\/\N//,
(@] \\\\ ://
N--Li=-N
4 //l \\\} / OH
,/f/N\/ \O
@ o}

To a solution of the 4.3 in methanol the appropriate lanthanide triflate salt was added
(1.2 eq.) and the solution was stirred at 60°C for 30 min. The pH was adjusted to 4 by
adding 1 M NaOH dropwise. The reaction was left to stir at 60°C for 48 h. The methanol
was removed under vacuum, leaving an oil that was dissolved in water. The pH of this
solution was adjusted to 10 by addition of NaOH solution in order to precipitate excess
lanthanide as its insoluble hydroxide, which was separate by centrifugation and the
supernatant was filtered by a syringe filter. The aqueous solvent was removed under
freeze dryer to obtain product.

(Ln: Lu) '"H NMR (400 MHz, D-0) &: 8.11 (d, J= 13.9 Hz, 3H), 7.8 (dd, J= 8.8, 2.3
Hz, 2H), 6.80 (d, J = 8.8 Hz, 2H), 4.30-3.23 (m, 27H). ESI-MS m/z: cal. for [M + H]*
711.1, found 711.1.

(Ln: Eu) '"H-NMR (400 MHz; D>0) 8: 34.9,27.1,25.4,24.7,21.7,10.3,9.4,9.1, 7.4, -
1.7,-2.3,-2.9,-5.0, -8.0, -10.7, -11.8, -16.4, -18.6. Only resolved peaks outside 0 to 5

ppm are reported. ESI-MS m/z: cal. for [M + H]" 689.1, found 689.1.
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General procedure for the synthesis of salicylic acidDO3A lanthanide complexes

4.5)

O/ ~p—
0 \N
N--Ln--N
k//: \\\} / OH
/f/N\/ S
@ OH
0 0]

1.1 equivalents of Ln(OTf); was added to a solution of L2 (100 mg, 0.19 mmaol) in
MeOH (3 mL). The solution was stirred at 60 °C for 30 min, the pH adjusted to 5 using
IM NaOH aqueous solution, and the resultant solution stirred at 60 °C for 2 d. The
MeOH was removed under reduced pressure, leaving an oil that was dissolved in H>O
(3 mL), and the pH was adjusted to 10 by dropwise addition of aqueous NaOH (1M) to
remove excess Ln*" ions precipitates by centrifuge.

The resulting supernatant was stirred at 50°C overnight. Formic acid (1M) was added
to adjust pH to 7. The resulting product was purified by mass-directed HPLC and the
solvent removed to give the title compound as an off-white powder.

(Ln: Lu) Yield: 48%. '"H NMR (400MHz, D,0) 6: 8.59 (d, 1H), 8.14 (dd, 1H), 6.95 (d,
1H), 3.91-2.37 (br, 24H)ppm, ESI-MS m/z: cal. for [M + H]" 697.1, found 697.1 for
[M+H]".

(Ln: Eu) Yield: 32%. '"H NMR(400MHz,D,0) &: 35.05, 28.17, 27.24, 26.27, 17.08,
12.40, 9.18, 8.65, 7.27, -1.76, -3.91, -4.35, -5.41, -7.76, -8.35, -10.01, -10.26, -11.38, -
11.82,-12.16, -13.04, -13.38, -15.29, -16.16, -17.91ppm. Only resolved peaks outside
the 0 to 5 ppm region are reported. ESI-MS m/z: cal. for [M + H]" 675.1, found m/z

675.1 for [M+H]". UV-Vis (H20): Amax = 309 nm.
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(Ln: Gd). Yield: 52%. ESI-MS m/z: cal. for [M + H]" 680.1, found m/z found m/z
680.1 for [M+H]", UV-Vis (H20): Amax = 309 nm, ICP-MS Pt: Gd = 0:1
General procedure for the synthesis of salicylic acidDO3A lanthanide-

platinum(IT) complexes (4.6)

0 \\\\\ l//

N——/L'n:"N

7 |\ \\
k,/ l\/\\/ C)//,, tll‘\\NHS
= o \
0 0 NH;

(0]
(0]

Complex Ln.4.5, 1 equivalent Ptlo(NH3)2 (73mg, 0.15 mmol) and 2 equivalent AgNO3
(51 mg, 0.30 mmol) were dissolved in 5 mL H>O, saturated Na,COj solution was added
to adjust pH to 9, stirred at room temperature overnight. The resulting grey precipitates
were removed by centrifuge and the crude product was purified by HPLC in acidic
condition (acidic condition, HPLC method 3, Xbridge column).

(Ln: Lu). Yield: 23%. '"H NMR(400MHz,D-0) &: 8.78 (d, 1H), 7.96 (dd, 1H), 6.84 (d,
1H), 4.28-4.19 (s, 3H), 4.18-4.08 (s, 3H) 3.71-2.35 (br, 24H)ppm, "C
NMR(500MHz,D;0): 215.31, 180.76, 169.36, 166.01, 164.86, 139.43, 133.46, 132.67,
122.82,120.93, 118.35, 65.64, 55.31, 46.42, 36.82, 31.30, 30.22, 8.09 ppm. Pt NMR
(500 MHz, D,0): -1608 ppm. HRMS (MeOH/D-0) found m/z 462.57374 for [M+2H]"".
(Ln: Eu). Yield: 18%. 'H NMR(400MHz,D,0): 35.42, 33.63, 30.02, 29.14, 28.33,
13.81-12.29(br), 8.08, 6.97, -1.59, -3.46, -4.06, -4.60, -7.63,-9.28,-9.47, -11.47, -11.80,
-12.26,-13.57,-13.89, -14.17, -15.84, -17.20ppm. Only resolved peaks outside the 0 to
5 ppm region are reported. HRMS (MeOH) m/z cal. for [M+2H]"" 451.0631, found

m/z 451.0625. UV-Vis (H20): hmax 345 nm.
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(Ln: Gd). Yield: 26%. HRMS (MeOH) m/z cal. for [M+2H]"™" 453.5639, found m/z
453.5641 [M + 2H]"". UV-Vis (H20): Amax 345 nm. ICP-MS Pt: Gd = 0.97:1 (Std Dev:

0.07).

General procedure for the synthesis of salicylic acidDO3A lanthanide-

platinum(IV) complexes (4.7)

(0]
O\\\/\N///
O \ \\\ :,// >
N"’"’Ln:“N OH
k ///i Y p oy, | \NH;
//f/ \/\O 'Ptl\g
OTI/ o” | YNH;
o OH

To a solution of 0.02 mmol 2 in 1ml H20, 80uL H>02(30%wt) solution was added
dropwise. The solution was stirred at room temperature overnight.

3.Eu. Yield: 60%. "H NMR(400MHz,D>0): 35.08(s), 33.35(s), 29.10(s), 28.04(s),
27.18(s), 15.23-10.05(br), 8.86(s), 8.25(s), 7.41(s), -1.74(s), -3.77(s), -4.37(s), -4.59(s),
-7.52(s), -8.98(s) -9.70(s), -10.69(s), -11.40(s), -11.74(s), -12.74(s), -13.14(s),-13.58(s),
-14.41(s), -15.77(s), -17.43(s) ppm. Only resolved peaks outside the 0 to 5 ppm region
are reported. HRMS (MeOH): m/z cal. for [M+H]" 935.1240 found 935.1234. UV-Vis
(H20): Amax 330 nm.

3.Gd. Yield: 58%. HRMS (MeOH): m/z cal. for [M+H]" 942.1275, found 942.1274.
UV-Vis (H20): Amax 325 nm. UV-Vis (H20): Amax 325 nm, ICP-MS Pt: Gd = 1.07:1

(Std Dev: 0.15).
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General procedure for the synthesis of salicylic acidDO3A lanthanide-

platinum(IV) bis octanoic acid complexes (4)

O\ —
0 {\/\\\\,\:l//, )l\/\/\/\
N--/L‘n:-N 0
k S \\\} / O/, | \\\NH3
NN PV
0o o¥ I‘NH
(0] \/\/\O/\n/o

Figure S7. Compound 4.Ln

3 (0.08 mmol) and pyridine (4 equiv.) was added to 3 ml acetone, a solution of n-

octanoyl chloride (2.5 equivalent) in 2ml of acetone was added dropwise (over 15min).

The reaction mixture was stirred overnight at room temperature. Solvent was reduced

under reduced pressure and the crude product was purified by HPLC (acidic condition,

HPLC method 4, Xbridge column).

HRMS (MeOH): m/z cal. for [M+H]" 1192.3360, found 1192.3359. UV-Vis (H20):

Amax 324 nm. ICP-MS Pt: Gd = 1.08:1 (Std Dev: 0.07).

ICP-MS

Table 6.1. The Gd:Pt ratio in complexes Gd.(4.5-4.8) determined over 5 replicates (RI - RS).

Comple icate R1 R2 R3 R4 R5
1.Gd Gd:Pt 1:0 1:0 1:0 1:0 1:0
2.Gd Gd:Pt 1.2:1 1:1 1:1 1:1 1:1
3.Gd Gd:Pt 1:1 1:1 1:1 1:1 08:1
4.Gd Gd:Pt 1:1 09:1 09:1 1:1 09:1

Cell concentration: 4.5e¢*/ml for ICP-MS sample.
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Figure 6.1: Luminescence spectrum of Eu.4.7 with 20eq. AA; J.x = 330 nm, emission slit = 1

nm.
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Figure 6.2: Luminescence spectrum of Eu-salicylicDO3A-Pt-10A with 20eq. AA; Aex = 330

nm, emission slit = 1 nm.
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Figure 6.3: Luminescence spectrum of Eu.4.8 with 20eq. AA; J.x = 330 nm, emission slit = 1

nm.
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Appendix A: X-ray crystallographic data

A.1 Complex 3.3b

Figure A.1: X-Ray carystallographic structure of 3.3b with thermal ellipsoids display
at 50% probability.

Crystal data and structure refinement for complex 3.3b
Identification code 18KEO08-1
Empirical formula C31H3:NgOsPt

Formula weight 791.73

Temperature/K 100

Crystal system orthorhombic
Space group Pbca
a/A 15.5699(6)
b/A 13.6495(5)
c/A 28.6384(12)
a/° 90
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B/° 90
v/° 90
Volume/A3 6086.3(4)
7 8
Pealeg/cm? 1.728
wmm’! 4.666
F(000) 3136.0

Crystal size/mm?

0.651 x0.321 x 0.155

Radiation

MoKa (A =0.71073)

20 range for data collection/°

6.94 to 58.392

Index ranges

-19<h<19,-9<k<17,-31<1<39

Reflections collected

20849

Independent reflections

Data/restraints/parameters

6965/0/408

Goodness-of-fit on F2

1.116

Final R indexes [[>=2c (I)]

R1=0.0414, wR> = 0.0735

Final R indexes [all data]

R1=0.0537, wR>=0.0779

Largest diff. peak/hole / e A3

1.69/-1.80
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A.2 Complex 3.5

Figure A.2: X-Ray crystallographic OLEX2 structure of the peroxide dimer 3.5

with thermal ellipsoids displayed at 50 %.

Crystal data and structure refinement for complex 3.5

Identification code

18KE09 2

Empirical formula

Cs4.5Ha6.5N17.505Pt2

Formula weight 1464.77
Temperature/K 298
Crystal system triclinic
Space group P-1

a/A 9.8284(3)
b/A 14.7485(8)
c/A 20.9424(8)
a/° 80.340(4)
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B/° 83.445(3)
E 84.553(4)
Volume/A3 2964.2(2)
Z 2
Pealeg/cm? 1.641
w/mm-! 4.781
F(000) 1432.0

Crystal size/mm?

0.808 x 0.1 x 0.05

Radiation

MoKa (A =0.71073)

20 range for data collection/°

6.744 to 52

Index ranges

-12<h<10,-18<k<17,-21<1<25

Reflections collected

19786

Independent reflections

11536 [Rint = 0.0427, Rsigma = 0.0866]

Data/restraints/parameters

11536/24/775

Goodness-of-fit on F?

1.049

Final R indexes [[>=2c (I)]

Ri1=0.0462, wR> = 0.0949

Final R indexes [all data]

R1=0.0749, wR> = 0.1098

Largest diff. peak/hole / e A

1.86/-1.61

A.3 Complex 3.7
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Figure A.3: X-ray crystallographic structure of 3.7-[N1, N3] with thermal ellipsoids
displayed at 50% probability.

Crystal data and structure refinement for complex 3.7
Identification code CCDC 1885195
Empirical formula C42H41N1904Pt,

Formula weight 1266.12
Temperature/K 150(2)
Crystal system monoclinic

Space group P2i/c
a/A 13.23900(10)
b/A 16.72960(10)
c/A 20.55360(10)
o/° 90
pB/° 90.3440(10)
v/° 90
Volume/A3 4552.20(5)
Z 4
Pealeg/cm? 1.847
wmm-! 11.872
F(000) 2456.0
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Crystal size/mm? 0.080 x 0.080 x 0.040
Radiation CuKa (A =1.54184)
20 range for data collection/° 8.518 to 152.272
Index ranges -16<h<16,-20<k<11,-25<1<25
Reflections collected 37582
Independent reflections 9459 [Rint = 0.0280, Rsigma = 0.0227]
Data/restraints/parameters 9459/9/622
Goodness-of-fit on F? 1.130
Final R indexes [[>=2c (1)] R1=0.0244, wR> =0.0614
Final R indexes [all data] R1=0.0260, wR> =0.0626
Largest diff. peak/hole / ¢ A 2.08/-0.93
A.4 Complex Eu.4.6

o

0
B
0 i do 0
\ﬁé@\@;’////ﬁ ﬁo

R
TN~ N

Figrue A.4: Molecular structure of Eu.4 from single crystal X-ray diffraction studies;

thermal ellipsoids are drawn at 20% probability.

Crystal data and structure refinement for complex Eu.4.6
Empirical formula C23Hs0EuNgO23 5Pt
Formula weight 1143.81
Temperature 150 K
Wavelength 1.54184 A
Crystal system Orthorhombic
Space group Pbcn
a=22.1561(1) A  a=90°.
Unit cell dimensions b=18.9237(1) A  p=90°.
c=193441(HA  y=90°.
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Volume 8110.50(7) A°
Z 8
Density (calculated) 1.873 Mg/m?
Absorption coefficient 18.119 mm™!
F(000) 4552

Crystal size

0.21 x 0.15 x 0.14 mm?

Theta range for data collection

3.829 to 76.242°.

Index ranges

-27<=h<=27, -23<=k<=20, -23<=1<=23

Reflections collected 47882
Independent reflections 8432 [R(int) = 0.036]

Completeness to theta = 74.717° 99.7 %

Absorption correction Sphere

Max. and min. transmission

0.04823 and 0.00242

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

8403 /0/517

Goodness-of-fit on F2

0.9995

Final R indices [[>2sigma(])]

R1=10.0853, wR2 =0.2000

R indices (all data)

R1=0.0869, wR2 = 0.2057

Largest diff. peak and hole

476 and -1.11 e.A3
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Cell-permeable lanthanide—platinum(iv)
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Platinum compounds are a vital part of our anti-cancer arsenal, and determining the location and specia-
tion of platinum compounds is crucial. We have synthesised a lanthanide complex bearing a salicylic
group (Ln = Gd, Eu) which demonstrates excellent cellular accumulation and minimal cytotoxicity.
Derivatisation enabled access to bimetallic lanthanide—platinum(i) and lanthanide—platinum(iv) complexes.
Luminescence from the europium-—platinum(v) system was quenched, and reduction to platinum(i)
with ascorbic acid resulted in a “switch-on” luminescence enhancement. We used diffusion-based *H
NMR spectroscopic methods to quantify cellular accumulation. The gadolinium—platinum(i) and gadoli-
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nium-platinum(iv) complexes demonstrated appreciable cytotoxicity. A longer delay following incubation
before cytotoxicity was observed for the gadolinium-platinum(lv) compared to the gadolinium—platinum(i)
complex. Functionalisation with octanoate ligands resulted in enhanced cellular accumulation and an

rsc.li/dalton even greater latency in cytotoxicity.
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Introduction

Approximately 50% of chemotherapy regimens worldwide
include a platinum-based drug' and platinum(u) complexes
such as cisplatin, carboplatin and oxaliplatin are well-estab-
lished, highly effective anti-cancer agents. These complexes are
highly reactive in vivo and the side-effects of treatment caused
by off-target reactivity are often debilitating.>”® Platinum(iv)
complexes can potentially reduce the side-effects of treat-
ment," as they typically require reduction to platinum(u)
species before exerting their anti-cancer effect.” Their cellular
uptake and rate of reduction inside cells depends strongly on
the coordinated ligands.® For example, lipophilic ligands such
as octanoate (OA) enable [Pt"(NH;),(Cl,)(OA),] to exhibit a
106-fold enhancement in cellular accumulation in ovarian
(A2780) cancer cells in comparison to its synthetic precursor,
cis,cis,trans-[Pt"(NH3),(Cl,)(OH),].” The additional cellular
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bDepartment of Earth Sciences, University of Oxford, OX1 3AN, UK
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uptake for the octanoate complex results in an increased cyto-
toxicity by two orders of magnitude, compared to cisplatin.®

Lanthanide complexes have played a central role in the
development of magnetic resonance imaging (MRI) agents for
over thirty years.”" Gadolinium complexes with octadentate
ligands have favourable relaxation properties that have enabled
them to become a key tool in diagnostic imaging."> While
initially employed for imaging vasculature,"® through careful
ligand design “smart” systems have been developed that can
be targeted to particular tissue types, or that exhibit a response
modulated by external biochemical stimuli.'*'® To enable us
to localise gadolinium compounds, we recently developed a
diffusion-based '"H NMR method that can be used to dis-
tinguish between intra- and extracellular pools of water,
relying on the fact that water diffusion in intracellular fluids is
defined by the boundaries of the cell.'® Since the cell is much
smaller than the voxel (volume pixel) in an MRI image, this
means that intracellular fluid can be treated as a slow
diffusing pool, whilst extra-cellular fluid is treated as a fast
diffusing pool. The INDIANA (IN cell DIffusion Analysis) meth-
odology allows these two pools and their properties to be
quantitatively described, including relaxation rates.

Complexes which incorporate lanthanides such as euro-
pium also offer attractive luminescence properties. The
general concept of generating “switch-on” luminescence fol-
lowing reduction of a platinum(iv) prodrug to platinum(u) is a
highly promising strategy for tracking (sub)cellular distri-
bution and reduction of platinum(wv) prodrugs. Previously

Dalton Trans., 2021, 50, 8761-8767 | 8761
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reported strategies include axial platinum(iv) coordination of
quenched fluorophores such as fluorescein'” and selective
fluorescence reporting from organic probes following reaction
with specific platinum(u) reduction fragments.'® Lanthanides
provide a significant advantage over purely organic fluoro-
phores, by producing a highly distinctive emission profile
when excited, from which background autofluorescence can
also be effectively removed through time-gating."®

In order to develop redox-active platinum anti-cancer
agents, whilst simultaneously providing a means to accurately
track their distribution in the body, two gadolinium(u)-Pt(v)
complexes derived from carboplatin and cisplatin have been
recently developed.”® Moreover, a series of platinum(iv) pro-
drugs conjugated to Gd-texaphyrin have shown greater stability
towards hydrolysis and nucleophilic attack compared to their
platinum(u) analogues, while the Gd-texaphyrin fragment pre-
sented the ability to activate the platinum(iv) prodrug species
through redox cycling.*!

Microscopy on luminescent analogues can provide insights
in isolated cells or tissue slices,”>** but does not translate
readily to whole body imaging. Similarly, MRI resolution does
not approach the diameter of a single cell, meaning that it is
difficult to assess distribution of a contrast agent between
intra- and extra-cellular fluid. In this manuscript, we address
the issue of how MR methods can be used to define cellular
uptake by exploiting the constraints on diffusion imposed by
intracellular localization of a bimetallic lanthanide-platinum
complex.

Drawing these concepts together, we have synthesized and
characterized a dual-purpose lanthanide(u)-platinum(iv)
system which includes a sensitizing salicylic group. This can
enable both in cellulo tracking in preclinical development (Ln
= Eu, Gd), and in vivo tracking (Ln = Gd), through simple
modulation of the lanthanide, whilst retaining very similar
pharmacological properties regardless of the choice of lantha-
nide. This first reported example of a Eu(um)-Pt(iv) complex
that has the potential to provide highly diagnostic real-time.

We established the minimal cytotoxicity of the gadolinium
salicylic acid precursor, and the contrasting cytotoxicity of the
Gd(m)-Pt systems, and correlated accumulation with the effect
that oxidation state and choice of axial ligand of the platinum
group has on the cytotoxicity of these complexes. Information
on the reductive activation of a Pt(iv) prodrug. Our established
diffusion-based "H NMR method enabled us to determine the
extent to which the new complexes 1-4 (Fig. 1) accumulated
within cells.

Results and discussion

We have previously used phenacyl-DO3A derivatives to good
effect, as kinetically stable building blocks for more compli-
cated architectures.>*® The lanthanide complex (1) (Fig. 1)
(where Ln = Gd, Eu) builds on this work, and was conceived as
a system in which the lanthanide is bound in an octadentate
binding site, while the pendent salicylic acid group can act as

8762 | Dalton Trans., 2021, 50, 8761-8767
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Fig. 1 Structures of the complexes 1-4 reported, where Ln = Gd, Eu.

a ligand to a second metal centre - such as platinum - to give
2. The synthesis of the ligands and complexes are summarized
in Scheme 1. Triester (L1)*>” was reacted with methyl 5-bromo-
acetyl-2-hydroxybenzoate (B), to yield the protected pro-ligand,
L2. Deprotection was accomplished by treating L2 with TFA to
give the unmasked pro-ligand, L3, which was reacted with the
appropriate lanthanide trifluoromethane sulfonate to produce
the desired Ln(m)-Pt(u) complex 1-Ln (where Ln = Gd, Eu).
Reaction of 1-Ln with cis-[Pt(NH;),(OH,),]*" yielded the hetero-
metallic complex 2-Ln.*® Oxidation of 2-Ln with H,0, pro-
duced the Ln(m)-Pt(wv) di-hydroxido complex 3-Ln.>® Reaction
of 3-Ln with octanoyl chloride afforded the Ln(um)-Pt(wv) di-
octanoic acid conjugate, 4-Ln.® All compounds were purified
by LCMS, with characterisation data consistent with the pro-
posed structures (see ESIT) and in accordance with previously
reported Ln(m)-Pt(ir) complexes.”® The complexes were also
characterized by ICP-MS to confirm the Ln:Pt ratio and
ensure that complexation had occurred (Table S17).

Additionally, complex 2-Eu was crystallised from aqueous
solution at 4 °C and characterised by single crystal X-ray diffr-
action. The structure was solved by charge-flipping using
‘Superflip’,*! and refined by full-matrix least squares on F
using CRYSTALS suite (Fig. 2).>>* The structure demonstrated
a monocapped square antiprism (SAP) configuration of the Eu
centre.

To the best of our knowledge, this is the first reported euro-
pium-platinum X-ray single crystal structure with a kinetically
stable macrocyclic lanthanide complex; bond lengths and
angles are essentially consistent with other previously reported
Ln(m)-Pt(u) complexes.>>>°

Complexes 1-4 were purified by HPLC with different reten-
tion times (see Fig. S137 for the HPLC traces of (1-4)-Gd com-
plexes). The complexes were also characterised by mass spec-
troscopy and NMR spectroscopy. '*>Pt NMR spectroscopy of
2-Lu revealed a single resonance at —1608 ppm (D,0, Fig. S87),
while 3-Lu gave a resonance at 1691 ppm (D,O, Fig. S9%),
which are consistent with Pt(n) and Pt(iv) oxidation states,
respectively.>” Whilst the Pt(n) species 2-Lu was observed as a
singlet, the Pt(iv) complex 3-Lu was observed as a quintet, as a
result of coupling to the two equivalent quadrupolar (I = 1) **N
nuclei of the NHj; ligands. The magnitude of the 7 (**°Pt, 'N)

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthetic route to the complexes (Ln = Gd, Eu). Reagents and conditions: (a) K,COs;, MeCN, room temperature, 16 h; (b) TFA, CH,Cl,,
24 h; (c) Ln(OTf)s, MeOH, 60 °C, 48 h; (d) Pt(NH3),l,, AgNOs3, H,O,, pH 10, room temperature, 24 h; (e) H,O,, H,O, room temperature, 16 h; (f) octa-

noyl chloride, acetone, pyridine, room temperature, 16 h.

Fig. 2 Molecular structure of 2-Eu from single crystal X-ray diffraction
studies; thermal ellipsoids are drawn at 20% probability and water in the
solvent sphere is omitted for clarity.

coupling constant (213 Hz) is consistent with other 'J (*'N,
'93pt) constants that we have previously observed, for example
in the platinum(wv) species, cis,cis,cis-[Pt(N3z),(OH),(NH3),] (167
Hz).>®* The 'H NMR spectra of the europium complexes
(Fig. S10t) are consistent with those of other phenacyl-DO3A
analogues, and show structures dominated by the square anti-
prismatic diastereoisomers of the complexes, in agreement
with the molecular structure of 2-Eu determined using single
crystal X-ray diffraction. Measurement of the 7, relaxation
enhancements obtained with complexes (1-4)-Gd offers
further insights into their solution state structure. The relaxiv-
ity of the complexes was determined by observing the variation
of 1/T; with complex concentration in media (DMEM) as
shown in Fig. 3. In all cases, the resulting plots showed a
linear response to concentration across a wide range, indicat-
ing that all complexes were essentially stable in solution, and
that their properties are not changed by their local environ-
ment (since a change in speciation would be expected to result
in curvature of the plots). All the complexes (1-4)-Gd exhibit
relaxivities consistent with a single water molecule in their
inner coordination sphere (Table 1).

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Variation of 1/T; with concentration of gadolinium for complexes
(1-4)-Gd at different concentrations (at 25 °C, in DMEM, 14.1 7).

Table 1 Relaxivities of complexes 1-Gd—4-Gd

Compound Relaxivity (s™' mM ™) (=
1-Gd 2.21 0.04
2-Gd 3.96 0.12
3-Gd 3.21 0.1
4-Gd 2.89 0.11

This is corroborated by the molecular structure of the euro-
pium analogue, 2-Eu, determined using single crystal X-ray
diffraction. This shows a single bound water molecule in the
inner coordination sphere of the lanthanide (Fig. 2). 1-Eu dis-
plays luminescence properties in line with other phenacyl-
DO3A derivatives, exhibiting intense lanthanide-centred emis-
sion. The luminescence lifetimes (zy5,0 = 0.66 ms and, 7p o =
2.13 ms, Table S37) were used to calculate the number of inner
sphere solvent molecules using established methods.>® The

Dalton Trans., 2021, 50, 8761-8767 | 8763
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value obtained (g = 1.0) is consistent with expectations for a
europium ion complexed by an octadentate ligand. 2-Eu dis-
plays very similar luminescence properties: the observed
luminescence lifetimes (73,0 = 0.61 ms, 7p o = 1.87 ms) are
also consistent with ¢ = 1.0 and with the structure of 2-Eu
determined from X-ray diffraction studies.

Furthermore, the steady state spectra of the two complexes
show strong similarities, suggesting that the coordination
environments at the europium ion are similar. In comparison,
3-Eu and 4-Eu exhibited only very weak luminescence, and
poor signal-to-noise ratios were obtained (Fig. S15F). However,
when the platinum(v) centre in 3-Eu was treated with ascorbic
acid (AA), a dramatic enhancement in luminescence intensity
was observed - resulting in a 37-fold enhancement of signal
on regenerating 2-Eu (Fig. 4). The excited-state manifold of the
platinum(iv) complex acts to quench the europium emission,
meaning that switching on of signal can potentially be used to
observe reduction of the complex in situ. The bis-octanoic acid
platinum(v) complex 4-Eu also showed a “switch-on” in
luminescence when reduced with ascorbic acid (Fig. S16+).

This is consistent with other Pt(v)/Pt(u) couples that
display reductive “switch on” fluorescence; the quenching in
the Pt(iv) state being thought to arise from the presence of
metal-based d-orbitals energetically positioned between the
HOMO and LUMO of the fluorophore.”® Quenching of the
Eu(mr) emission by the Pt(wv) centre is therefore suggested to
occur through energy transfer to low-lying electronic states in
the platinum(iv) complex. Luminescence in the Pt(wv) oxidation
state is more likely to be observed if one or more ligands are
cyclometallated.”™**> Although the mechanism of reduction
in cellulo is likely to be complicated and involve more than one
reducing species,* ascorbate acid-mediated reduction gives an
initial insight into the potential for monitoring the reduction
of these compounds through fluorescence microscopy. During

700000

a)3.Eulh
600000 b)3.Eu24 h
c)3.Eu72h
500000 4 ~———d)3Eu120h
3 e)3.Eu216h
< 4000004
2
2
o 300000 4
€
200000 -
100000 -
04

5!130 G[I)O 6&0 6:10 6:50 séo 7(l)0 750
Wavelength (nm)
Fig. 4 Luminescence spectrum of 3-Eu; lex = 330 nm, emission slit =
1 nm. (a) before addition, (b) 24 h after addition of excess (20-fold)
ascorbic acid (AA) and (c) 72 h after addition of AA, (d) 120 h after

addition of AA, (e) 216 h after addition of AA. The red arrow shows that
as time increases the intensity of emission increases.
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cellular processing it is anticipated that the lanthanide-sal-
icylic acid ligand will dissociate from the platinum(i) complex
which is likely to further affect the lanthanide luminescence,
further study is needed to investigate this modulation in
detail.

As shown previously, using the INDIANA model,'® the
diffusive behaviour of water within cellular systems can be
robustly described using a two-pool model with the water
residing in either an intra- or extra-cellular pool. This results
from the intrinsic diffusion of water being slower in the
viscous intra-cellular compartment and its maximum displace-
ment being restricted by the presence of the cell membrane.
The model also explicitly accounts for exchange between the
two environments. This methodology builds on previous
experiments to characterise restricted diffusion in cellular
systems.**™*”

When fitting variable diffusion delay data from 'H NMR
spectroscopic experiments, it is possible to derive a number of
system properties including intra- and extra-cellular diffusion
coefficients, populations of water in the two environments,
exchange rate of water over the membrane, average cell radius
and, crucially for this study, intra- and extra-cellular longitudi-
nal relaxation rates of water. Due to the relaxation enhance-
ment caused by MRI imaging reagents, by comparing the
difference in relaxation rates in the presence and absence of
these agents in cellular systems we can quantitatively assess
the degree to which they are localised within cells. As the relax-
ivities of the four complexes are different, this must be con-
sidered when using an increased intra-cellular relaxation rate
as a proxy for cellular uptake of imaging agent. To address
this, we used the relaxivity of the complexes measured in

extra-cellular
intra-cellular

1.0 1

0.8 4

0.6 4

0.4 4

Conc per mM compound added (mM)

0.2 o

0.0 -

Fig. 5 Calculated partitioning of complexes 1-4-Gd between extra-
and intra-cellular environments following 1.5 h incubation with KNS42
cells. The concentration of complexes in the two environments is found
by comparing longitudinal relaxation rates in the presence and absence
of the compounds (AR;) and then dividing by the relaxivity. The error
bars are calculated by propagating the error in AR, for three indepen-
dent samples and taking the standard deviation.
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Table 2 Cytotoxicity (ICso, uM) values of compounds (1-4)-Gd in KNS42 cell line. Cells were exposed to % log serial dilutions of compounds for 1.5,
24, 48 and 72 h. ICsq values were determined using a 3 parameter log inhibitor vs. concentration curve fit. Two independent sets of three (6 in total)

were performed for all compounds. Mean ICsq values and 95% confidence i

nterval (Cl) are shown below; P values are given in the ESI (Table S47)

1-Gd 2-Gd 3-Gd 4-Gd
Complex
Time/h ICso 95% CI ICso 95% CI ICso 95% CI ICs 95% CI
1.5 >1000 — 637.9 446.1-934.3 227.6 183.2-283.7 >1000 —
24 >1000 — 316.7 226.6-445.9 96.5 80.13-116.4 >1000 —
48 >1000 — 75.3 65.79-86.25 91.4 73.43-114.0 747.5 644.4-871.2
72 >1000 — 75.7 64.68-88.82 53.2 43.34-65.50 142.8 111.2-84.5

DMEM (Fig. 3). To estimate the partitioning of the four com-
plexes between extra- and intra-cellular environments we
assumed that the relaxivity of the compounds inside cells could
be approximated by their relaxivity in media. Using the
INDIANA method described above we found the extra- and intra-
cellular longitudinal relaxation and compared this to the values
in the absence of any complex to give AR, for each compound
in the two environments. This value was then divided by the
relaxivity to show how the compound was partitioned. The
results of our analysis are shown in Fig. 5. The 'H diffusion
measurements were used to quantify the accumulation of
the compounds within cells. Complex 1-Gd accumulated rela-
tively well in the cells, whilst there was a small drop reduction
in accumulation for 2-Gd which incorporated the Pt(u)
group. Gadolinium complexes enter cells predominantly by
micropinocytosis,*®*® whereas platinum(i) complexes enter cells
through a combination of copper transporters, anion/cation
transporters and passive diffusion.>® Significantly lower cellular
accumulation was observed for the platinum(iv) compound,
3-Gd, consistent with the oxidation state and ligand sphere of
the Pt modulating the ability of the complex to enter cells. The
copper transporter mechanism is less viable for platinum(iv)
complexes, since there are no vacant positions available in the
octahedral platinum(v) coordination sphere. Cellular uptake of
platinum(v) complexes is therefore thought to occur through a
combination of passive diffusion and active pathways.>"

Finally, 4-Gd, which incorporates OA ligands, showed a
similar uptake to 1-Gd, demonstrating the notable effect of the
modified coordination sphere of the platinum(v) on the
degree of cellular accumulation. If diffusion is the predomi-
nant cellular uptake of the mechanism for 3-Gd, increasing
the lipophilicity through inclusion of octanoic acid groups as
in 4-Gd would be anticipated to significantly enhance uptake,
and the data are consistent with this, although without dis-
counting the possibility of uptake through micropinocytosis.
The dominant route(s) of cellular uptake for other lanthanide-
platinum conjugates are unknown, since only a handful of
examples have been reported, with either labile,>** or kineti-
cally inert lanthanide chelation.'>*>*” From these data, we
suggest that the route(s) vary significantly depending on the
coordination sphere platinum. These diffusion results are par-
ticularly enlightening in combination with the cytotoxicity
results to give an overall picture of the cellular behaviour of
the complexes.

This journal is © The Royal Society of Chemistry 2021

A paediatric glioma cell line was specifically chosen for
investigation, due to our interest in developing novel anti-
cancer compounds for these malignancies.”® Complex 1-Gd
was well-tolerated by KNS42 (paediatric glioblastoma) cells
(viability <90%) across all concentrations and time-points
tested. This indicated minimal cytotoxicity for 1-Gd, with ICs,
values exceeding 1000 pM (Table 2, Table S5, Fig. S18t). The
Gd(m)-Pt(n) complex 2-Gd demonstrated increasing cyto-
toxicity after 1.5 h exposure (ICs, = 637.9 uM at 1.5 h incu-
bation, Fig. S18%). The Gd(m)-Pt(iv) complex 3-Gd was signifi-
cantly more cytotoxic than complex 2-Gd after 1.5 h (P <
0.0001) and 24 h (P =0.0031) exposure. However, no significant
difference in cytotoxic effect between 2-Gd and 3-Gd was
observed at longer (48 h and 72 h) exposure times (P values
0.0584 and 0.1482 respectively) (Fig. S181). Complex 4-Gd was
less cytotoxic than 2-Gd and 3-Gd at all exposure times, with
IC5o > 1000 pM at 1.5 h and 24 h, with increasing cytotoxicity
after 48 h exposure (P = 0.0027 and <0.0001) (Fig. S18t). Whilst
complex 1-Gd showed no toxicity towards cells up to a concen-
tration of 1000 pM, the platinum-containing bimetallic com-
plexes 2-4-Gd displayed varying degrees of cytotoxicity. As
kinetically-inert 5d°® complexes, platinum(iv) complexes are
suggested to reduce to platinum(u) intracellularly before
ligand exchange and binding to cellular targets (e.g. DNA, pro-
teins) can occur.>® Complexes 3-4-Gd all demonstrated
increased cytotoxicity towards the cells with prolonged contact
time. However, complex 4-Gd showed a more pronounced
“latent” period of initial lower cytotoxicity, compared with
complexes 2:Gd and 3-Gd, consistent with an outer-sphere
mechanism of reduction for 4-Gd which is likely to be slower
than an inner-sphere mechanism of reduction for 3-Gd. For
3-Gd, the reduction mechanism could involve bridging to one
or both axial hydroxido groups,” which is not possible for
4-Gd. An investigation into the sub-cellular location and time-
resolved fluorescence reporting of complexes 1-Eu-4-Eu using
microscopy is planned.

Conclusions

Complexes (1-4)-Gd all show cellular accumulation in paedia-
tric glioblastoma (KNS42) cells, as demonstrated by diffusion
'"H NMR spectroscopic experiments. At equimolar concen-
trations, the platinum(iv) complex 3-Gd showed significantly

Dalton Trans., 2021, 50, 8761-8767 | 8765
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lower cellular accumulation than the platinum(ir) complex
2-Gd after 1.5 h. Complex 3-Gd was derivatised through
inclusion of octanoate axial ligands to produce 4-Gd which
enhanced the cellular accumulation of the complex in com-
parison to 3-Gd. The lack of cellular toxicity of 1-Gd suggests
that lanthanide complexes based on 1 have significant poten-
tial for development as cell-permeant probes. The cellular
accumulation, cytotoxicity and “switch-on” luminescence fol-
lowing reduction of prodrugs 3-Ln and 4-Ln makes them ideal
candidates for studying the real-time accumulation and
reduction of platinum(v) prodrugs in cellulo, as well as making
them candidates for further development as anti-cancer pro-
drugs. "H NMR diffusion-based models have considerable
potential in establishing compound localisation and internal-
ization and open up a new approach for using magnetic reso-
nance imaging modalities to achieve this goal in vivo.
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Solvent-Dependent Reactivity and Photochemistry of
Dinuclear and Mononuclear Platinum(lV) Azido Triazaolato

Complexes
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Reaction between the platinum(lV) azido complex trans,tran-
s,trans-[Pt(py),(N;),(OH),] (1) and 1,4-diphenyl-2-butyne-1,4-di-
one 2 in MeCN produces the intermediate peroxide-bridged
dimeric platinum(lV) azido triazolato species (5), which has
been characterised by X-ray crystallography. However, if the
reaction between 1 and 2 is conducted in MeOH it results in
decomposition. Over time in MeCN, dimer (5) converts into
mononuclear complexes trans,trans,trans-[Pt-
(py),(N;)(triazole)(OH),] (3a/3b), which are in dynamic ex-

Introduction

1,3-dipolar cycloaddition reactions of metal azido complexes
with acetylenes to form 1,2,3-triazoles are a well-established
route to novel metal complexes." These reactions have been
previously explored by other groups for platinum(ll)
complexes”®™ and by us for platinum(lV) azido complexes.*™®
Inorganic platinum-click reactions enable the synthesis of novel
(potentially ~ multimetallic)  platinum  complexes and
metallopolymers.” They can also provide plausible routes to
introduce functional groups for fluorescent monitoring™ and to
monitor Pt-azido drug localisation."” The cycloaddition reaction
results in the formation of 1,2,3-triazoles, and these organic
ligands can show promising anti-cancer activity both in their
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change. If resuspended in protic solvents (MeOH,H,0), 3a/3b
undergo a slow (22 d) irreversible rearrangement to a cyclised
platinum(lV) species 4 which contains a formally N,O-chelated
ligand. Conversion of 3a/3b to 4 in d,-MeOH can be
accelerated (384x) by irradiation with visible light, although
continued irradiation also produces N;* and OH°® radicals, and
the [4-N,]" species can be readily detected by ESI-MS. Solvent
choice significantly effects both the cycloaddition reaction
between 1 and 2, and the stability of the resultant complexes.

1] [12]

own right™ and as components of metal complexes.
Triazoles are also widely employed as chemosensors."® Under-
standing the solution chemistry and photochemistry of metal
triazole complexes is crucially important for further rational
design.

We previously reported that the platinum(lV) azido complex
1 undergoes a spontaneous reaction with acetylene 2 in MeCN
to produce complex 3, a mono triazolato cycloaddition product,
which exists as an equilibrium between two rapidly intercon-
verting species; 3a and 3b (Scheme 1) A small amount of
another complex — 5 - was also detected during HPLC
purification of 3a/3b but we previously were unable to isolate
sufficient quantities of 5 for further characterisation. We now
report that compound 5 is a peroxide-bridged dimer, which
slowly evolves over time in the dark in MeCN to form 3a/3b
(Scheme 2). We have also determined that both 5 and 3a/3b
respond to irradiation with blue light. Furthermore, that in
protic solvents 3a/3b (which exist in equilibrium) evolve into a
single cyclised PtV complex, 4 which is then stable to further
rearrangement. Here we report our findings in detail.

Complex 3 in
dynamic
exchange N

minor
products

9 = P OH &
OH # ﬁ 3., | Ns I
N3,,)_L‘_\N<) O 2 O Pt_ N:=N
OH

N

-

SNT | N
SN | =
©0HN3 MeCN Q

i 35°C,2d O o)

Scheme 1. Reaction of trans,trans,trans-[Pt(N5),(OH),(py)] (1) with 1,4-
diphenyl-2-butyne-1,4-dione (2) showing formation of 3 (3a/3b) as well as
other minor products.
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Scheme 2. Reaction of trans,trans,trans-[Pt(N,),(OH),(py),] (1) with 1,4-diphenyl-2-butyne-1,4-dione (2), showing pathways of reactivity to different products
and the effect of different solvents. The presence of H,O, enables greater production of 5, and results in low-level production of OH radicals in the dark

during transofrmation (a), in accordance with reports for other platinum(lV) complexes.

Synthesis

Trans, trans, trans-[Pt(N,),(OH),(py),] (1) was synthesised as
previously reported, the final step of the synthesis involving
oxidation with H,0, followed by crystallisation." We previously
reported that when the reaction was conducted in MeCN, both
the main product 3a/3b"” and several minor species including
5 were successfully obtained, without any observed decom-
position. However, here we report that when the cycloaddition
reaction between 1 and 1,4-diphenyl-2-butyne-1,4-dione (2) is
conducted in MeOH (35°C, 2 d), it results in decomposition,
with formation of a black platinum(0) precipitate (Scheme 2).
The solvent choice for the cycloaddition therefore has a
significant effect on the reaction. Complex 5 (t;=4.01 min) was
previously challenging to isolate, since it formed as a minor
product in the reaction (7 %), eluting immediately before 3a/3b
(tz=4.31 min) during HPLC purification (Figure S1). However,
we now report that if 1 is not purified by HPLC or recrystallised
before use (therefore retaining residual H,O, from the final
synthetic step) the quantity of 5 observed significantly
increases, such that it forms 31% of the total integrated HPLC
trace (UV-Vis detection, Figure S2), making it considerably easier
to isolate as the 5-H,0, adduct, and to fully characterise
(Figure S3). Historically, platinum(lV) complexes such as cis,cis,-
trans-[PtVCl,(NH,),(OH),] have shown a propensity for co-
crystallisation of H,0,." We were initially unaware that 5 was a
dinuclear species, since the molecular weight of the compound
exceeded the detection limit of the HPLC mass spectrometer
(1250 m/z), and the ESI-MS conditions did not favour the
detection of multiply charged ions. Therefore, 5-H,0, was
observed by HPLC via both UV-Vis absorption and the detection
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of the common fragmentation product [3-OH]* at 688.05 m/z
(Figure S2, bottom). This rendered it indistinguishable from
complex 3a/3b which results in the same fragmentation
species in the HPLC. Following HPLC purification, crystals of 5
were grown from MeCN, and were shown by X-ray crystallog-
raphy to consist of a peroxide-bridged dimer, with no H,0,
observed in the crystal lattice (Figure 1).

The X-ray crystallographic structure of 5 has an O—O bond
length of 1.475(8) A, consistent with a bond order of 1" and it
also exhibits a COON—0009(peroxide) bond length of 1.432(8) A.

Figure 1. Single crystal X-ray structure of the peroxide dimer 5 with thermal
ellipsoids displayed at 50% probability."® For clarity, only key atoms
discussed in the text are labelled here, the fully labelled structure is given in
Figure S4. Colour code: carbon (grey), nitrogen (blue), oxygen (red), hydro-
gen (light grey), platinum (cyan).
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The Pt—N azido (Pt—N29-N30-NO1F) ligand shows slightly
greater linearity (176.8(9)°) than is observed in the azido ligand
(s) contained in both 3b and 1. The bond lengths within the
azido ligand are very similar to 3b and to 1; 1.210(9) A
(N29-N30) and 1.147(9) A (N30—NO1F). The angle subtended at
Pt—N29—N30 (116.0(5)°) is intermediate between that seen for
complex 3b and complex 1, and the Pt—N33 triazole bond
length is 2.011(6) A, slightly elongated in comparison to 3b.”!

IR spectroscopy of a MeOH solution of 5-H,0, showed a
strong V,,mN; stretch at 2049.04 cm™" (Figure S5), consistent
with the presence of the azido groups.

If the cycloaddition was carried out with 1 which had
residual H,O, remaining from the syntheses, 5 was recovered
from the HPLC and observed by ESI-MS as the H,0, adduct;
[5-H,0,+Na]™ at 1465.2604 m/z (confirmed by HRMS, error
5.59 ppm, Figure S6). Collision-induced dissociation studies
(MS/MS) of [5a-H,0,+Nal* at 1465.00 m/z revealed facile
fragmentation by homolytic cleavage of the peroxide bond and
retention of the sodium to give [Pt(OH),(N;)(triazole)(py),O +
Na]* as a stable species at 744.22 m/z as well as other minor
species (Figure S7). The species at 744.03 m/z observed in the
low-resolution ESI-MS of 5 (Figure S1) could therefore corre-
spond to this same fragmentation product.

%Pt NMR spectroscopy of 5-H,0, (in d;-MeCN) showed a
single resonance at 776 ppm (Figure S8). In the same solvent,
the monomers 3a (689 ppm) and 3 b (785 ppm) give rise to two
resonances.”! This suggests that dynamic exchange processes
similar to those seen for 3a/3b do not occur in 5, consistent
with the carbonyl/hydroxyl group of the triazole ligand being
part of the stable peroxide bond.

The "H NMR spectrum could be assigned in agreement with
the proposed structure of 5, although determination of the py’
and py rings are tentative (Figures S9, S10, S11). A singlet was
observed for 5-H,0, at 9.16 ppm, which underwent exchange
with the residual water peak ("H NMR NOESY, Figure S12); this
may correspond to protons of the associated/coordinated H,0,.
Assignment of the *C NMR spectra (Figure S13) was aided by
HSQC and HMBC experiments (Figures S14 and S15 respec-
tively). Many features of the *C NMR spectrum of 5-H,0, were
similar to that of 3b, including the observation of a e
coupling of 43.8 Hz for one of the quaternary triazole carbon
resonances in 5-H,0, (151.5 ppm). The quaternary carbon
connected to the Pt—O group, the Ph ring and the peroxide
bridge was observed at 112.1 ppm (showing a 3-bond HMBC
correlation to the Ph,,,, protons). This was at higher field than
for complex 3b, in which the sp?® carbon coordinated to an OH
group rather than a O—O group was observed at 103.0 ppm.
The UV-Vis absorbance spectrum of 5-H,0, was broadly similar
to the spectrum of 3a/3 b (Figure S16).

Conversion of 5-H,0, to 3a/3b in d;-MeCN

Both 5-H,0, and 3a/3b were isolated as pale yellow powders,
although 5-H,0, was noticeably less soluble than 3a/3b in
organic solvents (MeCN, MeOH). Complex 5-H,0, was unstable
in MeCN solution, changing over time in the absence of light.
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Comparing 'H NMR spectra obtained immediately following
dissolution (Figure S9) with 2D 'H and ">C NMR spectra acquired
later the same day, new resonances can already be seen
appearing in the later spectra (for example * in Figure $10).
Monitoring this conversion by cw-EPR in the presence of
the spin trap DMPO (Figure S17) revealed a build-up of a small
amount of a nitroxide species — over several weeks — in MeCN
(Figure S18), showing hyperfine coupling only to a single
nitrogen. No radical species were detected in the analogous
spin trapping experiment performed with 3a/3b in MeCN
(Figure $19). When the same experiments were carried out in
water, a small amount of a DMPO*—OH radical adduct was
observed over several days with 5-H,0,, indicating the slow
formation and subsequent trapping of OH® (Figure $20), while
no radical species were detected under the same conditions
from 3a/3b in H,O (Figure S21). We suggest this is due to
release of peroxide, which appears to be strongly associated
with 5. Evolution of OH* from platinum(lV) prodrugs containing
trace amounts of H,0, has been previously reported."
Observation of the evolution of OH® in the dark is also
compatible with the slow conversion of 5 to 3a/3 b taking place
through homolytic cleavage of the peroxide bridge. In H,O, the
resulting [3b-H]* species would produce 3b by hydrogen
abstraction from the solvent, producing OH®, which would be
trapped by DMPO. In MeCN, more complicated radical
processes could occur, involving degradation of the spin trap
by either H; abstraction or cleavage of the Ny oxgic—C, bond.™™

Conversion of 3a/3b to 4in d,-MeOH

When the synthesis of 3a/3b was conducted in MeCN followed
by solvent removal and resuspension of solid 3a/3b in protic
solvents, it did not result in decomposition. Instead, 3a/3b
underwent a conversion to a new complex (4) in d,-MeOH
(Scheme 1, Figure 2). By the time C, 'H-"*C HSQC and HMBC
NMR spectral data had been acquired for a freshly prepared
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Figure 2. 'H NMR spectra of 3a/3 b converting to 4 over 22 d (d,-MeOH) at
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solution of 3a/3b in d,-MeOH, partial conversion to 4 had
already begun. Complete conversion of 3a/3b to 4 was
relatively slow, with 100% conversion after 22 d ('"H NMR
spectroscopy, d,-MeOH, Figure 2 and Figure S22). During this
time, the Pt NMR resonances at 832 ppm (3a) and 784 ppm
(3b) converged to a single resonance at 824 ppm for 4 (d,-
MeOH). EPR experiments revealed no detectable radical
production during the conversion of 3a/3b to 4 in the dark
(Figure S21).

Analysis of complex 4

Following completion of the conversion of 3a/3b to 4 in d,-
MeOH, complex 4 (Figure 3) was isolated as a pale yellow solid
by rotary evaporation of the solvent, and was fully characterised
by ESI-MS, 'H, ®C, Pt and "N NMR spectroscopy, IR and UV-
Vis spectroscopy.

Complex 3a/3b had been previously detected by ESI-MS
predominantly as the [3a/3b-OH]* (688.14 m/z) species.”
Conversion of 3a/3b to 4 resulted in similar low-resolution ESI-
MS: [4-OH]* was detected as the dominant species at 687.89 m/
2, (CyH,1NgO5Pt, calcd. 688.13 m/z) with [4+H]™ observed at a
significantly lower abundance, at 705.71 m/z (CyH,;3NzO,Pt,
calcd 706.15 m/z). The ESI-MS were identical regardless of
whether the conversion to 4 was carried out in MeOH or d,-
MeOH, effectively ruling out the possibility that the solvent had
been incorporated into the observed species as part of the
conversion, since a difference would have been detected due to
the difference in molecular weight between the deuterated and
undeuterated solvents (Figure S23).

In the 'H NMR spectrum of complex 4 in d,-MeOH
(Figure S24) the resonances in 4 corresponding to Py,,, and
PYmeta Protons were observed at higher chemical shifts than for
5, whilst the other aromatic 'H NMR resonances were very
similar for the two complexes. Complex 4 has two inequivalent
Ph rings and two inequivalent Py rings, and NOESY correlations

ds-MeOH

452 nm

AN 4
/W,J‘\’\N

1240 1200 | 1160 Eppr;|]
Figure 3. 'Pt NMR spectra (d,-MeOH) of complex 4 (a) before irradiation

(86.1 MHz) and (b) after irradiation with blue light, forming [4-N,] ™
(107.6 MHz).
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were observed between one pyridyl group and one phenyl ring
(Figure S25), in agreement with the proposed structure. Follow-
ing conversion from 3a/3b, complex 4 was stable in solution
(d,-MeOH) for over 12 months, and speciation remained essen-
tially unchanged (judged by 'H NMR spectroscopy and ESI-MS).

The rearrangement of 3a/3b to 4 in MeOH followed by
reconstitution of 4 in d;-MeCN enabled a direct comparison of
3a/3b and 4 in the same solvent (Figure S26). This revealed
changes predominantly in the Py, (shielded) Phyq,, (de-
shielded) and Py,,... (shielded) protons but revealed little other
structural information. >C NMR spectra were assigned through
comparison with previous structures and through 'H COSY,
'H-"C HSQC, 'H-"*C HMBC and 'H NOESY experiments (Figur-
es 523-529). The N NMR spectrum of 4 showed resonances
corresponding to the Ng (227.0 ppm) and N,/Ngia,0e/ Ny, €nviron-
ments (166.2 ppm) (Figure S31). The Pt-coordinated N, of the
azide was anticipated to come into resonance at ca. 57 ppm
but was broadened beyond detection. As previously
observed™ and subsequently explained by DFT calculations,””
the quadrupolar interaction of the "N nucleus with the local
electric field gradient (EFG) results in significant anisotropic
broadening of spectral lines for less symmetric environments,
such as the azido N, resonance Since the "N NMR spectrum of
4 provided only limited information we felt it would be unlikely
that acquisition of N NMR of 3 or 5 would provide any
additional or useful comparative information. Comparison of IR
(d,-MeOH) of 3a/3b (sample made immediately prior to
measurement) and of complex 4 revealed only minor changes;
the v,ynN; IR stretch being observed at 2048 cm™' for 4
(Figure S32). The UV-vis spectrum of 4 (Figure S33) was also
consistent with 4 being a monoazido complex.

Despite repeated and ongoing attempts, it was not possible
to grow crystals of 4 suitable for analysis by X-ray diffraction.
However, the structure proposed for 4 (Figure 3) is consistent
with the reported analytical data. We suggest that 4 forms from
3a/3b in protic solvents as a result of NT-N2 rearrangement of
the triazole ring." An alternative structure for 4 could result
from isomerisation at the platinum(lV) centre through exchange
of azide and OH (resulting in cis OH groups); such isomerisation
has been reported for other platinum(lV) complexes, however
we suggest that triazole rearrangement is more likely.?"

Photochemistry of 3a/3b, 4and 5

The slow conversion of 3a/3b to 4 in d,-MeOH could be
accelerated by heat, and was also significantly accelerated (by
384x) through irradiation with light (452 nm) with 80%
conversion observed in 60 min. However, small amounts (<5 %)
of [3-N;]" (663.1318 m/z) were also observed by HPLC after
60 min irradiation, in contrast to conversion in the dark. We
chose the irradiation wavelength of 452 nm (blue light) since it
is the longest wavelength - of a commercially available LED
light source - which affords photochemical conversion of 3a/
3b within a reasonable length of time. Since the tissue
penetration of light is wavelength-dependent, it is desirable to
use the longest wavelength possible to activate these com-
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pounds - towards the phototherapeutic window of 630 nm-
900 nm. We do however note that successful treatment of
superficial tumours has been achieved with blue light, which
has the advantage of minimising damage to underlying
tissue.”” We have previously demonstrated using TD-DFT that
platinum(lV) azido complexes have strongly dissociative states
at longer wavelengths, which explains why they can be
successfully photoactivated with visible light, despite demon-
strating only modest absorption at these longer wavelengths."

We previously showed that if irradiation of 3a/3b is carried
out in phosphate buffered saline (PBS) in the presence of 5'-
GMP, no platination of 5-GMP was observed.” Pt NMR
spectroscopy of 4 (d,-MeOH) under irradiation also showed
conversion from the resonance at 824 ppm (4) to 1189 ppm [4-
N;1* in the platinum(lV) region of the spectrum (Figure 3). This
is consistent with our previous report of the photochemistry of
3a/3b (d;-MeCN),” which showed the '**Pt resonances move to
a more deshielded position following irradiation and release of
azide.

EPR spin-trapping experiments under irradiation (440-
480 nm) were also carried out with freshly prepared 3a/3b and
5 in the presence of DMPO. The formation of DMPO*—N; and
DMPO®—OH radical adducts indicated evolution and trapping of
N;* and OH® radicals in both cases (Figure4a, Figure 4c,
Figure S33 and Figure S34).

For 3a/3 b, a steady state total radical adduct concentration
was reached after ~30min of continuous irradiation and
remained almost constant during the period of irradiation (~
3 h) (Figure 4b). For 5, the total radical adduct concentration
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Figure 4. EPR spin trapping experiments under irradiation (440-480 nm) of
compounds 3a/3b at 10.5 mM in H,0 (a, b) and 5-H,0, at <1 mM (c, d) in
the presence of 21 mM DMPO. (a, ¢) Experimental spectra averaged over
100 min of continuous illumination after reaching the maximum signal
intensity (black) and simulations with a DMPO"—N,: DMPO"—OH molar ratio
of 90:10 (a) and 95:5 (c) (red). The average total radical adduct
concentrations over the first 100 minutes determined from spectral integra-
tion are (5.5+0.6) uM (a) and (3.1+0.3) uM (c). (b, d) EPR peak height
transients of the total radical adduct signal (black), DMPO'—N3 signal (blue)
and DMPO’—OH signal (red). Vertical axes have the same scale in (a, c) and
(b, d), respectively, for comparison.
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peaked after ~30 min irradiation and then decayed (Figure 4d).
Based on our previous work with similar platinum(lV) azido
complexes, we attribute the steady radical adduct signal from
3a/3b to its high concentration in solution, which saturates the
light absorption of the EPR sample at the wavelengths of
irradiation.”

The comparatively low concentration of 5 in the experiment
was due to its reduced solubility in H,0. DMPO*-N,: DMPO*—OH
molar ratios of 90:10 and 95:5 were determined by spectral
simulation for 3a/3b and 5, respectively (Figure 4a and Fig-
ure 4c). The DMPO°*—N; signals quickly disappeared after
irradiation ceased, with a lifetime of ~7 min, demonstrating
that radical evolution in aqueous solution can be controlled by
blue light irradiation (Figure 4b and Figure S34). The persistance
of the DMPO®—OH signal is due to the much longer lifetime of
that radical adduct in comparison to DMPO®*—N,,”® rather than
due to the evolution of OH® radicals in the dark from 3a/3b.

Evolution of OH® radicals from 3a/3b in H,0 is induced by
irradiation, evidenced by the initial rise in the DMPO®—OH signal
(Figure 4b, red trace), while it seems to be light-independent
for 5-H,0, (Figure4d, red trace), with the same weak
DMPO*—OH signal under irradiation as is observed in the dark
(Figure S18).

The higher radical molar fraction of DMPO*—OH observed
for 3a/3b could be due to the coexistance of the two forms of
the monomeric complex, where 3a has two OH ligands per
platinum centre that can be potentially released upon irradi-
ation, in comparison to the one OH ligand per platinum in 5
(Scheme 2). Analogous experiments demonstrate that 4, which
is stable in aqueous solution in the absence of light, also
evolves predominantly N;° radicals under irradiation without
undergoing photoreduction, with a smaller fraction of observed
DMPO*—OH (4 %) than for 3a/3 b (Figure S36).

ESI-MS of 4 following 60 min irradiation (452 nmm MeOH)
showed [4-N,]* at 663.23 m/z as the most abundant species, as
had been reported previously for 3a/3b,” with no observable
[4-N,, OHI*" (anticipated at 324.07 m/z) or [4-N;, OH] ™ (antici-
pated at 646.13 m/z) (Figure S37). Since [4-OH]" is already
commonly observed as a product of electrospray ionisation
both prior and post-irradiation no conclusions could be drawn
as to what proportion of this was produced as a result of OH®
ejection or not, but the spectrum was clearly dominated by the
[4-N;]17 species, in agreement with the EPR experiments.

Conclusions

We have demonstrated that the choice of reaction solvent has a
significant effect on the outcome of the cycloaddition reaction
between trans,trans,trans-[Pt(py),(N5),(OH),] (1) and 1,4-diphen-
yl-2-butyne-1,4-dione (2). Decomposition is observed if the
reaction is carried out in MeOH, whereas triazole products 3a/
3b are formed if the reaction is carried out in MeCN. If residual
H,0O, is present during the cycloaddition reaction, this favours
the formation of a peroxide-bridged intermediate (5-H,0,)
which slowly converts to triazole products 3a/3b. If no H,0, is
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present then 3a/3b are formed as the major reaction product,
with only small amounts of 5 being observed.

The major product 3a/3b is stable in MeCN indefinitely, yet
suspension in protic solvents causes triazole rearrangement to a
new compound 4, which is then itself stable in solution for at
least 12 months. Complex 4 also appears to remain unchanged
following re-isolation and dissolution in MeCN.The rearrange-
ment to 4 can be significantly accelerated (x384) by irradiation
with 420 nm light (although slight photodecomposition is also
observed), or by modest heating. We are now investigating the
effect of irradiation with longer wavelength light on this
rearrangement process. Irradiation of complex 4 (440-480 nm)
produces predominantly [4-N,]* with concommitant azido
radical production. Platinum(lV) photoproduct(s) were observed
by ESI-MS and '®Pt NMR spectroscopy. EPR experiments
confirmed the production of predominantly azido radicals from
3a/3b, 4 and 5-H,0, under blue light (440-480 nm) irradiation
in H,0, consistent with these findings.

Experimental Section

Materials and Methods. K,[PtCl,] was purchased from Precious
Metals Online. HPLC-grade solvents and Millipore-filtered H,O were
used for the preparation of compounds and purification by HPLC.
DMPO (>98%) was purchased from Cambridge Bioscience Ltd. All
other reagents were purchased from Sigma-Aldrich or Alfa Aesar
and used as received. (IM) indicates use of a nylon syringe filter
(pore size 0.2 uM). All manipulations were carried out under
reduced lighting and solutions were prepared stored and handled
with minimal exposure to light.

NMR spectroscopy. Due to the potential photosensitivity of the
compounds, amberised NMR spectroscopy tubes (Goss Scientific/
Norrell) were used. Spectra were acquired at 298 K unless otherwise
stated and processed using Topspin 4.0. All chemical shift (8) values
are given in parts per million and are referenced to residual solvent
unless otherwise stated, J values are quoted in Hz.'H, '**Pt and "*N
spectra: were acquired on a Bruker AVIIIHD 500 MHz (500.13 MHz)
equipped with a 5mm z-gradient broadband X-19F/1H BBFO
SMART probe, or on a Bruker AVIIIHD 400 nanobay (400.17 MHz).
®C NMR spectra: were acquired on a Bruker AVIl 500 MHz
spectrometer equipped with a z-gradient triple resonance inverse
'H/"F("*C) TXI probe. 'H-'*Pt HMBC NMR spectra: '*°Pt chemical
shifts were externally referenced to K,PtCl; in 1.5 mM HCl in D,O (8
0 ppm). 'H NOESY NMR spectra: run with d8=0.8 (8 scans, 2 h,
noesyphsw). N NMR spectra: were acquired with an aring pulse
sequence as previously reported."” The prescan delay (DE) was
6.5ms, the 908 pulse length was 17.25ms and spectra were
acquired with a relaxation delay (d1) of 0 s. Spectra were processed
to remove the quadrature spike if needed (bc_mod dfil, bcfw 0.02,
efp) with an exponential line broadening (Ib) of 50. Spectra were
externally referenced to a 5 mm tube containing NH,CI (1.5 M) in
1 M HCl, with a D,0 solution in an internal capillary (& 0 ppm). Mass
Spectrometry: low resolution ESI-MS were obtained with a Waters
Micromass LCT Premier XE spectrometer. HRMS: obtained with a
Thermofisher Exactive Plus with a Waters Acuity UPLC system. MS/
MS experiments: were performed on an Acuity UPLC in flow
injection analysis mode, equipped with a Waters Xevo G25 QTOF.
All MS data were processed using MassLynx 4.0. Isotope patterns
are predicted using Molecular Weight Calculator http://www.alche-
mistmatt.com/. HPLC: were performed with a Waters Autopurifica-
tion system, equipped with a Waters X-Bridge OBD semi-prep
column (5 pm, 19 mm x50 mm), with an injection loop of 1 ml,
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eluting with H,0+0.1% NH,OH (pH 9)/MeCN +0.1% NH,OH. The
crude samples (in H,0/MeCN) were filtered (nylon, 0.2 um) and
injected in 750 pL aliquots, with mass-directed purification with an
ACQUITY QDa performance mass spectrometer. Analytical HPLC
used the same solvents and system, with a Waters X-Bridge OBD
column (5 um, 4.6 mmx50 mm) and an injection loop of 0.02 ml.
Retention times (tz) are quoted for the solvent gradient: 0 min (95 %
A: 5% B); 1 min (95:5), 7.5 min (5:95) on the analytical column. UV-
visible absorption spectra were acquired with the Waters HPLC or
a UV-Vis spectrometer (Cary 60 UV-Vis, Agilent Technologies,
Figure S12). Photochemistry: samples were irradiated with stirring
at a distance of 50 mm from a MiniSun GU10 27 SMD LED bulb
with an output centred at 452 nm (see Figure S37) or with a
MiniSun UVA bulb. EPR spectroscopy: Aqueous samples were
prepared as follows. Freshly-prepared solutions of the complexes,
all containing 21 mM DMPO, were loaded into bottom-sealed
quartz capillaries (1.2 mm exterior diameter) using metal needles
and plastic syringes. MeCN samples were prepared as follows.
DMPO was dissolved in MeCN at a concentration of 21 mM and was
degassed in a Schlenk tube by freeze-pump-thaw cycles until no
further bubbling was observed. The solution was then transferred
to a N, glove-box and used to dissolve complex (previously freeze-
dried) to a Pt concentration of 10.5 mM. This solution was pipetted
into a 25 pL glass microcapillary (IntraMark, Blaubrand), and both
ends were sealed with cristaseal sealing wax (Hawksley). The
capillaries were placed in a larger (4 mm external diameter) EPR
quartz tubes and inserted into the resonator. Sample volume and
position were adjusted so that the length of the sample matched
the optical window of the resonator, for an optimal illumination.
The EPR experimental setup consisted of a Xe arc lamp (operated at
700 W) coupled to the resonator (Bruker X-band Super High
Sensitivity Probehead) of the EPR spectrometer (X-band EMXmicro,
Brucker) through a liquid waveguide. The light was filtered before
entering the waveguide, using a 410 nm long-pass filter followed
by a 440-480 nm band pass filter. Measurements were carried out
in continuous-wave mode, at X-band frequency (ca. 9.5 GHz) and
room temperature, using the following parameters: field sweep of
8 mT, receiver gain of 30 dB, modulation amplitude of 0.1 mT and
microwave attenuation of 23.0 dB. Quantification was done using
the second integral of the spectra averaged over 100 min of
continuous illumination after reaching the steady state, by inter-
polation of a calibration curve of TEMPO solutions of known
concentrations measured in the same conditions as the sample, in
the dark. The uncertainty in the radical adduct concentrations was
estimated by measuring a TEMPO standard. Simulations were
carried out in Matlab®, using a modified EasySpin®" garlic function
to allow two species to be fitted simultaneously. For the DMPO®—N;
adduct, isotropic hyperfine couplings to the nitroxidic nitrogen
(ayo'' = 1.450 mT), the B-proton of DMPO (ay"=1.475 mT) and the
o-nitrogen of the trapped azidyl radical (a,"=0.314 mT) were
considered. For the DMPO*—OH adduct, only the first two previous
hyperfine couplings were included. An isotropic g-tensor (g=
2.0005) was used in both cases. Radical adduct transients were
produced from the spectral peak heights. The DMPO*—N; transient
was obtained using the two side peaks of each of the four triplets
and estimating the height of the central peak as the average of the
two side peaks. The DMPO"-OH transient was obtained by
subtraction of the DMPO°—N, transient from the total radical adduct
transient.

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH
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Synthetic procedures

Caution! No problems were encountered during this work,
however heavy metal azides are known to be shock sensitive
detonators, therefore it is essential that platinum azides
compound are handled with care

Trans, trans, trans-[Pt(N;),(OH),(py),] (1) was synthesised as pre-
viously reported. For increased production of 5, complex 1 was
isolated by crystallisation directly from the reaction solution and
was not recrystallised before use, retaining residual H,0, content.

Reaction of 1with 1,4-diphenyl-2-butyne-1,4-dione (2) in MeCN
to give complex 5-H,0, and 3a/3b

As previously reported,” 1,4-diphenyl-2-butyne-1,4-dione (70 mg,
0.299 mmol) and trans,trans,trans-[Pt(N5),(OH),(py),] (150 mg,
0.318 mmol) dissolved in MeCN (22 ml) and stirred at 35°C (48 h)
produced complex 3a/3b as the major product, and as well as
other minor species. These products included dimer 5, which had
not been previously characterised or identified as a dimer, since the
mass exceeded the detection limit of the HPLC machine. The
solvent volume was reduced to 5 ml in vacuo, syringe filtered and
purified by HPLC. Complexes 5-H,0, (t;=4.83 min (31%) and 3a/
3b (tz=5.13 min, 13%) were isolated and the solvent removed by
freeze-drying to give both as pale yellow solids (see Figure S2).

'H NMR (5-H,0,, 500 MHz, d;-MeCN) &: 9.16 (s, br, 1H, H,0,, OH),
9.14 (dd, *Jyp=26.7, *Jyy=6.7, 4H, Hoyone), 8.51 (dd, *Jyp=26.7,
*Jun=6.6, 4H, Hoyonno), 811 (t, Yy =7.6, 2H, Hpypora), 8.06 (d, *Jyy=
8.3, 4H, Hononno), 7.85 (t, iy =7.8, 2H, Hpypura), 7.68 (t, *hiy=7.8, 4H,
Heymetad: 759 (t, *Juu=7.5, 2H, pppara)s 746 (t, *Jyu=7.8, 4H, prmera),
7.22 (t, Jyu=6.6, 4H, Hpymed), 7.09 (t, =74, 2H, Hppparo), 6.95 (t,
=78, 4H, Hopmew) 6.75 (d°Jyu=8.3, 4H, Hpporno). C NMR
(5-H,0, 151 MHz, d;MeCN) &: 187.9 (q, CO), 153.3 (q, triazole),
151.6 (q, triazole, Jcp, 43.8 Hz), 150.42 (Pyouho), 150.37 (Pyorne), 143.1
(@ Phigso)s 143.0 (PYara)s 142.8 (PYpara) 138.6 (G, Ph'so), 133.8 (Ph,,.a),
131.3 (Phoo)s 129.1 (Phiew), 127.2 (8, Jepe= 27.2, PYew) 127.0 (t,
3'ICPt: 2621 Pymeta)r 128.8 (Phpara)r 128.6 (theta): 126.4 (Phortho)r 1121
(g, C—=OH).

Characterisation of 3a/3b in d,-MeOH (freshly prepared) before
rearrangement

%5pt NMR (107 MHz, d,-MeOH) 6: 832 and 784.

IR v cm™ (d,-MeOH): 3418.25(br), 2505.31(br), 2360.65, 2342.09,
2047.76 (sharp, V,,mNs), 165213, 1613.86, 1596.93, 1576.75,
1458.93, 1400.85, 1258.62, 1213.35, 1077.10, 1022.18, 946.22,
898.43, 768.63, 690.11. Additional characterisation of 3a/3b is as
previously described.”

Characterisation of complex 4 following rearrangement in
d,-MeOH

'H NMR (4, 400 MHz, d,-MeOH) &: 9.05 (d, *Jype=25, *Jyu=6, 2H,
Heyortho)s 8.54 (d, *Jpe=25, *Juy=6, 2H, Hpyonno), 8.26 (dd, *Jyy =6, TH,
Heypara)s 7.97 (dd,Jyy=6, TH, Hpypa), 7.93 (d, *Jyy=6, 2H, Heporno),
7.81 (dd, *Jyu=7, 2H, Hoymewa)s 7.57 (t, YJuy=7, TH, Hppparz), 7.43 (dd,
2H, *hiu=7, Hopmew)s 7.33 (dd, 2H, Hpymerr), 7.04 (dd, TH, *Jy=7,
HPhpara): 6.91 (t, 2H, 3JHH:7r Htheta)r 6.71 (d: 2H: 3JHH:6I HPhonho)~

3C NMR (4, 126 MHz, d,-MeOH) 8: 188.0 (g, Conco)s 152.0 (0 Curinpore):
151.3 (Coyortho)s 150.7 (C pyorno): 145.3 (0, Cipsop)s 143.8 (Coypara), 143.6
(@ Cuiazold)r 1434 (Coppara)s 1388 (G Cipsopr)s 1341 (Coppara)s 131.2
(CPhortho')l 129.9 (*impurity)r 129.2 (Ctheta')r 128.8 (Ctheta)l 128.6 (CPhpara)l
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1281 Chscriosm= 26, Coymeta)s 127.6 Cliscrospe= 26, Coymeta)s 1263
(Cenortho)s 108.4 (q, Cppcox)-

%Pt NMR (4, 107 MHz, d,-MeOH) &: 824.

IRv cm™ (4, d,-MeOH): 3391.11 (br), 2508.44 (br), 2048.63 (sharp,
vasymN3), 1654.70, 1613.38, 1597.02, 1460.08, 1405.16, 1254.93,
1213.32, 1106.53, 1013.34, 934.54, 894.13, 768.44, 691.38.

ESI-MS (4, MeOH) m/z: (M =trans,trans,trans-[Pt-
(N3)(C16H1oN30,)(OH),(py),]): 705.71 (IM+H]"  CyH,3NgO,Pt, calcd
706.15), 687.83 (IM—OHI1" CygH,;NgO5Pt, calcd 688.13).

Deposition Number 2008628 (for 5) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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A novel PtV

triazolato azido complex [3]-[N1,N3] has been synthesised
via a strain-promoted double-click reaction (SPDC) between a PtV
azido complex (1) and the Sondheimer diyne (2). Photoactivation of
[31-[N1,N3] with visible light (452 nm) in the presence of 5’ -guanosine
monophosphate (5'-GMP) produced both Pt'" and Pt" 5'-GMP species;
EPR spectroscopy confirmed the production of both azidyl and
hydroxyl radicals. Spin-trapping of photogenerated radicals —
particularly hydroxyl radicals — was significantly reduced in the
presence of 5'-GMP.

Of the cancer patients who are treated with chemotherapy, approxi-
mately 50% receive a Pt" drug such as cisplatin, carboplatin or
oxaliplatin." However, the side-effects of treatment with Pt" drugs
can be severe, and the development of resistance can also be a
serious problem.” Octahedral low-spin 5d° Pt" prodrugs are more
kinetically inert than their Pt" counterparts, and have the potential
to address these issues.> ® Both redox-activatable”® and photo-
activatable® > Pt"Y prodrugs can exhibit promising pharmaco-
logical properties and can also incorporate ligands which - when
released upon reduction of Pt" to Pt - exert an anti-cancer
effect through mechanisms of action which are different from
those of established Pt"-based drugs.>"?

Whilst the photochemistry of Pt"V diazido complexes has
been extensively investigated, Pt" monoazido complexes are
less well explored. It was not known if two azido groups are
necessary for photoreduction to Pt", and what products were
likely to be formed under irradiation. Direct derivation of a Pt"
diazido complex was anticipated to be an effective way to
answer these questions. Cycloaddition (click) reactions of metal
azido complexes are well-established'* - although mostly for Pt"
rather than Pt". We recently reported the first Pt'" triazolato
monoazido complexes; synthesised via click reactions of Pt"
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characterisation data including X-ray crystallographic tables. CCDC 1885195 con-
tains the supplementary crystallographic data for this paper. For ESI and crystal-
lographic data in CIF or other electronic format see DOI: 10.1039/c9¢cc05310g

This journal is © The Royal Society of Chemistry 2019

Kezi Yao, Arnau Bertran, Alison Howarth, Jose M. Goicoechea,
Nicholas H. Rees, Mohammadali Foroozandeh,

' ROYAL SOCIETY
OF CHEMISTRY

A visible-light photoactivatable di-nuclear Pt'
triazolato azido complexf

Samuel M. Hare,

Alice M. Bowen and

azido complexes with both electron-deficient (e.g. 1,4-diphenyl-2-
butyne-1,4-dione)"® and strained alkynes (e.g. DBCO; dibenzocyclo-
octyne-amine).'® Due to the popularity of click chemistry, a range
of 1,2,3-triazoles with potential biomedical applications have been
reported;'” ™ 1,2,3-triazoles have the potential to participate in
C-H hydrogen bonding; behave as hydrogen bond donors
through both non-coordinated N-atoms; act as intercalating
agents via n-n stacking and substitute for amides; making them
attractive ligands.”® Pt" triazole complexes®" and triazolato-
bridged Pt" complexes have been shown to demonstrate
promising anti-cancer activity.>

Strain-promoted azide-alkyne [3+2] cycloaddition (SPAAC)
exploits the spontaneous reactivity of cyclooctynes and azides
due to inherent ring strain in the cyclooctyne.?® It can be used
to assemble constructs under mild conditions for both bio-
logical (e.g. vascularly-targeted radiolabelled liposomes,** glycan
imaging® and glycocalyx selective editing®®) and chemical (e.g.
Ru azido DBCO*” and Pt"-DBCO fluorophore®®) applications.

The Sondheimer diyne (5,6,11,12-tetradehydrodibenzo[a,e]-
cyclooctene) (2) (Scheme 1) is a strained diyne which is
straightforward to synthesise. It has been used as a monomer
in Mo-catalysed ring-opening alkyne metathesis polymerization
reactions®® and to couple together Ag(i) species’® and
biomolecules.?” For our purposes, it enables the union of two —
potentially different - Pt" azido complexes under catalyst-free
conditions, without interaction of either Pt'"Y centre with any
other functional groups on the newly formed 1,2,3-triazole

OH 7] o4 N/Dl
N3 | Ny [2,04eq \
_Pt I OH N
i SNTON, MeCN,RT X N\PIt/
) OH stir NS TN
3
Ny

(1] [3]-[N1,N3]

Scheme 1 Synthesis of Pt triazolato azido complex (3)-IN1,N3].
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ligands - something which has complicated our earlier
studies.>"® Di-nuclear Pt" complexes are promising since they
can be used to deliver multiple different biologically active
agents to cancer cells.® Here we report the facile, catalyst-free
assembly of the water-soluble, water-stable, di-nuclear Pt"
1,2,3-triazolato azido complex 3-{N1,N3] and our investigations
into its photochemical properties (Scheme 1).

Diyne (2) was synthesised according to literature reports and
purified by column chromatography (ESIT).>*?® trans,trans,trans-
[Pt(N3),(OH),(py),] (1) was synthesised and purified by HPLC.>*
The reaction between 1 (200 mg, 0.42 mmol) and 2 (30 mg,
0.15 mmol, 0.4 eq.) in MeCN (150 ml) at room temperature was
monitored by LCMS and was judged to be complete after 2d. No
mono-Pt" cycloaddition intermediates were detected by ESI-MS
during the course of the reaction. This is consistent with DFT
calculations of the reactivity profile of 2, which indicate that the
activation energy for the second cycloaddition is lower than for
the first, due to the highly distorted alkyne bond in the mono-
substituted intermediate, arising from steric repulsion between
the substituent on the triazole ring and the hydrogen atom
on the benzene ring.*! The reaction solution was dilute,
minimising the formation of Pt" oligomers (see Fig. S1, ESIY)
due to potential reactivity of the second Pt"-azido ligand.

The major product (3) was detected by LCMS, as both
[3 + H]" (1143.20 m/z) and [3 + Na]" (1165.36 m/z) adducts.
Complex 3 was isolated by mass-directed LCMS as a mixture of
two regioisomers: 3-[N1,N3] and 3-[N3,N3] (Fig. S2, ESI{). HPLC
re-injection confirmed the isomers co-eluted with a purity of
95% (Fig. S3, ESIT). Following solvent removal and reconstitution
of the pale yellow solid in d;-MeCN, 'H NMR spectroscopy
indicated that 3{N1,N3] - which has two-fold symmetry - was
the major isomer present. This is consistent with the previously
reported reaction of 2 with excess benzyl azide which resulted in a
60% [N1,N3]: 38% [N1,N1] product distribution.*" Yellow crystals
of 3{N1,N3] rapidly formed from the solution of regioisomers in
d;-MeCN, on standing for 24 h.

Recrystallisation from MeCN afforded X-ray crystallographic
quality crystals of 3-[N1,N3] (Fig. 1), confirming [N1,N3]
Pt"-triazole coordination and revealing the ligand interactions
around the puckered chair of the cyclooctene ligand. Distances
between pyridine, triazole and benzene groups are shown in
Fig. S4-S6 (ESIt); the pyridine ligands undergo n—r interactions
with the cyclooctene ring ranging from 3.527-4.509 A in length.
A hydrogen-bond interaction of 2.178(3) A was observed
between Pt(1)-OH(2) and triazole N(2); the corresponding
hydrogen-bond interaction on the other side of the molecule
measured 2.242 A (Pt-OH(3) to triazole N(5)). The identity of 3
was also confirmed by HRMS [3 + H]" (C3eH3,N160,PtH):
1143.2123 m/z found; 1143.2069 m/z caled (Fig. S7, ESIT).

Collision-induced dissociation (MS/MS) experiments of [3-
[N1,N3] + H]" demonstrated that at low collision energies the
complex readily fragmented through loss of OH and Nj ligands,
to give stable species [3-[N1,N3]-N;OH + H]" (1083.32 m/z)
and [3-[N1,N3]-2(N;OH)]", (1023.30 m/z), consistent with our
previous observations of azido ligand loss during MS/MS
fragmentation of 1.>' Stable mono-Pt fragments were also
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Fig. 1 X-ray crystallographic structure of 3-[N1,N3] with thermal ellipsoids
displayed at 50% probability.*> Selected bond lengths (A): Pt1-N3: 2.060(2),
Pt1-N7: 2.041(3), N7-N8: 1.219(4), N8-N9: 1.151(5). Pt1-O2: 2.002(2).
Selected angles (°): Pt1-N7-N8: 114.1(2); N7-N8-N9: 174.5(4). (See
Tables S1-S3, ESI).

observed, including [Pt(C;6N¢H;)N;3]" (520.15 m/z) resulting
from ejection of several small ligands and one Pt fragment from
the central cyclooctene ligand, as well as smaller fragments including
([Pt(py)2(OH),]" (387.12 m/z)) ([Pt(py)-(OH)]" (370.11 m/z)) and
([Pt(Py).]" (352.10 m/z)) demonstrating cleavage of the Pt-triazole
bond (Fig. S7, ESIt).

Complex 3-[N1,N3] was fully characterised by *°Pt, "H and
BC NMR spectroscopic methods. 'H NMR spectroscopy
revealed four different phenyl environments; a 2D "H TOCSY
experiment was used to determine the complete spin systems
and to obtain coupling constants for overlapping signals
(Fig. S9, ESIT) and 1D NOESY experiments revealed nOe inter-
actions between pyridine (H,) and phenyl ring (H,) protons,
confirming the regiochemistry of the product (Fig. S10, ESIT).
13C NMR spectral assignment (Fig. S11, ESI{) was aided by
'H-"3C HSQC and HMBC experiments. Complex 3-[N1,N3] gave
rise to a single '®’Pt NMR spectral resonance at 723 ppm
(d3-MeCN, Fig. S12-top, ESIt).

Whilst 3-[N1,N3] is stable in both d;-MeCN and D,O for a
period of at least 5 weeks as judged by "H NMR spectroscopy,
the resonances change position markedly in the different
solvents. Solvent removal from a sample of 3-[N1,N3] in
d;-MeCN followed by reconstitution in D,O resulted in an overall
163 ppm upfield shift in *>Pt NMR resonance from 723 ppm
(d3-MeCN) to 857 ppm (1:1 d3-MeCN:D,0) to 886 ppm (D,O,
Fig. S12-bottom, ESIY). In the "H NMR spectrum (D,0), the Hy/
and Hpg' protons of the benzene rings no longer superimposed
on the pyridyl H,,, resonances (Fig. S13 and S14, ESIt). Consistent
with this, the '*>Pt NMR resonance of 1 also changes by 164 ppm
on changing solvent from d;-MeCN (778 ppm, this work) to
D,0 (942 ppm).** Selective "H NOESY NMR experiments on
3{N1,N3] (D,O) revealed the same nOe correlations which
were observed in d;-MeCN, with dissolution in 1:1 MeCN/D,O
showing '"H NMR resonances at intermediate chemical shifts
(Fig. S14-middle, ESIt), indicating that the change is unlikely to
be due to a formal N1-N2 Pt-triazole rearrangement in D,O - a

This journal is © The Royal Society of Chemistry 2019
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possibility for metal triazole complexes which we wanted to
rule out.””**%”

IR spectroscopy of a d;-MeCN sample of 3-[N1,N3] (Fig. S15,
ESIT) showed a strong vagymN; stretch at 2043 cm™'; slightly
lower than observed for 1 (2051 cm™", solid).>® The UV-Vis
spectrum of 3-[N1,N3] showed a long shoulder with Apax
ca. 254 nm tailing into the visible region corresponding to
the N; — Pt LMCT transition band, with increased intensity
at shorter wavelengths compared to 1 due to the additional
aromatic groups (Fig. S16, ESIt).

A D,O (1 ml) solution of complex (3)-[N1,N3] (5.6 mg)
and the DNA model 5-GMP (2 eq. 4.8 mg) was irradiated
(4irr 452 nm) with regular monitoring by LCMS and "H NMR
spectroscopy. Both Pt"™ and Pt" photoproducts were detected by
LCMS including non-5"-GMP bound species (where M = 3-[N1,N3]):
[M-N,]" at 1100.12 m/z; [M-H,0, + H]" at 1109.12 m/z; [3-[N1,N3]-
N;OH + H']" 1084.05 m/z. The cyclic-5'-GMP species [Pt"(OH)-
(Py)2(N5C100,H,P)]" was observed at 715.14 mjz, although - unlike
for similar investigations with complex 1 - no evidence of
[Pt(OH)(py),(5-GMP)]" was observed (predicted 733.1097 m/z).
The LCMS m/z range is limited to 1250 m/z and a different
ESI-MS instrument was therefore used to detect the presence
of higher mass species, including the Pt"bis-GMP adduct:
[M-2(H,0,)-2N; + 2(5'-GMP) + Na]" at 1739.85 m/z. (Fig. S17, ESIY).

The photochemistry was also monitored by "H-'*>Pt HMBC
and 1D Pt NMR spectroscopy ((3)[N1,N3] 22 mM; 5'-GMP
46 mM, 1:1 D,0:d3-MeCN, Z;, 452 nm, 180 min). During
irradiation, the intensity of the '°°Pt NMR spectroscopic
resonance corresponding to (3)-[N1,N3] (854 ppm) decreased,
with small amounts of new Pt" species (1267, 1350 ppm) and two
more intense Pt signals appearing (—2224 ppm and —2369 ppm;
Fig. S18 and S19, ESIt). These spectra were consistent with the
formation of multiple Pt" and Pt" photoproducts, as observed by
LCMS (for discussion see end of ESIf).

Irradiation of a solution of 3{N1,N3] (1.15 mM) and
5,5-dimethyl-1-pyrroline N-oxide (DMPO, 20 mM) monitored
by EPR spectroscopy in either water or cell-free lysate (KNS42)
generated azidyl (N3*) and hydroxyl (OH®) radical species,
trapped in a 85:15 and 90: 10 molar ratio, respectively (Fig. S20(a),
ESIt and Fig. 2(a)), with a maximum trapped radical concentration
of 7 uM. The signals started to decay after ~30 min irradiation
(Fig. S23(a), ESIT and Fig. 2(b)). The inclusion of 5'-GMP in the
solution of 3-[N1,N3] in lysate had a significant effect; the
maximum trapped radical concentration reduced to 3 uM with
a 95:5 N3*:OH® molar ratio (Fig. S22(a), ESIt) and radical
trapping slowed down (Fig. S25(a), ESIt). These experiments
were repeated with complex 1 (Fig. S20(b), S21(b) and S22(b),
ESIt) which released almost no hydroxyl radicals, reaching a
much higher trapped radical maximum concentration of 32 uM
in water and lysate. The rise and decay of the signal was faster
(Fig. S23(b) and S24(b), ESIf) in comparison to 3-[N1,N3],
consistent with 1 having a greater absorbance at the wavelength
of irradiation. The effect of including 5-GMP in the lysate
solution of complex 1 was less pronounced (Fig. S22(b) and
S25(b), ESIt) than for 3-[N1,N3], with only a slightly lower
maximum trapped radical concentration (28 pM) and slower

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 X-band cw-EPR spectrum (a) showing trapping of azidyl (Ns*) and
hydroxyl (OH*) radicals (1.15 mM (3)-[N1,N3] + 20 mM DMPO spin-trap) in
freshly prepared KNS42 lysate (Z;,, 440—480 nm; spectra averaged over 1 h
of maximum signal intensity); (b) fitted spectrum with 90% DMPO-Nz and
10% DMPO-OH (red line). The kinetic profile (b) for the total radical adduct
signal (black) has been deconvoluted into the DMPO-Ns3 (blue) and DMPO-OH
(red) contributions.

kinetics in the presence of 5'-GMP. Minimal radical release was
observed in the absence of irradiation in aqueous solution, con-
sistent with the observed stability of 3-[N1,N3] and 1 (Fig. S26,
ESIt). Irradiation of controls (DMPO, and 5’-GMP + DMPO) in
lysate did not result in any trapped radicals (Fig. S27, ESI).

To conclude, we have demonstrated an effective method for
joining together two Pt" azido complexes to give the di-nuclear
Pt triazolato azido complex 3-[N1,N3] which is soluble and
stable in aqueous solution for at least 5 weeks. Irradiation
of 3-[N1,N3] with visible light (4; 452 nm) in the presence of
5'-GMP results in the formation of new Pt" and Pt" species as
well as radical species (N;*, OH®) in both H,O and cell-free
lysate. Whilst the presence of two Pt-azido groups in complex 1
predominantly favours photochemical release of azido radicals,
3-[N1,N3] undergoes photoreduction to Pt" with the production
of a greater proportion of hydroxyl radicals, consistent with the
Pt" monoazido structure. Radical - particularly OH® - trapping

Chem. Commun., 2019, 55, 11287-11290 | 11289
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from 3-[N1,N3] was affected to a greater extent by the presence
of 5-GMP, in contrast to irradiation of 1. It has previously been
shown that N;* produced by irradiation of 1 can be quenched
by -tryptophan (Trp),*® forming Trp radicals;*® our future work
will investigate the interaction of hydroxyl radicals with 5'-GMP
and the possible photocytotoxicity of 3-[N1,N3].
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complex evolves azidyl radicals following
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The platinum(v) azido complex trans,trans,trans-[Pt"(Ns),(OH),(py).] (1) undergoes cycloaddition with
1,4-diphenyl-2-butyne-1,4-dione (2) under mild, catalyst-free conditions, affording a number of mono
and bis click products. The major mono click product (3) exists in MeCN as an equilibrium mixture
between two species; 3a and 3b rapidly interconvert through nucleophilic attack of the axial Pt—-OH
group at the adjacent Ph—CO group. The kinetic and thermodynamic parameters for this interconversion
have been measured by selective saturation-transfer NMR spectroscopic experiments and are consistent
with cyclisation at the Pt centre. Complex 3b was also characterised by X-ray crystallography. Visible light
irradiation (440-480 nm) of 3 in ds-MeCN produces azidyl radicals (Ns°), as demonstrated by EPR spin-
trapping with DMPO; no generation of hydroxyl radicals was observed. *H-'°°Pt HMBC NMR confirmed
that the photoproducts were Pt" rather than Pt" species, and HPLC was consistent with these being [3—
Nz]* species; no facile photoejection of the triazolato ligand was observed, consistent with MS/MS frag-
mentation of 3. When 3 was irradiated in the presence of 5-GMP, no 5-GMP photoproducts were
observed, suggesting that complex 3 is likely to exhibit significantly simplified biological activity (release of
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Introduction

Reactivity of metal azides towards acetylenes in a [3 + 2]
1,3-dipolar cycloaddition (or “click” reaction) to form triazoles
is a well-established route to form new metal complexes and
new ligands which are not readily accessible by other routes."
Although [3 + 2] cycloadditions have been extensively investi-
gated in organic synthesis, the potential of cycloaddition reac-
tions of metal-coordinated ligands is less well-explored. To
date, click reactions between metal azides and alkynes
(or masked alkynes)® have been used in a range of synthetic
investigations; forming Pt(un)-Au(i) heterometallic arrays,® tri-
Au(1) triazoles,* Ru-based catalysts® and metalloenzyme inhibi-
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6416 | Dalton Trans., 2019, 48, 6416-6420

azidyl radicals but not DNA binding) compared with complex 1.

tors.® They have also been used to synthesise Au() triazole
peptide conjugates targeted to mitochondria, which showed
promising anti-cancer activity.” The new triazole ligands
formed in these cycloaddition reactions themselves have a
wide-range of chemistries and potential applications.® Whilst
copper(i)-catalysed (CUAAC) reactions dominate the literature,’
our focus is on copper-free cycloadditions, since the cyto-
toxicity of copper salts is undesirable for biological appli-
cations."® We recently reported that trans,trans,trans-[Pt
(N3)2(OH),(py)2] 1 is reactive towards a number of strained
cyclooctynes and highly electron-deficient acetylenes including
DMAD, but does not react with other acetylenes including phe-
nylpropiolic acid, 1-phenyl-2-propyn-1-ol and 3-butyn-2-one."*

We focused on internal alkynes, because terminal alkynes
(HC=CR) often undergo azide-acetylene ligand exchange with
metal azides, rather than 1,3-dipolar cycloaddition; for
example, cis-[Pt(N;),(PPh;),] reacts with acetylenylbenzene to
give trans[Pt(C=CPh),(PPh;),]."> Consequently, we investi-
gated the reactivity of the azido complex 1 towards the acety-
lene 1,4-diphenyl-2-butyne-1,4-dione (2) and here we report
our findings.

Although no Pt(u) or Pt(iv) examples have been previously
reported, acetylene 2 (Scheme 1) undergoes cycloadditions

This journal is © The Royal Society of Chemistry 2019
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Complex 3 in
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exchange

MeCN
35°C, 2d

i Q
" on

(]

Scheme 1 Reaction of trans,trans,trans-[Pt(N3z)>(OH).(py).] (1) with 1,4-
diphenyl-2-butyne-1,4-dione (2) showing formation of the major
product 3 (3a/3b).

with both Pd(n)"* and Ni(un)'* mono azido complexes. For Pd
(), the coordinated triazole ligand is not constrained through
additional cyclisation, and equivalent "H NMR spectral reso-
nances for the Ph groups were observed, consistent with
rearrangement to N2 triazole coordination. For Ni(u), in
addition to triazole formation, one of the PhCO groups of the
triazole condensed with a ligand-based NH, group, forming a
5-membered ring containing the Ni; the IR and 'H NMR
spectra indicated triazole formation and retention of N1-
coordination. It is generally accepted that the N1-bound tri-
azole isomer forms as the kinetic product of the cycloaddition
reaction. For metal-based cycloadditions - in contrast to purely
organic cycloadditions - this isomer may often then undergo
rearrangement to the more thermodynamically stable N2-
bound isomer."> The N1/N2 coordination preference appears
to be a balance of sterics, electronics and any potential ligand
cyclisation which could “lock” the triazole in N1 coordination.
Small modifications in the ligands may alter the N1/N2 prefer-
ence; for the reaction of Ru-azido complexes with DMAD and
diethylacetylenedicarboxylate (DEACD), X-ray crystallography
confirmed a change in preference from N1 (ethyl) to N2
(methyl) triazole coordination depending on the ligand substi-
tuents for a number of Ru azido complexes.'®"”

Since Pt(v) azido groups are considerably less electron-rich
than Pt(n) azides they are anticipated to be even less amenable
to cycloaddition with electron-deficient acetylenes. We were
therefore surprised to observe the reaction of 2 with the Pt
diazido complex 1 under mild conditions.

Results and discussion

After stirring a solution of 1 and 2 (1.1 eq.) in MeCN (35 °C, 2 d)
the reaction solution was concentrated under vacuum and fil-
tered. RP-HPLC (MeCN + 0.1% NH,OH/H,O + 0.1% NH,OH,
PH 9) purification of the filtrate revealed four new cycloaddition
products, three mono-substituted species; (tg = 4.01 min, 8%);
complex 3 (tg = 4.31 min, 73%); (g = 5.44 min, 2%) and one
bis-substituted species (tz = 5.94 min, 7%) (Fig. S17).

Complex 3 consists of interconverting isomers 3a and 3b

HPLC solvent was removed from the main product 3
(tr 4.3 min, 73%) by freeze-drying; yellow crystals were grown
by vapour diffusion of tetrahydropyran into a concentrated
MeCN solution of 3. Single crystal X-ray crystallography

This journal is © The Royal Society of Chemistry 2019
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revealed the structure of the mono-click product (3b) which
had cyclised via attack of the Pt-OH ligand at the PhCO group
to form a 5-membered ring (Fig. 1).

Both the azido (Pt-N,-Ng-N,) ligand angle and bond
lengths are very similar to those seen in the diazido precursor
complex; (174.8(6)° in 3b vs. 174.4(4)/175.3(4)° in 1);'° and
1.218(6)/1.215(4), 1.218(5), A (N,~Ny) and 1.142(6)/1.139(4),
1.146(5) A (Ny-N,) in 3b and 1 respectively. The angle sub-
tended at Pt-N,-Ng is more acute for complex 3b (114.2(3)°)
compared to complex 1 (118.0(3)°, 120.3(2)°). The Pt-N1 tri-
azole bond length is 1.998(4) A, which compared to reported
pt" N1-coordinated 1,4-disubstituted triazole complexes with
lengths of 2.149(2) A-2.139(2) A, is indicative of relatively
strong bonding.%>°

Although on re-injection for analytical HPLC, 3 eluted as a
single peak (g = 4.40 min) (Fig. S27), in d3-MeCN solution at
25 ©°C, 3 existed in dynamic equilibrium between two
isomers - 3a and 3b - in a 1:1 ratio. '"H and "*C NMR spectral
resonances of complexes 3a and 3b were fully characterised by
1D and 2D (COSY/ROESY/HSQC/HMBC) spectroscopic
techniques (Fig. S37).

'"H-'"*pt HMBC NMR spectroscopy revealed two distinct
19%pt environments, for 3a (689 ppm) and 3b (785 ppm)
respectively (Fig. 2). Addition of D,O to the d;-MeCN NMR
sample resulted in the loss of the 3b C-OH 'H NMR spectral
resonance at 4.93 ppm, as a result of proton/deuterium
exchange. The equilibrium species 3a/3b were stable in ds-
MeCN (in the dark), for a period of at least 6 months.

Depending on the mass spectrometer, either Na“ or H'
adducts of 3 were also observed by ESI-MS; [(3), + Na]" was
detected at 1433.29 m/z and [3 + Na]" at 728.14 m/z; and under
some conditions [3 + H]|" was detected at 706.15 m/z. The
[3-OH]" adduct at 688.15 m/z was consistently observed on all
instruments (Fig. S4T). HRMS of 3 supported the identity of
both [3 + H]" (706.1438 m/z) (Fig. S57) and [3-OH]" (688.1379
m/z) (Fig. S61) species. MS/MS fragmentation of the [3 + H]"
species (706.15 m/z) revealed that it very readily fragmented to
give [3-OH]" (688.14 m/z, C,6H,NgO;Pt cale. 688.14 m/z) and

Fig. 1 X-Ray crystallographic structure of 3b with thermal ellipsoids
displayed at 50% probability.'® Pt-Azido group naming convention;
N15 = N,, N16 = Nsand N17 = N,.
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Fig. 2 *H-'°°Pt HMBC NMR (proton at 500 MHz) spectrum of complex
3 in d3-MeCN, showing the presence of two isomers 3a and 3b.

also the [Pt(triazole)(py)(OH)]" species (567.09 m/z,
C,1H16N,O3Pt cale. 567.09 m/z) through loss of pyridine and
azide (where triazole = C;H;(N30,) (Fig. S47).

The [3-triazole]” fragment ([Pt(OH),Py,(N;)]" ca. 429.06
m/z) was not observed, indicating that the triazole ligand does
not preferentially dissociate to give a stable charged species
without other ligands also being lost; however, smaller
fragments such as [Pt(OH)(py).]" (370.0546 m/z, C1oH;1N,OPt,
cale. 370.0519 m/z) and [Pt(N;)(triazole)]" (513.0912 m/z,
C16H1oNgO,Pt, cale. 513.0513 m/z) were detected. MS/MS of the
[3-OH]" 688.14 m/z ion gave identical daughter ions and
fragmentation behaviour to MS/MS of the [3 + H]" (706.15 m/z)
species.

UV-Vis spectroscopy of 3 was consistent with partial loss of
a N3 — Pt LMCT band, with 4,,,x moving to shorter wave-
lengths, from 299.5 nm (1) to 261.5 nm (3) (Fig. S77). IR spec-
troscopy of a freshly prepared d,-MeOH sample of 3 (Fig. S87)
showed the strong v,emN; stretch at 2048 em™ was slightly
weaker compared to the starting diazido complex 1
(2051 em™, solid)*" but similar to the value we reported for
the cyclometallated mono triazole DMAD complex trans,trans,
trans-[Pt(N;)(CsH;N;0,)(OH)(py),] at 2046 cm ™" (solid)."*

Interconversion kinetics of 3a/3b

The kinetics of the 3a/3b equilibrium were investigated via
selective saturation-transfer experiments on interconverting 'H
NMR spectroscopic signals at 6.94 ppm (3bppmera) and
7.28 ppm (3appmeta) in d3-MeCN.?*> Data was acquired at 9
temperature points; the final values for the thermodynamic
parameters were calculated using an Eyring plot (Fig. S97):
AG* =76 (1) kJ mol™ (at 298 K); AS* = =173 (4) ] mol™ K%,
and AH* = 25 (1) k] mol™" (error in brackets). The exchange
rate constant k was determined as 0.28 s~ (298 K), consistent
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with similar processes.”® The negative entropic change is con-
sistent with cyclisation of 3a to 3b. We were unable to find
reports of any directly comparable systems involving cyclisa-
tion of a ligand which is attached to a Pt centre, rather than
bond breaking/formation at the metal centre itself. However,
the activation barrier appears to be in the appropriate range
for a reversible transformation at a metal centre on the NMR
timescale, and values reported for reversible bond formation
and breakage at a Pt"V centre®! and rotation of a Pt"-allene
complex® are consistent with our findings.

Photochemistry of 3

A solution of 3 and 5-GMP (5 equiv.) in phosphate-buffered
saline (PBS) solution was irradiated with UVA light and the
reaction monitored by LCMS (Fig. 3). Photochemically-induced
azide release was observed, through detection of the [3-N;]"
fragment (663.16 m/z) in the mass spectrometer. The identity
of this main photoproduct was confirmed by HRMS (663.1318
m/z measured, C,cH,,N50,Pt, calc. 663.1325 m/z, Fig. S117).
The photochemistry of 3 was also investigated by **°Pt NMR
spectroscopy in ds;-MeCN. Following irradiation (452 nm, 1 h),
new Pt"V signals were observed, but no new '*°Pt signals were
observed in the Pt" region of the spectrum. This supports the
hypothesis that upon irradiation, 3 does not form Pt" photo-
products, unlike for the precursor diazido complex 1 which
forms a variety of photoproducts, including Pt" species. We
previously reported a range of adducts formed when 1 is irra-
diated in the presence of 5-GMP."® In contrast, when complex
3 was irradiated in the presence of 5-GMP, no adducts were
detected by ESI-MS. PtV diazido complexes have demonstrated
evolution of azidyl and hydroxyl radicals under irradiation,
which is thought to contribute to their potent photocytotoxic
effects.”®>® EPR experiments in nitrogen-saturated MeCN solu-
tions confirmed production of azidyl radicals under blue light
irradiation (440-480 nm) by trapping with DMPO to form the
DMPO-N;" adduct, which quickly built up a steady-state
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Fig. 3 Irradiation of 3 (detected by ESI-MS predominantly as [3—OH]*)
in the presence of 5'-GMP with UVA irradiation in PBS solution; resulted
in photorelease of N3 and formation of [3—N3]*, as monitored by HPLC.
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concentration of 18 pM, and then decayed on further illumina-
tion. This is consistent with our previous results from
irradiation of Pt" azido complexes.”” Although no hydroxyl
radicals were detected through trapping with DMPO to form
DMPO-OH’, small quantities (4 uM) of a stable non-coupled
nitroxide species was formed on a timescale significantly
slower than the formation of DMPO-N;". It was not detected
when DMPO alone was irradiated in nitrogen-saturated MeCN.
It is known that azide spin-adducts can themselves be trans-
formed via Sx1 chemistry into other secondary species;>
further investigation is ongoing (Fig. S12-S147).

Experimental

For materials, methods and procedures see ESI.{

Conclusions

The Pt mono azido mono triazolato complex product
(complex 3) of the reaction between 1 and 2, has been fully
characterised. To the best of our knowledge, the isomer 3b is
the first reported X-ray crystal structure of a Pt(iv) mono azido
complex. In MeCN, complex 3 exists as an equilibrium mixture
of open 3a and cyclised 3b isomers in 50 : 50 ratio; the thermo-
dynamics of this interconversion are consistent with ring-
opening and closing. Complex 3 can be photoactivated with
UVA (365 nm) and visible (452 nm) light in solution to give
[PtV-N;]" as the main photoproduct, as determined by
ESI-MS. EPR experiments of an MeCN solution of 3 under
irradiation (440-480 nm) confirmed production of azidyl rad-
icals through spin-trapping with DMPO, as seen previously for
the precursor diazido species 1. No OH radicals were trapped
when 3 was irradiated, consistent with a [3-N;]" species being
the major photoproduct.

We did not detect photoejection of the triazole ligand from
the Pt centre of 3 in any of our irradiation experiments, poss-
ibly due to the additional stability afforded by cyclisation of
the biphenyl ligand, resulting in bidentate coordination. MS/
MS studies of 3 also confirmed the strong binding of the tri-
azole ligand. Irradiation of 3 in the presence of the DNA
model 5-GMP with either UVA or 452 nm light did not
produce any detectable 5-GMP-Pt products.

The photocytotoxic mechanisms of diazido complexes such
as 1 are complicated, since azidyl radicals, hydroxyl radicals,
'0,, various DNA-binding Pt" and Pt" fragments can be pro-
duced upon irradiation.?® The relatively simple photochemistry
observed for complex 3 may enable us to better understand the
photocytotoxic role and relative importance of the azidyl
radical when released in cellulo - these photobiological experi-
ments are ongoing. Such azidyl-releasing complexes in the
same line as photoCORMS (CO-releasing)®® and NORMS
(NO releasing)*’ complexes may find application as photo-
therapeutics since azidyl radicals and azide anions are
cytotoxic; one pathway by which azidyl radicals may exert their

This journal is © The Royal Society of Chemistry 2019
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cytotoxic activity is via oxidative attack of tryptophan residues
in proteins;*® and sodium azide inhibits cytochrome oxidase
in the mitochondrial electron transport chain causing cell
death.*?
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The kinetically stable heptadentate gadolinium complex Gd.pDO3A (1.Gd) demonstrates significant P
nuclear magnetic resonance (NMR) relaxation enhancement of biologically relevant phosphate species;
adenosine triphosphate (ATP), phosphocreatine (PCr) and inorganic phosphate. Gd.pDO3A (1.Gd) binds
these species in fast exchange, enabling the relaxation of the bulk phosphate species in solution. This
gives rise to P relaxation enhancements up to 250-fold higher than those observed for *!P relaxation
enhancements with the commercial MRI contrast agent Gd.DOTA (DOTAREM), 2. Gd.pDO3A-like com-
plexes may have potential applications as *'P magnetic resonance contrast agents, since shortening the
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Introduction

Lanthanide complexes are powerful tools for imaging and
assay, and have played key roles in a variety of applications
from contrast enhanced MRI'™* to time-gated optical imaging
and bioassay.>”’

While the physical properties of open-shell lanthanide ions
lend themselves to such applications - since the 4f electrons
have little role in bonding - their chemical properties present
a challenge when using lanthanides for biological appli-
cations. Lanthanide ions are too toxic to administer as free
ions, form labile complexes with simple ligands, and tend to
form insoluble salts with a variety of common ions. This chal-
lenge can be addressed through coordination chemistry.®°
Multidentate ligands derived from macrocycles can offer high
kinetic and thermodynamic stability, removing free lanthanide
ions from solution, and eliminating lanthanide toxicity.
Kinetic control is particularly important in this context, since
precipitation of lanthanide species can act as a kinetic trap.
Kinetically labile complexes can give rise to hazards in biology:
for instance nephrogenic systemic fibrosis (NSF) has been cor-
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T, relaxation time of phosphate species would reduce the time needed to acquire 3!P-MR spectra.

related with the use of labile gadolinium complexes in clinical
imaging."' ™

More than thirty years after the clinical approval of the first
generation of MRI contrast agents, the clinical use of MRI con-
trast media remains broadly focused on the use of blood pool
contrast agents.'”> These operate as T;-shortening magnetic
resonance contrast agents by using the paramagnetism of
gadolinium to cause rapid relaxation of water protons in bulk
solution, through fast exchange between lanthanide-bound
solvent and bulk solvent.»*®

Avariety of reports detail the preparation and use of gadoli-
nium complexes as responsive contrast agents, where the relax-
ation enhancement varies depending on the interaction of the
complex with an analyte of interest.® However, these have
found little traction in clinical applications due to difficulties
in quantifying the observed response: since the contrast agent
changes the behaviour of bulk water, it is very difficult to dis-
tinguish between a small quantity of complex in its “on” state
(where relaxation is enhanced greatly) and a large quantity of
complex in the “off” state. This dichotomy has been success-
fully addressed in the case of luminescent complexes, where
ratiometric imaging methods can be used to quantify behav-
iour on the basis of taking the ratio between two different
emission wavelengths.”'” However, such an approach is very
challenging in the context of MRI, though Caravan and co-
workers have had some success in quantitative imaging using
the DREMR protocol, which measures relaxation at two
different fields and relies on differences in field dependence
of relaxivity between the “off” and “on” forms of a complex.'®

In this manuscript, we describe how *'P NMR methods can
be used to probe the interaction of a lanthanide complex with
some ionic phosphate species.®'*' Relatively weak and
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Fig. 1 Structures of complexes discussed in this study; commercial
contrast agent Gd.DOTA; complexes of p.DO3A complexes of Gd (1.Gd)
and Eu (1.Eu) which are investigated in this study; relevant phosphate
species with reported pK, values (H,O) of the phosphate groups.?’~2°

rapidly reversible phosphate binding gives rise to *'P relax-
ation enhancement for bulk phosphate species, while different
species respond to the complex to different degrees. Such
results potentially open up a new strategy for imaging.

Here we report our investigation into using the kinetically
inert lanthanide complex (Gd.pDO3A (1.Gd) Fig. 1)**° as a
*1p contrast agent for enhancing phosphorus relaxation. 1.Gd
comes from a family of pDO3A complexes which we have pre-
viously used as building blocks for more complex architec-
tures: it combines high kinetic stability with charge neutrality:
we reasoned that this combination would reduce the affinity
for phosphate, permitting us to anticipate relatively rapid
exchange of bound phosphate with bulk. As such we chose
this system to test the hypothesis of using 1.Gd as a contrast
medium for *'P relaxation enhancement.

Results and discussion

Both gadolinium (1.Gd) and europium (1.Eu) pDO3A com-
plexes were synthesized and characterised using established
procedures.”” Given the importance of maintaining the integ-
rity of these complexes and the issues associated with the for-
mation of phosphate colloids with free lanthanide ions,"*™*
we resolved to explore their stability before embarking on a
more detailed study. In such a system, precipitation constitu-
tes a kinetic trap, and absolute measurements of thermo-
dynamic stability can be misleading as they do not guarantee
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safety of complexes where the system is under thermodynamic
control.’* Under such circumstances, kinetic stability is essen-
tial, and our previous studies on heterometallic systems>® led
us to believe that these systems would be kinetically inert. The
method of Téth*® was used to explore the stability of the com-
plexes by challenging the europium complex with an excess of
free gadolinium ions in aqueous solution. No change in the
form of the observed spectrum was observed over a period of
five days, indicating that the complex is kinetically inert (since
the luminescence spectra of free and complexed europium are
very different, as can be seen in the ESIT to this paper).

The interaction of 1.Eu with three phosphate metabolites -
inorganic phosphate (P;), PCr and ATP - was assessed by
luminescence spectroscopy. Titration of each metabolite with
1.Eu in HEPES buffer at pH 7.4 resulted in modulation of the
Eu emission intensity. Changes to the emission spectra clearly
reveal a change to the local coordination environment at the
metal centre (Fig. 2, and Fig. S1 and S27), from which it is
possible to infer phosphate displacing water at the metal
centre. In the case of inorganic phosphate (Fig. 2), the conse-
quences of binding are clear, with significant changes to the
local ligand field being evident from changes to the fine struc-
ture of the *D,~"F; transition (around 595 nm) and to the rela-
tive intensity of the *Dy~"F, transition, which is hypersensitive
to local symmetry.

The integrated intensity of the *Dy-"F, transition (Aem =
617 nm) was plotted against the phosphate species concen-
tration to determine the strength of the binding interaction
(the inset to Fig. 2 shows a binding isotherm for inorganic
phosphate: the others are recorded in Fig. S1 and S27).

These were fitted using Dynafit®*' and modelled to a 1:1
binding equilibrium (ESI, eqn (S1)}) to determine the associ-
ation constants K, listed in Table 1. Since the values calculated
were measured in the presence of HEPES, which has limited
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Fig. 2 Main figure: changes to the total emission spectrum (lex =
394 nm) of a solution of 1.Eu in HEPES buffer with increasing concen-
tration of inorganic phosphate. Inset: the binding isotherm obtained
from changes in the intensity of the °Do—"F, emission band centred on
617 nm and fitted using Dynafit®.!

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9dt03761f

Open Access Atrticle. Published on 20 February 2020. Downloaded on 11/3/2021 2:56:04 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

Table 1 Association constants (K,) for 1.Eu with each phosphate
species, pH 7.4, Aex = 394 nm

Phosphate species® K" 95% confidence interval
p;¢ 194 + 12 [172-218]
ATP 200 + 8 [185-216]
PCr 120+ 8 [104-138]

@ All samples in 10 mM HEPES, with 0.1 mM 1.Eu. ?+ standard devi-
ation. “In the absence of HEPES an apparent K, of 261 + 15 [232-292]
was determined.

ionic strength and can potentially interact with lanthanide
complexes, these values represent effective binding constants,
but clearly reveal consistent binding of a variety of phosphate
species, with slightly weaker binding of PCr as a result of its
zwitterionic nature.

The observed values of K, are fully consistent with fast
exchange between bulk phosphate and phosphate bound to 1.
Eu. The three phosphate species all exhibit very similar affinity
constants. Binding of phosphate was further demonstrated by
measuring the luminescence lifetimes in H,O and D,O, and
determining the number of inner-sphere water molecules
using the modified Horrocks equation.?” This revealed that g =
2 for 1.Eu in the absence of phosphate, but ¢ = 0.9 in the pres-
ence of phosphate - consistent with monodentate coordi-
nation of phosphate in line with literature precedent.®

To further explore exchange, we used 1.Gd to explore the
possibility of observing changes to the bulk relaxation rates of
phosphate species in the presence of increasing concen-
trations of 1.Gd, reasoning that fast exchange would lead to
clear concentration dependent enhancement of the *'P longi-
tudinal relaxation rates, in the same way that conventional
MRI contrast agents enhance the relaxation of bulk water. *'P
relaxation rates (R, = 1/T;) were measured for ATP, PCr and P;
with increasing concentrations of 1.Gd (Fig. 3).

1.Gd showed a significant linear relaxation enhancement of
all phosphate species (Fig. 3), suggesting that fast exchange is

350
300+
250

200

Ry (s™)

150

100

[Gd] (mM)

Fig. 3 *'P Relaxation rate (R,) of P; (m), PCr (@) and a-(V), p-(4), y-(A)
ATP (8.7, 55 and 7.9 mM) versus concentration of 1.Gd, pH 7.2,
162 MHz, 298 K.
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indeed occurring. This linear enhancement also confirms that
the gadolinium complex is kinetically stable under the con-
ditions of the experiment, since exchange of gadolinium and
formation of a new gadolinium bound species results in sig-
nificant curvature to the plot, as previously observed by Muller
and co-workers (who observed significant competition
between ATP and gadolinium complexes of DTPA bis amide
ligands).*

The relaxivities obtained (r; = 1/([Gd]T;)) are displayed in
Table 2 for 1.Gd. The table also shows the *'P relaxivity pro-
perties for 2 (Gd.DOTA-, Dotarem®) for comparison. These
values for 1.Gd are all greater than 30 mM " s™*, with the most
significant effect observed for P; followed by PCr and then ATP.
This is most likely to be a result of the size of the phosphate
molecule and the consequently easy access to the Gd binding
site.

Increasing concentrations of contrast agent 2 resulted in a
much smaller, though still linear, relaxation enhancement
across all five phosphate resonances (P;, PCr, a-ATP, (-ATP,
Y-ATP) (Table 2 and Fig S47). The *'P relaxivity values (r; = 1/
([GA]T,) of all phosphate species were below 0.5 mM™" s~
These relaxivity values for 2 are more than 60 times smaller
than the relaxivity values measured for 1.Gd.

Taking the observations on 1.Gd together with those on 2,
it is clear that phosphate affinity is playing an important role
in relaxation rate enhancement. For 2, which displays negli-
gible affinity for phosphate, the small enhancements observed
are likely to be the consequence of an outer sphere interaction.

Outer-sphere relaxation is defined by diffusion, the distance
of closest approach and the electronic relaxation time of the
metal ion.** For complexes of a similar size and molecular
weight, the outer-sphere contribution to longitudinal relax-
ation rate is considered to be comparable and independent of
differences in functional groups on the ligand. On this basis,
we can use the relaxivity measurements obtained using 2 to
estimate the inner sphere contribution to *'P relaxivity with 1.
Gd, using eqn (1).

o= S 1)

From this equation the inner-sphere contribution to the
overall observed *'P relaxivity for 1.Gd is estimated to be >99%
and is clearly the dominant effect. This is much greater than is

Table 2 3!P relaxivity (1) of phosphate species with 1.Gd and 2,
162 MHz, pH 7.2, 298 K

r?(mMGd?s™)

Phosphate species® 1.Gd 2

P; 85.96 + 1.00 0.35 +0.01
PCr 54.97 £0.48 0.24 +0.01
o-ATP 32.35 +£0.46 0.39 +0.03
B-ATP 35.97 £0.35 0.27 £ 0.01
y-ATP 35.30 £ 0.64 0.25 +0.01

“Solution contains [PBS] = 8.7 mM, [PCr| = 5.5 mM, [ATP] = 7.9 mM.
b+ Standard error of linear fit, R* values >0.99 for all fits.
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commonly observed for 'H relaxivity, where the outer sphere
contribution for a ¢ = 1 complex can be around 40% (at
imaging field strengths).?>*® The much lower outer-sphere
contribution for phosphates undoubtedly reflects that there
are invariably many water molecules in the outer coordination
sphere of a complex. Since the total concentration of phos-
phate nuclei will be around three orders of magnitude lower
than that of water protons (25 mM total phosphate species
versus ~55 M water) the contribution of second-sphere phos-
phate molecules is always likely to be relatively small.

Since phosphate binds to 1.Gd, it was anticipated that phos-
phate binding would exclude water from the inner coordi-
nation sphere. To confirm this, the "H water relaxation rate
was measured with increasing concentrations of 1.Gd in dis-
tilled water and in phosphate solution (Fig. 4, values in
Table 3). The relaxivity in water is very similar to that for
DO3A* and greater than that for Dotarem, as would be
expected for a complex with g = 2.

The "H relaxivity was found to be about 16% lower in phos-
phate solution than in distilled water. This is due to the com-
petition between water and phosphate species for the gadoli-
nium centre, which reduces the concentration of bound water
molecules relative to bulk. This suggests that a combination of
the decrease in 'H signal and increase in *'P signal may allow
the possibility for ratiometric determination of phosphate
from multinuclear relaxometric measurements - though it is
clear that current instrumentation would make such simul-
taneous dual measurements extremely challenging.

0.0 0!2 0{4 0‘6 0.8 1.0
[Gd] (mM)

Fig. 4 'H water relaxation rate (Ry) in DI water (M) or phosphate solution
(®) (8.7 mM PBS, 5.5 mM PCr and 7.9 mM ATP) versus concentration of 1.
Gd, pH 7.2, 400 MHz, 298 K. Error bars are within the size of the data
points.

Table 3 H,O H relaxivity (ry) with 1.Gd at 400 MHz, pH 7.2, 298 K

r?(mMGd™ s

Complex Water Phosphate solution”

1.Gd 5.24 £ 0.13 4.36 £ 0.02

“Phosphate solution = [PBS] = 8.7 mM, [PCr] = 5.5 mM, [ATP] =
7.9 mM. ? + Standard error of linear fit, R? values >0.99 for all fits.
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Experimental

For materials, methods and procedures see ESIL.}

Conclusions

In this study, we have shown how binding and fast exchange
between a gadolinium complex and anionic phosphate species
can be exploited to enhance relaxation of bulk phosphate
anions in solution. We have demonstrated significant *'P
relaxation enhancement using a kinetically inert heptadentate
lanthanide complex 1.Gd. We observe dramatic enhancements
in relaxation for a variety of phosphorus containing species
(particularly phosphate itself, ATP and phosphocreatine).
Preliminary studies suggest that this 1.Gd is not internalised
by cells to any significant extent,*® limiting the biological
application of this complex to extracellular investigation
without further derivation. The use of phosphate contrast
media may prove a profitable avenue for investigation if these
issues of cellular uptake can be addressed.
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