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Abstract

During the course of this PhD, methodology for the synthesis of a series of novel, highly fluorescent
pyridine-derived a-amino acids was developed. Enone-derived a-amino acids were subjected to an
inverse electron demand hetero-Diels-Alder cycloaddition and aromatisation reaction, which led to
a twelve-membered library of pyridine analogues. The optical properties of these compounds were
analysed, with several exhibiting interesting fluorescent characteristics. One of the analogues was
incorporated into a cell penetrating pentapeptide via solid phase peptide synthesis. The resulting
hexapeptide was incubated with human fibroblast cells and fluorescence microscopy was used to

show accumulation of the peptide in the cells.
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The total syntheses of piperidine containing natural products, spruce alkaloid and (+)-241D were
also examined during this PhD. A short nine-step linear sequence was developed giving spruce
alkaloid and (+)-241D in 21% and 19% overall yield, respectively. A base mediated 6-endo-trig
cyclisation was employed as the key-step followed by stereoselective ketone reduction to complete
the total syntheses. The scope of the cyclisation and reduction was examined with a range of enone

side-chains resulting in a small library of novel 4-hydroxy-2,6-disubstituted piperidines.
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1.0 Introduction

1.1 a-Amino Acids

a-Amino acids are small organic molecules that contain both amino (—NH;) and carboxylic acid (—
CO.H) functionality. They exist as zwitterions and possess amphoteric properties, meaning they can
act as an acid and a base. They commonly exist in nature as their L-isomeric form, whereby the a-
carbon is chiral. These a-amino acids can join to one another to form short peptide chains, longer
polypeptides or proteins of varying size. There are 22 genetically encoded proteinogenic amino
acids that are incorporated biosynthetically into proteins during translation, 20 in the standard
genetic code (Appendix 1) and two of which, selenocysteine and pyrrolysine can be incorporated

via special translation mechanisms (Figure 1).

=N
CO,H H
HSe/\’\‘;_| 2 Q_}Zﬁ“/N\/\/\rCOZH
2 =0 NH,

Selenocysteine/Sec/U Pyrrolysine/Pyl/O

Figure 1: Selenocysteine and pyrrolysine.

There are many known non-proteinogenic amino acids and even although they occur in nature they
are not used by the translational machinery to assemble proteins. These non-coded amino acids
are important, as intermediates of these can be formed during biosynthesis and then the amino

acids are synthesised post-translationally within proteins.!

Proteins are central to almost every biological process, performing a vast array of functions such as
catalysing metabolic reactions, replicating DNA, transporting molecules and responding to stimuli.
Unnatural amino acids have been designed in laboratories to provide an important approach to

probing the structure and function of proteins and also their medicinal applications.?

There are two main methods for unnatural amino acid incorporation to study proteins, residue-
specific and site-specific incorporation. The current labelling methods for the latter approach
include incorporation of unnatural amino acids with biorthogonal handles that can be modified via
chemoselective reactions once incorporated.® Another approach includes the incorporation of
fluorescent unnatural amino acids and this will be the focus of this chapter, whereby recent
syntheses of fluorescent unnatural amino acids will be described in detail and their applications

briefly elucidated.?
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1.2 Fluorescent ac-Amino Acids

Fluorescent spectroscopy is a highly sensitive and selective analytical and diagnostic tool,
facilitating the development of a number of research fields such as molecular and cellular biology,
biophysics, biotechnology, and medicine. It also has a rapid response time and can utilise countless
small molecular probes that possess tuneable photophysical properties. Due to the importance of
proteins and our understanding of their structure and function, fluorescent spectroscopy can be

utilised using a number of strategies.*

Expression of the protein of interest could be achieved by using a naturally occurring fluorescent
protein (GFP)> or naturally occurring a-amino acids within the protein itself (tyrosine or
tryptophan).® These approaches are hampered by limitations. Once a fluorescent protein has been
attached to the protein of interest, the presence of this fluorescent protein may alter the form and
function of the protein being investigated. In order for the second procedure to work there must
be an abundance of the natural a-amino acids in the protein of interest. This might not be possible
and combined with the fact that multiple residues may occur in a variety of regions in the protein,

the spectroscopy can become complex.®

An alternative pathway would be to design and synthesise unnatural fluorescent a-amino acid
derivatives and incorporate these into proteins via solid phase peptide synthesis (SPPS), expressed
protein ligation (EPL) or unnatural amino acid mutation.” There have been several recent reviews
that discuss significant developments regarding the design and synthesis of unnatural fluorescent
a-amino acids and peptides. Katritzky described the specific structural features required for the use
of fluorescent a-amino acids as effective molecular probes.® Krueger and Imperiali reported the
successful incorporation of unnatural fluorescent a-amino acids into peptides and proteins and
their application in chemical biology studies.” In this chapter, recent syntheses of novel fluorescent
a-amino acids will be described along with their fluorescent properties and applications. Each a-
amino acid will also be classified with regard to the type of side-chain fluorophore residue it

possesses.

1.3 Natural a-Amino Acids and Fluorescent Analogues

The use of naturally occurring a-amino acids, L-phenylalanine, L-tyrosine and L-tryptophan (Figure
2) for fluorescence imaging reduces the conformational changes in protein structure that may be
observed when using unnatural a-amino acids.® Regardless of this advantage, the poor optical
properties of these natural a-amino acids have limited their use. These residues have distinct
absorption and emission wavelengths and differ in quantum yields. The fluorescence quantum yield

(QY) value is used to determine the emission efficiency of a given fluorophore. The calculation is
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based on the number of photons emitted divided by the number of photons absorbed. Tryptophan
is much more fluorescent then either tyrosine or phenylalanine. Due to tryptophan’s greater molar
extinction coefficient, higher quantum yield and resonance energy transfer, the fluorescence
spectrum of a protein containing the three amino acids usually resembles that of tryptophan. This
is the main reason for the design and synthesis of novel unnatural fluorescent a-amino acids that
have greater emission efficiency and fluoresce in the visible region (380-750 nm) of the

electromagnetic spectrum.®

©/YCOZH COH /©/YCOZH
NH
NH, I NH, HO 2

HN
Phe Trp Tyr
Mabs. = 257 nm Aabs, = 280 nm Aabs, = 274 nm
Aemi. = 282 nm Aemi. = 348 nm Aemi. = 303 nm
e=200cm™ "M~ €=5,600cm™ M~ €=1,400 cm™ M’
@ = 0.04 ®=0.20 O =0.14

Figure 2: Structures and optical properties of L-phenylalanine, L-tryptophan and L-tyrosine.

Derivatives of these naturally occurring amino acids have been investigated thoroughly. Tyrosine
derived fluorescent a-amino acids were investigated by Wang and co-workers.!! Following
protection of the amine and carboxylic acid groups, 3-iodo-L-tyrosine 1 and 3,5-diiodo-L-tyrosine 2
were subjected to mono and double Heck couplings between a variety of styrene derivatives to
form tyrosine analogues bearing stilbene backbones (Scheme 1). A library of thirteen analogues
were synthesised in high yield with varying functionality on the styrene aryl group. The two with
the most interesting optical properties were 3 and 4. The mono-methoxy compound 3 fluoresced
at 400 nm and had a high QY of 0.87. The di-methoxy compound 4 had an equally impressive QY of
0.94 and had two emission bands at 420 and 438 nm. This library of tyrosine derived amino acids
displayed extended conjugation from the aryl side chain through the vinyl linker to the central
phenol ring. The methoxy groups in particular are efficient electron donating groups and this is why

3 and 4 have such desirable optical properties.
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Scheme 1: Synthesis of tyrosine stilbene methoxy analogues.

An Fmoc derivative of 4 was synthesised and incorporated into a small cell penetrating
pentapeptide (sequence: 4-VPALK) using SPPS. To assess the cell permeability and fluorescent
properties of the hexapeptide 5 (Figure 3), it was incubated with a human epithelial cell line (HeLa)
and mouse fibroblast cells (NIH 3T3) for 3 h and visualised using laser scanning confocal microscopy.
The images showed that the CPP could accumulate in the cells, suggesting that these types of amino

acids could be applied in chemical biology studies as fluorescent probes.

NH,

0] HO
N
N o Ho& i H

5

Figure 3: Cell penetrating hexapeptide 5.
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There has also been novel tryptophan derived fluorescent a-amino acids recently synthesised by
Hecht and co-workers. His laboratory has reported the synthesis of three novel cyanotryptophans
and two quinoline derived tryptophan a-amino acids.'>*? Both syntheses use similar methodology,
taking advantage of the Schollkopf auxiliary to introduce chirality once the fluorophore portion of
the molecule was synthesised (Scheme 2). 6-Cyanoindole was used as the starting material for the
synthesis of the fluorophore side-chain and after five transformations produced chloride 6 in 39%
overall yield. The lithium enolate of Schoéllkopf auxiliary 7 was reacted with 6 to form adduct 8 with
high diastereoselectivity. Mild hydrolysis of the auxiliary was followed by protecting the amine as
NVOC carbamate 9. Sequential N-detosylation, methyl ester hydrolysis and cyanomethyl ester
formation afforded 10 in 44% over three steps. The optical properties of compound 10 were
measured in its N-acetylated methyl ester form, to mimic the predicted behaviour in a
peptide/protein. It displayed an emission maximum value of 370 nm and a QY of 0.53. It should be
noted that it possesses an emission maximum wavelength with a substantial red-shift compared
with tryptophan. This suggests that the emission signal could be isolated from the natural

tryptophan residues found in proteins, making this unnatural a-amino acid a potential imaging

agent.
OMe
( NC
NC\Qj 5 steps \QjA OMe \WN
I . “nBuLi, THF
HN E p-T¢ ~78°C, 1h
6 65% OMe
8
2. NVOC-Cl
1.2NHCI | KyCOj, Dioxane
THF,rt,3h| H,O,rt, 16 h
79% over 2 steps

1. Cs,CO,, THF

NC Q jN MeOH, rt, 3h NC

0~ OMe 2. LiOH, THF I COMe .,
HN I w0 ome _ MeOH, H0 N HNYO OMe
f 3. CICH,CN p-T¢ 5
Et;N, DMF, 16 h
NO, 44% over 3 steps NO,
10 9

Scheme 2: Schollkopf bis-lactim amino acid synthesis of 10.

Hecht and co-workers also investigated the potential use of the cyanotryptophan a-amino acid
derivative 11 as a Forster resonance energy transfer (FRET) pair with L-(7-hydroxycoumarin-4-
yl)ethylglycine 12 (Figure 4).22 As discussed, 11 has an emission maximum at 370 nm and 12 has
emission maxima values of 345 and 440 nm. Both were incorporated with good efficiency into two

different positions (11 Trp74 and 12 Trp17) of Escherichia coli dihydrofolate reductase (ecDHFR).
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Previous studies suggested the cyanotryptophan derivatives introduction to position 74 were
tolerated as well as small fluorescent a-amino acid incorporation into position 17. Calculations
determined that the distance between the donor 11 and acceptor 12 pairing was suitable for FRET
experiments. Incorporation was done by decoding a four-base codon CGGG with the coumarinyl-
tRNAcccc and the nonsense codon UAG with cyanotryptophanyl-tRNAcua 13. The modified DHFR
was then excited at 310 nm and an efficient FRET signal was recorded at 460 nm proving that 11

could be used as a FRET partner for studying protein-nucleic acid interactions.

HO I ¢

(|l
. N~ 2
|

11 12 13

Figure 4: Donor 11 and acceptor 12 FRET pairing, and tRNAcua with 11 incorporated (13).

Phenylalanine derived unnatural a-amino acids have been recently synthesised, particularly by Zotti
et al* The synthesis starts with the alkylation of N%benzylidene-bL-Ala-NH, 14 with 4-
(bromomethyl)benzonitrile using phase transfer catalysis (PTC) to give 15 (Scheme 3). The
benzylidene group was hydrolysed to form the racemic amino amide 16. A genetically modified
organism (GMO), Ochrobactrum anthropi, was utilised to resolve the racemic mixture, producing
the desired phenylalanine derivative 18 and amino amide 17. Amino acid 18 was incorporated into
the decapeptide, trichogin GA IV a membrane active peptaibiotic, to mimic the Aib amino acid
commonly found in these types of peptides. The helical conformation was maintained and through
exploitation of the p-cyanophenyl moiety, the peptide had an emission maximum of 295-305 nm
allowing the group to study the interaction of this modified lipopeptaibiotic with model

membranes.
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Scheme 3: Synthesis of 4-cyanobenzyl chromophores 17 and 18.

1.4 Coumarin-Derived Fluorescent a-Amino Acids

2H-Chromen-2-ones or coumarins are fragrant organic chemical compounds in the benzopyrone
chemical class (Figure 5). They have a characteristic ring system that has been used for optical
imaging due to the possession of desirable properties such as high quantum yields, an extensive

spectroscopic range, photostability and solubility in a variety of solvents.1%®

O
o "0
Figure 5: Basic structure of coumarin.

Multiple groups have developed synthetic methodology to access the coumarin ring system and
one of the most popular methods to construct coumarin-derived a-amino acids was developed by
Garbay and co-workers.”> They managed to synthesise 7-methoxycoumarin a-amino acid
derivatives by applying a Pechmann condensation reaction to construct the ring system. Since then,
a number of groups have adopted this Pechmann condensation methodology to prepare coumarin
derived a-amino acids.’®* The Yao group synthesised a self-immobilising and fluorogenic
phosphotyrosine (pTyr) mimic and used SPPS to incorporate it into peptide-based probes.’” Fmoc-
L-aspartic acid 4-tert-butyl ester 19 was used as the starting material for the synthetic route
(Scheme 4). Following manipulation of the carboxylic acid protecting groups, compound 20 was
treated with Meldrum’s acid to form B-ketoester 21, the substrate for coumarin synthesis. The
Pechmann condensation was carried out with resorcinol under acidic conditions to yield 7-hydroxy
coumarin a-amino acid derivative 22. Formylation using the Duff reaction, followed by
phosphorylation with bis(o-nitrobenzyl) phosphorochloridate produced 23. A two-step aldehyde

reduction and fluorination procedure was used to install the benzylic fluorine 24. Phenylsilane and
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Pd(PPhs)s were then used to remove the allyl protecting group before a mixture of TEA/thiophenol
was employed to remove one of the 2-nitrobenzyl groups to give 25. No explanation was provided

as to why the selected conditions did not remove both 2-nitrobenzyl groups.
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Scheme 4: Synthesis of fluorogenic coumarin-derived a-amino acid 25.

Yao’s group wanted to study the role of protein tyrosine phosphates (PTP), which play an important
role in controlling signal transduction processes and regulating the phosphoproteome network.?’
PTP investigations at a molecular level provide unprecedented knowledge of how enzymes work
under physiological settings. Once the fluorogenic coumarin derived a-amino acid 25 was
synthesised they then incorporated it into three different CPPs via SPPS. Previous work on these
localisation peptides have been shown to successfully deliver enzyme inhibitors into subcellular
organelles of live cells.’® A four residue glycine (Glys) linker connected the unnatural a-amino acid
to the CPP to reduce any interference with the CPP and PTP. CPP 26 was one of the resulting peptide

based probes synthesised during this study (Figure 6). It was used to deliver the pTrp mimic to the
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membrane of Hela cells in order to visualise PTP activities. Successful visualisation was possible via

confocal microscopy.

H

NH;

e e e
\H/ﬁo}/N\)LH/ﬁO}/N\)kH I N\é)kNHz
\/\

(0]
26
-linker-CPP

Figure 6: Membrane specific pTrp mimic peptide 26.

Work carried out by HauRler and Gutschow also focussed on coumarin derived a-amino acids,
specifically a 6,7-dimethoxy coumarin analogue.’® They wanted to synthesise and investigate a
route to a coumarin derived a-amino acid with bisbenzamidine functionality in the structure. Due
to the benzamidine moiety being capable of binding in the protein active sites via anionic and
hydrogen bond interactions it has become of great interest.?’ Bisbenzamidines possess antifungal
and antiprotozoal properties because the benzamidine residues can interact with adenine/thymine
sites of DNA via insertion into the minor groove.??? These types of interactions could be
investigated by using an efficient fluorophore with bisbenzamidine functionality installed and use
of fluorescence microscopy for visualisation. Similar conditions as described above were utilised to
synthesise 27 using the Pechmann condensation reaction (Scheme 5).2° The next objective was to
install the bisbenzamidine moieties. Carboxylic acid 27 was activated using N-methylmorpholine
and isobutyl chloroformate followed by subsequent reaction with 4-aminomethylbenzonitrile to
form the amino amide. Deprotection of the amine with hydrochloric acid gave HCl salt 28. The
amine salt was treated with DIPEA and 4-cyanobenzenesulfonyl chloride producing the sulfonyl
amide and installing the second nitrile group. The Pinner reaction was used to form imidate 29.
Ammonium acetate was used to furnish the desired bisbenzamidine functional groups. Preparative
HPLC, treatment with TFA and freeze drying led to the final bisbenzamidine-TFA salt 30. The
excitation maximum for the compound was 350 nm and its emission maximum, 422 nm. Future
biological studies are expected to be carried out looking at its interaction with adenine/thymine

rich double stranded DNA.
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Scheme 5: Synthesis of bisbenzamidine 6,7-dimethoxy coumarin-derived a-amino acid 30.

An alternative approach to synthesising coumarin derived a-amino acids was recently developed
by Kazmaier and co-workers.% They synthesised coumarin-derived allylic carbonates and subjected
them to a palladium catalysed allylic alkylation with a chelated glycine enolate intermediate
(Scheme 6). 4-Methyl derived coumarin 31 was synthesised via Pechmann condensation and o-
methylation of resorcinol. The methyl group was oxidised using selenious acid, forming 4-
formylcoumarin 32. Reaction with vinylmagnesium bromide led to the allylic alcohol which was
directly acylated with ethyl chloroformate to synthesise allylic carbonate 33. Chelated glycine
enolate 34 was generated by deprotonating the protected glycine wusing lithium
hexamethyldisilazide and zinc as the chelating counter ion. Palladium catalysed allylic alkylation
completed the synthesis, fusing the coumarin ring with the glycine moiety to give 35. These
coumarin derived allylic carbonates are suitable electrophiles for this final step and when using
terminal allylic carbonates, these furnished a single regioisomer and the E-alkene exclusively. So far
only the racemic approach has been developed but future studies will investigate a stereoselective

protocol so that fluorescent labelling of peptides and natural products could be explored.
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Scheme 6: Synthesis of coumarin-derived a-amino acids via a Pd-catalysed allylic alkylation.

1.5 Xanthone and Acridone-Derived Fluorescent a-Amino Acids

Xanthone derivatives are made up of three fused rings with bridging ketone and ether groups
(Figure 7). The structure of acridone is very similar but instead of an oxygen/ether linker, there is
an amine bridge. Both have a rich conjugated donor-acceptor relationship within the central B ring.

This push-pull motion of electrons allows these fluorophores to exhibit desirable optical properties.

Figure 7: Structures of xanthone and acridone.

There have been recent reports detailing the synthesis of fluorescent a-amino acids with xanthone
and acridone frameworks.?*? Braun and co-workers designed a synthetic route towards Fmoc and
Boc protected a-amino acids with xanthone as the side chain (Scheme 7).2* Their fluorescent
properties were also examined. A xanthone derived a-amino acid was required to investigate the
folding mechanisms in polypeptides. A fluorescence triplet-triplet energy transfer (TTET)
mechanism takes place between xanthone and naphthylalanine residues in close proximity to one
another. In order to study this interaction further an Fmoc or Boc protected xanthone a-amino acid
analogue is required, so that direct incorporation can be carried out smoothly, with no post
synthesis modifications or protecting groups. To start the synthesis, an Ullmann coupling between

2-bromobenzoic acid and 4-methoxyphenol gave diarylether 2-(4-methoxyphenoxy)benzoic acid
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36. Copper triflate benzene complex (2.5 mol%) was the optimal source of copper and 4-
dimethylaminopyridine (2.5 mol%) was used as a ligand. The reaction could be scaled up to 40 mmol
by switching solvent to toluene, maintaining an excellent 89% yield. Concentrated sulfuric acid was
used to form the ring and demethylate the methoxy group to give 37. Treatment with triflic
anhydride led to triflate 38, necessary for the cross-coupling step. The Negishi coupling proceeded
with the organozinc amino acid derivative and Pd[P(o-tol);],Clz (5.4 mol%) producing the xanthone-
derived a-amino acid 39. A Boc-protected organozinc coupling partner was also used and gave the
corresponding coupled product in 40% vyield. Both Fmoc and Boc protected compounds were
hydrolysed using acidic and enzymatic conditions, respectively. The excitation maximum for the

Boc protected acid was 340 nm and had a broad emission maximum at 380 nm.
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Scheme 7: Synthesis of xanthone-derived a-amino acid 39.

A five step, high yielding and scaleable route was optimised by Mehl and Petersson’s respective
groups for the synthesis of an acridone-derived a-amino acid capable of being utilised in ribosomal
biosynthesis.?> This efficient synthetic route started with L-tryptophan, which was fully protected
using standard conditions and treated with phenyl triflimide to provide the substrate 40 for the
Buchwald-Hartwig coupling (Scheme 8).% A solvent, temperature, base and Pd/ligand ratio screen
was then carried out to find optimal conditions for the coupling. Palladium acetate, rac-BINAP and
caesium carbonate, in cyclopentyl methyl ether (CPME) gave the highest yields of the desired
product 41. Toluene was used as the solvent at 135 °C when reactions were carried out on larger
scales. A Friedel-Crafts cyclisation was then employed to construct the acridone ring system using
concentrated sulfuric acid. This final step also removed the methyl ester and Boc protecting groups
to give 42, with an overall yield of 87%. A route to 42 had already been previously published,

however large quantities of the final compound were required for bacterial culture studies, so a
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more cost effective route was established.?”-?® The absorption maxima for 42 was 383 and 402 nm,

with an emission maxima of 420 and 445 nm and a QY of 0.74 when using methanol as the solvent.
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Scheme 8: Synthesis of acridone-derived a-amino acid 42.

Fluorescent acridone-derived a-amino acid 42 was paired with the common fluorophore 7-
methoxycoumarinylalanine (Mcm) for a FRET application.?®> The absorption value for Mcm is around
325 nm and once irradiated it fluoresces at 400 nm. If 42 is in close proximity to Mcm when this
occurs it can subsequently be excited and emit at a longer wavelength. The group incorporated
both amino acids into calmodulin (CaM) of Escherichia coli to study the conformational changes

associated with the binding of helical peptides to CaM.

1.6 Flavone-Derived Fluorescent a-Amino Acids

Flavones are a class of flavonoids based on the backbone of 2-phenylchromen-4-one (Figure 8).
There are a vast number of natural and synthetic flavones. Several methods exist to synthesise
their structure such as the Allan-Robinson reaction,?® the Auwers synthesis®® and the Baker-
Venkataraman rearrangement.®® Flavones have antioxidant, anti-proliferative and anti-
inflammatory activities and have been an important moiety for the development of new

therapeutics.®

Figure 8: Basic structure of flavone.
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Work carried out by the Mély group has focussed on the synthesis of flavone derived a-amino acids
and their applications.? They described the synthesis of a furyl analogue in the 2-position of the
flavone and potential for it to be a tryptophan residue mimic. The six-step synthesis started with L-
tyrosine which was treated with acetyl chloride to form the phenolic ester, which then underwent
a Fries rearrangement in the presence of AlCl; (Scheme 9). Subsequent Boc-protection led to the
hydroxy acetophenone 43. This compound was then condensed with furfural to produce chalcone
44 in a 95% vyield. The key step in this synthesis was the formation of the flavone backbone where
the Algar-Flynn-Oyamada reaction was utilised. Oxidative cyclisation occurred under strong basic
and oxidative conditions giving a modest yield of 20% for flavone 45. The final steps were a
deprotection-reprotection procedure to give the final Fmoc protected flavone derived a-amino acid
46. The optical properties of the Boc-protected flavone were measured showing that it had an
absorption maximum of 350 nm and two emission bands at 420 and 525 nm with methanol as the
solvent. Using SPPS, 46 was incorporated into the NC(11-55), which is the zinc finger domain of the
HIV-1 nucleocapsid protein and displays nucleic acid assembly/disassembly properties.3 Trp37 and
Ala30 were the residues substituted for 46 and although Trp37 plays a key role in the structure and
activity of NC(11-55), the fluorescent derivative managed to maintain the folding and chaperone
activities of the peptide. Therefore, this flavone-derived a-amino acid has proven to be a

tryptophan residue mimic in this particular biological study.
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Scheme 9: Synthesis of flavone-derived a-amino acid 46.
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The Mély group went on to make several other analogues using the same synthetic route and apply
them to similar biological studies (Figure 9). Compound 47, a dimethylaminophenyl derivative was
incorporated into melitten, a membrane active peptide.?* The fluorescent analogue replaced Leu9
and Trp19 residues of this peptide. It displayed dual fluorescence bands at 470 and 570 nm via
excited state intramolecular proton transfer (ESIPT). Similarly to the furyl analogue, Mély
incorporated a methoxyphenyl flavone derivative 48 into a HIV-1 nucleocapsid peptide.>> A long-
lived fluorescence lifetime was observed because of the ESIPT complex and the binding partners of

the labelled peptides were visualised through two photon fluorescence lifetime imaging.

CO,H
NHFmoc

Figure 9: Dimethylaminophenyl 47 and methoxyphenyl 48 flavone-derived a-amino acids and

ESIPT reaction in 3-hydroxyflavones.

1.7 BODIPY-Derived Fluorescent a-Amino Acids

Boron-dipyrromethene, commonly known as BODIPY, is dipyrromethene complexed with a
disubstituted boron atom, usually a BF; unit (Figure 10). Derivatives of BODIPY are known to have
small Stokes shifts, high quantum vyields, sharp absorption and emission peaks, and high solubility
in many organic solvents.®® This combination of properties makes BODIPY fluorophore an excellent
imaging agent. There have been several reviews covering the synthesis and application of BODIPY

compounds.3637

The general method used to construct BODIPY analogues is treating
dipyrromethene with boron trifluoride etherate and a tertiary amine. The dipyrromethene is
synthesised from the corresponding pyrroles via the Knorr pyrrole protocol and subsequent

oxidation.
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Figure 10: Unsubstituted BODIPY core structure.
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Due to the desirable optical properties associated with BODIPY derivatives, several groups have
synthesised BODIPY derived a-amino acids and used them in biological studies.?® Guzow and co-
workers reported the synthesis of a BODIPY-derived a-amino acid with a benzoxazole moiety linking
the fluorophore with an alanine derivative.*® Starting with N-Boc-3-nitro-L-tyrosine methyl ester,
the nitro group was reduced using standard catalytic hydrogenation conditions, followed by
treatment with terephthalaldehyde which furnished Schiff base 49 (Scheme 10).%° Lead(IV) acetate

was used as the oxidising agent, inducing cyclisation to benzoxazole 50.
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