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Abstract

Natural light-harvesting complexes (LHCs) absorb a broad spectrum of sunlight using a
collection of photosynthetic pigments whose spatial arrangement is controlled by a protein
matrix and exhibit efficient energy transfer. We constructed a novel light-harvesting protein
mimic, which absorbs light in the UV to visible region (280—700 nm) by displaying flavone
and porphyrin on a peptoid helix. First, an efficient synthesis of 4'-derivatized 7-
methoxyflavone (7-MF, 3 and 4) was developed. The flavone-porphyrin-peptoid conjugate
(FPPC) was then prepared via Miyaura borylation on a resin-bound peptoid followed by Suzuki
coupling between the peptoid and pigment. Circular dichroism spectroscopy indicated that the
FPPC underwent helix-to-loop conversion of the peptoid scaffold upon changing the solvent
conditions. A distinct intramolecular energy transfer was observed from 7-MF to porphyrin
with greater efficiency in the helix than that in the loop conformation of the peptoid, while no
clear evidence of energy transfer was obtained for unstructured FPPC. We thus demonstrate
the value of the helical peptoid, which provided a controlled orientation for 7-MF and
porphyrin and modulated the energy transfer efficiency via conformational switching. Our
work provides a way to construct a sophisticated LHC mimic with enhanced coverage of the

solar spectrum and controllable energy transfer efficiency.
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Introduction

Light harvesting is the first step in natural photosynthesis. Photosynthetic antenna proteins,
often called light-harvesting complexes (LHCs), absorb incoming photons and transfer light
energy to reaction centers, which generate excited electrons and oxidize water molecules.
LHCs are composed of a spatial arrangement of photosynthetic pigments such as chlorophylls,
carotenoids, and flavonoids, which absorb blue/red, green, and ultraviolet light, respectively,
covering most of the sunlight available.! Inspired by natural photosynthetic proteins, artificial
LHCs have been constructed on various scaffolds (e.g., peptides and DNA) displaying
porphyrins and carotenoids.”” However, the flavonoids have been rarely utilized for this
purpose.

Flavonoids perform multiple roles in plants.® As the origin of their name suggests (from the
Latin word flavus, which means yellow), flavonoids are pigments found in flowers and fruits,’
but more importantly they are phytoprotective substances against ultraviolet light (i.e., UV-B,
280-315 nm) or oxidative damage.®' The function of flavonoids further encompasses
detoxification,!! signaling,!? and antimicrobial activity.!?

Flavones have diverse molecular structures and properties. The basic skeleton of the flavones
consists of three parts: Two phenyl rings (ring A and B) and one 4-pyrone ring (ring C)
(compound 4, Scheme 1).'* The photophysical and chemical properties of the flavones can be
readily modulated by hydroxylation or methoxylation.!>~!7 Specifically, their light absorption
spectrum shifts toward the red light region when the number of oxygen substituents is
increased.!” Self-association of these flavonoids modulates their optical and electronic
characteristics as well: a phenomenon known as copigmentation occurs via non-covalent
interactions such as m—m stacking, hydrophobic interaction, or hydrogen bonding.!?

Alternatively, the properties of the flavonoids can be altered upon conjugation with other
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molecules. For example, conjugates with phthalocyanine,!® fullerene,?® and paclitaxel?! have

been reported, which lead to distinct spectroscopic, antioxidant, and cytotoxic properties,

respectively.
o) o o o
 —  ——
HO OH MeO OMe MeO OMe Br
resacetophenone 1 2

Scheme 1. Synthesis of 7-methoxyflavone derivatives 3 and 4. Reaction conditions: (i) Mel,
K,COs3, 94%; (i1)) NaHMDS, methyl 4-bromobenzoate, 63%; (iii) 48% HBr (aq), Nal, AcOH,

55%; (iv) Bypiny, PACl,(dppf), KOAc, 50%.

Attempts to conjugate flavonoids with porphyrin, a synthetic analog of the photosynthetic
pigment chlorophyll, have been reported.?>->3 Cavaleiro and coworkers synthesized flavone-
porphyrin dyads employing either 1,3-dipolar cycloaddition?> or Buchwald-Hartwig
amination®® reactions. Considering their use in photodynamic therapy applications, the
photophysical properties of the flavone-porphyrin dyads were evaluated, and the coupling of
the flavone to porphyrin led to either increased or decreased quantum yields depending on the
position of the flavone linkage or the presence of a porphyrin core metal. During an energy
transfer study, Song and coworkers conjugated coumarin to porphyrin and demonstrated that
the spectral overlap between the emission of coumarin and the absorption of porphyrin directly
affects the intramolecular energy transfer efficiency in the complex.?* More recently, Gust and
coworkers constructed a hexad from four coumarins and two zinc porphyrins, in which zinc
metal was used as a coordination site to connect an electron-accepting fullerene molecule.?

The artificial coumarin—porphyrin—fullerene system displayed energy transfer between the
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coumarin and porphyrin moieties, followed by photoinduced electron transfer from the
pigments to fullerene, mimicking the natural photosynthetic reaction center. Coumarin can be
considered as a simplified form of the flavonoids, where the peripheral phenyl ring of the
flavone (ring B) is removed. Unlike coumarin, natural flavonoids (e.g., 7-methoxyflavone)
have been rarely reported for the construction of artificial light-harvesting systems due to the
lack of established conjugation methods involving the pigment component.

In this study, peptoids (or N-substituted glycine oligomers) were used as a scaffold to display
flavone and porphyrin in a face-to-face arrangement. Upon the incorporation of chiral aromatic
side chains, the peptoid folds into a stable poly-proline type I (PPI) like helix, which has a pitch
length of ~6.0 A and periodicity of three residues per turn.2® Structural investigations have
elucidated several parameters (e.g., chain length or monomer composition) that affect the
helical conformation.?’-3> Peptoids have also been shown to form other types of secondary
structure, such as a peptoid ribbon structure,* and most notably, a threaded-loop conformation
reported for peptoid nonamers in aprotic solvents.3*

In previous work, we have exploited the unique structural properties of peptoids to construct
porphyrin-peptoid conjugates (PPCs) displaying two or three porphyrins on the peptoid
helix.33-38 Initially, two tetraphenylporphyrins (TPPs) were displayed at different positions on
the peptoid helix using a diaminobutane linkage between porphyrin and peptoid backbone,
which provided a precise control over the spatial arrangement of the two porphyrins.®> By
switching one TPP to Zn-TPP, the energy transfer efficiency from the donor (i.e., Zn-TPP) to
acceptor (i.e., free base TPP) was modulated with great precision by controlling the relative
inter-porphyrin distance and orientation.*® The conformational heterogeneity of the PPC was
minimized by replacing the flexible n-butyl linkage with a more rigid phenyl linker to anchor
the pigment to the peptoid backbone. Subsequently, enhanced control over the characteristic

porphyrin interactions via intermolecular J-aggregation or intramolecular excitonic coupling
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was achieved.’” Thereafter, the potential application of the PPC was demonstrated in host-guest
interactions and chiral recognition.>®

During our continued efforts to construct peptoid-based artificial light-harvesting protein
mimics using photosynthetic pigments, we noticed that the flavonoids have been less studied
when compared to the porphyrins despite their unique photophysical properties. As mentioned
above, flavone-porphyrin conjugates have been previously reported; however, flavone itself
without any —OH or —OMe substituents is weakly fluorescent and less efficient for light-
harvesting applications.? In the present study, we have developed an efficient synthetic route
to prepare 4'-derivatized 7-methoxyflavone (7-MF, 3 and 4, shown in Scheme 1) and
successfully conjugated the pigment onto a peptoid scaffold using Miyaura borylation on a
resin-bound peptoid followed by a Suzuki cross-coupling reaction. Unlike the parent
(unsubstituted) flavone, the emission region of 7-MF (400—450 nm) overlaps with the
maximum absorption wavelength of porphyrin (400—430 nm) making energy transfer between
the two pigments feasible. The structural and photophysical properties of the flavone-
porphyrin-peptoid conjugate (FPPC) were investigated using circular dichroism (CD), UV-vis,
and fluorescence spectroscopies. Our donor-acceptor dyad represents a unique energy transfer
system employing two important photosynthetic pigments, flavonoid and porphyrin, and
potentially provides a model system to better understand the photophysical events occurring in

natural photosynthesis.

Results and Discussion

Synthesis of the flavones
A Bpin-containing flavone derivative, 4'-(pinacolboryl)-7-methoxyflavone (4, 7-MF-Bpin),

was synthesized from resacetophenone over four steps (Scheme 1). The two phenolic hydroxyl
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groups of resacetophenone were initially protected as methyl ether upon reaction with Mel.*?
Then, the resulting methyl ketone (1) underwent a Claisen condensation with methyl 4-
bromobenzoate to produce 1,3-diketone 2, which contains an aryl bromide moiety.
Subsequently, the flavone backbone was constructed via demethylative cyclization upon
treatment with HBr (aq) and Nal in AcOH.*#! Gratifyingly, the unwanted demethylation of the
para-methoxy group did not take place. It is proposed that the ortho-methoxy group is
preferentially protonated via the assistance of the neighboring ketone moiety, thus resulting in
the selective mono-demethylation reaction. Finally, the Miyaura borylation of aryl bromide 3
with B,pin, afforded the desired product (4).#> The overall yields of 7-MF-Br (3) and 7-MF-

Bpin (4) were 33 and 16%, respectively.

Synthesis of the flavone-porphyrin-peptoid conjugate (FPPC)

Table 1. The sequences and structures of peptoids 5-8.

[A Yo Yo Yo, |

Npm Nspe  Npm(R?)

Compound Sequence
5 H-Nspe-Nspe-Nspe-Npm(TPP)-Nspe-Nspe-Npm(7-MF)-Nspe-Nspe-NH,
6 H-Nspe-Nspe-Nspe-Npm-Nspe-Nspe- Npm(7-MF)-Nspe-Nspe-NH,
7 H-Nspe-Nspe-Nspe-Npm-Nspe-Nspe-Npm(TPP)-Nspe-Nspe-NH,
8 H-Npm-Npm-Npm-Npm(TPP)-Npm-Npm- Npm(7-MF)-Npm-Npm-NH,

As shown in Table 1, peptoid nonamers 5—8 were designed to have a direct C-C linkage
between the peptoid and pigment. Peptoid 5 is composed of a chiral submonomer ((S)-(-)-1-
phenylethylamine, Nspe) except at the positions of pigment conjugation, and a right-handed
helical fold is expected.?® The pigments were incorporated at the 3rd and 6th positions from

the C-terminus, so the two pigments are at i and i+3 and spatially co-facial.>” Control peptoids
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6 and 7, which contain only 7-MF or TPP, respectively, were prepared. Peptoid 8, a non-helical
version of 5, was synthesized using an achiral monomer (benzylamine, Npm). The synthesis of
the conjugates was achieved by repeating two processes: peptoid chain elongation and pigment
conjugation (Scheme 2). For the synthesis of 5, the peptoid pentamer containing one para-
iodophenyl side chain was prepared via a solid-phase submonomer protocol (Scheme 2(a)).*3
Subsequently, the Miyaura borylation reaction of the aryl iodide on the resin-bound peptoid
gave the Bpin-functionalized peptoid (Scheme 2(b) and 2(c)).** In our hands, the reaction was
successfully carried out in DMF, but not in DMSO (data not shown). The overall conversion
was calculated to be 70% from the iodophenyl peptoid using analytical HPLC (Figure S1). 7-
MF-Br (3) was conjugated to the Bpin functionalized peptoid via a Suzuki-Miyaura cross-
coupling reaction using the previously optimized conditions.?” The peptoid was elongated to
the desired chain length, and a cross-coupling reaction between TPP-Bpin and the iodophenyl
side chain was carried out to yield the desired peptoid (5). Employing the same cross-coupling
conditions, peptoids 6 and 7 were prepared using 7-MF-Bpin (4) and TPP-Bpin, respectively.
All the conjugates were purified by preparative HPLC (>97%) and characterized using ESI-

HRMS (Figure S2-6).
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Scheme 2. (a) Peptoid submonomer synthesis. (b) Schematic representation of the general
synthetic strategy used to prepare the FPPC. (c) Synthesis of 5, 6, and 7. Reaction conditions:
(1) B,piny, PACl,(dppf), dppf, KOAc, DMF, 80 °C, 24 h. (i1))—(iv) Pigment, Pd(PPh;),, SPhos,
K,CO; (aq), DMF, H,0, microwave irradiation, 80 °C, 3 h (pigment: (ii) 3, (iii) 4, and (iv)

TPP-Bpin). (v) 50% TFA in CH,Cl, (v/v), tt, 30 min.
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Spectroscopic analysis of the peptoid conjugates

Peptoid oligomers composed of a-chiral side chains (e.g., Nspe) typically exhibit helical
secondary structures.?® However, nonameric peptoids can adopt two distinct conformations,
namely a helix or threaded-loop conformation, depending on the solvent used.3* In aprotic
solvents (e.g., MeCN), intramolecular hydrogen bonds formed between the N-terminal cationic
ammonium and backbone carbonyl groups promote the formation of a threaded-loop
conformation, while in protic media (e.g., MeCN/MeOH (1:1, v/v)), the peptoid converts back
to its helical conformation. The circular dichroism (CD) spectra recorded for peptoids 5—7 in
these two solvents demonstrate the conformational behavior of the peptoid nonamers (Figure
). In MeCN, the increased negative ellipticity at 202 nm indicates a greater population of
threaded-loop peptoids (Figure 1(a)), but in the presence of a protic solvent, the peptoids
mainly show a helical CD signature with an intense cis-amide conformer peak at 220 nm
(Figure 1(b)). The overall CD intensity observed for peptoids 5—7 confirms that the peptoid
backbone was well-folded after the pigment conjugation step.>’ As expected, peptoid 8 was

CD-silent in both solvents studied.
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Figure 1. Circular dichroism (CD) spectra obtained for peptoids 58 (50 uM, 20 °C) recorded

in (a) MeCN and (b) MeCN/MeOH (1:1, v/v).
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UV-vis spectroscopy was used to characterize the pigments displayed on the peptoid in the
range of 200—700 nm (Figure 2). Peptoids 6 and 7 show similar absorption spectra when
compared to 7-MF (Apax = 309 nm) or TPP (A = 413 nm) (Figure S7) except for the strong
peak observed at ~200 nm corresponding to the absorption of the aromatic side chains in the
peptoid. The helical FPPC (5) exhibits characteristic peaks from both 7-MF and TPP. The
absorption peaks observed for 5 are approximately the sum of the peaks of 6 and 7 without the
appearance of a new peak or any peak shift. This indicates that the coupling between the ground
state orbitals of 7-MF and TPP in 5 is negligible even when the two pigments are conjugated
together on the peptoid. 7-MF displayed on helical peptoids 5 and 6 clearly shows a
characteristic absorption at Ay, = 315 nm.!> However, this peak was diminished when 7-MF
was conjugated to non-helical peptoid 8. Considering the poor solubility of 8 in both of the
solvent systems studied, it was speculated that the non-specific aggregation of 8 affects the
weak and broadened peak at ~327 nm. In helical peptoids 5 and 7, the characteristic porphyrin
absorption peaks can also be clearly identified.>’ In both MeCN and MeCN/MeOH, a sharp
Soret band (A.x = 414 nm) and four distinctive Q-bands (480—700 nm) were observed. In our
previous study, a peptoid helix with a face-to-face display of two porphyrins showed dramatic
porphyrin J-aggregation.3337 However, in 5 and 7, neither the appearance of a red-shifted Soret
band or a change in the Q-band intensity was observed, indicating the absence of porphyrin J-
aggregation. Again, non-helical peptoid 8 showed diminished porphyrin Soret band and Q-
bands. By comparing the UV-vis spectra of 5 and 8, we confirmed that the helical structure of
the peptoid scaffold is important to keep the pigments soluble in the polar media and to
maintain the individual photophysical properties (e.g., extinction coefficient) of the conjugated

pigments.
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Figure 2. UV-vis absorption spectra obtained for peptoids 5-8 (50 uM, 20 °C) recorded in (a)
MeCN and (b) MeCN/MeOH (1:1, v/v). The insets show the Q-band absorption region (450—

700 nm).

Energy transfer in the FPPC

Fluorescence emission spectroscopy was used to investigate the energy transfer from 7-MF
to TPP. Figures 3(a) and (b) show the emission spectra of 5—8 recorded in MeCN and
MeCN/MeOH (1:1, v/v), respectively at the same concentration (5 pM). The excitation
wavelength was 310 nm at which 7-MF is dominantly excited. The 7-MF emission of 6 occurs
at 402 nm in MeCN and at 423 nm in MeCN/MeOH (1:1, v/v); the red-shift in the 7-MF
emission observed in the latter can be explained by the hydrogen bonding between 7-MF and
MeOH, which stabilizes the excited 7-MF species.*> As shown in Figure 2, TPP has a minor
absorption at 310 nm, resulting in the two emission bands of 7 observed between 630 nm and

750 nm in both of the solvent systems studied.
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Figure 3. Fluorescence emission spectra of peptoids 5—8 (5 uM) recorded under the specific
excitation wavelength of 7-MF (A =310 nm) in (a) MeCN and (b) MeCN /MeOH (1:1, v/v).
The insets show the magnified spectra around the 7-MF emission region. In (a), 5—8 are

magnified 80 times. In (b), 5, 7, and 8 are magnified 10 times.

Quantitative analysis of the emission spectra can provide useful information regarding the
energy transfer from 7-MF to TPP. For peptoids conjugated with a single pigment (6 and 7),
the emissive process occurs without energy transfer from 7-MF to TPP, whereas the emission
spectra of FPPC § includes the emissive process of the displayed pigments with energy transfer.
When peptoid scaffold is in the helical conformation (Figure 3(b)), the TPP emission in 5 is
strongly enhanced compared to that in 7 (shown by the gray arrow), while the 7-MF emission
in § is drastically diminished compared to that in 6. For the threaded-loop conformer (Figure
3(a)), similar trends of spectral change, but with much smaller magnitudes, were observed.
Based on the absolute areas of the emission bands, the extents to which the TPP emission was
enhanced and the 7-MF emission was decreased were compared (Table S1 and S2); the energy
transfer from 7-MF to TPP is clearly more efficient when the peptoid is in a helical

conformation. The energy transfer can be attributed to Forster resonance energy transfer
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(FRET) facilitated by the short distance between 7-MF and TPP, and the spectral overlap of
the donor emission and acceptor absorption (Figure S8).46 This explanation was also supported
by the valley observed at 414 nm in the 7-MF emission band of 5 (Figure 3, inset). This
wavelength corresponds to the Soret band of TPP shown in Figure 2. Under both solvent
conditions, unstructured FPPC 8 showed no clear evidence of energy transfer compared to that
shown by 5, demonstrating the importance of the spatially controlled orientation of the donor
and acceptor pigments. We also examined the effect of photoexcitation at 550 nm with which
only TPP can be excited and found no change in the emission bands observed for § and 7,
which indicates energy transfer does not occur in the reverse direction from TPP to 7-MF
(Figure S9).

Energy transfer in 5 is more efficient in MeCN/MeOH than in MeCN, which reflects the effect
of the peptoid backbone structure holding the donor and acceptor. In MeCN/MeOH, 7-MF and
TPP in § are arranged in a co-facial manner on the well-defined helical peptoid with an inter-
pigment distance of ~6 A.3¢ The increased population of threaded-loop conformers in MeCN
results in the separation between 7-MF and TPP becoming larger (~14 A).34 In addition, the
strongly enhanced 7-MF emission observed in MeCN/MeOH should be taken into account (6
in Figure 3(b)). To confirm the effect of MeOH on the unusual enhancement of the 7-MF
emission, we measured the fluorescence emission spectrum in a binary solvent system
consisting of MeCN/MeOH with an increasing MeOH content (Figure S10). When the MeOH
content was increased from 1 to 99%, the 7-MF emission peak area increased ~170-fold for 6
(Figure S11). However, this enhancement was much smaller for 7-MF alone (13-fold increment
in the peak area). The enhancement in the emission of 7-MF in 6 was attributed to the protic
solvent effect, which can restrict the degree of freedom of the molecular geometry of 7-MF;
the direct C-C bond between 7-MF and the peptoid aromatic side chain or hydrophobic

environment provided by helical peptoid backbone may play a role in this observation.4#
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However, further in-depth studies are warranted to explain this unexpected emission

enhancement.

Conclusion

In summary, we have developed a synthetic route for the preparation of a flavone-porphyrin-
peptoid conjugate (FPPC) as a novel artificial light-harvesting complex. An efficient synthesis
of 4'-derivatized 7-methoxyflavone (7-MF-Bpin or 7-MF-Br) and the subsequent conjugation
of 7-MF on a resin-bound peptoid using a Miyaura borylation followed by Suzuki cross-
coupling reaction have been accomplished. Our optimized methods broaden the scope of the
direct C-C bond forming conjugation reactions that can be applied to peptoids; any peptoid
containing an aryl halide side chain can be converted into a peptoid containing the Bpin
functionality, which can be used as a conjugation site to attach a variety of aryl halides (e.g.,
7-MF-Br).

The helical structure of the peptoid scaffold was important in (1) keeping the hydrophobic
pigments soluble in a polar medium and (2) maintaining the individual photophysical
properties of each conjugated pigment. The steady-state fluorescence spectra indicate that
characteristic intramolecular energy transfer occurs from the 7-MF donor to the porphyrin
acceptor, transferring the absorbed UV energy into a visible light emission. The energy transfer
efficiency was greater in the helix than that in the loop conformation of the peptoid. Our results
demonstrate that helical peptoids provide excellent scaffolds for directing the interactions
between the displayed pigments and can tailor their photophysical properties. Employing our
synthetic pathway, it is possible to design more elaborate pigment-peptoid conjugates as
efficient organic light-harvesting molecular machines with functional properties overcoming

the weaknesses of natural systems.
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Experimental Section

General information

Reactions were performed in oven-dried (140 °C) or flame-dried glassware under an
atmosphere of dry argon unless otherwise noted. Tetrahydrofuran (THF, Fisher, HPLC grade)
and 1,4-dioxane (Fisher, HPLC grade) were dried by percolation through a column packed
with neutral alumina and a column packed with Q5 reactant, a supported copper catalyst for
scavenging oxygen, under a positive pressure of argon. Acetone (Daejung) was distilled from
MgSO, under argon, and acetic acid (Daejung) was distilled without a drying agent under argon
prior to use. Solvents for recrystallization, work-up, and chromatography were hexanes
(Duksan, Extra Pure), CH,Cl, (Daejung, Extra Pure), Et;O (Daejung, Extra Pure), EtOAc
(Daejung, Extra Pure), and MeOH (Daejung, Extra Pure). Filtration and column
chromatography were performed using Merck silica gel (SiO,) 60 A (0.040-0.063 mm). For
reactions carried out above room temperature, oil bath was used as a heat source.

Mel (Alfa), K,CO; (Duksan), NaHMDS (Alfa), HBr (aq. 48% (w/w), Daejung), Nal
(Samchun), B,pin, (Alfa), PdCly(dppf) (BePharm), KOAc (Duksan), Fmoc-Rink Amide
MBHA resin (100200 mesh, 0.65 mmol/g, Merck Millipore), and NN*
diisopropylcarbodiimide (DIC, Advanced ChemTech) were used as received. For peptoid
synthesis and Suzuki coupling reactions, peptide synthesis grade N,N-dimethylformamide
(DMF; 99.8%) was used. The following reagents were recrystallized from the indicated
solvent: resacetophenone (Alfa, CH,Cl,/hexanes) and methyl 4-bromobenzoate (Alfa, MeOH).

"H NMR and BC{'H} NMR spectra were recorded on a Jeol ECS400 (400 MHz/'H, 100
MHz/B3C{'H}) spectrometer. '"H NMR and 3C {'H} NMR spectra were referenced to residual

chloroform (7.26 ppm, 'H, 77.23 ppm, BC{'H}). Chemical shifts are reported in ppm, and
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multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), bs (broad singlet),
and m (multiplet). Coupling constants, .J, are reported in Hertz. Analytical thin-layer
chromatography (TLC) was conducted on Merck silica gel 60 F,s5, TLC plates. Visualization
was accomplished with UV (254 nm), KMnOy, and p-anisaldehyde staining solution. High
resolution electrospray ionization mass spectrometry (ESI-HRMS) was performed on an
Agilent 6520 quadrupole-time-of-flight (Q-TOF) spectrometer. Data are reported in the form

of (m/z).

Synthetic procedure for 14

Compound 1.4%-3° 2' 4'-dimethoxyacetophenone; To a stirred mixture of resacetophenone (1.5
g, 10 mmol) and dry K,CO; (76 g, 550 mmol, 55 equiv) in acetone (15 mL) was added Mel
(15 mL, 240 mmol, 24 equiv) at room temperature under Ar, and the mixture was refluxed.
After 44 h, the reaction mixture was cooled to room temperature, diluted with CH,Cl,, and
filtered through a glass frit. The filter cake was rinsed with CH,Cl,. The filtrate was
concentrated under reduced pressure. The residue was diluted with EtOAc and washed with
water. The aqueous layer was extracted with EtOAc twice. The combined organic layers were
dried over MgSQ,, filtered through a glass frit, and concentrated under reduced pressure to
give brownish orange solid. The crude material was purified by column chromatography (SiO,,
¢: 4.5 cm, [: 13 cm, EtOAc:hexanes = 1:6, Ry= 0.3, UV 254 nm) to afford 1 in 94% yield as
off-white solid (1.7 g, 9.4 mmol). "H-NMR (400 MHz, CDCl;): 6 7.83 (d, /= 8.9, 1H), 6.52
(dd, J=8.7,2.3, 1H), 6.46 (d, J = 2.4, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 2.58 (s, 3H). 3C{'H}-

NMR (100 MHz, CDCl;): 6 198.0, 164.7, 161.3, 132.9, 121.4, 105.2, 98.5, 55.75, 55.66, 32.1.

Compound 2. 1-(4-bromophenyl)-3-(2,4-dimethoxyphenyl)-1,3-propanedione; To a stirred

solution of 1 (2.0 g, 11 mmol) and methyl 4-bromobenzoate (2.6 g, 12 mmol, 1.1 equiv) in
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THF (20 mL) was added a solution of NaHMDS (4.2 g, 23 mmol, 2.1 equiv) in THF (20 mL)
at room temperature under Ar, and the flask was rinsed with THF (20 mL) twice. After 19
hours, the reaction mixture was partially concentrated under reduced pressure, diluted with
Et,0, and acidified until pH = 3 with aq 1 N HCI. The organic layer was separated, and the
aqueous layer was extracted with Et,O twice. The combined organic layers were dried over
MgSOy,, filtered through a glass frit, and concentrated under reduced pressure to give orange
solid. The crude material was purified by column chromatography (SiO,, ¢: 3 cm, /: 14 cm,
CH,Cl,, R;= 0.6, UV 254 nm) and recrystallized from EtOAc/hexanes to afford 2 in 63% yield
as yellow fibers (2.5 g, 6.9 mmol). m. p.: 133.6-134.7 °C. 'TH-NMR (400 MHz, CDCl;): 6 17.06

(bs, 1H), 8.00-7.97 (m, 1H), 7.80-7.78 (m, 2H), 7.60-7.57 (m, 2H), 7.13 (s, 1H), 6.58 (dd, J =

8.7,2.3, 1H), 6.48 (d,J=2.3, 1H), 3.93 (s, 3H), 3.86 (s, 3H). 13C{'H}-NMR (100 MHz, CDCl,):

5 184.01, 183.96, 164.4, 160.7, 135.2, 132.4, 131.9, 128.7, 126.8, 117.5, 105.5, 98.8, 97.6,
55.9, 55.7. HRMS (ESI): m/z: caled for Ci7Hs°BrO4 [M + H]J", C;7H;3'BrO4 [M + H]":

363.0232,365.0212, found 363.0214, 365.0185.

Compound 3.41-3! 4'-bromo-7-methoxyflavone; To a stirred solution of 2 (2.2 g, 6.0 mmol) and
Nal (4.5 g, 30 mmol, 5.0 equiv) in AcOH (34 mL, 590 mmol, 99 equiv) was added 48% (w/w)
aq HBr (14 mL, 120 mmol, 20 equiv) at room temperature under Ar, and the mixture was
heated to 80 °C. After 17 h, the reaction mixture was cooled to room temperature and poured
to anhydrous K,COj; (100 g). The mixture was diluted with water and extracted with Et,O. The
aqueous layer was extracted with EtOAc three times. The combined organic layers were
washed with sat. aq NaHSOs, dried over MgSOy,, and filtered through a glass frit. The filter
cake was rinsed with CH,Cl, The filtrate was concentrated under reduced pressure to give pink
solid. The crude material was purified by column chromatography (SiO,, ¢: 3 cm, /: 12.5 cm,

loading: CH,Cl,, elution: EtOAc:hexanes = 2:5, Ry= 0.2, UV 254 nm) and recrystallized from
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EtOAc to afford 3 in 55% yield as pink crystals (1.1 g, 3.3 mmol). m. p.: 181.3-182.6 °C. 'H-
NMR (400 MHz, CDCl5): 8 8.08 (d, J = 8.9, 1H), 7.73 (m, 2H), 7.62 (m, 2H), 6.96 (dd, J =
8.9,2.4,1H),6.92 (d,J=2.4,1H),6.72 (s, 1H), 3.91 (s, 3H). 3C{'H}-NMR (100 MHz, CDCl;):
0 177.8, 164.5, 162.1, 158.0, 132.4, 130.8, 127.7, 127.2, 126.3, 117.8, 114.8, 107.7, 100.5,
56.1. HRMS (ESI): m/z: calcd for C¢H;,”°BrOs; [M + H]*, C6H;,3'BrO; [M + H]*: 330.9970,

332.9949, found 330.9960, 332.9937.

Compound 4.*> 4'-(pinacolboryl)-7-methoxyflavone; A stirred mixture of 3 (0.33 g, 1.0 mmol),
B,pin, (0.51 g, 2.0 mmol, 2.0 equiv), PdCl,(dppf) (37 mg, 0.051 mmol, 5 mol%), and KOAc
(0.39 g, 4.0 mmol, 4.0 equiv) in degassed 1,4-dioxane (4 mL) was heated to 85 °C under Ar.
After 44 hours, the reaction mixture was cooled to room temperature and concentrated under
reduced pressure. The residue was diluted with CH,Cl, and washed with sat. aq NaHCOs. The
aqueous layer was extracted CH,Cl, three times. The combined organic layers were dried over
MgSQO,, filtered through a glass frit, and concentrated under reduced pressure to give pale
brown solid. Because 4 is somewhat unstable on Si0,, the crude material was quickly filtered
through SiO, (¢: 4 cm, I: 7 cm, EtOAc, Ry = 0.9, UV 254 nm) and precipitated from
CH,Cly/hexanes to afford 4 in 50% yield as off-white powder (189 mg, 0.500 mmol). 'TH-NMR
(400 MHz, CDCl5): 6 8.12-8.10 (m, 1H), 7.94-7.87 (m, 4H), 6.99-6.96 (m, 2H), 6.82 (s, 1H),
3.92 (s, 3H), 1.36 (s, 12H). BC{'H}-NMR (100 MHz, CDCl;): 8 178.0, 164.5, 163.1, 158.2,
1354, 134.2, 132.6, 127.2, 125.4, 117.9, 114.9, 108.0, 100.5, 84.4, 56.1, 25.1. HRMS (ESI):

m/z: caled for Cy,H4BOs[M + H]": 379.1717, found 379.1723.

Synthetic procedure for peptoids 5-8
Peptoid synthesis protocol. Peptoids were synthesized by the microwave-assisted solid-phase

submonomer synthesis method.#* The reactions were run in a cartridge (Applied Separations,
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Allentown, PA, USA, 25 mL) assembled with a filter (Applied Separations, 20 micron) and
accelerated by a CEM MARS 230/60 microwave reaction system (CEM Corp., Matthews, NC,
USA) using a fiber optic temperature probe and magnetic stirrer under atmospheric pressure.
The resin (0.25 mmol, 0.48 g) was swelled in DMF for 20 min and was treated twice with 20%
(v/v) piperidine in DMF (5 min and 20 min, 10 mL each) for Fmoc deprotection.
Bromoacetylation was performed by the addition of bromoacetic acid (6.25 mmol, 1.2 M in
DMF, 5.21 mL) and DIC (5.63 mmol, 0.87 mL). The mixture was stirred in a microwave oven
(300 W max power, 35 °C, ramp 30 s) for 1 min and washed with CH,Cl, and DMF. Amine
displacement was carried out by the addition of (S)-(-)-a-methylbenzylamine (Nspe, 3.75
mmol, 1.0 M in NMP, 3.75 mL), benzylamine (Npm, 3.75 mmol, 1.0 M in NMP, 3.75 mL), or
4-iodobenzylamine (Npib, 3.75 mmol, 1.0 M in NMP, 3.75 mL) to the bromoacetylated
peptoids. The mixture was stirred in a microwave oven (300 W max power, 80 °C, ramp 2 min)
for 90 s and washed with CH,Cl, and DMF. Bromoacetylation and amine displacement were
repeated until the desired sequence was obtained. Peptoids were cleaved from the resin with
50:50 (v/v) TFA/ for 30 minutes at room temperature. The cleavage reaction solution was
filtered by solid-phase extraction (SPE) cartridges with 20 p PE frit (Applied Separations,
Allentown, PA, USA), and the volatiles were removed by a stream of nitrogen. The crude
peptoid was dissolved in MeCN and analyzed by ESI-MS and analytical HPLC as described

below.

Synthesis of resin-bound peptoid-boronic acid pinacol ester. The resin-bound iodophenyl-
containing peptoids (0.125 mmol) were suspended in CH,Cl, for 20 min, and the solvent was
drained. Miyaura borylation reactions were conducted by the addition of
bis(pinacolato)diboron  (Bypiny;  127.0 mg, 0.500 mmol), 1,1’-ferrocenediyl-

bis(diphenylphosphine) (dppf; 6.2 mg, 0.011 mmol), Pd(dppf)Cl, (16.5 mg, 0.023 mmol), and
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a sonicated solution of potassium acetate in degassed DMF (0.2 M, 3.75 mL). The mixture was

stirred for 24 h at 80 °C. The resin was washed with CH,Cl, and DMF.

General conditions for Suzuki-Miyaura cross-coupling reactions on-resin. The resin-bound
peptoids (0.019 mmol) were suspended in CH,Cl, for 20 min, and the solvent was drained. To
the resin was added 4 (35.9 mg, 0.095 mmol) or TPP-Bpin37 (70.4 mg, 0.095 mmol), Pd(PPh;),
(6.5 mg, 0.006 mmol), 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (SPhos; 12.8 mg,
0.011 mmol), and DMF (2.0 mL), and aqueous potassium carbonate solution (1.3 M, 0.07 mL)
was added to initiate the reaction. The mixture was stirred for 3 h at 80 °C (microwave open,
300 W, opened in the air, ramp 2 min). The resin was successively washed with CH,Cl, and

DMF.

HPLC purification. Analytical HPLC was conducted using a Waters reversed-phase HPLC
system (Waters 2489 UV/visible detector, Waters 1525 Binary HPLC pump, Waters 2707
Autosampler, and Waters SCH column oven) on a C18 column (SunFire C18, 4.6 x 250 mm,
5 um) at 40 °C. A binary mobile phase system (A: deionized water + 0.1% TFA, B: MeCN +
0.1% TFA) was employed as follows: 5 min 30% of B, a linear gradient to 100% of B during
15 min, and then holding 100% of B for 13 min. The flow rate was 1 mL/min. The purity of
the compound was monitored by measuring absorbance at 220 nm. All the peptoids were
purified on a Waters preparative HPLC system (Waters 2489 UV/visible detector, Waters 2545
Quaternary HPLC pump, Waters fraction collector I1I) with a C18 column (SunFire C18, 19 x
150 mm, 5 um) at room temperature. The flow rate was set to 14 mL/min, and a binary mobile
phase system (A: deionized water + 0.1% TFA, B: MeCN + 0.1% TFA) was used under the
following conditions: 5 min 30% of B, a linear gradient to 100% B during 20 min, followed by

100% of B for 5 min. Sample elution was monitored by measuring the absorbance at 220 nm,
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and the purity of each fraction (>97%) was confirmed by analytical HPLC. ESI-MS analysis
was carried out on an Agilent 1260 Infinity liquid chromatography system with an Agilent
6120 single quadrupole mass spectrometer. Fractions containing the pure product were
collected, lyophilized, and stored at —80 °C. The amount of purified peptoid and overall yield
based on the resin loading are shown as follows: 5 (5.7 mg, 15%), HRMS (ESI): m/z: calcd for
Ci48H 136N 14012 [M + H] *: 2301.0462, found 2302.0498. Purity according to analytical HPLC:
97%. 6 (5.7 mg, 17%), HRMS (ESI): m/z: calcd for Cyo4H10sN10O012 [M + H]*: 1688.8148,
found 1689.8207. Purity according to analytical HPLC: 99%. 7 (9.6 mg, 24%), HRMS (ESI):
m/z: calcd for Ci3,H 26N 1409 [M + H] *: 2050.9832, found 2051.9874. Purity according to
analytical HPLC: 99%. 8 (0.5 mg, 3%), HRMS (ESI): m/z: calcd for C;41H12,N 401, [M + H]

*:2202.9367, found 2203.9365. Purity according to analytical HPLC: 97%.

Spectral analysis

CD spectra were recorded on a Jasco model 810 spectropolarimeter (Jasco, Easton, MD, USA)
in a quartz cell with 1 mm path length. The response time was set to 1 second with 1.0 nm
bandwidth for all spectra. The samples were prepared in either MeCN or MeOH, and the
spectra were acquired in the 190—260 nm range with a 20 nm min! scanning speed at 20 °C.
The spectra were measured three times and averaged. The results were expressed in terms of
per-residue molar ellipticity, [0] (deg cm? dmol!). ([6] =6/ (n x ¢ x [), where 0 = the ellipticity
of the polarization, n = the number of amide groups present, ¢ = the molar concentration, / =
the optical path length).?¢

UV-vis spectra were recorded on an Ultrospec 2100 Pro UV-vis spectrophotometer (GE
Healthcare, Buckinghamshire, UK) in the range of 200—700 nm, in a quartz cell with 1 mm
path length at ambient temperature. Baseline correction for each spectrum was performed with

blank solvent.
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Fluorescence emission and excitation spectra were observed on an FLS980 fluorescence
spectrometer (Edinburgh Instruments, Livingston, UK). All peptoids were prepared at
concentration 5 uM with solvent MeCN or MeCN/MeOH (1:1, v/v). All spectra measurements
were performed with Xe Lamp installed in FLS980 with excitation and emission spectral
bandwith of 1 nm both, dwell time of 0.1 and repetition of 5 times. Fluorescence emission
spectra of all samples were obtained with excitation wavelength at 310 nm and 550 nm.
Fluorescence excitation spectra were performed at emission wavelength 425 nm for

MeCN/MeOH (1:1, v/v) or 400 nm for MeCN and 650 nm for both solvents.

Associated content
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