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The development and evaluation of selective estrogen receptor modulators (SERMs) is of
interest because of the complex and significant role of estrogen receptors in normal tissues as
well as disease states. In neurodegenerative disorders such as Alzheimer’s disease and multiple
sclerosis, estrogen receptor beta (ERP) seems to provide a protective anti-inflammatory
response. Due to the increase in reactive oxygen species (ROS) in these diseases, we have
masked ERp ligands, including diarylproprionitrile (DPN), as boronate esters that release the
active estrogen in the presence of H,O,. Here we demonstrate their synthesis, decreased binding
affinities, kinetics of release, and selectivity toward ROS. The most promising ligand can be
unmasked in the presence of pathological H,O, to modulate ERp transcription in cells.

2009 Elsevier Ltd. All rights reserved.

1. Introduction

In response to sensing infections and injury, the immune
system initiates and amplifies expression of innate immunity
genes and adaptive immune _responses. This burst of
inflammatory activity is important in surmounting the infection
or repairing the injury, but it is intended to be a local and time-
limited event that normally undergoes abatement. When
resolution is limited or incomplete, inflammation becomes
chronic. Within the central nervous system, this deregulation of
inflammation can be linked to neurodegenerative diseases such as
Alzheimer’s disease, multiple sclerosis, and Parkinson’s disease!.
Within these  inflammatory environments, there is typically an
overproduction. of reactive oxygen species (ROS) including
hydrogen peroxide (H,0O,), hydroxyl radical (OH), superoxide
(0,™), and nitric oxide (NO)>.

The role of estrogens and their receptors — estrogen receptor
alpha (ERa) and estrogen receptor beta (ERP) — in biology,
including inflammation, is complex.Estrogen appears to provide
neuroprotection through its actions as a potent anti-oxidant, anti-
apoptotic, and anti-inflammatory agent?. Therefore, we set out to
mask ER ligands for release in the presence of ROS. Boronate
esters have been used extensively for the protection or masking
of phenols due to their rapid and quantitative release in aqueous
H,0,* They have been developed for the selective detection and
imaging of H,0,’ and since been utilized as pro-drugs of matrix
metalloproteinases®, masked chelators of metal ions”#, selectively
activatable DNA cross-linking agents>', cytotoxic agents'!, and
pro-drugs of histone deacetylase inhibitors'2.

The idea of boron-based pro-estrogens has been utilized
before; in previous studies, the selective estrogen receptor
modulators (SERMs) tamoxifen and endoxifen have been
masked as boronate esters'*!5. Tamoxifen and endoxifen both
target ERa as therapies for breast cancer. The previous work
focused mostly on the cellular consequences of these boronate
ester SERMs observing similar or enhanced effects to the
unmodified anti-estrogens in breast cancer cells. They were able
to observe the presence of the SERMs after incubation of the
boronate esters with MCF7 or T47D cells, presumably due to
increased levels of ROS'315, In addition, they showed increased
bioavailability and drug accumulation at tumor sites within
mouse xenograft models'®.

Due to the successes of tamoxifen and endoxifen boronate
esters, we set out to mask alternative estrogens. In particular, we
focused on the potent and selective ERP agonist
diarylpropionitrile (DPN, Fig. 1a)!%7. ERP selective ligands,
such as DPN, have shown significant promise in exhibiting
neuroprotective effects in a number of neurological diseases's-2.
In addition, molecules that activate ER repress transcription of
proinflammatory genes; specifically, DPN has been shown to be
effective in a model of inflammation following lung injury?’. Due
to the increased levels of ROS and pathological oxidative stress
within neurodegenerative disorders and inflammatory diseases,
we hypothesize that appending a boronate ester to the ERp ligand
will allow for consumption H,0, and simultaneous release of the
active ligand achieving dual results. In addition, the masking of
the active phenol would allow for selective release of the
estrogen in the presence of H,0,, providing site-selective
modulation of ER. Herein, we report the synthesis of boronic
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acid pinacol ester pro-estrogens of endogenous estrogens and the
ERp-selective agonist DPN. The boronate esters have decreased
affinity for both ERa and ERp and are converted into the active
phenol in the presence of H,O, in vitro and in cells.
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Figure 1. a) Structures of endogenous ER ligands, E2 and E1, and ERf-
selective agonists, genistein and DPN. b) DPN docked into the binding
pocket of ERp ligand binding domain (LBD). Only key residues are shown.

2. Results and discussion
2.1. Design of masked estrogens

It is well established in ER literature that the presence of a
phenol is preferred for receptor binding (see reviews?¢-2%). Indeed,
endogenous estrogens such as estradiol (E2) and estrone (E1) as
well as phytoestrogens such as genistein and the synthetic ER
selective ligand DPN contain A-ring phenols (Fig. 1a). Crystal
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structures of estradiol?® and genistein®® bound into the ligand
binding domain (LBD) of ERP indicate that the A-ring phenol of
the ligands forms hydrogen bonds with glutamate 305 and
arginine 346 (Fig. S1). When we performed docking studies of
DPN into ERB LBD (PDB: 1X7J), there was no surprise that the
best scoring hit placed the A-ring of DPN in the same position
(Fig. 1b). Therefore, we set out to block the phenols on DPN as
well as estradiol. Although a variety of boronate esters have been
used as H,O, activatable groups, we selected the boronic acid
pinacol ester for the large size that could cause steric clashes to
inhibit interaction with the ER binding pocket.

2.2. Chemistry

Our initial efforts focused on masking the endogenous
steroidal estrogen, 17B-estradiol as'a boronic acid pinacol ester
on the A-ring of the steroid as a proof of principle. A previous
study had examined boronated estrone derivatives and their
oxidation to estrone in the presence of H,0,’!. However, since
our route to the boronated estradiol (3) required synthesis of the
corresponding estrone < (2), we evaluated both protected
endogenous estrogens. These compounds were obtained through
a straightforward modification of estrone (Scheme 1). The
phenol of estrone was activated as the corresponding triflate (1)
and palladium-mediated cross-coupling allowed installation of
the boronic acid pinacol ester (2) in good yield. Reduction of the
ketone resulted in the corresponding boronic acid pinacol ester
17B-estradiol (3) in good yield.

Next, we turned to the non-steroidal ERB selective agonist,
DPN. Since DPN contains two phenolic groups, we synthesized
three derivatives with either one or both phenols masked as
boronic acid pinacol esters. We generated DPN following
literature precedent and the boronate ester DPNs (6a-6¢) with a
modified protocol (Scheme 2)'°. First, compounds 4a-d¢ were
prepared through a base-mediated aldol condensation of the
appropriate arylaldehydes and phenylacetonitriles in excellent
yields. The alkenes were reduced using sodium borohydride to
generate compounds 5a-Sc¢ in moderate to good yields. Removal
of the methyl protecting groups on Sa and 5b was successful
using aluminum chloride and 1-dodecanethiol. Finally,
palladium-mediated cross-coupling of the bromide with
bis(pinacolato)diboron allowed the installation of the boronic
acid pinacol esters (6a-6¢) albeit with poor yields.
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Scheme 1. Synthesis of boronic acid pinacol ester estrone (2) and estradiol (3). Reagents and Conditions (a) trifluoromethane
sulfonic anhydride, 2,6-lutidine, dimethylaminopyridine, CH,Cl,, 0 °C, 1 h (70 %); (b) pinacolborane, Pd(dppf)Cl,,
triethylamine, dioxane, 100 °C, 18 h (82 %); (¢) NaBH,, methanol/tetrahydrofuran, 0 °C (78 %).
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4a: Ry =Br, R, = OCHj3
4b: Ry = OCHj3, R, = Br
4c: Ry, Ry, =Br

Bpin = d.7<<

5a: Ry = Br, R, = OCH3 6a: Ry = Bpin, Ry =
5b: Ry = OCH3, R, = Br 6b: Ry =0OH, R, = Bp|n
5¢c: Ry, R, =Br 6¢c: Ry, R, = Bpin

Scheme 2. Synthesis of boronic acid pinacol ester DPNs (6a-
6¢). Reagents and Conditions (a) 40% KOH, EtOH, rt. 1.5 h
(4a, 95%; 4b, 100%; 4¢, 100%) (b) NaBH,4, EtOH, 70 °C, 18
h (5a, 83%; 5b, 82%; 5c¢, 34%) (c) AlCIls, 1-dodecanethiol,
CH,Cl, (34%) (d) bis(pinacolato)diboron, KOAc,
Pd(dppf)Cl,, 80 °C, 18 h (6a, 34%; 6b, 35%; 6¢, 17%).

2.3. Estrogen receptor binding affinity
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determine their affinities for full length ERa and ERp (Fig. S2).
Binding affinities shown in Table 1 are expressed as relative
binding affinity (RBA) values (estradiol = 100%) and were
calculated using previously described methods®?.. The binding
affinity of the phenolic estradiol, estrone, and DPN matched
previous literature'®33. As expected, the binding affinities
decreased, although in most cases moderately, when the phenols
were replaced with boronic acid pinacol esters. For both ERo and
ERp, the RBA of 2 was approximately 6-fold less than estrone
and the RBA of 3 was approximately 3-fold less than estradiol.
As noted above, DPN is selective for ERP over ERo; however,
we observed a decrease in binding affinity for 6a-6¢ for both
receptors. For ERa, 6a and 6b had 4.5- and 6-fold decreased
affinity while 6c did not compete productively. For ERp, the
binding affinity of 6a and 6b decreased approximately 5-fold
while 6c¢ decreased 20-fold in comparison to DPN. We were
surprised that placement of the boronic ester in either of the R,
(6a) or R, (6b) positions essentially resulted in the same
decreased binding affinity; from previous studies of DPN and
derivatives as well as our docking results (Fig. 1b), we expected
replacement of the A-ring phenol (6a) to have more of an effect
on binding'®. The moderate decrease in binding affinities for
compounds 6a and 6b is most likely because they still contain
one free phenol and are capable of fitting into the flexible binding
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pocket of ERP. Not surprisingly, however, was the fact that
replacement of both phenols resulted in the poorest binder, 6c.

Table 1. Estrogen receptor relative binding affinities

Compound RBA®

ERa ERP
Estrone (E1) 12.8+4.0 145+ 11.6
Estradiol (E2) 100 100
DPN 0.392 + 0.062 7.7+4.4
2 22+1.1 25+14
3 33.0+12:5 34.0+10.1
6a 0.087 £ 0.023 1.58 £0.36
6b 0.063 +0.024 1.68 +1.22
6¢ <0.001 0.39+0.26

2RBA = relative binding affinity, where estradiol = 100%. Data are presented
as mean + standard deviation of three replicates for E1, 2, 3, DPN, 6a-6¢ and
six replicates for E2.
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Figure 1. Kinetics of reaction of 3 with H,0,. a) Absorbance spectra of 3 (75 pM) with 10-fold H,O, (750 uM) over 4 hours in PBS at 37 °C. Blue decreased in
shade over time; scans taken every minute for the first 30 minutes, then every 5 minutes until 1 hour and every hour until 4 hours. 3 is black; E2 is dashed black.

inset: data fit to a pseudo-first order model for reactant consumption during the reaction. b) Linear fit of k,,, and [H,0,]for conversion of 3 to E2 gives the

second-order rate constant. Data presented as mean + standard deviation of three replicates.

2.4. Kinetics of H,Oymediated conversion to phenol

We Afirst_investigated the boronate ester estradiol 3 as our
model system to evaluate H,0O,-activation. The reaction was
monitored in real time by UV spectroscopy in PBS (pH 7.4) at 37
°C for four hours to mimic a biological environment (Fig. 2). As
illustrated in Figure 2a, pro-estrogen 3 exhibits moderate
absorbance at 235 nm while E2 does not. Upon addition of 10
equivalents of H,0,, the peak at 235 nm decreases overtime
eventually producing an absorbance spectrum equal to that of E2.
Kinetic analysis of the data collected under pseudo-first order
conditions (Fig. 2a, inset) gave a second order rate constant of
5.57 £ 0.23 M-1sec”! for disappearance of the starting material
(Fig. 2b). The conversion of 3 to E2 was confirmed by GC-MS
analysis of the reaction mixture after 30 minutes of incubation;
the retention time moved from 15.7 min to 12.5 min and the
masses corresponded to the expected compounds (Fig. S4). In
addition, reaction of pro-estrogen 2 with H,O,, when monitored
by UV spectroscopy and quantified by consumption of

absorbance at 235 nm, produced El at a similar rate with a
second order rate constant of 4.81 + 0.86 M-'sec’! (Fig. S3). It is
important to note that incubation of 3 or 2 alone in PBS for 4
hours at 37 °C did not result in a change in the UV spectra (Fig.
S5a).

Next, we examined the boronic acid pinacol ester masked
DPN derivatives 6a-6¢ in similar conditions. DPN exhibited a
stronger absorbance at 275 nm than any of the boronate
derivatives. Therefore, we monitored the conversion of each
compound to DPN using UV spectroscopy in PBS (pH 7.4) at 37
°C for four hours (Fig. 3). Similar to the estrone and estradiol
pro-estrogens, there was complete conversion in approximately
10 minutes after addition of 10 equivalents of H,O, (Fig. 3a-c).
Kinetic analysis of the data at various concentrations of peroxide
revealed that the second order rate constants for appearance of
the product DPN were fairly consistent for each derivative 6a-6¢
with second order rate constants of 6.46 + 1.01 M-sec’!, 5.92 +
0.57 M-'sec’!, and 5.14 + 0.29 M'sec’!, respectively (Fig. S6,
3d). Not surprisingly, 6c¢, which contains two boronic acid



pinacol esters, was slightly slower than 6a and 6b. We were
unable to uncouple the conversion of one pinacol boronate to the
phenol from the other because there was not a differential
wavelength to monitor; however, DPN was observed as the
product at the end of the reaction time (Fig. 3c¢). As above,
incubation of 6a-6¢ in PBS for 4 hours at 37 °C did not result in
changes in the UV spectra (Fig. S5b). The second order rate
constants for the conversion of any of the boronate ester
compounds here is consistent with previously presented
systems®3,
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Figure 3. Kinetics of reaction of 6a-6¢ with H,0,. a) Absorbance spectra of
6a (75 uM) with 10-fold H,O, (750 uM) over 4 hours in PBS at 37 °C. Green
decreases in shade over time; scans taken every minute for the first 30
minutes, then every 5 minutes until 1 hour and every hour until 4 hours. 6a is
black; DPN is dashed black. b) Absorbance spectra of 6b (75 uM) with 10-
fold H,O, (750 uM) over 4 hours in PBS at 37 °C. Orange decreases in shade
over time; scans taken every minute for the first 30 minutes, then every 5
minutes until 1 hour and every hour until 4 hours.vv 6b is black; DPN is
dashed black. c) Absorbance spectra of 6¢ (75 uM) with 10-fold H,0, (750
uM) over 4 hours in PBS at 37 °C. Blue decreases in shade over time; scans
taken every minute for the first 30 minutes, then every 5 minutes until 1 hour
and every hour until 4 hours. 6c¢ is black; DPN is dashed black. d) ) Linear fit
of k, and [H,O,]for conversion of 6a (green), 6b (orange), and 6c¢ (blue) to
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DPN gives the second-order rate constant. Data presented as mean + standard
deviation of three replicates.

2.5. ROS Selectivity

Since H,0, is not the only ROS in biological systems, we
examined the reactivity of the boronate esters toward other ROS,
including tert-butylhydroperoxide (TBHP), hypochlorite (OCIL"),
nitric oxide (NO), hydroxyl radical (‘OH), and superoxide (O;™).
We chose to focus on the DPN pro-estrogens 6a-6¢ because of
the selectivity for ERP and therapeutic implications in
neuroinflammatory disorders. Due to background absorbance
issues with the alternative ROS, we analyzed the end points of
these reactions using HPLC (Fig. 4a-c). The retention time for
DPN was 19 min while the retention time for 6a, 6b, and 6¢ were
22 min, 23 min, and 28 min, respectively. As expected after 1
hour of exposure to 5-fold H,0,, all-of the pro-estrogens were
converted to DPN. Alternatively, incubation with 5-fold TBHP,
NO, and hydroxyl radical did not convert 6a-6¢ into DPN. In
addition, there was approximately 22 % conversion of the
boronate esters in the presence of 5-fold superoxide and 50-80 %
consumption in the presence of 5-fold hypochlorite (Fig. 4d). We
were able to observe small conversion of 6¢ to 6a and 6b with
both superoxide and hypochlorite, indicating oxidation of one
boronate ester (Fig. 4c¢). There were approximately equal
amounts-of 6a and 6b in those cases indicating no selectivity for
one boronate ester over the other. Some boronate ester peaks
were observed to broaden or misshapen (most evident in Fig. 4b
with NO trace) that we attribute to artifacts of the HPLC. When
we examined the UV spectra recorded by the photodiode array,
the spectra aligned well with 6b across the full retention time,
changing only in absorptivity and not shape; in addition, purity
measurements by the photodiode array indicated that the purity
threshold was met along the peak (Fig. S7). The DPN boronate
esters showed less selectivity, specifically against OCI, in
comparison to previous experimentation on the estrone boronate
ester 2 that showed minimal reactivity in the presence of
hypochlorite?>. However, other groups have observed this
phenomena indicating that hypochlorite is another promising
ROS that can convert boronate esters into phenols3433,

150000 &b
6b + H,0,
9 100000 6b + OCI”
o — 6b + TBHP
2 50000 o
— — 6b+ 0,
0 — DPN
15 20 25
Retention Time (min)
100+ mm 6a
s = 6b
E. mm 6c
3
g 501
Q
3]
*
H,0,TBHP OCI NO .OH O,.

ROS

Figure 4. HPLC monitoring of reaction of 6a-6¢ with various reactive oxygen species. a) Reaction of 6a (150 uM, gray) with 5-fold of each ROS for 1 hour in
PBS at 37 °C. b) Reaction of 6b (150 uM, gray) with 5-fold of each ROS for 1 hour in PBS at 37 °C. c¢) Reaction of 6¢ (150 uM, gray) with 5-fold of each ROS
for 1 hour in PBS at 37 °C. Each line is representative of one replicate. d) Quantification of consumption of 6a-6¢ (green, orange, blue, respectively) incubated
for 1 hour with 5-fold of different reactive oxygen species (ROS). Data is presented as mean + standard deviation of three replicates. NO was generated from
NOCS3, superoxide was generated from a xanthine oxidase reaction, and hydroxyl radical was generated from Fe?* and H,0,. (See experimental for complete

reaction conditions)



This lack of selectivity is not a downfall for compounds 6a-6¢
because increased levels of the oxidant hypochlorite have also
been linked to a variety of inflammatory diseases such as
Alzheimer’s disease®®. Therefore, release of the active ERPB
ligand in the presence of multiple ROS could allow for
advantageous protective effects.

2.6. ERB transcriptional activation

In order to probe the therapeutic potential of the boronate ester
masked DPN ligands, we examined the ability to activate ERP
transcriptional activity in a cellular environment using a
luciferase-based assay. We chose to focus on the most promising
compound, 6¢, which was rapidly converted to DPN in the
presence of excess H,O, (Fig. 3c¢) but also resulted in the most
detrimental effect on ER binding (Table 1). As seen in Figure
5a, E2 and DPN exhibited potencies (ECso = 0.020 nM and 0.72
mM, respectively) consistent with literature as expected (ECsy =
0.030 mM and 0.89 nM, respectively)!®. However, treatment of
the cells for 24 hours with 6c¢ less potent (Fig. Sb, ECso = 470
nM). As pathological levels of H,O, in Alzheimer’s disease
models and other inflammatory disorders have been reported to
be at least 100 uM37-¥, we added exogenous H,0, at 50 uM and
100 uM to mimic the inflammatory environment. The potency of
E2 and DPN did not change upon addition of H,O,; however, the
transcriptional potency of 6c¢ increased (Fig. Sb, ECso = 6.1 nM
and 1.2 nM, respectively). At the highest concentration of H,0,
used, 6¢ behaved most similarly to DPN, indicating that the
active ligand was released in the cellular environment at these
pathological levels.
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Figure 5. Transcriptional activation by ERp in response to ligands after 24
hours treatment at the indicated concentrations. a) Control experiments with
E2 and DPN. Values are given as mean + standard deviation of four
replicates. b) Experiments with 6¢ without H,O, (squares, n = 6), 6¢ with 50
uM H,0, (diamonds, n =4), and 6¢ with 100 uM H,0, (circles, n = 6). Values
are given as mean + standard deviation of replicates as indicated.

3. Conclusions

In summary, we have prepared several steroidal and non-
steroidal boronate esters as pro-estrogens for the estrogen
receptors. They are converted rapidly and completely to the
phenolic estrogens when reacted with H,O,. In addition, the

presence of the boronic acid pinacol ester decreases the binding
affinity for both ERa and ERf by 3-20 fold depending on the
ligand. The ERp-selective ligand DPN was masked as three
different boronate esters 6a-6¢, which have similar functionality
and reactivity in vitro. The integration of a ROS reactive group
into a functional estrogen has implications in a variety of
neurodegenerative and inflammatory diseases. The pro-estrogens
6a-6¢ could have dual effects in absorbing H,O, and releasing an
ERB-selective ligand with therapeutic potential. In particular,
pro-estrogen 6¢, that masks both phenolic rings, exhibits
increased selectivity for H,O,, and diminishes the binding
affinity for the receptors most significantly. In addition, the ERP
agonist activity is masked by the boronate esters of 6¢ in a
cellular environment; however, when H,0, is at a pathological
level, the agonist activity is restored.

This work expands upon previous studies with boronate ester
linked SERMs in breast cancer contexts illustrating together that
the installation of a boronate ester is a promising pro-drug
strategy for ER modulation. Due to the complexity of ER
signaling, context specific estrogens (e.g. SERMs and subtype-
selective ligands) are constantly being developed. The release of
an active ER: ligand in the presence of H,0O, provides an
alternative approach to developing context specific estrogens or
anti-estrogens.

4. Experimental
4.1. Synthesis

Reagents and solvents for synthesis were purchased from
commercial sources and used without further purification. 'H and
3C NMR were recorded on a 500 MHz spectrometer or a 300
MHz spectrometer and are reported in ppm using solvent as an
internal standard. Preparative column chromatography was
performed on silica gel (230-400 mesh) and thin-layer
chromatography (TLC) was carried out using pre-coated silica
gel plates.

4.1.1. Synthesis of boronic ester estrone and
estradiol

4.1.1.1. Synthesis of triflate estrone (1)

Dimethylaminopyridine (0.058 g, 0.45 mmol), 2,6-lutidine
(0.46 mL, 3.48 mmol) and trifluoromethane sulfonic anhydride
(0.35 mL, 2.23 mmol) were added to a solution of estrone (0.5 g,
1.85 mmol) in dichloromethane (15 mL). The reaction mixture
was stirred at 0 °C for 1 h and was washed with 10 % HCI, 10 %
NaHCO; and brine. The resulting solution was dried with Na,SO,
and concentrated under vacuum. The product was purified using
silica gel column, eluted with dichloromethane/hexane (9:1) to
obtain estrone triflate (1) as a white crystal (0.41 g, 56 %): 'H
NMR (300 MHz, CDCl;) 6 7.33 (dd, J= 8.6, 1.0 Hz, 1 H), 7.07 —
6.96 (m, 2 H), 2.93 (dd, J= 8.7, 4.3 Hz, 2 H), 2.50 (dd, J = 18.2,
8.4 Hz, 1 H), 2.45 -2.34 (m, 1 H), 2.29 (td, /= 10.5, 9.5, 3.7 Hz,
1 H), 2.22 — 1.89 (m, 4 H), 1.73 — 1.33 (m, 6 H), 0.91 (s, 3 H);
13C NMR (75 MHz, CDCl;) & 220.2, 147.6, 140.3, 139.3, 127.2,
125.1, 121.2, 120.9, 118.3, 116.6, 112.4, 50.4, 47.8, 44.1, 37.8,
35.7,31.5,29.3,26.1,25.7,21.5, 13.8.

4.1.1.2. Synthesis of boronic ester estrone (2)

To a mixture of 1 (0.5 g, 1.28 mmol) and Pd(dppf)Cl, (41.8
mg, 0.049 mmol) under nitrogen were added 1,4-dioxane (6.2
mL, 72.7 mmol), triethylamine (1 mL, 7.5 mmol) and
pinacolborane (0.5 mL, 3.58 mmol). The reaction mixture was
heated to 100 °C and stirred overnight. After cooling to room



temperature, the crude reaction mixture concentrated in vacuo,
and purified with silica gel column using ethyl acetate/hexane
(1:3) to afford boronic ester estrone (2) as a white solid (0.37 g,
76 %): 'H NMR (300 MHz, CDCl3) 8 7.70 — 7.53 (m, 2 H), 7.33
(d, J=17.7 Hz, 1 H), 3.05 — 2.83 (m, 2 H), 2.61 — 2.40 (m, 2 H),
2.35(td,J=10.4,42 Hz, 1 H), 2.27 - 1.89 (m, 5 H), 1.73 — 1.44
(m, 4 H), 1.36 (s, 12 H), 0.93 (d, /= 2.8 Hz, 3 H); '*C NMR (75
MHz, CDCl;) & 220.7, 143.1, 135.8, 135.6, 132.2, 124.8, 83.7,
50.6, 48.0, 44.7, 38.1, 35.8, 31.6, 29.1, 26.5, 25.6, 24.8, 24.8,
21.6, 13.8. HRMS (ESI-TOF) exact mass calcd for C,4H350;BNa
[M+Na]* 405.2576, found 405.2594.

4.1.1.3. Synthesis of boronic ester estradiol (3)

2 (0.35 mg, 0.92 mmol) was dissolved in a mixture of 1:1 v/v
methanol/tetrahydrofuran (6 mL) and was cooled in an ice bath.
Sodium borohydride (148 mg, 3.83 mmol) was added portion
wise and stirred until the starting material was consumed as
indicated by TLC analysis. Brine (20 mL) and excess water was
added to the reaction mixture and extracted with dichlormethane
(2 x 20 mL). The combined organic layers were washed with
brine and dried with Na,SO,. The solution was concentrated
under vacuum and purified using silica gel chromatography using
CH,Cl,y/hexane (9:1) to yield boronic ester estradiol (3) as a white
solid (0.27 g, 78 %): '"H NMR (300 MHz, CDCl;) 3 7.61 — 7.55
(m, 2 H), 7.34 - 7.31 (m, 1 H), 3.77-3.71 (m, 1 H), 2.90 (dd, I =
8.7,43 Hz,2 H), 2.46 —2.23 (m, 2 H), 2.23 - 2.05 (m, 1 H), 2.05
—1.83 (m, 2 H), 1.86 — 1.63 (m, 1 H), 1.36 (s, 12 H), 0.81 (dd, J
= 3.0, 0.6 Hz, 3 H); *C NMR (75 MHz, CDCl;) 3 143.8, 136.1,
135.6, 132.0, 124.8, 83.2, 81.9, 50.3, 44.7, 43.2, 38.5, 36.8, 31.9,
30.6, 29.7, 29.7, 29.4, 29.3, 27.2, 26.0, 24.8, 24.8, 23.2, 22.7,
14.1, 11.0. HRMS (ESI-TOF) exact mass calcd for C,4,H;;0;BNa
[M+Na]* 403.2419, found 403.2413.

4.1.2. Synthesis of boronic ester DPNs

4.1.2.1. General procedure for
arylacetonitrile/aldehyde condensation

A solution of 40% aqueous KOH (0.23 mL/mmol nitrile) was
diluted with EtOH (0.46 mL/mmol nitrile) and was added to the
solution of appropriate arylaldehyde (1.1 equiv.) and
arylacetonitrile (1.0 equiv.) in EtOH (0.35 mL/mmol nitrile) at
room temperature, which resulted in immediate formation of
white precipitate. The reaction mixture was stirred for 1.5 hours
and the precipitate was collected through vacuum filtration. The
residue was washed with water and cold EtOH.

4.1.2.1.1. Compound 4a

Prepared from 4-bromobenzaldehyde (406 mg, 2.2 mmol) and
4-methoxyphenylacetonitrile (0.272 mL, 2.0 mmol) to produce
yellow solid (0.592 g, 95 %): '"H NMR (300 MHz, CDCl;) 3 7.71
(d, J=8.5Hz, 2 H), 7.58 (dd, /= 8.7, 8.0 Hz, 4 H), 7.33 (s, 1 H),
6.95 (d, J = 8.9 Hz, 2 H), 3.85 (s, 3 H); ¥C NMR (75 MHz,
CDCl,) 6 160.7, 138.5, 132.9, 132.2, 130.5, 127.4, 126.7, 124.4,
117.9, 114.6, 112.1, 55.5.

4.1.2.1.2. Compound 4b

Prepared from 4-methoxybenzaldehyde (0.260 mL, 2.2 mmol)
and 4-bromophenylacetonitrile (0.392 g, 2.0 mmol) to produce
yellow solid (0.653 g, 100 %): '"H NMR (300 MHz, CDCls)
7.88 (d, J=8.7 Hz, 2 H), 7.59 — 7.48 (m, 4 H), 7.44 (s, 1 H), 6.98
(d, J=8.9 Hz, 2 H), 3.87 (s, 3 H); 1*C NMR (75 MHz, CDCl;) $
161.8, 142.3, 134.0, 132.3, 131.4, 127.4, 126.4, 123.0, 118.3,
114.6, 107.6, 55.6.

4.1.2.1.3. Compound 4c

Prepared from 4-bromobenzaldehyde (406 mg, 2.2 mmol) and
4-bromophenylacetonitrile (389 mg, 2.0 mmol) to produce
yellow solid (0.726 g, 100 %): '"H NMR (300 MHz, CDCl;)
7.75 (d, J= 8.5 Hz, 2 H), 7.63 — 7.56 (m, 4 H), 7.54 (s, 2 H), 7.44
(s, 1 H); 3C NMR (75 MHz, CDCl;) & 141.0, 133.1, 132.3,
130.7,127.5,125.2,123.8, 117.3, 111.4.

4.1.2.2. General procedure for reduction

NaBH; (1.0 equiv.) was added slowly to a- solution of
diarylpropionitrile (1.0 equiv.) in EtOH and pyridine under N,
atmosphere. The reaction was stirred at 70 °C overnight, then
cooled to room temperature and quenched with water. The
reaction mixture was diluted with 100 mL 'H,O and acidified with
6 M HCI. The organic layers were extracted with ether (3 x 50
mL), washed with brine and water, dried with Na,SO,4, and
concentrated in vacuo.

4.1.2.2.1. Compound 5a

Prepared as above with NaBH, (43 mg, 1.3 mmol) and 4a
(0.400 g, 1.3 mmol) in EtOH (4 mL) and pyridine (1 mL) to yield
white solid (0.335'g, 83:%): '"H NMR (300 MHz, CDCl;) 6 7.40
(d, J=8.4Hz 2 H), 7.14 (d, J = 8.8 Hz, 2 H), 6.98 (d, J = 8.3
Hz, 2 H), 6.87 (d, J= 8.7 Hz, 2 H), 3.96 (s, 1 H), 3.80 (s, 3 H),
3.08 (dd, J = 7.2, 4.7 Hz, 2 H); *C NMR (75 MHz, CDCl;)
159.5,7135.3, 131.7, 131.0, 128.6, 126.7, 121.4, 120.4, 114.5,
55.4,41.5,38.6.

4.1.2.2.2. Compound 5b

Prepared as above with NaBH, (60.4 mg, 1.6 mmol) and 4b
(0.500 g, 1.6 mmol) in EtOH (5 mL) and pyridine (1 mL) to yield
white solid (0.414 g, 82 %): '"H NMR (300 MHz, CDCls) 6 7.47
(d, J=8.4Hz, 2 H), 7.10 (d, /= 8.4 Hz, 2 H), 7.01 (d, J = 8.6
Hz, 2 H), 6.82 (d, J = 8.6 Hz, 2 H), 3.93 (dd, /= 7.7, 6.6 Hz, 1
H), 3.79 (s, 3 H), 3.09 (dd, J = 8.9, 7.1 Hz, 2 H); 3*C NMR (75
MHz, CDCl;) & 159.0, 134.2, 132.1, 130.3, 129.2, 127.8, 122.2,
120.0, 114.01, 55.2,41.1, 39.4.

4.1.2.2.3. Compound 5c¢

Prepared as above with NaBH, (53 mg, 1.4 mmol) and 4c¢
(0.500 g, 1.4 mmol) in EtOH (5 mL) and pyridine (1 mL) to yield
white solid (0.171 g, 34 %): 'H NMR (300 MHz, CDCl;) & 7.48
(d, J=8.5Hz, 2 H), 741 (d, J = 8.4 Hz, 2 H), 7.09 (d, /= 8.4
Hz, 2 H), 6.96 (d, J= 8.4 Hz, 2 H), 3.96 (t, /= 7.1 Hz, 1 H), 3.09
(dd, J=17.2, 5.1 Hz, 2 H); '*C NMR (75 MHz, CDCl;) & 134.6,
133.7,132.3,131.8, 131.0, 129.2, 122.5, 121.7, 119.6, 41.2, 38.9.

4.1.2.3. General deprotection and coupling methods

AICl; (5 equiv.) and dodecanethiol (2 equiv.) were added to
CH,Cl, (2 mL) and cooled to 0 °C. Methyl ether (1 equiv.) in
CH,Cl, (1mL) was added to the AICls/thiol solution. The mixture
was allowed to warm up to room temperature and stirred
overnight. The reaction mixture was then poured into ice water
(50 mL) and the product was extracted with EtOAc (3 x 20 mL).
The organic layers were combined and washed with water and
brine. The organic layer was dried over Na,SO, and concentrated
under reduced pressure to yield crude product, which was
purified by silica gel column chromatography using 1:5
EtOAc/hexane.

To a mixture of bis(pinacolato)diboron (1.1 equiv.), KOAc (3
equiv.) and Pd(dppf)Cl, (0.03 equiv.) in dioxane was added a
solution of bromide (1 equiv.) in dioxane under N, atmosphere.
The mixture was stirred at 80 °C overnight and the completion of
the reaction was confirmed by TLC. The volatiles from the
reaction mixture were removed under reduced pressure. The



residue was diluted with ethyl acetate (10 mL) and washed with
water. The organic layers were combined, washed with brine, and
dried over Na,SO,. The crude product was concentrated under
reduced pressure and purified by silica gel column
chromatography using 1:3 EtOAc/hexane.

4.1.2.3.1. Compound 6a

Prepared from 5a (0.200 g, 0.64 mmol), AICl; (0.423 g, 3.2
mmol) and dodecanethiol (0.30 mL, 1.3 mmol) according to the
procedure above. After purification, the intermediate compound a
was obtained as a white solid (0.066 g, 34 %): 'H NMR (300
MHz, Acetone-dg)  8.47 (s, 1 H), 7.46 (d, J= 8.3 Hz, 2 H), 7.26
—7.12 (m, 4 H), 6.85 (d, J= 8.5 Hz, 2 H), 4.26 (t, J=7.5 Hz, 1
H), 3.17 (d, J = 7.5 Hz, 2 H); *C NMR (75 MHz, Acetone-dy) &
206.2, 158.1, 137.5, 132.3, 132.2, 129.7, 127.4, 121.4, 1214,
116.6, 41.6, 38.6. Prepared from intermediate compound a (93.5
mg, 0.31 mmol), bis(pinacolato)diboron (86.6 mg, 0.34 mmol),
KOACc (88.2 mg, 0.93 mmol), Pd(dppf)CI, (6.8 mg, 0.009 mmol)
in dioxane (1.6 mL) as described above to afford compound 6a
(0.0364 g, 34 %): '"H NMR (300 MHz, Acetone-d6) & 8.42 (s, 1
H), 7.68 (d, /= 8.1 Hz, 2 H), 7.27 (d, /= 8.0 Hz, 2 H), 7.22 (d, J
= 8.6 Hz, 2 H), 6.85 (d, /= 8.6 Hz, 2 H), 4.28 (t, /= 7.6 Hz, 1
H), 3.20 (d, J=7.7 Hz, 2 H), 1.33 (s, 12 H); 3C NMR (75 MHz,
Acetone-d6) 6 206.1, 158.1, 141.5, 135.6, 132.4, 129.6, 127.7,
121.5, 116.6, 84.5, 42.6, 38.8, 25.2. HRMS (ESI-TOF) exact
mass caled for C,H,sNO;BNa [M+Na]* 372.1745, found
372.1746.

4.1.2.3.2. Compound 6b

Prepared from 5S¢ (0.150 g, 0.48 mmol), AICI; (0.314 g, 2.4
mmol) and dodecanethiol (0.29 mL, 1.2 mmol) according to the
procedure above. After purification the intermediate compound b
was obtained as white solid (0.049 g, 34 %): '"H NMR (300 MHz,
Acetone-dg) 6 8.24 (s, 1 H), 7.56 (d, J = 8.5 Hz, 2 H), 7.32(d, J =
8.4 Hz, 2 H), 7.06 (d, J = 8.5 Hz, 2 H), 6.77 (d;J = 8.5 Hz, 2 H),
431 (t,J=7.5Hz, 1 H), 3.12 (d, J= 7.4 Hz; 2 H); 3C NMR (75
MHz, Acetone-ds) 6 206.0, 132.7, 132.1, 131.3, 131.1, 130.9,
130.6, 115.8, 32.6, 23.3, 14.3. Prepared from the intermediate
compound b (64 mg, 0.21 mmol), bis(pinacolato)diboron (60 mg,
0.23 mmol), KOAc (60.5 mg, 0.63 mmol) and Pd(dppf)Cl, (4.7
mg, 0.006 mmol) in dioxane (1.1 mL) as described above to
afford compound 6b (0.0256.g, 35 %): '"H NMR (300 MHz,
Acetone-d6) 6 8.19 (s, 1 H), 7.76 (d, /= 8.2 Hz, 2 H), 7.40 (d, J
= 8.1 Hz, 2 H), 7.08 (d, J = 8.5 Hz, 2 H), 6.76 (d, J = 8.6 Hz, 2
H), 4.32 (t,J=7.5Hz, 1 H), 3.13 (d,J=7.5Hz, 2 H), 1.34 (s, 12
H); C NMR (75 MHz, Acetone-d6) & 206.1, 157.5, 140.3,
136.0, 131.3,/128.6, 127.9, 121.2, 116.1, 84.7, 41.6, 40.3, 25.2.
HRMS (ESI-TOF) exact mass calcd for C,;H,sNO;BNa [M+Na]*
372.1745, found 372.1723.

4.1.2.3.3. Compound 6¢

Prepared from 5S¢ (70 mg, 0.19 mmol), bis(pinacolato)diboron
(108 mg, 0.42 mmol), KOAc (55 mg, 0.58 mmol) and
Pd(dppf)Cl, (4.7 mg, 0.006 mmol) in dioxane (1.1 mL) according
to the procedure above to afford compound 6c¢ (0.0145 g, 17 %):
'H NMR (300 MHz, CDCls) & 7.78 (d, J = 8.1 Hz, 2 H), 7.73 (d,
J=8.0Hz, 2 H), 7.25 (d, J=7.7Hz, 2 H), 7.12 (d, J= 8.0 Hz, 2
H), 4.01 (dd, J=7.9, 6.7 Hz, 1 H), 3.17 (dd, J = 10.3, 7.4 Hz, 2
H), 1.35 (s, 12 H), 1.34 (s, 12 H); 3C NMR (75 MHz, CDCl;) $
139.2, 138.0, 135.4, 135.1, 128.6, 126.8, 120.0, 84.0, 83.8, 42.2,
39.7, 249. HRMS (ESI-TOF) exact mass caled for
Cy;H35sNO4B,Na [M+Na]* 482.2654, found 482.2663.

4.2. DPN docking

The X-ray structure of the ligand binding domain (LBD) of
ERp bound to genistein (PDB: 1X7J)*° was used to dock DPN
using Swissdock*>#!, The analysis of the data and alignment of
the structures was performed in VMD*2,

4.3. Estrogen receptor binding assays

The relative binding affinity (RBA) of the compounds were
assessed using PolarScreen™ ERa and ERB Competitor Assays,
Green (Life Technologies). Briefly, stock solutions of the ligands
(10 mM in DMSO) were serially diluted and added to premixed
solutions of full length human recombinant ERa or ER with the
fluormone tracer at concentrations suggested by the manufacturer
in ES2 screening buffer (0.1 mg/mL acetylated BGG, 0.1 M
potassium phosphate, pH 7.4, 0.02% sodium azide). The black
384-well plate was covered and incubated at room temperature
for 2 hours and the fluorescence polarization was subsequently
read using a SpectraMax i3 plate reader (ex. 485 nm, em. 535
nm). The polarization data was fit using GraphPad Prism 7 and
1Cs values calculated. The RBA values were calculated from the
ICs, values relative to 'that of estradiol for each replicate.

4.4. UV spectroscopy kinetic studies

Boronic - ester solutions used for UV spectroscopy were
prepared in 1 mL volumes at a final concentration of 75 pM in
PBS with the indicated concentration of H,0O,. Absorbance
measurements were collected in a Cary 100 Bio UV-visible
spectrophotometer. For the kinetic studies, absorbance at a range
of '400-200 nm were measured once per minute for the first 30
minutes, every five minutes for 30-60 min, and then every half-
hour for the remaining 3 hours for a simulated-first order boronic
acid pinacol ester conversion. For determination of &,
absorbance values at 235 nm (for compound 2 or 3) or 275 nm
(for compounds 6a-6¢) were converted to boronic ester estrogen
concentration at time, t, using the following equation:

[BEEJ/[BEE]o = (A¢— Ainp) / (Ag — Ajyp) (D

where [BEE], is the initial concentration of boronic ester
estrogen prior to reaction with H,O, and Ay, and Ay are the
absorbances measured respectively at reaction time t = 0, and t =
infinity (full conversion to phenol). Concentration values were
then entered into GraphPad Prism 7 and tested for mathematical
fits. The model that provided the best fit for the data was an
exponential decay model described by the equation:

[BEE] = [BEE]y*eX 2)
where k is the observed rate constant k,p,.

4.5. Gas Chromatography-Mass Spectrometry (GCMS) analysis

Solutions of 3 used for GCMS were prepared in 50 pL
volumes at a final concentration of 500 uM in PBS. H,0, was
added in 10-fold excess to a final concentration of 5 mM before
incubation at 37 °C for 1 hour. After incubation, the organic
products were extracted with 50 pL of ethyl acetate before
injection of 5 uL on the GCMS (Shimadzu GCMS-QP5050,
RTXS column: 30 meters, 0.25 mm ID, 0.25 pm film thickness).

4.6. ROS selectivity test

Solutions of 6a-6¢ used for HPLC were prepared in 50 puL
volumes at a final concentration of 150 uM in PBS. Each ROS
was added in a 5—fold excess to a final concentration of 750 uM
before incubation at 37 °C for 1 hour. After incubation, the
solutions were centrifuged (6000 rpm, 2 min) prior to injection
on the HPLC (30 minutes isocratic 50:50 MeOH: H,0, Kromasil
100-5-C18, 4.6 x 250 mm, 0.5 mL/min, followed at 226 nm).
H,0,, hypochlorite (NaOCl), and tert-butylhydroperoxide



(TBHP) were delivered from 30%, 70%, and 10% aqueous
solutions, respectively. Superoxide (O,) was generated from the
enzymatic reaction of xanthine oxidase (2 units, 0.5 pL) and
hypoxanthine (5 uL of 10 mM stock) in the presence of 5 units of
catalase to quench any H,O,. Nitric Oxide (NO) was generated
from NOCS (stock solution 1 mM in 0.1 M NaOH); degradation
of 1050 uM NOCS5 in aqueous solution will generate 750 uM
after 60 min. Hydroxyl Radical (OH") was generated by mixing
25 uL of 30 mM H,0, with 25 pL of 150 mM Fe?*.

4.7. Luciferase assay

The transcriptional activation of the ligands were assessed
using the Human Estrogen Receptor Beta reporter assay system
(Indigo Biosciences). ERpB reporter cells consisting of an ERB-
responsive promoter gene linked to the luciferase gene were
defrosted and seeded into a 96-well plate. The cells were treated
with the ligands at the indicated concentrations according to the
manufacturer’s protocol. After 24 hours of incubation, the
treatment media was discarded and the luciferase detection
reagent added. The luminescence of each sample well was
quantified using a SpectraMax i3 plate reader after 10 minutes of
incubation at room temperature.
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