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ABSTRACT

Reactive oxygen and nitrogen species (ROS/RNS) are small, highly reactive,
and transient oxygen/nitrogen containing compounds that play important roles in
redox signaling processes to maintain cellular homeostasis. Typically, these finnicky
species are detected through activity-based sensors (ABS) which produce a fluorescent
response after being selectively uncaged by the target analyte. However, these
fluorescent scaffolds are limited by their large absorption and emission profiles.
Therefore, to expand our ability to detect these species, our lab aims to develop and
characterize this new class of activity-based sensors to detect these species via non-
fluorescent imaging modalities utilizing boron-rich clusters. These boron-rich clusters
have unique, tunable properties that are advantageous for alternative based imaging
strategies such as time-of-flight mass spectrometry (ToF-SIMS) or Raman
spectroscopy. Utilizing these non-fluorescent scaffolds, we hope to expand the toolbox
ROS/RNS targeting scaffolds to further understand their behavior within biological
systems.

In Chapter 1, I will discuss progress made towards the synthesis and
photophysical characterization of this novel class of ABS scaffolds. A strategy to
attach a boron-rich cluster to a known fluorescent scaffold was developed. These new
dye derivatives were then characterized through UV-Vis and fluorescence
spectroscopy to observe how the addition of the cluster impacted the dye’s

photophysical properties. Additionally, multiple formylations of these unique dyes



were attempted and screened for optimal conditions. An alternative synthetic route is
proposed to bypass obstacles and limitations within the current pathway.

In Chapter 2, I will discuss preliminary studies which demonstrate the viability
of these boron-rich cluster compounds for alternative imaging strategies in biological
systems. A protocol to reliably prepare cells for ToF-SIMS analysis was developed.
Using this method, a cell sample was imaged via ToF-SIMS for the first time at the
University of Delaware. Building off these preliminary experiments, cells were
incubated with a dye conjugated to a boron-rich cluster then analyzed via fluorescence
microscopy and ToF-SIMS. Shortcomings of the current strategy are discussed
alongside potential solutions to troubleshoot complications encountered in follow-up

experiments.
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Chapter 1

SYNTHETIC PROGRESS TOWARDS THE DEVELOPMENT OF TANDEM
ACTIVITY-BASED SENSORS UTILIZING BORON-RICH CLUSTERS

1.1 Introduction

Reactive oxygen and nitrogen species (ROS/RNS) are transient and highly
reactive oxygen/nitrogen containing compounds such as hydrogen peroxide (H20),
superoxide (Oze-), and peroxynitrite (ONOO-).1 2 These species play important role in
redox signaling to maintain cellular homeostasis through the regulation of cell
signaling and metabolism.' 2 Dysregulation of redox signaling processes causes
oxidative stress which has been linked to various ailments including
neurodegeneration and cancer.® 2 In addition to having independent functions,
ROS/RNS often work in together to maintain homeostasis.® Therefore, it is crucial that
we can observe the behavior of ROS/RNS within biological contexts to further our
understanding of their unique roles within cell signaling and regulation.

Due to the transient nature and small size of ROS/RNS, they are difficult to
selectively detect through traditional binding-based sensing. Alternatively, there has
been success monitoring these species through activity-based sensing (ABS). Unlike
more traditional binding-based sensors, ABS scaffolds focus on the molecular
reactivity of the desired analyte.* Typically, this involves the chemoselective uncaging
of a fluorophore when the sensor is contact with the analyte. This results in a “turn-
on” fluorescent response from the sensor.®> The unique reactivity of individual

ROS/RNS allows ABS scaffolds to differentiate between similar, small species in a



way that could not be achieved through binding-based sensing. However, these
sensors could easily diffuse in and out of the cell since there was no anchor holding
them in place. This drawback was resolved through the introduction of tandem
activity-based sensing and labeling. The introduction of a fluoromethylene group
orthogonal to the ABS trigger caused the formation of a highly-reactive ortho-quinone
methide intermediate after the uncaging event.> © Intracellularly, this intermediate
would be attacked by a nucleophilic biomolecule, effectively trapping the sensor
within the cell in addition to labeling the biomolecule (Figure 1.1). While this is a
great tool, fluorescent tools suffer from overlapping absorption and emission profiles

which makes it difficult to target multiple analytes at one time.

Figure 1.1: Example of tandem-ABS labelling strategy for H2O2 probe.

Since ROS/RNS often work collaboratively to regulate cellular processes,
being able to observe the activity of multiple species concurrently would be
advantageous. Therefore, the overarching goal is to develop tandem activity-based
sensors that utilize alternative imaging modalities to observe the behavior of

ROS/RNS within biological systems. To further expand the imaging modalities



amenable to ABS detection, our lab envisions conjugating boron-rich clusters to these
tandem activity-based sensors. Boron clusters are biologically inert, stable, and highly
amenable to synthetic modification which make them a viable addition to a sensor for
biological systems.” Additionally, due to the trace amounts of boron in biology these
clusters can serve as a background-free !B isotopic tag in ToF-SIMS detection.8 For
vibrational imaging, the B-H stretching band within boron clusters appear within a
biologically silent region for most Raman spectra.® Due to the unique properties of
boron-rich clusters, attaching them to an ABS scaffold would be advantageous for the

detection of ROS/RNS molecules via non-fluorescent imaging modalities.

1.2 Historical Background

Activity-based sensing can trace its roots all the way back to the 1960s with
the development of lock-and-key recognition complexes.* It was only in the late 1990s
to early 2000s that the first probes relying on reactivity from its specific analyte would
emerge.? The first official activity-based sensor for H.O, emerged in 2004, known as
Peroxyfluor-1 (PF-1).1% 11 PF-1 was unique in that it utilized a boronate oxidation
mechanism that was able to selectively distinguish H20, from other ROS.> 1!
Improvements to this original scaffold would be continually developed throughout the
2000s such as the introduction of different colors and organelle-targeting groups.>: 1 12
While these improvements were great advancements in detecting ROS/RNS, one of
the major drawbacks was the lack of reliable spatial information. Most probes excelled
at selective detection of ROS/RNS, but could then easily diffuse throughout the cell
which made spatial information unreliable.® To tackle this shortcoming, Lu and
coworkers developed selectively activated probe in the presence of sulfatase which

was equipped with a cell trapping scaffold.®® In the presence of sulfatase, the



recognition head of the sensor would be eliminated which causes the formation of a
highly reactive quinone methide after the sole fluorine atoms acts as a leaving group.®3
This methide goes on to be labeled by nearby nucleophilic residues, effectively
trapping the sensor.!? Inspired by this strategy, the Urano group adopted this labeling
strategy to install a fluoromethyl leaving group orthogonal to their 3-galactosidase
sensor.* This approach proved to be successful as the sensor was effectively labeled
by nearby proteins, emitting a fluorescent response.* Further adopting this strategy
the Chang and Hamachi groups were individually able to apply this tandem labelling
ABS strategy to H20»-sensitive scaffolds, effectively trapping their sensors within
cells.® 1> Employing this tandem ABS and labeling strategy alongside boron-rich
clusters could be a viable solution to expand the imaging modalities available to

visualize ROS/RNS.
1.3 Synthetic Progress Towards Sensor Development

1.3.1 Initial Sensor Design and Approach

Due to the limited examples of boron-rich clusters being utilized within
alternative imaging modalities, the ability to visualize the ABS scaffold via
fluorescence imaging was a high priority. Therefore, we targeted conjugating a boron-
rich cluster to a known fluorophore and then installing the tandem ABS labelling
hardware. This would allow us to ensure that there are no problems with cellular
uptake before proceeding with experiments involving alternative imaging modalities.
Additionally, proceeding through this pathway would permit the characterization of
the probe’s photophysical properties as a dye in before developing it into a sensor. The

fluorophore we targeted is a fluorescein-derivative known as Tokyo Green.® This dye



appeared to be synthetically advantageous as the xanthone ring could easily be
conjugated to a bromobenzene derivative then undergo further established
transformations to install the activity-based sensing hardware to detect H>O, through
an aryl boronate ester.

To start, I utilized a similar approach to Urano and coworkers by attempting to
couple xanthone to a bromobenzene joined to a meta-carborane through lithium-
halogen exchange (Figure 1.2). This attempt proved to be unsuccessful as analysis
through LC-MS showed multiple masses exceeding the expected mass for the product.
The most likely conclusion is that the n-butyllithium (n-BuLi) was targeting the
bromobenzene and deprotonating the free C-H vertex of the m-carborane. Hydrogens
within the C-H bond of carboranes are weakly acidic and will generate C-Li species in
the presence of n-BuLi.” This resulted in the unwanted, over-functionalization of the

bromobenzene substrate which lead to the excessive masses observed via LC-MS.

Br
__ LiAH, ___soc,
THF 0°Ctor.t., 2hrs DCM rt., o/n
Cl

0000
nomm
I I

1.01 (91°/) 1.02 (91%)
1.02
1.05
(?/ TBDMSOOTBDMS
1) n-BuLi cl 1) n-BuLi 2) o
THF, 0°C to 40°C, 1 hr o Ctort., oln _4'\_' Et,0, 0°C, 1 hr THF, 0°C to r.t., o/n
LD,
LB

1.03 (23%)

1.06 (N/A)

Figure 1.2: First attempt at conjugating meta-carborane bromobenzene to xanthone



To combat the unwanted di-substitution, | opted to methyl protect one of the
C-H vertices before performing the dye-forming lithium-halogen exchange.
Originally, I attempted to selectively protect one of the C-H vertices with tert-
butyldimethylsilyl while methylating the free vertex (Figure 1.3). However, after
deprotection, | observed the presence of 1-methyl-m-carborane and m-carborane.
These two compounds are incredibly difficult to separate through traditional means
due to their extremely nonpolar nature and UV inactivity. Logistically it made more
sense to abandon this procedure and instead just methylate m-carborane directly
(Figure 4). Direct methylation of m-carborane results in a mixture of starting material,
mono-, and di-substituted methyl-m-carborane. This crude product is then pushed into
the next step where the unwanted m-carborane substituents are removed during
column chromatography. However, this does decrease the isolated yield of 1.10 due to

side reactions involving the non-substituted m-carborane.

1) n-BulLi, 0°C to 40°C, 1 hr TBDMS 1) n-BuLi, 0°C to 40°C, 1 hr
2) TBDMS-CI, 0°C to r.t., o/n 2) Mel, 0°C to r.t., o/n
THF - THF o
1.07
TBDMS

0=B-H TBAF
0=B >
O=C-H THF, -78°C to 0°C, 30 min
0o=c

1.08 1.09

Figure 1.3: Attempt at selective methylation of meta-carborane via TBDMS
protection.
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Figure 1.4: Revised strategy to conjugate m-carborane bromobenzene species to
xanthone

1.3.2 Synthesis and Photophysical Characterization of Tokyo Green-based Dyes
With the bromobenzene methyl-m-carborane in hand, | was finally able to re-
attempt the lithium-halogen exchange (Figure 1.4). A small amount of product formed
in comparison to the leftover xanthone, the limiting reagent within this reaction. Upon
further investigation, it seemed likely that the diethyl ether/tetrahydrofuran (THF)
solvent mixture was responsible for the lack of product formation. During the
formation of the aryllithium, the only solvent present is diethyl ether. However, it has
been reported that the lithium-bromide exchange occurs slowly and exhibits limited
reactivity when performed in diethyl ether since n-BuL.i exists as a tetrameric
aggregate.r” In THF, the formation of aryllithiums is favored due to n-BuL.i presenting
as a dimeric aggregate at lower temepratures.'” 8 To further promote the formation of
aryllithiums, only THF was used as a solvent during the following attempt which

increased the percent conversion to 39%. By reducing the temperature to -78°C and



shortening the reaction times at each step, full conversion to product was observed.
Utilizing the same or slightly altered procedures, the standard Tokyo Green dye along
with an o-carborane derivate were synthesized. This created a branch point where |
could begin characterizing each derivative while progressing through the synthetic
route.

With dyes in hand, | was able to obtain the excitation/emission profiles of each
derivative under extremely basic and acidic conditions (Figure 1.5). It should be noted
that Tokyo Green is pH sensitive and should only exhibit fluorescent activity under
basic conditions.'® The carborane derivatives have profiles consistent with the
standard scaffold, which was to be expected. However, what is more unexpected are
the absorption profiles in acidic conditions. The xanthene portion of the dye should be
protonated at pH = 3.4, meaning that only the protonated form of the dye should be
present which is exactly what we observe in the standard Tokyo Green dye.® On the
other hand, both the o- and m-carborane derivatives have an additional peak. The
reason for these additional peaks is currently unknown as most carborane dyes that
have extremely similar absorption/emission spectra to the scaffolds they are appended
t0.1% 2% One potential possibility is that within the carborane substrates, the cationic
dye is able to tautomerize. The additional methylene linking the carborane to the
benzene could contribute additional tautomer that is not possible with the standard
Tokyo Green derivative as it has an ether in the same position. Tautomers for Tokyo
Green have been observed before, just not in the cationic state.?> 22 However at this
point there is no definitive explanation for the multiplicity seen within the acidic

spectra of the two carborane dyes.
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Figure 1.5: Absorption/emission profiles of various carborane-containing Tokyo
Green derivatives. The top row contains spectra obtained under basic
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contains spectra obtained under acidic conditions (1X PBS, pH=1, 0.02
mg/mL).
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1.3.3 Attempts at Incorporating the Tandem ABS Hardware into Dye Scaffolds

With two of the core features joined together, the only missing component was

the H20, targeting sensor. Following a fluorescein-based protocol developed by

Iwashita et al., the next step was to install an aldehyde in the orthogonally to the free

alcohol (Figure 6).5 This was originally accomplished through a Duff formylation

which originally seemed promising. Although there was starting material leftover, two

masses aligned with the anticipated regioisomers. However, there were countless

byproducts that | was unable to fully separate from the targeted products after several

attempts at purification via high-performance liquid chromatography (HPLC) and

silica columns chromatography. Despite screening several different conditions with



varying reaction times and equivalents of hexamethylenetetramine, there was no

significant improvement that mitigate these issues.

1) HMTA, TFA, 90°C, o/n
2) 2M HCI, 95°C, 1 h

B
B
C
Cc

Q
Q
Q
Q

1) NaBH4, MeOH, r.t., 1h
2) DAST, DCM, 0°C, 1 h

B,(pin),, Pd(dppf)Cl,, KOAc
Dioxane, 90°C, 3 h

Figure 1.6. Proposed synthetic route to install ABS hardware onto carborane-
containing Tokyo Green Derivative

After seeing limited success with the Duff method, | opted to try a Reimer-
Tiemann formylation instead which resulted in a crude mixture consisting of starting
material and a mass matching the desired product. With these more promising results
in hand, I went on to screen several conditions with the non-carborane Tokyo Green
dye based on previously reported conditions utilized with similar substrates (Table
1.1).2%2% QOriginally, | constructed a standard curve using Tokyo Green to calculate

how much starting material was actually consumed. Given the fact that crude allegedly

10



only consisted of starting material and product, any mass that was not attributed to the
starting material was most likely my product. Unfortunately, this was an unsafe
assumption since the percent conversion to the alleged product does not seem to have
a direct relationship with the percentage of starting material consumed. While
increasing the temperature to 70°C and upping the additions of chloroform consumed
more starting material, it did not increase the amount of alleged product formed. In
fact, it seems like the ideal conditions are listed under 1.1 and should be replicated
with the carborane-based dyes. Few attempts were made with the m-carborane-based
Tokyo Green scaffold utilizing the conditions listed for entries 2.2 and 1.5
respectively. However, the highest percent conversion was achieved using the
conditions listed for 1.5 but utilizing 80 equivalents of sodium hydroxide. This yielded
a 25% conversion to the alleged product. Efforts are ongoing to isolate the suspected

product from its starting material.

Table 1.1: Reimer-Tiemann formylation optimization screenings on Tokyo Green dye

1) MeOH, 55°C, 15 min
2) NaOH, 70°C, 5 min
3) CHCl,, 70°C, o/n

117
Entry #| NaOH equiv | CHCl; Equiv | EtOH equiv | Temp (°C) Solvent  |Rxn Time |% SM Consumed | % Conversion
l, 1l 24,5* 7.8 N/A 55 MeQH 12 hrs 59.9% 34.2%
1.2 24.5* 7.8 N/A 70 MeOH 24 hrs 53.3% 22.0%
1.3 24.5* 7.8 N/A 55 MeOH 24 hrs 50.1% 24.5%
21l 12 8.3 (2 addn) 6.2 95 diH,0 13 hrs 60.7% 20.4%
3.1 7.08 0.88 3.58 50t070 diH,0 2 hrs 55.6% 3.2%
1.4 24.5* 7.8 N/A 70 MeQH 13 hrs 37.7% 15.0%
2.2 12 6.3 (2 addn) 6.2 90 diH,0 18 hrs 67.8% 29.9%
2.3 24.5*% 7.8 N/A 90 MeOH +diH,0| 18 hrs 48.7% 19.1%
A5 24.5* 7.8 (2 addn) N/A 70 MeOH 18 hrs 66.1% 17.0%

11



1.4 Conclusion

The next goal for the Tokyo Green dyes would be to confirm that the suspected
product is the formylated dye and continue on with the proposed synthetic route.
Unfortunately, the starting material tends to drag into the less polar product, causing
co-elution on silica. Several attempts have been made to isolate the product through
HPLC, but co-elution has also been repeatedly observed. Moving forward, dry loading
the crude mixture onto silica or potentially finding a different xanthene moiety that
would be more amenable to formylation are the next courses of action. Although these
Tokyo green-based carborane derivatives are a helpful starting point, one of the
biggest limitations is that they are not usable for Raman spectroscopy. This is because
most conventional fluorescent dyes produce background that interferes with the
desired Raman signals.?® In addition to the dye scaffold discussed here, | have been
working on developing a different carborane-based tandem ABS scaffold (Figure 1.7).
This synthetic route is simpler than that proposed for the Tokyo Green-based
substrates, especially since this route is composed of more worked out, modular
structures. The addition of the alkyne handle to the m-carborane makes this sensor
more amenable to further modification. With one step, it would be easy to click on a
fluorophore or an organelle-targeting group. This probe would also be amenable to
Raman spectroscopy unlike the Tokyo Green derivatives as fluorophores typically

interfere with Raman signals.?®

12
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Figure 1.7: Proposed synthesis and current progress for a tandem ABS probe
containing a carborane equipped with a bioorthogonal handle.

1.5 Synthetic Procedures

Br Br

LiAIH,
THF, 0°C tor.t., 2 hrs

o (0) OH
1.01

(1.01)?": Methyl 4-bromo-3-methylbenzoate (10.0 g, 43.7 mmol, 1.00 equiv.)
was added to a 3-neck round-bottom flask equipped with a stir bar and addition funnel.
Dry THF (200 mL) was added to the flask and the solution was chilled to 0°C.

Lithium aluminum hydride as a 2.0 M THF-based solution (27.3 mL, 54.6 mmol, 1.25
equiv.) was dispensed within the addition funnel and then added dropwise to the
reaction mixture over the course of 10 minutes. The reaction was then left to stir at

room temperature for 2 hours. Once two hours had passed, the reaction mixture was
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chilled to 0°C once again as 1M NaOH (50 mL) was slowly added. Precipitate began
to form and was subsequently filtered off the reaction solution. The filtrate was then
reduced under pressure in order to remove excess THF and then extracted thrice with
EtOAc. Collectively, the organic layers were dried over anhydrous sodium sulfate and
then reduced under pressure to yield a clear oil (8.03 g, 91%). *H NMR (400 MHz,
CDCls) & 7.46 (dd, J = 8.1, 1.4 Hz, 1H), 7.14 (d, J = 2.0 Hz, 1H), 6.95 (dd, J = 8.2, 2.2
Hz, 1H), 4.50 (d, J = 1.9 Hz, 2H), 3.06 (d, J = 8.8 Hz, 1H), 2.36 (d, J = 1.4 Hz, 3H).

Br Br

SOCl,
DCM, r.t., o/n

>

OH Cl
1.01 1.02

(1.02)?": 1.01 (8.03 g, 39.9 mmol, 1.00 equiv.) was added to an oven-dried 1-
neck round bottom flask equipped with a stir bar. This solid was dissolved in dry
DCM (200 mL) and stirred at room temperature. Afterwards thionyl chloride (5.80
mL, 79.8 mmol, 2.00 equiv.) was added dropwise to the reaction mixture, which was
left to stir at room temperature overnight. The reaction was quenched with MeOH and
reduced under pressure. This resulting crude mixture was then purified through silica
column chromatography (10% EtOAc/hexanes) which yielded an orange oil (8.01 g,
91%). *H NMR (400 MHz, CDCls) § 7.51 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 2.3 Hz,
1H), 7.07 (dd, J = 8.2, 2.3 Hz, 1H), 4.51 (s, 2H), 2.40 (s, 3H).
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1.02
Br

I I

1) n-BuLi _ 2) Cl
THF, 0°C to 40°C, 1 hr 0°C tor.t, o/n

0000
mnunn
oOOww

(1.03): m-Carborane (270 mg, 1.87 mmol, 1.00 equiv.) was added to an oven-
dried, 2-neck round bottom flask equipped with a stir bar and addition funnel. The
solid was dissolved in 18.7 mL of dry THF and chilled to 0°C. n-BuLiasa 2.5 M
hexanes-based solution (820 pL, 2.05 mmol, 1.10 equiv.) was added dropwise into the
reaction mixture. Once the addition was complete, the reaction was warmed to 40°C
for 1.5 hours. Afterwards, the reaction was once again chilled to 0°C and 1.02 (450
mg, 2.05 mmol, 1.10 equiv.) dissolved in 6 mL of dry THF was slowly added. The
reaction mixture was then warmed to room temperature and left to stir overnight. The
next morning, the solution was filtered through celite and washed with hexane. The
filtrate was collected and reduced under pressure. The crude product was then purified
through silica column chromatography (100% hexanes) which yielded a clear oil that
became a white solid upon standing (142 mg, 23%). 'H NMR (400 MHz, CDClz) §
7.47 (d, J = 8.0 Hz, 1H), 6.97 (d, J = 2.2 Hz, 1H), 6.80 (dd, J = 8.1, 2.3 Hz, 1H), 3.14
(s, 2H), 2.87 (s, 1H), 2.40 (s, 3H). 1'B NMR (128 MHz, CDCls) 5 -3.85 (d, J = 160.5
Hz), -8.85 — -17.37 (m).
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HO HO OH HO (o] OH
OO e OO0
diH,0, 140°C, 2 hrs (uW)
OH O o]
1.04

(1.04)%: 2,2',4,4'-Tetrahydroxybenzophenone (1.85 g, 7.50 mmol, 1.00 equiv.)
and sodium acetate (185 mg, 2.25 mmol, 0.30 equiv.) were added to a microwave safe
vial and suspended in diH20 (25 mL). The microwave vial was then capped and
microwaved for 2 hours at 150°C. The reaction was then cooled to room temperature
and filtered. After repeatedly washing the precipitate with diH»O, the reaction yielded
a fluffy, white solid (1.65 g, 96%). *H NMR (400 MHz, DMSO) 6 10.81 (s, 2H), 7.98
(d, J=8.7 Hz, 2H), 6.86 (dd, J = 8.7, 2.3 Hz, 2H), 6.81 (d, J = 2.2 Hz, 2H).

HO 0. OH TBDMSO (o) OTBDMS
O O TBDMS-CI, Imidazole _ O O
DMF, rt, 2hrs
(o) (0]

1.04 1.05

(1.05)?°: 1.04 (1.65 g, 7.23 mmol, 1.00 equiv.) and imidazole (4.92 g, 72.3
mmol, 10.0 equiv.) were added to an oven-dried 1-neck round bottom flask equipped
with a stir bar. Dry DMF (37 mL) was dispensed into the flask where the solids were
stirred until fully dissolved. Then TBDMS-CI (6.54 g, 43.4 mmol, 6.00 equiv.) was
slowly added. The reaction was monitored by TLC (10% EtOAc/hexanes) and ceased
after 2 hours once the starting material was fully consumed. The reaction mixture was
then filtered and after repeatedly washing the precipitate with diH2O. This precipitate
was then purified utilizing silica column chromatography (10% acetone/hexanes)

yielding a white, crystalline solid (3.57 g, quant. yield). *H NMR (400 MHz, CDCls)
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§8.22 - 8.17 (m, 2H), 6.86 (d, J = 2.3 Hz, 1H), 6.84 (d, J = 1.3 Hz, 3H), 1.01 (s, 18H),
0.29 (s, 12H).

1.05
TBDMSO\‘:’;‘/ !OEOTBDMS
=B-H
-4 1) n-BuLi 2) o
Q=C-H 0
0=C Et,0, 0°C, 1 hr THF, 0°C to r.t., o/n

(1.06): 1.03 (142 mg, 0.434 mmol, 3.33 equiv.) was added to an oven-dried, 2-
neck round bottom flask equipped with a stir bar. The solid was dissolved in 1 mL of
dry Et20O and chilled to 0°C. n-BuL.i as a 2.5 M hexanes-based solution (260 pL, 1.60
mmol, 5.00 equiv.) was added dropwise to the reaction mixture. Afterwards, the
reaction was warmed to room temperature and left to stir for 1 hour. Once the hour
passed, the reaction was chilled back to 0°C and 1.05 (59.4 mg, 0.13 mmol, 1.00
equiv.) was added dropwise. The reaction mixture was then warmed to room
temperature and left to stir overnight. The next day, the reaction mixture was
quenched with agueous ammonium chloride and then extracted thrice with ethyl
acetate. Collectively, the organic layers were dried over anhydrous sodium sulfate and
then reduced under pressure. No significant formation of product was observed

through LC-MS.
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1) n-BulLi, 0°C to 40°C, 1 hr TBDMS
2) TBDMS-CI, 0°C to r.t., o/n

HF

0000
nmnn
I I

0O0wm

1.07

(1.07)3%% 3L: m-Carborane (500 mg, 3.47 mmol, 1.00 equiv.) was added to an
oven-dried, 2-neck round bottom flask equipped with a stir bar. The solid was
dissolved in 3.2 mL of dry THF and chilled to 0°C. n-BuL.i as a 2.5 M hexanes-based
solution (1.50 mL, 3.82 mmol, 1.10 equiv.) was added dropwise to the reaction
mixture. The temperature of the solution was raised to 40°C for 1 hour. Afterwards,
the reaction was cooled back down to 0°C. tert-Butyldimethylsilyl chloride (TBDMS-
Cl) (578 mg, 3.82 mmol, 1.10 equiv.) dissolved in 1 mL of dry THF was added
dropwise to the solution. The reaction was then warmed to room temperature and left
to stir overnight. The next day, the reaction mixture was extracted thrice was diethyl
ether. Collectively, the organic layers were dried over anhydrous sodium sulfate and
then reduced under pressure to produce the crude product. An attempt was made to
isolate the desired product through silica column chromatography (100% hexanes),

producing a white solid (396 mg).

1) n-BulLi, 0°C to 40°C, 1 hr
2) Mel, 0°C to r.t., o/n
THF

TBDMS TBDMS

0000

Inunn

0OQww
I I
\

1.08

(1.08)%%31: 1.07 (396 mg, 1.45 mmol, 1.00 equiv.) was added to an oven-dried,
2-neck round bottom flask equipped with a stir bar. The solid was dissolved in 15 mL
of dry THF and chilled to 0°C. n-BuL.i as a 2.5 M hexanes-based solution (640 pL,

1.60 mmol, 1.10 equiv.) was added dropwise to the reaction mixture. The temperature
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of the solution was raised to 40°C for 1 hour. Afterwards, the reaction was cooled back
down to 0°C. lodomethane (100 pL, 1.60 mmol, 1.10 equiv.) was added dropwise to
the solution. The reaction was then warmed to room temperature and left to stir
overnight. The next day, the reaction mixture was extracted thrice was diethyl ether.
Collectively, the organic layers were dried over anhydrous sodium sulfate and then
reduced under pressure to produce the crude product. An attempt was made to isolate
the desired product through silica column chromatography (100% hexanes), producing

a white solid (225 mg).

TBDMS
TBAF N

THF, -78°C to 0°C, 30 min

I

OOww

o
o
Q
o

1.08 1.09

(1.09)%%31: 1.02 (225 mg, 0.826 mmol, 1.00 equiv.) was added to an oven-
dried, 1-neck round bottom flask. This solid was then dissolved in 8.3 mL of dry THF
and chilled to -78°C. Tetrabutylammonium fluoride as a 1 M THF-based solution
(1.65 mL, 1.65 mmol, 2.00 equiv.) was added dropwise to the reaction mixture. The
reaction was monitored by TLC (100% hexanes) and stopped once Compound 2 was
no longer visible (30 min). This reaction mixture was extracted thrice with diethyl
ether and then the organic layers were washed with saturated ammonium chloride.
Collectively, the organic layers were dried over anhydrous sodium sulfate and then
reduced under pressure to produce a white solid (28.8 mg, 22%). Analysis by GC-MS
showed a mixture of m-carborane (12%), desired product (33%), and methyl

disubstituted m-carborane (57%).
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1) n-BulLi, 0°C to 40°C, 1 hr
2) Mel, 0°C to r.t., o/n
THF

Y

=B-H
=C-H

B-
B
C-
C

o
o
o
o

1.09

(1.09, Revised): m-Carborane (5.00 g, 34.7 mmol, 1.00 equiv.) was added to
an oven-dried, 3-neck round bottom flask equipped with a stir bar and addition funnel.
The solid was dissolved in 347 mL of dry THF and chilled to 0°C. n-BuLiasa2.5M
hexanes-based solution (16.7 mL, 41.6 mmol, 1.20 equiv.) was dispensed within the
addition funnel and then added dropwise into the reaction mixture. Once the addition
was completed, the reaction was warmed to 40°C for 1 hour. After this hour, the
reaction was once again chilled to 0°C and iodomethane (2.60 mL, 41.6 mmol, 1.20
equiv.) was slowly added. Following this, the reaction was warmed to room
temperature and left to stir overnight. The next morning, the solution was filtered
through celite. The filtrate was collected and reduced under pressure to yield a white
solid (4.74 g, 86%). The crude product was pushed forward without further
purification. Analysis by GC-MS showed a mixture of m-carborane, desired product,
and methyl disubstituted m-carborane (0.7:1:0.7). *H NMR (400 MHz, CDCls) 6 2.92
(s, 1H), 1.70 (s, 3H). 1B NMR (128 MHz, CDCls) & 9.96 — -30.33 (m), -16.81.
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1) n-BulLi 2) Cl
dry THF, 0°C to 40°C, 1 hr 0°C tor.t., o/n
1.09

(1.10): 1.09 (3.00 g, 19.0 mmol, 1.00 equiv.) was added to an oven-dried, 2-
neck round bottom flask equipped with a stir bar and addition funnel. The solid was
dissolved in 70 mL of dry THF and chilled to 0°C. n-BuLi as a 2.5 M hexanes-based
solution (8.36 mL, 20.9 mmol, 1.10 equiv.) was dispensed within the addition funnel
and then added dropwise into the reaction mixture. Once the addition was completed,
the reaction was warmed to 40°C for 1 hour. After this hour, the reaction was once
again chilled to 0°C and 1.02 (4.59 g, 20.9 mmol, 1.10 equiv.) dissolved in 6 mL of
dry THF was slowly added. Afterwards the reaction was warmed to room temperature
and left to stir overnight. The next morning, the solution was filtered through celite.
The filtrate was collected and reduced under pressure. The crude product was then
purified through silica column chromatography (100% hexanes) which yielded a clear
oil that became a white solid upon standing (2.03 g, 31%). *H NMR (400 MHz,
CDCl3) & 7.46 (d, J = 8.1 Hz, 1H), 6.95 (d, J = 2.2 Hz, 1H), 6.79 (dd, J = 8.1, 2.3 Hz,
1H), 3.11 (s, 2H), 2.39 (s, 3H), 1.65 (s, 3H). 1B NMR (128 MHz, CDCls) & -9.63
(ddt, J = 356.0, 284.6, 166.9 Hz).
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1.05 HO.

TBDMSO\‘;;‘/ ‘OIOTBDMS
1) n-BuLi 2) o 3) 2M HCI

dry THF, -78°C, 10 min -78°C (10 min) to r.t. (30 min) r.t., 30 min

0000
l2X:X-1
r I

(1.11): 1.10 (1.00 g, 2.93 mmol, 1.00 equiv.) was added to an oven-dried, 2-
neck round bottom flask equipped with a stir bar. The solid was dissolved in 30 mL of
dry THF and chilled to -78°C. n-BuL.i as a 2.5 M hexanes-based solution (1.50 mL,
3.42 mmol, 1.20 equiv.) was added dropwise to the reaction mixture. After 10
minutes, 1.05 (977 mg, 2.14 mmol, 0.73 equiv.) was dissolved in 7 mL of dry THF
and then slowly added to the reaction mixture. The -78°C temperature was maintained
for an additional 10 minutes before the reaction was warmed up to room temperature
for 30 minutes. Finally, 2M HCI (37 mL) was added to the reaction mixture and stirred
for 1 hour. The reaction was then extracted thrice with a 10% MeOH/DCM solution
and reduced under pressure. Afterwards the resulting solid was repeatedly washed
with Et,0 to yield a yellowish-orange powder (457 mg, 76%). *H NMR (400 MHz,
MeOD) & 7.54 (d, J = 9.2 Hz, 2H), 7.38 (d, J = 2.3 Hz, 2H), 7.36 (s, 1H), 7.31 (d, J =
1.0 Hz, 2H), 7.27 (dd, J = 9.2, 2.3 Hz, 2H), 3.45 (s, 2H), 2.06 (s, 3H), 1.75 (s, 3H). 'B
NMR (128 MHz, MeQOD) 6 -10.64 (dt, J = 350.6, 225.9 Hz), -12.89.
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1) HMTA, TFA, 90°C, o/n
2) 2M HCI,’95°C, 1 hr

0000
Wi

(1.12)%: 1.11 (200 mg, 0.602 mmol, 1 equiv.) and hexamethylenetetramine
(127 mg, 0.903 mmol, 1.5 equiv.) were added to a 2-neck round bottom flask equipped
with a reflux condenser and stir bar. These solids were then dissolved in TFA (6 mL)
and left to stir at room temperature for 15 minutes. Once the 15 minutes was up, the
reaction was heated to 90°C and refluxed overnight. The next day, 6 mL of 2M HCI
was slowly added to the reaction mixture and the temperature was raised to 95°C.
After one hour, the reaction was cooled to room temperature. The reaction mixture
was then extracted with DCM thrice. The organics were then dried over Na;SO4 and
reduced under pressure to afford a red solid. Product was not isolated after various

HPLC and silica column chromatography attempts.

1.05
TBDMSO. (o} OTBDMS HO O. 0

y L

Z
1) n-BuLi 2) ¢} 3) 2M HCI
THF, -78°C, 10 min -78°C (10 min) to r.t. (30 min) r.t., o/n O

BN

o<

1.16
(1.16): 2-Bromo-5-methoxytoluene (309 mg, 2.18 mmol, 1.00 equiv.) was

added to an oven-dried, 2-neck round bottom flask equipped with a stir bar. The solid
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was dissolved in 22 mL of dry THF and chilled to -78°C. n-BuLi as a 2.5 M hexanes-
based solution (1.00 mL, 2.62 mmol, 1.20 equiv.) was added dropwise to the reaction
mixture. After 10 minutes, 1.05 (500 mg, 1.09 mmol, 0.50 equiv.) was dissolved in 5
mL of dry THF and then slowly added to the reaction mixture. The -78°C temperature
was maintained for an additional 10 minutes before the reaction was warmed up to
room temperature for 30 minutes. Finally, 2M HCI (37 mL) was added to the reaction
mixture and stirred at room temperature overnight. The reaction was then extracted
thrice with chloroform and reduced under pressure. Afterwards the resulting solid was
repeatedly washed with Et>O to yield an orange powder (256 mg, 71%). *H NMR
(400 MHz, MeOD) § 7.60 (s, 1H), 7.58 (s, 1H), 7.28 (d, J = 2.3 Hz, 2H), 7.24 (d, J =
8.4 Hz, 1H), 7.19 (dd, J = 9.2, 2.3 Hz, 2H), 7.12 (d, J = 2.5 Hz, 1H), 7.07 (dd, J = 8.4,
2.6 Hz, 1H), 3.93 (s, 3H), 2.04 (s, 3H).

1) MeOH, 55°C, 15 min
2) NaOH, 70°C, 5 min
3) CHCI3, 70°C, o/n

(1.17, General procedure): 1.16 was added to a 2-neck round bottom flask
equipped with a reflux condenser and stir bar. The solid was then dissolved in MeOH
or EtOH/diH20 and heated to 55°C for 15 minutes. Next, NaOH was added to the
reaction mixture and the temperature was increased to the final desired temperature.
After 5 minutes, chloroform was added and the reaction was left to reflux overnight.

The second addition of chloroform was added 3 hours after the first addition if
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necessary. The next day, the reaction was cooled to room temperature and acidified
using 2M HCI. Then the reaction mixture was filtered, and the solid precipitate was

collected, resulting in a dark orange to brown solid.

Boc,0 - o NH,
BocHN” " "o N\

/\/0\/\ /\/NHZ il
H,N % DCM, 0°C to r.t., o/n

1.18
(1.18)%: 1,2-Bis(2-aminoethoxy)ethane (33.9 g, 229 mmol, 5 equiv.) was

dissolved in DCM (215 mL) and chilled to 0°C in a 3-neck round bottom flask
equipped with an addition funnel and stir bar. Di-tert-butyl decarbonate (10.0 g, 45.8
mmol, 1 equiv.) was dissolved in 75mL of DCM and loaded into the addition funnel
where it was then added dropwise to the reaction mixture. The reaction was stirred at
room temperature overnight. Afterwards the reaction solution was washed once with
saturated sodium bicarbonate. The aqueous layer from this wash was collected and
extracted thrice with DCM. Collectively, the organic layers were dried over anhydrous
sodium sulfate and reduced under pressure to yield a clear oil (11.4 g, quant. yield). *H
NMR (400 MHz, CDCls) & 3.64 — 3.54 (m, 5H), 3.54 — 3.42 (m, 5H), 3.29 (q, J = 5.4
Hz, 2H), 1.42 (s, 9H).

Br Br

1) Boc,0, DMAP, THF/t-BuOH, r.t. to 70°C, o/n‘
2) Imidazole, EtOH, r.t., 3 hrs o

0% SOH ooJ<

1.19

(1.19)%3: A mixture of 4-bromo-3-methylbenzoic acid (10.0 g, 46.5 mmol, 1.0

equiv.) and DMAP (8.53 g, 69.8 mmol, 1.5 equiv) were suspended in a 1:1 mixture of
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tBuOH: THF (100 mL) within a 2-neck round bottom flask equipped with a condenser
and stir bar. Boc,0O (21 mL, 93 mmol, 2.0 equiv.) was then added dropwise through an
addition funnel. Once the gas evolution due to the addition of Boc2O ceased, the
reaction was heated to 70°C to reflux overnight. Full consumption of the starting
material was verified through TLC (25% EtOAc/hexanes) and then the solvent was
removed under reduced pressure. The remaining solid was then redissolved in EtOH
(75 mL). Imidazole (7.62 g, 112 mmol, 2.4 equiv.) was then added to the reaction
mixture which was then stirred for 3 hours to remove excess Boc.O. Afterwards, the
EtOH was removed under reduced pressure. The remaining solid was redissolved in
EtOAc and was sequentially with 10% K>COs3, diH20, twice with 1 M HCI, and
finally brine. The organic layer was dried over anhydrous Na,SO4 and concentrated
under reduced pressure. The crude product was then purified through silica column
chromatography (3% EtOAC/hexanes) to afford orange oil. (9.54 g, 76% yield). *H
NMR (400 MHz, CDCI3) 6 7.83 (d, J = 2.1 Hz, 1H), 7.64 (dd, J = 8.3, 2.1 Hz, 1H),
7.56 (d, J = 8.3 Hz, 1H), 2.43 (s, 3H), 1.59 (s, 9H).

Br Br
AIBN,NBS Br
1,2-DCE, 80°C, 6 hrs
o) o)< o) o)<
1.19 1.20

(1.20): 1.19 (9.54 g, 35.2 mmol, 1 equiv.), NBS (6.89 g, 38.7 mmol, 1.1
equiv.), and AIBN (0.578 g, 3.52 mmol, 0.10 equiv.) were added to a 2-neck round
bottom flask equipped with a condenser and stir bar. The reaction was then backfilled

with N> after which 88 mL of DCE was added. Afterwards the solution was refluxed

26



at 80°C for 25 hours. Following this, the reaction was cooled to room temperature and
then filtered through celite. The resulting precipitate was washed twice with DCM and
the filtrate was collected. This filtrate was subsequently washed twice with 1 M
NaOH, and once with diH2O followed by brine. Collectively, the organic layers were
dried over anhydrous Na>SO4 and concentrated under reduced pressure to yield an
orange solid (11.0 g, 89%). The crude product was pushed forward without further
purification. 1H NMR (400 MHz, CDCls) & 8.04 (d, J = 2.1 Hz, 1H), 7.76 (dd, J =
8.4, 2.1 Hz, 1H), 7.63 (d, J = 8.3 Hz, 1H), 4.62 (s, 2H), 1.59 (s, 9H).

Br Br

Br OH

AgSO, -
diH,O/dioxane, 100°C, 1 hr

o< <

1.20 1.21

(1.21)%: 1.20 (1.79 g, 5.12 mmol, 1 equiv.) was suspended ina 1:1 1,4-
dioxane/diH.0 solution (102 mL) within a 2-neck round bottom flask equipped with a
condenser and stir bar. The hood light was then shut off and the reaction was covered
in foil. In the dark, AgSO4 was added to the solution which was then refluxed at 100°C
for 1 hour. Once TLC (10% acetone/hexanes) showed full consumption of the starting
material, the reaction mixture was cooled to room temperature and then filtered over
celite. The precipitate was washed repeatedly with diH20O after which the filtrate was
extracted thrice with EtOAc. Following extraction, the organic layers were then
washed once with brine and dried over Na,SO4. Post-drying, the organic layer was
reduced under pressure. The crude material was then purified via silica column

chromatography (10% to 20% acetone/hexanes) to yield a yellow oil (691 mg, 47%).
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IH NMR (400 MHz, CDsOD) § 8.13 (d, J = 2.3 Hz, 1H), 7.73 (dd, J = 8.3, 2.2 Hz,
1H), 7.62 (d, J = 8.3 Hz, 1H), 4.67 (s, 2H), 1.59 (s, 9H).

Br Br

OH F

DAST _
DCM,0°Ctort.,1hr

o< o<

1.21 1.22

(1.22)%: 1.21 (691 mg, 2.41 mmol, 1 equiv.) was dissolved in dry DCM (38
mL) and chilled to 0°C. Diethylaminosulfur trifluoride (950 pL, 7.23 mmol, 3 equiv.)
was then slowly added to the reaction. The reaction was monitored by TLC (1:1
DCM/hexanes) and stopped after the starting material was fully consumed (1 hour).
After quenching, reaction mixture was washed thrice with diH-O and once with brine.
The organics were then dried over Na2SO4 and reduced under pressure to afford the
crude product. This product was then further purified through silica column
chromatography (1:1 DCM/hexanes) to yield a pale, yellow oil (416 mg, 60%). 'H
NMR (400 MHz, CDCI3) 6 8.04 (d, J = 2.1 Hz, 1H), 7.79 (dd, J = 8.4, 2.1 Hz, 1H),
7.57 (dd, J = 8.3, 1.3 Hz, 1H), 5.45 (d, J = 47.1 Hz, 2H), 1.58 (s, 9H). 1°F NMR (376
MHz, CDCls) & -216.74 (t, J = 47.1 Hz).
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Br Bpin

F F

B,Pin,, Pd(dppf)Cl,, KOAc
Dioxane, 90°C, 3.5 hrs

o< oo

1.22 1.23

(1.23)%5: 1.22 (416 mg, 1.44 mmol, 1 equiv.) was added to an oven-dried 40
mL dram vial equipped with a stir bar which was then moved to the glovebox. Within
the glovebox, 1,1’°-bis(diphenylphosphino)-ferrocene]dichloropalladium (105 mg,
0.144 mmol, 0.1 equiv.), bis(pinacolato)diboron (475 mg, 1.87 mmol, 1.3 equiv.), and
potassium acetate (475 mg, 1.87 mmol, 1.3 equiv.) along with 4.8 mL of dry dioxane.
The reaction-containing vessel was sealed and then moved out of the glovebox where
it was heated to 90°C. The reaction was monitored by TLC (5% acetone/hexanes) and
stopped after 2.5 hours. The reaction was then cooled to room temperature and filtered
through celite. After washing the precipitate twice with DCM, the filtrate was
collected and then reduced under pressure to afford the crude product. This product
was then further purified through silica column chromatography (5% acetone/hexanes)
to yield a white solid (409 mg, quant. yield). *H NMR (400 MHz, CDCIs) 6 8.07 (s,
1H), 7.93 — 7.84 (m, 2H), 5.70 (d, J = 47.5 Hz, 2H), 1.60 (s, 9H), 1.35 (s, 12H). 1B
NMR (128 MHz, CDCls) & 30.51. F NMR (376 MHz, CDCl3) 6 -210.98 (t, J =
475 Hz).
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Br Bpin

F TFA

DCM, rt, 30 min_

oo/k 07 “oH

1.23 1.24

(1.24): 1.23 (309 mg, 0.919 mmol, 1.00 equiv.) was dissolved in DCM (2.30
mL) within a 20 mL dram vial equipped with a stir bar. Trifluoracetic acid (1.02 mL,
9.19 mmol, 10.0 equiv.) was then slowly added. The reaction was monitored by TLC
(10% acetone/hexanes) and stopped after 30 minutes. The reaction was then diluted in
a MeOH/DCM mixture and reduced manually under direct air thrice. This resulted in a
pale orange solid (226 mg, 89%). 1H NMR (400 MHz, CDCI3) 6 8.16 (s, 1H), 8.00
(d,J=7.7 Hz, 1H), 7.90 (dd, J = 7.7, 1.2 Hz, 1H), 5.69 (d, J = 47.4 Hz, 2H), 1.33 (s,
12H). B NMR (128 MHz, CDCls) 4 30.19. *°F NMR (376 MHz, CDCls) 6 -211.74
(t, J = 47.2 Hz).

HOTf, NBS _
HFIP, r.t., 16 hr

I T
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1.25
(1.25)%**: m-Carborane (500 mg, 3.47 mmol, 1.00 equiv.) was added to a one-
neck round bottom flask equipped with a stir bar. 34.7 mL of HFIP was then added to
the flask and the reaction mixture was then heated to 40°C for 15 minutes to encourage
solubility. Once the m-carborane was fully dissolved, trifluoromethanesulfonic acid
(150 pL, 1.74 mmol, 0.50 equiv) was added directly followed by N-bromosuccinimide
(NBS) (680 mg, 3.82 mmol, 1.10 equiv.). The reaction was left to stir for 24 hours.

Afterwards, the reaction mixture was reduced under pressure to produce a white solid.
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This solid was then resuspended in diH>O and filtered. The white, solid precipitate
was collected yielding pure product (1.44 g, quant.). 'H NMR (400 MHz, CDCls) §
2.99 (s, 2H). !B NMR (128 MHz, CDCls) § -5.46, -6.61, -9.19 (d, J = 157.7 Hz), -
12.01, -13.36, -14.69, -17.80 (d, J = 178.3 Hz), -21.16 (d, J = 191.7 HZ).

Br-
NaOCN, Sphos, Sphos Pd G3, K;PO,
DME, 80 °C, 4 hr -
1.25

1.26

O=0

2=

I T

0000
cowmw

(1.26)%: 1.25 (1.20 g, 5.36 mmol, 1 equiv.), SPhos (110 mg, 0.268 mmol, 0.05
equiv.), and SPhos Pd G3 (209 mg, 0.268 mmol, 0.05 equiv.) were added to an oven-
dried one-neck round bottom flask equipped with a stir bar. This flask was then moved
into the glovebox where potassium phosphate tribasic (2.27 g, 10.7 mmol, 2.00 equiv.)
and sodium cyanate (1.39 g, 21.4 mmol, 4.00 equiv.). The reaction was then moved
out of the glovebox and 22 mL of DME was added. Afterwards, the reaction mixture
was heated to 80°C and monitored by TLC (10% DCM/hexanes) which showed full
consumption of the starting material after 2.5 hours. The solution was then cooled to
room temperature and filtered through celite. The resulting filtrate was collected and
reduced under pressure to produce a brown solid. The crude was then purified through
silica column chromatography which yielded a white solid (278 mg, 58%). 'H NMR
(400 MHz, CDCls) & 2.86 (s, 2H). 1B NMR (128 MHz, CDCls) § -2.52, -7.03 (d, J =
166.4 Hz), -10.65 (d, J = 156.5 Hz), -14.67 (t, J = 175.5 Hz), -19.08 (d, J = 183.8 Hz),
-23.08 (d, J = 189.7 Hz).
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Chapter 2

EVALUATION OF BORON-RICH CLUSTERS AS TOOLS FOR
ALTERNATIVE IMAGING MODALITIES WITHIN BIOLOGICAL
SYSTEMS

2.1 Introduction

To further validate the utilization of boron-rich clusters for alternative imaging
modalities, it is important to observe their behavior within biological systems. While
the physical characteristics of these sensors are important, the ultimate test is to see
how effective they are when used in ToF-SIMS imaging or Raman spectroscopy. As
previously mentioned, boron-rich clusters have many advantageous properties that
would lend well towards their use in these activity-based sensors. One limitation at
this point is that these clusters are underexplored within the context of these imaging
modalities. Therefore, it is important to establish protocols that are amenable to both
the boron-rich cluster and the tandem activity-based sensors when employing these
probes in less conventional imaging methods. By establishing a baseline to analyze
ROS/RNS with these emerging imaging methods, we could potentially observe their
behavior in new ways as these alternatives are amenable to multiplexing.

Boron-rich clusters exhibit traits such as biological stability, hydridic
character, and lipophilicity that make them desirable scaffolds to incorporate into
biomedical applications.! To further study the behavior of boron-rich clusters in cells,
these clusters have been conjugated to various dyes such as coumarin? and various

BODIPY analogues.® * However, there has been extremely limited work done to
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utilize these clusters for alternative imaging modalities. Raman cell imaging with
these clusters was briefly explored by the Nakamura group, showing the unique B-H
stretch visible within the biologically silent region.® These clusters were also used in
ToF-SIMS to obtain high resolution, single cell images of newly synthesized proteins
within cells.

The development of ToF-SIMS imaging for biological systems has been an
emerging tool in recent years. ToF-SIMS fundamentally works by bombarding the
sample with a primary ion source to generate secondary ions which are then analyzed
by a mass detector.” This process occurs under ultrahigh vacuum conditions and
therefore requires delicate preparation of biological samples.” For analysis of cell
cultures, this typically involves fixation followed by salt removal to remove
interfering compounds that would arise after dehydrating the sample.” With
contaminating salts removed, samples then undergo dehydration or cryofixation to
remove any moisture which could be problematic under ultrahigh vacuum conditions.’
Given the unusual and sensitive nature of sample preparation, it was important to
develop a method to cultivate and then analyze cells using ToF-SIMS before

examining if boron-rich clusters would work as an !B mass tag.
2.2 ToF-SIMS Cell Sample Preparation and Analysis

2.2.1 Initial Cell Sample Preparation Testing

The first step upon starting this project was to establish a workflow for cell
sample preparation on the ToF-SIMS. Following a protocol established by the Wang
group, we were able to successfully prepare a cell sample for ToF-SIMS (Figure 2.1).%

% HelL a cells were directly cultured on top of conductive silicon wafers until confluent.
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Once confluency was achieved, the cells were then fixed with cold ethanol and stained
with DAPI. They were then repeatedly washed with ammonium acetate to remove
excess salts that could interfere with ToF-SIMS imaging. These cells were then flash
frozen with liquid N2 and left on the lyophilizer overnight to remove any remaining
water. After imaging the cells on the silicon wafer, we were able to validate that they

maintained standard morphology post-lyophilization.

Plating - ‘ Culturing & 1) EtOH Fix
—» \ > —» » ‘., \ A
2) DAPI
ToF-SIMS \ .

Lyophilize
— —_—

Fluorescence

Figure 2.1: Workflow for the preparation of HeLa cells for ToF-SIMS imaging.

To put this sample preparation to the test, we then attempted to image the cell
sample on the ToF-SIMS. Initially, the spectrometer was utilizing spectrometry mode
to identify masses that would correspond to cells in the area. After seeing a distinction
between the silicon wafer and cells (Figure 2.2), we then switched to imaging mode
which prioritizes high resolution images. Using a compilation of ions that appeared to
correspond to cells in spectrometry mode, we were able to clearly visualize two

conjoined cells (Figure 2.3). This was extremely promising as it showed that we would
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be able to utilize the ToF-SIMS for high resolution, single-cell imaging. As an added
bonus, this was the first time a biological sample was characterized via ToF-SIMS at

the University of Delaware.

200 400 e

Figure 2.2: ToF-SIMS Images of HeLa Cells in Spectrometry Mode. Each photo
represents a different ion detected by the mass analyzer where a
corresponds to the silicon wafer.
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Figure 2.3: ToF-SIMS Images of HeLa Cells in Imaging Mode. lons from images a-c
were compiled together to create the image shown in d.

2.2.2 Analysis of Intracellular Boron-Rich Clusters via ToF-SIMS
Now that there was an effective method to prepare and analyze cells, the next

step was to visualize a boron-rich cluster via ToF-SIMS. To achieve this, a dye known

40



as Fluorescein meta-Carborane (FITC-mC) was synthesized (Figure 2.4). This dye
consists of three main components: a fluorophore to be amenable to fluorescence
microscopy, a polyethylene glycol spacer to improve solubility, and a boron-rich
cluster which should act as a 1B mass tag. | treated the cells almost identically to the
previous sample preparation but with an additional incubation step to incorporate
FITC-mC before fixation (Figure 2.4). After imaging the cell sample via fluorescence
microscopy, | was able to validate that the dye was evenly distributed throughout the

cell as anticipated (Figure 2.5).

Plating = Culturing & FITC-mC
1) EtOH Fix = Lyophilize o ToF-SIMS \ RS
2) DAPI N S
- = O oH FITC-mC
PO SE (B
et B B
¢ H M\/ i\/\”/lj\"ﬂ . Fluorescence

v

Fluorophore PEG Spacer 1B Mass Tag

Figure 2.4: Sample preparation of HelLa cells incubated with boron-rich cluster
conjugated dye for ToF-SIMS analysis
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DAPI FITC-mC

1

Figure 2.5: Fluorescence imaging of FITC-mC in HeLa cells (20x, 20 pM FITC-mC,
1 puM DAPI)

With the proper control experiments complete, | proceeded by analyzing the
boron-containing sample through ToF-SIMS (Figure 2.6). In spectrometry mode, we
were able to observe a boron-containing signal consistent with the location of cells
(Figure 2.6¢). This was extremely promising and validates the concept of utilizing
boron-rich clusters as mass tags for ToF-SIMS. However, we were unable to achieve
single-cell resolution utilizing the boron signal. Additionally, there is substantial
background in comparison to the marker for cells (Figure 2.6b). The ToF-SIMS
appears to be less sensitive towards intracellular boron than the cell markers | used
previously. To resolve this, | attempted to increase the concentration of FITC-mC
from 20 uM to 50 uM. These higher concentrations are consistent with other ToF-
SIMS imaging agents reported in papers that were able to achieve single-cell
resolution.® ° Unfortunately, when attempting to image these samples through
fluorescence microscopy, | observed a drastic decrease in cell health. After repeating
this experiment, the dip in cell health seemed to occur directly after incubating cells

with FITC-mC.
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Figure 2.6: ToF-SIMS images of HeLa Cells incubated with 20 uM FITC-mC in
spectrometry mode.

2.2.3 Cytotoxicity Assays of Boron-Rich Cluster Containing Dyes

To confirm if our test dye was responsible for the rise in cell deaths, I ran a
cytotoxicity assay with FITC-mC and fluorescein (Figure 2.7). While the results
indicated that the fluorescein-based dye was not cytotoxic, within the wells a majority
of cells at higher concentrations appeared to be unhealthy at concentrations exceeding
30 uM of dye. It is possible that the absorbance profiles of the cytotoxicity kit and the
dyes tested were overlapping which could account for the misleading absorbance
values. Regardless, these discouraging results halted further concentration-related

studies with FITC-mC.

43



—

N

=]
d

< 100
® Fluorescein
2 80 .
= b 13 4% Fluorescein m-Carborane
3
% 60
@
(&)
40

R R R R T
0 10 20 30 40 50 60

Concentration of Dye (uM)

Figure 2.7: Cell survival rate of P10 HelLa cells in the presence of Fluorescein or
FITC-mC

Given the problems encountered with FITC-mC, it was important to ensure
that any scaffolds synthesized in Chapter 1 would not negatively affect the cells.
Therefore, the Tokyo Green derivatives discussed previously were also evaluated at
various concentrations using a cytotoxicity assay (Figure 2.8). To avoid overlapping
profiles, a redshifted fluorescence-based kit was utilized. Unfortunately, these
derivatives also seemed to have negative impacts on cell viability and overall health at
higher concentrations. On the bright side, cells within the wells did appear to be
consistent with the values obtained. Collectively, this data shows that increasing the
concentration of these dyes drastically impacts the health of the cell. Moving forward,
other methods should be considered to optimize the analysis of intracellular boron via

ToF-SIMS.
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Figure 2.8: Cell survival rate of P8 HeLa cells in the presence of Tokyo Green
Derivates

2.3 Conclusion

With FITC-mC | was able to establish a foundation which supports the idea
that boron-rich clusters within probes are a viable strategy for detection through ToF-
SIMS. However, inability to perform single cell imaging and substantial background
leaves much to be desired. Attempts at increasing the concentration of dye proved to
be unsuccessful as both fluorescein and Tokyo Green based dyes had negative impacts
on cell viability. However, there are other parameters that could be altered to reduce
background and increase sensitivity. Due to the fact that FITC-mC could easily diffuse
out of the cell, I limited wash steps. Once | have a sensor that employs the tandem
labeling strategy, introducing additional wash steps could aid in limiting the
background signal. There is also an opportunity to further enhance sensitivity through
modifying instrumentation. Utilizing alternative primary ion beams such as (H20),*
have enhanced positive-ion yields by up to 100-fold.1° Sample preparation could also

be further modified to bypass the membrane on the cell surface. However, altering the
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cell’s morphology drastically through methods such as freeze-fracturing are less than

desirable for our purposes.

2.4 Experimental Methods

2.4.1 ToF-SIMS Sample Preparation

Silicon wafer shards were cut from a larger wafer utilizing a glass cutter. These
fragments were then sanitized with 70% ethanol and patted dry. Wafers were laid at
the bottom of each well within 12-well plate. 1 mL of growth media was added to each
well followed by 10 pL of a 35,000 cells/cm? P5 HeLa cell solution. This cell solution
was pipetted directly onto the wafer. Cells were then left for 4 days until reaching 75-
80% confluency. Upon reaching confluency, each well was washed thrice with
DMEM fluorobrite. Cells were then incubated with 20 uM of FITC-mC in DMEM
fluorobrite for 1 hour in a 5% CO- incubator at 37°C. This solution was then removed
and 1 mL of cold (-20°C) EtOH was added to each well. The cells were left to
incubate for 20 minutes at 4°C. The ethanol was removed, and cells were stained with
1 mL of 1 uM DAPI in 1X PBS. After incubating for 5 minutes at room temperature,
cells were then washed once with 1X PBS followed by 3 washes with 150 mM,
pH=7.1 aqueous ammonium acetate. These cells were stored at 4°C overnight. The
next day, excess moisture was dabbed off the silicon wafers before freeze-drying them
using liquid N2. The frozen samples were left on the lyophilizer overnight. Cells
adhering to the wafer were imaged via fluorescence microscopy and ToF-SIMS post-

lyophilization.
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2.4.2 Cytotoxicity Experiment Protocols

FITC-mC/Fluorescein: HeLa cells (96-well blackout plate, 20,000 cells/well,
P10) were washed thrice with DMEM Fluorobrite. Afterwards cells were incubated
with 10 puM to 50 uM of FITC-mC or FITC in DMEM Fluorobrite for 1 hour in a 5%
COz2 incubator at 37°C. Then 10 pL of CCK-8 solution was added to each well and left
in the CO2 incubator at 37°C for 3.5 hours. The absorbance was measured at 450 nm
using a microplate reader.

Tokyo Green Derivatives: HeLa cells (96-well blackout plate, 20,000
cells/well, P8) were washed thrice with DMEM Fluorobrite. Afterwards cells were
incubated with 10 uM to 100 uM of the desired Tokyo green substrate in DMEM
Fluorobrite for 1 hour in a 5% CO: incubator at 37°C. Then 10 pL of Alamar Blue
solution was added to each well and left in the CO> incubator at 37°C for 3.5 hours.
The fluorescence was measured at excitation/emission 560/590 nm using a microplate

reader.
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