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Abstract: Alzheimer’s disease (AD) is an incurable neurodegenerative disorder that debilitates an
overwhelming number of people in the aging population worldwide. The aggregated forms of the
beta-amyloid (A) peptide play an important role in the onset of AD. Small molecules that can bind
to AP are useful for in vitro assays, in vivo imaging, and in therapeutic research. Herein, a series of
compounds that can target AP aggregates and inhibit their formation were developed. The
interaction of several compounds with the AP peptide was found to modulate the formation of
aggregates. These N-alkylamino stilbene compounds offer selectivity toward A species against
other in situ proteins and have potential for aiding the development of soluble AP aggregate selective
AD probes.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder negatively impacting the cognitive
functions of an ever-increasing number of people worldwide. First described in 1906 by Alois
Alzheimer, the neuropathological markers can be described as either positive or negative lesions -
the former containing amyloid plaques and neurofibrillary tangles and the latter describing cerebral
atrophy [1]. Alzheimer’s disease remains incurable, and its unclear etiology remains a challenge for
the development of effective diagnostics and treatments. Molecules that bind to AD biomarkers, such
as the amyloid beta (A{3) peptide that makes up amyloid plaques, are highly sought for use as a dye
for in vitro assays, as a probe with in vivo imaging, and in therapeutic endeavours. Selectively
targeting soluble A oligomers is of particular interest due to their high neurotoxicity [2-4]. However,
there remains limited understanding for designing oligomer selective probes. As such, probes that
can inhibit insoluble amyloid aggregation may be used to investigate new compounds which
selectively target soluble AP aggregates such as oligomers or protofibrils.

Small fluorescent molecules that bind to A3 have long been inspired by chemical tools such as
Congo Red (CR) and Thioflavin T (ThT) because of their great binding affinity to AP aggregates.
Popular assay dyes like ThT, contain a rotatable o bond that, upon rotation, quenches their
fluorescence. However, once bound to insoluble amyloid aggregates, i.e., fibrils or plaques, the dyes
lock into a specific conformer, resulting in significant fluorescent enhancement. The structural moiety
associated with the locked-conformation dependent fluorescent enhancement phenomenon has been
dubbed the molecular rotor motif or push-pull design. These molecular rotors perform twisted
intramolecular charge transfer (TICT) from an electron donating group along a highly conjugated
system to an electron accepting group (D-mt-A or D-A) [5]. This design concept has been applied to
synthesize better binding fragments for extracellular amyloid plaques, one of the pathological
hallmarks of Alzheimer-diseased brains [6]. However, more recent developments in the amyloid
cascade hypothesis indicate that the deposition of amyloid plaques is not correlated with AD

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.1955.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 23 April 2025 d0i:10.20944/preprints202504.1955.v1

2 of 21

progression. More evidence has suggested that soluble A3 oligomers, which precede amyloid plaque
accumulation, are the first pathological change along the course progression of AD and are the most
cytotoxic species [7-9]. Hence, chemical tools which can effectively inhibit the aggregation pathway
of amyloid are essential for improvement of more dyes selective for soluble Af.

Herein, we report a series of compounds for which inhibition of the amyloid aggregation
pathway was observed. Several compounds demonstrate potential within in vitro settings and for
further development as chemical tools. A privileged stilbene scaffold is utilized as the conjugated 7
linker for these compounds [10-21]. The structural differences of these compounds were investigated
to better inform design of amyloid-targeting compounds in general. Accordingly, this series indicates
important considerations for Af3 aggregate inhibitors to aid in the development of more selective AD
probes.

2. Results
2.1. Design and Synthesis of Compounds

The AP binding compounds contain an alkylamine moiety as the electron donor. These
alkylamine containing compounds have been previously used as electron donating groups [22]. The
stilbene, a privileged scaffold within amyloid binding, serves as the 7 framework which bridges the
donor group to the acceptor group, a substituted phenol, as shown in Figure 1 [15]. While the donor
group is not expected to be the best electron acceptor group, it has previously been shown to be a
useful moiety for amyloid binding [23].
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L1: NR4R, = N(CHj3),, X = OCHj4 L7: NR4R, = piperidin-1-yl, X = OCH3
L2: NR4R, = NHCH3, X = OCHj; L8: NR4R, = piperidin-1-yl, X = H
L3: NR4R, =NHCH3, X =H L9: NR4R, = morpholin-4-yl, X = OCHj3
L4: NR4R,=N(CH3),, X=H L10: NR4R, = morpholin-4-yl, X = H
L5: NR4R, = N(C,Hs),, X = OCHj4 L11: NR4R; = 4-methylpiperazin-1-yl, X = OCH3
L6: NR4Ry = N(CoHs)o, X = H L12: NR4R, = 4-methylpiperazin-1-yl, X = H

Figure 1. Structures of the derivatives labelled L1-L12.

To better understand the structure-activity-relationships of these stilbene-based dyes, the
electron donating (EDG) and electron accepting (EAG) groups were derivatized. The A targeting
stilbenes were synthesized using two different methods. The first method used followed the reported
Kung procedure to successfully synthesize the mono- and di-methylamino stilbene derivatives [24].
The second method employed Heck reactions to generate the other stilbene products [25,26]. To
synthesize the final compounds (L1, L2, L3, L4, L5, L6, L7, L8, L9, L10, L11, and L12) the Mannich
reaction was performed among paraformaldehyde and an amine-containing fragment 2,4-dimethyl-
1,4,7-triazacyclononane (tacn) with the stilbene derivatives (Scheme 1).
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Scheme 1. Structures of derivatives L1-L12.

Two classes of EDGs were synthesized [27]. The first type of donor group was monomethyl,
dimethyl, or diethylamine. The second type of donor group was more rigid piperidine derivatives.
The effect of heteroatom substitution on the para- position of the EDG piperidine was also examined.
This series contains moderately effective EAGs which allow minor EDG electronic differences to be
studied for better comparison. The two studied EAGs were tacn-substituted phenols in the presence
or absence of an ortho- methoxy group.

2.2. Fluorescence Turn-on Effect of Compounds with Ap Species

A fluorescence turn-on assay was performed to interrogate the effect of structural differences on
the fluorescence enhancement with A3 aggregates. These compounds showed a range of low to
moderate background fluorescence intensity. Increases in fluorescence intensity with different
aggregates would be ideal for tools used in amyloid-based assays. For both the methyl and dimethyl
EDGs, L1 and L2, the presence of an ortho- methoxy group on the EAG shows a slightly higher
fluorescence enhancement with soluble amyloid beta (sA) over fibrils. L2, with a monomethylamine
EDG, shows a greater fluorescence turn- on than L1, which has a dimethyl amine EDG. Without the
ortho-methoxy group on the EAG, there is greater fluorescent enhancement for Ap fibrils over sAf3
for L3 and L4. The compounds containing a diethyl-amine EDG, L5 and L6, show a slightly greater
turn-on with sA{ species, and the compound containing an ortho-methoxy on the EAG show no
discernible difference. The larger fluorescent enhancement observed for L6 than L5 indicates the
dimethylamine EDG/methoxy EAG pair has a greater TICT. The piperidine-EDG-containing L7 has
only slightly higher turn-on with sA3, which may be attributed to the ortho-methoxy group on the
EAG. L8 does not have that methoxy group and exhibits a slightly greater turn-on for A fibrils. In
this case, it appears that the methoxy on the EAG diminishes the overall fluorescence of the
compound since L8 has a greater baseline fluorescence and turn-on than L7. This is also the case for
the morpholine-EDG-containing L9 and L10. The lack of a methoxy group on L10 EAG, in conjunction
with the oxygen heteroatom from the morpholine EDG, electronically favors turn-on with A fibrils
to a slight extent. However, for L9, the addition of a methoxy group onto the EAG shows equal turn-
on to both sAf3 and A fibrils. Changing the EDG to a methyl piperazine, L11, increases the baseline
fluorescence and turn-on compared to L9. Interestingly, the addition of an o-methoxy for L9 does not
follow the previous trend and instead diminishes overall fluorescence. L11 and L12, both containing
a N-methyl piperazine EDG, show similar turn-on with sAp and fibrils, and the o-methoxy EAG of
L11 increases the overall baseline fluorescence compared to L12. L4, L8, and L10 have the greatest
overall fluorescence enhancements with L8 showing the greatest fluorescent enhancement of these
compounds (Figure 2). The spectra for the remaining compounds can be found in the Supplementary
Information (Figure S1). L6 showed a comparable fluorescent turn-on but was not as fluorescent as
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the other three. None of the three compounds with the highest fluorescence contained an o-methoxy
on the EAG.
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Figure 2. Fluorescence spectra of L4 (left), L8 (middle), and L10 (right). L8 has the highest fluorescence turn-on

from baseline fluorescence. L10 has the highest fluorescence intensity. All fluorescence spectra found in SI.

The fluorescence properties of these compounds suggest that, at least for these stilbenes, the
substitution of o-tacn onto the phenol EAG does not appreciably increase interactions with sA to
cause a greater turn-on unlike previously reported results [23]. Notably, the fluorescence
enhancement is modulated, either increasing or decreasing depending on the compound, by the
addition of a methoxy substituent on the EAG. Finally, the fluorescence turn-on appears to depend
on the EDG-EAG pair, instead of the individual strength of electron donation and acceptance of each
group, respectively.

2.3. AB Inhibition Assays

To investigate the effect of these compounds on amyloid aggregation, inhibition of aggregation
assays were performed using the AP« peptide. AP has been implicated with inducing oxidative
stress and is physiologically the most common isoform of amyloid peptide and is therefore a widely
used isoform in amyloid assays [28,29]. These experiments track the time duration of fibril growth
which is monitored by ThT fluorescence turn-on represented by the relative fluorescence unit (RFU)
intensity. A lower RFU signifies a lack of soluble amyloid species as ThT binds to insoluble forms.
Thus, a lower RFU can be interpreted as inhibiting the fibrillization of amyloid. L4 and L8 showed
the best inhibition of amyloid aggregates as shown in Figure 3. The rest of the compounds show
appreciable inhibition of AP aggregation as found in the SI (Figure S2), except for L9, which contains
the morpholine EDG and a methoxy on the EAG (Figure 3). Lastly, although L2 and L3 show similar
amyloid inhibition, the L3 compound lacking the o-methoxy group begins inhibition at an earlier
time.
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Figure 3. Amyloid inhibition of L4 (left), L8 (center), and L9 (right). L4 shows the greatest inhibition, whereas
L9 shows the least inhibition. All spectra found in SL

Likewise, based on the inhibition assays, the EAG methoxy once again plays an important role
in tuning amyloid inhibition for these compounds. For instance, the piperidine EDG derivatives with
the methoxy group on the EAG show lesser or later inhibition of aggregation. Comparing the
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different EDG of the mono- and disubstituted amine scaffold containing the same EAG suggests a
general trend of greater A3 fibril inhibition for the compounds containing an EAG without the o-
methoxy group.

2.4. Cytotoxicity of Compounds in N2a Cells

For in cellula assays, useful A{ inhibitors would require low toxicity. The Alamar blue assay
was used for the evaluation of the cytotoxicity of these stilbenes. L2 has the highest cell viability at
the highest tested concentration, 88%, while the rest show lower cell viability as shown in Figure 4.
The monomethyl and methoxy groups on L2 may be attributed to reducing cytotoxicity in
comparison to L1 and L3. Of the cyclic amine EDG derivatives, L9 and L12 have the best cell viability.
The oxygen heteroatom on L9 does not play an important role in alleviating cell toxicity, but the
addition of a methoxy group on this EDG-EAG system reduces toxicity. The extra methylated amine
group from the piperazine EDG on L11 and L12 switches the cytotoxic effect of the methoxy group
on the EAG, such that L12 is less cytotoxic. Interestingly, with the presence of the methoxy group,
the cell viability increased compared to the counterpart compounds without that moiety, except for
L11 versus L12.
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Figure 4. Toxicity of compounds L1 - L12 (clustered on the x-axis from left to right) at different concentrations
0, 2, 5, 10, and 20 uM) in N2a (mouse neuroblastoma) cells. Percent cell viability is shown on the y-axis.

Intensities are normalized to DMSO-only control.

2.5. Effect of Inhibitors on APz Neurotoxicity in N2a Cells

These compounds can chelate metals via their substituted tacn moiety on the phenol EAGs.
Meaning that, these inhibitors may also have utility in metal-involved assays. Therefore, we tested
their ability to inhibit the Cu-mediated A+ cytotoxicity on N2a cells. This procedure has been
adapted from our previous publications after finding that in vitro conditions for A{ toxicity is best
achieved with addition of copper [18,30-32]. As shown in Figure 5, L9 and L11 inhibit both Cu-
stabilized AP« and ABse-induced toxicity. The worst performing compounds were L4 and L8, for
which toxicity was exacerbated. Lastly, contrasting the toxicity of the EAG counterparts, it appears
that the o-methoxy group assists in rescuing the cells from toxicity. Similarly, the methoxy containing
derivatives generally rescued cells from copper-induced toxicity. It is possible that the o-methoxy
may rescue the Cu-stabilized A4 toxicity in two ways, either via an o-vanillin-like antioxidant mode
of action, or via improved Cu chelation. O-vanillin has previously shown antioxidant properties,
which these compounds may emulate [43—45]. Cu chelation might be further improved with the
methoxy arm, thereby increasing its copper binding affinity and reducing any Cu leaching [32,46].
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Figure 5. Effects of AB-inhibitors on Cu-induced A4 cytotoxicity. Conditions: [AB42] = [CuClz] =20 uM, [L1 to
L12] =5 uM. The reported cell viability % are relative to the DMSO control without AB4 or CuCla.

In general, all compounds are well tolerated up to 5 uM. Specifically, L1, L5, L9, L10, L11, and
L12 rescue cells from Cu-Af4« cytotoxicity, likely by modulating the formation of off-pathway
aggregates between AP and metal ions. Even so, both cell viability and Cu-Ap-induced toxicity
studies show that dimethyl and diethyl EDG, L1-L6, have some level of toxicity associated with them,
which is not found for the monomethyl, morpholine, and piperazine derivatives L7-L12. Also, the
mechanism of the cytotoxicity of L4 with Cu and Af is not easily understood based on these studies.
While the toxicity profiles of L11, L10, and L5 are acceptable for in vitro studies, the AP inhibition
profile are not the best from this set of ligands.

2.6. Fluorescence Imaging of Amyloid Plagues in 5xFAD Mice Brain Sections

To further investigate the affinity of the developed compounds toward various AP aggregates
in situ, the intrinsic fluorescence properties of the compounds were employed for their ability to stain
insoluble amyloid plaques. For these studies, brain sections from 11-month-old 5xFAD transgenic
mice, which rapidly develop severe amyloid pathology, were co-stained with stilbenes and HJ3.4
antibody. HJ3.4 is an anti-amyloid antibody that binds to the N-terminal region of A3 peptide,
thereby targeting both soluble and insoluble amyloid species [33-35].

Interestingly, for L3 and L4 a large amount of well-defined fluorescence staining was observed
(Figure 6a, left image), and the plaques were also stained by AF594-HJ]3.4 (middle image) and the
two sets of fluorescence images were well colocalized as analyzed by the Pearson’s coefficient,
confirming that the compounds efficiently accumulate into and label amyloid plaques specifically.
However, with the introduction of the methoxy EAG on the mono- EDG stilbene derivatives, the
binding selectivity of the compounds marginally decreases, and non-specific binding increases,
affecting the imaging of A as the Pearson’s coefficient decreases from R = 0.72 to R = 0.54. The
dimethyl (R = 0.67 compared to R = 0.60 without OMe) and diethylamino (R = 0.74 compared to R =
0.70 without OMe) scaffold show better overall binding to amyloid and even greater A selectivity
with the methoxy EAG, whereas the piperidine EDG (R = 0.68 decreases to R = 0.66 with OMe) shows
comparable results and similar trends to the monomethylamino structures with the addition of the
methoxy group on the EAG. The morpholine EDG shows overall better selectivity to Ap but shows
slightly better colocalization without the methoxy EAG (R =0.74 decreases to R = 0.71 with the OMe).
The methyl piperazine EDG has good selectivity for A3 species with the methoxy EAG but has
slightly decreased selectivity without the methoxy group (R =0.65 increases to R =0.77 with the OMe).
Positively, the in-situ brain section staining shows good colocalization of all compounds, with slight
differences in selectivity for A species between those compounds modulated by the addition or lack
of the methoxy on the EAG.
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Figure 6. Fluorescence microscopy images of 5xFAD mice brain sections co-incubated with compound (25 uM,
left image), AF594-H]J3.4 (1 ug/mL) (middle image), and merged images (right image): (a) Compounds L1 (R =
0.67), L2 (R=0.54), L3 (R =0.72), L4 (R = 0.60), L5 (R = 0.74), L6 (R = 0.70) from top to bottom; (b) Compounds L7
(R=0.66), L8 (R=0.68), L9 (R=0.71), L10 (R =0.74), L11 (R =0.77), and L12 (R = 0.65) from top to bottom. Scale
bars on the lower left of each image measure 100 um.

2.7. Docking Studies of Compounds on Ap

Finally, to gain understanding for how these A inhibitors may interact with different AP
aggregates, a series of docking studies were performed with Schrédinger Glide. Using the A3+ fibril
structure (PDB ID: 50QV) and the A4 oligomer model (PDB ID: 6RHY), the most appropriate PDB
model for soluble species to date, the compounds’ binding scores and binding pockets were
investigated [36-39]. These PDBs were chosen because they most resemble a native conformation
state for both fibrils and oligomers, respectively. Analysis for these compounds includes the docking
score, an empirical score that approximates ligand binding free energy and considers Epik penalties
[40—42]. The docking scores for each compound with both the A4 fibril structure (50QV) and the
AP+ oligomer model (6HRY) can be found in Tables S1 and S2 in the Supplemental Information (SI).
The best ligand for fibril docking (L7 with docking score of -7.749 on 50QV) has a better docking
score than the best ligand for soluble amyloid docking (L2 with docking score of -5.055 on 6RHY),
suggesting that these compounds are generally better binders of amyloid fibrils over any other
aggregates. Interestingly, the AP fibril-docked compounds all have the same binding pocket,
interacting with the FKGA amino acid sequence. The compound with the best docking score for
50QV is L7 (Figure 7a). L7, along with the next best docking compound for fibrils, L11, both have an
ortho-methoxy on the EAG. These two compounds also have a third ring, piperidine and methyl
piperazine, respectfully, that elongates the ligands. Based on the docking studies, increased length of
the compound and a more planar EDG favour binding to the longer fibrillar structure, 50QV.
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Figure 7. Binding modes of the compounds with the best docking scores to each type of model, L7 for insoluble
amyloid and L2 for soluble amyloid: (a) L7 docked into binding pocket of fibril model PDB:50QV; (b) L2 binding
pocket in PDB: 6RHY.

Overall, these results confirm that the fluorescence assays are indicative of the electronic
properties of the individual EDG and EAG displaying TICT behaviour since the binding modes are
different depending on the A3 model. Likewise, the docking scores suggest that the length and
planarity of the m system are important factors for binding to amyloid species. Despite these
compounds being non-selective against soluble or insoluble aggregates, they provide insight for
potential rules on aggregate selectivity and may prove valuable for experimental controls in search
of compounds selective for soluble A3 aggregates.

3. Discussion
3.1. Interpretation of Docking Results

When docked onto the A oligomer model, the binding pocket was different based on the
compounds (Table S2). The compound with the best docking score onto oligomers (6RHY), L2, has a
binding pocket consisting of the QVVNS amino acids (Figure 7b). According to the molecular
modelling, all compounds containing an o-methoxy group on the EAG exhibit a greater docking score
onto the fibrils than the non-o-methoxy derivative counterparts, except for L9 and L10. One
explanation for this exception may be that these morpholine EDG containing compounds have such
unfavourable binding in one region due to the oxygen heteroatom, that even the addition of a
methoxy group on the EAG, while not overcoming these negative effects, may mitigate it such that
the fluorescence enhancement is not significantly different from the others (Figure S1). There was no
such trend of the methoxy arm when docked upon oligomers, 6RHY, suggesting that the methoxy
arm does not particularly stabilize interactions with soluble amyloid species as it does with fibrils.

The opportunity for n stacking interactions between the phenylalanine from A4 and the styryl
backbone of these compounds can explain why the docking scores for these compounds are more
favourable with A fibrils than soluble aggregates. In lieu of m stacking interactions, the Af3 oligomer-
docked compounds primarily relied on hydrogen bonding interactions of the tacn moiety with the
peptide backbone. Notably the tacn moiety does not permit the planar stilbene region of the
compounds to bind deeply within the grooves of either A structure as expected for TICT compounds
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such as ThT. 6RHY’s, oligomers, shorter beta sheet prevents m interactions, unlike 50QV’s, fibrils,
longer sheet which better accommodates the stilbenes. All the while, the hydrophilic tacn moiety
remains on the outskirts weakly binding to the protein. Although the binding pocket was different
from A fibrils to oligomers, the compounds still had very similar turn-on for both Af3 oligomers and
fibrils in the fluorescence studies. L9, despite being the worst amyloid inhibitor from the inhibition
assay, is not predicted to be the worst of these compounds for either aggregate docking, suggesting
it may interact with a form of soluble amyloid aggregate not studied herein such as protofibrils [47-
49].

3.2. Application of Amyloid Inhibitors

All these compounds are inhibitors of amyloid aggregation and can be used to modulate the
formation of aggregates in vitro. In general, all compounds are well tolerated up to 5 uM, which may
prove to be a limitation for most of them for in cellula experiments. While L1, L5, L9, L10, L11, and
L12 all rescue the cells from Cu-AP4 cytotoxicity, it is important to note that the role of metals such
as copper will affect the suitability of these compounds for such related assays. The toxicity profiles
of L11, L10, and L5 show their utility for in cellula studies, but these three compounds were some of
the lower performing amyloid inhibitors as indicated by the A4 inhibition profile. The in-situ brain
section staining shows good overlap between the compounds and the antibody control, signifying
good selectivity for amyloid species. Based off the docking studies, it was determined that the
increased length of the compound and a slightly more planar EDG favor binding to the longer fibrillar
structure, 50QV, and that, upon comparison with the docking scores for 6RHY, these compounds
are generally more selective for the amyloid fibrils than any other aggregates. Overall, these results
are informative for the design of amyloid-targeting inhibitors which can be advanced as chemical
tools for the development of more selective soluble amyloid beta probes.

4. Materials and Methods

4.1. General Experimental Details

All reagents were purchased from commercial sources and used as received unless stated
otherwise. All solutions and buffers were prepared using metal-free Millipore water that was treated
with Chelex resin overnight and filtered through a 0.22 um nylon filter. 'H NMR (300.121 MHz)
spectra were recorded on a Varian Mercury-300 spectrometer. Chemical shifts were reported in ppm
downfield from tetramethylsilane. UV-visible spectra were recorded on a Varian Cary 50 Bio
spectrophotometer and were reported as Amax, nm (g, M cm™). 5xFAD transgenic mice (Tg6799 line)
overexpressing mutant human APP (695) with the Swedish (K670N, M671L), Florida (I716V), and
London (V717I) were purchased from Jackson Laboratories (Bar Harbor, ME, USA). TEM analysis
was performed at the Nano Research Facility (NRF) at Washington University. All normal and C-18
reversed-phase column chromatography was performed on a Teledyne Isco Combiflash Rf+.

4.2. Synthetic Details

The full synthetic route is shown in Scheme 2, and precursors are labelled as indicated on the
schematic.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.1955.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 23 April 2025 d0i:10.20944/preprints202504.1955.v1

10 of 21

COOH
O,N

l(ﬂ)
1a:X=H
7 Q o X = [
ON Q 1b: X = OMe AN

X l\]l\/N\]
g ol Y Lo e T o
y 7 / X L3-X=H

Jax=H X

y - 3b: X = OMe (\NI]
HZN K \ . //‘. OH N o

N -
2a:X=H / L4-X=H
o X = OMe sa:x=H X X

: 4b: X = OMe

,
!
S VT 0 s S R OR g S
NOsr — N Q 7 — N Q 7 L5-X = OMe
— — X — X L6-X=H
5a: X=H
5b: X = OMe
L7-R; = CHy, X = OMe
(N L8-Ry=CHp X=H
ALN] L9-R; =0, X = OMe
" L10-Ry=0,x=H
Ry NOBV Os & N Q 7 Q O @y Q 7 Q o L11- Ry = NCHj, X = OMe
N N ” N ” L12- Ry = NCH; X = H
6a: Ry = CH, 7a: Ry = CHy, X = OMe
6b: Ry =0 7b:Ry = CH, X=H
6c: Ry = NCH; 7¢:R;=0, X = OMe
7d:Ry=0,X=H

Scheme 2. Synthesis of the compounds. (a) 4-hydroxybenzaldehyde or 4-hydroxy-3-methoxybenzaldehyde,
piperidine, toluene, reflux, 3h; (b) SnClz, Conc. HCI, EtOH, reflux, 3h; (c) (CH20)s, NaBHs, NaOMe, CHsOH (d)
(CH20)n, NaBH3CN, CH3COOH, room temperature, overnight; (e) 4-vinylphenol or 2-methoxy-4-vinylphenol,
Pd(OAc), triethanolamine, 100 °C, 24 h; (f) 4-vinylphenol or 2-methoxy-4-vinylphenol, Pd(OAc),
triethanolamine, 100 °C, 24 h; (g) Me2HTACN, (CH20)», MeCN, reflux, 24 h.

4.2.1. Synthesis of Precursors: 1a, 1b, 2a, 2b, 3a, 3b, 4a, and 4b

Compound 1a ((E)-4-(4-nitrostyryl)phenol) or 1b ((E)-2-methoxy-4-(4-nitrostyryl)phenol). A
mixture of 2-(4-nitrophenyl) acetic acid (for 1a: 500 mg, 2.8 mmol)(for 1b: 2g, 11 mmol), (for 1a) 4-
hydroxybenzaldehyde (337 mg, 2.8 mmol) or (for 1b) 2-methoxy-4-vinylphenol (1.68 g, 11 mmol),
piperidine (for 1a: 271 puL)(for 1b: 1.1 mL) was added in toluene (1a: 50 mL, 1b: 100 mL). The resultant
mixture was heated to reflux for 2 h. The solvent was removed, and the resulting residue was purified
by silica gel column chromatography using EtOAc/Hexane (1: 3) to yield a yellow solid.

1a: (418 mg, 63%); '"H NMR (DMSO-d6): 6 (ppm): 9.77 (s, 1H), 8.18 (d, 2H, [ =8.4 Hz), 7.77 (d, 2H,
J=85Hz),749(d, 2H,]=8.2Hz),7.42 (d, 1H, [ =16.6 Hz), 7.16 (d, ] = 16.4 Hz, 1H), 6.79 (d, ] =8.1 Hz,
2H).

1b: (1.8 g, 60%); 'HNMR (Acetone-d6): 6 (ppm) 8.21 (d, 2H, ] =9.0 Hz), 7.79 (d, 2H, | = 8.8 Hz),
745 (d, 1H,J=16.4Hz), 7.34 (d, 1H, J=2.0 Hz), 7.25 (d, 1H, | = 16.4 Hz), 7.14 (dd, 1H, ] = 8.1, 2.0 Hz),
3.92 (s, 2H).

Compound 2a ((E)-4-(4-aminostyryl)phenol) or 2b ((E)-4-(4-aminostyryl)-2-methoxyphenol)
[50]. Stannous chloride (9.3 mol) was added to a solution of compound 1a or 1b (1.9 mmol) in ethanol
(100 mL) followed by the addition of concentrated hydrochloric acid (0.75 mL). The solution was
brought to reflux for 3 h and cooled to room temperature stirring overnight. Saturated sodium
bicarbonate was added to adjust the pH to 8-9. After standard workup with ethyl acetate, crude
product 2a or 2b was obtained and was used in the following step without further purifications.

2a: (394 mg, ~100%); 'H NMR (DMSO-d6): 6 (ppm): 9.46 (s, 1H), 7.28 (d, 2H, ] = 8.7 Hz), 7.18 (d,
2H, J=8.5Hz), 6.78 (d, 2H, ] =2.6 Hz), 6.71 (d, 2H, ] = 8.6 Hz), 6.52 (d, 2H, ] = 8.5 Hz), 5.20 (s, 2H).

2b: (490 mg, ~100%); "H NMR (Acetone-d6): 0 (ppm): 7.59 (s, 1H), 7.27 (d, 2H, ] =8.5 Hz), 7.16 (d,
1H, J=1.9 Hz), 7.00 - 6.89 (m, 2H), 6.86 (d, 1H, ] =16.3 Hz), 6.79 (d, 1H, | = 8.1 Hz), 6.66 (d, 2H, ] =8.6
Hz), 4.74 (s, 1H), 3.88 (s, 3H).

Compound 3a  ((E)-4-(4-(methylamino)styryl)phenol) or 3b  ((E)-2-methoxy-4-(4-
(methylamino)styryl)phenol). To a mixture of 2a or 2b (0.5 mmol), paraformaldehyde (5 mmol), and
sodium cyanoborohydride (1.5 mmol) was added in acetic acid (10 mL). The mixture was stirred at
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room-temperature overnight and then poured into 100 mL of water. Saturated sodium bicarbonate
was added to adjust the pH to 8-9. After standard workup with dichloromethane, the residue was
purified by silica gel column chromatography using EtOAc/Hexane (1:5) to afford 3a or 3b as a white
solid.

3a: (108 mg, 48%); 'H NMR (CDsCN): 6 (ppm): 7.37 (d, 2H, | = 8.7 Hz), 7.34 (d, 2H, ] = 8.8 Hz),
6.94 (d, 1H, ] =16.4 Hz), 6.96 — 6.93 (m, 1H), 6.90 (d, 1H, ] = 16.4 Hz, 6.60 (d, 2H, ] = 8.6 Hz), 2.79 (s,
3H).

3b: (60 mg, 50%); 'H NMR (CDsCN): 6 (ppm): 7.40 (d, 2H, =5.2 Hz), 7.37 (d, 1H, ] =4.9 Hz), 6.93
(d, 3H,]=1.9 Hz), 6.81 (d, 2H, | =8.7 Hz), 6.76 (d, 2H, ] = 8.9 Hz), 2.96 (s, 6H).

Compound 4a ((E)-4-(4-(dimethylamino)styryl)phenol) or 4b ((E)-4-(4-(dimethylamino)styryl)-
2-methoxyphenol). To a mixture of compound 2a or 2b (5.0 mmol), paraformaldehyde (50 mmol), and
sodium cyanoborohydride (24 mmol) was added in acetic acid (100 mL). The mixture was stirred at
room temperature overnight and then poured into 100 mL of water. Saturated sodium bicarbonate
was added to adjust the pH to 8-9. After standard workup with dichloromethane (3x50 mL), the
residue was purified by silica gel column chromatography using EtOAc/Hexane (1:10) to afford 4a or
4b as a white solid.

4a: (60 mg, 50%); 'H NMR (CDsCN): 6 (ppm): 7.40 (d, 2H, ] =5.2 Hz), 7.37 (d, 1H, ] =4.9 Hz), 6.93
(d, 3H,]=1.9 Hz), 6.81 (d, 2H, | =8.7 Hz), 6.76 (d, 2H, ] = 8.9 Hz), 2.96 (s, 6H).

4b: (50 mg, 46%); 'H NMR (Acetone-d6): 6 (ppm) 7.61 (s, 1H), 7.39 (d, 2H, ] =8.8 Hz), 7.18 (d, 1H,
J=2.0Hz), 7.01 - 6.94 (m, 2H), 6.90 (d, 1H, | =16.3 Hz), 6.79 (d, 1H, ] =8.1 Hz), 6.73 (d, 2H, | = 8.9 Hz),
3.89 (s, 3H), 2.96 (s, 6H).

4.2.1. Synthesis of Compounds L1-L12

L1, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-4-(4-(dimethylamino)styryl)-6-
methoxyphenol. Paraformaldehyde (5 mg, 0.1 mmol) was added to a solution of 1,4-dimethyl-1,4,7-
triazacyclononane (18 mg, 0.1 mmol) in MeCN (20 mL), and the resultant mixture was heated to
reflux for 30 min. A solution of compound 4a (27 mg, 0.1 mmol) in MeCN (10 mL) was added to the
reaction flask and the solution was refluxed for an additional 24 h. The solvent was removed, and the
resulting residue was purified by CombiFlash (reversed-phase) using MeCN/H20O/TFA (gradient
wash from 10:90:1 to 30:70:1) to yield a light-yellow solution. The solution was neutralized by
saturated NaHCO:s solution (30 mL) and extracted by dichloromethane (3x10 mL). The solvent was
removed to yield a yellow semi-solid (13 mg, yield 30%). 'H NMR (CDsCN): & (ppm): 7.39 (d, 2H, ] =
8.8 Hz), 7.05 (d, 1H, ] =2.0 Hz), 6.95 (d, 1H, ] = 16.4 Hz), 6.85 (d, 1H, ] = 16.4 Hz), 6.79 (d, 1H, ] = 2.0
Hz), 6.79 (d, 2H, ] =2.0 Hz), 3.86 (s, 3H), 3.83 (s, 2H), 2.95 (s, 6H), 2.91 — 2.80 (m, 4H), 2.67 — 2.60 (m,
4H), 2.55 (s, 4H), 2.36 (s, 6H).

L2, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-y)methyl)-6-methoxy-4-(4-(methylamino)styryl)phenol.
Paraformaldehyde (5 mg, 0.1 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(18 mg, 0.1 mmol) in MeCN (20 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 3b (25 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) using MeCN/H20/TFA (gradient wash from 10:90:1 to
30:70:1) to yield a light-yellow solution. The solution was neutralized by saturated NaHCOs solution
(30 mL) and extracted by dichloromethane (3x10 mL). The solvent was removed to yield a yellow
semi-solid (15 mg, yield 34%). '"H NMR (CDCls): 6 (ppm): 7.33 (d, 2H, ] =8.6 Hz), 6.95 (d, 1H, /=19
Hz), 6.86 (d, 1H, | =16.3 Hz), 6.78 (d, 1H, ] =16.3 Hz), 6.74 (d, 1H, ] = 1.9 Hz), 6.59 (d, 1H, ] = 8.6 Hz),
3.92 (s, 3H), 3.83 (s, 2H), 3.00 — 2.91 (m, 4H), 2.86 (s, 3H), 2.78 — 2.70 (m, 4H), 2.63 (s, 4H), 2.40 (s, 6H).
L3, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-4-(4-(methylamino)styryl)phenol.
Paraformaldehyde (5 mg, 0.1 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(18 mg, 0.1 mmol) in MeCN (20 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 3a (22 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.1955.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: Posted: 23 April 2025 d0i:10.20944/preprints202504.1955.v1

12 of 21

was purified by CombiFlash (reversed-phase) using MeCN/H20/TFA (gradient wash from 10:90:1 to
30:70:1) to yield a light-yellow solution. The solution was neutralized by saturated NaHCO:s solution
(30 mL) and extracted by dichloromethane (3x10 mL). The solvent was removed to yield a yellow
semi-solid (15 mg, 38%). "H NMR (CDsCN): 6 (ppm): 7.32 (d, 2H, ] =8.6 Hz), 7.28 (dd, 1H, | =8.3, 2.3
Hz), 721 (d, 1H, J=2.2 Hz), 6.91 (d, 1H, ] = 16.4 Hz), 6.83 (d, 1H, ] = 16.4 Hz), 6.76 (d, 1H, | = 8.3 Hz),
6.59 (d, 2H, ] = 8.6 Hz), 4.51 (s, 1H), 3.86 (s, 2H), 2.93 - 2.83 (m, 4H), 2.78 (d, ] = 3.1 Hz, 3H), 2.69 - 2.61
(m, 4H), 2.58 (s, 4H), 2.38 (s, 6H).

L4, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-4-(4-(dimethylamino)styryl)phenol.
Paraformaldehyde (5 mg, 0.1 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(18 mg, 0.1 mmol) in MeCN (20 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 4a (24 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) using MeCN/H20/TFA (gradient wash from 10:90:1 to
30:70:1) to yield a light-yellow solution. The solution was neutralized by saturated NaHCO:s solution
(30 mL) and extracted by dichloromethane (3x10 mL). The solvent was removed to yield a yellow
semi-solid (13 mg, yield 32%). 'H NMR (CDsCN): 0 (ppm): 7.38 (d, 2H, ] =8.7 Hz), 7.28 (dd, 1H, | =
8.3,22 Hz), 7.18 (d, ] =2.2 Hz, 1H), 6.92 (d, 1H, ] = 16.4 Hz), 6.86 (d, 1H, ] =16.4 Hz), 6.74 (d, 1H, | =
8.8 Hz), 6.71 (d, 1H, ] = 8.1 Hz), 3.83 (s, 2H), 2.95 (s, 6H), 2.88 — 2.82 (m, 4H), 2.66 — 2.58 (m, 4H), 2.53
(s, 4H), 2.35 (s, 6H).

L5, (E)-4-(4-(diethylamino)styryl)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-6-methoxyphenol.
A mixture of 4-vinylphenol (200 mg, 1.7 mmol), 4-bromo-N,N-diethylaniline (388 mg, 1.7 mmol),
triethanolamine (10 mL) and Pd(OAc)2(23 mg, 0.1 mmol) was stirred under nitrogen at 100 °C for 24
h. The reaction was cooled to room temperature and quenched with water (5 mL). The resulting
solution was extracted by ethyl acetate (3x20 mL). The solvent was removed and purified by silica
gel column chromatography (ethyl acetate: hexane = 1:4) to obtain a crude product 5b. Then,
paraformaldehyde (6 mg, 0.2 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(15 mg, 0.1 mmol) in MeCN (10 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 5b (27 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) using MeCN/H2O/TFA (gradient wash from 10:90:1 to
30:70:1). The solution was neutralized by saturated NaHCOs solution (30 mL), extracted by
dichloromethane, and dried to give a yellow semi-solid (15 mg, yield 34%). 'H NMR (CDCls): 6 (ppm):
7.34 (d, 2H, ] =8.8 Hz), 7.27 (dd, 1H, ] =7.9 Hz), 7.11 (d, 1H, | =2.2 Hz), 6.93 - 6.73 (m, 3H), 6.65 (d,
2H, ] =8.9 Hz), 3.83 (s, 2H), 3.37 (q, 4H, ] = 7.1 Hz), 3.04 - 2.82 (m, 4H), 2.58 (s, 4H), 2.41 (s, 6H), 1.17
(t, ]=7.0 Hz, 6H). MS(ESI): Expected m/z 467.3386, found 467.3372 [M + H].

L6, (E)-4-(4-(diethylamino)styryl)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)phenol. A mixture
of 2-methoxy-4-vinylphenol (200 mg, 1.3 mmol), 4-bromo-N,N-diethylaniline (297 mg, 1.3 mmol),
triethanolamine (10 mL) and Pd(OAc)2(23 mg, 0.1 mmol) was stirred under nitrogen at 100 °C for 24
h. The reaction was cooled to room temperature and quenched with water (5 mL). The resulting
solution was extracted by ethyl acetate (3x20 mL). The solvent was removed, and the product purified
by silica gel column chromatography (ethyl acetate: hexane = 1:4) to get crude material 5a. Then,
paraformaldehyde (6 mg, 0.2 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(15 mg, 0.1 mmol) in MeCN (10 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 5a (20 mg, 0.05 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) by using MeCN/H20/TFA (gradient wash from 10:90:1
to 30:70:1). The solution was neutralized by saturated NaHCO:s solution (30 mL), extracted by
dichloromethane (3x10 mL) and dried to give a yellow semi-solid (12 mg, yield 26%). 'H NMR
(CDCls): 6 (ppm): 7.34 (d, 2H, ] =8.7 Hz), 6.95 (d, 1H, ] = 1.8 Hz), 6.86 (d, 1H, ] = 16.2 Hz), 6.81 — 6.72
(m, 2H), 6.65 (d, 2H, | = 8.8 Hz), 3.92 (s, 3H), 3.83 (s, 2H), 3.37 (q, 4H, ] = 7.1 Hz), 2.99 — 2.86 (m, 4H),
2.80 - 2.70 (m, 4H), 2.63 (s, 4H), 2.40 (s, 6H), 1.17 (t, ] = 7.0 Hz, 6H).
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L7, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-6-methoxy-4-(4-(piperidin-1-
yDstyrylphenol. A mixture of 2-methoxy-4-vinylphenol (200 mg, 1.3 mmol), 1-(4-
bromophenyl)piperidine (312 mg, 1.3 mmol), triethanolamine (10 mL) and Pd(OAc)2 (23 mg, 0.1
mmol) was stirred under nitrogen at 100 °C for 24 h. The reaction was cooled to room temperature
and quenched with water (5 mL). The resulting solution was extracted by ethyl acetate (3x20 mL).
The solvent was removed, and the product purified by silica gel column chromatography (ethyl
acetate: hexane = 1:4) to get crude material 7a. Then, paraformaldehyde (6 mg, 0.2 mmol) was added
to a solution of 1,4-dimethyl-1,4,7-triazacyclononane (15 mg, 0.1 mmol) in MeCN (10 mL), and the
resultant mixture was heated to reflux for 30 min. A solution of compound 7a (20 mg, 0.05 mmol) in
MeCN (10 mL) was added to the reaction flask, and the solution was refluxed for an additional 24 h.
The solvent was removed, and the resulting residue was purified by CombiFlash (reversed-phase)
by using MeCN/H:20/TFA (gradient wash from 10:90:1 to 30:70:1). The solution was neutralized by
saturated NaHCOs solution (30 mL), extracted by dichloromethane (3x10 mL) and dried to give a
yellow semi-solid (12 mg, yield 26%). '"H NMR (CDCls): 6 (ppm): 7.36 (d, 2H, | =8.7 Hz), 6.95 (d, 1H,
J=1.9 Hz), 6.89 (d, 2H, | = 8.8 Hz), 6.84 (s, 2H), 6.74 (d, 1H, ] = 1.9 Hz), 3.92 (s, 3H), 3.83 (s, 2H), 3.22 -
3.14 (m, 4H), 2.99 — 2.88 (m, 4H), 2.77 - 2.68 (m, 4H), 2.62 (s, 4H), 2.40 (s, 6H), 1.69 (m, 4H), 1.64 - 1.51
(m, 2H). MS(ESI): Expected m/z 479.3386, found 479.3375 [M + H].

L8, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-4-(4-(piperidin-1-yl)styryl)phenol. A mixture
of 4-vinylphenol (200 mg, 1.7 mmol), 1-(4-bromophenyl)piperidine (408 mg, 1.7 mmol),
triethanolamine (10 mL) and Pd(OAc)2(23 mg, 0.1 mmol) was stirred under nitrogen at 100 °C for 24
h. The reaction was cooled to room temperature and quenched with water (5 mL). The resulting
solution was extracted by ethyl acetate (3x20 mL). The solvent was removed and purified by silica
gel column chromatography (ethyl acetate: hexane = 1:4) to obtain a crude product 7b. Then,
paraformaldehyde (6 mg, 0.2 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(15 mg, 0.1 mmol) in MeCN (10 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 7b (27 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) using MeCN/H20/TFA (gradient wash from 10:90:1 to
30:70:1). The solution was neutralized by saturated NaHCOs solution (30 mL), extracted by
dichloromethane, and dried to give a yellow semi-solid (15 mg, yield 34%). 'H NMR (CDCls): 6 (ppm):
7.36 (d, 2H, ] =8.8 Hz), 7.29 (dd, 1H, ] = 8.4, 2.2 Hz), 7.11 (d, 1H, ] = 2.2 Hz), 6.95 - 6.78 (m, 5H), 3.83
(s, 2H), 3.26 — 3.14 (m, 4H), 2.98 — 2.84 (m, 4H), 2.72 - 2.62 (m, 4H), 2.56 (s, 4H), 2.39 (s, 6H), 1.71 (m,
4H), 1.65 - 1.51 (m, 2H). MS(ESI): Expected m/z 449.3280, found 449.3262 [M + H].

L9, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-y)methyl)-6-methoxy-4-(4-morpholinostyryl)phenol. A
mixture of 2-methoxy-4-vinylphenol (200 mg, 1.3 mmol), 4-(4-bromophenyl)morpholine (315 mg, 1.3
mmol), triethanolamine (10 mL) and Pd(OAc):2 (23 mg, 0.1 mmol) was stirred under nitrogen at 100
°C for 24 h. The reaction was cooled to room temperature and quenched with water (5 mL). The
resulting solution was extracted by ethyl acetate (3x20 mL). The solvent was removed, and the
product purified by silica gel column chromatography (ethyl acetate: hexane = 1:4) to get crude
material 7c. Then, paraformaldehyde (6 mg, 0.2 mmol) was added to a solution of 1,4-dimethyl-1,4,7-
triazacyclononane (15 mg, 0.1 mmol) in MeCN (10 mL), and the resultant mixture was heated to
reflux for 30 min. A solution of compound 7c (20 mg, 0.05 mmol) in MeCN (10 mL) was added to the
reaction flask, and the solution was refluxed for an additional 24 h. The solvent was removed, and
the resulting residue was purified by CombiFlash (reversed-phase) by using MeCN/H:20/TFA
(gradient wash from 10:90:1 to 30:70:1). The solution was neutralized by saturated NaHCQO:s solution
(30 mL), extracted by dichloromethane (3x10 mL) and dried to give a yellow semi-solid (12 mg, yield
26%). 'H NMR (500 MHz, CDCI3) 6 7.33 (d, ] = 8.7 Hz, 2H), 6.90 (s, 1H), 6.82 (d, ] = 8.7 Hz, 2H), 6.80
(s, 2H), 6.72 (s, 1H), 3.86 (s, 3H), 3.79 (m, 8H), 3.15 - 3.09 (m, 4H), 2.86 (m, 4H), 2.76 (m, 4H), 2.40 (s,
6H). MS(ESI): Expected m/z 481.3179, found 481.3162 [M + H].

L10, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-4-(4-morpholinostyryl)phenol. A mixture of
4-vinylphenol (200 mg, 1.7 mmol), 4-(4-bromophenyl)morpholine (411 mg, 1.7 mmol),
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triethanolamine (10 mL) and Pd(OAc)2(23 mg, 0.1 mmol) was stirred under nitrogen at 100 °C for 24
h. The reaction was cooled to room temperature and quenched with water (5 mL). The resulting
solution was extracted by ethyl acetate (3x20 mL). The solvent was removed and purified by silica
gel column chromatography (ethyl acetate: hexane = 1:4) to obtain a crude product 7d. Then,
paraformaldehyde (6 mg, 0.2 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(15 mg, 0.1 mmol) in MeCN (10 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 7d (27 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) using MeCN/H2O/TFA (gradient wash from 10:90:1 to
30:70:1). The solution was neutralized by saturated NaHCOs solution (30 mL), extracted by
dichloromethane, and dried to give a yellow semi-solid (15 mg, yield 34%). 'H NMR (CDsCN): 6
(ppm): 7.42 (d, ] =8.8 Hz, 2H), 7.31 (dd, ] = 8.3, 2.3 Hz, 1H), 7.23 (d, ] =2.2 Hz, 1H), 6.93 (d, ] = 7.6 Hz,
4H), 6.75 (d, ] = 8.3 Hz, 1H), 3.86 (s, 2H), 3.83 - 3.73 (m, 4H), 3.19 — 3.09 (m, 4H), 2.89 — 2.84 (m, 4H),
2.68 —2.61 (m, 4H), 2.57 (s, 4H), 2.37 (s, 6H). MS(ESI): Expected m/z 450.3073, found 451.3059 [M + H].
L11, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-y)methyl)-6-methoxy-4-(4-(4-methylpiperazin-1-
yDstyryphenol. A mixture of 2-methoxy-4-vinylphenol (200 mg, 1.3 mmol), 1-(4-
bromophenyl)methylpiperazine (332 mg, 1.3 mmol), triethanolamine (10 mL) and Pd(OAc)2(23 mg,
0.1 mmol) was stirred under nitrogen at 100 °C for 24 h. The reaction was cooled to room temperature
and quenched with water (5 mL). The resulting solution was extracted by ethyl acetate (3x20 mL).
The solvent was removed, and the product purified by silica gel column chromatography (ethyl
acetate: hexane = 1:4) to get crude material 7e. Then, paraformaldehyde (6 mg, 0.2 mmol) was added
to a solution of 1,4-dimethyl-1,4,7-triazacyclononane (15 mg, 0.1 mmol) in MeCN (10 mL), and the
resultant mixture was heated to reflux for 30 min. A solution of compound 7e (20 mg, 0.05 mmol) in
MeCN (10 mL) was added to the reaction flask, and the solution was refluxed for an additional 24 h.
The solvent was removed, and the resulting residue was purified by CombiFlash (reversed-phase)
by using MeCN/H20/TFA (gradient wash from 10:90:1 to 30:70:1). The solution was neutralized by
saturated NaHCOs solution (30 mL), extracted by dichloromethane (3x10 mL) and dried to give a
yellow semi-solid (12 mg, yield 26%). 'H NMR (CDCls): 6 (ppm) 7.41 (d, 2H, ] =8.7 Hz), 6.98 (d, 1H, ]
=19 Hz), 6.93 (d, 2H, ] =10.9 Hz), 6.88 (s, 2H), 6.78 (d, 1H, ] = 1.9 Hz), 3.95 (s, 3H), 3.86 (s, 2H), 3.29 -
3.24 (m, 4H), 3.02 - 2.92 (m, 4H), 2.81 - 2.73 (m, 4H), 2.68 (s, 4H), 2.63 — 2.58 (m, 4H), 2.44 (s, 6H), 2.38
(s, 3H). MS(ESI): Expected m/z 494.3495, found 494.3481 [M + H].

L12, (E)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)methyl)-4-(4-(4-methylpiperazin-1-yl)styryl)phenol.
A mixture of 4-vinylphenol (200 mg, 1.7 mmol), 1-(4-bromophenyl)methylpiperazine (433 mg, 1.7
mmol), triethanolamine (10 mL) and Pd(OAc)2 (23 mg, 0.1 mmol) was stirred under nitrogen at 100
°C for 24 h. The reaction was cooled to room temperature and quenched with water (5 mL). The
resulting solution was extracted by ethyl acetate (3x20 mL). The solvent was removed and purified
by silica gel column chromatography (ethyl acetate: hexane = 1:4) to obtain a crude product 7f. Then,
paraformaldehyde (6 mg, 0.2 mmol) was added to a solution of 1,4-dimethyl-1,4,7-triazacyclononane
(15 mg, 0.1 mmol) in MeCN (10 mL), and the resultant mixture was heated to reflux for 30 min. A
solution of compound 7f (27 mg, 0.1 mmol) in MeCN (10 mL) was added to the reaction flask, and
the solution was refluxed for an additional 24 h. The solvent was removed, and the resulting residue
was purified by CombiFlash (reversed-phase) using MeCN/H20/TFA (gradient wash from 10:90:1 to
30:70:1). The solution was neutralized by saturated NaHCOs solution (30 mL), extracted by
dichloromethane, and dried to give a yellow semi-solid (15 mg, yield 34%). 'H NMR (500 MHz,
CDCI3) 7.30 (d, 2H, J=8.9 Hz), 7.11 (s, 1H), 6.82 (d, 2H, ] = 8.5 Hz), 6.79 (s, 4H), 3.76 (s, 2H), 3.17 (m,
4H), 2.83 - 2.80 (m, 4H), 2.70-2.73 (m, 4H), 2.63 - 2.59 (m, 4H), 2.54 - 2.47 (m, 4H), 2.35 (s, 6H), 2.28 (s,
3H). MS(ESI): Expected m/z 464.3389, found 464.3368 [M + H].

4.3. Amyloid B Peptide Experiments

4.3.1. Fluorescence Turn-on and Cell Studies
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AP« powder was prepared by dissolving commercial A+ peptide (AnaSpec or GL Biochem) in
ammonium hydroxide solution (1%, v/v). The solution was then aliquoted out and lyophilized
overnight. The resulting aliquoted powder was stored at —80 °C. Af3:2 monomers were generated by
dissolving A4 powder in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 1 mM) and incubating for 1 h at
room temperature. The solution was then evaporated overnight and dried by vacuum centrifuge to
result in monomeric films. AP fibrils were generated by dissolving the monomeric ABs films in
DMSO, diluting into the appropriate buffer, and incubating for 24 h at 37 °C with continuous
agitation (final DMSO concentration was < 2%). For preparation of A3« oligomers, the peptides were
suspended in PBS buffer and incubated overnight at 4 °C. (The ThT negative control, since ThT does
not bind to soluble aggregates [51], and UV-Vis confirming that sAB, but not fibrillar AP« was
formed is shown in the SI). Amyloid beta procedures were validated in previous publications [23,30].

4.3.2. Inhibition Assay

For monitoring the inhibition of AP fibrils, a peptide solution of 25 pM Afs«w monomers
(AnaSpec) was prepared and incubated at 37 °C with shaking for 48 hours (final DMSO concentration
was < 2%), in the presence of 5 uM ThT and 5 uM of compound. The ThT fluorescent signal was
monitored at 485 nm upon 435 nm excitation. This procedure has been established in a previous
publication [52].

4.4. Fluorescence Spectra Measurements

All fluorescence measurements were performed by using a SpectraMax M2e plate reader
(Molecular Devices). The fluorescence spectra of the compounds’ solution (100 puL PBS, 5.0 uM) were
recorded with excitation at 380 nm and emission wavelength from 400 to 680 nm. To PBS solutions
(100 pL) of compound (5.0 pM), various A4z species were added to the solution, final concentrations
of 5.0 uM, 25.0 uM, and their fluorescence spectra (Amax of emission) were determined as described
as above.

4.5. Alamar Blue Assay

Mouse neuroblastoma Neuro2A (N2A) cell lines were purchased from the American Type
Culture Collection (ATCC). Cells were grown in DMEM/10% FBS, which is the regular growth media
for N2A cells, in a humidified atmosphere with 5% CO2 at 37 °C. N2A cells were seeded in a clear 96-
well plate (2.5 x 104/well) with DMEM/10% FBS. The media was changed to DMEM/N-2 media 24 h
later. After 1 h, the treatment reagents were added. Owing to the poor solubility of compounds in the
media, the final amount of DMSO used was 1% (v/v). After an additional incubation of 40 h, the
Alamar Blue solution was added in each well and the cells were incubated for 90 min at 37 °C.
Fluorescence intensity was measured at 590 nm (excitation wavelength = 560 nm).
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4.5.1. Cytotoxicity Studies

Alamar Blue assay followed as described with the following treatment reagents: 20 uM
compounds, 10 uM compounds, 5 uM compounds, and 2 pM compounds.

4.5.2. N2a Cell Rescue Studies

Alamar Blue assay followed as described with the following treatment reagents: 20 uM A
species, 5 UM compounds, and 20 uM CuCl..

4.6. Molecular Docking

Molecular docking studies were performed with the Schrodinger Suite software. Protein
structure AP« tetramers (PDB ID: 6RHY) and the A« fibrils (PDB ID: 50QV) were imported from
the RCSB database and optimized by minimal minimization with the OPLS3 force field using the
Protein Preparation Wizard program. The LS stilbene derivatives were prepared using Ligprep, and
the pH was set as 7.0 + 2.0 using Epik. The resulting different protonation states of the compounds
were obtained and used for docking studies. The grid size was set to include the whole optimized
protein structure in each direction. The final molecular docking was performed using Glide. The
calculated poses were ranked by both the docking score and Glide e-model energy, and the structures
with the best docking scores and Glide e-model energies were rendered in PyMol.

4.7. Histological Staining of 5xFAD Mice Brain Sections

To evaluate the AP binding specificity of the compounds in vitro, brain sections from 11-month-
old 5xFAD mice were washed with PBS (3 x 5 min) and blocked with bovine serum albumin (2% BSA
in PBS, pH 7.4, 10 min). Then the sections were incubated with 25 uM of multifunctional compounds
and sequentially stained with HJ3.4 antibody (Professor David Holtzman, 1 pg/mL) 30 minutes
respectively. The brain sections were treated with 2%BSA-PBS again for 4 min to remove any
compounds or antibodies that were non-specifically binding to the tissue. Finally, the sections were
washed with PBS (3 x 2 min), DI water (2 min) and mounted with non-fluorescent mounting media
(Vectashield). Colocalization analysis and determination of the Pearson’s correlation coefficient was
performed with the imaging software Fiji (Image] 1.52p). Mouse brains were harvested in compliance
with the Institutional Animal Care and Use Committee of the University of Illinois at Urbana-
Champaign (IACUC protocol #22094).

4.8. Log D Measurement

The determination of log D values for N-alkylamino multifunctional compounds was performed
using a slightly modified reported procedure [53]. The compounds (final concentration 10 pM) were
added to the premix suspension containing 0.5 mL octanol and 0.5 mL octanol-saturated PBS buffer
(pH=7.4). The resulting mixture was stirred vigorously for 5 minutes and centrifuged at 2000 rpm for
5 minutes. The octanol layer was separated from PBS layer, and the fluorescence spectrum was
recorded. The rest 0.5 mL PBS layer was partitioned with 0.5 mL PBS-saturated octanol, and the
octanol layer was separated after 5 minutes vigorously shaking and centrifuging. The fluorescence
spectrum of the octanol layer was recorded. The log D value was calculated by the fluorescence
intensity ratio for the two octanol layers. Each experiment was completed in triplicate and the error
represents standard deviation for the average log D values.

5. Conclusions

A oligomer-targeting dyes are highly sought after for both fundamental and translational
research applications. The series of compounds described herein can serve as chemical tools, such as
aggregation inhibitors or amyloid handles, for the development of better and more sAp-selective
compounds. By understanding the electronic contributions of EDGs and EAGs on a stilbene 7t system,
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and the effect of these groups in cellular toxicity and their participation in amyloid binding, we have
established that these compounds can be effective in the appropriate amyloid-based assay.

O-methoxy-containing compounds generally have decreased amyloid specificity, have
decreased toxicity, rescue Cu-induced A4 toxicity, and exhibit lower overall fluorescence compared
to the non-methoxy analogues. Based on the docking studies, the different binding modes of these
compounds to A fibril and oligomer models suggest that the slight electronic contributions of
EDG/EAG to TICT can be inferred from the fluorescence assays as the fluorescent turn-on between
Ap fibrils and soluble aggregates were similar. Hence, the fluorescence intensities and turn-on show
that TICT fluorescence depends on the EDG-EAG pair rather than the individual strength of electron
donation and/or acceptance of each group. Another insight from molecular docking was that, for sA3
turn-on preference amphiphilicity is likely not solely responsible as previously suggested [23]. The
length and planarity of the hydrophobic stilbene ligand may also be important. Despite several of
these compounds having incompatible toxicity profiles for in cellula studies, compounds, such as L4
and L8, showed promise by halting aggregation before the development of insoluble fibrils and
having promising toxicity profiles for being used as leads for further development as molecular tools.

Current AP dyes have high affinity but suffer low selectivity for specific amyloid species: soluble
and insoluble. Small molecule inhibitors with both high affinity and selectivity to certain AP species
would be immensely useful for both fundamental and translational research applications. The
compounds reported herein are inhibitors of amyloid aggregation and can be used to modulate the
formation of aggregates in vitro. L2 would be the best inhibitor for Af3 aggregation, based on its
ample inhibition and fluorescence properties. Overall, we present these compounds as chemical tools
for use in assays for the development of necessary Af3 oligomer-targeting dyes.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org and contains fluorescence spectra, molecular docking results, inhibition assay
data, HPLC Chromatograms, absorbance spectra, soluble amyloid beta control data, and logD measurements
are also included [54,55].
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The following abbreviations are used in this manuscript:

AD Alzheimer’s disease

Ap Amyloid beta

CR Congo Red

EAG Electron accepting group
EDG Electron donating group
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NMR Nuclear magnetic resonance

sAB Soluble amyloid beta

tacn 1,4,7-triazacyclononane

ThT Thioflavin T

TICT Twisted Intramolecular Charge Transfer
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