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ABSTRACT: Ommatins, natural colorants found in cephalopods
and arthropods, are biosynthesized from tryptophan with
uncyclized xanthommatin (Uc-Xa) as the key biosynthetic
precursor. These pigments change color under oxidative or
reductive conditions. Xanthommatin (Xa) and dihydro-xanthom-
matin (H2-Xa), as well as decarboxylated xanthommatin (Dc-Xa)
and decarboxylated-dihydro-xanthommatin (Dc-H2-Xa), are some
of the most common and well-studied ommatins. Herein, we
describe the biomimetic total synthesis of Xa/H2-Xa on a gram
scale by using the Mannich reaction and oxidative dimerization as
the key steps. The 7-step linear synthetic sequence achieved an
overall yield of 27%. Dc-Xa/Dc-H2-Xa and protected Uc-Xa/Uc-
H2-Xa were also synthesized from the common intermediate-
protected 3-hydroxykynurenine (3-OHK). The synthesized ommatins underwent thorough characterization using various
spectroscopic techniques, including NMR, UV−vis, FTIR, HRMS, and LC−MS. Their optoelectronic properties were studied
using spectrophotometry and electrochemical analysis. Furthermore, the antioxidant activity of the synthesized ommatins was
evaluated using an oxygen radical antioxidant capacity activity assay. The results indicated that Dc-Xa exhibited the highest
antioxidant activity, followed by Xa, while Uc-Xa showed the lowest activity.
KEYWORDS: antioxidant, natural product, ommochrome, optoelectronic, oxidative cyclization, phenoxazinone, xanthommatin

■ INTRODUCTION
Ommochromes are natural pigments found in invertebrate
animals, including cephalopods.1−3 They are known for their
ability to mediate color, with colors ranging from pale yellow
to deep purple.4 Ommochromes play a role in crypsis,
mimicry, sexual maturation, and many other color-based
functions.4 They are believed to provide light shielding and
antioxidant protection to photoreceptor cells, control over
spectral sensitivity, skin coloration, and detoxification of excess
tryptophan.2 In addition, ommochromes have been used as a
scaffold for designing antitumor agents5 and biomimetic
electrochromic devices.6

Becker initiated the early studies of ommochromes from
insect ommatidia (from which their name was derived) in the
1930s,7,8 and later, Butenandt’s group delved into their
chemistry and biogenetic pathway.1 Due to their challenging
nature, ommochromes are difficult to study.9−12 This is mainly
because they are typically available in small quantities and do
not readily dissolve in solvents. Moreover, they tend to
aggregate and undergo reversible and nonreversible trans-
formations that require fast processing. The chemical structure
of ommochromes has been precisely proposed for only a few,
primarily through mass spectrometry. Two prominent families

of natural ommochromes are yellow-to-red ommatins and
purple ommins (Figure 1).13 Ommatins contain a phenox-
azinone ring, have low molecular weight, and are thermolabile
(e.g., xanthommatin).14 They are the more extensively studied
family and are found throughout invertebrates. Ommins, on
the other hand, contain an additional phenothiazine ring, have
high molecular weight, and are thermoresistant (e.g., ommin A,
the structure remains speculative). Although ommins are
present in insects and cephalopods, they are not well
characterized.10,15

Xanthommatin (Xa) is one of the most well-studied
ommochromes whose structure was elucidated by Butenandt
in 1954.16 It belongs to the ommatin family and appears yellow
in its oxidized form. However, it turns red when reduced to
dihydro-xanthommatin (H2-Xa). This unusual color-changing
molecular property is responsible for critical biological
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functions such as nuptial colorations in dragonflies,17 light
filtering in insect eyes,18 and electron transfer in various insects
and marine worms.19−22 Additionally, the bathochromic
reduction of Xa has shown potential for crafting color-
changing electrochromic devices.6 Recently, decarboxylated
xanthommatin (Dc-Xa) and dihydro-xanthommatin (H2-Xa)
have been identified.13 They were first discovered in the in
vitro oxidation of ommochrome precursors but were
subsequently found in extracts of crab spiders, dragonflies,
silkworms, and cephalopods.4

The reported plausible biosynthetic pathway of ommatins is
shown in Scheme 1.4,12,13 The early stages of ommatin
biosynthesis in invertebrates involve the conversion of
tryptophan into 3-hydroxykynurenine (3-OHK), followed by
the oxidative dimerization of 3-OHK to form an unstable

intermediate, uncyclized xanthommatin (Uc-Xa). The inter-
mediate Uc-Xa then rapidly cyclizes to form ommatins
(Scheme 1). Although biological extracts have suggested the
involvement of Uc-Xa, it has not been formally extracted or
characterized from biological samples. Figon et al.13 recently
reinvestigated the ommochromes of housefly eyes and
identified Xa, Dc-Xa, and Uc-Xa by combining the analytical
tools, such as UV−vis and mass spectrometry with an artifact-
free extraction protocol and subcellular fractionation of the
ommochromes. This study supports the hypothesis that the
synthesis of ommatin occurs in subcellular organelles and
involves the dimerization of 3-OHK via intermediate Uc-Xa.

So far, only two approaches for synthesizing Xa have been
reported in the literature. Both methods involve the oxidative
dimerization of 3-OHK (Scheme 2a). The first method uses

Figure 1. (a) Chemical structures of phenoxazinone, phenoxazine, and phenothiazine. (b) Representative examples of natural ommochromes.

Scheme 1. Reported Proposed Biosynthetic Pathway of Ommatins4,12,13a

aTDO�tryptophan 2,3-dioxygenase, KFase�kynurenine formamidase, KMO�kynurenine 3-monooxygenase, PHS�phenoxazinone synthase,
oxd.�oxidation, and red.�reduction.
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K3Fe(CN)6
13,23 as an oxidizing agent, while the second

method employs electrocatalysis.24 One of the limitations of
the reported synthetic approaches is the high cost of the
starting material, 3-OHK (∼$1070 for 250 mg from Sigma-
Aldrich). Additionally, the synthesis of Xa has been achieved
only at the milligram scale (up to 100 mg). To further our
efforts in natural product synthesis,25−29 we designed a unique
approach and completed a biomimetic total synthesis of Xa
and protected Uc-Xa on a gram scale, using inexpensive and
readily available starting materials (Scheme 2b). Furthermore,
we have also synthesized Dc-Xa and Xa from a common
intermediate using different oxidizing agents and proposed a
possible mechanism for their formation. Our analysis using 1H
NMR, LC−MS, and HRMS analysis has shown that Xa and
other biosynthetic precursors synthesized in this study exist in
the equilibrium of oxidized and reduced forms (Xa/H2-Xa, Dc-
Xa/Dc-H2-Xa, and protected Uc-Xa/Uc-H2-Xa).

■ RESULTS AND DISCUSSION
Our research commenced by synthesizing a key compound 9
using the Mannich reaction as the main step (Scheme 3). First,
commercially available, fully protected amino acid 1 was
converted to bromo-derivative 2 (>10 g) using NBS and then
treated with triethyl amine to generate imino derivative 3. At

the same time, TMS-enol ether 6 was synthesized by treating
TBS-protected phenol 5 (synthesized from readily available
phenol 4) with LiHMDS and TMSCl. The Mannich reaction
of in situ-formed imine 3 with freshly synthesized TMS-enol
ether 6 in the presence of TiCl4 yielded compound 7, which
without purification was treated with TBAF to give the
nitrophenol 8 in 82% yield (>5 g) over three steps under
optimized reaction conditions (see the Supporting Informa-
tion, Table S1). Reduction of the nitro group of nitrophenol 8
with B2(OH)4 gave the key intermediate 9, i.e., protected 3-
OHK in 91% yield (>3.5 g). Subsequently, we used two
approaches to synthesize Xa from protected 3-OHK 9.

In the first approach, protected 3-OHK 9 was deprotected
into 3-OHK 10 by treatment with TFA in a 90% yield. This
was then subjected to oxidative dimerization using various
oxidizing agents (Scheme 3 and Table 1). A trace amount of
Xa 16 was observed in the presence of hemin (entry 2, Table
1) while using K3Fe(CN)6 (entry 3, Table 1); Xa 16 was
formed in 30% yield. We observed that Xa was formed under
alkaline conditions. On the other hand, Dc-Xa (12) was
formed in the presence of FeCl3/DDQ (entry 4, Table 1),
PIFA (entry 6, Table 1), and Mn(OAc)3 (entry 8, Table 1),
with the reaction media being acidic. Importantly, 1H NMR,
LC−MS, and HRMS revealed that both Xa and Dc-Xa were

Scheme 2. Overview of the Previous and Current Work on Xa Synthesis
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isolated as a mixture comprising oxidized and reduced forms as
H2-Xa/Xa (15/16) and Dc-H2-Xa/Dc-Xa (11/12), respec-
tively (see the Supporting Information, Experimental Section,
for more detail). It is worth noting that ommitins are known to
undergo autoredox reactions, which are highly sensitive to
several factors, such as the pH, the type of solvent used, the
presence or absence of light, and the availability of oxygen,
which lead to varying compositions of the oxidized and
reduced forms.4,12,13 However, the conversion of 10 into Xa/
H2-Xa (entry 3, Table 1) or Dc-Xa/Dc-H2-Xa (entry 8, Table
1) resulted in a low yield, probably due to the decomposition
of intermediate products during the oxidative dimerization and
final pyridone ring formation stages, which occur in one pot,
and partly due to the difficulty in the purification step.

Consequently, a second approach was used to improve the
product purity and yield and perform scale-up experiments. We
began by performing oxidative dimerizations of protected 3-

OHK 9 to obtain protected Uc-Xa (14), which was then
purified by column chromatography before forming the final
pyridone ring. The reaction was conducted on a scale of >3.5 g
to yield over 2.5 g of Uc-Xa 14, with a good yield of 70%. The
product exists in reduced and oxidized forms as protected Uc-
H2-Xa/Uc-Xa (13/14) (Scheme 3) as determined by 1H NMR
and HRMS. In the final step, protected 13/14 was deprotected
using TFA, during which it spontaneously underwent a
cyclization−elimination−aromatization sequence to form H2-
Xa/Xa (15/16) in 71% isolated yield. Surprisingly, no Dc-H2-
Xa/Dc-Xa (11/12) was observed under the reaction condition
despite the reaction being performed in neat TFA. This
contrasts the literature, where it is speculated to undergo
decarboxylation under acidic media.4 These experimental
results support the proposed biosynthetic pathway that
oxidative dimerization occurs via the Uc-Xa intermediate and
decarboxylation occurs during the oxidative dimerization step

Scheme 3. Synthesis of Ommatins�Xa/H2-Xa, Dc-Xa/Dc-H2-Xa, and Protected Uc-Xa/Uc-H2-Xa
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before the final pyridone ring formation. Based on these
experimental results, LC−MS analysis, and the literature
reports, we proposed a probable mechanism for the formation
of Xa/H2-Xa and Dc-Xa/Dc-H2-Xa under alkaline and acidic
media, respectively, during the final oxidative dimerization/
pyridone ring formation stage (Scheme 4).

The formation of Xa/H2-Xa and Dc-Xa/Dc-H2-Xa occurs
through the intermediate Uc-Xa, a key compound in the
proposed biosynthetic pathway of ommatins. The formation of
this intermediate Uc-Xa was observed by monitoring the
reaction using LC−MS analysis. The initial steps of the
oxidative dimerization that lead to the formation of Uc-Xa are
similar to those reported by Deravi’s group.24 During the LC−
MS analysis, we observed m/z = 442.8, corresponding to [M +
H]+ of Uc-Xa, tautomerization of which results in the
formation of intermediate I. Under alkaline conditions, II
undergoes intramolecular cyclization to form a six-membered
cyclic intermediate III that eliminates ammonia (NH3) to form
dihydro-pyridone intermediate IV. Finally, the oxidation of IV
led to the formation of Xa, which can exist in both oxidized
and reduced forms under the reaction conditions, as observed
by LC−MS (m/z = 423.8 and 425.8 corresponding to [M +
H]+ of Xa and H2-Xa, respectively). Under acidic conditions,
with oxidizing agents such as PIFA or FeCl3/DDQ or
Mn(OAc)3, the intermediate V underwent further oxidation,
generating carboxyl radical VI.30−32 Decarboxylation31,33 of VI
generated alkyl radical VII, which underwent further oxidation
to form imine VIII. Tautomerization of imine to enamine led
to ketoenamine IX, which can exist in equilibrium with
intermediate X. Intramolecular cyclization of X followed by the
elimination of ammonia from the resultant six-membered
intermediate XI led to Dc-Xa formation. Like Xa, Dc-Xa also
exists in the oxidized and reduced forms under the given
reaction conditions, as observed by LC−MS (m/z = 379.8 and
381.8 corresponding to [M + H]+ of Dc-Xa and Dc-H2-Xa,
respectively).

To determine the bandgap energies (Eg) of each synthesized
ommatin (crude Xa, pure Xa, Uc-Xa, and Dc-Xa), Tauc plots
were generated from their respective absorbance profiles
(Figure 2a,b(i)). Tauc plots offer a methodical approach to
analyze the optical absorption properties of materials and

compute their energy bandgaps (Figure 2b(ii)). Despite their
structural similarities, the pure Xa shows local absorption
maxima of 280 and 470 nm, which is red-shifted compared to
the crude (280 and 435 nm). Uc-Xa exhibits absorption
maxima of 280 and 430 nm, while Dc-Xa shows the most blue-
shifted maxima at 280 and 390 nm (Figure 2b(i)). From the
absorbance spectra, the molar extinction coefficients were
extrapolated for each compound in both UV and the visible
wavelength regions. Within the UV region at 280 nm, the
molar extinction coefficient was highest for Uc-Xa at 6641 ±
623 M−1 cm−1, followed by pure Xa with a value of 4792 ± 86
M−1 cm−1. However, the lowest molar extinction coefficient
value was observed in Dc-Xa as 1000 ± 40 M−1 cm−1 (Table 2,
Figure S1). Each compound also exhibited a different λmax
within the visible region due to its color variance in DMSO.
Within the visible region, the molar extinction coefficient was
highest for Uc-Xa at 430 nm with a value of 18,624 ± 308 M−1

cm−1, followed by pure Xa at 470 nm with a molar extinction
coefficient of 5446 ± 70 M−1 cm−1, whereas the Dc-Xa
compound had a strong absorption peak at 390 nm with a
molar extinction coefficient of 1342 ± 73 M−1 cm−1. When
taken together, these data indicate that Dc-Xa is the weakest
light absorber within these regions. Such differences might
account for why the crude Xa is also blue-shifted relative to the
purified Xa, suggesting that the crude may include Dc-Xa.

These absorption peaks are indicative of unique structures
and electronic transitions embedded within each compound.
Based on these values, we extrapolated relative bandgap
energies for each compound using Tauc plots similar to
previous reports. Based on these calculations, we can infer the
direct energy bandgap in two linear segments (Figure 2b(ii)).
The first transition at lower energy signifies the optical gap,
corresponding to the onset of optical absorption and the
creation of an electron−hole pair. The second transition
represents the fundamental energy gap, which is the energy
difference between the valence band (lowest unoccupied
molecular orbitals, LUMOs) and the conduction band (highest
occupied molecular orbitals, HOMOs).34 Based on these
analyses, the pure Xa and Dc-Xa exhibited similar energy
bandgaps calculated as 3.85 and 3.83 eV, respectively. Crude
Xa showed the lowest energy bandgap of 3.76 eV, while Uc-Xa
exhibited the widest energy bandgap of 3.97 eV. Based on the
absorption spectra, Uc-Xa demonstrated a greater degree of
intramolecular charge transfer, as evidenced by its blue-shifted
spectra relative to pure Xa.

We next recorded cyclic voltammograms of each material to
better understand its HOMO and LUMO energies. Not
surprisingly, each compound demonstrated reversible redox
behavior with peaks between −0.2 and 0.6 V (Figure 2c).
HOMO and LUMO energy levels were then obtained from
these cyclic voltammograms. Crude Xa exhibited HOMO/
LUMO levels of −1.40/−5.16 eV, which agreed well with
previous reports.35 This differed slightly from that of pure Xa,
Uc-Xa, and Dc-Xa, which had HOMO/LUMO levels of
−1.32/−5.17, −1.19/−5.16, and −1.35/−5.18 eV, respectively
(Figure 2d). Based on the energy bandgap calculation, both
pure Xa and Dc-Xa demonstrated similar HOMO and LUMO
energy levels. This observation implies a strong similarity
between these compounds, both of which are derived from
hydroxykynurenine. The higher energy levels of Uc-Xa are
likely attributed to the extra conjugation of double bonds that
increase the energy of HOMO.

Table 1. Optimization of Oxidative Dimerization of 3-OHK

entry reaction conditions yield (%)a

11/12 15/16

1b hemin (0.1 equiv), H2O2 (3 equiv), NaOH
(5 equiv), CH3CN/H2O, r.t., 24 h

2 hemin (2 equiv), NaOH (5 equiv),
CH3CN/H2O, r.t., 24 h

trace

3 K3Fe(CN)6 (2.8 equiv), NaOH (1.7 equiv),
H2O, r.t., 2 h

30
(5:1)c

4 FeCl3 (0.1 equiv), DDQ (1.2 equiv), CH3CN,
r.t., 16 h

10
(10:3)c

5b PIDA (1.2 equiv), CH3CN, r.t., 16 h
6 PIFA (1.2 equiv), CH3CN, r.t., 16 h 15

(10:3)c

7b Ag2O (2 equiv), CH3CN, r.t., 16 h
8 Mn(OAc)3·2H2O (1.2 equiv), CH3CN, r.t.,

16 h
30
(10:3)c

9d CAN (1.2 equiv), CH3CN, r.t., 16 h
aIsolated yield. bStarting material recovered. cValue in the
parentheses is the ratio of reduced and oxidized forms. dStarting
material decomposed.
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To further explore the functional properties of each
compound, we next explored their antioxidant capacities by
using an oxygen radical antioxidant capacity (ORAC) activity
assay. Xa is known to exhibit antioxidant behavior,36,37 so we
wanted to investigate how compound purity and functionality
contributed to this function. Each compound was compared to
an antioxidant standard, Trolox, which is a water-soluble
analogue of vitamin E (Figure S2). When comparing 5 μM
concentrations of Trolox to 5 μM of each sample, we observed
that Uc-Xa exhibited the lowest antioxidant capabilities with a
net area under the curve (AUC) of 0.059 ± 0.005 compared to
Trolox which had a net AUC of 0.535 ± 0.038 (Figure 3). This
differed from the crude Xa, pure Xa, and Dc-Xa, which had net
AUC values of 0.675 ± 0.124, 0.627 ± 0.109, and 1.825 ±

0.139, respectively. From these data, it appears that the loss of
the carboxylic acid significantly enhances the ability of these
compounds to quench reactive oxygen species. We suspect that
the loss of the carboxylic acid group is increasing the ability of
the molecules to donate electrons which may ultimately
enhance their free radical scavenging ability similar to past
reports.38

■ CONCLUSIONS
We have developed a novel, bioinspired method for synthesiz-
ing ommatins from a common intermediate compound,
protected 3-OHK. The main building block (protected 3-
OHK) was synthesized using the Mannich reaction as the key
step and then converted into the ommatin scaffold through a

Scheme 4. Plausible Mechanism�(a) Oxidative Dimerization of 3-OHK to Uc-Xa; (b) Formation of Xa/H2-Xa under Alkaline
Reaction Condition; and (c) Formation of Dc-Xa/Dc-H2-Xa under Acidic Reaction Condition
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one-pot oxidative dimerization−cyclization process. We
observed the formation of Xa/H2-Xa when the reaction
medium was alkaline and Dc-Xa/Dc-H2-Xa when the oxidizing
agent was acidic during the oxidative dimerization of 3-OHK.
We proposed a possible mechanism for the formation of Xa/
H2-Xa in alkaline conditions and Dc-Xa/Dc-H2-Xa under
acidic conditions based on our analysis and existing literature.
Additionally, we sequentially synthesized Xa/H2-Xa by first
synthesizing an essential biosynthetic precursor, Uc-Xa/Uc-H2-
Xa, through the oxidative dimerization of protected 3-OHK,
followed by deprotection and intramolecular cyclization. All
synthesized ommatins were meticulously characterized using a
range of spectroscopic techniques, including UV−vis, FTIR,
NMR, LC−MS, and HRMS. We observed that they exist in a
dynamic equilibrium between oxidized and reduced forms
under the reaction condition. Our ability to scale up the
synthesis of Xa/H2-Xa to over 1 g using this new approach,
with an overall yield of 27%, is a testament to the robustness of
our method. We also successfully synthesized protected Uc-
Xa/Uc-H2-Xa and Dc-Xa/Dc-H2-Xa, providing further support
for the proposed biosynthetic pathway in which ommatins are
produced via a key biosynthetic precursor, Uc-Xa.

The absorption spectra of Xa, Dc-Xa, and Uc-Xa displayed
distinct optical signatures (λmax) in the visible region, resulting
in varied coloration in DMSO. The molar extinction coefficient
was highest for Uc-Xa at 430 nm, followed by pure Xa at 470
nm and Dc-Xa at 390 nm. The optical and fundamental energy
bandgap was determined using a Tauc plot and CV, revealing
that Xa had the narrowest gap, and Uc-Xa had the widest gap.
In addition, we assessed the antioxidant activity of the
synthesized ommatins using an ORAC activity test, and the
results were highly encouraging, with the Dc-Xa significantly
enhancing the ability to quench reactive oxygen species in
comparison to the positive control Trolox used in this study.

Figure 2. Analysis of optoelectronic properties. (a) Image of crude Xa, pure Xa, Uc-Xa, and Dc-Xa at 1.5 mM in DMSO. (b) Comparison of (i)
absorbance spectra of each solution and (ii) their direct energy bandgap as extrapolated via a Tauc plot. (c) Electrochemical analysis of generated
CV curves of ommatins in DMSO containing 0.1 M lithium triflate collected at a 50 mV s−1 scanning speed. (d) Comparison of the energy band
alignments as extrapolated from the optical and electrochemical measurements.

Table 2. Molar Extinction Coefficients (ε) of Ommatins�
Pure Xa, Uc-Xa, and Dc-Xa Dissolved in DMSOa

compound ε (M−1 cm−1) at λ280nm ε (M−1 cm−1) at λmax

pure Xa 4792 ± 86 5446 ± 70 at 470 nm
Uc-Xa 6641 ± 623 18,624 ± 308 at 430 nm
Dc-Xa 1000 ± 40 1342 ± 73 at 390 nm

aValues reported are an average for three replicates, including
standard deviation.

Figure 3. Net AUC of a 5 μM solution of each sample (crude Xa,
pure Xa, Uc-Xa, and Dc-Xa) in 0.1 M PBS, pH 7.2 compared to a 5
μM Trolox standard as measured by the ORAC activity assay. The net
AUC was calculated by subtracting the AUC of the blank (0 μM
Trolox and 0.1 M PBS) from the AUC of the measured sample.
Values reported are an average for three replicates, including standard
deviation.
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The Xa showed activity like Trolox, while Uc-Xa displayed the
lowest activity. These compelling findings indicate promising
prospects for developing antioxidant compounds with potential
pharmaceutical applications, instilling optimism for the future
widespread use of biomimetic compounds.

■ MATERIALS AND METHODS
Detailed information on the synthetic procedure, compound
characterization data, other experimental procedures (UV−vis
spectroscopy and the ORAC activity assay), copies of 1H and 13C
NMR, and HRMS spectra is provided in the Supporting Information
file.

Synthetic Procedure and Compound Characterization

All reagents and solvents were obtained from Fisher Scientific, Sigma-
Aldrich, or TCI and used without further purification. Tetrahydrofur-
an (THF) was distilled from benzophenone and sodium metal under
a positive-pressure argon atmosphere immediately before use. All
other anhydrous solvents were purchased from VWR. Analytical thin
layer chromatography (TLC) was performed on silica gel 60 F254
precoated plates (0.25 mm) from EMD Millipore Corp., and
components were visualized by ultraviolet light (254 nm) and TLC
staining solutions (phosphomolybdic acid (PMA), KMnO4, or a
solution of Ce(SO4)2/ammonium phosphomolybdate/10% H2SO4
followed by heating). Reported Rf values were determined for TLC.
EMD silica gel 60 (particle size 40−63 μm) 230−400 mesh was used
for column chromatography. 1H NMR spectra were recorded at
ambient temperature on a 500 MHz Bruker NMR spectrometer in the
indicated solvent. All 1H NMR experiments are reported in δ units,
parts per million (ppm) downfield of TMS and were measured
relative to the signals for chloroform (7.26 ppm), methanol (3.31
ppm), and dimethylsulfoxide (2.50 ppm). Data for 1H NMR are
reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet), integration, and
coupling constant (Hz), whereas 13C NMR analyses are reported in
terms of chemical shift. NMR data was analyzed by using
MestReNova Software ver. 12.0.3-21384. LC−MS was performed
on an Agilent 1260 Infinity LC instrument coupled to an Agilent 6120
single quadrupole mass spectrometer with electrospray ionization.
FTIR spectra were performed on a Bruker alpha platinum ATR. High-
resolution mass spectra were obtained on a Q-Exactive Orbitrap
(Thermo Fisher Scientific) using a syringe pump with direct infusion.
Detailed information about the reaction conditions, experimental
procedures, and characterization of all newly synthesized compounds
is available in the Supporting Information.

UV−Vis Spectroscopy
UV−vis absorption of synthesized ommatins was performed on a
SpectraMax M5 spectrophotometer. Detailed experimental proce-
dures, molar extinction coefficient calculation, and UV−vis spectra are
available in the Supporting Information.

Electrochemical Analysis

All cyclic voltammograms were collected using a Gamry Interface
1000 B potentiostat with a three-electrode system comprising a glassy
carbon working electrode, platinum wire counter electrode, and a
silver−silver chloride (Ag/AgCl with saturated KCl) reference
electrode. The supporting electrolyte consisted of 3.0 mL of DMSO
containing 0.1 M lithium triflate (LiOTf, Sigma-Aldrich). Voltammo-
grams were scanned over five cycles from −0.2 to 0.6 V at a scanning
speed of 50 mV s−1.

Oxygen Radical Antioxidant Capacity Activity Assay

A detailed experimental procedure for the ORAC activity assay and
the net AUC calculations are available in the Supporting Information.
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