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Stabilization ofthe Active Form Inside the Receptor
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Photoswitchable Estrogene Receptor Agonists, Photoswitchable Hormones, Azobenzene/Phenylhydrazone based Tautomeri-
zation

ABSTRACT: Photopharmacology is an emerging approach in drug design and pharmacological therapy. Light is used to switch a
pharmacophore between a biologically inactive and an active isomer with high spatiotemporal resolution at the site of illness, thus,
potentially avoiding side effects in neighboring healthy tissue. The most frequently-used strategy to design a photoswitchable drug is
to replace a suitable functional group in a known bioactive molecule with azobenzene. Our strategy is different in that the photoswitch
moiety is closer to the drug’s scaffold. Docking studies reveal a very high structural similarity of natural 17(3-estradiol and the E
isomers of dihydroxy diazocines, but not their Z isomers, respectively. Seven dihydroxy diazocines were synthesized and subjected
to a biological estrogen reporter gene assay. Four derivatives exhibit distinct estrogenic activity after irradiation with violet light,
which can be shut off with green light. Most remarkably, the photogenerated, active E form of one of the active compounds isomerizes
back to the inactive Z form with a half-life of merely several ms in water, but nevertheless is active for more than 3 h in the presence
of the estrogen receptor. The results suggest a significant local impact of the ligand-receptor complex towards back-isomerization.
Thus, drugs that are active when bound, but lose their activity immediately after leaving the receptor could be of great pharmacolog-
ical value because they strongly increase target specificity. Moreover, the drugs are released into the environment in their inactive
form. The latter argument is particularly important for drugs that act as endocrine disruptors.

Introduction

Site specific, targeted drug therapy avoids unwanted side ef-
fects in neighboring, healthy tissue."* Photoswitchable drugs
are a particularly promising approach towards this end.> Pref-
erentially, the switchable drug is administered in its thermody-
namically stable but biologically inactive form. Depending on
the rate of blood flow, blood tissue partition and other parame-
ters, the inactive drug is more or less equally distributed within
the body. Irradiation with light of suitable wavelengths at the
site of interest (e.g. tumor, metastasis, inflammation) converts
the drug locally into its active form. Since light can be applied
with significant spatiotemporal resolution, pharmacological ac-
tion is highly targeted. In an ideal photoswitchable drug the bi-
oactive isomer is the metastable state, which slowly reverts to
the stable bio-inactive form. If these drugs are excreted e.g. via
the kidney, they would not be released into the environment in
their active form.>!%!! Estrogen active compounds are of major
concern in this regard.'>"!?

17B-Estradiol is the natural hormone binding to the estrogen re-
ceptors ERa and ER, controlling a plethora of physiological
functions.'s™" Artificial estrogen receptor binding drugs are
used as contraceptives (e.g. ethinylestradiol), for the treatment
of breast cancer (tamoxifen, fulvestrant etc.) and prostate cancer
(raloxifene, diethylstilbestrol).2*?* The hitherto known estrogen

receptor modulators cover a surprisingly broad structural range,
however, predominantly include a stilbene unit and at least one
phenolic OH group (Figure 1a).2*

A number of photoswitches, such as azobenzenes, spiropyrans,
diarylethenes and diazocines have been used to design light-
switchable drugs and hormones.?>?’ Diazocines stand out be-
cause of the bathochromic switching wavelengths (400 - 700
nm)*, high switching efficiencies (60-95%),” very high quan-
tum yields (70-90%)* and excellent fatigue resistance.’® Most
importantly, and in contrast to the frequently used azobenzenes,
diazocines are stable in their bent Z configuration and less stable
in their stretched E configuration (Figure 1b).>303!
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Figure 1. a) Structural comparison of 17-estradiol, diethylstilbes-
trol and the designed dihydroxydiazocines b) Reversible diazocine
photoswitching between the biological inactive Z configuration
(off) and the biological active £ configuration (on).

In the majority of cases, the less hindered E configuration binds
to the receptor.’ Hence, diazocine-based drugs can be adminis-
tered in their inactive Z configuration and activated by light at
the site of illness, whereas most azobenzene-based drugs ex-
hibit the reverse mode of action. To date, several diazocine
based photoswitchable, bioactive compounds have been de-
signed and published, providing strong evidence for the use of
the diazocine core in photoresponsive applications.’>*!

Given these potentially beneficial photochemical features of the
diazocine scaffold, we aimed at designing compounds where
the photoswitching diazocine moiety is actually incorporated
into the pharmacophore itself. By screening known bioactive
compounds with diazocine-like and particularly tricyclic and
tetracyclic druglike structures,” we came across the steroid
scaffold of estrogen as a suitable model system. In this context,
azobenzene-based photoswitchable estrogen receptor ligands
were recently reported by Tsuchiya and Umeno et al.* Further-
more, other photoswitchable nuclear receptor ligands targeting
retinoic acid receptor o, farnesoid X receptor and peroxisome
proliferator-activated receptor a and v, respectively, were pub-
lished by the Trauner group recently.?*"*45 In our present
study, we focused on functionalized diazocines and firstly per-
formed molecular modelling to establish a respective hypothe-
sis. Thus, superposition of 17B-estradiol with the meta-dihy-
droxy functionalized diazocine 1 suggested the E configuration
to resemble 17p-estradiol in molecular shape, whereas the Z
configuration of 1 showed significantly less similarity (Figure
2a/b). Furthermore, docking of 1 in the £ configuration within
the active site of the estrogen receptor revealed a binding mode
highly comparable to the original binding pose of 17-estradiol
addressing a similar ligand-protein interaction pattern (pdb
1ERE®, Figure 2¢; respective 2D-ligand-interaction-diagramm
Figure 2e). In contrast, modelling of diazocine 1 in the Z con-
figuration did not reveal a plausible binding pose and demon-
strated severe clashes at the bottom of the estrogen receptor
binding pocket. Moreover, the key H-bond interaction from the
phenolic moiety to histidine 524 is missing (Figure 2d)

Figure 2. Molecular Modelling of diazocine 1 in £ and Z configu-
ration (E-1 and Z-1) in the estrogen a receptor binding pocket (pdb
1ERE*%). Coloring: natural substrate 17B-estradiol: light blue, E-1:
brown, Z-1: grey. a and c: superposition of 17f-estradiol in the
original bioactive pose with E-1 showing significant molecular
similarity in contrast to Z-1 (b and d) producing steric clashes in
the binding pocket. The respective 2D ligand-interaction diagram
(e) illustrates key interactions of £-1 within the binding site.

Results and Discussion

Based on the hypothesis supported by docking studies that di-
hydroxy diazocines could be used as photoswitchable estro-
gens, we set out to design, synthesize and photochemically
characterize a set of promising diazocine derivatives with sub-
stitutions in meta- and para-position to the azo group and ben-
zylic hydroxyl moieties (compounds 1 - 7, Figure 3). Having
the compounds in hand, we analyzed their photophysical prop-
erties and characterized their photoresponsive effects in a cell
based estrogen reporter gene assay.
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Figure 3. (Di)hydroxy diazocines 1 - 7 investigated in this study.

Synthesis

The difunctionalized diazocines 1 and 3 - 6 were synthesized
following previously published strategies for the preparation of
diazocines. These approaches are based on oxidative C-C cou-
plings of nitrotoluenes derivatives followed by reductive azo
cyclization (Scheme 1).4”* The previously published meta-



benzyl alcohol diazocine 7 was synthesized by Moormann et
al®

In order to investigate the influence of the hydroxy groups on
estrogenic activity in comparison to the difunctionalized diazo-
cine based estrogen receptor ligands, we also prepared the
monosubstituted hydroxy-diazocine 2 via a Wittig reaction ap-
proach followed by an oxidative cyclization (Scheme 1).3341:50-51
For more experimental details see Supporting Information Sec-
tion 3.

Scheme 1. Synthesis of dihydroxy diazocines 1, 3 - 6 and
monohydroxy diazocine 2
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a) Reaction conditions: (i) 1.) KOrBu, THF, -5°C; 2.) Br2, THF, rt.;
(i) 1.) Ba(OH)2, Zn, EtOH, H20, reflux; 2.) CuClz, O2, MeOH, 0.1
M NaOH, rt.; (iii) TiCls, DCM, 0 °C; conditions for compound 1
and 4: TFA, DCM, rt. b) Reaction conditions: (i) KOBu, THF, 10
min reflux, 50 °C; (ii) Hz, Pd/C 1t.; (iii) Oxone, DCM/H20 (1:1),
rt.; (iv) TiCls, DCM, 0 °C.
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Photochemical Characterization

The photochemical properties of the diazocines 1 - 7 were ex-
amined both in DMSO and in aqueous solution. The data served
as a basis to choose the conditions for the biological assay (at
25°C and 37°C). The optimal excitation wavelengths for the
Z—E isomerization and half-lives (#,) of the E isomers of com-
pounds 1 - 7 were determined by UV/Vis absorption spectros-
copy and nanosecond laser flash photolysis. Additionally, pho-
tostationary states (PSS) were measured using 'H-NMR spec-
troscopy (for 'H-NMR spectra of all compounds, see SI Section
4.3). All results are summarized in Table 1. The absorption
maxima of the n-n* bands of the Z isomers are between 403 nm
and 414 nm in DMSO. Upon irradiation at 385 nm (optimal ex-
citation wavelength for compound 5 — 7) or 405 nm (optimal
switching wavelength for compound 1 - 4) the E isomers are
formed, which exhibit absorption maxima of the n-n* excitation
in a range between 487 nm and 497 nm. The back-isomeriza-
tion is quantitative upon irradiation with 530 nm (green light).

In Figure 4, UV/Vis absorption spectra of diazocines 3 and 6 in
DMSO are shown exemplary (for UV/Vis spectra of all com-
pounds, see SI Figure S1). In the special case of the para-sub-
stituted hydroxy diazocines 3 and 4 a small absorption band
emerges at 606 nm and 608 nm, respectively. This band can be

assigned to the hydrazo isomer, which is formed by an azoben-
zene/phenylhydrazone tautomerism. An analogous tautomeri-
zation process has been previously observed in para-hydroxy
azobenzene. >
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Figure 4. UV/Vis spectra of the diazocines 3 and 6 in DMSO at 25
°C. The spectra of the unexposed samples are plotted in black and
the PSS spectra after irradiation with 385 nm/ 405 nm are shown in
red. The Z isomers after irradiation with 530 nm are plotted in blue.
a) UV/Vis spectra of the hydroxy diazocine 3 (1.1 mM). b) UV/Vis
spectra of diazocine 6 (200 uM).

The photostationary states of the hydroxy diazocines 1 - 7 after
irradiation with 385 or 405 nm in DMSO are between 43 % and
83 % (E isomer). The photochemical back-reaction with green
light is quantitative (>99%, Table 1). The thermal back-isomer-
ization processes (E — Z) were measured by UV spectroscopy
and the data were fitted to first-order kinetics (UV/Vis spectra
and linear fits in DMSO and water for all compounds, see SI
Section 4.2). The half-lives (¢2) of compound 1-2 and 5-7
vary from 4.0 h to 12.7 h in DMSO (Table 1), which is in the
range of the parent diazocine and a number of substituted sys-
tems.* With t;, = 2.4 min and 19.9 s, the E isomers of 3 and 4
exhibit shorter half-lives (Table 1). At higher concentrations,
deviations from first order kinetics were observed for diazocine
3 (for the first-order kinetic fit, see SI Figure S22).

In water the n-n* absorption maxima of the £ and Z isomers are
shifted hypsochromically. The n-n* absorptions of the Z iso-
mers are located at 396 nm (AAmax~-14 nm), while the n-n* ab-
sorptions of the £ isomers shift to a larger extent to 471 nm
(AAmax~-21 nm), resulting in a lower band separation (for
UV/Vis spectra in water, see SI Figure S2). Consequently, in
aqueous media the PSS values of the diazocines 1-2 and
5 - 7 decrease, while the half-lives (E — Z) approximately triple
with respect to the values in DMSO (¢, (H20): 15.2 —42.4 h).
As expected, the half-lives decrease again at higher tempera-
tures (37°C), but still remain in the range of hours (9.6 —4.5 h,
Table 1). A dramatical change, however, is observed for the
half-lives of the E isomers of compounds 3 and 4, which are
susceptible to tautomerization to the hydrazone form. As com-
pared to the values in DMSO at 25 °C, the half-lives in water
are reduced by a factor of 4033 (35.7 ms) and 1363 (14.6 ms)
for 3 and 4. At physiological temperatures (37 °C) the half-lives
are even shorter with 20.9 ms (3) and 9.2 ms (4) (Table 1). The
t12 values were determined by nanosecond laser flash photoly-
sis (transient spectra at 25 °C and 37 °C for 3 and 4, see SI Fig-
ure S15 and S21).



Table 1. Photostationary states (PSS) and half-lives (t12) of compounds 1 - 7 measured in DMSO and aqueous media at 25 °C

and 37 °C.
compound Ri1 R2
1 m-OH m-OH
2 m-OH H
Ri R 3 p-OH m-OH
N=N 4 p-OH p-OH
5 p-CH0H p-CH20H
6 m-OH p-CHOH
7 m-CHOH m-CH20H
DMSO H:0/D20
compound PSS z>g* PSS g->7z° 1, (25 °C)° PSS z-g* PSS g->7z° 1, (25 °C)¢ 1, (37 °C)¢
1 43 % >99% 12.7h 36 % >99% 424h 9.6h
2 54 % >99% 6.6 h 39% >99% 40.7 h 53h
3 55% >99% 2.4 min /° >99% 35.7 ms 20.9 ms
4 29 % >99% 199s /° >99% 14.6 ms 9.2 ms
5 83 % >99% 4.0h 71 % >99% 152h 45h
6 58 % >99% 112h 40 % >99% 26.1 h 6.1h
7 81 % >99% 114h 64 % >99% 31.7h 59h

#irradiation at Amax 385 nm or 405 nm. ® irradiation at 530 nm. ¢ concentration of 200 uM - 1.7 mM. ¢ concentration of 200 uM - 420 uM. ¢

due to the rapid E—Z conversion the PSS could not be determined.

Mechanistic studies of the thermal relaxation process

There is general agreement that the thermal back-isomerization
of azobenzenes (Z—F) proceeds via an inversion at one of the
N atoms of the azo group.”® The low preexponential factor
(~10" s1) has been taken as evidence that a non-adiabatic
So—T;—So spin transition might be involved.**>” According to
several theoretical studies, the thermal (E—Z) isomerization of
diazocines follows the same mechanism.?®3%% Moreover, for
diazocines the alternative pathway, rotation around the N=N
double bond, is not possible since the azo group is included in
a small or medium sized ring.%%? In agreement with previous
studies on substituted diazocines, the thermal half-lives (E—Z2)
of compounds 1-2 and 5-7 are within the typical range (several
hours at room temperature in aprotic organic solvents). Thus,
we conclude that the inversion mechanism is operative in these
diazocines as well.

As stated above, however, compounds 3 and 4 differ in their
UV/Vis spectrum by an additional weak and broad absorption
band at ~600 nm and they distinctly deviate in terms of their
rapid thermal relaxation rate. Diazocines 3 and 4 (in contrast to
1-2 and 5-7) include one or two OH groups in para position to
the azo group and therefore are susceptible to the azoben-
zene/phenylhydrazone tautomerism. The analogous 1,7-H
shifts are well investigated in para-hydroxy azoben-
zenes. 2346384 para-Hydroxy azobenzene isomerizes (Z—F)
within 200-300 ms in ethanol and has a half-life of 30 min in
toluene.® mera-Hydroxy azobenzene, which cannot tautomer-

ize does not exhibit such a rapid, solvent dependent back-isom-
erization. Diazocines 3 and 4 with para-OH groups behave
analogously and isomerize in the millisecond range in water and
considerably slower in aprotic solvents (Table 1). We therefore
assume a re-isomerization mechanism for the diazocines 3 and
4 in water, similar to the one which has been established for
para-hydroxy azobenzenes. Figure 5 illustrates the mechanistic

steps.
OH
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E b) z

1,7-H shift | fast 1,7-H shit | fast

o fast /O
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N—N N—N
endo exo H

quinoid hydrazone intermediate

Figure 5. Proposed mechanisms for the thermal relaxation process
of dihydroxy diazocines 3 and 4. Inversion at an azo nitrogen atom
(pathway a)) is slow and in water this process is outmatched by the
fast mechanism via a phenylhydrazone intermediates (pathway b)).
The fast mechanism involves an 1,7-H-shift of the £ isomer form-
ing the endo conformation of the quinoid hydrazone form, followed
by a pyramidal inversion at the protonated nitrogen to the exo con-
formation and a 1,7-H-shift to form the Z isomer.



Quantum chemical calculations were performed on the mecha-
nism of the thermal E-Z isomerization of both 3 and 4. We cal-
culated DLPNO-CCSD(T)/cc-pVTZ(C) single point energies,
taking account of solvatization by DMSO using the CPCM
method. The geometries were fully optimized at the M06-
2X/cc-pVTZ level of theory (for calculated structures of sta-
tionary points in the relaxation, see SI Figure S74 and S75). We
will now summarize the results for diazocine 3 (Figure 6). The
results of calculations on 4 as well as a more detailed descrip-
tion of the results on 3 are provided in the Supporting Infor-
mation Section 8.1.

To convert E-3 into Z-3, the reaction has to go via a high-energy
transition state TS E-3/Z-3. Alternatively, in a protic solvent
where a solvent-mediated 1,7-H shift is feasible, the reaction
can proceed via s-E quinone hydrazone £-3b and the transition
state for the N-H exo-endo flip (TS E-3b / Z-3b) to s-Z-quinone
hydrazone Z-3b. The latter would then be converted into Z-3 via
another solvent-mediated 1,7-hydrogen shift.
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H =0
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HO' N E-3b
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’d@ e o £ 12 HO
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=
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How N
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Figure 6. Reaction diagram for conversion of E-3 to Z-3. Black
color coding refers to the high-barrier pathway predicted for aprotic
media, blue color coding to the solvent-assisted reaction pathway
via the quinone hydrazone tautomers. All electronic energies as cal-
culated at the DLPNO-CCSD(T)/cc-pVTZ (DMSO)//M06-2X/cc-
pVTZ level of theory. For more details see Supporting Information
Section 8.1

During the 1,7-H shift a hydrogen atom has to be transferred
over a distance of about 6 A from the phenolic OH group to the
distant nitrogen atom of the azo group. Three different mecha-
nisms are conceivable for this hydrogen transfer: a) a concerted
Grotthuss mechanism through a hydrogen bonded water wire,
b) proton transfer via ionic intermediates catalyzed by water
molecules and c) hydrogen transfer in H bonded dimers or
higher aggregates (Figure 7). Whereas pathways a) and b) in-
clude the participation of water, tautomerization via hydrogen
bonded dimers or higher aggregates can also be operative in
aprotic solvents. This is in agreement with the fact that the re-
laxation of 3 in DMSO at higher concentrations does not follow
a kinetic of first but higher order (for the first and second-order
kinetic fit, see SI Figure S22).
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Figure 7. Three conceivable mechanisms for the 1,7-H-shift (azo-
benzene/phenylhydrazone tautomerization) in dihydroxy diazo-
cines 3 and 4.

While we were unable to obtain computational evidence for ei-
ther the concerted Grotthus mechanism (a) or the stepwise ionic
mechanism (b), we could optimize stationary points along the
reaction coordinate for a tautomerization via dimers (c). Ac-
cording to the results (DLPNO-CCSD(T)), which are described
in more detail in the SI, the electronic energy of activation of a
concerted twofold hydrogen transfer yielding two equivalents
of quinone hydrazone tautomer E-3b is merely 14.5 kcal mol™,
and thus half the size of the electronic energy of activation for
the uncatalyzed reaction. Structures of stationary points along
this bimolecular mechanism are shown in Figure S76 (see SI).
It is important to note that in this bimolecular mechanism, the
quinone hydrazone tautomer s-£-3b (or s-E£-4b) is formed with
an endo-NH proton, and that relaxation to the more stable s-Z-
quinone hydrazones requires an endo-exo flip of this NH pro-
ton. This probably also holds for the water-catalyzed reaction.

To obtain further information about the thermal relaxation
mechanism of dihydroxy diazocines 3 and 4 we studied the fast
kinetics of the back-isomerization in H,O and D»O by nanosec-
ond laser flash-photolysis (Table 2 and 3).

The kinetic isotope effect (KIE) ku/kp was determined as 2.43
and 2.78 for diazocines 3 and 4 (transient spectra and eyring
plots for 3 and 4, see SI Figures S56 and S57). This is lower
than in most water assisted 1,3-H-shift reactions®7 but indi-
cates that H/D transfer is involved in the rate limiting step. The
low KIE might be due to the longer water wire in the 1,7-H-
shift. A Grotthuss hopping mechanism through several water
molecules would also agree with the unusually large negative
activation entropy (AS¥) of -107 to -115 J K-! mol™! for the back-
1somerization of 3 and 4 in water and D,0O, which indicates a
very high degree of order in the transition state. This is in accord
with the highly negative activation entropy (-181 J K") found
for the analogous process in para-hydroxy azobenzene in etha-
nol.* The activation enthalpies of 31.3 and 30.9 kJ mol! are
within the range of other water assisted tautomerization reac-
tions.55-¢7



Table 2. Rate constants of the thermal relaxation process measured in aqueous medium (98 % H>O
D:O at a concentration of 0.42 mM (kp) and the Kkinetic isotope effect (ku/kp).

: 2 % DMSO, ku) and in

compound kn/ st kp/ s kn/kp kn/ s kp/ s kn/kp
25 °C 25 °C 25 °C 37 °C 37 °C 37 °C

3 27.0 10.9 2.47 46.8 19.2 243

4 64.9 20.7 3.13 105.7 38.0 2.78

Table 3. Activation enthalpies (AH”) and entropies (AS *) of dihydroxy diazocines 3 and 4 measured in aqueous medium (H,

0.42 mM) and D20 (D, 0.42 mM).

compound (AH?)/ kJ mol! (AH#)/ kJ mol! (AS#)/ J K mol! (AS#)/ J K! mol!
H D H D
3 31.3 32.7 -113 -115
4 30.9 33.0 -107 -109

Summing up, we state that the diazocines lacking para-OH
groups (1, 2, 5-7) re-isomerize via the conventional nitrogen in-
version process (path a) in Figure 5). The diazocines with para-
OH groups (3, 4) follow the tautomerization pathway (b) in Fig-
ure 5). In aprotic solvents the 1,7-H-shift is mediated by aggre-

-
gation (Figure 7¢)) and in water either a concerted Grotthuss ' \ SE@pCh
mechanism or proton hopping via ionic intermediates is opera- ="
tive (Figure 7a) and b)). We cannot distinguish between the lat- - %;j_)/l
ter two mechanisms however, the highly negative activation en- | N
tropy is indicative for a concerted mechanism via a water wire.%’ - 3
3Z@ pCD

Kinetics of the relaxation process in the presence of cyclodex-
trins

The proposed 1,7-H shift mechanisms shown in Figure 7 have
a considerable larger activation volume than the conventional
inversion mechanism. The water assisted mechanisms (Figure
7a) and b)) require at least three water molecules included in the
transition state, and the aggregation pathway c) demands at least
double the activation volume as compared to the unimolecular
inversion mechanism. Hence, inclusion of the diazocines in a
hydrophobic cavity of a suitable size should impede the fast tau-
tomerization processes and leave the slow inversion as the only
remaining isomerization pathway. Cyclodextrins (CDs) are wa-
ter soluble host compounds with hydrophobic cavities, and they
are available in different sizes. The three commercially availa-
ble CDs: a-, B- and y cyclodextrin have inner diameters of 4.7—
5.3A,6.0-6.5A, and 7.5-8.3 A% Simple model calculations
at the ®B97X-D3/def2-SVP level of theory (xtb, ORCA 5.0.1,
see SI Section 8.2 for more detail)”'"”® of dihydroxy diazocine
3 reveal that a-CD is too small, B-CD fits well and y-CD leaves
remaining space after inclusion of the diazocines (Figure 8). For
detailed molecular dynamics (MD) simulations including ex-
plicit water see SI figure 80-88. The MD calculations as well
indicate that diazocine 3 is tightly bound inside 3-CD and that
no water molecules are able to enter the cavity. Thus, the fast
back-isomerization via tautomerization is inhibited.

Ei [y d)
isomer t{}_ﬁt %
]

3Z@y-CD

Figure 8. Model calculations of diazocine 3 in £ and Z configura-
tion inside the cavity of 8- and y-cyclodextrin (#B97X-D3/def2-
SVP). The structures are shown with van der Waals radii of C, H,
N, and O atoms. The diazocines are colored in blue. For a better
illustration of the binding modes, the structures are also given as
schematic representations. No inclusion structure was found for a-
cyclodextrin because of severe van der Waals clashes between the
diazocine and o-CD inside the cavity, which is obviously too small
to accommodate the diazocine. For more details see SI Section 8.2.

It is interesting to note that B-CD binds the slender £ isomer
tightly, however, does not include the bent Z isomer. Only one
of the phenyl rings intrudes the cavity. The azo group remains
exposed to the solvent, whereas the larger y-CD completely en-
closes both the £ and the Z isomer.

Experiments were performed to investigate the influence of a.-,
f3- and y-CD on the kinetics of the reisomerization of diazocines
3 and 4 in water. Because of the limited solubility particularly
of B-CD in water we employed the corresponding 2-hydroxy-
propyl substituted CDs. The kinetics were measured by laser
flash photolysis (for transient spectra of 3 and 4 in presence of
CDs, see SI Figure S30 and S31). Table 4 summarizes the re-
sults. As a reference compound, which cannot undergo tautom-
erization, dihydroxy diazocine 1 is included. For compound 1
the half-lives (#;) in presence of CDs were determined by
UV/Vis absorption spectroscopy (for UV/Vis spectra of 1 in
presence of CDs, see SI Figure S26-S29).



Table 4. Half-lives (ti2) of the E isomers of phenol-type di-
azocines 1, 3 and 4 (185 pM) at 37°C in different environ-
ments. CD =(2-hydroxypropyl)-cyclodextrin (278 mM,
1500-fold excess).

environment 1 3 4
H:0 10.8 h 26 ms 12 ms
H:20/ a-CD 8.6h 1.8 ms 0.3 ms
H:0/ B-CD 4.0h 274 ms 159 ms
H0/ y-CD 6.6 h 92 ms 54 ms

Addition of an excess of cyclodextrins to the reference com-
pound 1 accelerates the back-isomerization, however, the half-
life of the E isomer stays within the range of hours. The situa-
tion is different in case of 3 and 4. Addition of a-CD to the
aqueous solution of 3 and 4 accelerates the reisomerization by
a factor of 14 (1.8 ms) and 40 (0.3 ms). A reverse effect is ob-
served upon addition of B-CD. The reaction is slowed down by
a factor of 10.5 (274 ms) for 3 and 13.3 (159 ms) for 4. y-CD
decelerates the back-reaction less efficiently than 3-CD. Hence,
the addition of B-CD has the same effect on the half-lives of the
E isomers of diazocines 1 (decrease), 3 and 4 (increase), as
changing the solvent from water to unpolar organic solvents (for
UV/Vis spectra of 1, 3 and 4 in diethyl ether, see SI Figure S23-
S25).

The slower reaction in the presence of B-CD is expected. The
diazocines are tightly bound inside the hydrophobic cavity (Fig-
ure 7) hence, the azophenol unit is shielded from water prevent-
ing the fast tautomerization process (Figure 6, 7). Conversion
to the phenylhydrazone tautomer via dimers or higher aggre-
gates is prevented by a lack of space inside the cavity. Reisom-
erization can only proceed by the conventional slow inversion
process or after leaving the cavity in a fast equilibrium between
free and bound diazocine. y-CD is less effective in slowing
down the reaction rate because there might be sufficient space
inside the cavity to accommodate additional water molecules or
by a weaker binding and higher concentrations of the free di-
azocines. We have no sound explanation for the acceleration by
a-CD. One might speculate that the diazocines bind outside the
cavity and the existing, preformed ~(OH),"OH" wire at the
brim of a-CD bridges the azo N and the phenol O atom favoring
the Grotthuss mechanism or proton hopping that would other-
wise proceed through a dynamic water wire in bulk water.

Besides the re-isomerization kinetics, the photostationary state
(PSSz-.r) is affected in the presence of S-CD. Upon addition of
F-CD to a solution of diazocine 1 and irradiation with 385 nm
the PSSz_.r increases from 36% asymptotically to 50% at a
20fold excess of S-CD (for the plot of Fraction of £-1 in the
PSS depending on the concentration of CD see SI Figure S89).
The natural estrogen receptor is more efficient in stabilizing the
Z isomer of 1 and therefore might increase the PSS even well
above 50%.

In summary, aprotic solvents as well as the inclusion of diazo-
cines 3 and 4 in the tight hydrophobic cavity of B-cyclodextrin
substantially extend the lifetime of the metastable E isomers.
DFT and MD calculations reveal that this is due to the inhibition
of fast tautomerization process, which limits the lifetime in so-
lution.

Biological Testing — Reporter Gene Assay

To measure estrogenic activity of £ and Z configurations of the
diazocine compounds, a cell-based reporter gene assay has been
established, analogous to methods published previously.”*
Shortly, estrogen receptor (ER)-positive MCF-7 breast cancer
cells were used and transfected with plasmids containing the
gene sequence for firefly luciferase under the control of the es-
trogen response element (ERE). If an ER ligand exhibits estro-
genic activity, ERE is activated and leads to the expression of
firefly luciferase. As readout, the luminescence generated in the
luciferase-catalyzed reaction was measured. This luminescence
signal is proportional to the estrogenic activity of the ligand
compound. First, the reporter gene assay was established for the
reference f-estradiol. Herein, the incubation time of the estro-
gen with the transfected cells could be minimized to 15 h. The
ECso value determined for p-estradiol in our assay
(13.4 £ 1.7 pM) is in good agreement with the data reported in
the literature (15 + 2 pM).3* For exemplary dose-response curve
see SI Figure S58. In addition, we applied para-hydroxy azo-
benzenes as further controls under light controlled conditions.
For these compounds, a strong estrogenic activity could be ver-
ified in the cellular reporter gene assay (for dose-response curve
see SI Figure S59), which is in line with the literature.**** Fur-
thermore, irradiation tolerance of the cell assay was verified by
dose-response analysis of reference f-estradiol with and with-
out irradiation (for dose-response curve see SI Figures S61-
S64). Every assay includes B-estradiol as a reference for the
maximum estrogenic activity, since expression of ER varies
from cell passage to cell passage.

Having our assay validated to provide meaningful results, dose-
response analysis of the diazocine based photoswitchable estro-
gen receptor modulators was performed in a darkened labora-
tory under red light to avoid uncontrolled isomerization. Each
compound was tested not-irradiated (dark, Z isomer) as well as
irradiated (PSS 405 nm or 385 nm). For PSS testing, the com-
pounds were first irradiated in DMSO before addition to the
cells (1% final DMSO concentration, see SI Section 6 for ex-
perimental details), due to a better PSS in DMSO compared to
the aqueous medium. Based on the short half-lives of the £ di-
azocines at 37 °C, only one-time irradiation at the beginning of
the 15 h total incubation time was not sufficient to detect an
estrogenic effect in the cell assay (for dose-response curve see
SI Figure S60). Consequently, the cell assay was irradiated for
60 s (405 nm) or 180 s (385 nm with reduced intensity see SI
Section 7 for additional experimental details) every 3 h during
the 15-hours-long incubation time. For this purpose, a custom-
made lamp for the cell incubator was used, which could be pro-
grammed by a timer (for lamp specification see SI Section 7).
Prior to the cell experiments, intensity, and duration of the irra-
diation necessary to reach the PSS of the diazocines was deter-
mined by UV-spectroscopy under similar but cell free condi-
tions (for UV/ Vis spectra see SI Figures S71-S73). Maximum
relative activities (max. rel. act.) referring to maximum activity
of B-estradiol are given for all test compounds with and without
irradiation in Table 5.

meta-Substituted diazocines 1 and 2 (Figure 9) show an approx.
3-fold increase in their estrogenic activity upon exposure to
405 nm light according to the above irradiation scheme (blue
squares, max. rel. act.: 68 £ 11 % (1) and 114 + 18 % (2), re-
spectively). Non-irradiated compounds exhibit only slight es-
trogenic activities at the highest concentrations (red circles,



max. rel. act.: 27 + 3 % (1) and 39 + 6 % (2), respectively). Ir-
radiated disubstituted diazocine 1 shows a much improved ECs
value (4.7 £ 1.2 uM) compared to monosubstituted diazocine 2
(ECso=38.0 £ 13.1 pM). In comparison to the highly potent -
estradiol (ECsp = 13.4 + 1.7 pM), the diazocines seem to be
weak estrogen receptor agonists. However, considering the fact
that the PSS in aqueous solution is only 28 % (£-1) or 39 %
(E-2) providing only a minor portion of the bioactive isomer,
the £ diazocines can be considered as quite potent.
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Figure 9. Estrogenic activities of meta-substituted diazocines 1 and
2 in a cell-based reporter gene assay. a) Disubstituted diazocine 1,
unirradiated (dark, red circles) vs. irradiated at 405 nm for 60 s
every 3 h (PSS 405 nm, blue squares, ECso = 4.7 + 1.2 uM). b)
Monosubstituted diazocine 2, unirradiated (dark, red circles) vs. ir-
radiated at 405 nm for 60 s every 3 h (PSS 405 nm, blue squares,
ECso=38.0 £ 13.1 uM). The dose-response curves show one rep-
resentative example from at least three independent cell assays.
Data points are means of technical triplicates + SD. ECso-values are
means of biological replicates = SD.

Surprisingly, the unsymmetrical diazocine 3 also shows a mod-
erate estrogenic activity in the same assay (60 s irradiation time,
applied five times every 3 h, Figure 9 a, max. rel. act.: 52 +5 %,
ECso cannot be determined reliably). Despite the extremely
short half-life of the bioactive £ isomer in the millisecond range
(20.9 ms in water at 37 °C), an unexpected distinct estrogenic
activity was observed. More frequent irradiation of diazocine 3
every 30 min (instead of every 3 h), did not lead to an increase
in activity (for dose-response curve see SI Figure S65 a). Obvi-
ously, the estrogenic activity of the in situ photogenerated £
isomer (> 3 h) exceeds its half-lifetime (20.9 ms) by a factor of
at least 500 000. In contrast, para-disubstituted diazocine 4 did
not exhibit significant estrogenic activity, neither after irradia-
tion every 3 h (Figure 10 b) nor after irradiation every 30 min
(for dose-response curve see SI Figure S65 b). As a possible
explanation, the half-life of the E isomer (9.2 ms in water at
37 °C) is too short for effective initial binding to the receptor.
Additionally, no mechanism extending the lifetime of the bio-
active E isomer is present to generate a measurable estrogenic
activity above the background activity of the Z isomer.
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Figure 10. Estrogenic activities of para-substituted diazocines 3
and 4 in a cell-based reporter gene assay. a) Unsymmetrical diazo-
cine 3, unirradiated (dark, red circles) vs. irradiated at 405 nm for
60 s every 3 h (PSS 405 nm, blue squares, ECso cannot be deter-
mined reliably). b) para-Disubstituted diazocine 4, unirradiated
(dark, red circles) vs. irradiated at 405 nm for 60 s every 3 h (PSS
405 nm, blue squares). Dose-response curves are each one repre-
sentative example from at least three independent cell assays. Data
points are means of technical triplicates = SD.

Based on the tautomerization hypothesis of para-OH-
diazocines, we synthesized compounds 5-7 with benzylic alco-
hol units. As expected, no evidence for the tautomerization pro-
cess could be found and the compounds showed half-lives of
several hours with high PSSs values (58-83% E isomer). Diazo-
cines 5-7 were tested analogous to diazocines 1-4 in the reporter
gene assay (for dose-response curve see SI Figure S66). Herein,
5 and 7 exhibit no measurable estrogenic activity. Compound 6
with one phenolic OH group in meta-position and one benzylic
OH group in para-position shows limited estrogenic activity.
Obviously, at least one phenol type OH group is needed to trig-
ger estrogenic activity of hydroxy diazocines. Table 5 summa-
rizes the maximum relative activities of diazocines 1-7 before
and after irradiation.

Table S. Overview of maximum relative activities hydroxy-
functionalized diazocines 1-7 referring to maximum activity
of B-estradiol in the respective estrogen reporter assay.
Each compound was tested unirradiated (dark, Z-isomer)
as well as irradiated every 3 h (PSS 405 nm or 385 nm).
Data are means + SD. Each compound was tested in tech-
nical triplicates in at least three independent biological rep-
licates.

max. relative activity max. relative activity

# Z isomer (dark) PSS 405 nm/ 385 nm
1 27+3% 68+11%

2 39+ 6% 11418 %

3 21+£3% 52£5%

4 46+ 16 % 45+ 18 %

5 24 +£4% 45+ 9%

6 33£4% 81+1%

7 16+5% 2011 %

Compounds 4 and 5 that did not show an estrogenic effect in
the reporter gene assay, were investigated with respect to a po-
tential antagonist effect. Thus, the diazocines were incubated
together with the agonist B-estradiol in the reporter gene assay
to check if they are able to reduce the estrogenic activity. As a
positive control for an antagonistic effect, raloxifene was used



(for dose-response curve see Sl Figure S67). For both diazo-
cines 4 and 5 no antagonistic effect could be observed, neither
for the unirradiated Z-isomers nor after irradiation every 3 h (for
dose-response curve see SI Figure S68).

In conclusion we state that diazocines 1 and 2 are efficient pho-
toswitchable estrogens, which have 27% (1) and 39% (2) of the
maximum relative activity of estradiol in the Z (dark) state and
68% (1) and 114% (2) after irradiation to the photostationary
states (1 E: 28%, 2 E: 39%). Half-lifes of the bioactive E state
at 37°C are 9.6 h (1) and 5.3 h (2), respectively. Very surpris-
ingly, diazocine 3 is also estrogen active after irradiation with
405 nm, despite the half-life of the biologically active E isomer
in water being in the millisecond range. These results further
suggest a significant inhibition of the fast tautomerization pro-
cess leading to a longer half-life, when the ligand is bound to its
receptor.

Active back-switching by irradiation at 525 nm

In more detail, there are three conceivable hypotheses that
would explain why the E isomer of diazocine 3 is more than
500 000 times longer active in the reporter gene assay compared
to its very short lifetime in water.

1. The transcription process in the reporter gene assay continues
for more than 3 h, once triggered by short-lived E-3

2. E-3 is thermodynamically stabilized by strong binding in the
estrogen receptor and its lifetime thus is extended

3. E-3 is kinetically stabilized by inhibition of the tautomeriza-
tion process inside the hydrophobic cavity of the estrogen re-
ceptor in a similar fashion as shown by the experiment with 3-
cyclodextrin.

Notably, studies with ligands and the isolated estrogen receptor
protein were not feasible due to interference between the
readout of commercially available fluorescence-based binding
assays and the absorption range of the diazocines that would
lead to back-switching and subsequent inactivation of the di-
azocines. Hence, to check hypothesis 1, we performed the fol-
lowing experiment. As in the previous assay settings, we irradi-
ated the cell assay in the presence of diazocines 1, 2, 3 and 6,
which showed significant estrogenic activities in the E state,
with 405 nm or 385 nm and repeated this irradiation every 3 h
over a total period of 15 h. However, in contrast to the previous
irradiation scheme, 10 minutes after every irradiation, exposure
to 525 nm (green) light for 20 s was applied (irradiation proto-
col for compounds 1-3 see Figure 11 a). Green light is very ef-
ficient in enforcing back-isomerization of all diazocines (PSS >
99% Z isomer, Table 1). It can be safely assumed that even a
stabilized complex of the estrogen receptor with the £ isomer
of the diazocine would be decomposed during the 20 s exposure
time to 525 nm light. Figure 10 presents the results of these ex-
periments for diazocines 1-3. For for dose-response curve of
compound 6 see SI Figure S69.
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Figure 11. Estrogenic activities of 1, 2 and 3 after an irradiation
scheme including photochemically enforced back-isomerization
with 525 nm (green light) a) Irradiation protocol: Z—E isomeriza-
tion (activation) is induced by a 60 s period of irradiation with 405
nm. After 10 min in the dark, the cell-based reporter assay is irra-
diated with 525 nm light, which leads to complete back-isomeriza-
tion of the diazocines to the biologically inactive Z isomers. After
almost 3 h this irradiation sequence is repeated 4 times. The total
incubation time was 15 h. b-d) Dose response points corresponding
to samples that are left in the dark, are indicated with red circles.
Blue squares represent data obtained after applying the irradiation
scheme including exposure to 525 nm light. Dose-response curves
are one representative example from two independent cell assays.
Data points are means of technical triplicates + SD.

None of the diazocines 1, 2, 3 and 6, which showed significant
estrogenic activity in the previous reporter assay, exhibited a
measurable switchable estrogenic activity in this experiment us-
ing green light. The formerly bioactive isomers almost repro-
duce the dose-response curves of the unirradiated compounds.
This is expected if one assumes that the generally accepted sig-
nal transduction cascade (estrogen binding — receptor dimeri-
zation — translocation - DNA binding — co-activator recruit-
ment — transcription process) is interrupted as soon as estradiol,
or a photoswitchable estrogen-active compound, leaves the re-
ceptor. The active E isomers of compounds 1, 2 and 6 show
half-lives of more than 5 h. Hence, thermal relaxation in our
previous experiments left sufficient concentrations of the active
isomer until the next irradiation was applied after 3h. The con-
centration of the active E isomer that was maintained during the
whole incubation time of 15 h was sufficient to sustain the tran-
scription process and to measure estrogenic activity in the cell
assay. In contrast, deactivation with green light (525 nm) 10
minutes after photoactivation, however, obviously interrupts
the signal transduction pathway. Significantly, the 10 minutes
presence of active £ isomers is not sufficient to sustain the tran-



scription process. Again, the behaviour of diazocine 3 is re-
markable. The half-life of the £-3 isomer in pure water is only
20.9 ms (Table 1). Hence, 10 minutes (28 000 half-lives) after
activation with 405 nm, no active E isomer should be left in
solution. Nevertheless, when E-3 is incubated in the estrogen
reporter gene assay, transcription continues for at least 3 h after
photoactivation (first experiment, Figure 10 a), unless the bio-
logical activity is switched off by irradiation with 525 nm (sec-
ond experiment, Figure 11 d)

Discussion

The results summarized in Figure 11 provide strong evidence
that hypothesis 1 (transcription process in the reporter gene as-
say, once triggered by short-lived £-3 continues for more than
3 h) can be rejected. Otherwise, estrogenic activity couldn’t be
shut off by back-isomerization of E-3 with green light. Hypoth-
esis 2 (thermodynamic stabilization of E-3), and hypothesis 3
(kinetic stabilization of £-3) are left as viable explanations for
the extended estrogenic activity of E-3. It is indeed known that
high energy conformations of small molecules can be stabilized
by binding to protein receptors.®** A similar modulation could
well apply to the high energy isomer E-3 when bound to the
estrogen receptor. An extensive study of ligands and ligand-
protein complexes revealed that the overall stabilization ener-
gies do not exceed 3 kcal mol™.®® This is sufficient to stabilize
conformations that are not detectable by NMR in equilibrium in
water, however, cannot fully account for the 9.8 kcal mol™! en-
ergy difference of Z-3 and E-3. We consider the kinetic stabili-
zation of E-3 inside the estrogen receptor blocking the key tau-
tomerization process as the major factor for its extended life-
time in the cell assay. The strong solvent dependence of the
half-live (35.7 ms in water, 2.4 min in DMSO and 8 min in di-
ethyl ether at 25°C (see UV/ Vis spectra SI Figure S24)) indi-
cates that the compound’s environment has a crucial influence
on its lifetime. In line with this notion, stabilization of £-3 oc-
curs in the hydrophobic cavity of B-cyclodextrin (Figure 8, Ta-
ble 4). Upon addition of B-cyclodextrin to an aqueous solution
of 3 the half-life of E£-3 is extended by a factor of >10. Estradiol
and, according to our molecular modelling studies also E-3, are
tightly bound in the hydrophobic cavity of the estrogen recep-
tor. The cavity is surrounded by lipophilic amino acids such as
several leucine residues, alanine, phenylalanine and methio-
nine. At both ends of the active site, the more polar residues
arginine, glutamine and histidine form hydrogen bonds with the
OH groups of the estrogenic ligand. Since there is no space left
for water to be included inside the cavity, the fast back-isomer-
ization of E-3 via the tautomerization mechanism is prohibited.
The alternative fast isomerization mechanism via dimerization
is impeded as well by a lack of space. Thus, we conclude that
thermodynamic stabilization and more importantly kinetic sta-
bilization by shutting down the fast back-isomerization pro-
cesses accounts for the extended lifetime of the active state and
subsequent measured estrogenic activity of the diazocine com-
pound 3.

Conclusion

According to molecular modeling studies, several dihydroxy-
substituted diazocines in their metastable £ configuration ex-
hibit remarkable structural similarities with estradiol and simi-
lar binding modes in the estrogen a receptor. The correspond-
ing stable Z isomers are predicted not to bind inside the active
site cavity of the receptor. These theoretical studies suggested
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that dihydroxy diazocines could be potentially used as pho-
toswitchable estrogens.

Seven (di)hydroxy diazocines were synthesized and their pho-
tophysical properties were determined. They exhibit similar
photoswitching properties in aprotic, organic solvents. In water,
two (3 and 4) of the seven diazocines with para OH groups ex-
hibit £ isomers with thermal half-lives in the millisecond range,
whereas the lifetimes of the other substituted diazocines remain
in the range of hours. Kinetic data and kinetic isotope effects
reveal that 1,7-H-shifts via the tautomeric hydrazine intermedi-
ates are responsible for the ultrafast solvent-dependent back-
isomerization of p-OH-diazocines. Addition of B-cyclodextrin
to the aqueous solution of p-OH-diazocines 3 and 4 leads to a
deceleration of the back-isomerization of the E isomers by a
factor of >10. Model calculations indicate that the E isomers are
included in the hydrophobic cavity of B-cyclodextrin thus pre-
venting the fast tautomeric E—Z back-reaction.

Biological studies in a reporter gene assay show photoswitcha-
ble estrogenic activities for compounds 1, 2, 3 and 6. Particu-
larly diazocine 1 and 2 are very efficient in this regard, with
39% of the maximum relative activity of estradiol in the Z
(dark) state and 114% after irradiation in the photostationary
state (46% Z/54% E). Very surprisingly, diazocine 3 is also es-
trogenically active after irradiation with 405 nm, even though
the half-life of the biologically active E isomer in water is in the
millisecond range. Our experiments strongly indicate that the
lifetime of the E isomer is extended by a factor of > 500 000
when bound within the estrogen receptor. We assume that the
mechanism is similar to the B-cyclodextrin effect: the hydro-
phobic cavity in the binding pocket of the estrogen receptor pre-
vents the fast tautomeric re-isomerization and it stabilizes the
metastable £ isomer thermodynamically by strong binding.
Photoswitchable drugs with short lifetimes of their active state
in water but biologically active for an extended period of time
in biological environments have been reported before.®*-! Sim-
ilar stabilization mechanisms might be operative in these cases.

Our results suggest such photoswitchable drugs are only active
if both the receptor is present and light is applied to the same
spot. This could greatly increase the spatial resolution of photo-
pharmacological applications. In case of diazocine 3 the active
state would be inactivated with a half-life of 20.9 ms after leav-
ing the receptor. This translates to a diffusion pathlength of
<Sum. Hence, the drug activity could be restricted to an area
that is in the size range of typical components of a cell, which
should allow detailed biological investigations. Diazocine 2
probably is a good starting point for the development of pho-
toswitchable estrogen receptor agonists and antagonists for the
targeted treatment of breast cancer and other hormone depend-
ent cancers.
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