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ABSTRACT: A series of 2-arylbenzothiazole derivatives
conjugated with bis(aminoethanethiol) (BAT) chelating
groups were designed and synthesized. A competitive binding
assay-based screening was used to select seven rhenium
complexes with potent binding affinity toward Aβ1−42
aggregates (Ki < 50 nM) for 99mTc labeling and further
evaluation. The 99mTc-labeled probes showed good affinity and
specificity to Aβ plaques in Tg mouse brain tissue in in vitro
autoradiography studies. Moreover, [99mTc]14b exhibited
favorable brain pharmacokinetics in normal mice (2.11% ID/
g at 2 min and 0.62% ID/g at 60 min). Ex vivo
autoradiography revealed extensive labeling of Aβ plaques by
[99mTc]14b in the brain of Tg mice. Furthermore, we performed the first single-photon emission computed tomography
(SPECT) imaging study in nonhuman primates with 99mTc-labeled Aβ probes. The semiquantitative data showed that [99mTc]
14b penetrated the brains of rhesus monkeys. These results indicate that [99mTc]14b could be utilized as a SPECT imaging probe
for Aβ plaques.

■ INTRODUCTION

Alzheimer’s disease (AD) is a common, devastating neuro-
degenerative disease that is the most prevalent type of
dementia.1,2 According to Alzheimer’s Disease International,
there were estimated 46.8 million people with dementia
worldwide in 2015; this number is expected to reach 131.5
million by 2050.3 Currently available methods of definitively
diagnosing AD can only be performed postmortem. Very few
methods have been found to be effective in treating AD
symptoms or halting the progression of the disease.4,5 The
significant burden of AD on patients, their families, and their
societies necessitates the development of effective diagnostic
and therapeutic strategies.
As a pathological hallmark of the AD-afflicted brain, Aβ

plaques have been the target of diagnosis methods for
decades.6−8 Nuclear imaging technologies, including positron
emission tomography (PET) and SPECT, are promising
methods of visualizing Aβ plaques. For PET, many radiolabeled
molecular probes have been investigated as means of imaging
Aβ plaques.9 A total of three PET imaging agents (Amyvid,10

Vizamyl,11 and Neuraceq12) have been approved by the United
States Food and Drug Administration (FDA), but the

development of imaging probes for SPECT has been far
slower.8,13 Only a few radio-iodinated SPECT imaging agents
have been tested in humans, including [123I]IMPY (6-iodo-2-
(4′-dimethylamino)phenyl-imidazo[1,2-a]-pyridine)14 and
[123I]ABC577.15

SPECT imaging has several advantages over PET imaging,
including the capacity to utilize technetium-99m (99mTc), an
artificial isotope with an ideal half-life and radiation energy
emission properties, which is available from generators.16

SPECT imaging agents targeting Aβ plaques will be particular
use in developing countries where PET facilities are rare. To
introduce 99mTc into imaging molecules, chelating groups are
necessarily added to binding scaffolds by conjugate17−19 or
integrated20−23 approaches (Figure 1). Although many efforts
have been made to develop 99mTc-labeled probes for imaging
Aβ plaques, no candidate probe has been found to possess both
high binding affinity and suitable in vivo characteristics,
especially sufficient brain uptake and rapid excretion from the
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normal brain.8 Many reported 99mTc/Re-labeled probes were
not fully evaluated or even radiolabeled. Probes designed
through conjugate approach readily maintained potent binding
affinity for Aβ plaques, but their initial brain uptake was
insufficient. Ono et al. reported 99mTc-labeled pyridyl
benzofuran derivatives conjugated to a bis(aminoethanethiol)
(BAT) chelating ligand and showed that [99mTc]BAT−Bp-2,
containing a monomethyl amino group, had sufficient binding
affinity for Aβ1−42 aggregates and initial brain uptake of 1.80%
ID/g at 2 min post-injection; this is the greatest reported initial
brain uptake for a 99mTc-labeled Aβ probe designed by
conjugation.19 Unfortunately, no further reports of the clinical
utility of [99mTc]BAT-Bp-2 were published. In contrast, probes
designed via integrated approach possessing high initial brain
uptake were unable to keep the efficient binding affinity for Aβ
plaques. Li et al. reported three 99mTc-labeled chalcone
derivatives through integrated approach, in which one phenyl
group of chalcone was replaced by the Cp99mTc(CO)3 core
(Cp = cyclopentadienyl). The probe with one double bond
exhibited very high brain uptake (4.10% ID/g at 2 min) but
poor affinity for Aβ1−42 aggregates (Ki = 899 nM).
In this work, we designed and synthesized a series of 99mTc-

labeled imaging probes for Aβ plaques through the conjugate
approach. 2-Arylenzothiazole, a classical Aβ binding structure,24

was chosen as a chemical scaffold to confer binding affinity for
Aβ plaques. Considering its relatively good BBB permeability,
BAT was conjugated to the scaffold as a chelating group for
99mTc.25−27 Mono methyl or dimethylamino moieties and alkyl
linkers of different length were employed to adjust the
molecular lipophilicity and balance the binding affinity and
BBB permeability of the imaging probes. The purpose of this
study was to identify potential SPECT imaging probes for Aβ
plaques with potent binding affinity and also favorable brain
pharmacokinetics.

■ RESULTS AND DISCUSSION
Chemistry. The synthesis of 2-arylbenzothiazole derivatives

is outlined in Scheme 1. A total of four types of 2-

arylbenzothiazole scaffolds (1−4) were readily prepared as
previously reported, followed by a Williamson reaction with
one terminal of 1,m-dibromoalkane (m = 3, 4, 5, and 6). Next,
the obtained bromine compounds (5a−d, 6a−d, 7a−d, and
8a−d) were successfully conjugated to the N-Boc- and S-Tr-
protected BAT chelating group using KI and K2CO3 in
acetonitrile, producing precursors for 99mTc labeling (9a−d,
10a−d, 11a−d, and 12a−d). As nonradioactive surrogates for
99mTc complexes, rhenium complexes (13a−d, 14a−d, 15a−d,
and 16a−d) were synthesized by reaction of the deprotected
precursors and (PPh3)2ReOCl3.

In Vitro Binding Assay Using Aggregated Aβ1−42
Peptides. The binding affinity of each rhenium complex was
quantitatively evaluated by competitive binding assay using

Figure 1. Chemical structures and biological properties of 99mTc-labeled Aβ imaging probes designed by different strategies.

Scheme 1. Synthesis of 2-Arylbenzothiazole Derivativesa

aReagents and conditions: (a) 1,m-dibromoalkane (m = 3, 4, 5, and 6),
K2CO3, CH3CN, 90 °C; (b) BAT−Boc, KI, K2CO3, CH3CN, 90 °C;
(c) (i) TFA, Et3SiH; (ii) (PPh3)2ReOCl3, NaOAc, CH2Cl2, MeOH, 90
°C.
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[125I]IMPY as a reference ligand. IMPY was also tested under
the same assay conditions for comparison. The Ki values of the
16 rhenium complexes ranged from 8.4 to 2356.2 nM (Table
1). Most complexes with an N,N-dimethylamino group

exhibited binding affinity greater than that of complexes with
a monomethylamino group. Several studies have found that
N,N-dimethylamino groups confer Aβ aggregate binding
affinity.17,28,29 The relatively long alkyl chains between the
benzothiazole scaffold and the BAT chelating ligand also
increased binding affinity; the interaction of the binding
scaffold and the Aβ aggregates was less influenced by the
conjugated BAT group. A total of seven rhenium complexes
demonstrating potent binding to Aβ1−42 peptides (Ki < 50 nM)
were selected for radiolabeling and further investigation. The
binding affinity of the benzothiazole scaffold was mostly
maintained by the tested rhenium complexes. Compounds 13d
and 14b showed nanomolar binding affinity (8.4 and 8.8 nM,
respectively), which was better than that of IMPY (12.6 nM)
and BAT−Bp-2 (32.8 nM).19

In Vitro Fluorescent Staining of Aβ Plaques in Tg Mice
and AD Brains. Fluorescent staining of the selected rhenium
complexes was performed on brain slices from Tg mice and AD
patients. In Tg mouse brain tissue, clear fluorescent spots were
observed after incubation with each of the seven rhenium
complexes. Similar staining patterns were observed in adjacent
slices stained with thioflavin-S (Figures 2 and S1). Further-
more, senile plaques were clearly stained by 13d and 14b in
brain tissue from three AD patients (Figure 2); the other five
rhenium complexes also stained Aβ plaques in human brain
tissue (Figure S2). These results indicate that the selected
rhenium complexes bind specifically to Aβ plaques in brain
tissue from Tg mice and AD patients.
Radiochemistry. To prepare 99mTc-labeled complexes, a

ligand exchange reaction with 99mTc−glucoheptonate (99mTc−
GH) was employed. The precursors were first deprotected by
trifluoroacetic acid and triethylsilane, after which they were
reacted with newly prepared 99mTc−GH at 100 °C for 10 min
(Scheme 2). The desired 99mTc-labeled products were purified
via radio-HPLC (radiochemical purity >95%) and identified by

retention time comparison using the corresponding rhenium
complexes (Figure S3). The overall radiochemical yield ranged
from 61% to 97% when the radiolabeling condition was not
optimized, which demonstrates the suitability for kit
formulation and clinical diagnostic imaging. Additionally,
[99mTc]14b was stable in saline for 6 h at room temperature
(purity: 95.6%) and also stable in mice serum for 1 h at 37 °C
(purity: 95.4%) (Figure S4).

In Vitro Autoradiography. The capacity of the purified
99mTc-labeled probes to bind Aβ plaques was tested in brain
slices from Tg mice. The autoradiography images of the
cerebral cortex revealed radioactive areas, which were
confirmed as Aβ plaques by fluorescent staining of the same
slices with DANIR-3b30 (Figures 3 and S5). No Aβ plaques
were detected in the brain slices from wild-type mice. The
effective labeling of Aβ plaques demonstrated the potent
binding affinity and specificity of the 99mTc-labeled probes.
These results were consistent with the fluorescent staining and
low Ki values of the corresponding rhenium complexes.

Biodistribution in Normal Mice. BBB penetration is
critical for imaging probes intended for use in the brain. High
initial brain uptake and rapid clearance from normal brain tissue
are desirable characteristics for probes in primary biodistribu-
tion studies. Biodistribution of 99mTc-labeled complexes were
assessed in normal ICR mice (18−22 g, male). The brain
uptake profile of [99mTc]14b (Table 2 and Figure 4) indicated
its suitability as a diagnostic probe; [99mTc]14b showed
relatively high initial brain uptake (2.11% ID/g at 2 min) and
a reasonable clearance rate (0.62% ID/g at 60 min), while the
other complexes exhibited poor brain uptake (less than 1% ID/
g at 2 min) and slow clearance, perhaps because these
compounds were more lipophilic and thus subject to more
nonspecific binding to plasma proteins. A trend was observed
for the seven probes discussed in this section: initial brain

Table 1. Inhibition Constants (Ki) for Binding of [
125I]IMPY

to Aβ1‑42 Aggregates

compound X R n Ki (nM)a

13a CH CH3 2 56.6 ± 17.3
13b CH CH3 3 16.0 ± 5.7
13c CH CH3 4 33.5 ± 18.4
13d CH CH3 5 8.4 ± 0.7
14a CH H 2 2303.0 ± 581.1
14b CH H 3 8.8 ± 1.8
14c CH H 4 104.9 ± 20.7
14d CH H 5 29.4 ± 14.3
15a N CH3 2 105.6 ± 25.2
15b N CH3 3 134.1 ± 66.1
15c N CH3 4 17.6 ± 12.9
15d N CH3 5 24.4 ± 2.8
16a N H 2 2356.2 ± 1178.6
16b N H 3 93.6 ± 31.7
16c N H 4 440.9 ± 133.6
16d N H 5 75.4 ± 20.2
IMPY − − − 12.6 ± 1.1

aMeasured in triplicate with results presented as the mean ± SD.

Figure 2. In vitro fluorescent staining of Aβ plaques by 13d (A−E)
and 14b (F−J) in brain slices from Tg mice (APPswe/PSEN1, male,
12 months old; A and F stained by rhenium complexes, B and G
stained by thioflavin-S) and three AD patients (C and H: 64 years old,
female, temporal lobe; D and I: 91 years old, male, temporal lobe; E
and J: 68 years old, female, temporal lobe).

Scheme 2. Preparation of 99mTc-labeled Complexesa

aReagents and conditions: (a) TFA, Et3SiH, rt, 10 min; (b) 99mTc−
GH, 100 °C, 10 min.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.6b00444
Bioconjugate Chem. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00444/suppl_file/bc6b00444_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00444/suppl_file/bc6b00444_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00444/suppl_file/bc6b00444_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00444/suppl_file/bc6b00444_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00444/suppl_file/bc6b00444_si_001.pdf
http://dx.doi.org/10.1021/acs.bioconjchem.6b00444


uptake and clearance rate were both reduced when the HPLC
retention time of the 99mTc-labeled complex was increased
(Figure 4B,C). It is notable that [99mTc]14b had the shortest
radio-HPLC retention time, indicating relatively low lip-
ophilicity. In addition to lipophilicity, the brain uptake of
radiotracers depends on many different factors, which cannot
be fully explained in this study. Although the initial brain uptake
of [99mTc]14b was still much less than that of [18F]AV-45
(7.33% ID/g at 2 min),31 it was comparable to that of
[123I]IMPY (2.88% ID/g at 2 min)32 and greater than that of
[99mTc]BAT−Bp-2 (1.80% ID/g at 2 min)19 and other 99mTc-
labeled Aβ probes reported in previous studies.8 The clearance
ratio2 min/60 min (3.40) was close to that of [18F]AV-45 (3.90)
and better than that of [99mTc]BAT−Bp-2 (2.28). These are
the most encouraging brain uptake results ever reported for a

99mTc-labeled Aβ probe designed via the conjugate strategy.
These findings strongly suggest that [99mTc]14b should be
evaluated in future studies.

Ex Vivo Autoradiography. The capability of [99mTc]14b
to bind Aβ plaques in vivo was verified by ex vivo
autoradiography in a Tg mouse and an age-matched wild-
type mouse. Extensive labeling of Aβ plaques was observed in
the cortical region of the Tg mouse, consistent with fluorescent
staining by thioflavin-S (Figure 5). In the age-matched control
mouse, no radioactive labeling or thioflavin-S-positive Aβ
plaques were detected. These results demonstrate sufficient
brain uptake and specific Aβ binding of [99mTc]14b in living
mice.

Figure 3. In vitro autoradiography of [99mTc]14b in brain slices (A
and C) from a Tg mouse (APPswe/PSEN1, male, 12 months old) and
a wild-type mouse (C57BL6, male, 12 months old). The same brain
slices were subsequently fluorescent stained with DANIR-3b (B and
D).

Table 2. Brain Uptake of [99mTc] Tracers after Intravenous
Administration to Normal ICR Mice (Mean ± SD, n = 5)a

and the Retention Time of [99mTc] Tracers in Radio-HPLCb

compound 2 min 60 min ratio2 min/60 min

retention time
(min)

[99mTc]
13b

0.69 ± 0.16 0.46 ± 0.12 1.50 13.91

[99mTc]
13c

0.46 ± 0.09 0.40 ± 0.09 1.15 17.18

[99mTc]
13d

0.59 ± 0.12 0.43 ± 0.15 1.37 19.87

[99mTc]
14b

2.11 ± 0.11 0.62 ± 0.08 3.40 8.81

[99mTc]
14d

0.92 ± 0.09 0.63 ± 0.15 1.46 12.59

[99mTc]
15c

0.47 ± 0.07 0.19 ± 0.03 2.47 12.48

[99mTc]
15d

0.60 ± 0.05 0.29 ± 0.05 2.07 15.50

aExpressed as percent injected dose per gram. bHPLC analysis
conditions: Venusil MP C18 column (Bonna-Agela Technologies, 5
μm, 4.6 × 250 mm); CH3CN−H2O = 80%:20%; flow rate, 1 mL/min.

Figure 4. (A) Brain pharmacokinetics of [99mTc]tracers in normal ICR
mice (mean ± SD, n = 5); (B) correlation between the initial brain
uptake and retention time of [99mTc]tracers in radio-HPLC; (C)
correlation between the brain clearance rate and retention time of
[99mTc]tracers in radio-HPLC. HPLC analysis conditions: Venusil MP
C18 column (Bonna-Agela Technologies, 5 μm, 4.6 × 250 mm);
CH3CN−H2O = 80%:20%; flow rate, 1 mL/min.

Figure 5. Ex vivo autoradiography of [99mTc]14b (A and C) in a Tg
mouse (APPswe/PSEN1, male, 24 months old) and a wild-type mouse
(C57BL6, male, 24 months old). The same brain slices were
fluorescent stained with thioflavin-S (B and D).
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In Vivo SPECT−CT Imaging in Rhesus Monkeys.
Experiments in mice verified the ability of [99mTc]14b to
cross the BBB of rodents. Considering species differences, we
assessed the ability of [99mTc]14b to cross the BBB of primates.
In vivo SPECT and computed tomography (CT) imaging was
conducted on two rhesus monkeys (M04: 4 years old, male;
F27: 27 years old, female). The dynamic scan images revealed
radioactivity accumulation in the brain, indicating permeation
of [99mTc]14b through the BBB (Figure 6). The semi-

quantitative data showed brain uptakes peaked during 0−10
min post-injection with a reasonable clearance ratio (Table 3).

There was obvious accumulation of radioactivity in some glands
of the head, but this accumulation occurred outside of the
brain. Whole-body scans were conducted to assess the
distribution of radioactivity 60−80 min postinjection. Radio-
activity accumulated mainly in the liver and kidneys, suggesting
hepatobiliary and urinary elimination of the radiotracer.
Because we conducted only two cases of SPECT imaging in

rhesus monkeys, no statistical analysis was performed. Absolute
quantitation of tracer uptakes were not conducted due to the
lack of quantitation module, which was not necessary for the
hospital daily use. Nevertheless, this is the first assessment of a
99mTc-labeled Aβ probe in nonhuman primates; the results of
this study highlight the usefulness of 99mTc-labeled Aβ probes.

■ CONCLUSIONS

We designed, synthesized, and characterized a series of 2-
arylbenzothiazole derivatives for 99mTc labeling via conjugated

approach. A total of seven compounds were screened via in
vitro competitive binding assays, after which they were
radiolabeled and biologically evaluated. In vitro fluorescent
staining assays and in vitro autoradiography showed positive
results. Among the seven 99mTc-labeled tracers, [99mTc]14b
exhibited the most favorable brain pharmacokinetics in normal
ICR mice. Ex vivo autoradiography using [99mTc]14b
demonstrated sufficient brain uptake and specific Aβ binding
in living Tg mice. Importantly, semiquantitative SPECT
imaging showed [99mTc]14b penetrated the blood−brain
barrier (BBB) of rhesus monkeys. [99mTc]14b is a promising
SPECT imaging probe for Aβ plaques in AD brains that reveals
the utility of 99mTc-labeled probes in this field.

■ EXPERIMENTAL SECTION
General. All chemicals used were purchased from

commercial sources without further purification. Na99mTcO4
was eluted from a commercial 99Mo−99mTc generator, which
was obtained from Beijing Atomic High-Tech Co. Ltd. GH kits
were purchased from Beijing ShiHong Pharmaceutical Center.
NMR spectra were acquired on a Bruker Avance III
spectrometer at room temperature with TMS as the internal
standard. Chemical shifts are reported as δ values relative to
TMS. Coupling constants are reported in Hz. Multiplicity is
defined by s (singlet), d (doublet), t (triplet), and m
(multiplet). Mass spectra were acquired with a Surveyor
MSQ Plus (ESI) (Waltham, MA) instrument. HPLC
purification and analysis were performed on a Shimadzu system
(LC-20AD system with a Bioscan Flow Count 3200 NaI/PMT
γ-radiation scintillation detector and a SPD-20AV UV detector,
λ = 254 nm). Radioactivity was detected by an automatic γ-
counter (WALLAC/Wizard 1470). Fluorescent staining was
observed with an Axio Observer Z1 inverted fluorescence
microscope (Zeiss, Germany) using a DAPI filter set
(excitation, 405 nm). Monkey SPECT−CT scans were
conducted on a Discovery NM/CT 670 system (GE Health-
care) at Xuanwu Hospital. Aβ1−42 peptides (trifluoroacetate
form) were purchased from Peptide Institute, Inc. (Japan).
Normal ICR mice (male, 5 weeks old) for the biodistribution
studies were purchased from Vital River Co. Ltd. Transgenic
mice (APPswe/PSEN1, male) and age-matched wild-type mice
(C57BL6, male) were obtained from the Institute of
Laboratory Animal Sciences, Chinese Academy of Medical
Sciences. All protocols involving the use of animals were
approved by the Animal Care Committee of Beijing Normal
University and were also in accordance with ACS Ethical
Guidelines. Human brain tissue from three autopsy-confirmed
AD patients (64 years old, female; 91 years old, male; 68 years
old, female) were obtained from the Chinese Brain Bank
Center. Rhesus monkeys (4 years old, male; 27 years old,
female) were provided by the Department of Laboratory
Animal Sciences, School of Basic Medical Sciences, Capital
Medical University.

Chemistry. Compounds 1−4 were prepared as reported
previously.33,34

General Synthesis Procedures for Compounds 5a−d, 6a−
d, 7a−d, and 8a−d. A mixture of 1, 2, 3, or 4 (1.0 mmol); 1,3-
dibromopropane, 1,4-dibromobutane, 1,5-dibromopentane, or
1,6-dibromohexane (2.0 mmol); and K2CO3 (3.0 mmol) in
CH3CN was heated to reflux with constant stirring for 2 h, after
which it was filtered. Organic solvents were removed from the
filtrate using rotary evaporation. Petroleum ether (10 mL) was
added, after which the precipitate was filtered off, washed by

Figure 6. SPECT images of [99mTc]14b in rhesus monkeys (A: 4 years
old, male; B: 27 years old, female); SPECT images are overlaid on
individual co-registered CT images.

Table 3. Semi-Quantitative Brain Uptake of [99mTc]14b in
Two Rhesus Monkeysa

0−10 min 10−20 min 20−30 min 30−40 min
clearance
ratio

M04 1.23 1.13 1.01 0.88 1.40
F27 0.78 0.70 0.67 0.64 1.22

aExpressed as percent injected dose.
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petroleum ether, and collected for use in the next step of the
synthesis.
4-(6-(3-Bromopropoxy)benzo[d]thiazol-2-yl)-N,N-dime-

thylaniline (5a). Yield, 79%; mp 128.5−129.9 °C. 1H NMR
(400 MHz, CDCl3, δ): 7.87 (d, J = 8.6 Hz, 2H), 7.86 (d, J = 8.9
Hz, 1H), 7.32 (d, J = 2.5 Hz, 1H), 7.03 (dd, J = 8.8, 2.5 Hz,
1H), 6.63 (d, J = 8.7 Hz, 2H), 4.16 (t, J = 5.8 Hz, 2H), 3.63 (t, J
= 6.4 Hz, 2H), 2.89 (s, 6H), 2.31−2.39 (m, 2H).
4-(6-(4-Bromobutoxy)benzo[d]thiazol-2-yl)-N,N-dimethy-

laniline (5b). Yield, 65%; mp 139.5−141.4 °C. 1H NMR (400
MHz, CDCl3, δ): 7.92 (d, J = 8.5 Hz, 2H), 7.87 (d, J = 8.8 Hz,
1H), 7.30 (d, J = 2.4 Hz, 1H), 7.02 (dd, J = 8.9, 2.5 Hz, 1H),
6.75 (d, J = 8.9 Hz, 2H), 4.06 (t, J = 6.0 Hz, 2H), 3.51 (t, J =
6.6 Hz, 2H), 3.06 (s, 6H), 2.07−2.15 (m, 2H), 1.95−2.03 (m,
2H).
4-(6-((5-Bromopentyl)oxy)benzo[d]thiazol-2-yl)-N,N-dime-

thylaniline (5c). Yield, 45%; mp 185.1−186.3 °C. 1H NMR
(400 MHz, CDCl3, δ): 7.92 (d, J = 8.8 Hz, 2H), 7.87 (d, J = 8.9
Hz, 1H), 7.30 (d, J = 2.4 Hz, 1H), 7.03 (dd, J = 8.9, 2.4 Hz,
1H), 6.75 (d, J = 8.8 Hz, 2H), 4.03 (t, J = 6.3 Hz, 2H), 3.45 (t, J
= 6.8 Hz, 2H), 3.05 (s, 6H), 2.01−1.91 (m, 2H), 1.90−1.81 (m,
2H), 1.71−1.63 (m, 2H).
4-(6-((6-Bromohexyl)oxy)benzo[d]thiazol-2-yl)-N,N-dime-

thylaniline (5d). Yield, 56%; mp 142.8−144.0 °C. 1H NMR
(400 MHz, CDCl3, δ): 8.04−7.85 (m, 3H), 7.30 (d, J = 2.4 Hz,
1H), 7.04 (dd, J = 8.9, 2.2 Hz, 1H), 6.76 (d, J = 8.6 Hz, 2H),
4.03 (t, J = 6.4 Hz, 2H), 3.44 (t, J = 6.8 Hz, 2H), 3.06 (s, 6H),
1.96−1.88 (m, 2H), 1.88−1.79 (m, 2H), 1.57−1.50 (m, 4H).
4-(6-(3-Bromopropoxy)benzo[d]thiazol-2-yl)-N-methylani-

line (6a). Yield, 77%; mp 86.8−88.0 °C. 1H NMR (400 MHz,
CDCl3, δ): 7.87 (d, J = 8.6 Hz, 2H), δ 7.86 (d, J = 8.8 Hz, 1H),
δ 7.33 (d, J = 2.4 Hz, 1H), 7.04 (dd, J = 8.9, 2.5 Hz, 1H), 6.65
(d, J = 8.7 Hz, 2H), 4.17 (t, J = 5.8 Hz, 2H), 3.64 (t, J = 6.4 Hz,
2H), 2.91 (s, 3H), 2.32−2.40 (m, 2H).
4-(6-(4-Bromobutoxy)benzo[d]thiazol-2-yl)-N-methylani-

line (6b). Yield, 61%; mp 148.5−149.2 °C. 1H NMR (400
MHz, CDCl3, δ): 7.86 (d, J = 8.6 Hz, 2H), δ 7.85 (d, J = 8.7
Hz, 1H), δ 7.29 (d, J = 2.3 Hz, 1H), 7.02 (dd, J = 8.9, 2.4 Hz,
1H), 6.64 (d, J = 8.6 Hz, 2H), 4.05 (t, J = 6.0 Hz, 2H), 3.51 (t, J
= 6.5 Hz, 2H), 2.90 (s, 3H), 2.12−2.05 (m, 2H), 2.02−1.93 (m,
2H).
4-(6-((5-Bromopentyl)oxy)benzo[d]thiazol-2-yl)-N-methyl-

aniline (6c). Yield, 78%; mp 114.9−115.6 °C. 1H NMR (400
MHz, CDCl3, δ): 7.89 (d, J = 8.6 Hz, 3H), 7.30 (d, J = 2.4 Hz,
1H), 7.03 (dd, J = 8.9, 2.6 Hz, 1H), 6.65 (d, J = 8.7 Hz, 2H),
4.03 (t, J = 6.3 Hz, 2H), 3.46 (t, J = 6.7 Hz, 2H), 2.91 (s, 3H),
2.00−1.92 (m, 2H), 1.90−1.81 (m, 2H), 1.70−1.63 (m, 2H).
4-(6-((6-Bromohexyl)oxy)benzo[d]thiazol-2-yl)-N-methyla-

niline (6d). Yield, 65%; mp 125.3−126.5 °C. 1H NMR (400
MHz, CDCl3, δ): 7.87 (d, J = 8.5 Hz, 2H), δ 7.86 (d, J = 8.4
Hz, 1H), δ 7.30 (d, J = 2.3 Hz, 1H), 7.03 (dd, J = 8.9, 2.5 Hz,
1H), 6.64 (d, J = 8.6 Hz, 2H), 4.02 (t, J = 6.4 Hz, 2H), 3.44 (t, J
= 6.8 Hz, 2H), 2.91 (s, 3H), 1.96−1.78 (m, 4H), 1.55−1.51 (m,
4H).
5-(6-(3-Bromopropoxy)benzo[d]thiazol-2-yl)-N,N-dime-

thylpyridin-2-amine (7a). Yield, 89%; mp 128.8−131.8 °C. 1H
NMR (400 MHz, CDCl3, δ): 8.76 (s, 1H), 8.15−8.11 (m, 1H),
7.87 (d, J = 8.7 Hz, 1H), 7.34 (s, 1H), 7.06 (t, J = 6.6 Hz, 1H),
6.58 (d, J = 9.0 Hz, 1H), 4.18 (t, J = 5.7 Hz, 2H), 3.64 (t, J =
6.4 Hz, 2H), 3.18 (s, 6H), 2.40−2.32 (m, 2H).
5-(6-(4-Bromobutoxy)benzo[d]thiazol-2-yl)-N,N-dimethyl-

pyridin-2-amine (7b). Yield, 68%; mp 124.2−125.0 °C. 1H
NMR (400 MHz, CDCl3, δ): 8.76 (d, J = 2.0 Hz, 1H), 8.11

(dd, J = 9.0, 2.4 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.30 (d, J =
2.3 Hz, 1H), 7.03 (dd, J = 8.9, 2.4 Hz, 1H), 6.57 (d, J = 9.0 Hz,
1H), 4.05 (t, J = 6.0 Hz, 2H), 3.51 (t, J = 6.5 Hz, 2H), 3.17 (s,
6H), 2.14−2.04 (m, 2H), 2.02−1.93 (m, 2H).

5-(6-((5-Bromopentyl)oxy)benzo[d]thiazol-2-yl)-N,N-dime-
thylpyridin-2-amine (7c). Yield, 85%; mp 144.5−145.5 °C. 1H
NMR (400 MHz, CDCl3, δ): 8.76 (s, 1H), 8.14 (d, J = 8.9 Hz,
1H), 7.86 (d, J = 8.9 Hz, 1H), 7.31 (d, J = 1.9 Hz, 1H), 7.04
(dd, J = 8.9, 2.3 Hz, 1H), 6.60 (d, J = 9.0 Hz, 1H), 4.04 (t, J =
6.3 Hz, 2H), 3.46 (t, J = 6.7 Hz, 2H), 3.19 (s, 6H), 2.02−1.81
(m, 4H), 1.74−1.60 (m, 2H).

5-(6-((6-Bromohexyl)oxy)benzo[d]thiazol-2-yl)-N,N-dime-
thylpyridin-2-amine (7d). Yield, 55%; mp 150.7−152.2 °C. 1H
NMR (400 MHz, CDCl3, δ): 8.76 (d, J = 2.4 Hz, 1H), 8.16
(dd, J = 9.0, 2.2 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.31 (d, J =
2.4 Hz, 1H), 7.04 (dd, J = 8.9, 2.5 Hz, 1H), 6.60 (d, J = 9.0 Hz,
1H), 4.03 (t, J = 6.4 Hz, 2H), 3.44 (t, J = 6.8 Hz, 2H), 3.20 (s,
6H), 1.99−1.77 (m, 4H), 1.61−1.46 (m, 4H).

5-(6-(3-Bromopropoxy)benzo[d]thiazol-2-yl)-N-methylpyr-
idin-2-amine (8a). Yield, 83%; mp 122.2−123.5 °C. 1H NMR
(400 MHz, CDCl3, δ): 8.72 (d, J = 2.0 Hz, 1H), 8.12 (dd, J =
8.8, 2.3 Hz, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.34 (d, J = 2.4 Hz,
1H), 7.06 (dd, J = 8.9, 2.5 Hz, 1H), 6.48 (d, J = 8.7 Hz, 1H),
5.01 (d, J = 4.6 Hz, 1H), 4.18 (t, J = 5.8 Hz, 2H), 3.64 (t, J =
6.4 Hz, 2H), 3.01 (d, J = 5.2 Hz, 3H), 2.36 (p, J = 6.1 Hz, 2H).

5-(6-(4-Bromobutoxy)benzo[d]thiazol-2-yl)-N-methylpyri-
din-2-amine (8b). Yield, 55%; mp 152.9−154.6 °C. 1H NMR
(400 MHz, CDCl3, δ): 8.72 (d, J = 1.9 Hz, 1H), 8.11 (dd, J =
8.7, 2.2 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.31 (d, J = 2.4 Hz,
1H), 7.04 (dd, J = 8.9, 2.4 Hz, 1H), 6.47 (d, J = 8.8 Hz, 1H),
4.99 (d, J = 4.4 Hz, 1H), 4.06 (t, J = 6.0 Hz, 2H), 3.51 (t, J =
6.5 Hz, 2H), 3.00 (d, J = 5.1 Hz, 3H), 2.17−2.05 (m, 2H),
2.04−1.94 (m, 2H).

5-(6-((5-Bromopentyl)oxy)benzo[d]thiazol-2-yl)-N-methyl-
pyridin-2-amine (8c). Yield, 73%; mp 124.7−125.6 °C. 1H
NMR (400 MHz, CDCl3, δ): 8.72 (d, J = 1.9 Hz, 1H), 8.11
(dd, J = 8.7, 2.4 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.31 (d, J =
2.4 Hz, 1H), 7.04 (dd, J = 8.9, 2.5 Hz, 1H), 6.46 (d, J = 8.8 Hz,
1H), 4.94 (d, J = 4.9 Hz, 1H), 4.04 (t, J = 6.3 Hz, 2H), 3.46 (t, J
= 6.7 Hz, 2H), 3.00 (d, J = 5.2 Hz, 3H), 2.01−1.92 (m, 2H),
1.90−1.82 (m, 2H), 1.69−1.63 (m, 2H).

5-(6-((6-Bromohexyl)oxy)benzo[d]thiazol-2-yl)-N-methyl-
pyridin-2-amine (8d). Yield, 63%; mp 116.4−117.6 °C. 1H
NMR (400 MHz, CDCl3, δ): 8.72 (d, J = 2.4 Hz, 1H), 8.11
(dd, J = 8.7, 2.4 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.31 (d, J =
2.5 Hz, 1H), 7.04 (dd, J = 8.9, 2.5 Hz, 1H), 6.46 (d, J = 8.8 Hz,
1H), 4.94 (d, J = 4.9 Hz, 1H), 4.02 (t, J = 6.4 Hz, 2H), 3.44 (t, J
= 6.8 Hz, 2H), 3.00 (d, J = 5.2 Hz, 3H), 1.97−1.78 (m, 4H),
1.57−1.50 (m, 4H).

General Synthesis Procedures for Precursors 9a−d, 10a−
d, 11a−d, and 12a−d. A mixture of 5a−d, 6a−d, 7a−d, or
8a−d (0.30 mmol); BAT−Boc (0.25 mmol), K2CO3 (0.50
mmol), and KI (0.25 mmol) in CH3CN was heated to reflux
with constant stirring for 24 h, after which it was filtered. The
filtrate was concentrated under reduced pressure. Purification
by column chromatography (petroleum ether−ethyl acetate,
4:1) produced a white spumescent solid.

Tert-butyl(2-((3-((2-(4-(dimethylamino)phenyl)benzo[d]-
thiazol-6-yl)oxy)propyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (9a). Yield, 28%; mp 49.7−51.1
°C. 1H NMR (400 MHz, CDCl3, δ): 7.90 (d, J = 8.9 Hz, 2H),
7.81 (d, J = 8.9 Hz, 1H), 7.43−7.34 (m, 13H), 7.28−7.14 (m,
18H), 6.95 (d, J = 8.7 Hz, 1H), 6.75 (d, J = 8.9 Hz, 2H), 3.93
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(t, J = 6.1 Hz, 2H), 3.05 (s, 6H), 3.00−2.77 (m, 4H), 2.44−
2.20 (m, 10H), 1.78−1.66 (m, 2H), 1.36 (s, 9H). MS (ESI) m/
z: [M + H]+ calcd for C67H71N4O3S3, 1075.5; found, 1075.2.
Tert-butyl(2-((4-((2-(4-(dimethylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)butyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (9b). Yield, 29%; mp 58.6−60.0
°C. 1H NMR (400 MHz, CDCl3, δ): 7.90 (d, J = 8.8 Hz, 2H),
7.84 (d, J = 8.9 Hz, 1H), 7.40 (d, J = 7.6 Hz, 13H), 7.31−7.22
(m, 12H), 7.21−7.13 (m, 6H), 6.99 (dd, J = 8.8, 2.1 Hz, 1H),
6.73 (d, J = 8.9 Hz, 2H), 3.93 (t, J = 6.2 Hz, 2H), 3.03 (s, 6H),
3.00−2.79 (m, 4H), 2.41−2.16 (m, 10H), 1.76−1.63 (m, 2H),
1.48−1.30 (m, 11H). MS (ESI) m/z: [M + H]+ calcd for
C68H73N4O3S3, 1089.5; found, 1089.2.
Tert-butyl (2-((5-((2-(4-(dimethylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)pentyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (9c). Yield, 43%; mp 49.9−51.3
°C. 1H NMR (400 MHz, CDCl3, δ): 7.90 (d, J = 8.9 Hz, 2H),
7.84 (d, J = 8.9 Hz, 1H), 7.45−7.34 (m, 12H), 7.32−7.22 (m,
13H), 7.22−7.14 (m, 6H), 7.00 (d, J = 6.9 Hz, 1H), 6.74 (d, J =
8.9 Hz, 2H), 3.96 (t, J = 6.2 Hz, 2H), 3.05 (s, 6H), 3.01−2.82
(m, 4H), 2.42−2.14 (m, 8H), 1.80−1.70 (m, 2H), 1.61−1.51
(m, 2H), 1.44−1.28 (m, 13H). MS (ESI) m/z: [M + H]+ calcd
for C69H75N4O3S3, 1103.5; found, 1103.1.
Tert-butyl (2-((6-((2-(4-(dimethylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)hexyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (9d). Yield, 37%; mp 52.3−53.4
°C. 1H NMR (400 MHz, CDCl3, δ): 7.90 (d, J = 8.9 Hz, 2H),
7.84 (d, J = 8.9 Hz, 1H), 7.45−7.35 (m, 12H), 7.32−7.22 (m,
13H), 7.22−7.13 (m, 6H), 7.01 (dd, J = 8.9, 2.4 Hz, 1H), 6.74
(d, J = 9.0 Hz, 2H), 3.98 (t, J = 6.4 Hz, 2H), 3.05 (s, 6H),
3.00−2.78 (m, 4H), 2.40−2.14 (m, 8H), 1.84−1.72 (m, 2H),
1.47−1.31 (m, 13H), 1.30−1.18 (m, 4H). MS (ESI) m/z: [M +
H]+ calcd for C70H77N4O3S3, 1117.5; found, 1117.1.
Tert-butyl (2-((3-((2-(4-(methylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)propyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (10a). Yield, 24%; mp 57.2−58.5
°C. 1H NMR (400 MHz, CDCl3, δ): 7.87 (d, J = 8.6 Hz, 2H),
7.81 (d, J = 8.9 Hz, 1H), 7.42−7.35 (m, 12H), 7.30−7.13 (m,
19H), 6.95 (d, J = 7.1 Hz, 1H), 6.65 (d, J = 8.7 Hz, 2H), 3.93
(t, J = 6.1 Hz, 2H), 3.06−2.80 (m, 7H), 2.44−2.19 (m, 10H),
1.76−1.69 (m, 2H), 1.42−1.33 (m, 9H). MS (ESI) m/z: [M +
H]+ calcd for C66H69N4O3S3, 1061.5; found, 1060.9.
Tert-butyl (2-((4-((2-(4-(methylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)butyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (10b). Yield, 28%; mp 55.1−56.5
°C. 1H NMR (400 MHz, CDCl3, δ): 7.94−7.81 (m, 3H),
7.50−7.35 (m, 12H), 7.35−7.16 (m, 19H), 7.01 (dd, J = 8.9,
2.3 Hz, 1H), 6.64 (d, J = 8.7 Hz, 2H), 3.95 (t, J = 6.1 Hz, 2H),
3.12−2.78 (m, 7H), 2.49−2.16 (m, 10H), 1.77−1.65 (m, 2H),
1.50−1.33 (m, 11H). MS (ESI) m/z: [M + H]+ calcd for
C67H71N4O3S3, 1075.5; found, 1075.1.
Tert-butyl (2-((5-((2-(4-(methylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)pentyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (10c). Yield, 59%; mp 53.7−54.9
°C. 1H NMR (400 MHz, CDCl3, δ): 7.87 (d, J = 8.7 Hz, 2H),
7.84 (d, J = 8.9 Hz, 1H), 7.44−7.36 (m, 12H), 7.32−7.22 (m,
13H), 7.22−7.13 (m, 6H), 7.01 (dd, J = 8.9, 2.5 Hz, 1H), 6.64
(d, J = 8.7 Hz, 2H), 3.96 (t, J = 6.4 Hz, 2H), 3.09−2.79 (m,
7H), 2.43−2.13 (m, 10H), 1.80−1.70 (m, 2H), 1.44−1.28 (m,
13H). MS (ESI) m/z: [M + H]+ calcd for C68H73N4O3S3,
1089.5; found, 1089.1.
Tert-butyl (2-((6-((2-(4-(methylamino)phenyl)benzo[d]-

thiazol-6-yl)oxy)hexyl)(2-(tritylthio)ethyl)amino)ethyl)(2-

(tritylthio)ethyl)carbamate (10d). Yield, 51%; mp 53.4−54.6
°C. 1H NMR (400 MHz, CDCl3, δ): 7.90−7.82 (m, 3H),
7.44−7.36 (m, 12H), 7.32−7.22 (m, 13H), 7.22−7.14 (m, 6H),
7.01 (dd, J = 8.9, 2.5 Hz, 1H), 6.64 (d, J = 8.7 Hz, 2H), 3.98 (t,
J = 6.4 Hz, 2H), 3.09−2.78 (m, 7H), 2.41−2.11 (m, 10H),
1.83−1.73 (m, 2H), 1.47−1.32 (m, 11H), 1.30−1.20 (m, 4H).
MS (ESI) m/z: [M + H]+ calcd for C69H75N4O3S3, 1103.5;
found, 1103.2.

Tert-butyl (2-((3-((2-(6-(dimethylamino)pyridin-3-yl)-
benzo[d]thiazol-6-yl)oxy)propyl)(2-(tritylthio)ethyl)amino)-
ethyl)(2-(tritylthio)ethyl)carbamate (11a). Yield, 18%; mp
49.1−50.3 °C. 1H NMR (400 MHz, CDCl3, δ): 8.76 (d, J = 2.3
Hz, 1H), 8.12 (dd, J = 9.0, 2.4 Hz, 1H), 7.82 (d, J = 8.9 Hz,
1H), 7.43−7.35 (m, 12H), 7.29−7.12 (m, 19H), 6.97 (dd, J =
8.8, 2.0 Hz, 1H), 6.57 (d, J = 9.0 Hz, 1H), 3.94 (t, J = 6.1 Hz,
2H), 3.16 (s, 6H), 3.06−2.81 (m, 4H), 2.42−2.20 (m, 10H),
1.76−1.69 (m, 2H), 1.37 (s, 9H). MS (ESI) m/z: [M + H]+

calcd for C66H70N5O3S3, 1075.5; found, 1075.8.
Tert-butyl (2-((4-((2-(6-(dimethylamino)pyridin-3-yl)-

benzo[d]thiazol-6-yl)oxy)butyl)(2-(tritylthio)ethyl)amino)-
ethyl)(2-(tritylthio)ethyl)carbamate (11b). Yield, 32%; mp
52.8−53.9 °C. 1H NMR (400 MHz, CDCl3, δ): 8.76 (d, J = 2.2
Hz, 1H), 8.12 (dd, J = 9.0, 2.3 Hz, 1H), 7.84 (d, J = 8.9 Hz,
1H), 7.45−7.34 (m, 12H), 7.32−7.22 (m, 13H), 7.21−7.13 (m,
6H), 7.01 (dd, J = 8.9, 2.3 Hz, 1H), 6.56 (d, J = 9.0 Hz, 1H),
3.94 (t, J = 6.3 Hz, 2H), 3.15 (s, 6H), 3.07−2.81 (m, 4H),
2.42−2.18 (m, 10H), 1.76−1.65 (m, 2H), 1.50−1.31 (m, 11H).
MS (ESI) m/z: [M + H]+ calcd for C67H72N5O3S3, 1090.5;
found, 1090.1.

Tert-butyl (2-((5-((2-(6-(dimethylamino)pyridin-3-yl)-
benzo[d]thiazol-6-yl)oxy)pentyl)(2-(tritylthio)ethyl)amino)-
ethyl)(2-(tritylthio)ethyl)carbamate (11c). Yield, 26%; mp
37.2−38.3 °C. 1H NMR (400 MHz, CDCl3, δ): 8.76 (d, J = 2.3
Hz, 1H), 8.13 (dd, J = 9.0, 2.4 Hz, 1H), 7.85 (d, J = 8.9 Hz,
1H), 7.44−7.36 (m, 12H), 7.32−7.22 (m, 13H), 7.22−7.14 (m,
6H), 7.02 (dd, J = 8.9, 2.4 Hz, 1H), 6.58 (d, J = 9.0 Hz, 1H),
3.97 (t, J = 6.5 Hz, 2H), 3.18 (s, 6H), 3.08−2.81 (m, 4H),
2.40−2.16 (m, 10H), 1.80−1.71 (m, 2H), 1.47−1.28 (m, 13H).
MS (ESI) m/z: [M + H]+ calcd for C68H74N5O3S3, 1104.5;
found, 1103.8.

Tert-butyl (2-((6-((2-(6-(dimethylamino)pyridin-3-yl)-
benzo[d]thiazol-6-yl)oxy)hexyl)(2-(tritylthio)ethyl)amino)-
ethyl)(2-(tritylthio)ethyl)carbamate (11d). Yield, 64%; mp
48.5−49.4 °C. 1H NMR (400 MHz, CDCl3, δ): 8.76 (d, J = 2.3
Hz, 1H), 8.13 (dd, J = 9.0, 2.5 Hz, 1H), 7.85 (d, J = 8.9 Hz,
1H), 7.45−7.35 (m, 12H), 7.31−7.23 (m, 13H), 7.22−7.13 (m,
6H), 7.03 (dd, J = 8.9, 2.5 Hz, 1H), 6.58 (d, J = 9.0 Hz, 1H),
3.98 (t, J = 6.4 Hz, 2H), 3.18 (s, 6H), 3.08−2.78 (m, 4H),
2.39−2.12 (m, 10H), 1.83−1.74 (m, 2H), 1.47−1.34 (m, 11H),
1.29−1.22 (m, 4H). MS (ESI) m/z: [M + H]+ calcd for
C69H76N5O3S3, 1118.5; found, 1118.2.

Tert-butyl (2-((3-((2-(6-(methylamino)pyridin-3-yl)benzo-
[d]thiazol-6-yl)oxy)propyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (12a). Yield, 49%; mp 58.9−59.9
°C. 1H NMR (400 MHz, CDCl3, δ): 8.71 (d, J = 1.8 Hz, 1H),
8.13 (dd, J = 8.8, 2.2 Hz, 1H), 7.83 (d, J = 8.9 Hz, 1H), 7.44−
7.35 (m, 12H), 7.30−7.21 (m, 13H), 7.21−7.14 (m, 6H), 6.97
(d, J = 9.2 Hz, 1H), 6.48 (d, J = 8.8 Hz, 1H), 5.02 (s, 1H), 3.94
(t, J = 6.0 Hz, 2H), 3.06−2.83 (m, 7H), 2.45−2.20 (m, 8H),
1.79−1.69 (m, 2H), 1.67−1.56 (m, 2H), 1.37 (s, 9H). MS
(ESI) m/z: [M + H]+ calcd for C65H67N5O3S3, 1062.4; found,
1062.4.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.6b00444
Bioconjugate Chem. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.bioconjchem.6b00444


Tert-butyl (2-((4-((2-(6-(methylamino)pyridin-3-yl)benzo-
[d]thiazol-6-yl)oxy)butyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (12b). Yield, 46%; mp 51.7−53.1
°C. 1H NMR (400 MHz, CDCl3, δ): 8.73 (d, J = 2.0 Hz, 1H),
8.11 (dd, J = 8.8, 2.2 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.47−
7.36 (m, 12H), 7.32−7.23 (m, 13H), 7.23−7.14 (m, 6H), 7.02
(dd, J = 8.9, 2.4 Hz, 1H), 6.47 (d, J = 8.8 Hz, 1H), 5.04 (d, J =
4.7 Hz, 1H), 3.95 (t, J = 6.3 Hz, 2H), 3.09−2.81 (m, 7H),
2.41−2.20 (m, 10H), 1.76−1.66 (m, 2H), 1.49−1.31 (m, 11H).
MS (ESI) m/z: [M + H]+ calcd for C66H70N5O3S3, 1076.5;
found, 1076.1.
Tert-butyl (2-((5-((2-(6-(methylamino)pyridin-3-yl)benzo-

[d]thiazol-6-yl)oxy)pentyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (12c). Yield, 44%; mp 52.6−54.0
°C. 1H NMR (400 MHz, CDCl3, δ): 8.72 (d, J = 2.1 Hz, 1H),
8.12 (dd, J = 8.8, 2.4 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.44−
7.34 (m, 12H), 7.31−7.22 (m, 13H), 7.22−7.14 (m, 6H), 7.03
(dd, J = 8.9, 2.5 Hz, 1H), 6.47 (d, J = 8.8 Hz, 1H), 4.91 (d, J =
4.7 Hz, 1H), 3.97 (t, J = 6.4 Hz, 2H), 3.09−2.79 (m, 7H),
2.41−2.12 (m, 10H), 1.81−1.70 (m, 2H), 1.44−1.29 (m, 13H).
MS (ESI) m/z: [M + H]+ calcd for C67H72N5O3S3, 1090.5;
found, 1090.2.
Tert-butyl (2-((6-((2-(6-(methylamino)pyridin-3-yl)benzo-

[d]thiazol-6-yl)oxy)hexyl)(2-(tritylthio)ethyl)amino)ethyl)(2-
(tritylthio)ethyl)carbamate (12d). Yield, 51%; mp 40.6−41.5
°C. 1H NMR (400 MHz, CDCl3, δ): 8.70 (d, J = 2.1 Hz, 1H),
8.14 (dd, J = 8.8, 2.4 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.46−
7.36 (m, 12H), 7.31−7.23 (m, 13H), 7.22−7.15 (m, 6H), 7.04
(dd, J = 8.9, 2.5 Hz, 1H), 6.49 (d, J = 8.8 Hz, 1H), 5.22 (s, 1H),
3.98 (t, J = 6.4 Hz, 2H), 3.16−2.79 (m, 7H), 2.46−2.10 (m,
10H), 1.83−1.73 (m, 2H), 1.48−1.33 (m, 11H), 1.30−1.21 (m,
4H). MS (ESI) m/z: [M + H]+ calcd for C68H74N5O3S3,
1104.5; found, 1104.2.
General Synthesis Procedures for Rhenium Complexes

13a−d, 14a−d, 15a−d, and 16a−d. The corresponding
precursor (0.05 mmol) was dissolved in trifluoroacetic acid (2
mL) and stirred at 0 °C for 10 min. After triethyl silicane (40
μL) was added, the mixture was stirred at 0 °C for 10 min.
Trifluoroacetic acid was removed under reduced pressure. The
residue was dissolved in a mixed solvent (CH2Cl2−MeOH, 9:1,
20 mL), after which (PPh3)2ReOCl3 (41.7 mg, 0.05 mmol) and
anhydrous sodium acetate (20.0 mg) were added. The mixture
was heated to reflux under constant stirring for 2 h and
concentrated by rotary evaporation. Purification by column
chromatography (CH2Cl2−MeOH, 200:1) produced a pink
solid. HPLC purity analysis conditions: Waters 5C18-AR 300
column (5 μm, 4.6 × 150 mm); eluent A, H2O; eluent B,
CH3CN; B%, 70% for 13a−d and 15a−d, 60% for 14a−d and
16a−d; flow rate, 1 mL/min; detection wavelength, 254 nm;
column temperature, rt.
2-((3-((2-(4-(Dimethylamino)phenyl)benzo[d]thiazol-6-yl)-

oxy)propyl)(2-((2-mercaptoethyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (13a). Yield, 47%; mp
239.5−240.3 °C. 1H NMR (400 MHz, DMSO-d6, δ): 7.88−
7.79 (m, 3H), 7.67 (d, J = 2.5 Hz, 1H), 7.10 (dd, J = 8.9, 2.5
Hz, 1H), 6.81 (d, J = 9.0 Hz, 2H), 4.21−4.04 (m, 5H), 3.90−
3.78 (m, 1H), 3.67−3.49 (m, 3H), 3.46−3.35 (m, 1H), 3.32−
3.16 (m, 2H), 3.10−3.03 (m, 1H), 3.01 (s, 6H), 2.74−2.62 (m,
2H), 2.36−2.23 (m, 2H), 1.75−1.65 (m, 1H). HRMS (ESI) m/
z: [M + H]+ calcd for C24H32N4O2S3

187Re, 691.1245; found,
691.1242. HPLC retention time: 7.30 min, 96.5%.
2-((4-((2-(4-(Dimethylamino)phenyl)benzo[d]thiazol-6-yl)-

oxy)butyl)(2-((2-mercaptoethyl)amino)ethyl)amino)ethane-

1-thiol-rhenium(V) oxide (13b). Yield, 66%; mp 228.7−229.7
°C. 1H NMR (400 MHz, CDCl3, δ): 7.91 (d, J = 8.8 Hz, 2H),
7.87 (d, J = 9.0 Hz, 1H), 7.32 (d, J = 2.4 Hz, 1H), 7.03 (dd, J =
8.9, 2.4 Hz, 1H), 6.74 (d, J = 8.9 Hz, 2H), 4.25−4.05 (m, 5H),
3.94−3.84 (m, 1H), 3.83−3.73 (m, 1H), 3.69−3.58 (m, 1H),
3.48−3.31 (m, 3H), 3.31−3.21 (m, 1H), 3.05 (s, 6H), 3.03−
2.94 (m, 2H), 2.79−2.70 (m, 1H), 2.10−1.99 (m, 2H), 1.93−
1.83 (m, 2H), 1.77−1.66 (m, 1H). HRMS (ESI) m/z: [M +
H]+ calcd for C25H34N4O2S3

185Re, 703.1374; found, 703.1361.
HPLC retention time: 8.93 min, 97.8%.

2-((5-((2-(4-(Dimethylamino)phenyl)benzo[d]thiazol-6-yl)-
oxy)pentyl)(2-((2-mercaptoethyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (13c). Yield, 53%; mp
229.9−231.0 °C. 1H NMR (400 MHz, CDCl3, δ): 7.99−7.86
(m, 3H), 7.31 (d, J = 2.2 Hz, 1H), 7.03 (dd, J = 8.9, 2.2 Hz,
1H), 6.76 (d, J = 8.6 Hz, 2H), 4.18−4.09 (m, 3H), 4.06 (t, J =
6.0 Hz, 2H), 3.91−3.82 (m, 1H), 3.82−3.75 (m, 1H), 3.64−
3.54 (m, 1H), 3.43−3.31 (m, 3H), 3.30−3.20 (m, 1H), 3.06 (s,
6H), 3.04−2.94 (m, 2H), 2.79−2.70 (m, 1H), 1.97−1.84 (m,
4H), 1.77−1.69 (m, 1H), 1.64−1.58 (m, 2H). HRMS (ESI) m/
z: [M + H]+ calcd for C26H36N4O2S3

187Re, 719.1558; found:
719.1569. HPLC retention time: 12.08 min, 97.8%.

2-((6-((2-(4-(Dimethylamino)phenyl)benzo[d]thiazol-6-yl)-
oxy)hexyl)(2-((2-mercaptoethyl)amino)ethyl)amino)ethane-
1-thiol-rhenium(V) oxide (13d). Yield, 29%; mp 211.8−213.1
°C. 1H NMR (400 MHz, CDCl3, δ): 7.91 (d, J = 8.9 Hz, 2H),
7.87 (d, J = 8.9 Hz, 1H), 7.31 (d, J = 2.4 Hz, 1H), 7.03 (dd, J =
8.9, 2.5 Hz, 1H), 6.75 (d, J = 8.9 Hz, 2H), 4.16−4.08 (m, 3H),
4.04 (t, J = 6.2 Hz, 2H), 3.88−3.74 (m, 2H), 3.60−3.50 (m,
1H), 3.40−3.30 (m, 3H), 3.29−3.19 (m, 1H), 3.05 (s, 6H),
3.03−2.93 (m, 2H), 2.77−2.69 (m, 1H), 1.90−1.77 (m, 4H),
1.74−1.66 (m, 1H), 1.62−1.57 (m, 2H), 1.51−1.44 (m, 2H).
HRMS (ESI) m/z: [M + H]+ calcd for C27H38N4O2S3

185Re,
731.1687; found, 731.1699. HPLC retention time: 15.32 min,
98.8%.

2-((2-((2-Mercaptoethyl)(3-((2-(4-(methylamino)phenyl)-
benzo[d]thiazol-6-yl)oxy)propyl)amino)ethyl)amino)ethane-
1-thiol-rhenium(V) oxide (14a). Yield, 28%; mp 179.8−181.5
°C. 1H NMR (400 MHz, DMSO-d6, δ): 7.80 (d, J = 8.9 Hz,
1H), 7.76 (d, J = 8.7 Hz, 2H), 7.65 (d, J = 2.5 Hz, 1H), 7.08
(dd, J = 8.8, 2.4 Hz, 1H), 6.64 (d, J = 8.7 Hz, 2H), 5.75 (s, 1H),
4.16 (t, J = 6.1 Hz, 2H), 4.14−4.03 (m, 3H), 3.88−3.79 (m,
1H), 3.65−3.50 (m, 3H), 3.44−3.35 (m, 1H), 3.29−3.17 (m,
2H), 3.06 (d, J = 11.1 Hz, 1H), 2.75 (d, J = 4.9 Hz, 3H), 2.71−
2.64 (m, 2H), 2.35−2.24 (m, 2H), 1.76−1.66 (m, 1H). HRMS
(ESI) m/z: [M + H]+ calcd for C23H30N4O2S3

187Re, 677.1089;
found, 677.1080. HPLC retention time: 8.12 min, 99.5%.

2-((2-((2-Mercaptoethyl)(4-((2-(4-(methylamino)phenyl)-
benzo[d]thiazol-6-yl)oxy)butyl)amino)ethyl)amino)ethane-
1-thiol-rhenium(V) oxide (14b). Yield, 30%; mp 120.4−121.6
°C. 1H NMR (400 MHz, CDCl3, δ): 8.01−7.83 (m, 3H), 7.32
(d, J = 2.3 Hz, 1H), 7.06 (d, J = 8.9 Hz, 1H), 6.66 (d, J = 8.6
Hz, 2H), 4.24−4.06 (m, 5H), 3.95−3.86 (m, 1H), 3.83−3.76
(m, 1H), 3.70−3.59 (m, 1H), 3.49−3.32 (m, 3H), 3.32−3.22
(m, 1H), 3.07−2.97 (m, 2H), 2.92 (s, 3H), 2.79−2.71 (m, 1H),
2.12−1.99 (m, 2H), 1.94−1.86 (m, 2H), 1.77−1.68 (m, 1H).
HRMS (ESI) m/z: [M + H]+ calcd for C24H32N4O2S3

185Re,
689.1217; found, 689.1224. HPLC retention time: 10.11 min,
96.9%.

2-((2-((2-Mercaptoethyl)(5-((2-(4-(methylamino)phenyl)-
benzo[d]thiazol-6-yl)oxy)pentyl)amino)ethyl)amino)ethane-
1-thiol-rhenium(V) oxide (14c). Yield, 37%; mp 187.2−188.6
°C. 1H NMR (400 MHz, CDCl3, δ): 7.92−7.83 (m, 3H), 7.31
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(d, J = 2.5 Hz, 1H), 7.02 (dd, J = 8.9, 2.5 Hz, 1H), 6.65 (d, J =
8.7 Hz, 2H), 4.17−4.09 (m, 3H), 4.05 (t, J = 6.1 Hz, 2H),
3.91−3.82 (m, 1H), 3.82−3.75 (m, 1H), 3.63−3.53 (m, 1H),
3.43−3.31 (m, 3H), 3.29−3.21 (m, 1H), 3.06−2.94 (m, 2H),
2.91 (s, 3H), 2.79−2.71 (m, 1H), 1.96−1.83 (m, 4H), 1.76−
1.67 (m, 1H), 1.64−1.55 (m, 2H). HRMS (ESI) m/z: [M +
H]+ calcd for C25H34N4O2S3

185Re, 703.1374; found, 703.1384.
HPLC retention time: 13.74 min, 99.1%.
2-((2-((2-Mercaptoethyl)(6-((2-(4-(methylamino)phenyl)-

benzo[d]thiazol-6-yl)oxy)hexyl)amino)ethyl)amino)ethane-
1-thiol-rhenium(V) oxide (14d). Yield, 61%; mp 111.1−112.3
°C. 1H NMR (400 MHz, CDCl3, δ): 7.92−7.83 (m, 3H), 7.31
(d, J = 2.4 Hz, 1H), 7.03 (dd, J = 8.9, 2.5 Hz, 1H), 6.65 (d, J =
8.7 Hz, 2H), 4.16−4.07 (m, 3H), 4.04 (t, J = 6.2 Hz, 2H),
3.89−3.74 (m, 2H), 3.59−3.49 (m, 1H), 3.42−3.30 (m, 3H),
3.28−3.19 (m, 1H), 3.05−2.93 (m, 2H), 2.91 (s, 3H), 2.77−
2.69 (m, 1H), 1.89−1.77 (m, 4H), 1.74−1.65 (m, 1H), 1.64−
1.55 (m, 2H), 1.50−1.41 (m, 2H). HRMS (ESI) m/z: [M +
H]+ calcd for C26H36N4O2S3

185Re, 717.1530; found, 717.1518.
HPLC retention time: 19.27 min, 98.5%.
2-((3-((2-(6-(Dimethylamino)pyridin-3-yl)benzo[d]thiazol-

6-yl)oxy)propyl)(2-((2-mercaptoethyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (15a). Yield, 53%; mp
236.4−237.9 °C. 1H NMR (400 MHz, DMSO-d6, δ): 8.71
(d, J = 2.4 Hz, 1H), 8.09 (dd, J = 9.0, 2.5 Hz, 1H), 7.86 (d, J =
8.9 Hz, 1H), 7.70 (d, J = 2.5 Hz, 1H), 7.12 (dd, J = 8.9, 2.5 Hz,
1H), 6.80 (d, J = 9.1 Hz, 1H), 4.17 (t, J = 6.2 Hz, 2H), 4.15−
4.04 (m, 3H), 3.89−3.79 (m, 1H), 3.65−3.51 (m, 5H), 3.30−
3.18 (m, 2H), 3.13 (s, 6H), 2.75−2.63 (m, 2H), 2.35−2.24 (m,
2H), 1.76−1.66 (m, 1H). HRMS (ESI) m/z: [M + H]+ calcd
for C23H31N5O2S3

187Re, 692.1198; found, 692.1194. HPLC
retention time: 5.18 min, 98.7%.
2-((4-((2-(6-(Dimethylamino)pyridin-3-yl)benzo[d]thiazol-

6-yl)oxy)butyl)(2-((2-mercaptoethyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (15b). Yield, 44%; mp
231.2−231.9 °C. 1H NMR (400 MHz, CDCl3, δ): 8.76 (d, J
= 2.1 Hz, 1H), 8.14 (d, J = 7.4 Hz, 1H), 7.88 (d, J = 8.9 Hz,
1H), 7.33 (d, J = 2.4 Hz, 1H), 7.05 (dd, J = 8.9, 2.4 Hz, 1H),
6.60 (d, J = 8.3 Hz, 1H), 4.26−4.06 (m, 5H), 3.96−3.85 (m,
1H), 3.83−3.75 (m, 1H), 3.71−3.59 (m, 1H), 3.51−3.33 (m,
3H), 3.31−3.24 (m, 1H), 3.19 (s, 6H), 3.07−2.96 (m, 2H),
2.80−2.71 (m, 1H), 2.12−1.99 (m, 2H), 1.95−1.85 (m, 2H),
1.77−1.67 (m, 1H). HRMS (ESI) m/z: [M + H]+ calcd for
C24H33N5O2S3

185Re, 704.1326; found, 704.1323. HPLC
retention time: 6.27 min, 98.9%.
2-((5-((2-(6-(Dimethylamino)pyridin-3-yl)benzo[d]thiazol-

6-yl)oxy)pentyl)(2-((2-mercaptoethyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (15c). Yield, 41%; mp
212.2−213.5 °C. 1H NMR (400 MHz, DMSO-d6, δ): 8.72
(d, J = 2.2 Hz, 1H), 8.07 (dd, J = 8.9, 2.3 Hz, 1H), 7.84 (d, J =
8.9 Hz, 1H), 7.66 (d, J = 2.3 Hz, 1H), 7.09 (dd, J = 8.9, 2.3 Hz,
1H), 6.78 (d, J = 9.1 Hz, 1H), 4.18−3.98 (m, 4H), 3.97−3.77
(m, 2H), 3.64−3.56 (m, 1H), 3.49−3.42 (m, 1H), 3.41−3.29
(m, 2H), 3.28−3.16 (m, 2H), 3.13 (s, 6H), 3.08−2.97 (m, 1H),
2.73−2.61 (m, 2H), 1.93−1.75 (m, 4H), 1.73−1.62 (m, 1H),
1.55−1.43 (m, 2H). HRMS (ESI) m/z: [M + H]+ calcd for
C25H35N5O2S3

187Re, 720.1511; found, 720.1500. HPLC
retention time: 8.24 min, 96.5%.
2-((6-((2-(6-(Dimethylamino)pyridin-3-yl)benzo[d]thiazol-

6-yl)oxy)hexyl)(2-((2-mercaptoethyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (15d). Yield, 53%; mp
192.8−194.2 °C. 1H NMR (400 MHz, CDCl3, δ): 8.76 (d, J
= 2.0 Hz, 1H), 8.15 (d, J = 8.9 Hz, 1H), 7.87 (d, J = 8.9 Hz,

1H), 7.32 (d, J = 2.5 Hz, 1H), 7.04 (dd, J = 8.9, 2.5 Hz, 1H),
6.60 (d, J = 9.0 Hz, 1H), 4.17−4.07 (m, 3H), 4.04 (t, J = 6.3
Hz, 2H), 3.90−3.75 (m, 2H), 3.60−3.50 (m, 1H), 3.42−3.31
(m, 3H), 3.29−3.22 (m, 1H), 3.19 (s, 6H), 3.06−2.93 (m, 2H),
2.77−2.70 (m, 1H), 1.91−1.78 (m, 4H), 1.75−1.66 (m, 1H),
1.64−1.56 (m, 2H), 1.52−1.40 (m, 2H). HRMS (ESI) m/z:
[M + H]+ calcd for C26H37N5O2S3

185Re, 732.1639; found,
732.1638. HPLC retention time: 11.09 min, 99.3%.

2-((2-((2-Mercaptoethyl)(3-((2-(6-(methylamino)pyridin-3-
yl)benzo[d]thiazol-6-yl)oxy)propyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (16a). Yield, 40%; mp
231.5−232.5 °C. 1H NMR (400 MHz, DMSO-d6, δ): 8.62
(d, J = 2.3 Hz, 1H), 8.06−7.98 (m, 1H), 7.85 (d, J = 8.9 Hz,
1H), 7.70 (d, J = 2.5 Hz, 1H), 7.12 (dd, J = 8.9, 2.5 Hz, 1H),
6.64 (d, J = 8.9 Hz, 1H), 4.17 (t, J = 6.2 Hz, 2H), 4.15−4.04
(m, 3H), 3.89−3.80 (m, 1H), 3.65−3.50 (m, 3H), 3.31−3.17
(m, 3H), 3.10−3.00 (m, 1H), 2.87 (d, J = 3.0 Hz, 3H), 2.75−
2.63 (m, 2H), 2.34−2.25 (m, 2H), 1.77−1.66 (m, 1H). HRMS
(ESI) m/z: [M + H]+ calcd for C22H29N5O2S3

187Re, 678.1041;
found, 678.1039. HPLC retention time: 5.12 min, 98.1%.

2-((2-((2-Mercaptoethyl)(4-((2-(6-(methylamino)pyridin-3-
yl)benzo[d]thiazol-6-yl)oxy)butyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (16b). Yield, 32%; mp
205.0−206.2 °C. 1H NMR (400 MHz, CDCl3, δ): 8.72 (d, J
= 2.1 Hz, 1H), 8.12 (dd, J = 8.8, 2.3 Hz, 1H), 7.88 (d, J = 8.9
Hz, 1H), 7.33 (d, J = 2.3 Hz, 1H), 7.06 (dd, J = 8.9, 2.4 Hz,
1H), 6.48 (d, J = 8.8 Hz, 1H), 4.97 (d, J = 5.0 Hz, 1H), 4.24−
4.06 (m, 5H), 3.95−3.85 (m, 1H), 3.83−3.75 (m, 1H), 3.70−
3.59 (m, 1H), 3.47−3.32 (m, 3H), 3.31−3.23 (m, 1H), 3.07−
2.96 (m, 5H), 2.78−2.70 (m, 1H), 2.12−1.99 (m, 2H), 1.95−
1.84 (m, 2H), 1.78−1.71 (m, 1H). HRMS (ESI) m/z: [M +
H]+ calcd for C23H31N5O2S3

185Re, 690.1170; found, 690.1176.
HPLC retention time: 6.27 min, 99.4%.

2-((2-((2-Mercaptoethyl)(5-((2-(6-(methylamino)pyridin-3-
yl)benzo[d]thiazol-6-yl)oxy)pentyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (16c). Yield, 54%; mp
167.7−168.0 °C. 1H NMR (400 MHz, CDCl3, δ): 8.68 (d, J
= 2.0 Hz, 1H), 8.16 (dd, J = 8.8, 2.3 Hz, 1H), 7.88 (d, J = 8.9
Hz, 1H), 7.32 (d, J = 2.5 Hz, 1H), 7.05 (dd, J = 8.9, 2.5 Hz,
1H), 6.52 (d, J = 8.8 Hz, 1H), 5.33 (s, 1H), 4.18−4.09 (m,
3H), 4.06 (t, J = 6.1 Hz, 2H), 3.92−3.83 (m, 1H), 3.82−3.76
(m, 1H), 3.63−3.54 (m, 1H), 3.44−3.32 (m, 3H), 3.30−3.21
(m, 1H), 3.06−2.95 (m, 5H), 2.79−2.71 (m, 1H), 1.97−1.84
(m, 4H), 1.77−1.68 (m, 1H), 1.66−1.56 (m, 2H). HRMS
(ESI) m/z: [M + H]+ calcd for C24H33N5O2S3

185Re, 704.1326;
found, 704.1313. HPLC retention time: 8.73 min, 98.4%.

2-((2-((2-Mercaptoethyl)(6-((2-(6-(methylamino)pyridin-3-
yl)benzo[d]thiazol-6-yl)oxy)hexyl)amino)ethyl)amino)-
ethane-1-thiol-rhenium(V) oxide (16d). Yield, 40%; mp
210.0−211.1 °C. 1H NMR (400 MHz, CDCl3, δ): 8.70 (d, J
= 1.9 Hz, 1H), 8.14 (dd, J = 8.8, 2.3 Hz, 1H), 7.88 (d, J = 8.9
Hz, 1H), 7.32 (d, J = 2.5 Hz, 1H), 7.05 (dd, J = 8.9, 2.5 Hz,
1H), 6.50 (d, J = 8.8 Hz, 1H), 5.16 (s, 1H), 4.17−4.08 (m,
3H), 4.04 (t, J = 6.2 Hz, 2H), 3.90−3.75 (m, 2H), 3.61−3.51
(m, 1H), 3.43−3.31 (m, 3H), 3.29−3.21 (m, 1H), 3.06−2.94
(m, 5H), 2.77−2.70 (m, 1H), 1.91−1.77 (m, 4H), 1.74−1.66
(m, 1H), 1.65−1.56 (m, 2H), 1.52−1.42 (m, 2H). HRMS
(ESI) m/z: [M + H]+ calcd for C25H35N5O2S3

185Re, 718.1483;
found, 718.1498. HPLC retention time: 12.20 min, 99.6%

In Vitro Binding Assay Using Aggregated Aβ1−42
Peptides. Aβ1−42 aggregates were prepared according to
procedures described previously.19,23 The Aβ1−42 peptides
(trifluoroacetate form, 0.53 mg) were dissolved in 2.4 mL of
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buffer solution (10 mM NaH2PO4 and 1 mM EDTA, pH = 7.4)
and incubated at 37 °C for 42 h with constant and gentle
shaking.
Competitive binding assays were performed in 12 mm × 75

mm borosilicate glass tubes (Fisher) following the procedure
below. Aβ1−42 aggregates (100 μL) were added to a mixture
containing 100 μL of [125I]IMPY (approximately 100 000
cpm), 100 μL of Re complexes (10−4 to 10−9.5 M in ethanol),
and 700 μL of bovine serum albumin solution (0.1% in water).
The resulting mixture was incubated at 37 °C for 2 h and
filtered through Whatman GF/B filters on a Mp-48T cell
harvester (Brandel, Gaithersburg, MD) to separate the bound
and free radioactive fractions. The filter sections containing
bound [125I]IMPY were detected using a γ-counter (WALLAC/
Wizard 1470). Half-maximal inhibitory concentrations (IC50)
were calculated with GraphPad Prism 4.0, after which inhibition
constant (Ki) values were calculated by the Cheng−Prusoff
equation: Ki = IC50/(1 + [L]/Kd).

35

In Vitro Fluorescent Staining of Aβ Plaques in Tg
Mouse and AD Brains. Paraffin-embedded brain slices from
Tg mice (APPswe/PSEN1, male, 12 months, 6 μm) and AD
patients (8 μm) were prepared for fluorescent staining. The
brain slices were deparaffinized in xylene for 2 × 20 min,
washed in 100% ethanol for 2 × 5 min, washed in 90%
ethanol−water for 5 min, washed in 80% ethanol−water for 5
min, washed in 60% ethanol−water for 5 min, washed in fresh
water for 10 min, and incubated in PBS (0.2 M, pH = 7.4) for
30 min.
Brain slices were incubated in a 1.0 μM solution (10%

ethanol−water) of Re complexes for 10 min and washed with
50% ethanol−water and PBS (0.2 M, pH = 7.4) for 5 min each.
Fluorescent observation was performed on an Axio Observer
Z1 inverted fluorescence microscope (Zeiss, Germany) using a
DAPI filter set (excitation, 405 nm). To confirm the
localization of Aβ plaques, adjacent brain slices from Tg mice
were stained by thioflavin-S (1.0 μM) using a similar method.
Radiochemistry. [99mTc]GH was prepared by adding fresh

Na99mTcO4 solution (1 mL) to GH kit (containing 8.0 mg
glucoheptonate) and keeping it at room temperature for 10
min. Trifluoroacetic acid (100 μL) was added to a vial
containing a precursor (0.1 mg), which was kept at room
temperature for 10 min, after which 2 μL of triethylsilane was
added to the resulting solution. After 10 min, the solvent was
removed by nitrogen gas. The residue was dissolved in ethanol
(100 μL) and transferred into [99mTc]GH solution. The
mixture was heated at 100 °C for 10 min, cooled to room
temperature, and purified via HPLC on a Venusil MP C18
column (Bonna-Agela Technologies, 5 μm, 4.6 × 250 mm)
with acetonitrile−water (70%:30%) at a flow rate of 1 mL/min.
The desired fraction was collected in a vial. Acetonitrile was
removed using rotary evaporation. The final products were kept
in saline containing 10% ethanol.
The 99mTc-labeled products were identified by retention time

comparison using the corresponding rhenium complexes
(Figure S3) on a Venusil MP C18 column (Bonna-Agela
Technologies, 5 μm, 4.6 × 250 mm) with acetonitrile−water
(80%:20%) at a flow rate of 1 mL/min. The chromatographic
data also demonstrated radiochemical purity higher than 95%.
In vitro stability assay was conducted in saline and mice serum
according to procedures described previously.28

In Vitro Autoradiography. Brain slices from transgenic
mice were prepared using the same procedures that were used
for fluorescent staining and incubated in purified 99mTc-labeled

ligands (100 μL, 10 μCi) for 1 h. After being washed with 40%
ethanol−water for 5 min, the slices were exposed to a
phosphorus plate (PerkinElmer) for 1 h. The autoradiographic
images were acquired on a storage phosphor system
(PerkinElmer) with 600 dpi resolution. To confirm specific
binding, the same brain slices were fluorescent-stained by
DANIR-3b afterward.

Biodistribution in Normal Mice. A solution of purified
99mTc-labeled ligands (100 μL, 5 μCi, 10% EtOH) in saline was
administered intravenously to four groups of ICR mice (18−22
g, male, n = 5), which were sacrificed at 2, 10, 30, and 60 min
post-injection. Organs of interest were removed, weighed, and
subjected to a γ-counter (WALLAC/Wizard 1470). The results
were expressed as a percentage of the injected dose per gram
(% ID/g) of blood or organ.

Ex Vivo Autoradiography. A Tg mouse and an age-
matched wild-type mouse received injections of [99mTc]14b
(1.0 mCi in saline containing 10% ethanol) via the tail vein.
The mice were sacrificed 30 min post-injection. The brains
were removed immediately, embedded in optimal cutting
temperature compound, frozen at −20 °C, and cut into 20 μm
thick sections. After drying, the brain sections were exposed to
imaging plates for 12 h and scanned with a storage phosphor
system. The same brain sections were then stained with
thioflavin-S to verify the presence of Aβ plaques.

In Vivo SPECT−CT Imaging in Rhesus Monkeys.
Rhesus monkeys were anesthetized with ketamine (0.1 mL/
kg) in combination with Sumianxin-II (0.1 mL/kg) via
intramuscular injection and positioned on the bed of a
SPECT−CT scanner. After intravenous administration of
[99mTc]14b (10 mCi in 2 mL of saline containing 10%
ethanol), the scan protocol was carried out immediately.
During the scanning, a sealed plastic tube containing 20 μCi of
[99mTc]14b (0.2% ID) was attached near the head as a
radioactivity reference. After four successive sessions of head
scanning (4 × 10 min), a whole-body scan was performed
(approximately 20 min). All SPECT images were then merged
with CT images. Brain regions were manually drawn on CT
images and transferred to the corresponding SPECT images.
Brain uptake was calculated by comparing the total counts of
the brain regions to the counts of the radioactivity reference for
quantitation, expressed as a percentage of the injected dose (%
ID).
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