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ABSTRACT: Benzyloxybenzene, as a novel flexible scaffold without rigid planarity, was synthesized and evaluated as ligand
toward Aβ plaques. The binding site calculated for these flexible ligands was the hydrophobic Val18_Phe20 channel on the flat
surface of Aβ fiber. Structure−activity relationship analysis generated a common trend that binding affinities declined significantly
from para-substituted ligands to ortho-substituted ones, which was also quantitatively illustrated by 3D-QSAR modeling.
Autoradiography in vitro further confirmed the high affinities of radioiodinated ligands [125I]4, [125I]24, and [125I]22 (Ki = 24.3,
49.4, and 17.6 nM, respectively). In biodistribution, [125I]4 exhibited high initial uptake and rapid washout property in the brain
with brain2 min/brain60 min ratio of 16.3. The excellent in vitro and in vivo biostability of [125I]4 enhanced its potential for clinical
application in SPECT imaging of Aβ plaques. This approach could also allow the design of a new generation of Aβ targeting
ligands without rigid and planar framework.

■ INTRODUCTION
As the world’s population ages, we confront a looming global
prevalence of Alzheimer’s disease (AD), which represents a
daunting, worldwide challenge for society and healthcare
providers.1 Today, the early diagnosis of AD in its preclinical
phase is at the forefront of biomedical research. The amyloid
cascade hypothesis, which posits that the deposition of
extracellular β-amyloid (Aβ) plaques in the brain plays a
causative role in the pathogeny of AD, has dominated research
for the past two decades.2 Therefore, it is of paramount clinical
value to precisely detect the Aβ plaques at preclinical AD with
noninvasive techniques such as positron emission tomography
(PET) or single photon emission computed tomography
(SPECT). It is expected to provide clues to the underlying
disease pathology and aid in earlier evaluation of new disease
modifying treatments.
Early diagnosis of AD has become a hot spot, with an

enormous number of published studies describing in vivo or ex
vivo attempts to image Aβ plaques with various radiolabeled

probes. Initial inspirations toward Aβ imaging came from two
categories of historic amyloid binding dyes used in neuro-
pathology, Congo red (CR) and thioflavin T (ThT) (Figure 1).
However, these dyes failed to penetrate the blood−brain barrier
(BBB) because of their bulky and ionic natures.3,4 Subsequent
approaches focused on structural modifications of these dyes
resulted in a great diversity of radiolabeled Aβ probes for PET
or SPECT imaging. The chemical scaffolds derived from ThT
including benzothiazole,5,6 benzoxazole,7 benzothiophene,8

benzofuran,9 imidazopyridine,10 benzoimidazole,11 and so on.
Stilbene12,13 and its analogues such as biphenyl,14 biphenylal-
kyne,15 and diphenyl-1,3,4-oxadiazole16 were also well studied.
In addition, another series of frameworks generated from plant
pigments like curcumin,17 flavone,18 chalcone,19 and aurone20

were radiolabeled and biologically investigated. Among them,
several PET imaging agents targeting to Aβ plaques have
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achieved wonderful progress. [11C]PIB5 has been studied in
human from 2002, and almost 10000 PET scans have been
conducted worldwide. Better yet, [18F]AV-45 (florbetapir),13,21

[18F]GE-067 (flutemetamol),6 and [18F]BAY94-9172 (florbeta-
ben)22 have been approved by the U.S. FDA in the last two years.
In contrast, the approach in developing a selective SPECT agent
to quantify Aβ plaques in living human brain has intensively
lagged behind. Preliminary clinical data of [123I]IMPY (Figure 1),
the only SPECT tracer tested in humans, showed excellent bind-
ing property, high brain penetration, and fast washout kinetics.10

Unfortunately, its signal-to-noise ratio for plaque labeling was
not robust in AD and normal subjects, thus preventing its trans-
lation to clinical use. The in vivo instability and rapid metabolism
were deemed as main causes of the low contrast and poor image
quality.23

From the foregoing overview of these Aβ binding probes, we
can easily draw a conclusion that the chemical diversity of their
scaffolds has been confined to small variations of the traditional
dyes.24 Most, if not all, of them contain two aromatic moieties
and retain the highly rigid and planar scaffold with π-conjugated

systems, which are widely believed as vital points of the specific
binding between probes and Aβ fibers.25 This common feature
gave strong impulse to our bold attempts to break the conjugated
backbone and make “out of box” innovation. Herein, we describe
the preliminary characterization of a series of benzyloxybenzene
derivatives without highly conjugated structure to screen novel
Aβ probes with favorable binding affinities and brain phar-
macokinetics. This study could probably expand the chemical
library of Aβ probes and provide more impetus for designing
novel tracers off from the traditional thought pattern that the
conjugated and planar framework is essential. Computational
simulations including three-dimensional quantitative structure−
activity relationship (3D-QSAR) modeling and molecular
docking were also carried out to further clarify the interaction
mechanism between benzyloxybenzene derivatives and Aβ fibers.

■ RESULTS AND DISCUSSION

Chemistry. The synthesis of the benzyloxybenzene deriva-
tives is outlined in Scheme 1. Twenty-two iodinated ligands and
three tributyltin precursors were successfully produced with

Figure 1. Chemical structures of dyes originally utilized for Aβ staining and scaffolds explored for PET/SPECT imaging of Aβ plaques in AD patients.
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common methods and verified with 1H/13C NMR and MS (EI).
Purities of key compounds were proved to be higher than 98% by
high-performance liquid chromatography (HPLC).
Structure−Activity Relationships. As analyzed above,

almost all the previously reported Aβ probes were flat molecules.
The crystal of stilbene scaffold, one of the most studied scaffolds
for developing Aβ imaging agents, visually confirmed its rigid
and flat natures (Supporting Information Figure S1e). To illus-
trate the molecular geometries of the novel benzyloxybenzene
scaffold, single crystals of compound 4 and 6 were elucidated,
and the crystallographic data were summarized in Supporting
Information Table S1. As expected, differing significantly from
stilbene and other π-conjugated backbones for Aβ imaging, their
structures were more flexible and the two phenyl rings were not
coplanar any more with the dihedral angles up to 60.02° and
74.81°, respectively (Supporting Information Figure S1). To
evaluate the binding affinities of these different benzyloxyben-
zene ligands to Aβ42 aggregates, saturation binding experiment of
[125I]4 was first conducted and the Kd value was calculated to be
0.56 ± 0.18 nM (Supporting Information Figure S2). Afterward,
competition binding assay of established reference ligands IMPY
and PIB was performed using [125I]4 as the competing radio-
ligand. To our surprise, IMPY and PIB both displayed compa-
rable affinities (Ki = 32.2 ± 2.1; 38.8 ± 2.6 nM) which indicated
that IMPY and PIB competed well against [125I]4 (Table 1).
These results indicated that benzyloxybenzene derivatives
shared the same binding site with IMPY and PIB, the thioflavin

binding site. Binding affinities of iodinated benzyloxybenzene
ligands were evaluated by competition binding assay under
identical test conditions. The data in Table 1 distinctly suggested
that the substituents’ position, para/meta/ortho, on the phenyl
ring exhibited astonishing influence on binding property
toward Aβ aggregates. A common regularity was obviously
discovered that the binding affinities decreased dramatically
from para-position to ortho-position (substituent OMe, 4 > 5 >
6; OH, 7 > 8 > 9; NHMe, 19 > 20 > 21; NMe2, 22 > 23).
Notably, ligand 4, with a p-OMe substituent, showed about 5-
fold higher affinity than 5 with m-OMe, 210-fold higher than 6
with o-OMe, similarly, ligand 19 with p-NHMe displayed about
12-fold higher affinity than 20 with m-NHMe and 438-fold
higher than 21 with o-NHMe. When considering the sub-
stituents, the slight decline in binding affinity was observed from
N,N-dimethylamino, methoxy,N-monomethylamino, hydroxyl to
amino group. Benzyloxybenzene with p-F, p-H, and p-But

substituents displayed moderate affinities, with Ki values around
100 nM. Introducing halogen Cl, Br, and I at the para position
staggeringly improved the binding affinities to a degree mildly
better than well-known IMPY and PIB (11, Ki = 18.8 ± 2.2 nM;
12, Ki = 12.0 ± 1.0 nM; 13, Ki = 21.9± 2.1 nM). When changing
the position of iodine atom to the opposite side of the molecule,Ki
value increased from 24.3 nM of 4 to 49.4 nM of 24. Replacing
oxygen in the core with its bioisostere, sulfur, resulted in strong
decline in binding affinity (25, Ki = 530.2 nM).
To quantitatively illustrate the structure−activity correlation

of benzyloxybenzene derivatives, 3D-QSAR modeling was per-
formed. Twenty-one benzyloxybenzene molecules and IMPY
were first geometry optimized at the B3LYP/6-31G and 3-21G
level in the water phase. The optimized structures of compound
4 and 6 conformed well to the geometries of their X-ray crystals
in root-mean-square deviations (RMSD) of 0.20 and 0.07 Å,
respectively. The small RMSD values guaranteed the credibility
of using the optimized structures for the QSAR and molecular
docking calculations. 3D-QSAR studies successfully yielded two
statistically reliable models, including comparative molecular
field analysis (CoMFA: r2, 0.947; q2, 0.606) and comparative mo-
lecular similarity indices analysis (CoMSIA: r2, 0.988; q2, 0.777),
which were able to predict binding abilities of novel derivatives
accurately. CoMFA and CoMSIA analysis results were sum-
marized in Figure 2c, and it showed that the electrostatic field
with the highest contributions (53.4% in CoMFA; 38.2% in
CoMSIA) was the dominant factor for Aβ binding affinities. The
actual and predicted pKi values obtained from CoMFA and
CoMSIA models were graphed in parts d and e of Figure 2,
respectively. Ideally, all of the data points appeared on or close to
the diagonal, which sufficiently demonstrated that the calculated
pKi were in good agreement with the experimental data. The
deviations of the calculated pKi values from the corresponding
actual data in both models were all smaller than 0.5 log unit. To
graphically visualize the CoMFA/CoMSIA results, the steric, elec-
trostatic, hydrophobic, hydrogen-bond donor, and hydrogen-
bond acceptor fields were aligned with the conformation of ligand
4 and presented as 3D coefficient contour plots in Figure 2f−i.
The CoMFA steric contours (Figure 2f) show a favored green
area at the para-position of the phenyl ring indicating that the
bulky substituents are desirable. All the ortho-substituted ligands
(6, 9, 18, and 21), which displayed shocking degradation of
binding affinities, exhibited significant encroachment in the
disfavored yellow contours. In Figure 2g, the blue counter around
the para-position and a small blue region near the ortho-position
suggest that more positively charged substituents at the position

Scheme 1a

aReagents and conditions: (a) K2CO3, DMF, 90 °C; (b) SnCl2·2H2O,
EtOH, HCl, reflux; (c) (1) NaOMe, (CH2O)n, MeOH, reflux, (2)
NaBH4, reflux; (d) (CH2O)n, NaBH3CN, HAc, rt; (e) (Bu3Sn)2,
(PPh3)4Pd, toluene, Et3N, reflux; (f) [

125I]NaI, HCl (1 M), H2O2 (3%).
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may enhance the binding abilities. On the contrary, two red areas
illustrate that more negatively charged groups are favorable at
that position. A yellow-colored polyhedron close to the para-
position (Figure 2h) indicates that adding hydrophobic sub-
stituents will be propitious to improve binding affinities. Three
large white polyhedrons represent regions where decreased
hydrophobic interaction is helpful in increasing binding abilities.
In Figure 2i, large cyan regions represent areas where hydrogen-
bond donor groups on the ligand are predicted to enhance bind-
ing, while the purple area is predicted to disfavor binding. A small
region in red was hydrogen-bond acceptors unfavorable. All the
structural insights acquired from 3D-QSAR contour maps were
in coincidence with the experimental affinity data and reasonably
instructive for future drug design.
Molecular Docking. To further understand the binding

nature of these novel benzyloxybenzene ligands to Aβ fiber,
docking simulations were also carried out. Several previously
reported articles, which investigated molecular interactions of Aβ
binding ligands with fiber, revealed that the hydrophobic cleft
formed between Val18 and Phe20 was the most probable and
feasible binding site.26 Thus, resides 16-KLVFFA-21 on the
surface of Aβ fiber (PDB 2LMO) were selected for docking with
grids centered on this region. Computational docking results
revealed that all the benzyloxybenzene analogues, similar to
IMPY, inserted into the hydrophobic Val18_Phe20 channel with
long molecular axes oriented longitudinally to the fiber axis
(Figure 3a−c). This observation sufficiently verified the results

from inhibition binding assay that benzyloxybenzene ligands
shared the same binding site with IMPY. Analyzing the binding
energy (ΔG) of top-ranking conformations for each analogue
gained a qualitative linear correction with experimental pKi in
high R2 value of 0.875 (Figure 3d). After packing into the binding
patch, all the flexible benzyloxybenzene analogues with sub-
stituents at the para-position tended to be locked into a near-flat
conformation. For instance, the dihedral angle between the two
phenyl planes in ligand 4 decreased from 60.02° to 40.40° after
docking. The near-flat characteristic of these ligands favored their
impaction into the hydrophobic channel with low binding
energies, which exactly justified their high binding affinities. On
the contrary, ligand 6 and 21with ortho-substituents held greater
degrees of nonplanarity in the top-ranking poses and were harder
to be accommodated in the shallow binding channel, corre-
spondingly resulting in high binding energies and low binding
affinities fit the binding pocket. This binding mode generated
by docking simulations was in good agreement with the ex-
perimental data and 3D-QSAR models.

Radiochemistry. Iodinated ligands 4 and 22 with high bind-
ing affinities were selected for radiolabeling and further biological
evaluations. To evaluate the impact of iodine’s position on
biological properties, ligand 24 with iodine atom on the opposite
side of the backbone was also pitched on. Radiochemical syn-
thesis of [125I]4, [125I]24, and [125I]22was reproducibly achieved
via an iododestannylation reaction in high radiochemical yields
of 86.2%, 94.9%, and 92.9%, respectively. After purification by

Table 1. Inhibition Constants for the Binding of [125I]4 to Aβ42 Aggregates
a

compd R1 X R2 Ki (nM) pKi

4 p-OMe O I 24.3 ± 6.8 7.61
5 m-OMe O I 130.6 ± 4.8 6.88
6 o-OMe O I 5164.8 ± 410.3 5.29
7 p-OH O I 113.4 ± 23.8 6.95
8 m-OH O I 385.6 ± 114.2 6.41
9 o-OH O I 2831.2 ± 517.0 5.55
10 p-F O I 107.1 ± 15.4 6.97
11 p-Cl O I 18.8 ± 2.2 7.73
12 p-Br O I 12.0 ± 1.0 7.92
13 p-I O I 21.9 ± 2.1 7.66
14 p-H O I 79.4 ± 5.2 7.10
15 p-But O I 117.6 ± 17.7 6.93
16 p-NH2 O I 409.2 ± 45.0 6.39
17 m-NH2 O I 1534.7 ± 159.7 5.81
18 o-NH2 O I 1028.0 ± 49.0 5.99
19 p-NHMe O I 48.2 ± 4.3 7.32
20 m-NHMe O I 593.6 ± 78.2 6.23
21 o-NHMe O I 20662 ± 2653 4.68
22 p-NMe2 O I 17.6 ± 1.6 7.75
23 m-NMe2 O I 894.2 ± 88.0 6.05
24 I O OMe 49.4 ± 3.0 7.31
25 p-OMe S I 530.2 ± 109.4 6.28
IMPY 32.2 ± 2.1 7.49
PIB 38.8 ± 2.6 7.41

aMeasured in triplicate with values given as the mean ± SD.
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HPLC, the radiochemical purity of these radiotracers was higher
than 95%. The radiochemical identities of 125I-labeled tracers
were verified by comparison of the retention times with that of the
nonradioactive compounds (Supporting Information Table S2,
Figure S3).

In Vitro Autoradiography. We further confirmed the
specific binding of [125I]4, [125I]24, and [125I]22 to Aβ plaques
with in vitro autoradiography on brain sections from AD patients
and Tg model mice. As shown in Figure 4, marked labeling of Aβ
plaques was observed on sections of AD patients and Tg mice

Figure 2. Construction of good predictive CoMFA and CoMSIA 3D-QSAR models. (a) Common core selected for database alignment. (b)
Superposition of compounds 4−24. (c) Statistical parameters of CoMFA and CoMSIA models. ONC: optimum number of components. q2: leave one
out (LOO) cross-validated correlation coefficient. r2: nonvalidated correlation coefficient. SEE: standard error of estimate. F: F-test value. S, E, H, D, A:
relative contributions of steric, electrostatic, hydrophobic, and hydrogen-bond donor and acceptor fields, respectively. (d,e) Correlation between actual
and predicted pKi of 3D-QSAR models (d, CoMFA model; e, CoMSIA model). (f−i) Contour maps of CoMFA (f,g) and CoMSIA (h,i) models.
Scattered green areas are sterically favored, yellow areas are unfavorable. Red regions are negative potential favored, while blue areas are unfavorable.
Yellow areas are regions where hydrophobic groups are desirable, white areas are undesirable. Large cyan regions represent areas where hydrogen donors
on the ligand are predicted to enhance binding, while purple areas are predicted to disfavor binding. Regions in magenta are hydrogen acceptor favored,
and regions in red are unfavorable. The most promising compound 4 was superposed as the reference molecule in these maps. These contour maps
generated depict regions with scaled coefficients greater than 80% (favored) or less than 20% (disfavored).
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brain, and the location of accumulated radioactivity was in con-
formity with the position of Aβ plaques stained with thioflavin-S,
a conventional dye usually used for plaque staining (Figure 4a,e,i
and c,g,k), while the healthy human and wild-type mice brain
showed no such concentration of radioactivity (Figure 4b,f,j
and d,h,l).
In Vivo Biodistribution. To assess BBB penetration and

washout properties of [125I]4, [125I]24, and [125I]22, partition
coefficient determination and biodistribution assays in normal
ICR mice were implemented. The log D values determined for
[125I]4, [125I]24, and [125I]22 were 4.00 ± 0.08, 4.16 ± 0.29, and
2.89 ± 0.09, respectively, indicating that the three 125I-labeled
tracers have appropriate lipophilicity to penetrate BBB
(Supporting Information Table S3). As shown in Figure 5, all
the three 125I-labeled ligands exhibited high initial brain uptakes
(>4%ID/g at 2 min postinjection) and rapid washout rates from
healthy brain (<0.5%ID/g at 60 min postinjection). Most of all,
[125I]4 provided the highest brain uptake with 6.18%ID/g at
2 min and fast clearance from normal brain with brain2 min/
brain60 min ratio of 16.3, which were superior to the results of
[125I]IMPY gained under the same procedure. Moreover,
[125I]IMPY displayed slender deiodination, while no increase
of accumulated radioactivity in thyroids was observed over time
in the biodistribution experiment of [125I]4. The excellent phar-
macokinetics of the three 125I labeled ligands strongly demonstrated

that the novel chemical scaffold was qualified for imaging Aβ
plaques in the brain, and [125I]4 with optimal properties was
selected for further investigation.

In Vitro Biostability of [125I]4. When incubated in mouse
plasma at 37 °C, [125I]IMPY underwent severe chemical degra-
dation (Supporting Information Figure S4c). At 60min, only half
of radioactivity remained as parent tracer and three other
metabolized radioactive substances with shorter retention times
were detected. Conversely, [125I]4 displayed excellent in vitro
biostability when incubated in mouse plasma and liver homo-
genate under the same condition with 100% of radioactivity ex-
isted as the intact form (Supporting Information Figures S4a, 4b).
The in vitro experiments in both plasma and liver homogenate
sufficiently demonstrated high biostability of [125I]4, which is an
indispensable criterion for drug delivery.

In Vivo Biostability of [125I]4. The in vivo metabolic
stability of [125I]4 was evaluated by HPLC analysis of each organ
sample of normal ICR mice obtained at different postinjection
time points (Figure 6). Two polar radioactive metabolites were
detected. In brain, only one metabolic product, metabolite 2, was
observed. The percentage of the parent tracer was 95.0% at 2
min, and almost 40% of the radioactivity remained to be the
intact form at 60 min. In plasma, the fraction of unchanged [125I]
4 decreased rapidly from 71.5% at 2 min to 10.6% at 60 min,
whereas the major metabolite 1 increased to 85.3% at 60 min.

Figure 3. Computational docking models of IMPY and benzyloxybenzene analogues on Aβ fiber. (a) IMPY and ligand 4 bound along the hydrophobic
grooves formed between Val18 and Phe20 running longitudinally to the long axis of the β-sheet. (b) Identical binding model viewed down the fiber axis
with molecular surface of the protein represented by transparent material. (c) Lowest energy docked conformations of nine benzyloxybenzene
derivatives. (d) ΔG correlated well with experimental pKi in reasonably high R2 value of 0.875.
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A small amount of metabolite 2 was also found in plasma. In the
liver at 2 min, 42.4% parent tracer was presented and the rest
radioactivity was partitioned 42.9% as metabolite 1 and 14.7% as
metabolite 2. From 30 to 60min, almost no parent tracer was dis-
covered, and the radioactivity presented mainly as metabolite 1.
In urine samples, radioactivity was detected only after 10min and
more than three-quarters existed as metabolite 1. Compared with
other tissues, the amount of radioactivity in feces was too low to
be detected by HPLC. This preliminary metabolism study
illustrated that [125I]4was converted to two radiochemical forms.
Metabolite 2 was predominately generated in brain, while metab-
olite 1 was mainly yielded in liver and cannot cross the BBB.

■ CONCLUSION

Different from the conventional Aβ binding ligands, a novel
flexible scaffold, benzyloxybenzene, without the big π-conjugated

system and rigid planarity, was discovered. Amazingly, ben-
zyloxybenzene derivatives competed well against IMPY and
exhibited various binding affinities to Aβ42 aggregates, with Ki

values differing from 12.0 nM to larger than 20000 nM. Molec-
ular docking successfully determined that this series of flexible
ligands and IMPY shared the same hydrophobic Val18_Phe20
channel on the flat spine of Aβ fiber. Together with 3D-QSAR
studies, structure−activity relationships were clarified. Severe
decline in binding affinities was found from para-substituted
ligands to ortho-substituted ones. Subsequently, [125I]4, [125I]24,
and [125I]22 with high binding affinities (Ki = 24.3, 49.4, and
17.6 nM, respectively) were reproducibly synthesized in radio-
chemical yields higher than 85%. Autoradiography in vitro
showed that the 125I-labeled ligands specifically labeled Aβ
plaques on sections of AD patients and Tg mice brain. In bio-
distribution, the 125I-labeled ligands displayed excellent in vivo

Figure 5. Comparison of brain and thyroid uptake of [125I]4, [125I]24, [125I]22, and [125I]IMPY in normal ICR mice.

Figure 4. autoradiography of [125I]4, [125I]24, and [125I]22 in human brain sections ((a,e,i) AD, 64 years old, female; (b,f,j) normal, 74 years old, male)
and mouse brain sections ((c,g,k) Tg mouse, APPswe/PSEN1, 11 months old; (d,h,l) wild-type, C57BL6, 11 months old). The presence and
distribution of plaques in the sections were confirmed with thioflavin-S.
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pharmacokinetics. Especially, [125I]4 exhibited the highest brain
uptake with 6.18%ID/g at 2 min postinjection and rapid clear-
ance property with brain2 min/brain60 min ratio of 16.3. Contrary
to IMPY, no deiodination of [125I]4 was observed. More
importantly, [125I]4 displayed good in vitro biostability in mouse
plasma and liver homogenate (100% intact form at 60 min) and
considerably overcame the instability of [125I]IMPY, which was a
limiting factor for its clinical use. In metabolism studies, two
polar radioactive metabolites of [125I]4 were detected. In the
brain, [125I]4 showed agreeable in vivo biostability with almost
40% of the radioactivity remained to be the parent tracer until
60 min.
In conclusion, this innovative finding could offer new insights

for imaging of Aβ plaques in Alzheimer’s brains. The rigid and
planar scaffold with big π-conjugated system was not indis-
pensable for Aβ probes, and the binding pocket of Aβ fiber
exhibited considerable tolerance to a certain degree of distortion
of small molecule ligands. This would provide new hints for de-
veloping Aβ targeting ligands with flexible framework to enable
improved localization and quantitative imaging of Aβ plaques. In
addition, we believe that [125I]4 with optimal qualities could
potentially be translated into clinical practice for SPECT imaging
of Aβ plaques in AD brains.

■ EXPERIMENTAL SECTION
General Remarks. All reagents used for chemical synthesis were

commercial products and were used without further purification.
[125I]NaI was purchased from PerkinElmer. 1H NMR (400 MHz) and
13CNMR (100MHz) spectra were acquired on Bruker Avance III NMR
spectrometers in CDCl3 or DMSO-d6 solutions at room temperature
with trimethylsilyl (TMS) as an internal standard. Mass spectra were
acquired with a GCT CA127 Micronass UK instrument. X-ray crys-
tallography data were collected on a Bruker Smart APEX II diffrac-
tometer (Bruker Co., Germany). HPLC was performed on a Shimadzu
SCL-20 AVP (which was equipped with a Bioscan Flow Count 3200
NaI/PMT γ-radiation scintillation detector and a SPD-20A UV
detector, λ = 254 nm) and a Venusil MP C18 reverse phase column
(Agela Technologies, 5 μm, 4.6 mm × 250 mm) eluted with a binary
gradient system (acetonitrile:water = 80:20%) at a 1.0 mL/min flow
rate. Fluorescent observation was performed on the Axio Observer Z1
inverted fluorescence microscope (Zeiss, Germany) equipped with a
DAPI filter set (excitation, 405 nm). Normal ICR mice (5 weeks, male)
were used for biodistribution experiments. Human brain sections of an
autopsy-confirmed AD (64 years old, female), and a control subject (74
years old, male) were obtained from Chinese Brain Bank Center.
Transgenic mice (APPswe/PSEN1, male, 11 months old) and wild-type
mice (C57BL6, male, 11 months old) were purchased from the Institute
of Laboratory Animal Science, Chinese Academy of Medical Sciences.

Figure 6. HPLC profiles for in vivo biostabilities of [125I]4 in ICR mice blood (a), brain (b), liver (c), urine (d), and feces (e). (f) Percentages of the
parent tracer, metabolite 1 and metabolite 2 in each organ at 2, 10, 30, and 60 min time points. HPLC conditions: Venusil MP C18 column (Agela
Technologies, 5 μm, 4.6 mm × 250 mm), CH3CN/H2O = 80%/20%, 1 mL/min.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm5004396 | J. Med. Chem. XXXX, XXX, XXX−XXXH



All protocols requiring the use of mice were approved by the animal care
committee of Beijing Normal University.
1-Iodo-4-((4-nitrophenoxy)methyl)benzene (1). To a solution of

4-nitrophenol (695.6mg, 5.0mmol) and 1-(bromomethyl)-4-iodobenzene
(1.48 g, 5.0 mmol) in anhydrous DMF (5 mL) was added K2CO3 (1.38 g,
10.0 mmol). The resulting mixture was stirred at 90 °C for 2 h; after
cooling to room temperature, 50 mL of water was added and a white
precipitate was formed. The precipitate was collected by filtration,
washed with 50 mL of water, and recrystallized from methanol to give 1
as a white solid (1.69 g, 95.2%). HPLC: 7.51 min, 99.8%; mp 147.4−
148.1 °C. 1H NMR (400 MHz, CDCl3) δ 8.21 (d, J = 9.2 Hz, 2H), 7.75
(d, J = 8.3 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 7.01 (d, J = 9.2 Hz, 2H),
5.10 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 163.37, 141.85, 137.91,
135.19, 129.24, 125.94, 114.84, 94.10, 69.97. MS (EI): m/z calcd for
C13H10INO3 355; found 355 M+.
1-(4-Iodobenzyloxy)-3-nitrobenzene (2). The procedure described

above for the preparation of 1 was employed to afford 2 as a white solid
(345.5 mg, 97.3%). HPLC: 8.53 min, 99.9%; mp 75.2−75.9 °C. 1H
NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.0 Hz, 1H), 7.80 (s, 1H), 7.74
(d, J = 8.2 Hz, 2H), 7.45 (t, J = 8.2 Hz, 1H), 7.30−7.26 (m, 1H), 7.19
(d, J = 8.1 Hz, 2H), 5.09 (s, 2H). 13C NMR (101 MHz, CDCl3) δ
158.91, 149.19, 137.84, 135.41, 130.06, 129.29, 121.84, 116.18, 109.21,
93.99, 69.88. MS (EI): m/z calcd for C13H10INO3 355; found 355 M+.
1-(4-Iodobenzyloxy)-2-nitrobenzene (3). The procedure described

above for the preparation of 1 was employed to afford 3 as a yellow solid
(238.9 mg, 67.3%). HPLC: 6.03 min, 99.5%; mp 70.6−71.5 °C. 1H
NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 8.1, 1.4 Hz, 1H), 7.73 (d, J =
8.2Hz, 2H), 7.56−7.46 (m, 1H), 7.22 (d, J = 8.1Hz, 2H), 7.09−7.04 (m,
2H), 5.18 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 151.62, 140.23,
137.80, 135.27, 134.07, 128.78, 125.73, 120.90, 115.03, 93.80, 70.45.
1-Iodo-4-((4-methoxyphenoxy)methyl)benzene (4). The proce-

dure described above for the preparation of 1 was employed to afford
4 as a white solid (255.3 mg, 75.1%). HPLC: 8.28 min, 99.5%; mp
128.9−130.2 °C. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz,
2H), 7.17 (d, J = 8.2 Hz, 2H), 6.89 (d, J = 9.2 Hz, 2H), 6.83 (d, J =
9.2 Hz, 2H), 4.96 (s, 2H), 3.77 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
154.18, 152.68, 137.63, 137.08, 129.25, 115.92, 114.72, 93.30, 70.07, 55.72.
HRMS (EI): m/z calcd for C14H13IO2 339.9960; found 339.9966 M

+.
1-(4-Iodobenzyloxy)-3-methoxybenzene (5). The procedure de-

scribed above for the preparation of 1 was employed to afford 5 as a white
solid (211.7 mg, 62.2%). HPLC: 8.68 min, 98.5%; mp 77.4−78.7 °C. 1H
NMR (400MHz, CDCl3) δ 7.71 (d, J = 8.1 Hz, 2H), 7.21−7.17 (m, 3H),
6.57−6.50 (m, 2H), 4.99 (s, 2H), 3.79 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 160.87, 159.75, 137.65, 136.71, 129.94, 129.26, 106.93, 106.73,
101.44, 93.42, 69.30, 55.27. MS (EI):m/z calcd for C14H13IO2 340; found
340 M+.
1-(4-Iodobenzyloxy)-2-methoxybenzene (6). The procedure de-

scribed above for the preparation of 1 was employed to afford 6 as a
white solid (288.1 mg, 84.7%). HPLC: 6.63 min, 98.7%; mp 110.4−
110.8 °C. 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.1 Hz, 2H), 7.19
(d, J = 8.0 Hz, 2H), 6.97−6.91 (m, 2H), 6.85 (d, J = 3.8 Hz, 2H), 5.10
(s, 2H), 3.89 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 149.78, 147.89,
137.58, 137.00, 129.11, 121.76, 120.78, 114.41, 112.03, 93.25, 70.41,
55.92. MS (EI): m/z calcd for C14H13IO2 340; found 340 M+.
4-(4-Iodobenzyloxy)phenol (7). To a solution of hydroquinone

(110.1 mg, 1.0 mmol) and 1-(bromomethyl)-4-iodobenzene (296.9 mg,
1.0 mmol) in anhydrous DMF (5 mL) was added K2CO3 (276.4 mg,
2.0 mmol). The resulting mixture was stirred at 90 °C for 2 h; after
cooling to room temperature, 50 mL of water was added and extracted
by CH2Cl2 (3 × 10 mL). Combined organic layers were dried over
MgSO4, filtered, and concentrated under a vacuum. The crude mixture
was purified by silica gel chromatography (petroleum ether/AcOEt =
4/1) to give 7 as a white solid (49.3 mg, 15.1%). HPLC: 3.75 min,
99.3%; mp 152.2−153.7 °C. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J =
8.3 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 6.85−6.81 (m, 2H), 6.78−6.74
(m, 2H), 4.95 (s, 2H), 4.41 (s, 1H). 13C NMR (101 MHz, CDCl3) δ
152.75, 149.83, 137.65, 137.00, 129.27, 116.09, 115.91, 93.35, 70.11.
MS (EI): m/z calcd for C13H11IO2 326; found 326 M+ (different
from the procedure in ref 45, 4-(4-iodobenzyloxy)phenol was gained

though a SN2 reaction between hydroquinone and 1-(bromomethyl)-4-
iodobenzene).

3-(4-Iodobenzyloxy)phenol (8). The procedure described above for
the preparation of 7 was employed to afford 8 as a white solid (93.1 mg,
28.5%). HPLC: 3.95 min, 98.6%; mp 109.9−110.6 °C. 1H NMR
(400 MHz, CDCl3) δ 7.71 (d, J = 7.9 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H),
7.16−7.09 (m, 1H), 6.54 (d, J = 8.6 Hz, 1H), 6.46−6.44 (m, 2H), 4.98
(s, 2H), 4.74 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 159.87, 156.65,
137.67, 136.59, 130.24, 129.23, 108.32, 107.39, 102.55, 93.45, 69.36. MS
(EI): m/z calcd for C13H11IO2 326; found 326 M+.

2-(4-Iodobenzyloxy)phenol (9). The procedure described above for
the preparation of 7 was employed to afford 9 as yellow oil (109.8 mg,
33.7%). HPLC: 4.25min, 99.9%;mp 62.1−63.4 °C. 1HNMR (400MHz,
CDCl3) δ 7.74 (d, J = 8.2Hz, 2H), 7.17 (d, J = 8.0Hz, 2H), 6.98−6.95 (m,
1H), 6.93−6.88 (m, 2H), 6.85−6.81 (m, 1H), 5.62 (s, 1H), 5.06 (s, 2H).
13C NMR (101 MHz, CDCl3) δ 145.91, 145.56, 137.88, 136.09, 129.54,
122.13, 120.20, 114.98, 112.30, 93.99, 70.44. MS (EI): m/z calcd for
C13H11IO2 326; found 326 M

+.
1-Fluoro-4-(4-iodobenzyloxy)benzene (10). The procedure de-

scribed above for the preparation of 1 was employed to afford 10 as a
white solid (253.1 mg, 77.1%). HPLC: 8.92 min, 98.0%; mp 62.3−62.8
°C. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.2 Hz, 2H), 7.17 (d, J =
8.2 Hz, 2H), 7.00−6.95 (m, 2H), 6.91−6.85 (m, 2H), 4.97 (s, 2H). 13C
NMR (101 MHz, CDCl3) δ 157.49 (d, J = 238.9 Hz, 1C), 154.61 (d, J =
2.1 Hz, 1C), 137.71, 136.58, 129.23, 115.95 (d, J = 12.3 Hz, 2C), 115.88
(d, J = 18.8 Hz, 2C), 93.51, 70.00. MS (EI): m/z calcd for C13H10FIO
328; found 328 M+.

1-Chloro-4-(4-iodobenzyloxy)benzene (11). The procedure de-
scribed above for the preparation of 1 was employed to afford 11 as a
white solid (136.2 mg, 79.0%). HPLC: 12.86 min, 99.6%; mp 107.5−
108.1 °C. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.2 Hz, 2H), 7.24
(d, J = 8.9 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H), 6.87 (d, J = 8.9 Hz, 2H),
4.98 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 157.06, 137.72, 136.30,
129.40, 129.19, 126.08, 116.15, 93.59, 69.60. MS (EI): m/z calcd for
C13H10ClIO 344; found 344 M+.

1-Bromo-4-(4-iodobenzyloxy)benzene (12). The procedure de-
scribed above for the preparation of 1 was employed to afford 12 as a
white solid (302.5 mg, 77.8%). HPLC: 14.61 min, 99.3%; mp 122.6−
123.5 °C. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.37
(d, J = 9.0 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 8.9 Hz, 2H),
4.97 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 157.58, 137.74, 136.26,
132.35, 129.20, 116.68, 113.39, 93.62, 69.53. MS (EI): m/z calcd for
C13H10BrIO 388; found 388 M+ (compared with the method in ref 46,
the reaction was carried out in DMF instead of acetone and gave
1-bromo-4-(4-iodobenzyloxy)benzene in a higher yield of 77.8%).

1-Iodo-4-(4-iodobenzyloxy)benzene (13). The procedure described
above for the preparation of 1 was employed to afford 13 as a white solid
(436.0 mg, 89.3%). HPLC: 17.49 min, 98.2%; mp 135.0−135.9 °C. 1H
NMR (400MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.7 Hz,
2H), 7.15 (d, J = 8.1 Hz, 2H), 6.72 (d, J = 8.8 Hz, 2H), 4.97 (s, 2H). 13C
NMR (101 MHz, CDCl3) δ 158.33, 138.29, 137.72, 136.21, 129.17,
117.25, 93.60, 83.31, 69.37. MS (EI): m/z calcd for C13H10I2O 436;
found 436 M+.

1-Iodo-4-(phenoxymethyl)benzene (14). The procedure described
above for the preparation of 1 was employed to afford 14 as a white solid
(310.1 mg, 72.1%). HPLC: 9.59 min, 99.2%; mp 96.7−97.6 °C. 1H
NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.2 Hz, 2H), 7.32−7.27 (m,
2H), 7.19 (d, J = 8.1 Hz, 2H), 6.99−6.94 (m, 3H), 5.02 (s, 2H). 13C
NMR (101 MHz, CDCl3) δ 158.49, 137.64, 136.81, 129.51, 129.22,
121.15, 114.84, 93.37, 69.20. MS (EI): m/z calcd for C13H11IO 310;
found 310 M+ (different from the procedure in ref 47, 1-iodo-4-
(phenoxymethyl)benzene was gained though a SN2 reaction between
phenol and 1-(bromomethyl)-4-iodobenzene).

1-tert-Butyl-4-(4-iodobenzyloxy)benzene (15). The procedure
described above for the preparation of 1 was employed to afford 15 as
a white solid (366.2 mg, 87.4%). HPLC: 27.14 min, 98.3%; mp 91.9−
93.0 °C. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.31
(d, J = 8.8 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H),
4.99 (s, 2H), 1.30 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 156.28,
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143.85, 137.62, 137.04, 129.23, 126.28, 114.26, 93.29, 69.30, 34.07,
31.50. MS (EI): m/z calcd for C17H19IO 366; found 366 M+.
4-(4-Iodobenzyloxy)aniline (16). To a solution of 1 (1.42 g,

4.0 mmol) and SnCl2·2H2O (1.66 g, 8.0 mmol) in EtOH (25 mL)
was added concentrated HCl (2 mL). The resulting mixture was stirred
at 80 °C for 2 h; after cooling to room temperature, 1MNaOH (30mL)
was added and extracted by ethyl acetate (3 × 10 mL). Combined
organic layers were dried over MgSO4, filtered, and concentrated under
a vacuum. The crude mixture was purified by silica gel chromatography
(petroleum ether/AcOEt = 2/1) to give 16 as a pink solid (643.3 mg,
49.5%). HPLC: 4.16 min, 98.4%; mp 138.6−140.0 °C. 1H NMR
(400 MHz, CDCl3) δ 7.70 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 7.9 Hz, 2H),
6.78 (d, J = 8.7 Hz, 2H), 6.64 (d, J = 8.8 Hz, 2H), 4.93 (s, 2H), 3.44 (s,
2H). 13CNMR (101MHz, DMSO-d6) δ 149.39, 142.65, 137.65, 137.02,
129.66, 115.75, 114.84, 93.42, 69.11.MS (EI):m/z calcd for C13H12INO
325; found 325 M+.
3-(4-Iodobenzyloxy)aniline (17). The procedure described above

for the preparation of 16 was employed to afford 17 as a white solid
(695.5 mg, 73.1%). HPLC: 4.50 min, 99.4%; mp 153.9−154.8 °C. 1H
NMR (400MHz, CDCl3) δ 7.70 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 8.0 Hz,
2H), 7.07 (t, J = 8.0 Hz, 1H), 6.40−6.34 (m, 3H), 4.97 (s, 2H). 13C
NMR (101 MHz, DMSO-d6) δ 158.95, 143.26, 137.13, 136.95, 129.97,
129.69, 110.51, 106.88, 104.24, 93.73, 68.31. MS (EI): m/z calcd for
C13H12INO 325; found 325 M+.
2-(4-Iodobenzyloxy)aniline (18). The procedure described above

for the preparation of 16 was employed to afford 18 as a white solid
(99.3 mg, 11.4%). HPLC: 4.88 min, 99.1%; mp 99.1−100.1 °C. 1H
NMR (400MHz, CDCl3) δ 7.71 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.3 Hz,
2H), 6.85−6.78 (m, 3H), 6.75−6.71 (m, 1H), 5.03 (s, 2H). 13C NMR
(101 MHz, CDCl3) δ 146.14, 137.66, 136.90, 136.48, 129.34, 121.73,
118.39, 115.30, 112.14, 93.46, 69.73.MS (EI):m/z calcd for C13H12INO
325; found 325 M+.
4-(4-Iodobenzyloxy)-N-methylaniline (19). A solution of NaOCH3

(54.0 mg, 1.0 mmol) in methanol (5 mL) was added to a mixture of 16
(162.6 mg, 0.5 mmol) and paraformaldehyde (60.0 mg, 2.0 mmol) in
methanol (30 mL) dropwise. The resulting mixture was stirred under
reflux for 2 h. After cooling to room temperature, NaBH4 (75.6 mg,
2.0 mmol) was added and the solution was stirred under reflux for 2 h.
The solvent was evaporated under a vacuum. Then 1MNaOH (50 mL)
was added and a white precipitate was formed. The precipitate was
collected by filtration, washed with 50 mL water, and recrystallized from
methanol to give 19 as a pink solid (152.4 mg, 89.9%). HPLC: 6.34 min,
99.2%; mp 93.9−95.2 °C. 1H NMR (400 MHz, CDCl3) δ 7.70 (d, J =
8.2 Hz, 2H), 7.17 (d, J = 8.1 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.58 (d,
J = 8.5 Hz, 2H), 4.94 (s, 2H), 2.81 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 150.89, 144.11, 137.55, 137.42, 129.28, 116.23, 116.21,
113.50, 93.16, 70.26, 70.24, 31.49. MS (EI): m/z calcd for C14H14INO
339; found 339 M+.
3-(4-Iodobenzyloxy)-N-methylaniline (20). A solution of NaOCH3

(54.0 mg, 1.0 mL) in methanol (5 mL) was added to a mixture of 17
(162.6 mg, 0.5 mmol) and paraformaldehyde (60.0 mg, 2.0 mmol) in
methanol (30 mL) dropwise. The resulting mixture was stirred under
reflux for 2 h. After cooling to room temperature, NaBH4 (75.6 mg,
2.0 mmol) was added and the solution was stirred under reflux for 2 h.
The solvent was evaporated under a vacuum. Then 1MNaOH (50 mL)
was added and extracted by CH2Cl2 (3 × 10 mL). Combined organic
layers were dried overMgSO4, filtered, and concentrated under a vacuum.
The crude mixture was purified by silica gel chromatography (petroleum
ether/AcOEt = 4/1) to give 20 as a colorless oil (71.0mg, 41.8%). HPLC:
6.60 min, 99.9%; mp 45.3−46.6 °C. 1H NMR (400 MHz, CDCl3) δ 7.71
(d, J = 8.1 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 7.09 (t, J = 8.0 Hz, 1H), 6.32
(d, J = 8.0 Hz, 1H), 6.27 (d, J = 7.9 Hz, 1H), 6.24 (s, 1H), 4.99 (s, 2H),
2.83 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.84, 150.77, 137.59,
137.09, 129.94, 129.25, 106.16, 103.06, 99.24, 93.26, 69.11, 30.68. MS
(EI): m/z calcd for C14H14INO 339; found 339 M+.
2-(4-Iodobenzyloxy)-N-methylaniline (21). To a solution of 18

(50.0 mg, 0.15 mmol) and K2CO3 (41.5 mg, 0.30 mmol) in acetone
(10 mL) was added CH3I (32.6 mg, 0.23). The resulting mixture was
stirred at room temperature for 10 h. Then 50 mL water was added and
extracted by CH2Cl2 (3 × 10 mL). Combined organic layers were dried

over MgSO4, filtered, and concentrated under a vacuum. The crude
mixture was purified by silica gel chromatography (petroleum ether/
AcOEt = 4/1) to give 21 as a yellow oil (34.2 mg, 67.2%). HPLC:
8.19 min, 98.1%. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.3 Hz,
2H), 7.17 (d, J = 8.4 Hz, 2H), 6.92 (td, J = 7.7, 1.3 Hz, 1H), 6.78 (d, J =
7.9Hz, 1H), 6.66−6.60 (m, 2H), 5.00 (s, 2H), 4.24 (s, 1H), 2.85 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 145.77, 139.59, 137.66, 136.88, 129.43,
121.96, 116.15, 110.88, 109.60, 93.48, 69.72, 30.31. MS (EI): m/z calcd
for C14H14INO 339; found 339 M+.

4-(4-Iodobenzyloxy)-N,N-dimethylaniline (22). To a solution of 16
(162.6 mg, 0.5 mmol) and paraformaldehyde (150.0 mg, 5.0 mmol) in
acetic acid (20mL) was addedNaBH3CN (157.0mg, 2.5). The resulting
mixture was stirred at room temperature for 24 h. Then 1 M NaOH
(20 mL) was added and a white precipitate was formed. The precipitate
was collected by filtration, washed with 50 mL water, and recrystallized
from methanol to give 22 as a white solid (168.4 mg, 95.4%). HPLC:
10.63 min, 98.4%; mp 128.2−129.3 °C. 1H NMR (400 MHz, CDCl3) δ
7.69 (d, J = 8.2 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H),
6.82−6.68 (s, 2H), 4.95 (s, 2H), 2.87 (s, 6H). 13C NMR (101 MHz,
CDCl3) δ 150.92, 145.99, 137.59, 137.41, 129.28, 115.95, 114.77, 93.19,
70.16, 41.73. HRMS (EI): m/z calcd for C15H16INO 353.0277; found
353.0282 M+.

3-(4-Iodobenzyloxy)-N,N-dimethylaniline (23). The procedure
described above for the preparation of 22 was employed to afford 23
as a white solid (171.3 mg, 97.1%). HPLC: 11.30 min, 99.9%; mp 68.8−
70.1 °C. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.19
(d, J = 8.2 Hz, 2H), 7.15 (t, J = 8.1 Hz, 1H), 6.43−6.30 (m, 3H), 5.00
(s, 2H), 2.94 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 159.68, 152.02,
137.62, 137.18, 129.77, 129.31, 106.15, 102.16, 100.03, 93.26, 69.20,
40.55. MS (EI): m/z calcd for C15H16INO 353; found 353 M+.

1-Iodo-4-(4-methoxybenzyloxy)benzene (24). The procedure
described above for the preparation of 1 was employed to afford 24 as
a white solid (906.3 mg, 88.9%). HPLC: 8.55 min, 99.7%; mp 130.3−
131.5 °C. 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 9.0 Hz, 2H), 7.33
(d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H),
4.95 (s, 2H), 3.81 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.59,
158.71, 138.22, 129.19, 128.55, 117.36, 114.08, 82.95, 69.91, 55.31.
HRMS (EI): m/z calcd for C14H13IO2 339.9960; found 339.9964 M+

(compared with the method in ref 48, the reaction was carried out in
DMF without the use of tetra-n-butylammonium iodide and gave 1-
iodo-4-(4-methoxybenzyloxy)benzene in a comparable yield).

(4-Iodobenzyl)(4-methoxyphenyl)sulfane (25). The procedure
described above for the preparation of 1 was employed to afford 25 as
a white solid (712.4 mg, 94.7%); mp 87.9−88.5 °C. 1HNMR (400MHz,
CDCl3) δ 7.56 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 6.90 (d, J =
8.3 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 3.89 (s, 2H), 3.78 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ 159.40, 137.99, 137.39, 134.38, 130.81,
125.39, 114.51, 92.32, 55.30, 40.76. MS (EI): m/z calcd for C14H13IOS
356; found 356 M+.

1-Bromo-4-((4-methoxyphenoxy)methyl)benzene (26). The pro-
cedure described above for the preparation of 1 was employed to afford
26 as a white solid (2.93 g, 93.2%); mp 105.3−106.7 °C. 1H NMR
(400 MHz, CDCl3) δ 7.51 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H),
6.89 (d, J = 9.2 Hz, 2H), 6.83 (d, J = 9.2 Hz, 2H), 4.97 (s, 2H), 3.77
(s, 3H). 13C NMR (101MHz, CDCl3) δ 154.15, 152.65, 136.38, 131.65,
129.05, 121.74, 115.89, 114.70, 69.97, 55.70. MS (EI): m/z calcd for
C14H13BrO2 292; found 292 M+.

1-Bromo-4-(4-methoxybenzyloxy)benzene (27). The procedure
described above for the preparation of 1 was employed to afford 27 as
a white solid (681.4mg, 77.8%);mp 122.1−122.9 °C. 1HNMR (400MHz,
CDCl3) δ 7.37 (d, J = 9.0 Hz, 2H), 7.33 (d, J = 8.7 Hz, 2H), 6.91 (d, J =
8.7 Hz, 2H), 6.84 (d, J = 9.0 Hz, 2H), 4.96 (s, 2H), 3.82 (s, 3H). 13C NMR
(101 MHz, CDCl3) δ 159.57, 157.93, 132.25, 129.19, 128.57, 116.74,
114.06, 113.03, 70.04, 55.30. MS (EI): m/z calcd for C14H13BrO2 292;
found 292 M+ (compared with the method in ref 49, 1-bromo-4-(4-
methoxybenzyloxy)benzene was prepared though a common SN2 reaction
between 4-bromophenol and 1-(chloromethyl)-4-methoxybenzene in a
comparable yield).

4-(4-Bromobenzyloxy)-N,N-dimethylaniline (28). The procedure
described above for the preparation of 1 was employed to afford 28 as a
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white solid (303.5 mg, 99.1%); mp 125.8−127.1 °C. 1H NMR
(400 MHz, CDCl3) δ 7.52−7.48 (m, 2H), 7.32−7.28 (m, 2H), 6.92−
6.85 (m, 2H), 6.76 (s, 2H), 4.96 (s, 2H), 2.88 (s, 6H). 13C NMR
(101MHz, DMSO-d6) δ 149.92, 145.65, 137.14, 131.20, 129.56, 120.60,
115.62, 114.09, 68.84, 41.00. MS (EI): m/z calcd for C15H16BrNO 305;
found 305 M+.
Tributyl(4-((4-methoxyphenoxy)methyl)phenyl)stannane (29). A

mixture of 25 (146.6 mg, 0.5 mmol), (Bu3Sn)2 (580.1 mg, 1.0 mmol),
and (Ph3P)4Pd (57.8 mg, 0.05 mmol) in toluene (10 mL) was stirred
under reflux overnight. The mixture was concentrated under a vacuum
and purified by silica gel chromatography (petroleum ether/AcOEt =
15/1) to give 29 as a colorless oil (89.5 mg, 35.6%). 1H NMR (400MHz,
CDCl3) δ 7.49 (d, J = 7.9Hz, 2H), 7.39 (d, J = 7.8Hz, 2H), 6.93 (d, J = 9.1
Hz, 2H), 6.85 (d, J = 9.1 Hz, 2H), 5.00 (s, 2H), 3.78 (s, 3H), 1.59−1.51
(m, 6H), 1.39−1.29 (m, 6H), 1.15−0.97 (m, 6H), 0.90 (t, J = 7.3Hz, 9H).
13C NMR (101 MHz, CDCl3) δ 153.96, 153.11, 141.68, 136.90, 136.67,
127.08, 115.83, 114.65, 70.83, 55.72, 29.09, 27.38, 13.67, 9.60. MS (EI):
m/z calcd for C26H40O2Sn 504; found 504 M+.
Tributyl(4-(4-methoxybenzyloxy)phenyl)stannane (30). The pro-

cedure described above for the preparation of 29was employed to afford
30 as a colorless oil (75.0 mg, 29.8%). 1H NMR (400 MHz, CDCl3) δ
7.40−7.32 (m, 3H), 7.31−7.27 (m, 1H), 6.99−6.95 (m, 2H), 6.91 (d, J =
8.4 Hz, 2H), 4.98 (s, 2H), 3.82 (s, 3H), 1.69−1.60 (m, 6H), 1.41−1.30
(m, 12H), 0.92 (t, J = 7.3 Hz, 9H); 13C NMR (101 MHz, CDCl3) δ
153.98, 153.12, 141.68, 136.91, 136.66, 127.07, 115.85, 114.67, 70.85,
55.73, 29.09, 27.38, 13.66, 9.60. MS (EI): m/z calcd for C26H40O2Sn
504; found 504 M+.
N,N-Dimethyl-4-((4-(tributylstannyl)benzyl)oxy)aniline (31). The

procedure described above for the preparation of 29 was employed to
afford 31 as a colorless oil (56.2 mg, 21.8%). 1H NMR (400 MHz,
CDCl3) δ 7.47 (d, J = 7.9 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 6.92 (d, J =
9.1 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 4.98 (s, 2H), 2.87 (s, 6H), 1.58−
1.50 (m, 6H), 1.38−1.28 (m, 6H), 1.11−0.97 (m, 6H), 0.88 (t, J =
7.3 Hz, 9H) 13C NMR (101 MHz, CDCl3) δ 151.32, 145.96, 141.49,
137.24, 136.63, 127.10, 115.84, 114.76, 70.90, 41.74, 29.09, 27.38, 13.66,
9.60. MS (EI): m/z calcd for C27H43NOSn 517; found 517 M+.
X-ray Crystallography. 50 mg of ligand 4 and 6 were dissolved in

3 mL of ethyl acetate, respectively. Upon slow evaporation at room
temperature, colorless crystals suitable for an X-ray diffraction analysis
were yielded. The X-ray single-crystal structures were determined on a
Bruker Smart APEXII CCD area-detector diffractometer at 100(2) or
150(2) Kwith graphitemonochromatedMοKα radiation (λ= 0.71073 Å).
Absorption correctionwas performed by the SADABSprogram.27 All struc-
tures were solved using SHELXL-9728 program and refinedwith full-matrix
least-squares on F2 method. All the hydrogen atoms were geometrically
fixed using the riding model.
Radiolabeling and Bioevaluation. The radio-iodinated ligands 4,

24, and 22 were prepared from the corresponding tributyltin derivatives
by iododestannylation reaction through previously reported method.29

Bioevaluation including binding assay in vitro using Aβ aggregates,
autoradiography in vitro using brain sections from AD patients and
transgenic model mice, biodistribution studies, and partition coefficient
determination were all conducted according to previously reported
methods.30

Kd determination for [125I]4: Peptides Aβ42 were purchased from
Osaka Peptide Institute (Osaka, Japan). Aggregation was performed
according to the procedure described previously.30 Saturation binding
assay was set up by adding 100 μL of Aβ42 aggregates (10 nM in the final
assay mixture) into a mixture containing 100 μL of different concen-
trations of [125I]4 (final concentrations vary from 0.2 to 1.2 nM), 100 μL
of EtOH, and a corresponding amount of 0.1% bovine serum albumin
in a final volume of 1 mL. While for nonspecific binding group, an
additional 100 μL of cold 4 was added in a final concentration of 1 μM.
After incubation for 3 h at room temperature, the bound and free radio-
active fractions were separated by vacuum filtration through glass
fiber filters (Whatman GF/B) using a Mp-48T cell harvester (Brandel,
Gaithersburg, MD). The radioactivity of filters containing the bound
125I-ligand was measured in an automatic γ-counter (WALLAC/
Wizard1470, USA) with 70% efficiency. The dissociation constant Kd

for [125I]4was determined by analysis of the saturation binding curves of
three independent assays with GraphPad Prism 5.0.

In vitro biostability in mouse plasma and liver homogenate: [125I]4
(30 μCi, in 30 μL of ethanol) was added to 300 μL of mouse plasma and
liver homogenate separately and then incubated at 37 °C for 2, 10, 30,
and 60 min. After that, 300 μL of acetonitrile was added to each sample
followed by filtration using nylon syringe filters (13 mm × 0.22 μm,
Troody, China) to remove the denatured proteins. The filtrates were
analyzed by HPLC. Biostability of [125I]IMPY in plasma was conducted
in the same way.

In vivo biostability of [125I]4: Four ICR mice were injected [125I]4
(250 μCi, 200 μL) via tail vein and sacrificed at 2, 10, 30, and 60 min
postinjection. Then 2 mL blood sample was collected and centrifuged at
3000 rpm for 3 min to separate plasma. Urine was also harvested. Brain,
liver, and feces were obtained and homogenized in physiological saline.
Subsequently, 200 μL of each sample was removed and mixed with
300 μL of acetonitrile, and then samples were analyzed with the identify
method as described for in vitro biostability.

Computational Methods. Ligands 4 and 6 with X-ray crystal
structural data were directly minimized to the nearest ground states
using hybrid density functional technique B3LYP31,32 with basis set 3-
21G33 for iodine and 6-31G34 for other atoms in Gaussian 0935 with
tight convergence. The RMSD values between the optimized structures
and the geometries of corresponding X-ray crystallographic structures
were calculated using VMD 1.9.1 software36 after alignment. The re-
maining 19 molecules were constructed with GaussView 5.0 and geo-
metry optimized with the same method.

CoMFA and CoMSIA analysis was carried out to generate good
predictive QSAR models using SYBYL-X 1.1 software37 according to
method reported previously with some modifications.38 Gasteiger−
Hückel charges were assigned to all the QM-optimizedmolecules. Struc-
tural alignment was performed by using most promising compound 4 as
a template and benzyloxybenzene backbone (Figure 2a) as a common
structure. The aligned molecules are shown in Figure 2b. The pKi values
of 21 benzyloxybenzene ligands in Table 1, which covered a range of
3 log units, were used as dependent variables. These pKi values were
imported into a molecular spreadsheet, and then the Tripos standard
CoMFA/CoMSIA fields were added to the spreadsheet. Compared with
CoMFA, three additional descriptors (hydrophobic and hydrogen-bond
donor and acceptor) were also defined in CoMSIA method. Default
parameters were used for constructing 3D-QSAR models. Partial least-
squares (PLS) methods were utilized to construct 3D-QSAR models.
The PLS algorithmic rule with leave-one-out cross-validation method
was applied to gain optimum number of components, cross-validated
coefficient q2 and to evaluate the statistical significance of each model.
Column filter value was set to 1.0 kcal/mol for all cross-validated PLS
analyses. Conventional correlation coefficient (r2), and its standard error
(SEE), F-test value (F) were further computed by PLS analysis with no
validation method.

AutoDock4.039−41 was employed to conduct the docking simulations
on a solid-state NMR-derived model of an Aβ fiber (PDB 2LMO).42 All
hydrogen atoms were added and Gasteiger charges43 were assigned to
the receptor using AutoDock Tools (ADT).44 QM-optimized IMPY
and several benzyloxybenzene analogues with various binding affinities
were served as the input ligands. Nonpolar hydrogen atoms were
merged and all torsions were set to be rotatable during docking.
Residues 16-KLVFFA-21 of the Aβ40 fiber were chosen for docking, and
each grid was centered on this site. Grid maps were generated using
AutoGrid 4.0 with 34 × 62 × 80 Å3 dimensions and a grid spacing of
0.375 Å, which was large enough to encompass the entire chosen site.39

Lamarckian genetic algorithm was applied for searching the lowest
energy binding conformations with the default parameters from
AutoDock4.0.39 The binding energy is a value representing the fitness
of the ligand with the protein, which integrates a set of state variables
including values describing the translation, orientation, and conforma-
tion of the ligand. It is evaluated using the energy function. Then 100GA
ran with a population size of 300, a maximum of 2.5 × 107 energy
evaluations, and a maximum of 27000 generations. The resulting 100
solutions from docking were clustered into groups with RMS deviations
lower than 1.0 Å, and the lowest-energy/top-ranked docked pose was
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extracted as the best conformation for each ligand. We confirmed that
the best conformation for each ligand was located in the identical
position of Aβ40 fiber with similar orientation.
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