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The reaction of 2-(2'-pyridyl)benzothiazole, [NN], with the ReO(V)** and TcO(V)** cores in the presence of thiophenols,
[S] (RCsH4SH, R = H, 4-CHs, 4-OCHj), as coligands led to the isolation of hexacoordinated complexes of the
MOINN][S]; type (M = Re, Tc). In all cases, two geometric mer isomers were formed, as evidenced by NMR
spectroscopy and confirmed by X-ray crystallography. In both isomers, the coordination geometry about the metal
ion is a distorted octahedral defined by the two nitrogen atoms of the bidentate ligand, the three sulfur atoms of
the monodentate thiols, and the oxygen atom of the oxo group. The apical positions of the octahedron are occupied
by the oxygen of the oxo group and, in one of the isomers, the nitrogen of the pyridyl moiety of 2-(2'-pyridyl)-
benzothiazole, while, in the second isomer, the imine nitrogen of 2-(2'-pyridyl)benzothiazole. The complexes are
stable, neutral, and lipophilic. Complete *H and *C NMR assignments are reported for all complexes. The synthetic
reaction was also successfully transferred at the technetium-99m tracer level by ligand exchange reaction using
9mTc—glucoheptonate as precursor in the presence of 2-(2'-pyridyl)benzothiazole and 4-CHsCsHsSH. The structure
of the technetium-99m complex was established by high-performance liquid chromatographic comparison with the
analogous oxotechnetium and oxorhenium complexes. The 2-(2'-pyridyl)benzothiazole ligand serves as a preliminary
model for 2-(4-aminophenyl)benzothiazole, which possesses interesting properties for the development of technetium
and rhenium radiopharmaceuticals for tumor imaging and/or radiotherapy as well as in vivo diagnosis of Alzheimer’s
disease.

Introduction Chart 1

R1
In the past decade the structurally simple and easily Rs N
accessible class of 2-(4-aminophenyl)benzothiazoles was J@ N NHR;
shown to possess remarkable properties of potential phar- R, s

maceutical application'sThe original unsubstituted member

1
of this series, 2-(4-aminophenyl)benzothiazdléChart 1, N N=—
R; = R, = R3 = Ry = H), exhibits potent and selective C[ \>—@
S
2

activity against certain breast carcinoma cell lines in vitro
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“Demokritos”. (2) Shi, D.-F.; Bradshaw, T. D.; Wrigley, S.; McCall, C. J.; Lelieveld,
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action to certain colon, lung, melanoma, renal, and ovarian identical radii, ensures that these metals generally produce
cell lines? Subsequent circumvention of deactivating meta- analogous complexes, with similar physical and biodistri-
bolic steps led to the identification of the most potent bution propertie$®
derivative, 2-(4-amino-3-methylphenyl)-5-fluorobenzothia-  |n fact, in the case of tumor treatment, analogous
zole (1, Ri=Me, R.=H, Rs=F, Ry =H),*the lysylamide ~ complexes of technetium and rhenium are considered as
derivative of which is currently the focus of pharmaceutical “matched pairs” for diagnosis and therapy, since an existing
and preclinical developmeht. 9T radiopharmaceutical which accumulates in cancerous
Furthermore, 2-(4-aminophenyl)benzothiazole derivatives tissue can be used as a model for the development of a
have demonstrated promising qualities as imaging probes of186/188:¢e analogue aiming at targeted radiotherapy. Under the
brain amyloid plaques in Alzheimer’s disease, since they bind supposition that thé?¢:8Re analogue will exhibit a similar
to amyloid with high affinity and cross the bloetbrain  to %"T¢ biodistribution pattern, it is anticipated that a
barrier well*"'* A successful positron emission tomography  therapeutically significant radiation dose will be delivered
(PET) imaging study in Alzheimer's disease patients with to the tumor site without adversely affecting normal tis$ue.
the '!'C-labeled 2-(4-methylaminophenyl)-6-hydroxyben- Technetium and rhenium complexes of 2-(4-aminophenyl)-

zothiazole {, Ri = H, R, = CHz, Rs = H, Ry = OH) benzothiazole derivatives aiming at diagnosis and therapy
indicates that this benzothiazole tracer can provide quantita-of tumors sensitive to this chemical class have not been

tive information on amyloid deposits in living subjeéts. presented so far.

The interesting properties of 2-(4-aminophenyl)benzothia- |, 4ddition, labeling of a 2-(4-aminopheny)lbenzothiazole
zoles render this chemical class an important candidate foryerivative with technetium-99m may provide a radiodiag-
the development of technetium (Tc) and rhenium (Re) npostic agent that combines affinity for amyloid plagues with
radlopharm.ace.utlca!s for tqmor imaging and/or radiotherapy, the excellent imaging properties of technetium. To our
as well as in vivo diagnosis of Alzheimer's disease. Tech- ynowledge, all 2-(4-aminophenyl)benzothiazole derivatives
netium-99m, the metastable isotope 01_‘ Tc, continues to bepresented as potential imaging agents for amyloid plaques
the most commonly used radionuclide in diagnostic nuclear are jabeled with cyclotron-produced isotofie Alternative
medicine for single photon emmission computed tomography |apeling with technetium may provide an efficient imaging
(SPECT) imaging due to its favorgblg.pr;ysmal properties agent for SPECT which is of lower cost and wider avail-
(tvz = 6 h, E, = 140 keV) and availability? On the other  apjjity. Previous attempts toward the development of tech-
hand, rhenium, the periodic group VIIA congener of Tc, has petium-99m imaging agents for targeting the amyloid plaques

two radionuclides'®Re (1, = 3.8 d, Emax = 1.07 MeV)
and ¥Re (12, = 0.7 d, Emax = 2.12 MeV) suitable for
radiotherapeutic applications due to their favorghkmitting
properties?* The occurrence of technetium and rhenium in

in the brain of Alzheimer’s patients include t#f&Tc-labeled
derivatives of the azo dyes chrysamine G and Congt1&d
and derivatives of biphenyf.The azo dy€°™Tc complexes
are large, charged molecules and unlikely to penetrate the

the same periodic group in combination with the “lanthanide p50d—brain barrier; however, the neutral and lipophilic
contraction”, which causes the two elements to have almosteon¢_|apeled biphenyls provided encouraging evidence that
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the development of #™Tc-labeled agent for imaging of the
plagues may be feasible.
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Chart 2

isomer A

L2 R32 isomer B
3 M=Re, R=H
4 M=Re, R=CH;
5 M=Re, R=O0CH;
6 M="Tc, R=CH;

7 M="Tc, R=CH,

As a first step in the investigation of the possible modes
of complexation of the phenylbenzothiazole derivatives with
Tc and Re, we report herein the reaction of the'2p{&idyl)-
benzothiazole2 (Chart 1), with the oxotechnetium and
oxorhenium cores and thiophenols as coligands2,lthe
active 2-(4-aminopheny)lbenzothiazole structure is modified
by the incorporation of a second heterocyclic nitrogen on
the phenyl moiety to make the molecule capable of directly
binding to the oxometal cores. Similar modifications have
been applied before in the case of the amyloid binding fibril
binding molecules without affecting the affinity of the
modified molecules for amyloid fibrild® The synthesis and
characterization of the complexes were initially carried out
with stable rhenium (a mixture df°Re and'®’Re isotopes)

that does not require any special handling and, subsequently
with the pseudostable technetium-99 isotope, before being

transferred at thg-radioactive technetium-99m level. In all

Tzanopoulou et al.

Chemical Co. or Fluka Chemical Co. and were used without further
purification. °°Tc was purchased as ammonium pertechnetate,
[NH4][%°TcOy], from the Oak Ridge National Laboratory. The
impure black solid was purified prior to its use by treatment
overnight with hydrogen peroxide and ammonium hydroxide in
methanol. Evaporation of the solvent afforded ammonium pertech-
netate as a white powder. R&TcO, was obtained in physiological
saline as commercid’Mo/?*"Tc generator eluate (Mallinckrodt
Medical BV). All laboratory chemicals were reagent grade. IR
spectra were recorded as KBr pellets in the range 4300 cnT?!

on a Perkin-Elmer 1600 FT-IR spectrophotometer. NMR spectra
were acquired at room temperature in CB@i a 500 MHz Bruker
DRX-Avance spectrometer, using two-dimensiotét-1H (COSY,
NOESY) andH—13C (HSQC, HMBC) correlation techniques. TMS
was used as the internal reference. High-performance liquid
chromatography (HPLC) was conducted on a Waters 600 Millen-
nium chromatography system coupled to both a Waters 991
photodiode array detector (UV trace fifc, Re, and ligands) and

a GABI y detector from Raytesty(trace for®™c). Separations
were achieved on a Techsil C18RP (&6, 250 mmx 4 mm)
column eluted with a binary gradient system at a 1.0 mL/min flow
rate. Mobile phase A consisted of MeOH with 0.1% TFA, while
mobile phase B was #D with 0.1% TFA. The elution profile was
isocratic with 50% A from 0 to 1 min followed by a linear gradient
to 90% A from 1 to 12 min and ending with isocratic elution of
90% A from 13 to 25 min. Prior to each injection, the column was
reequilibrated by applying the initial conditions for 10 min. Solvents
used in chromatographic analysis were HPLC grade. Elemental
analyses were performed on a Perkin-Elmer 2400/Il automated
analyzer.

NMR data for3—6 are reported in the NMR and Supporting
Information sections.

Synthesis. 2-(2Pyridyl)benzothiazole (2). Synthesis of the
bidentate ligand 2-(2oyridyl)benzothiazole was achieved by oxida-
tive condensation of equimolar quantities of 2-aminothiophenol and
2-pyridinaldehyde in DMS@.To a solution of 2-aminothiophenol
(3.75 g, 30 mmol) in DMSO (15 mL) was added a solution of
2-pyridinaldehyde (3 g, 30 mmol) in DMSO (15 mL). After being

cases, two types of isomeric complexes A and B shown in heated at 170C and stirred for 40 min, the reaction mixture was

Chart 2 were produced3—5 with the ReO(V}' core and

allowed to cool and diluted with water. The solid formed was

thiophenol, 4-methylthiophenol, and 4-methoxythiophenol as collected by filtration and recrystallized from ethyl acetate to afford

coligands, respectively, ar@with the®°TcO(V)** core and
4-methylthiophenol as coligand.
Experimental Section

Safety Note.Technetium-99 is a wegkemitter (292 keV) with
a half-life of 2.12x 1 years. All manipulations of solutions and

pale yellow crystals. Mp: 136C (lit.3* mp: 135-136 °C). Yield:
50%.

ReO[C1,HgN,S][CsHsS]s (3). The precursor ReOgPPh), (166
mg, 0.2 mmol) was added to a solution of §HDONa (21 mg,
0.26 mmol) in MeOH (1215 mL). To this suspension were added
2 (43 mg, 0.2 mmol) and thiophenol (60 mg, 0.6 mmol) under

solids containing this radioisotope were carried out in a dedicated stiring. The mixiure was refluxed untll the yellow-green suspension

laboratory approved for the handling of low-energy particle-emitting

turned to dark brown solution, about 1 h. After being cooled to

radioisotopes and supervised by radiation safety authorities. Tech-'2%™ temperature, the reaction mixture was diluted with Gl

netium-99m is ay-emitter (140 keV) with a half-life of 6 h.
Handling of solutions containing this radionuclide always proceede
behind lead shielding and following routine safety protocols to
prevent contamination.

Materials and Methods. Standard literature procedures were
used to obtain the precursors Reg(EPh),?° and *°Tc—glucon-
ate30 Reagents and solvents used were purchased from Aldric

(28) Ashburn, T. T.; Han, H.; McGuiness, B. F.; Lansbury, P. T.Chem.
Biol. 1996 3, 351—358.

(29) Chatt, J.; Rowe G. Al. Chem. Soc1962 4019-4033.

(30) Johannsen, B.; Spies, H. @hemistry and Radiopharmacology of
Technetium ComplexeSkademie der Wissd. DDR: Dresden, East
Germany, 1981.
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and then washed with water. The organic layer was separated from

d the mixture and dried over MgSOThe volume of the solution

was reduced to 10 mL, and then;-83 mL of MeOH was added.
Slow evaporation of the solvents at room temperature afforded
brown crystals. Crystals suitable for X-ray crystallography were
obtained by recrystallization from GBIl,/MeOH. Yield: 50%.

h HPLC retention time: 16.75 min. FT-IR (KBr, cr®): 951 (Re=

0). Anal. Calcd for GgH23N2OReS: C, 48.22; H, 2.97; N, 3.40;

S, 17.51. Found: C, 48.56; H, 3.12; N, 3.78; S, 17.29.
ReO[C;,HgN,S][4-CH3CeH4S]s (4). Complex4 was synthesized

by following the same procedure as that described Joand

(31) Deligeorgiev, T. GDyes Pigm199Q 12, 243-248.
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replacing 4thiophenol with 4-methylthiophenol (69 mg, 0.6 mmol).
Recrystallization from CKCl,/MeOH afforded complex as dark
brown crystals. Yield: 56%. HPLC retention time: 17.46 min. FT-
IR (KBr, cm™1): 943.2 (Re=0). Anal. Calcd for GzH,9N,OReS:

C, 50.09; H, 3.62; N, 3.33; S, 16.11. Found: C, 50.55; H, 3.73; N,
3.57; S, 16.36.

ReO[C1,HgN,S][4-CH30CeH4S]; (5). Complex5 was synthe-
sized by following the same procedure as that describe@ &ord
replacing thiophenol with 4-methoxylthiophenol (84 mg, 0.6 mmol).
Crystals of5 suitable for X-ray crystallography were obtained by
recrystallization from CBCl,/MeOH. Yield: 52%. HPLC retention
time: 16.74 min. FT-IR (KBr, cm!): 944 (Re=0). Anal. Calcd
for CasHogN,OsRES: C, 47.51; H, 3.62; N, 3.11; S, 15.80. Found:
C, 47.64; H, 3.51; N, 3.37; S, 15.41.

99TcO[C1,HgN,S][4-CH3CsH4S]s (6). Tin(ll) chloride (45 mg,
0.24 mmol) dissolved in HCI (1 M, 0.1 mL) was added dropwise
to an aqueous solution (4 mL) of [NHTcOq] (36 mg, 0.2 mmol)
containing®™McO,~ (0.1 mL, 0.5 mCi) and sodium gluconate (200

least-squares techniques Bhusing SHELXL-9732 Further crystal-
lographic details folBA: 20ax = 50°; scan speed °3min; scan
range 2.3+ a,0, separation; reflections collected/unique/used 5261/
5094 (R, = 0.0157)/5094; 429 parameters refinep[mad[Ap]min

= 0.801/-0.848 e/&; [Alo]max = 0.006; R1/WR2 (for all datay
0.0444/0.1015. All hydrogen atoms were located by difference maps
and were refined isotropically (except those on C4 and C28, which
were introduced at calculated positions as riding on bonded atom),
and all non-H atoms were refined anisotropically. Further crystal-
lographic details fo5B: 20,.x = 47°; scan speed 12Hnin; scan
range 2.2+ o, 0, separation; reflections collected/unique/used 4896/
4770 (R = 0.0266)/4770; 498 parameters refinepmad[Ap]min

= 0.885/-1.165 e/&; [A/o]max = 0.017; R1/WR2 (for all datay
0.0660/0.1121. All hydrogen atoms were located by difference maps
and were refined isotropically (except those on C29 and C33, which
were introduced at calculated positions as riding on bonded atom),
and all non-H atoms were refined anisotropically.

mg). The reaction mixture was stirred for 20 min, and subsequently Results and Discussion

the pH was adjusted to 7.5 with NaOH (1 M). To the resulting
solution of the 9999"Tc—gluconate precursor were added the
bidentate ligan@ (0.2 mmol, 43 mg) and 4-methylthiophenol (0.6
mmol, 69 mg) dissolved in 1 mL of Ci€l, each. The solution
was stirred fo 4 h and then extracted with GBI,. The organic
phase was dried over Mg@nd filtered, and the solvent was

Synthesis of Complexes-36. The oxorhenium ReO[NN]-
[S]s complexes3—5 were prepared by ligand exchange
reactions using ReOgPPhR), as precursor. The complexes
were isolated as dark brown crystals by slow evaporation

evaporated to dryness. The residue was washed with ether. Furtheffom CHClo/methanol and were fully characterized by

purification of the residue was achieved by silica gel column elemental analysis and IR and NMR spectroscopies. In each
chromatography, using ether as eluent solvent, to give pure productcase, the NMR spectra of the isolated product indicated the
as dark brown solid. Structural characterization was carried out after presence of two complexes of similar structure, in agreement

99Tc decay. Yield: 40%. HPLC retention time: 17.22 min. FT-
IR (KBr, cm™1): 918 @°Tc=0).

99MTcO[C 1,HgN,S][4-CH3CeH4S]s (7). A vial containing a
lyophilized mixture of 50 mg of sodium glucoheptonate (Gluco/

Demoscan manufactured by NCSR “Demokritos”) and 0.2 mg of

tin(1l) chloride (SnC}) was reconstituted with-35 mL of pertech-
netate (N&®*™TcO,~) (10—-50 mCi). The mixture was left to react
at room temperature for 30 min to afford tPRTc(V)—glucohep-
tonate precursor complef 1 mL volume of the solution was added

with formation of the two possiblener diastereocisomers
(Chart 2, isomers A and B) that differ in the positioning of
the 2-(2-pyridyl)benzothiazole moiety relative to the oxygen
of the oxorhenium core. Formation of similar isomers has
not been reported in the literature. Attempts to separate the
two isomers chromatographically under a variety of condi-
tions were not successful. These complexes give only one
peak in the HPLC chromatograms; their presence, however,

to a centrifuge tube containing equimolar quantities of the bidentate was evident in the NMR spectra and was subsequently

ligand2 (0.02 mmol, 4.2 mg) and 4-methylthiophenol (0.02 mmol,
2.5 mg) dissolved in 0.6 mL of CH&IThe mixture was agitated
in a vortex mixer and left to react at room temperature for 15 min.
The complex was extracted with CHQI3 x 1.5 mL), and the
extracts were combined, dried over Mg&@nd filtered. About
50% of the activity was recovered in the organic layer. The
characterization of the®®™Tc complex 7 was confirmed by
chromatographic correlation (HPLC) with the analog&Ux and
Re complexes. HPLC retention time: 17.40 min.

X-ray Crystallography. Crystals of3A and 5B suitable for
X-ray analysis were mounted in air on a Crystal Logic dual
goniometer diffractometer using graphite-monochromated Mo K

radiation. Unit cell dimensions were determined by using the
angular settings of 25 automatically centered reflections in the range

11 < 26 < 23, and they appear in Table 3. Intensity data were
recorded using 8—26 scan. Three standard reflections monitored

every 97 reflections showed less than 3% variation and no decay.

Lorentz, polarization, andp-scan absorption corrections were

applied using Crystal Logic software. The structures were solved

by direct methods using SHELXS-8&nd refined by full-matrix

(32) Sheldrick, G. MSHELXS-86Structure Saling Program University
of Gattingen: Gidtingen, Germany, 1986.

confirmed by the X-ray crystallographic analysis. Formation
of merMO[NN][S]3 (M = Tc, Re) complexes has been also
reported from the simultaneous action of the NN ligand-2,2
bipyridine and an aromatic thiol on t§&rc—gluconate and
ReOCk(PPh), precursors* Furthermore, in the absence of
thiol coligands, hexacoordinatederReO[NN][CI]; com-
plexes have been obtained by the action of-Bjgyri-
dine3362,2-biimidazole® 2,3” and diazabutadien&on the
ReOCk(OPPh)(SMe,), ReOCk(OPPh),, and ReOGH
(AsPhy), precursors, and in all cases, a single species was
isolated.

(33) Sheldrick, G. MSHELXL-97, Program of Crystal Structure Refine-
ment University of Gadtingen: Gitingen, Germany, 1997.

(34) Papachristou, M.; Pirmettis, I. C.; Tsoukalas, Ch.; Papagiannopoulou,
D.; Raptopoulou, C.; Terzis, A.; Stassinopoulou, C. I.; Chiotellis, E.;
Pelecanou, M.; Papadopoulos, Morg. Chem2003 42, 5778-5784.

(35) Bryan, J. C.; Stenkamp, R. E.; Tulip, T. H.; Mayer, J.Idorg. Chem.
1987, 26, 2283-2288.

(36) Fortin, S.; Beauchamp, A. Ilnorg. Chem.200Q 39, 4886-4893.

(37) Gangopadhyay, J.; Sengupta, S.; Bhattacharyya, S.; Chakraborty, I.;
Chakravorty, A.Inorg. Chem.2002 41, 2616-2622.

(38) Das, S.; Chakraborty, I.; Chakravorty, korg. Chem.2003 42,
6545-6555
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Figure 1. Schematic representation of comparative reverse-phase HPLC
chromatograms of complexe$ and 6 (photometric detection) and
(radiometric detection).

The Re=0 stretch of both isomers &5 occurs at 950,
951, and 945 cmt, respectively, well within the range of
oxorhenium complexes with aminothiolate ligariég®

The oxotechnetium TcO[NN][3] analogue6, having
4-methylthiophenol as coligand, was prepared ustig—
gluconate as precursor. Its=FO stretch occurs at 918 crh
and the approximately 30 crhdifference from the oxorhe-
nium complex4 is a typical one between analogous oxo-
technetium and oxorhenium complexég?

The complexes are soluble in CHGind CHCI,, less
soluble in MeOH and EtOH, and insoluble in ether. They
are stable in the solid state and in organic solutions for a
period of several months as shown by HPLC and NMR.
Their stability is not affected by the presence of moisture or
air.

Synthesis o°"Tc Complex 7.The complex was prepared
at the tracer level by ligand exchange reactions u¥ifific-

Tzanopoulou et al.
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Figure 2. 1H NMR spectrum (aromatic region, range 9-3&90 ppm) of
complex4 in CDClz at 25°C.

H-8B H-1B
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Figure 3. Phase-sensitive NOESY spectrum (aromatic region) (rafige:
9.33-8.81 ppmjf; 8.09-5.75 ppm) of complexX showing the characteristic
nOe correlation peaks that allowed the distinction of isondeand B.

In the™H NMR spectrum of ligan all aromatic protons
appear as distinct resonances in the region of-8.4 ppm,
as previously reported.

In the'H spectra of complexe3—6, the presence of two

(V)—glucoheptonate as precursor complex and was extractegProducts of similar structure, each carrying three aromatic

with CH,CI, from the reaction mixture. HPLC analysis of
this extract showed one major radioactive peak with retention
time similar to that of the analogous oxotechnetium-89 (
and oxorhenium 4) complexes. This fact indicates that
complex7 prepared at the tracer level has the same chemica
structure as complexesand6 prepared at the macroscopic
level. Schematic representation of comparative reverse-phas
HPLC chromatograms of complexds6, and7 is given in
Figure 1. The radioactivity recovery of the HPLC column
after the injection of complex was monitored and found
to be quantitative.

NMR Studies.H and®*C NMR chemical shifts for ligand
2 and complexed and6, having the 4-methylthiophenol as
coligand, are given in Tables 1 and 2. Atom numbering is
shown in Chart 2.

(39) (a) Papadopoulos, M. S.; Pelecanou, M.; Pirmettis, I. C.; Spyriounis,
D. M.; Raptopoulou, C. P.; Terzis, A.; Stassinopoulou, C. I.; Chiotellis,
E. Inorg. Chem.1996 35, 4478-4483. (b) Papadopoulos, M. S.;
Pirmettis, I. C.; Pelecanou, M.; Raptopoulou, C. P.; Terzis, A,
Stassinopoulou, C. I.; Chiotellis, Enorg. Chem.1996 35, 7377
7383. (c) Bouziotis, P.; Pirmettis, I.; Pelecanou, M.; Raptopoulou, C.
P.; Terzis, A.; Papadopoulos, M.; Chiotellis, EGhem—Eur. J.2001
7, 3671. (d) Chryssou, K.; Pelecanou, M.; Pirmettis, I. C.; Papadopou-
los, M. S.; Raptopoulou, C. Terzis, A.; Chiotellis, E.; Stassinopoulou,
C. I. Inorg. Chem.2002 41, 4653-4663.
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thiols and one 2-(2pyridyl)benzothiazole moiety, is evident
(Figure 2) suggesting the formation of isomeric hexacoor-
dinated ReO[NN][S] complexes. In each of the products,
two of the aromatic thiols appear together as broad peaks at

the relatively upfield chemical shifts of 6-®.2 ppm, while

the third aromatic thiol appears at the expected chemical shift

&f 7.3-7.8 ppm. This observation suggests the existence of

a plane of symmetry in the molecule that will render the
two thiophenol rings equivalent and is in agreement with
the meridional iher) configuration of a hexacoordinated,
octahedral complex. In this configuration, the three identical
ligands coordinate in a plane that includes rhenium and a
plane of symmetry is generated in the complex (incorporating
the Re=O core, the planar 2-(zyridyl)benzothiazole
structure and the central thiophenol) that may render the two
side thiophenols magnetically equivalent (Chart 2). e
arrangement can also account for the upfield shift of the two
side thiophenols in the spectrum due to the paramagnetic
effect exerted by the planar 24gyridyl)benzothiazole ring.
The alternative facialfac) arrangement, where the three
thiophenols coordinate on one face of the octahedron in a
plane that does not include the metal core, would generate
three magnetically nonequivalent thiophenols, a fact that is
not observed.
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Table 1. 'H NMR Chemical Shifts (ppm) for Ligan@ and Complexed and6 in CDCl; at 25°C

atom(s) 2 4A 4B 6A 6B
H-1 8.70 9.27 9.06 9.00 9.13
H-2 7.39 7.23 7.37 7.25 7.41
H-3 7.86 7.72 7.53 7.67 7.68
H-4 8.39 7.03 6.88 7.04 6.86
H-8 8.11 8.89 9.17 8.91 8.98
H-9 7.51 7.73 7.72 7.74 7.68
H-10 7.43 7.64 7.58 7.62 7.57
H-11 7.97 7.74 7.82 7.75 7.76
H-14/H-18 7.78 7.83 7.77 7.82
H-15/H-17 7.28 7.30 7.26 7.28
H-20/H-24 and H-26/H-30 6.07 6.02 6.15 6.07
H-21/H-23 and H-27/H-29 6.12 6.27 6.10 6.24
H-31 2.43 2.43 2.41 2.40
H-32 and H-33 2.02 2.06 1.98 2.06

Table 2. 13C NMR Chemical Shifts (ppm) for Ligang and Complexeg and6 in CDCl; at 25°C

atom(s) 2 4A 4B 6A 6B
c-1 149.6 150.8 147.5 150.8 147.2
C-2 125.3 125.8 123.9 124.8 124.3
c-3 137.1 137.2 138.3 137.0 138.0
C-4 120.8 122.8 122.2 122.9 122.9
C-5 151.4 144.6 147.3 144.3 147.0
C-6 169.3 161.2 159.0 161.2 158.4
c-7 154.2 146.8 147.3 147.0 147.0
c-8 126.6 123.3 125.0 123.5 124.8
c-9 126.3 128.4 128.4 128.0 127.8
C-10 125.7 128.0 128.2 127.6 127.8
c-11 122.0 121.6 121.8 121.6 121.4
c-12 136.1 132.9 131.4 133.4 131.6
C-13 144.7 144.4 141.4 141.4
C-14/C-18 134.0 133.6 133.8 133.6
C-15/C-17 128.8 128.8 128.7 130.6
C-16 136.1 136.1 136.5 136.5
C-19 and C-25 1415 1415 139.5 139.5
C-20/C-24 and C-26/C-30 133.1 133.3 133.6 134.1
C-21/C-23 and C-27/C-29 128.0 128.0 127.4 127.4
C-22 and C-28 134.9 134.9 135.2 135.7
c-31 21.1 21.1 21.0 21.0
C-32 and C-33 20.8 20.8 21.1 20.9
Table 3. Summary of Crystal, Intensity Collection, and Refinement showed in two separate crystalline samples (compl&¢es
Data for Complexe$A and58 and5B) the existence of the twmerisomeric arrangements.
param 3A 5B In all complexes8—6 the relative ratio of isomeh:isomer
:Afppifical formula 7%“;2’\'20%3 %333328’2\‘204%3 B was shown by integration of the NMR spectra to be
temp (K) 208 298 approxllmately 1:2. Differentiation of the chemical shifts
wavelength {, A) Mo Ko (0.710 730) Mo K (0.710 730) belonging to one isomer from those of the other was based
Z’?}‘;e group fglé%%) '318’18(2) on the NOESY spectra. Specifically, examination of the
b (A) 9.573(4) 38f48(2) three-dimensional model of the complexes shows that the
c(A) 19.202(7) 8.837(4) middle thiophenol ring, which is chemically shift differenti-
B (deg) 104.27(1) - : ; :
V(AY 2803(2) 13082(9) ated from t'he shielded S|de.0nes, can iny interact with
Z 4 16 proton H-1 in the case of the isom&rand with proton H-8
Dga'“’Dmf;j‘s("(Mg [;1*3) 1-222/1-69 jfff’w in the case of isomeB. Figure 3 shows part of the NOESY
aps coe mm- . . . .
F(000) 1456 6592 sp-ectrum. of compleXt in which the peaks between the
goodness-of-fit or2 1.113 1.093 middle thiophenols and the protons H-1 and H-8 are marked.
R indices vstl;—Og%%géz Eg_"-g%t% 5 In the same spectrum of Figure 3, nOe correlation peaks
‘ ‘ ' B _ between the side thiophenols and protons of the'2-(2
2 For 4580 reflections with > 20(1). ® For 4770 reflections with > pyridyl)benzothiazole moiety further confirm the assign-

2o0) ment: in isomelA the side phenols have correlations with
Under this assumption, the two isomers observed in the the H-8 proton, while in isomeB the side thiophenols

NMR spectra would result from the different arrangement Correlate with the H-1 proton.

of the nonsymmetrical 2-(yridyl)benzothiazole moiety Comparison of the chemical shifts of the 2-(&ridyl)-

relative to the oxorhenium core generating the two possible benzothiazole moiety in the complex&s6 to those of the

merisomers shown in Chart 2. Formation of the two isomers free ligand 2 reveals the pronounced shielding of H-4

was confirmed by X-ray crystallographic analysis that (approximately 1.5 ppm) and of C-5, C-6, and C-7#&
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Figure 4. Molecular structure of compleRA with the atomic labeling.
(Thermal ellipsoids are shown with 40% probability.)

ppm) upon complexation. Smaller upfield or downfield shifts

Tzanopoulou et al.

are noted for the rest of protons and carbons of the'2-(2 Figure 5. Molecular structure o6B with the atomic labeling. (Thermal

pyridyl)benzothiazole moiety.

ellipsoids are shown with 40% probability.)

Comparison of the chemical shifts of the two isomers of Table 4. Selected Bond Distances (A) and Angles (deg)3arand5B

complexes3—6 shows that chemical shifts are not ap-
preciably affected by the specific placement of the 2-(2

pyridyl)benzothiazole moiety with respect to the oxometal
core; the chemical shift differences recorded between the
isomersA andB (Tables 1 and 2 and Supporting Informa-
tion) range betweer-0.01-0.20 ppm for the protons and
+0.2-3.6 ppm for the carbons. These chemical shift
differences are adequate to allow for the distinction of the
two isomersA and B but not sufficient for any further
conclusions to be reached on the existence of shielding and
deshielding zones in this type of complex.

X-ray Crystallography. The molecular structures of
complex3, isomerA (3A), and complexs, isomerB (5B),
are given in Figures 4 and 5, respectively. Selected bond
distances and angles are listed in Table 4. Com@ax
crystallizes in the monoclinic space groagy/c, and complex
5B crystallizes in the tetragonal space grddga with one
crystallographically independent molecule in the asymmetric
unit. The coordination geometry about the metal ior3/
and5B is distorted octahedral defined by the two nitrogen

param 3A 5B
Distances
Re—-0(1) 1.685(5) 1.681(6)
Re—N(1) 2.344(6) 2.203(7)
Re—N(2) 2.155(6) 2.288(6)
Re-S(2) 2.311(2) 2.312(2)
Re—S(3) 2.391(2) 2.367(3)
Re—S(4) 2.360(2) 2.377(3)
Angles
O(1)-Re—N(2) 94.1(2) 154.4(3)
0O(1)-Re—-S(2) 104.2(2) 101.7(2)
N(2)—Re-S(2) 160.9(2) 103.7(2)
O(1)-Re—N(1) 165.3(2) 83.8(3)
N(2)—Re—N(1) 71.2(2) 70.7(2)
S(2)-Re—N(1) 90.2(2) 174.1(2)
O(1)-Re-S(4) 102.8(2) 102.2(3)
N(2)—Re-S(4) 91.9(2) 79.6(2)
S(2-Re-S(4) 89.3(1) 80.3(1)
N(1)—Re-S(4) 79.4(2) 96.7(2)
O(1)-Re—-S(3) 100.1(2) 104.0(3)
N(2)—Re-S(3) 92.3(2) 79.9(2)
S(2)-Re-S(3) 79.4(1) 87.4(1)
N(1)—Re-S(3) 80.0(2) 93.3(2)
S(4y-Re-S(3) 156.4(1) 152.8(1)

atoms of the bidentate ligand, the three sulfur atoms of the and 90.9 in 3A and5B, respectively). In both complexes,
monodentate thiols, and the doubly bonded oxygen atom.the five-membered ring in the coordination sphere, defined
In complex3A, the apical positions of the octahedron are by the N-C—C—N chelating atoms of the bidentate ligand
occupied by the pyridine nitrogen atom of the ligand and and the metal ion, is planar and the NT5—C6—N2

the doubly bonded oxo group, while in compR the imine

dihedral angle is very small (2.9 and 3.th 3A and 5B,

nitrogen atom of the ligand is directed trans to the oxo group. respectively). The angles around rhenium within the tetrago-
Rhenium lies 0.41 and 0.31 A above the equatorial plane in nal plane of the octahedron range from 79.4(1) to 92°3(1)

3A and5B, respectively. The ReO bond axis is inclined
at 83.4 and 83°Lin 3A and5B, respectively, with respect

(in 3A) and from 80.3(1) to 96.7(2)in 5B), whereas those
involving the apical atoms range from 71.2(2) to 104.2(2)

to the equatorial plane which is almost perpendicular to the (in 3A) and from 70.7(2) to 104.0(3)in 5B). As expected,
N—C—C—N chelating plane of the bidentate ligand (90.1 the bite angle of the bidentate ligand (N —NZ2) is the
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smallest one in the coordination sphere. The=Reand radiopharmaceutical applications in the diagnosis and therapy
Re—S bond distances are in the ranges observed in oxorhe-of specific tumors as well as in the diagnosis of Alzheimer’s
nium complexes with amine and thiol ligant#$°The M—N disease. The in vitro evaluation of the pharmacological

bond, trans to the doubly bonded oxygen, is slightly properties of ligan® and complexe8—6 is in progress by
lengthened with respect to the secone-M bond distance,  cell uptake experiments in cancer cell lines and by the
as expected. determination of their affinity for amyloid plaques in

In conclusion, [NN][S} oxorhenium and oxotechnetium  Alzheimer’s disease human brain sections. In addition, ligand
complexes of 2-(2pyridyl)benzothiazole and monodentate 2 bearing an amine group at the same position as the original
thiols were obtained in satisfactory yield and the reaction active analogud has been prepared to evaluate the effects
was successfully transferred at the technetium-99m tracerof the amine substituent on the synthetic procedure and the
level showing that labeling of the 2:¢(pyridyl)benzothiazole  biological properties of the complexes.
molecule with technetium and rhenium radioisotopes for
radiopharmaceutical applications is feasible. The complexes
are neutral and lipophilic, and as previously observed in
similar hexacoordinated octahedral oxorhenium and oxo-
technetium complexes with NN bidentate ligands, only the
mercomplexes were formed. The 2-@yridyl)benzothiazole
ligand serves as a preliminary model for 2-(4-aminophenyl)-
benzothiazole and its derivatives that display inhibitory  Supporting Information Available: H and'*C NMR spectral
activity against certain cancer types as well as affinity for data for both isomers of complex8sand5 and crystallographic
the amyloid plaques of Alzheimer’s disease. Therefore, the data in CIF format for the structures of complex&s and 5B.
complexes synthesized may be considered as initial steps inThis material is available free of charge via the Internet at
the study of oxorhenium and oxotechnetium complexes of NtP://pubs.acs.org.
2-(4-aminophenyl)benzothiazole derivatives with possible 1C051538E
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