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Androgen receptors are present in most advanced prostate cancer specimens, having a critical role in
development of this type of cancer. For correct prognosis of patient conditions and treatmentmonitoring,
noninvasive imaging techniques have great advantages over surgical procedures. We developed synthetic
methodologies for preparation of novel androgen receptor-targeting agents in an attempt to build a
versatile platform for prostate cancer imaging and treatment. The structure of these compounds com-
prises of a lanthanoid metal ion, gadolinium-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(Gd-DOTA)-based binding fragment and, connected to it by a flexible linker, bicalutamide-derived
nonsteroidal antiandrogen moiety. A representative gadolinium complex 15was evaluated as a magnetic
resonance imaging (MRI) agent in C57/bl6 male mouse bearing orthotopic TRAMPC2 prostate tumor.

Introduction

Prostate cancer continues to have the highest incidence rate
of any other type of cancer in males, and it is the second
leading cause of cancer deaths in male (in the United States),
with approximately 220000 new cases diagnosed each year
only inUS.1 The normal development andmaintenance of the
prostate is dependent on androgen acting through the andro-
gen receptor (ARa), which remains important in the develop-
ment and progression of prostate cancer. AR expression is
maintained throughout prostate cancer progression, and the
majority of androgen-independent or hormone refractory
prostate cancers express AR.2 New imaging modalities for
the prostate cancer are needed in order to avoid unnecessary
treatment, correctly stage and predict disease course, and
develop more effective therapies.

Several important criteria should be considered when po-
tential biomarkers are chosen for development as clinical
tools. In this respect, one of the most important issues is the
quality of scientific and clinical data supporting selected
biomarker potential utility. Another important criterion is
that a biomarker presence could be conveniently detected
by widely available assays or techniques, providing useful
and readily accessible and interpretable information to
clinicians.3-7

AR ligands can be divided into twomain structural classes,
steroidal and nonsteroidal, and into two different functional
classes, androgenic and antiandrogenic.8,9 Principal therapeu-
tic approaches that are common for a progressive prostate
cancer treatment and results in the regression ofmost androgen-
dependent tumors10 include an androgen ablation mono-
therapy (using a single drug for a treatment) and surgical
or chemical castration with nonsteroidal antiandrogens, such
as flutamide and bicalutamide. Nonsteroidal antiandrogens
such as flutamide, nilutamide, and bicalutamide were shown
to bind exclusively to the AR and therefore having few side
effects.

Presently, bicalutamide is the leading antiandrogen used in
clinical practice, and although it is given as a racemicmixture,
the R-enantiomer of the bicalutamide was found to have
30-fold higher binding affinity (11( 1.5 nM) to the androgen
receptor than its S-stereoisomer.11-17

Antibodies directed to prostate-specific targets have appli-
cations as imaging and therapeutic agents. The advantages of
antibody-based imaging techniques include great versatility in
target selection. Also, in the case of monoclonal antibodies,
each molecule has the same specificity and binding affinity
to its target antigen. Main disadvantages of antibody-based
approach relate to a relatively high complexity of production
and cost of these materials, which frequently hinder a com-
mercial development. Furthermore, antibodies may suffer
from inherently problematic pharmacokinetics, which mani-
fested in a limited access to tumors and slow washout rates,
resulting in a significant background radioactivity.

Efforts to develop effective radiopharmaceuticals for pros-
tate cancer diagnostics led to approval of 111indium-labeled
prostate-specific membrane antigen (PSMA) monoclonal
antibody (ProstaScint) as an imaging agent.18-21 The overall
sensitivity and specificity of this tracer has been widely vari-
able in reported studies and, as a result, ProstaScint is not
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routinely used for prostate cancer staging. 90Yttrium-labeled
PSMA monoclonal antibody J591 was also evaluated in
clinical trials.22 In a latter case, although bone metastases
were imaged in 7 out of 12 patients, only a minority of total
individual lesions were detected.

An alternative approach to radiolabeled antibodies is
focused on development of androgen receptor radioligands
for positron emission tomography (PET) and single photon
emission computerized tomography (SPECT)-based imaging
of the prostate. This includes evaluation of steroidal com-
pounds such as 16β-[18F]fluoro-5R-dihydrotestosterone23,24

and nonsteroidal agents, based on flutamide and bicalut-
amide pharmacophores such as (R)-[18F]-hydroxyflutamide,
(R)-[11C]-dimethylaminehydroxy-flutamide derivatives, (()-
3-[76Br]-bromohydroxyflutamide, [18F]-bicalutamide, [76Br]-
bromo-bicalutamide, and [76Br]-bromothiobicalutamide.25-29

The [76Br]-bromobicalutamide compound was found to have
an order of magnitude higher affinity for AR, as compared to
that of bicalutamide (Kd of 0.113 μM for [76Br]-bromobica-
lutamide versus to Kd of 1.276 μM for bicalutamide). Also,
very recently, a series of novel prospective SPECT imaging
agents was reported. These 99 mTc-containing flutamide deri-
vatives were synthesized, characterized, and evaluated, show-
ing a significant selective uptake by a prostate. Yet, to the
best of our knowledge, no reports regarding development of
AR-targeted contrast agents for MRI are available.

Herewe report development of nonsteroidal antiandrogen-
lanthanoid metal complexes as potential imaging contrast
agents for prostate cancer diagnostics. The nonsteroidal anti-
androgen-derived targeting moiety was selected as a platform
because androgenic steroids tend to bind also to other steroid
receptors.30 Additional advantage of our approach is that the
same ligand could be suitable for both imaging and treatment
procedures depending on the used metal ion.31-34

Results and Discussion

The selection and design of our receptor-targeting moiety
was based onwork ofMiller and co-workers, who synthesized
and tested a series of new bicalutamide analogues that have an
O-linkage to a B-ring, instead of SO2-linkage (Figure 1).

35-39

Replacement of the sulfone with an ether functional group
results in compounds that have higher affinity to the andro-
gen receptor, even in comparison with the bicalutamide. The
explanation for this activity is that their ether compound
forms an intramolecular hydrogen bondwith the amide nitro-
gen which bends the conformation and increase the binding
affinity to the receptor. The amide nitrogen and hydroxyl
groupof (R)-bicalutamide have an important hydrogen bond-
ing similar to the trifluoromethyl group on the metaposition
of the A ring, which are critical for the interactions between
the receptor and ligand.40

Considering the binding of the ligand to the receptor we
connect a flexible 2,20-(ethane-1,2-diyl-bis(oxy))diethanamine
linker between the targeting and imaging moieties to prevent

possible steric interference of a bulky 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA) complex in bind-
ing to the receptor (Scheme 1).

As a lanthanoid metal ion-binding moiety, a macrocyclic
DOTA ligand was chosen.Metal complexes of this ligand are
known to have an exceptional stability, andmany of them are
clinically used inMRIandPETdiagnostics.41-45Othermetal-
DOTA-based radiopharmaceuticals, such as yttrium 90Y-
DOTA-tyr3-octreotide, are studied for treatment of various
forms of cancer.46-48

We evaluated two converging synthetic routes (A andB) for
the preparation of the key ligand 9.Route A included six steps
and was oriented toward initial derivatization of starting (R)-
3-bromo-2-hydroxy-2-methyl-N-(4-nitro-3-(trifluoromethyl)-
phenyl)propanamide 349 into the advanced intermediate 7,
which at later stages of the synthesis was coupled with the
commercially available DOTA precursor 1,4,7-tris(tert-but-
oxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (20)45

and deprotected to obtain the target ligand 9 (Scheme 1).
This route was initiated with preparation of compound 250

by coupling of 4-hydroxy-benzoic acidwith tert-butyl-2-(2-(2-
aminoethoxy)ethoxy)ethylcarbamate 151 under DCC/HOBt
coupling conditions. We found that 4-hydroxybenzoic acid is
poorly soluble inCH2Cl2 and, as a result, the reactionprogress
was extremely slow. To improve solubility of this starting
material CH3CN was added as a cosolvent. However, under
these new conditions, the formed dicyclohexyl urea side pro-
duct was soluble, causing serious complications during col-
umn chromatography purification of the compound 2.

Therefore, we turned to an alternative coupling strategy
using O-benzotriazole-N,N,N,N0-tetra-methyluroniumhexa-
fluorophosphate/N-hydroxybenzotriazole (HBTU/HOBt)
as a coupling reagent and CH2Cl2/CH3CN mixture as a
solvent.52 The latter protocol was found to have significant
advantages over dicyclohexylcarbodiimide (DCC)/HOBt pro-
cedure in terms of yield, reaction time, and simplicity of the
product purification. Under HBTU/HOBt coupling condi-
tions, the reactionwas completed in just 2 h (versus 24 h, using
the DCC/HOBt protocol), and after chromatography, pure
phenol derivative 2 was obtained in 87% yield.

The second step in development of synthetic route A began
with attempts to couple compounds 3 and 2 in THF, using
t-BuOKas a base.Under these reaction conditions, nodesired
derivative 5 was observed. Instead, we found that all starting
aromatic amide 3 underwent complete hydrolysis, producing
4-nitro-3-(trifluoromethyl)benzenamine as the major detect-
able product.

An alternative strategy for preparation of the derivative 5
was based on in situ preparation of epoxide 425 as a precursor.
According toMiller’s reports17 and to our own findings, con-
version of compound 3 to the corresponding epoxide 4 can be
achieved in very high yields by refluxing of 3 with anhydrous
K2CO3 in a dry acetone. Under these solid-liquid reaction
conditions, hydrolysis of the sensitive aromatic amide group

Figure 1. Structures of nonsteroidal antiandrogens. Flutamide, (R)-bicalutamide, racemic 4-[76Br]-bromothiobicalutamide, and racemic
propiobicalutamide.
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could be mostly avoided. Thus, a solution of compounds 2
and 3 in dry 2-butanone was refluxed overnight in presence of
anhydrous K2CO3 powder, yielding derivative 5 in 80%
isolated yield and clearly indicating a viability of this synthetic
approach. It is important to mention that strict anhydrous
conditions are critical to the success of the latter reaction, as
the presence of water traces drastically reduces the observed
yields.

In the next step, the Boc protection group of compound
5 was removed by treatment with trifluoroacetic acid in
CH2Cl2, producing compound 6 in a quantitative yield. The
subsequent reaction of compound 6 with chloroacetic anhy-
dride in a dry CH3CN at 35 �C (at room temperature this
reaction rate was relatively slow) led to formation of chlo-
roacetamide 7 in 95% isolated yield.53 Interestingly, com-
pound 7 was stable under ambient conditions and could be
conveniently purified by a silica gel chromatography using
CH3CN as an eluent. 1H NMR spectra of compound 6 and 7

were practically identical, except for a singlet peak at 4.05 ppm
(in DMSO-d6), which was assigned to a terminal methyle-
nechloride group of compound 7. As mentioned above, the
synthesis toward the target ligand 9was precededwith heating
a solution of 7 and 20 in DMF to 90 �C with addition of
anhydrous KHCO3, as a base.54 These optimized conditions
for the latter reaction allowed compound 8 to be obtained in
70% yield, while the main detected byproduct was 4-nitro-
3-(trifluoromethyl)benzenamine. The hydrolysis of the key

precursor 8 was performed with trifluoroacetic acid in dry
CH3CN at 0 �C, leading to overall yield of 42% using route A
toward ligand 9.

Our second “inverted” approach: route B contained five
synthetic steps using compound 2 as a starting material and
was oriented towardderivatization of theDOTAprecursor 20
into the advanced intermediate 12, which at later stages of the
synthesis, was coupled with compound 3 and deprotected to
obtain the target ligand 9 (Scheme 2).

The second strategy (Route B) for synthesis of the com-
pound 9 was initiated with deprotection of Boc group of the
compound 2 using trifluoroacetic acid in CH3CN and produ-
cing intermediate 10 in a quantitative yield. Subsequently,
treatment of the lattermaterial with chloroacetic anhydride in
CH3CN led to formation of chloroacetamide 11 in 80%
isolated yield. Compound 11 in DMF was then heated to
90 �C in the presence of 20 andK2CO3, affordingderivative 12
in 80% yield. Then, reaction of an in situ-generated chiral
epoxide 4 with compound 12 in 2-butanone led to formation
of the key precursor 8. Conversion of compound 8 to the
target ligand 9, described in the above protocol, resulted
in overall yield of 51% using route B. An additional and
seeminglymore straightforward synthetic route thatwe evalu-
ated was based on coupling of compound 6 with another
commercially available precursor, 1-(ethyl acetic)-4,7,10-tris-
(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane
(21). According to our above-mentioned experience, we

Scheme 1. Route A for the Preparation of Ligand 9
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attempted to use HOBt and HBTU coupling reagents
(Scheme 3).

Unexpectedly, chromatographic monitoring of this reac-
tion revealed formation of significant amount of various
byproducts, resulting in low yields of the desired product 8,
even after prolonged reaction times. Many attempts were
made to improve this reaction outcome by trying a series of
solvents and coupling reagents. However, in all these experi-
ments, only complex mixtures of products were observed.
Moreover, while reversed-phase flash chromatography could
not provide sufficient separation, under any evaluated elution
conditions, some of the obtained byproducts were found to be
unstable on a normal phase silica gel support, undergoing
decomposition and complicating even further the purification

process.We concluded that previously described routes A and
B were superior methodologies for the preparation of the
target ligand 9.

Our additional task was to prepare a DOTA-lanthanoids
metal complex that has structural similarity to target complex
but would lack the receptor-targeting moiety. This complex is
an optimized control for biological experiments (Scheme 4,
left).

Synthesis of gadolinium complex 14 was achieved by heat-
ing an aqueous solution of ligand 13 (buffered to pH 5) with
gadolinium acetate salt.55 After water lyophilization and
reversed phase chromatography, complexes 14 was obtained
in excellent yields (above 90%). For the preparation of the
target complex 15, the sameprotocolwasused, giving a typical

Scheme 2. Synthetic Route B for the Preparation of the Ligand 9
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yield in a range of 50%. Identity of the gadolinium complexes
was established by matrix assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry.

To evaluate the binding capability of complex 15 to theAR,
we performed a series of in vitro quantitative immunopreci-
pitation AR-binding experiments, in which complex 15

and bicalutamide nitro analogue (R)-3-((4-fluorophenyl)-sul-
fonyl)-2-hydroxy-2-methyl-N-(4-nitro-3-(trifluoro-methyl)-
phenyl)-propanamide (22)12 were separately incubated with
resin-bound AR, as described by Reddy and co-workers.56

Following this noncompetitive binding protocol (flowcharts
of which are shown in Figure S75 of the Supporting In-
formation), AR complexes of compounds 15 or 22 were
selectively precipitated by AR’s monoclonal antibody, bound
to protein G-Sepharose resin (compound 14 was tested as a
reference in control immunoprecipitation experiments). The
amounts of unbound antiandrogens, which remained in the
solution, were quantitated by high pressure liquid chromato-
graphy (HPLC). To correct results of our assay for a non-
specific binding of the evaluated antiandrogens to other pro-
teins or assay’s components, the same set of experiments was

performed without addition of the AR. The difference be-
tween integration areas under the curve (AUC) in AR-added

Scheme 3. Alternative Synthesis of Compound 8

Scheme 4. Synthesis of Ligand 13 and Corresponding Complex 14 (left); Synthesis of Corresponding Complex 15 (right)

Figure 2. Results of the immunoprecipitation AR binding experi-
ments with compounds 15 and 22.
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and AR-free yields the specific AR-binding affinity for each
evaluated antiandrogen at each concentration (Figure 2 and
Tables S1-S3 of the Supporting Information).

We found that in a range of concentrations of 10-100 μM,
compounds 15 and 22 exhibited similar affinity to the AR.
However, above 250 μM concentration, both 15 and 22

showed a nonlinear binding-concentration response, possibly
due to partial precipitation of these ligands at such concentra-
tions, under our experimental conditions. All binding experi-
ments were performed in triplicates, and averaged values are
presented as the mean( standard deviation. Overall, data of
our binding studies strongly suggested that compound 15may
act as in vivo contrast agent in a prostate cancer imaging.

To test whether complex 15 targets prostate tumors, pre-
liminary in vivo imaging experimentwas performed.TRAMP
C2 cells19 (1.5 � 106 cells) were implanted into the prostate
of C57/bl6 male mouse.57 Four weeks post implantation, the
C57/bl6 mouse (25 g) bearing orthotopic TRAMP C2 pro-
state tumorwas injectedwith 6.25mMsolution (500μL; 0.125
mmol/kg58) of gadolinium complex 15 and imaged every few
minutes.

As can be seen in Figure 3 (right), a slight enhancement of
the prostate tumor region was observed at this concentration
of complex 15.

Conclusions

Our investigations present unprecedented synthesis of pros-
tate-targeted nonsteroidal antiandrogen-DOTA-gadolinium
complex 15 designed for prostate cancer magnetic resonance
imaging. Binding studies comparing affinity of complex 15

and reference compound 22 clearly showed that both these
materials have similar affinity toward AR. Finally, our pre-
liminary in vivo evaluation of gadolinium complex 15 as a
prostate imaging contrast agent has been conducted in C57/
bl6 mouse, bearing orthotopic TRAMP C2 prostate tumor.
We believe that use of prostate-targeting ligand 9 complexes,
containing appropriate radioactive metal ions, could be
also very promising for PET- and SPECT-based imaging of
prostate tumors. Our study paves theway for the introduction
of novel “dual-purpose” receptor-targeted pharmaceutical
precursors (metal chelators), which depending on a dosage
and utilized metal ions, are designed to be suitable for

diagnostics or therapy. To further evaluate this type of com-
pounds performance as potential therapeutic agents, addi-
tional experiments are planned to study these materials stabi-
lity, target-specificity, and metabolism.

Experimental Section

All operations with air- and moisture-sensitive compounds
were performed by the Schlenk techniques under argon atmo-
sphere. All solvents were of analytical grade or better. Toluene
and THF were distilled over sodium/benzophenone; other sol-
vents were purchased as anhydrous. 1H and 13C NMR spectra
were recorded on 200, 400, or 500MHz spectrometers in CDCl3,
CD3OD, or DMSO-d6.

1H and 13C NMR signals are reported
in ppm. 1H NMR signals are referenced to the residual proton
(7.26 ppm for CDCl3 or 2.50 ppm for DMSO-d6 or 3.31 ppm for
CD3OD) of a deuterated solvent, and for 13C NMR spectra, the
signal of CDCl3 (77.16 ppm) or DMSO-d6 (39.52 ppm) or
CD3OD (49.05 ppm) was used as a reference. 13C NMR spectra
interpretations were supported by DEPT experiments. Mass
spectra were obtained on a spectrometer equipped with CI, EI,
andFABprobes and on a spectrometer equippedwithESI probe.
HRMS results were obtained on MALDI-TOF and ESI mass
spectrometers. IR spectra were recorded on FTIR spectrometer.
Optical activity of the chiral molecules was measured in a
polarimeter equippedwith optical rotation 1 dc cell. The progress
of reactions was monitored by TLC (SiO2) and visualized by UV
light. Flash chromatography was carried out on columns packed
with SiO2 (0.04-0.063mm). Purity of all synthesized compounds
was established by HPLC and in all cases was above 96%.

tert-Butyl-2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate (1).
To a solution of 2,20-(ethylenedioxy)-bis-ethylamine (2.0 g,
13.50 mmol) in dry CHCl3 (20.0 mL), a solution of di-tert-
butyldicarbonate (295 mg, 1.35 mmol) in CHCl3 (20.0 mL) was
added dropwise at 0 �C under inert atmosphere. At the end of
the addition, the reaction mixture was allowed to warm up to rt
and was stirred for overnight. After that time, solvents were
evaporated, water (20 mL) was added, and the mixture was
extracted with CH2Cl2 (3 � 20 mL). The combined organic
fractions were dried over MgSO4 and evaporated to afford 1 as
light-yellow oil (328 mg, 98%). 1H NMR (400 MHz, CDCl3): δ
1.43 (s, 9H), 2.87 (t, J = 5.0 Hz, 2H), 3.30-3.33 (m, 2H),
3.50-3.55 (m, 4H), 3.61 (s, 4H). 13CNMR(100MHz,CDCl3): δ
28.2, 40.1, 41.49, 70.0, 73.2, 78.8, 155.8. IR (film): 3056, 2987,
1265, 740 cm-1. MS(CIþ): m/z 249 (MHþ). HRMS (MALDI):
m/z calcd for C11H25N2O4, 249.1808; found, 249.1793.

Figure 3. Accumulation of the complex 15 inmouse prostate tumor.MRI ofmouse prostate tumor prior to complex 15 injection (left);MRI of
mouse prostate tumor 7 min after complex 15 injection (right).
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tert-Butyl 2-(2-(2-(4-Hydroxybenzamido)ethoxy)ethoxy)ethyl-
carbamate (2). To a solution of 1 (158 mg, 0.6 mmol) in a
mixture of dry CH2Cl2 (4.0 mL) and dry CH3CN (4.0 mL),
4-hydroxybenzoic acid (124 mg, 0.9 mmol), HBTU (226 mg,
0.72 mmol), HOBt (81 mg, 0.72 mmol), and N,N-diisopropyl-
ethylamine (314 μL, 1.8 mmol) were added at rt under inert
atmosphere and the reaction mixture was stirred for 24 h. After
that time, all volatiles were evaporated and the crude pro-
duct was purified by column chromatography (SiO2; CH3OH/
CH2Cl2, 8:92; Rf 0.46) to give 2 as yellow oil (200 mg, 87%). 1H
NMR (400 MHz, DMSO-d6): δ 1.36 (s, 9H), 3.04 (q, J= 8 Hz,
2H), 3.36 (m, 4H), 3.50 (m, 6H), 3.57 (s, 1H), 6.78 (d, J=8Hz,
1H), 7.70 (d, J = 8 Hz, 2H), 8.22 (bs, 1H), 9.93 (s, 1H). 13C
NMR (100 MHz, CDCl3): δ 28.4, 38.7, 39.8, 40.3, 69.9, 70.1,
79.6, 115.5, 125.3, 129.0, 156.2, 160.2, 167.9. IR (film): 3632,
3437, 3203, 2942, 2722, 2521, 1781, 1670, 1618, 1514, 1461, 1391,
1278, 1166, 1030, 922 cm-1. MS (CIþ): m/z 369.0 (MHþ).
UV-vis (CH3CN): λmax 240 nm.

(S)-tert-Butyl-2-(2-(2-(4-(2-hydroxy-2-methyl-3-(4-nitro-3-(tri-
fluoromethyl)phenylamino)-3-oxo-propoxy)benzamido)ethoxy)-
ethoxy)ethylcarbamate (5). To a suspension of 3 (178 mg, 0.615
mmol) and anhydrous K2CO3 (170 mg, 1.230 mmol) in dry
2-butanone (5.0 mL), 2 (244 mg, 0.664 mmol) was added at rt
under inert atmosphere. Then, the reactionmixturewas refluxed
for overnight. After that time, 2-butanone was evaporated,
water (20 mL) was added, and the mixture was extracted with
ethyl acetate (3� 20 mL). The combined organic fractions were
dried over MgSO4, and the crude product was purified by
column chromatography (SiO2; CH3CN; Rf 0.3) to give 5 as
yellow oil (324 mg, 80%). [R]20D -26.6� (c = 1.7, CH2Cl2).

1H
NMR (400 MHz, CDCl3): δ 1.42 (s, 9H), 1.60 (s, 3H), 3.23 (t,
J = 4.8 Hz, 1H), 3.51 (t, J = 5.2 Hz, 1H), 3.62-3.64 (m, 8H),
4.00, 4.42 (ABq, J= 9.2 Hz 2H), 6.83 (d, J= 8.4 Hz, 2H), 7.70
(d, J=7.6Hz, 2H), 7.98 (d, J=8.8Hz, 1H), 8.06 (d, J=8.8Hz,
2H), 8.13 (bs, 1H), 9.39 (bs, 1H). 13C NMR (100MHz, CDCl3):
δ 22.9, 28.3, 39.8, 40.3, 70.1, 72.8, 75.6, 79.6, 114.4, 118.3, 118.3,
122.1, 127.0, 127.0, 128.8, 141.8, 143.0, 156.1, 160.6, 167.5,
173.1. 19F NMR (376 MHz, CDCl3): δ -60.5. IR (film): 3372,
2928, 2873, 2077, 1693, 1641, 1515, 1458, 1417, 1353, 1251, 1149,
1042, 910 cm-1. HRMS (MALDI-TOF): m/z calcd for C29H37-
N4O10F3Na, 681.2354; found, 681.2816. UV-vis (CH3CN):
λmax 250, 310 nm.

(S)-2-(2-(2-(4-(2-Hydroxy-2-methyl-3-(4-nitro-3-(trifluoro-
methyl)phenylamino)-3-oxopropoxy)-benzamido)ethoxy)ethoxy)-
ethanaminium 2,2,2-trifluoroacetate (6). To a solution of 5 (93.6
mg, 0.412 mmol) in dry CH3CN (2.5 mL), CF3CO2H (2.5 mL)
was added dropwise at 0 �C under inert atmosphere. Then the
reaction mixture was allowed to warm up to rt and stirred for
overnight. After that time, all volatiles were evaporated and
purification was performed by dissolving in minimum amount
of methanol and triturated with diethyl ether to obtain the pure
product 6 as light-yellow precipitate (79.3 mg, 99%). [R]20D
-1.84� (c= 3.97, acetone). 1H NMR (400 MHz, DMSO-d6): δ
1.46 (s, 3H), 2.95 (m, 2H), 3.57 (m, 10H), 3.58, 4.28 (ABq, J=8
Hz, 2H), 6.33 (bs, 1H), 6.98 (d, J=8Hz, 2H), 7.79 (d, J=8Hz,
2H), 8.12 (d, J=12Hz, 1H), 8.36 (t, J=4Hz, 1H), 8.58 (s, 1H),
10.66 (bs, 1H). 13C NMR (100 MHz, DMSO-d6): δ 22.9, 38.5,
40.1, 66.6, 68.9, 69.3, 69.6, 73.5, 74.7, 114.0, 118.1, 118.2, 123.0,
126.7, 127.3, 128.8, 141.6, 143.1, 160.6, 165.6, 174.4. 19F NMR
(376MHz, DMSO-d6): δ-59.46,-74.05. IR (film): 3434, 2928,
1684, 1535, 1422, 1352, 1251, 1193, 1142, 1038, 994, 842, 764,
725 cm-1. MS (FABþ): m/z 559.2 (MHþ). HRMS (MALDI-
TOF):m/z calcd for C24H30N4O8F3, 559.2010; found, 559.1997.

(S)-N-(2-(2-(2-(2-Chloroacetamido)ethoxy)ethoxy)ethyl)-4-
(2-hydroxy-2-methyl-3-(4-nitro-3-(trifluoromethyl)phenylamino)-
3-oxopropoxy)benzamide (7). To a solution of 6 (152 mg, 0.272
mmol) in dry CH3CN (5.0 mL), chloroacetic anhydride (46 mg,
0.272 mmol) was added at rt under inert atmosphere. Then, the
reaction mixture was heated to 35 �C for overnight. After
solvent evaporation, the crude product was purified by column

chromatography (SiO2; CH3CN;Rf 0.3) to give 7 as light-yellow
oil (134mg, 95%). [R]20Dþ2.86 (c 0.05, CH3CN). 1HNMR (500
MHz, DMSO-d6): δ 1.46 (s, 3H), 3.24 (q, J=5Hz, 2H), 3.38 (q,
J=5Hz, 2H), 3.43 (t, J=5Hz, 2H), 3.52 (m, 7H), 4.05 (s, 2H),
4.06, 4.29 (ABq, J = 10 Hz 2H), 6.32 (bs, 1H), 6.98 (d, J = 10
Hz, 2H), 7.80 (d, J= 10 Hz, 2H), 8.20 (d, J= 10 Hz, 1H), 8.25
(bs, 1H), 8.36 (m, 2H), 8.58 (d, J=5Hz, 1H), 10.66 (s, 1H). 13C
NMR (125MHz,DMSO-d6): δ 22.94, 38.16, 38.93, 39.00, 42.48,
68.64, 68.90, 69.47, 73.52, 74.70, 113.98, 118.19, 118.23, 123.00,
126.77, 127.29, 128.87, 141.59, 143.17, 160.59, 165.58, 165.89,
174.40. 19FNMR (376MHz, CDCl3): δ-60.48. IR (film): 3302,
2875, 1664, 1537, 1419, 1347, 1250, 1145, 1040, 911, 844, 710
cm-1. HRMS (MALDI-TOF): m/z calcd for C26H30ClF3N4-
O9Na, 657.1551; found, 657.1596.

(S)-tert-Butyl-2,20,20 0-(10-(1-(4-(2-hydroxy-2-methyl-3-(4-nitro-
3-(trifluoromethyl)phenylamino)-3-oxopropoxy)phenyl)-1,12-dioxo-
5,8-dioxa-2,11-diazatridecan-13-yl)-1,4,7,10-tetraazacyclodo-
decane-1,4,7-triyl)triacetate (8). Procedure A. To a mixture of
20 (153 mg, 0.289 mmol) and KHCO3 (40 mg, 0.289 mmol) in
dry DMF (1.0 mL), a solution of 7 (183 mg, 0.289 mmol) in dry
DMF (1.0 mL) was added at rt under inert atmosphere. Then,
the reaction mixture was heated to 90 �C for overnight. After
that time, the solvent was evaporated and the crude product was
purified by column chromatography (SiO2;MeOH:CH2Cl2, 1:9;
Rf 0.3) to give 8 as light-yellowoil (225mg, 70%). [R]24Dþ13.08�
(c = 8.9, CHCl3).

1H NMR (500 MHz, CDCl3): δ 1.43 (ds,
34H), 3.33-3.68 (m, 37H), 4.09 (d, J=10Hz, 1H), 4.57 (d, J=
10 Hz, 1H), 6.97 (d, J = 10 Hz, 2H), 7.42 (s, 1H), 7.64 (s, 1H),
7.78 (d, J=5Hz, 2H), 7.89 (d, J=10 Hz, 1H), 8.21 (d, J=10
Hz, 1H), 8.53 (s, 1H). 13CNMR(125MHz,CDCl3):δ 22.9, 27.9,
28.0, 29.7, 31.9, 38.9, 39.7, 55.5, 55.7, 56.0, 69.5, 70.0, 70.2, 70.3,
73.4, 81.8, 81.9, 114.8, 118.7, 118.8, 122.8, 126.6, 127.1, 128.9,
142.6, 143.0, 161.2, 167.4, 171.8, 172.4, 174.5. 19F NMR (188
MHz, MeOD): δ -63.53. IR (film): 3421, 2924, 2386, 2298,
1728, 1610, 1535, 1462, 1370, 1313, 1233, 1157, 1039, 848, 762
cm-1. HRMS (MALDI-TOF): m/z calcd for C52H80N8O15F3,
1113.5690; found, 1113.5647.

Procedure B. To a mixture of 3 (100 mg, 0.345 mmol) and
K2CO3 (48 mg, 0.690 mmol) in dry 2-butanone (5 mL), a
solution of 12 (284 mg, 0.345 mmol) in dry 2-butanone (5 mL)
was added at rt under inert atmosphere. Then the reaction
mixture was heated to 80 �C for overnight. After that time,
2-butanone was evaporated, water (15 mL) was added, and the
mixture was extracted with CH2Cl2 (3� 15 mL). The combined
organic fractionswere dried overMgSO4, and the crude product
was purified by column chromatography to give 8 as yellow oil
(345 mg, 90%).

(S)-2,20,20 0-(10-(1-(4-(2-Hydroxy-2-methyl-3-(4-nitro-3-(tri-
fluoromethyl)phenylamino)-3-oxopro-poxy)phenyl)-1,12-dioxo-
5,8-dioxa-2,11-diazatridecan-13-yl)-1,4,7,10-tetraazacyclodode-
cane-1,4,7-triyl)triacetic Acid (9). To a solution of 8 (300 mg,
0.270 mmol) in dry CH3CN (10.0 mL), CF3CO2H (10.0 mL)
was added dropwise at 0 �C under inert atmosphere. Then, the
reaction mixture was allowed to warm up to rt and stirred for
overnight. After that time, all volatiles were evaporated and
purification was performed by dissolving in minimum amount
of methanol and triturated with diethyl ether to obtain the pure
product 9 as light-yellow precipitate solid (229 mg, 90%); mp
144.3-145.5 �C. [R]20D -8.3% (c 4.3, MeOH). 1H NMR (500
MHz, CD3OD): δ 1.56 (s, 3H), 3.31-3.64 (m, 39H), 4.10, 4.39
(ABq, J= 10 Hz, 2H), 7.01 (d, J= 10 Hz, 2H), 7.78 (d, J= 10
Hz, 2H), 8.05 (d, J=10Hz, 1H), 8.18 (dd, J=5Hz, 1H), 8.37 (s,
1H). 13CNMR(125MHz,CD3OD):δ 23.3, 40.3, 40.8, 56.5, 57.0,
57.1, 70.6, 71.3, 71.4, 75.0, 76.5, 115.6, 119.8, 119.8, 122.5, 124.4,
128.1, 128.3, 130.3, 1440, 144.3, 162.9, 169.8, 175.0, 176.1, 179.4,
179.6. 19F NMR (188 MHz, CD3OD): δ -78.90, -63.51. IR
(KBr): 3732, 2752, 2559, 2469, 2419, 2387, 2335, 2295, 2276, 2078,
1640, 1463, 1352, 1317, 1250, 1175, 1138, 1097, 1035, 974, 914,
833, 809, 768, 705, 688, 644, 612 cm-1. HRMS (MALDI-TOF):
m/z calcd for C40H56F3N8O15, 945.3839; found, 945.3877.
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N-(2-(2-(2-Aminoethoxy)ethoxy)ethyl)-4-hydroxybenzamide (10).
To a solution of 2 (200mg, 0.543mmol) in dryCH3CN (5.0mL),
trifluoroacetic acid (5.0 mL) was added dropwise at 0 �C under
inert atmosphere. Then, the reaction mixture was allowed to
warm up to rt and stirred for overnight. After that time, all
volatiles were evaporated and purification was performed by
dissolving in minimum amount of methanol and triturated
with diethyl ether to obtain the pure product 10 as light-yellow
precipitate (146 mg, 99%). 1H NMR (500 MHz, CD3OD): δ
3.07 (t, J=5Hz, 2H), 3.56 (t, J=5Hz, 2H), 3.67 (m, 8H), 6.83
(d, J = 10 Hz, 2H), 7.71 (d, J = 10 Hz, 2H), 8.26 (s, NH). 13C
NMR (125 MHz, CD3OD): δ 40.63, 40.68, 67.90, 70.78, 71.37,
71.42, 116.14, 126.35, 130.27, 162.16, 170.24. IR (film): 612, 687,
772, 849, 1027, 1134, 1611, 3310 cm-1. MS(CIþ): m/z 269.3
(MHþ). UV-vis (CH3OH): λmax 245 nm.

N-(2-(2-(2-(2-Chloroacetamido)ethoxy)ethoxy)ethyl)-4-hydro-
xybenzamide (11).To a solution of 10 (200 mg, 0.746 mmol) and
NEt3 (206 μL, 1.49 mmol) in dry CH3CN (3.0 mL), a solution of
chloro-acetic anhydride (127 mg, 0.746 mmol) in dry CH3CN
(5 mL) was added dropwise at 0 �C under inert atmosphere.
Then, the reaction mixture was allowed to warm up to rt and
stirred for overnight. After that time, all volatiles were evapo-
rated and the crude product was purified by column chroma-
tography (SiO2; MeOH:CH2Cl2, 1:9; Rf 0.8) to give 11 as white
oil (205 mg, 80%). 1HNMR (400MHz, CD3OD): δ 3.39 (t, J=
5.6Hz, 4H), 3.55 (m, 4H), 3.63 (m, 4H), 4.03 (s, 2H), 6.82 (d, J=
8.8 Hz, 2H), 7.71 (d, J = 8.8 Hz, 2H). 13C NMR (125 MHz,
CD3OD): δ 40.7, 40.8, 43.2, 70.3, 70.8, 71.4, 116.1, 126.4, 130.3,
162.1, 169.4, 170.2. IR (film): 3323, 2873, 1643, 1607, 1278, 1098,
850, 770 cm-1. HRMS (MALDI-TOF): m/z calcd for C15H21-
N2O5NaCl, 367.1037; found, 367.0998.UV-vis (CH3OH): λmax

205, 255 nm.
tert-Butyl-2,20,200-(10-(1-(4-hydroxyphenyl)-1,12-dioxo-5,8-

dioxa-2,11-diazatridecan-13-yl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate (12). To a mixture of 20 (153 mg, 0.289
mmol) and KHCO3 (40 mg, 0.289 mmol) in dry DMF (0.5 mL),
a solution of 11 (99 mg, 0.289 mmol) in dry DMF (1 mL) was
added at rt under inert atmosphere. Then, the reaction mixture
was heated to 90 �C for overnight. After that time, the solvent
was evaporated and the crude product was purified by column
chromatography (SiO2;MeOH:CH2Cl2, 1:9;Rf 0.3) to give 12 as
light-yellow oil (190 mg, 80% yield). 1H NMR (500 MHz,
CDCl3): δ 1.44 (s, 27H), 2.79-3.67 (m, 38H), 6.97 (d, J = 10
Hz, 1H), 7.03 (d, J = 10 Hz, 1H), 7.50 (s, NH), 7.71 (t, J = 10
Hz, 2H), 8.42 (s, NH). 13C NMR (125 MHz, CDCl3): δ 27.99,
39.02, 39.60, 55.48, 55.64, 56.42, 57.88, 69.35, 69.85, 69.90,
70.11, 70.36, 81.19, 116.45, 122.86, 128.96, 129.03, 162.47,
168.03, 171.80, 171.84, 172.33. IR (film): 3292, 2976, 2824,
1729, 1677, 1550, 1506, 1458, 1375, 1312, 1232, 1165, 852, 757
cm-1. HRMS (MALDI-TOF): m/z calcd for C41H70N6O11-
Na, 845.4994; found, 845.4960. UV-vis (CH3OH): λmax 205,
255 nm.

2,20,200-(10-(1-(4-Hydroxyphenyl)-1,12-dioxo-5,8-dioxa-2,11-
diazatridecan-13-yl)-1,4,7,10-tetra-azacyclododecane-1,4,7-triyl)-
triacetic acid (13). To a solution of 12 (190 mg, 0.231 mmol) in
dry CH3CN (5.0 mL), CF3CO2H (5.0 mL) was added dropwise
at 0 �C under inert atmosphere. Then, the reaction mixture was
allowed to warm up to rt and stirred for overnight. After that
time, all volatiles were evaporated and purification was per-
formed by dissolving in minimum amount of methanol and
triturated with diethyl ether to obtain the pure product 13 as
light-yellow precipitate (136 mg, 97%). 1H NMR (500 MHz,
CD3OD): δ 3.25 (m, 17H), 3.49 (t, J=5Hz, 6H), 3.59 (t, J=5
Hz, 9H), 3.73 (bs, 6H), 6.78 (d, J=5Hz, 2H), 7.65 (d, J=5Hz,
2H), 8.64 (d, J = 5 Hz, 2H). 13C NMR (125 MHz, CD3OD): δ
40.3, 40.8, 51.2, 51.2, 55.4, 55.4, 56.0, 70.4, 70.7, 71.2, 71.3,
116.2, 117.1, 119.4, 126.4, 127.0, 130.4, 142.9, 146.9, 162.1,
162.9, 163.1, 170.2. IR (film): 3441, 2927, 2873, 2366, 1684,
1509, 1407, 1316, 1205, 1135, 1088, 912, 839, 803, 771, 723, 689,
611, 518, 469 cm-1. HRMS (MALDI-TOF): m/z calcd for

C29H47N6O11, 655.3303; found, 655.3190. UV-vis (CH3OH):
λmax 210, 255 nm.

Compound 14. Compound 13 (20 mg, 0.031 mmol) was
dissolved in water (5 mL), and the pH of the resulted solution
was adjusted to 5.0 by the addition of aqueous KOH (0.1 M).
Gadolinium acetate hydrate (13 mg, 0.037 mmol) was added,
and the solution was stirred at 90 �C for overnight. Then, the
reaction mixture was cooled to rt, its pH was adjusted to 10.0,
and the excess ofGd(OH)3was removed by filtration.Afterwater
lyophilization, the crude product was purified by column chro-
matography (RP18 silica gel; H2O) to give 14 as yellow oil (23mg,
91%). IR (KBr): 3448, 1692, 1562, 1413, 1204, 665 cm-1. HRMS
(MALDI-TOF):m/z calcd for C29H44N6O11Gd, 810.2304; found,
810.2364. UV-vis (CH3OH): λmax 200, 255 nm.

Compound 15. Compound 9 (50 mg, 0.053 mmol) was dis-
solved in water (5 mL), and the pH of the resulted solution was
adjusted to 5.0 by the addition of aqueous KOH (0.1 M).
Gadolinium acetate hydrate (23 mg, 0.064 mmol) was added
and the solution was stirred at 90 �C for overnight. Then, the
reaction mixture was cooled to rt, its pH was adjusted to 10.0,
and the excess of Gd(OH)3 was removed by filtration. After
water lyophilization, the crude product was purified by column
chromatography (RP18 silica gel; H2O) to give 15 as yellow
oil (29 mg, 50%). [R]26D -10.9% (c 3.0, MeOH). IR (KBr):
3424, 2361, 1641, 1563, 1414, 1021, 654 cm-1. HRMS (MALDI-
TOF): m/z calcd for C40H53F3N8O15Gd, 1100.2823; found,
1100.2833. UV-vis (CH3OH): λmax 240, 310 nm.

Binding Experiments. Quantitative Immunoprecipitation AR

Binding Assay. Purified recombinant human AR (10 μM)
(H00000367-Q01, Abnova Corp.) was incubated for 30 min at
room temperature with 10, 25, 50, 100, 250, and 500 μM of
compound 22, complex 14, or with complex 15 in buffer (0.1%
bovine serumalbumin, 20mMTris, pH7.4, 4mMMgCl2, 2mM
CaCl2, 10 mMKCl). Then, the resulted samples were incubated
with an anti-AR monoclonal antibody (5 μg/mL) (H00000367-
M01, Abnova Corp.) for 2 h at 4 �C. This was followed by
incubation with Protein G-Sepharose resin (GE Healthcare)
for 1 h at 4 �C, and the resulting mixtures were centrifuged at
3000 rpm for 30 s. After centrifugation, the upper layer was col-
lected and subjected to a high pressure liquid chromatography
(HPLC) analysis, using UV-vis diode-array detector-equipped
HPLC (Agilent 1100) and reversed phase analytical column
(Econosphere C18, 5 μm, 4.6 mm � 250 mm) for detection of
unbound 22, complex 14, or compound 15 in samples (elution
conditions: mobile phase isocratic CH3CN:H2O, 50%:50%;
1 mL/min). Chromatograms were monitored at λ = 220, 245,
and 300 nm, and integration values of area under the curve
(AUC) of chromatographic peaks (assigned to antiandrogens)
were used for calculation of data presented in the Figure 2.

Animals Preparation and Imaging. Orthotopic Prostate Tumors

Implantation. C57/bl6 mice were anesthetized with ketamine
(150 mg/kg) and xylazine (12 mg/kg). A lower-midline incision
was made, and TRAMPC2 cells (1.5� 106 cells/100 μL) in PBS
were implanted into the anterior, dorsolateral, and ventral
prostate lobes using a 30 gauge needle. The prostate was
returned to the abdominal cavity, and the abdominal wall
was sutured. Mice were imaged by MRI at 4 weeks after the
intraprostatic implantation of tumor cells.

Magnetic Resonance Imaging. MRI experiments were per-
formed on 7 T BioSpec Magnet 70/30 USR system equipped
with gradient coil system, capable of producing pulse gradient of
up to 40 gauss/cm in each of the three directions. Mice were
anesthetized with 2% inhalation anesthesia (isoflurane) deliv-
ered with oxygen, using a nonrebreathing anesthetic delivery
system. Anesthetized mice were placed on a heating pad to
maintain normal body temperature and to minimize tempera-
ture-induced changes in blood flow. A 27 gauge needle was
inserted into the tail vein for intravenous injection of contrast
media Gadolinium complex 15 (6.25 mM). The MRI protocol
included transverse T1-weighted MR images. The T1-weighted
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images were acquired for tumor using theMSME sequence with
a repetition delay (TR) of 700ms, an echo delay (TE) of 11.3ms,
matrix dimension of 128� 128 and one average, corresponding
to an image acquisition time of 34 s. Twenty-four continuous
slices with slice thickness of 1 mm were acquired with a field of
view (FOV) of 4.5 cm � 4.5 cm.
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