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Figure 1.10. Catalytic cycle of olefin metathesis adapted from Hartwig.*

The Michel Lab reported two small molecule probes capable of detecting
exogenous ethylene in live cells: BEP-4 and BEP-5 (Figure 1.11).*® Specifically, these
probes can be categorized as chemodosimeters, which are molecules that undergo a
chemical reaction in response to an analyte and induce an observable or measurable
response. For these BODIPY Ethylene Probes (BEPs) the chemical reaction results in a

quantifiable fluorescent turn-on response by metal displacement from a cross metathesis

reaction with ethylene.

Figure 1.11. Structures of the Michel Lab’s ethylene probes BEP-4 and BEP-5.%
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BEP-4 and BEP-5 consist of two important scaffolds: the 2"%-generation Hoveyda-
Grubbs catalyst* moiety and the dipyrrometheneboron difluoride (BODIPY) fluorophore.
The Hoveyda-Grubbs catalyst moiety has two important roles in the probes’ structures. The
first is that it supplies the metal for the olefin metathesis reaction with ethylene. The second
is that the heavy ruthenium atom quenches the fluorescence of the BODIPY through the
heavy atom effect.*® Upon cross metathesis of BEP-4 or BEP-5 with ethylene, the metal
is expelled from the BODIPY B-4, restoring the fluorescence and “turning on” the probe

(Figure 1.12).

cross |L
metathesis

BEP-4

Figure 1.12. Mechanism of ethylene detection by probes reported by Toussaint et al.*®

Metals and olefins have variable reactivities dependent upon the properties of the
olefin. Grubbs and coworkers categorize alkenes into four types, with type | being
minimally substituted electron rich alkenes that rapidly react in cross metathesis (ethylene),
to type IV being inactive.*” BEP-4 and BEP-5 were evaluated for their selectivity to

ethylene by exposure to other types of biologically relevant alkenes: allyl alcohol,
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isoprenol, prenol, limonene, and oleic acid (Figure 1.13). The probes had negligible

fluorescence turn-on responses to all alcohols except for the type 1 olefin allyl alcohol.*

o e e é
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Figure 1.13. Structures of alkenes used in selectivity experiment by Toussaint et al.*

The probes have demonstrated response to exogenous ethylene in vitro and in vivo.
The calculated quantum yield (QY) of BEP-4 is ® = 0.002, while its olefin metathesis
BODIPY product B-4 has a QY of ® = 0.24. When dissolved in toluene and exposed to a
balloon of ethylene gas, BEP-4 has a 113-fold turn-on at t = 12 h from its t = 0 min
fluorescence spectrum.*® For in vivo studies in HEK293T cells, the probes were subjected
to ethylene gas captured from a ripe banana and mango. BEP-4 showed a 61% fluorescence
increase compared to a control sample. In PC12 cells BEP-4 showed a 14-22%
fluorescence increase when subjected to ethephon ((2-chloroethyl)phosphonic acid): a
commercial agricultural chemical which hydrolyzes into ethylene to ripen fruit. To
evaluate LOD, BEP-4 was dissolved using toluene in a gas-tight cuvette wherein variable
amounts of ethylene (5 to 500 pL) were injected into the headspace and the fluorescence

intensity was monitored. The LOD was calculated to be 13 ppm.
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The Michel Lab is currently studying structure-activity relationships (SAR) to
increase sensitivity of its ethylene probes, which is crucial to detect endogenous ethylene.
BEP-4 and BEP-5 have LODs of 9 and 13 ppm in organic solvent, respectively. Although
the maximum fluorescence turn-on of BEP-4 is excellent (113-fold), these probes have a
slow but considerable background turn-on in control samples limiting the sensitivity. The
LOD is dependent on the signal-to-noise ratio, therefore increasing the signal and/or
lowering the background noise would lower the LOD. For effective application in a cellular
environment, lipophilic probes are being explored to increase sensitivity of ethylene

detection.
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2. RESEARCH

2.1. HYPOTHESIS

The goal of the work in this thesis is to improve upon previously reported probes from
the Michel Lab for the cellular detection of ethylene. We hypothesize that localizing our
probe to membrane-rich regions of the cell will lead to enhanced sensitivity for ethylene
detection. Four primary pieces of evidence support our hypothesis: 1) Ethylene is a result
of lipid peroxidation; the local concentration of ethylene should be higher in the lipid
bilayer than the cytosolic regions. 2) Ethylene’s lipophilicity should result in preferential
partitioning from the cytosol to the lipid bilayer. 3) The receptor responsible for binding
ethylene in Arabidopsis, ETR1, lies in the membrane-rich endoplasmic reticulum*, which
further suggests that ethylene localizes to membranes. 4) Membranes are simpler
environments than the cytosol; membrane localization of the probe may reduce background
turn-on. The following outlines our efforts to design and synthesize an ethylene probe that

will localize to membranes.

2.1.1 PROBE DESIGN BACKGROUND AND INSPIRATION

2.1.1.1. SUBCELLULAR TARGETING

For effective application in a cellular environment, subcellular targeting is being

explored to increase sensitivity of ethylene detection. Subcellular targeting uses structural
20



modifications to localize a molecule within specific organelles. Organic chemistry is
employed to design and synthesize these molecules with the goal of achieving a desired
effect in a biological system. Below we will describe how lysosomes, nuclei, mitochondria,
and cell membranes have been successfully targeted with this approach.

Lysosomes house hydrolytic enzymes which require acidic pH for optimal
activity*®, therefore designs of labeling compounds append weakly basic amines to remain
neutral until reaching an acidic organelle such as a lysosome (neutrality aids cell
permeability). Bi and coworkers developed rhodamine-based fluorescent probes for
lysosomal labeling and tracking which fluoresce when protonated in acidic environments
(Figure 2.1)%° Using colocalization studies, they determined that the LysoProbe precursor
was not specific for targeting lysosomes and rapidly leaked if the probe did accumulate
there. For increased lysosomal specificity, they added N-linked glycans (LysoProbe 1)
which mimic the sugars in lysosomal membrane proteins.® With this structural change
they observed that LysoProbe | was retained in lysosomes for long periods of time after

loading of the probe.
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Figure 2.1 Structure of Bi and coworkers' Lysoprobe precursor and LysoProbe I:
lysosomal dyes.*
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Thioflavin T (ThT), among other biochemical uses, is a fluorescent probe that
selectively binds to RNA G-quadruplexes in vitro.>* Upon intercalation, an increase in
fluorescence is observed due to restriction of bond rotation and increase of planarity of the
molecule. The probe IMT was developed by Zhang and coworkers as a derivative of ThT
for improved nucleus localization in vivo (Figure 2.2).%2 Changing the N-methyl group to
N-isopropyl increases the hydrophobicity of the molecule to help cross several lipid
bilayers to reach the target nucleic acid. As demonstrated, small structural changes can lead

to relatively large effects in biological systems.
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Figure 2.2. Zhang and coworkers' IMT for increased hydrophobicity of an RNA G-
quadruplex probe.*?

From symbiogenetic origins, mitochondria have evolved to contain two lipid
bilayers as membranes.**°3** The mitochondrial membrane potential (MMP) is negative,
which requires probes to be both cationic and hydrophobic for membrane permeability.
One commercial dye is MitoProbe™ DilC1(5) (Figure 2.3), which utilizes this active
membrane potential for localization within a mitochondrion.*® Upon cell death, the MMP
is lost and the dyes can leak out into the cytoplasm which is then used for differentiating

live and dead cells.>®
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MitoProbe™ DilC(5)

Figure 2.3. Structure of MitoProbe™ DilC1(5)—a commercial dye.

As demonstrated, structural differences in probes can be optimized for specific
membrane constituents of organelles. Cell membranes, or plasma membranes, consist of a
wide range of lipids which form its lipid bilayer, but phospholipids make up a large portion.
Phosphatidate represents the backbone moiety of phospholipids (Figure 2.4). The
hydrophilic heads consist of phosphate, which is esterified to several different alcohols in
nature.®” The hydrophobic tails are esterified fatty acid derivatives varying in carbon chain

length and unsaturation.
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Figure 2.4. Structure of phosphatidate with highlighted hydrophilic and hydrophobic
regions.

There are many sources of commercial membrane probes, and Thermo Fisher
Scientific has a complete catalog of BODIPY -based fluorophores which mimic fatty acids
in their structures (Figure 2.5).% The nonpolar BODIPY, and usually a long alkyl chain,
supplies the hydrophobic tail and a polar functional group acts as the hydrophilic head.

Thermo Fisher Scientific sells derivatives with changes in the alkyl chain length, which
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upon incorporation within the cell membrane have been shown to be buried at different
depths.®® Unfortunately, the synthetic use of this class of compounds for consumers is
limited due to the unpublished synthetic routes and the high prices for small amounts of

material (e.g. 1 mg of BODIPY® FL Cjg costs $140.00%7).

BODIPY® FL C4g BODIPY® 500/510 C,4, Cq BODIPY® 558/568 C,,

BODIPY® 581/591 C, BODIPY® 665/676

Figure 2.5. Several of Thermo Fisher Scientific's BODIPY -based lipid analogs for cell
membrane labeling.

2.1.1.2 ADVANTAGES OF USING THE BODIPY FLUOROPHORE

There are many advantages to BODIPY-based probes: excellent photochemical
properties®®® | appropriate for confocal fluorescence microscopy®?3, and synthetically
amenable to derivatization. BODIPY's are well-known for their strong photon absorption,
high quantum yield, and high photostability compared to other common fluorophores.5!

These optical properties make them applicable to quantitative analysis using fluorescence
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microscopy. Facile synthesis of derivatives increases their applicability for a wide range of
in vitro and in vivo experiments which rely on fluorescence detection.

Diversification of the BODIPY structure has numerous advantages for chemical
biology. Its photochemical properties can be altered or enhanced by adding substituents.
Appending conjugated substituents allows for tuning the emission wavelength or altering
the quantum yield. Poirel, De Nicola, and Ziessel report TmTn, a series of oligothiophene
BODIPYs with predictable bathochromic shifts (Figure 2.6).6* Comparing T1T1 to T2T3

resulted in an 180 nm absorption shift and 122 nm emission shift.

TmTn

Figure 2.6 TmTn oligothiophene BODIPY dyes reported by Poirel, De Nicola, and
Ziessel .5

Ease of BODIPY synthesis and derivatization allows for subcellular targeting
through structural alterations. BODIPY's have been functionalized at every position for a
variety of biological applications. Kollmannsberger and coworkers developed a pH
chemosensor which emits negligible fluorescence until protonated in higher pH
environments (Figure 2.7).%° In its neutral form, there likely exists a donor-acceptor
relationship between the dimethylamino and BODIPY moieties, respectively. Upon

protonation fluorescence quenching no longer occurs, initiating a turn-on response.

25



X X

H
\N/ \N+/

®

H+
/ i =
N N /
7\
FE

Figure 2.7. BODIPY-based pH chemosensor reported by Kollmannsberger and
coworkers.%

For in vitro experiments Rostron et al. developed a BODIPY-based dsDNA
(double-stranded DNA) probe with a turn-off fluorescence response (Figure 2.8).%¢ While
unbound to dsDNA the probe exhibits high quantum yield in methanol: ® = 0.90. The
molar extinction coefficient of BODIPY absorption was measured as 73,000 M cm™.
Experiments showed a positive correlation between increasing dsDNA concentration and
fluorescence quenching of the probe. The hydrophobic pyrene unit is presumably
responsible for the interaction between the major groove of dsDNA, but the binding mode
is not yet understood. However, in the unquenched state it was found that the high pyrene
absorption energy is efficiently transferred to the BODIPY moiety, increasing the

excitation and fluorescence maxima energy gap to 10,900 cm™.
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Figure 2.8. BODIPY-based dsDNA probe with turn-off fluorescence response reported
by Rostron et al.%®

There is no shortage of BODIPY -based fluorophores functionalized for biological
systems. The combination of the BODIPY scaffold’s versatility and exceptional
photochemical properties make it an optimal dye for applications in chemical biology, and

especially for subcellular targeting (Figure 2.9).

Spectroscopic tunability

Subcellular targeting

Diversification

Figure 2.9. Potential diversification points of BODIPY s structure with resultant
advantages.

2.1.1.3. APPLICATIONS FOR CHEMICAL BIOLOGY

The development of organometallic probes expands the bioorthogonal toolkit with

use of transition metal-mediated reactions in subcellular reaction space. Organometallic
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complexes at first glance seem unsuitable for the cellular environment, but the emerging
field of biorthogonal chemistry has shown they are selective, specific, and extremely useful
for their unique reaction capabilities. Streu and Meggers®’ reported a Ru-based catalyst
which cleaves allylcarbamates from amines in living cells. Organometallic catalysts often
are subject to poisoning from in vivo conditions, such as a combination of air, water, thiols,
and in general protic and aerobic conditions.®” However, their catalyst in a flask withstood
these conditions vs. an argon atmosphere without significant decreases in yield (96% vs.
89%). It also was able to permeate the cell membrane and induce fluorescence of cleaved
amine products. This early work showed that important biological activity information can
be elucidated by transition metal catalysis within the cell. The work in this thesis aims to
progress chemical biology through further development of organometallic probes for

ethylene detection.

2.2 STRATEGY

Simply, our strategy is to design a probe that will localize to cell membranes. We
aimed to achieve this by incorporating a fatty acid constituent into the probe design. This
design was inspired by a variety of fluorophores which localize to membranes by utilizing
both a long hydrophobic tail and a hydrophilic head (fatty acid). Shown in Figure 2.10,
incorporation of this fatty acid moiety should allow the polar group to anchor to the exterior

of the membrane, while the alkyl chain interacts with the interior lipid tails.
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Figure 2.10. General structural design of a lipophilic ethylene probe localized to a lipid
bilayer.

2.2.1 INITIAL PROBE DESIGNS

The original probe designs for this project (Figure 2.11) (la-1c) modeled
commercially available membrane probes. The high costs of these probes make them
impractical synthons for this project, so we devised our own synthesis of the asymmetric
BODIPY moieties. Our tactic was to append each pyrrole with the corresponding
substituents before assembling an asymmetric BODIPY and attaching our ethylene

detection unit (1).
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Figure 2.11. Starting target structures of lipophilic ethylene probes.

Attempts towards synthesis of la failed using Wittig or Horner-Wadsworth-
Emmons reactions (Figure 2.12). Wittig reactions form carbon-carbon double bonds from
carbonyl compounds and phosphorus ylides.®® To form a phosphorus ylide,
triphenylphosphine substitutes onto an alkyl halide to form a phosphonium salt, then base
deprotonates the adjacent carbon forming phosphorane (pentavalent phosphorus). Wittigs
are most successful with a “stabilized” ylide: when the deprotonated carbon is adjacent to
an electron withdrawing group (EWG) which stabilizes the negative charge.®® In the case
of our route, the ylide is adjacent to an alkyl group. Up to 3 equivalents of various bulky

bases failed to form the required ylide.
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Figure 2.12. Failed Wittig reaction pathway to synthesize target pyrrole.

Horner-Wadsworth-Emmons olefinations (HWE) or Horner-Wittig olefinations
(HW) employ a carbanion like Wittig reactions but use phosphonates or diphenyl
phosphine oxides instead, respectively (Figure 2.13). This adds stability to unstabilized
ylides as the phosphine oxide groups can withdraw electron density from the carbanion.

Nevertheless, these compounds also failed to produce the ylide.

dialkyl phosphonate base o O
(HWE) | P
—X > R,P7 s O

Q Q ylide

P
P L7, o~

diphenyl phosphine oxide
(HW)

Figure 2.13. Failed HWE and HW reaction pathways to synthesize target ylide.
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2.2.2. SYMMETRIC PROBE DESIGN: FA-BEP-1010

The next iteration of probe synthesis followed a symmetric design, FA-BEP-1010,
adapted from a fluorescent surfactant developed for cell membrane imaging by Wang and
coworkers, C8BCOOH (Figure 2.14).%° A variety of reasons made this a promising design.
The synthesis of symmetric BODIPYs is simpler and more established in literature than
asymmetric routes, and C8BCOOH was shown to localize to cell membranes by

mimicking a fatty acid in its structure.5®

C8BCOOH FA-BEP-1010

Figure 2.14. Wang and coworkers' C8BCOOH cell membrane probe®® and our
symmetric probe FA-BEP-1010.

The completed synthesis of FA-BEP-1010 and its derivative SIPr-FA-BEP-1010
is depicted in Figure 2.15. Pyrrole 2 is acylated with decanoyl chloride and zinc is used as

a Lewis acid for removing chloride ions from the solution. Activating zinc metal with
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several solvent washing steps was crucial for the reaction’s success. The ketone 3 is
reduced with sodium borohydride, giving a 10-carbon alkyl chain on pyrrole 4. Popular
BODIPY synthesis conditions with 2 equivalents of 4 and aldehyde 5 yields BODIPY 6,
and subsequent metalation with a Hoveyda-Grubbs 2" generation catalyst yields FA-BEP-

1010 and SIPr-FA-BEP-1010.
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Figure 2.15. Synthetic route for FA-BEP-1010 and SIPr-FA-BEP-1010.
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FA-BEP-1010 and SIPr-FA-BEP-1010 were the first working ethylene probes
developed in this project. However, they lacked the polar functional group for a fatty acid
mimetic. After initial in vitro experiments it quickly became evident that these probes
would not serve as an improved BEP-4. Following experiments by Wang and coworkers,
while C8BCOOH fluoresced in aqueous buffer solution®® FA-BEP-1010 failed to produce
a fluorescence signal. This indicated that our probe was insoluble in aqueous solutions
likely due to the lipophilicity of the molecule. To increase solubility, we attempted to
incorporate the probe into liposomes but did not observe a turn-on fluorescence response
to samples subjected to a balloon of ethylene. This suggests that the probe is aggregating
before incorporation, which causes quenching of fluorescence, or is being encapsulated by
the lipids and shielded from reacting with ethylene. Additionally, in vitro monitoring of
fluorescence turn-on over time were conducted with published experimental conditions for
BEP-4 and data is shown in Figure 2.16. Probes dissolved in toluene are subjected to a
balloon of ethylene gas and their fluorescence spectra are integrated and compared to a
control. The maximum fluorescence turn-on of BEP-4 reaches 113-fold, while FA-BEP-
1010 and SIPr-FA-BEP-1010 show turn-ons of only 5-fold and 10-fold, respectively.
Accompanied by poor spectroscopic properties, we determined that these probes were too

lipophilic and that a polar group was necessary to achieve fatty acid-like properties.

35



10— v
| v v * FA-BEP-1010 Control
8 v = FA-BEP-1010 Ethylene
- 6_- v A S|Pr-FA-BEP-1010 Control
'4:: v n . - - v SIPr-FA-BEP-1010 Ethylene
@ 4 v ou "
[ ]
o
L
' Iy 'y A A

0 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180

Time (min)

Figure 2.16. Fluorescence turn-on vs. time data of 1 uM FA-BEP-1010 or SIPr-FA-
BEP-1010 in toluene upon exposure to balloon of ethylene gas compared to controls.

2.2.3. ASYMMETRIC PROBE DESIGN

We then focused on developing an asymmetric BODIPY as an attempt to reduce
the lipophilicity of our probe. The general synthetic route 7 to 11 is used for the remaining
probes discussed in this project. Figure 2.17 shows the alkylation and Wittig reactions (7
to 9) reported by the Michel Lab*. Next, a lithium-halogen exchange using n-butyllithium
and quenching with carbon dioxide from dry ice gave the carboxylic acid 10. It was
converted to the acid chloride 11 with oxalyl chloride and catalytic N,N-
dimethylformamide. Facile rotary evaporation of oxalyl chloride prepares the acid chloride

for use in the next reaction without further purification.
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Figure 2.17. Synthesis of commercial 4-bromo-2-hydroxybenzaldehyde 7 to acid
chloride 11.

The reaction yielding the asymmetric BODIPY “puzzle piece” 11 is the first
convergent point in this synthesis (Figure 2.18). 11 is the asymmetric structural building
block of 1% generation Michel Lab BODIPY's (Figure 2.19). Several reaction types were
attempted before determining that a pyrrole Grignard reagent was necessary for specific
acylation of the 2-position upon reaction with an acid chloride. N-metalation eliminates the
need for a protected pyrrole while activating a nucleophilic 2-position (Figure 2.20).
Deprotonation of N—H with the alkyl group of an alkyl magnesium halide forms resonance-
stabilized carbanions at pyrrole carbons 2-5 (Figure 2.20, Figure 2.21). Compared to
carbanions at the 3-5 carbons, the 2-position is stabilized by inductive effects from the
electron withdrawing nitrogen atom.”® In comparison, a carbanion at the 4-position is more

reactive due to electron donating methyl groups. Steric hindrance and high reactivity likely

37



make the 4-position more prone to simpler acid-base reaction pathways, such as hydrogen
abstraction from solution, than nucleophilic attack of a more complicated acid chloride.
Tahtaoui and coworkers’® reported synthesis of a 2-ketopyrrole from a Grignard reaction
which was applied to our compounds. Methylmagnesium iodide produced the highest yield

(47%) out of several commercial alkyl magnesium halides (EtMgBr and MeMgBr).

H o 12
N

=z 1.0 eq. \ /
)
Y 1.2 eq. CH3Mgl

Et,0, reflux 30 min to RT 16 h

Cl O
11

47%

Figure 2.18. Grignard reaction of acid chloride 11 to asymmetric BODIPY "puzzle
piece" 13.

N7
B
/7 \
F F
Figure 2.19. Depiction of BODIPY building by "puzzle piece” 13 (pink) and pyrrole
(black).
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Figure 2.20. Resonance structures of 2,4-dimethylpyrrole Grignard reagent.
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Figure 2.21. Anionic N-H deprotonated pyrrole. Blue: numbering of carbons. Orange:
flow of electron density from inductive effects.

It is important to note that pyrroles 14 and 15 were attempted with typical BODIPY
reaction conditions to form 16 (Figure 2.22). Neither carboxylic acid 14 or methyl ester 15
formed the desired structure. Depicted in Figure 2.23, several groups report synthetic
functionalization at the third carbon from the pyrrole while being unsubstituted at all other
positions.”>" It is likely that further substitution disturbs the electronics of the pyrrole for
the forming of BODIPY. We continued synthesis of probes following this new substitution

pattern.
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Figure 2.22. Attempted pathways for appending carbonyl functional groups to BODIPY .
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Figure 2.23. Reported substituted position on pyrrole for functionalization.’”>"®
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