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ABSTRACT:The synthesis of new bis-

(thiosemicarbazonato)copper(ll) complexes featuring poly- N,lr;i/ N H

amine substituents via selective transamination reactions-jsL/\ L - - W e, i /\/,L\
presented. Polyamines ofegént lengths, with dirent I H NS SN
ionizable substituent groups, were used to modify and adjustCu (atsm) s4Cul(L2)

the hydrophilic/lipophilic balance of the copper compl
The new analogues were radiolabeled with copper-6
their lipophilicities estimated using distribution cieats.
The cell uptake of the new polyamine complexes
investigated with preliminary in vitro biological studies
a neuroblastoma cancer cell line. The in vivo biodistrib
of three of the new analogues was investigated in vivo i
using positron-emission tomography imaging, and one of the

new complexes was compared‘@u]Cu(atsm) in an A431 squamous cell carcinoma xenograft modetatiodf the

copper complexes with various amine-containing functional groups alters the biodistribution of the complexes in mice. One
complex, with a pendenN,N-dimethylamino)ethane functional group, displayed tumor uptake similar to that of
[%“Cu]Cu(atsm) but higher brain uptake, suggesting that this compound has the potential to be of use in the diagnostic
brain imaging of tumors and neurodegenerative diseases.

INTRODUCTION \ /
Copper complexes of bis(thiosemicarbazonato) ligands derived 7\
from 1,2-diones are of interest as potential diagnostic and /N\ N
therapeutic agents. The ligands can be used to form copper(ll) NI Cu/ IN
complexes with radioactive isotopes of copper that are stable ~ )\ N\ _
(K, = 109, charge-neutral, lipophilic, and capable of crossing N~ S S N
cell membranésThe positron-emitting isotop€&u (t,, = H Cu(atsm)

24 m),®'Cu (t,, = 3.33 h),5%Cu (t;, = 9.75 m), and“Cu
(ty, = 12.7 h) are of interest in the development of newrigure 1.Copper complex Cu(atsm).
imaging agents for positron-emission tomography (PET)-
Copper-64 also has & emission E s, = 0.574 MeV, o ) )
40%) that is of potential use in targeted radiotherapy, as dodectivity of Cu(atsm) is related to the"'Cueduction
57Cu (t,;, = 62 h, S, 100%F,,.= 0.12 MeV). potential, which leads to selective reduc;t|on .of thg metal ion
The copper complex diacetylbis(4-methy|-3-and gyﬁszequent ‘trapping of the radioactivity in certain
thiosemicarbazonato)copper(ll) [Cu(atsnigure ] has cgllé* The high lipophilicity of Cu(atsm) results in
been investigated as a hypoxia imaging agent in tumors 4H@h nonspect cell uptake and liver uptake. The nonspeci
myocardial ischenii®. Studies on $fCu]Cu(atsm) have
progressed to a phase Il human trial as a PET imaging aRdceived: January 13, 2019
therapeutic agent for cervical cafit€r.The hypoxia  Published: March 14, 2019
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Figure 2.Structures of CufS9).

uptake can compromise the image quality, and the high liveine (spermine) are ubiquitous in nearly every prokaryotic
uptake results in dose-limiting radiotoxicity to the liver foand eukaryotic cell type and have been used to increase the
therapeutic applicatiofts. bloodSbrain barrier permeability of therapeutic peptides and
The ability of Cu(atsm) to cross the bISbdain barrier has proteins’>*3 In aqueous solution at pH 7.4, the polyamines
led to radiolabelecPfCu]Cu(atsm) being investigated as a are fully protonated, giving them considerable water solubility.
probe for the redox status of the brain in mitochondriaPolyamine side chains have been shown to enhance the cellular
disease, Parkingulisease, and amyotrophic lateral sclerosigptake and specity of anticancer pharmaceuticals and
(ALS) 1 In addition to radiopharmaceutical applicationsmaging agents by a combination of utilization of polyamine
nonradioactive Cu(atsm) has been investigated as a potentf@nsport systems and the ability of polyamines and alkylated
therapeutic agent for Parkirisafisease and AtS?® The amine functional groups to modify the hydropStpaphilic
therapeutic potential foCu(atsm) in both ALS and character as well as overall charge and solvtion. _
Parkinsols disease is currently being investigated in two The synthesis of new Cu(btsc) complexes featuring
human clinical trials. polyamine substituents via selective transamination reactions
The biodistribution, cellular accumulation, and metabolisi§ Presented. Polyamines ofedént lengths, numbers of
of bis(thiosemicarbazonato)copper(ll) [Cu(btsc)] complexescharged groups, and substituent groups were used to modify
is dependent on their lipophilicity and theil’Creduction and adjust the hydrophilic/lipophilic balance of the copper
potentialé*?> The lipophilicity of Cu(btsc) complexes can be cOmplexes. The new analogues were radiolabelétCuwjth
altered by changing the nature of both the substituent on tfnd their distribution coeients were determln_ed. The cell .
-conjugated backbone and the termindl éhine of the upta_lke_ of thg new po.Iyam.me complexes.was investigated with
ligand®*?° In general, changing the aliphatic substituents oRreliminary in vitro biological st_ud!es using a_neuroblastom_a
the N* amine does not act the redox potential sigrantly cancer cell line because hypoxia is a strong independent risk

(+0.05 V), especially compared to the changes that can oc&Jfdictor in neuroblastoma patiéfigle also examined the in
as a result of changes in the substituents on the diimirfdvo biodistribution of three of the new analogues using in vivo

backbone%0.2 V/)° Hydrophilic analogues of Cu(atsm) have SMall-animal PET imaging and selected one complex for
been identied as potential targets for new hypoxia-selectiv%va(;u?t'on in an A431 squamous cell carcinoma xenograit
copper radiopharmaceuticals to reduce the level of liver alpaet
kidney uptake™>°

We have prepared a series of new bis(thiosemicarbazones) RESULTS AND DISCUSSION
with amine and polyamine functional groups with the goal of Synthesis of Bis(thiosemicarbazone$Polyamines
producing complexes with biodistribution Ipso dierent and Their Copper Complexes. Selective transamination
from those of Cu(atsm). The biogenic polyamines butane-1,deactions of the nonsymmetric molecule! kith nucleo-
diamine (putrescine)N-(3-aminopropyl)butane-1,4-diamine philic amines resulting in the selective displacement of
(spermidine), andN,N -bis(3-aminopropyl)butane-1,4-dia- dimethylamine from the dimethyl substituent have proven to
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Scheme 1. Synthesis oflH4 and Cu(l%)®
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F(@) N,N-Dimethylethylenediamine (1.3 equiv), acetonitrile,r6.5 h, 74%. (b) Cu(GBO,),-H,0 (1 equiv), acetonitrile, nex, 1.5 h, 75%.

be a reliable method to gepare substituted biswas observed for the methylene @2.0 and 46.8) carbonyl
(thiosemicarbazonefFigure 2.2%*>*® The incoming amine (= 155.0),N-methyl ( = 34.0), and quaternary £ 78.3)

reacts with the electrophilic thiocarbonyl carbon atom ofarbon atoms, which indicates that the rate of interconversion
N*N“-dimethylthiosemicarbazone substituents with prefereneeas now faster than the time scale of the NMR experiment.
toward theN*monosubstituted moiety, which is capable ofThe electron-donating-methyl group of the carbamate on
undergoing tautomerization. A family of bis-H,L5 may be stabilizing the C(carboB) double-bond
(thiosemicarbazones) complexes were prepared where shéotm, thus increasing the barrier to C(carbShylpond

chain polyamines, 1,2-diaminoethhiié;dimethylethylene-  rotation>*>°In contrast, isomerization was not observed in the
diamine, andl-methylethylenediamine, as well as the biogenimom temperature NMR spectra gf Hbecause the partial
polyamines putrescine and spermine, were appended to thauble bond is less stabilized, leading to faster interconversion
ligand framework. The reactionNgjN-dimethylethylenedi- between the s-cis and s-trans isomers.

amine with HL! allowed the isolation of,if in high yield. The t-Boc protecting group of if and Cu(® was

The copper complex was prepared by reacting viith removed with truoroacetic acid to give JEf][CF,CO,] and
copper acetate monohydrate, which leads to double deprof&u(HL®)][CF ;CO,]-0.8CRCO,H, respectively. The electro-
nation of the ligand and the formation of charge-neutradpray ionization mass spectrometry (ESI-MS) spectrum of
Cu(L? (Scheme)l [Cu(HL®)][CF;C0,]-0.8CRCO,H (m/z 365.05; 100%)

The reactions with polyamines that contain more than oneorresponded to that of [Cu(®] *, and reverse-phase high-
nucleophilic amine required selective protectionNviétt performance liquid chromatography (RP-HRR;Cs 7.424
butoxycarbonylt{Boc) groupsKigure 2. The syntheses of min) indicated successful deprotection, while the microanalysis
[H3LY[CF4CO,] and [Cu(H,L%][CF ,CO,], were described suggested the presence ofitnioacetate as the counterion.
previouslyKigure 2 but are included’ Both the primary and One of the primary amines of the polyamine putrescine was
secondary aminesMfmethylethylenediamine are signtly protected with-Boc using a literature procediir@rans-
nucleophilic to complicate a transamination reaction. Tamination of bL* witht-Boc-protected polyamirgtbutyl 4-
prevent the secondary amine from reacting, it was protectathinobutylcarbamate produceti’Hin high yield Figure }.
with at-Boc group. The primary amine west protected  To ensure a selective transamination reaction with one of the
using a triuoroacetamide grofipEthyl tri uoroacetate reacts primary amine groups of spermine, one of the primary amines
preferentially with the primary amine under controlledand both secondary amines were protectedttBowy The
conditions. The-Boc group was added to the secondarytri-t-Boc spermine compound was prepared using a literature
amine before triloroacetamide was removed in a basigroceduré! The transamination reaction betweeh® land
solution. The resulting product was subjected to trangdN'N*N°-tri-tertbutoxycarbonyl}kN -bis(3-aminopropyl)-
amination to give the producsl and the copper complex butane-1,4-diamine gaveLHin good yield following silica
Cu(L® was prepared by the addition of copper acetatehromatography. Signals inHeand*C{*H} NMR spectra
monohydrateRigure 2. were broad when obtained at room temperature, possibly

The room temperaturéd and *3C{*H} NMR spectra of  because of cis/trans isomerism of the three carbamate bonds.
H,L> contain broadened signals and signals that have beltreasing the temperature to°@sharpened some of the
divided in two. These signals correspond to proton and carbsignals, allowing the spectra to be more easily assigned with
environments near the carbamate bond. The signals due to ti®-dimensional NMR spectroscopy. The ESI-MS spectrum
bis(thiosemicarbazone) groups were much sharper in compgeve a peak af z 732.43 (100%), corresponding tgl[H+
ison. In the®C{*H} NMR spectrum, the signals are split into H*], and the RP-HPLC had a single pd&k<18.16 min).
two peaks for the methylene(41.7, 42.5 and 46.6, 47.3), The copper complex Qufj (V' z 793.34; 1009, = 17.40
carbonyl ( = 154.7, 155.5N\-methyl ( = 34.0, 34.4), and min) was prepared with the addition of copper acetate
guaternary (= 78.3, 78.6) carbon atonisdqure S)L A likely monohydrate to a solution oflH in ethanol Eigure ).
explanation is that electron delocalization results in partiBleprotection of bL° and Cu(®) with tri uoroacetic acid
double-bond character for the carbamate group and hindergave the trications [HJ[CF;CO,]; and [Cu(HL?)]-
rotation about the C(carbon$N bond (Figure SR The [CFCO,)532H,0 (Figure 2, respectively. ESI-MS spectra
partial double-bond character renders the carbamate grof@s [Cu(HaL')][CF sCO,]52H,0 (nm/z 493.18 and 247.10;
planar, with it existing in either the s-cis or s-trans rotamet00%) corresponded to [Cu(M)]* and [Cu(HL'9)]?,
Hindered rotation about secondary amide peptide bonds ar@spectively.
carbamates is knowh>> At room temperature, both isomers  Electrochemical Characterization, Radiolabeling with
are observed in the NMR spectrum as a result of slo#Cu, and Distribution Coe cients. The hypoxia selectivity
interconversion between the two forms relative to the NMRnd biological activity of the Cu(btsc) complexes strongly
time scale. Coalescence of the isomeric signals was observemaslate with the i reduction potential. The new
the temperature was increased. AC7G single broad peak complexes Cu>%) all retain the methyl substituents on
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the diimine-like backbone to ensure that they displ4y Cu
couples similar to those of Cu(atsm). The electrochemistry of
the new complexes was investigated by cyclic voltammetry.
The median potential&)(and peak separatiorﬁpa(é Eoo

Table ) reveal no signtant dierences between the

Table 1. Median Potentials and Peak Separations of the
Cyclic Voltammograms (Scan Rate 0.1°Y Botentials Are
Quoted Relative to a SCE)

compound Cu(atsm) CLf) Cu(L® Cu(L® cCu(L)
cd'/Cu' E(V) $0.63 S0.65 S0.60 S0.65 $0.63
CU/CU'E,SE, (MV) 102 105 104 92 89

complexes. For example, ICyu(has a quasi-reversible
reduction with a median potentiai® E = $0.65 V [vs
standard calomel electrode (SCE), wE@;e(Epc + E,0/2
and ferrocene/ferrocinium (Fc/fFe 0.54 V] with an anodic-  Figure 4. RP-HPLC retention timesR{) versus the distribution
to-cathodic peak separation of 105 mV/,Nhdimethylforma- ~ coe cients (logD at pH 7.4) of Cu(atsm) and the new polyamine
mide (DMF) at a glassy carbon working electrode, which w&§PPer-64 complexes.
attributed to a Cll reduction proces§igure & andTable
1). Deprotection of the complexes withumroacetic acid led
to their isolation as aminium salts, and cyclic voltammetry glibstituent, Clif), was the most lipophilic (0.830.03 and
these protonated cationic salts revealed irreversible reduct®91 min) and the spermine derivative the most hydrophilic
waves characteristic of the adsorption of a reduced specie§3a.29+ 0.01). The complexes possessing either a single
the working electrodeFigure S3A Neutralization of the  primary amine, Cuf) and Cu(?®), or a single secondary
protonated cations with triethylamine resulted in theamine, Cu(®), had similar lipophilicitiesSQ.21 + 0.02,
observation of quasi-reversibl&/Cu' couples Figure S3B $0.25+ 0.01, and50.14+ 0.05, respectively).
The copper-64 complexes were prepared by the addition ofCytotoxicity and Cellular Uptake of Bis-
84Cu (0.02 M HCI, pH 1) to a biered solution of the ligands  (thiosemicarbazonato)copper(ll) ComplexesThe copper
(pH 7). The complexes were prepared at a spadivity content of SH-SY5Y cells, a neuroblastoma cell line, treated
range of 0.B.7 GBq myf of the ligand. The purities of the with either Cul(?), Cu(L?*), Cu(L®), Cu(L®), or Cu(L) (10
complexes were camed using HPLC coupled to a M, 1 h) was measured by inductively coupled plasma mass
radioactivity detector and a comparison with the HPLC tracespectrometry (ICP-MSkigure @). The highest level of
of the nonradioactive analogues=(280 nm). All of the cellular copper was observed in cells treated with the complex
radiolabeled complexes could be prepared at room temp@u(L?), where a (62 2)-fold increase in the copper levels
ature in minutes under mild conditions with >90% radiowas detected compared to vehicle-treated controls. This value
chemical purity without additional poation, making them was greater than the value detected for Cu(atsm} [6)7
ideal candidates for in vivo imaging. fold increase]. Sigiant increases in the copper conters (35
The respective retention times of the RP-HPLC trace87-fold) were observed for the complexes [Ld{H",
highlighted the derences in lipophilicity between the [Cu(HL®)]*, and [Cu(H.®)]*, which have either a single
complexes and were quaedi by obtaining the distribution primary or secondary amine. The complex [Ldf®,
coe cients (logD at pH 7.4) in phosphate-tered saline  which has two secondary amines and one primary amine that
(PBS;Figure ). Cu(atsm) possessed the highestDiogH are likely protonated at biological pH, showed cigntly less
7.4, value of 1.490.08 and a retention time of 10.12 min. Of uptake than the other complexes including unchelate@ Cu
the new derivatives, the ligand featuring a dimethylamirgfold compared to a 5-fold increase in the copper levels).
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Figure 3.(A) Cyclic voltammogram of Qufj. (B) Cyclic voltammogram of @i} in the presence of triethylamine. Scan rate 0LVs
Potentials are quoted relative to a SCE, where" Ec(F64 V.
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The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay measures the inhibition of reductase
enzymes and therefore the cell viability upon exposure to
chemical compountfs.The dos8response curve for the
MTT assay indicates that the complexes Cu(atsm) aht) Cu(
were the only complexes that inhibited intracellular reductase
activity in a dose-dependent manfégure 8), and up to
concentrations of 10M, the inhibition of the reductase
activity was relatively small. The complexes?Cafd
Cu(atsm), which have the highest cellular copper uptake,
exhibit a modest dose-dependent inhibition of intracellular
reductase activity and are the most lipophilic compounds in
the series tested.

The addition of polyamines to the ligand framework of the
Cu(btsc) complexes allows for subtle control of the
lipophilicity but retains the electrochemical features'fa Cu
reduction potentiaf® S 0.63 V (vs SCE)], which are
thought to be important to the hypoxia selectivity and
biological activity of Cu(atsm). The addition of a dimethyl-
amine group in complex @AY increased the amount of
copper transported into SH-SY5Y cells compared to Cu(atsm).
Although the addition of either a primary or secondary amine
group (complexes [Cugdh]?*, [Cu(HL%]*, and [Cu-
(HL®]") reduced the cellular copper uptake compared to
Cu(atsm), these values §&r-fold increase) were consistent
and still signcantly greater than those obtained following
treatment with unchelated Cu The addition of two
secondary amines and a primary amine in the case of
[Cu(H,L19]% saw a signtant decrease in the uptake of
copper compared to Cu(atsm). Bis(thiosemicarbaonato)-
copper(ll) complexes are notorious for being poorly soluble
in water, but [Cu(K.19]3*, the most hydrophilic complex in
this series, is soluble in water at pH 7.4 at millimolar
concentrations.

Small-Animal PET Imaging.Three of the new copper-64
complexes ${Cu]Cu(L?), [®“Cu]Cu(L®), and F*Cu]Cu(L?),
were selected for preliminary in vivo biodistribution studies
using small-animal microPET imaging and compared to
Cu(atsm). Mice (Balb/c) were administered radioactive
copper complexes @%0 MBq) via intravenous tail vein
injection and imaged 5 min postinjectidrig(re §.

Figure 5.(A) Copper levels in SH-SY5Y cells treated with Cu(btsc)Qualitative analysis of the images reveals that the biodis-
complexes (10M) and with CuSQ(10 M) for 1 h. The metal  tribution at 5 min postinjection of each of the new compounds
levels were measured in washed cell pellets by ICP-MS andvcalcm?éearamatically dérent from that ofSfCu]Cu(atsm)], which

as a fold increase compared with the vehicle controls. (B Dosq%ﬁapidly taken up in the livéfigure §. The images’ are also

esponse i o e (O sy, SHSYSY coll were vesed AP 5P B ety b e et 0 S

LDH levels are presented as the relative % LDH release of Triton i&iration offre¢ nonchelated copper-64The di erence in
100-treated total LDH release (100% LDH release). (C)SDose the microPET images d¥Qu]Cu(L?), [**Cu]Cu(L®), and
response curve for the MTT assay. SH-SY5Y cells were treated WitfCu]Cu(L®) compared to%¥Cu]Cu(atsm) and nonchelated

the Cu(btsc) complexes (0, 2.5, 5.0, 7.5, andi)@or 1 h. The 84Cu suggests that the complexes areiesntly stable in vivo

MTT levels are presented as the relative % MTT reduction of vehiclgy provide imaging agents with aedént biodistribution at
treated cells (100% MTT reduction). early time points (5 min postinjection). All three new
complexes appear to have increased uptake in the kidney

The lactate dehydrogenase (LDH) assay measures meamd bladder compared &Gu]Cu(atsm), suggesting a shift
brane integrity and can be used to assess the cytdtdXicity. from predominant hepatobiliary to a combination of renal and
The neuroblastoma SH-SY5Y cells were treated with Cu(btdugpatobiliary clearance. The complexes with a secondary
complexes at concentrations ranging f@&ho 1M for 1 h. amine, $4Cu]Cu(L®), and a primary amine functional group,
The dos8response curve for the release of LDH, followind®‘Cu]Cu(L®), showed little to no radioactivity in the brain.
treatment with the copper complexes, indicates that there The complex with a pendent secondary arfif@eCu(L?),

5% cell death, but there are no dose-dependent changes dwad a relatively high level of uptake in the brain and did not
the concentration range testediggre B). The cell have the prominent high degree of uptake in the olfactory bulb
membrane integrity is therefore maintained upon exposure tivat is evident in the i acquired following the
the Cu(btsc) complexes at the concentrations investigategidministration of‘S‘ECu]Cu(atg]r(ri‘::)%.‘a67
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Figure 6.(A) Small-animal microPET images (maximum-intensity projection) of two BALB/c mice 5 min after a single intravenous administration
of 15520 MBq of f4Cu]Cu(atsm), $4Cu]Cu(L?), [**Cu]Cu(L?), and P*‘Cu]Cu(L®). The animals were placed on the bed of a Philips Mosaic
small-animal PET scanner 5 min postinjection and imaged over 10 min. (B) Representative false color images: close-up of the brain region (sag
plane) and maximum-intensity projection.

Tumor Uptake and Biodistribution in a A431 Tumor The di erence in the biodistribution &fGu]Cu(L?) and
Model. The hypoxia-selective retention of radioactivity fronf®Cu]Cu(atsm) revealed by PET imaging at 5 min post-
[®Cu]Cu(atsm) in an ex vivo rat heart model of ischemianjection coupled with the relatively high brain uptake
stimulated much interest in the potential to use radiolabeleglsplayed by ®fCu]Cu(L? encouraged us to select this
versions of Cu(atsm) as hypoxia imaging agémshypoxia-  compound for evaluation in a tumor model. The new tracer,
selective reter_1tion of radioactivity following the treatment qP‘CulCu(L?), was compared wittf4Cu]Cu(atsm) in an
EMTE cells with TCulCu(atsm) has been demonstrated in A431 squamous cell carcinoma xenograft model that leads to
vitro.” The tumor uptake of copper-64 following injection ofintratumoral hypoxid. Mice were administered with either
[5“Cu]Cu(atsm) to BALB/c mice bearing EMT6 tumors Was [64cyjCu(L?) or [S“CulCu(atsm) via intravenous tail vein
4.17+ 1.03%IA/g (%IA/g = injected activity per gram of jniaciion (1615 MBq) and imaged with a small-animal PET
tissue) at 40 min_postinjection, and the retention wagcanner at 1, 3, and 22 after tracer injection. The microPET
atfributed to hypoxfd. Injection of either fCu]Cu(atsm) imaging data reveal that at each time point the standardized
or [%%Cu]Cu(CH;CO,), in mice bearing CaNT or EMT6 uptake values (SUVS) in the tumor fC{jCu(L?) and

tumors resulted in similar degrees of copper-64 retention in th I . .
representative tumors at 2 and 16 h postinjection, and t u]Cu(atsm) are not sigmantly dierent o> 0.08,Table

areas of uptake correlated with the areas of hypoxiseiienti Following the nal scan. the mice were culled and tissues
by immunohistochemistry.oever, the copper uptake ) 9 . S

following the administration of eithéfCu]Cu(atsm) or excised for an ex vivo biodistribution a”arffa*f‘( 3. The
[#4CuU]CU(CH,CO,), at earlier time points (15 min and 2 h administration offfCu]Cu(atsm) and§'Cu]Cu(L?) leads to
postin%ection) did not correlate to areas of hypoxia in this ~
modef® Despite the similarities between the biodistribution of @le 2. Tumor SUV Data (SUY Standard Errorn = 3)
[64Cu]Cu(atsm) and FCu]Cu(CH,CO,), at later time As Determined by Small-Animal PET Imaging
points, radioactive pper complexes of bis-

(thiosemicarbazonato) ligands do not behave like unchelat ~ tme (M [“CulCu(atsm) pcuicu()
copper in the early phase of biodistribution. There is a 1 0.61+ 0.05 0.7% 0.08
dramatic dierence in the brain uptake Y€u]Cu(atsm) and 3 0.70+ 0.02 0.8% 0.06
[6Cu]Cu(CH;CO,),.°%¢7 22 0.78t 0.05 0.9% 0.08

4545 DOI:10.1021/acs.inorgchem.9b00117

Inorg. Chem2019, 58, 45484552


http://dx.doi.org/10.1021/acs.inorgchem.9b00117

Inorganic Chemistry

Table 3. Biodistribution (%lA/g: Standard Errorp = 3) at suggesting that they retain the ability of Cu(atsm) to cross cell
23 h Postinjection membranes, which is also thought to be crucial to the
biological activity of this family of complexes. The biodis-

[ e Feuens tribution in mice of three of the new compleXéSuJCu-
blood 2.34 0.28 2.98 0.56 (L3, [*“Cu]Cu(L®), and P*Cu]Cu(L?), was investigated using
lungs 6.7% 0.44 15.5% 1.47 microPET imaging and revealed that each of these less
heart 3.58& 0.42 542 0.35 lipophilic derivatives o#Cu]Cu(atsm) has a dérent early
liver 14.2% 1.96 16.5& 3.08 biodistribution compared t&8*Cu]Cu(atsm). The dierence
kidneys 5.98 0.55 8.9% 0.45 in the biodistribution offfCu]Cu(L?) and [‘Cu]Cu(atsm)
muscle 0.74 0.07 1.4 0.05 revealed by a preliminary PET imaging study and the relatively
Sp'?en 5.04 0.22 4.620.77 high brain uptake encouraged us to evaluate this compound in
brain 2.43 0.31 4.4% 0.23

an A431 tumor model. In this model, the administration of
fyes 2léosi 8'23 ;'gz g'gg [64Cu]Cu(L?) leads to tumor uptake (3.8350.20%IA/g) 23 h
umor o o postinjection similar to that of the administratior?“&fu]-
Cu(atsm) (2.5% 0.20%IlA/g;p < 0.06). The administration
tumor uptakes of 2.59 0.20%IA/g and 3.35 0.20%IA/g,  of [®*Cu]Cu(L?), possessing a pend&hN-dimethylamino-
respectively, 23 h after injectign<( 0.06). The degree of ethane functional group to mice results in a ségniy higher
uptake observed 16 h postinjectiof*@fif[Cu(atsm) to CBA  prain uptake than the administration ¥C{]Cu(atsm),
mice bearing CaNT tumors was 13D.09%IA/$° The  suggesting that the compound has the potential to be used in
A431 squamous cell carcinoma xenograft model used in thisaging brain tumors as well as ALS and Parkidtsease.
study has been previously shown to lead to intratumoral
hypoxia, but a limitation of this present study is that, in this vpERIMENTAL SECTION
instance, the tumors were not ecored as hypoxic using _
irglgunohistochemistﬁ%Considering that injection of either re;?\?:(;?l szé?fneiﬁle"eéiggi Egcr)i\::vggg gﬁf\;lneentls4vé?;$n ig:ec(jSiZ?’n .
L CuiCu(atsm) t%grslﬂgﬂ&%gﬁ%ﬂ%”g drggr%eze;rglgppeéldrich), ditertbutyl dicarbonate (Sigma-Aldrich)N-dimethyle-

. S - . hylenediamine (Aldrich Chemicals), &hthethylethylenediamine
64 retention at 16 h postinjection, it would be pertinent to(AIdrich Chemicals). All solvents were obtained from standard

have included®{Cu]Cu(CH,CO,), in the present study and  ;ommercial sources and used as received. NMR spectra were acquired
to investigate the in vivo stability of the two compiehds. on Varian FT-NMR 500 and FT-NMR 400 spectrométeisMR

possible that the uptake of copper-64 in tumors at 16 Bpectra were acquired at 500 or 400 MHZ3&fitH} NMR spectra
postinjection actually exts endogenous copper metabolicwere acquired at 125.7 MHz. All NMR spectra were recorded at 25
pathways involving sp&cthaperone and transport proteins °C unless otherwise indicatttl.and C{*H} chemical shifts were

as well as cuproenzymes rather than spgatake mediated referenced to residual solvent peaks and are quoted in parts per
by the injected Complé5§.73 Signicant dierences were million relative to tetramethylsilane . MS spectra were recorded on an

found between the biodistribution of the two tracers in thé‘gilent 6510 ESI-TOF LC/MS mass spectrometer. Cyclic voltammo-
lungs, kidneys, heart, muscle, and bpain @.05) at 23 h grams were recorded on an Autolab PGSTAT100 electrochemical

D . = kstation usin@PES V4.8oftware and employing a glassy carbon
ostinjection. The ability of Cu(atsm) to cross the Blood Wor¢ . ¥

Erain Jbarrier has led toy radiola(beI@d%l{]Cu(atsm) bein working electrode, a platinum counter electrode, and an® Ag/Ag
g reference electrode [silver wire in;CN (AgNGQ;; 0.01 M)]. All

used t04 distinguish the tyrrgor grade in human gliomayeasurements were carried out in DMF. All solutions were 5 mM
patients;’ and treatment with®{Cu]Cu(atsm) was inves- analyte in a 0.1 M tetrabutylammoniumtateborate solution.
tigated recently as a therapeutic option in a mouse model DMF was obtained from commercial sources and dried over 3 A
glioblastom&. Brain imaging with®jCu]Cu(atsm) has also  sieves before use. Each solution was purged,\wiioNo analysis
been used to probe the redox status in human patients wighd measured at ambient temperatures undeatanbsphere. The
mitochondrial disea¥&Parkinsois diseas€,and ALS® The peak ) and medianK) potentials were referenced to the Ft/Fc
administration offfCu]Cu(L?) leads to more radioactivity in ~couple, +0.54 V in DMF versus SCE. The Faffedlian potential
the brain, 4.4% 0.23%ID/g, compared to that 8{Gu]Cu- under the conditions used was +0.07 V. Microanalyses for carbon,
(atsm), 2.4% 0.31%ID/g, p< 0.01), suggesting that this new "ydrogen, and nitrogen were carried out by Chemical & Micro-
variant could be of interest as a brain imaging agent TR alytical Services (CMAS) Pty. Ltd., Belmont, Victoria, Canada. RP-
o . ) LC utilized an Agilent 1200 series HPLC system using an Agilent
addlt!on o_f the same fu.nctlon.al group to copper complexes Sbhrbax Eclipse XDB-C18 column (4.850 mm, 5 m) with a 1
functionalized pyridylthiosemicarbazone ligands also mprov,e,ﬂ,min ow rate, gradient elution of len A = 0.1% TFA in }0

brain uptaké® and buer B = 0.1% TFA in acetonitrile00% B in A at 20 min)
and detection at 220, 254, and 275 %i8u was produced via the
CONCLUSION ®Ni(p,n)%4Cu reaction, using a custom-manufactured solid target

A range of new Cu(btsc) complexes with amine and polyamigésembly positioned externally to a Cyclone 18/9 (IBA) cyclotron.
functional groups have been prepared using a selectiee target consisted 8fNi metal (enriched to 9489.07%)
transamination reaction. The addition of the amine function&fes‘ig%pﬁfgeorgﬁ r";‘] %ﬂ%foé'rét?em?ﬁg rggir?wzﬁslngfoﬁgﬁsi%;nma was
roups reduces the lipophilicity of these derivatives - : CoL g :
%u(aﬁsm) but does not SFi)ggiintly Z\Iter the M reduction @égraded to 11.7 MeV using a graphite degrader built into a graphite

. . . - .. collimator. Helium cooling was on the target holder at beam entry
potential that is thought to be central to the biological actVityng chilled water upon beam exit. All targets were irradiated\at 40

of this type of complex. With the exception of the (3:9mplex thadr up to 2 h. After irradiation, the target was transferred to the
incorporates a spermine functional group, [EdfH®", the laboratory for further chemical processing, in #dictwas isolated
complexes were all capable of dramatically increasing if#ng ion-exchange chromatography using low concentrations of HCI
intracellular copper content of neuroblastoma SH-SY5Y cells,alcohol solutions. Final reconstitution of %@ fraction in
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aqueous HCl yielde&2.6 GBq of‘Cu a“CuCl, (specic activity,
28.9 GBg moP! ( A-h/mg of *Ni)S?; radionuclidic purity, 99%).
Cu(atsm) and KL, H,L3 Cu(®, [HsL4[CF,CO,], and
[Cu(H,L%][CF sCO,], were prepared as previously publiShed.
Synthesis. Diacetyl-4-ethylenedimethylaminewgthylbis-
(thiosemicarbazone), . To a stirring suspension oLM (0.21
g, 0.85 mmol) in acetonitrile (30 mL) was addedimethylethy-

CH,; 78.3C(CH,)4; 147.4,147.8, CN; 155.0, C 0; 178.1, 178.6,

C S. ESI-MS (positive ion; 100%, [M +]H m/z 404.19

(experimental), 404.19 (calcd).
Diacetyl-tert-butyl-4ethylmethylcarbamate-4methylbis-

(thiosemicarbazonato)copper(ll), C){H,0. To a solution of kL.

(0.18 g, 0.5 mmol) in ethanol (10 mL) was added Cu(a#€)

(0.10 g, 0.5 mmol), and the resulting red/brown suspension was

lenediamine (0.01 g, 1.12 mmol). The resulting yellow suspensiefirred at reux for 2 h. The solvent was removed in vacuo, and the

was heated at nex for 6.5 h under an atmosphere gf The

brown residue was dissolved in acetone (3 mL) and precipitated with

resulting orange solution was cooled to room temperature, resultingiéxane (30 mL). The solid was collectedltogtion, washed with
the precipitation of colorless crystals, which were collected exane, and dried to give Ci)((0.16 g, 78%). Elem anal. Found: C,

Itration, washed with acetonitril)&and diethyl ether ¢8), and
dried to give bL? (0.18 g, 0.55 mmol, 74%). Elem anal. Found: C,
41.69; H, 7.36; N, 30.74. Calcd foiHN-Sy: C, 41.61; H, 7.30; N,
30.88'H NMR (DMSO4dg, 500 MHz): 2.16, 3H, s, C§i2.19, 6H,

s, CH; 2.21, 3H, s, Cki2.46, 2H, £, = 6.5 Hz, CH; 3.03, 3H, d,
31,4 = 4 Hz, NHMH;; 3.61, 2H, m, Cj18.348.37, 2H, m, NCH,,
NHCHj; 10.24, 2H, br s, NHC{*H} NMR (125.7 MHz): 11.3,
11.7, CH; 31.2, NHCH; 41.4, CH; 45.0, N(CH), 57.1, CH;
147.5,147.9, CN; 177.6, 178.5, CS. ESI-MS (positive ion; 100%,
[M + H*]): nm¥z 318.15 (experimental), 318.15 (calcd). RP-HPLC:
Ry = 7.58 min.
Diacetyl-4-ethylenedimethylamine-4nethylbis-
(thiosemicarbazonato)copper(ll), C( To a solution of K2
(0.10 g, 0.3 mmol) in acetonitrile (10 mL) was added Cu@OAc)

36.84; H, 5.51; N, 19.82. Calcd fesH3,CuN;0,S,H,0: C, 37.29;

H, 6.05; N, 20.29. ESI-MS (positive ion; 100%, [M"R: HiV z

465.10 (experimental), 465.10 (calcd). RP-HRLG: 13.01 min.
Diacetyl-4-ethylenemethylaminium-4methylbis-

(thiosemicarbazone) Ttioroacetate, [RLS][CRCQ]. A solution of

H,L%0.11 g, 0.3 mmol) in Ci&l, (4 mL) was added dropwise over

20 min to TFA (4 mL) with stirring in an ice bath. The resulting

solution was left to warm to room temperature before the solvent was

removed in vacuo. To the orange oily residue was added diethyl ether

(25 mL), resulting in a precipitate, which was collecteltrdtyon,

washed with diethyl ether, and dried to giwe[CF,CO,] as a

white solid (0.09 g, 0.22 mmol). Elem anal. Found: C, 34.46; H, 5.21;

N, 23.35. Calcd for,@,,/N;0,S,: C, 34.52; H, 5.31; N, 23.48.

NMR (DMSO4,, 500 MHz): 2.23, 6H, s, Ck12.61, 3H, s, CH

H;0 (0.07 g, 0.3 mmol), and the resulting red/brown suspension wagny 34, d, CH 3.16, 2H, br, Ck 3.89, br, 2H, Cki 8.40, 1H, br,

stirred at reux for 1.5 h and then allowed to cool to room
temperature. The solid was collected lbwtion, washed with
acetonitrile (%) and diethyl ether ¢, and dried to give CLf)
(0.09 g, 75%). Elem anal. Found: C, 34.87; H, 5.62; N, 25.79. Cal
for C;4H,,CuN;S;: C, 34.86; H, 5.58; N, 25.87. ESI-MS: (positive
ion; 100%, [M + H]): n¥z 379.07 (experimental), 379.07 (calcd).
RP-HPLC:R; = 7.67 min.

tert-Butyl Methyl[2-(2,2,2-truoroacetylamino)ethyl]-

NH; 8.50, br, 3H, NH, N,*CH,; 10.25, s, 1H, NH; 10.54, s, 1H,
NH. 3C{!H} NMR (125.7 MHz): 11.7, 11.9, Cii 31.2, CH;
32.9, CH; 40.5, 47.5, C}117.2, qks = 299.5 Hz, CE 147.7,

498.9, C N; 158.2, g2k = 31.3 HzCCFy; 178.5, C S. ESI-MS

(positive ion; 100%, [M +1): nVz 304.14 (experimental), 304.14

(calcd).
Diacetyl-4-ethylenemethylaminium-4methylbis-

(thiosemicarbazonato)copper(ll) Tubroacetate, [Cu(EP)]-

carbamate. The title compound was prepared according 10 a[cEC(].0.8CRCQH. To a solution of truoroacetic acid (5 mL,
literature procedure and isolated as a white crystalline solid (3.90(9(:) cooled in an ice bath was added €Q.07 g, 0.14 mmol) in

72%)*° 'H NMR (CDCl,, 500 MHz): 1.46, 9H, s, (Chl5; 2.90,
3H, s, CH; 3.48, 4H, br m, Ckl 7.95, br s, NH.
tert-Butyl (2-Aminoethyl)methylcarbamat€he title compound

was prepared according to a literature procedure and isolated a

yellow oil (1.71 g, 68%jH NMR (CDCl;, 500 MHz): 1.45, 9H,
s, (CHy)g 2.82, 2H, t, NECH,; 2.87, 3H, s, Ckl 3.27, br m, 2H,

H,.
tert-Butyl 4-AminobutylcarbamateThe title compound was

prepared according to a literature procedure and isolated as a color

0il>*'H NMR (CDCl, 500 MHz): 1.43, 9H, s, (Ch5; 1.451.53,
4H, m, CH; 2.70, 2H, t1,, = 7 Hz, CH; 3.12, 2H, 31,4 = 6 Hz,
CH,.

(N5, N, NP-Tri-tert-butoxycarbonyl)-N, MNis(3-aminopropyl)-
butane-1,4-diamineThe title compound was prepared according to

a literature procedure and obtained as a colorless, homogeneousP

(1.33 g, 51%)R 0.5 [CH,CL,SMeOHSconcentrated aqueous jH
5:1:0.1 (v/vIv)] after purication over silica gel [GElLSMeOHS
concentrated aqueous HHO00:0:0 to 5:1:0.1 (v/v/v)f.7 IH NMR
(CDCl,, 500 MHz): 1.4251.50, 31H, m, Cix 3, CH, x 2; 1.65
1.67, 4H, m, CHx 2; 3.0863.31, 10H, m, CHx 5. ESI-MS
(positive ion; 100%, [M +1): m/z503.41 (experimental), 503.41
(calcd).
Diacetyl-tert-butyl-4-ethylmethylcarbamate-thethylbis-
(thiosemicarbazone), H-0.5CHCN.Following the same procedure
employed for the synthesis g H1H,L? (0.55 g, 2.0 mmol) aridrt

portions over 20 min. The solution mixture was warmed to room
temperature and stirred for 1.5 h. The solvent was removed in vacuo
to_give a brown oil. Diethyl ether was added, and a brown solid
ﬁr cipitated, which was collected lnation, washed with diethyl
ether, and dried to give [Cu(®][CF ;CO,]-0.8CRCO,H (0.05 g,
65%). Elem anal. Found: C, 28.38; H, 3.87; N, 17.49. Calcd for
C1H14CURN;0,S,:0.8GHF;0,: C, 28.65; H, 3.68; N, 17.19. ESI-
(positive ion; 100%, [M +*H: n/z 365.05 (experimental),
.05 (calcd). RP-HPL®; = 7.42 min.

Diacetyl tert-But¥l-4-buty|carbamate-4nethy|bis-
(thiosemicarbazone), H'. Following the same procedure that was
employed for the synthesis gE.H H,L! (0.20 g, 0.74 mmol) and
tertbutyl 4-aminobutylcarbamate (0.21 g, 1.1 mmol) were used to

§Pare K7 (0.27 g, 87%). Elem anal. Found: C, 45.63; H, 7.56; N,
23.31. Calcd for @3:N;0,S: C, 46.02; H, 7.48; N, 23.4%
NMR (DMSO#ds, 500 MHz): 1.3%51.42, 11H, br, (CHs CHy;
1.54, 2H, m, CK 2.20, 6H, s, C§2.93, 2H, m, Cki 3.02, 3H, d,
814, = 6 Hz, NHMH;; 3.55, 2H, m, CK 6.77, 1H, s, NHCO; 8.85
8.40, 2H, br m, NCH;, NHCH,; 10.13, 2H, br s, NHC{H}
NMR (125.7 MHz): 11.6, 11.7, Cii26.2, CH; 27.0, CH; 28.3,
(CHg)4; 31.2, ®iNH; 40.2, CH; 43.5, CHY; 77.3C(CHJ)5; 147.8,
148.0, C N; 155.6, C O; 177.6, 178.5, CS. ESI-MS (positive
ion; 100%, [M + H): m¥z 418.21 (experimental), 418.21 (calcd).
RP-HPLC:R; = 16.40 min.

butyl (2-aminoethyl)methylcarbamate (0.42 g, 2.4 mmol) were used Diacetyl tert-Butyl-4-butylcarbamate-4nethylbis-

to prepare k.5 (0.70 g, 86%). Elem anal. Found: C, 45.30; H, 7.17
N, 25.00. Calcd for,@,dN;0,S,-0.5CHCN: C, 45.31; H, 7.25; N,
24.77*H NMR (DMSO4;, 500 MHz, 343 K): 1.38, 9H, s, (CHl5;

2.05, CHCN; 2.21, 3H, s, Ci2.22, 3H, s, Ci2.84, 3H, s, CH
3.05, 3H, i1, = 4.5 Hz, NH®i5; 3.43, 2H, t31,, = 6.0 Hz, CH;
3.783.77, 2H, m, CH 8.2%58.35, 2H, br m, NCH,, NHCH;
10.07, 2H, s, NHC{*H} NMR (125.7 MHz, 343 K): 11.2, 11.3,
CHg 27.8, (CH)5 30.9, NHCH; 34.0, NCH; 42.0, CH; 46.8,

4547

(thiosemicarbazonato)copper(ll), CYH,0-0.5CHCN. Following

the same procedure that was employed for the synthesisZpf Cu(
H,L" (0.10 g, 0.25 mmol) and Cu(OA¢),0 (0.05 g, 0.25 mmol)
were used to prepare C0Y((0.10 g, 81%). (Elem anal. Found: C,
39.25; H, 6.24; N, 20.83. Calcd foggH;ZoCuN;,0,S,-H,0-
0.5CHCN: C, 39.44; H, 6.33; N, 20.29. ESI-MS (positive ion;
100%, [M + H]): m/z 479.12 (experimental), 479.12 (calcd). RP-
HPLC: Ry = 15.13 min.
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Diacetyl-4-butyleneaminium-4nethylbis(thiosemicarbazone) ~ 8.80, 2H, br, IN*; 8.8658.95, 2H, br, bN*; 10.21, 1H, s, NH;
Tri uoroacetate, [HE][CRCQ]. Following the same procedure that 10.30, 1H, s, NH3C{*H} NMR (125.7 MHz): 11.7, 11.8, CH
was employed for the synthesis affHICFCO;], H,L' (0.06 g, 22.6, 22.7, CH CH,; 23.8, CH; 25.7, CH; 31.2, NHCH; 36.2,
0.13 mmol) was used to prepardTCFCO,| (0.05 g, 86%).  CH,; 40.8, CH; 43.9, CH; 44.7, CH; 46.1, 46.2, CKICH,; 117.0,
Elem anal. Found: C, 36.30; H, 5.71; N, 21.59. Calcd fog, 11..=298.9 Hz, CF147.8, 148.6, CN; 158.7, ¢fkr = 32.0 Hz,
CiH2CUNF0,S: C, 36.19; H, 5.61; N, 22.72H NMR CCF; 178.1, 178.5, CS. ESI-MS (positive ion; 100%,3[#
(DMSO4g, 500 MHz):  1.551.67, 4H, m, Chl 2.21, 6H, s, 2H"]): m/z 432.27 (experimental), 432.27 (calcd). RP-HRLG:
CHg 2.82, 2H, m, Ch1 3.02, 3H, d, CK31,, = 4 Hz; 3.60, m, 2H, 6.97 min.

CH;,; 7.69, 3H, br s, Nit, 8.3%58.47, m, 2H, NH; 10.21, brs, 2H,  pjacetyl 4-N-(3-Aminiumpropyl)JB-aminopropyl)butane-1,4-
NH. ESI-MS (positive ion; 100%,M mvz 318.15 (experimental),  diaminium-4-methylbis(thiosemicarbazonato)copper(ll), [Cu-

318.15 (calcd). RP-HPL&; = 10.02 min. _ (HL'9)][CRCQ52H,0. Following the same procedure that was
Diacetyl-4-butyleneaminium-4methylbis- employed for the synthesis ofl[M][CF,CO,]5 Cu(®) (0.14 g,
(thiosemicarbazonato)copper(ll) Tubroacetate, [Cu(H)]- 0.17 mmol) was used to prepare [Cii3][CF ;CO,] 5-2H,0 (0.13

[CRCQ]. Following the same procedure that was employed for tha 89%). Elem anal. Found: C, 31.69; H, 4.43: N, 14.47. Calcd for

synthesis of [CU(E][CF:CO;| 0.8CRCOMH, CulL?) (0049, 0.1 ¢ 1y ClRN,O,S; C, 31.71; H, 4.86; N, 14.47. ESI-MS (positive

gmo') was “Eed © péepgrleGE?m@'ﬂcfggpﬂN (0-10928% 5é /‘l’)-d o1On: 100%, [M'S 2H'): ¥ 249318 (experimental), 493.18 (calcd).
em anal. round: b, oL.64, ™, #.0b, N, 29.6%. Lalcd 10Eg) ms (positive ion; 100%, I8 H'Y): miz 247.10 (exper-

CigHz:CUNF0,5;: C, 31.67; H, 4.50; N, 19.89. ESI-MS (positive ;o ha1y 547 10 (calcd). RP-HPLR:= 7.05 min.

ion; 100%, [M]): nVz 379.07 (experimental), 379.07 (calcd). RP- Radioéhemistr)An aliquot of $%Cu]CuCh (95 L, 60 MBg, pH

HPL.C: Ry =7.62 min. . . 1) was added to a solution containing the ligand.,(3 mg/mL
a rﬁ;%%eglo SS/(F)’E]: tNZrTQtlerzbgfgxrxfﬁ;bof%l)et’\lh;tflbsl(g DMSO) and PBS (21@, 0.1 M). The reaction was left for 30 min at
(thiosemicarbazone), #. To a stirring suspension ofL4{0.30 g, room temperature_before b of the reaction solution was |_nJected
1.1 mmo') in acetonitrile (20 mL) was addw—'M4’N9_tri_tert. onto a.Cl8'ana|ytlca| RP-HPLC column. A DMSO S.OIUtlon of the
butoxycarbonyl)N -bis(3-aminopropyl)butane-1,4-diamine (0.56 honradioactive copper complex (1 mg/mL) was injected.)8
g, 1.1 mmol). The mixture was heated atixrfor 3 h and under the same conditions< 275 nm) to verify the identity of the
monitored by thin-layer chromatography analysis [5% #eOH radiolabeled complex. HPLC were performed using a Shimadzu SPD-
CH,Cl, (v/v)]. The resulting suspension was cooled to room 10ATvP HPLC system equipped with a Phenomenex Luna C18 100
temperature andtered to remove the white precipitate. The solventA column (4.6« 150 mm, 5 m) with a 1 mL/min ow rate and with
was removed in vacuo to give a light-yellow, glassy solid, which sa#tillation and USVis detectors in series (280 nm). Retention
puri ed over silica [C}CL,SMeOHSELN 100:0:0 to 100:1:0.1 to  times R/min) were recorded using a gradient elution methad of 5
100:4:0.1 (viviv)] to aord H,L° as a white glassy solid (0.66 g, 0.9 100% B over 10 min; solution A consisted of wateergx with
mmol, 81%)R; = 0.6 [5% MeOISCH,Cl, (v/v)]. Elem anal. Found: 0.1% triuoroacetic acid), and solution B consisted of acetonitrile
C, 52.37; H, 8.46; N, 17.17. Calcd fgyHgN,OgS,: C, 52.50; H, (bu ered with 0.1% trioroacetic acid).
8.40; N, 17.22H NMR (DMSO#,, 500 MHz, 343 K): 1.38, 9H, s, Distribution Coe cients.Octanol/water distribution coeients
(CHj)4; 1.39, 9H, s, (CHl5; 1.41, 9H, s, (Chl5; 1.451.47, 4H, br were measured by vortex mixing 0.5 mL of 1-octanol and 0.5 mL of
m, CH?, CHS;, 1.59, 2H, p’l,; = 7 Hz, CH; 1.7851.81, 2H, brm,  isotonic PBS (pH 7.4) with a 50 L sample of an agqueous
CHy 2.21, 3H, s, CH2.22, 2H, s, CH 2.91, 2H, g3y, = 6 Hz, solution of the copper-64 complex. Following centrifugatiorl, 100
CHj; 3.05, 3H, d1,; = 4.5 Hz, Gi;NH; 3.1353.17, 6H, m, CH each of the octanol and aqueous phases was sampled, diluted to 1 mL,
CH,, CH,; 3.21, 2H, t1y = 7 Hz, CH; 3.57, 2H, qiyy = 6.5 Hz, and counted in an automatic well counter using a window centered at
CH,; 6.4456.60, 1H, br s, NH; 8.28, 1H, ntiNH;; 8.3%8.60, 1H, 511 keV. Distribution coeientsD, are reported as counts per gram
br s, NHCH,; 9.9%510.10, 2H, br s, NHC{*H} NMR (125.7 of octanol divided by counts per gram of water.
MHz, 343 K): 11.1, 11.3, C§125.3, CH, CH,; 27.8, 27.8, 28.0, Exposure of Bis(thiosemicarbazonato)copper(ll) Complexes to
(CHj)s CH,; 28.5, CH; 30.1, CHNH; 37.5, CH; 40.8, CH; 43.5, SH-SY5Y Cells and ICP-M&l-SY5Y neuroblastoma cells were
CHy; 44.2, CH; 46.1, CH, CHy;, 77.2, 78.0, 78.8(CH3)3; 147.5, seeded into 10 cm plates at a densitwdf® cn? and then grown
1477, C N; 154.4, 155.2, CO; 177.7, 1785, CS. ESI-MS  for 4 days before treatment with the Cu(btsc) complexes. At
(positive ion; 100%, [M +1): m/z 732.43 (experimental), 732.43 treatment, the cells wer®0% conuent. The copper complexes
(calcd). RP-HPLGRy = 18.16 min. _ were prepared as 10 mM stock solutions in DMSO. ,CuSO
Diacetyl 4-(N,N*,N°-tri-tert-butoxycarbonyl)-N,Nbis(3- prepared as a 10 mM stock solution in PBS. An aliqudt)(6Dthe
arr]mnoprogyl)butane-l,llél-%é)ar?_me-ﬁnethylfblsg- stock solution was added to 50 mL of a DMEM:F12 medium to give a
(thiosemicarbazonato)copper(ll), (To a solution of bL nal complex concentration of 2. Existing media were removed

0.31 g, 0.4 mmol) in ethanol (5 mL) was added Cu . .
E0.0Q g 0.4 mmol)). The red/bﬁown %olution was stirm rOOmfrom the cells and replaced by the media/copper complex mixture (15

temperature for 19 h. The solvent was removed in vacuo, and tmeL/pIate). Each compound was treated in triplipate. The cglls were
brown residue was diésolved in dichloromethane (3 mIJ)am’il incubated for 1 h at 3T. The cells were scraped into the media, and

The solvent was removed in vacuo to give®caé a brown/red then the ceIIs/media_mixture was centrifuged agy 1008 min to
glassy solid (0.29 g, 88%). Elem anal. Found: C, 48.38; H, 7.53; Rfellet cells. The media were removed, and the cells were resuspended

15.92. Calcd for Cu@sNeOeS,: C, 48.43; H, 7.49: N, 15.89. ESI- m’P_BS (pH 7.4) and qentrifuged at xpm 3 min. The cells were _
MS (positive ion; 100%, [M +*B: m/z 793.34 (experimental), again resuspended in PBS, an aliquot was taken for protein

793.34 (calcd). RP-HPL@; = 17.40 min. determination (Protein Microassay, Bio-Rad), the remaining cells
Diacetyl 4-N-(S-AminiunT1propyI)—|(B-aminopr0p Nbutane-1.4- were cen}rifuged at 3000 rpm for 5 min, and the cell pellets were
diaminium-4-methylbis(thiosemicarbazone), ﬁ%{caccz]; stored atS70 °C. The metal levels were determined in cell pellets

Following the same procedure that was employed for the synthedf&ing ICP-MS. An Agilent 7700 series ICP-MS instrument was used
of [H4L8[CF,CO,], H,L® (0.23 g, 0.3 mmol) was used to prepare under routine multielement operating conditions with a helium
[H:LY[CF4CO,]; (0.22 g, 89%). Elem anal. Found: C, 35.51; H, reaction gas cell as described previdusilie y, concentrated nitric

5.31; N, 16.20. Calcd fordH,JFNgOS: C, 35.70; H, 5.21; N,  acid (65%, 50L; Suprapur, Merck) was added to each cell pellet and

16.29H NMR (DMSO4,, 500 MHz): 1.63, 4H, m, Ck CH,; allowed to digest overnight at ambient temperature. The samples were

1.851.96, 4H, m, CH CH,; 2.20, 6H, s, Ckx 2; 2.863.00, 10H, then heated at SC for 25 min using a heating block to complete the

br, CH,, CH,, CH,, CH,, CH,; 3.02, 3H, i1, = 4.5 Hz, Gi;NH; digestion. To each sample was added 1% (v/v) nitric acid (1.0 mL).

3.65, 2H, ¢’y = 6 Hz, CH; 7.988.09, 3H, br s, #*; 8.39, 1H, The metal content of the samples was calculated relative to the sample

q,%3 = 4.5 Hz, NMICHg; 8.53, 1H, t3],, = 6 Hz, NHCH,; 8.7 protein content and then converted to a fold increase in the cellular
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