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Synthesis, Radiolabelling and Confocal Fluorescence Microscopy of Styrene-
Derivatised Bis(thiosemicarbazonato)zinc and -copper Complexes
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The synthesis of zinc(Il) and copper(Il) complexes of an un-
symmetrical bis(thiosemicarbazonato) ligand containing a re-
active styrene group are reported. The compounds have
been characterised by a range of techniques including re-
verse-phase HPLC, cyclic voltammetry, NMR, UV/Vis, elec-
tron paramagnetic resonance and fluorescence emission
spectroscopy. Time-dependent density functional theory cal-
culations have been used to assign the electronic absorption
spectrum of [Zn"ATSM] and probe the nature of the fluores-
cent excited state. Electrochemistry experiments show that

the copper(lI) complex undergoes quasi-reversible one-elec-
tron reduction at biologically accessible potentials and is
within the range proposed for the complex to be hypoxia-
selective. The copper-64 radiolabelled complex has been
prepared in aqueous solution and characterised by reverse-
phase radio-HPLC. Cellular uptake in HeLa cells has been
observed using confocal fluorescence microscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Since the 1950s, metal complexes of tetradentate, N,S,
bis(thiosemicarbazone) proligands have been the subject of
intense research due to their diverse range of biological ac-
tivity, including antimicrobial and antitumour proper-
ties.['"®1 More recently, radiolabelled copper(Il) complexes
of bis(thiosemicarbazonato) ligands have been investigated
for use as hypoxia-selective radiopharmaceuticals for in
vivo imaging and therapy.”! In particular, the positron
emitting copper-64 radiolabelled complex of 2,3-butane-
dione bis(4-methylthiosemicarbazonato) ligand, [Cu'ATSM],
has emerged as a leading hypoxia-selective compound and
has received United States Food and Drug Administration
(US-FDA) approval for multicentre trials imaging patients
with cervical cancer.['!?l Obata et al. have also studied
[**CuATSM] as a promising hypoxia-selective radiothera-
peutic agent.[!3]
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Recently, we developed a new method for the synthesis
of functionalised unsymmetrical bis(thiosemicarbazonato)
complexes and facile copper-64 radiolabelling by transme-
tallation from the corresponding zinc(II) analogues.!'¥
Density functional theory (DFT) calculations have also
been used to probe the mechanism of hypoxia-selectivity
and develop the rationale for designing new complexes with
improved biodistribution characteristics.['>] Further work
has investigated the origins of hypoxia-selectivity, which is
thought to involve a delicate balance between one-electron
reduction, protonation and ligand dissociation.['6-1°]
Zinc(II) bis(thiosemicarbazonato) complexes are weakly
fluorescent and their in vitro uptake in various cell lines has
been studied using confocal fluorescence microscopy.['4-201

This paper describes the synthesis and characterisation
of new unsymmetrical Dbis(thiosemicarbazonato)zinc(Il)
and -copper(Il) complexes derivatised with a terminal sty-
rene functional group. The styrene group has the potential
to be labelled simultaneously with fluorine-18 and a biolo-
gically active molecule (BAM). The copper-64 radiolabelled
complex has been prepared. Confocal fluorescence micro-
scopy was used to study the uptake and localisation of the
zinc(IT) complex in the human cervical carcinoma-derived
cell line, HeLa.

Results and Discussion

Unsymmetrical zinc(Il) and copper(Il) complexes deriv-
atised with a terminal styrene functional group have been
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synthesised (Scheme 1). Compound 3 was isolated in 66 %
yield as a white microcrystalline solid and was treated with
2,3-butanedione mono(4-ethylthiosemicarbazone) to give
the unsymmetrical proligand 4 in 79% yield.['#21-23 The
metal complexes 5 and 6 were obtained in excellent yields
from reaction of proligand 4 with a slight excess of
Zn(0OAc),2H,0 and Cu(OAc),'H,O salts, respectively. All
characterisation data are consistent with the structures pro-
posed.
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Scheme 1. Synthesis of unsymmetrical bis(thiosemicarbazonato)-
zinc(IT) and -copper(I) complexes 5 and 6. (a) Potassium phthal-
imide, RTP, DMF, 18 h. (b) 5 equiv. hydrazine in ethanol, reflux,
1 h. (¢) CS,, NaOH(aq.) RTP, 18 h followed by 1 equiv. sodium
chloroacetate, RTP, 20 h, then excess hydrazine, reflux, 4 h. (d)
1 equiv. diacetyl-2-(4-N-ethyl-3-thiosemicarbazone), concd. aque-
ous HCI, cat., stirred at 45 °C for 18 h in ethanol. (e) 1.2 equiv. of
either Zn(OAc),"2H,0 or Cu(OAc),'H,O, reflux, 4 h methanol.

The isolation of 2,3-butanedione mono(4-ethylthiosemi-
carbazone) is the key step in the synthesis of unsymmetrical
proligands.''¥l Synthesis is often complicated by the forma-
tion of cyclic by-products which may be removed by
recrystallisation from hot ethanol/water.l!'*24251 X-ray crys-
tal structures of 2,3-butanedione mono(4-ethylthiosemi-
carbazone) and of the cyclic by-product, 4-ethyl-6-methyl-
5-methylene-4,5-dihydro-1,2,4-triazine-3(2 H)-thione  have
been obtained. Full crystallographic details are presented in
the electronic Supporting Information (ESI).

The transmetallation of complex 5 with one equivalent
of Cu(OAc),"H,O in dimethyl sulfoxide (DMSO) afforded
the copper(Il) complex 6 and copper(Il) complexation was
confirmed by reverse-phase HPLC, UV/Vis and fluores-
cence emission spectroscopy. The change in the UV/Vis ab-
sorption and fluorescence emission spectra during titration
of 3.0 mL of 0.05 mMm 5 in DMSO, with one equivalent of
2.0 mMm Cu(OAc),H,O in DMSO are shown in Figure 1,
(a) and (b), respectively. The UV/Vis spectrum of 5 shows
two peaks of similar absorbance at 437 nm (e/m'cm™! =
11328) and 319 nm (¢ = 13900). The UV/Vis spectrum of 6
is typical of bis(thiosemicarbazonato)copper(Il) complexes
and exhibits two peaks at 478 nm (¢ = 6490) and 315 nm
(¢ = 19414) with two low-energy shoulders at 525 nm (¢ =
1986
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3698 m!em™!) and 355 nm (¢ = 10571), respectively. During
the transmetallation reaction, two isosbestic points are ob-
served (Figure 1, a) at 471 and 384 nm which indicates that
substitution of zinc(II) for copper(Il) proceeds cleanly with
no intermediate chromophores.['¥ The UV/Vis spectrum of
[Cu"ATSM] has been described previously and assigned
using time-dependent DFT calculations.['42¢1 The zinc(1I)
complex 5 has a peak fluorescence emission at 524 nm with
a quantum yield in DMSO of 0.018 measured relative to the
emission of [Ru(bipy)s][PF¢],, which has a quantum yield of
0.042 in water. Complex 6 is paramagnetic and conse-
quently, transmetallation results in a linear decrease in fluo-
rescence emission intensity as the concentration of 5 de-
creases (Figure 1, b).
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Figure 1. (a) Experimental UV/Vis absorption spectra and (b) fluo-
rescence emission spectra (A, = 380 nm) of 3mL of 0.05mm 5
(red) in DMSO on titration with sixteen, 5 pL aliquots of 2.0 mm
Cu(OAc),'H>O in DMSO (1.06 equiv. of copper) to give the cop-
per(Il) complex 6. For the UV/Vis spectra, the first spectrum after
the zinc(I) complex represents the addition of 15 uL (3 aliquots)
of Cu(OAc),"H,O0.

Solution phase electron paramagnetic resonance (EPR)
spectra of the copper(Il) complex 6 were recorded in DMF
at room temperature and 100 K (Figure 2). The room tem-
perature spectrum was simulated with EasySpin using the
fast-motion regime.*”! The Kivelson formula was used to
describe my-dependent Lorentzian line broadening [Equa-
tion (1)]. From the best fit of the simulated spectrum the
optimised line-broadening parameters were found to be, a
= 2.400, b = 1.347 and ¢ = 0.512 with g;,, = 2.058, and a
copper-63 hyperfine coupling constant of A4;,,(Cu) = 92 G.
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The room temperature spectrum exhibits superhyperfine
coupling to two equivalent donor nitrogen atoms with
Aiso(N) = 16 G which results in the observed 1:2:3:2:1 coup-
ling pattern. In the simulation it was assumed that the cop-
per ion was copper-63. However, the copper acetate used
was a mixture of copper-63 and copper-65 in natural abun-
dance (69.17 and 30.83% respectively).?!] These two iso-
topes have slightly different nuclear magnetic moments of
2.22 and 2.38, respectively, which may account for minor
differences observed between the experimental and simu-
lated EPR spectra.

I'(my) = a + bmy + cmy? (1)

Experiment

Simulation

EPR Signal Intensity (arb. units)

V |

3000 3200 3400 3600 3800
Magnetic Field / Gauss

2800

Figure 2. Room temperature experimental and simulated solution
phase EPR spectra of [Cu!ATSE/Sty] (6) in DMF recorded at
9.45623 MHz. Simulation was performed using EasySpin.*”!

The frozen solution spectrum was simulated using Win-
EPR Simfonial®®! to give the values, g(x) = g(y) = 2.027,
g(z) = 2.112, with hyperfine coupling constants, Ac,(x) =
Acu(y) = 43 G, Acu(z) = 194 G, and superhyperfine coup-
ling to the two equivalent donor nitrogen atoms of An(x)
= An(y) = 17.5 G, An(z) = 15 G. Low g-values are indica-
tive of the covalent nature of the bonding in copper(Il)
bis(thiosemicarbazonato) complexes.[26-3%

The copper-64 radiolabelled complex, *“Cu-6 was pre-
pared in aqueous solution by transmetallation from the
zinc(II) complex 5 using **Cu(OAc), (aq.). After stirring for
30 min at room temperature, a single peak was observed in
the radio-HPLC chromatogram and the radiochemical
yield was found to be >98%. This demonstrates that trans-
metallation is a facile and efficient method for radio-
labelling complexes with copper radionuclides. The kinetics
of the reaction have been investigated previously.!'4l

The mechanism of hypoxia-selectivity of bis(thiosemicar-
bazonato)copper(IT) complexes is thought to involve an in-
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tial one-electron reduction to give an anionic copper(I) spe-
cies which may undergo oxidation by dioxygen, protonation
or ligand dissociation.['® 1311 Dearling et al. showed that
hypoxia-selectivity correlated with one-electron reduction
potentials for a series of fifteen aliphatic copper complexes,
and suggested that complexes with reduction potentials,
E°=-0.58 V, are likely to be hypoxia-selective. DFT studies
support this conclusion and show that electron-donating
substituents on the ligand backbone, reduce the stability of
the copper(I) anion, thereby lowering the reduction poten-
tial.'®!7] The cyclic voltammogram of a 1.0 mm solution of
6 recorded at 50 mVs!' scan-rate, in anhydrous, deoxy-
genated DMF, with 0.1 M tetrabutylammonium tetrafluo-
roborate electrolyte is shown in Figure 3. The complexes
undergoes quasi-reversible, Cu'/Cu!, one-electron re-
duction at E;»(SCE) = -0.632 V. In the same experimental
set-up, [Cu"ATSM] has a half-wave potential of —0.646 V,
which suggests that on the basis of redox potential, complex
6 may be hypoxia-selective.
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Figure 3. Cyclic voltammogram of the quasi-reversible Cu'//Cu'
one-electron reduction of 6 in anhydrous, deoxygenated DMF re-
corded at 50 mVs™' at room temperature. E;,»(SCE) = —0.632V,
AE, = 136 mV and [ip,)/|iye] = 0.72.

Time-Dependent DFT Calculations

The weak fluorescence of bis(thiosemicarbazonato)-
zinc(Il) complexes has been used in this work and pre-
viously reported work to investigate cellular uptake and
localisation in human tumour cell lines.['*2% However, the
nature of the excited state, and assignment of the electronic
absorption spectrum has not been reported previously and
DFT calculations have not been used to investigate the elec-
tronic structure of bis(thiosemicarbazonato)zinc(I) com-
plexes. In order to facilitate a better understanding of the
nature of the electronic transitions occurring in the zinc(II)
complexes, TD-DFT calculations were conducted using
ADF2006.01.1321 The experimental UV/Vis spectra of com-
plex 5 and [Zn"ATSM] are quantitatively very similar.['4]
Therefore, to simplify the calculations, [ZnTATSM] was
used as a model. Vertical transition energies and oscillator
strengths were calculated for the first 20 singlet excited
states and the simulated electronic absorption spectrum was
calculated using the SWizard program.*3l The simulated
1987
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spectrum was deconvoluted as the sum of Gaussian-shaped
bands using the global half-band width of Ayp; =
6000 cm .14 Figure 4 shows an overlay of the experimental
UV/Vis spectrum with the deconvoluted simulated TD-
DFT spectrum. Several different exchange-correlation func-
tionals were used. However, only minor differences were ob-
served and the best fit with the experimental data of both
calculated relative absorbance and calculated peak energies
was found using BP86 with the TZ2P basis set. Further
details are given in the ESI.
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Figure 4. Experimental and TD-DFT-simulated electronic absorp-
tion spectra for [Zn'"ATSM]. BP86/TZ2P methodology was used
in the DFT calculation.

The experimental UV/Vis spectrum recorded in DMF
shows two peaks at 431 (e/Mm'cm™' 11266) and 312 (¢ =
11978). The calculated gas-phase TD-DFT spectrum (Fig-
ure 4) is in good agreement with the experimental spectrum,
particularly in the visible region. Two peaks of similar in-
tensity are predicted at 427 nm and 265 nm. The simulated

spectrum has been deconvoluted as four major absorption
bands. These bands have been assigned to transitions from
the ground electronic state to calculated excited states
(Table 1). Each of the excited states is then expressed in
terms of rearrangement in the electron density of the
ground state molecular orbitals, from which the nature of
the electronic transition may be deduced and the spectrum
assigned. The simulated peak at 265 nm is blue-shifted by
47 nm in comparison to the absorption band observed ex-
perimentally. However, considering that calculated absorp-
tion band at 265 nm is composed of transitions to more
than 6 excited states with non-zero oscillator strengths
(Table 1), the calculations provide a good model for the ex-
perimental spectrum.

Figure 5 shows a molecular orbital diagram, along with
the main orbitals involved in the transitions associated with
the calculated absorption bands A-D (Figure4 and
Table 1). Molecular-orbital assignment reveals that in con-
trast to the copper(Il) complex,!'*!I [Cul'ATSM], the fron-
tier orbitals and the calculated bands involve mainly ligand-
based nn* orbitals. On electronic excitation, there is in ge-
neral a redistribution of electron density of the m system
from the sulfur atoms towards the carbon—carbon back-
bone. In particular, transitions to excited states 1 and 4,
corresponding to the lowest energy bands A and B in the
visible region, involves redistribution of electron density
from the sulfur lone-pairs to the C-C mr* orbitals. The
HOMO-LUMO energy gap, A, is 1.87 eV and corresponds
to the major molecular orbital transition in band A. The
calculated oscillator strength of the transition to excited
state 1, is larger than that observed in the experimental UV/
Vis spectrum.

Fluorescence emission observed for the bis(thiosemicar-
bazonato) zinc(II) complexes is likely to occur from excited
state 1. TD-DFT calculations suggest that radiative emis-
sion occurs from an excited state with large ligand-based
nn* (LUMO) character to the ground state and involves
relaxation of excited lone-pairs of electrons on the sulfur
atoms. The peak fluorescence emission for most bis-
(thiosemicarbazonato)zinc(IT) complexes occurs around
535 nm.['*42% This energy is consistent with the calculated
energy for band A of 552 nm. For in vivo imaging, it is

Table 1. Excited state and molecular orbital deconvolution of the TD-DFT simulated electronic absorption spectrum of [Zn"ATSM].

Molecular orbital contributions (%)

Absorption Excited states  Oscillator strength /., (caled.)  HOMO [m] LUMO [n] Percentage Assignment[®]
band(®! contribution
S [nm]™®! (7o)

A 1 0.048 552 0 0 81 ligand-based nr*
-2 0 18 sulfur pr to nm*

B 4 0.245 427 -2 0 79 sulfur pn to nm*
0 0 15 ligand-based nr*

C 6 and 7 0.095l¢ 341 -6 0 78kl Zn'" ligand c* to ligand nr*
-5 0 22 ligand-based nr*

D 10, 11, 14, 0.308! 265 0 +1 60l ligand-based nn*

15, 18 and 19 0 +2 10 ligand-based nr*

0 +5 12 ligand-based nr*

[a] Figure 4. [b] For the MO assignment, only orbital contributions >10% have been included. [c] Sum of individual oscillator strengths.
[d] Weighted average using oscillator strengths. [e] Percentage contributions corrected for individual oscillator strengths.
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Figure 5. Molecular orbital diagram showing transitions from the
occupied to virtual orbitals along with molecular orbital isosur-
faces of the LUMO+1, LUMO, HOMO, HOMO-2 and HOMO-
6. The arrows labelled A-D represent the major molecular orbital
transition associated with each of the four calculated absorption
bands (Table 1). Fluoresence emission corresponds mainly to the
LUMO—HOMO relaxation and the emission peak at 535 nm is
coincident with the energy of calculated absorption band A (Fig-
ure 4 and Table 1).

desirable to tune the emission wavelength and develop flu-
orophores which emit at wavelengths >600 nm. Calcula-
tions presented here suggest that ligands with m-accepting
groups on the backbone would result in a red-shift in the
peak emission wavelength. Work is underway designing new
fluorescent probes based on both bis(thiosemicarbazon-
ato)copper(Il) and -zinc(IT) complexes for in vitro imaging.

Confocal Microscopy

For a new compound to be considered as a potential ra-
diopharmaceutical for in vivo imaging and therapy, it is im-
portant to understand cellular uptake and biodistribution
properties. Confocal and epifluorescence microscopy have
been used to study structure-activity relationships for a
range of bis(thiosemicarbazonato)zinc(II) complexes.['*2%]
Cellular uptake and intracellular localisation of complex 5
in HeLa human cervical carcinoma cells was studied using
confocal fluorescence microscopy under normal atmo-
spheric oxygen concentrations. Cells were incubated with
100 pMm of 5§ at 37 °C for 30 min prior to image acquisition
(Figure 6). The mechanism of intracellular trapping is
thought to involve protonation.['>!9] Therefore, after re-
cording the fluorescence of 5 the sample was incubated with
LysoTracker™, a fluorophore which localises in acidic or-
ganelles, such as lysosomes and endocytotic vesicles.
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Figure 6. Confocal fluorescence microscopy images of HelLa hu-
man cervical carcinoma cells in DMEM medium; (top left) fluores-
cence image of the zinc(II) complex 5 (1., = 488 nm, A, = 530 nm);
(top right) fluorescence image of LysoTracker Red™ (J. =
568 nm, Ao, = 605nm); (bottom left) brightfield image; (bottom
right) co-localisation of complex 5 and LysoTracker Red™ fluo-
rescence. Nuclei are visible as the spherical regions within the cells
showing no fluorescence emission.

The images demonstrate that during the course of the in
vitro experiments, complex 5 remains intact and is taken
up by HeLa cells. In control experiments, the proligand,
H,ATSE/Sty, and zinc(II) dichloride were found to be non-
fluorescent.??) Complex 5 is mainly distributed within the
cytosol, showing no nuclear uptake. Co-localisation experi-
ments with LysoTracker™ reveal significant overlap be-
tween acidic compartments and the intracellular distribu-
tion of 5 which provides evidence to support the involve-
ment of a protonation step in the mechanism of uptake and
trapping. Further investigations are underway looking at
the role of diffusion and receptor-mediated endocytosis in
mechanism of cellular uptake.

Dual Labelling and Functionalisation

In previous work, a methodology for functionalising
bis(thiosemicarbazonato) complexes with biologically
active molecules was presented.'¥ PET imaging studies
suggest that in vivo biodistribution, localisation and ex-
cretion pathways can be modified by controlling the nature
of the BAM substituents. In addition, PET experiments
indicate that for several bis(thiosemicarbazonato) cop-
per(Il) complexes, the ligand may dissociate, releasing the
copper radionuclide into the normal pathways of copper
metabolism. It is important to understand where and under
what conditions ligand dissociation may occur. The new
1989
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styrene functional group offers the potential of studying li-
gand dissociation in vivo by a combination of dual labelling
and functionalisation with a BAM (Scheme 2).
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Scheme 2. Proposed reaction scheme for radiolabelling with either
copper-64 or fluorine-18 radionuclides and functionalisation of
[CuATSR/Sty] with a biologically active molecule (BAM). ['8F*]
represents fluorine-18 radiolabelled electrophilic fluorinating rea-
gents.[3¢

The bis(thiosemicarbazonato)zinc(Il) complexes with a
pendent styrene moiety could be radiolabelled with either
copper-64 or fluorine-18.3433 Electrophilic fluorination-
nucleophilic addition reactions are well known and the re-
actions of NF-fluorinating reagents with a wide range of
functional groups such as carbanions, aromatic compounds,
a-fluorination of sulfides, glycals and alkenes, including sty-
rene, have been investigated.*®3”! In particular, NF-fluori-
nating reagents such as N-fluorobenzenesulfinimide (NFSi)
and 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]-
octane (Selectfluor™) react with styrene derivatives with
Markovnikov-type regioselectivity in high yields.?®-3% More
recently, Gouverneur and co-workers have prepared fluor-
ine-18 radiolabelled reagents such as ['®F]-N-fluoro-ben-
zenesulfinimide (['®F]-NFSi), and used these to prepare po-
tential radiopharmaceuticals.*! Initial experiments are en-
couraging and investigations looking at the preparation of
functionalised bis(thiosemicarbazonato) complexes radio-
labelled with copper-64 or fluorine-18 are underway.

Conclusions

Zinc(IT) and copper(Il) complexes of a new unsymmetri-
cal bis(thiosemicarbazonato) ligand providing a reactive
styrene functional group have been synthesised. The cop-
per-64 radiolabelled complex has been prepared in aqueous
solution by transmetallation from the corresponding
zinc(Il) complex. Confocal fluorescence microscopy has
also been used to investigate the cellular uptake and intra-
cellular distribution of the zinc(I) complex. In addition,
TD-DFT calculations have been used to assign the elec-
tronic absorption spectrum of bis(thiosemicarbazonato)-
zinc(IT) complexes. The simulated spectrum is in excellent
1990
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agreement with the experimental UV/Vis spectrum of
[Zn"ATSM] and the calculations provide information
about the nature of the fluorescent excited state.

A potential synthetic route for simultaneous fluorina-
tion, functionalisation with biologically active molecules
and dual radiolabelling with either copper-64 or fluorine-
18, of the styrene-derivatised bis(thiosemicarbazonato)
complex is presented. Experiments investigating electro-
philic fluorination-nucleophilic addition to the styrene moi-
ety are underway.

Experimental Section

General: All reagents and solvents were obtained from commercial
sources (Sigma—-Aldrich and Lancaster) and unless otherwise
stated, were used as received. Elemental analyses were performed
by the microanalysis service of the department at the University of
Oxford. NMR spectra were recorded with a Varian Mercury
VX300 spectrometer, ['H at 300 MHz, '3C('H) at 75.5 MHz] using
the residual solvent signal as an internal reference. Mass spectra
were recorded with a Micromass LCT Time of Flight Mass Spec-
trometer using positive ion electrospray (ES*). Where possible, ac-
curate masses are reported to four decimal places using tetraoc-
tylammonium bromide (466.5352 Da) as an internal reference. UV/
Vis spectra were recorded with a Perkin—Elmer Lambda 19 UV/Vis/
near-IR spectrometer. Fluorescence emission spectra were recorded
with a Hitachi F-4500 Fluorescence spectrophotometer. EPR spec-
tra were recorded using quartz flat cells (1 or 2 mm cavity) with a
Bruker EMX-micro X-band spectrometer at the EPSRC National
EPR Service, at the University of Manchester. High performance
liquid chromatography (HPLC) was conducted using a Gilson
HPLC machine equipped with a Hamilton PRP-1 reverse phase
column and UV/Vis detection at 254 nm. Retention times, R, [min],
using a water/acetonitrile gradient elution method (1.0 mL/min),
shown in the Supporting Information, are presented for all com-
pounds. Where stated in the experimental section, trifluoroacetic
acid (TFA) was use as an ion pair agent. Cyclic voltammograms of
approximately 1.0 mm solutions of zinc(II) and copper(Il) com-
plexes in 5.0 mL anhydrous dimethylformamide (DMF) were re-
corded with a CH Instruments Electrochemical Analyser using a
platinum working electrode, a platinum wire counter/auxiliary elec-
trode and a silver/silver ion reference electrode. Ferrocene was used
as an internal reference for which the one-electron redox process
occurs at Ey, = 0.53 V (DMF) vs. SCE.

Zinc(II) Complex of 2,3-Butanedione Bis(4-methylthiosemicarb-
azone), [Zn""ATSM]: This compound was synthesized in accord-
ance with a previously reported procedure.*”) "TH NMR (300 MHz,
[Dg]DMSO): 6 = 7.21 (br. s, 2 H, CH3NH), 2.83 and 2.81 (6 H,
two overlapping singlets, CH3NH), 2.20 (s, 6 H, CH3C=N) ppm.
MS (ES™): m/z (caled.) 323.0104 (323.0091) = {M + H*}. Zn.x
(DMF) =431 (¢ / m'em™! 11266), 312 nm (11978). HPLC: R, =
10.40 min (flow rate: 0.9 mL/min).

N-(2-Phenylallyl)phthalimide (1): The synthesis was based on a pro-
cedure described by Sheehan and Bolhofer.[>!] Potassium phthal-
imide (2.42 g, 0.0131 mol) was added to a solution of 3-bromo-2-
phenylpropene (cinnamyl bromide) (2.34 g, 0.0118 mol) in 20 mL
DMF at room temperature. The reaction was slightly exothermic
and the temperature increased from 21.5 °C to 46.5 °C during the
first 5 min. Then it was cooled slowly to room temperature and
stirring was continued for 18 h, after which time the mixture turned
a dark brown/orange colour and a white precipitate formed. Chlo-
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roform (30 mL) (or dichloromethane, DCM) was added and the
mixture was poured onto 100 mL of deionised water. The aqueous
phase was separated and extracted three times with 30 mL portions
of chloroform (or DCM). The combined organic extract was then
washed with 20 mL NaOH (aq.) (0.2 M) and dried with anhydrous
magnesium sulfate. The chloroform (or DCM) was removed in
vacuo at 40°C and the crystalline residue was triturated with
30 mL of cold diethyl ether. The colourless, crystalline product was
isolated by filtration (2.11 g, 8.01 mmol, 68%); m.p. 118-119 °C
(ref221 116-117 °C). C;7H3NO, (263.09): calcd. C 77.5, H 5.05, N
5.3; found C 77.55, H 5.0, N 5.3. '"H NMR (300 MHz, CDCl,): &
= 7.78 (dd, m-CH-phthalimide, *Jyy; = 3.1, 3Jyy = 5.4 Hz, 2 H, A
part of an AA’XX' spin system), 7.64 (dd, o-CH-phthalimide, /iy
= 3.1, 3Jyn = 5.4 Hz, 2 H, X part of an AA’XX’ spin system),
7.30-7.10 (m, 5 H, Ph-), 6.58 [d, 2Juyy = 159 Hz, 1 H, trans-
CH,=C(Ph)CH,), 6.18 [dt, 2Jyy = 15.9, 3Jyu = 6.5 Hz, 1 H, cis-
CH,=C(Ph)CH,], 4.37 [br. d, 3Jyuy = 6.5 Hz, 2 H, CH,=C(Ph)CH,]
ppm. *C{'H} NMR (75.5 MHz, [D¢]DMSO): § = 167.89 (2 C=0),
136.16 [CH,=C(Ph)CH,], 133.92 (C5 and C6, m-phthalimide),
133.71 (C3 and C8, i-phthalimide), 132.10 (i-Ph), 128.46 (m-Ph),
127.83 (p-Ph), 126.46 (0-Ph), 123.25 (C4 and C7, o-phthalimide),
122.67 (CH,=), 39.62 (CH,N) ppm. MS (ES*): m/z = 286 [M +
Na*]. HPLC: R, = 17.14 min.

2-Phenylprop-2-enylamine (2): The synthesis was based on a pro-
cedure described by Abbenante and Prager.”?! Hydrazine hydrate
(0.6 mL, 19.3 mmol) was added to a suspension of N-(2-phenylal-
lyl)phthalimide (1) (1.00 g, 3.80 mmol) in ethanol (20 mL). The re-
action mixture was heated under reflux for 1 h and a white precipi-
tate formed. Then 4.0 mL of HCl(aq.) (2.0 M) was added and the
reaction mixture heated under reflux for a further 1 h. Upon ad-
dition of the HCl(aq.) the white precipitate dissolved to give a
colourless solution, which, after 1 min became cloudy as a white
suspension of phthalyl hydrazide formed. The reaction mixture was
cooled to 4 °C and the phthalyl hydrazide was removed by filtration
and washed with cold ethanol (2X5mL). The ethanol was re-
moved in vacuo and the solid residue was redissolved in 15 mL
NaOH(aq.) (2.0 m). The solution was extracted with diethyl ether
(5% 20 mL) and the organic extract was dried with magnesium sul-
fate, filtered and the solvent removed in vacuo to give the product
as a colourless oil (0.46 g, 3.47 mmol, 91%). '"H NMR (300 MHz,
CDCl,): 6 = 7.30-7.10 (m, 5 H, Ph-), 6.45 [br. d, 2Jyy = 15.9 Hz,
1 H, trans-CH,=C(Ph)CH,], 6.27 [dt, 2Jyy = 15.9, 3Jyy = 5.8 Hz,
1 H, c¢is-CH,=C(Ph)CH,], 342 [m, 3Jgy = S57Hz 2 H,
CH,=C(Ph)CH,], 1.45 (s, 2 H, NH,) ppm. MS (ES*): m/z 117 =
[L + H*, — NHj], corresponding to the [CoHo]* fragment ion.
HPLC: R, = 6.76 min (TFA).

4-(2-Phenylprop-2-enyl)thiosemicarbazide (3): The synthesis was
based on a procedure described by Scovill.?3! Carbon disulfide
(0.19mL, 0.24 g, 3.15 mmol) and 10 mL of a 1.05m solution of
sodium hydroxide (0.13 g, 3.25 mmol) in deionised water was added
to (2-phenylprop-2-enyl)amine (2) (0.41 g, 3.08 mmol) in a 50 cm?
round-bottomed flask. The reaction mixture was stirred at room
temperature for 18 h. One equivalent of sodium chloroacetate
(0.36 g, 3.09 mmol) was then added and stirring continued for a
further 20 h at room temperature. The reaction mixture became
a clear yellow colour. Excess hydrazine hydrate (0.80 mL, 0.82 g,
25.7 mmol) was added and the mixture was heated under reflux for
4 h. The colourless solution was cooled and left to stand overnight
at 4 °C. A white precipitate and a brown oil formed. The product
was extracted from the aqueous reaction mixture with ethyl acetate
(3X20 mL). The organic extract was dried with magnesium sulfate
and the solvent removed under reduced pressure and the product
dried in vacuo to give compound 3 as a white solid (0.42 g,
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2.0 mmol, 66%). 'H NMR (300 MHz, CDCLy): § = 8.14 [br. s, 1
H, C(=S)NHNH,], 7.54 [br. m, 1 H, CH,NHC(=S)], 7.35-7.13 (m,
5 H, Ph-), 6.51 [br.d, 2Ju = 15.9 Hz, 1 H, trans-CH,=C(Ph)CH,],
6.22 [dt, 2y = 15.9, 3y = 6.2 Hz, 1 H, cis-CH,=C(Ph)CH,],
438 [m, 3y = 6.1 Hz, 2 H, CH,=C(Ph)CH,], 3.82 (br. s, 2 H,
NH,) ppm. BC{'H} NMR (75.5 MHz, [Dg]DMSO): ¢ = 181.56
(C=S), 136.32 [CH,=C(Ph)CH,], 132.11 (i-Ph), 128.47 (m-Ph),
127.63 (p-Ph), 126.28 (0-Ph), 124.99 (CH,=), 45.86 (CH,N) ppm.
MS (ES*): m/z 208 = [M + H*]. HPLC: R, = 10.52 min.

2,3-Butanedione Mono(4-ethylthiosemicarbazone): This compound
was prepared using a previously reported procedure.'*! 2,3-Butane-
dione (1.8 mL, 1.77 g, 20.5 mmol) was added to 4-ethylthiosemicar-
bazide (2.00 g, 16.8 mmol). The compound was isolated as a white
microcrystalline solid (2.63 g, 14.0 mmol, 84%); m.p. 127-129 °C.
C,;HN50S (185.06): caled. C 44.6, H 7.2, N 22.7, S 17.2; found
C44.9,H7.0,N22.4,S17.1. "H NMR (300 MHz, [Dg]DMSO): §
=10.57 [s, 1 H, C(=S)NHN=], 8.66 (br.t, | H, CH,NH), 3.63 (m,
3Juu = 7.1 Hz, 2 H, CH3CH,NH), 2.42 (s, 3 H, CH;C=0), 1.96
(s, 3 H, CH;C=N), 1.15 (t, 3Jyy = 7.1 Hz, 3 H, CH;CH,) ppm.
BC{'H} NMR (75.5 MHz, [D¢g]DMSO): 6 = 197.43 (C=0), 177.89
(C=S), 145.48 (C=N), 38.71 (CH;CH,), 24.72 (CH5C=0), 14.06
(CH;CH,), 9.99 (CH3C=N) ppm. MS (ES™): m/z (calcd.) 188.0855
(188.0858) = [M + H*]. HPLC: R, = 9.67 min. Crystals suitable for
single-crystal X-ray diffraction were obtained by recrystallisation
from hot aqueous ethanol. A crystal of the cyclic by-product, 4-
ethyl-6-methyl-5-methylene-4,5-dihydro-1,2,4-triazine-3(2 H)-thione,
suitable for single-crystal X-ray diffraction was isolated from the
reaction mixture.

2,3-Butanedione  4-Ethyl-4'-(2-phenylprop-2-enyl)bis(thiosemicarb-
azone) (H,ATSE/Sty, 4): 2,3-Butanedione mono(4-ethylthiosemi-
carbazone) (0.28 g, 1.5 mmol) was added to a stirred suspension of
4-(2-phenylprop-2-enyl)thiosemicarbazide (3) (0.30 g, 1.4 mmol) in
10 mL ethanol over 30 min. Then 5 drops of 10% aqueous HCI
acid catalyst was added and the reaction mixture was stirred over-
night at 45 °C. A white precipitate formed immediately on addition
of the acid. The mixture was cooled to 4 °C for 12 h and the solid
was collected by filtration, washed with ethanol (2 X20 mL) and
diethyl ether (3 X20 mL) then dried in vacuo. Compound 5 was
isolated as a cream/white powder (0.43 g, 1.1 mmol, 79%).
C7H24N6S5 (376.15): caled. C 54.0, H 6.4, N 21.9, S 17.5; found
C 542, H 6.4, N 22.3, S 17.0. '"H NMR (300 MHz, CDCl5): § =
10.34 [s, 1 H, NHC(=S)NHAN=], 10.17 [s, 1 H, NHC(=S)NHN=],
8.66 [m, 1 H, CH,=C(Ph)CH,NH], 8.43 (m, 1 H, CH;CH,NH),
7.41 (d, 3Jyy = 7.4 Hz, 2 H, 0-Ph), 7.32 (t, 3Jyn = 7.3 Hz, 2 H, m-
Ph), 7.21 (m, 3Jyy = 7.3 Hz, 1 H, p-Ph), 6.52 [br.d, >Jyy = 16.0 Hz,
1 H, trans-CH,=C(Ph)CH,], 6.35 [dt, /gy = 16.0, 3Jyy = 5.4 Hz,
1 H, cis-CH,=C(Ph)CH,], 4.41 [m, 2 H, CH,C(Ph)CH,NH], 3.60
(m, 3Jyy = 6.6 Hz, 2 H, CH3;CH,NH), 2.23 (6 H, two overlapping
singlets, CH;C=N), 1.14 (t, 3 H, 3Jyy = 6.9 Hz, CH;CH,NH)
ppm. PC{'H} NMR (75.5 MHz, [D¢]DMSO): § = 177.82 (C=S),
177.31 (C=S), 148.27 (C=N), 147.85 (C=N), 136.45 [CH,=C(Ph)-
CH,NH], 130.40 (i-Ph), 128.57 (m-Ph), 127.37 (p-Ph), 126.40
(CH,=), 126.01 (0-Ph), 45.54 [CH,=C(Ph)CH,N], 38.50
(CH3CH,NH), 14.32 (CH;CH,NH), 11.74 (CH3;C=N), 11.69
(CH;C=N) ppm. MS (ES"): m/z (caled.) 399 = [M + Na*]. HPLC:
R, = 15.72 min.

Zinc(IT) Complex of 4 (Zn"ATSE/Sty, 5): Zinc(II) diacetate dihy-
drate, Zn(OAc),-2H,0 (0.11 g, 0.5 mmol, 1.25 equiv.) was added to
compound 4 (0.15 g, 0.4 mmol) in 10 mL of methanol. Upon ad-
dition of Zn(OAc),2H,O the reaction mixture became clear
orange. The mixture was then heated under reflux for 4 h and co-
oled overnight at 4 °C. The product was precipitated by slow ad-
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dition of 20 mL deionised water, isolated by filtration, washed with
water (2X 10 mL) and dried in vacuo at 60 °C to give complex 5
as a yellow powder (0.16 g, 0.37 mmol, 93%). C;7H»NeS,Zn
(438.06): caled. C 46.2, H 4.9, N 18.9, S 15.1, Zn 15.3; found C
46.4, H 5.0, N 19.1, S 14.6, Zn 14.9. 'H NMR (300 MHz, [Dg]-
DMSO): § = 7.50 [br. s, 1 H, CH,=C(Ph)CH,NH], 7.38 (d, 3Jyy
= 7.1Hz, 2 H, 0-Ph), 7.31 (t, 3Jyy = 7.2 Hz, 2 H, m-Ph), 7.25-
7.18 (m, 2 H, p-Ph and CH;CH,NH, assigned by 2D-COSY),
6.51 [d, 2Jyg = 159 Hz, 1 H, trans-CH,=C(Ph)CH,], 6.33 [dt,
2Juu = 15.9, 3Jun = 5.8 Hz, 1 H, ¢is-CH,=C(Ph)CH,], 4.13 [m, 2
H, CH,C(Ph)CH,NH], 3.37 (2 H, assigned by 2D-COSY,
CH;CH,NH), 2.20 and 2.18 (6 H, two overlapping singlets,
CH;C=N), 1.10 (t, 3Jyg = 7.1Hz, 3 H, CH;CH,NH) ppm.
13C{'H} NMR (75.5 MHz, [Dg]DMSO): 6 = 175.49 (C=S), 144.75
(C=N) (only two weak quaternary resonances were observed),
136.72 [CH,=C(Ph)CH,NH], 130.10 (i-Ph), 128.56 (m-Ph), 127.47
(p-Ph), 127.22 (CH,=), 126.00 (o-Ph), 44.08 [CH,=C(Ph)CH,N],
36.88 (CH;CH,NH), 14.60 (CH;CH,NH), 13.92 (CH;C=N), 13.78
(CH3C=N) ppm. MS (ES*): m/z (calcd.) 439.0707 (439.0717) = [M
+ H*. Zmax(DMSO) = 437 (¢ / m'em™' 11328) and 319 (13900)
nm. HPLC: R, = 15.91 min.

Copper(Il) Complex of 4 (Cu ATSE/Sty, 6): Copper(II) diacetate
monohydrate, Cu(OAc),'H,0O (63 mg, 0.32 mmol, 1.20 equiv.) was
added to compound 4 (0.10 g, 0.27 mmol) in 10 mL of methanol.
Upon addition of Cu(OAc),'H,O the reaction mixture became
dark red/brown. The mixture was then heated at 50 °C for 4 h and
cooled overnight at 4 °C. The precipitate was isolated by filtration,
washed with water (2 X 10 mL) and dried in vacuo at 60 °C to give
complex 6 as a red/brown powder (0.11 g, 0.26 mmol, 97%).
Cy7H,,CuNgS, (438.07): caled. C 46.4, H 5.0, N 19.3, S 15.2, Cu
14.3; found C 46.6, H 5.0, N 19.2, S 14.6, Cu 14.5. MS (ES*): m/z
(calcd.) 438.0737 (438.0722) = [M + H*]. 2 (DMSO) = 525sh (¢ /
M Tem! 3698), 478 (6490), 355sh (10571) and 315 (19414) nm.
HPLC: R, = 20.54 min.

Copper-64 Radiolabelling: Radiolabelling experiments were con-
ducted at the Siemens Oxford Molecular Imaging Laboratory (SO-
MIL). Copper-64 was provided by the Wolfson Brain Imaging Cen-
tre, Cambridge, UK, as ®*CuCl,(aq.) in 0.1 moldm 3 HCIL. An
aqueous solution of copper-64 acetate, **Cu(CH;CO,),, was pre-
pared by diluting 0.2 mL of the **CuCl,(aq.) in 0.1 M HCI with
0.1 M sodium acetate (1.8 mL, pH 5.5). This stock solution was
used for the radiolabelling experiments and the activity was mea-
sured as 66.4 MBq in 2 mL.

A standard solution of 5 [Zn"ATSE/Sty] was prepared by dissolv-
ing 0.5 mg in 1.0 mL of DMSO. Copper-64 radiolabelled complex
%4Cu-6 was prepared by reacting **Cu(CH;CO,), (200 pL, <10
MBq), with 100 pL of the standard solution of 5, and water
(400 uL) in a 2 mL reaction vial.

Reaction mixtures were stirred at room temperature for between 15
and 30 min then 25 puL of the reaction solution were taken for
analysis by reverse-phase radio-HPLC. The syringe was washed
thoroughly with DMSO and water both before and after use to
prevent contamination. All washings were stored behind the lead
shield. HPLC analysis was performed using a Gilson HPLC ma-
chine equipped with a 250 mm X 4.6 mm Phenomenox Primesphere
5 C18-HC 110H column. Both UV detection (Zopsq. = 254 nm) and
Nal scintillation crystal detection were used in series with a delay
time of approximately 10s. A 25 min water/acetonitrile gradient
elution method was used.

Confocal Fluorescence Microscopy: In vitro cellular uptake studies
were carried out on the adherent human cervical carcinoma-de-
rived cell line HeLa. Cells were seeded as monolayers in T75 tissue
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culture flasks (Nunc, Denmark) and cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Sigma, UK) supplemented with
10% foetal bovine serum (HyClone, USA), L-glutamine (2 mm),
100 units/mL penicillin and 100 pg/mL streptomycin (GIBCO, In-
vitrogen, UK). Cells were maintained at 37 °C in a 5% CO, humid-
ified atmosphere and grown to approximately 95% confluence be-
fore being split using 2.5% Trypsin (GIBCO).

Cells were seeded onto chambered coverglass (Nunc) for confocal
microscopy and incubated for 12 h to ensure adhesion. 5 was dis-
solved in DMSO at a stock concentration of 10 mm, and diluted
to a final concentration of 100 um in phenol-free DMEM, then
incubated at 37 °C for 30 min. Prior to imaging, the solution was
replaced with 1 mL fresh medium. Lysotracker Red™ (Molecular
Probes) co-localisation was carried out by incubating with 100 nM
in DMEM for the last 5-10 min of the 30 min incubation period.
Images were recorded using a Zeiss LSM 510 Meta confocal micro-
scope, equipped with a 40x oil immersion objective (NA 1.3). The
excitation/emission wavelengths for acquisition were 488/505—
530 nm (Ar ion laser) for 5 and 543/560 nm (HeNe laser) for Lyso-
tracker Red™. Fluorescence of 5 was confirmed by comparison to
images of cellular auto-fluorescence in 1 mL of DMEM medium
containing 0.01% DMSO.

Density Functional Theory Calculations: All calculations were con-
ducted using density functional theory (DFT) as implemented in
the ADF2006.01 suite of ab initio quantum chemistry pro-
grams.3241:421 Restricted geometry optimisations and vibrational
frequency calculations were performed using the generalised gradi-
ent approximation with the local density approximation of Vosko,
Wilk and Nusairl®! and with nonlocal exchange corrections by
Becke*#! and nonlocal correlation corrections by Perdew.[*! The all
electron triple-§ TZ2P basis set was employed for all atoms. Nor-
mal SCF and geometry convergence criteria were used and no sym-
metry constraints were imposed. For all gas phase calculations,
harmonic frequency analysis based on analytical second derivatives
was used to characterize the optimised geometries as local minima.
Transition energies and oscillator strengths for electronic excitation
to the first 20 singlet excited states of [Zn'"TATSM] were calculated
using time-dependent density functional theory (TD-DFT) as im-
plemented in ADF. 4]

X-ray Crystallography: Crystals were mounted on a glass fibre and
cooled rapidly to 150 K in a stream of cold N, using an Oxford
Cryosystems CRYOSTREAM unit. Diffraction data was measured
using an Enraf-Nonius Kappa CCD diffractometer (graphite-mo-
nochromated Mo-K, radiation, A = 0.71073 A). Intensity data was
processed using the DENZO-SMN package.[*”]

Space groups were identified by examination of the systematic ab-
sences in the intensity data. The structures were solved using the
direct methods program SIR92,[8! which located all non-hydrogen
atoms. Subsequent full-matrix least-squares refinement was carried
out using the CRYSTALS program suite.*”) Coordinates and an-
isotropic thermal parameters of all non-hydrogen atoms were re-
fined. The NH hydrogen atoms were located in the difference Fou-
rier map and their coordinates and isotropic thermal parameters
were subsequently refined. Other hydrogen atoms were positioned
geometrically after each cycle of refinement. A three-term Cheby-
chev polynomial weighting Scheme was applied. Images were gen-
erated using ORTEP-3.3

CCDC-671268  [for  4-ethyl-6-methyl-5-methylene-4,5-dihydro-
1,2,4-triazine-3(2H)-thione] and -671269 [for 2,3-butanedione
mono(4-ethylthiosemicarbazone)] contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
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of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Selected X-ray crystallographic data, DFT-optimised
Cartesian coordinates and details of the gradient HPLC method.
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