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Abstract
Introduction—2-Methoxyestradiol (2ME2) is an endogenous metabolite of the human hormone,
estrogen, which has been shown to possess anti-tumor activity. 2-Fluoroethoxyestradiol (2FEE2)
and 2-fluoropropanoxyestradiol (2FPE2), novel analogs of 2-methoxyestradiol, were designed and
synthesized to be utilized as F-18 radiotracers for positron emission tomography (PET), with which
the bio-distribution and intratumoral accumulations of 2ME2 could be measured in vivo for potential
translation to human use.

Methods—2FEE2 and 2FPE2 were synthesized from 3,17β-estradiol in five steps respectively.
Drug-induced microtubule depolymerization, antiproliferative activity against human cancer cell
lines and HIF-1α down-regulation by 2FEE2 and 2FPE2 were investigated to examine whether these
molecules possess similar anti-tumor activities as 2-methoxyestradiol. 2-[18F]Fluoroethoxyestradiol
was synthesized for PET.

Results—Novel 2ME2 analogs, 2FEE2 and 2FPE2, were synthesized in 29% and 22% overall yield,
respectively. 2FEE2 and 2FPE2 showed microtubule depolymerization and cytotoxicities against the
human ovarian carcinoma cell line, 1A9, and the human glioma cell line, LN229. HIF-1α was down-
regulated by 2FEE2 and 2FPE2 under hypoxic conditions. 2FEE2 was chosen as an F-18 radiotracer
candidate, since it showed stronger antiproliferative activity than 2ME2 and 2FPE2. 2-[18F]
Fluoroethoxyestradiol (2[18F]FEE2) was prepared in 8.3% decay-corrected yield in 90 min, based
on a production of H[18F]F with more than 98% radiochemical purity.

Conclusions—2FEE2 and 2FPE2 showed similar activity as 2ME2. 2[18F]FEE2 was synthesized
to be utilized as a PET radiotracer to measure the biological efficacy of 2ME2 and its analogs in vivo.
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1. Introduction
2-Methoxyestradiol (2ME2) (1) is an endogenous metabolite of the human estrogen, estradiol,
which has drawn a lot of attention because of its anti-tumor activity against a wide variety of
human tumors such as head and neck squamous cell carcinoma, glioma, prostate cancer and
metastatic breast cancer [1-4]. At the cellular level, 2ME2 binds to tubulin, depolymerizes
microtubules (MTs) and exerts antiangiogenic activity [5]. Mechanistically, we have
previously shown that the antiangiogenic activity of 2ME2 in vivo stems from the ability of
the molecule to inhibit the protein levels and transcriptional activity of the hypoxia-inducible
factor 1 (HIF-1α) [6]. More importantly, we showed that inhibition of HIF-1α occurs
downstream of the drug-induced MT disruption [6]. Phase I trials of 2ME2 in patients with
metastatic breast cancer have been reported and showed that this orally available small
molecule is well tolerated unlike other MT-targeting chemotherapy drugs [7-9]. Currently,
2ME2 is in Phase I/II oncology clinical trials.

To monitor the bio-distribution and intratumoral accumulations of 2ME2 in vivo, we have
recently reported an improved synthesis of 2-[11C]methoxyestradiol (2[11C] ME2) [10].
Carbon-11 labeling does not change the chemical structure, so the pharmacokinetics and bio-
distribution of 2ME2 can be investigated by positron emission tomography (PET), using 2
[11C]ME2. A significant limitation in the application of carbon-11 tracers for human use is the
short 20-min half-life of carbon-11. The 20-min half-life requires an on-site particle accelerator
for production of carbon-11. In addition, only a single or relatively few doses can be generated
from each batch production of carbon-11 tracers. Therefore, carbon-11 tracers are poor
candidates for regional distribution for widespread human use.

In order to overcome the physical half-life limitation of carbon-11, we have recently focused
on the development of several new analogs of 2ME2 which contain an intrinsic F-18 labeling
site. These analogs were designed both as radiotracers for PET and as anti-tumor drugs.
Fluorine-18 is a more desirable PET radionuclide for radiolabeling because its 110-min half-
life allows substantially more time for radiochemical synthesis and for purification of the final
product for human administration. Also, the 110-min half-life allows sufficient time for
distribution to hospitals without on-site particle accelerators. Thus, fluorine-18 2ME2 analogs
have significant advantages over 2[11C] ME2 for widespread human use.

Structure designs of F-18 analogs were based on 2-ethoxyestradiol (2), 2-(2′,2′,2′-
trifluoroethoxy)estradiol (3) and 2-(2′-hydroxyethoxy)estradiol (4), published by Cushman et
al. (Fig. 1) [11-13]. The substitution of 2-methoxy group with 2-ethoxy group in 2-
ethoxyestradiol induced stronger inhibition of tubulin polymerization and cytotoxicities
against various cancer cell lines than 2ME2. 2-(2′,2′,2′-Trifluoroethoxy)estradiol and 2-(2′-
hydroxyethoxy)estradiol showed less potency as anti-tumor drugs than 2ME2; however, they
retained high activity enough to show cytotoxicities against various cancer cell lines.

Based on these results, the 2-methoxy group of 2ME2 was replaced with a 2-(2′-fluoroethoxy)
group and a 2-(3′-fluoropropanoxy) group, to afford F-18 radiotracers, 2-fluoroethoxyestradiol
(2FEE2) (5) and 2-fluoropropanoxyestradiol (2FPE2) (6), respectively (Fig. 2).

The syntheses of 2FEE2 and 2FPE2 were performed to investigate whether these newly
synthesized analogs share similar biological activities as their parent compound. We performed
MT depolymerization and cytotoxicity assays against human ovarian cancer cell lines and
human glioma cell lines. We have further investigated the ability of 2FEE2 and 2FPE2 to down-
regulate HIF-1α. A synthesis of 2-[18F]fluoroethoxyestradiol (2[18F]FEE2) is also reported.
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2. Materials and methods
2.1. General

All reagents used were obtained from commercially available source. Solvents used in
reactions were purchased from Sigma-Aldrich Corporation (Milwaukee, WI, USA), while
solvents for chromatography were obtained from VWR Scientific Products (West Chester, PA,
USA). Glassware was oven-dried at >200°C and then cooled to room temperature under argon
flow. All reactions were performed under argon. F-254 silica gel, absorbed on aluminum plates
in 250-μm layers, purchased from Whatman Ltd. (Clifton, NJ, USA), was utilized for thin-
layer chromatography. Column chromatography was performed with silica gel 60 from EMD
Chemicals Inc. (Gibbstown, NJ, USA). C-18 SepPaks were purchased from Waters, Inc.
(Milford, MA, USA). 1H NMR spectra were recorded on a Varian spectrometer at 400 or 300
MHz and referenced to a NMR solvent (chemical shifts in part per million values, J values in
Hertz). High-resolution mass spectrometer was obtained with an LTQ FT Ultra mass
spectrometer from Thermo Scientific (Waltham, MA, USA) by using accurate mass electron
ionization method. Elemental analyses were performed by Atlantic Microlabs, Inc. (Norcross,
GA, USA) and within ±0.4% of the theoretical values.

2-Hydroxy-3,17β-O-bis(methoxymethyl)estradiol was synthesized from 3,17β-estradiol in
three steps with 65% overall yield by a previously published method [9].

2.2. Chemistry
2.2.1. 2-Fluoroethoxy-3,17β-O-bis(methoxymethyl) estradiol and 2-
fluoropropanoxy-3,17β-O-bis (methoxymethyl)estradiol—2-Hydroxy-3,17β-O-bis
(methoxy)methylestradiol (52 mg, 0.14mmol) was dissolved in 2 ml of dimethylformamide
(DMF). 0.3 g of K2CO3·1/2H2O and 5mg of Bu4NI were added to the solution, followed by
the addition of 0.1 ml of 1-bromo-2-fluoroethane. The reaction mixture was stirred overnight
at 100°C. The reaction mixture was cooled to room temperature, followed by water (10 ml)
addition. The product was extracted with diethyl ether (20 ml×3). The combined organic layer
was washed with brine (20 ml), dried with MgSO4 and concentrated in vacuo. The crude
product was yellowish viscous oil. 2-Fluoroethoxy-3,17β-O-bis(methoxymethyl)estradiol was
purified by column chromatography (eluent: 1:4=EtOAc/hexane) to yield 51 mg (0.12 mmol,
86%) of the pure compound. 1H NMR (CDCl3) δ 0.8 (s, 3H), 1.2-2.2 (m, 13H), 2.8 (dd, 2H),
3.4 (s, 3H), 3.5 (s, 3H), 3.6-3.7 (t, 1H), 4.2 (dd, 1H), 4.3 (dd, 1H), 4.6-4.7 (m, 3H), 4.8 (dd,
1H), 5.2 (s, 2H), 6.86 (s, 1H), 6.90 (s, 1H). Accurate mass EI (m/z) 421 (100%), 422 (M+,
14%). Anal. calcd for C24H35FO5: C, 68.22; H, 8.35. Found: C, 68.27; H, 8.35.

2-Fluoropropanoxy-3,17β-O-bis(methoxymethyl)estradiol was synthesized by the same
method as 2-fluoroethoxy-3,17β-O-bis(methoxymethyl)estradiol, using 1-bromo-3-
fluoropropane instead of 1-bromo-2-fluoroethane as an alkylating agent. A yield was 43% after
purification by column chromatography (eluent: 1:4=EtOAc/hexane). 1H NMR (CDCl3) δ 0.8
(s, 3H), 1.2-2.3 (m, 15H), 2.8 (dd, 2H), 3.4 (s, 3H), 3.6 (s, 3H), 3.7 (t, 1H), 4.1 (t, 2H), 4.6 (t,
1H), 4.7 (m, 2H), 4.8 (t, 1H), 5.2 (s, 2H), 6.8 (s, 1H), 6.9 (s, 1H). Accurate mass EI (m/z) 435
(100%), 436 (M+, 16%). Anal. calcd for C25H37FO5: C, 68.78; H, 8.54. Found: C, 68.78; H,
8.55.

2.2.2. 2FEE2 and 2FPE2—2-Fluoroethoxy-3,17β-O-bis(methoxymethyl)estradiol (51 mg,
0.12 mmol) was dissolved in 1 ml of tetrahydrofuran (THF) and then 1 ml of 6N aqueous HCl
was added to the solution. The reaction mixture was stirred vigorously for 1 h, to which 10 ml
of water was added. The desired product was extracted with ethyl acetate (20 ml×3). The
organic phase was washed with brine, dried with MgSO4 and concentrated in vacuo. 2FEE2
was purified by column chromatography (eluent: EtOAc/CH2Cl2=1:9) to yield 21 mg (0.065
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mmol, 52%). 1H NMR (CDCl3) δ 0.8 (s, 3H), 1.2-2.3 (m, 13H), 2.8 (dd, 2H), 3.7 (t, 1H), 4.2
(dd, 1H), 4.3 (dd, 1H), 4.7 (m, 1H), 4.8 (m, 1H), 6.7 (s, 1H), 6.8 (s, 1H). Accurate mass EI
(m/z) 334 (M+, 14%). Anal. calcd for C20H27FO3: C, 71.83; H, 8.14. Found: C, 69.71; H, 8.02.

2FPE2 was synthesized by the same method as 2FEE2 and purified by column chromatography
(eluent: EtOAc/CH2Cl2=1:9) in 52% yield. 1H NMR (CDCl3) δ 0.8 (s, 3H), 1.2-2.3 (m, 15H),
2.8 (dd, 2H), 3.8 (t, 1H), 4.2 (t, 2H), 4.6 (t, 1H), 4.8 (t, 1H), 6.6 (s, 1H), 6.8 (s, 1H). Accurate
mass EI (m/z) 349 (100%), 348 (M+, 32%). Anal. calcd for C21H29FO3: C, 72.38; H, 8.39.
Found: C, 71.93; H, 8.58.

2.3. Biological activities of 2FEE2 and 2FPE2
2ME2 was purchased from Tetrionics (Madison, WI, USA). The stock solutions of 2ME2,
2FEE2 and 2FPE2 (0.1 mM) were made in DMSO and diluted in incubation media. LN229,
U87 and 1A9 cells were cultured as described previously [6]. For generating hypoxic
conditions, cells were placed in Modular Incubator Chambers (Billups-Rothenberg, Del Mar,
CA, USA), which was flushed with 94% N2, 5% CO2 and 1% O2, and sealed.

2.3.1. Microtubule depolymerization—The human glioma cell lines, LN229 and U87,
were treated with 5 μM of 2ME2, 2FEE2 and 2FPE2 overnight. Cells were fixed and processed
for double-labeling immunofluorescence as previously described [6]. A Zeiss LSM 510 laser
scanning confocal microscope, with a Zeiss X 100 1.3 oil-immersion objective, was used for
image acquisition.

2.3.2. Cytotoxicity in cancer cell lines—The antiproliferative effects of 2FEE2 and
2FPE2 against the human ovarian carcinoma cell line, 1A9, and the human glioma cell line,
LN229, were assessed in a 72-h growth inhibition assay with sulforhodamine-B as described
in Refs. [14,15]. The 1A9/2MRC 2ME2-resistant clone, established in Dr. Paraskevi
Giannakakou’s lab as a drug-resistant clone derivative of the 1A9 parent cell line, was also
used [16]. Relative resistance for each compound is calculated as the IC50 value obtained for
the 1A9/2MRC cells divided by that obtained for the parental, drug-sensitive 1A9.

2.3.3. HIF-1α down-regulation—LN229 cells and 1A9 cells were treated with three
different concentrations of 2ME2, 2FEE2 or 2FPE2 overnight and then subjected either to
hypoxia or normoxia for an additional 6 h. Whole-cell extracts were analyzed by SDS-PAGE
and immunoblotted with an antibody against HIF-1α as previously described [6].

2.4. Radiochemistry
2[18F]FEE2 was synthesized from a precursor, 2-hydroxy-3,17β-O-bis(methoxy)
methylestradiol, and a prosthetic group, [18F]fluoroethyl 4-bromobenzenesulfonate ([18F]
fluoroethylbrosylate). H[18F]F was produced at Emory University with an 11-MeV Siemens
RDS 112 negative-ion cyclotron (Knoxville, TN, USA) by the 18O (p,n) 18F reaction, using
[18O]H2O. A chemistry process control unit (CPCU) from CTI, Inc. (Knoxville, TN, USA)
was used for an automated synthesis of [18F]fluoroethylbrosylate. All the equipment for CPCU
was prepared as previously described [17]. A Bioscan system 200 detector (Bioscan,
Washington, DC, USA) was used for radiometric thin-layer chromatography.

2.4.1. Automated synthesis of [18F]fluoroethyl 4-bromobenzenesulfonate ([18F]
fluoroethylbrosylate)—A schematic of the CPCU used to synthesize [18F]
fluoroethylbrosylate is shown in Fig. 3 [16]. The kryptofix solution was added to the reaction
vessel and 37 to 56 GBq (1-1.5 Ci) of H[18F]F in about 1 ml of [18O]H2O was delivered to a
T/R cartridge. The activity was released to the vessel by passing potassium carbonate solution
through a T/R cartridge. The vessel was heated at 110°C for 7 min with nitrogen flow to
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evaporate water. Three milliliters of acetonitrile was added to the vessel and evaporated for 8
min to dry K[18F]F completely. The vessel was cooled at room temperature for 2.5 min, to
which the 1,2-ethanediol bis-(4-bromobenzenesulfonate) (dibrosylate) solution was added.
The reaction mixture was heated at 90°C for 10 min. Following incorporation of F-18, 10 ml
of ether was added to the vessel and the whole reaction mixture was passed through a silica
SepPak and transferred to a 15-ml v-tube in a hot cell by nitrogen pressure.

2.4.2. Radiolabeling of 2FEE2—[18F]Fluoroethylbrosylate was concentrated in an open
15-ml v-tube by evaporation of diethyl ether with nitrogen flow at room temperature. A 2-
hydroxy-3,17β-O-bis(methoxymethyl)estradiol (3 mg) solution in DMF (300 μl), which
contained 1 mg of NaH as a base, was added to the v-tube with a polyethylene syringe. The
reaction mixture was heated at 140°C for 10 min in a silicone oil bath. One hundred microliters
of 6N aqueous HCl was added to the reaction mixture and then heated at 125°C for 10 min.
The reaction v-tube was cooled in a water bath at room temperature. One hundred microliters
of 6N aqueous NaOH was added to the reaction tube at room temperature for neutralization.
Three hundred microliters of HPLC eluent (50:50:0.1=CH3CN/H2O/Et3N) was added to the
tube and the whole mixture was loaded onto a preparative HPLC loop. An X-Terra Prep
RP18 HPLC column (19×100 mm, Waters) was used with 9 ml/min rate. Each minute fraction
was collected, while radioactivity was monitored with a probe (Carrol-Ramsey Model 101-S-
DC-P single-channel detector with preamplifier and standard probe, Carrol-Ramsey
Associates, Berkley, CA, USA). Fraction 9 contained the desired 2[18F]FEE2.

2.4.3. Dose formulation of 2FEE2—The preparative HPLC fraction, which contained 2
[18F] FEE2, was diluted with 30 ml of sterile water. The whole liquid was loaded onto a C-18
SepPak, which was preconditioned with 5 ml of ethanol, followed by 10 ml of sterile water.
The C-18 SepPak was washed with 50 ml of saline, followed by 0.5 ml of ethanol. 2[18F]FEE2
was eluted with 1 ml of ethanol into a vial containing 9 ml of saline. The solution was filtered
through two Gelman Teflon filters (1.0 and 0.22 μm pore size) by argon flow. Gelman filters
were preconditioned with 3 ml of ethanol and dried with 3 ml of air.

2.4.4. Quality control of 2FEE2—An aliquot from a dose solution was tested for pH,
radiochemical purity and chemical purity. pH was measured with a universal pH paper. Ten
microliters of a dose solution was analyzed by HPLC. (C18, 5 μm, 3.9×150 mm, Waters; eluent:
50:50:0.1=CH3CN/H2O/Et3N; rate: 1 ml/min.) UV absorbance and radiometric detection were
monitored at the same time, and each peak area was used for chemical purity and radiochemical
purity measurement. A pure 2FEE2 solution was mixed with a dose solution, and the same
retention time of hot and cold 2FEE2 confirmed the identity of 2[18F]FEE2.

A decay-corrected radiochemical yield at the end of synthesis, RCY, was based on an activity
of H[18F]F at the end of bombardment. The specific activity of 2[18F]FEE2 at the end of
synthesis was determined by measuring the radioactivity of 10 μl of a dose solution with a dose
calibrator (Capintec CRC-712M, Ramsey, NJ, USA), which was decay corrected, and by
measuring the UV peak area of an analytical HPLC. UV peak area was converted to an amount
of 2-fluoroethoxyestradiol by using a standard curve.

2.5. Measurement of distribution coefficient (log P or log D)
Distribution coefficient of 2[18F]FEE2 was determined by a previously reported method [10,
18].

Mun et al. Page 5

Nucl Med Biol. Author manuscript; available in PMC 2009 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Results and discussion
3.1. Chemistry

The syntheses of 2FEE2 and 2FPE2 were carried out as shown in Scheme 1. 2-
Hydroxy-3,17β-O-bis(methoxymethyl) estradiol was synthesized in three steps from 3,17β-
estradiol, purchased from Sigma-Aldrich, in 61% overall yield.

2-Fluoroethoxy-O-methoxymethylestradiol was synthesized from 2-hydroxy-3,17β-O-bis
(methoxymethyl)estradiol and an excess amount of 1-bromo-2-fluoroethane, using K2CO3 as
a base in DMF at around 100°C in 24 h. Tetrabutylammonium iodide was used as a phase
transfer catalyst. The same synthetic method was used for a synthesis of 2ME2 from 2-
hydroxy-3,17β-O-bis(methoxymethyl)estradiol and methyl iodide [19,20].

The methoxymethyl group was removed by 6N aqueous hydrochloric acid at room temperature
in 1 h. 2FEE2 was synthesized in 29% overall yield, starting from 3,17β-estradiol in five steps.
2FPE2 was synthesized by the same method in 22% overall yield.

3.2. Biological activities
LN229 or U87 cells were treated overnight with 5 μM of each of the indicated compounds. At
the end of drug treatment, cells were fixed and stained with an antibody against tubulin (red).
DNA was counterstained with SYTOX Green. Images were obtained with the Zeiss LSM 510
confocal microscope. Scale bar is at 10 μm.

2ME2 binds to tubulin at the colchicine binding site and promotes depolymerization of MT
polymers into soluble αβ-tubulin dimers (Fig. 4). As a result, the dynamic equilibrium between
MT polymers and αβ-tubulin dimers that normally exists in cells is shifted in favor of the
soluble form of tubulin [6,11]. To examine the ability of 2FEE2 and 2FPE2 to depolymerize
cellular MTs, we assessed the effects of each small molecule on the MT cytoskeleton in two
human glioma cell lines, using indirect immunofluorescence followed by confocal microscopy.
As shown in Fig. 4, the human LN229 (top panel) or the U87 (bottom panel) glioma cell lines
were treated overnight with 5 μM of each compound. All three compounds exhibited
comparable MT depolymerizing activities, following overnight treatment of the glioma cell
lines.

Cells were plated in a 96-well plate and treated with the indicated drugs for 72 h. At the end
of drug treatment, cells were fixed and total-cell protein was stained with sulforhodamine-B.
IC50 values were determined at the drug concentration causing 50% cell growth inhibition, as
compared to the control untreated cells. Relative resistance is calculated as the ratio of IC50 of
the drug-resistant clone over that of the parental 1A9. Values stand for IC50 in micromolar.

Then, we examined the antiproliferative activities of 2ME2 and its analogs against the LN229,
the 1A9 and the 1A9/2MRC cell lines as shown in Table 1. Using a 72-h cell growth-inhibition
assay, we observed that 2FEE2 was about twofold more potent than 2ME2 against the LN 229,
1A9 cell lines. Interestingly, this compound exhibited a 77-fold loss in activity against the β-
tubulin mutant, 2ME2-resistant 1A9/2MRC clone. This result suggests that the Vβ236I tubulin
mutation that was acquired by the 1A9/2MRC cells as a result of drug-selection pressure (insert
in Ref. [16]) is an important residue critically involved in the binding of both 2ME2 and 2FEE2
to tubulin. Finally, of the three compounds tested 2FPE2 was significantly (10-fold) less potent
than 2ME2 for all three tumor cell lines, suggesting that the structural modifications introduced
in this compound do not favor the drug’s interaction with tubulin.

Mun et al. Page 6

Nucl Med Biol. Author manuscript; available in PMC 2009 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The LN229 (top panel) or 1A9 cells (bottom panel) were treated overnight with the respective
drug concentrations (Fig. 5). Western blot analysis for HIF-1α is shown. N stands for normoxia,
H stands for hypoxia.

Our previous work showed that 2ME2 treatment of a human prostate cancer cell line, PC-3,
and a human breast cancer cell line, MDA-MB-231, reduced HIF-1α protein levels under
hypoxia in a dose-dependent manner [6]. To explore the ability of 2ME2 or its analogs to inhibit
HIF-1α, we treated the LN229 human glioma cell line or the 1A9 human ovarian carcinoma
with three different concentrations of 2ME2, 2FEE2 or 2FPE2 as shown in Fig. 5. All three
compounds were able to inhibit HIF-1α in a dose-dependent manner. Among the three
compounds, 2FEE2 seemed somewhat more efficient than 2ME2, in down-regulating
HIF-1α, consistent with this compound’s enhanced antiproliferative activity (Table 1).

3.3. Radiochemistry
2[18F]FEE2 was synthesized from 2-hyroxy-3,17β-O-bis (methoxymethyl)estradiol and a
prosthetic group, [18F] fluoroethylbrosylate, in 8.3% decay-corrected yield in around 90 min
(Scheme 2). The radiochemical purity and chemical purity of 2[18F]FEE2 were more than 98%
based on radiometric peak areas and UV peak areas in analytical HPLC. The standard 2FEE2
and 2[18F]FEE2 were eluted at the same retention time (3.4 min), which confirmed the identity
of 2[18F]FEE2. The identity of the material was also confirmed with radiometric TLC. The
Rf values for two eluent systems (1:1=EtOAc/hexane, 2:1=EtOAc/hexane) were 0.5 and 0.8,
respectively. These values were confirmed by cold TLC with phosphomolybdic acid (10% in
ethanol) staining method. The specific activity of 2[18F]FEE2 was 1 Ci/μmol at the end of
synthesis (n=5). pH of an aliquot from a dose vial of 2[18F]FEE2 was around 7. Log P of 2
[18F]FEE2 was 2.5 (n=4) at pH 7.

4. Conclusion
2FEE2 and 2FPE2 were synthesized as analogs of 2ME2, an endogenous antitumor molecule.
These molecules contain an intrinsic site for F-18 labeling for positron emission tomographic
measurement of pharmacokinetics and pharmacodynamics. 2FEE2 and 2FPE2 showed similar
biological activities to 2ME2 regarding the drug-induced MT depolymerization and down-
regulation of HIF-1α. Evaluation of their antiproliferative activities in a 72-h cell growth-
inhibition assay showed that 2FEE2 was twofold more potent than 2ME2, whereas 2FPE2 was
an order of magnitude less potent. Radiochemically pure 2[18F]FEE2 was synthesized by
coupling a precursor, 2-hydroxy-3,17β-O-bis(methoxymethyl)estradiol, with a prosthetic
group, 2-[18F]fluoroethylbrosylate, in 8.3% decay-corrected yield, based on a production of H
[18F]F.
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Fig. 1.
The structures of 2-methoxyestradiol and its analogs.
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Fig. 2.
The structures of 2FEE2 and 2FPE2.
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Fig. 3.
Diagram of a CPCU setup for a synthesis of [18F]fluoroethylbrosylate. Vial 1: 5 mg of
Kryptofix2,2,2 in 1 ml of acetonitrile; a 1-ml v-vial. Vial 2: 3 ml of acetonitrile; a 5-ml v-vial.
Vial 3: 7 mg of 1,2-ethanediol bis-(4-bromobenzenesulfonate) in 1 ml of acetonitrile; a 1-ml
v-vial. Vial 4: 10 ml of diethyl ether; a 10-ml vial. Vial 5: 1 mg of potassium carbonate in 0.6
ml of low F-19 water; a 1-ml vial.
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Fig. 4.
Effects of 2ME2 analogs on microtubule depolymerization.
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Fig. 5.
Effects of 2ME2 analogs on HIF-1α down-regulation.
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Scheme 1.
Syntheses of 2FEE2 and 2FPE2. Reagents and conditions: (a) MOM*Cl, N,N-
diisopropylethylamine, THF. (b) (1) sec-BuLi, THF, 78°C; (2) trimethylborate, 0°C to rt, >30
min; (3) aqueous NH4Cl. (c) Aqueous sodium perborate tetrahydrate, EtOAc. (d) 1-Bromo-2-
fluoroethane (or 1-bromo-3-fluoropropane), K2CO3, Bu4NI, DMF, 100°C, 24 h. (e) 6N
aqueous HCl, THF, 1 h. *MOM=methoxymethyl.
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Scheme 2.
Synthesis of 2[18F]FEE2. Reagents and conditions: (a) (1) K18F, K222, CH3CN, 90°C, 10 min;
(2) NaH, DMF, 140°C, 10 min. (b) (1) 6N aqueous HCl, 125°C, 10 min; (2) 6N aqueous NaOH,
rt.
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Table 1
Cytotoxicity profiles of 2ME2 analogs

Compounds Cell lines Relative resistance

LN 229 1A9 parental 1A9/2ME2 Resistant (Vβ236I)

2ME2 0.85 0.25 22.3 89

2FEE2 0.49 0.11 8.44 77

2FPE2 8.65 1.75 28 16

Nucl Med Biol. Author manuscript; available in PMC 2009 March 6.


