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Synthesis and characterisation of a dithiadiaza chelator NSNS2A, as well as copper complexes thereof are reported in this

paper. Molecular structures of copper (I/Il) complexes were calculated using density-functional theory (DFT) further

validated by both NMR and EPR spectroscopy. DFT calculations revealed a switch in the orientation of tetragonal distortion

upon protonation, which might be responsible for poor stability of Cu®NSNS2A complex in aqueous media, whilst the same

switch in tetragonal distortion was experimentally observed by changing the solvent. The chelator was radiolabeled with

64Cu and evaluated using PET/MRI in rats. Despite a favorable redox potential to stabilize the cuprous state in vivo,

64CuMNSNS2A complex showed suboptimal stability compared to its tetraazamacrocyclic analogue, 5Cu(TE2A), with a

significant 54Cu uptake in the liver.

Introduction

Copper homeostasis in the body remains a subject of an active
debate, given its essential role in various biological processes.
Many of these processes involve reversible switching between
Cu(l) and Cu(ll), suggesting an intrinsic capacity of biological
systems to stabilize both cupric and cuprous states.?
Endogenous copper complexes may experience similar redox
transformations, which affect their in vivo stability but often
escape the scrutiny when designing new radiopharmaceuticals,
including %*Cu PET tracers. Although very high kinetic inertness
and thermodynamic stability was reported for macrocyclic
chelators widely used for binding ®Cu in vitro, the residual
uptake by the hepatobiliary system was reported in preclinical
studies.? If chemically intact in the body, these hydrophilic
chelates would experience an exclusively renal clearance,
thereby the residual uptake in the liver suggests a possible
transchelation mediated by liver proteins, as was later
confirmed by size-exclusion radio-HPLC.3 Substantial progress
has been achieved by rigidifying ligand structures to further
enhance the stability of their Cu(ll) complexes in vitro, giving
rise to a cross-bridged CB-TE2A chelator, as well as
hexaazamacrobicyclic cage-like sarcophagine family.* Their use
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resulted in an increased stability of ©Cu tracers against
transchelation in vivo. Although CB-TE2A required harsher
radiolabelling conditions, often incompatible with the use of
conjugated biological vectors, sarcophagine chelators
combined a very high kinetic inertness in vivo with mild
radiolabelling conditions, resulting in their rising popularity in
preclinical studies.> ©

Notwithstanding the fact that the lability of Cu(l) species
formed by reduction of the Cu(ll) complexes was suggested
among possible culprits behind the observed
transchelation in complexes with some tetraazamacrocycles,?

in vivo

only few recent attempts have been made to design ligands
that can support both cuprous and cupric states.®10 For
example, the transchelation of copper to intracellular proteins
upon reduction to Cu(l) has been suggested as the rationale
behind the observed signal enhancement in patients with
hypoxic tumours, who were administered with a cell-
permeable tracer ®4Cu-ATSM.11 Meanwhile, most extracellular
chelators have been designed to provide an increased redox
stability of the Cu(ll) state by decreasing the Ei/; potential to
prevent a possible in vivo reduction in the first place.” 12
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Figure 1. Coordination environment of the Type 1 copper binding
site in azurin.



Unlike oxophilic cupric ions, larger cuprous ions are known to
preferentially form stable tetrahedral complexes with softer
donors, such as thiols and thioethers. In biological systems,
active sites of cuproenzymes usually share either a tetrahedral
NS, or five-coordinate N,S;0 coordination motifs of copper
ions that can reversibly switch between Cu(l) and Cu(ll) states.13
For instance, the five-coordinate copper ion in Type 1 copper
site in a bacterial blue copper protein azurin is coordinated by
two histidine N and one cysteine S atoms in an equatorial plane,
as well as by axially bound amide oxygen of glycine and a
thioether of methionine (Fig.1). Upon reduction, the
coordination polyhedron, best represented as a distorted
trigonal bipyramid, experiences only small structural
rearrangements to ensure its reversibility and rapid electron
transfer.’* Lower reduction potentials were observed for
homologous green and red copper proteins with thiolates of
cysteine and homocysteine substituted for methionine,
respectively, since a stronger axial Cu-S bond with thiolates
favours a tetragonal geometry around copper and hence
stabilises the cupric state.’>

Inspired by unusually intense absorption bands around 600 nm
in blue copper proteins, a series of macrocyclic complexes
containing sulphur donors was devised in the late 1970s. These
complexes featured a reversible redox behaviour with very high
reduction potentials, which correlate with the number of
sulphur atoms, as well as chelate and macrocyclic ring sizes.16
However, the higher reduction potential comes at a cost of
compromised stability of the Cu(ll) complex, whilst the stability
of Cu(l) species was shown to vary little with the general ligand
morphology.l” Therefore, an optimal interplay between the
biologically relevant stability constant of the Cu(ll) complex and
its redox potential should be attained through judicious design
of the ligand. For instance, by introducing sulphur donors in
thiaaza macrocycles, a fine tuning of the redox potential can
easily be achieved.

Although the previous attempt to utilise 12/13/14-membered
dithiadiaza macrocycles NEC-SE/P/B (Fig.2) as ¢Cu chelators
proved unsuccessful, presumably due to a high lability of the
Cu(ll) complexes,® alternative ligands that form kinetically
inert copper(l/Il) complexes can potentially deliver a better in
vivo performance. A previously reported dithiadiaza
macrocycle [14]JaneNSNS?° — a dithiadiaza analogue of cyclam
— and its recently reported derivative [14]aneNSNS2POH?2°
bearing phosphonate-derivatised arms have a reasonably high
redox potential to enable their facile reduction in the body (E1/2
= 209 mV vs N.H.E. for [14]aneNSNS), whilst maintaining a
sufficient thermodynamic stability (LogKcu(ll). = 15.15). By
introducing two N-acetate pendant arms, a potentially six-
coordinate ligand NSNS2A is obtained, which is expected to
lock a highly flexible NSNS core and form a kinetically inert
Cu(M(NSNS2A) complex suitable for PET imaging. The proposed
ligand is reminiscent of a cyclam-derived TE2A,2! which forms
highly kinetically inert copper (ll) complexes and was
successfully tested as #4Cu chelator in preclinical studies.?2

In the present paper, we report on the synthesis and structural
elucidation of Cu(l) and Cu(ll) complexes with NSNS2A ligand by
means of X-ray crystallography, EPR and NMR spectroscopies
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augmented by DFT and TDDFT calculations. The chelator was
also radiolabelled with ®*Cu and injected into Wistar rats to
evaluate its biodistribution and pharmacokinetics.
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Figure 2. Structures of ligands discussed in the paper.
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Results and discussion

Dithiadiaza macrocycle [14]aneNSNS synthesised
according to a previously reported procedure.?3 It was alkylated
to yield an ethyl protected chelator 1, which was hydrolysed to
give 2 as an HCl double salt (Scheme 2). Cupric complex
Cu(NSNS2A) was synthesized by stirring copper (Il) acetate
with 2 in water at room temperature for 10 min.

Since radiolabelling of chelators is often carried out in the
presence of various buffers, such as acetate and citrate salts,
their potential effect on the formation of Cul(NSNS2A) was
also investigated. It turned out that the acetate buffer (40 mM,
pH = 5.5) did not affect the UV-vis spectrum either at room
temperature or after heating at 80°C for 30 min, suggesting no
direct interaction between an acetate anion of the buffer and
complexed copper ion. At the same time, only minor changes
were observed in the UV-vis spectrum of Cul™(NSNS2A) in a
citrate buffer (0.3 M, pH = 6.0), which did not, however, include
d-d transitions, and therefore are unlikely to corroborate any
significant changes in the coordination environment of copper
ion (Fig.S22 in ESI).

Cuprous complex [Cu(H,NSNS2A)]PFs was synthesized by
reacting Cu(MeCN)sPFs with 2 under anaerobic conditions.
Formation of both complexes was verified by *H and 13C NMR
spectroscopy in deuterated DMSO-ds.
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Scheme 1. Synthetic pathways for copper complexes discussed in
the paper. Crystal structures of 1 and 2-2HCI can be found in ESI.

Although attempts to obtain single crystals of copper
complexes suitable for X-ray analysis proved unsuccessful, slow
evaporation of the solvent from the solution containing (1) and
Cu(ClQy);, yielded single crystals of [Cu(1)](ClO4). (Fig.3, Table

This journal is © The Royal Society of Chemistry 20xx



1). The obtained crystal structure revealed a trigonally distorted
octahedral coordination of Cu?* ion, with an almost perfect
[N2S2] plane (Cu-N(1) 2.074(3)A, Cu-S(1) 2.3186(8)A) and a
straight O-Cu-O bond (Cu-0O(1) 2.3256(18)) tilted in [N2O;] plane
(angle O(1)-Cu-N(1) 79.22(9)°). In a previously reported crystal
structure of [Cu(NSNS)](ClO4). with a coordination polyhedron
that is best described as an axially elongated octahedron with
perpendicular rhombic distortion, slightly shorter bond lengths
in equatorial [N2S;] plane were revealed (Cu-N(1) 2.0146(13)A,
Cu-S(1) 2.2954(10)A), due to much weaker Cu-0 bonding (Cu-O
2.576(2)A). However, a similar, albeit a much smaller tilt of a
perfectly straight O-Cu-O bond was still observed, this time in
[N20,] plane (angle O-Cu-S 83.59(6)°).
\
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Figure 3. The thermal ellipsoid diagram showing the structure of the
cationic unit for [Cu(1)](ClOa4),. Hydrogen atoms and counteranions
are omitted for clarity. Thermal ellipsoids are set at 35% probability.

In a first approximation, solid state structures of metal
complexes are usually assumed to be close to the solutes, as
most analytical tools at our disposal can only provide indirect
evidences towards a particular structure in solution. Given
these circumstances, ab initio quantum chemical calculations
can serve as a good starting point to validate and, if necessary,

optimize the structure based on spectroscopic experiments.
The crystal structure of ([Cu(1)](ClO4).) was used as an initial
input to calculate the molecular structure of Cu™(NSNS2A) in
aqueous solution at the D3-B3LYP/def2-TZVP level of theory. In
the calculated structure, the [14]aneNSNS macrocycle
experienced notable conformational changes, with significantly
elongated Cu-S bonds (Table 1), partially releasing the strain
caused by the rearrangement of the macrocycle upon
complexation.

This, in turn, gave rise to a remarkable elongation of Cu-S bonds
(2.746A), while leaving Cu-N bonds almost intact (2.066A). At
the same time, Cu-O bond with anionic pendant arms
significantly strengthened, becoming much shorter than the
bond in an analogous Cu(TE2A) complex (1.997A vs 2.263A).2!
The straight O-Cu-O bond is tilted with respect to the N,O,
plane by 84.27°.

The infrared spectrum in water is in line with the proposed
structure, featuring symmetric and asymmetric stretching
bands at frequencies typical for coordinated carboxylate
groups (vs = 1395 cmtand v, = 1592 cm™l, A = vae-vs =197 cm-
1.

The absorption spectrum of Cul(NSNS2A) features two
absorption bands at 1 = 314 nm (g = 2445 M-lcm, pH = 5.0)
and A = 365 nm (¢ = 5770 M-lcm, pH = 5.0), which were
previously assigned to N(g)->Cu?*(ds%y2) and S(o)->Cu?*(d«>-?)
ligand-to-metal charge transfer (LMCT) states, respectively, and
can be used to probe the coordination environment of
copper.2* These absorption bands are very close to the LMCT
transitions observed in [Cu(NSNS)](ClO4),, suggesting the
presence of a square-planar [N;S;] coordination environment in
CulM(NSNS2A), although the broad asymmetric band
corresponding to d-d transition is bathochromically shifted (Aq4-
4=597 nm (€ =98 M-lcm-1, pH = 5.0) in Cul"(NSNS2A) compared
to Cu™(NSNS) (A4.¢ = 545 nm). The latter can serve as an
evidence of the stronger axial interaction, in line with the
notion of oxygen atoms of acetate pendant arms being bound
to copper.

Table 1. Selected bond angles and bond lengths for copper (ll) complexes discussed in the paper, as calculated by XRD

([Cu(1)1(C104)2) or DFT (Cu™(NSNS2A) and [Cu™(H,NSNS2A)]2*)

[Cu(1)](CIO4)2
Bond lengths (A)

Cu-0 2.3256(18), 2.3256(18)

Cu-S 2.3186(8), 2.3186(8)

Cu-N 2.074(3), 2.074(3)

Bond angles (°)

N-Cu-N 180.0(3)

N-Cu-S 88.82, 91.18(8)

S-Cu-S 180.0

0-Cu-0 180.0

O-Cu-N 100.78(9), 79.22(9),
100.78(9), 79.22(9)

O-Cu-S 89.85(5), 90.15(5), 89.85(5),
90.15(5)

C-S-C 104.81(16), 104.81(16)

C-N-C 105.1(3), 105.1(3)

This journal is © The Royal Society of Chemistry 20xx

CuM(NSNS2A) [Cu™(H,NSNS2A)]2*

1.997,1.997 2.462, 2.464

2.746, 2.746 2.366, 2.366

2.066, 2.066 2.141, 2.142

180.0 179.9
88.1,91.9,88.1,91.9 88.4,91.6,88.4,91.6
180.0 180.0

180.0 180.0

95.7,84.3,95.7,84.3 103.7,76.3, 103.6, 76.3

91.7,88.3,81.7,88.3 90.3, 89.7,90.3, 89.7

105.1,105.1
107.3,107.3

104.4,104.4
106.6, 106.6

J. Name., 2013, 00, 1-3 | 3



Figure 4. Spin density contour plots (contour value 0.003) of
CulM(NSNS2A) on the left and [Cul(H,NSNS2A)]?* on the right
based on optimised geometry from DFT calculations. Atoms are
colour-coded as follows: Cu — orange, S — yellow, O —red, N —
blue, C — dark grey, H — light grey, hydrogens attached to
carbons are omitted for clarity.

At the same time, the presence of a relatively intense
S(o)>Cu?*(dy2,?) band contradicts to the calculated DFT
structure of Cul™(NSNS2A) (Fig.4), with the d,2,? orbital being
located in the [N,0;] plane and therefore providing very poor
overlap, if any, with o orbitals of the sulphur atoms. In contrast,
the DFT structure of [Cul(HNSNS2A)]** with protonated
acetate arms (vide infra) exhibits shorter Cu-S and elongated
Cu-O bonds, flipping the dy2.,2 orbital of Cu?* into [NS;] plane,
consistent with the absorption spectrum in water. A similar
orbital switch might be observed if acetate pendant arms of the
macrocycle participate
molecules. Despite our efforts to obtain corresponding DFT

in hydrogen bonding with water

structures with water molecules bound via hydrogen bonds,
such calculations never converged. The possible role of
hydrogen bonding in and
rearrangement of the spin density was further elucidated by

elongation of Cu-O bonds

running absorption spectra in aprotic solvents, which, however,
gave inconclusive results. Although the UV-vis spectrum of
Cu(NSNS2A) in acetonitrile and 1,4-dioxane showed the
expected dramatic decrease of S(g)->Cu?*(ds%,?) band (in the
case of acetonitrile, down to zero), the spectrum recorded in
DMSO was identical to that in water (Fig.S17 in ESI). At the same
time, the energy of d-d transitions experienced very little
change, suggesting that no direct binding of solvent molecules
to the copper ion has occurred. These experimental findings,
including the assignment of transition bands, were supported
by TDDFT calculations, predicting a disappearance of the
S(g)=>Cu?*(dy2,?) transition in the spectrum of Cul(NSNS2A)
when no protonation or other perturbation of acetate arms
takes place (Fig.5). A similar phenomenon was previously
reported by Archibald for two structural isomers of Cu(TETA)
with different tetragonal elongations — one along O-Cu-O
direction (crystallised from water) and one along N-Cu-N
(crystallised acetonitrile), across the
macrocycle.?® It was also hypothesised that hydrogen bonding
might be the driving force behind the presence of the
macrocyclic Jahn-Teller
distortion, which possibly reflects the dynamic interchange

direction from

conformation with an unusual

4| J. Name., 2012, 00, 1-3

between different conformations of the complex in solution,
eventually leading to poor in vivo stability of Cu(TETA).

Experimental Energy (cm'1)
20,000 25,000 30,000 35,000 40,000 45,000
\ . . .

50,000
.
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Figure 5. Experimentally observed UV-vis spectra of
Cul(NSNS2A) in water and acetonitrile (top) and

corresponding calculated spectra for Cu(™(NSNS2A) and
[Cu™(H,NSNS2A)]?* (bottom). The calculated spectra were
shifted to match the corresponding experimental spectra.

The EPR spectra are characterized by slightly to moderately
rhombic g- and A-tensors, the latter one being the tensor of the
hyperfine interaction (hfi) of the copper nucleus (see Fig. 6 and
Table 2). The principal axes X, Y, and Z of the tensors correspond
to the similar axes defining the real d-orbital set of the Cu(ll) ion,
with the d,2_,2 orbital carrying the unpaired electron. At least
three out of four EPR turning points corresponding to (g, A;) are
readily observable at the low-field side of the spectra for
CulM(NSNS2A).

The square-planar geometry observed in a solid state can often
experience distortions in solution. It has been shown that the
g./A, ratio can serve as a qualitative measure of the tetrahedral
distortion in square-planar copper complexes. If A; is expressed
incm (1 cm™ =~ 30 GHz), then g,/A; < 130 cm correspond to the
planar geometry, the values between 130 — 150 cm indicate a
small to moderate departure from planarity, and still larger
values (even as high as 250) result from a considerable
distortion.2* 2628 As an example, g,/A; = 122 cm observed for
CulM(NSNS)) corresponds to a planar geometry.’® For the
complex Cul™(NSNS2A) studied in this work, the g,/A, ratio of
130 cm suggests that the tetrahedral distortion of the [N,S;]
plane is relatively insignificant. Indeed, the DFT calculations
show that both protonated and deprotonated complexes do
not have any tetrahedral distortion.

This journal is © The Royal Society of Chemistry 20xx



i

Mil

|11 oo
L

240 260 280 300 320 340 360 2éﬂ 3[')0 350 SAU Séo 360 400
Magnetic field/[mT] Magnetic field/[mT)

Figure 6. CW X-band EPR spectrum at 77K (solid line) with a fitted

curve (dashed lines) for Cul™(NSNS2A) (left). 45% glycerol/55% 0.1

HEPES solution (pH = 7.0). CW X-band EPR spectrum at 298K for
CulM(NSNS2A) in water (right).
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Table 2. Principal g-values and copper hyperfine couplings, A,
obtained from EPR spectral fitting and calculated with DFT (calc.).

Complex o o "
p g 8 & | (MHz) | (MHz) | (MH2)
()
CuBINSNS2A) | 105 | 2063 | 2.036 | -504 | 76 | -13
(pH = 7.0)
()
CutNSNS2A) | 5 162 | 2.058 | 2.039 | -557 | 30 | -17
calc.
(0]
Cu (Fizl\llfNSZA) 2.120 | 2.041 | 2.035 | -508 | -42 -39

A large body of evidence suggests that the coordination
geometry of copper complexes strongly correlates with their
redox behaviour. Indeed, it has been shown that a substitution
of sulphur atoms for nitrogen atoms resulted in a significant
increase of redox Cu(l) species
predominantly form tetrahedral complexes, a tetrahedral
distortion of Cu(ll) complexes would likely facilitate redox
processes. For Cu™(NSNS2A), a quasi-reversible redox
behaviour was observed (E1,=146 mV vs Ag/AgCl electrode,
respectively, Fig.7, pH = 7.0). This value is much higher than the
one previously reported for Cul"™(TE2A) (E1/>=-1.10V vs Ag/AgCl
electrode).22

potentials.?®  Since

Current/[uA]
Current[uA]

04 02 00 0.2 04 06 08 -u‘z U‘EI Dlz E‘A D‘b uIB
PotentiallV vs Ag/AgCI] Potential[V vs Ag/AgCl]

Figure 7. Cyclic voltammograms of copper complexes Cu(NSNS2A)
upon variation of scanning rate (A, 0.1M HEPES, 0.5M KNOs3, pH =7.0)
and pH (B, 0.1M HEPES, 0.5M KNOs). The inset in Fig.7A shows a
linear dependence between the anodic peak current and the square
root of scan rates.

A quasi-reversible redox behaviour was previously reported for
[Cu(NSNS)]?>* complex in an aqueous solution with a
significantly lower half wave potential (E1/2 =-230mV or Eq/; =-
260mV vs Ag/AgCl) and a larger peak-to-peak separation (AE,)
that might be indicative of larger structural rearrangements
upon reduction/oxidation in the absence of pendant arms.19 At

This journal is © The Royal Society of Chemistry 20xx

the same time, alkylation of secondary amines was shown to
increase the redox potential of copper complexes, supposedly
by destabilising the Cu(ll) species as a result of lower donor
capacity of tertiary amines.2® On the other hand, the stability of
the Cu(ll) species can be potentially increased, for instance, by
introducing pendant arms, which is expected to lead to a
significant decrease of a redox potential. In the case of
Cu(NSNS2POH) complex bearing two phosphonate arms, a
decreased half wave potential (E1> =-310 mV vs Ag/AgCl) was
reported.?? Therefore, the much higher E;/; values observed for
CulM(NSNS2A) might be indicative of either
thermodynamic stability of the Cu(ll) complex, or higher
stability of the Cu(l) species, although the latter was previously
shown to have a much smaller impact.l” However, a high

lower

stability constant of the complex does not necessarily translate
into a higher stability in vivo, as, for example, has been shown
for 84Cu(TETA).3C Instead, transchelation challenge experiments
are often performed that can remotely mimic conditions
experienced by the tracer in vivo, in the presence of various
endogenous chelators. In the present case, a 1-hour incubation
of Cul(NSNS2A) with 1 eq. of EDTA (0.1M MES, pH = 5.5, Fig.9)
serving as a metal scavenger resulted in almost complete
transchelation with the loss of the LMCT band in the UV
spectrum. On the other hand, analogous tetraaza macrocycles
show no metal loss under the same conditions. By following the
Benesi-Hildebrand approach,3® a conditional dissociation
constant for Cu™(NSNS2A) was estimated (Kp = 2.1(+0.34)x10®
M, pH = 5.0, T = 298K, Fig.8), which is higher than the values

+- 1.0 eq.
1.5+ " -& 125eq.
g 1
o 1.0
2 5 I
05 LY
0.54 b
oo tetee,
mo w oo 00
N avelanginam]
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 30 40
[NSNS2A]/[mM] Time/[min]

reported for Cu(™(NSNS) and related unsubstituted thiaaza

macrocycles.??

Figure 8. A least-square fit of the binding curve for Cu(NSNS2A) (42
UM ClO4, 0.2 mM Cu?, pH = 5.0, left) and dissociation curves for
CulM(NSNS2A) in the presence of 1.0 and 12.5 equivalents of EDTA
(0.1M MES, pH = 5.5, right).

To determine the thermodynamic stability constant,
protonation constants of the ligand were estimated by 'H NMR
pH titration experiments (Fig.523 and Fig.524). Chemical shifts
of macrocyclic protons were plotted as a function of pH,
revealing an average logKy; = 7.7 for both tertiary amines, whilst
logkuz = 2.5 was calculated for pendant acetate arms by
monitoring a change in a chemical shift of methylene protons.
Unfortunately, the resolution of our titration experiment did
not allow to distinguish between the first and the second
protonation constants, and therefore the obtained values were
treated as the average protonation constants for both tertiary
amines and both acetate arms. The obtained value K¢, = 1.2
x1011 M1 for Cul™(NSNS2A) was used to calculate the stability
constant K¢, for Cu)(NSNS2A), using the following equation:

J. Name., 2013, 00, 1-3 | 5



0 K any
E; = E;p — 0.059log P
where Ef is a redox potential of the complex vs SHE and qu is
the concentration potential of the aquated Cu(ll/l) redox
couple, for which a value of 0.13 V was utilised.1” The resultant
stability constant logKc,). = 14.7 is very similar to the values
previously reported by Rorabacher for closely related
unsubstituted thiaaza macrocyclic systems, where the average
value logKc,!, = 13.8 was reported.!” This value was shown to
vary little with the ligand morphology, regardless of the ring
size, as well as the type and number of donor atoms. This
correlation now seems to hold true also for complexes with N-
substituted ligands, however additional examples should be
studied in order to support this conclusion.
CulM(NSNS2A) complex can be reduced in aqueous solutions by
sodium dithionate, although a complete reduction was not
observed even in the presence of a large excess of the reductant
(Fig.S15 in ESI).
The diamagnetic complex [Cu®(H,NSNS2A)]* was characterized
by 'H and 13C NMR spectroscopy. The presence of five
broadened multiplets corresponding to the [14]-aneNSNS
macrocycle backbone indicates the retention of its time-
averaged symmetry (C;) upon complexation. NMR spectra of
[CuM(H,NSNS2A)]* showed no changes when heated up to 65°C,
as shown in Fig.S2 (ESI).
The observed C, symmetry for DMSO-ds solutions of the
complex can either suggest the presence of two tetrahedral
species which are in fast exchange resulting in an averaged
octahedral conformation or the presence of genuine square-
planar [NSNS] coordination around Cu(l) ion. Although the
presence of broadened peaks in TH NMR spectra, whose width
is insensitive to temperature variation within studied range,
makes the former proposition unlikely, the latter seems also
hardly plausible due to the paucity of such precedents in the
literature.323> |ndeed, the examples of square-planar Cu(l)
complexes are extremely scarce, as diamagnetic Cu(l) favours
tetrahedral coordination. However a distorted square-planar
coordination was previously reported for another 14-
membered macrocycle in a solid state.32 36 Surprisingly, DFT
calculation performed for [CuM(H,NSNS2A)]* revealed a perfect
square-planar coordination of Cu(l) (Fig.9), featuring long Cu-N
bonds (2.403 A). On the other hand, the deprotonated species
Cu(M(NSNS2A), which might be observed at higher pH exhibits a
typical tetrahedral coordination with Cu(l) bound to two
nitrogen atoms and one sulphur atoms of the macrocycle, as
well as to the oxygen atom of the pendant acetate arm (Fig.9).

6 | J. Name., 2012, 00, 1-3

Cum(NSNS2A)

[CulM(H,NSNS2A)]2*

Cul)(NSNS2A) [Cul’(H,NSNS2A)]*

Figure 9. Optimised structures of Cul/M(NSNS2A)/° and its
protonated version [Cul/"(H,NSNS2A)]*/2*. Geometry was optimized
using D3-B3LYP/def2-TZVP in a continuum model of water (SMD
parametrization).

Although the retention of square-planar coordination for both
Cu(l) and Cu(ll) species in solution might have far-reaching
implications, including unusual photophysical performance
involving strongly red-shifted metal-to-ligand charge transfer
(MLCT) state and elevated redox potential, one should treat
these initial findings very cautiously. However, even if square-
planar coordination of [Cu)(H2NSNS2A)]* in DMSO solution in
the absence of competing anions can be proved by other
techniques, such as EXAFS, this is unlikely to be the case for
biologically relevant aqueous systems with multiple competing
anions that can bind to the Cu(l) ion, especially at elevated pH
values, when deprotonated Cu"(NSNS2A) is predicted to adopt
a tetrahedral coordination environment. Our attempts to
detect any unusually red-shifted absorption bands for cuprous
species were futile and require closer inspection in future
studies.

Variation of pH within the range of 3-7 revealed a sharpening of
reduction/oxidation peaks for Cu((NSNS2A) as the pH
decreased that was initially attributed to the protonation of the
acetate arms. The presence of only subtle changes in the EPR
and UV spectra at different pH (Table 2; Fig.S16 and Fig.S21 in
ESI) rules out any significant structural transformations around
the copper ion upon anticipated protonation of acetate arms, in
accord with the previously reported copper (ll) complex with
[14]-ane-[NSNS2Bz2A].37 In the present case, in the calculated
structure of [Cul(H,NSNS2A)]?* with protonated acetate arms,
the copper ion retains a square-planar [N,S;] coordination
(Fig.9), whereas protonation weakens Cu-O bonds, leading to an
elongation of the octahedron. This results in a significant
shortening of Cu-S bonds and elongation of Cu-N bonds. Such
pronounced changes should have clearly resulted in a more
noticeable changes in the EPR spectra, as well as in UV spectra
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and cyclic voltammetry, suggesting that the protonation of
acetate arms at pH above 3 is unlikely. No LMCT bands were
detected in the UV-vis spectrum at pH below 2.5, suggesting full
dissociation of the complex upon protonation of the acetate
arms or tertiary nitrogen atoms of the macrocycle. On a closer
inspection, a formation of a precipitate was observed at pH just
slightly above 7.0, suggesting that the observed broadening of
reduction/oxidation peaks might be a result of partial
aggregation at higher pH.

Radiolabelled Cu-64 complex, 4Cul(NSNS2A), was synthesized
by mixing 64CuCl, with the ligand dissolved in 0.3M ammonium
citrate buffer (pH = 6.0) and heating the reaction mixture at
80°C for 10 min. The progress of the radiolabelling was
monitored by radio-HPLC using a HILIC column (Fig.S18 in ESI).
As a control probe, a tetraaza analogue, %*Cu(TE2A), was
selected, which was previously evaluated in preclinical
studies.?? 38

Each radiotracer was injected in three Wistar rats, who were
dynamically scanned for 60 min using a 4.7T PET/MRI scanner
and then euthanized 90 min post injection (Fig.10). Eleven
different tissue specimens were harvested post-mortem and
their radioactivity was counted. The half-life in blood was fitted
with a biexponential decay curve (ti = 1.2 min/9.4 min for
64Cu(M(NSNS2A) and 0.7 min/11.8 min for 4Cu(TE2A)). Rapid
clearance from blood was followed by a renal filtration as well
as an uptake into the liver for ®4Cu((NSNS2A), whereas
64Cu(TE2A) was predominantly filtered by the kidneys. The
latter finding is in line with a previously reported study and is
typical for other renally excreted tetraaza macrocyclic copper-
64 complexes.?2 As well as renal filtration, there also appeared
to be some uptake into the renal cortex in the case of
64Cul)(NSNS2A), as the kidney signal did not decline at later
time points.

S4Cu(NSNS2A)

. T4+t
1T
I+
"

£ !;.¢|l—l‘i-‘- PR

%IDicc

Time/[min]
# Heart = Liver

Time/[min]
=~ Liver

4 Kidney o Heart -~ Kidney

Figure 10. Coronal PET/MR (A) and PET (B) images of a rat
injected with #4Cu(™(NSNS2A) 30 min post injection and a
corresponding time-activity curve (E). Coronal PET/MR (C) and
PET (D) images of a rat injected with 4Cu(TE2A) 30 min post
injection and a corresponding time-activity curves for blood,

liver, and kidneys (F).

For 4Cu(™(NSNS2A), the PET signal from the liver plateaued at
ca. 8 min post injection and remained unchanged for the rest of
the scan. The absence of clearance from the liver suggests a
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transchelation/dissociation of the ¢4Cu(ll) and binding to liver
proteins in hepatocytes and a long-term retention. Some
evidence of hepatobiliary elimination is also observed by the
appearance of the signal in the intestines with time. By
comparing the residual radioactivity (in %1D/g) in various organs
at 90 minutes post injection (Fig.11), a much lower tracer
uptake in all tissues was observed for $4Cu(TE2A) than for
64CulM(NSNS2A). In fact, for 84Cu(TE2A), a very low uptake in the
liver detected 90 min post injection (0.12 %ID/g) is in
agreement with the previously reported value (0.073 %1D/g 24h
post injection), consistent with a very high in vitro stability of
the complex.22 On the other hand, a remarkably higher liver
uptake for 64CulM(NSNS2A) (2.15 %ID/g) is comparable with the
reported the values for similar dithiadiaza macrocyclic
complexes 64Cu(NEC-SE/SP/SB) and
Anderson (ca. 3 %ID/g).18 Similar numbers were reported for
copper-67 chloride in rats,3? reflecting a low in vivo stability of
these tracers with an apparent metal loss occurring shortly after
injection.

reported by Lewis
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== 64Cy(TE2A)
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Figure 11. Biodistribution data (%ID/g) for €4*Cu((NSNS2A)
(N=3) and %4Cu(TE2A) (N=3) at 90 min post injection.

Conclusions

Copper (1)/(ll) complexes with a new dithiadiaza macrocyclic
ligand NSNS2A were reported and their structures in solution
were thoroughly investigated by a combination of spectroscopic
techniques and DFT calculations. The latter predicted the
change in the orientation of tetragonal distortion in
CulM(NSNS2A) upon protonation and possibly hydrogen
bonding of pendant acetate arms, supposedly leading to a
relatively high lability of the complex in aqueous media. A very
unusual square-planar coordination of copper (l) ion was
proposed for the cuprous complex [Cul’(H,NSNS2A)]* which,
however, requires further validation in future studies. In vivo
study performed with a radiolabelled compound
64Cul(NSNS2A) revealed a suboptimal stability that is much
lower than exhibited by its tetraaza analogue, in line with in
vitro experiments. Given these results along with the findings
previously reported for a similar [N,S;] system,® we can
conclude that the stability of copper complexes with sulphur-
containing macrocycles appears to be insufficient for their
successful use in PET imaging.
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Experimental section

1H and 13C NMR spectra were recorded on Varian 400 MHz and
JEOL 500 MHz systems. FTIR spectra were collected on a Jasco
4600 spectrophotometer running Spectra Manager CFR®, where
samples were prepared as a neat oil or solid on a ZnSe window
using attenuated total reflectance (ATR). Melting points were
obtained on a MeltTemp melting point apparatus and are
uncorrected. High-resolution mass spectra (HRMS) were
recorded on a time-of-flight JEOL JMST1000LC spectrometer
with a DART ion Liquid chromatography-mass
spectrometry (LC-MS) was performed using an Agilent 1200
Series HPLC interfaced to an Agilent 6130 single quadrupole
electrospray mass spectrometer and to a Daly conversion
dynode detector with UV detection at 220, 254, and 280 nm.
UV-vis spectra recorded on a SpectraMax M2
spectrophotometer using quartz cuvettes with a 1 cm path
length. Cyclic voltammetry measurements were performed
using a Nuvant EZstat Pro potentiostat equipped with Ag/Ag* (3
M NaCl) reference electrode, Pt wire counter electrode, and
glassy carbon working electrode. Measurements were
performed at room temperature in 0.5 M KNO3 electrolyte. The
ferri/ferrocyanide couple was used as an internal standard. The
radiochemical purity of the dose to be injected was determined
by radio-HPLC (Agilent 1100 Series HPLC unit with a
Carroll/Ramsey radiation detector with a silicon PIN
photodiode) and radio-TLC (Bioscan AR-2000).

source.

were

EPR spectroscopy

The EPR experiments were carried out at the University of
Arizona EPR Facility, on the X-band EPR spectrometer Elexsys
E500 (Bruker Biospin) equipped with the rectangular resonator
operating in TE1p, mode. In the measurements performed at 77
K and room temperature (~298 K), the microwave frequencies
were 9.44 GHz and 9.65 GHz, respectively. The microwave
power was 2 mW, and the magnetic field modulation amplitude
was 0.5 mT. EPR spectra were fitted using EasySpin software.

Binding studies

Solution 1: 0.2 mM solution of Cu(ClO4), was prepared by
dissolving Cu(ClO4), in milli-Q water (pH = 5.0, adjusted with
60% HCIO,4). Solution 2: 2.0 mM solution of NSNS2A was
prepared by dissolving 2:2HCI in solution 1. Solution 2 was
added incrementally to solution 1 in a quartz cuvette and the
UV-vis spectrum was recorded after every addition. Absorption

at A = 364 nm was plotted as a function of NSNS2A
concentration and fitted in MatlLab using the following
equation:

A

2= 05 ([Cur] + [NSNS247] + K —

J([Cur] + [NSNS2A7] + Kp)% — 4 * [Cur] * [INSNS24A7]),

where A is the absorbance, & is the molar attenuation
coefficient, [Cur] is the total concentration of copper,
[NSNS2A+] is the total concentration of NSNS2A chelator and
Kp is the dissociation constant, which is being determined.
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Stability tests

CulM(NSNS2A) was dissolved in a MES buffer (0.1M, pH = 5.5),
and the absorption spectrum was recorded in a quartz cuvette.
EDTA was added, the solution was vigorously shaken, and the
absorption spectra were recorded every two minutes until the
signal at A = 364 nm disappeared.

Radiolabelling

64CuCl, was purchased from the University of Wisconsin-
Madison cyclotron lab. All buffers and solutions were prepared
using ultrapure water and were chelex-treated for 24h before
use. %4CuCl, (28 mCi) was diluted with 1 mL of citrate buffer
(0.3M, pH =6.0) and an aliquot (50 puL) was added to the ligand.
The latter was prepared by mixing 0.3 mL of 1.8 mM NSNS2A in
water with 0.2 mL citrate buffer (0.3M, pH = 6.0). The reaction
mixture was heated at 80°C for 10 min. The solution was cooled
down and was filtered through a sterile syringe filter. The
formation of 64Cul"(NSNS2A) was confirmed by radio-HPLC. A
similar protocol was used for radiolabelling of 4Cu(TE2A),
except a higher concentration (25 mM) of the ligand solution
was used. The formation of 64Cu(TE2A) was confirmed by radio-
TLC, as previously reported.?? Both tracers were diluted with
PBS and sterile filtered prior to injection.

Imaging and biodistribution

All experiments and procedures were performed in accordance
with the National Institutes of Health’s “Guide for the Care and
Use of Laboratory Animals” and were approved by the
Massachusetts General Hospital Institutional Animal Care and
Use Committee. 7 Wistar rats (male, 378g-456g) were obtained
Labs (Wilmington, MA).
anesthetised with 2% of isoflurane in oxygen and the tracer
(120-200 uCi) was administered by IV injection. Quantifications
of #Cu activity in each injected dose was determined using a
Capintec CRC-15PET dose calibrator. Rats were imaged on a 4.7
Tesla PET/MRI scanner (Bruker, Billerica MA) and a Bruker PET
insert, placed in a holder and heated with warm air. The

from Charles River They were

respiration rate was monitored all through the experiment
using Small Animal Instruments (SA Inc.) monitoring equipment
and software. MR imaging protocol included 2 T;-weighted 3D
FLASH (Fast Low Angle Shot) sequences, covering most of the
body, with the following parameters: echo time (TE) = 3.1 ms,

3 repetition time (TR) = 17 ms, field of view (FOV) = 85 x 64 x 40
mm, imaging resolution = 0.221 x 0.327 x 0.625 mm3/voxel,
respiratory triggering, and a flip angle = 15 degrees in the first
sequence and 30 degrees in the second. All other parameters
were identical. A 3D T,-weighted TurboRARE 3 sequence was
also acquired with parameters: TE = 2.8 ms, TR = 500 ms, FPV =
80 x 60 x 40 mm, resolution = 0.208 x 0.313 x 0.833 mm3/voxel,
RARE factor = 8, and respiratory triggering. To measure PET
signal, Amide software was used to draw ROIs on MR images,
which were co-registered with the PET images. 3D FLASH
images were used for drawing ROIls. Right kidney ROIs were
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drawn freehand to cover one entire kidney. For the liver and the
heart, ellipsoids were placed centered in the liver and the left
chamber of the heart, respectively. Time-activity data were
acquired from these ROIls. As the data itself was decay corrected
during reconstruction, no decay correction was applied to the
ROI data. Rats were sacrificed 90 min post injection and the
following organs and tissues were collected and weighed: brain,
kidneys, liver, heart, spleen, pancreas, urine, blood, lungs,
femur, intestines and leg muscle. The counts in each organ were
measured using a gamma counter (Wizard, Perkin Elmer) and
decay corrected.

Synthesis

TE2A was synthesised as previously reported.22

1

6

o L
fos[ N]O
K)vgo

Diethyl 2,2'-(1,8-dithia-4,11-diazacyclotetradecane-4,11-
diyl)diacetate (1). A 25 mL round bottom flask equipped with a
septum and magnetic stir bar was charged with 1,8-dithia-4,11-
diazacyclotetradecane (0.100 g, 0.427 mmol), anhydrous
potassium carbonate (0.295 g, 2.14 mmol), dichloromethane
(4.3 mL) and bromo ethyl acetate (0.1 mL, 0.901 mmol) in the
indicated order. The reaction was stirred at room temperature
for 12 h and filtered through a pad of celite. The light yellow
solution was concentrated in vacuo, recrystallized in minimal
amounts of ethanol and filtered affording diethyl 2,2'-(1,8-
dithia-4,11-diazacyclotetradecane-4,11-diyl)diacetate (0.134 g,
0.329 mmol) in a 77% yield as a white crystalline solid. MP =
103-105 °C. *H NMR (400 MHz, CDCls) 6 4.15 (H7, q, J = 7.1 Hz,
4H), 3.36 (HS, s, 4H), 2.86 (H4, t, J = 7.8, 6.2 Hz, 4H), 2.76 (H2, t, J
=6.4 Hz, 4H), 2.66 (H3, H5, dt, J = 8.7, 7.0 Hz, 8H), 1.77 (H%, p, J =
6.6 Hz, 4H), 1.26 (H8, t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCls)
8 171.13 (COOEt), 60.3 (C7), 55.3 (C8), 52.9 (C%), 52.5 (C2?), 29.9
(C5), 29.2 (C3), 27.7 (CY), 14.3 (CB). IR Vmax 2979, 2923, 2847,
1727, 1458, 1415, 1186, 1135, 1033 cm™. HRMS (ESI) m/z
[M+Na*] calcd. for C1gH34N2NaS; 429.1852, found 429.1854.

2,2'-(1,8-dithia-4,11-diazacyclotetradecane-4,11-diyl)diacetic

acid dihydrochloride (2). A 5 mL round bottom flask equipped
with a magnetic stir bar and septum was charged with 1 M HCI
(1.2 mL) and diethyl 2,2'-(1,8-dithia-4,11-
diazacyclotetradecane-4,11-diyl)diacetate (0.050 g, 0.123
mmol) and refluxed for 6 hours. The solution was concentrated
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in vacuo to provide 2,2'-(1,8-dithia-4,11-diazacyclotetradecane-
4,11-diyl)diacetic acid dihydrochloride (0.052 g, 0.123 mmol) as
a white solid in quantitative yield. 'TH NMR (400 MHz, D,0) &
4.00 (HS, s, 4H), 3.44 (H4, m, 4H), 3.35 (H2, m, 4H), 2.89 (H5, dd,
J=8.9,6.8 Hz, 4H), 2.61 (H3, t, J = 7.4 Hz, 4H), 1.97 (HL, p, /= 7.0
Hz, 4H).13C NMR (101 MHz, D,0) & 168.1 (COOH), 55.0 (C8), 51.9
(C%), 51.6 (C2), 26.9 (C3), 23.1 (C5), 22.7 (CL). IR Vmax 3375, 2918,
2498, 2426, 2363, 1737, 1635, 1480, 1467, 1439, 1410, 1241,
1214, 1025, 971, 923 cm™L. HRMS (ESI) m/z [M-2HCI+H*]* calcd
for C14H2704N3S; 351.1407, found 351.1407.

2,2'-(1,8-dithia-4,11-diazacyclotetradecane-4,11-
diyl)diacetate copper(ll) complex, Cul(NSNS2A). A5 mL round
bottom flask was equipped with a magnetic stir bar, nitrogen
inlet, and rubber septum was charged with 2,2'-(1,8-dithia-4,11-
diazacyclotetradecane-4,11-diyl)diacetic acid dihydrochloride
salt (0.054 g, 0.128 mmol), MilliQ water (1 mL), acetonitrile (1
mL) and copper(ll) acetate (0.030 g, 0.128 mmol). The dark red
solution was stirred at 23 °C for 10 min and sonicated at 23 °C
for 5 min. The solution was concentrated in vacuo providing a
red solid in quantitative yield. HRMS (ESI) m/z [M-2H*+Na*]*
calcd for C14H2404N,CuNaS; 434.0366, found 434.0366.

copper(l) hexafluorophosphate-2,2'-(1,8-dithia-4,11-
diazacyclotetradecane-4,11-diyl)diacetic acid,
Cul)(HNSNS2A). A 5mm NMR tube, flushed with nitrogen, was
charged with 2,2'-(1,8-dithia-4,11-diazacyclotetradecane-4,11-
diyl)diacetic acid -2HCI (0.020 g, 0.047 mmol) and DMSO-ds (1.5
mL, 0.031 M). The solution was then degassed (3x freeze-pump-
thaw cycles), using Schlenk techniques, and charged with
freshly prepared tetrakis(acetonitrile)copper(l)
hexafluorophosphate (0.018 g, 0.047 mmol). The solution/NMR
tube was warmed for 5 min at 50 °C via external water bath,
then sonicated at 23 °C for 20 s. The clear solution was then
subjected to NMR experiments. 1H NMR (400 MHz, DMSO-dg) &
4.08 (HS, s, 4H), 3.34 (H4, m, 4H), 3.17 (H2, m, 4H), 2.87 (H%, m,
4H), 2.58 (H3, m, 4H), 1.81 (HL, m, 4H). 3C NMR (101 MHz,
DMSO-dg) 6 168.2 (COOH), 54.5 (C®), 50.7 (C*), 50.6 (C?), 25.4
(C3), 23.0 (C®), 21.5 (CY).

X-ray Crystallographic Data Collection and Structure Solution
and Refinement

Crystals were obtained from the slow evaporation of a
saturated solution of corresponding solvent at room
temperature and stored under atmospheric conditions. Single
crystal data for all structures were collected on a Bruker CCD-
based diffractometer with dual Cu/Mo ImuS microfocus optics
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(Cu Ka radiation, A =1.54178 A or Mo Ka radiation, A = 0.71073).
Crystals were mounted on a cryoloop using Paratone oil and
placed under a steam of nitrogen at 100 K (Oxford
Cryosystems). The data were corrected for absorption with the
SADABS program. The structures were refined using Bruker
SHELXTL Software Package (Version 6.1) and were solved using
direct methods until the final anisotropic full-matrix least
squares refinement of F2 converged.28 Electronic
Supplementary Information (ESI) available: CCDC 2003358,
2003359 and 2003361 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data request/cif.

Computational details

Geometry optimisation and harmonic frequencies calculations
were performed using Gaussianl6 software package?®® with
hybrid B3LYP functional and triple-zeta def2-TZVP basis set*!
with empirical account of dispersion interactions using D342
parametrisation, and SMD*3 continuum model of water. EPR
parameters were calculated with ORCA 4.14* 45 for optimised
geometries using B3LYP/def2-TZVP and core polarised
CP(PPP)%¢ basis set on Cu with refined grid. Spin-orbit coupling
was calculated using SOMF(1X)*” mean-field approximation. TD-
DFT calculations of UV-Vis spectra were performed with ORCA
4.1 using B3LYP/def2-TZVP basis set for optimised structures.
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