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“When you have eliminated the impossible, whatever remains, however improbable,
must be the truth”.

- Sherlock Holmes, by Sir Arthur Conan Doyle (1859-1930, Scotland).
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1. Introduction

1.1. Multivalency as a binding strategy for natural and artificial applications

Protein complexes, antibodies, viruses and cells are multivalent entities that possess a number of
structurally separate binding moieties or recognition units that are able to interact with another
multivalent entity. Thus, a multivalent or polyvalent interaction is defined as simultaneous
bindings between such multifunctional entities.!"! The most notable feature of the multivalent
interaction is that the binding affinity (avidity) of a multivalent species could be collectively much
stronger than its monovalent counterparts. From a thermodynamic point of view, this enhancement
could be attributed to the increased Gibbs free energy of the interaction. Therefore, multivalency
is frequently utilized by nature to achieve a tight binding. For instance, the influenza virus binds to
a bronchial epithelial cell surface (Figure 1 left) by interacting multiple trimers of the
hemagglutinin HA3, a lectin, which is distributed approximately 2-4 per 100 nm* on the surface of
the virus with multiple sialic acid SA, a terminal sugar on many glycoproteins, which is
distributed approximately 50-200 per 100 nm’ on the cell membrane and results in infectious

diseases.!!

To prevent such undesired multivalent biological interactions, several mucins
(glycosylated proteins) contained in the fluid coating the interior of the lungs of most mammals
presenting oligosaccharides terminated in sialic acid can be used to interact with influenza viruses
and thereby inhibit such attachments.” Similarly to this natural multivalent inhibition of the
influenza virus, a comparison between the mono- and multivalent inhibition has been investigated
by Whitesides and co-workers (Figure 1 right).”*! The authors demonstrated an active polymeric
inhibitor of the influenza virus containing 20% sialic acid on a polyacrylamide backbone with a
low value of the inhibition constant 600 pM. By contrast, the inhibition constant of the monomeric
inhibitor was 2 mM.

One of the most common artificial multivalent applications is the carbohydrate-protein
interaction. In this case, the term “multivalent effect” has also been called the “cluster glycoside
effect”.") It is known that binding constants (association constant, K or K,) of mono- and

oligosaccharides to most proteins are not effective enough for drug design (K, = 10° - 10° M™).1%)

In order to obtain a high-affinity binding to the target protein receptors, many multivalent or



“clustered” carbohydrate analogs have been prepared.””! An good example reported by Kitov et al.
has demonstrated that a water-soluble, pentavalent carbohydrate ligand has a subnanomolar
inhibitory activity (half maximal inhibitory concentration, ICsy = 0.24 nM) which is 10
million-fold higher than that of monovalent carbohydrate (ICsy = 2.1 mM)."”) More recently,
Schwefel et al. investigated the binding potency of multivalent ligands for the inhibition of wheat
germ agglutinin (WGA) and found that a tetravalent carbohydrate ligand tethered on a

cyclopeptide backbone is up to 6400 times more potential than the corresponding monovalent

analogs.[g]
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Figure 1. The adhesion of an influenza virus to the surface of an epithelial cell (left) and its

inhibition by mono- and multivalent sialic acid inhibitors (right). HA3 and SA are represented as

trimers of the hemagglutinin of the virus and sialic acid of the cell, respectively.!'

Nowadays, more and more scientists have taken advantage of multivalency as a central
strategy to achieve strong interactions in other fields, such as the aggregation of a synthetic
trivalent hapten with anti-2,4-DNP IgG into bicyclic trimers,” gradient-driven motions of
multivalent ligands molecule on a multiple receptor-functionalized surface,'”’ and the bivalent
interaction between covalent dimers of human carbonic anhydrase II and ligands presented at the

surface of mixed self-assembled monolayer (SAM).!"!

1.1.1. Structure of a multivalent ligand

Unlike a monovalent ligand, a multivalent ligand often consists of three parts: the tethered binding

moiety (ligand), spacer (linker), and scaffold (architecture).

1.1.1.1. Binding moiety



The binding moiety of the multivalent ligand is essential for the multivalent interaction. However,
a successful multivalent interaction depends more on how these binding moieties are presented,
rather than the binding moieties themselves. Thus, a rational design of the multivalent ligand does
not only include the ligand design such as the tethered position and the linkage group but also
other physical factors like the density and spacing of binding moieties.”'*! Recently, it has been
demonstrated by Haag and co-workers that multivalent saccharides presented on hyperbranched
polyglycerol (hPG) had a much higher binding affinity (1-70 nM) than a low valency control
presented by a pentaerythritol (60 puM). This indicated that the density of the multivalent

saccharides has a large influence on the multivalent carbohydrate-protein interaction.”!

1.1.1.2. Bivalent spacers

A spacer can be understood as a synthetic covalent linker between the tethered binding moieties in
the case of bivalent ligands. Meanwhile it provides certain information such as the distance
between binding moieties, flexibility, and rigidity of the bivalent ligand so that a tight bivalent
receptor-ligand interaction can occur without steric hindrance. Although such information can be
predicted and estimated by computer modeling, the most optimal spacer will usually be found
only after a systemic spacer screening.®'*!”

Unlike chemically or enzymatically labile linkers applied in drug delivery applications, the
spacer in a multivalent ligand has to be stable so that the tethered binding moieties are capable of
interacting with the multivalent receptor under various chemical and biological conditions.!'®"”
Meanwhile, the spacer should be at least a neutral contributor to the binding event. In other words,
the spacer should not interact with the receptor, such as the absorption on the surface of a protein,
so that any enhanced activity can be readily distinguished and attributed to the multivalent effect.
For example, it has been reported that polyethylene glycol (PEG) is resistant to the nonspecific
adsorption of proteins and allows the multivalent ligand to only process desired interactions
between tethered binding moieties and the protein.['™
In order to achieve a multivalent binding under certain geometric requirements, several

essential factors such as the spacer length and conformational property (flexibility versus rigidity)

need to be considered. The spacer length should match the spacing between the multiple binding



sites of a multivalent receptor, which is easily sufficed by chemical synthesis such as
polymerization. Because the latter factor is difficult to predict even by using the computer
modeling, the majority of effort for the multivalent ligand design should be spent on it. Mammen
et al. investigated the entropic costs of flexible and rigid spacers, and found that entropic costs are
related to the initial number of spacer conformations including bound and unbound states. The
lower the number, the less entropic cost that the ligand-receptor interaction needs to overcome.'”!
Therefore, they suggested that flexible spacers could not work effectively as spacers in the
multivalent interaction due to the severe loss in conformational entropy (approximately 0.7
kcal'‘mol™ per freely rotating single bond) during the binding.”" In the case of a bivalent ligand,
the loss of conformational entropy becomes much more severe in the whole binding event.
Moreover, Whitesides and co-workers summarized the choice of a spacer for the multivalent
ligand (Figure 2). A common approach is to use a spacer with a rigid central element so that the
loss in conformational entropy can be minimized.""” Using a rigid central element, however, is

challenging since a small geometric mismatch in the structure with their targets will result in a

steric repulsion between the ligand and receptor and consequently impact their binding avidity.
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Figure 2. Representative examples of spacers that have been used in bivalent ligands: ethylene

glycol,*!" polyglycine,”* diacetylene, ! biphenyl,** proline,”*** DNA,*"! and piperidine.”**

More detail about additional thermodynamic issues will be discussed in Section 1.1.2.
Recently, in a computational study and a NMR study of bivalent estrogen ligand it was found that
not only the undesired conformation of the spacer gives a entropic penalty, but also the interaction
between the functionalized group such as aryl in the spacer and binding moieties can result in a

enthalpic loss.>%



1.1.1.3. Multivalent scaffolds

A multivalent scaffold is not only a tethering system where binding moieties can attach, but also
presents its binding moieties with certain structural and dimension information, such as valency,
size, and shape, which could significantly influence the binding ability of multivalent ligands. The
most common scaffolds applied for multivalent ligands are linear, random-coil polymer like
polyacryamide,™) and approximately spherical polymers such as dendrimer (poly(amido)amine,
PAMAM),”'*? and hyperbranched dendrimer (hPG).'>**** In general, the scaffold of a
multivalent ligand needs to match the spacing and the symmetry of its corresponding multivalent
receptor to achieve a maximum tight binding. Compared to spherical dendrimers, hyperbranched
dendrimers such as hPG have the advantage that they can interact with a number of cell surface
receptors.[lg]

The multivalent ligand can be classified by the number of its repeating binding moieties on
its scaffold, denoted as “structural valency,” e.g., bivalent for two repeating moieties, trivalent for
three repeating moieties, and so on. Generally, to bind to a certain type of multivalent receptor
with N binding sites, the corresponding multivalent ligand with N binding moieties should be
developed. In practice, however, not all the binding moieties of a multivalent entity are involved
in multivalent interactions with another entity due to steric reasons, for example, the multivalent
binding between the influenza virus and the cell surface (Figure 1). Thus, these unbound binding
moieties seem to be functionally “inactive” for the binding. Therefore, the concept “functional
valency” was introduced to distinguish this phenomenon from the structural valency.!”

Since a multivalent ligand has a greater structural complexity than a monovalent ligand, it is
not surprising to observe a biological activity change by altering a single structural feature of a
multivalent ligand. For instance, Kiessling and co-workers investigated the influence on the
multivalent ligand-receptor binding mechanism by varying the multivalent ligand architecture,
including scaffold shape, size, valency, and density of binding moieties.”>>”! They found that
ligands with polydisperse polyvalent scaffolds are effective inhibitors for the lectin concanavalin
A (Con A), while other linear oligomeric scaffolds mediate receptor clustering. More recently,
Haag and co-workers investigated the structure-activity relationship (SAR) of dendritic

polyglycerol sulfate (dPGS, a polyanionic polymer) binding to L-selectin in correlation with the



size and the surface charge density based on the dPGS ranging from approximately 4 to 2000 kDa

383 In this study they demonstrated that the strong inhibitory potential of

in molecular weight.!
dPGS was dependent on not only the strong electrostatic interaction with cationic surface potential
on L-selectin but also the steric shielding of the carbohydrate binding site by its scaffold, i.e.,

flexible dPGS particles in this case.
1.1.2. Thermodynamics of multivalent interactions

For a multivalent ligand design, it is necessary to survey and understand the origin of greatly
enhanced multivalent interactions. So far, the notion of a multivalent ligand binding to a
multivalent receptor with an affinity greater than that of the monovalent counterpart has been
attributed to a thermodynamic gain. The difference between the thermodynamics of such
multivalent and monovalent interactions can be demonstrated in a thermodynamic model (Scheme

1)_[1]
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Scheme 1. Comparison of thermodynamic parameters of association in (a) mono-, (b) bi-, and (c)

multivalent interactions.!!

Once a monovalent interaction between a receptor and a ligand takes place, a free energy
change AGueno Will occur. Therefore, for N independent monovalent interactions there is a total
free energy of N-AGuono. In the case of a multivalent interaction, however, a multivalent receptor
(an influenza virus) with N binding sites interacts more strongly with a multivalent ligand (a
multivalent inhibitor with the random-coil polymer backbone) with N binding moieties than with
N times of monovalent inhibitors (Figure 1 right), where K1 >> (Kmono)N. Since the enhancement
of its binding constant K, is related to the Gibbs free energy AGp,; by the van’t Hoff equation

(Equation 1),



AG°=-RT-InK"° €))
the free energy AGuu of @ multivalent interaction is more favorable (negative) than the total free
energy N-AGmoeno of N independent monovalent interactions, AGpyii << N-AGono-

Furthermore, it is known that free energy AGu; of a multivalent interaction is made up of
enthalpic (AHmyy) and entropic (7-ASmyii) components (Gibbs equation, Equation 2).

AG°=AH - T-AS° 2

Thus, it is possible to survey the origin of the multivalent effect and find out which component

contributes most prominently to the free energy in multivalent interactions.

1.1.2.1. The role of enthalpy in multivalent interactions

The enthalpy change AH" is a parameter of the total energy generated by a chemical or enzymatic
reaction and only depends on the final as well as initial states of the system. Although the enthalpy
largely depends on the nature of the ligand and the binding site of the receptor, the enthalpy
change in multivalent interactions could be either enhanced by certain conformational change of
the binding site*”’ or diminished by a undesired interaction such as steric repulsion around the
active binding sites of the multivalent receptor.'"!

In enthalpically enhanced multivalent interactions, the value of AH,, 1S more negative than
the total value of N-AHuyon- In such cases, the first ligand-receptor binding results in a
conformational change of the unbound adjacent binding sites which promotes the next
ligand-receptor binding. Besides the best studied interaction between four oxygen molecules and

the tetrameric hemoglobin,*"!

a similar observation has been found in the case of a pentameric
binding of cholera toxin B5 to five oligosaccharide portion ganglioside GM; molecules on the
surface of a cell by Schén et al.*!! The authors studied the binding of pentameric B5 to five GM,
units in solution via calorimetric method and found the binding of cholera toxin to the first GM;
unit enhances the favorable enthalpy of adjacent binding to the next GM,;. For instance, the
intrinsic binding constant for GM; to the pentameric B5 at 37°C was 1.05 x 10° M'l, which was
increased by a factor of 4 when an adjacent binding site had been occupied. The additional

enthalpy from interactions between subunits of B5 is -11 kcal-mol™, which is 10% of the total

folding enthalpy for each subunit. It suggested that a relatively small protein conformational



change takes place once the first GM; binds to pentameric B5 so that the subsequent binding will
be more enthalpically favorable. Moreover, it was found that the states with nonadjacent bound
oligo-GM, never became significantly populated (less than 2% of the total population).

These two enthalpically enhanced examples in biology do not involve multivalent
interactions and their enhanced enthalpies are often called cooperative enthalpy (Section 1.1.3.1).
By contrast, in the case of multivalent interactions, the structural influence of a multivalent ligand
on the binding event cannot be ignored. This structural or steric influence is reflected in
energetically unfavorable conformational changes either at the ligand or at the receptor. The more
conformationally rigid the multivalent entity is, the more unfavorable contribution to the whole
binding it has. For a better understanding, a theoretically binding mode was built up to explain
these circumstances (Scheme 2).!"! Considering a monovalent interaction (Scheme 2a), if the two
binding sites are independent and not interfered by a previous binding event, the binding of two
monovalent ligands to the bivalent receptor occurs with twice the enthalpy 2-AHpon (N = 2). A
bivalent ligand, whose two binding moieties are tethered by a certain rigid spacer, can exactly
match the geometry of the bivalent receptor (unstrained status) and this binding will occur with
exactly twice enthalpy of a monovalent ligand, i.e., AHy; = 2:AHpyono. Such a bivalent interaction,
however, is rare. In practice, the spacer of the bivalent ligand often does not match the geometry
of the bivalent receptor but the two entities can still bind. To accommodate the binding, either the
conformation of the receptor or the ligand, even both species must be distorted from their
equilibrium conformation (strained status, Scheme 2b). As a consequence, the second
ligand-receptor binding in a bivalent interaction is interfered by the first binding event so that the
enthalpy AH,,; is less favorable than the total enthalpy 2-AH .m0 Such interactions are described as

enthalpically diminished.!"

mY
(a) (b) & 0 @) 0> 90, AHbi > Z'AHmono
strained

QO Q

J O v
2°'AH,
+ £8mono,  (J) + R * e 0 =00, AHp; = 2-AHmono
( 2 f ) 0 i unstrained

0{7

Y
®
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0, .
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Scheme 2. The enthalpic change of (a) mono- and (b) bivalent interactions due to steric



repulsions.m

1.1.2.2. The role of entropy in multivalent interactions

The enhancement of the free energy in a multivalent interaction is traditionally considered from
entropic terms, i.e., 7' AS. AS°, the difference between the final and initial entropic states of all
particles in a reaction, is a parameter representing the change in disorder of the system. It is stated
by the Second Law of Thermodynamics that “in a spontaneous process, the entropy of the
universe increases” (an overall increase in disorder). This is in consideration of the fact that a
spontaneous process is determinated by the free energy, rather than by enthalpy or entropy. Any
spontaneous interaction taking place between two entities such as ligand and protein in highly
ordered organisms will result in less disorder in the product of two entities, i.e., AS” < 0, and a
greater increased disorder for the surroundings of this organism./*? Towards a thermodynamically
favorable multivalent interaction, a multivalent ligand should have a small decrease in entropy
from its initial state to the finial state than N times of entropic decrease in the case of the
independent monovalent ligand.
Unlike the enthalpy, the overall entropy of a particle can be comprised of four components:
the translational, rotational, conformational, and solvation associated entropies (Equation 3).“’43]
AS® = AS°uans + AS ot + AS eonr + AS g1 3)
Before the multivalent interaction takes place, both ligand and receptor are free to translocate
in three dimensions and to rotate on three principal axes.*’ Following the binding event, the
translational and rotational freedom of the individual entity is lost. Generally, translational and
rotational entropies are considered as a single term, i.e., ASrans T AS 1. The translational entropy
ASrans Of a entity is related to the logarithm of its molecular weight (In(M)) as well as inversely to
the logarithm of its concentration (In([C])™") according to the Sackur-Tetrode equation in the gas
phase.!"*! Similarly, the rotational entropy AS°, has a logarithmic relationship to the product of
its three principle moments of inertia I, Iy, and I, (In(, I, 1,)).!Y Thus, the value of their sum
(AS®rans + AS° o) for a entity is only weakly dependent on their mass and dimensions. Thereby, it
can be assumed that the translational and rotational entropies of all entities are equal, if they are at
the same concentration.!'! This assumption implies that a multivalent ligand has approximately the

same value for the translational and rotational entropies as a monovalent ligand. Consequently, the

9



interaction between a multivalent ligand with N binding moieties with a multivalent receptor
results in far less translational and rotational entropies than N times of independent monovalent
interactions, since only the translational and rotational entropy of one multivalent ligand is lost
instead of N times of monovalent ligands.

Moreover, Lundquist et al. compared translational and rational entropies in the gas phase to
those in aqueous solution.”*”! They found that the ability of a particle to move in three dimensions
is greatly diminished in aqueous solution than in the gas phase due to the localizing effect of
nearby water molecules. Furthermore, the value of the translational and rational entropies is
crucial, since these two components are a large fraction of the whole interaction entropy and the
free energy.

As mentioned in the Section 1.1.1, a multivalent ligand is composed of scaffold, spacer, and
binding moieties, which makes its conformation more uncertain than that of a single monovalent
ligand. Thus, the multivalent ligand has clearly higher comformational entropy caused by its
higher disorder to overcome before the achievement of the multivalent binding than a monovalent
ligand. Here, a simple bivalent interaction was demonstrated as a mode for the discussion about

the role of the conformational entropy in multivalent interaction (Scheme 3).

(a) (I) + Q
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ASmono = 2"AStrans + 2°ASot

ASbi/rigid ~ AStrans + ASyot

ASpilex = AStrans + ASrot + AScont

ASbi/ﬂex ~ 2'Astrans + 2'ASrot

if ASconf ~ AStrans + ASrot

Scheme 3. The entropic cost of an interaction between (a) a monovalent ligand and a monovalent
receptor, (b) two monovalent ligands and a bivalent receptor, (c) a bivalent ligand tethered by a
suitable rigid spacer and a bivalent receptor, (d) a bivalent ligand tethered by a suitable flexible
spacer and a bivalent receptor, and (e) a bivalent ligand tethered by a long flexible spacer and a
bivalent receptor.



In the case of an association of a bivalent receptor with two monovalent ligands, the total
entropic cost ASpono 1S double the sum of the translational and rotational entropies (Equation 4 and
Scheme 3b).

ASimono = 2:ASians T 2°AS;ot @)
This equation only represents a qualitative summation, in which the translational and rotational
entropies were assumed to have the greatest contribution and other possible contributions, such as
from conformational, vibrational, and solvation entropies, are relatively insignificant,"'® e.g., the
translational entropy of a water molecule is roughly 3000-fold larger than the vibrational entropy.

In the case of an association of a bivalent receptor with a bivalent ligand tethered by a
suitable rigid spacer, if the bivalent ligand only retains one conformation and the spacing of the
bivalent ligand matches that of the bivalent receptor, a single ligand-receptor interaction can be
followed by a subsequent intramolecular interaction between the second binding moiety and the
second binding site without any additional translational and rotational entropic cost. Thus, the
total entropic cost ASyisigia 0f the whole bivalent interaction is approximately the sum of
translational and rotational entropy which is only half the entropic cost of the association of a
bivalent receptor with two monovalent ligands (Equation 5 and Scheme 3c).

ASpirrigia = ASirans + ASror Q)

Such an estimation, however, is based on certain limited considerations: (1) There is only one
conformation for this bivalent ligand (AScons = 0), and no torsional rotation around bonds takes
place. (2) As mentioned in the last section, the translational and rotational entropies are equal due
to their weakly logarithmical relationship to molecular weight. (3) The interaction of two particles,
either bivalent or monovalent, become one particle, the ligand-receptor complex, which results in

U431 1 other words, this bivalent

the net loss of the free translation and rotation of a single particle.
interaction is maximally entropically enhanced by using this rigid spacer.

The structural parameters, length, angle, and curvature, of the necessarily rigid spacer,
however, are difficult to predict. A small structural mismatch will lead to a weak binding due to
some unfavorable steric interactions or a reduction in complexation strength. Therefore, such
bivalent ligands are unrealistic to develop. In practice, the bivalent ligand with a flexible spacer is
more attractive, although the total entropic cost ASpysex for an association between a bivalent

receptor and a bivalent ligand tethered by a suitable flexible spacer becomes less favorable due to
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additional conformational entropy AS.ons (Equation 6 and Scheme 3d).
ASpiffiex = AStrans + ASrot + AScont (6)

A multivalent ligand tethered by a flexible spacer exists as a number of available
conformations before the achievement of the multivalent binding with multivalent receptor, and
therefore has higher conformational entropy than the multivalent ligand-receptor complex. The
more flexible the spacer is, the more disorder it has due to its access to more conformational states.
In general, a flexible spacer will always lead to an unfavorable entropic contribution to the whole
free energy.!" If the conformational entropy is less than the sum of its translational and rotational
entropies, this bivalent interaction is still more entropically enhanced than two independent
monovalent interactions (Scheme 3d). However, once the conformational entropy is equal to the
sum of the translational and rotational entropies, the entropic enhancement for a bivalent
interaction becomes negligible or even vanishes. This means, the gained translational and
rotational entropies can not compensate the loss of the conformational entropy. As a consequence,
this bivalent interaction is entropically neutral (Equation 7) so that the remaining unbound binding
site of the bivalent receptor may bind either to the second binding moiety of the bound bivalent
ligand or to another unbound bivalent ligand (Scheme 3e).

ASvifiex < (2ASyans + 2A8r0r), 1f AScont < (ASirans + ASror) (7
Moreover, the conformation entropy of the intramolecular interaction can also exceed the sum of
the translational and rotational entropies, meaning that the bivalent interaction is made
entropically less favorable and unachievable.!"!

Although it is difficult to quantify the loss of conformational entropy in a multivalent
interaction, an estimation of the conformational entropy associated with freezing a single rotating
carbon-carbon bond is approximately 0.5 kcal'mol” at 298 K.I"**! Therefore, Mammen et al.
concluded that the conformational entropy could be large for a long flexible chain. For example,
for a triethylene glycol spacer the unfavorable loss could be 10 kcal'mol™.!"! It was also argued
that the bivalent ligand tethered with a flexible oligoethylene glycol (OEG) spacer could be
expected to fail due to this entropic reason.

Several groups have synthesized a variety of conformationally “locked” oligosaccharides in
order to avoid losses in conformational entropy during ligand binding but they found that such
“locked” ligands did not offer any significant entropic improvement than other “flexible”

12
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ligands.***! This was because such a structural change can also lead to enthalpic reduction in the

k.14 Interestingly, in NMR studies of

free energy, as estimated by Lundquist et al. in their wor
overall protein conformational flexibility during ligation, it was found that a range of
conformational changes take place in the protein during the ligand-protein interaction and that this
conformational flexibility can compensate the loss of the free energy at the actual binding site.[*”*!
Remarkably, although the flexibility suffers from the conformational entropy, it can increase the
possibility that all ligand-receptor interactions could occur without energetic strain. This
enthalpy-entropy compensation will be discussed in the next section.!'#**")

Although it was argued that the flexible spacer, such as OEG, should not function effectively
as the spacer in multivalent ligands due to their severe loss in conformational entropy, Kramer et
al. successfully applied such flexible spacers in a bivalent study with cyclic-nucleotide-gated
(CNG) channels and found the polymer-linked (PEG) bivalent ligand containing two cyclic GMP
(cGMP) moieties up to a thousand times more potent than the monovalent cGMP in activating
CNG channels and ¢cGMP-dependent protein kinase.’® This observation indicated that the
conformation entropy during the ligand binding might be smaller than the prediction mentioned
above. The authors attributed such an enhancement to the decrease in the dissociation rate caused
by the highly effective concentration (Ceg) of bivalent cGMP (more detail in Section 1.1.4).

In 2004, Reinhoudt and co-workers reported that the bivalent binding constant of a
bis(adamantyl)-functionalized calyx[4]arene to B-cyclodextrin (CD) SAMs on gold surface (K =
10" M) was 3 orders of magnitude stronger than that of a bis(adamantyl)-functionalized
calyx[4]arene to an EDTA-tethered p-CD dimer in solution (K = 1.2x10” M™").”"! The authors
rationalized this result by using a theoretical model, in which a bivalent binding of a bivalent
ligand to a bivalent receptor was assumed to be two consecutive monovalent binding events,
rather than a “simultaneous” binding event. In this interpretation, a bivalent binding starts with an
intermolecular interaction followed by an intramolecular interaction, and the latter one is
associated with the higher, more effective concentration term owing to the close proximity of two
interacting species. Moreover, Reinhoudt et al. described a binding model for multivalent
interactions in terms of intra- versus intermolecular binding (Scheme 4), in which the term
“intramolecular” was used for the formation of an additional interaction between two multivalent

entities with a previously existing interaction, while the term “intermolecular” indicated the

13



formation of a novel interaction between two unlinked multivalent entities.”>>¥

(K-EM)I2
5 o ? 9
fully bound complex
+ 3K (Y N A
T °
wintermoleoular partially bound K O 9 9 O —— Large
intermolecularkl) H)

interaction complex — > aggregates

interaction

Scheme 4. Multivalent intra- versus intermolecular binding.**>®!

Whether a multivalent binding occurs by intra- or intermolecular mode™ is determinated
first and foremost by the architecture of multivalent entities. For example, the four potential
binding sites of concanavalin A are in four opposite directions and therefore, are intermolecularly

[6,57.58

bound by multivalent ligands. 'In contrast, distances between binding domains in the small

Shiga-like toxin are less than 10 A so that the multivalent intramolecular mode can be adopted by

(7391 A second major factor is the thermodynamics of multivalent interactions.

multivalent ligands.
As mentioned above, a multivalent interaction is governed by entropy, especially conformational
entropy. An intramolecular multivalent binding, however, becomes less favorable once the gained
translational and rotational entropy cannot compensate for the conformational entropic penalty."
To better identify whether a multivalent binding undergoes an intra- or intermolecular mode,
Reinhoudt and co-workers recommended the use of the term “effective concentration.”* If the
effective concentration is higher than the actual ligand concentration in solution, an intramolecular
multivalent binding is favored; otherwise an intermolecular multivalent binding will be adopted.
In other words, the binding mode for the multivalent interaction adopts an intramolecular mode at
low concentrations and an intermolecular mode at high concentrations. Unlike the effective
concentration, which is calculated by physical geometries of multivalent entities, the term
“cffective molarity” (EM = K™ / K4™™) can be experimentally estimated. Krishnamurthy et al.
investigated the dependence of the EM on the spacer length for an intramolecular protein-ligand
system and found that the EM reached a maximum once the flexible spacer length was the optimal
length to allow the p-substituted benzenesulfonamides to bind to the active site in the human
carbonic anhydrase II protein, and then, surprisingly, decreased slightly with the increasing spacer
length.'"™ The relationship between the spacer length and the binding affinity thus indicated that

the conformational entropy for an intramolecular interaction did not strongly increase with the
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increase in the flexible spacer length as previous described in reference 1, and implied that the
most effective strategy for the design of multivalent ligands is to tether binding moicties with a
flexible spacer which is significantly longer than the distance between binding sites of the
multivalent target.

More recently, Hunter et al. proposed the “K-EM?”, i.e., the product of monovalent association
constant multiplied by the effective molarity, which can determinate the population of multivalent

>3V If the product of K‘EM is less than 1, the intermolecular binding

binding mode (Scheme 4).!
mode will be adopted and the partially bound complex will be more stable than a fully bound
complex. In contrast, if the product of K-EM is greater than 1, the major species will be the fully
bound complex and the intramolecular binding mode will become favorable.

Finally, the solvation entropy is defined as the entropic change of the surrounding
molecules."! In biology, this entropy is caused by intermolecular interactions between water
molecules and the ligand via hydrogen bond or other hydrophobic interactions. In a quantitative

(691 it was reported that this entropic change in either a

study about such hydrophobic interactions,
monovalent or multivalent system has similar values, unless the tethered spacer or the scaffold has
additional interactions with the binding moieties or the surface of the multivalent protein.
Therefore, the discrimination between monovalent and multivalent ligands in unfavorable

contributions of the solvation entropy could be ignored,'" such that

ASmulti,sol ~ ASmono,sol = ASsol-

1.1.2.3. The thermodynamic origin of multivalent interactions

Based on the above interpretation of the roles of enthalpy and entropy in multivalent interactions,
a multivalent interaction with N binding sites is used as a mode to survey the thermodynamic
origin of multivalent interaction. According to a review by Mammen et al.,""! thermodynamic
comparison between a monovalent and a multivalent interaction with the three thermodynamic
parameters (AG”, AH", and AS”) could be expressed as follows:
AGmono = AHmono = T* ASmonos ASmono ~ ASiransT ASrort ASsol
AGmui = AHmuii = T ASmuttis AHmuti = N* AHumonos ASmulti = AStrans T ASrort AScont + ASsol-

Therefore, a free energy difference (AAG) between N independent monovalent interactions and a



multivalent interaction could be obtained as Equation &:
AAG = AGuutti = N*AGinono = (AHmutti = N*AHmono) = T+ (ASmutti = N*ASimono)
=T-(N-1) ASmono - T AScont ®)
From Equation 8, it was found that a tight multivalent binding needs a negative value of the free
energy difference (AAG < 0). Therefore, the conformational entropy of the multivalent ligand
could be a crucial factor.

61621 5 trivalent

In a well-studied calorimetric measurement preformed by Rao et al.!
D-Ala-D-Ala molecule bound to a trivalent vancomycin molecule with a very high affinity shown
by a low dissociation constant (Ky) of approximately 4 x 10" M and a free energy -22 kcal-mol™.
Interestingly, it was found that the enthalpic contribution AHy; of the association was -40
kcal'mol™ and the entropic term was T-ASy; = -18 kcal'mol'l, which are roughly three and 4.5
times those of their monovalent counterparts, respectively (AHmono = -12.0 kcal-mol'l, T ASmone =
-4.1 keal'mol™). The authors concluded that the enthalpic contribution AHy; primarily originates
from the enthalpy of three associations between three binding moieties and three binding sites,
which, however, was slightly more negative than the assumed result, i.e., AHy; < 3-AHpeno. The
entropic contribution (7-ASy;;) for the first binding step of the trivalent interaction was assumed as
-4.7 kcal'mol™, which was similar to that of monovalent counterparts and indicated that the total
entropic contribution for the last two intramolecular steps (7-ASup + T-ASyiz) was much more
negative (-13.3 kcal'mol™) than expected. To address this question, Rao et al. further analyzed this
entropic contribution 7-ASujp + T-ASyiz in light of Williams’s previous work,[63] and estimated the
additional conformational entropy 7-ASgiz.conf + T ASiiz cont i the last two intramolecular binding
steps to be approximately -41 kcal'mol™. This means that the conformational entropy is the largest
fraction of the total entropic contribution in this trivalent interaction and that 7-ASy; becomes
much less favorable than in the monovalent interaction. Therefore, this tight trivalent interaction
can be attributed to the favorable enthalpy, rather than to the entropy.

Similarly, Dam et al. investigated the binding of a series of mono-, bi-, tri-, and tetravalent
carbohydrates to concanavalin A (CoA) and dioclea grandiflora lectin (DGL) via isothermal
titration calorimetry (ITC).!! They found that in all multivalent binding systems the enthalpic term
increased proportionally with the valency compared to monovalent cases. For example, AHiya

with a value of -53 kcal'mol” for tetravalent ligand was almost four times greater for the
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monovalent ligand (AHpono = -14.7 kcal-mol'l). By contrast, the entropic term in multivalent cases
was not proportional and much more negative, e.g., T"ASi . = -43.3 kcal'mol™ and T “ASmono =
-7.1 kecal'mol™. Although the authors did not further discuss this entropic term like in the last
example, the origin of this enhanced entropic term may be attributed to the conformational
entropy.

From these two studies evidence for enthalpy-entropy compensation was found, which was

4291 They noted a tighter binding and a

also noticed by Williams et al. in their previous work.!
more negative enthalpy accompanied by a loss in conformational mobility and a greater entropic
loss. Moreover, Krishnamurthy et al. investigated the associated thermodynamics of bovine
carbonic anhydrase II (BCA) and para-substituted benzenesulfonamides tethered by side chains of
varying lengths.*”! They found that the increased chain length resulted in a less favorable enthalpy
but a less unfavorable entropy of binding. As a consequence, the dependence of the enthalpy on
chain length was almost perfectly compensated by that of the entropy, which resulted in the
independence of dissociation constant on the chain length. Additionally, a similar observation was
also found by de Mol et al. in a thermodynamic study of immunoreceptor tyrosine-based
activation motif (ITAM) based ligand binding to Syk Tandem SH2,'***! in which they connected
two SH2 binding motifs either with a flexible peptide or with a rigid spacer of comparable length.
In principle, the rigid spacer is probably more promising for reducing the conformational entropy.
This expected entropy advantage, however, was not realized. They found that the bivalent ligand
tethered by the rigid spacer was bound with a considerably higher entropic loss (-9.3 kcal'mol™)
than the flexible-tethered ligand, although the enthalpic enhancement of this rigidity was only -8.9
keal'mol. Consequently, the association constants of both bivalent ligands were within the same
order of magnitude due to the enthalpy-entropy compensation. This observation was attributed to a
further decrease in protein flexibility upon binding to this rigid ligand. Furthermore, such
enthalpy-entropy compensation was also observed in the research of non-covalent macromolecular

interaction,[66] which is not discussed here.

1.1.3. Cooperativity and enhancement factor

The interpretation that the thermodynamic origin of multivalent interactions is attributed to their



entropic contribution is often poor due to complications arising from the influence of binding at
one site on binding at the other site, i.e., the cooperativity between binding sites. Therefore, to
better understand the multivalent interactions, it is necessary to further discuss the role of the

cooperativity in this process.

1.1.3.1.  Cooperativity in multivalent interactions

Cooperativity is a phenomenon in nature which arises from the interplay between a binding of one
ligand to one binding site of a multiple receptor and the subsequent binding, for example, in the
transport of oxygen molecules by hemoglobin.'”) In this case, the binding of the first oxygen
molecule to hemoglobin results in a conformational change of the protein such that the subsequent
binding is much more favorable than the first one and a greater free energy will be released. The

stoichiometric binding constants are defined in the following equation (Equation 9):°!

CIRL) . [RL] . [RLy]

Ka , Ko R € e — ©)
[R][L] [RL][L] [RLy_ ][L]

where N represents the amount of the binding sites of a multivalent receptor R, and L the ligand.
Hunter and Anderson defined an interaction parameter ay to describe the degree of the
cooperativity in the case of bivalent interactions’®”' (Equation 10):
o =Ko / Ky (10)
oy > 1: Positive cooperativity, the subsequent binding is more favorable than the first one.

ay = 1: No cooperativity, the subsequent binding is as favorable as the first one.

oy < 1: Negative cooperativity, the subsequent binding is less favorable than the first one.

In a similar definition, Whitesides and co-workers also compared the free energy change in a
multivalent interaction with a monovalent interaction.!"! They used the term AGyg muii to describe
the average free energy of a interaction between a binding moiety and a binding site of two
multivalent entities, which can be greater than, equal to, or less than the free energy AGpeno in an

analogous monovalent interaction (Equation 11).

AGan»m”/ti — A(;multi — lg(Kmulti)
AG N-AG lg(K,,,0)"

mono mono

(1D

Ow™=

The authors classified the multivalent interaction as synergistic (o > 1), additive (o = 1),



and interfering (a, < 1). Since the binding of second oxygen molecule to hemoglobin occurs with
a more favorable free energy than the first binding, the binding of four oxygen molecules to
tetrameric hemoglobin is a positive (synergistic) cooperativity. However, this example does not
involve multivalency.

Compared to the rare example!®! of positive cooperativity in multivalent interactions, there
are several examples for the negative cooperativity. One example is the multivalent
carbohydrate-lectin interactions investigated by Brewer and co-workers,®! in which the binding
affinities of the di-, tri-, and tetravalent trimannoside to two lectins were enhanced by the greater
positive entropy of binding contributions compared to monovalent analogues. Hill plots analysis
for these interactions, however, indicated that tri- and tetravalent trimannoside have greater
negative cooperativity than bivalent trimannoside. In other words, the negative cooperativity
increased with the increase of functional valency. Additionally, the negative cooperativity was

also found by using the ITC measurement in the case of the binding of asialofetuin (a glycoprotein

[70 [71,72]

with nine epitopes) to galection'” and lectins to mucins, respectively.

1.1.3.2. Enhancement factor as an evaluation index

Although most multivalent interactions exhibit negative cooperativity, their multivalent
binding affinities are still much higher than the monovalent counterparts. Therefore, in order to
better demonstrate the difference between a multivalent and monovalent interaction, Whitesides

M1 which reflects the strength of a multivalent

and co-workers proposed an enhancement factor f,!
association relative to the corresponding monovalent association and was defined as the ratio of
the multivalent binding constant to the monovalent binding constant (Equation 12):
AGuutti = AGmono — RTIn(f)
B = Kamuti / Kamono (12)
For instance, in the case of a trivalent D-Ala-D-Ala molecule binding to a trivalent

61921 the average free energy of the trivalent

vancomycin molecule studied by Rao et al.,|
interaction (AGaygni=AGwui/3=-22/3 kcal'mol'l) and the free energy of its corresponding
monovalent interaction (AGyon,) Were -7.3 and -7.9 kcal-mol'l, respectively. According to

Equation 11, this high affinity trivalent interaction had a negative cooperativity (aw < 1), although



it had a 6.1x10'" greater activity (8 = Kymono/Kaui = [(2.7%x10° M)/(4x10"" M)]) than the
monovalent interaction in terms of the enhancement factor . Moreover, the term £ will be a useful
parameter in the case of the unknown binding number N.

In order to demonstrate the binding enhancement of the multivalent interaction, Gargano et al.
illustrated a theoretical mode, in which the simplest multivalent system, namely bivalent
interaction, was chosen (Scheme 5)."! To address the equilibrium constant Ky, of this bivalent
interaction from completely unbound state to fully bound state though steps 1, 2, and 3, the
association of the bivalent ligand with the bivalent receptor could be viewed as a sum of three
other equilibriums, i.e., K"K, K3. These three association constants were solved in terms of the
association constant of a monovalent ligand K., and a statistical factor for each association.
Therefore, K1=4Kmono» Ko=Kmono- Since the equilibrium of step 3 represented a competition
between an intra- and intermolecular interaction, its association constant was equal to the effective
concentration, i.e., K3 = C.. Moreover, the authors estimated that the effective concentration Cegr
for a bivalent ligand tethered by a 30 A spacer was 10%/2 M. Thereby, the bivalent association
constant K; of this bivalent interaction was 0.02(Kmon(,)2 M. From this theoretical bivalent mode,
it was concluded that the design of a nanomolar active bivalent ligand (Ky,=10° M) should be

based on a monovalent ligand with the micromolar activity (Kyono= 2.2 X 10° M'l).

-~
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Scheme 5. Theoretical model for a bivalent interaction.!”!

1.1.4. Kinetics of multivalent interactions

The thermodynamic aspects of multivalent interactions are often highlighted due to the

relationship between the Gibbs free energy AG® and the binding constant K (Equation 1). By
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contrast, the role of the kinetics has been rarely surveyed. Moreover, the kinetics in multivalent
interactions is fundamentally different from its monovalent counterpart and involves a sequence of
association and dissociation steps.!®! Although the rate constants for each kinetic step cannot be
measured so far, a mono- and a bivalent interaction were applied here as modes for discussing the
kinetic role in multivalent interactions, in particularly regarding rates of association and

dissociation (Scheme 6).
o dmn @ @ TQ QL gy e ¢ 9
mono off kbl off
mon02 on Kk kb|1 ,on kb|2 on
mono1 off mon01 on mono2 off bi1,off b|2 off

Scheme 6. Kinetic schemes describing the association and dissociation of (a) a mono- and (b)

(a)

bivalent ligand with a bivalent receptor.

At equilibrium, the concentration of each species in Scheme 6 does not change with time, and
the rate at which the mono- or bivalent ligand associates with the bivalent receptor equals the rate
at which the ligand-receptor complex dissociates to form unbound ligand and receptor. Therefore,
the dissociation constant K4 for the mono- and bivalent interaction can be expressed by rates of

dissociation k., and association ko as following, respectively:

_ mono,off _ —_ .
Kd,mono - ) where kmono,off - kmonol,off kmonoZ,off: and kmono,on - kmonol,on'kmon02,ons (13)
mono,on
—_ kbi Joff h — — .
Kapi = ——, where ki ofr = kbi1 oftkviz,oft» a0d Kpi.on = Kbi1,on Kbiz,ons (14)
bi,on

k. k
bi,off < mono,off . (]5)
k

bi,on mono,on

Kd,bi < Kd,monm i-e':

1.1.4.1. The kinetics during the multivalent association and dissociation

As Equation 15 showed that a tight binding (with a small dissociation constant K4) of bivalent

interaction can be achieved either by a increased association rate kpion Oor by a decreased
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dissociation rate ki or compared to those of monovalent interaction, it is necessary to separately
discuss these two terms.

Since the diffusion mechanism of the interacting species and the thermodynamic cost (the
activation energy AG  o,) of the first ligand-receptor interaction between two multivalent entities
are approximately same as those in monovalent interactions, the first association rate kuijon Of
bivalent interactions has a similar value as the first association rate Amonoion in analogous

[1.54.74] Thus, the first association of bivalent interactions is often

monovalent interactions.
rate-determining step. By contrast, the subsequent intramolecular interaction is related to the
effective concentration and has a much higher association rate than that in the monovalent
interaction (kpizon > Kmono2.on). Remarkably, such an interpretation is poor in the case of a
multivalent ligand containing rigid element or spacer. For instance, Badjic et al. studied the
self-assembly of a two-component triply threaded superbundle via '"H NMR spectroscopy.””
They found that the formation of a doubly threaded superbundle intermediate was relatively fast
and this intermediate was kinetically stable on the NMR timescale. Conversely, the last
intramolecular threaded was hampered by its rigid spacer, and consequently, the association
constant K, for the last threaded was only 4.

Unlike the association rate mentioned above, a dissociation process of multivalent
interactions requires breaking N times ligand-receptor interaction, and the overall dissociation rate
is determinated by the last dissociation of the monovalently bound ligand-receptor complex to

1,54,74 . ..
' In other words, this dissociation rate

form the unbound multivalent ligand and receptor.!
(ki1 o) of monovalently bound ligand-receptor in bivalent interactions is equal to the dissociation
rate (kmonoloff) Of the monovalent counterpart. Moreover, in a well-studied kinetic example about
the bivalent cGMP reported by Kramer et al. it has been demonstrated that the decrease in the
dissociation rate was more likely the origin of the enhanced binding affinity (the decreased
dissociation constant K4).°"! Based on the kinetic experiment results, the authors proposed that the
overall dissociation rate (kgiofr) of the fully bound ligand-receptor to completely unbound ligand
and receptor is equal to twice the intrinsic dissociation rate of monovalent cGMP (kmonoofr) times

the probability that the second site is not occupied, i.e.,

2k K
ki ofp = ——monoolf___d (16)

Ceﬁ, +K,
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where Cegr refers to the effective concentration of the bivalent ligand and Ky the dissociation
constant. In the case of the dissociation of the bivalent cGMP tethered by a spacer of 39 A
(PEG2000), the effective concentration Cer was 13.4 mM and the dissociation constant Ky for the
monovalent cGMP was 4 uM, this gave a 3400-fold slower bivalent dissociation rate than for the
monovalent cGMP (3400kv;oft = kmono.oft)- In contrast, the bivalent cGMP tethered by a spacer of
PEG20000, which was much longer than the space separation between two binding sites, had a
smaller Ces value and dissociated more easily due to the lower probability of rebinding for each
c¢GMP moiety.

Similar observation of trivalent interaction reported by Rao et al. also indicated that a fast
intramolecular rebinding of partially bound ligand-receptor complexes was the kinetic origin of
the high stability of this trivalent complex./®] Moreover, a stepwise association and dissociation
mechanism was also proposed. Recently, in a kinetic study of bivalent ITAM ligand binding to
Syk Tandem SH2 receptor it was found the association and dissociation of the fully bound

ligand-receptor complex were extremely rapid and had a short lifetime of approximately 4 .1

More recently, Lata et al. investigated the switchable recognition of histidine-tagged proteins,!”®!
in which fluorescence dequenching method was applied to measure the dissociation between
multivalent chelator heads supramolecules (containing two, three, or four nitrilotriacetic acid
(NTA) moieties, respectively) and oligohistidine. Interestingly, the trivalent NTA had the
subnanomolar affinity and showed an increase in stability by four orders of magnitude compared
to that of monovalent NTA. It is notably that the difference of the association rate between the tri-
and monovalent NTA was only 1.3 times. Therefore, the tight binding between the trivalent NTA
and oligohistidine was due to the decreased dissociation rate ki os, rather than the association rate
ki on-

More interestingly, by using NMR spectroscopy method Jiang et al. investigated the
thermodynamic and kinetic behavior of hetero bivalent interactions in which it was found that the
hetero bivalent guest tethered by a shorter spacer (one methylene unit less, GuestC2, Scheme 7)
forms a more stable fully bound complex (AGgyesic2-AGGuesics = -4.9 kJ -mol'l) than that tethered
by a long spacer.””) Moreover, the authors also measured the association rates (ko) of last
intramolecular threading step (21-crown-7) and found that the association rate (kons Guestc2) for the

thermodynamic more stable complex (GuestC2+Host) was 7.54x10™ s with a half life of 15.3
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min and for the other complex (GuestC3+Host, kona Guestc3) Was 4.37x 107 s with a half life of 2.6
min. Furthermore, the activation energies for the formations of both fully bound complexes were
estimated: 91.8 and 86.6 kJ-mol™, respectively. This finding implied that a minor structural change
of the multivalent ligand (one methylene unit) could result in a large difference in
thermodynamics and kinetics. Additionally, based on their previous study about the association
constant (K4 > 10* M'l),[m the dissociation rate kg of these fully bound complexes can be

neglected when compared to the association rate kqpa.
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Scheme 7. A hetero bivalent guests-host interaction and the possible formation pathway in which

different association and dissociation rates were estimated by using 'H NMR spectroscopy.””

1.1.4.2. Impact on the dissociation rate and the rebinding effect

A kinetic stabile multivalent interaction is most likely due to the decreased dissociation rate ko
and the rebinding effect. These two terms can be influenced by two factors, i.e., the effective
concentration Cer and the presence of a monovalent competitor. The former one has been
discussed above in the case of the bivalent cGMP tethered by the spacer of PEG20000, while the
latter one has been often applied in the dissociation phase of SPR measurement to prevent the
association (rebinding) of multivalent ligand (or receptor) with the functionalized surface. In the
study of using bivalent carbonic anhydrase II to the SAM presenting benzenesulfonamide ligand,
Mack et al. found that the dissociation rate kgior of bivalent BCA increased with the high
concentration of free monovalent ethoxzolamide ligand in buffer and this rate approached an

asymptotic value at the highest concentrations of free ligand.!"") In a stepwise dissociation, the
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concentration of the partially bound species is dependent on the concentration of the monovalent
competitor, which can prevent rebinding of this partially bound multivalent ligand-receptor
complex. Moreover, an increase in the dissociation rate caused by competition with the
monovalent ligand also indicates a successful formation of multivalent interactions and implies
that a high-affinity multivalent ligand-receptor complex can be achieved by the kinetic control and

reversibility.*¥

1.2. Estrogen receptor as a bivalent target

In the late 1950s, Jensen and Jacobsen first demonstrated that certain proteins were only found in
the estrogen target tissues and selectively bound to the tritium labeled estrogen, 17p-estradiol
(I’H]-E»)."™ Subsequently, more and more experimental evidence was found to establish the
correlation between these estrogen bound proteins and certain tumor tissues such as breast cancer
tissue. Nowadays, it is known that there are two types of proteins which bind to estrogen and
regulate various biological activities in the human body via transcription functions. One is a
member of intracellular nuclear receptor, and another is a G protein-coupled receptor (GRCR), i.e.,
GPR30, which is located on the cell membrane. The estrogen receptor (ER) in this thesis refers to
the former. In addition to its role in the female reproductive system, the human ER is capable of
regulating the growth and differentiation of tissues such as skeletal, neural, and cardiovascular in

both males and females.[*%!

1.2.1. Estrogen receptor

In 1966 the ER was isolated as an extractable protein from rat uterus and two decades later the

(82831 This receptor had been regarded as the only human

first ER was cloned by Green and Greene.
ER until Kuiper et al. demonstrated a second ER in 1996.%4 These two receptors are known as
ERa and ER, respectively, and distributed in different tissues at different levels, e.g., ERa in
endometrium and breast cancer cells, while ERB in brain and bone.® Both ER subtypes are
composed of five domains and have a significant overall sequence homology (Figure 3). The gene

of ER is regulated by two active functions. In the absence of human estrogen the gene

transcription is activated by the N-terminal domain neighboring with DNA binding domain (DBD),
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and this active function, denoted as the active function 1 (AF-1), is much weaker than the
ligand-dependent active function 2 (AF-2) in the ligand-binding domain (LBD), which is located
in the C-terminal domain of the receptor.***” The finding of ERa-overexpression in breast cancer
tissue established the correlation between the tumor tissue proliferation and estrogen. Although

various antiestrogen ligands which bind to the ERa and down-regulate the gene expression in the

[79-81]

tumor cells have been developed over the last 50 years, it is particularly challenging to

develop a high ER subtype selective ligand due to the high homology.™®**"!
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Figure 3. The 1D and 3D structure of two estrogen receptor (ER) subtypes. Top: 1D amino acid
sequence of two ER subtypes. Below left: Dimeric 3D protein structure of DNA binding domain
(DBD, ribbons in violet, PDB 1HCQ) of ER binds to an estrogen response element (ERE, sticks)
of DNA. Below right: Dimeric 3D protein structure of ER ligand-binding domain (LBD, ribbons
in gray, PDB 1GWR), a bound coactivator (CoA) peptide (ribbon in red), and a bound ligand
(spheres).

1.2.2. Mechanism of transcriptional activation

Similarly to the other nuclear receptors, an estrogen molecule such as endocrine 17p-estradiol (E;)
binding to the ER results in the ER-dissociation of heat shock protein (HSP) and corepressor.
Subsequently, a conformational change in the ER LBD takes place so that two ER-ligand
complexes can dimerize and recruit coactivator (CoA) proteins, e.g., steroidal coactivator 3 (SC3),

to form an active ER-ligand-CoA complex. Then, this dimeric complex translocates from the
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cytoplasm into the cell nucleus, where its DBD can bind to the estrogen response element (ERE,
Figure 3), a specific sequence of DNA, and interact with other factors such as RNA polymerase.
Consequently, mRNA is expressed and the transcription occurs followed by the proliferation of the

cell (Figure 4)_[79,90.93]
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Figure 4. Schematic representation of transcriptional mechanism of ER with estrogen in a cell.l””!

The ligands involved in ER-binding not only have different binding affinities to ER due to
individual chemical structure but also dramatically affect the ability of ER to display diverse
functions such as agonism, partial antagonism, or antagonism. In the case of agonist E,, the ER-E,
binding triggers a conformational change of the C-terminal helix of the ER LBD, helix 12 (H12),
such that E, can be fully buried within a hydrophobic ligand-binding pocket (LBP) and two
monomeric ER-E; complexes can form a stable homodimer. Meanwhile, the repositioning of H12
exposes a hydrophobic groove on the ER LBD surface, which is an essential prerequisite for a
subsequent ER-CoA binding (Figure 3).””) Additionally, Katzenellenbogen and co-workers
investigated conformations and dynamics of the ER LBD and found that the ER LBP has more
flexibility than the rest portion of the ER LBD. This flexible region, however, becomes more
stabile and rigid, once a ligand binds to the ER."**!

Moreover, some exogenous ligands have been synthesized. Among them, diethylstilbestrol
(DES) has a similar transcription ability as E, (Scheme 8a and Figure 5 left), while cis-4-OH

tamoxifen (OHT) leads to an antagonist in the breast tissue (Scheme 8b and Figure 5 right).[”>**%]
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The bulky and basic side chain of OHT prevents the reposition of H12, with the result that the
ER-OHT complex has a different conformation than in the above mentioned E, example.
Therefore, the hydrophobic CoA binding groove is not exposed and this ER-OHT complex dimer
interacts with other proteins such as corepressor instead of CoA. This leads to an inhibition of the
gene transcription process of the tumor tissue. Remarkably, in other tissue such as bone, the
ER-OHT complex dimer still can recruit the other CoA protein to mime the transcription effect of
the estrogen and prevent osteoporosis. Thus, OHT is regarded as a partial antagonist or a selective
estrogen receptor modulator (SERM). By contrast, fulvestrant (FUL) does not have any agonistic
effect, and its bulking side chain can destabilize the helix folding of ER and accelerate the receptor

degradation (Scheme 8c).!”**"!
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Scheme 8. Three different transcriptional consequences following the binding of the ER with (a)

an agonist trans-diethylstilbestrol (DES), (b) a partial antagonist cis-4-OH tamoxifen (OHT), and

(c) an antagonist fulvestrant (FUL) in the breast tissue.””!

In the current chemotherapy of breast cancer, a number of drugs including the above
examples have been developed to up- or down-regulate estrogen gene expressions.™'*
Unfortunately, such treatments have side effects like other chemotherapies. For instance, OHT
causes hot flashes and increases the risk of endometrial cancer.™! Therefore, it is necessary to

develop a new strategy such as multivalency to develop novel drugs with highly selective in

vitro/vivo properties.
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OHT molecule

Dimeric ERa(LBD)-DES-CoA Complex Dimeric ERa(LBD)-OHT Complex

@)
O

Figure 5. Left: Crystal structure of the agonistic mechanism of dimeric ERa LBD (PDB 3ERD,
ribbons in gray, the ribbon of H12 in orange) with two DES molecules (spheres) and two CoA
proteins (ribbon in red). Right: Structural basis for the antagonistic mechanism of dimeric ERa
LBD (PDB 3ERT, ribbons in gray) with two OHT molecules (spheres). The binding region of the
CoA protein (ribbon in red) is occupied by H12.

1.2.3. Estrogen receptor ligand-binding domain exists as dimer

In 1977 Weichman et al. found that the dissociation of [°H]-E, from calf uterus ER have two
different dissociation rates, a fast and a slow rate, which were purported to correspond to [*H]-E,
dissociation from the nonactive monomeric ER and active dimeric ER, respectively.'”"! After two
decades Salomonsson et al. demonstrated in a kinetic study that the spontaneous dimerization of
active human ER LBD does not depend on the presence of DBD, estrogen ligand, and elevated

1191 In this case, only one dissociation rate for E, was found, which suggested that the

temperature.
human ER LBD exists as a dimer which possesses two estrogen binding sites, rather than a
monomer. In 1997 Brzozowski et al. crystallized two dimeric ER-ligand complexes.!"™ This
breakthrough provided not only an intuitive understanding of the agonistic and antagonistic
mechanisms in ER-estrogen interactions but also comprehensive structural parameters of the ER
such as the C,-symmerty and a 1703 A? dimer interface (15% of the total surface area of each
monomer, Figure 6).

Brandt et al. studied the correlation between the ER ligand-binding and the stability of the ER
dimer in vitro by using indirect methods such as size-exclusion chromatography.'** The authors
examined the dissociation rate of the ER LBD dimer and found that the half-life time of the ER
homodimer significantly increased by a factor of 3 in the presence of E, compared to it in the

absence of E,. This enhancement indicated that ER-ligand binding results in a conformational
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change in the ER LBD that affects the dimer interface. Additionally, the equilibrium dissociation

constant (K4) of this ER dimer has been estimated and is about 2-3 nM.
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Figure 6. Ribbon representations of dimeric ERo LBD-ligand complexes. 1. The dimer viewed
perpendicular to the dimer axis: The crystal structure of ERa LBD dimer (ribbons in gray, the
ribbon of H12 in orange) complex with (a) two E, molecules (spheres, PDB ID code 1ERE); and
(b) two raloxifene (RAL) molecules (PDB ID code 1ERR). 2. The dimer viewed down the dimer
axis: (¢) ER-E, complex and (d) ER-RAL complex. 3. Hydrogen bond interactions between (e) an
E, molecule and (f) a RAL molecule in ERa. LBD, hydrogen bonds are indicated by dashed lines
and a highly ordered water molecule stabilized by a hydrogen bond network is indicated (red dot).

Although there are arguments that the ER dimerization is ligand-dependent,'**!%!

new
evidences has been found that ER can form a stabile dimer in vitro even without a ligand binding.
Recently, Tamrazi et al. studied the in vitro thermodynamic and kinetic stability of dimeric ERa

119 I this study, they

LBD with fluorescence resonance energy transfer (FRET) — based methods.
found the dissociation constant Ky of the ERa LBD dimer was less than 0.1 nM under native
conditions. Under a denaturant (2M urea) condition the ligand-unbound (apo) ERa LBD dimer
had a Ky value of 1.0 nM, while the ligand-bound ERa LBD dimer in the presence of 1 uM E, or
OHT even exhibited lower Ky values: 0.33 nM and 0.27 nM, respectively. In a following kinetic
experiment (Scheme 9), the rate of a FRET signal development was governed not only by the

dissociation rate of donor-donor and acceptor-acceptor homodimer into monomers but also by the

re-association rate from monomers to donor-acceptor heterodimers. Remarkably, it was found that
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dimer dissociation was the rate-determining step of this kinetic process, rather than the
re-association of monomers. Similar to the above thermodynamic results, the rate of monomer
exchange for apo ERa LBD was faster (a half-life time of 3943 min at 28°C) than that for
ligand-bound ERa LBD dimer in the presence of 1 uM E, or OHT by a factor of 3.8 or 6,
respectively. Moreover, it was concluded, based on a series of ER-ligand comparisons, that a
bound ligand could greatly enhance the stability of ERa LBD dimer and that this enhancement

depended on the chemical structure and biologic activity of a ligand, rather than its ER-binding

affinity.
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Scheme 9. Schematic presentation for the kinetics of an ER LBD monomer exchange: D denotes
donor (fluorescein)-labeled ER LBD, A denotes acceptor (tetramethylrhodamine)-labeled ER
LBD.[""

1.2.4. Biological evaluation assay for the estrogen ligand

To evaluate the biological activities of the estrogen ligand, different in vitro protein- and
cell-based assays have been established to determinate either the binding affinity to ER or the
biological effect whether it is an agonist or antagonist after the uptake of ligand into an ER

gene-cell.

1.2.4.1. Protein-based binding affinity assay

1.2.4.1.1. Competitive radiometric assay with ["H]-E

071091 3 constant amount of [*H]-E, (2 nM, Figure 7, left) as

In a competitive radiometric assay,
tracer and increasing amounts of the competitor ligand are prepared and incubated with purified
full-length human ER for 18-24 hours at 0°C. The formed ER-ligand complexes were then
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absorbed onto hydroxyapatite and free unbound ligand was washed away. A liquid scintillation
counting setup determinated the radioactivity (decays per minute, dpms) and the values were
plotted against the concentration of the competitor ligand. Generally, sigmoidal dose response
curves were observed and fitted by using GraphPad Prism software. The relative binding affinity
(RBA) value of E; was normalized to 100%, whereby a binding curve that had shifted to the left
indicated a ligand (X in Figure 7 right) that was bound to ER with a higher affinity than E,.
Conversely, a right-shifted curve represented a lower affinity (Y in Figure 7 right). From these
dose response curves, the half maximal inhibitory concentration (ICsg) of the individual estrogen

ligand can be calculated and converted to the RBA value via Equation 17.

IC. (E
RBA (%) = 5ol 2), 100% (17)
1C,,(Competitor)
2000 —_—F
—X
& lr\ -
3H 1)
E_ 1000
HO 3H
3H 3H
Tritiated Estradiol ([3H]-E2)
0 T T
-11.0 8.5 6.0

log [competitor]

Figure 7. Left: The chemical structure of tritiated-estradiol ([*H]-E,). Right: representative plot of
the relative binding affinity (RBA) value for E,, a stronger ER-binding ligand X, and a weaker
ER-binding ligand Y (dpms: decays per minute).

1.2.4.1.2. Enzyme fragment complementation binding affinity assay

Since the competitive radiometric assay mentioned above has several disadvantages such as
radioactivity, non homogenous, and a filtration step, DiscoveRx offers a homogenous
high-throughput cAMP assay kit called HitHunter™ based on a patented enzyme (B-galactosidase)
complementation technology using either chemiluminescent or fluorescent substrates.!''*!!]
Similar to the competitive radiometric assay, a constant amount of a genetically engineered

inactive fragment, enzyme donor (ED) of E. coli B-galactosidase, is applied as tracer to compete

with increasing amounts of an evaluated estrogen ligand. After 90 minutes incubation with the ER
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at room temperature, another inactive fragment, enzyme acceptor (EA), which can spontaneously
recombine with the unbound ED to form an active tetrameric [-galactosidase, was added. The
amount of the formed tetramer can be measured by hydrolysis of chromogenic, chemiluminescent
or fluorogenic substrates and is proportional to the amount of ER bound by the estrogen ligand. A
sigmoidal dose response curve (the quantity of the chemiluminescence or fluorescence against the
concentration of the estrogen ligand) and the ICs, value were then obtained so that the RBA value

of the individual ligand could be converted by Equation 17.

1.2.4.2. Cell-based assay

Compared to the above-mentioned binding affinity assays, cell-based assays are more complicated
because they are conducted in a living tissue cell like estrogen receptor positive breast cancer cell
(MCF-7). Many factors need to be accounted for, such as membrane penetration, cytotoxicity,
metabolism, and nonspecific binding to other cellular components.!'*'%

In order to monitor gene transcription activity in the cell, reporter gene assays such as
luciferase assay in MCF-7-2a cells have been established. These cells have been stably transfected
with a reporter plasmid EREyluc. Once a dimeric ER-ligand complex is formed and interacts
with the ERE of plasmid, the luciferase gene is activated and light is produced by the oxidation of
a luciferin. A quantification of the luciferase expression can evaluate the agonistic or antagonistic

potency of a estrogen ligand.!''>!!!

1.3. Previously reported bivalent estrogen receptor ligands

Since the homodimer of two ER LBD subunits are essential for the binding of ER to DNA, it is
very necessary to develop a novel bivalent estrogen ligand targeting the homodimer of the ER
LBD. Once such a bivalent ligand bridges between two ER LBDs, increasing ligand binding
affinity, enhanced dimer stabilization, and unusual bioactivity are anticipated.!"'”) Moreover, it has
been demonstrated that this homodimer of the ER LBD has a high in vitro stability through
thermodynamic and kinetic experiments, in particular in the presence of the estrogen ligand.!""!

Additionally, the crystal structures of dimeric ER-ligand complexes have confirmed that two ER

LBD subunits bind to each other in a head-to-head mode and possess a C,-symmetry, which
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facilitate the design and preparation of a bivalent ligand with the same symmetry. During the last
two decades several groups have independently prepared different bivalent estrogen ligands and
evaluated their ER-binding affinities in vitro.!''"'?"

In 1994 Bergmann et al. first investigated the effects of bivalent ligands on ER by tethering
two hexestrol molecules (HEX, a non-steroidal ER agonist) with varying lengths of carbon-carbon

"7} The highest binding affinity was 6.92% of E, and achieved by tethering two

or PEG spacers.
HEX molecules with 8 carbon atoms ((CH,)g, C8) spacer (maximum length approximately 8.8 A,
Figure 8a). However, it is still weaker than that of monovalent counterparts. Remarkably, a unique
biphasic interaction of this C8-tethered bivalent ligand to ER was observed. This suggested that a
possible structure-specific negative site-site interaction occurs during the ER-ligand interaction.
Three years later, Osella et al. prepared a bivalent estrogen ligand by tethering two E, molecules

with an iron carbonyl system (Figure 8b).!'"*! Unfortunately, only poor results were obtained in

ER-binding assays.

(b)

(c)

(d) Dimeric ERa LBD Interface
OH HO

n
HO n=3-7 OH

Figure 8. Some previously reported bivalent estrogen ligands prepared by: (a) Bergman et al.,!
(b) Osella et al.,l'"™™ (c) Groleau et al.,"""! (d) Berube and co-workers,!"**'*"! and (e) the distance
between two E, molecules at the 17 position (spheres) in the ERa LBD homodimer (ribbons in
gray, H12 in orange, PDB ID code 1ERE) is 26.3 A and viewed down the dimer axis.

117]

These two above studies were published before the breakthrough of the dimeric ER LBD

34



crystal structure reported by Brzozowski et al. in 1997.1'%! Thus, the low ER-binding affinities of
these bivalent ligands are mostly due to the insufficient length of spacers which did not allow two
estrogen moieties to bridge the space separation between the ER LBD dimer. According to the
distance measurement of the ER LBD dimer (PDB ID code 1ERE) by using the modeling
software PyMOL, the closest distance between two E, molecules is 26.3 A at the 17-position of
the steroidal structure (Figure 8e). This estimation explains why the bivalent tamoxifen (TAM)
ligands tethered with a (CH,);; spacer (maximum length ca. 12.4 A, Figure 8c) prepared by
Groleau et al. only possessed less activity than the monovalent TAM.!'”!

In the last decade, Berube and co-workers prepared several bivalent E, ligands of varying
PEG spacer lengths and evaluated their ER binding affinities and cytocidal activities on breast and

skin cancer cell lines in vitro.!'**!?!

I Although their spacer lengths (e.g., n = 7, maximum length
31.2 A, Figure 8d) were sufficient enough to bridge the space separation between two ER LBDs,
these bivalent ligands still gave low binding affinities for ERa and no affinity for ERB. The
authors concluded that the introduction of the PEG spacer at 17a position of E, greatly reduced
the ability of the estrogenic potion to bind to the ER. However, they did not mention whether they
used the ER crystal structure to rationally design their bivalent ligands and why they tethered two
E, molecules at the 17a position. On the basis of published agonistic ER LBD crystal structures,
e.g., PDB ID code 1ERE, the repositioning of H12 of the ER-ligand binding resulted in a full
encapsulation of the E, molecule within a three-layer helical “sandwich” folding ER LBD
(denoted as “mouse-trap” model, Figure 9a). In other words, it seems that no obvious entrance or
exit routes exists for the spacer tethered at 170 position of E,.'"" This could be used to explain
why these bivalent ligands have low binding affinities.

Recently, Nettels et al. demonstrated the flexibility and plasticity of the ER LBD in X-ray
studies."*! A large substituent such as a phenyl vinyl group at the 17a-position of an E, molecule
can lead to a unusual distortion of ERo LBD conformation and an overall binding affinity
enhancement. In the crystal structure of this dimeric ER-ligand complex (PDB ID code 2P15,
Figure 9b), two short helices of the ER LBD, helices 7 and 8 (H7 and HS8), unwind to generate a
large pocket to accommodate this bulky substituent group and thus to provide an additional access
to the exterior of the protein. This finding indicated that not only H12 but also other helical and

loop elements of the hydrophobic ER LBP adopted different conformations with different ER
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ligand-binding modes. More recently, Li et al. studied a crystal structure of ERa LBD bound with
a novel E,-derived metal complex, estradiol-pyridine tetra acetate europium (III), and
demonstrated that the Eu-tagged side chain at 17a position of E, molecule pointed to an open

space toward H8 (Figure 9¢).!"*

(a) (b) (c)
Figure 9. Three conformations of ER LBD adopted by individual ER-ligand binding: (a) E, (PDB
ID code 1ERE), (b) 170-o-trifluoromethyl phenyl vinyl E, (PDB ID code 2P15), and (c)
17a-Pyridine tetra acetate europium (III) E, (PDB ID code 2YAT). ER LBD is presented as
ribbons in gray, H12 as a ribbon in orange, CoA peptide as a ribbon in red, bound ligands as

spheres and the orientation pointed by a large substituent at 17a position is indicated as a red

arrow.

Based on this finding, LaFrate et al. prepared two series of bivalent steroidal ligands by
tethering two ethynylestradiol (EE,) molecules at 17a position either with oligopropylene glycol
(OPG) or oligobutylene glycol (OBG) spacer of varying lengths (24.2-45.3 A, Figure 10 left)

124] In

which were sufficiently long enough to bridge the space separation between two ER LBDs.|
this study, the ERa binding affinity reached a maximum binding affinity (RBA = 6.9%) in the case
of the bivalent steroidal ligand tethered by 34-35 A spacers (Figure 10 right) for ERo. This spacer
length was considerably longer than the closest distance (26.3 A) between two E; molecules at
17a position (Figure 8e) which was attributed to the fact that a realistic spacer had to adopt a

different conformation from the all-extended distance estimated in the ER crystal structure (Figure

8).
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ERa
—A— Propylene glycol spacer a-d
-—w-- Butylene glycol spacer a-e

ERB
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OH ---- Butylene glycol spacer a-e

Propylene glycol spacera-d, m=3,n=2-6;
Butylene glycol spacera-e, m=4,n=2-5.
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Figure 10. Left: Bivalent steroidal ligands prepared by LaFrate et al.; Right: a plot of relative
binding affinity (RBA) against the maximum spacer length between the 17-position of

ethynylestradiol for oligopropylene glycol (OPG) and oligobutylene glycol (OBG) ether-tethering

bivalent steroidal ligands.[lm

More recently, two additional studies of bivalent ligands in the field of ER were
independently investigated by Wendlandt et al. and Scutaru et al. (Figure 11)."*'%) Although the
authors did not report the ER-ligand binding affinities, these compounds showed relatively high

intracellular activities in the MCF-7 cell line.
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Figure 11. Bivalent ligands investigated by (a) Wendlandt et al."'** and (b) Scutaru et al..["*"

Interestingly, besides these bivalent estrogen ligands, two multivalent estrogen-polymer
conjugates have been investigated as well for their ER binding potency in vitro. Compared to
these bivalent estrogen ligands, the ER transcription of multivalent estrogen-polymer conjugates
constructed on a linear poly(methacrylic acid) polymer or linear, sequence-specific peptoid

. . [127,128]
oligomers depends on their structure and valence.

All the bi- and multivalent estrogen ligands mentioned above were proposed for binding to
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the intracellular ER and to activate their estrogen action via a genomic pathway. Recently, E, has
been reported to induce a rapid nongenomic actions of ER such as an activation of
membrane-initiated kinase cascades which involved in the membrane localized GPR30."*"** In
order to develop a selective estrogen ligand for the non-genomic pathway and keep this estrogen
ligand outside the nucleus, Harrington et al. prepared estrogen-dendrimer conjugates (EDCs)
based on a large, 6th-generation PAMAM dendrimer (Figure 12). The authors found that these
EDC ligands were able to activate non-genomic activity and at the same time had an ineffectively
nuclear gene expression (approximately 10,000-fold more ineffective than E, in genomic
actions).!"*” The authors also speculated that the multivalency of such an EDC ligand could
contribute to its high potency in stimulating non-genomic signaling due to its avidity for clusters
of membrane-associated ERs. In a further study, Kim et al. compared the ER binding access of
EDC ligands connected by tethers of varying lengths (Figure 12) via NOESY, dynamic light
scattering (DLS), and in vitro ER-binding assays. Most notably, the NOESY experiments in
deuterium water showed that the tethered hydrophobic E, molecules were enwrapped by the long
oilgoethylene glycol tether and buried in the PAMAM dendrimer. Consequently, the long-tethered
EDC had a smaller radius in aqueous solvent than in organic solvent, so that its access to the ER

was engendered due to the ligand shielding by the long and hydrophobic tethers.!'**
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Figure 12. Chemical structures of (a) a short tethered estrogen dendrimer conjugate (EDC) and (b)
a long tethered EDC.[129:130]

(a)

As mentioned above, multivalent strategy has been applied in the in vitro ER-binding studies
to improve the bivalent ER-ligand interaction. However, there are several open questions, such as

why the bivalent effect was low for bivalent estrogen ligands and how to prepare a high-affinity
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bivalent ER ligand for both ER subtypes. To address these fundamental questions, the idea of
designing, synthesizing, and evaluating of novel bivalent ER ligands will be discussed in this

thesis.
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2. Scientific goals

The goal of this thesis is to rationally design, chemically prepare, and biologically evaluate
bivalent estrogen ligands tethered by flexible spacers so that a structure-activity relationship (SAR)
for estrogen receptor (ER) and bivalent estrogen ligand could be established.

In many studies mentioned in Section 1.1, the multivalency has been successfully utilized to
enhance the interactions between proteins with multiple binding sites and multivalent ligands.
This concept has been further applied in the case of ER, since the ER-ligand binding and their
subsequent dimeric complex play an essential role in the treatment of breast cancer (Section 1.2).
Bivalency, the basic multivalent form, has been expected not only to enhance the binding affinities
between the ER and the ER ligand but also manipulate the ER gene expression (Section 1.3).

In this thesis, different monovalent estrogen ligands should be chosen as the target molecules,
such as trans-diethylstilbestrol (DES), raloxifene (RAL), and cis-4-OH tamoxifen (OHT), which
not only have different ER-binding affinity but also various biological features caused by
individual ER-binding modes. Firstly, for the rational ligand design, the crystal structure of ER
ligand-binding domain (LBD) complex with individual monovalent ligand shall be modeled to
obtain structural information about the dimeric receptor such as the distance between two binding
sites and the binding mode. Secondly, a modular chemical preparation of selected bivalent
estrogen ligands shall be carried out, which then would be evaluated in vitro to determinate their

ER-binding affinities in the third step (Figure 13).

Chemical synthesis

Distance
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Structure-based <> & @ @ @ | Invitrolsilico
ligand design ER Activity Bivalent ligands evaluation
LBD tethered by spacers

of varying lengths
Dimeric ER-LBD

Sturcture-activity relationship

Figure 13. The progress of the design, synthesis, and evaluation of bivalent estrogen ligands
tethered by flexible spacers of varying lengths to establish their structure-activity relationship to
the dimeric estrogen receptor ligand binding domain (ER LBD).
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Moreover, these bivalent ligands shall also be investigated by 2D NMR spectroscopy, the
computer modeling, and the computer simulation to further explain their biological activities and
establish the SAR. An optimization based on this new understanding of the SAR will be valuable
for the design of a new generation of bivalent estrogen ligands that will make further progress
towards high-affinity bivalent estrogen ligands (Figure 13).

Additionally, since the chemical preparation of bivalent estrogen ligands is the crucial step in
this work, individually prepared bi-functionalized flexible spacers and monovalent ligand
precursors were convergently brought together to obtain the bivalent ligands.

This thesis has the following objectives:

(1) To develop a structure-based bivalent estrogen ligand design by using the crystal structure
of the receptor-ligand complex.

(2) To prepare a series of bi-functionalized flexible spacers with different linkage groups and
varying lengths via a modular synthetic route.

(3) To prepare several different bivalent estrogen ligands according to their individual
ER-binding modes.

(4) By using different analytic methods such as in vitro ER competition binding assays,
spectroscopic methods (NMR and UV), and computer modeling to evaluate the ER-binding
abilities of bivalent estrogen ligands, explain their ER-binding mechanisms, and establish

their SAR.

41



3. Results and discussion

3.1. Bi-functionalized oligoethylene glycols as spacers

3.1.1. Synthetic route of oligoethylene glycol

Since a bivalent ligand is composed of two binding moieties and a spacer, a bi-functionalized
spacer is essential for the whole chemical preparation. For our purpose, bi-functionalized
oligoethylene glycols (OEGs) was chosen to tether two estrogen moieties due to its peculiar
biological, chemical, and physical properties such as non-toxicity, biocompatibility
(non-immunogenic, non-antigenic), and strong hydrophilicity (good solubility in an aqueous
environment).!*”! In addition, it has been reported that OEGs are resistant to nonspecific
adsorption of proteins.!" Therefore, there is no undesired interaction between the spacer and the
protein surface except for the desirable interactions between the tethered binding moieties of
bivalent ligand and the protein.

Although OEGs can be commercially obtained in a variety of molecular weights, only a
limited number of exact-length (defined unit) OEGs are available with high purity (maximum
length of six EG units, approximately 22.0 A). Furthermore, the monodisperse OEGs with defined
units cannot be synthesized by an anionic ring-opening polymerization of ethylene oxide (Scheme
10a), which is generally applied to prepare polyethylene glycols (PEGs)."*® Therefore, an
alternative method is to use protective and leaving groups such as benzyl and tosyl, respectively,
and combinations of linear OEG segments in an AB or ABA pattern via a nucleophilic
substitution, where A represents a mono-protective OEG segment and B corresponds to a OEG

P98 After the nucleophilic

segment with one or two leaving groups (Scheme 10b and c).!
substitution, the protective group can be readily removed under a mild condition to obtain OEGs
with two hydroxyl groups at both ends. To further tether two estrogen binding moieties, the

terminal hydroxyl group need be converted into active groups like primary, secondary amine, or

alkynyl.
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(a) g)f oH @& _ xtimes _ j(\/ove

Ho{’\/OMOH
X

P P
GO,%\/OVOH n GO,%\/OVO _ Base _ PG\O{/VOVO,PG

m+n-1
2 PG, {’VOVOH 4+ LG. %Vo%\/\o _ Base _ PG\OJ(VoJrAO/PG
2m+n-2

Scheme 10. (a) Anionic ring-opening polymerization of ethylene oxide initiated by hydroxide.
Combinations of linear oligoethylene glycol (OEG) segments in (b) an AB or (c) an ABA pattern.
PG denotes protective group and LG denotes leaving group.

3.1.2. Chemical preparation of bi-functionalized oligoethylene glycol

Following the synthetic route introduced above, the chemical preparation of bi-functionalized
OEG was started with the synthesis of the ditosylates 1 by mixing the OEG of fewer repeating
units with aqueous potassium hydroxide and tosyl chloride in THF (Scheme 11). Meanwhile, the
monobenzylates 2 were synthesized by an addition of benzyl chloride into a mixture of OEG diol
and sodium hydroxide via Williamson’s ether synthesis. In order to simplify the purification and
obtain good yields for this intermediate, the benzyl group was chosen as the protection group
rather than the triyl ether,!"*" and a large excess of OEG diol (five equivalents) was applied due to
the following advantages: (1) The deprotection of benzyl group can be easily carried out under a
mild hydrogenation condition with a quantitative yield. (2) The purification of monobenzylates 2
requires water extraction to wash away the large excess of OEG diol and a Kugelrohr distillation
for removing the byproducts such as disubstituted product. Afterwards, by using the same

procedure as for 1, a monoprotective tosylate 3 was also prepared.

KOH,
TsCl (0]
— TsO/\P/ \4/\01—8
THF/H,0, x
0°Ctor.t. x =3, 1a, 35%
AP/O\%A 4,1b, 96%
HO OH
X
NaOH, KOH,
BnCl /\P/ \%\ __TsCl_
— > BnO BnO OTs
THF/H,0,
100(: x=2, 2a, 75% 0°Ctor.t. x = 3380%

3,2b, 67%
Scheme 11. Chemical preparation of the precursor OEG: ditosylates 1, monobenzylates 2, and

monotosylate 3.
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To prepare dibenzylates 4, the AB pattern was performed for the dibenzylates 4a-d of short
OEGs (y = 6-9, Scheme 12) by treating the appropriate glycol 2 with sodium hydride and
monoprotective tosylate 3, while the ABA pattern was carried out for the dibenzylates 4e-g of long
OEGs (y = 10-13). Afterwards, the benzyl group of 4 was removed by the palladium catalyzed

hydrogenation in ethanol to give diol 5 without any further purification.

Bnojf\/OVOH + BnO%VOMOTs
X 3
3

x=2,2a
3,2b
OV Hy, PA/C %VOV
Hojf\/ OJ\/\OH +2 BnO%VOVOTs BnO’{’V OBn 2~ . HO ~ "OH
x 3 THF, y EtOH, r.t.
x=0.1 3 0°C to reflux y=6-12, 4ag m=6-12, 5a-g
o o Yield: 45-71% Yield: 92-99%
2 Bno{/\/ VOH + Tso’{'\/ MOTS
X X
X=2,2a x=3,1a
3.2b 4,1b

Scheme 12. Chemical preparation of dibenzylates 4 via an AB or ABA pattern and diol 5.

Interestingly, predictions about the conformations of the OEG spacers can be made by
considering the orbital interactions. It is known that an 6-0* orbital interaction (n type) between a
filled oc.y bonding and an empty 6*c_o antibonding occurs best if they are in the anti orientation
(Figure 14a), so that a HOMO-LUMO delocalization of the filled C-H electron is possible (Figure

14b). Hence, the ethylene glycol adopts the gauche conformation in which each oc.o bonding is

anti to a oc.;y bonding (Figure 14¢).!'*147
a . b
@, o (b) — .
R—QO R-0O \7_ GZ: .

: R R
/ ' . o 0
Q ° H H H Oq
Q Q. Q _
c—C c—=C ; ;
2N s YL @ : @ :
H ) R

Oc-n Och anti gauche

Figure 14. (a) Left: 6c.0 bonding and ¢ C-H bonding; Right: 6*¢_ o bonding and oy bonding. (b)
A HOMO-LUMO delocalization between a ccy bonding and an c*c antibonding. (c) The
ethylene glycol prefers to adopt the gauche conformation than the anti conformation.

Consequently, such a gauche conformation has a shorter end to end distance than a staggered

conformation. Moreover, each OEG repeating unit involves two to three water molecules in

[148

aqueous solvent due to the hydrogen bond interaction.!'**! On the basis of these two factors, the
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OEQG prefers to form a helical or even a random coil conformation, rather than a linearly extended

conformation (Figure 15).214%15%

Figure 15. The distance measured by the modeling software PyMOL between two ends of a

dibromide OEG spacer with 11 EG units (stick) in (a) a staggered linear conformation, (b) a

helical conformation, and (c) a snapshot of a random coil conformation from an over 100 ns

. . . . 2
simulation time in Water.[ %l

As mentioned in Section 1.1.1, a spacer containing a rigid segment can be expected to
minimize the loss in conformational entropy for a tighter binding.!'” For this purpose, either a
hydrophobic carbon-carbon chain ((CH,)s and (CH,)s, Scheme 13a) or a hydrophobic, rigid
biphenyl group were introduced into the OEG structure. In the later case, a trityl ether protective
group and acid-catalytic deprotection were used for the corresponding preparation (Scheme

13b).144

Chobolmon + notfor 2w wfoAotob ol B o AoHobol,

dry THF, EtOH, r.t.
0°C to reflux
2b z=4,6a, 25% z=4,7a,75% z=4,8a,97%
8, 6b, 27% 8, 7b, 83% 8, 8b, 84%
(b) Ph,CClI o
(0] Pyridine (0]
Ho{’\/ Jr”OH y‘» Phscoij VOH +
450 3 Cl
9, 99% NaH, KI (cat.)
dry THF,
O/\J,OH O’{/\/O}Cph 0°C to reflux
4 p-TsOH-H,0
- -
MeOH/CHC|3
Ho {/Vo t. { O&,}o
4 11, 62% 10, 36%

Scheme 13. Chemical preparation of (a) carbon-hybride OEG diol 8, and (b) biphenyl-hybride
OEG diol 11.

3.1.3. Chemical modification of bi-functionalized oligoethylene glycol

In order to tether two bivalent estrogen moieties via different types of linkage groups, the
hydroxyl group of OEG derivates (5, 8, and 11) should be converted into the following active

terminal functionalized group.
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3.1.3.1. Primary amine

As showed in Scheme 14, primary amine OEG 18, 19, and 20 can be straightforward obtained via
a Staudinger reduction of the OEG azide 15, 16, and 17 with triphenylphosphine followed by
hydrolysis."** An alterative method using a palladium catalyzed hydrogenation under neutral
pH-condition was corroborated to be a failure, and a secondary amine was observed as a main

1541551 Thege corresponding OEG diamine spacers (18, 19, and 20) were applied to tether

product.|
two trans-diethylstilbestrol (DES) ligands via a amide linkage group in the next step (Section

3.2.2).

(a)
o} (0]
HO%\/ VOH a TSO/{’\/ +/\OTS b - NS/%\/O%/\NS c > H2N/+/O\4/\NH2
m m m m

m=7,5b m=7,12a, 46% m = 10-12, 15a-c, 75-99% m = 10-12, 18a-c, 71-80%
9-12, 5d-g 9-12, 12b-e, 73-92%
® * o 1O toffot>) b
H{OV‘}OHO{'VO}H —2 T ofTo Ts
4 7 4 4z 4
z=4,8a z=4,13a, 65%
8, 8b 8, 13b, 70%
(0] (0]
HZN/\/{O%OHO/{/\/OJ\/\N% — Na/\/{ \/ﬁ\OHO%\/ J\/\Na
3 z 3 3 z 3
z=4,19a, 75% z=4,16a, 95%
8,19b, 70% 8,16b, 77%

(c)
o/\J'OH O/\J'OTS
4 a 4 b

e T

11 4 14,91%

o/\/}NHZ O/\/} N3
4 ¢ 4
@ o 1
HQN{/\/O NS/{’\/
4 4

20, 76% 17, 51%

e
HO‘{/\/
4

a. KOH, TsCl, THF/H,0, 0°C tor.t b. NaN3;, DMF, 110°C ¢. (1) PPhs, THF, 0°C to r.t.; (2) H,O

Scheme 14. Chemical preparations of (a) OEG diamine 18a-c, (b) carbon-hybride OEG diamine
19a-b, and (c) biphenyl-hybride OEG diamine 20.

3.1.3.2. Alkynyl OEGs

The second type of active terminal group is alkynyl. These OEGs 21 can be readily obtained via a
nucleophilic substitution of propargyl bromide with different OEGs (Scheme 15) and further
applied to tether two raloxifene (RAL) ligands via a 1,3-dipolar cycloaddition (Section

3‘3’2).[156—158]
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OJ\/\ ///\Br /{/\ /\}\
HO/%\/ ; OH F o m\\

dry THF,
5, commercially available  0°Ctoreflux ~ m=2-13, 21a-l, 38-99%
1

y:O_
y=6-11, 5a-f

Scheme 15. Chemical preparations of dialkynyl OEG 21a-1.
3.1.3.3. Bis(N-methylamine) OEG spacers

Secondary bis(N-methylamine) OEG derivates are difficult to synthesize and be purified due to
over alkylation of primary amine in a nucleophilic substitution with the alkyl halide (Scheme
16a)."*) The most widely used procedure for the preparation of secondary amines is the reductive

(160-162] \which requires aldehyde functionalized OEG precursors to form an imine

amination,
intermediate with methyl amine. This intermediate can be simultaneously reduced in presence of a

selective reduction agent like sodium cyanoborohydride (Scheme 16b). We first attempted this

strategy but encountered difficulties in either oxidation of OEG diol or ozonolysis of diallyl OEG,

which may have been due to a rapid hemiacetal formation.!'*”
(a)
MeBr
H2N/+/O\4/\NH2 - . \”/\P/Oq/\”/ + \T/\P/O\%/\”/ + \T/\F/O\%/\T/
y y y y

(b) HO/\/O\/%\O/i\/O\/\OH
H H y-2
H~NJ(\O/$N,H L) MeNH, + O)\/o\/{,\o/ﬂvo\/go Oxidation
| yl \-2 o .
P o ~x
y-2

Ozonolysis
Scheme 16. (a) A over alkylation of primary amine with alkyl halide. (b) A reductive amination
strategy based on a primary amine and a dialdehyde.

[16

Alternatively, there are several other procedures for preparing a secondary amine,!*" such as

[167-170

the Eschweiler-Clark!'*'%®! and aza-Wittig reaction. ) In order to circumvent the formation of

the tertiary amine, a phosphonium diaza-diylides have been used as reagent to prepare primary or

7 Similarly, an iminophosphorane originating from the treatment of a azide

secondary amines.
with triphenylphosphine according to Staudinger reduction procedure has been reported to be
alkylated in-situ by alkyl, allyl, or benzyl halides to afford the corresponding disubstituted
aminophosphonium salt (Scheme 17), which can be eventually hydrolytically converted into a
172]

secondary amine with one equivalent of methanolic potassium hydroxide (KOH).!
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PhsP=N® ©x
R
PPh, R'X KOH/MeOH H
RNy ———— | PhsP=N-R | —— > —_— -N.
-N, R R
® R
PhsP-N ©x
L R

Scheme 17. The synthetic route of a secondary amine via an alkylation to an iminophosphorane
intermediate followed by hydrolytic cleavage with methanolic potassium hydroxide (KOH).

According to this procedure, 2.2 equivalents of triphenylphosphine were added to a solution
of diazide OEG 13a!"** in anhydrous THF and stirred until TLC and ESI-TOF analysis indicated
complete consumption of the azide. Subsequently, 2.1 equivalents of methyl iodide were added to
this iminophosphorane intermediate, whereby a white precipitate (disubstituted amino-
phosphonium salt) appeared. After 24 hours, ESI-TOF analysis showed the complete consumption
of this intermediate, and the solvent including the excess of methyl iodide was removed under
vacuum. Afterwards, two equivalents KOH (1% in methanol) were added to hydrolyze

aminophosphonium salt to form the N-methyl diamine OEG 22a (Scheme 18a).

1) PPhg, dry THF

N%VOV 2) Mel (excess) H. '{/\/OVN
2% KOH/MeOH

22¢, 22%
BnNHMe
(b) ol _ Ler | fr0d _(excess) g Oy
B B N N
TsO - OTs A%eéooge’ r - r EtOH, | - |
reflux . 9HBr
=3-4,12a-b m = 3-4, 23a-b, 84-87%
7,9,and 11, 12d, e, and 7,9-11, 23d-g, 86-99% Curde
Pd/C
H‘N/\PO\%\N’H Pd(OH),/C
| m |

MeOH
m = 3 - 4, 22a-b, 30-43%
7,9, and 11, 22d-f, 57-90%

Scheme 18. (a) The synthetic route of a secondary amine via an alkylation to an
iminophosphorane intermediate. (b) A novel synthetic route of a secondary amine via a
nucleophilic substitution and a hydrogenation.

In order to remove the phosphine oxide, purification with column chromatography is required,
which is one of drawbacks of the Staudinger reduction, especially for the hydrophilic OEGs, and
results in a low yield (< 30%). Furthermore, this strategy was also applied for the other long OEGs
derivates (m > 7) but a problem of the incomplete formation of iminophosphorane was

encountered. To overcome this synthetic problem, dibromide OEG 23 was first prepared based on
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ditosylated OEG 12 (Scheme 18b). Afterwards, a nucleophilic substitution between a excess of
N-benzyl methyl amine and dibromide 23 gave a benzyl protective tertiary amine which can be
directly quantitatively converted into the desired N-methyl diamine OEG salt 22 under a
palladium catalyzed hydrogenation (15 bar).'”! Before an imine condensation between this
bis(N-methylamine) OEG and an aldehyde (Section 3.4.2), the secondary amine salts were
neutralized with triethylamine by flash chromatography to obtain the secondary amine 22 with
satisfactory yields.

In addition to the bi-functionalized OEG spacers mentioned above, similar strategies were
applied for the preparations of several mono-functionalized OEG derivates, which formed
different monovalent estrogen ligands tethered with a side-chain as a monovalent control (Scheme

19).

a KOH, TsCl
)Me{'o\/i\OH OR. TCL_ er© OTs + Bno{’\/OVOH —. Mt © OBn
2 5

THF,H,0,
rt. 24a, 99% 0° Cto reflux 25, 90%
H,, Pd/C KOH TsClI L Br
2 (’O\/i\o e{'o\/i\OT ! MeJ[ vﬂ\Br
EtOH r.t. THF,H,0, 5 Acetone
26, 92% rt 24b, 38% 56°C 27, 96%
NaH
) ) = e 0
Me OH — > Me O %
n dry THF, n
n = 3 commerial available 0°C to reflux n =3, 28a, 35%
5,26 5, 28b, 93%

Scheme 19. Chemical preparation of mono-functionalized OEG derivates 27 (a) and 28 (b).

3.2. Bivalent trans-diethylstilbestrol ligand

3.2.1. Ligand design

As mentioned in Section 1.2, trans-diethylstilbestrol (DES) is an estrogen receptor (ER) agonist
which binds deeply in the ER ligand-binding pocket (LBP) followed by repositioning the
C-terminal helix 12 (H12). Consequently, the whole DES molecule is fully buried in the ER
ligand-binding domain (LBD, Figure 16a-c). In order to find out the best linkage position and
optimal spacer, the crystal structure of the ERa LBD bound with two trans-DES molecules (PDB
ID code 3ERD)"" was modeled by using the computer modeling software PyMOL. It was found
that the closest distance (a straight line) between carbon 1 positions of two trans-DES molecules
is 30.0 A (Figure 16a and b). However, the actual spacer length should really be longer than 30.0
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A because it needs to adopt a non-linear pathway such that it can bypass the protein.
Oligoethylene glycol (OEG) spacers of 39.5 to 46.7 A lengths (EG10 to EG12, approximately 10
A longer than the calculated distance) were chosen to tether two trans-DES moieties via an amide
linkage group to achieve the intermolecular bivalent binding between two ER LBPs. Moreover, to
interpret the folding of OEG spacer and minimize the loss of the conformational entropy, two
carbon hybrid OEG spacers and one biphenyl hybrid OEG spacer, whose extended lengths were in
the range of 34.8 to 39.8 A, were also designed (Figure 16d, 32-34). Furthermore, due to the facile
geometric isomerization of the phenolic non-steroidal structure, a separation of the undesirable

isomer from the desirable isomer still needs to be accounted for.

(c) w His524

| ’ |
| | Leus2s
A
236 0 A RO Y ) Met421
) LR S
3 yad, - S
é& gl L Phe404\\
N y
& !’7%\} Ala350 |
>/ 5 é’ .
»

Glu353 ‘
H water
Dimer interface Dimer interface oH HO
(d) OH HO. O O
” g i QO
X
N ‘ O N N o O HO N{/\O}XKOA»]'N OH
O HO v{’\o/ﬁv OH o} 4 4 0
"o DES ° 4 X = (CHy)y, 32
m=10-12, 29-31 (CH,)g, 33
Biphenyl, 34

Figure 16. The distance between the carbons 1 of two trans-DES molecules (spheres) in the ERa
LBD homodimer (ribbons in gray, ribbons of coactivator (CoA) and H12 in red and orange,
respectively, PDB ID code 3ERD) is 30.0 A. (a) The ER dimer viewed perpendicular to the dimer
axis. (b) The dimer viewed down the dimer axis. (¢) Hydrogen bond and hydrophobic interactions
between a trans-DES molecule and ERa LBD: hydrogen bonds are indicated by dashed lines and
a highly ordered water molecule (red dot) stabilized by a hydrogen bond network is indicated. (d)
Chemical structures of trans-DES and bivalent trans-DES ligands (29-34).

3.2.2. Chemical preparation

To obtain these bivalent trans-DES ligands, a carboxylic acid trans-DES derivative 39 (Scheme
20a) needed to be prepared, which has a different structure than the symmetrical trans-DES

174,175
molecule.'*

1'In 1980, Goswami et al. developed a synthetic route of a asymmetrical DES
derivative to study the ER-binding properties of a series of side-chain halogenated hexestrol

50



derivatives."”®! According to their procedure, the synthesis of bivalent DES ligand was started
with a alkylation of commercial available deoxyanisoin with sodium hydride and ethyl iodide to
give a-ethyldeoxyanisoin 35 with a yield of 67%. An ester-functionalized side-chain could be
subsequently introduced by the Reformatsky reaction with ethyl bromoacetate and zinc in benzene,
and a mixture of diastereomeric B-hydroxyl esters 36 was obtained with a yield of 82%. Initially,
these two diastercomers were separated by HPLC and characterized individually. This
diastereomeric separation, however, was not necessary, since the B-hydroxyl group in 36 was
eliminated by treatment with thionyl chloride in pyridine to give a mixture of cis/trans-isomers of

a,B-unsaturated ester 37 with a yield of 98%.

(0]
(a) O~ O~ Zn, OH >
NaH, Etl BrCH,COOEt,
THF, O Benzene, O
~o O o reflux. 0o 0 reflux ~o COOEt

35,67% 36, 82%
o OH
SOCl, BBrj O NaOH
2 778 N _Nebn |
Pyridine, O | DCM, | O THF/HZ0.
rt . So COOEt TEC00C COOEt 60°C
37, 98% 38, 27%, ~80% trans-isomer
(b) O Nah, EtOOC o
BrCH,COOEt n-BuLi
— 4+ PhgPBrCH,CH, ————
THF Et,0
~0 o 0°C toreflux ~q o 0°Ctort.

40a, 96%

EtOOC ONg
O BBr;
| DCM,
~0 -78°C to 0°C

41a, 53% 38, 38%, ~80% trans-isomer

Scheme 20. Two synthetic routes of a carboxylic acid DES derivate 38 and 39 via two synthetic

pathways.

Since the double bond in o,B-unsaturated ester 37 finally needed to migrate to the
B,y-position, a separation of cis/trans-isomers of 37 did not have to be performed. During the
removal of the methyl ether group with boron tribromide in dichloromethane, the migration of the
double bond took place spontaneously to form the stilbene ester 38 with a yield of 27% as a
mixture of cis:trans = 1:4 isomer, and a styrene ester with a yield of 72%."""! In addition to this
procedure, it has been reported that the migration of a,f-double bond could be carried out by
treating the o,fB-unsaturated ester isomer 37 with potassium fert-butoxide in anhydrous DMSO to

178]

give a methyl ether protected f,y-unsaturated stilbene ester,[ which, however, underwent a
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mixture of stilbene and styrene ester during the deprotection of methyl ether with boron tribromide.
Finally, a hydrolysis of the mixture stilbene ester isomers 38 with aqueous sodium hydroxide gave
the desired carboxylic acid 39 as a isomer mixture (cis:trans = 1:4) with a quantitative yield.

In order to have a sufficient chemical precursor for the synthesis of bivalent DES ligands,
another synthetic route with a higher total yield was applied (Scheme 20b), in which a y-keto ester
40a was first prepared by treating deoxyanisoin with sodium hydride and ethyl bromoacetate with
a yield of 96%. Then, the Wittig reaction between the ketone ester 40a and ethyltriphenyl-
phosphonium bromide was performed and gave the olefin 4l1a as a mixture of cis- and

I By using the same deprotection procedure for the methyl

trans-isomers with a yield of 53%.!
ether group with boron tribromide, the stilbene ester 38 was obtained with a yield of 38%, in
which the ratio of cis- to trans-isomer was 1:4. Finally, the stilbene ester 38 was further converted
into the carboxylic acid 39 under the same basic hydrolysis condition.

Additionally, this kind of cis-stilbene structure readily underwent an isomerization to
trans-isomer via a second order reaction in organic solvents of low dielectric constants. The

1801841 Thus, the mixture of carboxylic acid

corresponding mechanism was shown in Scheme 21.!
39 isomers was first applied to form mono- and bivalent DES ligands 42 and 43 via an amide
formation with ethylamine or 1,2-bis(2-aminoethoxy)ethane in the presence of EDC and HOBT in
THF with yields of 16-23%,!"*¥ which could be improved up to 70% for bivalent DES ligands
29-34 by using PyBOP as the amide coupling reagent in a solvent mixture of DMF/DCM (Scheme
22)."8) 1t has been reported that the frans-isomer of DES had a much higher biological potency

(180184 Moreover, Katzenellenbogen and

such as in vitro ER-binding affinity than the cis-isomer.
co-workers investigated the isomerization from frans-isomer to cis-isomer and monitored by
analytic RP-HPLC. They found that this isomerization not only spontaneously took place in
cultures of ER positive MCF-7 human breast cancer cells but also in the cell-free medium.!"®!
Therefore, a geometrical separation of cis-cis, cis-trans, and trans-trans isomer of bivalent DES
ligand was performed by reversed phase high-performance liquid chromatography (RP-HPLC) to

give three pure isomers for bivalent DES ligands 29-34. Among these isomers, the cis-cis isomer

was found to be stable in polar solvent such as DMSO and water even after 48 hours.
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Scheme 21. A proposed mechanism for cis- and trans- isomerization of DES molecules.!""!
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Scheme 22. (A) Chemical preparation of mono- and bivalent DES ligands 42 and 43; (B)
Chemical preparation of bivalent DES ligands 29-34.

+ or m = 10-12, 29-31,49-63%

3.2.3. Biological evaluation

In order to evaluate the binding properties of these mono- and bivalent DES ligands, competitive
radiometric assays with tritiated-estradiol ([3H]—E2)[107'109] for both ER subtypes, i.e., ERa and
ERp, were carried out in the group of Prof. Dr. John A. Katzenellenbogen (Department of
Chemistry, University of Illinois at Urbana-Champaign). In the binding assays, ['H]-E, was used

171981 For six bivalent ligands 29-34, the evaluated

as a tracer and estradiol (E,) as a standard.
bivalent ligands were of two types: (1) homo bivalent ligands, in which both of DES molecules

were trans-isomer, and were expected to have higher affinities than (2) hetero bivalent ligands, in

which one trans-DES molecule was tethered to one cis-DES molecule. Whereas hetero bivalent
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ligands (trans-cis isomer) had similar lipophilicity as homo bivalent (trans-trans isomer) in the
aqueous environment, their binding behaviors could be considered as a monovalent control for
homo bivalent ligands. In addition, a mixture of 80% trans-isomer was used in binding assays for
three monovalent controls 38, 39, and 42 as well as one bivalent ligand 43. Binding affinities
expressed as relative binding affinity (RBA) values, i.e., relative to the binding affinity of E,
(RBA = 100%, Section 1.2.4, Equation 17), are shown in Table 1 and Figure 17. In general,
binding affinities of mono- and bivalent DES ligands were lower than that of E;. Among bivalent
DES ligand 29-34, bivalent trans-DES ligand 30 tethered by a OEG spacer of 43.1 A length had a
relative high affinity which, however, was lower than the binding affinity of bivalent ligand 43

tethered by a spacer of 10.8 A length for both ER subtypes.

Table 1. ERa and ERP binding affinities of mono- and bivalent ligands.

Maximum spacer trans- | trans-trans isomer trans-cis isomer

Ligand
length [A]* ERa ERP ERa ERP

38 - 7.87+19 41.98 +6.7 - -

39 - 0.011 £0.002 0.051+0.011 - -

42 - 0.067 = 0.004 0.159 + 0.004 - -

43 10.8 0.230 + 0.005 0.247 +£0.026 - -

29 39.5 0.012 +0.001 0.039+0.011 0.015 £ 0.004 0.029 £+ 0.006
30 43.1 0.021 +0.005 0.048 + 0.004 0.126 £ 0.014 0.236 +0.052
31 46.7 0.012 +0.003 0.023 + 0.006 0.007 +£0.001 0.019+0.001
32 34.8 0.006 + 0.001 0.013 £ 0.004 0.007 +£ 0.001 0.006+0
33 39.8 0.013 £ 0.002 0.022 + 0.002 0.012 +£0.001 0.016 +£ 0.002
34 39.0 0.008 + 0.002 0.020 £+ 0.006 0.003 +£0.001 0.008+0

a. The maximum spacer length, between two amide groups in an extended conformation, was measured by the

modeling software PyMOL.

It has been reported that the ER-binding affinity of monovalent trans-DES was 372% and
278%, for ERa and ERB, respectively.!"®" These results strongly indicate that the introduction of a
hydrophilic group, such as carboxylic acid, ester, or amide, on the hydrophobic core of trans-DES
can dramatically reduce the ER-binding affinity due to the hydrophobic character of the ER LBP

'8110n the other hand, in the agonistic ER-ligand binding mode, the

compared to the trans-DES.!
bound ligand like E, or trans-DES is fully encapsulated within a three-layer helical “sandwich”
folding ER LBD where there is no obvious access to the exterior of the ER LBD unless through a

large substituent such as a phenyl vinyl group at the 17a-position of E; molecule (Section 1.3).
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Therefore, weak binding affinities of these bivalent trans-DES ligands could also be attributed to

this agonistic ER-binding mode.

RBA [%]

Figure 17. The relationship between relative binding affinity (RBA) and maximum spacer length.
Bivalent ligands (29-34) were evaluated separately for trans-trans isomer (columns in red and
green, for ERa and ERp, respectively) and trans-cis isomer (columns in violet and blue, for ERa
and ERP, respectively), while 43 for 80% trans-isomer. Error bars are not shown in this figure.

Nevertheless, there are several findings in these binding affinity results:

(1) Bivalent ligand 43 with a diethylene glycol spacer has a much higher RBA value than other
bivalent ligands, although it is not capable of forming a simultaneous binding to two ER LBPs
due to its short spacer length (10.8 A versus 30.0 A). It was speculated that its high binding
affinity must be attributed to either an enhanced rebinding (a decreased dissociation rate ko)
caused by a high effective concentration of the second DES molecule®™ or an additional
interaction between the second DES molecule and the ER surface.!'**'*]

(2) Among bivalent DES ligands with the maximum spacer length from 34.8 to 46.7 A, bivalent
ligand 30 tethered by a 43.1 A OEG spacer has the highest binding affinities in both ER
subtypes for each isomer. This length, 43.1 A, is much longer than the calculated distance and
it is still not clear why the trans-cis isomer of 30 has a higher binding affinity than its
corresponding trans-trans isomer.

(3) It is surprising that bivalent ligands 32-34 tethered by hybrid OEG spacers does not have any

higher ER-binding potencies compared to 29-31 tethered by OEG spacers, which indicates
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that a hydrophobic, rigid segment cannot enhance the ER-binding affinity. In order to further

understand the reason behind, a computational calculation study was carried out (Section

3.2.4).

Additionally, to better understand structure-activity relationship (SAR) of bivalent estrogen
ligand and achieve the bivalent ER-ligand binding, two new strategies were developed. Firstly, a
new DES derivative with the linkage group that is located far away from the hydrophobic core
will be prepared, since it has been reported that the introduction of a pentamethylene side-chain
((CH,)s, Scheme 23) can avoid the hydrophobic ER LBP, and thus, enhance the ER-binding
affinity.l"”*""") However, due to time limitation, this chemical preparation was not able to be
finished. Secondly, it was found that by using an antagonistic ligand such as raloxifene it is
possible to avoid the undesirable impact caused by a completely buried agonistic ER-binding
mode. Based on this consideration, we prepared a new series of bivalent raloxifene ligands

(Section 3.3).

o (ONg 2N
O Br(CHz SCOOEt O EtMgl O
O dry THF, O dry THF, O OH
~o reflux ~o (CH,)4COOEt 0° C tort. O (CH,),COOEt

40b, 72% 44, 53%

O\
SOCl, | O BBry ~ ‘ NaOH
e P NG B NN NG NP NG I
Pyridine, r.t. O DCM, O THF/Hzo O
~ TEC0°C o J4COOEt  80°C g

o) (CH,),COOEt (CH,),COOH
41b, 56%

Scheme 23. The synthetic route for a pentamethylene side-chain DES derivate.

3.2.4. Computational study

Computational studies were carried out in the group of Dr. Markus Weber (Zuse Institute Berlin)
to investigate end-to-end distances of OEG and hybrid OEG spacers in water, estimate
conformational entropy, and describe their thermodynamic contribution during the ligand binding

pI'OCeSS.[zg]

3.2.4.1. End-to-end distances of bivalent DES ligands tethered by a OEG spacer

It was found that end-to-end distances of OEG spacer over 100 ns simulation time in water were



less than half of those measured in extended conformations, which indicated that a folded
conformation was favored over a linear extended conformation. For example, the end-to-end
distance of OEG spacer 23f in a fully extended conformation and in water is 34.1 and 15.0 A,
respectively. Furthermore, the end-to-end distance further decreased below 10 A, once two
hydrophobic DES moieties were tethered by OEG spacer 23f to form bivalent ligand 29.
Additionally, such a end-to-end distance decrease was observed not only in the case of bivalent

[29,124

DES ligands but also in other bivalent steroidal ligands, I which suggests that folded

conformations are the dominate conformation in the aqueous environment.

3.2.4.2. Conformational entropy estimation

In this computational study, it was also observed that the ligand-attachment on the spacer resulted
in a lower conformational entropy than the no-ligand spacer, which means a decreased
conformational freedom of bivalent ligands. Remarkably, bivalent ligand tethered by biphenyl
hybrid OEG spacer such as 34 had a significant decrease in the entropy compared to those tethered
by OEG or carbon-carbon hybrid OEG spacers. This decrease can be attributed to a stable
hydrophobic-hydrophobic interaction between two DES moieties and biphenyl segment that
caused bivalent ligand 34 to adopt a stacked conformation. Consequently, this stacked
conformation not only neutralized the distance spanned by the linear elements but also punished
bivalent ligand 34 with more energy penalty for the ER-ligand binding, which in turn reduced its

ER-binding affinity compared to other bivalent ligands such as 29-31 tethered by OEG spacers.

3.3. Bivalent raloxifene ligands

3.3.1. Ligand design

As mentioned in Section 1.2.2, individually bound ER ligand resulted in a different conformation
change of the ER LBD, in particular for the C-terminal helix, H12. In the agonistic ER-ligand
binding mode, the bound ligand like E; or trans-DES is fully encapsulated within a three-layer
helical “sandwich” folding ER LBD and there is no obvious access to the exterior of the ER LBD

unless through a large substituent such as a phenyl vinyl group at the 17a-position of E; molecule
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(Section 1.3). By contrast, although raloxifene (RAL) binds into the same hydrophobic pocket of
the ERa LBD as E, and DES, its bulky side-chain stretches out of the hydrophobic ER LBP and
has a hydrogen bond interaction with the surface aspartic acid (Asp351) of the ERa LBD (Figure
18a-c). This prevents the reorientation of helix 12 as well as the subsequent gene transcription. For
our purpose, this bulky side-chain provided a way to tether two RAL moieties via a certain linkage

so that the modification would only have a minor influence on the binding affinity.

(c) H-@

>Leu525
Phe404
Leu387

Y Thraa7
: Ala350
B Arg394
Asp351 1u353 & AL
water

Dimer interface
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LY156681
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Ns™\_o
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CI—-on
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Figure 18. The distance between two nitrogen atoms of 4-methylpiperidin on LY 156681 molecule
(spheres) in the ERo. LBD homodimer (ribbons in gray, the ribbon of H12 in orange, PDB ID code
2R6W) is 34.5 A. (a) The ER dimer viewed perpendicular to the dimer axis. (b) The dimer viewed
down the dimer axis. (c) Hydrogen bond and hydrophobic interactions between an LY 156681
molecule and ERa LBD, hydrogen bonds are indicated by dashed lines and a highly ordered water
molecule (red dot) stabilized by a hydrogen bond network is indicated. (d) Chemical structures of
LY156681, the RAL azide derivate 45 and bivalent RAL ligands (46-58).

Dai et al. investigated ER binding affinities and activities of a series of RAL derivatives,
which had binding constants of < 10 nM.["? For instance, one of the derivatives, LY156681, was
crystallized with the dimeric ERo. LBD (PDB ID code 2R6W, Figures 18). This crystal structure
was modeled by using the computer modeling software PyMOL. It was found that the closest
distance between two nitrogen atoms of piperidins at the side-chain of LY156681 was
approximately 34.5 A which was slight longer than the distance between two ER LBP in the

58



crystal structure of 1ERE (Figure 8). Although LaFrate et al. demonstrated that a maximum
binding peak appeared when the bivalent EE, ligand was tethered by a 35.0 A length spacer, it was
still unclear why bivalent DES ligand 43 tethered by a flexible OEG spacer of 10.8 A length had a
higher affinity than other bivalent DES ligands. To address this question, a systematic OEG spacer
length screening, namely from 4.7 to 47.7 A, was carried out to investigate the SAR of bivalent
RAL ligands and the impact of flexible OEG spacer length in the range of 5.0-50.0 A.

“Click Chemistry,” a 1,3-dipolar cycloaddition, was introduced by Sharpless and co-workers
in 2001. This reaction provides a quick, reliably, region- and stereoselective method to join small

7181 Therefore, it takes advantages of this

units together via a 1,2,3-triazole linkage group.!
method to prepare a series of bivalent RAL ligands (Figure 18d, 46-58) tethered by a exact-length
OEG spacer (21a-1) based on a azide functionalized RAL derivative 45 developed in the group of
Prof. Dr. Oliver Seitz (Department of Chemistry, Humboldt University Berlin)."”*! Additionally,

similar strategies were also applied to prepare three monovalent RAL ligands (59-61) which have

an OEG monomethyl ether side-chain as a monovalent control.

3.3.2. Chemical preparation

13 bivalent RAL ligands (46-58) have been straightforwardly prepared by a copper (I) catalyzed
cycloaddition based on the azide 45 and dipropargyl OEG ether 21a-1 in a mixture of water and
tert-butyl alcohol (Scheme 24). Copper (II) sulfate pentahydrate was reduced by sodium ascorbate
in-situ to provide the copper (I) source, with which the reaction is regiospecific and gives only

(94 Extraction with a saturated ethylene diamine tetraacetic acid

1,4-disubstituted 1,2,3-triazoles.
(EDTA) aqueous solution and a further column chromatography were applied to remove copper (I)
and give the pure product with satisfied yields. With the same method, three monovalent RAL

ligands (59-61) were prepared as well.
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Scheme 24. Chemical preparation of mono- and bivalent RAL ligands 46-58 and 59-61 via Click
Chemistry.

3.3.3. Biological evaluation

These 16 mono- and bivalent RAL ligands were biologically evaluated in the group of Prof. Dr.
Oliver Seitz (Department of Chemistry, Humboldt University Berlin) by using HitHunter™
enzyme fragment complementation (EFC) estrogen chemiluminescent assay (DiscoveRx)
according to the manufacturer’s instructions to determinate their ER-binding affinities.!"'*'""]
Recombinant human ERa, expressed in S. Frugiperda insect cells, binds to E, with a K4 of 0.300
nM. An enzyme-donor (ED) was used as tracer and E, as a standard. The binding affinities were
expressed as RBA values, which are relative to the binding affinity of E; (RBA = 100%, Section
1.2.4, Equation 17), are showed in Table 2.

In general, all of the mono- and bivalent RAL ligands had lower binding affinities than E,,
and with increasing spacer length, binding affinities of bivalent ligands became weaker. Figure 19
shows the relationship between the RBA value and maximum spacer lengths of bivalent ligands.
Whereas the closest distance measured between two LY 156681 molecules at the nitrogen atom of
4-methyl piperidine in the crystal structure PDB ID code 2R6W is 34.5 A, bivalent ligands
tethered by shorter OEG spacers (less than 30 A) are theoretically not capable of forming a
simultaneous binding to two ER LBPs. Therefore, the binding affinity enhancement of a bivalent
ligand, such as 46 over the monovalent ligand 60 or 61, needs to be attributed to its second RAL

]

moiety. It resulted in either a high effective concentration for rebinding®™ or an additional

188,189

interaction with the ER LBD surface.! I Compared to the significant decrease in effective
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concentrations with increasing OEG spacer length (Table 2, column “C.;”), binding affinities of
bivalent ligands 47-50 were almost in the same range. Moreover, there are several reports about a
secondary estrogen binding site close to or within the CoA binding groove of the ER LBD.["*>!*7]

Thus, such binding affinity enhancement should be attributed to an additional binding, namely a

non-specific binding of the second RAL moiety to the ER.

Table 2. Structures, maximum spacer lengths, relative binding affinities (RBA), and effective

concentrations (Ceg) of mono- and bivalent RAL ligands 46-61.

Compound Structure Maximum spacer length® [A] RBA® [%] Cet [nM]
46 RAL2EG1 4.7 67.7+27.5 7.59x10°
47 RAL2EG2 8.4 18.6£8.10 1.36x10°
48 RAL2EG3 11.9 256+ 11.1 4.73x10°
49 RAL2EG4 15.5 142 £5.41 2.13x10°
50 RAL2EGS 19.1 24.3+£9.28 1.15x10°
51 RAL2EG6 22.7 3.73£2.90 6.81x10*
52 RAL2EG7 26.2 10.2+2.15 4.40x10*
53 RAL2EGS 29.8 4514328 2.99x10*
54 RAL2EG9 33.4 529+ 1.47 2.13x10*
55 RAL2EG10 37.0 4.68+1.02 1.57x10*
56 RAL2EGI11 40.6 3.51+0.66 1.19x10*
57 RAL2EGI12 442 4.41+0.70 9.20x10°
58 RAL2EGI3 47.7 4.64 £0.63 7.29x10°
59 RALEGMe 3.7 n. a.‘ -

60 RALEG4Me 143 10.0 £ 6.58 -
61 RALEG6Me 21.5 3.42+2.65 -

a. Distances between the carbons at 4-position of the 1,2,3-triazole were measured by the modeling software
PyMOL and considered the maximum spacer length. b. Relative binding affinity (RBA) values were determined
by competitive binding assays and were expressed as [ICsq(E,) / ICso(compound)] x 100% (RBA for E; = 100%,
ICs0(Ez) = 3.11 nM). In these assays the K4 of E; is 0.300 nM for ERa. c. The effective concentration (Ceg) was
calculated as the second RAL moiety in a hemisphere of radius equal to the spacer length of this bivalent ligand,

once the first RAL moiety binds to the ER LBP.PY d. not available.

Moreover, although the maximum spacer lengths of bivalent ligand 49 and 51 are very close
to the maximum side-chain lengths of monovalent ligands 60 and 61, respectively, bivalent ligand
49 had higher affinity than monovalent ligand 60, while bivalent ligand 51 had almost the same
affinity as monovalent ligand 61. This observation suggested that the interaction between bivalent
ligand 51 and the dimeric ER LBD was monovalent like monovalent ligand 61, rather than

bivalent, although bivalent ligand should be easily distinguishable from monovalent ligand due to
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the number of RAL moieties. According to this finding and previous conclusions about the
relationship between the multivalent ligand-receptor binding mechanism and the architecture of

3637341 it is hypothesized that the spacer length

multivalent ligands in the literature (Section 1.1),[
of bivalent ligand 51 could be used to distinguish two types of ER-binding modes for bivalent
RAL ligands: One is an intramolecular bivalent binding which simultaneously takes place between

a ER LBP (steroidal site) and a secondary site (the subsite) on the same monomeric ER LBD,

while the other is an intermolecular bivalent binding between two ER LBPs of dimeric ER LBD

(Figure 20a).
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Figure 19. The relationship between relative binding affinity (RBA) and maximum spacer length.
Bivalent RAL ligands (46-58) are in a red line and monovalent ligands (60 and 61) in a blue one.
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Figure 20. Schematic representation of (a) the construction of dimeric ER LBD in which each

monomeric ER LBD has one LBP and one secondary binding site on the ER LBD surface and (b-e)
four different binding behaviors for bivalent ligands with dimeric ER LBD to demonstrate the

progress from an intramolecular to an intermolecular bivalent binding.

Such a hypothesis is represented in Figure 20b-e: (1) Bivalent ligands such as 46-50 tethered
by short spacers formed an intramolecular bivalent binding (Figure 20b) on the same monomeric
ER LBD"! and their binding affinities decreased with the increasing spacer lengths and
corresponding conformation entropies. Due to this reason, 46 with the shortest spacer reached the
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highest binding affinity. (2) The spacer length of bivalent ligand 51 was so long that a secondary
binding with the secondary site on the same ER LBD monomer was unfavorable, which was most
likely due to entropy loss and defolding penalty (Figure 20c), while at the same time this spacer
was still too short to bind to another ER LBP. As a consequence, its binding affinity was
comparable to monovalent ligand 61. (3) An intermolecular bivalent binding could be formed by
those bivalent ligands tethered by long spacers. Therefore, their binding affinities should be higher
than bivalent ligand 51 (Figure 20d); (4) This intermolecular bivalent binding mode became
unfavorable for bivalent ligands such as 56-58 tethered by very long spacers due to their large loss
of conformational entropies. As a consequence, their binding affinities were comparable to
bivalent ligand 51 (Figure 20e). Moreover, in the applied competitive binding assays, the ER LBP
(steroidal site) should always be occupied either by a tracer or an evaluated bivalent ligand.

As discussed above, it is proposed that the intermolecular bivalent binding could be achieved
by bivalent ligand 52 whose spacer length was close to 30 A and whose binding affinity was
higher than that of bivalent ligand 51. This speculation, however, poses two main questions in this
study: (1) Why can an intermolecular bivalent binding be achieved by a 26.2 A spacer which is
much shorter than the predicated 34.5 A and (2) why dose bivalent ligand 52 only have a
relatively low binding affinity unlike the previously reported high-affinity bivalent WGA® and
¢GMP ligands®” (Section 1.1)?

The first question can be addressed by computer modeling (Section 3.2.4), which
demonstrates that bivalent ligand 52 has a different binding mode within the ER LBP as the
LY 156681 molecule in the crystal structure 2R6W. In order to solve the second question, Kim et al.
have demonstrated that conformational and dynamic features of the estrogen tethered by
poly(amido amine) PAMAM via a long, flexible tethered spacer could dramatically influence the
ligand access to its target receptor, although the long spacer seemed to be more likely to bind to

(39 1 the computer modeling for bivalent DES ligands (Section 3.3.4), it was

ER than a short one.
speculated that not only folded conformations of bivalent ligands but also
hydrophobic-hydrophobic interactions between two DES moieties can influence their ER-binding

potencies.”” To prove this speculation and solve the second question, a NMR and UV study of

bivalent ligands tethered by different long OEG spacers has been carried out (Figure 21 and 22).
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Figure 21. (a) Aromatic (proton 1-8) and OEG (proton 9) regions of the 'H NMR and ROESY

spectra of OEG tethering bivalent ligands 48 (left) and 57 (right) in a solution of DMSO-d6 with 0,

10, 20, and 40% D,O (top to bottom). (b) Two proposed conformations of 48 (left) and 57 (right)

in aqueous solution.

In the ROESY spectra (Figure 21), it was found that with the increasing proportion of

deuterium water (from 0% to 40% D,0), an intramolecular interaction between RAL molecules

(aromatic proton 1-8) and the tethering OEG spacer (alkyl proton 9) became much stronger for

bivalent ligand 57 than for bivalent ligand 48. It is not surprising that the spacer of 57 was long

enough to wrap the RAL binding moiety, while the spacer of 48 was not. Moreover, bivalent

ligand 48 existed as a n-n stacked conformation as was evidenced by the significant upfield shift

of the aromatic protons, especially the aromatic proton 6, which was caused by the large

ring-current of such a stacked conformation. By contrast, the aromatic proton 6 of 57 only had a

small upfield shift. This indicates that an intramolecular - stacking interaction between two
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RAL molecules dominates in the case of short spacer tethering bivalent ligands such as 48, rather
than 57. In other words, two RAL moieties of 57 were complexed with its OEG spacer and had a
weak ©-m stacking interaction in an aqueous environment, while two RAL molecules of 48 only
stacked with each other and were more exposed to the receptor than those of 57.

In the UV spectra (Figure 22), monovalent ligand 60 and bivalent ligands 46 and 58 have
been investigated within different solvent systems (Figure 22 Ileft). It was found the
UV-absorption maximum for each bivalent ligand in aqueous solvent (3.85% DMSO/water,
Figure 22 top left) had a bathochromic shift (Anmax = 290 and 293 nm, for 46 and 58, respectively)
compared to the monovalent ligand (Ap.x = 287 nm for 60). In contrast, no bathochromic shift was
observed in organic solvent (3.85% DMSO/chloroform, Figure 22 lower left). Moreover, an
intensity decrease was also observed in the aqueous solvent. This confirmed that an interaction
between hydrophobic RAL molecules and the OEG spacer only dominated in aqueous solvent, not

in organic solvent, which is consistent with the observation in the NMR spectra.
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Figure 22. UV absorption spectra of 38.5 uM monovalent ligand 60, bivalent ligands 46, and 58 in
3.85% DMSO/chloroform (top left), 3.85% DMSO/water (lower left); the normalized absorption
UV-spectra (right).

In the literature, similar hydrophobic-hydrophobic interaction has also been observed in a

!'in which two GABA-benzodiazepine receptor

low temperature NMR and X-ray analysis,"'”’
ligands linked by three and five atoms were demonstrated to adopt a stable, folded conformation

either in solution or in the solid state. Thus, a low binding affinity was obtained. Similarly,

65



bivalent RAL ligands needed to overcome the energy penalty caused either by a n-x stacking or by
a spacer folding, in order to gain access to the ER, which consequently resulted in a low in vitro
receptor binding affinity. Furthermore, this finding is consistent with the previous report on the
relationship between the ER-binding affinity and the tether structure of estrogen-PAMAM

conjugate.!'*

3.3.4. Computer modeling and simulation

In order to evaluate the steric fit and thermodynamic properties, bivalent ligands 46-52 (covering
spacer lengths from one EG unit to seven EG units in the extended conformation, i.e., from 4.7 to
26.2 A, respectively) were modeled and parameterized for molecular dynamic (MD) simulations
in the group of Dr. Markus Weber, in particular regarding the question: Could an intermolecular
bivalent binding be achieved by bivalent RAL ligand 52 tethered by a 26.2 A OEG spacer?”®”)

Bivalent binding modes were modeled by first performing a monovalent alignment of the
RAL moieties to the ligands from crystal structure with PDB ID code 2R6W, followed by energy
minimization including protein structure and an explicit solvent in order to relax the OEG spacer
portion of the bivalent ligand. In this study, it was found that an intermolecular bivalent binding to
two ER LBPs was not possible for bivalent ligands 46-51 as the spacer length prohibited reaching
both binding sites simultaneously. Bivalent ligand 52 could be accommodated in two ER LBPs of
the crystal structure of ERa. LBD 2R6W in an intermolecular bivalent binding mode (Figure 23). It
was inferred that such an intermolecular bivalent binding to both ER LBPs was also possible for
bivalent ligands 53-58 which feature longer OEG spacers.

Remarkably, the result from a 10 ns simulation of bivalent ligand 52 in the intermolecular
bivalent bound state revealed some differences to the monovalent binding mode of LY156681. A
hydrogen bond interaction between the 4-methyl piperidine at the side-chain of LY 156681 and the
residue Asp351 of ERa is characteristic for the monovalent ligand binding mode (Figure 18¢)."%”!
Our bivalent ligands feature a 1,2,3-triazol ring structure at the same position, which is further
connected to the OEG spacer. The simulation of bivalent ligand 52 show that the 1,2,3-trizol ring
is hindered from interacting with the residue Asp351 because the tethered EG7 spacer forces the

linkage groups to arrange towards each other and thereby serves as an elongation of the spacer
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(Figure 23). In other words, the actual spacer of bivalent ligand 52 is composed by the OEG and
the 1,2,3-triazol linkage parts, which suffices the required distance between two steroid binding

sites.

Y
4

Elnl//)l-

d!

Figure 23. An overlay of bivalent ligand 52 (RAL moiety in black sticks, the 1,2,3-triazole and
spacer in blue sticks) with LY 156681 (in red sticks) bound to the ER LBP in the ERo LBD (green
ribbons, PDB ID code 2R6W).

Thus, in this case, the spacer appears to have an undesirable impact on the enthalpy of the
ligand-receptor interaction. The distance between two binding moieties of 52 in the ERa dimer
obtained during the MD simulation was compared to the distance between two LY 156681
molecules as can be found in the crystal structure (Figure 24). While the distances between the
major parts of binding moieties (positions 1 to 4) of 52 changed only slightly (0.1 — 2.4 A), the
distances between the side-chains of LY156681 and the linkage groups of 52 (positions 5 to 7)
showed a notable deviation (3.5 — 15 A). In the latter case, a closer arrangement, especially for the
1,2,3-triazole parts, allowing for some relaxation of the attached spacer, was observed. Thus, it
can be concluded that the bivalent RAL ligands have different ER-binding modes than the original
RAL molecule, i.e., the absence of a hydrogen bond between bivalent ligand and Asp351 of the

ERa. This feature can result in less ER-binding affinity.
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Figure 24. A distance comparison between two LY156681 molecules (in red) and two RAL
moieties (in blue) of bivalent ligand 52 while bound to the ERa dimer (values obtained by 10 ns of
MD simulation in water are plotted against values taken form the crystal structure of 2R6W).

3.4. Bivalent cis-4-OH tamoxifen ligand

3.4.1. Ligand design

Whereas the standard enthalpy AH° and entropy AS° of a ligand-receptor binding can be
considered as the changes in intermolecular bond energy and the rearrangements undergone by the
solvent molecules during the binding,**” respectively, a high-affinity ER antagonoistic ligand like
cis-4-OH tamoxifen (cis-OHT, Figure 25) can differently influence the enthalpic component via
hydrogen bond and van der Waals interactions as raloxifene. On the basis of these considerations,
new bivalent estrogen ligands tethered by same flexible spacers like bivalent RAL ligands were
designed and prepared, so that both of them have a comparable conformational entropic cost
caused by the spacer towards the ER-ligand binding. Meanwhile, cis-OHT was chosen as the
estrogen binding moiety of bivalent estrogen ligands, because it was thought that this variation

could be helpful to enhance the binding affinity of bivalent ER-ligand interaction.

The cis-isomer of OHT is an active metabolite of cis-tamoxifen (TAM, Figure 25) and has a
high in vitro antagonistic potency for both ER subtypes.**" In order to rationally design these
bivalent cis-OHT ligands, a computer modeling of two crystal structures of the dimeric ER LBD
bound to cis-OHT (PDB ID code 3ERT for ERa and 2FSZ for ERp, Figure 25a and b) was
performed by using the computer modeling software PyMOL. Compared to natural endogenous
steroidal estrogen, e.g., E,, the structures of ER bound to cis-OHT became in the 11f direction to
accommodate the bulky and basic side-chain of cis-OHT by the reposition of H12.°) Additionally,
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this local remodeling of protein provided the bound cis-OHT molecule with an access to the
exterior of the hydrophobic ER LBP so that a hydrogen bond could be formed between the surface
aspartic acid (Asp351 of ERa and Asp303 of ER, respectively) and the basic amino group at the
side-chain of cis-OHT molecule. Thus, to avoid any undesired impact on the ligand-receptor
interaction caused by the structural modification, two cis-OHT moieties were tethered at this
amino group via a carbon-nitrogen bond. It was found that the closest distance between these two
nitrogen atoms in the dimeric ER LBD crystal structure was 33.2 and 34.3 A, for ERa and ERP,
respectively. It is worth noting that there are four cis-OHT molecules in the crystal structure 2FSZ,
two in the cognate binding sites (ER LPD) and other two in the hydrophobic CoA binding groove
(subsite) of the protein surface. We found that the distance between the nitrogen atom of one
cis-4-OHT molecule bound in the cognate binding site and another nitrogen atom of one
cis-4-OHT molecule bound in the hydrophobic CoA binding groove of the same monomeric ER

LBD was 16.7 A.

Asp351
(Asp303) Arg394
Glu3ss & (Arg346)

(Glu305) water \

Dimer interface Dimer interface

(d) O O\/\'V/
|

e TAM HO OH
QL 0 oy ‘PE: :]?‘

m=1-5,7,9,11-12; 62-70

Figure 25. The distance between two nitrogen atoms of cis-4-OH tamoxifen (OHT) molecules
(spheres) bound in the ER LBD homodimer (ribbons in gray, the ribbon of H12 in orange, PDB
ID code 3ERT and 2FSZ) is 33.2 and 34.3 A, for ERa and ERP, respectively. (a) The crystal
structure of the ERa dimer. (b) The crystal structure of the ERB dimer. (¢) Hydrogen bond
interactions between an OHT molecule and ER LBD, hydrogen bonds are indicated by dashed
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lines and a highly ordered water molecule (red dot) stabilized by a hydrogen bond network is
indicated. (d) Chemical structures of cis-tamoxifen (TAM), cis-OHT, and bivalent cis-OHT
ligands (62-70).

Like the previous study about bivalent RAL ligands, OEG was chosen as the spacer to tether
two cis-OHT moieties. In order to further establish the intra- and intermolecular bivalent binding
relationship for bivalent cis-OHT ligands, five short OEG spacers (EG1 to EGS) and four long
OEG spacers (EG7, EG9 to EG11) were prepared as spacer to tether the binding moiety. The
lengths of these OEG spacers varied from 7.2 to 43.1 A, which were sufficient to span the space
separating the between two cognate binding sites on dimeric ER LBD and between a cognate
binding site and a CoA binding groove on the same monomeric ER LBD. Remarkably, the
stereochemistry of OHT molecules played an important role in the ER-ligand binding and
cis-OHT isomer had a stronger ER-binding affinity than E,, approximately three times as much.

By contrast, the trans-OHT isomer only had 2% RBA of E,.["'***]

3.4.2. Chemical preparation

According to previous reports, such a triarylethylene structure can be straightforwardly obtained,
either by a nucleophilic substitution at deoxyanisoin with a Grignard reagent such as
phenylmagnesium bromide or by a McMurry reaction between 4, 4’-dihydroxybenzophenone and
propiophenone with low-valent titanium.****'" Thus, a McMurry reaction was applied to prepare
dihydroxy triarylethylene 71 with a yield of 95%. Subsequently, the Mitsunobu reaction between
one phenol group of 71 and benzyl carbamate protected 2-(methylamino) ethanol 72 in the
presence of triphenylphosphine and diethylazodicarboxylate (DEAD) gave benzyl
carbamate-protected endoxifen 73 as a mixture of cis:trans = 1:1 in a yield of 40%.*' Under a
mild hydrogenation condition, endoxifen 74 was obtained as a mixture of cis:trans = 1:1 isomers
with a yield of 82% (Scheme 25).

2131 it was found the

Although the geometrical isomers of 74 can be separated by a RP-HPLC,!
isomerization of cis-isomer of 74 to trans-isomer took place spontaneously during the subsequent
nucleophilic substitution. Therefore, mono- and bivalent OHT ligands 69, 70 and 75 were

214 S .
I A geometrical isomer separation

prepared based on both isomers of 74 with yields of 30-60%."
by RP-HPLC was not successful at first for bivalent ligands 69 and 70, but was for monovalent
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ligand 75 (Scheme 25).
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Scheme 25. Chemical preparation of mono- and bivalent OHT ligands (69, 70, and 75) via a

cis- and trans-isomers

nucleophilic substitution based on the amine 74.

In order to obtain sufficient substance for the ER-binding assays, a novel synthetic partway
was developed (Scheme 26), in which a nucleophilic substitution between dihydroxy
triarylethylene 71 and bromoacetaldehyde diethyl acetal was performed to give the diethyl acetal
76 with a yield of 42%. After an acidic catalyzed hydrolysis, aldehyde 77 was obtained with a
yield of 83% as a mixture of cis:trans = 1:1 isomers. Due to the facile isomerization of the
triarylethylene structure, both isomers of 77 were applied for the reductive amination with
bis(N-methylamine) OEG spacers 22 to obtain bivalent OHT ligands 62-69 with yields of
40-80%.1212""1 Subsequently, geometrical isomer separations by RP-HPLC were successful to
give cis-cis, cis-trans, and trans-trans isomers for each bivalent ligand. To ensure the purity of

U791 after much effort it was found that only less than 3% cis-cis isomer underwent

these isomers,
to cis-trans isomer, but no trans-trans isomer, after 48 hours in polar solvents such as methanol

and water.
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Scheme 26. Chemical preparation of bivalent OHT ligands 62-69 via a reductive amination.

3.4.3. Biological evaluation

In order to evaluate the binding affinities of mono- and bivalent OHT ligands prepared above,
competitive radiometric assays with [3 H]_E2[1o7,1og] (Section 1.2.4) were carried out in the group of
Prof. Dr. John A. Katzenellenbogen (Department of Chemistry, University of Illinois at
Urbana-Champaign). For eight bivalent ligands (62-69), the evaluated bivalent ligands are of two
types: (1) homo bivalent ligands, in which both of OHT molecules were cis-isomer, which were
expected to have higher affinities than (2) hetero bivalent ligands, in which one cis-OHT molecule
was tethered one trans-OHT molecule. Whereas hetero bivalent ligands, i.e., cis-trans isomer, had
similar lipophilicity as homo bivalent, i.e., cis-cis isomer, in aqueous solvent, their binding
behaviors could be considered as a monovalent control for homo bivalent ligands. Both isomers of
the monovalent control 75 were evaluated separately for their ER-binding affinities. Additionally,
two bivalent ligands 69 and 70 were also evaluated as a mixture of isomers, in which cis-cis :
cis-trans : trans-trans = 1:2:1. These assays were performed for both ER subtypes, ERa and ERp.
[*H]-E, was used as a tracer and E, as a standard. Binding affinities expressed as relative binding
affinity (RBA) values, which is relative to the binding affinity of E, (RBA = 100%, Section 1.2.4,

Equation 17), are showed in Table 3.
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Table 3. Structure, maximum spacer lengths, and relative binding affinity (RBA) values of mono-
and bivalent OHT ligands 62-70 and 75.

Ligand  Structure, maximum spacer length [A] cis- / cis-cis isomer trans- / cis-trans isomer
ERa ERpB ERa ERpB

62 OHT2EGI, 7.2 13.8+4.3 6.11+14 6.60+0.5 3.44+0.7
63 OHT2EG2, 10.8 164 +2.1 555+13 23.5+52  625+0.6
64 OHT2EG3, 14.4 372+23 13.9+3.4 816+20 957+18
65 OHT2EG4, 18.0 149+4.0 12.2+2.1 136+1.3 4.77+1.5
66 OHT2EGS, 21.6 20.8+5.5 12.8+£2.0 10.9+2.3 320+ 1.0
67 OHT2EG7, 28.8 30.7+2.8 20.7+1.6 32.3+8.1 948+ 1.4
68 OHT2EG9Y, 35.9 28.1£3.7 7.92+1.5 239469  7.85+2.0
70 OHT2EG11, 43.1 27.9+4.0 7.17+14 180+5.0 7.60+2.2
75 OHTEGS5Me, 19.2 78.1+12 342+1.7 124+2.2 8.03+0.0070
69° OHT2EG10, 39.5 17.2+2.0 953+24 - -
70° OHT2EG11, 43.1 21.8+3.1 9.75+0.57 - -

a. The maximum spacer length, between two nitrogen atoms in a extend conformation, was measured by the
modeling software PyMOL. b. For bivalent OHT ligands 69 and 70, their ER-binding affinities were also

evaluated based on a mixture of cis-cis : cis-trans : trans-trans = 1:2:1 isomers.

In general, binding affinities of bivalent OHT ligands were lower than that of E, and the RBA
values in ERa are higher than in ERf. Figure 26 shows the relationship between the RBA values
and maximum spacer lengths of bivalent OHT ligands, in which the binding affinities of bivalent
OHT ligands were related to the maximum spacer length and peaked at 14.4 and 28.8 A (EG3 and
EG?7, respectively) in both ER subtypes. These results are not only consistent with our previous
interpretation about the intra- and intermolecular ER-binding (Section 3.3.3) but also more
precisely provide information about the spacer length for each mode on the ER (Figure 20).
Moreover, cis-cis isomers of 64-67 had overall stronger ER-binding affinities than the cis-trans
isomers on the ERf, but not on the ERa. In addition, the cis-isomer of monovalent ligand 75 had a
much higher binding affinity in both ER subtypes than its ¢rans-isomer and bivalent OHT ligand
65 which was tethered by a comparable long spacer. This indicated that the stereochemistry did
play an important role in the ER-binding event and suggested that the trans-trans isomer of
bivalent OHT ligand could have much weaker binding affinity compared to the other isomers. On
the other hand, certain intramolecular interactions, e.g., a n-x stacking between two OHT moieties
or a spacer folding, took place within the bivalent OHT ligands and led to an unfavorable

conformation towards the ER-binding. As a consequence, the binding affinities of bivalent OHT
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ligands were significantly reduced due to the energy penalty of the deconstruction of such
conformations. Remarkably, it was suspected that an isomerization of high-affinity cis-isomer to
low-affinity rams-isomer also occurred in the case of bivalent OHT ligand based on the

approximate RBA values of pure cis-cis isomer of 70 and its isomer mixture (Table 3, line 8 and

Estrogen Receptor a Estrogen Receptor
—A—cjs - cis isomer of 62-68 and 70 * cis - isomer of 75 —A— cjs - cis isomer of 62-68 and 70 * cis -isomerof 75
00 —W¥—cis - trans isomer of 62-68 and 70 M trans - isomer of 75 wa Y cis - trans isomer of 62-68and 70 M trans - isomer of 75
80
70 % * EG7

EG3 T

RBA [%]

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45

Maximum spacer length [A] Maximum spacer length [A]

Figure 26. The relationship between relative binding affinity (RBA) for both ER subtypes (left:
ERao, right: ERB) and maximum spacer length. A red line represents cis-cis isomers of bivalent
OHT ligands (62-68 and 70), a blue line their cis-trans isomers, a black star the cis-isomer of

monovalent ligand 75, and a black square its trans-isomer.

Interestingly, bivalent OHT ligand 62 tethered by a 7.2 A spacer (EG1) did not reach a
maximum binding peak like in the case of bivalent RAL ligands, while bivalent OHT ligand 64
tethered by a 14.4 A spacer (EG3) peaked on both ER subtypes. This difference implies that the
cis-OHT moiety specifically bound to a different secondary site in the ERa as RAL moiety did.
Therefore, an intramolecular bivalent binding could only be achieved by 64 rather than 62.
Moreover, the binding affinity difference between cis-cis and cis-trans isomers of 64 on the ERa
(37.2% versus 8.16%) was higher than that on the ERp (13.9% versus 9.57%). This suggested that
the stereochemistry tolerance of this secondary site on the ERP was lower than on the ERa.
Additionally, the cis-trans isomer of bivalent OHT ligand 63 tethered by a 10.8 A long spacer
(EG2) also reached a maximum binding peak on the ERo, which indicated the #rans-OHT moiety
could additionally bind to a different secondary site, where the cis-OHT moiety did not.

The second maximum binding peak was reached by bivalent OHT ligand 67 tethered by a
28.8 A long spacer (EG7) on both ER subtypes. It is inferred that this maximum binding peak is
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achieved by an intermolecular bivalent binding between two ER LBPs. It cannot be rationalized
why the difference between ER-binding affinities of cis-cis and cis-trans isomer of 67 on the ERa
is nearly identical (30.7% versus 32.3%), although the #rans-OHT only had 1.7% RBA of
cis-OHT.”™ It has been expected that the binding affinity of the cis-trans isomer of 67 would be
lower than that of the cis-cis isomer of 67. Thus, it was speculated that the lipophilicity of the
OHT moiety was so essential in the ER-binding that the trans-OHT moiety could also either bind
to the ER LBP or interact somewhere on the ER surface. By contrast, the binding affinity
difference between the cis-cis and cis-trans isomer of 67 on the ERP (20.7% versus 9.48%) was
much larger. This indicated that an intermolecular bivalent binding on the ERP could be achieved
by the cis-cis isomer of 67. Remarkably, a slow decrease in the binding affinity with the increasing
spacer length in the case of 67, 68, and 70 on the ERa, but not on the ERP revealed that the
intermolecular bivalent binding could still be achieve by spacers longer than 28.8 A on the ERa,
while on the ER it could only be formed by the spacer of 28.8 A. This difference reflects the fact
that the ERo LBP is slightly larger than the ERB LBP and that these two ER subtypes have only

55% homology.
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4. Summary and conclusion

In this thesis a convergent synthetic route was carried out to prepare three series of bivalent
estrogen ligands tethered by flexible spacers of varying length according to the structure-based
ligand design. These bivalent ligands were not only biologically evaluated with estrogen receptor
(ER) to determinate their ER-binding affinities but also investigate via different methods to
explain their ER-binding abilities.

In the first part of the work bivalent trans-diethylstilbestrol (DES) ligands tethered by
oligoethylene glycol (OEG) or hybrid OEG spacers (e.g. containing a rigid biphenyl segment)
with lengths in the range of 34.8-46.7 A were studied. It was found that the polar amide linkage
group of these bivalent ligands results in a dramatic decrease in the ER binding affinity compared
to the original monovalent DES ligand and therefore, only weak binding affinities were observed.
Among these bivalent DES ligands, bivalent DES ligand tethered by a OEG spacer of 43.1 A gave
the second best result which, however, was much lower than bivalent ligand tethered by a 10.8 A
OEG spacer. This finding indicated that there was an unexpected interaction between the second
DES binding moiety and the receptor surface. Moreover, a computer calculation study
demonstrated that there was not only an end-to-end distance decrease of bivalent ligand due to the
folding conformation of the OEG spacer but also a stable hydrophobic-hydrophobic interaction
between two DES moieties and the hybrid segment of the spacer.””’

To further understand the structure-activity relationship (SAR) of bivalent estrogen ligand, in
the second part bivalent raloxifene (RAL) ligands tethered by OEG spacers of lengths in the range
of 4.7-47.7 A were synthesized and a systematic investigation was carried out. Two bivalent
binding modes, either intra- or intermolecular bivalent binding, were hypothesized to explain their
different binding abilities (Figure 27a). It was found that 22.7 A is the critical spacer length to
distinguish the intra- from intermolecular bivalent binding on the dimeric ERo LBD. The
maximum intermolecular bivalent binding affinity (10% RBA of estradiol (E;)) was achieved
when the spacer length is 26.2 A. Remarkably, it was experimentally confirmed that bivalent
ligands tethered by long spacers had weak ER binding affinities caused by ligand shielding due to
folding of the OEG spacer. By contrast, those tethered by short spacers exposed their ligands to

the receptor more readily. Consequently, they had more unimpeded access to the receptor and
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stronger ER binding affinities (Figure 27b). Thus, not only the entropic (the folding of OEG
spacer) but also the enthalpic (intramolecular interactions) difference between the initial and final
conformation state of a bivalent ligand in the aqueous environment does have a major impact on
the protein-ligand interaction. Moreover, the absence of hydrogen bond interaction between the
linkage group (1,2,3-triazole) of bivalent RAL ligand and the protein residue (Asp351) had an

undesirable impact on the enthalpic contribution of the ligand-receptor interaction.”*”!
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Figure 27. (a) Two bivalent binding modes on the dimeric estrogen receptor ligand binding
domain (ER LBD). (b) The conformation of bivalent estrogen ligands tethered by flexible spacers
of varying length in the aqueous environment. (c) Two maximum binding peaks (intra- and

intermolecular) on both ER subtypes.

To avoid the undesirable decrease in ER binding affinity due to the modification of the ligand,
it was necessary to design a bivalent estrogen ligand based on a high-affinity monovalent estrogen
ligand with little modification. Therefore, in the third part bivalent cis-OH tamoxifen (OHT)
ligands tethered by OEG spacers with lengths in the range of 7.2-43.1 A were prepared based on
the monovalent cis-OHT ligand and evaluated with two ER subtypes to determinate their ER
binding affinities. Although their ER binding abilities were decreased by their undesirable
conformation in the aqueous environment,”” two maximum binding affinity peaks at the spacer
lengths of 14.4 and 28.8 A were found (up to 37% and 31% RBA of E,, respectively, Figure 27c¢),
which correspond to the intra- and intermolecular bivalent binding modes, respectively. These
results were not only consistent with our previous hypothesis but they also provide an intuitive

and precise understanding about the SAR of bivalent estrogen ligands for both ER subtypes, in
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particular for ERp.

Based on the ER binding affinities of the three bivalent estrogen ligands mentioned above
and in previous reports, it has been sufficiently indicated that there are several factors needed to be
considered for the bivalent estrogen ligand design. Firstly, an antagonistic estrogen binding moiety,
e.g., RAL or cis-OHT, has a better access for the spacer to tether from the exterior of the receptor
due to the antagonistic ER-binding mode. By contrast, an agonistic estrogen binding moiety has
difficulty in getting such an access unless it has a large substitution at the 17a position of the
steroidal structure which, however, can reduce the ER binding affinity of bivalent estrogen ligands.

124

For instance, bivalent ethynyl estradiol (EE,) ligands prepared by LaFrate et al.'** showed much

better ER binding affinity than bivalent E, ligands which did not have such an large substitute at

the 17a position./'**!*!

I'Secondly, the tethered position and the linkage group should be consistent
with the environment of the individual bound estrogen ligand. In the case of bivalent trans-DES
ligands, the introduction of a hydrophilic linkage group dramatically reduced its ER binding
affinity. Conversely, the tertiary amine linkage group of bivalent cis-OHT ligands could maintain
the hydrogen bond interaction with the protein residues, and consequently, bivalent cis-OHT
ligands had much higher ER binding affinities. Thirdly, the use of a rigid central element as
originally suggested by Whitesides et al.l' can help to minimize the conformational entropy loss
and enhance the binding affinity as long as there is no intramolecular interaction between this
rigid element and the tethered estrogen binding moiety. A good example was demonstrated by
bivalent estrogen ligands tethered by rigid DNA spacers.'”™ In contrast, in the case of flexible
spacers, it was found that there were intramolecular hydrophobic interactions between the
biphenyl segment of the spacer and the tethered frans-DES moiety which could significantly
reduce the ER binding affinity.* Finally, by using flexible spacers, some structural requirements
such as the angle of ligand presentation and spacer length can be readily provided but not by rigid
spacers. The flexibility of polyether spacers, however, also increased the structural uncertainty of
the ligand due to its folded conformation and the hydrophobic-hydrophobic interaction of its
tethered estrogen moieties.”"!

In conclusion, achieving high-affinity bivalent binding to the dimeric ER LBD is a daunting
challenge. In this thesis, the SAR of bivalent estrogen ligands tethered by lengths of flexible

spacers has been established. Two bivalent ER binding modes, intra- and intermolecular, that are
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essential for the design of high-affinity bivalent estrogen ligand, have been proposed and
confirmed based on two series of bivalent estrogen ligands, respectively. These results sufficiently
indicate that the achievement of a bivalent binding to the ER dimer cannot simply be dissolved by
a structure-based drug design, e.g., choosing a spacer to span the distance between two LBDs.
Thus, a systemic understanding about the binding behavior of the bivalent ligands, in particular
regarding the conformation of bivalent ligands in the aqueous environment, the intramolecular
interaction caused by either the hydrophilic or hydrophobic parts of the bivalent ligand, and the
character of the binding moiety, needs to be considered. Additionally, in the case of the ER,
further investigation of intramolecular bivalent binding is warranted. Bivalent estrogen ligands
tethered by flexible spacers of short length (approximately 10-14 A) provide a new opportunity for

the design of a high-affinity inhibitor of the ER-Coactivator interaction.

79



5. Outlook

Since the bivalent interaction between the dimeric estrogen receptor (ER) and bivalent estrogen
ligand is strongly influenced by not only the spacer length of bivalent ligand but also its
conformation in the aqueous environment, two different strategies could be carried out to improve
the intra- and intermolecular bivalent interactions.

The first strategy is to develop a hetero bivalent ER inhibitor in which one estrogen ligand
and one coactivator inhibitor are tethered by a flexible spacer of 10-15 A. It was reported that a
proportion of ER-positive tumors are intrinsically resistant to antihormonal therapy such as
cis-4-OH tamoxifen. For example, in metastatic ER-positive breast cancer this proportion is

218

approximately 80%.%'® On the other hand, the development of a coactivator inhibitor has also

become more attractive in the recent years. The activity of the best coactivator inhibitor, however,

219-221

is still just in the micromolar range." I Moreover, the hetero bivalent ligands have shown a

potential application in different types of ligand-protein interaction as well as the chemical

#2250 Thys, a combination of the estrogen

induced dimerization between two protein molecules.|
ligand and the coactivator inhibitor may overcome the drug resistance of ER-positive tumor and
the low activity of the coactivator inhibitor.

Whereas the folded conformation of bivalent estrogen ligand caused by the gauche effect is
the major drawback of the flexible spacer, Whitesides and co-workers proposed to use a rodlike
oligopiperidine which is not only water soluble but also provides the bivalent ligand certain

[224

rigidity.”**! A similar concept has been applied in the case of bivalent estrogen ligands tethered by

the biocompatible DNA spacer which gave more promising results than those with flexible
[198

spacers.!"”® Therefore, tethering two estrogen ligands by a rigid spacer of approximately 30 A is

another way to improve the ER-binding affinity of the intermolecular bivalent interaction.
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6. Experimental part

General. All chemical were purchased from Sigma-Aldrich, Acros, and Alfa Aesar, and were
used without further purification. Anhydrous solvents were obtained from an anhydrous solvent
purification system. For anhydrous reactions, all glasswares were oven-dried overnight and cooled
under vacuum, then purged with argon; all such reactions were conducted under argon. 'H and "*C
NMR spectra were recorded on a Joel EXC400 spectrometer or a Bruker AC250 spectrometer
with probe temperatures of 25°C, '"H NMR chemical shifts are reported in ppm (three significant
digits) relative to the residual proton signal of the NMR solvent and coupling constants (J) are
given in hertz (Hz). °C chemical shifts are reported in ppm (three significant digits) relative to the
carbon signal of the NMR solvent. 2D NMR spectra were recorded on a Bruker AVANCE III 700
spectrometer with probe temperatures of 37°C. Thin layer chromatography (TLC) plates (Merck
F254 silica gel on aluminum plates) were visualized by using 1.5 g KMnQ,, 10 g K,CO;, and 1.25
mL 10% NaOH in 200 mL water, with UV light (254 nm). High resolution mass spectra (HRMS)
were obtained on an Agilent 6210 ESI-TOF spectrometer and UV-spectra were performed on a
Varian Cary 100 UV/VIS spectrometer. GC/MS spectra were performed on a Varian Saturn
2100T spectrometer.

All final products were characterized with 'H, *C NMR, and HRMS, except that those products

which readily undergo a cis-trans isomerization, were characterized with '"H NMR and HRMS.

6.1. Bi-functionalized oligoethylene glycol (OEG)

6.1.1. Chemical preparation of ditosylated OEG 1

(1)  General procedure for chemical preparations of ditosylated OEG 1a-b:

To a solution of the OEG diol (1.0 equivalent) in THF, 4-methylbenzene sulfonyl chloride (3.0
equivalents) was added at room temperature and then cooled to 0°C. To this mixture, potassium
hydroxide (6.6 equivalents) in H,O (0.9 g/mL) was added dropwise over 1 h. Then the reaction
mixture was stirred at 0°C for 30 min and some white precipitation appeared. Afterwards this
mixture was further stirred at room temperature until TLC analysis indicated complete

consumption of the OEG diol. The reaction mixture was neutralized with a saturated ammonium
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chloride solution and concentrated in vacuo. The residue was absorbed on the silica gel and further
purified by column chromatography to obtain the pure ditosylate OEG 1.

(2) Ditosylated OEG 1a:

Tetraethylene glycol (17.4g, 89.6 mmol), 4-methylbenzene sulfonyl chloride (57.0 g, 299 mmol),
potassium hydroxide (37.0 g, 660 mmol), 150 mL THF, and 40 mL H,O were used and the crude
product was purified by column chromatography (chloroform : MeOH = 10 : 1) to give the
ditosylate 1a as a light yellow oil (17.5g, 35%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.79 (4H, d, J = 8.4 Hz, Ar-H), 7.33 (4H, d, J = 8.0 Hz,
Ar-H), 4.17-4.14 (4H, m, OCH,CH,080,), 3.69-3.67 (4H, m, OCH,CH,0S0,), 3.58-3.55 (8H, m,
OCH,CH,0), 2.44 (6H, s, CH3).

PC-NMR (CDCls, 100 MHz) § (ppm) = 145, 133, 130, 128, 70.9, 70.8, 69.5, 68.9, 21.8.

(3) Ditosylated OEG 1b:

Pentaethylene glycol (2.01 g, 8.45 mmol), 4-methylbenzene sulfonyl chloride (4.88 g, 25.4
mmol), potassium hydroxide (3.13 g, 55.8 mmol), 20 mL THF, and 3.5 mL H,O were used and the
crude product was purified by column chromatography (DCM : MeOH = 30 : 1) to give the
ditosylate 1b as a colorless oil (4.44 g, 96%).

'H-NMR (CDCls, 400 MHz) d (ppm) = 7.79 (4H, d, J = 8.4 Hz, Ar-H), 7.34 (4H, d, J = 8.5 Hz,
Ar-H), 4.17-4.14 (4H, m, OCH,CH,0S80,), 3.69-3.67 (4H, m, OCH,CH,0S80,), 3.60-3.58 (12H,
m, OCH,CH,0), 2.44 (6H, s, CH;).

BC-NMR (CDCls, 100 MHz) & (ppm) = 145, 133, 130, 128, 70.9, 70.8, 70.7, 69.4, 68.9, 21.8.
6.1.2. Chemical preparation of monobenzylate OEG 2

(1)  General procedure for chemical preparations of monobenzylate OEG 2a-b:

To a solution of the OEG diol (4.0 equivalents) in 50% aqueous NaOH (4.0 equivalents), benzyl
chloride (1.0 equivalent) was added and the reaction mixture was stirred and heated up to 100°C
for 20 h. Then the mixture was cooled to 0°C and neutralized with a saturated ammonium chloride
solution and concentrated in vacuo. The residue was distilled with a Kugel Rohr to obtain the pure
monobenzylated OEG 2.

(2)  Monobenzylate OEG 2a:

Triethylene glycol (31.8 g, 212 mmol), NaOH (8.48 g, 212 mmol), benzyl chloride (6.16 mL, 53.0
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mmol), and 8.4 mL H,O were used and the crude product was distilled with a Kugelrohr (140°C,
0.02 mbar) to give the monobenzylated 2a a colorless oil (9.49 g, 75%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.34-7.33 (4H, m, Ar-H), 7.29-7.26 (1H, m, Ar-H), 4.57
(2H, s, BnCH,0), 3.72-3.59 (12H, m, OCH,CH,0), 2.60 (1H, s, CH,OH).

PC-NMR (CDCls, 100 MHz) d (ppm) = 138, 128, 73.4, 72.7, 70.8, 70.6, 69.5, 61.9.

(3) Monobenzylate OEG 2b:

Tetraethylene glycol (39.1 g, 201 mmol), NaOH (8.05 g, 201 mmol), benzyl chloride (5.84 mL,
50.0 mmol), and 8.0 mL H,O were used and the crude product was distilled with a Kugelrohr
(191-203°C, 0.27-0.31 mbar) to give the monobenzylated 2b a colorless oil (9.51 g, 67%).
'H-NMR (CDCls, 400 MHz) & (ppm) = 7.34-7.33 (4H, m, Ar-H), 7.29-7.26 (1H, m, Ar-H), 4.56
(2H, s, BnCH,0), 3.70-3.58 (16H, m, OCH,CH,0), 2.79 (1H, br s, CH,OH).

C-NMR (CDCl;, 100 MHz) & (ppm) = 138, 129, 128, 73.4, 72.7, 70.8, 70.7, 70.4, 69.6.
6.1.3. Chemical preparation of monobenzylated, monotosylate OEG 3

To a solution of the monobenzylated 2b (2.36 g, 8.31 mmol) in 20 mL THF, 4-methylbenzene
sulfonyl chloride (2.40 g, 12.5 mmol) was added at room temperature and then cooled to 0°C. To
this mixture, potassium hydroxide (1.54 g, 27.4 mmol) in 1.6 mL H,O (0.9 g/mL) was added
dropwise over 15 min. Then the reaction mixture was stirred at 0°C for 30 min and some white
precipitation appeared. Afterwards this mixture was further stirred at room temperature until TLC
analysis indicated complete consumption of 2b. The reaction mixture was neutralized with a
saturated ammonium chloride solution and concentrated in vacuo. The residue was absorbed on
the silica gel and further purified by column chromatography (DCM : MeOH =40 : 1) to give 3 as
a colorless oil (2.91 g, 80%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.79 (4H, d, J = 8.2 Hz, Ar-H), 7.34-7.32 (6H, m, Ar-H),
7.30-7.26 (1H, m, Ar-H), 4.56 (2H, s, BnCH,0), 4.16-4.13 (2H, m, OCH,CH,0S0,), 3.69-3.58
(14H, m, OCH,CH,0S0, and OCH,CH,0), 2.44 (3H, s, CH5).

BC-NMR (CDCls, 100 MHz) 6 (ppm) = 145, 139, 133, 130, 129, 128, 73.4, 71.0, 70.8, 70.7, 69.6,

69.4, 68.9.

6.1.4. Chemical preparation of dibenzylate OEG 4
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(1)  General procedure for preparations of dibenzylate OEG 4a-f:

To a solution of the hydroxyl functionalized OEG (monobenzylate alcohol or diol, 1.0 equivalent)
in anhydrous THF at 0°C, sodium hydride (1.1 equivalents for monobenzylate alcohol or 2.2
equivalents for diol, respectively) was added portionwise and the reaction mixture was stirred at
0°C for an additional 30 min. Afterwards the mixture was heated up to reflux for 1 h and then
cooled to 0°C again. To this mixture, the tosylated OEG (1.0 equivalent for monotosylated or 2.0
equivalents for ditosylated, respectively) in anhydrous THF was added dropwise though a
dropping funnel over 30 min. Then the mixture was heated up to reflux for 20 h. The mixture was
cooled to 0°C and neutralized with a saturated ammonium chloride solution, brine, and
concentrated in vacuo. The residue was absorbed on the silica gel and further purified by column
chromatography to obtain the pure dibenzylate OEG 4.

(2)  Dibenzylate OEG 4a:

The monobenzylate OEG 2a (500 mg, 2.08 mmol), sodium hydride (91.5 mg, 2.29 mmol), the
monotosylated OEG 3 (95.9 mg, 2.18 mmol), and 30 mL anhydrous THF were used and the crude
product was purified by column chromatography (DCM : MeOH = 40 : 1) to give the dibenzylate
OEG 4a as a colorless oil (653 mg, 62%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 7.35-7.26 (10H, m, Ar-H), 4.56 (4H, s, BnCH,0),
3.72-3.63 (28H, m, OCH,CH,0).

BC-NMR (CDCls, 100 MHz) & (ppm) = 139, 129, 128, 73.4, 70.8, 69.6.

(3) Dibenzylate OEG 4b:

The monobenzylate OEG 2b (610 mg, 2.14 mmol), sodium hydride (94.3 mg, 2.36 mmol), the
monotosylated OEG 3 (987 mg, 2.14 mmol), and 30 mL anhydrous THF were used and the crude
product was purified by column chromatography (DCM : MeOH = 40 : 1) to give the dibenzylate
OEG 4b as a colorless oil (583 mg, 50%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 7.34-7.26 (10H, m, Ar-H), 4.57 (4H, s, BnCH,0),
3.72-3.59 (32H, m, OCH,CH,0).

PC-NMR (CDCl;, 100 MHz) § (ppm) = 139, 129, 128, 73.5, 70.9, 70.8, 70.6, 69.6.

(4)  Dibenzylate OEG 4c¢:

Ethylene glycol (84.4 mg, 1.36 mmol), sodium hydride (114 mg, 2.86 mmol), the monotosylated
OEG 3 (1.25 g, 2.86 mmol), and 30 mL anhydrous THF were used and the crude product was
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purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dibenzylate OEG
4c as a colorless oil (416 mg, 52%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 7.34-7.27 (10H, m, Ar-H), 4.56 (4H, s, BnCH,0),
3.68-3.63 (36H, m, OCH,CH,0).

BC-NMR (CDCls, 100 MHz) & (ppm) = 139, 129, 128, 73.4, 70.9, 70.8, 69.6.

(5) Dibenzylate OEG 4d:

Diethylene glycol (147 pL, 1.52 mmol), sodium hydride (128 mg, 3.20 mmol), the monotosylated
OEG 3 (1.47 g, 3.35 mmol), and 20 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dibenzylate OEG
4d as a colorless oil (455 mg, 47%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 7.34-7.26 (10H, m, Ar-H), 4.56 (4H, s, BnCH,0),
3.67-3.63 (40H, m, OCH,CH,0).

BC-NMR (CDCls, 100 MHz) & (ppm) = 139, 129, 128, 73.4, 70.9, 70.8, 69.6.

(6) Dibenzylate OEG 4e:

The monobenzylated OEG 2a (1.63 g, 6.76 mmol), sodium hydride (281 mg, 7.03 mmol), the
ditosylated OEG 1b (1.83 g, 3.35 mmol), and 75 mL anhydrous THF were used and the crude
product was purified by column chromatography (DCM : MeOH = 20 : 1) to give the dibenzylate
OEG 4e as a colorless oil (1.61 g, 71%).

'H-NMR (MeOD, 400 MHz) 6 (ppm) = 7.35-7.25 (10H, m, Ar-H), 4.54 (4H, s, BnCH,0),
3.67-3.64 (4H, m, OCH,CH,0), 3.64-3.60 (40H, m, OCH,CH,0).

BC-NMR (MeOD, 100 MHz) & (ppm) = 140, 130, 129, 74.3, 71.7, 70.8.

(7)  Dibenzylate OEG 4f:

The monobenzylated OEG 2b (1.94 g, 6.84 mmol), sodium hydride (298 mg, 7.44 mmol), the
ditosylated OEG 1a (1.70 g, 3.35 mmol), and 40 mL anhydrous THF were used and the crude
product was purified by column chromatography (DCM : MeOH = 30 : 1) to give the dibenzylate
OEG 4f as a colorless oil (1.11 g, 45%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 7.34-7.28 (10H, m, Ar-H), 4.56 (4H, s, BnCH,0),
3.66-3.64 (48H, m, OCH,CH,0).

BC-NMR (CDCls, 100 MHz) d (ppm) = 138, 128, 73.3, 70.8, 70.7, 69.6.

(8)  Dibenzylate OEG 4g:
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The monobenzylated OEG 2b (2.01 g, 7.08 mmol), sodium hydride (430 g, 10.6 mmol), the
ditosylated OEG 1b (1.93 g, 3.54 mmol), and 15 mL anhydrous THF were used and the crude
product was purified by column chromatography (DCM : MeOH = 20 : 1) to give the dibenzylate
OEG 4f as a colorless oil (1.14 g, 41%).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 7.35-7.27 (10H, m, Ar-H), 4.57 (4H, s, BnCH0),
3.68-3.62 (52H, m, OCH,CH,0).

BC-NMR (CDCls, 100 MHz) & (ppm) = 138, 129, 128, 73.4, 70.8, 70.7, 69.6.
6.1.5. Chemical preparation of OEG diol 5

(1)  General procedure for preparation of OEG diol 5a-g:

To a solution of the dibenzylated OEG 4 (1.0 equivalent) in EtOH, palladium on carbon (0.1
equivalent) was added and the reaction mixture was hydrogenated under 1.0 bar H, and stirred at
room temperature until TLC analysis indicated complete consumption of the dibenzylate.
Afterwards the mixture was filtered over Celite and the filter cake was washed with MeOH three
times. This solution was concentrated in vacuo and the pure OEG diol 5 was obtained without any
further purification.

(2) OEG diol 5a:

The dibenzylated OEG 4a (639 mg, 1.26 mmol), palladium on carbon (134 mg, 0.13 mmol), and
10 mL EtOH were used and the OEG diol 5a as a colorless oil (411 mg, 99%).

'H-NMR (DMSO0-d6, 400 MHz) ¢ (ppm) = 4.57 (2H, br s, -OH), 3.51-3.33 (28H, m,
OCH,CH,0).

BC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 72.3, 69.8, 60.2.

(3) OEG diol 5b:

The dibenzylated OEG 4b (578 mg, 1.05 mmol), palladium on carbon (112 mg, 0.105 mmol), and
20 mL EtOH were used and the OEG diol 5b as a colorless oil (394 mg, 99%).

'H-NMR (DMSO-d6, 400 MHz) 6 (ppm) = 4.57 (2H, dt, J = 1.5 Hz, 5.4 Hz, -OH), 3.51-3.33 (32H,
m, OCH,CH,0).

BC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 72.3, 69.8, 60.2.

(4) OEG diol 5c¢:

The dibenzylated OEG 4¢ (408 mg, 0.690 mmol), palladium on carbon (73.0 mg, 0.0690 mmol),
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and 20 mL EtOH were used and the OEG diol 5c¢ as a colorless oil (284 mg, 99%).

'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 4.57 (2H, br s, -OH), 3.51-3.33 (36H, m,
OCH,CH,0).

BC-NMR (DMSO0-d6, 100 MHz) d (ppm) = 72.3, 69.8, 60.2.

(5) OEG diol 5d:

The dibenzylated OEG 4d (446 mg, 0.700 mmol), palladium on carbon (74.3 mg, 0.0700 mmol),
and 20 mL EtOH were used and the OEG diol 5d as a colorless oil (314 mg, 97%).

'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 4.58 (2H, br s, -OH), 3.55-3.47 (36H, m, OCH,CH,0),
3.42 - 3.39 (4H, m, OCH,CH,0).

BC-NMR (DMSO0-d6, 100 MHz) J (ppm) = 72.4, 69.8, 60.2.

(6) OEG diol 5e:

The dibenzylated OEG 4e (1.61 g, 2.36 mmol), palladium on carbon (252 mg, 0.236 mmol), and
20 mL EtOH were used and the OEG diol Se as a colorless oil (1.11 g, 93%)).

'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 4.57 (2H, t, J = 5.6 Hz, -OH), 3.55-3.39 (44H, m,
OCH,CH,0).

BC-NMR (DMSO-d6, 100 MHz) d (ppm) = 72.3, 69.7, 60.2.

(7)  OEG diol 5f:

The dibenzylated OEG 4f (1.11 g, 1.52 mmol), palladium on carbon (162 mg, 0.152 mmol), and
20 mL EtOH were used and the OEG diol 5f as a colorless oil (770 mg, 92%).

'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 4.57 (2H, t, J = 5.3 Hz, -OH), 3.51-3.46 (44H, m,
OCH,CH,0), 3.42 - 3.40 (4H, m, OCH,CH,0).

BC-NMR (DMSO-d6, 100 MHz) d (ppm) = 72.3, 69.8, 60.2.

(8)  OEG diol 5g:

The dibenzylated OEG 4g (1.12 g, 1.45 mmol), palladium on carbon (160 mg, 0.145 mmol), and
40 mL EtOH were used and the OEG diol 5g as a colorless oil (860 mg, 99%).

'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 4.58 (2H, t, J = 5.6 Hz, -OH), 3.54-3.45 (48H, m,
OCH,CH,0), 3.42 - 3.40 (4H, m, OCH,CH,0).

BC-NMR (DMSO-d6, 100 MHz) d (ppm) = 72.3, 69.8, 60.2.

6.1.6. Chemical preparation of ditosylate 6
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(1)  General procedure for preparation of ditosylate 6a-b:

To a solution of a diol (1.0 equivalent) in THF, 4-methylbenzene sulfonyl chloride (3.0
equivalents) was added at room temperature and then cooled to 0°C. To this mixture, potassium
hydroxide (6.6 equivalents) in H,O (0.9 g/mL) was added dropwise over 1 h. Then the reaction
mixture was kept at 0°C for 30 min and some white precipitation appeared. Afterwards this
mixture was further stirred at room temperature until TLC analysis indicated complete
consumption of the diol. The reaction mixture was neutralized with a saturated ammonium
chloride solution and concentrated in vacuo. The residue was purified either by recrystallization or
by column chromatography to obtain the pure ditosylate 6.

(2)  Ditosylate 6a:

1,4-butandiol (5.00 mL, 55.2 mmol), 4-methylbenzene sulfonyl chloride (31.9 g, 165 mol),
potassium hydroxide (20.4 g, 364 mmol), 70 mL THF, and 20 mL H,O were used and the crude
product was purified two times recrystallization in CHCI; to give the ditosylate 6a as a light
crystal (5.47 g, 25%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.75 (4H, d, J = 8.1 Hz, Ar-H), 7.35 (4H, d, J = 8.5 Hz,
Ar-H), 3.99 (4H, t, J=5.0 Hz, OCH,CH,), 2.46 (6H, s, CH;), 1.70 (4H, p, J = 2.3 Hz, OCH,CH,).
BC-NMR (CDCls, 100 MHz) d (ppm) = 145, 133, 130, 128, 69.6, 25.2, 21.9.

(3) Ditosylate 6b:

1,8-octanediol (7.08 g, 48.4 mmol), 4-methylbenzene sulfonyl chloride (28.0 g, 145 mol),
potassium hydroxide (16.3 g, 291 mmol), 120 mL THF, and 16 mL H,O were used and the crude
product was purified by column chromatography (chloroform : MeOH = 40 : 1) to give the
ditosylate 6b as a light crystal (5.73 g, 27%).

'H-NMR (CDCls, 400 MHz) d (ppm) = 7.78 (4H, d, J = 8.2 Hz, Ar-H), 7.35 (4H, d, J = 8.1 Hz,
Ar-H), 4.00 (4H, t, J = 6.4 Hz, OCH,CH,), 2.45 (6H, s, CH;), 1.61 (4H, p, J = 6.6 Hz,
OCH,CH,CHy), 1.30-1.17 (8H, m, CH,).

PC-NMR (CDCl;, 100 MHz) & (ppm) = 145, 133, 130, 128, 70.7, 28.8, 25.4, 21 8.
6.1.7. Chemical preparation of dibenzylate 7

(1)  General procedure for preparation of dibenzylate 7a-b

To a solution of the monobenzylate OEG 2b (2.05 equivalents) in anhydrous THF at 0°C, sodium
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hydride (2.5 equivalents) was added portionwise at 0°C and the reaction mixture was stirred for an
additional 30 min. Afterwards the mixture was heated up to reflux for 1 h and then cooled to 0°C
again. To this mixture, the ditosylate 6 (1.0 equivalent) in anhydrous THF was added dropwise
though a dropping funnel over 30 min. Then the mixture was heated up to reflux for 20 h. The
mixture was cooled to 0°C and neutralized with a saturated ammonium chloride solution and
concentrated in vacuo. The residue was absorbed on the silica gel and further purified by column
chromatography to obtain the pure dibenzylate hybrid OEG 7.

(2)  Dibenzylate 7a:

The monobenzylate OEG 2b (2.39 g, 8.39 mmol), sodium hydride (409 mg, 10.2 mmol), the
ditosylate 6a (1.63 g, 4.09 mmol), and 40 mL anhydrous THF were used and the crude product
was purified by column chromatography (chloroform : MeOH = 40 : 1) to give the dibenzylate
hybrid OEG 7a as a colorless oil (1.91 g, 75%).

'H-NMR (CDCls, 400 MHz) § (ppm) = 7.34-7.31 (8H, m, Ar-H), 7.29-7.26 (2H, m, Ar-H), 4.56
(4H, s, BnCH,0), 3.72-3.55 (32H, m, OCH,CH,0), 3.45 (4H, m, CH,), 1.63 (4H, m, CH,).
PC-NMR (CDCls;, 100 MHz) § (ppm) = 138, 128, 73.3, 72.6, 71.2, 70.7, 70.4, 70.2, 69.5, 61.8,
26.4.

(3) Dibenzylate 7b:

The monobenzylate OEG 2b (1.97 g, 6.92 mmol), sodium hydride (338 mg, 8.44 mmol), the
ditosylate 6b (1.54 g, 3.38 mmol), and 40 mL anhydrous THF were used and the crude product
was purified by column chromatography (chloroform : MeOH = 40 : 1) to give the dibenzylate
hybrid OEG 7b as a colorless oil (1.91 g, 83%)).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 7.34-7.26 (2H, m, Ar-H), 4.56 (4H, s, BnCH,0), 3.68-
3.54 (32H, m, OCH,CH,0), 3.43 (4H, t, J = 6.8 Hz, CH>), 1.56 (4H, p, J = 6.7 Hz, CH,), 1.35-
1.25 (8H, m, CH,).

PC-NMR (CDCls;, 100 MHz) § (ppm) = 138, 128, 73.2, 71.5, 70.7, 70.6, 70.1, 69.4, 29.6, 29.4,

26.0.
6.1.8. Chemical preparation of hybrid OEG 8

(1)  General procedure for preparation of hybrid OEG 8a-b:

To a solution of the dibenzylated hybrid OEG 7 (1.0 equivalent) in EtOH, palladium on carbon
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(0.1 equivalent) was added and the reaction mixture was hydrogenated under 1.0 bar H, and
stirred at room temperature until TLC analysis indicated complete consumption of the dibenzylate.
Afterwards the mixture was filtered over Celite and the filter cake was washed with MeOH three
times. This solution was concentrated in vacuo and the pure OEG diol 8 was obtained without any
further purification.

(2) Hybrid OEG 8a:

The dibenzylated hybrid OEG 7a (1.86 g, 2.98 mmol), palladium on carbon (317 mg, 0.298
mmol), and 20 mL EtOH were used and the OEG diol 8a as a colorless oil (1.27 g, 97%).
'H-NMR (CDCl;, 400 MHz) ¢ (ppm) = 3.71-3.58 (32H, m, OCH,CH,), 3.47 (4H, br s,
HOCH,CH,), 2.97 (2H, br s, OH), 1.64 (4H, br s, OCH,CH,CH,CH,0).

PC-NMR (CDCls, 100 MHz) d (ppm) = 73.1, 72.7, 71.3, 70.7, 70.5, 70.2, 70.1, 61.8, 61.7, 26.4.
(3) Hybrid OEG 8b:

The dibenzylated hybrid OEG 7b (1.88 g, 2.77 mmol), palladium on carbon (295 mg, 0.277
mmol), and 20 mL EtOH were used and the OEG diol 8b as a colorless oil (1.15 g, 84%).
'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 4.58-4.56 (2H, t, J = 5.3 Hz, OH), 3.51-3.34 (36H, m,
OCH,CH,), 1.47 (44, t, J = 6.4 Hz, OCH,CH,CH,CH,), 1.26 (8H, br s, OCH,CH,CH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) § (ppm) = 72.3, 70.3, 69.8, 69.5, 60.2, 29.2, 28.8, 25.6.
6.1.9. Chemical preparation of monotritylate OEG 9

To a mixture of tetracthylene glycol (20.0 mL, 0.115 mol) and pyridine (1.39 mL, 17.0 mmol),
powdered trityl chloride (3.26 g, 11.0 mmol) were added portionwise at 45°C and this reaction
mixture was further stirred at 45°C for 16 h. This reaction suspension was first separated and the
solid was removed. The residue was dissolved in toluene and washed with water for three times to
remove the excess of tetracthylene glycol. The organic layer was dried over MgSO, and
concentrated in vacuo to obtain monotritylate OEG 9 as a light yellow liquid (4.99 g, 99%).
'H-NMR (Acetone-d6, 250 MHz) d (ppm) = 7.52-7.48 (5H, m, Ar-H), 7.36-7.24 (10H, m, Ar-H),
3.68-3.51 (14H, m, OCH,CH,), 3.18 (2H, t, J = 5.2 Hz, CH,0OH), 2.08 (1H, s, OH).

PC-NMR (Acetone-d6, 62.5 MHz) ¢ (ppm) = 145, 130, 129, 128, 73.6, 71.6, 71.4, 71.2, 64.4,

62.1.

6.1.10. Chemical preparation of ditritylate hybrid OEG 10
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To a mixture of 9 (4.36 g, 10.0 mmol) in anhydrous THF, sodium hydride (460 mg, 11.4 mmol)
was added portionwise at 0°C. The mixture was first stirred at room temperature for 30 min and
then heated up to reflux for 1 h. To this cooled reaction mixture, potassium iodide (160 mg, 0.952
mmol) and 4,4’-bis(chloromethyl)-1,1’-biphenyl (1.26 g, 4.76 mmol) was added at room
temperature. The mixture was heated up to reflux for 18 h. The reaction was controlled until TLC
analysis indicated complete consumption of 4,4’-bis(chloromethyl)-1,1’-biphenyl. The mixture
was quenched with water and extracted with ether and brine. The organic layer was dried over
MgSO, and concentrated in vacuo. The residue was purified by 2 times column chromatography
(chloroform : AcOEt =40:1 to 10:1) to obtain a light yellow oil 10 (1.81 g, 36%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.53 (4H, d, J = 8.4 Hz, Ar-H), 7.45 (12H, m, Ar-H), 7.38
(4H, d, J = 8.4 Hz, Ar-H), 7.27 (12H, m, Ar-H), 7.21 (6H, m, Ar-H), 4.58 (4H, s, ArCH,0), 3.68
(28H, m, OCH,CH,), 3.22 (4H, t, J= 5.2 Hz, ArCH,OCH,CH,).

PC-NMR (CDCl;, 100 MHz) d (ppm) = 144, 140, 138, 129, 128, 127, 73.2, 71.0, 70.9, 69.7, 63.5.
6.1.11. Chemical preparation of hybrid OEG 11

To a solution of ditriylate hybrid OEG 10 (2.65 g, 2.53 mmol) in a mixture of MeOH (12 ml) and
chloroform (8 ml), catalytic amount of para-toluene-4-sulfonic acid monohydrate (30.0 mg, 0.127
mmol) and 2 drops water were added and then the reaction mixture was stirred at room
temperature for 24 h. The reaction was controlled until TLC analysis indicated complete
consumption of ditriylate 10. Afterwards, a solution sodium carbonate (30.0 mg, 0.250 mmol) was
added. The organic layer was dried over MgSO,4 and concentrated in vacuo. The residue purified
by column chromatography (DCM : MeOH = 20:1) to obtain a yellow oil 11 (890 mg, 62%).
'H-NMR (CDCls, 400 MHz) & (ppm) = 7.55 (4H, d, J = 8.0 Hz, Ar-H), 7.40 (4H, d, J = 8.0 Hz,
Ar-H), 4.59 (4H, s, ArCH,0), 3.65 (28H, m, OCH,CH,), 3.58 (4H, t, J = 4.4 Hz, CH,0H), 3.45
(2H, s, OH).

PC-NMR (CDCl;, 100 MHz) § (ppm) = 141, 138, 129, 127, 73.2, 72.7, 70.8, 70.5, 69.7, 62.0.
6.1.12. Chemical preparation of ditosylate OEG 12-14

(1)  General procedure for chemical preparations of ditosylate OEG 12-14:

To a solution of the diol (1.0 equivalent) in THF, 4-methylbenzene sulfonyl chloride (3.0
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equivalents) was added at room temperature and then cooled to 0°C. To this mixture, potassium
hydroxide (6.6 equivalents) in H,O (0.9 g/mL) was added dropwise over 1 h. Then the reaction
mixture was kept at 0°C for 30 min and some white precipitation appeared. Afterwards this
mixture was further stirred at room temperature until TLC analysis indicated complete
consumption of the OEG diol. The reaction mixture was neutralized with a saturated ammonium
chloride solution and concentrated in vacuo. The residue was absorbed on the silica gel and further
purified by column chromatography to obtain the pure ditosylate OEG.

(2)  Ditosylate OEG 12a:

OEG diol 5b (217 mg, 0.590 mmol), 4-methylbenzene sulfonyl chloride (339 mg, 1.76 mmol),
potassium hydroxide (217 mg, 3.87 mmol), 5 mL THF, and 0.20 mL H,O were used and the crude
product was purified by column chromatography (chloroform : MeOH = 40 : 1) to give the
ditosylate 12a as a light yellow oil (184 mg, 46%).

'H-NMR (CDCls, 400 MHz) d (ppm) = 7.79 (4H, d, J = 8.4 Hz, Ar-H), 7.34 (4H, d, J = 8.0 Hz,
Ar-H), 4.17-4.14 (4H, m, OCH,CH,0S80,), 3.70-3.66 (4H, m, OCH,CH,0S80,), 3.65-3.60 (16H,
m, OCH,CH,0), 3.58 (8H, br s, OCH,CH,0), 2.45 (6H, s, CH}3).

BC-NMR (CDCls, 100 MHz) & (ppm) = 145, 133, 130, 128, 70.9, 70.7, 70.6, 69.4, 68.8, 21.8.
HRMS (ESI-TOF, positive): [C30H40138,Na]" cal. 701.2272, found 701.2250; [C30H46013S,K]"
cal. 717.2011, found 717.1992.

(3) Ditosylate OEG 12b:

OEG diol 5d (175 mg, 0.380 mmol), 4-methylbenzene sulfonyl chloride (221 mg, 1.15 mmol),
potassium hydroxide (142 mg, 2.52 mmol), 5 mL THF, and 0.14 mL H,O were used and the crude
product was purified by column chromatography (chloroform : MeOH = 40 : 1) to give the
ditosylate 12b as a light yellow oil (211 mg, 73%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.79 (4H, d, J = 8.3 Hz, Ar-H), 7.34 (4H, d, J = 8.0 Hz,
Ar-H), 4.17-4.14 (4H, m, OCH,CH,0S0,), 3.70-3.66 (4H, m, OCH,CH,08S0,), 3.66-3.60 (24H,
m, OCH,CH,0), 3.58 (8H, br s, OCH,CH,0), 2.45 (6H, s, CH;).

PC-NMR (CDCl;, 100 MHz) § (ppm) = 145, 133, 130, 128, 71.1, 71.0, 70.9, 69.6, 69.1, 22.0.
HRMS (ESI-TOF, positive): [C34Hs40;58:Na]" cal. 789.2796, found 789.2772; [C34Hs40;58,K]"
cal. 805.2536, found 805.2511.

(4) Ditosylate OEG 12¢:
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OEG diol 5e (246 mg, 0.490 mmol), 4-methylbenzene sulfonyl chloride (278 mg, 1.45 mmol),
potassium hydroxide (179 mg, 3.19 mmol), 10 mL THF, and 0.20 mL H,O were used and the
crude product was purified by column chromatography (DCM : MeOH = 10 : 1) to give the
ditosylate 12¢ as a light yellow oil (380 mg, 98%).

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 7.79 (4H, d, J = 8.4 Hz, Ar-H), 7.34 (4H, d, J = 8.1 Hz,
Ar-H), 4.17-4.15 (4H, m, OCH,CH,0S0,), 3.70-3.67 (4H, m, OCH,CH,0S0,), 3.65-3.61 (28H,
m, OCH,CH,0), 3.58 (8H, br s, OCH,CH,0), 2.45 (6H, s, CH3).

BC-NMR (CDCls, 100 MHz) & (ppm) = 145, 133, 130, 128, 70.9, 70.8, 70.7, 69.4, 68.9, 21.8.

(5) Ditosylate OEG 12d:

OEG diol 5f (302 mg, 0.552 mmol), 4-methylbenzene sulfonyl chloride (319 mg, 1.66 mmol),
potassium hydroxide (205 mg, 3.65 mmol), 13 mL THF, and 0.23 mL H,O were used and the
crude product was purified by column chromatography (DCM : MeOH =20 : 1 to 15 : 1) to give
the ditosylate 12d as a light yellow oil (434 mg, 92%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.79 (4H, d, J = 8.2 Hz, Ar-H), 7.34 (4H, d, J = 8.0 Hz,
Ar-H), 4.17-4.15 (4H, m, OCH,CH,0S0,), 3.72-3.55 (44H, m, OCH,CH,0S0, and OCH,CH,),
2.45 (6H, s, CH3).

PC-NMR (CDCls, 100 MHz) § (ppm) = 145, 133, 130, 128, 70.9, 70.7, 69.4, 68.9, 21.8.

HRMS (ESI-TOF, positive): [C3sHgS,017Na]” cal. 877.3321, found 877.3277; [C3sHg2S,0,7K]"
cal. 893.3060, found 893.3016.

(6) Ditosylate OEG 12e:

OEG diol 5g (1.29 g, 2.19 mmol), 4-methylbenzene sulfonyl chloride (0.92 g, 4.82 mmol),
potassium hydroxide (490 mg, 8.76 mmol), 15 mL THEF, and 1.0 mL H,O were used and the crude
product was purified by column chromatography (DCM : MeOH = 20 : 1) to give the ditosylate
12e as a light yellow oil (1.76 g, 90%).

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 7.79 (4H, d, J = 8.4 Hz, Ar-H), 7.34 (4H, d, J = 8.0 Hz,
Ar-H), 4.17-4.15 (4H, m, OCH,CH,0S0,), 3.70-3.57 (48H, m, OCH,CH,0S0, and OCH,CH,),
2.45 (6H, s, CH5).

BC-NMR (CDCls, 100 MHz) & (ppm) = 145, 133, 130, 128, 71.0, 70.8, 69.5, 68.9, 21.9.

(7)  Ditosylate OEG 13a:

OEG diol 8a (656 mg, 1.48 mmol), 4-methylbenzene sulfonyl chloride (856 mg, 4.45 mmol),
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potassium hydroxide (549 mg, 9.78 mmol), 20 mL THF, and 0.5 mL H,O were used and the crude
product was purified by column chromatography (DCM : MeOH = 40 : 1) to give the ditosylate
13a as a light yellow oil (718 mg, 65%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.79 (4H, d, J = 8.2 Hz, Ar-H), 7.34 (4H, d, J = 8.0 Hz,
Ar-H), 4.17-4.15 (4H, m, OCH,CH,0S0,), 3.70-3.67 (4H, m, OCH,CH,080,), 3.64-3.61 (12H,
m, OCH,CH,), 3.59-5.54 (12H, m, OCH,CH>), 3.46 (4H, t, J = 5.3 Hz, OCH,CH,CH,CH,0), 2.45
(6H, s, CH3), 1.63 (4H, p, J = 3.4 Hz, OCH,CH,CH,CH,0).

BC-NMR (CDCls, 100 MHz) 6 (ppm) = 145, 133, 130, 128, 71.3, 70.9, 70.8, 70.7, 70.3, 69.4,
68.9,26.5,21.9.

(8)  Ditosylate OEG 13b:

OEG diol 8b (1.13 g, 2.27 mmol), 4-methylbenzene sulfonyl chloride (1.31 g, 6.82 mmol),
potassium hydroxide (842 mg, 15.0 mmol), 10 mL THEF, and 0.8 mL H,O were used and the crude
product was purified by column chromatography (chloroform : MeOH = 40 : 1) to give the
ditosylate 13b as a light yellow oil (1.29 g, 70%).

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 7.79 (4H, d, J = 8.2 Hz, Ar-H), 7.34 (4H, d, J = 8.1 Hz,
Ar-H), 4.17-4.15 (4H, m, OCH,CH,0S0,), 3.70-3.67 (4H, m, OCH,CH,0S0,), 3.64-3.61 (12H,
m, OCH,CH,), 3.58-5.55 (12H, m, OCH,CH,), 3.43 (4H, t, J = 6.7 Hz, OCH,CH,CH,CH,) 2.45
(6H, s, CH3), 1.58-1.52 (4H, m, OCH,CH,CH,CHy,), 1.29 (8H, br s, OCH,CH,CH,CH,).
PC-NMR (CDCls, 100 MHz) 6 (ppm) = 145, 133, 130, 128, 71.7, 70.9, 70.8, 70.7, 70.2, 69.4,
68.9,29.8,29.6,26.2,21.8.

(9) Ditosylate OEG 14:

OEG diol 11 (97.0 mg, 0.171 mmol), 4-methylbenzene sulfonyl chloride (72.0 mg, 0.376 mmol),
potassium hydroxide (38.0 mg, 0.684 mmol), 10 mL THF, and 0.4 mL H,O were used and the
crude product was purified by column chromatography (chloroform : MeOH =40 : 1) to give the
ditosylate 14 as a light yellow oil (136 mg, 91%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.76 (4H, d, J = 8.2 Hz, Ar-H), 7.34 (4H, d, J = 8.2 Hz,
Ar-H), 7.38 (4H, d, J = 8.1 Hz, Ar-H), 7.30 (4H, d, J = 8.0 Hz, Ar-H), 4.58 (4H, s, ArCH,0),
4.14-4.11 (4H, m, OCH,CH,080,), 3.67-3.56 (28H, m, OCH,CH,0S0, and OCH,CH,0), 2.41
(6H, s, CH5).

BC-NMR (CDCls, 100 MHz) & (ppm) = 145, 140, 138, 133, 130, 128, 127, 73.2, 71.0, 70.9, 70.8,
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70.7, 69.7, 69.4, 68.9, 21.8.
6.1.13. Chemical preparation of diazide OEG 15-17

(1)  General procedure for chemical preparations of diazide OEG 15-17:

To a solution of the ditosylate OEG (1.0 equivalent) in anhydrous DMF, sodium azide (3.0
equivalents) was added at room temperature and then this mixture was stirred and heated up to
110°C for 12 h until TLC analysis indicated complete consumption of the ditosylate. The solvent
was removed in vacuo and the residue was absorbed on the silica gel and further purified by
column chromatography to obtain the pure diazide OEG.

(2) Diazide OEG 15a:

Ditosylate OEG 12¢ (177 mg, 0.218 mmol), sodium azide (43.0 mg, 0.654 mmol), and 10 mL
anhydrous DMF were used and the crude product was purified by column chromatography (DCM :
MeOH =10 : 1) to give the ditosylate 15a as a light yellow oil (122 mg, 99%).

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 3.72-3.60 (40H, m, OCH,CH,0), 3.39 (4H, t, J = 5.1 Hz,
N;OCH,).

BC-NMR (CDCls, 100 MHz) & (ppm) = 70.9, 70.8, 70.7, 70.2, 50.8.

(3) Diazide OEG 15b:

Ditosylate OEG 12d (195 mg, 0.228 mmol), sodium azide (45.0 mg, 0.685 mmol), and 6 mL
anhydrous DMF were used and the crude product was purified by column chromatography (DCM :
MeOH = 20 : 1) to give the ditosylate 15b as a light yellow oil (103 mg, 75%).

'H-NMR (CDCls, 400 MHz) é (ppm) = 3.70-3.61 (44H, m, OCH,CH,0), 3.39 (4H, t, J = 5.2 Hz,
N;OCH,).

BC-NMR (CDCls, 100 MHz) d (ppm) = 70.9, 70.8, 70.3, 50.9.

(4) Diazide OEG 15c¢:

Ditosylate OEG 12e (500 mg, 0.556 mmol), sodium azide (108 mg, 1.67 mmol), and 10 mL
anhydrous DMF were used and the crude product was purified by column chromatography (DCM :
MeOH = 20 : 1) to give the ditosylate 15c¢ as a light yellow oil (352 mg, 99%).

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 3.68-3.61 (48H, m, OCH,CH,0), 3.36 (4H, t, J = 5.2 Hz,
N;OCH,).

BC-NMR (CDCls, 100 MHz) d (ppm) = 70.9, 70.8, 70.7, 70.2, 50.9.
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(5) Diazide OEG 16a:

Ditosylate OEG 13a (341 mg, 0.450 mmol), sodium azide (89.5 mg, 1.36 mmol), and 10 mL
anhydrous DMF were used and the crude product was purified by column chromatography (DCM :
MeOH =40 : 1) to give the ditosylate 16a as a light yellow oil (211 mg, 95%).

'H-NMR (CDCls, 400 MHz) J (ppm) = 3.70-3.62 (24H, m, OCH,CH,0), 3.58-3.56 (4H, m,
N;OCH,CH,), 3.47 (4H, t, J = 5.3 Hz, OCH,CH,CH,CH,0), 3.39 (4H, t, J = 5.2, N;OCH,CH,),
1.64 (4H, p, J = 2.6 Hz, OCH,CH,CH,CH,0).

BC-NMR (CDCls, 100 MHz) d (ppm) = 71.3, 70.9, 70.8, 70.2, 50.9, 26.5.

(6) Diazide OEG 16b:

Ditosylate OEG 13b (367 mg, 0.450 mmol), sodium azide (89.5 mg, 1.36 mmol), and 15 mL
anhydrous DMF were used and the crude product was purified by column chromatography
(chloroform : MeOH =40 : 1) to give the ditosylate 16b as a light yellow oil (190 mg, 77%).
'H-NMR (CDCls, 400 MHz) J (ppm) = 3.70-3.63 (24H, m, OCH,CH,0), 3.59-3.57 (4H, m,
N;OCH,CH,), 3.44 (4H, t, J = 6.8 Hz, OCH,CH,CH,CH,), 3.39 (4H, t, J = 5.1, N;OCH,CH,),
1.57 (4H, t, J= 6.7 Hz, OCH,CH,CH,CH,), 1.30 (8H, s, OCH,CH,CH,CH,).

BC-NMR (CDClLs, 100 MHz) d (ppm) = 71.7, 70.9, 70.3, 50.9, 29.8, 29.7, 26.3.

(7)  Diazide OEG 17:

Ditosylate OEG 14 (501 mg, 0.570 mmol), sodium azide (113 mg, 1.72 mmol), and 10 mL
anhydrous DMF were used and the crude product was purified by 2 times column chromatography
(DCM : MeOH = 40 :1 and chloroform : MeOH = 40 : 1) to give the ditosylate 17 as a light
yellow oil (179 mg, 51%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.56 (4H, d, J = 8.1 Hz, Ar-H), 7.34 (4H, d, J = 8.1 Hz,
Ar-H), 4.61 (4H, s, ArCH;0), 3.71-3.62 (28H, m, OCH,CH,0), 3.37 (4H, t, J = 5.2 Hz,
N;OCH,CH,).

PC-NMR (CDCls, 100 MHz) & (ppm) = 140, 138, 128, 127, 73.2, 70.9, 70.2, 69.7, 50.9.
6.1.14. Chemical preparation of diamine OEG 18-20

(1)  General procedure for chemical preparations of diamine OEG 18-20
To a solution of diazide OEG (1.0 equivalent) in anhydrous THF, triphenylphosphine (2.1

equivalents) was added at 0°C and then the reaction mixture was stirred at room temperature for
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10 h. Afterwards 0.05 mL water was added to hydrolyze the iminophosphoranes and the mixture
was stirred at room temperature until TLC analysis indicated complete consumption of the diazide.
The solvent was removed and the residue was absorbed on the silica gel and further purified by
column chromatography to obtain the pure diamine OEG.

(2) Diamine OEG 18a:

Diazide OEG 15a (121 mg, 0.219 mmol), triphenylphosphine (122 mg, 0.459 mmol), and 10 mL
anhydrous THF were used and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] =9 : 1) to give the ditosylate 18a as a light yellow oil (78.6 mg,
71%).

'H-NMR (CDCls, 400 MHz) é (ppm) = 3.67-3.60 (36H, m, OCH,CH,0), 3.52 (4H, t, J = 5.1 Hz,
H,NOCH,CH,), 2.87 (4H, br s, H,NOCH,CH,), 1.67 (4H, br s, H;NOCH,CHy,).

BC-NMR (CDCls, 100 MHz) d (ppm) = 73.5, 70.7, 70.5, 42.0.

HRMS (ESI-TOF, positive): [C22H49N2010]+ cal. 501.3382, found 501.3398.

(3) Diamine OEG 18b:

Diazide OEG 15b (97.8 mg, 0.164 mmol), triphenylphosphine (95.5 mg, 0.361 mmol), and 20 mL
anhydrous THF were used and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] =9 : 1) to give the ditosylate 18b as a light yellow oil (62.5 mg,
72%).

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 3.68-3.61 (40H, m, OCH,CH,0), 3.53 (4H, t, J = 5.2 Hz,
H,NOCH,CH,), 2.89 (4H, t, /= 5.0 Hz, H,NOCH,CH,), 1.99 (4H, br s, H,NOCH,CH,).
BC-NMR (CDCls, 100 MHz) é (ppm) = 73.3, 70.7, 70.5, 41.9.

HRMS (ESI-TOF, positive): [C24Hs3sN,0,]" cal. 545.3644, found 545.3629.

(4) Diamine OEG 18c:

Diazide OEG 15¢ (199 mg, 0.311 mmol), triphenylphosphine (180 mg, 0.685 mmol), and 20 mL
anhydrous THF were used and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] = 9 : 1) to give the ditosylate 18¢ as a light yellow oil (146 mg,
80%).

'H-NMR (CDCls, 400 MHz) é (ppm) = 3.70-3.61 (44H, m, OCH,CH,0), 3.52 (4H, t, J = 5.2 Hz,
H,NOCH,CH,), 2.87 (4H, t, J = 5.0 Hz, H,NOCH,CH,), 1.72 (4H, br s, H,NOCH,CH,).
BC-NMR (CDCls, 100 MHz) d (ppm) = 73.5, 70.8, 70.5, 42.0.
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HRMS (ESI-TOF, positive): [C2sHs7N,01,]" cal. 589.3906, found 589.3954.

(5) Diamine OEG 19a:

Diazide OEG 16a (206 mg, 0.419 mmol), triphenylphosphine (244 mg, 0.922 mmol), and 15 mL
anhydrous THF were used and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] =9 : 1) to give the ditosylate 19a as a light yellow oil (140 mg,
75%).

'H-NMR (DCM-d2, 400 MHz) ¢ (ppm) = 3.61-3.52 (24H, m, OCH,CH-0), 3.46-3.43 (8H, m,
OCH,CH,CH,CH,0 and H,NCH,CH,0), 2.80 (4H, t, /= 5.2 Hz, H,NOCH,CH,), 1.61 (4H, t, J =
2.9 Hz, OCH,CH,CH,CH,0), 1.49 (4H, br s, H,NOCH,CHy,).

BC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 73.9, 71.3, 70.9, 70.6, 70.4, 42.2, 26.8.

HRMS (ESI-TOF, positive): [CaoH4sN,Og] " cal. 441.3170, found 441.3198; [CooH4eN,Og]*" cal.
221.1622, found 221.1625.

(6) Diamine OEG 19b:

Diazide OEG 16b (102 mg, 0.186 mmol), triphenylphosphine (103 mg, 0.390 mmol), and 10 mL
anhydrous THF were used and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] = 9 : 1) to give the ditosylate 19b as a light yellow oil (64.5 mg,
70%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 3.69-3.61 (20H, m, OCH,CH,0), 3.59-3.56 (4H, m,
OCH,CH,0), 3.53 (4H, t, J = 5.0 Hz, H,NCH,CH,0), 3.44 (4H, t, J = 6.8 Hz, OCH,CH,CH,CH,),
2.88 (4H, br s, HbNOCH,CH,), 2.04 (4H, br s, H,NCH,CH;0), 1.57 (4H, p, J = 6.6 Hz,
OCH,CH,CH,CH,), 1.30 (8H, br s, OCH,CH,CH,CH,).

BC-NMR (CDCls, 100 MHz) & (ppm) = 73.2, 71.7, 70.7, 70.4, 70.2, 41.8, 29.8, 29.6, 26.2.

HRMS (ESI-TOF, positive): [C24H53N208]+ cal. 497.3796, found 497.3805.

(7)  Diamine OEG 20:

Diazide OEG 17 (171 mg, 0.278 mmol), triphenylphosphine (170 mg, 0.611 mmol), and 15 mL
anhydrous THF were used and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] = 9 : 1) to give the ditosylate 20 as a light yellow oil (120 mg,
76%).

'H-NMR (DCM-d2, 400 MHz) ¢ (ppm) = 7.59 (4H, d, J = 8.2 Hz, Ar-H), 7.42 (4H, d, J = 8.2 Hz,
Ar-H), 4.58 (4H, s, ArCH,0), 3.65-3.56 (24H, m, OCH,CH,0), 3.44 (4H, t, J = 5.2 Hz,
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H,NCH,CH,0), 2.79 (4H, t, J = 5.3 Hz, H;NOCH,CH,), 1.46 (4H, br s, HLNCH,CH,O).
3C-NMR (DCM-d2, 100 MHz) § (ppm) = 140, 138, 129, 127, 74.0, 73.1, 70.9, 70.6, 70.1, 42.2.
HRMS (ESI-TOF, positive): [C3HsN>O5]" cal. 565.3483, found 565.3472; [C3oHsoN,Og]>" cal.

283.1778, found 283.1773.
6.1.15. Chemical preparation of dialkynyl OEG 21

(1)  General procedure for preparation of dialkynyl OEG 21a-I:

To a solution of the OEG diol 5 (1.0 equivalent) in anhydrous THF at 0°C, sodium hydride (2.2
equivalents) was added portionwise and the reaction mixture was stirred at 0°C for an additional
30 min. Afterwards the mixture was heated up to reflux for 1h and then cooled to 0°C again. To
this mixture, propargyl bromide (2.2 equivalents, 80% in toluene) was added dropwise though a
dropping funnel over 30 min. Then the mixture was heated up to reflux for 20 h. The mixture was
cooled to 0°C and neutralized with a saturated ammonium chloride solution and concentrated in
vacuo. The residue was absorbed on the silica gel and further purified by column chromatography
to obtain the pure dialkynyl OEG 21.

(2)  Dialkynyl OEG 21a:

Ethylene glycol (666 mg, 10.7 mmol), sodium hydride (945 mg, 23.6 mmol), propargyl bromide
(2.55 mL, 23.6 mmol) and 40 mL anhydrous THF were used and the crude product was purified
by column chromatography (hexane : AcOEt =75 : 1) to give the dialkynyl OEG 21a as a colorless
oil (608 mg, 41%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 4.21 (4H, d, J = 2.4 Hz, OCH,CCH), 3.72 (4H, s,
OCH,CH,0), 2.43 (2H, t, J= 2.3 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.7, 74.8, 69.0, 58.6.

GC-MS (70 eV), m/e (relative intensity): 98.8 (73.6, [M-C3H;]™), 83.0 (21.4), 81.0 (22.5), 67.0
(27.7), 53.1 (20.2), 43.1 (56.0), 39.1 (99.9, [C5H3] 7).

(3) Dialkynyl OEG 21b:

Diethylene glycol (739 mg, 6.89 mmol), sodium hydride (606 mg, 15.2 mmol), propargyl bromide
(1.56 mL, 14.5 mmol) and 20 mL anhydrous THF were used and the crude product was purified
by column chromatography (hexane : AcOEt =4 : 1) to give the dialkynyl OEG 21b as a colorless

oil (524 mg, 42%).

99



'H-NMR (CDCls, 400 MHz) & (ppm) = 4.20 (4H, d, J = 2.4 Hz, OCH,CCH), 3.72-3.67 (8H, m,
OCH,CH,0), 2.42 (2H, t,J = 2.4 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) & (ppm) = 79.8, 74.7, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [C;oH;40sNa]" cal. 205.0835, found 205.0834.

(4)  Dialkynyl OEG 21e¢:

Triethylene glycol (1.12 g, 7.46 mmol), sodium hydride (627 mg, 15.7 mmol), propargyl bromide
(1.69 mL, 15.7 mmol) and 20 mL anhydrous THF were used and the crude product was purified
by column chromatography (hexane : AcOEt = 3 : 2) to give the dialkynyl OEG 21c¢ as a colorless
oil (1.35 g, 80%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.21 (4H, d, J = 2.3 Hz, OCH,CCH), 3.72-3.67 (12H, m,
OCH,CH,0), 2.44 (2H, t, J= 2.4 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.8, 74.7, 70.7, 70.6, 69.2, 58.5.

HRMS (ESI-TOF, positive): [C;;H;304Na]" cal. 249.1097, found 249.1112.

(5) Dialkynyl OEG 21d:

Tetraethylene glycol (1.12 g, 5.74 mmol), sodium hydride (482 mg, 12.1 mmol), propargyl
bromide (1.30 mL, 12.1 mmol) and 40 mL anhydrous THF were used and the crude product was
purified by column chromatography (hexane : AcOEt =1 : 1) to give the dialkynyl OEG 21d as a
colorless oil (1.55 g, 99%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.21 (4H, d, J = 2.4 Hz, OCH,CCH), 3.71-3.66 (16H, m,
OCH,CH,0), 2.44 (2H, t, J= 2.3 Hz, OCH,CCH).

PC-NMR (CDCls, 100 MHz) & (ppm) = 79.8, 74.7, 70.8, 70.7, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [C14H»,0sNa]" cal. 293.1359, found 293.1377.

(6)  Dialkynyl OEG 21e:

Pentaethylene glycol (759 mg, 3.19 mmol), sodium hydride (268 mg, 6.69 mmol), propargyl
bromide (721 pL, 6.69 mmol) and 60 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dialkynyl OEG 21e
as a colorless oil (538 mg, 54%).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 4.21 (4H, d, J = 2.3 Hz, OCH,CCH), 3.71-3.67 (8H, m,
OCH,CH,0), 3.67-3.66 (12H, m, OCH,CH,0), 2.44 (2H, t, J=2.4 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.
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HRMS (ESI-TOF, positive): [Ci¢H2s0sNa]™ cal. 337.1622, found 337.1626; [Ci¢Hs06K]™ cal.
353.1361, found 353.1366.

(7)  Dialkynyl OEG 21f:

Hexaethylene glycol (769 mg, 2.64 mmol), sodium hydride (222 mg, 5.55 mmol), propargyl
bromide (598 pL, 5.55 mmol) and 50 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dialkynyl OEG 21f
as a colorless oil (882 mg, 93%).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 4.21 (4H, d, J = 2.4 Hz, OCH,CCH), 3.71-3.67 (8H, m,
OCH,CH,0), 3.66-3.65 (16H, m, OCH,CH,0), 2.44 (2H, t, J=2.3 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.8, 74.7, 70.8, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [ClgH3OO7Na]+ cal. 381.1884, found 381.1889; [ClgHg,oO7K]+ cal.
397.1623, found 397.1631.

(8)  Dialkynyl OEG 21g:

The OEG diol 5a (130 mg, 0.400 mmol), sodium hydride (35.1 mg, 0.880 mmol), propargyl
bromide (94.0 pL, 0.880 mmol) and 20 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dialkynyl OEG 21g
as a colorless oil (132 mg, 82%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.21 (4H, d, J = 2.3 Hz, OCH,CCH), 3.71-3.65 (28H, m,
OCH,CH,0), 2.44 (2H, t, J= 2.4 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [C20H3408Na]+ cal. 425.2146, found 425.2189; [C20H3403K]+ cal.
441.1885, found 441.1929.

(9) Dialkynyl OEG 21h:

The OEG diol 5b (126 mg, 0.340 mmol), sodium hydride (29.9 mg, 0.750 mmol), propargyl
bromide (81.0 pL, 0.750 mmol) and 15 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dialkynyl OEG 21h
as a colorless oil (58.2 mg, 38 %).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.20 (4H, d, J = 2.4 Hz, OCH,CCH), 3.71-3.64 (32H, m,
OCH,CH,0), 2.43 (2H, t, J= 2.4 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.
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HRMS (ESI-TOF, positive): [C22H3809Na]+ cal. 469.2408, found 469.2435; [szHg,gOgK]+ cal.
485.2147, found 485.2180.

(10) Dialkynyl OEG 21i:

The OEG diol 5¢ (126 mg, 0.300 mmol), sodium hydride (27.0 mg, 0.670 mmol), propargyl
bromide (72.0 pL, 0.670 mmol) and 15 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 20 : 1) to give the dialkynyl OEG 21i
as a colorless oil (100 mg, 68%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.20 (4H, d, J = 2.3 Hz, OCH,CCH), 3.71-3.64 (36H, m,
OCH,CH,0), 2.43 (2H, t, J= 2.3 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [C,4H4,010Na]” cal. 513.2670, found 513.2690; [C2sH42010K]" cal.
529.2410, found 529.2429.

(11) Dialkynyl OEG 21j:

The OEG diol 5d (134 mg, 0.290 mmol), sodium hydride (25.7 mg, 0.640 mmol), propargyl
bromide (69.0 pL, 0.640 mmol) and 15 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH =40 : 1) to give the dialkynyl OEG 21j
as a colorless oil (93.9 mg, 61%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.19 (4H, d, J = 2.1 Hz, OCH,CCH), 3.70-3.64 (40H, m,
OCH,CH,0), 2.43 (2H, t,J=2.1 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [Co6H4s011Na]™ cal. 557.2932, found 557.2926; [CysHus011K]" cal.
573.2672, found 573.2663.

(12) Dialkynyl OEG 21k:

The OEG diol Se (276 mg, 0.550 mmol), sodium hydride (48.4 mg, 1.21 mmol), propargyl
bromide (130 pL, 1.21 mmol) and 20 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 50 : 1) to give the dialkynyl OEG 21k
as a colorless oil (285 mg, 90%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.19 (4H, d, J = 2.3 Hz, OCH,CCH), 3.71-3.64 (44H, m,
OCH,CH,0), 2.43 (2H, t,J= 2.3 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.
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HRMS (ESI-TOF, positive): [CosHs50012Na]” cal. 601.3195, found 601.3205; [CsHs001,K]" cal.
617.2934, found 617.2941.

(13) Dialkynyl OEG 211:

The OEG diol Se (273 mg, 0.500 mmol), sodium hydride (43.9 mg, 1.10 mmol), propargyl
bromide (118 pL, 1.10 mmol) and 20 mL anhydrous THF were used and the crude product was
purified by column chromatography (chloroform : MeOH = 40 : 1) to give the dialkynyl OEG 211
as a colorless oil (202 mg, 65%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.20 (4H, d, J = 2.4 Hz, OCH,CCH), 3.70-3.65 (48H, m,
OCH,CH,0), 2.44 (2H, t, J= 2.3 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) d (ppm) = 79.9, 74.7, 70.8, 70.6, 69.3, 58.6.

HRMS (ESI-TOF, positive): [C30Hs4013Na]” cal. 645.3457, found 645.3494; [C30Hs4013K]" cal.

661.3196, found 661.3232.
6.1.16. Chemical preparation of bis-N-methylamine OEG 22

(1)  Bis-N-methylamine OEG 22a:

To a solution of the dibromide OEG 23a (101 mg, 0.314 mmol) in EtOH (10 mL), N-benzyl
methylamine (125 pL, 0.942 mmol) was added and the reaction mixture was heated up to reflux
for 24 h until TLC and ESI-TOF analysis indicated complete consumption of the dibromide. The
solvent was removed in vacuo. Afterwards the residue was dissolved in MeOH (10 mL) followed
by hydrogenation with 10% palladium hydroxide on carbon (21.8 mg, 0.155 mmol) and 1M HCI
(3.1 mL) under 15 bar hydrogen pressure for 10 h. Then the mixture was filtered over Celite and
the filter cake was washed with MeOH three times. This solution was concentrated in vacuo and
the crude product was purified by column chromatography (MeOH : NH4OH [25% in water] =9 :
1 to 5:1) to give the bis-NV-methylamine 22a as a yellow solid (29.6 mg, 43%).

'H-NMR (DCM-d2, 400 MHz) 6 (ppm) = 3.61-3.56 (12H, m, OCH,CH,0 and CHsHNCH,CH,0),
3.00 (4H, br s, CH3HNCH,CH,0), 2.77 (2H, br s, CH;HNCH,CH;0), 2.43 (6H, s, CH;NHCH,).
BC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 70.7, 70.5, 69.7, 51.1, 35.7.

HRMS (ESI-TOF, positive): [C1¢HsN,03]" cal. 221.1860, found 221.1866.

(2)  Bis-N-methylamine OEG 22b:

To a solution of the ditosylate OEG 12b (196 mg, 0.358 mmol) in EtOH (10 mL), N-benzyl
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methylamine (143 pL, 1.07 mmol) was added and the reaction mixture was heated up to reflux for
48 h until TLC analysis indicated complete consumption of the ditosylate. The solvent was
removed in vacuo. Afterwards the residue was dissolved in MeOH (10 mL) followed by
hydrogenation with 10% palladium hydroxide on carbon (26.3 mg, 0.0374 mmol) and 1M HCI
(0.96 mL) under 15 bar hydrogen pressure for 20 h. Then the mixture was filtered over Celite and
the filter cake was washed with MeOH three times. This solution was concentrated in vacuo and
the crude product was washed with triethylamine to give the bis-N-methylamine 22b as colorless
oil (28.5 mg, 30%).

'H-NMR (DCM-d2, 400 MHz) 6 (ppm) = 3.89 (4H, t, J = 4.6 Hz, CH;HNCH,CH,0), 3.72-3.59
(14H, m, OCH,CH,0 and CH3;HANCH,CH,0), 3.15 (4H, t, J = 4.6 Hz, CH;HNCH,CH,0), 2.71
(6H, s, CH;NHCH,).

BC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 70.2, 70.1, 70.0, 66.1, 48.7, 33.7.

HRMS (ESI-TOF, positive): [C12H23N204Na]+ cal. 287.1941, found 287.1947.

(3) Bis-N-methylamine OEG 22c¢

To a solution of hexaethylene glycol 1,20-diazide!"*" (170 mg, 0.511 mmol) in anhydrous THF,
triphenylphosphine (295 mg, 1.13 mmol) was added at room temperature and the reaction mixture
was stirred at room temperature until TLC and ESI-TOF analysis indicated complete consumption
of the azide. To this iminophosphorane intermediate, iodomethane (70.7 pL, 1.13 mmol) were
added and a white participation appeared. After 24 h, ESI-TOF analysis indicated the complete
consumption of this intermediate and the solvent including the excess of iodomethane was
removed in vacuum. Afterward, 1% KOH in MeOH (5.7 mL) was added to hydrolyze
aminophosphonium salt. The solvent was removed in vacuo and the residue was absorbed on the
silica gel and further purified by column chromatography (MeOH : NH4,OH [25% in water] =9 : 1
to 5:1) to obtain the pure bis-N-methylamine OEG 22c¢ as a colorless oil (34.4 mg, 22%).

'H-NMR (DCM-d2, 400 MHz) 6 (ppm) = 3.64-3.44 (24H, m, OCH,CH,0 and CH;HNCH,CH,O0),
2.70 (4H, br s, CH;HNCH,CH,0), 2.39 (6H, s, CH;NHCH,), 1.75 (2H, br s, CH;ANCH,CH,0).
BC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 70.9, 70.7, 70.6, 51.7, 36.4.

HRMS (ESI-TOF, positive): [C14H32N205Na]+ cal. 331.2203, found 331.2207.

(4)  Bis-N-methylamine OEG 22d:

To a solution of the dibromide OEG 23c (109 mg, 0.219 mmol) in EtOH (2 mL), N-benzyl
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methylamine (175 puL, 1.32 mmol) was added and the reaction mixture was heated up to 78°C for
20 h until TLC and ESI-TOF analysis indicated complete consumption of the dibromide. The
solvent was removed in vacuo. Afterwards the residue was dissolved in MeOH (2.5 mL) followed
by hydrogenation with 10% palladium hydroxide on carbon (30.8 mg, 0.0438 mmol) and
palladium on carbon (46.7 mg, 0.0438 mmol) under 15 bar hydrogen pressure for 20 h. Then the
mixture was filtered over Celite and the filter cake was washed with MeOH three times. This
solution was concentrated in vacuo and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] =9 : 1) to give the bis-N-methylamine dibromide salt 22d as a
colorless solid (110 mg, 90%).

'H-NMR (DCM-d2, 400 MHz) 6 (ppm) = 3.94 (4H, t, J = 5.0 Hz, CH;HNCH,CH,0), 3.74-3.62
(26H, m, OCH,CH,0 and CH3;ANCH,CH,0), 3.41 (2H, s, CH;ANCH,CH;0), 3.22 (4H, t,J=5.1
Hz, CH3HNCH,CH,0), 2.74 (6H, s, CH;:NHCH,).

PC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 70.7, 70.5, 70.3, 70.2, 66.2, 50.7, 49.0, 33.9.

HRMS (ESI-TOF, positive): [C1sH4N,O7]" cal. 397.2908, found 397.2897; [C1sH4N,00]*" cal.
199.1491, found 199.1481; [C sH4N,0;Na]" cal. 419.2728, found 419.2715.

(5) Bis-N-methylamine OEG 22e:

To a solution of the dibromide OEG 23d (81.8 mg, 0.140 mmol) in EtOH (2 mL), N-benzyl
methylamine (112 pL, 0.840 mmol) was added and the reaction mixture was heated up to 78°C for
20 h until TLC and ESI-TOF analysis indicated complete consumption of the dibromide. The
solvent was removed in vacuo. Afterwards the residue was dissolved in MeOH (2.0 mL) followed
by hydrogenation with 10% palladium hydroxide on carbon (19.7 mg, 0.0280 mmol) and
palladium on carbon (29.8 mg, 0.0280 mmol) under 15 bar hydrogen pressure for 20 h. Then the
mixture was filtered over Celite and the filter cake was washed with MeOH three times. This
solution was concentrated in vacuo and the crude product was purified by column chromatography
(MeOH : NH4OH [25% in water] = 9 : 1) to give the bis-N-methylamine dibromide salt 22e as a
colorless solid (80.7 mg, 89%).

'H-NMR (DCM-d2, 400 MHz) 6 (ppm) = 3.92 (4H, t, J = 5.0 Hz, CH;HNCH,CH,0), 3.74-3.58
(32H, m, OCH,CH,0), 3.41 (4H, s, CH3;ANCH,CH,0), 3.20 (4H, t, J = 5.2 Hz,
CH;HNCH,CH,0), 2.72 (6H, s, CH;NHCH,).

BC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 70.7, 70.6, 70.5, 70.4, 70.2, 66.2, 50.7, 49.0, 33.8.
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HRMS (ESI-TOF, positive): [C22H49N209]+ cal. 485.3433, found 485.3596; [C22H50N209]2+ cal.
243.1753, found 243.1851; [C22H48N209Na]+ cal. 507.3252, found 507.3420.

(6)  Bis-N-methylamine OEG 22f:

To a solution of the dibromide OEG 23f (80.0 mg, 0.118 mmol) in EtOH (3 mL), N-benzyl
methylamine (47.5 pL, 0.357 mmol) was added and the reaction mixture was heated up to 78°C
for 20 h until TLC and ESI-TOF analysis indicated complete consumption of the dibromide. The
solvent was removed in vacuo. Afterwards the residue was dissolved in MeOH (2.0 mL) followed
by hydrogenation with 10% palladium hydroxide on carbon (16.8 mg, 0.0238 mmol) and 1M HCI
(1.18 mL) under 15 bar hydrogen pressure for 20 h. Then the mixture was filtered over Celite and
the filter cake was washed with MeOH three times. This solution was concentrated in vacuo and
the crude product was purified by column chromatography (MeOH : NH,OH [25% in water] =9 :
1) to give to give the bis-N-methylamine 22f as a colorless oil (39.2 mg, 57%)

'H-NMR (DCM-d2, 400 MHz) 6 (ppm) = 3.61-3.51 (44H, m, CH;HNCH,CH,0, OCH,CH,O,
and CH; INCH,CH,0), 2.70 (4H, t, J = 5.2 Hz, CH;HNCH,CH,0), 2.39 (6H, s, CH;NHCH,).
BC-NMR (DCM-d2, 100 MHz) 6 (ppm) = 70.9, 70.6, 51.7, 36.4.

HRMS (ESI-TOF, positive): [CosHs7N,O11]" cal. 573.3957, found 573.4009; [CosHssN,Oy;]*" cal.

287.2015, found 287.2003; [C2sHssN,0;Na] " cal. 595.3776, found 595.3752.
6.1.17. Chemical preparation of dibromide OEG 23

(1)  General procedure for preparation of dibromide OEG 23a-g

To a solution of ditosylate OEG 12 (1.0 equivalent) in acetone, lithium bromide (4.0 equivalents)
was added at room temperature and the reaction mixture was stirred and heated up to reflux until
TLC analysis indicated complete consumption of the ditosylate. The reaction mixture was
concentrated in vacuo and the crude product was absorbed on the silica gel and further purified by
column chromatography to obtain the pure dibromide OEG 23.

(2)  Dibromide OEG 23a:

The ditosylate OEG 1a (342 mg, 0.680 mmol), lithium bromide (179 mg, 2.04 mmol) and 20 mL
acetone were used and the crude product was purified by column chromatography (chloroform :
MeOH =40 : 1) to give the ditosylate 23a as a light yellow oil (188 mg, 8§7%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 3.82 (4H, t, J = 6.2 Hz, BrCH,CH,0), 3.68 (8H, s,
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OCH,CH,0), 3.48 (4H, t, J = 6.3 Hz, BrCH,CH;0).

BC-NMR (CDCls, 100 MHz) d (ppm) = 71.4, 70.9, 70.8, 30.6.

HRMS (ESI-TOF, positive): [CsH;Br,O;Na]™ cal. 340.9358, 342.9338, 344.9318, found
340.9354, 342.9335, 344.9315.

(3) Dibromide OEG 23b:

The ditosylate OEG 1b (464 mg, 0.850 mmol), lithium bromide (224 mg, 2.54 mmol) and 20 mL
acetone were used and the crude product was purified by column chromatography (chloroform :
MeOH =40 : 1) to give the ditosylate 23b as a light yellow oil (261 mg, 84%).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 3.81 (4H, t, J = 6.4 Hz, BrCH,CH-0), 3.71-3.65 (12H, m,
OCH,CH,0), 3.47 (4H, t, J= 6.3 Hz, BrCH,CH,0).

BC-NMR (CDCls, 100 MHz) d (ppm) = 71.4, 70.9, 70.8, 30.5.

HRMS (ESI-TOF, positive): [C10H20Br204Na]+ cal. 384.9621, 386.9600, 388.9580, found
384.9644, 386.9624, 388.9602.

(4) Dibromide OEG 23c:

The ditosylate OEG 12a (165 mg, 0.242 mmol), lithium bromide (84.2 mg, 0.969 mmol) and 10
mL acetone were used and the crude product was purified by column chromatography
(chloroform : MeOH =40 : 1) to give the ditosylate 23c as a light yellow oil (110 mg, 92%).
'H-NMR (CDCls, 400 MHz) & (ppm) = 3.79 (4H, t, J = 6.4 Hz, BrCH,CH-0), 3.68-3.60 (24H, m,
OCH,CH,0), 3.45 (4H, t, J = 6.3 Hz, BrCH,CH;0).

BC-NMR (CDCls, 100 MHz) d (ppm) = 71.4, 70.9, 70.8, 30.6.

HRMS (ESI-TOF, positive): [CisH3,Br,O,Na]™ cal. 517.0407, 519.0387, 521.0369, found
517.0815, 519.0367, 521.0348.

(5) Dibromide OEG 23d:

The ditosylate OEG 12b (108 mg, 0.141 mmol), lithium bromide (49.6 mg, 0.565 mmol) and 5
mL acetone were used and the crude product was purified by column chromatography
(chloroform : MeOH = 20 : 1) to give the ditosylate 23d as a light yellow oil (82.3 mg, 99%).
'H-NMR (CDCls, 400 MHz) 6 (ppm) = 3.79 (4H, t, J = 6.3 Hz, BrCH,CH-0), 3.71-3.52 (32H, m,
OCH,CH,0), 3.46 (4H, t, J= 6.3 Hz, BrCH,CH,0).

BC-NMR (CDCls, 100 MHz) é (ppm) = 71.4, 70.9, 70.8, 30.6.

HRMS (ESI-TOF, positive): [C20H40Br209Na]+ cal. 605.0931, 607.0912, 609.0894, found
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605.0862, 607.0830, 609.0815; [CyHyBr,OoK]™ cal. 621.0671, 623.0651, 625.0634, found
621.0588, 623.0568, 625.0552.

(6) Dibromide OEG 23e:

The ditosylate OEG 12¢ (146 mg, 0.180 mmol), lithium bromide (63.3 mg, 0.722 mmol) and 5 mL
acetone were used and the crude product was purified by column chromatography (DCM : MeOH
=20 : 1) to give the ditosylate 23e as a light yellow oil (116 mg, 99%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 3.81 (4H, t, J = 6.4 Hz, BrCH,CH,0), 3.72-3.61 (36H, m,
OCH,CH,0), 3.47 (4H, t, J= 6.4 Hz, BrCH,CH,0).

BC-NMR (CDCls, 100 MHz) & (ppm) = 71.4, 70.9, 70.8, 70.7, 30.5.

MS (FAB, positive): [CoHssBraOo]" cal. 629.14 found 629.2; [C2HuBr,OoNa]™ cal. 651.12
found 651.3.

(7)  Dibromide OEG 23f:

The ditosylate OEG 12d (191 mg, 0.222 mmol), lithium bromide (78.2 mg, 0.891 mmol) and 5
mL acetone were used and the crude product was purified by column chromatography (DCM :
MeOH = 20 : 1) to give the ditosylate 23f as a light yellow oil (139 mg, 94%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 3.79 (4H, t, J = 6.4 Hz, BrCH,CH-0), 3.69-3.54 (40H, m,
OCH,CH,0), 3.45 (4H, t, J = 6.3 Hz, BrCH,CH;0).

BC-NMR (CDClLs, 100 MHz) d (ppm) = 71.4, 70.7, 70.5, 70.4, 30.5.

HRMS (ESI-TOF, positive): [Cp4HysBr,O;Na]™ cal. 693.1456, 695.1437, 697.1421, found
693.1487, 695.1457, 697.1440; [C4HysBr,0 K] cal. 709.1195, 711.1176, 713.1160, found
709.1213, 711.1196, 713.1180.

(8)  Dibromide OEG 23g:

The ditosylate OEG 12e (149 mg, 0.165 mmol), lithium bromide (58.0 mg, 0.661 mmol) and 20
mL acetone were used and the crude product was purified by column chromatography (DCM :
MeOH =20 : 1) to give the ditosylate 23g as a light yellow oil (143 mg, 86%).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 3.84-3.51 (48H, m, BrCH,CH,0 and OCH,CH,0), 3.48
(4H, t, J= 6.3 Hz, BrCH,CH,0).

BC-NMR (CDCls, 100 MHz) d (ppm) = 71.4, 70.9, 70.8, 30.5.

HRMS (ESI-TOF, positive): [C2sHs,Br,01,Na]” cal. 739.1699, found 739.1679; [C,¢Hs,Br,01,K]"
cal. 753.1457, 755.1439, 757.1423, found 753.1441, 755.1420, 757.1398.
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6.1.18. Chemical preparation of OEG alcohol monomethyl ether 26

(1)  Monotosylate OEG monomethyl ether 24a:

To a solution of diethylene glycol monomethyl ether (2.01 g, 16.8 mmol) in 20 mL THEF,
4-methylbenzene sulfonyl chloride (4.84 g, 25.2 mmol) was added at room temperature and then
cooled to 0°C. To this mixture, potassium hydroxide (3.10 g, 55.3 mmol) in H,O (0.9 g/mL) was
added dropwise over 1 h. Then the reaction mixture was stirred at 0°C for 30 min and some white
precipitation appeared. Afterwards this mixture was further stirred at room temperature until TLC
analysis indicated complete consumption of the OEG alcohol. The reaction mixture was
neutralized with a saturated ammonium chloride solution and concentrated in vacuo. The residue
was absorbed on the silica gel and further purified by flash column chromatography (hexane :
AcOEt=15:1to 2 :1) to obtain the pure monotosylate OEG monomethyl ether 24a as a colorless
solid (4.60 g, 99%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.80 (2H, d, J = 8.6 Hz, Ar-H), 7.34 (2H, d, J = 8.7 Hz,
Ar-H), 4.19-4.14 (2H, m, OCH,CH,080,), 3.71-3.67 (2H, m, OCH,CH,0S0,), 3.60-3.46 (4H, m,
OCH,CH,0), 3.35 (3H, s, CH;OCH,CH,), 2.45 (3H, s, CH3).

PC-NMR (CDCl;, 100 MHz) § (ppm) = 145, 133, 130, 128, 72.0, 70.9, 69.4, 68.9, 59.2, 21.8.

(2)  Monobenzylate OEG monomethyl ether 25:

To a solution of monobenzylate OEG alcohol 2a (0.883 g, 3.67 mmol) in 20 mL anhydrous THF
at 0°C, sodium hydride (220 mg, 5.51 mmol) was added portionwise and the reaction mixture was
stirred at 0°C for an additional 30 min. Afterwards the mixture was heated up to reflux for 1 h and
then cooled to 0°C again. To this mixture, the monotosylate OEG monomethyl ether 24a (1.01 g,
3.67 mmol) in 20 mL anhydrous THF was added dropwise though a dropping funnel over 30 min.
Then the mixture was heated up to reflux for 20 h. The mixture was cooled to 0°C and neutralized
with a saturated ammonium chloride solution, brine, and concentrated in vacuo. The residue was
absorbed on the silica gel and further purified by column chromatography (DCM : MeOH = 20 :1)
to obtain pure monobenzylate OEG monomethyl ether 25 as a colorless oil (1.13 g, 90%).
'H-NMR (CDCls, 400 MHz) 6 (ppm) = 7.36-7.25 (5H, m, Ar-H), 4.55 (2H, s, BnCH-0), 3.69-3.58
(18H, m, OCH,CH,0), 3.56-3.50 (2H, m, CH;0CH,CH;0), 3.36 (3H, s, CH;0CH,CH,).

13C-NMR (CDCls, 100 MHz) § (ppm) = 138, 129, 128, 73.4, 72.2, 70.9, 70.8, 70.7, 69.6 59.2.
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(3) OEG alcohol monomethyl ether 26:

To a solution of monobenzylate OEG monomethyl ether 25 (670 mg, 1.96 mmol) in 20 mL EtOH,
palladium on carbon (208 mg, 0.196 mmol) was added and the reaction mixture was hydrogenated
under 1.0 bar H, and stirred at room temperature until TLC analysis indicated complete
consumption of the monobenzylate. Afterwards the mixture was filtered over Celite and the filter
cake was washed with MeOH three times. This solution was concentrated in vacuo and pure OEG
alcohol monomethyl ether 26 was obtained as a colorless oil without any further purification (454
mg, 92%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 3.74-3.71 (2H, m, HOCH,CH,0), 3.70-3.60 (16H, m,
OCH,CH,0), 3.57-3.53 (2H, m, HOCH,CH,0), 3.38 (3H, s, CH;0CH,CH,), 2.68 (1H, br s,
HOCH,CH;0).

BC-NMR (CDClLs, 100 MHz) d (ppm) = 72.7, 72.1, 70.8, 70.7, 70.5, 61.9, 59.2.
6.1.19. Chemical preparation of monotosylate OEG monomethyl ether 24b

To a solution of OEG alcohol monomethyl ether 26 (318 mg, 1.26 mmol) in 20 mL THEF,
4-methylbenzene sulfonyl chloride (364 mg, 1.89 mmol) was added at room temperature and the
solution was then cooled to 0°C. To this mixture, potassium hydroxide (234 mg, 4.16 mmol) in
H,0 (0.9 g/mL) was added dropwise over 15 min. Then the reaction mixture was stirred at 0°C for
30 min and some white precipitation appeared. Afterwards this mixture was further stirred at room
temperature until TLC analysis indicated complete consumption of the OEG alcohol. The reaction
mixture was neutralized with a saturated ammonium chloride solution and concentrated in vacuo.
The residue was absorbed on the silica gel and further purified by flash column chromatography
(DCM : MeOH = 20:1) to obtain the pure monotosylate OEG monomethyl ether 24b as a colorless
solid (194 mg, 38%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.80 (2H, d, J = 8.3 Hz, Ar-H), 7.34 (2H, d, J = 8.1 Hz,
Ar-H), 4.18-4.14 (2H, m, OCH,CH,0S0,), 3.70-3.67 (2H, m, OCH,CH,08S0,), 3.66-3.53 (20H,
m, OCH,CH,0), 3.38 (3H, s, CH;0CH,CH,), 2.45 (3H, s, CH3).

PC-NMR (CDCls, 100 MHz) 6 (ppm) = 145, 133, 130, 128, 72.1, 70.9, 70.8, 70.7, 69.4, 68.9,

59.2,21.8.

6.1.20. Chemical preparation of 1-bromo OEG monomethyl ether 27
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To a solution of monotosylate OEG monomethyl ether 24b (177 mg, 0.436 mmol) in 10 mL
acetone, lithium bromide (153 mg, 1.74 mmol) was added at room temperature and the reaction
mixture was stirred and heated up to reflux until TLC analysis indicated complete consumption of
the monotosylate. The reaction mixture was concentrated in vacuo and the crude product was
absorbed on the silica gel and further purified by column chromatography (chloroform : MeOH =
20:1) to obtain the pure dibromide OEG 27 (132 mg, 96%) as a light yellow oil.

'H-NMR (CDCls, 400 MHz) & (ppm) = 3.81 (2H, t, J = 6.4 Hz, BrCH,CH,0), 3.69-3.63 (14H, m,
OCH,CH,0), 3.57-3.53 (2H, m, CH;0CH,CH,), 3.48 (2H, t, J = 6.3 Hz, BrCH,CH,0), 3.38 (3H,
s, CH3).

BC-NMR (CDCls, 100 MHz) é (ppm) = 72.1, 71.4, 70.9, 70.8, 70.7, 59.2, 30.5, 27.6.

HRMS (ESI-TOF, positive): [C;;H,4BrOs]" cal. 315.0802, 317.0781, found 315.0727, 317.0688;
[C1 HpBrOsNa]™ cal. 337.0621, 339.0601, found 337.0624, 339.0605; [C;H,;BrOsK]" cal.

353.0360, 355.0340, found 353.0356, 355.0341.
6.1.21. Chemical preparation of monoalkynyl OEG monomethyl ether 28

(1)  General procedure for preparation of monoalkynyl OEG 28a-b:

To a solution of the OEG alcohol monomethyl ether (1.0 equivalent) in anhydrous THF at 0°C,
sodium hydride (1.2 equivalents) was added portionwise and the reaction mixture was stirred at
0°C for an additional 30 min. Afterwards the mixture was heated up to reflux for 1h and then
cooled to 0°C again. To this mixture, propargyl bromide (1.1 equivalents) 80% in toluene was
added dropwise though a dropping funnel over 30 min. Then the mixture was heated up to reflux
for 20 h. The mixture was cooled to 0°C and neutralized with a saturated ammonium chloride
solution and concentrated in vacuo. The residue was absorbed on the silica gel and further purified
by column chromatography to obtain the pure monoalkynyl OEG 28.

(2)  Monoalkynyl OEG 28a:

Triethylene glycol monomethyl ether (741 mg, 4.28 mmol), sodium hydride (206 mg, 5.14 mmol),
propargyl bromide (485 pL, 4.50 mmol) and 35 mL anhydrous THF were used and the crude
product was purified by column chromatography (hexane : AcOEt = 1 : 1) to give the
monoalkynyl OEG 28a as a colorless oil (301 mg, 35%).

'"H-NMR (CDCls, 400 MHz) & (ppm) = 4.19 (2H, d, J = 2.4 Hz, OCH,CCH), 3.71-3.62 (10H, m,
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OCH,CH,0), 3.36 (3H, s, OCHs), 2.41 (1H, t, J = 2.3 Hz, OCH,CCH).

BC-NMR (CDCls, 100 MHz) & (ppm) = 79.8, 74.7, 72.1, 70.8, 70.7, 70.6, 69.3, 59.2, 58.6.

HRMS (ESI-TOF, positive): [C;oH;504Na]" cal. 225.1097, found 225.1113.

(4)  Monoalkynyl OEG 28b:

Pentaethylene glycol monomethyl ether 26 (326 mg, 1.24 mmol), sodium hydride (59.4 mg, 1.49
mmol), propargyl bromide (140 pL, 1.30 mmol) and 45 mL anhydrous THF were used and the
crude product was purified by column chromatography (chloroform : MeOH = 20 : 1) to give the
monoalkynyl OEG 28b as a colorless oil (334 mg, 93%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 4.19 (2H, d, J = 2.3 Hz, OCH,CCH), 3.70-3.62 (18H, m,
OCH,CH,0), 3.36 (3H, s, OCH;), 2.42 (1H, t, J = 2.3 Hz, OCH,CCH).

PC-NMR (CDCl;, 100 MHz) § (ppm) = 79.8, 74.7, 72.1, 70.8, 70.7, 70.6, 69.3, 59.2, 58.6.

HRMS (ESI-TOF, positive): [C14H06Na]" cal. 313.1622, found 313.1665.

6.2. Bivalent frans-diethylstilbestrol (DES) ligand

6.2.1. Chemical preparation of bivalent DES ligands 29-34

(1)  General procedure for chemical preparations of bivalent DES ligands 29-32 and 34:

To a solution of (£)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 2.1
equivalents), diamine OEG (1.0 equivalent), and triethylamine (2.2 equivalents) in anhydrous
DMF at 0°C, a solution of benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
(PyBOP, 2.2 equivalents) in anhydrous DCM was added. The reaction mixture was further stirred
at 0°C for 30 min and then at room temperature for 24 h. The organic solvent was evaporated in
vacuo and the residue was purified by column chromatography to obtain the bivalent DES ligand.
A separation with RP-HPLC was performed to separate the bivalent DES ligand into cis-cis,
cis-trans, and trans-trans isomers.

(2)  Bivalent DES ligand 29:

(E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 42.0 mg, 0.141 mmol),
diamine OEG 18a (33.6 mg, 0.0671 mmol), tricthylamine (20.7 uL, 0.148 mmol), PyBOP (76.8
mg, 0.148 mmol), anhydrous DMF (4 mL), and anhydrous DCM (4 mL) were used and the crude

product was purified by column chromatography (chloroform : MeOH = 20:1 to 5:1) to obtain
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bivalent DES ligand 29 as a colorless oil (45.1 mg, 63%). Cis-cis (5%), cis-trans (34%), and
trans-trans (61%) isomers were separated by RP-HPLC (70% MeOH/H,0) and characterized with
'"H-NMR according to the chemical shift of 38 (84% trans-isomer).

Cis-cis isomer of 29 (First fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 6.90-6.83 (8H, d and d, J = 8.7 Hz, 8.6 Hz, Ar-H),
6.60 (4H, d, J = 8.6 Hz, Ar-H), 6.56 (4H, d, J = 8.6 Hz, Ar-H), 3.60-3.54 (32H, m, OH,CH,CO),
3.53-3.49 (4H, m, OH,CH,CO), 3.46-3.39 (8H, s and t, J = 5.4 Hz, HNH,CH,CO, and H,CC=0),
3.31 (4H, t, J= 5.3 Hz, HNH,CH,CO), 2.58 (4H, q, J = 7.6 Hz, H;CH,C), 0.94 (6H, t, J= 7.6 Hz,
H;CH,C).

BC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 156, 143, 135, 132, 131, 115, 71.1, 45.0, 42.8,
39.8,28.7,13.2.

Cis-trans isomer of 29 (Second fraction):

'H-NMR (Acetone-d6, 400 MHz) ¢ (ppm) = 7.23 (2H, d, J = 8.4 Hz, (£)-Ar-H), 7.14 2H, d, J =
8.5 Hz, (2)-Ar-H), 6.90-6.81 (8H, m, (E,2)-Ar-H), 6.59 (2H, d, J = 8.6 Hz, (£)-Ar-H), 6.55 (2H, d,
J = 8.6 Hz, (2)-Ar-H), 3.61-3.46 (32H, m, OH,CH,CO), 3.46-3.40 (4H, s and t, J = 5.3 Hz,
H,CC=0 and OH,CH,CO), 3.37-3.29 (6H, t and m, J = 5.6 Hz, OH,CH,CO, HNH,CH,CO, and
H,CC=0), 3.21 (2H, t, J = 5.2 Hz, HNH,CH,CO), 2.58 (2H, q, J = 7.6 Hz, (2)-H;CH,C), 2.24
(2H, q, J = 7.4 Hz, (E)-H;CH,(C), 0.94 3H, t, J = 7.4 Hz, (£)-H5CH,C), 0.80 3H, t, J = 7.4 Hz,
(E)-H;CH,C).

BC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 170, 156, 155, 143, 134, 133, 131, 130, 115,
70.4,70.2, 69.7,43.1, 42.0, 39.1, 28.0, 12.9, 12.4, 11.1.

Trans-trans isomer of 29 (Third fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.23 (4H, d, J = 8.5 Hz, Ar-H), 7.14 (4H, d, J = 8.4
Hz, Ar-H), 6.85 (8H, m, Ar-H), 3.58-3.52 (32H, m, OH,CH,CO), 3.50-3.46 (4H, m, OH,CH,CO),
3.35 (4H, t, J = 5.7 Hz, HNH,CH,CO), 3.22 (4H, t, J = 5.4 Hz, HNH,CH,CO), 3.11 (4H, s,
H,CC=0),2.24 (4H, q, J = 7.4 Hz, H;CH,C), 0.80 (6H, t, J = 7.4 Hz, H;CH,C).

PC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 157, 144, 134, 132, 131, 116, 71.2, 71.0, 70.4,
49.6,43.9,39.8,13.7, 11.9.

HRMS (ESI-TOF, positive): [CssHgoN2OgNa]™ cal.  1083.5400, found 1083.5420;
[CssHgoN2016K] " cal. 1099.5139, found 1099.5162.
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(3) Bivalent DES ligand 30:

(E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 32.0 mg, 0.107 mmol),
diamine OEG 18b (27.8 mg, 0.0510 mmol), triethylamine (16.0 pL, 0.112 mmol), PyBOP (58.4
mg, 0.112 mmol), anhydrous DMF (5 mL), and anhydrous DCM (5 mL) were used and the crude
product was purified by column chromatography (chloroform : MeOH = 20:1 to 10:1) to obtain
bivalent DES ligand 30 as a colorless oil (27.4 mg, 49%). Cis-cis (4%), cis-trans (31%), and
trans-trans (65%) isomers were separated by RP-HPLC (70% MeOH/H,0) and characterized with
'H-NMR according to the chemical shift of 38 (84% ftrans-isomer).

Cis-cis isomer of 30 (First fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 6.90-6.84 (8H, d and d, J = 8.7 Hz, 8.7 Hz, Ar-H),
6.60 (4H, d, J = 8.7 Hz, Ar-H), 6.56 (4H, d, J = 8.7 Hz, Ar-H), 3.62-3.54 (36H, m, OH,CH,CO),
3.53-3.49 (4H, m, OH,CH,CO), 3.45-3.40 (8H, s and t, J = 5.3 Hz, HNH,CH,CO, and H,CC=0),
3.37-3.29 (4H, m, HNH,CH,CO), 2.58 (4H, q, J = 7.6 Hz, H;CH,C), 0.94 (6H, t, J = 7.4 Hz,
H;CH,C).

Cis-trans isomer of 30 (Second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.23 (2H, d, J = 8.6 Hz, (E)-Ar-H), 7.14 (2H, d, J =
8.7 Hz, (Z2)-Ar-H), 6.90-6.82 (8H, m, (E,Z)-Ar-H), 6.60 (2H, d, J = 8.7 Hz, (Z)-Ar-H), 6.55 (2H, d,
J = 8.7 Hz, (2)-Ar-H), 3.60-3.46 (40H, m, OH,CH,CO), 3.45-3.40 (4H, s and t, J = 5.4 Hz,
H,CC=0 and OH,CH,CO), 3.38-3.29 (4H, m, OH,CH,CO, HNH,CH,CO, and H,CC=0),
3.25-3.20 (2H, m, HNH,CH,CO), 2.58 (2H, q, J = 7.4 Hz, (£)-H;CH,C), 2.24 (2H, q, J = 7.5 Hz,
(E)-H;CH,C), 0.94 (3H, t, J= 7.4 Hz, (2)-H5CH,C), 0.80 (3H, t, J= 7.4 Hz, (F)-H;CH,C).
Trans-trans isomer of 30 (Third fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.23 (4H, d, J = 8.6 Hz, Ar-H), 7.14 (4H, d, J = 8.6
Hz, Ar-H), 6.86-6.81 (8H, m, Ar-H), 3.60-3.52 (40H, m, OH,CH,CO), 3.50-3.46 (4H, m,
OH,CH,CO), 3.36 (4H, t, J = 5.6 Hz, HNH,CH,CO), 3.22 (4H, q, J = 5.6 Hz, HNH,CH,CO),
3.11 (4H, s, H,CC=0), 2.25 (4H, q, J = 7.6 Hz, H;CH,C), 0.80 (6H, t, J= 7.4 Hz, H;CH,C).
BC-NMR (Acetone-d6, 100 MHz) § (ppm) = 171,157, 144, 134, 132, 131, 116, 115, 71.1, 71.0,
70.5,44.0,39.9, 29.2, 13.7.

HRMS (ESI-TOF, positive): [CssHgoN2OgNa]™ cal. 1083.5400, found 1083.5420;
[CssHgoN2016K] " cal. 1099.5139, found 1099.5162.
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(4) Bivalent DES ligand 31:

(E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 36.9 mg, 0.124 mmol),
diamine OEG 18c (34.7 mg, 0.0590 mmol), triethylamine (18.2 pL, 0.130 mmol), PyBOP (67.5
mg, 0.130 mmol), anhydrous DMF (5 mL), and anhydrous DCM (5 mL) were used and the crude
product was purified by column chromatography (chloroform : MeOH = 20:1 to 10:1) to obtain
bivalent DES ligand 31 as a colorless oil (39.5 mg, 58%). Cis-cis (4%), cis-trans (33%), and
trans-trans (62%) isomers were separated by RP-HPLC (70% MeOH/H,0) and characterized with
'H-NMR according to the chemical shift of 38 (84% ftrans-isomer).

Cis-cis isomer of 31 (First fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 6.90-6.84 (8H, d and d, J = 8.7 Hz, 8.6 Hz, Ar-H),
6.60 (4H, d, J = 8.7 Hz, Ar-H), 6.56 (4H, d, J = 8.7 Hz, Ar-H), 3.62-3.54 (40H, m, OH,CH,CO),
3.54-3.50 (4H, m, OH,CH,CO), 3.46-3.40 (8H, s and t, J = 5.3 Hz, HNH,CH,CO, and H,CC=0),
3.35-3.29 (4H, m, HNH,CH,CO), 2.58 (4H, q, J = 7.6 Hz, H;CH,C), 0.94 (6H, t, J = 7.4 Hz,
H;CH,C).

Cis-trans isomer of 31 (Second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.23 (2H, d, J = 8.6 Hz, (E)-Ar-H), 7.14 (2H, d, J =
8.6 Hz, (2)-Ar-H), 6.90-6.82 (8H, m, (E,Z)-Ar-H), 6.59 (2H, d, J = 8.6 Hz, (Z)-Ar-H), 6.55 (2H, d,
J = 8.7 Hz, (2)-Ar-H), 3.60-3.47 (44H, m, OH,CH,CO), 3.45-3.40 (4H, s and t, J = 5.3 Hz,
H,CC=0 and OH,CH,CO), 3.38-3.28 (4H, m, OH,CH,CO, HNH,CH,CO, and H,CC=0),
3.25-3.19 (2H, m, HNH,CH,CO), 2.58 (2H, q, J = 7.4 Hz, (£)-H;CH,C), 2.24 (2H, q, J = 7.4 Hz,
(E)-H;CH,C), 0.94 (3H, t, J= 7.4 Hz, (2)-H5CH,C), 0.80 (3H, t, J= 7.4 Hz, (F)-H;CH,C).
BC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 170, 156, 155, 143, 134, 133, 131, 130, 115, 114,
70.3, 70.1, 69.6, 50.7, 50.4, 43.1, 42.0, 40.7, 39.1, 28.2,27.9, 12.9, 12.3.

Trans-trans isomer of 31 (Third fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.23 (4H, d, J = 8.6 Hz, Ar-H), 7.14 (4H, d, J = 8.6
Hz, Ar-H), 6.86-6.81 (8H, m, Ar-H), 3.60-3.51 (40H, m, OH,CH,CO), 3.50-3.46 (4H, m,
OH,CH,CO), 3.36 (4H, t, J = 5.6 Hz, HNH,CH,CO), 3.22 (4H, q, J = 5.5 Hz, HNH,CH,CO),
3.11 (4H, s, H,CC=0), 2.25 (4H, q, J = 7.4 Hz, H;CH,C), 0.80 (6H, t, J= 7.4 Hz, H;CH,C).
PC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 157, 144, 134, 132, 131, 116, 71.2, 70.9, 70.4,
43.9,39.9,29.1, 13.6, 11.8.
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HRMS (ESI-TOF, positive): [CssHsoN,O15]" cal. 1149.6105, found 1149.6143; [Cy,HgsN,01gNa]”
cal. 1171.5924, found 1171.5961; [C62H38N2018K]+ cal. 1187.5664, found 1187.5701.

(5) Bivalent DES ligand 32:

(E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 43.7 mg, 0.146 mmol),
diamine OEG 19a (30.7 mg, 0.0695 mmol), triethylamine (22.0 puL, 0.153 mmol), PyBOP (77.0
mg, 0.153 mmol), anhydrous DMF (5 mL), and anhydrous DCM (5 mL) were used and the crude
product was purified by column chromatography (chloroform : MeOH = 20:1 to 10:1) to obtain
bivalent DES ligand 32 as a colorless oil (35.4 mg, 51%). Cis-cis (2%), cis-trans (23%), and
trans-trans (75%) isomers were separated by RP-HPLC (75% MeOH/H,0) and characterized with
'H-NMR according to the chemical shift of 38 (84% frans-isomer).

Cis-cis isomer of 32 (First fraction):

'H-NMR (Acetone-d6, 400 MHz) § (ppm) = 6.91-6.83 (8H, m, Ar-H), 6.59 (4H, d, J = 8.6 Hz,
Ar-H), 6.55 (4H, d, J = 8.6 Hz, Ar-H), 3.59-3.49 (24H, m, OH,CH,CO), 3.46-3.39 (12H, m,
HNH,CH,CO, H,CC=0, and OCH,CH,), 3.34-3.27 (4H, q, J = 5.4 Hz, HNH,CH,CO), 2.57 (4H,
q,J="7.6 Hz, H;CH,C), 1.59 (4H, p, J=3.3 Hz, OCH,CH,), 0.94 (6H, t, J = 7.4 Hz, H;CH,C).
Cis-trans isomer of 32 (Second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.23 (2H, d, J = 8.6 Hz, (E)-Ar-H), 7.13 (2H, d, J =
8.5 Hz, (Z2)-Ar-H), 6.91-6.81 (8H, m, (E,Z)-Ar-H), 6.59 (2H, d, J= 8.6 Hz, (Z)-Ar-H), 6.55 (2H, d,
J = 8.6 Hz, (2)-Ar-H), 3.60-3.46 (22H, m, OH,CH,CO), 3.46-3.39 (8H, m, OH,CH,CO, H,CC=0
and OCH,CH,), 3.38-3.28 (8H, m, HNH,CH,CO and HNH,CH,CO), 3.10 (2H, s, H,CC=0), 2.58
(2H, q, J = 7.6 Hz, (2)-H;CH,(C), 2.24 (2H, q, J = 7.6 Hz, (E)-H;CH,C), 1.58 (4H, p, J = 3.3 Hz,
OCH,CH,), 0.94 (3H, t, J = 7.4 Hz, (Z)-H;CH,C), 0.80 (3H, t, J = 7.4 Hz, (E)-H;CH,C).
BC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 157, 156, 144, 143, 135, 134, 132, 131, 116,
115,71.5,71.2,71.0,70.8,70.4, 39.9, 28.7,27.2, 13.7, 13.2, 11.9.

Trans-trans isomer of 32 (Third fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.23 (4H, d, J = 8.6 Hz, Ar-H), 7.14 (4H, d, J = 8.6
Hz, Ar-H), 6.88-6.80 (8H, m, Ar-H), 3.58-3.46 (22H, m, OH,CH,CO), 3.45-3.39 (4H, m,
OH,CH,CO), 3.38-3.28 (9H, t and m, J = 5.6 Hz, HNH,CH,CO), 3.22 (4H, q, J = 5.4 Hz,
HNH,CH,CO), 3.11 (4H, s, H,CC=0), 2.25 (4H, q, J = 7.4 Hz, H;CH,C), 1.57 (4H, p, J=3.2 Hz,
OCH,CH,), 0.80 (6H, t, J= 7.4 Hz, H;CH,C).
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PC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 157, 144, 134, 132, 131, 116, 71.5, 71.3, 71.2,
71.0,70.8, 70.4, 47.0, 44.0, 39.9,27.2, 13.7, 11.9.

HRMS (ESI-TOF, positive): [CssH77N,014]" cal. 1001.5369, found 1001.5390; [CssH76N,04Na]”
cal. 1023.5189, found 1023.5212; [CssH76N,014K]" cal. 1039.4928, found 1039.4955.

(6)  Bivalent DES ligand 33:

To a solution of (E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 43.1 mg,
0.144 mmol), 1H-benzotriazole (HOBT-H20, 24.2 mg, 0.179 mmol), 1-(3-dimethylaminopropyl)
-3-ethylcarbodimide hydrocholorid (EDCI, 34.3 mg, 0.179 mmol), and diisopropyl amine (51.0
pL, 0.289 mmol) in THF (5 mL), diamine OEG 19b (34.2 mg, 0.0688 mmol) in THF (1 mL) was
added at room temperature and the reaction mixture was stirred at 56°C for 24 h. The reaction
mixture was adjusted to pH = 7~8 with 5% NaHCO; and washed with ether, dried over MgSO4
and concentrated in vacuo. The crude product was purified by column chromatography
(chloroform : MeOH = 10:1) to obtain bivalent DES ligand 33 as a colorless oil (18.1 mg, 25%).
Cis-cis (2%, cis-trans (34%), and trans-trans (64%) isomers were separated by RP-HPLC (80%
MeOH/H,0) and characterized with 'H-NMR according to the chemical shift of 38 (84%
trans-isomer).

Cis-trans isomer of 33 (Second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.24 (2H, d, J = 8.4 Hz, (E)-Ar-H), 7.14 (2H, d, J =
8.6 Hz, (2)-Ar-H), 6.90-6.81 (8H, m, (E,Z)-Ar-H), 6.60 (2H, d, J = 8.6 Hz, (Z)-Ar-H), 6.55 (2H, d,
J = 8.6 Hz, (2)-Ar-H), 3.59-3.46 (24H, m, OH,CH,CO), 3.45-3.39 (8H, m, OCH,CH, and
HNH,CH,CO), 3.37-3.28 (4H, m, HNH,CH,CO and H,CC=0), 3.21 (2H, q, J = 5.2,
HNH,CH,CO), 3.10 (2H, s, H,CC=0), 2.58 (2H, q, J = 7.5 Hz, (£)-H;CH,C), 2.24 2H, q, J=7.6
Hz, (E)-H;CH,C), 1.58-1.45 (4H, m, OCH,CH, CH,CH,), 1.33-1.27 (8H, m, OCH,CH, CH,CH,),
0.94 (3H, t, J=7.4 Hz, (£)-H;CH,C), 0.80 (3H, t, J = 7.4 Hz, (E)-H;CH,C).

Trans-trans isomer of 33 (Third fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.23 (4H, d, J = 8.5 Hz, Ar-H), 7.14 (4H, d, J = 8.4
Hz, Ar-H), 6.87-6.81 (8H, m, Ar-H), 3.59-3.44 (24H, m, OH,CH,CO), 3.41 (4H, t, J = 6.6 Hz,
OH,CH,CH,CH,), 3.35 (4H, t, J= 5.6 Hz, HNH,CH,CO), 3.22 (4H, q, J = 4.9 Hz, HNH,CH,CO),
3.10 (4H, s, H,CC=0), 2.25 (4H, q, J = 7.5 Hz, H;CH,C), 1.50 (4H, p, J = 6.8 Hz,
OCH,CH,CH,CH,), 1.37-1.26 (8H, m, OCH,CH,CH,CH,), 0.80 (6H, t, J = 7.4 Hz, H;CH,C).
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BC-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 171, 157, 144, 134, 132, 131, 116, 115, 71.7, 71.2,
71.0,70.8, 70.5, 44.0, 39.9, 30.5, 30.2, 26.9, 13.7, 11.9.

HRMS (ESI-TOF, positive): [C60H84N2014Na]+ cal. 1079.5815, found 1079.5729;
[CeoHgsN>O14Nay]*" cal. 551.2854, found 551.2805.

(7)  Bivalent DES ligand 34:

(E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 39.6 mg, 0.133 mmol),
diamine OEG 20 (35.7 mg, 0.0633 mmol), triethylamine (19.5 pL, 0.139 mmol), PyBOP (72.4 mg,
0.139 mmol), anhydrous DMF (5 mL), and anhydrous DCM (5 mL) were used and the crude
product was purified by column chromatography (chloroform : MeOH = 20:1 to 10:1) to obtain
bivalent DES ligand 34 as a colorless oil (48.4 mg, 68%). Cis-cis (6%), cis-trans (31%), and
trans-trans (63%) isomers were separated by RP-HPLC (75% MeOH/H,0) and characterized with
'H-NMR according to the chemical shift of 38 (84% ftrans-isomer).

Cis-cis isomer of 34 (First fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.63 (4H, d, J = 8.2 Hz, biphenyl-H), 7.44 (4H, d, J =
8.1 Hz, biphenyl-H), 6.89-6.83 (8H, m, Ar-H), 6.59 (4H, d, J = 8.6 Hz, Ar-H), 6.55 (4H, d, J=8.6
Hz, Ar-H), 4.60 (4H, s, OCH,Ar), 3.67-3.55 (20H, m, OH,CH,CO), 3.53-3.49 (4H, m,
OH,CH,CO) 3.44-3.38 (8H, s and t, J = 5.5 Hz, H,CC=0 and HNH,CH,CO), 3.29 (4H, q, J=5.7
Hz, HNH,CH,CO), 2.56 (4H, q, J = 7.5 Hz, H;CH,C), 0.92 (6H, t, J= 7.6 Hz, H;CH,C).

Cis-trans isomer of 34 (Second fraction):

'H-NMR (Acetone-d6, 400 MHz) § (ppm) = 7.63 (4H, d, J = 8.1 Hz, biphenyl-H), 7.44 (4H, dd, J
= 3.5 Hz, 8.2 Hz, biphenyl-H), 7.23 (2H, d, J = 8.6 Hz, (E)-Ar-H), 7.13 (2H, d, J = 8.6 Hz,
(2)-Ar-H), 6.89-6.81 (8H, m, (E,Z2)-Ar-H), 6.59 (2H, d, J = 8.7 Hz, (Z)-Ar-H), 6.55 (2H, d, J = 8.6
Hz, (2)-Ar-H), 4.59-4.58 (4H, s and s, OCH,Ar), 3.67-3.53 (22H, m, OH,CH,CO), 3.53-3.46 (4H,
m, OH,CH,CO) 3.44-3.39 (4H, s and t, J = 5.4 Hz, CH,C=0 and HNH,CH,CO), 3.36-3.32 (2H,
m, HNH,CH,CO), 3.22-3.16 (2H, q, J = 5.4 Hz, HNH,CH,CO), 3.09 (2H, s, CH,C=0) 2.56 (2H,
q, J = 7.5 Hz, (2)-H;CH,C), 2.23 (2H, q, J = 7.6 Hz, (E)-H;CH,C), 0.92 (3H, t, J = 7.6 Hz,
(2)-H;CH,C), 0.79 (3H, t, J=7.4 Hz, (E)-H;CH,C).

Trans-trans isomer of 34 (Third fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.62 (4H, d, J = 8.2 Hz, biphenyl-H), 7.44 (4H, d, J =
8.1 Hz, biphenyl-H), 7.22 (4H, d, J= 8.6 Hz, Ar-H), 7.13 (4H, d, J = 8.6 Hz, Ar-H), 6.87-6.80 (8H,
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m, Ar-H), 4.58 (4H, s, OCH,Ar), 3.67-3.53 (20H, m, OH,CH,CO), 3.50-3.46 (4H, m,
OH,CH,CO), 3.34 (4H, t, J = 5.4 Hz, HNH,CH,CO), 3.19 (4H, q, J = 5.5 Hz, HNH,CH,CO),
3.09 (4H, s, H,CC=0), 2.23 (4H, q, J = 7.4 Hz, H3CH,C), 0.79 (6H, t, J = 7.4 Hz, H;CH,C).

HRMS (ESI-TOF, positive): [CeeHg1N>O14]" cal. 1125.5682, found 1125.5694; [CssHgoN,O4Na]"

cal. 1147.5502, found 1147.5514; [CeHgoN,014K]" cal. 1163.5241, found 1163.5261.
6.2.2. Chemical preparation of (d,l)-1,2-bis-(4-methoxyphenyl)-l-butane 35

To a soultion of sodium hydride (2.47 g, 61.8 mmol) in anhydrous THF (50 mL), a soultion of
desoxyanisoin (10.6 g, 41.2 mmol) in anhydrous THF (80 mL) was added dropwise at 0 °C, then
the reaction mixture was allowed to warm up to room temperature and stirred for 1 h. This mixture
was added slowly to a solution of iodoethane (3.36 mL, 41.2 mmol) in anhydrous THF (20 mL) at
0°C. The reaction mixture was allowed to warm up to room temperature and stirred for 12 h.
Afterwards the reaction was quenched with water at 0°C. The solvent was removed in vacuo and
the residue was washed with DCM, brine, and dried over MgSO,. The organic solvent was
evaporated in vacuo and the residue was purified by column chromatography (hexane: AcOEt =
5:1) to obtain (d,l)-a-ethyl deoxyanisoin 35 as a yellow oil (7.87 g, 67%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.95 (2H, d, J = 8.9 Hz, Ar-H), 7.21 (2H, d, J = 8.7 Hz,
Ar-H), 6.86 (2H, d, J = 9.0 Hz, Ar-H), 6.81 (2H, d, J = 8.8 Hz, Ar-H), 4.34 (1H, t, J = 7.3 Hz,
HCC=0), 3.81 (3H, s, CH;0Ar), 3.74 (3H, s, CH;0Ar), 2.15 (1H, septet, J= 7.3 Hz, H;CH,CHC),
1.81 (1H, septet, J = 7.5 Hz, H;CH,CHC), 0.88 (3H, t, J= 7.4 Hz, H;CH,CHC).

BC-NMR (CDCls, 100 MHz) 6 (ppm) = 199, 163, 159, 132, 131, 130, 129, 114, 55.6, 55.4, 54.3,
27.3,12.5.

HRMS (ESI-TOF, positive): [C1sH2003Na]™ cal. 307.1305, found 307.1325; [C;sH003K]" cal.

323.1044, found 323.1065.
6.2.3. Chemical preparation of ethyl 3-hydroxy-3,4-bis-(4-methoxyphenyl)hexanoate 36

Zinc powder (10 um) was washed with dilute hydrochloric acid, twice with water, and once each
with ethanol and diethyl ether and finally dried in vacuum. To this washed zinc (3.37 g, 50.6
mmol), 50% of a soultion of d,l-o-ethyldeoxyanisoin 35 (3.42 g, 12.0 mmol) and ethyl

bromoacetate (5.72 mL, 50.6 mmol) in dry benzene (20 mL) was added and the reaction mixture
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was heated briefly to reflux, initiating the reaction. The remainder of the reagent solution was then
added dropwise, and the mixture was heated to reflux for 2 h. The organozinc intermediate was
hydrolyzed by the gradual addition of 5% aqueous sulfuric acid, and this mixture was washed with
ether, water, 5% sodium hydrogen carbonate, and again with water, dried over MgSO,. The
organic solution was filtered over silica gel and concentrated in vacuo. The residue, i.e., a mixture
of diastereomers of ethyl 3-hydroxy-3,4-bis-(4-methoxyphenyl)hexanoate, was purifed with
HPLC (DCM) to obtain three factions: (1) Starting materials 35 and ethyl bromoacetate; (2) More
mobile diastereomer of 36 and (3) less mobile diastereomer of 36 as a colorless oil (3.68 g, 82%).
More mobile diastereomer of 36:

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.33 (2H, d, J = 8.7 Hz, Ar-H), 7.22 (2H, d, J = 7.9 Hz,
Ar-H), 6.89-6.81 (4H, m, Ar-H), 4.35 (1H, br s, HO), 3.87-3.78 (8H, q and s, J = 7.2 Hz,
H;CH,COC=0 and H;COAr), 2.75 (1H, d, J = 16 Hz, CH,CC=0), 2.56 (1H, dd, J = 2.1 Hz, 12
Hz, H;CH,CHC), 2.36 (1H, d, J = 16 Hz, CH,CC=0), 1.78-1.65 (1H, m, H;CH,CHC), 1.51-1.41
(1H, m, H;CH,CHC), 0.96 (3H, t, J = 7.2 Hz, H;CH,COC=0), 0.52 (3H, t, J = 7.3 Hz,
H;CH,CHC).

BC-NMR (CDCl;, 100 MHz) é (ppm) = 174, 159, 158, 138, 133, 131, 127, 114, 113, 104, 60.7,
58.8,55.4,45.1,22.2,14.1, 12.8.

Less mobile diastereomer of 36:

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.09 (2H, d, J = 8.8 Hz, Ar-H), 6.80-6.72 (6H, m, Ar-H),
4.52 (1H, br s, HO), 3.97 (2H, q, J = 6.7 Hz, H;CH,COC=0) 3.79 and 3.78 (6H, s, H;COAr), 2.92
(1H, d, J = 16 Hz, CH,CC=0), 2.78-2.72 (2H, dd and d, J = 3.1 Hz, 12 Hz, and 16 Hz,
H;CH,CHC and CH,CC=0), 2.08-1.98 (1H, m, H;CH,CHC), 1.42-1.28 (1H, m, H;CH,CHC),
1.07 (3H, t, J=7.2 Hz, H;CH,COC=0), 0.62 (3H, t, J=7.3 Hz, H;CH,CHC).

BC-NMR (CDCls;, 100 MHz) & (ppm) = 174, 159, 158, 136, 132, 131, 128, 113, 104, 77.2, 60.8,

58.5,55.3,43.5,21.8,14.2, 12.5.
6.2.4. Chemical preparation of (E,Z)-ethyl 3,4-bis-(4-methoxyphenyl)-2-hexenoate 37

To a solution of both diastereomers of ethyl 3-hydroxy-3,4-bis(4-methoxyphenyl)hexanoate 36
(3.26 g, 8.76 mmol) in dry pyridine (20 mL), thionyl chloride (1.27 mL, 17.5 mmol) were added

dropwise at room temperature and then the reaction mixture was stirred at room temperature for 3
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h. Benzene (10 mL) was added to precipitate the pyridine hydrochloride, and the solvent was
removed in vacuo. The residue was dissolved in ether, washed with two times water, dried over
MgSO,. The black crude product was purified by column chromatography (hexane : AcOEt =
10:1) to obtain cis- and trans- isomers of ethyl 3,4-bis-(4-methoxyphenyl)-2-hexenoate 37 as a
yellow oil (3.03 g, 98%).

Cis-isomer of 37 (the first fraction):

'H-NMR (CDCls, 400 MHz) ¢ (ppm) = 7.18 (2H, d, J = 8.4 Hz, Ar-H), 6.82 (2H, d, J = 8.7 Hz,
Ar-H), 6.79 (2H, d, J = 8.9 Hz, Ar-H), 6.69 (2H, d, J = 8.8 Hz, Ar-H), 5.91 (1H, s, C=CHC=0),
5.36 (1H, dd, J = 6.1 Hz, 9.2 Hz, H;CH,CHCC), 4.25 (2H, q, J = 7.1 Hz, H;CH,COC=0) 3.80
(3H, s, H;COAr), 3.76 (3H, s, H;COAr), 1.88 (1H, septet, J = 7.3 Hz, H;CH,CHC), 1.72-1.61 (1H,
m, H;CH,CHC), 1.33 (3H, t, J=7.2 Hz, H;CH,COC=0), 0.92 (3H, t, J= 7.3 Hz, H;CH,CHC).
BC-NMR (CDCls, 100 MHz) 6 (ppm) = 167, 163, 160, 158, 134, 133, 130, 129, 120, 114, 113,
60.2,55.4,45.0,24.4,14.5, 12.3.

Trans-isomer of 37 (the second fraction):

'H-NMR (CDCls, 400 MHz) & (ppm) = 6.99 (2H, d, J = 8.7 Hz, Ar-H), 6.82-6.73 (6H, m, Ar-H),
591 (1H, d, J = 0.68 Hz, C=CHC=0), 3.97 (2H, q, J = 7.1 Hz, H;CH,COC=0), 3.78 (3H, s,
H;COAr), 3.77 (3H, s, H3COAr), 3.42 (1H, t, J = 7.8 Hz, H;CH,CHCC), 1.93-1.68 (2H, m,
H;CH,CHC), 1.07 (3H, t, J= 7.2 Hz, H;CH,COC=0), 0.89 (3H, t, J = 7.2 Hz, H3CH,CHC).
BC-NMR (CDCls, 100 MHz) 6 (ppm) = 167, 162, 159, 158, 133, 132, 130, 129, 117, 114, 113,

60.0, 56.4, 55.4, 55.3, 26.5, 14.2, 12.7.
6.2.5. Chemical preparation of (E,Z)-ethyl 3,4-bis-(4-hydroxyphenyl)-3-hexenoate 38

(1) By using precursor 37:

To a solution of (£,Z2)-ethyl 3,4-bis-(4-methoxyphenyl)-2-hexenoate 37 (160 mg, 0.450 mmol) in
anhydrous DCM (8 mL) which was cooled in a dry ice/2-propanol bath, boron tribromide (170 pL,
1.80 mmol) were added dropwise and this reaction mixture was further stirred under the cooling
for 1 h. Afterwards, the reaction mixture was warmed up to 0°C and stirred for 4 h. The reaction
mixture was again cooled to -78°C followed by the addition of absolute EtOH (2 mL) to quench
the reaction. The solvent was removed under a stream of dry argon and the residue was absorbed

on the silica gel and further purified by column chromatography (chloroform : MeOH = 20:1) to
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obtain a mixture of cis- and trans- isomers (trams-isomer: 84%) of ethyl 3,4-bis-
(4-hydroxyphenyl)-3-hexenoate 38 as a red oil (38.9 mg, 27%) and a styrene byproduct (105 mg,
72%).

(2) By using precursor (E/Z)-ethyl 3,4-bis(4-methoxyphenyl)hex-4-enoate 41a:

To a solution of 41a (1.59 g, 4.47 mmol) in anhydrous DCM (30 mL), which was cooled in a dry
ice/2-propanol bath, boron tribromide (1.69 mL, 17.9 mmol) was added dropwise and this reaction
mixture was further stirred under the cooling for 1 h. Afterwards, the reaction mixture was
warmed up to 0°C and stirred for 4 h. The reaction mixture was again cooled to -78°C followed by
the addition of absolute EtOH (5 mL) to quench the reaction. The solvent was removed under a
stream of dry argon and the residue was absorbed on the silica gel and further purified by column
chromatography (chloroform : MeOH = 40:1) to obtain a mixture of cis- and trans- isomers
(trans-isomer: 84%) of ethyl 3,4-bis- (4-hydroxyphenyl)-3-hexenoate 38 as a red oil (560 mg,
38%).

Since the facile isomerization of the stilbene structure takes place in organic solvent of low
dielectric constant, both stereoisomers were applied for the next step without any further
separation and a geometrical isomer separation by HPLC (2%MeOH/DCM) was only performed
for the characterization of frans-isomer of 38. The chemical shift of frans-isomer of 38 was

3] and further characterized by ROESY spectra.

consistent with previous report!
Trans-isomer of 38:

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.08-7.03 (4H, m, Ar-H), 6.78-6.72 (4H, m, Ar-H), 3.94
(2H, q, J = 7.1 Hz, H;CH,COC=0), 3.14 (2H, s, H,CC=0), 2.19 (2H, q, J = 7.4 Hz, H;CH,CHC),
1.08 (3H, t, J= 7.2 Hz, H;CH,COC=0), 0.78 (3H, t, J= 7.4 Hz, H;CH,CHC).

BC-NMR (CDCls;, 100 MHz) 6 (ppm) = 173, 156, 144, 133, 130, 129, 115, 114, 50.7, 40.9, 28.1,
12.2.

HRMS (ESI-TOF, positive): [(320H2204Na]+ cal. 349.1410, found 349.1402; [C40H4403Na]+ cal.

675.2928, found 675.2888.
6.2.6. Chemical preparation of (E,Z)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39

To a solution of (E,Z)-ethyl 3,4-bis- (4-hydroxyphenyl)-3-hexenoate 38 (354 mg, 1.09 mmol) in

THF (10 mL), 2.5 mL of 5 N NaOH solution was added. This mixture was heated tup to reflux for
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2 h. To this cold reaction mixture, 0.5 mL 1 N NaOH solution was added and the aqueous layer
was washed with ether and concentrated in vacuo. The aqueous layer was acidified with 6 N HCI,
and the precipitate was collected. The crude product was purified by column chromatography
(chloroform : MeOH = 10:1) to obtain a mixture of cis- and trans- isomers (¢trans-isomer: 85%) of
3.,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 as a colorless solid (408 mg, 99%).

Trans-isomer of 39:

'H-NMR (MeOD, 400 MHz) ¢ (ppm) = 7.08-7.03 (4H, d, J = 8.6 Hz, Ar-H), 6.81-6.75 (4H, m,
Ar-H), 3.15 (2H, s, H,CC=0), 2.22 (2H, q, J = 7.4 Hz, H;CH,CHC), 0.80 (3H, t, J = 7.4 Hz,
H;CH,CHC).

BC-NMR (MeOD, 100 MHz) d (ppm) = 176, 157, 145, 135, 134, 132, 131, 116, 115, 62.1, 42.6,
29.6, 13.7.

HRMS (ESI-TOF, positive): [C18H1804Na]+ cal. 321.1097, found 321.1103; [C36H3608Na]+ cal.

619.2302, found 619.2312.
6.2.7. Chemical preparation of (d,l)- ethyl 3,4-bis(4-methoxyphenyl)-4-oxobutanoate 40a

To a soultion of sodium hydride (1.43 g, 35.8 mmol) in anhydrous THF (40 mL), a soultion of
desoxyanisoin (8.34 g, 31.9 mmol) in anhydrous THF (60 mL) was added dropwise at 0 °C, then
the reaction mixture was heated up to reflux and stirred for 1 h. To this mixture, a solution of ethyl
bromoacetate (5.52 mL, 48.8 mmol) in anhydrous THF (20 mL) was added slowly to at 0°C. The
reaction mixture was heated uo to reflux and stirred for 5 h. Afterwards the reaction was quenched
with water at 0°C. The solvent was removed in vacuo and the residue was washed with ether,
brine, and dried over MgSQO,4. The organic solvent was evaporated in vacuo and the residue was
purified by column chromatography (hexane: AcOEt = 5:1) to obtain (d,l)-ethyl 3,4-bis(4-
methoxyphenyl)-4-oxobutanoate 40a as a yellow oil (10.4 g, 96%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.95 (2H, d, J = 8.9 Hz, Ar-H), 7.21 (2H, d, J = 8.8 Hz,
Ar-H), 6.85 (2H, d, J = 8.8 Hz, Ar-H), 6.81 (2H, d, J = 8.7 Hz, Ar-H), 5.00 and 4.98 (1H, 2xd, J =
5.3 Hz, O=CCH,CHC=0), 4.08 (2H, q, J= 7.1 Hz, OCH,CH3;), 3.81 (3H, s, H;COAr), 3.74 (3H, s,
H;COAr), 3.30 (1H, dd, J=9.5 Hz, 16.8 Hz, O=CCH,CHC=0), 2.67 (1H, dd, /= 5.3 Hz, 16.8 Hz,
O=CCH,CHC=0), 1.19 (3H, t, J= 7.0 Hz, OCH,CHs).

3C-NMR (CDCls, 100 MHz) § (ppm) = 197, 172, 164, 159, 131, 129, 115, 114, 104, 60.8, 55.6,
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55.4,48.5,38.9,29.9, 27.6, 14.3.
6.2.8. Chemical preparation of (d,l)-ethyl 7,8-bis(4-methoxyphenyl)-8-oxooctanoate 40b

To a solution of desoxyanisoin (11.0 g, 42.8 mmol) in anhydrous THF (110 mL) at 0°C, sodium
hydride (2.02 g, 50.5 mmol) was added portionwise over 10 min. The reaction mixture was further
stirred for 30 min and then heated up to reflux for 1h. Ethyl 6-bromohexanoate (11.5 mL, 63.1
mmol) was added dropwise at 0°C and then the reaction mixture was refluxed for 20 h. The
reaction mixture was quenched and adjusted to pH = 7~8 with 5% NaHCO; and washed with
water, ether, dried over MgSO, and concentrated in vacuo. The crude product was purified by
column chromatography (hexane : AcOEt = 10:1) to obtain (d,l)-ethyl 7,8-bis(4-methoxyphenyl)-
8-oxooctanoate 40b as a light yellow solid (12.1 g, 72%).

'H-NMR (CDCls, 400 MHz) d (ppm) = 7.94 (2H, d, J = 8.9 Hz, Ar-H), 7.20 (2H, d, J = 8.7 Hz,
Ar-H), 6.86 (2H, d, J = 8.9 Hz, Ar-H), 6.81 (2H, d, J = 8.8 Hz, Ar-H), 443 (1H, t, J = 7.3 Hz,
0O=CHCH,CH,CH,CH,CH,CC=0), 4.12 (2H, q, J = 7.2 Hz, OCH,CH3), 3.82 (3H, s, H;COAr),
3.75 (3H, s, H3COAr), 2.23 (2H, t, J = 7.5 Hz, O=CHCH,CH,C H,CH,CH,CC=0), 2.18-2.07 (1H,
m, O=CHCH,CH,CH,CH,CH,CC=0), 1.84-1.72 (1H, m, O=CHCH,CH,CH,CH,CH,CC=0),
1.59 (2H, p, J = 7.4 Hz, O=CHCH,CH,CH,CH,CH,CC=0), 1.43-1.18 (7H, m and t, J = 7.2 Hz,
O=CHCH,CH,CH,CH,CH,CC=0 and OCH,CHj3).

BC-NMR (CDCl;, 100 MHz) & (ppm) = 199, 174, 163, 159, 132, 131, 130, 129, 114, 60.4, 55.6,

554,525, 34.5, 34.0, 29.3, 27.5, 25.0, 14.4.
6.2.9. Chemical preparation of (E/Z)-ethyl 3,4-bis(4-methoxyphenyl)hex-4-enoate 41a

To a suspension of (ethyl)triphenylphosphonium bromide (2.57 g, 6.86 mmol) in anhydrous
diethyl ether (30 mL), n-buthyl lithium (2.5 M in hexane, 2.23 mL, 5.57 mmol) was added
dropwise at 0°C and the reaction mixture was stirred at room temperature for 1 h. Afterwards the
reation mixture was chilled to 0°C and a solution of (d,\l)-ethyl 3,4-bis(4-
methoxyphenyl)-4-oxobutanoate 40a (1.47 g, 4.29 mmol) in diethylether (30 mL) was added
dropwise over 15 min. Then the mixture was stirred at room temperature for 12 h. The reaction
was quenched with 3% aqueous NH4CI solution and the mixture was washed with diethyl ether,

brine, dried over MgSQO,, and concentrated in vacuo. The crude product was purified by column
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chromatography (hexane : AcOEt = 5:1) to obtain (E/Z)-ethyl 3,4-bis(4-methoxy-
phenyl)hex-4-enoate 41a as a colorless oil (805 mg, 53%).

'H-NMR (CDCls, 400 MHz) d (ppm) = 7.07 (1H, d, J = 8.6 Hz, Ar-H), 7.02 (1H, d, J = 8.7 Hz,
Ar-H), 6.85-6.60 (5H, m, Ar-H), 6.68 (1H, d, J = 8.8 Hz, Ar-H), 5.59 (1H, q, J = 7.0 Hz,
Z-CHCHj3), 4.71 (1H, dd, J = 6.7 Hz, 8.8 Hz, E-CHCHj3), 4.15-4.02 (3H, m, O=CCH,CHC and
OCH,CH3;), 3.81-3.73 (6H, 4xs, H;COAr), 2.83-2.75 and 2.68-2.60 (2H, m, O=CCH,CHC), 1.92
and 1.47 (3H, d and d, /= 6.8 Hz and 6.3 Hz, CHCHs), 1.28-1.15 (3H, m, OCH,CHj5).

BC-NMR (CDCls, 100 MHz) 6 (ppm) = 173, 158, 143, 135, 134, 132, 130, 129, 125, 122, 114,

113, 104, 60.6, 60.5, 55.4,49.2, 40.3, 39.7, 37.7, 14.9, 14.4, 14.3.
6.2.10. Chemical preparation of (E,Z)-ethyl 7,8-bis(4-methoxyphenyl)dec-8-enoate 41b

To a solution of both diastereomers of ethyl 8-hydroxy-7,8-bis(4-methoxyphenyl)decanoate 44
(201 mg, 0.469 mmol) in anhydrous pyridine (8 mL), thionyl chloride (68.4 uL, 0.938 mmol) was
added dropwise at room temperature and then the reaction mixture was stirred at room
temperature for 3 h. Benzene (2 mL) was added to precipitate the pyridine hydrochloride, and the
solvent was removed in vacuo. The residue was dissolved in ether, washed with two times water,
dried over MgSQO,, and concentrated in vacuo. The black crude product was purified by column
chromatography (hexane : AcOEt = 10:1) to obtain (£,2)-ethyl 7,8-bis(4-methoxyphenyl)
dec-8-enoate 41b as a yellow oil (108 mg, 55%).

'H-NMR (CDCls, 400 MHz) & (ppm) = 6.98 (2H, d, J = 8.7 Hz, Ar-H), 6.80-6.69 (6H, m, Ar-H),
5.58 (1H, s, C=CH), 4.10 (2H, q, J = 7.2 Hz, OCH,CHj3), 3.78 (3H, s, H;COAr), 3.77 (3H, s,
H;COAr), 3.39 (1H, t, J = 7.4 Hz, CCHCH,CH,CH,CH,CH,CC=0), 2.24 (2H, t, J = 7.4 Hz,
CCHCH,CH,CH,CH,CH,CC=0), 1.70-1.52 (4H, m, CCHCH,CH,CH,CH,CH,CC=0), 1.47 (3H,
d, J= 6.6 Hz, CCH;), 1.35-1.19 (7H, m and t, J = 7.2 Hz, CCHCH,CH,CH,CH,CH,CC=0 and
OCH,CH;).

BC-NMR (CDCls, 100 MHz) J (ppm) = 174, 158, 145, 136, 133, 130, 129, 121, 114, 113, 60.3,

55.4,55.3,53.3,34.6,29.4,27.8,25.1, 14.9, 14.4.
6.2.11. Chemical preparation of (E)-N-ethyl-3,4-bis(4-hydroxyphenyl)hex-3-enamide 42

To a solution of (£)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 109 mg,
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0.367 mmol), 1H-benzotriazole (HOBT-H,0, 59.5 mg, 0.440 mmol), 1-(3-dimethylaminopropyl)
-3-ethylcarbodimide hydrocholorid (EDCI, 84.4 mg, 0.440 mmol), and diisopropyl amine (128 pL,
0.733 mmol) in THF (15 mL), 2.0 M ethylamine in THF (367 pL, 0.733 mmol) was added at room
temperature and the reaction mixture was stirred at room temperature for 24 h. The reaction
mixture was adjusted to pH = 7~8 with 1 M HCI and washed with ethyl acetate, dried over MgSO4
and concentrated in vacuo. The crude product was purified by column chromatography
(chloroform : MeOH = 10:1) to obtain a mixture of cis- and trans- isomers (trans-isomer: 80%) of
42 as a white solid (19.7 mg, 16%). Trans-isomer was characterized with "H-NMR according to
the chemical shift of 38 (84% frans-isomer).

Trans-isomer of 42:

'H-NMR (MeOD, 400 MHz) ¢ (ppm) = 7.15 (2H, d, J = 8.6 Hz, Ar-H), 6.08 (2H, d, J = 8.6 Hz,
Ar-H), 6.80-6.74 (4H, m, Ar-H), 3.06 (2H, s, H,CC=0), 3.01 (2H, q, J = 7.2 Hz, HNCH,CH,),
2.23 (2H, q, J = 7.4 Hz, H;CH,C), 0.91 (3H, t, J = 7.2 Hz, HNCH,CHs), 0.79 (3H, t, J = 7.4 Hz,
H;CH,CHC).

PC-NMR (MeOD, 100 MHz) d (ppm) = 157, 134, 132, 131, 116, 115, 44.1, 35.3,29.7, 14.9, 13.7.

HRMS (ESI-TOF, positive): [C20H24NOs]" cal. 326.1751, found 326.1761; [C,0H,3NOsNa]" cal.

348.1570, found 348.1586; [C4oH4¢N,OgNa]" cal. 673.3248, found 673.3272.
6.2.12. Chemical preparation of bivalent DES ligand 43

To a solution of (E)-3,4-bis-(4-hydroxyphenyl)-3-hexenoic acid 39 (85% of trans-isomer, 105 mg,
0.353 mmol), 1H-benzotriazole (HOBT-H,0, 59.0 mg, 0.437 mmol), 1-(3-dimethylaminopropyl)
-3-ethylcarbodimide hydrocholorid (EDCI, 83.7 mg, 0.437 mmol), and diisopropyl amine (124 pL,
0.706 mmol) in THF (15 mL), 2,2’-(ethylenedioxy)-bis-(ethylamine) (25.1 uL, 0.168 mmol) was
added at room temperature and the reaction mixture was stirred at room temperature for 24 h. The
reaction mixture was adjusted to pH = 7~8 with 5% NaHCO; and washed with ethyl acetate, dried
over MgSO, and concentrated in vacuo. The crude product was purified by column
chromatography (chloroform : MeOH = 10:1) to obtain a mixture of cis- and trans- isomers
(trans-isomer: 80%) of bivalent DES ligand 43 as a colorless oil (27.2 mg, 23%). Trans-isomer
was characterized with "H-NMR according to the chemical shift of 38 (84% trans-isomer).

Trans-isomer of 43:
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'H-NMR (Acetone-d6, 400 MHz) § (ppm) = 7.21 (2H, d, J = 8.5 Hz, Ar-H), 6.08 (2H, d, J = 8.6
Hz, Ar-H), 6.85-6.80 (4H, m, Ar-H), 3.45-3.42 (4H, m, OCH,CH,0) 3.33 (4H, q, J = 5.7 Hz,
HNCH,CH,0), 2.22 (4H, q, J = 5.4 Hz, HNCH,CH,0), 3.14 (2H, s, H,CC=0), 2.25 (4H, q, J =
7.4 Hz, H;CH,C), 0.80 (6H, t, J = 7.4 Hz, H;CH,CHC).

3C-NMR (Acetone-d6, 100 MHz) 6 (ppm) = 172, 157, 144, 135, 134, 132, 131, 116, 115, 71.0,
70.4, 44.1, 40.0, 39.9, 13.7.

HRMS (ESI-TOF, positive): [C4,H4sN,OgNa]" cal. 731.3303, found 731.3294.
6.2.13. Chemical preparation of ethyl 8-hydroxy-7,8-bis(4-methoxyphenyl)decanoate 44

To a solution of (d,l)-ethyl 7,8-bis(4-methoxyphenyl)-8-oxooctanoate 40b (1.03 g, 2.59 mmol) in
anhydrous THF (30 mL) at 0°C, 1.0 M ethyl magnesium bromide in anhydrous THF (3.89 mL,
3.89 mmol) was added dropwise over 30 min. The reaction mixture was further stirred at room
temperature for 2 h. The reaction mixture was quenched with 5% NH4CI and washed with water,
ether, dried over MgSO, and concentrated in vacuo. The crude product was purified by column
chromatography (DCM) and HPLC (C-18, 1%AcOEt/CHCIs) to obtain three factions: (1) Starting
materials 40b (92.2 mg); (2) More mobile diasterecomer of 44 (17%) and (3) less mobile
diastereomer of 44 (83%) as a light yellow solid (527 mg, 48%).

More mobile diastereomer of 44:

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.26 (2H, d, J = 8.7 Hz, Ar-H), 7.11 (2H, d, J = 8.6 Hz,
Ar-H), 6.91-6.82 (4H, m, Ar-H), 4.06 (2H, q, J = 7.2 Hz, OCH,CH3), 3.83 (3H, s, H5COAr), 3.81
(3H, s, H;COAr), 2.81 (1H, dd, J= 2.9 Hz, 12 Hz, HOCHCH,CH,CH,CH,C H,CC=0), 2.12 (2H,
t, J= 7.6 Hz, HOCHCH,CH,CH,CH,CH,CC=0), 1.80-1.61 (2H, m, H;CH,C), 1.48-1.28 (4H, m,
HOCHCH,CH,CH,CH,CH,CC=0), 1.24-0.82 (8H, t and m, J = 7.2 Hz, OCH,CH; and
HOCHCH,CH,CH,CH,CH,CC=0), 0.53 (3H, t, J= 7.4 Hz, H;CH,C).

BC-NMR (CDCls, 100 MHz) & (ppm) = 174, 158, 137, 133, 127, 114, 113, 79.4, 60.3, 56.1, 55.4,
34.5,29.5,29.1,27.7, 25.0, 14.4, 7.90.

Less mobile diastereomer of 44:

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.08 (2H, d, J = 8.6 Hz, Ar-H), 6.86-6.74 (4H, m, Ar-H),
6.72 (2H, d, J = 8.1 Hz, Ar-H), 4.08 (2H, q, J = 7.2 Hz, OCH,CHj3), 3.80 (3H, s, H;COAr), 3.77

(3H, s, H;COAr), 2.81 (1H, dd, J = 2.8 Hz, 12 Hz, HOCHCH,CH,CH,CH,C H,CC=0), 2.17 (2H,
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t, J = 7.6 Hz, HOCHCH,CH,CH,CH,CH,CC=0), 1.98-1.74 (3H, m, H;CH,C and
HOCHCH,CH,CH,CH,CH,CC=0), 1.56-1.39 (3H, m, HOCHCH,CH,CH,C H,CH,CC=0),
1.31-1.10 (5H, t and m, J = 7.1 Hz, HOCHCH,CH,CH,CH,CH,CC=0 and OCH,CH5), 1.03-0.91
(2H, m, HOCHCH,CH,CH,CH,CH,CC=0), 0.71 (3H, t, J= 7.3 Hz, H;CH,C).

PC-NMR (CDCls, 100 MHz) & (ppm) = 174, 158, 136, 132, 131, 128, 113, 79.1, 60.3, 57.0, 55.4,
55.3,53.6,34.5,31.2,29.4,28.7,27.7,25.0, 14.4, 7.98.

HRMS (ESI-TOF, positive): [C26H3605Na]+ cal. 451.2455, found 451.2467; [C26H3605K]+ cal.

467.2194, found 467.2202; [Cs,H7,010Na] " cal. 879.5018, found 879.5020.

6.3. Bivalent raloxifene (RAL) ligand

6.3.1. Chemical preparation of bivalent RAL ligands 46-58

(1)  General procedure for chemical preparations of bivalent RAL ligands 46-58

The raloxifen azide 45 (2.1 equivalents) and dipropargyl ether OEG 21 (1.0 equivalent) were
suspended in a 1:1 mixture of water and tert-butyl alcohol (I mL). Sodium ascorbate (0.2
equivalent, freshly prepared 1M solution in water) was added, followed by the addition of copper
(II) sulfate pentahydrate (0.02 equivalent, 0.3 M solution in water). The heterogeneous mixture
was stirred vigorously until TLC analysis indicated complete consumption of the reactants. A
saturated EDTA solution (2 mL) was added to quench the reaction. Then the solvent was removed
in vacuo and the residue was absorbed on the silica gel and further purified by column
chromatography.

(2)  Bivalent RAL ligand 46:

The raloxifen azide 45 (38.9 mg, 0.0902 mmol) and propargyl ether (4.49 pL, 0.0429 mmol) were
used and the crude product was purified by column chromatography (DCM : MeOH = 20 : 1 to
10 : 1) to give 46 as a yellow solid (17.2 mg, 42 %).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.14 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),
7.33 (2H, d, J=2.3 Hz, Ar-H), 7.22 (2H, d, J= 8.8 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90
(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J= 2.3 Hz, 8.8 Hz, Ar-H), 6.66 (4H, d, J= 8.7 Hz, Ar-H),
4.73 (4H, t, J = 4.9 Hz, OCH,CHj,-triazol), 4.53 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.9 Hz,

OCH,CH,-triazol).
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BC-NMR (DMSO-d6, 100 MHz) 6 (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 125, 124,
123, 116, 115, 107, 70.8, 68.5, 62.6.

HRMS (ESI-TOF, positive): [Cs;H4NsOoS;Na] " cal. 979.2190, found 979.2184.

(3) Bivalent RAL ligand 47:

The raloxifen azide 45 (29.5 mg, 0.0684 mmol) and dipropargyl ether 21a (4.5 mg, 0.0326 mmol)

were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 : 1) to give 47 as a yellow solid (30.2 mg, 91%).

'H-NMR (DMSO-d6, 400 MHz) J (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.34 2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J= 8.8 Hz, Ar-H), 7.15 (4H, d, J= 8.7 Hz, Ar-H), 6.89

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J=2.3 Hz, 8.8 Hz, Ar-H), 6.66 (4H, d, J= 8.7 Hz, Ar-H),

4.72 (4H, t, J = 4.9 Hz, OCH,CH,-triazol), 4.48 (4H, s, triazol-CH,0), 4.41 (4H, t, J = 4.9 Hz,

OCH,CH,-triazol), 3.53 (4H, s, OCH,OCH,0).

BC-NMR (DMSO-d6, 100 MHz) 6 (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 131, 130, 124,
123, 116, 115, 107, 68.8, 66.4, 63.5.

HRMS (ESI-TOF, positive): [CssH44NO10S;Na]" cal. 1023.2453, found 1023.2455.

(4) Bivalent RAL ligand 48:

The raloxifen azide 45 (46.7 mg, 0.108 mmol) and dipropargyl ether 21b (9.4 mg, 0.0515 mmol)

were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1)
to give 48 as a yellow solid (35.1 mg, 65%).

'H-NMR (DMSO-d6, 400 MHz) J (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.33 2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J=8.7 Hz, Ar-H), 7.15 (4H, d, J= 8.7 Hz, Ar-H), 6.89

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J=2.3 Hz, 8.8 Hz, Ar-H), 6.66 (4H, d, J = 8.7 Hz, Ar-H),

4.72 (4H, t, J = 5.0 Hz, OCH,CH,-triazol), 4.48 (4H, s, triazol-CH,0), 4.41 (4H, t, J = 5.0 Hz,

OCH,CH,-triazol), 3.52-3.49 (4H, m, OCH,CH,), 3.48-3.46 (4H, m, OCH,CH,).

BC-NMR (DMSO-d6, 100 MHz) 6 (ppm) = 193, 163, 158, 156, 145, 141, 140, 133, 132, 131, 130,
125,124, 116, 115, 108, 70.2, 69.4, 66.9, 63.9.

HRMS (ESI-TOF, positive): [Cs¢HioNgO1;S,]”  cal.  1045.2895, found  1145.2890,

[Cs6H4gNgO11S,Na] " cal. 1067.2715, found 1067.2728.

(5) Bivalent RAL ligand 49:

The raloxifen azide 45 (44.0 mg, 0.102 mmol) and dipropargyl ether 21¢ (11.0 mg, 0.0486 mmol)
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were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 49 as a yellow solid (12.2 mg, 32%)).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.11 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.33 (2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J= 8.7 Hz, Ar-H), 7.15 (4H, d, J = 9.0 Hz, Ar-H), 6.89

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J= 2.3 Hz, 8.8 Hz, Ar-H), 6.66 (4H, d, J= 8.7 Hz, Ar-H),

4.73 (4H, t, J = 5.0 Hz, OCH,CHj,-triazol), 4.48 (4H, s, triazol-CH,0), 4.41 (4H, t, J = 5.0 Hz,

OCH,CH,-triazol), 3.52-3.44 (12H, m, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 69.6, 68.9, 63.4.

HRMS (ESI-TOF, positive): [C58H52N601282Na]+ cal. 1111.2977, found 1111.2998.

(6) Bivalent RAL ligand 50:

The raloxifen azide 45 (38.2 mg, 0.0885 mmol) and dipropargyl ether 21d (11.4 mg, 0.0422 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 50 as a yellow solid (19.5 mg, 41%).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.34 (2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J= 8.7 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J= 2.3 Hz, 8.8 Hz, Ar-H), 6.67 (4H, d, J= 8.7 Hz, Ar-H),

4.73 (4H, t, J = 4.9 Hz, OCH,CHj,-triazol), 4.49 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.9 Hz,

OCH,CH,-triazol), 3.52-3.46 (10H, m, OCH,CH,), 3.45 (6H, br s, OCH,CH,).

BC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 69.6, 68.9, 66.4, 63.4.

HRMS (ESI-TOF, positive): [C60H56N601382Na]+ cal. 1155.3239, found 1155.3262.

(7)  Bivalent RAL ligand 51:

The raloxifen azide 45 (33.4 mg, 0.0774 mmol) and dipropargyl ether 21e (11.6 mg, 0.0369 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH = 20 : 1

to 10 :1) to give 51 as a yellow solid (11.2 mg, 22%).

'H-NMR (DMSO-d6, 400 MHz) J (ppm) = 8.11 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.32 (2H, d, J=2.2 Hz, Ar-H), 7.21 (2H, d, J= 8.8 Hz, Ar-H), 7.14 (4H, d, J = 8.7 Hz, Ar-H), 6.89

(4H, d, J=9.0 Hz, Ar-H), 6.83 (2H, dd, J= 2.3 Hz, 8.8 Hz, Ar-H), 6.65 (4H, d, J = 8.6 Hz, Ar-H),

4.73 (4H, t, J = 5.0 Hz, OCH,CHj,-triazol), 4.49 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 5.0 Hz,
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OCH,CH),-triazol), 3.51-3.47 (10H, m, OCH,CH,), 3.44 (10H, br s, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 69.6, 68.9, 66.4, 63.4.

HRMS (ESI-TOF, positive): [C62H60N601482Na]+ cal. 1199.3501, found 1199.3489.

(8)  Bivalent RAL ligand 52:

The raloxifen azide 45 (36.5 mg, 0.0846 mmol) and dipropargyl ether 21f (13.8 mg, 0.0403 mmol)

were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 52 as a yellow solid (18.4 mg, 39%).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.33 (2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J= 8.8 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J = 2.3 Hz, 8.8 Hz, Ar-H), 6.66 (4H, d, J= 8.7 Hz, Ar-H),

4.73 (4H, t, J = 4.9 Hz, OCH,CHj,-triazol), 4.49 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.9 Hz,

OCH,CH,-triazol), 3.52-3.47 (10H, m, OCH,CH,), 3.45 (14H, br s, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 68.9, 66.4, 63.5.

HRMS (ESI-TOF, positive): [CgsHeaNgO; 5SZNa]+ cal. 1243.3763, found 1243.3766.

(9) Bivalent RAL ligand 53:

The raloxifen azide 45 (29.3 mg, 0.0679 mmol) and dipropargyl ether 21g (13.0 mg, 0.0323 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 53 as a yellow solid (30.4 mg, 75%).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 9.0 Hz, Ar-H),

7.34 (2H, d, J=2.0 Hz, Ar-H), 7.22 (2H, d, J= 8.7 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J = 2.3 Hz, 8.8 Hz, Ar-H), 6.67 (4H, d, J= 8.7 Hz, Ar-H),

4.73 (4H, t, J = 5.0 Hz, OCH,CHj,-triazol), 4.50 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 5.0 Hz,

OCH,CH,-triazol), 3.52-3.46 (28H, m, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 68.9, 63.4.

HRMS (ESI-TOF, positive): [C66H67N601682]+ cal. 1265.4206, found 11265.4187;

[CosHosN6O16S,Na] " cal. 1287.4025, found 1287.4003; [CesHesN6O16S:K]", cal. 1303.3765, found

1303.3748.
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(10) Bivalent RAL ligand 54:

The raloxifen azide 45 (22.9 mg, 0.0531 mmol) and dipropargyl ether 21h (11.3 mg, 0.0252 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 54 as a yellow solid (15.0 mg, 46%).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.33 (2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J= 8.7 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J=2.2 Hz, 8.8 Hz, Ar-H), 6.67 (4H, d, J= 8.7 Hz, Ar-H),

4.73 (4H, t, J = 4.9 Hz, OCH,CHj,-triazol), 4.50 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.9 Hz,

OCH,CH,-triazol), 3.51-3.46 (32H, m, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 70.1, 69.7, 68.9, 66.4, 63.4.

HRMS (ESI-TOF, positive): [C68H72N601782Na2]2+ cal. 677.2090, found 677.2059,

[CesH73N6017S,]" cal. 1309.4468, found 1309.4423; [CssH72NO7S;:Na]” cal. 1331.4288, found

1331.4237; [CesH7oNO17S:K]", cal. 1347.4027, found 1347.3978.

(11) Bivalent RAL ligand 55:

The raloxifen azide 45 (25.9 mg, 0.0600 mmol) and dipropargyl ether 21i (14.0 mg, 0.0286 mmol)

were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 55 as a yellow solid (22.9 mg, 58%)).

'H-NMR (DMSO0-d6, 400 MHz) o (ppm) = 8.12 (2H, s, triazol-H), 7.65 (4H, d, J = 8.8 Hz, Ar-H),

7.33 (2H, d, J=2.1 Hz, Ar-H), 7.22 (2H, d, J= 8.8 Hz, Ar-H), 7.15 (4H, d, J = 8.6 Hz, Ar-H), 6.90

(4H, d, J = 8.8 Hz, Ar-H), 6.84 (2H, dd, /= 2.1 Hz, 8.7 Hz, Ar-H), 6.67 (4H, d, J = 8.6 Hz, Ar-H),

4.73 (4H, t, J = 4.6 Hz, OCH,CH,-triazol), 4.50 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.6 Hz,

OCH,CH,-triazol), 3.51-3.47 (36H, m, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 69.6, 69.1, 68.9, 66.4, 63.5.

HRMS (ESI-TOF, positive): [C7oH7sNsO1sNap]*" cal. 699.2221, found 699.2251, [C7oH7NgO1s]"

cal. 1353.4730, found 1353.4769; [C;0H7¢NgOsNa]™ cal. 1375.4550, found 1375.4595;

[C70H76NsO15K]", cal. 1391.4289, found 1391.4341.

(12) Bivalent RAL ligand 56:

The raloxifen azide 45 (29.1 mg, 0.0674 mmol) and dipropargyl ether 21j (15.0 mg, 0.0321 mmol)

132



were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 56 as a yellow solid (22.9 mg, 59%).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.12 (2H, s, triazol-H), 7.65 (4H, d, J = 8.8 Hz, Ar-H),

7.34 (2H, d, J=2.1 Hz, Ar-H), 7.22 (2H, d, J= 8.7 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90

(4H, d, J = 8.8 Hz, Ar-H), 6.84 (2H, dd, /= 2.1 Hz, 8.8 Hz, Ar-H), 6.67 (4H, d, J = 8.6 Hz, Ar-H),

4.74 (4H, t, J = 4.8 Hz, OCH,CHj,-triazol), 4.50 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.8 Hz,

OCH,CH,-triazol), 3.52-3.47 (40H, m, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 71.9, 69.8, 69.7, 69.1, 68.9, 66.4, 63.5.

HRMS (ESI-TOF, positive): [C72H80N601982Na2]2+ cal. 721.2352, found 721.2380;

[C72Hg1NgO19S,]" cal. 1397.4992, found 1397.5032; [C7,HgoNO10S;Na]" cal. 1419.4812, found

1419.4858; [C7,HgoNO10S:K]", cal. 1435.4551, found 1435.4601.

(13) Bivalent RAL ligand 57:

The raloxifen azide 45 (25.7 mg, 0.0596 mmol) and dipropargyl ether 21k (16.4 mg, 0.0284 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 57 as a yellow solid (27.6 mg, 68%).

'H-NMR (DMSO-d6, 400 MHz) d (ppm) = 8.12 (2H, s, triazol-H), 7.64 (4H, d, J = 8.9 Hz, Ar-H),

7.34 (2H, d, J=2.1 Hz, Ar-H), 7.22 (2H, d, J= 8.8 Hz, Ar-H), 7.15 (4H, d, J = 8.7 Hz, Ar-H), 6.90

(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J=2.2 Hz, 8.7 Hz, Ar-H), 6.67 (4H, d, J= 8.7 Hz, Ar-H),

4.73 (4H, t, J = 4.8 Hz, OCH,CHj,-triazol), 4.50 (4H, s, triazol-CH,0), 4.42 (4H, t, J = 4.8 Hz,

OCH,CH,-triazol), 3.51-3.47 (44H, m, OCH,CH,).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 140, 132, 130, 124, 123,
116, 115, 69.8, 68.9, 66.4, 63.5.

HRMS (ESI-TOF, positive): [C74H84N602082Na2]2+ cal. 743.2483, found 743.2487;

[C74HgsNgO2S,]" cal. 1441.5255, found 1441.5263; [C74Hg4N¢O»S;Na]" cal. 1463.5074, found

1463.5081; [C74Hg4NO20S:K]", cal. 1479.4813, found 1479.4822.

(14) Bivalent RAL ligand 58:

The raloxifen azide 45 (26.3 mg, 0.0610 mmol) and dipropargyl ether 211 (18.1 mg, 0.0290 mmol)

were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1

to 10 :1) to give 58 as a yellow solid (32.4 mg, 75%).
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'H-NMR (DMSO0-d6, 400 MHz) o (ppm) = 8.12 (2H, s, triazol-H), 7.65 (4H, d, J = 8.9 Hz, Ar-H),
7.34 2H, d, J=2.2 Hz, Ar-H), 7.22 (2H, d, J= 8.7 Hz, Ar-H), 7.15 (4H, d, J= 8.7 Hz, Ar-H), 6.90
(4H, d, J=9.0 Hz, Ar-H), 6.84 (2H, dd, J= 2.3 Hz, 8.8 Hz, Ar-H), 6.67 (4H, d, J= 8.6 Hz, Ar-H),
4.74 (4H, t, J = 4.9 Hz, OCH,CHj,-triazol), 4.50 (4H, s, triazol-CH,0), 4.43 (4H, t, J = 4.9 Hz,
OCH,CH,-triazol), 3.52-3.47 (48H, m, OCH,CH,).

BC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 156, 144, 141, 139, 132, 130, 124, 123,
116, 115, 107, 69.7, 68.9, 63.5.

HRMS (ESI-TOF, positive): [C76H83N602182Na2]2+ cal. 765.2614, found 765.2564,
[C76HssN6O,1S,Na] " cal. 1507.5336, found 1507.5276; [C76HgsN6O,1S,K]", cal. 1529.5075, found

1529.5105.
6.3.2. Chemical preparation of monovalent RAL ligands 59-61

(1)  General procedure for chemical preparations of monovalent RAL ligands 59-61

The raloxifen azide 45 (1.0 equivalent) and propargyl ether 28 (1.0 equivalent) were suspended in
a 1:1 mixture of water and tert-butyl alcohol (1 mL). Sodium ascorbate (0.1 equivalent, freshly
prepared 1M solution in water) was added, followed by the addition of copper(Il) sulfate
pentahydrate (0.01 equivalent, 0.3 M solution in water). The heterogeneous mixture was stirred
vigorously until TLC analysis indicated complete consumption of the reactants. A saturated EDTA
solution (2 mL) was added to quench the reaction. Then the solvent was removed in vacuo and the
residue was absorbed on the silica gel and further purified by column chromatography.

(2) Monovalent RAL ligand 59:

The raloxifen azide 45 (26.5 mg, 0.0614 mmol) and methyl propargyl ether (16.0 pL, 0.184 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1
to 15 :1) to give a yellow solid (25.3 mg, 83%).

'H-NMR (DMSO-d6, 400 MHz) & (ppm) = 9.86 (2H, br s, PhOH), 8.13 (1H, s, triazol-H), 7.65
(2H, d, J=8.9 Hz, Ar-H), 7.34 (1H, d, J=2.2 Hz, Ar-H), 7.23 (1H, d, J= 8.7 Hz, Ar-H), 7.15 (2H,
d, J=8.7 Hz, Ar-H), 6.90 (2H, d, J=9.0 Hz, Ar-H), 6.85 (1H, dd, J = 2.3 Hz, 8.8 Hz, Ar-H), 6.67
(2H, d, J = 8.7 Hz, Ar-H), 4.74 (2H, t, J = 5.0 Hz, OCH,CH)-triazol), 4.44-4.42 (4H, m,
triazol-CH,OMe, OCH,CH,-triazol).

PC-NMR (DMSO0-d6, 100 MHz) & (ppm) = 193, 162, 158, 144, 141, 139, 132, 130, 124, 123, 116,
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115,107, 66.4, 64.9, 57.3, 48.8.

HRMS (ESI-TOF, positive): [C27H23N3OSSNa]+ cal. 524.1251, found 524.1269.

(3) Monovalent RAL ligand 60:

The raloxifen azide 45 (29.5 mg, 0.0684 mmol) and propargyl ether 28a (13.0 mg, 0.0684 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =20 : 1)
to give 60 as a yellow solid (32.2 mg, 79%).

'H-NMR (MeOD, 400 MHz) ¢ (ppm) = 7.99 (1H, s, triazol-H), 7.66 (2H, d, J = 8.9 Hz, Ar-H),
7.38 (1H, d, J= 8.8 Hz, Ar-H), 7.25 (1H, d, J=2.3 Hz, Ar-H), 7.16 (2H, d, /= 8.8 Hz, Ar-H), 6.85
(1H, dd, J=2.3 Hz, 8.8 Hz, Ar-H), 6.78 (2H, d, J = 8.9 Hz, Ar-H), 6.61 (2H, d, /= 8.7 Hz, Ar-H),
4.76 (2H, t, J = 4.8 Hz, OCH,CHj,-triazol), 4.60 (2H, s, triazol-CH,0), 4.37 (2H, t, J = 4.7 Hz,
OCH,CH,-triazol), 3.64-3.46 (15H, m, OCH,CH,, OCHs).

BC-NMR (MeOD, 100 MHz) d (ppm) = 196, 164, 157, 146, 144, 142, 134, 132, 131, 126, 125,
117,116, 108, 73.0, 71.6, 71.4, 70.8, 67.8, 65.1, 59.2.

HRMS (ESI-TOF, positive): [C33H35N3OgSNa]+ cal. 656.2037, found 656.2038.

(4) Monovalent RAL ligand 61:

The raloxifen azide 45 (17.8 mg, 0.0413 mmol) and propargyl ether 28b (13.2 mg, 0.0450 mmol)
were used and the crude product was purified by column chromatography (DCM : MeOH =30 : 1
to 15 : 1) to give 61 as a yellow solid (24.2 mg, 69%).

'H-NMR (MeOD, 400 MHz) ¢ (ppm) = 8.01 (1H, s, triazol-H), 7.67 (2H, d, J = 8.9 Hz, Ar-H),
7.38 (1H, d, J= 8.8 Hz, Ar-H), 7.25 (1H, d, J=2.0 Hz, Ar-H), 7.17 (2H, d, /= 8.7 Hz, Ar-H), 6.85
(1H, dd, J=2.3 Hz, 8.8 Hz, Ar-H), 6.81 (2H, d, J = 8.8 Hz, Ar-H), 6.62 (2H, d, /= 8.7 Hz, Ar-H),
4.77 (2H, t, J = 4.7 Hz, OCH,CHj,-triazol), 4.62 (2H, s, triazol-CH,0), 4.40 (2H, t, J = 4.7 Hz,
OCH,CH,-triazol), 3.65-3.47 (23H, m, OCH,CH,, OCHs).

BC-NMR (MeOD, 100 MHz) d (ppm) = 196, 164, 159, 157, 146, 144, 142, 134, 132, 131, 126,
125, 117, 116, 108, 72.9, 71.4, 71.3, 70.7, 67.9, 65.0, 59.2.

HRMS (ESI-TOF, positive): [C37H43N301()SNa]+ cal. 744.2561, found 744.2580.

6.4. Bivalent cis-4-OH tamoxifen (OHT) ligand

6.4.1. Chemical preparation of bivalent OHT ligands 62-70
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(1)  General procedure for chemical preparations of bivalent OHT ligands 62-68 and 70:

To a solution of bis(N-methylamine) OEG spacer 22 (1.0 equivalent) and sodium
triacetoxyborohydride (3.0 equivalents) in anhydrous THF, (E,Z)-2-(4-(1-(4-hydroxyphenyl)-2-
phenyl-but-1-enyl) phenoxy)acetaldehyde 77 (2.2 equivalents) were added at room temperature
and the reaction mixture was stirred at room temperature until TLC analysis indicated complete
consumption of the aldehyde 77. The reaction mixture was neutralized with a saturated NaHCO;
solution and concentrated in vacuo. The residue was absorbed on the silica gel and further purified
by column chromatography to obtain the pure product. Three pure isomers was obtained by a
separation with RP-HPLC and characterized by "H-NMR according to the chemical shift of 76.

(2)  Bivalent OHT ligand 62:

1,5-bis(methylamino)-3-oxapentane (6.00 mg, 0.0445 mmol), (E,Z)-isomer of 77 (40.7 mg, 0.111
mmol), sodium triacetoxyborohydride (28.9 mg, 0.133 mmol) and 10 mL anhydrous THF were
used and the crude product was purified by column chromatography (chloroform : MeOH = 10:1
to 5:1 + 3% triethylamine) and by RP-HPLC (80% MeOH/H,0O + 0.4% diethylamine) to obtain 62
(33.1 mg, 81%) as three pure isomers: cis-cis (29%), cis-trans (47%), and trans-trans (24%)
isomer.

Cis-cis isomer of 62 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.19-7.11 (8H, m, Ar-H), 7.11-7.04 (6H, m, Ar-H),
6.84 (4H, d, J= 8.6 Hz, Ar-H), 6.77 (4H, d, J= 8.8 Hz, Ar-H), 6.55 (4H, d, J= 8.8 Hz, Ar-H), 3.92
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.49 (8H, t, J = 5.9 Hz, CH,0CH>), 2.74 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.60 (4H, t, J = 5.9 Hz, NCH,CH;0), 2.49 (4H, q, J = 7.4 Hz, CH,CHj3), 2.29
(6H, s, NCH3), 0.90 (6H, t, /= 7.4 Hz, CH,CHj3).

Cis-trans isomer of 62 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.03 (14H, m, Ar-H), 6.92 (2H, d, J = 8.7 Hz,
(E)-Ar-H), 6.84 (2H, d, J = 8.7 Hz, (2)-Ar-H), 6.78 (2H, d, J = 8.8 Hz, (£)-Ar-H), 6.69 (2H, d, J =
8.8 Hz, (E)-Ar-H), 6.57 (2H, d, J = 8.8 Hz, (2)-Ar-H), 6.48 (2H, d, J = 8.7 Hz, (E)-Ar-H), 4.09
(2H, t, J=5.9 Hz, (E)-ArOCH,CH;N), 3.94 (2H, t, J = 6.0 Hz, (2)-ArOCH,CH,N), 3.57-3.51 (4H,
m, CH,OCH,), 2.84 (2H, t, J = 6.0 Hz, (£)-ArOCH,CH,N), 2.76 (2H, t, J = 5.9 Hz,
(E)-NCH,CH,0), 2.66 (2H, t, J = 5.8 Hz, (2)-ArOCH,CH,N), 2.63 (2H, t, J = 5.8 Hz,
(E)-ArOCH,CH,N), 2.51-2.44 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CH3), 2.36 (3H, s, (£)-NCHj3),
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2.31 (3H, s, (E)-NCH;), 0.90 (6H, t, J = 7.4 Hz, CH,CH;).

Trans-trans isomer of 62 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) ¢ (ppm) = 7.20-7.05 (14H, m, Ar-H), 6.94 (4H, d, J = 8.7 Hz,
Ar-H), 6.69 (4H, d, J = 8.7 Hz, Ar-H), 6.48 (4H, d, J = 8.7 Hz, Ar-H), 4.14 (4H, t, J = 5.9 Hz,
ArOCH,CH,N), 3.61 (4H, J = 5.7 Hz, CH,OCH,), 2.92 (4H, t, J = 5.7 Hz, ArOCH,CH,N), 2.75
(4H, t, J = 5.6 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.4 Hz, CH,CHj3), 2.42 (6H, s, NCHj3), 0.90
(6H, t, J="7.4 Hz, CH,CH5).

HRMS (ESI-TOF, positive): [C54H6205N2]2+ cal. 409.2324, found 409.2333; [C54H6105N2]+ cal.
817.4575, found 817.4581; [Cs4HsoOsN,Na]" cal. 839.4394, found 839.4406.

(3) Bivalent OHT ligand 63:

1,8-bis(methylamino)-3,6-dioxaoctane (10.0 mg, 0.0556 mmol), (E,Z)-isomer of 77 (46.8 mg,
0.128 mmol), sodium triacetoxyborohydride (37.2 mg, 0.167 mmol) and 15 mL anhydrous THF
were used and the crude product was purified by column chromatography (chloroform : MeOH =
20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (82% MeOH/H,0O + 0.4% diethylamine) to
obtain 63 (27.5 mg, 53%) as three pure isomers: cis-cis (31%), cis-trans (47%), and trans-trans
(22%) isomer.

Cis-cis isomer of 63 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.18-7.11 (8H, m, Ar-H), 7.10-7.05 (6H, m, Ar-H),
6.84 (4H, d, J= 8.5 Hz, Ar-H), 6.77 (4H, d, J= 8.7 Hz, Ar-H), 6.56 (4H, d, J= 8.8 Hz, Ar-H), 3.91
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.53-3.47 (8H, m, CH,OCH,), 2.72 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.58 (4H, t, J = 5.9 Hz, NCH,CH;0), 2.48 (4H, q, J = 7.4 Hz, CH,CHj3), 2.28
(6H, s, NCH3), 0.90 (6H, t, /= 7.4 Hz, CH,CHj3).

Cis-trans isomer of 63 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) J (ppm) = 7.18-7.12 (10H, m, Ar-H), 7.10-7.05 (4H, m, Ar-H),
6.92 (2H, d, J = 8.8 Hz, (E)-Ar-H), 6.84 (2H, d, J = 8.7 Hz, (Z)-Ar-H), 6.78 (2H, d, J = 8.8 Hz,
(2)-Ar-H), 6.69 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.57 (2H, d, J = 8.8 Hz, (£)-Ar-H), 6.48 (2H, d, J =
8.7 Hz, (F)-Ar-H), 4.08 (2H, t, J = 6.0 Hz, (E)-ArOCH,CH,N), 3.93 (2H, t, J = 6.0 Hz,
(2)-ArOCH,CH,N), 3.59-3.48 (8H, m, CH,OCH,), 2.83 (2H, t, J = 6.0 Hz, (£)-ArOCH,CH,N),
2.74 (2H, t, J = 6.0 Hz, (E)-NCH,CH;0), 2.65 (2H, t, /= 5.9 Hz, (2)-ArOCH,CH,N), 2.60 (2H, t,
J = 6.0 Hz, (E)-ArOCH,CH,N), 2.53-2.43 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CH3), 2.35 (3H, s,
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(2)-NCHs), 2.29 (3H, s, (E)-NCH3), 0.90 (6H, t, J= 7.4 Hz, CH,CH5).

Trans-trans isomer of 63 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) ¢ (ppm) = 7.18-7.07 (14H, m, Ar-H), 6.93 (4H, d, J = 8.8 Hz,
Ar-H), 6.69 (4H, d, J = 8.7 Hz, Ar-H), 6.48 (4H, d, J = 8.7 Hz, Ar-H), 4.10 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 3.61-3.51 (8H, m, CH,OCH,), 2.85 (4H, t, J = 6.0 Hz, ArOCH,CH;N), 2.67 (4H,
t,J=15.9 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.4 Hz, CH,CH3), 2.36 (6H, s, NCH3), 0.90 (6H, t,
J="1.3 Hz, CH,CH5).

HRMS (ESI-TOF, positive): [CssHgsOsNo]*" cal. 431.2455, found 431.2470; [CseHesO6N>]" cal.
861.4837, found 861.4854; [Cs¢HesOsN,Na]" cal. 883.4657, found 883.4676.

(4)  Bivalent OHT ligand 64:

The bis(N-methylamino) OEG spacer 22a (12.0 mg, 0.0545 mmol), (£,Z2)-isomer of 77 (44.9 mg,
0.125 mmol), sodium triacetoxyborohydride (35.7 mg, 0.163 mmol) and 5 mL anhydrous THF
were used and the crude product was purified by column chromatography (chloroform : MeOH =
20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (80% MeOH/H,O + 0.4% diethylamine) to
obtain 64 (13.3 mg, 29%) as three pure isomers: cis-cis (26%), cis-trans (49%), and trans-trans
(25%) isomer.

Cis-cis isomer of 64 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.18-7.12 (8H, m, Ar-H), 7.11-7.05 (6H, m, Ar-H),
6.84 (4H, d, J= 8.6 Hz, Ar-H), 6.77 (4H, d, J= 8.8 Hz, Ar-H), 6.57 (4H, d, J= 8.8 Hz, Ar-H), 3.93
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.54-3.48 (12H, m, CH,0OCH,), 2.74 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.60 (4H, t, J = 5.9 Hz, NCH,CH;0), 2.48 (4H, q, J = 7.4 Hz, CH,CHj3), 2.29
(6H, s, NCH3), 0.90 (6H, t, /= 7.3 Hz, CH,CHj3).

Cis-trans isomer of 64 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) J (ppm) = 7.18-7.10 (10H, m, Ar-H), 7.10-7.05 (4H, m, Ar-H),
6.93 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.84 (2H, d, J = 8.4 Hz, (Z)-Ar-H), 6.78 (2H, d, J = 8.7 Hz,
(2)-Ar-H), 6.69 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.57 (2H, d, J = 8.8 Hz, (£)-Ar-H), 6.48 (2H, d, J =
8.7 Hz, (F)-Ar-H), 4.11 (2H, t, J = 5.9 Hz, (E)-ArOCH,CH;,N), 3.95 (2H, t, J = 5.9 Hz,
(2)-ArOCH,CH,N), 3.59-3.51 (12H, m, CH,0CH>), 2.87 (2H, t, J = 5.8 Hz, (£)-ArOCH,CH,N),
2.77 (2H, t, J= 5.9 Hz, (E)-NCH,CH;0), 2.69 (2H, t, J = 5.8 Hz, (2)-ArOCH,CH,N), 2.63 (2H, t,
J = 5.7 Hz, (E)-ArOCH,CH,N), 2.53-2.44 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CH3), 2.38 (3H, s,
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(2)-NCHs), 2.32 (3H, s, (E)-NCHj3), 0.90 (6H, t, J= 7.4 Hz, CH,CH5).

Trans-trans isomer of 64 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) ¢ (ppm) = 7.18-7.06 (14H, m, Ar-H), 6.94 (4H, d, J = 8.7 Hz,
Ar-H), 6.69 (4H, d, J = 8.7 Hz, Ar-H), 6.49 (4H, d, J = 8.6 Hz, Ar-H), 4.11 (4H, t, J = 5.9 Hz,
ArOCH,CH;N), 3.60-3.54 (12H, m, CH,OCH,), 2.86 (4H, t, J= 5.8 Hz, ArOCH,CH;N), 2.68 (4H,
t,J = 5.8 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.4 Hz, CH,CH3), 2.38 (6H, s, NCHj3), 0.90 (6H, t,
J="7.4 Hz, CH,CH5).

HRMS (ESI-TOF, positive): [CssH700/N,]*" cal. 453.2586, found 453.2583; [CssHgeO7N,]" cal.
905.5099, found 905.5093; [CssHesO7N,Na]" cal. 927.4919, found 927.4913.

(5) Bivalent OHT ligand 65:

The bis(N-methylamino) OEG spacer 22b (12.6 mg, 0.0477 mmol), (£,Z)-isomer of 77 (39.3 mg,
0.110 mmol), sodium triacetoxyborohydride (31.2 mg, 0.143 mmol) and 5 mL anhydrous THF
were used and the crude product was purified by column chromatography (chloroform : MeOH =
20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (82% MeOH/H,0O + 0.4% diethylamine) to
obtain 65 (18.4 mg, 39%) as three pure isomers: cis-cis (27%), cis-trans (49%), and trans-trans
(24%) isomer.

Cis-cis isomer of 65 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.18-7.11 (8H, m, Ar-H), 7.10-7.04 (6H, m, Ar-H),
6.84 (4H, d, J= 8.6 Hz, Ar-H), 6.77 (4H, d, J=9.0 Hz, Ar-H), 6.57 (4H, d, J= 8.8 Hz, Ar-H), 3.93
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.61-3.52 (16H, m, CH,0OCH,), 2.74 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.60 (4H, t, J = 5.9 Hz, NCH,CH;0), 2.48 (4H, q, J = 7.4 Hz, CH,CHj3), 2.30
(6H, s, NCH3), 0.90 (6H, t, /= 7.4 Hz, CH,CHj3).

Cis-trans isomer of 65 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) J (ppm) = 7.18-7.12 (10H, m, Ar-H), 7.10-7.05 (4H, m, Ar-H),
6.93 (2H, d, J = 8.8 Hz, (E)-Ar-H), 6.84 (2H, d, J = 8.7 Hz, (Z)-Ar-H), 6.78 (2H, d, J = 8.8 Hz,
(2)-Ar-H), 6.69 (2H, d, J = 8.8 Hz, (E)-Ar-H), 6.57 (2H, d, J = 8.8 Hz, (£)-Ar-H), 6.48 (2H, d, J =
8.8 Hz, (F)-Ar-H), 4.10 2H, t, J = 5.9 Hz, (E)-ArOCH,CH,N), 3.93 (2H, t, J = 6.0 Hz,
(2)-ArOCH,CH,N), 3.59-3.50 (16H, m, CH,0OCH>), 2.84 (2H, t, J = 6.0 Hz, (£)-ArOCH,CH,N),
2.74 (2H, t, J = 6.0 Hz, (E)-NCH,CH;0), 2.67 (2H, t, J= 5.9 Hz, (2)-ArOCH,CH,N), 2.60 (2H, t,
J =509 Hz, (E)-ArOCH,CH;N), 2.52-2.44 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CH3), 2.36 (3H, s,
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(2)-NCHs), 2.30 (3H, s, (E)-NCHj3), 0.90 (6H, t, J= 7.4 Hz, CH,CH5).

Trans-trans isomer of 65 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) d (ppm) = 7.18-7.06 (14H, m, Ar-H), 6.94 (4H, d, J = 8.8 Hz,
Ar-H), 6.69 (4H, d, J = 8.7 Hz, Ar-H), 6.48 (4H, d, J = 8.7 Hz, Ar-H), 4.10 (4H, t, J = 6.0 Hz,
ArOCH,CH;N), 3.60-3.53 (16H, m, CH,OCH,), 2.85 (4H, t, J= 6.0 Hz, ArOCH,CH;N), 2.67 (4H,
t, J=5.9 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.3 Hz, CH,CHj3), 2.37 (6H, s, NCH;), 0.90 (6H, t,
J="7.4 Hz, CH,CH5).

HRMS (ESI-TOF, positive): [CeoH740sN>]*" cal. 475.2717, found 475.2721; [CeoH7305N,]" cal.
949.5361, found 949.5367; [CsoH7,05N,Na]" cal. 971.5181, found 971.5187.

(6)  Bivalent OHT ligand 66:

The bis(N-methylamino) OEG spacer 22¢ (15.5 mg, 0.0503 mmol), (£,Z)-isomer of 77 (39.6 mg,
0.111 mmol), sodium triacetoxyborohydride (32.9 mg, 0.151 mmol) and 10 mL anhydrous THF
were used and the crude product was purified by column chromatography (chloroform : MeOH =
20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (82% MeOH/H,O + 0.4% diethylamine) to
obtain 66 (32.6 mg, 66%) as three pure isomers: cis-cis (28%), cis-trans (48%), and trans-trans
(24%) isomer.

Cis-cis isomer of 66 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.20-7.12 (8H, m, Ar-H), 7.12-7.05 (6H, m, Ar-H),
6.84 (4H, d, J=8.7 Hz, Ar-H), 6.78 (4H, d, J= 8.7 Hz, Ar-H), 6.58 (4H, d, J= 8.8 Hz, Ar-H), 4.00
(4H, t, J= 5.8 Hz, ArOCH,CH,N), 3.61-3.52 (20H, t and m, J = 5.8 Hz, CH,OCH,), 2.90 (4H, t, J
=5.6 Hz, ArOCH,CH,N), 2.75 (4H, t, J = 5.6 Hz, NCH,CH,0), 2.48 (4H, q, /= 7.3 Hz, CH,CH3),
2.42 (6H, s, NCHs;), 0.90 (6H, t, J = 7.4 Hz, CH,CH;).

Cis-trans isomer of 66 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.19-7.11 (10H, m, Ar-H), 7.10-7.05 (4H, m, Ar-H),
6.94 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.84 (2H, d, J = 8.6 Hz, (Z)-Ar-H), 6.78 (2H, d, J = 8.8 Hz,
(2)-Ar-H), 6.69 (2H, d, J= 8.6 Hz, (E)-Ar-H), 6.58 (2H, d, /= 8.8 Hz, (Z)-Ar-H), 6.48 (2H, d, J =
8.7 Hz, (F)-Ar-H), 4.14 2H, t, J = 5.9 Hz, (E)-ArOCH,CH,;N), 3.97 (2H, t, J = 5.8 Hz,
(2)-ArOCH,CH,N), 3.64-3.52 (20H, t and m, J = 5.8 Hz, CH,OCH,), 2.93 (2H, t, J = 6.0 Hz,
(2)-ArOCH,CH,N), 2.83 (2H, t, J = 5.8 Hz, (E)-NCH,CH,0), 2.75 (2H, t, J = 5.8 Hz,
(2)-ArOCH,CH,N), 2.69 (2H, t, J = 5.8 Hz, (E)-ArOCH,CH,N), 2.51-2.45 (4H, 2xq, J= 7.4 Hz,
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7.4 Hz, CH,CHj3), 2.43 (3H, s, (2)-NCHs3), 2.37 (3H, s, (E)-NCH5), 0.90 (6H, t, J = 7.3 Hz,
CH,CH3).

Trans-trans isomer of 66 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.18-7.05 (14H, m, Ar-H), 6.94 (4H, d, J = 8.7 Hz,
Ar-H), 6.69 (4H, d, J = 8.8 Hz, Ar-H), 6.49 (4H, d, J = 8.7 Hz, Ar-H), 4.15 (4H, t, J = 5.8 Hz,
ArOCH,CH,N), 3.65-3.54 (20H, t and m, J = 5.8 Hz, CH,OCH,), 2.94 (4H, t, J = 5.9 Hz,
ArOCH,CH,N), 2.76 (4H, t, J = 5.8 Hz, ArOCH,CH,N), 2.52-2.41 (10H, q and s, J = 7.5 Hz,
CH,CHj; and NCHs5), 0.90 (6H, t, J= 7.4 Hz, CH,CH,).

HRMS (ESI-TOF, positive): [C62H7809N2]2+ cal. 497.2848, found 497.2839; [C62H7709N2]+ cal.
993.5624, found 993.5627; [Cs;H760oN,Na]" cal. 1015.5443, found 1015.5442; [Ce,H7600N,K]"
cal. 1031.5182, found 1031.5192.

(7)  Bivalent OHT ligand 67:

The bis(N-methylamino) OEG spacer 22d (21.8 mg, 0.0390 mmol), (£,Z)-isomer of 77 (30.8 mg,
0.0859 mmol), sodium triacetoxyborohydride (25.6 mg, 0.117 mmol) and 5 mL anhydrous
THF/DCM (3:2) were used and the crude product was purified by column chromatography
(chloroform : MeOH = 20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (82% MeOH/H,0 +
0.4% diethylamine) to obtain 67 (12.0 mg, 28%) as three pure isomers: cis-cis (28%), cis-trans
(48%), and trans-trans (24%) isomer.

Cis-cis isomer of 67 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.18-7.11 (8H, m, Ar-H), 7.10-7.04 (6H, m, Ar-H),
6.84 (4H, d, J= 8.6 Hz, Ar-H), 6.78 (4H, d, J=8.7 Hz, Ar-H), 6.57 (4H, d, J= 8.8 Hz, Ar-H), 3.94
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.57-3.49 (28H, m, CH,OCH,), 2.74 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.61 (4H, t, J = 5.9 Hz, NCH,CH;0), 2.49 (4H, q, J = 7.4 Hz, CH,CHj3), 2.30
(6H, s, NCH;), 0.90 (6H, t, J= 7.4 Hz, CH,CHj3).

Cis-trans isomer of 67 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) J (ppm) = 7.20-7.12 (10H, m, Ar-H), 7.12-7.05 (4H, m, Ar-H),
6.94 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.84 (2H, d, J = 8.6 Hz, (2)-Ar-H), 6.78 (2H, d, J = 8.8 Hz,
(2)-Ar-H), 6.69 (2H, d, J= 8.6 Hz, (E)-Ar-H), 6.57 (2H, d, /= 8.8 Hz, (Z)-Ar-H), 6.48 (2H, d, J =
8.7 Hz, (F)-Ar-H), 4.10 (2H, t, J = 6.0 Hz, (E)-ArOCH,CH,N), 3.94 (2H, t, J = 6.0 Hz,
(2)-ArOCH,CH,N), 3.62-3.45 (28H, m, CH,OCH,), 2.85 (2H, t, J = 6.0 Hz, (Z)-ArOCH,CH,N),
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2.74 (2H, t, J= 6.0 Hz, (E)-NCH,CH;0), 2.67 (2H, t, J= 5.9 Hz, (2)-ArOCH,CH,N), 2.61 (2H, t,
J=5.9 Hz, (E)-ArOCH,CH,N), 2.53-2.44 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CHj3), 2.37 (3H, s,
(2)-NCHs), 2.30 (3H, s, (E)-NCHj3), 0.90 (6H, t, J= 7.4 Hz, CH,CH5).

Trans-trans isomer of 67 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) ¢ (ppm) = 7.18-7.05 (14H, m, Ar-H), 6.94 (4H, d, J = 8.7 Hz,
Ar-H), 6.70 (4H, d, J = 8.7 Hz, Ar-H), 6.48 (4H, d, J = 8.7 Hz, Ar-H), 4.11 (4H, t, J = 6.0 Hz,
ArOCH,CH;N), 3.61-3.52 (28H, m, CH,OCH,), 2.85 (4H, t, J= 6.0 Hz, ArOCH,CH;N), 2.67 (4H,
t, J= 6.0 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.4 Hz, CH,CHj3), 2.37 (6H, s, NCH;), 0.91 (6H, t,
J="7.4 Hz, CH,CH5).

HRMS (ESI-TOF, positive): [CesHgsO11N>]*" cal. 541.3110, found 541.3070; [CeeHssO11N2]" cal.
1081.6148, found 1081.6095; [CeHgsO11N;Na]™  cal.  1103.5967, found 1103.5915;
[CesHg4O11NK]" cal. 1119.5707, found 1119.5663.

(8)  Bivalent OHT ligand 68:

The bis(N-methylamino) OEG spacer 22e (21.7 mg, 0.0336 mmol), (E,Z)-isomer of 77 (36.1 mg,
0.101 mmol), sodium triacetoxyborohydride (29.3 mg, 0.134 mmol) and 4 mL anhydrous
THF/DCM (1:1) were used and the crude product was purified by column chromatography
(chloroform : MeOH = 20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (80% MeOH/H,0 +
0.4% diethylamine) to obtain 68 (9.30 mg, 24%) as three pure isomers: cis-cis (30%), cis-trans
(45%), and trans-trans (25%) isomer.

Cis-cis isomer of 68 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 7.19-7.11 (8H, m, Ar-H), 7.10-7.04 (6H, m, Ar-H),
6.85 (4H, d, J= 8.6 Hz, Ar-H), 6.78 (4H, d, J= 8.8 Hz, Ar-H), 6.58 (4H, d, /= 8.8 Hz, Ar-H), 3.94
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.58-3.49 (36H, m, CH,OCH,), 2.75 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.61 (4H, t, J = 5.9 Hz, NCH,CH,0), 2.48 (4H, q, J = 7.4 Hz, CH,CH3), 2.31
(6H, s, NCH;), 0.90 (6H, t, J= 7.4 Hz, CH,CH}5).

Cis-trans isomer of 68 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.20-7.11 (10H, m, Ar-H), 7.10-7.05 (4H, m, Ar-H),
6.94 (2H, d, J = 8.8 Hz, (E)-Ar-H), 6.84 (2H, d, J = 8.6 Hz, (Z)-Ar-H), 6.78 (2H, d, J = 8.8 Hz,
(2)-Ar-H), 6.69 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.57 (2H, d, J = 8.8 Hz, (Z)-Ar-H), 6.48 (2H, d, J =
8.7 Hz, (E)-Ar-H), 4.11 (2H, t, J = 6.0 Hz, (E)-ArOCH,CH,N), 3.94 (2H, t, J = 6.0 Hz,
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(2)-ArOCH,CH,N), 3.60-3.44 (36H, m, CH,OCH,), 2.85 (2H, t, J = 6.0 Hz, (Z)-ArOCH,CH,N),
2.74 (2H, t, J= 6.0 Hz, (E)-NCH,CH,0), 2.67 (2H, t, /= 5.9 Hz, (Z)-ArOCH,CH,N), 2.61 (2H, t,
J =5.9 Hz, (E)-ArOCH,CH,N), 2.53-2.44 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CHj3), 2.37 (3H, s,
(2)-NCHs), 2.30 (3H, s, (E)-NCH3), 0.90 (6H, t, J=7.3 Hz, CH,CH5).

Trans-trans isomer of 68 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.18-7.06 (14H, m, Ar-H), 6.94 (4H, d, J = 8.7 Hz,
Ar-H), 6.70 (4H, d, J = 8.7 Hz, Ar-H), 6.48 (4H, d, J = 8.7 Hz, Ar-H), 4.11 (4H, t, J = 6.0 Hz,
ArOCH,CH;N), 3.61-3.52 (36H, m, CH,OCH,), 2.85 (4H, t, J= 5.8 Hz, ArOCH,CH,N), 2.68 (4H,
t, J=5.9 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.6 Hz, CH,CHj3), 2.37 (6H, s, NCH;), 0.91 (6H, t,
J=17.3 Hz, CH,CH5).

HRMS (ESI-TOF, positive): [C7oHo4O13N,]>" cal. 585.3373, found 585.3386; [C7oHoz0,3N,]" cal.
1169.6672, found 1169.6694.

(9) Bivalent OHT ligand 70:

The bis(N-methylamino) OEG spacer 22f (23.9 mg, 0.0417 mmol), (E,Z)-isomer of 77 (32.9 mg,
0.0918 mmol), sodium triacetoxyborohydride (27.4 mg, 0.125 mmol) and 5 mL anhydrous THF
were used and the crude product was purified by column chromatography (chloroform : MeOH =
20:1 to 10:1 + 3% triethylamine) and by RP-HPLC (82% MeOH/H,0 + 0.4% diethylamine) to
obtain 70 (30.9 mg, 61%) as three pure isomers: cis-cis (28%), cis-trans (48%), and trans-trans
(24%) isomer.

Cis-cis isomer of 70 (the first fraction):

'H-NMR (Acetone-d6, 400 MHz) o (ppm) = 7.20-7.12 (8H, m, Ar-H), 7.12-7.04 (6H, m, Ar-H),
6.85 (4H, d, J= 8.6 Hz, Ar-H), 6.78 (4H, d, J= 8.8 Hz, Ar-H), 6.58 (4H, d, J=9.0 Hz, Ar-H), 3.94
(4H, t, J = 6.0 Hz, ArOCH,CH,N), 3.59-3.51 (44H, m, CH,OCH,), 2.75 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 2.61 (4H, t, J = 5.9 Hz, NCH,CH,0), 2.49 (4H, q, J = 7.4 Hz, CH,CHj3;), 2.30
(6H, s, NCH3;), 0.90 (6H, t, J=7.3 Hz, CH,CH}5).

Cis-trans isomer of 70 (the second fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.20-7.12 (10H, m, Ar-H), 7.11-7.05 (4H, m, Ar-H),
6.94 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.85 (2H, d, J = 8.6 Hz, (Z)-Ar-H), 6.78 (2H, d, J = 8.8 Hz,
(2)-Ar-H), 6.69 (2H, d, J = 8.7 Hz, (E)-Ar-H), 6.57 (2H, d, J = 8.8 Hz, (Z)-Ar-H), 6.49 (2H, d, J =
8.7 Hz, (E)-Ar-H), 4.11 (2H, t, J = 6.0 Hz, (E)-ArOCH,CH,N), 3.94 (2H, t, J = 6.0 Hz,
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(2)-ArOCH,CH,N), 3.62-3.47 (44H, m, CH,OCH,), 2.85 (2H, t, J = 5.9 Hz, (Z)-ArOCH,CH,N),
2.75 2H, t, J= 6.0 Hz, (E)-NCH,CH,0), 2.68 (2H, t, /= 5.9 Hz, (£)-ArOCH,CH,N), 2.61 (2H, t,
J =5.9 Hz, (E)-ArOCH,CH,N), 2.53-2.44 (4H, 2xq, J = 7.4 Hz, 7.4 Hz, CH,CHj3), 2.37 (3H, s,
(2)-NCHs), 2.30 (3H, s, (E)-NCHs), 0.91 (6H, t, J = 7.3 Hz, CH,CHs).

Trans-trans isomer of 70 (the third fraction):

'H-NMR (Acetone-d6, 400 MHz) & (ppm) = 7.18-7.06 (14H, m, Ar-H), 6.94 (4H, d, J = 8.7 Hz,
Ar-H), 6.70 (4H, d, J = 8.7 Hz, Ar-H), 6.49 (4H, d, J = 8.6 Hz, Ar-H), 4.11 (4H, t, J = 6.0 Hz,
ArOCH,CH,N), 3.61-3.53 (44H, m, CH,0CH,), 2.85 (4H, t, J = 6.0 Hz, ArOCH,CH,N), 2.67 (4H,
t, J=5.9 Hz, ArOCH,CH,N), 2.47 (4H, q, J = 7.6 Hz, CH,CHj3), 2.37 (6H, s, NCH;), 0.91 (6H, t,
J=17.4Hz, CH,CH»).

HRMS (ESI-TOF, positive): [C74H 0,015N,]*" cal. 629.3635, found 629.3608; [C74H,0;0,5N,]" cal.
1257.7197, found 1257.7149; [C74H100015N2Na]+ cal. 1279.7016, found 1279.6968;
[C74H100015N-K] " cal. 1295.6755, found 1295.6736.

(10) General procedure for chemical preparations of bivalent OHT ligand 69 an 70:

To a solution of (E£,Z)-endoxifen 74 (4.0 equivalents), dibromide OEG spacer 23 (1.0 equivalent)
in anhydrous THF, diisopropylethylamine (4.0 equivalents) was added and the reaction mixture
was stirred and gradually heated up to 60° C until TLC analysis indicated complete consumption
of 23. The reaction mixture was diluted in ethyl acetate followed by washing the organic phase
with a pH = 10 Na,CO3/NaHCO; aqueous buffer. The combined organic layers were dried over
MgSO, and concentrated in vacuo. The residue was absorbed on the silica gel and further purified
by column chromatography to obtain the pure product.

(11) Bivalent OHT ligand 69:

The dibromide OEG spacer 23f (26.2 mg, 0.0417 mmol), the endoxifen 74 (34.2 mg, 0.0917
mmol), diisopropylethylamine (22.0 pL, 0.125 mmol), and 3 mL anhydrous THF were used. The
crude product was purified by column chromatography (Chloroform : MeOH = 10:1 to 10:1 + 3%
triethylamine) to give 69 (18.0 mg, 37%) as a mixture of cis-cis, cis-trans, and trans-trans
isomers.

'H-NMR (DCM-d2, 400 MHz) & (ppm) = 7.20-7.02 (14H, m, Ar-H), 6.84-6.66 (8H, m, Ar-H),
6.49-6.42 (4H, m, Ar-H), 4.11-4.03 (2H, m, ArOCH,CH;N), 3.95-6.87 (2H, m, ArOCH,CH;N),
3.61-3.49 (40H, m, CH,OCH,), 2.90-2.84 (2H, m, ArOCH,CH,N), 2.80-2.74 (2H, m,
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NCH,CH,0), 2.74-2.68 (2H, m, ArOCH,CH,N), 2.68-2.62 (2H, m, ArOCH,CH,N), 2.50-2.42
(4H, m, CH,CH3;), 2.39, 2.37, 2.32, and 2.30 (6H, 4xs, NCHj3), 0.90 (6H, t, J= 7.4 Hz, CH,CH,).
PC-NMR (DCM-d2, 100 MHz) ¢ (ppm) = 158, 157, 156, 155, 143, 141, 138, 137, 136, 136, 132,
131, 130, 128, 126, 123, 116, 115, 114, 70.8, 69.4, 69.3, 66.2, 57.5, 57.4, 56.8, 43.3, 43.2, 31.0,
29.4,29.3,13.7.

HRMS (ESI-TOF, positive): [C7,HogO14N>]*" cal. 607.3504, found 607.3511; [C72Ho7014N,]" cal.
1213.6934, found 1213.6772; [C7HosO14N;Na]™ cal. 1235.6754, found 1235.6892;
[C7,Hos01sNoK] " cal. 1251.6493, found 1251.6490.

(12) Bivalent OHT ligand 70 (the second procedure):

The dibromide OEG spacer 23g (30.8 mg, 0.0458 mmol), the endoxifen 74 (43.5 mg, 0.115 mmol),
diisopropylethylamine (24.1 pL, 0.137 mmol), and 4 mL anhydrous THF were used. The crude
product was purified by column chromatography (Chloroform : MeOH = 10:1 + 3% triethylamine)

to give 70 (18.9 mg, 33%) as a mixture of cis-cis, cis-trans, and trans-trans isomers.
6.4.2. Chemical preparation of 1,1-bis(4-hydroxyphenyl)-2-phenylbut-1-ene 71

To a stirred suspension of zinc powder (6.40 g, 98.0 mmol) in anhydrous THF (20 mL), titanium
tetrachloride (4.88 mL, 44.2 mol) was added dropwise under argon at 0°C. When the addition was
complete, the mixture was warmed to room temperature and then refluxed for 2 h. To the cooled
dark suspension of the titanium reagent, a solution of 4,4’-hydroxybenzophenone (1.60 g, 7.25
mmol) and propiophenone (3.14 g, 23.2 mmol) in anhydrous THF (40 mL) was added dropwise at
0°C, and the mixture was refluxed in the dark for 2 h. After being cooled to room temperature, the
reaction mixture was quenched with 10% aqueous potassium carbonate (30 mL) and extracted
with ethyl acetate. The organic layer was washed with brine, dried over MgSQ,, and concentrated
in vacuo. The rosy residue was dissolved in the n-hexane and the insoluble solid was filtered. The
rosy crude product was purified by column chromatography (CHCI; : AcOEt = 5:1) to obtain
1,1-bis(4-hydroxyphenyl)-2-phenylbut-1-ene 71 as a white solid (2.27 g, 99%).

'H-NMR (CDCl;, 400 MHz) 6 (ppm) = 7.17-7.11 (2H, m, Ar-H), 7.10-7.05 (3H, m, Ar-H),
7.04-6.99 (2H, d, J= 8.6 Hz, Ar-H), 6.76 (2H, d, J= 8.7 Hz, Ar-H), 6.65 (2H, d, J= 8.7 Hz, Ar-H),
6.39 (2H, d, J = 8.7 Hz, Ar-H), 2.47 (2H, d, J = 7.4 Hz, CCH,CHj;), 0.90 (3H, t, J = 7.3 Hz,

CCH,CH;).
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BC-NMR (CDCl3, 100 MHz) ¢ (ppm) = 157, 156, 144, 142, 140, 137, 136, 133, 131, 129, 127,
116,115, 30.0, 14.1.
HRMS (ESI-TOF, negative): [CyoH;90,]" cal. 315.1391, found 315.1418; [Cs4H39004] cal.

631.2854, found 631.2893.
6.4.3. Chemical preparation of 2-[(N-benzyloxycarbonyl)methylamino]ethanol 72

To a solution of 2-(methylamino) ethanol (2.95 g, 39.3 mmol) and triethyl amine (7.11 mL, 51.1
mmol) in anhydrous DCM (100 mL), benzyl chloroformate (6.13 mL, 41.3 mmol) in anhydrous
DCM (40 mL) was added dropwise at 0°C over 30 min and the reaction mixture was further
stirred at room temperature for 24 h. The reaction mixture was washed with 10% citric acid (120
mL), 10% KHCOj3, water, dried over MgSO, and concentrated in vacuo. The crude product was
purified by column chromatography (hexane : AcOEt = 3:2) to obtain 2-[(N-benzyloxycarbonyl)
methylamino] ethanol 72 as colorless oil (5.78 g, 70%).

'H-NMR (CDCls, 400 MHz) 6 (ppm) = 7.39-7.28 (5H, m, Ar-H), 5.12 (2H, s, ArCH,0), 3.75 (2H,
br s, CH,CH,0OH), 3.44 (2H, t, J = 4.5 Hz, CH,CH,0H), 2.99 (3H, s, NCHs;), 2.60 (1H, s, OH).

3C-NMR (CDCls, 100 MHz) & (ppm) = 158, 137, 129, 128, 67.4, 61.3, 61.1, 52.1, 51.2, 35.5.

6.4.4. Chemical preparation of (E,Z)-benzyl 2-(4-(1-(4-hydroxyphenyl)-2-phenylbut-1-enyl)

phenoxy)ethyl(methyl)carbamate 73

To a solution of 2-[(N-benzyloxycarbonyl)methylamino]ethanol 72 (206 mg, 0.983 mmol),
triphenylphosphine (391 mg, 1.47 mmol), and 1,1-bis(4-hydroxyphenyl)-2-phenylbut-1-ene 71
(311 mg, 0.983 mmol) in anhydrous THF (10 mL), a solution of diethyl azodicarbonylate
(DEAD, 236 pL, 1.47 mmol) in anhydrous THF (10 mL) was added at 0°C over 30 min. This
reaction mixture was further stirred at room temperature for 24 h. The solvent was removed in
vacuo and the residue was dissolved in diethyl ether, washed with saturated NaHCOs3, brine, dried
over MgSQO,, and concentrated in vacuo. The crude product was further purified by two times
column chromatography (chloroform : MeOH = 20:1, hexane : AcOEt = 3:2) to obtain a mixutrue
of  cis- and trans- isomers (cis : trans = 1:1) of  benzyl
2-(4-(1-(4-hydroxyphenyl)-2-phenylbut-1-enyl) phenoxy)ethyl(methyl)carbamate 73 as a light

yellow solid (200 mg, 40%). Due to the facile isomerization of the triarylethylene structure, a
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geometrical isomer separation was not performed for 73.

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.38-7.28 (10H, m, Ar-H), 7.18-7.06 (14H, m, Ar-H),
6.88-6.78 (4H, m, Ar-H), 6.73-6.69 (4H, m, Ar-H), 6.54-6.43 (4H, m, Ar-H), 5.15 (2H, s,
ArCH,0), 5.11 (2H, s, ArCH,0), 4.14 (1H, t, J = 4.8 Hz, OCH,CH,N), 4.08 (1H, t, J = 5.0 Hz,
OCH,CH;N), 3.98 (1H, t, J = 5.0 Hz, OCH,CH,N), 3.92 (1H, t, J = 5.2 Hz, OCH,CH;,N),
3.72-3.64 (2H, m, OCH,CH,N), 3.61-3.54 (2H, m, OCH,CH,N), 3.09 (3H, s, NCHj3), 3.00 (3H, s,
NCHs), 2.52-2.43 (4H, 2 x d, J= 7.4 Hz, 7.4 Hz, CCH,CH3), 0.92 (6H, t, J = 7.4 Hz, CCH,CH>).
BC-NMR (CDCls;, 100 MHz) & (ppm) = 155, 154, 143, 141, 138, 137, 136, 132, 131, 130, 129,

128, 126, 115, 114, 113, 67.6, 67.5, 49.5,49.2, 36.3, 29.3,29.2, 13.8.

6.4.5. Chemical preparation of (E,Z)-4-(1-(4-(2-(methylamino)ethoxy)phenyl)-2-phenylbut-

1-enyl)phenol 74

To a solution of (F,Z)-benzyl 2-(4-(1-(4-hydroxyphenyl)-2-phenylbut-1-enyl)phenoxy)ethyl
(methyl)carbamate 73 (352 mg, 0.694 mmol) in ethyl acetate (50 mL), palladium on barium
sulfate (5%, 148 mg, 0.0694 mmol) was added and the mixture was hydrogenated for 96 h until
TLC analysis indicated complete consumption of 73. The mixture was filtered over Celite and the
filter cake was washed with ethyl acetate. The crude product was concentrated in vacuo and
further purified by column chromatography (chloroform : MeOH = 10:1, + 3% triethylamine) to
obtain a mixutrue of cis- and frans- isomers (cis : trans = 1:1) of 4-(1-(4-(2-(methylamino)
ethoxy)phenyl)-2-phenylbut- 1-enyl)phenol 74 as a colorless oil. Cis- and frans- isomers were
separated by RP-HPLC (75% MeOH/H,O + 0.05% triethylamine) and characterized with
'"H-NMR according to the reference 176.

Cis-isomer of 74 (the first fraction):

'H-NMR (MeOD, 400 MHz) ¢ (ppm) = 7.17-7.05 (7H, m, Ar-H), 6.93 (2H, d, J = 8.8 Hz, Ar-H),
6.64 (2H, d, J = 8.8 Hz, Ar-H), 6.39 (2H, d, J = 8.7 Hz, Ar-H), 4.11 (2H, t, J = 5.2 Hz,
OCH,CH;N), 2.96 (2H, t, J = 5.2 Hz, OCH,CH,N), 2.47 (5H, s and q, J = 7.4 Hz, NCH; and
CCH,CHj;), 0.90 (3H, t, J=7.4 Hz, CCH,CHs).

Trans-isomer of 74 (the second fraction):

'H-NMR (MeOD, 400 MHz) J (ppm) = 7.18-7.04 (5H, m, Ar-H), 7.01 (2H, d, J = 8.6 Hz, Ar-H),

6.93 (4H, 2 x d, J=8.6 Hz, 8.7 Hz, Ar-H), 6.57 (2H, d, J = 8.8 Hz, Ar-H), 3.95 (2H, t,J=5.1 Hz,
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OCH,CH;N), 2.87 (2H, t, J= 5.3 Hz, OCH,CH,N), 2.48 (2H, q, /= 7.4 Hz, CCH,CH3;), 2.41 (3H,
s, NCH;), 0.90 (3H, t, J= 7.4 Hz, CCH,CH,).
HRMS (ESI-TOF, positive): [C25H28NOZ]+ cal. 374.2115, found 374.2142; [C25H27N02Na]+ cal.

396.1934, found 396.1866.
6.4.6. Chemical preparation of monovalent OHT ligand 75

The monomethyl bromide OEG ether 27 (17.5 mg, 0.0555 mmol), the endoxifen 74 (21.8 mg,

0.583 mmol), diisopropylethylamine (38.9 pL, 0.222 mmol), and 3 mL anhydrous THF were used.

The crude product was purified by column chromatography (DCM : MeOH = 10:1 to 5:1 to 100%

MeOH) and RP-HPLC (75%MeOH/H,0O + 50mM NH4OH) to give 75 (11.9 mg, 35%) as two

pure isomers: cis-isomer (34%) and trans-isomer (66%).

Cis-isomer of 75 (the first fraction):

'H-NMR (MeOD, 400 MHz) d (ppm) = 7.17-7.12 (2H, m, Ar-H), 7.11-7.05 (3H, m, Ar-H), 7.01

(2H, d, J = 8.6 Hz, Ar-H), 6.78-6.83 (4H, m, Ar-H), 6.56 (2H, d, J = 8.8 Hz, Ar-H), 3.97 2H, t, J
= 5.6 Hz, ArOCH,CH,N), 3.62-3.54 (14H, m, CH,OCH,), 3.53-3.49 (2H, m, NCH,CH,0), 3.34

(3H, s, OCH;), 2.82 (2H, t, J = 5.6 Hz, ArOCH,CH,N), 2.69 (2H, t, J = 5.6 Hz, NCH,CH,0), 2.48

(2H, q, J= 7.4 Hz, CH,CHj;), 2.35 (3H, s, NCH;), 0.91 (3H, t, J = 7.4 Hz, CH,CH;).

Trans-isomer of 75 (the second fraction):

'H-NMR (MeOD, 400 MHz) d (ppm) = 7.16-7.12 (2H, m, Ar-H), 7.12-7.05 (5H, m, Ar-H), 6.92

(2H, d, J=8.7 Hz, Ar-H), 6.64 (2H, d, J= 8.7 Hz, Ar-H), 6.39 (2H, d, J = 8.6 Hz, Ar-H), 4.14 (2H,
t, J = 5.4 Hz, ArOCH,CH,N), 3.67-3.57 (14H, m, CH,0OCH,), 3.53-3.50 (2H, m, NCH,CH,0),

3.34 (3H, s, OCH3), 2.93 (2H, t, J = 5.6 Hz, ArtOCH,CH,N), 2.76 (2H, t, /= 5.7 Hz, NCH,CH,0),

2.51-2.39 (5H, q and s, J = 7.3 Hz, CH,CH; and NCH;), 0.91 (3H, t, J= 7.4 Hz, CH,CH>).

HRMS (ESI-TOF, positive): [C36H5007N]+ cal. 608.3582, found 608.3575; [C3,6H4907NNa]+ cal.

630.3401, found 630.3392.

6.4.7. Chemical preparation of (E,2)-4-(1-(4-(2,2-diethoxyethoxy)phenyl)-2-phenylbut-

1-enyl)phenol 76

To a solution of 1,1-bis(4-hydroxyphenyl)-2-phenylbut-1-ene 71 (1.07 g, 3.39 mmol) in anhydrous

DMF (20 mL), a solution of sodium ethoxide (21% in EtOH, 1.27 mL, 3.39 mmol) in anhydrous
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DMF (10 mL) was added dropwise over 30 min at 70°C and the reaction mixture was stirred and
heated up to 120°C for 30 min. After the mixture was cooled to room temperature, a solution of
bromoacetal diethylacetal (526 pL, 3.39 mmol) in anhydrous DMF (20 mL) was added dropwise
and the mixture was stirred at 120°C for 3 h. The solvent was removed in vacuo. The residue was
washed with ethyl acetate, brine, dried over MgSQOy,, and concentrated in vacuo. The crude product
was further purified by 2 times column chromatography (chloroform : MeOH = 40:1, hexane :
AcOEt = 5:1) to a mixture of c¢is- and trans- isomers of 4-(1-(4-(2,2-
diethoxyethoxy)phenyl)-2-phenylbut-1-enyl)phenol 76 as a yellow oil (627 mg, 43%). Due to the
facile isomerization of the triarylethylene structure, a geometrical isomer separation by RP-HPLC
(85%MeOH/H,0) was only performed for the characterization of cis- and frans-isomers of 76
with the NOE spectra method.

Cis-isomer of 76 (the first fraction):

'H-NMR (Acetone-d6, 250 MHz) ¢ (ppm) = 8.38 (1H, s, Ar-OH), 7.24-7.02 (7H, m, Ar-H),
6.90-6.74 (4H, 2 x d, J = 8.8 Hz, 8.8 Hz, Ar-H), 6.59 (2H, d, J = 8.1 Hz, Ar-H), 4.74 (1H, t, J =
5.2 Hz, OCH,CH), 3.84 (2H, d, /= 5.9 Hz, OCH,CH), 3.77-3.48 (4H, m, OCH,CH3), 2.50 (2H, q,
J=17.4 Hz, CCH,CHj3), 1.14 (6H, t, J= 6.6 Hz, OCH,CH3), 0.91 (3H, t, J= 7.4 Hz, CCH,CHj5).
PC-NMR (Acetone-d6, 62.5 MHz) 6 (ppm) =157, 143, 141, 139, 137, 136, 133, 131, 130, 129,
127, 116, 114, 101, 69.1, 62.8, 29.5, 15.7, 13.8.

Trans-isomer of 76 (the second fraction):

'H-NMR (Acetone-d6, 250 MHz) 6 (ppm) = 8.13 (1H, s, Ar-OH), 7.23-7.07 (7H, m, Ar-H), 6.96
(2H, d, J=8.1 Hz, Ar-H), 6.70 (2H, d, J = 8.8 Hz, Ar-H), 6.49 (2H, d, J = 8.8 Hz, Ar-H), 4.85 (1H,
t, J= 5.1 Hz, OCH,CH), 4.00 (2H, d, J = 5.2 Hz, OCH,CH), 3.80-3.58 (4H, m, OCH,CH3;), 2.48
(2H, q, J = 7.4 Hz, CCH,CH3), 1.19 (6H, t, J = 7.4 Hz, OCH,CH;), 091 (3H, t, J = 7.4 Hz,
CCH,CHs).

PC-NMR (Acetone-d6, 62.5 MHz) J (ppm) = 158, 156, 144, 141, 139, 137, 133, 131, 129, 127,
116, 115, 114, 101, 69.4, 69.2, 62.9, 29.5, 15.7, 13.9.

HRMS (ESI-TOF, positive): [ngH3204Na]+ cal. 455.2193, found 455.2170; [C23H3,204K]+ cal.

471.1932, found 471.1908; [CssHesOsNa] " cal. 887.4493, found 887.4453.

6.4.8. Chemical preparation of (F,Z)-2-(4-(1-(4-hydroxyphenyl)-2-phenylbut-1-enyl)
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phenoxy)acetaldehyde 77

To a solution of (£,Z)-4-(1-(4-(2,2-diethoxyethoxy)phenyl)-2-phenylbut- 1-enyl)phenol 76 (467
mg, 1.08 mmol) in THF (4.7 mL), 3 M HCI (4.7 mL) was added and the reaction mixture was
stirred at 50°C for 20 h until TLC analysis indicated complete consumption of 76. The organic
solvent was removed in vacuo and the residue was neutralized with saturated NaHCO3, washed
with diethyl ether, brine, dried over MgSQO,, and concentrated in vacuo. The crude product was
further purified by column chromatography (hexane : AcOEt = 5:1 to 1:1) to obtain a mixture of
cis- and trams-isomers (cis : trans = 1:1) of 2-(4-(1-(4-hydroxyphenyl)-2-phenylbut-1-enyl)
phenoxy)acetaldehyde 77 as a white solid (318 mg, 82%). Since the aldehyde forms a stabile
hemiacetal with alcohol, a geometrical isomer separation by HPLC was not performed and the
product was characterized according to the chemical shift of 76.

'H-NMR (Acetone-d6, 400 MHz) 6 (ppm) = 9.83 (1H, s, aldehyde-H), 9.72 (1H, s, aldehyde-H),
8.37 (1H, s, Ar-OH of cis-isomer), 8.13 (1H, s, Ar-OH of trans-isomer), 7.20-7.06 (14H, m, Ar-H),
7.07 (4H, d, J = 8.6 Hz, Ar-H of cis-isomer), 6.96 (2H, d, J = 8.8 Hz, Ar-H of trans-isomer), 6.84
(2H, d, J = 8.7 Hz, Ar-H of cis-isomer), 6.81 (2H, d, J = 8.9 Hz, Ar-H of cis-isomer), 6.70 (2H, d,
J = 8.7 Hz, Ar-H of trans-isomer), 6.60 (2H, d, J = 9.0 Hz, Ar-H of cis-isomer), 6.49 (2H, d, J =
8.7 Hz, Ar-H of trans-isomer), 4.80 (2H, s, OCH,C=0), 4.61 (2H, s, OCH,C=0), 2.53-2.43 (4H, 2
x q,J="1.5Hz, 7.4 Hz, CCH,CH3), 0.90 (3H, t, /= 7.4 Hz, CCH,CHs).

BC-NMR (Acetone-d6, 100 MHz) & (ppm) = 199, 158, 157, 156, 144, 142, 139, 138, 136, 135,
133, 131, 129, 127, 116, 115, 114, 73.7, 73.4, 13.9.

HRMS (ESI-TOF, negative): [Cy4H;,05] cal. 357.1496, found 357.1505; [C4sH4306] cal.

715.3065, found 715.3075.
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8. Zusammenfassung

Diese Arbeit beschéftigt sich mit der Synthese von drei verschiedenen Serien von bivalenten
Estrogenrezeptor(ER)-Liganden, die abhédngig von der Struktur des jeweiligen Liganden
(Diethylstilbestrol, Raloxifen, und 4-Hydroxy Tamoxifen) durch variable Abstandhalter
miteinander verbunden sind. Die bivalenten Liganden wurden sowohl beziiglich ihrer
biologischen Aktivitét, als auch ihrer Bindungsaffinitit und -fahigkeit zum Estrogenrezeptor hin
untersucht.

Im ersten Teil dieser Arbeit wurden bivalente trans-Diethylstilbestrolanaloga (DES) iiber
variable Abstandshalter aus Oligoethylenglycolstrukturen oder Oligoethylenglycol-Konjugaten
(die, z.B. eine starre Biphenoleinheit enthalten) miteinander verbriickt. In vitro Studien zeigten,
dass eine polare Amid-Verkniipfung am bivalenten Liganden die Bindungsaffinitit zum Rezeptor,
im Vergleich zum monovalenten Liganden, dramatisch verringert. Als Folge wurden nur sehr
schwache Bindungsaffinititen beobachtet, wobei die kurzkettigen (10.8 A), bivalenten
Diethylstilbestrolanaloga hohere Bindungsaffinititen als die Langkettigen (34.8 und 46.7 A)
zeigten. Unter den langkettigen Analogien zeigte, der bivalente Ligand die hochste Affinitét, der
iiber eine 43.1 A lange Oligoethylenglycoleinheit verbriickt ist. Die Differenz der
Bindungsaffinititen vom mono- zum bivalenten Analogon ldsst vermuten, dass es zu einer
unerwarteten Wechselwirkung zwischen der zweiten Diethylstilbestrol Komponente und der
Rezeptoroberfliche kommt. Dariiber hinaus konnte eine Computer Simulation zeigen, dass zum
einen der Abstand zwischen den beiden Diethylstilbestrolanaloga durch Faltung verkiirzt ist, und
zum Anderen, dass es zu einer hydrophoben Wechselwirkung zwischen den beiden
Diethylstilbestrol-Komponenten und den starren Oligoethylenglycol-Konjugaten kommt."*”!

Um die Struktur-Aktivitdts-Beziehung (SAB) der bivalenten Estrogenrezeptoren besser
verstehen zu konnen, wurden im zweiten Teil dieser Arbeit bivalente Raloxifene (RAL), die durch
flexible Oligoethylenglycolstrukturen unterschiedlicher Linge (4.7-47.7 A) verbriickt wurden,
synthetisiert und untersucht. Um deren unterschiedliche Bindungsaffinititen erkldren zu koénnen,
wurden zwei verschiedene Bindungsmodi, entweder intra- oder intermolekularer Art vermutet
(Abbildung 1a). Es zeigte sich, dass 22.7 A der kritische Mindestabstand ist, bei dem die intra-
und intermolekulare Ligandenbindungsdomine vom ERo-Dimer gerade noch unterschieden
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werden konnen. Die maximal intermolekulare, bivalente Bindungsaffinitit (10% Relative
Bindungsaffinitit (RBA, bezogen auf Estradiol (E,)) wurde bei einem Abstand von 26.7 A erreicht.
Bemerkenswerterweise wurde experimentell bestitigt, dass bivalente Liganden, die iiber einen
langen Abstandshalter miteinander verkniipft sind, schwichere Bindungsaffinititen aufgrund von
Liganden-Abschirmung und Faltung der Oligoethylenglycolstrukturen aufweisen. Im Gegensatz
dazu konnen bivalente Liganden, verbunden iiber kiirzere Abstandshalter, leichter an den Rezeptor
binden. Als Konsequenz zeigen solche Liganden stirkere Bindungsaffinititen zum
Estrogenrezeptor (Abbildung 1b). So hat der Unterschied in Entropie (die Faltung der Kette) und
Enthalpie (intramolekulare Wechselwirkungen) zwischen der urspriinglichen und finalen
Konformation der bivalenten Raloxifenanaloga einen groBlen Einfluss auf die Protein-Ligand
Wechselwirkung. Dariiber hinaus haben die bivalenten Raloxifenanaloga durch den Mangel an
Wasserstoftbriickenbindungen zwischen Proteinrest (ASP351) und den 1,2,3-Triazolgruppen einen
unerwiinschten enthalpischen Einfluss auf die Ligand-Rezeptor Wechselwirkung."™"

Um die unerwiinschte Verminderung der Bindungsaffinitat des Estrogenrezeptors, bedingt
durch strukturelle Modifizierung der bivalenten Raloxifenanaloga, zu vermeiden, wurde ein neuer
bivalenter Ligand basierend auf einem monovalenten Estrogenrezeptor konzipiert. Im dritten Teil
dieser Arbeit wurden bivalente cis-4-Hydroxytamoxifen (OHT)-Derivate, basierend auf
monovalenten cis-OHT Liganden, verbriickt iiber Oligoethylenglykolketten im Langenbereich von
7.2-43.1 A, untersucht. Diese Derivate wurden beziiglich ihrer Bindungsaffinitit zu den
Estrogenrezeptor-Subtypen o wund f (ERo und ERP) untersucht. Obwohl ihre
ER-Bindungsmoglichkeiten durch die unerwiinschte Konformation in wissriger Umgebung
vermindert ist,”” finden sich zwei Affinititsmaxima bei den Abstandslingen 14.4 und 28.8 A (bis
zu 37% und 31% RBA von E,, Abbildung 1c), welche mit intra- bzw. intermolekularen bivalenten
Bindungsmodi korrespondieren. Diese Ergebnisse stimmen nicht nur mit unserer urspriinglichen
Hypothese iiberein, sondern liefern auch ein intuitives und prézises Verstdndnis der SAB von

bivalenten Estrogenliganden beider ER- Subtypen, insbesondere fiir ER.

163



(a) (b) (©) 4

- gestapelte 30 -
Konformation

Intramolekulare
bivalente Bindung

A
i Intermolekulare
bivalente Bindung

Intramolekulare
bivalente Bindung 25

=
<
o 20
ey =
Gefaltete 157
Konformation
Intermolekulare 10 4
bivalente Bindung i T
ERB
5 -
Bindungsmodi In wéssriger
an ERLBD Umgebung T T T T T T T T T
5 10 15 20 25 30 35 40 45

Kettenlange [A]

Abb.1. (a) Vereinfachte Darstellung der zwei moglichen Bindungsmodi der
Ligandenbindungsdomidne  des  Estrogenrezeptors (ER  LBD). (b)  Verschiedene
Konformationsmoglichkeiten der bivalenten Estrogenliganden in wiéssriger Umgebung. (c)
Affinititsmaxima an beide ER-Bindungsmodi (intra- und intermolekularer Art).

Basierend auf den wunterschiedlichen ER-Bindungsaffinititen der hier vorgestellten,
bivalenten Estrogenliganden wurde hinreichend gezeigt, dass zahlreiche Faktoren, wie z.B.
Estrogen-agonistische- oder Estrogen-antagonistische Eigenschaften, fiir das bivalente
Estrogen-Liganden-Design beriicksichtigt werden miissen.

Erstens, Antagonisten, wie Raloxifen und 4-Hydroxytamoxifen besitzen durch ihre jeweilige
Seitenkette einen leichteren Zugang zu der antagonistischen Bindungsstelle des Estrogenrezeptors.
Im Gegensatz dazu, kénnen Agonisten nur durch Modifikation der steroidalen Struktur in der
Position 17 o so einen Zugang erhalten. Diese Anderung hitte jedoch eine Abnahme der

ER-Bindungsaffinitit zur Folge. Im Vergleich, wiesen bivalente Ethinylestradiol (EE;)-Liganden

124 120,121

von LaFrate!"*" sehr viel hohere Bindungsaffinititen auf, als bivalente E»-Liganden,' I da sie
an der besagten Position keine entsprechende Modifikation besitzen. Zweitens, die
Bindungsposition und die Abstandshalter sollten konsistent mit der Umgebung des jeweilig
gebundenen Estrogenliganden sein. Im Falle des bivalenten trans-DES-Liganden wurde die
Estrogenrezeptor-Bindungsaffinitit durch die Einflihrung einer hydrophilen Amidgruppe
dramatisch reduziert. Im Umkehrschluss kann die tertidre Amingruppe von 4-Hydroxytamoxifen
die hydrophile Wechselwirkung zu Proteinresten aufrecht erhalten und schlussendlich weisen
bivalente cis-OHT Liganden eine hohere ER-Bindungsaffinitit als ihre Raloxifenanaloga auf.

Drittens, die Verwendung einer rigiden Einheit, die urspriinglich von Whitesides postuliert wurde,
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kann den entropischen Verlust der Konformation minimieren und die Bindungsaffinitét erhdhen,
solange keine intramolekularen Wechselwirkungen zwischen dieser starren Einheit und dem
gebundenen Liganden auftritt. Ein gutes Beispiel ist gegeben durch bivalente Estrogenliganden,
die iiber rigide DNA Abstandshalter verbriickt sind."'” Im Gegensatz dazu, wurde im Fall von
flexiblen Abstandshaltern entdeckt, dass intramolekulare, hydrophobe Wechselwirkungen
zwischen Bisphenylsegmenten des Abstandshalters und verbriickten trans-DES-Liganden eine
signifikante Reduktion der ER-Bindungsaffinitit hervorrufen.””) Letztendlich kénnen durch den
Einsatz von flexiblen Abstandshaltern verschiedene strukturelle Anforderungen, wie z.B. der
Winkel zwischen den Liganden und/oder die Abstandshalterlinge erbracht werden. Die
Moglichkeit besteht nicht bei Verwendung von rigiden Abstandshaltern. Die Flexibilitdt von
Polyether-Abstandhaltern erh6ht dennoch die strukturelle Unbestimmtheit der Liganden aufgrund
der Konformationsfaltung und hydrophoben-hydrophoben Wechselwirkung der verbriickten
Estrogenanaloga.”™"

Schlussfolgernd lédsst sich feststellen, dass das Erreichen einer hohen Affinitdt bivalenter
Verbindungen zu dimeren ER-Ligandenbindungsdoméne eine groe Herausforderung darstellt. In
dieser Arbeit wurde die Struktur-Aktivitits-Beziehung von bivalenten Estrogenliganden, die durch
variable Abstandshalter unterschiedlicher Linge verbriickt sind, etabliert. Zwei bivalente
ER-Bindungsmodi, intra- und intermolekular, die essentiell fiir das Design von hochaffinen,
bivalenten Estrogenliganden sind, wurden vorgestellt und bestétigt. Die Ergebnisse verdeutlichen,
dass das Erreichen von bivalenter Bindung zu dimeren Estrogenrezeptoren nicht einfach nur durch
Struktur-Aktivitat-Bestimmung, wie z.B. Wahl eines geeigneten Abstandshalters um zwei
Liganden miteinander zu verbriicken, erreicht wird, sondern, dass ein systemisches Verstindnis
iiber das Bindungsverhalten vom bivalenten Liganden an den Estrogenrezeptor und die
intramolekularen hydrophilen, bzw. hydrophoben Wechselwirkung in der wissrigen Umgebung
beriicksichtigt werden miissen. Dariiber hinaus mufl eine weitere Untersuchung der
intramolekularen, bivalenten Bindung am Estrogenrezeptor gewihrleistet werden. Bivalente
Liganden, die iiber kurze Oligoethylenglykoleinheiten (Kettenléinge ca. 10 - 14 A) verbriickt sind,
bieten eine neue Moglichkeit fiir die Synthese von hochaffinen Inhibitoren, um eine

Estrogenrezeptor-Coaktivator-Wechselwirkung zu verhindern.
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