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ABSTRACT: The synthesis and photoluminescent properties of novel
a-amino acids are described in which the biaryl benzotriazinone-
containing chromophores were found to display dual emission
fluorescence via locally excited (LE) and twisted intramolecular charge
transfer (TICT) states. The intensity of each emission band could be R [ R Twisted Intramolecular
controlled by the electronics and position of the substituents, and this Charge Transfer
led to the design of a 2-methoxyphenyl analogue that, due to twisting,

displayed bright TICT fluorescence, solvatochromism, and pH sensitivity.
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luorescent spectroscopy has become a powerful technique a) Fluorescent unnatural a-amino acids. o}

for noninvasive imaging of dynamic molecular events in
living organisms.1 In combination with small-molecule
fluorescent dyes that are easily prepared and have tunable
optical properties, the use of fluorescent spectroscopy has
attracted broad interest for biomedical imaging.” This is
particularly the case for a-amino acids. As proteinogenic a-
amino acids, phenylalanine, tyrosine, and tryptophan have
suboptimal fluorescent properties, this has resulted in the

design and discovery of new structures, derived from either b) Hydration-senstive, dual-emissive a-amino acids.
natural amino acids or compounds with novel side chain HomO- H—0
chromophores.” This approach has allowed the development 5 COH -6 COH
of unnatural fluorescent a-amino acids with tunable photo- ~ ~

. . . . . Ny NH, Ny NH,
luminescent properties that can be incorporated into peptides R7T0 R0
and proteins by using techniques such as solid phase peptide R = 2-furan, 4-Me,NPh,

synthesis (SPPS) or unnatural amino acid mutagenesis. 4-MeOPh

Notable examples include L-tryptophan-BODIPY conjugate
1," incorporated into a cyclic peptide and used to visualize
fungal infections in human tissue and the environment-
sensitive dimethylaminophthalimide 2 that was used for
sensing dynamic protein—protein interactions (Figure la).5
Recently, benzoselenadiazole-derived amino acids such as 3
were found to be photostable and applicable for imaging of
synaptosomes in mouse brain tissue.® Figure 1. Fluorescent unnatural a-amino acids.
Dual emission fluorescence is a two-color emission process
and in small-molecule dyes generally occurs via two distinct
excited electronic states.” Although uncommon due to the fast
relaxation process associated with fluorescence, in the past
decade, dual emission fluorescent molecules have been
developed for a range of material and biological applications,
such as pH and ion sensors, as organic light emitting diodes
and in distinguishing enzyme binding sites.” Fluorescent Received:  June 29, 2023
unnatural @-amino acids that display dual emission are Published: July 28, 2023
relatively uncommon.” Several examples were reported by
Meély and co-workers who demonstrated that flavone-derived
a-amino acids possessed dual emission fluorescence arising
from excited state intramolecular proton transfer (Figure

enhanced charge transfer

1b)."” These a-amino acids were incorporated into peptides
and used to study binding with oligonucleotides and peptide
orientation in lipid bilayers.
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Dual emission can occur via a range of different
mechanisms.” Upon excitation of biaryl compounds that
contain flexible charge-transfer 7z-conjugated chromophores,
dual emission often occurs by initial relaxation to a planar
structure with partial charge transfer character known as the
locally excited state (LE).”® Further relaxation to a more
twisted structure with enhanced charge transfer, the twisted
intramolecular charge transfer (TICT) state, results in a
second emission band. Based on this, we believed that a-amino
acids containing biaryl side chains with restricted rotation may
display dual emission fluorescence via LE and TICT excited
states. We recently reported the synthesis and development of
several new classes of unnatural a-amino acids,"’ including
compounds with biaryl benzotriazole-derived side chains that
displayed charge transfer fluorescence (Figure 1lc).'” To
achieve dual emission via LE and TICT states, we proposed
that modification of the benzotriazole'® side chain to a
benzotriazinone motif would allow both flexibility and
enhanced charge transfer properties. The motivation for
developing dual emission amino acids of this nature was the
potential to use the different sensitivities of the LE and TICT
bands to polarity and pH to report environmental changes.
Furthermore, amino acids in which the relative intensity of the
two emission bands is controlled by the conformation of the
biaryl side chain could also provide detailed information on
protein active site binding. Herein, we report the synthesis and
photoluminescent properties of benzotriazinone-derived a-
amino acids. As well as demonstrating substituent control of
LE or TICT emission, we report the polarity and pH sensitivity
of the brightest amino acid and its incorporation into a cell-
penetrating peptide.

The proposed synthesis of benzotriazinone-derived a-amino
acids involved three key disconnections (Scheme 1). Late-stage

Scheme 1. Proposed Synthesis of Benzotriazinone Amino
Acids
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diversity would be introduced to study the electronics and
structure of the chromophore via a Suzuki—Miyaura reaction
of a 7-bromobenzotriazinone intermediate and various
arylboronic acids. The key 7-bromobenzotriazinone motif
would be prepared by a one-pot diazotization and cyclization
of a 2-aminobenzamide, which would be readily synthesized by
acylation of an L-3-aminoalanine derivative.

The synthesis of the benzotriazinone a@-amino acids is
summarized in Scheme 2. Acid chloride § was prepared by the
reaction of 2-nitro-4-bromobenzoic acid with thionyl chloride,
and this was then reacted in situ with L-3-aminoalanine
derivative 4,"* to give the benzamide intermediate 6 in 57%
yield over the two steps. Nitro-group reduction using zinc and
acetic acid under mild conditions gave the corresponding

Scheme 2. Synthesis of @-Amino Acids 10a—e
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amine 7 in 91% yield. Synthesis of key benzotriazinone
intermediate 8 was then achieved in 92% vyield using a
polymer-supported nitrite reagent and p-tosic acid."> This
reaction generates a stable diazonium tosylate salt which
undergoes in situ cyclization.'® Arenes with different electronic
characteristics were then incorporated using a Suzuki—Miyaura
reaction.'” The use of the Buchwald precatalyst XPhos Pd G2
at 2 mol % loading allowed fast reactions (1 h) under mild
conditions (40 °C) and gave the coupled products in 68—95%
yields.'® Mild conditions were also employed for two-step
deprotection. Ester hydrolysis using cesium carbonate at room
temperature, followed by acid-mediated removal of the Boc-
group, gave, after recrystallization, the target a-amino acids in
good overall yields.

The photoluminescent properties of @-amino acids 10a—e
were then measured (Table 1 and Supporting Information).
Phenyl analogue 10a showed weak dual-emission fluorescence
with a strong LE band at 308 nm and a faint TICT band at 426
nm (Figure 2)."” As expected, the 4-chlorophenyl compound
10b also displayed weak dual-emission fluorescence. However,
with the introduction of the chloride substituent resulting in
greater twisting of the biaryl side chain, the TICT band was

Table 1. Photophysical Data of @-Amino Acids 10a—e

amino Aabs Afm brightness
acid (nm)® & (cm™ M) (nm)*® (oFy (em™ M)
10a 266 23900 308, 426  0.005 110
10b 270 21400 308, 435  0.003 60
10c 279 15 500 312, 435  0.008 130
10d 269 10 600 310, 388 0.13 1400
10e 309 18200 312,395 047 8540

“Spectra were recorded at 15 uM in methanol. ®Bold format
represents major emission band. “Quantum vyields (®p) were
determined in methanol using anthracene and L-tryptophan as
standards.
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Figure 2. Emission spectra of @-amino acids 10a—e.

found to be stronger than that for 10a. Electron-rich analogues,
benzodioxole 10c and 4-methoxyphenyl 10d, with enhanced
charge transfer properties continued the trend of stronger
TICT bands. For amino acid 10d, which showed strong
fluorescence, with a quantum yield of 0.13, TICT was found to
be the major emission pathway. These results then led to the
design of the 2-methoxyphenyl analogue 10e. It was proposed
that an electron-rich ortho-substituent would maximize twisting
of the biaryl system, resulting in the suppression of LE
emission and enhancement of the TICT excited state. This
theory was confirmed by the emission spectrum of 10e, which
showed a greatly reduced LE band at 312 nm and a strong
TICT band at 395 nm. As well as red-shifted absorbance, 10e
was found to possess the strongest brightness with a quantum
yield of 0.47. Collectively, these results demonstrate the tuning
of photoluminescent properties by substituent-controlled
rotation of the biaryl side chain.

Having identified lead a@-amino acid 10e through structural
analysis of the biaryl system, we further explored the
photoluminescent properties of this compound via solvato-
chromic and pH studies. In various solvents, 10e demonstrated
similar absorption maxima (Supporting Information), suggest-
ing that absorbance is independent of solvent polarity in the
ground state. In contrast, the emission spectra displayed a
significant bathochromic shift, directly correlated with
increasing polarity (Figure 3a).”’ The emission maximum
was found at 310 nm in THF, compared to 432 nm in
phosphate-buffered saline (PBS). As expected, the TICT band
was most affected by a change in polarity. Comparison of
emission spectra in DMSO and PBS showed a difference of 20
nm between the LE bands, while this increased to 59 nm for
the TICT bands. These results confirm the internal charge
transfer character of the main emission band, which is
stabilized in more polar solvents. Next, the effect of pH
variation on fluorescence was explored (Figure 3b).”" Minimal
changes were observed with decreasing pH from 7 to 4. At pH
1, while similar intensity was observed for the LE band, there

5846

Wavelength (nm)

Figure 3. (a) Emission spectra of 10e in various solvents. (b)
Emission spectra of 10e at pH 1, 4, and 7. All spectra were recorded
by using a concentration of 5 yM.

was an ~3-fold reduction in the intensity of the TICT band.
Under these strongly acidic conditions, we propose that
protonation of the benzotriazinone ring results in reversible
ring-opening, which explains the pH sensitivity of 10e
(Scheme 3). Ring-opening of the triazinone ring would allow

Scheme 3. Reversible Acidic Triazinone Ring-Opening of

10e
O (0]
N COM OMe O N COLH
yN NHeHCI Nyt NH,.HCI

rotation of the biaryl system with respect to the electron-
withdrawing amide moiety, resulting in the disruption of
charge transfer and suppression of the TICT band. Overall, the
combined polarity- and pH-dependent fluorescence of a-
amino acid 10e suggests potential as a chemical biology probe.

A proof-of-concept experiment was then conducted to assess
the suitability of @-amino acid 10e for incorporation into
peptides via standard Fmoc-based solid phase peptide
synthesis (SPPS) methods. The arginine-rich TAT(47—57)
sequence was chosen due to the use of this peptide to deliver
various conjugating groups including ﬂuoroghores into cells
through transport across plasma membranes.”” In addition to
assessing the suitability of 10e for SPPS, we also wanted to
demonstrate that a fluorescent TAT peptide could be
generated using an amino acid based chromophore, rather
than previously reported rhodamine- and fluorescein-derived
systems.””*” The TAT(47—57) sequence was synthesized
using a Rink Amide ChemMatrix resin and an Fmoc/tert-butyl
protecting strategy (Scheme 4). Following coupling of Fmoc-
Arg(Pbf)-OH onto the polymer support using N,N’-
diisopropylcarbodiimide (DIC)/OxymaPure activation, sub-

10e
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Scheme 4. SPPS Synthesis of Dodecapeptide 12
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sequent rounds of morpholine-mediated N-deprotection and
coupling with successive amino acids gave the TAT(47—57)
undecapeptide. A Fmoc-protected version of a-amino acid
10e, compound 11 was then coupled with the polymer-
supported undecapeptide.”’ Following a final Fmoc-depro-
tection step, the N-terminus was capped with an acetyl group
and a TFA cleavage cocktail was used to remove the side chain
protecting groups and release the dodecapeptide from the
polymer support. Purification by reversed-phase HPLC
allowed isolation of dodecapeptide 12 in 3% overall yield
and in >95% purity. Successful characterization of 12 by high
resolution electrospray ionization mass spectrometry con-
firmed the compatibility of benzotriazinone-derived a-amino
acids such as 10e with SPPS methods.”® It should be noted
that despite the acidic conditions of the deprotection and
cleavage step, the emission spectrum of peptide 12 showed the
same relative intensity of the LE and TICT bands as for amino
acid 10e at pH 4—7 (Figure 3b), further confirming successful
intact incorporation of the benzotriazinone motif. In addition,
both the absorption and emission spectra for peptide 12
showed good correlation with the spectra for amino acid 10e
(see the Supporting Information).

In summary, a one-pot diazotization and cyclization,
followed by Suzuki—Miyaura cross-coupling reactions, have
been used as the key steps for the synthesis of benzotriazinone
a-amino acids. These biaryl compounds were found to display
dual emission fluorescence based on LE and TICT excited
states, with the intensity of each band being found to correlate
with the electronics and positioning of substituents. This led to
the design of the twisted 2-MeO-phenyl analogue 10e which
displayed bright TICT emission. In addition, amino acid 10e
displayed solvatochromism and pH sensitivity under strongly
acidic conditions and was found to be compatible with SPPS.
Current work is focused on exploiting potential applications of
these benzotriazinone-derived a-amino acids. In addition to
imaging applications of amino acid 10e, future work will also
investigate whether the strong dual emission properties of
compounds such as the 4-methoxyphenyl analogue 10d can be
used to probe the local environment of peptides and proteins.
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