Q_e"‘”&

R
4ope

;f Kobe University Repository : Kernel

PDF issue: 2024-08-20

Photosensitised Switchable Nitric Oxide Donor

Furoxans

CHRISTOPHER PETER SEYMOUR

(Degree)
B (%)

(Date of Degree)
2018-09-25

(Date of Publication)
2019-09-01

(Resource Type)
doctoral thesis

(Report Number)
EHEET72765

(URL)
https://hdl. handle. net/20.500. 14094/D1007276

X HAVFT VY RMARZOZMERTY. BNER - TEFASZELEY. ZEEETROON TV ZEENT, BIICTRHACEIW,

\j].\]\'l:lihl'[ Y
AN



Christopher Peter Seymour 1

Photosensitised Switchable Nitric Oxide Doner Furoxans

(BIAEHE.D)

Research summary

) Nitric oxide {NO) is a reactive free radical with a short lifetime and area of effect. NO behaves as a
X AR O E B ' cellular signalling molecule involved in vasodilation, cell death and neurotransmission. Diseases
resulting from a deficiency of NO can be treated with stable NO donor molecules, however current
clinical NO donors are non-specific and have issues with toxicity and tolerance. '

® & Christopher Peter Seymour Our research was focussed on the NO donor furoxan, which releases NO in presence of thiols.
Previously it had been shown that fluorofuroxans can isomerize under UV irradiation (Scheme 1),

& % Chemistry The 4-F regioisomer 1’ was stable to thiol but once isomerized to the 3-F regioisomer 2’ it underwent
thiol mediated NO release. This previous research was the first example of furoxan photoswitchable
NO donors (PINODs) but was limited by the fluorofuroxan absorption being within the UV range,

WXEER UMESEOBAE, TOMRBHETI L) which is damaging to organic tissue.
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Scheme 1”: Photoswitchable NO release from fluorofuroxan.

This set the precedent for the core of our research. We hypothesized that a visible light absorbing
moiety may be able to transfer energy to furoxan and induce isomerization enabling NO release
(Scheme 2°). During our initial investigations we discovered that furoxans could phosphoresce under
irradiation, this suggested that furoxan could access the triplet excited state. The furoxan
phosphorescence discovery highlighted photosensitizers as possible visible light absorbing moieties
that could be conjoined with furoxan to form PINODs.
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Scheme 2': Envisioned mechanism of furoxan isomerization and NO release mediated by visible light
absorbing moieties.

Our first efforts into this research was in the search for a visible light absorbing photosensitizer of
fluorofuroxan. Screening reactions of selected photosensitizers were conducted by irradiating a
deaerated solution of deuterated benzene containing equimolar amounts of photosensitizer and
fluorofuroxan with 400-500 nm of light. When photosensitization of the fluorofuroxan occurred, it
underwent isomerization from 1’ to 2’ reaching a maximum isomerization ratio at the
photostationary state (PS). We were able to observe this by comparing to the *H NMR spectra of
irradiated and non-irradiated samples. We selected anthraquinone 6’ as the photosensitizer which
induced up to 75% isomerization in the fluorofuroxan within 30 minutes of continuous irradiation
(Scheme 3').
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Scheme 3': Photosensitized isomerization of fluorofuroxan induced by visible light absorbing
anthraquinone. Measured by *H NMR using relative peak integration.

With the anthraquinone sensitizer and fluorofuroxan partners selected, we devised synthetic )
strategies to unite them into a single hybrid molecule. Our first strategy utilized a direct nucieophilic
substitution with ethyleneglycol functionalized anthragquinone 7’ onto a benzylic bromo-
functionalized fluorofuroxan 8’. Once the hybrid had been formed we intended to improve solubility
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with longer glycol chains. Unfortunately, we observed incorrect regioselectivity with reaction
occurring directly on the furoxan ring, conjoining the molecules but removing the essential fluoro-
functionalization from the furoxan (Scheme 4°).
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Scheme 4”: Formation of undesired byproduct 10’ from reaction between ethyleneglycol
functionalized anthraquinone 7* and fluorofuroxan 8'. '

Our second attempt at connection made use of palladium catalysed cross coupling (Scheme 5').
Palladium coupling was selected in order to remove regioselectivity issues from the synthesis. Firstly,
the Heck reaction between vinylanthraquinone 11’ and a p-bromophenyl substituted fluorofuroxan
12’ was attempted. However, we encountered stability issues with the fluorofuroxan which was

- predisposed to decomposition under the reaction conditions. We suspected that base was

responsible for the instability of the furoxan so we altered our approach to the Stille coupling, which
uses mild conditions in the absence of base. To our delight we were able to connect a p-
stannylphenyl furoxan 15’ with a model B-iodovinylstyrene compound (not shown). We undertook
extensive reaction optimization and significantly improved the yield. Finally, we synthesised an 8-
iodo-vinylanthraquinone 14’ coupling partner and applied our optimized conditions. We were able
o connect the two coupling partners but the yield was poor and purification of the product 15’ was
difficult. Further attempts at reaction optimization using the anthraquinone coupling partner were
unfruitful. The difficulty encountered in isolating the product necessitated an alternative approach,
one in which the anthraquinone core could be constructed late in the synthesis.
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low yielding and insoluble
Scheme 5”: Palladium catalysed coupling reactions between furoxans and anthraquinones.
p

Now that we understood the limitations of synthesising a furoxan-anthraquinone hybrid, we were

- able to mitigate the encountered problems of furoxan stability and anthraquinone insolubility. We

planned to synthesise the anthraguinone core at a late stage in the synthesis whilst simultaneously
connecting the furoxan in a single step. The envisioned reaction was an organocatalyzed [4 + 2]
reaction between (relatively soluble) naphthoquinone and a terminal aldehyde functionalised
furoxan 16’. The initial attempts were troublesome due to stability issues with an azide
functionalized naphthoquinone {not shown) so we changed the intermediate to an N-Boc protected
analogue 17’ which assisted with the solubility and purification. Furthermore, the Boc group could
be deprotected later in the synthesis with TFA to grant a water-soluble salt. The organocatalyzed [4
+ 2] reaction furnished the anthraquinone core as well as the furoxan linker granting the desired
product 18’ .in moderate yield after purification (Scheme 6’). Deprotection and saponification of the
N-Boc amine afforded the desired water-soluble hybrid anthraquinone-fluorofuroxan allowing us to
test the photoswitchable nitric oxide donating ability.
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Scheme 6’: Organocatalysed [4 + 2] reaction between naphthoquinone 17’ and furoxan 16’ followed
by Boc deprotection and saponification.

Irradiation of the anthraquinone-furoxan hybrid 18’ in cysteine phosphate buffer resulted in
photoswitchable nitric oxide release in up to 13% after 5 hours. Delighted that photoswitchable
release had been achieved we set about improving both the rate and quantity of NO release.

To begin our investigation, we synthesised a disconnected anthraquinone molecule 19’ to test the

NO
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effect of the alkyl linker on the sensitization of fluorofuroxan. We irradiated a solution of deuterated
DMSO containing equimolar concentrations of disconnected anthraquinone 19’ and fluorofuroxan 1
with 400-500 nm light (Scheme 7°). To our surprise aside from inducing sensitization in the furoxan,
the anthraquinone appeared to undergo oxidation to 20’ under irradiation and became fluorescent.
This meant that once oxidized the photophysical properties of the anthraquinone changed and it
may not be able sensitize the NO release from furoxan. .
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Scheme 7’: Isomerisation of 1’ and oxidation of 19’ under visible light irradiation. Measured by *H
NMR using relative peak integration.

To counter this phenomenon, we alkylated the pyrrole amine of 18’ with iodomethane and
deprotected the Boc group to form 21/, once the quaternary ammonium ion had formed,
photooxidation would no longer be possible {Scheme 8'). Gratifyingly, when 21’ was irradiated with
400-500 nm light in cysteine phosphate buffer the nitric oxide release rate and quantity increased
significantly to 39% after 5 hours. Furthermore, an unusual property of sensitized furoxan NO
release was observed where NO was released under irradiation in the absence of cysteine. Very few
furoxans can release NO in the absence of thiol cofactor, this is a limiting factor in furoxan NO donor
design since the cellular ievels of thiol vary. Cellular studies with 21’ were then conducted in the
hopes that we could attain photoswitchable nitric oxide release from within a celf culture system.
Unfortunately, we did not observe NO release from within the cells and therefore could not
determine whether the hybrid had permeated the cell membrane
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Scheme 8'; Formation of furoxan-anthraquinone PINOD 21’ and NO release under irradiation.
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The lack of cellular uptake was disappointing so the project progressed with a view to designing
improved molecules to address the shortcomings of our initial prototype.

After considering the shortcomings of 21’, we decided that an improved design would need to be
accessible by a facile synthetic route and be observable by fiuorescence (Figure 1'). This meant that
the molecule must be theranostic (be able to fluoresce and sensitize) and that an alternative furoxan
to fluorofuroxan was necessary.
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Figure 1": Concept for an improved sensitized furoxan PINOD.

We began our investigation by screening furoxans for their NO releasing ability under UV irradiation,
under the assumption that visible light sensitization would produce similar quantities of NO. We
found that alkoxyfuroxan was a good NO donor and a more stable alternative to fluorofuroxan. Our
search efforts into fluorescent sensitizers led to 3-amino-9-fluorenone as a theranostic candidate.
We synthesised a fluorescent fluorenone-alkoxyfuroxan hybrid 22’ which was successful at
sensitizing isomerization of the furoxan in benzene. However, when irradiated in phosphate buffer
solution there was no release of NO (Scheme 97).
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Scheme 9”: Unsuccessful NO release from fluorenone-furoxan under visible light irradiation.

It appeared that the sensitized NO release of 22’ was quenched in agueous solution. This was
perhaps by rearrangement of hydrogen bonds around the fluorenone excited state or by
destabilisation of the fluorenone triplet energy level making intersystem crossing difficult. We were
pleased that our initial investigations were successful in organic solvent and searched for a system
that would perform its function in aqueous solution.

Our search for visible light absorbing theranostic compounds led us the naphthalenediimides (NDIs).
Recently NDis had demonstrated singlet oxygen sensitization from within cancer cells leading to a
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reduction in cell viability by up to 40% under irradiation. Encouraged by the water-solubility,
fluorescence, cell permeability and sensitizing properties we designed an NDI tethered
alkoxyfuroxan 23’ (Scheme 10’). To our delight the NDI-furoxan 23’ displayed photoswitchable NO
release in phosphate buffer solution. However, when in the presence of cysteine, the NO release
was prevented, This was possibly due to single electron transfer from thiol quenching the NDI

excited state.
|
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R i N-0"
~ +
o
8r irradiation
(= 400-500 nm)
O 0 —————%—— NO release
cysteine
I

23'
Scheme 10’: In vitro investigation into NO release of 23'.

Regardless of the lack of NO release in the presence of cysteine we tested the cellular uptake of 23"
in HeLa cancer cells (Figure 2’). We were clearly able to observe the fluorescence from within the cell
showing successful cellular uptake and as expected, NO rejease was not observed due to the
presence of quenching biothiols. We suggested synthetic modifications to the NDi-alkoxyfuroxan for
future research to enhance the sensitized NO release of furoxans, hopefully in the presence of thiol.

Figure 2': Cellular uptake of fluorescent compound 23’ in Hela cancer cells.

In summary, we were able to synthesise successful in vitro furoxan-sensitizer PINODs but the designs
were hindered by lack of biological application. We overcame the initial problems of cell
permeability of anthraquinone-furoxan 21’ by designing an NDI-furoxan 23’. We were able to
observe cellular uptake of 23’ due to theranostic properties but NO release did not occur under
irradiation.
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