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m ABSTRACT

The ideal fluorescent probe for live-cell imaging is bright, non-cytotoxic and can be
delivered easily into the living cells in an efficient manner. The design of synthetic fluorophores,
having all three of these properties, however, has proved to be challenging. Here, we introduce a
simple, yet effective, strategy based on well-established chemistry for designing a new class of
fluorescent probes for live-cell imaging. A box-like hybrid cyclophane, namely ExTzBox+4X
(64X, X = PFg, CI7), has been synthesized by connecting an extended viologen (ExBIPY) and a
dipyridyl thiazolothiazole (TzBIPY) unit in an end-to-end fashion with two p-xylylene (p-Xy)
linkers. Photophysical studies show that 6°4Cl has a quantum yield, ®r = 1.00. Furthermore,
unlike its ExBIPY*" and TzBIPY?" building units, 6+4Cl is non-cytotoxic to RAW 264.7
macrophages, even with a loading concentration as high as 100 uM, presumably on account of
its rigid box-like structure which prevents its intercalation into DNA and inhibits any other
interactions with it. After gaining an understanding of the toxicity profile of 624Cl, we employed
it in live-cell imaging. Confocal microscopy has demonstrated that 6*" is taken up by the RAW
264.7 macrophages, allowing the cells to glow brightly with blue laser excitation, without any
hint of photobleaching or disruption of normal cell behavior under the imaging conditions. By
contrast, the acyclic reference compound Me,TzBIPY*2Cl (4°2Cl) shows very little
fluorescence, inside the cells, which is quenched completely under the same imaging conditions.
The in vitro cell investigations underscore the significance of using highly fluorescent box-like

rigid cyclophanes for live-cell imaging.
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m INTRODUCTION

Live-cell imaging using fluorescent probes' has become an indispensable tool for medical
diagnostics as well as for biological studies, particularly when investigating real-time endocytic
pathways”. This information, which allows us to follow the movement of intracellular proteins in
living cells with extraordinary detail’, is an essential tool for understanding how biological
systems function. These fluorescent probes provide high sensitivity and great versatility, while
perturbing minimally the cells under investigation. Today, an expanded selection of probes,
including organic dyes4, metal-ligand complexes’, polymer nanostructures® and nanoparticles’
are available for use. Small molecules are currently being used, for the most part to image live
cells. Special attention is still required, however, in order to overcome, the common and the
most important imaging-related issues, such as water solubility,” pH sensitivity,"
photostability,'"' membrane permeability,'* aggregation-induced quenching," and cell viability."*
Since the design and synthesis of new fluorophores, having all of these properties, has proved'
to be challenging, continuous effort and experimentation are required.

The fundamental principles of bioimaging need to be considered carefully during the
development of a new probe. An ideal fluorescent imaging probe must meet the following
stringent requirements: it must be (i) deliverable easily and efficiently into living cells, (ii)
photostable and bright in biological settings in order to minimize background noise and
maximize spatial resolution, (iii) non-cytotoxic and non-interfering with endogenous and cellular
processes, and (iv) capable of sustaining a balance between hydrophilicity and hydrophobicity in
the context of water solubility, membrane permeability, and cellular retention. It is well known
that the tuning of the photophysical properties and functionalities of a fluorophore can be altered

by chemical means. Numerous examples in literature show that chemical modifications can
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indeed increase fluorescence quantum yields,'® brightness,'” photostability,"® and cell
permeability'* of fluorescent molecules. Further developments in the chemistry of small-
molecule imaging probes will aid and abet the discovery of additional structural features that will
have a large impact on fluorophore brightness, photostability, pH stability and cytotoxicity,
particularly if they are placed in an enclosed environment.

A box-like, rigid cyclophane — namely, Blue Box — was synthesized by us'® almost three
decades ago. Since then, many variants® have been prepared and utilized in host-guest
chemistry,”' as well as in the production of mechanically interlocked molecules,** and gels, not
to mention applications such as polyaromatic hydrocarbon (PAH) extractions, catalyses,**
electron transfers,” molecular electronics,”® and molecular machines.”” We anticipated that these
box-like, rigid cyclophanes, which have remained unexplored in the field of bioimaging, might
have considerable potential provided they are fluorescent. Synthetically, these cyclophanes are
easy to prepare and their properties can be modified by changing their building units or
introducing different functional groups into the cyclophanes by means of covalent bonds.”® In
addition, they can accommodate a library of guest molecules in their cavities, thus forming host-
guest inclusion complexes.?!’ The combination of structural modifications, along with host-guest
chemistry,”' could open the door for the development of the next generation imaging probes.”
We have also envisioned that —unlike some small fluorescent molecules or polycyclic aromatic
dyes®” — these tetracationic box-like cyclophanes may be less likely to intercalate into or interact
electrostatically with DNA on account of their bulky structures, and hence may have low
cytotoxicity. In order to understand their potential as imaging agents, it is necessary to (i)
establish their toxicity profiles, (ii) demonstrate their cellular uptake and (iii) delineate the cells

at least in vitro. We anticipated that, rather than incorporating a fluorescent guest inside the
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cavity of a rigid, box-like cyclophane, an insertion of a small fluorophore in between one of the
two bipyridinium units in the Blue box, might produce a fluorescent host that could be used for
live-cell imaging, while reserving the option of accommodating a guest’' with some additional
functions. The unique box-like, cyclic structures, which could also be considered as small
molecule analogues to fluorescent proteins, may shield their fluorophore part from the outside
environment by enclosing aromatic system and may address several issues that fluorescence

1631 25 the

proteins possess, such as pH stability and photostability. We selected thiazolothiazole
fluorophore since it possesses excellent photophysical properties such as strong fluorescent
emission, high fluorescent quantum yield31 and is easy to incorporate synthetically between the
bipyridinium units of one side of the Blue Box. In order to match its length, we opted for an
extended bipyridinium unit on the other side of the cyclophane.

Here, we report the rational design and synthesis of a rigid, box-like hybrid cyclophane,
ExTzBox+4X (6°4X, X = PFg, CI7), containing one ExBIPY (1)unit and one TzBIPY (3) unit,
which are bridged together by two para-xylylene (p — Xy) linkers. This constitutionally
asymmetric tetracationic cyclophane is readily soluble in both polar organic solvents, e.g.,
MeCN, Me,CO, and DMF as its PFg salt, and in H,O as either its CI~ or TFA™ salt. Combined
steady-state and time-resolved experiments were carried out in order to investigate the
photophysical processes of 624Cl. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays were performed so as to understand toxicity profiles of 6°4Cl and its building units
in the reference salts, Me;ExBIPY*2Cl (2°2Cl) and Me,TzBIPY*2Cl (4¢2Cl). Finally, 6°4Cl
was employed for live-cell imaging. Our investigations demonstrate that 6 enters the lysosomes

of living macrophages, allowing the cells to glow brightly under irradiation of blue laser light.

m RESULTS AND DISCUSSION
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The hybrid cyclophane, ExTzBox+4X (6°4X, X = PF., CI7) was synthesized (Scheme 1)
without the use of a template. In a typical experiment, the reaction of 2,5-di(pyridin-4-
yl)thiazolo[5,4-d]thiazole (TzBIPY, 3) and DB*2PF¢ (5¢2PF¢) in 1:1 ratio in dry MeCN and in
the presence of ~5 mol% "BuyNI under refluxing conditions was followed by the addition of
solid "BugNCl to precipitate the crude product, which was washed with CH,Cl, and dissolved in
H,0. Counterion exchange (NH4PF¢) produced a precipitate, which was filtered and subjected to
reverse-phase column chromatography, affording 6°4PF¢ in 25 % yield based on 5¢2PF¢. See
Supporting Information. A combination of 'H and “C nuclear magnetic resonance (NMR)
spectroscopy and high-resolution mass spectrometry (HRMS) confirmed (Figure S1-3) the
formation of 6°4PFs. Water soluble 6°4Cl1 was obtained from 6°4PF¢ following counterion
exchange ("BusNCI / MeCN). See Supporting Information for the detailed synthetic procedures
and spectroscopic analyses for each compound.

Further evidence for cyclophane formation comes from single-crystal X-ray diffraction
(XRD) analysis. Single crystals were grown by vapor diffusion of i-Pr,O into a MeCN solution
of 6°4PF¢ for 3—4 days. The solid-state (super)structure reveals (Figure 1) a box-like cyclophane
for 6*" measuring 15.6 A in length, and 6.6 and 7.1 A in width at its periphery and center,
respectively. The two torional angles between the pyridinium and phenylene rings associated
with the EXBIPY*" unit are 19° and 38°. The two torsional angles between the pyridinium and
thiazolothiazole rings, however, at the TzBIPY?" unit are 4° and 23°. This flatter conformation
for the TzBIPY>" unit in 6" is presumably a result of the absence of H atoms on the
thiazolothiazole unit and its planar fused-ring geometry. The extended solid-state superstructure
of 6" reveals that ExBIPY?" and TzBIPY?" units are facing each other with a short

intermolecular ©---7 distance of 3.31 A from the centroid of TzBIPY*" to the phenylene ring in
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ExBIPY?". C-H'--n Interactions are observed between the p-Xy rings and the adjacent
cyclophanes (C-H- -7 distance of 2.7 A). The overall superstructure of 6*" reveals (Figure le) a
zigzag arrangement of the cyclophanes.

The steady-state absorption and emission spectra of 6°4Cl in H,O are shown in Figure 2a.
The absorption spectrum of 6+4Cl exhibits absorbance maxima in its UV region at A= 320 nm
and in its visible region at Am.= 410 nm, both bands being characteristic of ExBIPY?" and
TzBIPY*" units, respectively. The absorption spectrum of the reference Me,TzBIPY>" (4°"), is
similar to that of 6** except that it has a lower molar extinction coefficient and a slightly blue-
shifted absorption maximum, suggesting (Figure S5) that, photophysically, the thiazolothiazole
unit in 6** behaves as a reference monomer. The cyclophane 6* shows bright blue fluorescence
in H,O and possesses an emission maximum at Ay = 470 nm with a fluorescence quantum yield
of unity. The cyclophane 6*" is photostable and retains its photophysical properties in H,O for
several months under natural daylight. In order to assess the photostability of 6*, photobleaching
studies were performed under UV flashlight (18 W, 395 nm) and the results were compared with
a commercially available nucleic acid staining dye, hoechst 33258. The experimental results
(Figure S6) show a little loss of absorbance intensity of 6*" after 60 min of UV light irradiation,
an observation which is comparable to the photostability of hoechst dye. The cyclophane 6*" also
endures strong acidic conditions (pH = 1) and operates in a broad pH range (pH = 1 to 7) without
any change (Figure S7) of its fluorescence characteristics. Furthermore, the fluorescence
spectrum of 6" in serum is similar to the spectrum obtained in water with slightly lower
fluorescence intensity (Figure S8), indicating little influence of serum proteins on the

. . +
fluorescence emission of 6*".
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In order to investigate the excited-state properties of 6, especially in relation to its
fluorescence quantum yield of unity, we applied femtosecond and nanosecond transient
absorption —fsTA and nsTA, respectively — to 6°4Cl as the target compound and 4+2Cl as the
reference. Upon photoexcitation at 414 nm, 42Cl shows two positive features at ca. 500 and
above 800 nm, which can be assigned (Figure S9a) to the excited-state absorption (ESA) of the
reference compound. Meanwhile, two negative bands centered on 390 and 445 nm can be
ascribed to ground-state bleaching and stimulated emission, respectively. Global analysis reveals
that the nascent singlet excited state undergoes (Figure S9¢) two sequential structural relaxations
with timescales of 0.95 and 134 ps, before decaying back to Sy. The singlet lifetime is estimated
to be 2.14 ns, a value which is consistent with the nsTA (2.1 ns, Figure S10) and time-resolved
fluorescence results (2.04 ns, Figure S5). In the case of the target compound 6+4Cl, very similar
photo-induced dynamics can be observed (Figure 2b). The transient features in 6°4Cl strongly
resemble those in 4¢2Cl, with close structural relaxation timescales (1.18 and 211 ps), as well as
a singlet lifetime (2.45 ns, Figure S11), all of which agree well with the nsTA (2.5 ns, Figure
S12) and the time-resolved fluorescence (2.15 ns, Figure 2a) measurements. The similarities in
spectrometric behavior between 6'° and 4°" indicate unambiguously that no electron transfer
occurs within 6°4Cl1 when excited at 414 nm. Since there are no additional non-emissive
relaxation pathways evident for 6**, it makes sense that the fluorescence quantum yield of 6*" in
H,O is unity, a value which is slightly higher (Figure S5) than that (®F = 0.95) of 4°". The
observed increase in fluorescence efficiency in 64+, relative to that in 42+, can also be attributed
to the additional rigidity imposed by the cyclophane structure which reduces certain vibrational

degrees of freedom responsible for the radiationless internal conversion process.
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For a better understanding of the electronic and fluorescence properties of 6*", DFT and
TDDFT calculations were carried out at the cam-B3LYP/6-31G** level of theory. The lowest
absorption band in 6" is predicted to be the HOMO-LUMO transition, and the electron in both
the HOMO and LUMO of 6*" is located (Figure S13) only in the TzBIPY>" component. This
observation supports the transient absorption interpretation, i.e. no charge transfer happens from
the p-Xy components to the TzBIPY>" or the ExBIPY*" when 6*" is excited at the lowest
absorption band.*?

Analysis (Figure 2c¢) of the cyclic voltammogram (CV) of hybrid 6°4PF¢, reference
4+2PF¢ and their comparison with those of the predecessors ExBox*4PF¢ and 2+2PF; provides
useful insight into the electrochemical behavior of the hybrid cyclophane which is comprised of
two different redox-active units.”> The CV of 42PF¢ consists of two reversible two-electron
redox couples at —0.43 and —0.57 V, where the potentials of the two cathodic peaks are separated
by 140 mV, suggesting that the thiazolo[5,4-d]thiazole unit provides a good electronic
communication between the two pyridinium rings (Figure S16). On the contrary, the CV of
2+2PF¢ consists essentially of one broad redox couple where the two one-electron reduction
waves overlap completely at —0.82 V, an observation which indicates that the two bipyridinium
redox centers are not communicating and behave quite independently of one another.” The
hybrid 6°4PFs, however, consists of four well-separated reversible one-electron redox couples at
—0.35,-0.47, -0.75 and —0.85 V, originating from the TzBIPY*" and ExBIPY*" units. The peaks
at —0.35 and —0.47 V can be assigned to two one-electron reductions of the TzBIPY?" unit while
the peaks at —0.75 and —0.85 V can be assigned to two one-electron reductions of the ExXBIPY*
unit. The separation between cathodic and anodic peaks reveals that heterogeneous electron

transfer is fast on the timescale of the experiment employing a scan rate of 100 mVs™. This
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observation reflects the level of electronic communication among the redox centers of TzZBIPY*"
and ExBIPY?", as well as in between the pyridinium units present within TzBIPY*" and
ExBIPY>". This cycle can be repeated multiple times, a situation which suggests (Figure S14)
that 6°4PF; is electrochemically stable. The formation of the first two redox species — namely,
6'®" and 6" — centered primarily on the Tz ring of the TzBIPY*" unit, whereas the third and

6“7 and

fourth one-electron reductions occur on the ExBIPY>" unit, leading to the formation of
the fully reduced species, is shifted to lower potentials and is therefore more difficult to reduce.
The redox potentials determined from CV match (Figure S14) those measured from differential
pulse voltammetry (DPV). Figure S15 shows the impact of varying scan rates on the voltammetric
current response and peak potential at the 6°4PF4. The current values increase with an increase in
the scan rate, while the peak to peak potentials almost remain unchanged, which is indicative of a
reversible redox system.

The bright and highly fluorescent nature of 6*" with a quantum yield reaching unity could
potentially make it a good candidate for live-cell imaging. It has to be non-cytotoxic, however, to
cells or, in other words, cells should be viable in the presence of 6*". Polycyclic aromatic

30,33
compounds are known’"

to intercalate into the DNA and some small molecules containing
amines, amides, aromatic rings, pyridines tend to bind double-stranded DNA by virtue of
different means including electrostatic attractions, and intercalation between base pairs.’* Theses
interactions hinder the function of various enzymes and thereby induce toxicity to the living
cells. We anticipated that, in comparison to the small cationic reference molecules, the rigid box-
like structure of 6*" is less likely to intercalate into the DNA and may therefore possess less

toxicity. We decided to investigate the in vitro toxicity of 6°4Cl using an MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. After a 24 h incubation of RAW
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264.7 cells with different concentrations of 6°4Cl and the references 4+2CI and 2¢2Cl, the MTT
assays were performed. The experimental results suggest that 6+4Cl is less cytotoxic when
compared with 4¢2C1 and 2+2CI. At a 100 puM loading concentration with 6+4Cl, the cell viability
s ~93% (Figure 3), whereas, for the references 4+2Cl and 2+2Cl, the viabilities were reduced to
~75% and 68%, presumably because the box-like rigid structure prevents 6*" from intercalating
into the DNA unlike the reference compounds. We observed a similar trend for other rigid
cyclophanes BlueBox and ExBox as well (Figure S17). For example, at 100 uM loading
concentration of BlueBox, the viability of the RAW 264.7 cells is over 96%, however in the case
of the reference dimethyl viologen, popularly known as paraquat, only ~63% of cells remain
viable, an observation which matches with paraquat toxicity reported elsewhere in literature.”
The cell viability of 6°4Cl obtained from MTT assay was further confirmed by a fluorescence-
based Calcein AM cell viability assay (Figure S18a) as the presence of chromophores may
influence MTT assay results. Furthermore, no phototoxicity of 6°4Cl was observed when RAW
264.7 cells were incubated with different concentrations of 6°4Cl and were irradiated with light
(410 nm, 25 mW) for 15 min (Figure S18b). It is indeed an important observation for
understanding the cytotoxicity of this important class of cyclophanes and exploring their
biological applications.

Based on the MTT results, a 20 — 50 uM concentration range of 6°4Cl was used for all
the imaging experiments. In order to understand the ability of 6* to be internalized by cells,
RAW 264.7 cells were incubated with 6+4Cl (20 uM in PBS solution) for 4 h, followed by
imaging with a confocal microscope. The acquired images showed brilliant blue emission in the
cytoplasm of the cells, without altering their morphologies. For a better understanding of the

internalization, 6+4Cl was incubated with the cells in presence of a red fluorescent nuclei acid
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stain, SYTO 61, which exhibits bright, red fluorescence upon binding to nucleic acids. The blue
fluorescence signal of 6+4Cl was localized predominantly predominantly in punctae at the
perinuclear region of the cells (Figure 4a-d), whereas red fluorescence of SYTO 61 was observed
from the nuclei. This observation suggests that there is no migration of 6°4Cl into the nucleus.
Incubation of different concentrated solutions (50—0.1 uM) of 6+4Cl with the cells also showed
bright blue fluorescence, an observation which demonstrates that different concentrations of
6+4Cl could be used (Figure S19-20) for cell imaging, and any concentration around 0.5 uM or
above is detectable in the RAW 264.7 cells and would be suitable for staining and uptake studies.
This successful membrane penetration could be attributed to the tetracationic nature of the 6**.

In order to gain further evidence of cellular localization in detail, 6°4Cl was incubated
with cells in the presence of a lysosomal marker, Lyso Tracker green. Confocal microscopy
images showed (Figure 4e-h) significant co-compartmentalization of the green (Lyso Tracker
green) and blue (6°4Cl) channel emission coming from the lysosomes. A zoomed-in section
(Figure 4h) shows the presence of 6" in the lysosome, alongside Lyso Tracker green. In the
control experiment, only a little fluorescence (Figure S21) was detected with the reference
compound 4+2C1 upon cell incubation. In fact, when considering the fluorescent intensity, 6*
was found six times higher than 4*" inside the RAW 264.7 cells (Figure S22). Furthermore, the
fluorescence inside the cells of the reference 4¢2Cl was quenched within 3 s of laser irradiation
(Figure S23) and lost its imaging capability. This observation implies the importance of box-like
rigid structures in preventing photobleaching under live-cell imaging conditions.

m CONCLUSIONS
We have demonstrated a facile synthesis and complete characterization of a rationally

designed hybrid cyclophane, 6**, in a template free manner. Cyclophane 6+4Cl is highly water-
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soluble and possesses bright blue fluorescence with a quantum yield of unity when excited at the
lowest absorption band, an observation which can be ascribed to no electron transfer from the p-
Xy components to the TzBIPY>" or the ExBIPY?' unit, as revealed by time-resolved
spectroscopic measurements. The 6°4Cl is photostable in H,O, endures strong acidic conditions,
and operates in a broad pH range without any change of its fluorescence characteristics. MTT
assay shows a greater than 90% cell viability after 24 h incubation with 6°4Cl at a loading
concentration as high as 100 uM. Taken all together, the potentials of the rigid cyclophane 6"
for live-cell imaging could be easily understood. Confocal microscopy images reveal that 6* is
efficiently taken up by the RAW 264.7 cells into their lysosomal compartments and exhibits
bright blue fluorescence without any hint of photobleaching. A concentration-dependent study
shows that around 0.5 pM or above concentration of 6*" is detectable in the RAW 264.7 cells
and would be suitable for staining and uptake studies for this particular cell line. Furthermore,
the fluorescence of 6* is six times brighter inside the cells than that of the reference 4°" whose
fluorescence is completely quenched within 3 s under imaging conditions. Our findings may
assist the understanding of the fundamental principles for designing this new class of imaging
probes by recognizing the underlying competitive photophysical processes in the context of
hybrid and rigid molecular geometries. Here, we note that 6°4Cl is first of its kind to be utilized
for live cell imaging and has good potential in the field of imaging. Several challenges, however,
must still be addressed, such as improving the absorbance window for better penetration, and
active targeting, which is necessary for in-depth in vivo imaging. We believe that the proper
choice of building units and fine-tuning of the fluorophore structure within the cyclophane
structures may address these challenges. In a broader perspective, the in vitro cell studies

strongly support the importance of using box-like rigid cyclophanes for live-cell imaging and
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could well be the stepping stone for developing a new class of imaging probes for multiple
modalities in addition to fluorescence imaging. It is also worth mentioning that the cavity of 6**
may be utilized to incorporate different guest molecules, with various imaging modalities such as
photoacoustic, ultrasound, PET or MRI, leading to the development of supramolecular
multimodal-imaging platforms. Guest molecules having therapeutic properties could also be
incorporated inside the cyclophane cavity, which holds promise for the development of
supramolecular theranostic agents.
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Captions of Schemes and Figures

Scheme 1. Synthesis of 624X (6+4X, X = PFg, CI7).

Figure 1. Solid-state (super)structures of the 6*" obtained from single-crystal X-ray
crystallography. (a) A stick representation showing the distances and the torsional angles
associated with the box-like geometry. (b-c) Stick representations of different side views of the
6*". (d) Space-filling representation of a 6*" superstructure showing that the ExBIPY>" and
TzBIPY”" units are facing each other. (¢) Solid-state superstructure of 6*" revealing a zigzag

arrangement.

Figure 2. (a) Absorption (red) and emission (blue) spectra of 6°4Cl in H,O (Inset: fluorescence
lifetime decay). (b) fsSTA spectra of 6°4Cl in H,O, 414 nm excitation. (d) Cyclic voltammogram

and DPV of 6*".

Figure 3. Effect of different concentrations of 6+4Cl, 4¢2Cl and 2+2Cl on RAW 264.7 cells
viability after 24 h incubation. The cell viability was assessed using the MTT assay. The values

presented are the mean = SD (n=3).

Figure 4. Live-cell confocal microscopy images of RAW 264.7 macrophages cells. Cells were
incubated with (a) SYTO nuclei, (b) 6°4C1 (20 uM in PBS solution). (c-d) Composed images of
the cells with red and blue channel. Cells were incubated with (e) LysoTracker green, (f) 6°4Cl
(20 uM in PBS solution), (g) Composed images of the cells with green and blue channel, (h)
zoom-in section of g showing the co-compartmentalization of 6+4Cl and LysoTracker green
showing the presence of 6+4Cl into the lysosome of the living cells. Z-stacks of images were

deconvolved using Imagel package. Scale bar, 10 um.

18

ACS Paragon Plus Environment

Page 18 of 24



Page 19 of 24 Journal of the American Chemical Society

B(OH), 1. Pd(PPh3)s / KOH

Z PhMe / EtOH /H20 (3:2:1) 7 — Mel + /4 —\ +
9 | Br—O—Br » N \ \ N - > —N \ N\ N—
10 N 2. Reflux / Ar / 2 Days — MeCN /60°C/6h — Y,

N

X = PFg, CI™

oNOYTULT D WN =

e CHO
S _NH, . 1:DMF

9 t
18 z N s 2 Subimation \ / MeCN/50°C 6n N/ N~g \=

19 N

20 3 42X

22 X = PFq, CI~

25 = Bl
+ \ +
26 Br 1. MeCN / CH,Cl or B N/\\:/>—<\ I \>-</:/\N
27 N8 \=
ax—

Reflux 2PFg 1.3/ TBAI/ Dry MeCN
28 + 1 > >

29 2. MeOH / NH4PFg/ H,0 - 2.80°C /2 Days
30 NN N 7 N\ o
¥ \

Br —
>
33 5.2PF; 624X
34 X = PFg, CI™

39 Scheme 1

45 ACS Paragon Plus Environment



oNOYTULT D WN =

A DNDMDMDADADNDNWWWWWWWWWWNNNNNNNNDNDN=S =S 2 29 @@ @22 a0
NOuUubhwWN-_rOCLOONOOCTULLDDWN—_rOOONOOCDULDMWN—_ODOVONOUVIDSD, WN=O0

Journal of the American Chemical Society

O.H =TT
Interaction

Figure 1

ACS Paragon Plus Environment

Page 20 of 24



Page 21 of 24

oNOYTULT D WN =

Journal of the American Chemical Society

—_—
1Y
~—
o
o

N w &
o o o
1 1 1

/ 105 Counts

-h
o
1

x

470 22| ;

e «of:

320

i
° H 4 ¢ 8
Delay (ns)

t=215%20.01ns

(b) 40

0 T M M ' ' M '
300 350 400 450 500 550 600

Wavelength / nm

A . t/ps
505 \ Joex= 414 nm 053

A —027
\{ 087
[\ 615 87 —s2

‘ — 500

— 7500
=

400 600 800 1000 1200
Wavelength / nm

&
1

Current /A

I
o
£

—15.041

12 A0 98 44 Q4 42 00

-10 -08 —06 —-04 —02 00
Potential /V vs Ag/AgCI

Figure 2

ACS Paragon Plus Environment




oNOYTULT D WN =

A BEADADDDAEADDDWWWWWWWWWWNNNNNNNNNDN=S =2 @22 aQaaa0
NOuUubhwWN-_rOCLOONOOTULLDDWN—_rOLOONOOCDULDDWN=—_ODOVUONOUVISA WN = O

Cell viability / %

S
o
)

120

Journal of the American Chemical Society

sl

o

o
)

o
o
]

»
o
]

N
o
]

o
l

B 2-2CI
B 4-2CI

1.56 3.12 6.25 125 25 50 100
Concentration / uM

Figure 3

ACS Paragon Plus Environment

Page 22 of 24



Page 23 of 24 Journal of the American Chemical Society

oNOYTULT D WN =

2,
@
c
K]
£

39 Figure 4

45 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

TOC graphic

ACS Paragon Plus Environment

Page 24 of 24



