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ABSTRACT OF THE DISSERTATION

Designing new fluorophore scaffolds for biological imaging

by

Quintashia Dawnita Wilson
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2025

Professor Ellen M. Sletten, Chair

Biological imaging has transformed our understanding of life at the molecular and cellular
levels. By enabling real-time visualization of dynamic processes, it has driven major
breakthroughs in both fundamental research and clinical practice. Among the available imaging
modalities, fluorescence imaging stands at the forefront for its exceptional sensitivity in living
systems. These advantages are amplified in the near-infrared (NIR, 700—1000 nm) and shortwave
infrared (SWIR, 1000-2000 nm) regions of the electromagnetic spectrum, where reduced
autofluorescence and minimal light scattering enable deeper, clearer imaging. Polymethine dyes
have emerged as the leading fluorophore scaffold for NIR imaging due to their high brightness,
low toxicity, and tunable optical properties. Many derivatives have advanced into applications
involving environmental sensing and triggered payload release. However, translating these
strengths into the SWIR region presents the significant challenge of increasing absorption

wavelengths while preserving brightness. This dissertation focuses on the development of new



polymethine scaffolds for enhanced SWIR imaging, while also advancing the design of responsive
NIR fluorophores for real-time detection in biological systems.

Chapter One is a perspective that outlines key strategies for advancing SWIR polymethine
dye design, including chain extension, heterocycle modification and water solubility, and frames
the central challenges and opportunities that motivate the work presented in subsequent chapters.
Chapter Two builds directly on these design principles through the development of a new class
of silicon-containing flavylium (SiliFlav) polymethine dyes. Incorporation of a silicon heteroatom
into the flavylium scaffold yields bathochromic shifts of up to 200 nm while preserving respectable
fluorescence quantum vyields. A modular synthetic approach allows for fine-tuning of
photophysical properties through functionalization at key positions on the heterocycle. The lead
compound, SiliFlavs, formulated into oil-based nanoemulsions, demonstrates strong chemical
stability, low cytotoxicity, and bright SWIR emission above 1300 nm. /n vivo imaging in mice
reveals high-resolution visualization of vasculature and spleen, establishing SiliFlav dyes as a
robust new platform for deep-tissue SWIR imaging.

Chapter Three is a perspective that explores the transformation of polymethine dyes from
traditional NIR fluorophores into dynamic, responsive tools for biological imaging and intervention.
This includes the development of fluorogenic probes activated by specific cellular conditions and
photocages capable of controlled release of bioactive molecules. These advances highlight the
shift toward chemically responsive dye platforms for real-time sensing and targeted therapeutic
applications. Building on this theme of responsive NIR fluorophores, Chapter Four introduces a
new class of far-red to NIR flavylium merocyanine dyes that favor the fluorescent cyanine state
under biologically relevant conditions. Unlike traditional scaffolds, these dyes are responsive to
solvent viscosity and hydrogen bonding rather than polarity. Their unique photophysical properties
enable intrinsic labeling of the endoplasmic reticulum and lipid droplets in live cells with minimal

spectral crosstalk, offering a red-shifted, structurally simple alternative to conventional ER stains.



Chapter Five focuses on small molecule photocages for light-triggered drug release in
photoactivated chemotherapy (PACT). To meet the demands of clinical translation, this work
targets photocages that are aqueous-soluble, biologically stable, oxygen-independent, and NIR-
activated. A m-extended silicon coumarin scaffold incorporating a flavylium donor is proposed to
overcome the limited tissue penetration of traditional coumarin systems. Synthetic efforts toward
this platform reveal key structure—reactivity relationships, including the role of a 7-dimethylamino
substituent in promoting non-canonical oxidation pathways. These insights inform the future

design of clinically viable photocages for targeted therapeutic applications.
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CHAPTER ONE

Designing shortwave infrared polymethine dyes for in vivo imaging

Quintashia D. Wilson and Ellen M. Sletten

1.1 Abstract

Fluorescence imaging is a foundational technique in biomedical research and clinical
diagnostics, offering high spatial resolution, real-time visualization, and molecular specificity.
While visible (VIS, 400-700 nm) and near-infrared (NIR, 700-1000 nm) imaging have become
well-established, the shortwave infrared (SWIR, 1000—2000 nm) region is emerging as a powerful
platform for deep-tissue imaging due to its reduced light scattering, low background
autofluorescence, and improved signal-to-noise ratio. However, a key limitation to widespread
adoption of SWIR imaging remains the limited availability of bright, stable, and water-soluble
small-molecule contrast agents. This chapter explores recent advances in the design and
synthesis of polymethine dyes as SWIR fluorophores, highlighting three core strategies: chain
elongation, heterocycle engineering, and water solubilization.
1.2 Introduction

Fluorescence imaging is a powerful technique used to visualize biological structures and
processes with exceptional sensitivity and spatial resolution.’ It works by tagging specific
molecules with contrast agents that absorb and emit light, which can be detected using sensitive
optical equipment that allows researchers to localize and quantify biomolecules in cells and
organisms. Additionally, these fluorescent labels can be targeted to specific biomolecules, cellular
compartments or tissues, providing unparalleled specificity. Accordingly, fluorescence imaging is
widely used in research and clinical settings due to its ability to track biological processes in real

time with minimal invasiveness.*® A distinguishing feature of fluorescence imaging is the ability



to excite across different regions of the electromagnetic spectrum, with each region exhibiting
unique capabilities. The visible (VIS, 400-700 nm) region is ideal for cell imaging applications,
but limited by tissue penetration and background autofluorescence from endogenous
chromophores, hindering its capacity in nontransparent systems like organs and whole animals.
In contrast, the near-infrared (NIR, 700—1000 nm) region offers deeper light penetration and
significantly reduced background autofluorescence compared to the VIS region, making it highly
effective for applications in both cells and animals.®-'2"8 The shortwave infrared (SWIR, 1000-
2000 nm) region represents the frontier of fluorescence imaging, providing the deepest tissue
penetration and highest signal-to-noise ratio due to minimal scattering and negligible
autofluorescence.®'2 Accordingly, the SWIR region is a prime area of development for
noninvasive whole-body imaging and diagnostics. Together, these spectral regions allow
researchers to employ fluorescence imaging for a variety of applications, from subcellular
resolution in fixed and living cells, to dynamic deep-tissue imaging in live animals.'3-'6

A notable bottleneck in expanding the capabilities of fluorescence imaging is the limited
availability of effective contrast agents, particularly in the SWIR region. While the VIS and NIR
regions benefit from a robust catalog of optimized fluorescent probes, the SWIR region remains
relatively underserved. Therefore, expanding the toolbox of SWIR contrast agents remains a vital
area of development for enhanced in vivo imaging. For many fluorescence imaging applications,
small molecule fluorophores are often preferred because they offer a good balance between size,
brightness, stability and spectral versatility.>'°-'2 Among these, polymethine dyes are the most
prolific scaffold for in vivo imaging.'>'-20 Consisting of two conjugated heterocycles connected
by a polymethine chain, polymethine dyes exhibit narrow absorption (Aas) and emission (Aem)
bands, large absorption coefficients (emax) and moderate fluorescence quantum yields (¢r),
enabling precise excitation and high molecular brightness (emax X ¢¢).2' Additionally, their modular

heterocycles and extendable chain are readily fine-tuned to increase Amax, brightness and
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solubility.?2-2* Due to this unique architecture, polymethine dyes have emerged as the benchmark
scaffold for NIR imaging, with noteworthy advancements in solubility,>>%?" targeted delivery,?-3"
environmental sensing®?-3%3%-3" and triggered release®*' (see Chapter 3). However, extending
these properties into the SWIR region poses unique photophysical and synthetic challenges,
including the need for enhanced brightness and solubility. This chapter explores how innovative
techniques in chain elongation, heterocycle engineering, and late-stage solubilization have been

harnessed to push polymethine dyes deeper into the SWIR region for high resolution in vivo

<+—Tunable 1,,,—»
"

imaging.
a. Fluorescence imaging windows b. The polymethine scaffold
-l: :Ev'm NIR 1000 nm SWIR 2000 nm Polymethine
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and light scattering and light scattering and light scattering g %
2 =
£ w
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Figure 1.1. Overview of fluorescence imaging and polymethine dye design for SWIR imaging. A)
Regions of fluorescence imaging and their properties. B) General structure and properties of
polymethine dyes. C) Strategies to design optimized SWIR polymethine dyes for in vivo imaging.
1.3 Chain elongation

One of the earliest contrast agents used for in vivo imaging was indocyanine green (ICG),
a water-soluble heptamethine dye introduced by Eastman Kodak in the 1950s.42° Initially
designed as a photographic agent, ICG was rapidly repurposed due to its aqueous solubility and
strong NIR emission, becoming a valuable clinical contrast agent for applications like vascular

imaging, lymphatic mapping and image-guided surgery.*>434647 Therefore, it was a natural point

of interest for SWIR fluorophore development. One of the earliest demonstrations of the potential
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of ICG for SWIR imaging came from Bawendi and coworkers, who showed that the tail emission
could be captured in the SWIR region, enabling through-skull brain imaging in mice.*® Tail imaging
of ICG is a promising avenue for translating the properties of the SWIR into clinical settings,*® but
misses out on the enhanced resolution and spectral real estate obtained by fluorophores with full
SWIR absorption and emission. Therefore, significant efforts have focused on designing SWIR
variants of ICG and related cyanine scaffolds. The most ubiquitous approach to increase Amaxis
extension of the polymethine chain, where each vinylene addition imparts ~100 nm red-shift.?! Jin
and coworkers recently employed this strategy, generating nonamethine and undecamethine
analogs of ICG, coined ICG-C9 and ICG-C11. %°5" The lead scaffold, ICG-C11, exhibits SWIR
emission at 1030 nm in water, illustrating the reliability of chain elongation. That being said, this
approach also increases the risk of ground state desymmetrization. In polar solvents, the
fluorophore shifts away from the ideal polymethine ground state, wherein the positive charge is
fully delocalized, towards the localized polyene ground state. Spectrally, this manifests as broad,
blue-shifted absorption with decreased fluorophore brightness and stability.?=** Compared to
ICG, there is noticeable ground state desymmetrization in the absorption spectra of ICG-C9 and
ICG-C11, although both scaffolds were highly effective for in vivo imaging. In 2022, Schnermann
and coworkers adapted an alternative elongation strategy featuring a rigidified nonamthine
backbone.®® The lead derivative, FNIR-1072, exhibits narrow absorption, high brightness and
excellent stability, with Amaxabs @t 1072 nm and Amaxem at 1103 nm. Using a combination of FNIR
dyes and ICG, the researchers achieved multicolor imaging and image-guided surgery in mouse
tumor models, exemplifying the extended spectral real estate and enhanced tissue penetration of
the SWIR region. In 2025, Zhang and coworkers pushed chain extension to its current limit by
synthesizing rigidified pentadecamethine cyanine dyes (Cy15s).%® The researchers generated a
diverse panel of ultralong cyanine dyes with absorption up to 1233 nm and emission up to 1287

nm. Like the rigidified FNIR series, these Cy15 fluorophores maintained high brightness and
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stability despite their extended conjugation, enabling high-contrast SWIR imaging of tumors and
vasculature with excellent signal-to-noise ratios. Collectively, these findings confirm that chain
elongation remains a powerful strategy for pushing polymethine fluorophores into the SWIR
region, but success increasingly depends on structural stabilization to preserve brightness and
stability. Additionally, these advances build upon the clinical familiarity and safety profile of ICG,
highlighting how structurally enhanced derivatives can bridge the gap between established NIR
contrast agents and the next generation of clinic-ready SWIR fluorophores.
Chain elongation

a.
Heptamethine . Nonamethine N Undecamethine
Vinylene Vinylene
O O addition O O addition O
SNZ N ~100 nm A _~N ~100 nm \ P
E A g
-0y O3

N7
red-shift red-shift
IcCG ICG-C9
max = 780/805 nm Amax = N.1./922 nm
O3 O

G
ICG-C11
A = 990/1010 nm
e = 3.4% be=12% $e = 0.13%
~O3 O3

b.
Chain elongation increases the likelihood of ground state desymmetrization Ideal polymethine state
Het Het é_
SIXTINTTNTTNTNT X, XTI NI NN X s
2
Ideal polymethine state Polyene state < Polyene state
Narrow, red-shifted absorption Broad, blue-shifted absorption
High brightness and stability Low brightness and stability
Wavelength (nm)
C.
Rigidified nonamethine Rigidified undecamethine

OMe
COs

-0,8 2 S0z ) © f
;N/f U\) /} N>/: Advantages of rigidification

More red-shifted than linear analogs
Reduces ground state desymmetrization \) I\/
gL i
+
-0, FNIR-1072 05

Cy15s
Zmax = 1072/1103 nm Amax = 1233/1287 nm
¢ =0.12% ¢e=0.025%

Figure 1.2. Representative examples of chain elongation. A) Chain elongation of ICGP" to
generate ICG-C95" and ICG-C11®%, B) Properties of ground state desymmetrization caused by
overextension of the polymethine chain. C) Structures of rigidified extended polymethine dyes
FNIR-10725°% and SJ-1287"°¢], which exhibit minimal ground state desymmetrization. Fluorophore
counterions are omitted. Photophysical data was obtained from the listed references.

1.4 Heterocycle engineering
While chain elongation has proven to be a robust strategy for pushing cyanine dyes into
the SWIR region, many of the earliest and most successful small molecule SWIR fluorophores

utilize alternative heterocyclic motifs. In 2013, Dai and coworkers employed IR-1061, a
5



thiopyrylium-based heptamethine dye with emission at 1081 nm, marking the first small molecule
used for SWIR imaging.®” Around the same time, a more conjugated derivative featuring a
thioflavylium heterocycle, IR-26, emerged as a benchmark standard for SWIR quantum yield
measurements due to its emission at 1129 nm.*®%° These heterocycles are advantageous for
generating SWIR polymethine dyes due to their extended conjugation and electron-donating
sulfur heteroatom, which enable shorter polymethine chains, improving stability and synthetic
accessibility. While thiopyrylium and thioflavylium polymethine dyes have transformed the SWIR
imaging space, there is still room for improvement in the quantum yields of these scaffolds.2%-60-63
SWIR fluorophores are inherently limited by low quantum vyields due to energy gap law
constraints.®* This effect is worsened by the sulfur heteroatom, which can promote intersystem
crossing resulting in even lower quantum yields.5*54% To overcome these limitations, we and
others have replaced the sulfur heteroatom with oxygen to suppress nonradiative decay and
enhance quantum yield, as seen with IR-27.%5 Although this substitution causes a blue-shift in
emission, we found that installing an electron-donating dimethylamino substituent at the 7-position
of the heterocycle increased the emission wavelength, leading to the development of a new class
of flavylium (Flav) polymethine dyes.®® The leading heptamethine fluorophore in this series,
coined Flav7, exhibits SWIR emission at 1045 nm with brightness values 13-fold higher than IR-
26. Capitalizing on the high spatiotemporal resolution afforded by SWIR wavelengths, Flav7
enabled imaging of hindlimb vasculature and non-invasive quantification of heart rate in
anesthetized mice. We later expanded this platform to include various amines at the 5-, 6-, 7-,
and 8-positions, as well as tert-butyl and adamantyl substituents at the 2-position, resulting in the
chromenylium (Chrom) scaffold.®”°® These modifications allowed fine-tuning of the Amax and ¢,
resulting in bright, laser-matched fluorophores for three- and four-color in vivo imaging. Altogether,
these advances demonstrate how heterocycle engineering serves as a powerful design principle

for tailoring Amax While improving quantum yields. By expanding beyond traditional indolenium



cores to include sulfur- and oxygen-based heterocycles, researchers have broadened the
structural landscape of polymethine dyes and unlocked new opportunities for high-resolution,
multicolor SWIR imaging in complex biological systems.

a. Heterocycle engineering

Substituent
modification

Heteroatom
exchange

IR-26 IR-27 ‘ Flav? ‘
A = 1080/1114 nm A = 987/1011 nm A = 1027/1052
b = 0.05% * be = 0.35% e = 0.61%

5-, 6- and 8-positior 2-position:

goswtlon Qosmon Qosmon
Mesz

[ncreasmg [

7-position:

&z
/(S)\/ C/N}H Ef (/\‘

Increasing 2,

Figure 1.3. Representative examples of heterocycle engineering. A) Heteroatom exchange from
IR-268 (sulfur) to IR-27® (oxygen), and substituent modification to Flav7!%?l. B) Additional
examples of substituent modifications of the flavylium scaffold that affect Amaxand ¢g.67-59
1.5 Water solubilization

While chain elongation and heterocycle engineering have increased the emission
wavelength, brightness and stability of polymethine dyes in the SWIR region, translating these
properties into biological systems introduces new challenges in aqueous solubility. Both strategies
increase the overall hydrophobicity of the scaffold, resulting in the formation of non-emissive H-
aggregates in aqueous solutions.?!’® In the case of SWIR cyanine dyes such as ICG-11 and
FNIR, the pendant alkyl sulfonate groups attached to the heterocycle are sufficient solubilizing
handles.5%5"5% However, other heterocycles like (thio)pyrylium and (thio)flavylium-based scaffolds
lack obvious linkages to append solubilizing groups, and simple alkyl sulfonates are often
insufficient to improve solubility of these hydrophobic cores. To overcome these limitations,
researchers have developed late-stage functionalization strategies that install water solubilization
handles without compromising photophysical properties. Central to this strategy is the

incorporation of terminal alkyne handles for copper(l)-catalyzed azide-alkyne chemistry (CUAAC)

with various solubilizing groups.®®¢'71.72 Hong and coworkers appended terminal alkynes to
7



thiopyrylium dye 5H5, enabling CUAAC with polyethylene glycol (PEG)-cyclic RGD conjugates
(5H5-PEGs-cRGD««). This not only enhanced aqueous solubility through PEG chains, but also
allowed targeted integrin receptor labeling in vivo. Capitalizing on the modularity of the Chrom
scaffold, we introduced propargyl groups at the 7-position amine to act as a clickable intermediate
for diverse modifications.”” With this core scaffold, we were able to append various water-
solubilizing groups, including sulfonates, quaternary amines and phosphonates, all of which
exhibit minimal aggregation and high brightness in biological settings. The sulfonated derivative,
SulfoChrom?7, exhibited strong albumin association and clearance patterns comparable to ICG,"®
effectively serving as a SWIR-emissive analog. The phosphonated derivative, PhosphoChrom?7,
demonstrated strong bone localization, acting as a pseudo-targeting group in vivo.

In 2025, we expanded this methodology to include CuAAC with poly(2-methyl-2-
oxazoline) (POx) polymers to generate star-shaped fluorophore-polymer conjugates, coined
CStars.”? The leading conjugate, CStar30, which contains 30 POx repeat units, exhibits
exceptionally narrow absorption in water and serum with high brightness and negligible protein
binding. Unlike SulfoChrom7 and ICG, CStar30 clears rapidly via the kidneys. This enables two-
color, video-rate multiplexed imaging alongside ICG, providing a powerful platform for real-time
clinical diagnostics and surgical guidance. Altogether, these developments illustrate the
importance of late-stage functionalization in bridging synthetic design and biological utility. By
providing versatile, modular handles for solubilizing and targeting groups, this strategy enables
SWIR fluorophores with improved solubility, tunable biodistribution, and robust in vivo

performance essential for advanced imaging techniques.



a. Water solubilization
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Figure 1.4. Representative examples of water solubilization. A) Overview of non-emissive H-
aggregates. B) Overview of CUAAC employed for late-stage solubilization of polymethine dyes.
C) Chemical structures of water soluble 5H5-PEGs-cRGD#®”, SulfoChrom7",
PhosphoChrom7!""! and CStar30!"2 fluorophores used for in vivo imaging.
1.6 Conclusion

In summary, the development of polymethine-based fluorophores for SWIR imaging has
advanced significantly through three key strategies: chain elongation, heterocycle engineering,
and late-stage water solubilization. Chain elongation effectively red-shifts absorption and
emission into the SWIR region, while rigidification helps preserve brightness and stability.
Heterocycle engineering introduces new electronic properties that improve quantum yields and
spectral tunability. Finally, late-stage functionalization enables the installation of water-solubilizing

and targeting groups, facilitating biological compatibility without compromising photophysical

performance. Together, these innovations have expanded the capabilities of SWIR fluorophores,



establishing a robust foundation for high-resolution, noninvasive imaging in complex biological

systems.
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CHAPTER TWO

Silicon flavylium polymethine dyes for shortwave infrared imaging

Quintashia D. Wilson, Emily B. Mobley, Eric Y. Lin, Barry Y. Li, Ash S. Hua, Justin R. Caram and

Ellen M. Sletten

2.1 Abstract

The shortwave infrared (SWIR, 1000-2000 nm) region offers significant advantages for in
vivo fluorescence imaging, including reduced scattering, minimal autofluorescence, and deep
tissue penetration. However, the development of small molecule fluorophores with high brightness
and maximum emission above 1100 nm remains a key challenge. Here, we report a new class of
silicon-containing flavylium (SiliFlav) polymethine dyes that address this limitation. By
incorporating a silicon heteroatom into the established Flav scaffold, we achieve unprecedented
bathochromic shifts in emission up to 200 nm, while maintaining respectable fluorescence
quantum vyields (up to 0.30%). A modular synthetic route enables diverse functionalization at the
1-, 2-, and 7-positions of the heterocycle, allowing for systematic tuning of photophysical
properties and improved dye performance. The lead fluorophore, SiliFlav5, formulated into canola
oil nanoemulsions, exhibits excellent chemical stability, low cytotoxicity, and bright SWIR emission
above 1300 nm. In vivo imaging in mice demonstrates high-resolution visualization of vasculature
and spleen, confirming the utility of SiliFlav polymethine dyes as a robust new platform for deep-

tissue SWIR imaging.

2.2 Introduction
The shortwave infrared (SWIR, 1000-2000 nm) region of the electromagnetic spectrum
has emerged as the premier region for fluorescence imaging in mammals (Figure 2.1A)."-°

Compared to the visible (VIS, 400-700 nm) and near-infrared (NIR, 700-1000 nm) regions, the
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SWIR region offers reduced photon scattering, minimal autofluorescence and deeper tissue
penetration, enabling enhanced contrast and resolution in vivo.?"'" Since the initial reports of
SWIR imaging, significant progress has been made toward contrast agents that have maximum
emission (Amaxem) in this region, with small molecule fluorophores distinguished for their low
toxicity and favorable pharmokinetics.6%1%12-1% Among these, polymethine dyes are one of the
few scaffolds that readily achieve SWIR wavelengths due to their conjugated heterocycles and
extendable polymethine chain (Figure 2.1B, center).513.18.20-23 Additionally, their large absorption
coefficients (emax) and moderate fluorescence quantum yields (¢r) produce high brightness values
(emax X ¢r), necessary for in vivo imaging. We showcased these advantages in 2017 with the
report of Flav7, a dimethylamino flavylium heptamethine dye with Amaxem = 1045 nm and ¢r =
0.53%.2* As the brightest SWIR fluorophore of its time, we detected strong signal from Flav7
micelles in the vasculature of mice, and were able to quantify the heart rate of an anesthetized

mouse, exemplifying the enhanced spatiotemporal resolution obtained in the SWIR region.

Since Flav7, the number of SWIR polymethine dyes (and SWIR small molecule
fluorophores, in general) has increased considerably. We have incorporated modifications at the
2- and 7-positions of the Flav heterocycle as well as the polymethine chain to achieve bright,
multicolor SWIR imaging across organic, aqueous and fluorous phases (Figure 2.1B). 243" Others
have designed SWIR fluorophores based on FDA-approved indocyanine green (ICG),*?* other
N-containing polymethine dyes,®343% and various xanthene architectures,*°¢ increasing both the
structural diversity and clinical aptitude of this region. Despite this tremendous growth, very few
small molecule fluorophores reach Amaxem above 1100 nm, limiting their capacity for enhanced
imaging in deeper SWIR windows (e.g., 1300-1450 nm) where opportunistic water absorption
increases contrast.'1447-%0 As such, the development of small molecule fluorophores with Amax.em

above 1100 nm provides the opportunity for improved SWIR imaging.
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Design strategies to red-shift polymethine dyes can be divided into two general categories:
extending the polymethine chain and modifying the heterocycle. Between these, lengthening the
polymethine chain is the most straightforward approach, yielding ~100 nm red-shift in Amax with
each vinylene addition.”’ We recently adapted this methodology to the Flav scaffold, obtaining
linear nonamthine derivatives with Amaxem Spanning 1088-1188 nm and respectable ¢r (0.15—
0.50%).%2 Lengthening the polymethine chain even further will impart larger bathochromic shifts,
but also poses the risk of ground state desymmetrization, leading to decreased brightness and
decreased fluorophore stability.53-%¢ Therefore, chain extension is often paired with heterocycle
modifications to increase Amax without compromising brightness and stability. Of the various
heterocycle modifications known to red-shift Amax, heteroatom exchange typically provides the
greatest increase. In the Flav scaffold, exchanging the oxygen heteroatom to sulfur can induce
bathochromic shifts in emission up to ~90 nm, comparable to chain extension.'32457.5¢ However,
sulfur incorporation also promotes intersystem crossing and nonradiative decay, causing up to a
6-fold decrease in ¢r.57-%8 Another common heteroatom, typically employed in xanthene scaffolds,
is silicon. Compared to their oxygen analogs, silicon xanthene dyes exhibit red-shifted emission
(~70-100 nm) maintaining high ¢£.5%%" This is an attractive quality for designing SWIR
fluorophores, which inherently possess lower ¢ due to energy gap law constraints.%? To evaluate
these effects on the polymethine scaffold, we designed the first class of silicon polymethine dyes
featuring two silicon xanthene (SiXan) heterocycles.>® SiXan polymethine dyes exhibit ~100 nm
red-shift in Amaxem and ~2-fold decrease in ¢r compared to the oxygen derivatives, demonstrating
that silicon incorporation is a viable strategy in polymethine dyes. However, their broad absorption
bands containing significant xanthene character and overall low brightness preclude the use of

this scaffold in vivo.

Given the imaging success with flavylium polymethine dyes, we believe that silicon
incorporation in the Flav scaffold has the potential to readily generate SWIR fluorophores with
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Amaxem @bove 1100 nm while retaining high ¢r. However, the current synthetic route for Flav
fluorophores is not amenable to silicon incorporation. Notably, all of the Flav derivatives arise from
one modular synthesis featuring a Mentzer pyrone condensation of commercially available (or
synthetically accessible) aniline analogs with various B-keto esters.?>?” Herein, we report a
general synthetic method to achieve a new class of silicon flavylium (“SiliFlav”) polymethine dyes
(Figure 2.1B). We prepared a panel of SiliFlav derivatives featuring modifications at the 1-, 2- and
7-positions of the heterocycle—which are deemed the most influential in tuning photophysical
properties—as well as the polymethine chain. We used these derivatives to evaluate the effects
of silicon incorporation in the Flav scaffold. Finally, we performed in vivo imaging with this new

class of dyes, achieving strong detection of the vasculature and spleen above 1300 nm (Figure

a. Emission wavelength (nm)
\r
T 1
Previous work - This work
R The polymethine scaffold
-BF, . J2 TR\
o= Het Het R'—Si
\ | Y SXENANF A X ¢
RN Het = Flav or SiliFlav Rtz
R R =PhortBu R
R’=Me or Ph
Flavylium R” = Alkyl substituents Silicon flavylium
polymethine dyes n=1,20r3 polymethine dyes
Silicon incorporation
~200 nm increase in Ay em, high ¢¢

In vivo imaging above 1300 nm

b.
Encapsulate Inject
T
3 Q

SiliFlav Oil Vascular and
dye nanoemulsions spleen labeling

Figure 2.1. Overview of this work. A) Fluorescent region of the electromagnetic spectrum. A
generic structure of polymethine dyes. Structural modifications and emission wavelengths of
flavylium polymethine dyes (previous works) and silicon polymethine dyes (this work).
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2.3 Results and discussion
2.3.1 Designing functionalized silicon flavones

Generating SiliFlav fluorophores requires the synthesis of a silicon flavone precursor that
can undergo methylation and subsequent condensation with a polymethine linker (Scheme 2.1A).
Importantly, a phenyl group (or any bulky, non-acidic substituent) is required at the 2-position for
steric protection, and an electron-donating group is required at the 7-position to impart the positive
charge. Literature examples of silicon flavones are exceedingly sparse, with only two reports of
relevant benzosilinone precursors (Scheme 2.1B,C). In one report, benzosilinone derivatives
functionalized at the 2-position were synthesized via palladium (Pd)-catalyzed carbonylation of
hydrosilanes with various terminal alkynes.®® While this approach enabled the synthesis of several
functionalized benzosilinones, the severe reaction conditions limit its practicality. In another
report, benzosilinones were synthesized via lithium exchange of a dihalogenated precursor
followed by intramolecular cyclization with dimethyldichlorosilane (DMDCS) and subsequent
oxidation.®* However, the benzosilinones in this work do not possess the required functionalities
at the 2- and 7-positions. To address this, we designed a modular synthetic route featuring a key
propargylation step to install 2-position functionality, an intramolecular cyclization to install the 1-
position silicon heteroatom, and a strategic fluorine handle to enable late-stage nucleophilic
aromatic substitution (SnAr) at the 7-position with various amines (Scheme 2.1D). Additionally,
this work addresses the long-awaited need for synthetically accessible silicon flavone derivatives,

permitting the opportunity for fundamental investigations on this class of compounds.
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Scheme 2.1. Synthetic overview of this work. A) Structural requirements for silicon flavones in
this work. B and C) Previous reports of relevant benzosilinone precursors. D) Key synthetic
transformations in this work to access a panel of functionalized silicon flavones.

2.3.2 Synthesizing and investigating SiliFlav vinylogs

We initiated the synthesis of a functionalized silicon flavone precursor with n-BulLi-
promoted propargylation of 2-bromo-4-fluorobenzaldehyde using phenylacetylene. Starting with
this commercially available aldehyde afforded 2.1a in 82% yield at multigram scale (Scheme
2.2A). With the 2-position phenyl group installed, 2.1a was then subjected to deoxygenation
conditions with Et3sSiH and trifluoroacetic acid (TFA), yielding 2.2a, which readily underwent
regioselective hydroiodination using EtsSiH and iodine to produce 2.3a in a 1:3 mixture of E- and
Z-isomers. Lithium-halogen exchange of isomeric 2.3a followed by treatment with DMDCS formed
cyclized precursor 2.4a, which was rapidly oxidized with SeO- to form fluorinated silicon flavone

2.5a.
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aCompound not isolated. ?Isolated yield over two steps.
Scheme 2.1. Synthesis of silicon flavones and silicon flavylium fluorophores in this work. A)
Synthetic scheme of compounds 2.1-2.17. B) R” groups, polymethine linkers and reaction yields
for compounds 2.6-2.17. See “Synthetic procedures” for details.

With the 1-position silicon heteroatom installed, we then turned our attention to the
advantageous fluorine handle at the 7-position of 2.5a. We expected this site to be sufficiently
electrophilic due to the electron-withdrawing ketone, allowing for late-stage SnAr with different
amines. Aromatic substitution of 2.5a in the presence of dimethylamine and diisopropylethylamine
(DIPEA) produced trace amounts of aminated silicon flavone 2.6a, with the major product being
desilylated enone, 2.18 (Figure 2.2). We suspected that 2.18 is formed upon reaction of 2.6a with
the fluoride anion generated in situ, causing desilylation and subsequent ring opening. To

counteract this, we used silica gel as an additive to scavenge the reactive fluoride anion.
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Remarkably, this completely suppressed the fluoride-promoted desilylation, exclusively

generating 2.6a in 92% yield (Scheme 2.2B).
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Figure 2.2. Side product 2.18 formed during the SnAr amination of 2.5a. Overlay of the 'TH NMR
of 2.6a (blue) and the crude 'H NMR of 2.18 (black) with trace amounts of 2.6a. The mass and
chemical shifts for the proposed structure of 2.18 are consistent with previous literature reports of
this compound.®®

Achieving an appropriate functionalized silicon flavone, we set out to prepare silicon-
containing polymethine dyes. We treated 2.6a with MeMgBr followed by an aqueous quench with
50% fluoroboric acid (HBF4), producing heterocycle 2.7a, but in very low yields due to poor
stability (Figure 2.3). Based on the broad NMR spectrum and general insolubility of the resulting
compound, we suspect that HBF4 promotes polymerization.®® Quenching with saturated NH4CI
improved solubility, but did not improve the overall stability of the resulting heterocycle. Thus, we
pursued in situ formation of 2.7a followed by immediate subjection to dye condensation

conditions. Gratifyingly, this was a successful approach, wherein acid-promoted condensation of

2.7a with electrophilic linkers 2.8-2.10 readily afforded pentamethine 2.11 (SiliFlav5),
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heptamethine 2.12 (SiliFlav7) and nonamethine 2.13 (SiliFlav9) in 12—31% yield after purification

(Scheme 2.2B).
Ph Ph
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Figure 2.3. Synthesis and crude 'H NMR of 2.7a after quenching with 5% tetrafluoroboric acid.
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Having synthesized a panel of SiliFlav vinylogs, we measured their photophysical
properties in dichloromethane (DCM) to evaluate the effects of silicon substitution in the Flav

scaffold (Figures 2.4A,B, 2.5 and 2.6) (Tables 2.1 and 2.2).
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Figure 2.4. Photophysical characterization of SiliFlav vinylogs and comparisons to their Flav
analogs. A) Normalized absorption spectra of 2.11-2.13 (5 uM) in DCM and normalized emission
spectra (5 uM, ex. 885 nm, collect 930-1600 nm) in deuterated DCM. B) Photophysical
characterization of 2.11-2.13 in DCM. See “Photophysical procedures” for details. C) Absorption
and emission data of Flav analogs in DCM. D) Amaxem comparisons of SiliFlav and Flav
fluorophores in DCM. E) Molecular orbital diagrams of 2.11 and Flav5. See “Computation
procedures” for details.
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SiliFlav vinylogs and their Flav analogs

N= N z
| 2.16 (Sili(MePh)Flav5) | | 2.17 (SiliChrom5) | 2.11-BArF,,

Figure 2.5. Chemical structures of SiliFlav fluorophores and their oxygen analogs, Flav5, LFlav7
and Flav9.52
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Figure 2.6. Normalized emission spectra of SiliFlav fluorophores (5 uM, ex. 885 nm, collect 930-
1600 nm) in DCM. See “Photophysical procedures” for details.

Table 2.1. Photophysical properties of SiliFlav fluorophores in DCM with error.

Amax, abs €max Amax, em dF Brightness
Dye (nm) (Mt em™) (nm) (%) (M ecm™)
2.11 (SiliFlav5) 1052 118,000 + 2,000 1112 0.13+0.02 160 + 30
2.12 (SiliFlav7) 1143 37,700 = 700 1222 0.091 £ 0.003 34+2
2.13 (SiliFlav9) 1227 15,500 + 200 1310 0.012 + 0.001 20+£0.2
2.14 (SiliFlav5-d,,) 1051 99,700 + 600 1112 0.17 £0.02 170 £ 20
2.15 (Py-SiliFlav5) 1077 79,000 + 400 1129 0.10 £ 0.01 80+8
2.16 (Sili(MePh)Flav5) 1067 98,700 + 400 1127 0.12+£0.02 120+ 5
2.17 (SiliChromb5) 1019 34,690 + 40 1073 0.30 £ 0.01 100+ 3
2.11°BArF24 1051 42,900 + 500 1114 0.17 £ 0.01 735
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Table 2.2 Photophysical properties of Flav fluorophores in DCM with error.?

Amax, abs €max Amax, em dF Brightness
Dye (nm) (M cm™) (nm) (%) (M cm)
Flavs 862 327,000 £ 7,000 883 28+2 19,900 + 500
LFlav7 986 149,000 + 2,000 1016 1.5+0.3 2,300 + 400
Flav9 1110 159,000 + 1000 1133 0.19£0.02 310 £ 30

The biggest advantage of silicon incorporation is its red-shifting properties, with silicon
xanthene derivatives exhibiting Amaxem increases up to 100 nm. Interestingly, we observed an
unprecedented 200 nm increase in Amax.em fOr the SiliFlav scaffold (Figure 2.4C,D), placing 2.11
(SiliFlavs), 2.12 (SiliFlav7) and 2.13 (SiliFlav9) among the most red-shifted vinylogs in the

polymethine family (Figures 2.7 and 2.8).8.12:13:34.38.57.67-69
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Cyanine dyes

CX-3 JuloChrom9, R = tBu NIR-AC4, X =0
JuloFlav9, R = Ph NIR-AC6, X =S

Ph Cl Ph
—X X
+ 7 = A\
\_/ _
P h
HC1222 (X =0) IR-26
HC1342 (X =8)

Xanthene dyes

VIX-4 SiRos 1300

Figure 2.7. Chemical structures of representative small molecule fluorophores with Amax.em above
1100 nm. Counterions are omitted. Full photophysical data can be found in following references:
FNIR-1072,34 Cy-PA,” SJ-1287,7° CX-3,”" JuloChrom9 and JuloFlav9,°? NIR-AC4 and NIR-AC6,%
5H5,%8 HC1222 and HC1342,%° |IR-26,7% VIX-4,” EC7, SiRos1300.%
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Figure 2.8. Scatter plot of the Amaxem and ¢r of small molecule fluorophores listed in Figure 2.7.

To further understand this substantial bathochromic shift, we performed time-dependent
Hartree-Fock (TDHF) calculations using a CAM-B3LYP basis set (Figures 2.4E and 2.9).
Comparing the HOMOs of 2.11-2.13 to their Flav analogs, there is a noticeable increase in
electron density along the polymethine chain with silicon incorporation. Since the silicon atom
does not participate in m-delocalization, the electron density is shifted between the terminal
nitrogen atoms, increasing the effective length of conjugation. Additionally, there is favorable o*—
m* conjugation in the LUMOs of 2.11-2.13 resulting in a smaller energy gap (Egasp) compared to
their Flav analogs. While *—r* conjugation is often cited as the crucial orbital interaction in silicon
fluorophores,’"® we did not observe this interaction in the SiXan polymethine dyes, suggesting

that the orbital effects of silicon are not uniform across small molecule scaffolds.
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HOMO

2.12 (SiliFlav7) LFlav7

2.13 (SiliFlav9) Flav9

Figure 2.9. Molecular orbital diagrams of SiliFlav vinylogs 2.12 and 2.13 alongside their
corresponding Flav analogs. See “Computation procedures” for details.

Another benefit of silicon incorporation is the ability to achieve long wavelengths while
maintaining high brightness. The ¢r for 2.11 (0.13%), 2.12 (0.091%) and 2.13 0.012%) are higher
than most small molecule scaffolds that emit above 1100 nm (Figures 2.7 and 2.8), with
noteworthy exceptions being flavylium nonamethine derivatives.!213.34,38:42.43,46.52.57.67.69 \\jg pelieve
that advantageous electron donation from the oxygen heteroatom and reduced vibronic coupling
in the excited state (evidenced by the small Stokes shift) result in the uncharacteristically high ¢¢
of flavylium nonamethine dyes.®? Considering 2.11-2.13 do not have favorable heteroatom

donation, and they exhibit relatively large Stokes shifts for polymethine dyes (~60—80 nm), the ¢r
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are quite respectable for this region of the SWIR. The biggest downside to these dyes is their low
€ (16,000-118,000 M-" cm™). We observed similarly low e for the SiXan dyes, suggesting that
silicon incorporation may weaken the transition dipole moment in the polymethine dyes.
Fortunately, the overcompensation in ¢ produces brightness values for 2.11-2.13 (2.0-160 M-
cm™) that are on par with small molecule fluorophores with similar Amaxem. Importantly, we
achieved these brightness values with less structural complexity than the extended xanthene dyes
and rigidified polymethine dyes in this region, allowing us to investigate additional structure-
property relationships that affect the ¢r of this scaffold.

2.3.3 Achieving enhanced SiliFlav5 derivatives

To access enhanced SiliFlav fluorophores, we returned our attention to fluorinated
precursor 2.5a to expand the scope of the SyAr reaction (Scheme 2.2A). Modulating the 7-position
of Flav fluorophores has enabled brighter, red-shifted probes with enhanced solubility. By
leveraging the SnAr reaction, these advantageous functionalities can be installed late-stage,
increasing the utility of this synthetic route. We found that SnAr substitution of 2.5a with small
amines readily occurred, affording dimethylamine-ds 2.6b, pyrrolidine 2.6¢c and azetidine 2.19
using the same conditions as 2.6a (Figure 2.10). For bulkier amines, we found that SnyAr
substitution of 2.5a with allylamine to 2.20, followed by deprotection to 2.21 and substitution with
heptadecafluoro-10-iododecane yielded fluorous silicon flavone 2.22 in 75% yield (Figure 2.10).
All of the modified silicon flavones were stable to methylation, generating heterocycles 2.7b, 2.7c,
2.23 and 2.25, but the condensation with 2.8 proved to be variable. In the case of 2.24 (Azet-
SiliFlav5), we suspect that the 4-membered ring is too strained to stabilize the positive charge,
leading to fluorophore degradation (Figure 2.10). In the case of 2.26 (Fio:-SiliFlavb), the
condensation proceeded smoothly, but the fluorophore began to degrade during purification
(Figure 2.10). Fortunately, 2.7b and 2.7c were stable to condensation with 2.8, readily affording

pentamethine dyes 2.14 (SiliFlav5-ds2) and 2.15 (Py-SiliFlav5) (Scheme 2.2B).
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Figure 2.10. Expanded SyAr substrate scope and dye synthesis of SiliFlav fluorophores featuring

azetidine and a fluorous amine. A and B) Synthesis of 2.19 and 2.22. C) and D) Attempted

synthesis of 2.24 (Azet-SiliFlav5) and 2.26 (F104-SiliFlav5).
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Beyond the 7-position, the 1- and 2-positions are also synthetically accessible sites that
permit fine-tuning of Amax and brightness. Starting with the Li-halogen exchanged intermediate of
2.3a, we found that cyclization with methylphenyl dichlorosilane to yield 2.4b, followed by
oxidation to 2.5b and SnAr substitution to 2.6e occurred with comparable efficiency to the
dimethylsilane analogs. Methylation of 2.6d to 2.7d followed by condensation with 2.8 also
proceeded smoothly, yielding silicon functionalized pentamethine 2.16 (Sili(MePh)Flav5). Unlike
the previous modifications, substituting the 2-position required us to return to the beginning of the
synthetic route. Fortunately, we found that the tert-butyl substituent was well-tolerated throughout
the entire synthesis, affording compounds 2.1b—2.6e with negligible changes to the reaction
conditions, purification methods or obtained yields. Methylation of 2.6e to 2.7e followed by

condensation with 2.8 afforded the final pentamethine of the lineup, silicon chromenylium 2.17

40



(SiliChrom5). In total, we prepared seven silicon flavylium fluorophores modified at the 1-, 2- and

7-positions using this modular synthetic route.

To determine the effects of substituent modification on ¢r, we measured the photophysical
properties of 2.14-2.17 in DCM (Figure 2.11A,B). Additionally, their fluorescence lifetimes (7) were
obtained using time-correlated single-photon counting (TCSPC), and the rates of radiative (k)
and nonradiative (k,) decay were used to determine their contributions to the change in ¢r relative
to 2.11 (Figure 2.11B,C and Table 2.3). Based on previous work with deuterated Flav dyes, we
expected 2.14 (SiliFlav5s-ds2) to have a higher ¢r due to the suppression of nonradiative C-H
vibrational frequencies.’”®’” Gratifyingly, 2.14 has a higher ¢r (0.17%) compared to 2.11, with the
largest contribution coming from an increase in k.. Another strategy to increase ¢r is to inhibit
twisted intramolecular charge-transfer (TICT) in the excited state through rigidification.
Interestingly, we found that 2.15 (Py-SiliFlav5) has a lower ¢r (0.10%), despite having a longer t
(43 ps). Since the Amax0f 2.15 is longer than 2.11, it is possible that the advantages of rigidification
and TICT suppression are counteracted by the effects of the energy gap law, producing an overall
lower ¢r. Moving to other sites of the SiliFlav scaffold, we found that the 1-position phenyl
substituent in 2.16 (Sili(MePh)Flav5) caused a ~30 nm red-shift in Amaxem, but @ small decrease
in ¢r (0.12%) compared to 2.11. These results indicate that the 1-position could be useful for
installing functional handles without disrupting the properties of the fluorophore core. In contrast,
the 2-position tert-butyl substituent in 2.17 (SiliChrom5) produced a ~40 nm blue-shift in Amaxem
and a two-fold increase in ¢r (0.30%) compared to 2.11. This is consistent with the trends
observed for the Flav versus Chrom heterocycles, where the bulky tert-butyl group suppresses
internal conversion, leading to a decrease in k,. Overall, the structure-property relationships
observed for Flav fluorophores generally translate to the SiliFlav scaffold, making the design and

optimization of future SiliFlav derivatives a promising endeavor.
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Figure 2.11. Photophysical properties of SiliFlav5 derivatives. Full structures are listed in Figure
2.5. A) Amaxemcomparisons of SiliFlav5 derivatives in DCM. Normalized absorption spectra of 2,11-
2.17 (5 uM) in DCM and normalized emission spectra (5 uM, ex. 885 nm, collect 930-1600 nm)
in deuterated DCM. Emission spectra in nondeuterated DCM are listed in Figure 2.6. B)
Photophysical characterization and excited state lifetime measurements of 2.11-2.17 in DCM.
Error values are listed in Tables 2.1 and 2.3. See “Photophysical procedures” and “Excited state
lifetime procedures” in the supporting information for details. C) Contributions of k., k., and
nonlinear mixing to the change in ¢r of 2.14-17 relative to 2.11.

42



Table 2.3. Lifetime measurements of SiliFlav pentamethine dyes with error.

Dye T (ps) kr(ns™) Knr (ns™)

2.11 (SiliFlav5) 39.9+0.3 0.0333+£0.0001 25.0+0.1
2.14 (SiliFlavs-d12) 39.3+0.3 0.042+0.002 25.4+0.1
2.15 (Py-SiliFlavs) 43.1 £0.5 0.0232 + 0.0002 23.2+0.2

2.16 (Sili(MePh)Flav5) 29.8 +0.4 0.0389 £ 0.0003 33.5+0.2

2.17 (SiliChromb) 58 £0.2 0.05+0.001 17.2%04

2.3.4 In vivo investigations with SiliFlav5

After elucidating the photophysical properties of SiliFlav fluorophores, we assessed the
utility of this scaffold for in vivo imaging. We employed 2.11 for imaging studies as it could be
readily excited with a standard 1060 nm laser, an exceptionally low-energy excitation for a
pentamethine dye. Previous work with SWIR-emissive silicon xanthene dyes suggests that canola
oil nanoemulsions are required for prolonged stability of silicon fluorophores in vivo.** Considering
the general hydrophobicity of 2.11 alongside its concerning stability in the presence of methanol

and biological nucleophiles (Figure 2.12), a nanoemulsion formulation seemed necessary for

imaging.
a b. os
41 —pom —MeCN
—2:1 DCM:MeOH — 10 equiv NaOAc in MeCN
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Figure 2.12. Chemical stability of 2.11. A) Normalized absorption spectra of 2.11 (5 uM) in
mixtures of DCM and MeOH. B) Normalized absorption spectra of 2.11 (5 uM) in MeCN, 10 equiv
of NaOAc in MeCN and 10 equiv of butylamine in MeCN.
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First, to increase the solubility and stability of 2.11 in canola oil, we exchanged the small,
hard tetrafluoroborate counterion to the soft, bulky tetrakis[3,5-bis(perfluorohexyl)phenyl]borate
(BArF24) ion. Sonicating 2.11 in a biphasic solution of DCM and aqueous NaBArF4 followed by

column chromatography afforded counterion exchanged 2.11sBArF24in 87% yield (Figure 2.13A).
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Figure 2.13. Synthesis, stability assessment, formulation procedure, cell viability assessment and
in vivo imaging of 2.11°BArF24. A) Synthesis of 2.11*BArF24. Full structure is listed in Figure 2.5.
B) Capillary images of 2.11 (330 nmol) and 2.11*BArF104 (330 nmol)in DCM (786 nm excitation,
1100 nm LP, 8 ms ET, 100 mW/cm?). C) Photobleaching curves of 2.11 and 2.11*BArF24in DCM
with continuous irradiation for 5 min (786 nm excitation, 1100 nm LP filter, 100 fps, 100 mW/cm?).
See “Photobleaching procedures” for details. D) Formulation of 2.11*BArF24 in Pluronic-F68
stabilized canola oil nanoemulsions. See “Formulation procedures” for details. E) Chemical
stability of 2.11°BArF24 (330 nmol) nanoemulsions in FBS. Inset: Capillary image of 2.11°BArF24
nanoemulsions in FBS (1060 nm excitation, 1100 nm LP, 0.5 ms ET, 160 mW/cm?). F) MTT
viability assay on A375 cells with empty and 2.11*BArF24 nanoemulsions at 0.75x the projected
in vivo imaging concentration (330 nmol). See “Cell viability procedures” for details. G) /In vivo
imaging with 2.11<BArF24 nanoemulsions immediately after i.v. injection (1060 nm excitation, 1300
nm LP, 100 ms, 160 mW/cm?). See “Animal imaging procedures” for details. Scale bars represent
10 mm. Approximately 290 nmol of 2.11*BArF2s was loaded into the nanoemulsions. See
“Formulation procedures” for calculation details.
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We then measured the photophysical properties of 2.11*BArF24 and were pleased to find
that the Amax remained unaffected by the bulky counterion while the ¢r increased to 0.17%

(Figures 2.13B and 2.14).
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2.1 1052 118,000 1112 0.13 160
2.11-BArF,, 1051 42,900 1114 0.17 73

Figure 2.14. Normalized absorption and emission spectra (ex. 885 nm, collect 930-1600 nm) of
2.11 and 2.11°BArF24 (5 uM) and their photophysical properties in DCM. ?Error values listed in
Table 2.1.

In our previous investigation of a fluorous pentamethine dye, we observed an increase in
photostability with counterion exchange.” To determine if the effects were similar for the SiliFlav5
scaffold, we continuously irradiated 2.11 and 2.11°BArF24 at 786 nm for 5 minutes and measured
the loss in emission over time (Figures 2.13C and 2.15). We observed a 25% decrease in signal
intensity for 2.11 and a 10% decrease for 2.11°BArF24, representing a 2-fold increase in relative
photostability after counterion exchange. Comparing their photostability to Flav5, both 2.11
exhibits comparable stability while 2.11*BArF24is ~2-fold more stable (Figure 2.15). Overall, these
results showcase that the photostability of the SiliFlav scaffold is more than sufficient for in vivo

imaging, with 2.11°BArF24 boasting enhanced stability.
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Figure 2.15. Photobleaching curves and the raw (k) and relative (k.;) photobleaching rates of
pentamethines 2.11, 2.11*BArF24 and Flav5 in DCM with continuous irradiation for 5 min (786 nm
excitation, 1100 nm LP filter, 100 fps, 100 mW/cm?). See “Photobleaching procedures” for details.
Error bars represent the standard deviation of three replicates.

To formulate 2.11°BArF.4 into canola nanoemulsions, we first prepared empty
nanoemulsions by sonicating canola oil in a solution of Pluronic F-68 surfactant and phosphate-
buffered saline (PBS) (Figures 2.13D and 2.16). The empty nanoemulsions were then rocked with
a solution of dye in acetone for 1 h and concentrated to afford 2.11°*BArF24 nanoemulsions with
an average size of ~210 nm and a polydispersity of ~0.026. Notably, this approach was not
successful with unexchanged 2.11, further illustrating the effects of counterion exchange of
fluorophore utility (Figure 2.16). To assess the chemical stability of 2.11*BArF24 emulsions in
biological settings, we incubated the emulsions in fetal bovine serum (FBS) at 37 °C and
monitored the decrease in monomer absorption over time (Figure 2.13E). Gratifyingly,
2.11-BArF24 exhibits excellent chemical stability under these conditions, retaining over 60%
monomer absorption after 90 minutes. Additionally, 2.11*BArF24 nanoemulsions showed strong

SWIR emission in FBS, with detectable signal up to 1600 nm (Figure 2.16).
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Figure 2.16. Synthesis and characterization of SiliFlavs formulations. A) DLS of empty and
2.11-BArF24 (330 nmol) nanoemulsions with an average size of ~200 nm. See “Formulation
procedures” for details. B) Absorption spectra of 2.11 and 2.11BArF24 nanoemulsions in FBS. C)
Capillary images of 2.11°BArF24 nanoemulsions undiluted (left) and 1:10 diluted (right) in FBS
(1060 nm excitation, 1100-1500 nm LP, 0.5-50 ms ET, 160 mW/cm?).

After evaluating the stability of the SiliFlav scaffold in vitro, we assessed its toxicity in
cellulo. A375 cells were incubated with empty nanoemulsions and 2.11°BArF24 nanoemulsions at
varying concentrations, and their viability was assessed after 24 h using the MTT assay (Figures
2.13F and 2.17). The cells exhibited good viability (75-95%) for both the empty and loaded
nanoemulsions at relevant in vivo concentrations. The 2.11*BArF24 nanoemulsions exhibited

comparable viability to empty nanoemulsions, suggesting negligible toxicity from the dye itself.
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Figure 2.17. MTT viability assay on A375 cells with empty and 2.11*BArF24 nanoemulsions at 0.1,
0.25, 0.5 and 0.75x the projected in vivo imaging concentration (330 nmol). See “Cell viability
procedures” for details.

With these promising results, 2.11-BArF24 nanoemulsions were intravenously injected into
7-week-old nude mice and immediately imaged using 1060 nm excitation (Figure 2.13G). We
imaged the mice using both 1200 nm long-pass (LP) and 1300 nm LP filters. While more signal
was obtained in 1200 nm LP images (Figure 2.18), the hallmark high resolution of the SWIR
region is evident in the 1300 nm LP images. From the dorsal view, we detected excellent labeling
of subcutaneous veins in the head and back, as well as strong signal in the spleen. The spleen is
also very apparent in the lateral left view. The later right and ventral views showcase additional
vasculature labeling as well as the liver. With time, the vasculature signal diminishes and strong
emission from the spleen is apparent, characteristic of the biodistribution of ~200 nm
nanoemulsions (Figure 2.18). After two days, ex vivo analysis confirms near exclusive localization
spleen (Figure 2.19). Taken together, these imaging results show that SiliFlav formulations are
capable of serving as bright, stable, red-shifted probes for longwave, high-resolution SWIR

imaging above 1300 nm.
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Lateral left

Figure 2.18. Longitudinal in vivo imaging with 2.11*BArF24 nanoemulsions up to 48 h (1060 nm
excitation, 1200 nm LP, 100 ms ET, 160 mW/cm2). Scale bars represent 10 mm. See “Animal
imaging procedures” for details. Approximately 290 nmol of 2.11*BArF24 was loaded into the
nanoemulsions. See “Formulation procedures” for calculation details.
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Figure 2.19. Biodistribution and quantification of 2.11*BArF24 nanoemulsions. A) Ex vivo imaging
of different organs 48 h after injection (1060 nm excitation, 1200 LP, 100 ms, 160 mW/cm?). B)
Mean signal intensity across the ROI for each organ plotted (points) and averaged (bar) for 2
mice. Scale bars represent 10 mm.

2.4 Conclusion

In this work, we report the development of a new class of SWIR polymethine fluorophores
based on a silicon flavylium (SiliFlav) scaffold. Through the incorporation of a silicon heteroatom
into the established Flav framework, we achieved unprecedented red-shifts in emission up to 200
nm, placing the SiliFlav scaffold among the most red-shifted small molecule fluorophores to date.
Importantly, these fluorophores retain respectable ¢r, demonstrating that silicon substitution can
effectively tune optical properties without fully compromising brightness, even in the challenging
SWIR region. We developed a modular and scalable synthetic route that enables diversification
at the 1-, 2-, and 7-positions of the SiliFlav core. This strategy not only allowed us to explore
structure—property relationships in detail, but also led to several enhanced derivatives with
improved photophysical performance. Notably, the 2-tert-butyl derivative (2.17, SiliChrom5)
exhibited a 2-fold increase in ¢, while deuteration at the 7-position (2.14, SiliFlav5-d;,) improved
radiative decay rates. These findings suggest that many of the design principles established for
flavylium dyes are transferrable to the silicon scaffold, offering a clear roadmap for future
optimization. We also demonstrated the practical utility of this scaffold for in vivo imaging. A

nanoemulsion formulation of counterion-exchanged SiliFlav5 (2.11-BArF24) provided excellent
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chemical stability, low toxicity, and good signal using a 1300 nm LP filter. Following intravenous
injection in mice, this fluorophore formulation enabled high-resolution imaging of the vasculature
and spleen, with ex vivo analysis confirming organ-specific accumulation consistent with the
expected biodistribution of nanoemulsions. Overall, this work establishes silicon flavylium dyes
as a promising new platform for bright, red-shifted SWIR imaging. The modular synthetic
approach, combined with the favorable photophysical and biological performance, opens the door
to a new generation of functional small-molecule probes for deep-tissue, high-resolution imaging

in the SWIR window.

2.5 Experimental procedures

2.5.1 Abbreviations

DCM = dichloromethane; DLS = dynamic light scattering; DMSO = dimethyl sulfoxide;
ET = exposure time; LP = longpass filter; PBS = phosphate-buffered saline; O.D. = optical

density;

2.5.2 Photophysical procedures

Absorption spectra were obtained on a JASCO V-770 UV-Visible/NIR spectrophotometer
after blanking with the appropriate solvent. Absorption spectra were collected between 350-1600
nm with a step size of 1 nm and a scan rate of 2000 nm/min. Emission spectra were obtained on
a Horiba PTI QuantaMaster400 fluorimeter equipped with a liquid N2 cooled InGaAs detector
(Horiba Edison DSS IGA 020L). Emission spectra were obtained using 885 nm excitation (15 nm
x 15 nm slit widths) and 930-1600 collection (30 nm x 30 nm slit widths), with a step size of 1 nm
and integration time of 0.1 s.

The absorption coefficients (¢) of 2.11-2.17 were determined in DCM according to the

Beer-Lambert law in the equation below:
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A=¢€lc (1)

In this equation, A is the absorbance in O.D., [ is the path length in cm and c is the concentration
in molarity. Analytical masses were obtained using a Sartorius MSE6.6S-000-DM S13 Cubis Micro
Balance, and serial dilutions were performed with volumetric glassware and Hamilton syringes.
Error was calculated using the standard deviation of measurements performed in triplicate, with

R? > 0.99 for all traces.

Relative quantum yields (¢5) of 2.11-2.17 (x) were determined according to the equation

below, using IR-26 (¢ = 0.05%) in DCM as the reference ()"
b = b (2)(Z) @
F.x F,r mf T)E

In this equation, m is the slope of the line (y = mx + b) obtained from the integrated
fluorescence values versus the absorption of a series of samples and 7 is the refractive index of
DCM. To obtain a plot integrated fluorescence intensity versus absorption, five solutions and a
solvent blank were prepared and the absorption and emission spectra were acquired. IR-26 and
each SiliFlav dye were diluted to concentrations less than 0.1 O.D. to minimize reabsorption. The
emission spectrum of each solution was baseline corrected to 1600 nm, and integrated and
background corrected using the integrated emission of the solvent blank. The integrated
fluorescence intensity values were then plotted against the baseline corrected O.D. at 885 nm,

and the slope and error in slope were calculated. All R? values were > 0.99.

2.5.3 Excited state lifetime procedures

Excited state lifetime measurements were obtained for SiliFlav pentamethine derivatives
2.11 and 2.14-2.17 using a home-built, all-reflective epifluorescence setup.?” Samples were
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diluted to ~1.0 O.D. in DCM and excited using a 780 nm picosecond pulsed diode laser
(Picoquant, LDH-D-C-780). The emission was separated from the excitation using an 805 nm
long pass dichroic mirror (Thorlabs, DMLP805R) and filtered using three 800 nm and one 850 nm
dielectric longpass filters (Thorlabs, FELO800 and Thorlabs, FGL850M). All reflective optics
(unprotected silver) were used to direct and fiber couple emission into a reflective collimator where
it was detected using broadband optimized super conducting nanowire single photon detectors
(SNSPDS) (Quantum Opus, Opus One). Time correlated single photon counting (TCSPC) traces
were histogrammed using a HydraHarp400 and corresponding software [Picoquant]. All
measurements were carried out at room temperature. Curve fitting was performed with Igor Pro.

The TCSPC decay curves (listed below) were fit to a single exponential using the

convolution integral of the instrument response function (IRF) and the impulse response function:

I(t) = (%) (e_k<(t_t°)_07k)> (1 +erf|(t —to) — ﬂ]) +c

V2o

where I =intensity, a = amplitude, k = total excited state decay rate, t = time, t, = initial time,

o = IRF width and ¢ = constant.
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The excited state lifetime is defined as the inverse of total excited state decay rate:

1
T==

Errors in 7 were calculated as + 1 ps, the value of the detector resolution. Errors in fitting

parameters were sufficiently small such that they are negligible when considering the detector

resolution.
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The radiative (k,-) and nonradiative (k,,,-) rates were calculated according to the following

equations:

0]
krz_F
T

The errors for krand k.- were determined by propagating the error of T and O .

2.5.4 Photobleaching procedures

Solutions of 2.11 (SiliFlav5), 2.11°BArF24 (SiliFlav5°BArF2) and Flav5 were prepared in
DCM at ~1 O.D. at the maximum intensity absorption wavelength. Each solution was placed in
capillary tubes (Disposable Micro Capillary Pipets, 50 uL, DWK Life Sciences Kimble, #71900-
50), sealed, and positioned onto a holder under an InGaAs camera and 786 nm laser (see “SWIR
imaging setup”). Samples were irradiated with the 786 nm laser (100 mW/cm?) continuously for 5
min at 100 fps and SWIR emission was detected beyond 1100 nm using a 1100 LP. Raw imaging
files were processed according to “Image processing” to generate a plot of exposure time
normalized emission intensity over time. The data was fit to a mono-exponential decay curve and

the rate of photobleaching (k,,,,) was determined via the following relationship:

In[A] = —kt + In[A],

where A and A, represent collection at time t and initial emission collected, respectively. All R?

values were > 0.99. Photobleaching rate is reported as the mean of three replicate

measurements, with standard deviation as the error.
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To compare photobleaching rates across each fluorophore of interest, a relative rate of
photobleaching (k,.;) was then determined. The raw photobleaching rate was first corrected

according to the photon flux absorbed by the sample (Ng;):

~he
N, = fluence + -

Naps = N x (1 — 107455)

Ngps is dependent on the density of irradiated photons (N,,) and the optical density of the sample
at the wavelength of irradiation (4bs). Fluence was measured according to the procedure listed
in “SWIR imaging setup”, h is Planck’s constant, and c is the speed of light, and 1 is the irradiation

wavelength. Each k,..; was then normalized to the rate of 2.11:

k
Relative stability = Zrel(11)

rel,dye

2.5.5 Formulation procedures

To prepare empty nanoemulsions, a fresh solution of Pluronic-F-68 surfactant in PBS (28
mg/mL, 200 uL) was added to the bottom of a 1.5 mL Eppendorf tube, and canola oil (20 uL) was
layered on top. Using a QSonica (Q125) probe sonicator, the tip of the probe was fully submerged
into the mixture. To ensure that the probe did not come into contact with the sides or bottom of
the Eppendorf, the tube was clamped into place. The mixture was cooled with an ice bath and

sonicated for 90 s at 35% amplitude to produce nanomulsions with a hydrodynamic diameter of
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190 nm. The empty nanoemulsions were layered with a solution of 2.11sBArF24 (500 ug) in
acetone (25 uL) and the sealed Eppendorf tube was placed on an orbital shaker at 60
rotations/min for 1 h. After rocking, the nanoemulsions were transferred to a dram vial and the
residual acetone was removed via rotary evaporation. After evaporation, the bottom layer of the
nanoemulsions (200 uL) were transferred to a new 1.5 mL Eppendorf tube, and the top layer
consisting of unformulated dye and canola oil was discarded. The resulting 2.11*BArF24
nanoemulsions were resuspended in 150 uL of PBS and filtered through a 1.0 um syringe filter
for in vivo use.

To determine the size, a 20 uL aliquot of the nanoemulsions was diluted in 2 mL of MilliQ
water and transferred to a plastic 1 cm cuvette for characterization. Size was determined using
Coulter Beckman N4 PLUS Particle Size Analyzer with the following SOP parameters: 10 runs,
10 seconds/run, three measurements, no delay between measurements, 25 °C with 120 second
equilibration time. Collection parameters: Lower limit = 0.6, Upper limit = 1000, Resolution = High,
Number of size classes = 70, Lower size limit = 0.4, Upper size limit = 1000, Lower threshold =
0.05, Upper threshold = 0.01. Data are representative of three replicate measurements.

To approximate the amount of 2.11*BArF24l0aded into the canola oil nanoemulsions, a 20
uL aliquot of the emulsions was added to a 1.5 mL Eppendorf tube containing 800 uL of DCM.
The mixture was centrifuged for at 1610 g for 20 min to destroy the nanoemulsions, producing a
thin layer of oil and surfactant and a bottom layer of 2.11*BArF24in DCM. The absorption spectrum
of the bottom layer was acquired, and Beer’s law was used to back-calculate the concentration

and moles of 2.11*BArF24 per batch of nanoemulsions.

2.5.6 Cell viability procedures

A375 cells were purchased from ATCC (Catalog number: CRL-1619). They were cultured
in Dulbecco’s Modified Eagle Media (DMEM, Life Technologies, Catalog number: 11995073)

supplemented with 10% fetal bovine serum (FBS, Corning), sodium pyruvate (Thermo Fisher,
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Catalog number: 11360070) and 1% penicillin-streptomycin (Life Technologies, Catalog number:
15070063) at 37 °C and 5% CO: in Heracell 150i CO; incubators. Cells were pelleted using a
Sorvall ST 40R series centrifuge. All cell work was executed in a sterile 1300 Series A2 biosafety
cabinet.

A375 cells were seeded onto 96-well plates with average density 50,000 cells per well.
On the first day, cells were treated with 2.11°BArF24 nanoemulsions or empty nanoemulsions at
0.1x, 0.25x, 0.5x and 0.75x the in vivo concentrations to prevent surfactant-related toxicity. Each
treatment condition was performed in sextuplicate. On the third day, MTT reagent (Millipore
Sigma, Catalog Number: M2128) was diluted in media to a working concentration of 1.2 mg/mL,
and a 20 uL aliquot of this solution was added to each well. Cells were incubated at 37 °C for 30
min, followed by aspiration of the media and addition of DMSO (100 uL) to solubilize the formazan
product. The cells were then incubated for an additional 10 minutes at 37 °C, and the absorbance

was measured at 560 nm using the Varioskan Lux Multimode Microplate Reader.

2.5.7 Animal imaging procedures

Animal procedures were performed in accordance with the guidelines of the University of
California, Los Angeles International Animal Care and Use Committee (IACUC), with specific
protocols approved by the Animal Research Committee (ARC, protocol number ARC-2018-047).
Noninvasive, whole mouse imaging was performed on athymic female mice (NU/J) purchased
from The Jackson Laboratories. Mice were 7 weeks of age at the start of imaging experiments.
For all animal procedures, mice were anesthetized by inhalation of isoflurane (2—-4%
isoflurane/oxygen) and placed on a heating pad to maintain normal body temperature while under
anesthesia. The heating pad was affixed with a nose cone to deliver anesthetic to the imaging
stage (see “SWIR imaging setup”). Atrtificial tears were added to each eye to prevent corneas
from drying out during imaging procedures. Intravenous (i.v.) injections were performed through

the tail vein. Briefly, a catheter was assembled from a 29-gauge needle (VetriJec™) connected
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through plastic tubing (0.8 mm x 0.3 mm tygon catheter tubing, Braintree Scientific, Inc) prefilled
with a sterile isotonic saline solution. The bevel of the needle was inserted into the tail vein and
secured with a tissue adhesive. The catheter was then connected to a syringe (29-gauge,
VetriJec™) prefilled with fluorophore-containing emulsions sterilized with a 1 um syringe filter.
Finally, the solution was injected to the tail vein followed by a sterile saline flush to ensure full
dosage was achieved. The total volume of i.v. injections never exceeded 200 uL. Mice were briefly
imaged post-injection at defined timepoints up to 2 days, followed by humane euthanasia at the

endpoint. Individual organs were then dissected and imaged.

2.5.8 SWIR imaging setup

For photobleaching (see “Photobleaching procedures”) and whole mouse imaging (see
“Animal procedures”) a custom-built SWIR imaging setup was used. The setup was partially
enclosed to avoid excess light pollution, while still allowing for physical manipulation of the field
of view during operation. Lumics laser unit LU0785D250-U70AN (25 W) "785 nm” was used for
photobleaching experiments, and LU1064D350- U30AN (35 W) “1064 nm” was used for whole
mouse imaging experiments. Excitation wavelengths are reported as “786 nm” and “1060 nm”,
respectively, corresponding to the peak wavelength intensity recorded via spectrometer
measurement. All lasers were coupled in a fan-out fiber optic bundle with a 600 um core diameter
(Thorlabs BF46L.S01) for each optical path. The fiber bundle output was affixed to an excitation
cube (ThorLabs KCB1E), reflected off a mirror (Thorlabs BBE-E03), and passed through a
positive achromat (Thorlabs AC254-050-AB-ML), SP filters (1100 nm, 2X 25 mm #64-339,
Edmund Optics) and an engineered 20° square diffuser (Thorlabs ED1-S20-MD) to provide
uniform illumination over the imaging stage. This area was covered by a heating pad affixed with
a nose cone and non-reflective blackout fabric (Thorlabs BKS) and/or foil (BKF12). The excitation
flux at the imaging stage was measured with a digital optical power and energy meter (Thorlabs

PM1000D) coupled to a photodiode sensor (S130C). For photobleaching experiments, the power
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density was set to 100 mW/cm?. For whole mouse imaging, the power density was set to 160
mW/cm?, in accordance with the ICNIRP guidelines for whole mouse imaging.”® An InGaAs
camera (Allied Vision Goldeye G-032 Cool TEC2) was mounted vertically above the imaging
stage to detect emitted SWIR light. The camera used a SWIR C-mount lens (Kowz LM35HC-SW)
and a set of longpass (LP) filters. For “1100 nm LP” filtering, 1X 25 mm FELH1100 (Thorlabs) was
affixed to the camera lens, followed by 1X 50 mm #84-768 (Edmund Optics) mounted by a filter
holder (LCFH2-F, Thorlabs) and 1X 50 mm #84-768 (Edmund Optics) mounted to a lens tube
(SM2L05, ThorLabs). For “1200 nm LP” filtering, 1X 25 mm FELH1200 (Thorlabs) was mounted
to a lens tube (SM1L03, Thorlabs) followed by another lens tube (SM1L10) and a 5 mm silicon
window (WG81050, Thorlabs) mounted to a lens tube (SM1L03, Thorlabs) and affixed to the
camera lens; additionally, 3X lens tubes (SM2L03), followed by 1X 50 mm #89-666 (Edmund
Optics) mounted to a lens tube (SM2L05, ThorLabs), a lens tube (SM2L20), and 1X 50 mm #89-
666 (Edmund Optics) mounted to a lens tube (SM2L05, ThorLabs) were placed in series below
the camera lens filters. For “1300 nm LP” filtering, 1X 25 mm FELH1300 (Thorlabs) was affixed
to the camera lens, followed by 1X 50 mm #89-669 (Edmund Optics) mounted by a filter holder
(LCFH2-F, Thorlabs), a lens tube (SM2L20), and 1X 50 mm #89-669 (Edmund Optics) mounted
to a lens tube (SM2L05, ThorLabs). The camera was set to -30 °C and was set to gain = 1. The
exposure time property was set for each image. Both the camera and lasers were externally
controlled. For image acquisition, the toolbox of MATLAB programming environment was used in
combination with a MATLAB script (CCDA V3, https://gitlab.com/brunslab/ccda) to preview and

collect image data in 14-bit depth.

2.5.9 Image processing

Raw image files were processed using the FlJI distribution of ImageJ.8%8! All image stacks
were first subtracted with a no-laser background (100-200 frames taken at the beginning of each

acquisition) to correct for non-linearities in the detector. For still fluorescence images, frames of
60



interest were then averaged using the “Z-project” function (50-100 frames, unless otherwise
stated). Still images underwent no further processing. Brightness values obtained from the 14-bit
images are displayed with the grey LUT scale. All images were then compressed to an 8-bit depth
for display.

For ex vivo organ quantification, regions of interest were highlighted around individual
organs using the hand-drawn ROI tool. The mean intensities were calculated with the “Measure”
function and reported as the mean of three hand-drawn measurements, after subtracting image
background (measured within the blank region between organs in the same manner). For each
animal, these values were normalized to the exposure time property for comparison of
fluorescence remaining in each organ 2 days post-injection. Normalized fluorescence intensity
values for replicate animals were then averaged to generate quantitative bar graphs, with
individual values displayed accordingly.

For capillary image quantification, regions of interest were highlighted via the line ROI tool,
drawing a line horizontally across a set of capillary tubes. Fluorescence intensity across this ROI
was plotted using the “Plot profile” feature.

For photobleaching quantification, the background subtracted stack was used. The stack
was imported at a step size of 100, corresponding to the frame rate of the acquisition (100 fps),
such that each sequential frame corresponds to 1 second of illumination time. A line ROl was
drawn vertically across each individual capillary tube, and mean fluorescence intensity over time
across the ROl was plotted using the “Plot Z-axis profile” feature.

All raw and processed files can be found on Biolmage Archive, accession number: S-BIAD2235.
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2.6 Synthetic procedures

2.6.1 Abbreviations

AcOH = acetic acid; Ac;O = acetic anhydride; DCM = dichlormethane; DMDCS =
dimethyldichlorosilane; EtOAc = ethyl acetate; HRMS = high resolution mass spectrometry;
MeOH = methanol; n-BuLi = n-butyllithium; NMR = nuclear magnetic resonance; TBAB =
tetrabutylammonium bromide; TFE = trifluoroethanol; THF = tetrahydrofuran; TLC = thin layer

chromatography

2.6.2 Materials and instrumentation

Chemical reagents were purchased from Acros Organics, Alfa Aesar, Fisher Scientific,
Sigma-Aldrich, Spectrum Chemicals or TCl and used without purification. Anhydrous and
deoxygenated DCM or THF was dispensed from a Grubb’s-type Phoenix Solvent Drying System.
Flash chromatography was performed with technical grade silica gel containing 60 A pores and
40-63 um mesh particle sizes (Sorbtech Technologies). Solvent was removed under reduced
pressure using a Blchi Rotovapor with a Welch self-cleaning dry vacuum pump, and a Welch
DuoSeal pump for additional evaporation. Nuclear magnetic resonance ("H NMR, *C NMR and
F NMR) spectra were taken on a Bruker AV500 or Bruker NEO600 spectrometer and processed
with MestReNova software. All '"H NMR and *C NMR peaks are referenced to their respective
solvent peaks (CD2Cl, 6H = 5.32 ppm, §C = 53.84 ppm; CDCls §H = 7.26 ppm, §C = 77.16 ppm).
F NMR peaks are referenced to trifluoroethanol (§F = -77.59 ppm). Low resolution liquid
chromatography-mass spectrometry were obtained using a 1260 Infinity Il, Agilent 6100 series
quadrupole LC/MSD equipped with a Zorbax SB-C18 column (Agilent). High resolution mass
spectrometry (HRMS) data were obtained on an Agilent 6545 Q-TOF mass spectrometer (ESI-
MS) or a Thermo Exactive Plus Orbitrap with lonSense ID-CUBE DART source and Vapour

Interace (DART-MS).
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2.6.3 Synthetic procedures

Synthesis of 1-(2-bromo-4-fluorophenyl)-3-phenylprop-2-yn-1-ol (2.1a).

Ph

Br ||
OH
F

In a dry two-neck round-bottom flask charged with a stir bar under N. atmosphere,
phenylacetylene (7.57 mL, 69.0 mmol, 1.40 equiv) was dissolved in anhydrous THF (98.5 mL)
and cooled to 0 °C. n-BuLi (2.5 M solution in hexanes, 23.6 mL, 59.1 mmol, 1.20 equiv) was
added dropwise and the mixture was stirred for 1 h before adding 2-bromo-4-fluorobenzaldehyde
(10.0 g, 49.3 mmol, 1.00 equiv). The mixture was warmed to rt and stirred for 4 h, with full
consumption of starting material by TLC (10:1 hexanes:EtOAc). The mixture was quenched with
saturated NH4Cl, extracted with DCM (150 mL x 3) and washed with water and brine. The crude
product was dried with Na,SO4, evaporated and recrystallized in hexanes at 4 °C for two days to
give 2.1a as a white crystalline solid (12.3 g, 40.4 mmol, 82%). Rr= 0.46 in 10:1 hexanes:EtOAc.
"H NMR (500 MHz, CDCl3) § 7.84 (dd, J = 8.7, 5.9 Hz, 1H), 7.49 — 7.42 (m, 2H), 7.36 — 7.28 (m,
4H), 7.11 (td, J = 8.3, 2.6 Hz, 1H), 5.98 (s, 1H). 3C NMR (126 MHz, CDCls) § 162.21 (d, J=251.9
Hz), 135.66 (d, J = 3.4 Hz), 131.77, 129.86 (d, J = 8.7 Hz), 128.82, 128.36, 122.95 (d, J = 9.6
Hz), 122.10, 120.28 (d, J = 24.6 Hz), 115.01 (d, J = 21.1 Hz), 87.44, 86.99, 64.06. HRMS (DART-

MS): calculated for C1sH10BrFO [M-17]*, 288.9879; found 288.9851.
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Synthesis of 1-(2-bromo-4-fluorophenyl)-4,4-dimethylpent-2-yn-1-ol (2.1b).
tBu
Br | |

OH
F

In a dry two-neck round-bottom flask charged with a stir bar under N> atmosphere, tert-
butylacetylene (1.70 mL, 13.8 mmol, 1.40 equiv) was dissolved in anhydrous THF (19.7 mL) and
cooled to 0 °C. n-BuLi (2.5 M solution in hexanes, 4.72 mL, 11.8 mmol, 1.20 equiv) was added
dropwise and the mixture was stirred for 1 h before adding 2-bromo-4-fluorobenzaldehyde (2.00
g, 9.86 mmol, 1.00 equiv). The mixture was warmed to rt and stirred for 4 h, with full consumption
of starting material by TLC (10:1 hexanes:EtOAc). The mixture was quenched with saturated
NH4ClI, extracted with DCM (50 mL x 3) and washed with water and brine. The crude product was
dried with Na>SO., evaporated to give 2.1b as a tan oil, which was used without further purification
(3.94 g, 13.8 mmol, Quantitative). Rr = 0.75 in 10:1 hexanes:EtOAc. '"H NMR (500 MHz, CDCls)
§7.73 (ddd, J=8.9,6.0, 2.9 Hz, 1H), 7.28 (d, J = 8.4, 4.2 Hz, 1H), 7.05 (td, J = 8.5, 2.7 Hz, 1H),
5.70 (s, 1H), 2.54 (s, 1H), 1.26 — 1.22 (m, 9H). *C NMR (126 MHz, CDCl3) § 162.03 (d, J = 251.3
Hz), 136.29 (d, J = 3.5 Hz), 129.76 (d, J = 8.6 Hz), 123.06 (d, J = 9.7 Hz), 120.09 (d, J = 24.6 Hz),
114.79 (d, J = 21.0 Hz), 96.19, 90.84, 83.37, 65.30, 63.58, 30.81, 27.53. HRMS (DART-MS):

calculated for C13H14BrFO [M-17]*, 267.0212; found 267.0183.
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Synthesis of 2-bromo-4-fluoro-1-(3-phenylprop-2-yn-1-yl)benzene (2.2a).

Br ||

F

In a two-neck round-bottom flask charged with a stir bar, 2.1a (4.00 g, 13.1 mmol, 1.00
equiv) was dissolved in DCM (131 mL) and triethylsilane (2.09 mL, 13.1 mmol, 1.00 equiv) was
added. TFA (1.01 mL, 13.1 mmol, 1.00 equiv) was added dropwise and the mixture was stirred at
rt for 4 h with full consumption of the starting material by TLC (10:1 hexanes:EtOAc). The mixture
was quenched with saturated NaHCO3, extracted with DCM (50 mL x 3) and washed with water
and brine. The crude product was dried with Na>SO4, evaporated onto silica gel and purified via
flash chromatography, eluting with hexanes to give 2.2a as a yellow oil (2.35 g, 8.13 mmol, 62%).
Rr=0.26 in hexanes. '"H NMR (500 MHz, CDCls) § 7.71 (dd, J = 8.7, 6.0 Hz, 1H), 7.58 — 7.51 (m,
2H), 7.41 - 7.33 (m, 4H), 7.09 (td, J = 8.3, 2.7 Hz, 1H), 3.89 (s, 2H). *C NMR (126 MHz, CDCls)
6 161.40 (d, J = 249.5 Hz), 132.11 (d, J = 3.5 Hz), 131.78, 130.54 (d, J = 8.2 Hz), 128.40, 128.18,
123.74 (d, J = 9.5 Hz), 123.43, 119.81 (d, J = 24.7 Hz), 114.66 (d, J = 20.9 Hz), 86.16, 84.03,

26.15. HRMS (DART-MS): calculated for C1sH1oBrF [M+1]*, 288.9950; found, 288.9745.
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Synthesis of 2-bromo-4-fluoro-1-(3-iodo-3-phenylallyl)benzene (2.3a).
I Ph

Br =~ ~Ph Br Z|

F F
3:1

In a two-neck round-bottom flask charged with a stir bar, 2.2a (2.35 g, 8.13 mmol, 1.00
equiv) was dissolved in DCM (81.3 mL) and idodine (2.06 g, 8.13 mmol, 1.00 equiv) was added.
Triethylsilane (1.30 mL, 8.13 mmol, 1.00 equiv) was added dropwise and the mixture was stirred
at rt for 4 h with full consumption of the starting material by TLC (hexanes) and GCMS. The
mixture was quenched with saturated Na,S-0s, extracted with DCM (50 mL x 3) and washed with
water and brine. The crude product was dried with Na>SO., evaporated onto silica and purified
via flash chromatography, eluting with hexanes to give 2.3a as a yellow oil in a 3:1 mixture of Z:E
isomers (2.10 g, 5.04 mmol, 62%). Rr = 0.33 in hexanes. '"H NMR (500 MHz, CDCls) Z-isomer:
§7.50 —7.44 (m, 2H), 7.39 — 7.23 (m, 5H), 7.03 — 6.94 (m, 1H), 6.04 (t, J = 6.7 Hz, 1H), 3.75 (d,
J =6.7 Hz, 2H), 3.38 (d, J = 7.5 Hz, 1H). E-isomer: § 7.50 — 7.44 (m, 2H), 7.39 — 7.23 (m, 5H),
7.09 (dd, J = 8.5, 6.1 Hz, 1H), 6.59 (t, J = 7.6 Hz, 1H), 3.75 (d, J = 6.7 Hz, 2H), 3.38 (d, J=7.5
Hz, 1H). 3C NMR (126 MHz, CDCls) Z-isomer: § 161.15 (dd, J = 249.4, 12.8 Hz), 142.84, 139.20,
135.53, 134.38 (d, J = 3.7 Hz), 131.11 (d, J = 8.4 Hz), 128.61, 128.27, 124.37 (d, J = 9.5 Hz),
120.03 (dd, J = 24.3, 4.8 Hz), 114.71 (d, J = 20.8 Hz), 107.07, 43.64.HRMS (DART-MS):

calculated for C1sH1BrFI [M+1]*, 416.9073; found, 416.9239.
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Synthesis of 2-bromo-4-fluoro-1-(3-iodo-4,4-dimethylpent-2-en-1-yl)benzene (2.3b).
I tBu

Br =~ tBu Br ZZ2

F F
3:1

In a two-neck round-bottom flask charged with a stir bar, 2.1b (2.00 g, 7.01 mmol, 1.00
equiv) was dissolved in DCM (70.1 mL) and triethylsilane (1.12 mL, 7.01 mmol, 1.00 equiv) was
added. TFA (540 uL, 7.01 mmol, 1.00 equiv) was added dropwise and the mixture was stirred at
rt for 4 h with full consumption of the starting material by TLC (10:1 hexanes:EtOAc). The mixture
was quenched with saturated NaHCO3, extracted with DCM (50 mL x 3) and washed with water
and brine. The crude product was dried with Na,SO, and evaporated to give a tan oil (labeled as
2.2b in the manuscript). The crude oil was dissolved in DCM (70.1 mL) and idodine (1.77 g, 7.01
mmol, 1.00 equiv) was added. Triethylsilane (1.12 mL, 7.01 mmol, 1.00 equiv) was added
dropwise and the mixture was stirred at rt for 4 h, with full consumption of the starting material by
TLC (hexanes) and GCMS. The mixture was quenched with saturated Na»S.03, extracted with
DCM (50 mL x 3) and washed with water and brine. The crude product was dried with Na>SOa,
evaporated onto silica and purified via flash chromatography, eluting with hexanes to give 2.3b
as a yellow oil in a 3:1 mixture of Z:E isomers (1.25 g, 4.63 mmol, 66%). Rr= 0.36 in hexanes. 'H
NMR (500 MHz, CDCls) Z-isomer: § 7.33 — 7.27 (m, 1H), 7.27 — 7.20 (m, 1H), 7.00 — 6.93 (m,
1H), 5.68 (t, J = 3.3 Hz, 1H), 3.64 — 3.57 (m, 2H), 1.25 (s, 9H). E-isomer: § 7.63 (id, J = 6.4, 3.3
Hz, 1H), 7.27 — 7.20 (m, 1H), 7.08 — 7.01 (m, 1H), 5.28 (d, J = 3.0 Hz, 1H), 3.64 — 3.57 (m, 2H),
1.25 (s, 9H). *C NMR (126 MHz, CDCls) Z-isomer: § 161.06 (d, J = 249.3 Hz), 134.95 (d, J= 3.4
Hz), 130.88 (d, J = 8.1 Hz), 130.22 (d, J = 8.1 Hz), 128.54, 124.47 (d, J = 9.4 Hz), 119.96 (d, J =
24.3 Hz), 114.58 (d, J = 20.7 Hz), 43.51, 31.35, 30.74. HRMS (DART-MS): calculated for
Ci3H1sBrFI [M+1]*, 396.9386; found 396.9041.
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Synthesis of 7-fluoro-1,1-dimethyl-2-phenyl-1,4-dihydrobenzo[b]siline (2.4a).

Ph

BN

F

In a dry two-neck round-bottom flask charged with a stir bar under N, atmosphere, 2.3a
(2.00 g, 4.80 mmol, 1.00 equiv) was dissolved in anhydrous hexanes (48.0 mL) and cooled to 0
°C. n-BuLi (2.5 M solution in hexanes, 42.2 mL, 10.6 mmol, 2.20 equiv) was added dropwise and
the mixture was stirred for 30 minutes, with full consumption of the starting material by TLC
(hexanes). Anhydrous THF (48.0 mL) was added, followed by addition of DMDCS (13.9 mL, 11.5
mmol, 2.40 equiv) and the mixture was warmed to rt and stirred for 16 h. The mixture was
quenched with saturated NH4Cl, extracted with DCM (100 mL x 3) and washed with water and
brine. The crude product was dried with Na;SO4, evaporated onto silica and purified via flash
chromatography, eluting with hexanes to give 2.4a as a yellow oil (1.18 g, 4.41 mmol, 92%). Rr=
0.24 in hexanes. '"H NMR (500 MHz, CDCl3) & 7.40 — 7.36 (m, 2H), 7.32 — 7.23 (m, 5H), 7.08 —
7.03 (m, 1H), 6.87 (t, J = 4.4 Hz, 1H), 3.83 (d, J = 4.4 Hz, 2H), 0.42 (s, 6H). *C NMR (126 MHz,
CDCls) 6§ 161.22 (d, J = 246.5 Hz), 143.94, 141.77,139.34 (d, J = 3.0 Hz), 137.12 (d, J = 3.8 Hz),
129.87 (d, J = 6.6 Hz), 128.49, 126.76, 126.29, 118.88 (d, J = 17.8 Hz), 115.99 (d, J = 21.5 Hz),

35.83, -1.17. HRMS (DART-MS): calculated for C17H17FSi [M+1]*, 269.1084; found, 269.0938.
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Synthesis of 7-fluoro-1-methyl-1,2-diphenyl-1,4-dihydrobenzo[b]siline (2.4b).

Ph Ph
P

h
Ph-SI" N ST

—

F F

In a dry two-neck round-bottom flask charged with a stir bar under N, atmosphere, 2.3a
(200 mg, 0.480 mmol, 1.00 equiv) was dissolved in anhydrous hexanes (4.80 mL) and cooled to
0 °C. n-BulLi (2.5 M solution in hexanes, 424 uL, 1.06 mol, 2.20 equiv) was added dropwise and
the mixture was stirred for 30 minutes, with full consumption of the starting material by TLC
(hexanes). Anhydrous THF (4.80 mL) was added, followed by addition of
dichloro(methyl)phenylsilane (187 uL, 1.15 mol, 2.40 equiv) and the mixture was warmed to rt
and stirred for 18 h. The mixture was quenched with saturated NH4Cl, extracted with DCM (25 mL
x 3) and washed with water and brine. The crude product was dried with Na,SO,, evaporated
onto silica and purified via flash chromatography, eluting with hexanes to give 2.4b as an
inseparable mixture of isomers (yellow oil, 149 mg, 0.452 mmol, 94%). Rr = 0.26 in hexanes. 'H
NMR (500 MHz, CDCl3) § 7.56 (ddt, J = 12.4, 5.3, 2.3 Hz, 4H), 7.38 (dd, J = 6.5, 3.2 Hz, 4H), 7.28
(dd, J=7.2, 5.7 Hz, 2H), 7.23 — 7.21 (m, 2H), 7.12 — 7.06 (m, 1H), 7.06 — 6.99 (m, 1H), 4.01 —
3.88 (m, 2H), 0.71 (s, 3H). *C NMR (126 MHz, CDCls) Major isomer: § 161.18 (d, J = 247.0 Hz),
143.40, 143.16, 139.46 (d, J = 2.9 Hz), 137.25, 135.64 (d, J = 3.9 Hz), 134.54, 133.89, 129.94 (d,
J =6.7 Hz), 129.53, 128.72, 128.43, 128.11, 127.70, 126.88, 119.51 (d, J = 18.4 Hz), 116.30 (d,
J =21.5 Hz), 36.09, -4.17. Major isomer: § 161.18 (d, J = 247.0 Hz), 143.40, 143.16, 139.03 (d,
J=2.9Hz), 136.83, 135.64 (d, J= 3.9 Hz), 134.54, 133.89, 129.94 (d, J= 6.7 Hz), 129.53, 128.72,
128.43, 128.11, 127.70, 126.37, 119.51 (d, J = 18.4 Hz), 116.30 (d, J = 21.5 Hz), 36.09, -5.07.

HRMS (DART-MS): calculated for C22H19FSi [M+15]*, 345.1240; found, 345.1107.
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Synthesis of 7-fluoro-1,1-dimethyl-2-phenylbenzo[b]silin-4(1H)-one (2.5a).

In a two-neck round-bottom flask charged with a stir bar and fitted with a reflux condenser, 2.4a
(1.00 g, 3.73 mmol, 1.00 equiv) and SeO, (455 mg, 4.10 mmol, 1.10 equiv) were dissolved in 1,4-
dioxane (37.3 mL) and the mixture stirred at 100 °C for 1 h, with full consumption of the starting
material by TLC (hexanes). The mixture was cooled to rt, evaporated onto silica and purified via
flash chromatography, eluting with 50:1 hexanes:EtOAc to give 2.5a as a yellow solid (968 mg,
3.43 mmol, 92%). Rr = 0.36 in 40:1 hexanes:EtOAc. '"H NMR (500 MHz, CDCls) 6§ 8.36 (dd, J =
8.8, 5.3 Hz, 1H), 7.49 - 7.42 (m, 4H), 7.42 — 7.36 (m, 1H), 7.30 (dd, J=7.9, 2.7 Hz, 1H), 7.21 (td,
J=8.7,2.7 Hz, 1H), 7.16 (s, 1H), 0.51 (s, 4H). *C NMR (126 MHz, CDCls) § 186.96, 165.05 (d,
J =257.4 Hz), 158.67, 142.77 (d, J = 5.7 Hz), 141.44, 140.63, 135.72 (d, J = 2.9 Hz), 131.96 (d,
J =8.5Hz), 129.01, 128.98 (d, J = 8.1 Hz), 126.79, 119.05 (d, J = 19.4 Hz), 117.37 (d, J = 21.6

Hz), -1.57. HRMS (DART-MS): calculated for C17H1sFOSi [M+1]*, 283.0876; found, 283.0932.
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Synthesis of 7-fluoro-1-methyl-1,2-diphenylbenzo[b]silin-4(1H)-one (2.5b).

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.4b (100
mg, 303 umol, 1.00 equiv) and SeO; (36.9 mg, 333 umol, 1.10 equiv) were dissolved in 1,4-
dioxane (3.03 mL) and the mixture was stirred at 100 °C for 1 h, with full consumption of the
starting material by TLC (hexanes). The mixture was cooled to rt, evaporated onto silica and
purified via flash chromatography, eluting with 50:1 hexanes:EtOAc to give 2.5b as a mixture of
isomers (yellow solid, 82.7 mg, 0.285 mmol, 94%). Rr = 0.37 in 40:1 hexanes:EtOAc. '"H NMR
(600 MHz, CDCl3) § 8.40 (dd, J = 8.7, 5.3 Hz, 1H), 7.55 (dt, J = 6.8, 1.4 Hz, 2H), 7.52 — 7.48 (m,
1H), 7.45 - 7.41 (m, 1H), 7.38 (dd, J = 7.5, 1.3 Hz, 2H), 7.36 — 7.34 (m, 3H), 7.32 (dd, J = 5.0,
1.8 Hz, 2H), 7.23-7.17 (m, 2H), 0.79 (s, 3H). "*C NMR (151 MHz, CDCls) Major isomer: § 187.10,
165.04 (d, J = 257.7 Hz), 156.55, 142.25, 141.41 (d, J = 5.8 Hz), 140.19, 139.01, 135.87 (d, J =
2.7 Hz), 134.59, 133.86, 131.96 (d, J = 8.5 Hz), 130.48, 129.07, 128.90, 128.57, 127.67, 127.11,
119.88 (d, J = 19.5 Hz), 117.64 (d, J = 21.7 Hz), -4.67 (d, J = 64.5 Hz). Minor isomer: § 187.10,
165.04 (d, J = 257.7 Hz), 156.55, 142.25, 141.41 (d, J = 5.8 Hz), 140.19, 139.01, 135.87 (d, J =
2.7 Hz), 134.59, 133.22, 131.96 (d, J = 8.5 Hz), 130.48, 129.07, 128.68, 128.57, 127.67, 127.11,
119.88 (d, J = 19.5 Hz), 117.64 (d, J = 21.7 Hz), -5.10 (d, J = 64.5 Hz).HRMS (DART-MS):

calculated for C22H17FOSi, 345.1033; found 345.1108.
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Synthesis of 2-(tert-butyl)-7-fluoro-1,1-dimethylbenzo[b]silin-4(7H)-one (2.5c).
Bu
BN
~0
F

In a dry two-neck round-bottom flask charged with a stir bar under N, atmosphere, 2.3b
(200 mg, 762 umol, 1.00 equiv) was dissolved in anhydrous hexanes (7.62 mL) and cooled to 0
°C. n-BulLi (2.5 M solution in hexanes, 672 uL, 1.68 mmol, 2.20 equiv) was added dropwise and
the mixture was stirred for 30 minutes, with full consumption of the starting material by TLC
(hexanes). Anhydrous THF (7.62 mL) was added, followed by addition of DMDCS (165 uL, 1.83
mmol, 2.40 equiv) and the mixture was warmed to rt and stirred for 16 h. The mixture was
quenched with saturated NH4Cl, extracted with DCM (25 mL x 3) and washed with water and
brine. The crude product was dried with Na,SO., evaporated to give a yellow oil (labeled as 2.4c
in the manuscript). The crude oil was dissolved in 1,4-dioxane (7.62 mL) and transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap. Se0-(93.0 mg, 838 umol,
1.10 equiv) was added and the mixture was heated at 100 °C for 1 h, with full consumption of the
starting material by TLC (hexanes). The mixture was cooled to rt, evaporated onto silica and
purified via flash chromatography, eluting with 50:1 hexanes:EtOAc to give 2.5¢ as a yellow solid
(100 mg, 381 umol, 50%). Rr = 0.41 in 40:1 hexanes:EtOAc. '"H NMR (500 MHz, CDCls) § 8.24
(dd, J=8.8,5.4 Hz, 1H), 7.21 (dd, J = 8.1, 2.7 Hz, 1H), 7.13 (td, J= 8.7, 2.7 Hz, 1H), 6.92 (s, 1H),
1.24 (s, 9H), 0.48 (s, 6H). 3C NMR (126 MHz, CDCls) 6§ 206.64, 187.34, 169.84, 164.75 (d, J =
256.9 Hz), 143.63 (d, J = 5.5 Hz), 139.84, 135.11 (d, J = 2.8 Hz), 131.14 (d, J = 8.2 Hz), 118.30
(d, J = 19.3 Hz), 116.68 (d, J = 21.9 Hz), 38.29, 30.35, -0.00. HRMS (DART-MS): calculated for

C1sH19FOSi [M+1]%, 263.1189; found 263.1255.
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Synthesis of 7-(dimethylamino)-1,1-dimethyl-2-phenylbenzo[b]silin-4(7H)-one (2.6a).

Ph
RN

o)
SN

I

In a two-neck round-bottom flask charged with a stir bar and fitted with a reflux condenser,
2.5a (400 mg, 1.42 mmol, 1.00 equiv) and silica gel (80.0 mg, 20 wt%) were dissolved in DMSO
(14.2 mL). Dimethylamine (40 wt% in water, 1.08 mL, 8.52 mmol, 6.00 equiv) and DIPEA (989 uL,
5.68 mmol, 4.00 equiv) were added and the mixture was stirred at 70 °C for 16 h, with full
consumption of the starting material by TLC (40:1 hexanes:EtOAc). The mixture was cooled to rt,
quenched with saturated NH4Cl, extracted with DCM (50 mL x 3) and washed with water and
brine. The crude product was dried with Na;SO4, evaporated onto silica and purified via flash
chromatography, eluting with 10:1 hexanes:EtOAc to give 2.6a as a yellow solid (403 mg, 1.31
mmol, 92%). Rr= 0.41 in 4:1 hexanes:EtOAc. HRMS (ESI-MS): calculated for C19H21NOSi [M+1]",
308.1392; found, 308.1487. '"H NMR (500 MHz, CDCls) § 8.29 —8.17 (m, 1H), 7.41 (ddd, J = 28.4,
22.0, 7.1 Hz, 5H), 7.15 - 7.07 (m, 1H), 6.84 — 6.74 (m, 2H), 3.09 (s, 6H), 0.49 (s, 6H). *C NMR
(126 MHz, CDCls) § 188.53, 158.32, 158.30, 151.94, 143.61, 135.52, 132.38, 130.50, 130.16,
129.76, 128.12, 118.32, 116.77, 115.26, 47.13, 0.00. HRMS (ESI-MS): calculated for C1gH21NOSi

[M+1]*, 308.1392; found, 308.1487.

73



Synthesis of 7-(bis(methyl-ds)amino)-1,1-dimethyl-2-phenylbenzo[b]silin-4(1H)-one (2.6b).

Ph
BN

~0

D;C
3 \N

&b,

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.5a (100 mg,
0.355 mmol, 1.00 equiv) and silica gel (20.0 mg, 20 wt%) were dissolved in DMSO (3.55 mL).
Dimethyl-ds-amine hydrochloride (187 mg, 2.13 mmol, 6.00 equiv) and DIPEA (494 uL, 2.84
mmol, 8.00 equiv) were added and the mixture was stirred at 70 °C for 16 h, with full consumption
of the starting material by TLC (40:1 hexanes:EtOAc). The mixture was cooled to rt, quenched
with saturated NH4Cl, extracted with DCM (10 mL x 3) and washed with water and brine. The
crude product was dried with Na;SOs4, evaporated onto silica and purified via flash
chromatography, eluting with 10:1 hexanes:EtOAc to give 2.6b as a yellow solid (69.0 mg, 0.220
mmol, 62%). Re = 0.41 in 4:1 hexanes:EtOAc. '"H NMR (600 MHz, CDCl;) § 8.23 (d, J = 9.0 Hz,
1H), 7.48 — 7.44 (m, 2H), 7.41 (td, J= 7.0, 1.2 Hz, 2H), 7.36 (d, J = 7.3 Hz, 1H), 7.11 (s, 1H), 6.81
(dd, J = 9.0, 2.8 Hz, 1H), 6.76 (d, J = 2.8 Hz, 1H), 0.49 (s, 6H). *C NMR (151 MHz, CDCl5) §
188.32, 157.87, 153.23, 143.62, 142.50, 142.25, 131.94, 129.96, 129.49, 128.88, 127.95, 115.22,
114.11, 40.58 — 40.03 (q, J = 17.6 Hz), -0.00. HRMS (ESI-MS): calculated for C1gH1sDsNOSi

[M+1]*, 314.1769; found, 314.1855.
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Synthesis of 1,1-dimethyl-2-phenyl-7-(pyrrolidin-1-yl)benzo[b]silin-4(1H)-one (2.6¢).

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.5a (100 mg,
0.355 mmol, 1.00 equiv) and silica gel (20.0 mg, 20 wt%) were dissolved in DMSO (3.55 mL).
Pyrrolidine (175 uL, 2.13 mmol, 6.00 equiv) and DIPEA (247 uL, 1.42 mmol, 4.00 equiv) were
added and the mixture was stirred at 70 °C for 5 h, with full consumption of the starting material
by TLC (40:1 hexanes:EtOAc). The mixture was cooled to rt, quenched with saturated NH4Cl,
extracted with DCM (10 mL x 3) and washed with water and brine. The crude product was dried
with Na>SO4, evaporated onto silica and purified via flash chromatography, eluting with 10:1
hexanes:EtOAc to give 2.6¢ as a yellow solid (100 mg, 0.302 mmol, 62%). Rr = 0.44 in 4:1
hexanes:EtOAc. '"H NMR (500 MHz, CDCls) § 8.23 (dd, J = 8.8, 2.8 Hz, 1H), 7.49 — 7.35 (m, 5H),
7.11(dd, J=7.9, 2.6 Hz, 1H), 6.72 - 6.61 (m, 2H), 3.43 (qd, J = 6.7, 4.2 Hz, 4H), 2.13 — 2.04 (m,
4H), 0.48 (d, J = 3.0 Hz, 6H). *C NMR (126 MHz, CDCls) § 187.16, 149.65, 142.64, 141.40,
130.99, 128.80, 128.30, 127.33, 126.83, 114.21, 113.14, 47.56, 25.48, -1.13. HRMS (ESI-MS):

calculated for C21H2sNOSi [M+1]*, 334.1549; found, 334.1736.
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Synthesis of 7-(dimethylamino)-1-methyl-1,2-diphenylbenzo[b]silin-4(7H)-one (2.6d).
Ph
Ph-S1"
N
I

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.5b (80 mg,
0.23 mmol, 1.0 equiv) and silica gel (16 mg, 20 wt%) were dissolved in DMSO (2.3 mL).
Dimethylamine (40 wt% in water, 180 uL, 1.4 mmol, 6.0 equiv) and DIPEA (160 uL, 0.92 mmol,
4.0 equiv) were added and the mixture was stirred at 70 °C for 16 h, with full consumption of the
starting material by TLC (40:1 hexanes:EtOAc). The mixture was cooled to rt, quenched with
saturated NH4Cl, extracted with DCM (10 mL x 3) and washed with water and brine. The crude
product was dried with Na;SO4, evaporated onto silica and purified via flash chromatography,
eluting with 10:1 hexanes:EtOAc to give 2.6d as a mixture of isomers (yellow solid, 52 mg, 0.14
mmol, 59%). Rr = 0.43 in 4:1 hexanes:EtOAc. '"H NMR (500 MHz, CDCl3) § 8.29 — 8.21 (m, 1H),
7.58 — 7.45 (m, 3H), 7.36 — 7.27 (m, 8H), 6.80 (dd, J = 9.6, 3.5 Hz, 1H), 6.66 (t, J = 3.0 Hz, 1H),
3.02 — 2.96 (m, 6H), 0.76 (s, 3H). 3C NMR (126 MHz, CDCls) Major isomer &: 187.33, 154.73,
152.00, 144.64, 143.30, 140.93, 134.64, 133.85, 133.28, 130.82, 129.95, 128.68, 128.47, 128.41,
128.08, 127.66, 126.20, 115.02, 113.17, 110.86, 40.04, -4.08. Minor isomer §: 187.33, 154.73,
152.00, 144.64, 143.30, 140.93, 134.64, 133.85, 133.28, 130.82, 129.95, 128.68, 128.47, 128.29,
127.94, 127.08, 126.20, 115.02, 113.17, 110.86, 40.04, -4.30. HRMS (ESI-MS): calculated for

C24H23NOSi [M+1]", 370.1549; found, 370.1631.
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Synthesis of 2-(tert-butyl)-7-(dimethylamino)-1,1-dimethylbenzo[b]silin-4( 1H)-one (2.6e).

tBu
SN

~0

N
|

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.5¢ (80 mg,
0.30 mmol, 1.0 equiv) and silica gel (16 mg, 20 wt%) were dissolved in DMSO (3.0 mL).
Dimethylamine (40 wt% in water, 240 uL, 1.8 mmol, 6.0 equiv) and DIPEA (200 uL, 1.2 mmol, 4.0
equiv) were added and the mixture was stirred at 70 °C for 16 h, with full consumption of the
starting material by TLC (40:1 hexanes:EtOAc). The mixture was cooled to rt, quenched with
saturated NH4Cl, extracted with DCM (10 mL x 3) and washed with water and brine. The crude
product was dried with Na;SO4, evaporated onto silica and purified via flash chromatography,
eluting with 10:1 hexanes:EtOAc to give 2.6e as a yellow solid (37 mg, 0.13 mmol, 44%). Rr =
0.46 in 4:1 hexanes:EtOAc. '"H NMR (500 MHz, CDCls) § 8.14 (d, J = 8.9 Hz, 1H), 6.89 (s, 1H),
6.78 (dd, J=8.9, 2.7 Hz, 1H), 6.71 (d, J = 2.7 Hz, 1H), 3.08 (s, 6H), 1.24 (s, 9H), 0.47 (s, 6H). '3C
NMR (126 MHz, CDCls) § 187.13, 167.09, 151.21, 141.40, 140.06, 129.51, 126.83, 112.97,
112.00, 39.25, 37.56, 30.00, 0.00. HRMS (ESI-MS): calculated for C17H2sNOSi, 288.1705; found,

288.1795.
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Synthesis of N-(4-((1E,3E,5E)-5-(7-(dimethylamino)-1,1-dimethyl-2-phenylbenzo[b]silin-4( 1H)-
ylidene)penta-1,3-dien-1-yl)-1,1-dimethyl-2-phenylbenzo[b]silin-7(1H)-ylidene)-N-

methylmethanaminium tetrafluoroborate (2.11, SiliFlav5).

In a dry round-bottom flask charged with a stir bar under N2 atmosphere, 2.6a (30 mg, 98
umol, 1.0 equiv) was dissolved in anhydrous THF (0.98 mL) and cooled to 0 °C. MeMgBr (1.5 M
solution in THF, 0.26 mL, 0.39 mmol, 4.0 equiv) was added dropwise and the mixture was warmed
to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1 hexanes:EtOAc).
The mixture was quenched with saturated NH4ClI, extracted with DCM (5 mL x 3) and washed
with water and brine, then dried with Na;SO. and evaporated to afford the crude product
(referenced as 2.7a in the manuscript) as a tan solid. The crude material was transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.8 (13 mg, 49
umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac20 (vol:vol, 9.8 mL) and
stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to remove
the AcOH:Ac;0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude product
was evaporated and purified using reverse-phase preparatory HPLC, eluting with a gradient of
80% to 100% MeCN in H20 to afford 2.11 as a dark blue solid (11 mg, 15 umol, 31%). Rr= 0.23
in 50:1 DCM:MeOH. "H NMR (500 MHz, CD,Cl,) 6 8.15 (d, J = 9.4 Hz, 2H), 8.05 — 7.84 (m, 4H),
7.44 (ddd, J = 31.3, 22.0, 7.6 Hz, 12H), 7.15 - 7.00 (m, 5H), 3.28 (s, 12H), 0.49 (d, J = 3.0 Hz,

12H). HRMS (ESI-MS): calculated for C43H47N2Siz*, 647.3272; found, 647.3580.
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Synthesis of N-(4-((1E,3E,5E,7E)-7-(7-(dimethylamino)-1,1-dimethyl-2-phenylbenzo[b]silin-
4(1H)-ylidene)hepta-1,3,5-trien-1-yl)-1,1-dimethyl-2-phenylbenzo[b]silin-7(1H)-ylidene)-N-

methylmethanaminium tetrafluoroborate (2.12, SiliFlav7).

In a dry round-bottom flask charged with a stir bar under N, atmosphere, 2.6a (30 mg, 98
umol, 1.0 equiv) was dissolved in anhydrous THF (0.98 mL) and cooled to 0 °C. MeMgBr (1.5 M
solution in THF, 0.26 mL, 0.39 mmol, 4.0 equiv) was added dropwise and the mixture was warmed
to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1 hexanes:EtOAc).
The mixture was quenched with saturated NH4ClI, extracted with DCM (5 mL x 3) and washed
with water and brine, then dried with Na;SO. and evaporated to afford the crude product
(referenced as 2.7a in the manuscript) as a tan solid. The crude material was transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.9 (14 mg, 49
umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac20 (vol:vol, 9.8 mL) and
stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to remove
the AcOH:Ac;0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude product
was evaporated and purified using reverse-phase preparatory HPLC, eluting with a gradient of
80% to 100% MeCN in H2O to afford 2.12 as a dark blue solid (4.5 mg, 5.9 umol, 12%). Rr= 0.21
in 50:1 DCM:MeOH. 'H NMR (600 MHz, CD»Cl.) 5 8.00 (d, J = 9.6 Hz, 2H), 7.81 (s, 2H), 7.72 (t,
J =129 Hz, 2H), 7.49 - 7.27 (m, 14H), 7.24 (s, 1H), 6.94 (s, 2H), 6.85 (d, J = 12.2 Hz, 4H), 3.17
(s, 12H), 0.41 (d, J = 2.2 Hz, 12H). "®F NMR (565 MHz, CD2Cl,) § -153.25. HRMS (ESI-MS):

calculated for C4sH49N2Si>*, 673.3429; found, 673.3744.
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Synthesis of N-(4-((1E,3E,5E,7E,9E)-9-(7-(dimethylamino)-1,1-dimethyl-2-phenylbenzo[b]silin-
4(1H)-ylidene)nona-1,3,5,7-tetraen-1-yl)-1,1-dimethyl-2-phenylbenzo[b]silin-7(1H)-ylidene)-N-

methylmethanaminium tetrafluoroborate (2.13, SiliFlav9).

In a dry round-bottom flask charged with a stir bar under N, atmosphere, 2.6a (30 mg, 98
umol, 1.0 equiv) was dissolved in anhydrous THF (0.98 mL) and cooled to 0 °C. MeMgBr (1.5 M
solution in THF, 0.26 mL, 0.39 mmol, 4.0 equiv) was added dropwise and the mixture was warmed
to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1 hexanes:EtOAc).
The mixture was quenched with saturated NH4ClI, extracted with DCM (5 mL x 3) and washed
with water and brine, then dried with Na;SO. and evaporated to afford the crude product
(referenced as 2.7a in the manuscript) as a tan solid. The crude material was transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.10 (15 mg,
49 umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac20O (vol:vol, 9.8 mL)
and stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to
remove the AcOH:Ac.0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude
product was evaporated and purified using reverse-phase preparatory HPLC, eluting with a
gradient of 80% to 100% MeCN in H,O to afford 13 as a dark green solid (5.8 mg, 7.4 umol, 16%).
Rr=0.21 50:1 DCM:MeOH. "H NMR (600 MHz, CD.Cl,) & 8.04 (s, 2H), 7.87 (s, 2H), 7.72 (s, 2H),
7.48 (dd, J = 14.2, 7.5 Hz, 10H), 7.40 (s, 3H), 7.17 (s, 2H), 7.01 (d, J = 2.8 Hz, 2H), 6.90 (d, J =
9.2 Hz, 2H), 6.84 (s, 2H), 3.24 (s, 12H), 0.48 (s, 12H). "°F NMR (565 MHz, CD.Cl,) § -153.26.

HRMS (ESI-MS): calculated for C47Hs51N2Si>*, 699.3585; found, 699.3825.
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Synthesis of N-(4-((1E,3E,5E)-5-(7-(bis(methyl-ds)amino)-1,1-dimethyl-2-phenylbenzo[b]silin-
4(1H)-ylidene)penta-1,3-dien-1-yl)-1,1-dimethyl-2-phenylbenzo[b]silin-7( 1H)-ylidene)-N-(methyl-

ds)methanaminium-ds tetrafluoroborate (2.14, SiliFlav5-dyy).

In a dry round-bottom flask charged with a stir bar under N2 atmosphere, 2.6b (30 mg, 96
umol, 1.0 equiv) was dissolved in anhydrous THF (0.96 mL) and cooled to 0 °C. MeMgBr (1.5 M
solution in THF, 0.25 mL, 0.38 mmol, 4.0 equiv) was added dropwise and the mixture was warmed
to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1 hexanes:EtOAc).
The mixture was quenched with saturated NH4ClI, extracted with DCM (5 mL x 3) and washed
with water and brine, then dried with Na;SO. and evaporated to afford the crude product
(referenced as 2.7b in the manuscript) as a tan solid. The crude material was transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.8 (13 mg, 48
umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac20 (vol:vol, 9.6 mL) and
stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to remove
the AcOH:Ac.0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude product
was evaporated and purified using reverse-phase preparatory HPLC, eluting with a gradient of
80% to 100% MeCN in H20 to afford 2.14 as a dark blue solid (3.2 mg, 4.3 umol, 9%). Rr= 0.23
in 50:1 DCM:MeOH. 'H NMR (600 MHz, CD,Cl,) § 8.04 (d, J = 9.2 Hz, 2H), 7.91 (s, 2H), 7.85 (s,
2H), 7.39 (dd, J = 18.6, 11.3 Hz, 10H), 7.33 (d, J = 7.6 Hz, 2H), 6.99 (d, J = 12.1 Hz, 1H), 6.92 (d,
J=2.7 Hz, 2H), 6.82 (d, J = 9.4 Hz, 2H), 0.42 (d, J = 1.5 Hz, 12H). "®F NMR (565 MHz, CDCl.)

6 -153.26. HRMS (ESI-MS): calculated for Cs3H3sD12N2Si2*, 659.4025; found, 659.4264.
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Synthesis of 1-(4-((1E,3E,5E)-5-(1,1-dimethyl-2-phenyl-7-(pyrrolidin-1-yl)benzo[b]silin-4( 1H)-
ylidene)penta-1,3-dien-1-yl)-1,1-dimethyl-2-phenylbenzo[b]silin-7(1H)-ylidene)pyrrolidin-1-ium

tetrafluoroborate (2.15, Py-SiliFlav5).

In a dry round-bottom flask charged with a stir bar under N> atmosphere, 2.6c (30 mg, 72
umol, 1.0 equiv) was dissolved in anhydrous THF (0.72 mL) and cooled to 0 °C. MeMgBr (1.5 M
solution in THF, 0.23 mL, 0.17 mmol, 4.0 equiv) was added dropwise and the mixture was warmed
to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1 hexanes:EtOAc).
The mixture was quenched with saturated NH4ClI, extracted with DCM (5 mL x 3) and washed
with water and brine, then dried with Na;SO. and evaporated to afford the crude product
(referenced as 2.7c¢ in the manuscript) as a tan solid. The crude material was transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.8 (9.6 mg, 36
umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac.0 (vol:vol, 7.2 mL) and
stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to remove
the AcOH:Ac.0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude product
was evaporated and purified using reverse-phase preparatory HPLC, eluting with a gradient of
80% to 100% MeCN in H20 to afford 2.15 as a dark blue solid (6.0 mg, 13 umol, 37%). Rr= 0.26
in 50:1 DCM:MeOH. 'H NMR (500 MHz, CD,Cl,) § 8.12 (d, J = 9.0 Hz, 2H), 7.95 (d, J = 21.9 Hz,
4H), 7.52 - 7.45 (m, 10H), 7.41 (d, J = 7.2 Hz, 2H), 7.10 — 6.98 (m, 1H), 6.90 (d, J = 2.4 Hz, 2H),
6.83 — 6.76 (m, 2H), 3.59 (d, J = 6.9 Hz, 8H), 2.15 — 2.12 (m, 8H), 0.50 (s, 12H). '*F NMR (565
MHz, CD.Cl) § -153.26. HRMS (ESI-MS): calculated for Ca47Hs1N2Siz*, 699.3585; found,

699.3834.
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Synthesis of N-(4-((1E,3E,5E)-5-(7-(dimethylamino)-1-methyl-1,2-diphenylbenzo[b]silin-4(1H)-
ylidene)penta-1,3-dien-1-yl)-1-methyl-1,2-diphenylbenzo[b]silin-7(1H)-ylidene)-N-

methylmethanaminium tetrafluoroborate (2.16, Sili(MePh)Flav5).

In a dry round-bottom flask charged with a stir bar under N> atmosphere, 2.6d (30 mg, 81
umol, 1.0 equiv) was dissolved in anhydrous THF (0.81 mL) and cooled to 0 °C. MeMgBr (1.5 M
solution in THF, 0.26 mL, 0.19 mmol, 4.0 equiv) was added dropwise and the mixture was warmed
to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1 hexanes:EtOAc).
The mixture was quenched with saturated NH4ClI, extracted with DCM (5 mL x 3) and washed
with water and brine, then dried with NaSO. and evaporated to afford the crude product
(referenced as 2.7d in the manuscript) as a tan solid. The crude material was transferred to a
scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.8 (11 mg, 41
umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac20 (vol:vol, 8.1 mL) and
stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to remove
the AcOH:Ac;0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude product
was evaporated and purified using reverse-phase preparatory HPLC, eluting with a gradient of
80% to 100% MeCN in H20 to afford 2.16 as a dark blue solid (6.4 mg, 7.4 umol, 18%). Rr= 0.24
in 50:1 DCM:MeOH. '"H NMR (500 MHz, CD,Cl,) § 8.22 —8.02 (m, 6H), 7.59 (d, J = 13.4 Hz, 2H),
7.55 - 7.52 (m, 4H), 7.42 (dddd, J = 6.2, 4.6, 3.2, 1.5 Hz, 6H), 7.36 (qdd, J = 6.8, 3.4, 2.0 Hz,
10H), 7.15 (t, J = 12.5 Hz, 1H), 6.98 — 6.87 (m, 4H), 3.19 (s, 12H), 0.82 (d, J = 2.4 Hz, 6H). "°F
NMR (565 MHz, CD.Cly) 6§ -153.19. HRMS (ESI-MS): calculated for CssHs1N2Siz*, 771.3585;

found, 771.3872.
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Synthesis of N-(2-(tert-butyl)-4-((1E,3E,5E)-5-(2-(tert-butyl)-7-(dimethylamino)-1,1-
dimethylbenzo[b]silin-4( 71H)-ylidene)penta-1,3-dien-1-yl)-1,1-dimethylbenzo[b]silin-7(1H)-

ylidene)-N-methylmethanaminium tetrafluoroborate (2.17, SiliChrom5).

-BF, {Bu tBu

In a dry round-bottom flask charged with a stir bar under N, atmosphere, 2.6e (30 mg,
0.11 mmol, 1.0 equiv) was dissolved in anhydrous THF (1.1 mL) and cooled to 0 °C. MeMgBr (1.5
M solution in THF, 0.35 mL, 0.26 mmol, 4.0 equiv) was added dropwise and the mixture was
warmed to rt and stirred for 1 h, with full consumption of the starting material by TLC (4:1
hexanes:EtOAc). The mixture was quenched with saturated NH4Cl, extracted with DCM (5 mL X
3) and washed with water and brine, then dried with Na,SO4 and evaporated to afford the crude
product (referenced as 2.7e in the manuscript) as a tan solid. The crude material was transferred
to a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap and linker 2.8 (15 mg,
55 umol, 0.50 equiv) was added. The solids were dissolved in 1:1 AcOH:Ac;0O (vol:vol, 11 mL)
and stirred at 110 °C for 30 min. The mixture was cooled to rt, filtered through a silica plug to
remove the AcOH:Ac.0, then flushed with 10:1 DCM:MeOH to elute the crude product. The crude
product was evaporated and purified using reverse-phase preparatory HPLC, eluting with a
gradient of 80% to 100% MeCN in H-O to afford 2.17 as a dark purple solid (9.7 mg, 14 umol,
18%). Rr= 0.30 in 50:1 DCM:MeOH. 'H NMR (500 MHz, CD-Cl,) § 8.04 (d, J = 9.4 Hz, 2H), 7.90
(t, J=12.9 Hz, 2H), 7.71 (s, 2H), 7.38 — 7.34 (m, 2H), 6.99 (d, J = 12.6 Hz, 1H), 6.95 (d, J= 2.9
Hz, 2H), 6.87 (dd, J = 9.3, 2.9 Hz, 2H), 3.24 (s, 12H), 1.33 (s, 18H), 0.49 (s, 12H). "°F NMR (565
MHz, CD.Cl;) § -153.19. HRMS (ESI-MS): calculated for CssHs1N2Si>*, 607.3898; found,

607.4137.
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Synthesis of N-(4-((1E,3E,5E)-5-(7-(dimethylamino)-1,1-dimethyl-2-phenylbenzo[b]silin-4( 1H)-
ylidene)penta-1,3-dien-1-yl)-1,1-dimethyl-2-phenylbenzo[b]silin-7(1H)-ylidene)-N-

methylmethanaminium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (2.11°BArF24).

F3C i "CF3

In a scintillation vial containing 2.11 (5.0 mg, 7.0 umol, 1.0 equiv) and sodium tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate (22 mg, 7.5 umol, 1.1 equiv), DCM (1.4 mL) and water (1.4 mL)
were added and the mixture was sonicated for 1 min. The DCM layer was collected, dried with
Na>SO4 and concentrated. The crude product was purified via column chromatography, eluting
with DCM to yield 2.11°BArF24 as a dark blue solid (21 mg, 6.1 umol, 87%). Rr = 0.61 in 50:1
DCM:MeOH. 'H NMR (600 MHz, CD:Cl,) § 8.07 (d, J = 9.4 Hz, 2H), 7.97 (t, J = 12.9 Hz, 2H),
7.90 (s, 2H), 7.68 (dd, J = 5.2, 2.6 Hz, 8H), 7.52 (s, 4H), 7.48 — 7.42 (m, 10H), 7.40 — 7.36 (m,
2H), 7.03 — 6.96 (m, 3H), 6.86 (dd, J = 9.4, 2.8 Hz, 2H), 3.22 (s, 12H), 0.46 (s, 12H). °F NMR
(151 MHz, CD:Clz) 6§ 152.13, 138.10, 136.82, 133.84, 131.07, 128.87, 120.55, 119.48, 116.09,

42.38, 31.73, 0.90.
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Synthesis of 7-(azetidin-1-yl)-1,1-dimethyl-2-phenylbenzol[b]silin-4(1H)-one (2.19).
Ph

BN
~0
C/N

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.5a (50 mg,
0.18 mmol, 1.0 equiv) and silica gel (10 mg, 20 wt%) were dissolved in DMSO (1.8 mL). Azetidine
(74 uL, 1.1 mmol, 6.00 equiv) and DIPEA (0.12 mL, 0.71 mmol, 4.0 equiv) were added and the
mixture was stirred at 70 °C for 16 h, with full consumption of the starting material by TLC (40:1
hexanes:EtOAc). The mixture was cooled to rt, quenched with saturated NH.ClI, extracted with
DCM (5 mL x 3) and washed with water and brine. The crude product was dried with Na>SOa,
evaporated onto silica and purified via flash chromatography, eluting with 10:1 hexanes:EtOAc to
give 2.19 as a yellow solid (42 mg, 0.13 mmol, 70%). Rr = 0.43 in 4:1 hexanes:EtOAc. '"H NMR
(500 MHz, CDCls) 6 8.20 (dd, J = 8.7, 1.9 Hz, 1H), 7.49 — 7.30 (m, 5H), 7.10 (t, J = 2.5 Hz, 1H),
6.58 — 6.41 (m, 2H), 4.11 — 3.98 (m, 4H), 2.45 (qd, J = 8.2, 3.6 Hz, 2H), 0.47 (d, J = 2.0 Hz, 6H).
3C NMR (126 MHz, CDCl3) § 187.19, 156.65, 152.97, 142.43, 141.29, 141.05, 130.64, 128.81,
128.43, 128.36, 126.79, 112.95, 111.85, 51.63, 16.62, -1.23. HRMS (ESI-MS): calculated for

C20H21NOSi [M+1]*, 320.1392; found, 320.1627.
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Synthesis of 7-(allylamino)-1,1-dimethyl-2-phenylbenzo[b]silin-4(1H)-one (2.20).

Ph
8N

~0
HN

1

In a scintillation vial charged with a stir bar and fitted with a PTFE-lined cap, 2.5a (100 mg,
0.355 mmol, 1.00 equiv) and silica gel (20.0 mg, 20 wt%) were dissolved in DMSO (3.55 mL).
Allylamine (159 uL, 2.13 mmol, 6.00 equiv) and DIPEA (247 uL, 1.42 mmol, 4.00 equiv) were
added and the mixture was stirred at 70 °C for 4 h, with full consumption of the starting material
by TLC (40:1 hexanes:EtOAc). The mixture was cooled to rt, quenched with saturated NH4Cl,
extracted with DCM (10 mL x 3) and washed with water and brine. The crude product was dried
with Na>SOs4, evaporated onto silica gel and purified via flash chromatography, eluting with 10:1
hexanes:EtOAc to give 2.20 as a yellow solid (51 mg, 160 umol, 45%). Rr = 0.47 in 4:1
hexanes:EtOAc. '"H NMR (500 MHz, CDCls) § 8.22 — 8.15 (m, 1H), 7.46 — 7.39 (m, 4H), 7.36 (d,
J=7.2Hz, 1H), 7.10 (s, 1H), 6.73 (s, 2H), 5.95 (ddt, J=17.2, 10.5, 5.3 Hz, 1H), 5.31 (dt, J=17.2,
1.6 Hz, 1H), 5.23 (dd, J = 10.4, 1.5 Hz, 1H), 4.41 (s, 1H), 3.89 (t, J = 5.2 Hz, 2H), 0.46 (s, 6H).
3C NMR (126 MHz, CDCl3) § 188.53, 158.30, 151.94, 143.61, 142.81, 142.56, 135.52, 132.38,
130.28, 130.16, 129.76, 128.11, 118.32, 116.77, 115.26, 47.13, 0.00. HRMS (ESI-MS): calculated

for C20H21NOSi [M+1]*, 320.1392; found, 320.1584.
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Synthesis of 7-amino-1,1-dimethyl-2-phenylbenzo[b]silin-4(1H)-one (2.21).
Ph
SN
~0
H,N

In a two-neck round-bottom flask charged with a stir bar under N2 atmosphere, 2.20 (50.0
mg, 157 umol, 1.00 equiv), N,N-dimethylbarbituric acid (244 mg, 1.57 mmol, 10.0 equiv) and
tetrakis(triphenylphosphine)palladium(0) (18.1 mg, 15.7 umol, 10 mol%) were dissolved in
anhydrous, deoxygenated DCM (1.57 mL) and the mixture was stirred for 24 h, with full
consumption of the starting material by TLC (10:1 hexanes:EtOAc). The mixture was evaporated
onto silica and purified via flash chromatography, eluting with 4:1 hexanes:EtOAc to give 2.21 as
a bright yellow solid (24.9 mg, 89.2 umol, 57%). Rr = 0.37 in 4:1 hexanes:EtOAc. '"H NMR (600
MHz, CDCIs) 6§ 8.09 (d, J = 8.5 Hz, 1H), 7.37 — 7.34 (m, 2H), 7.32 (ddd, J = 7.8, 6.7, 1.2 Hz, 2H),
7.29 -7.25(m, 1H), 7.01 (s, 1H), 6.73 (d, J = 2.5 Hz, 1H), 6.69 (dd, J = 8.5, 2.5 Hz, 1H), 4.08 (s,
2H), 0.38 (s, 6H). *C NMR (151 MHz, CDCls) § 187.16, 157.14, 149.77, 142.17, 141.61, 141.17,
131.11, 130.20, 128.84, 128.46, 126.78, 117.46, 116.08, -1.41. HRMS (ESI-MS): calculated for

C17H17NOSi [M+1]*, 280.1079; found, 280.1294.
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Synthesis of 7-(bis(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)amino)-1,1-
dimethyl-2-phenylbenzo[b]silin-4(1H)-one (2.22).
Ph
BN
~0
F17Cg~ "N
F17Csg

In a two-neck round-bottom flask charged with a stir bar under N, atmosphere, 2.21 (24.9
mg, 89.2 umol, 1.00 equiv), 1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1-heptadecafluoro-11-iodo-112°-
undeca-1,3,5,7-tetrayne (158 mg, 0.268 mmol, 3.00 equiv), NaH (60% dispersion in mineral oil,
17.8 mg, 0.446 mmol, 5.00 equiv) and TBAB (144 mg,0.446 mmol, 5.00 equiv) were dissolved in
anhydrous THF (2.68 mL) and the mixture was stirred at rt for 24 h, with full consumption of the
starting material by TLC (10:1 hexanes:EtOAc). The mixture was quenched with MeOH and water,
extracted with DCM (5 mL x 3) and washed with water and brine. The crude product was dried
with Na>SOs, evaporated onto silica gel and purified via flash chromatography, eluting with 10:1
hexanes:EtOAc to give 2.22 as a bright yellow solid (80.3 mg, 66.9 umol, 78%). Rr = 0.50 in 10:1
hexanes:EtOAc. '"H NMR (500 MHz, CDCls) § 8.24 (d, J = 8.8 Hz, 1H), 7.47 — 7.34 (m, 5H), 7.11
(s, 1H), 6.82 — 6.76 (m, 2H), 3.57 — 3.49 (m, 4H), 2.25 — 2.11 (m, 4H), 1.99 (qd, J = 8.7, 6.3 Hz,
4H), 0.47 (s, 6H). *C NMR (126 MHz, CDCls) § 187.12, 157.04, 149.43, 142.43, 141.80, 141.30,
131.31, 128.99, 128.72 (d, J = 24.4 Hz), 126.93, 120.77 — 120.27 (m), 118.74 — 118.15 (m), 116.72
— 115.85 (m), 114.48, 113.22, 111.42 — 110.10 (m), 109.25 — 108.19 (m), 50.17, 29.86, 28.33,
18.55, -1.36. "F NMR (565 MHz, CDCls) 6 -80.77 (t, J = 9.8 Hz), -113.98 (dt, J = 344.4, 16.5 Hz),
-121.53 — -122.03 (m), -122.60 — -122.79 (m), -123.38 (dt, J = 112.3, 14.4 Hz), -126.10 (td, J =

13.8, 6.5 Hz).
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2.6.4 'H NMR Spectra
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H NMR of 2.3a (500 MHz, CDCls).
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"H NMR of 2.3b (500 MHz, CDCls).
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H NMR of 2.4a (500 MHz, CDCls).
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'H NMR of 2.4b (500 MHz, CDCls).
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'H NMR of 2.5b (500 MHz, CDCls).
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H NMR of 2.5¢ (500 MHz, CDCls).
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H NMR of 2.6a (500 MHz, CDCls).
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"H NMR of 2.6b (500 MHz, CDCls).
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H NMR of 2.6¢ (500 MHz, CDCls).
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'H NMR of 2.6d (500 MHz, CDCls).
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H NMR of 2.6e (500 MHz, CDCls).
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'H NMR of 2.11 (SiliFlav5, 500 MHz, CD,Cl; in 10% MeOD).
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"H NMR of 2.12, SiliFlav7 (600 MHz, CD2Cl,).
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"H NMR of 2.13, SiliFlav9 (600 MHz, CD2Cl).
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H NMR of 2.14, SiliFlav5-ds2 (600 MHz, CD2Cl).
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H NMR of 2.16, Sili(MePh)Flav5 (500 MHz, CD,Cl).
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"H NMR of 2.17, SiliChrom5 (500 MHz, CDCl.).
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H NMR of 2.19 (500 MHz, CDCls).
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H NMR of 2.20 (500 MHz, CDCls).
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"H NMR of 2.1 (600 MHz, CDCls).
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"H NMR of 2.22 (500 MHz, CDCl5).
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2.6.5 C NMR Spectra
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3C NMR of 2.1b (126 MHz, CDCls).
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13C NMR of 2.2a (126 MHz, CDCls).
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13C NMR of 2.3a (126 MHz, CDCls).
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13C NMR of 2.4a (126 MHz, CDCls).
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3C NMR of 2.4b (126 MHz, CDCls).
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13C NMR of 2.5a (126 MHz, CDCls).
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3C NMR of 2.5b (126 MHz, CDCls).
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BC NMR of 2.5¢ (126 MHz, CDCl3).
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13C NMR of 2.6a (126 MHz, CDCls).
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3C NMR of 2.6b (126 MHz, CDCls).

00°0-—

TEHIT~
st

S6°L2T

88821\
60°6217
om.mﬁ\
$6°TET

ST
0TI
e’
€esT—
8151—

°E88T—

FIOHO

40

80

90

f1 (ppm)

128



Ph

SN

13C NMR of 2.6¢ (126 MHz, CDCls).
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13C NMR of 2.6d (126 MHz, CDCls).
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13C NMR of 2.6e (500 MHz, CDCls).
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3C NMR of 2.19 (126 MHz, CDCls).
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13C NMR of 2.20 (126 MHz, CDCls).

000—

ETLr—

Ph

9T'STI~L
L9T—
zesr
TI8er

oL'6eT

aroer\
wN.cQW.
05°0€T \
8e'zeT \

TS'SET
T9EPT—

Y6 IST—

0€'85T—

€9°88T—

LL

fI0HO

40

80

f1 (ppm)

133



~0

Ph

SN

3C NMR of 2.21 (151 MHz, CDCls).
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3C NMR of 2.22 (126 MHz, CDCl5).
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2.6.6 °F NMR Spectra

F NMR of 2.11, SiliFlav5 (500 MHz, CD2Cl. in 10% MeQOD).
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9F NMR of 2.12, SiliFlav7 (
Ph

—BF,

565 MHz, CDCl>).
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9F NMR of 2.13, SiliFlav9 (565 MHz, CD.Cly).
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YF NMR of 2.14, SiliFlav5-d;2 (565 MHz, CD.Cly).
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9F NMR of 2.15, Py-SiliFlav5 (565 MHz, CDCl.).
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19F NMR of 2.16, SiliMePh)Flav5 (565 MHz, CD.Cl,).
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9F NMR of 2.17, SiliChrom5 (565 MHz, CD,Cly).
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9F NMR 2.11+BArF 104, SiliFlav5 BArF104 (565 MHz, CD2Cly).
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19F NMR of 2.22 (565 MHz, CDCl).
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2.6.7 HRMS Spectra

HRMS of 2.1a.
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HRMS of 2.1b.
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HRMS of 2.2a.
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HRMS of 2.3a.
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HRMS of 2.3b.
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HRMS of 2.4a.
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HRMS of 2.4b.
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HRMS of 2.5a.
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HRMS of 2.5b.
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HRMS of 2.5¢c.

C\Exactive Data\...\fchrom

06/27/25 17:02:35

F® 0.00-0.51

E 1 0.07 oA :“1_-553

% :g 0.31 Ae s

2 g :

g : D14 a5 g;'nes
% 040 D487 . Sy popns
G||||||||||[||||[|||\||||||||||[||r|||||||||||||1||[|
0.00 5 0.10 015 u] 0 0.35 D.40 D.45 0.50

Time {min}
Bu
. 263.12552 . NL: 3.11E7
E = fchrom#3 RT:0.03
3 =g AV:1T:FTMS +p
e i NS Full ms
803 [70.0000-1050.0000]

U

IR

c -

S 60

= -

3 3

< 503

o 3

= -

T 407

s 3

304
205
3 536.16650
10 116.10755 |
GEHJ.-L[I.LLIJ‘ sl l I. i A L "
S 380.71104 NL: 5.56E7
7 f-chrom#22-51 RT:
= 0.21-0.50 AV: 15 T:
90 FTMS - p NSI Full
B ms
B [70.0000-1050.0000]
70
60
50
4 126.90403
30
20
104 332.72479
c_....'...|....|-..‘.|...‘......1'.'. R L L L e L
200 400 600 800 1000
m/z

154



HRMS of 2.6a.

Spectrum Plot Report

g Agilent .

wan’

1.2
1.15
1.1
1.05
1
0.95
0.9
0.857
0.8
0.757
0.7
0.65
0.6
0.557
0.5
0.457
0.4
0.357
0.3
0.257
0.
0.157
0.1
0.057

+ESI Scan (rt: 4.987 min)

.1487

[

637.17.686

Fh
N
~5iT =

o

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 OO0 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2800 3000

Counts vs. Mass-to-Charge (m/z)

Page 1 of 1

155

Generated at 5:18 PM on 6/27/2025



HRMS of 2.6b.

Spectrum Plot
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HRMS of 2.6c.

Spectrum Plot Report

g Agilent .
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HRMS of 2.6d.

Spectrum Plot Report
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HRMS of 2.6e.

Spectrum Plot Report

g Agilent .
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HRMS of 2.11 (SiliFlav5).

Spectrum Plot Report

g Agilent .
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HRMS of 2.12 (SiliFlav7).

Spectrum Plot Report
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HRMS of 2.13 (SiliFlav9).

Spectrum Plot Report
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HRMS of 2.14 (SiliFlav-ds2).

Spectrum Plot Report
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HRMS of 2.15.

Spectrum Plot Report
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HRMS of 2.16.

Spectrum Plot Report
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HRMS of 2.17.

Spectrum Plot Report
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HRMS of 2.19.

Spectrum Plot Report
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HRMS of 2.20.

Spectrum Plot Report
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HRMS of 2.21.

Spectrum Plot Report
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2.7 Computation procedures

2.7.1 Geometry Optimization Scheme Using ORCA 6.0

All molecular geometries are optimized using density functional theory (DFT) under the CPCM-
SMD solvation model of CH2Cl, using ORCA 6.0 at the B3LYP/def2-TZVPPD level.82-84 All
geometries are optimized with ORCA’s B3LYP (distinct from Gaussian’s B3LYP/G). No counterion
is included in geometry optimization, therefore, the net charge for each dye molecule is +1e. The

general geometry optimization input file is included:

I CPCM RIJCOSX B3LYP def2-TZVPPD def2/J Opt NoTrah NoPop SOSCF
* xyzfile +1 1 dye_ini.xyz
%pal nprocs 32 end

%maxcore 6000

%cpcm
smd true
SMDsolvent "CH2CI2"

end

%scf
MaxlIter 3000
DIISMaxEq 35

end

%geom
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Maxlter 300
MaxStep 0.2

end

2.7.2 TDHF@uy, Spectral Calculation

The TDHF@uv,, method is a simplified approach to time-dependent Hartree-Fock (TDHF) theory
in which the full screened electron-hole interaction kernel W (r,r") is replaced by an approximate,
translationally invariant, and computationally efficient potential, vy, (|r —r'|).8%®" This
approximation retains the essential physics of screened exchange while significantly reducing
computational cost, making it suitable for modeling excited-state properties in large systems. The
computational protocol begins with a grid-based (uniform real-space grids are used for all the
calculations, where dx = dy = dz = 0.4 Bohr with verified convergence in previous publication.)
planewave pseudopotential local density approximation (LDA) DFT calculation under vacuum,
followed by a near-gap hybrid treatment (with CAM-LDAO range-separated hybrid, N,, = N,... and
N, = 400 among all molecules) to include explicit exchange.®# As CAM functional has been
verified that it is able to reproduce the similar-quality electronic structure as GW correction for -
conjugated polymethines, the CAM-LDAO energy gap between the lowest-unoccupied and
highest occupied molecular orbitals are assumed as the fundamental gap (Efyndamental)-& Next,
a small number of stochastic actions, W;, yield the static random phase approximation response,
where vy, is then individually fitted by averaging over W,;.87 Finally, the v, is used as an
attenuated exchange kernel in the TDHF calculations for optical spectra.®>8 The lowest peak

position on the spectrum is the optical gap (Eqptical), therefore, the exciton binding energy is

derived as Eping = Efundamental — Eoptical-
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2.7.3 Optimized Geometries

Geometries are listed in xyz format in A.

O O IT O O O O O o O o o o o

-1.31478461285138
-0.17891105204316
1.08437737143464
-2.56011832859307
-3.73578774213251
2.23128462036199
2.20960988466103
3.51209027319613
3.31706856176578
4.61949362100675
4.50479861145767
1.28488412433404
3.76662089390525

5.88243541077992

Flavd

-2.73474883914008
-1.9422464 3868990
-2.38426292105911
-2.23455469488911
-2.96385394233731
-1.59248461127625
-0.19104665406334
-2.12799411686371
0.57267883361729
-1.27386935518430
0.05165809366730
0.29698481009938
-3.47907354072888

-1.69267631658748

172

-0.52806906639475
-0.52823033994872
-0.89182511973342
-0.17666469566699
-0.23327345348551
-0.95484430881283
-0.68229885482928
-1.32673311120781
-0.76971887450991
-1.40453543114298
-1.12197922410889
-0.42922043482459
-1.63433817736277

-1.76066941870545
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5.00338589659573

6.11232048772963

2.96151720649676

5.13378020984451

5.25621499098218

4.45628618622038

3.48343668327245

3.52316993323396

2.46145874911248

1.70561850448359

2.40852954572390

1.61742259821607

3.37902490184635

4.40914144918299

5.16815220964798

-5.00688474437547

-5.22047243520885

-6.19042822827984

-7.44013327089087

-6.45133949935997

-7.54573841148773

-4.38984052929225

-8.63034967634694

-6.21550727575257

-8.63293898593967

-3.92617450551470

-3.03912185233474

-4.19653740092744

-4.97247002605548

4.72458045488589

4.14680814804895

4.77433741447681

5.84343740631558

4.02580345615047

4.50744506424704

2.65933337239592

2.08610734818817

2.02150531254391

2.77880813923057

2.29808521632990

-2.48236600758096

-1.17163433180679

-3.27270565399019

-2.73411929456013

-0.72321495528858

-1.48314547861407

-0.50265984974856

-3.40669902208795

-4.57533442210127

-4.70100732759309
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-1.99143357523120
-2.07208720704197
-1.58809702170061
-2.21484090840219
-1.32883738694114
-0.88670129747175
-0.12573769721671
0.03181902327206
0.43808349278976
1.04281255705827
0.23807226075343
0.69915935258543

0.53297676192922

1.08763518855369

1.68657000010728

0.08750225940907
0.61092668569956
-0.10210910720578
0.23104582066921
0.93153855385233
0.75399071366777
0.75410244972136
0.06184127824183
-0.63912958399500

-0.47538205027457



C -7.37449738924490 -5.26682059066758 -0.82229340466787
H -7.32766331238816 -6.25943230379966 -1.23940167723372
H -5.29053477451259 -5.05260979861203 -0.92411280103823
H -7.59159300977348 4.12640637984424  2.84113018980521
C -7.36111749721480  3.14143849471206  2.45886483329086
C -8.31790339001711  2.42577319925670  1.75725206914489
H -9.29656114575720  2.85189034134865  1.58452972477459
C -8.02625203318924  1.16367837152597  1.27194229441605
C -6.76509930135679  0.60566539388632  1.47476341373861
C -5.81039759138718  1.32875534942270  2.18782549993986
H -4.83757289657220 0.90093860253934  2.38263616426901
C -6.10848488626196  2.58762599351930 2.67474792382150
H -5.36160577206369  3.13529181543774  3.23262853069858
H -3.65232051992950 -3.98289208878623 -0.58256081558090
H 6.67079764642962 -0.95861314744952 -1.79026017295662
H -8.77562616365581  0.61392340979571  0.72198968758613
H -9.54132214189436 -2.90671929907997  0.34732877498144
N 7.33597322442678 -3.48149591214293 -2.43349240173955
N -9.78014278131248 -5.38766715623828 -0.66175522402303
C -9.76274474457102 -6.71532536768378 -1.24739469069919
C -11.05079401820599 -4.78898207049640 -0.30503781170179
C 7.55320920293639 -4.87865678596110 -2.75776311241146
C 8.45134043309186 -2.55902014363244 -2.49730367448127
H -11.08578944171518 -4.52904918433649  0.75475459414721
H -11.84663214341650 -5.49780088963755 -0.50594269454912
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-11.24453146890988 -3.88356491263605 -0.88485466764412
-9.20083872684721  -7.41982214833801 -0.63160432170540
-9.32636821549523  -6.70835263552805 -2.24778179939257

-10.78215732928339  -7.07643459188132 -1.32804724570691

6.93927420186294

7.33281101450731

8.59437655884632

8.26840592663276

9.33989767886887

8.65052151411702

1.17076995850414

-5.19615479631925
-5.52894767069156
-5.01836279084285
-1.75864387861310
-3.09763106056824
-2.10371649356510

-3.42818808166795

-3.60254345249320

-1.90913855438479

-3.02781145253717

-3.21729194084029

-2.80773674353103

-1.52469343514165

-1.15723172095831

-0.31638420036919  -0.90952465877749  -0.22924049035051

-2.59030063756606 -1.19774034269289  0.13800905485250

-1.23340996025054 -3.77170006181645 -0.83554460061271
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-1.31433723518958

-0.17785588480652

1.08276979532945

-2.55016955736766

-3.72783747067970

2.26263697935638

2.19426599903665

3.49757337605918

3.10272080444443

4.65853280352249

4.72490844631025

1.26375281398795

3.59202197806224

5.79283783310305

4.72224511757072

5.86652976470977

2.76180757651367

11 (SiliFlav5)

94

-2.60874990230223

-1.82034251112961

-2.25307717840637

-2.13015096559796

-2.86856980560645

-1.51178085936168

-0.11845956118337

-2.13509215067824

0.86199964521114

-1.38599367452970

0.47777024771448

0.15300046661101

-3.53503877391239

-2.01879519969232

-4.16209439859283

-3.41769621908357

-4.16650942936040

176

-0.43624590707241

-0.35392967550727

-0.75355343029733

-0.03877223616519

-0.13268500874790

-0.77000670386214

-0.34420204851549

-1.20966385527887

-0.49118458963350

-1.51499492648382

-1.34743416751555

0.13279833801527

-1.34691999780789

-1.97856633280929

-1.79125997186689

-2.15461184970216

-1.07190232721307
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4.72891072179593

3.21229280057728

2.91334444766494

2.25408834521579

2.04042137312764

1.88033421338566

1.37941540873187

2.15449506146965

1.87684257459101

2.81060034651068

3.19579583940124

3.70348404491267

-5.00896753300375

-5.16281017200406

-6.13877840897950

-7.47818022744803

-6.27950784741776

-7.90804831558110

-4.23891332523617

-8.51860555957955

-5.94074950261422

-8.31300754682610

-6.97369409943174

-6.74930401625525

-4.94502992868507

-5.23829538821094
5.49502152779581
4.61366122595507
4.74113964192099
5.72127991299222
3.60190254545404
3.69044163640588
2.34773501454389
1.46860629449782
2.20135480617393
3.35837515588204
3.28101463396955
-2.44176844027750
-1.09116832088117
-3.33879013181761
-2.88485110953538
-0.35310741736939
-1.07515036414172
-0.62933728464015
-3.77183849038293
-4.72033645892279
-5.15296959626200
-5.60036979093896
-6.64770269919429

-5.13544530033783
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-1.85731483985067

-0.65445215299619

-0.10332133365813

1.10826244371974

1.51221418800777

1.80454813160552

2.75921756444341

1.28921419981422

1.85427341749036

0.06461091605330

-0.61383463424014

-1.56449108195171

0.19975239949366

0.73409025596955

0.02374929294243

0.05460153785520

0.85282799076592

0.27076620924671

1.056254291322429

-0.12853440897106

-0.16932834536330

-0.33702744471337

-0.33824026382905

-0.46200591865005

-0.15704839882017
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-5.94040805079533

-6.00969003568513

-6.81848577485663

-7.37986941619269

-6.91578678916390

-6.18979914070700

-5.38455143418723

-4.83849033741518

-5.29696186105674

-4.67412806116910

-3.61244351618697

6.66246319787885

-7.54785239502488

-9.53200519118912

6.97605281754816

-9.34387216363618

-9.09778089424715

-10.71191786506366

7.02236957344808

8.137680364 19899

-10.95689994137988

-11.38253962129539

-10.89675367430759

-8.60397521206028

-8.47610092798249

4.51613133314882
3.53398742176792
3.32540172466039
4.14691701594985
2.06558693463680
0.99016739900083
1.21523020024505
0.39049881991393
2.47159838590861
2.61997752925563
-3.85653808249850
-1.42403223487532
1.92473192548038
-3.39922096711713
-4.01600372975394
-6.00672794187031
-7.42095007029905

-5.52774274257620

-5.45621457048256

-3.22872817021148

-5.07083911785266

-6.36565200561562

-4.79264025928674
-7.87399951469575

-7.59430516755847

178

3.07112481278082

2.62374139969794

1.51818140762117

1.09405678447580

0.95267384051272

1.46580898124950

2.58431951130051

3.02133004676569

3.15745904808030

4.02937039639131

-0.55260203621879

-2.21607114148603

0.08730306841290

-0.10955526406171

-2.63571797005281

-0.51490806177592

-0.72083607943997

-0.48528987746456

-2.79944996204189

-3.00154621842245

0.47563427139980

-0.64160838281758

-1.27090494602017

0.14142837729819

-1.60090348470004
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-10.04558941072757
6.23929684636180
6.90921325037786
7.98193851837039
7.89476198723300
8.90236266891313
8.55372865384107
1.11420117294127

-0.31967092298512
-2.56768696207994
-1.23547438858325
-9.23046066984067
-8.45809175337596
4.86924771015326
6.15734044534430
-8.92310032186540
-10.15603794302459
-9.45550224496408
6.10373223271083
6.16850150843563
7.10767510249596
-7.65529735358147
-8.79265570800965
-9.29483807911425

3.96461300309042

-7.92587794220338

-5.80719837718551

-5.97378211784629

-5.73222039114051

-2.49371590808798

-3.88980974896274

-2.69973003779190

-3.26639505912329

-0.82139999890029

-1.12019878178831

-3.61543261794929

-0.85502609416592

-0.37611500019813

1.23600458262683

0.99302731403771

-1.27798756472374

-1.34703939091388

0.20124270074477

0.52512888904189

2.07471028083089

0.71118496317131

-0.41684549135019

0.65789436241048

-0.96294774232409

1.07667576232911

179

-0.87196376149315
-3.47393904465789
-1.84469877933959
-3.22268097563367
-3.77097854688704
-3.39478661011465
-2.14176051575048
-1.12387820535582

0.03700214807061

0.34802896624190
-0.83116433196209

1.56565550160757
-1.37241941757904
-3.04897741410902
-0.27017464856558

2.52272357221547

1.26270377427703

1.71955218102194

0.71333897223086
-0.12860423825066
-0.72636763655476
-2.10955856594284
-1.29018550819015
-1.75641853850182

-3.63647938592242



H 5.69922496606745 0.76717921890380 -3.58119756272202

H 5.06883220805943  2.30660874250639 -3.01076789674205
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-0.09113141354244

-1.25702801786328

1.16233149696820

-1.20930304805221

1.26108953048561

-0.16371067289700

2.27988351207052

3.54689962615352

-2.48946426615669

-3.68223941970293

2.12928878919846

4.67825534619613

4.64088672416777

5.96298304342837

5.73574891067655

7.05605580956126

6.92751991288817

LFlav7

82

-2.10761371688138

-2.85312417208101

-2.57868618832050

-3.88593665417527

-3.61548902778955

-1.06977333153871

-1.76505275467743

-2.18838052467464

-2.32146839399170

-3.02039423645199

-0.73380886613581

-1.38191028384760

0.02356484747520

-1.90352429110470

0.80115196849929

-1.03508905836579

0.29245950711675

181

-0.48352779466172
-0.50621078517466
-0.85204983730226
-0.83425524135195
-1.15521820530586
-0.17023794280908
-0.87341582758999
-1.25560477139784
-0.15659289983618
-0.24186221137353
-0.57560637653437
-1.34491896044250
-1.09033015572930
-1.72957265731016
-1.20244530274035
-1.83360825430529

-1.56368376419880



I © o o 6o o o x oo T 0o OIT O O T T T O O O O T

3.71218525074983

6.23215257718638

8.31944099694176

7.46982647668019

8.56374187792835

5.43829362776055

7.61172631811457

7.61943179961154

6.82896183835965

5.85234416534714

5.87947218477674

4.84276642134995

4.08388531764837

4.80609633891215

4.02463926232400

5.78039467899111

6.79779275457515

7.55965723434424

-4.94639199061411

-5.14048107349471

-6.14252888569190

-7.38520979197266

-6.36625071118344

-7.47330900146040

-4.29818676327440

0.50175988346579

-3.25381862155288

-1.44048686693452

-3.68832236900964

-2.78686979664148

-3.98199393963916

-4.73548092365636

4.96964681264576

4.38792870684536

5.01348448133316

6.08498872506459

4.25961627431076

4.73971621176316

2.89005773337715

2.31339929498345

2.25375206392544

3.01683222764067

2.53786338406633

-2.52103647448882

-1.21635635710480

-3.28657492697438

-2.72990298594046

-0.74896007212985

-1.48407685523261

-0.56724288912883

182

-0.83268316662845
-2.02422936338915
-2.20459925787351
-2.39553343584073
-2.50469990247797
-1.95591876402943
-2.60750471490970
-1.82658177568617
-1.37273718741993
-0.61512669293124
-0.47189807297113
-0.03612364600067
0.56603585582689
-0.21759132856692
0.25545909667768
-0.98535548089814
-1.55550967005645
-2.15211305977937
0.07634936371972
0.62189474280088
-0.13796647474782
0.19085059562188
0.93451754959985
0.72952042710027

0.78714192493498
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-8.58587062164202

-6.18642902542499

-8.60679767622582

-7.35602515764299

-7.32323635022291

-5.26805141237179

-7.43599193023902

-7.21985185305544

-8.18285801821977

-9.15188915597005

-7.90968131807839

-6.66099766201405

-5.69998203057901

-4.73690610364504

-5.97966036458914

-5.22823791411287

-2.49424076826939

-3.61633839729213

3.64509753088502

9.09686357911857

-8.66369016495106

-9.49025701448282

9.78830034735553

-9.76428417173764

-9.76460376593305

-3.37858258387456

-4.58119057168100

-4.66636295113888

-5.24963370386794

-6.23703250165724

-5.07175389429063

4.08891638977342

3.10630942677131

2.41997838675478

2.86687815250136

1.16086512245776

0.57635106311119

1.27013602003984

0.82156457654636

2.52601597351058

3.05049064578092

-1.29119878560647

-4.03295687074549

-3.23335115426281

-0.69591526971287

0.63425285475063

-2.86603238077043

-3.21608529690692

-5.33142881234966

-6.65369140388916

183

0.00254742965250

-0.69256256099010

-0.54971389701962

-0.89426837361141

-1.32482088914927

-0.97621100157299

2.91301697931073

2.51654122612694

1.79448280250110

1.62000673740731

1.29083918317074

1.49617589468662

2.22977255050604

2.42617757570084

2.73479642554202

3.30863046585395

0.18038565231806

-0.61306081585958

-1.51300845216853

-2.25473556086974

0.72488364771380

0.28673733615410

-2.88158328686022

-0.75193946204168

-1.34969447708427
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-11.02751648647988

10.01923163520422

10.88962911516647

-11.07152255589783

-11.83431359174162

-11.19602954143187

-9.20673032301420

-9.33400724042922

-10.78823712110360

H 9.39109878885003

H 9.82771872707934

H

H

11.05587488849045

10.68646281051611

11.78176695256373

11.09496659407822

-4.71248605067666

-4.61322547644740

-2.27930759939466

-4.46497277660806

-5.40292234484683

-3.79635918435715

-7.36920738371012

-6.64313496470768

-7.00357978448828

-4.94944913911913

-5.25731994750372

-4.74073807362573

-1.48966091012121

-2.80898559210750

-1.80998074757269

184

-0.40400162684729

-3.19484908324650

-2.97012483796838

0.65848076868511

-0.62424236134643

-0.97472975881618

-0.74321009455892

-2.35271458786951

-1.42639512715619

-4.02176582212320

-2.33443444135745

-3.48749889016016

-3.69663502645171

-3.28576173168489

-2.00545908252709



Si

-0.05900178294242

-1.23308583605744

1.18703420538922

-1.19794560308815

1.28121115117139

-0.12309396779586

2.30049174872202

3.56491676713470

-2.44328454161330

-3.65199491349307

2.14566092906414

4.71059508838872

4.62522332629728

5.95007421092023

5.46558556775439

7.03927744726236

6.96091736895783

12 (SiliFlav7)

98

-2.10015453232427

-2.83662372998930

-2.54751071029011

-3.84160731904625

-3.55077216957764

-1.09288303474329

-1.73448847758251

-2.13163356295957

-2.31211398707145

-3.00491602381793

-0.73972008956537

-1.35166700065485

0.03313912623421

-1.92742756481619

1.05339567160507

-1.12893071508280

0.74098340236247

185

-0.24716599955173

-0.32419264847232

-0.66086904028085

-0.72954350435091

-1.06099162648365

0.15335866554070

-0.59943792305251

-1.03958202576346

0.07834777889820

-0.03144054036352

-0.20258631386246

-1.09797631989833

-0.64419249996696

-1.59902452608510

-0.88932506683534

-2.01232956495143

-1.97797878769221
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3.74611038680636

6.11689674175322

8.18658969615240

7.26065521834401

8.33939361771206

5.33905809204452

7.32847084624089

5.41474247827737

5.19948016201797

4.66016376001920

4.45584170731747

4.39597060291819

3.99132976401802

4.65885537680538

4.46935958990739

5.19098226863795

5.46883889168543

5.88118759079003

-4.91433616936038

-5.03242193195295

-6.07761803215768

-7.38923105047454

-6.12054636471318

-7.72529800171719

-4.10717408495894

0.25250767285017

-3.32283219630341

-1.71820693502170

-3.90606683358720

-3.11735028676033

-3.98343260393334

-4.98209831485717

5.68875219104468

4.79262418999670

4.88660327059331

5.85515101814160

3.72890287773513

3.79120326848746

2.48970432513765

1.59692680068369

2.37643652819850

3.55235761742620

3.50285337160135

-2.53060961751013

-1.18529201426689

-3.38073386105180

-2.86178042503164

-0.39894075097923

-1.02693380813041

-0.78040889849030

186

-0.05502926397018

-1.67554046172326

-2.50462284210363

-2.14911447475051

-2.60408813296450

-1.32407179835918

-2.16261324515632

-0.99936682866943

-0.43320523712525

0.83935078639644

1.27490992994308

1.55492775519553

2.55619365566855

0.99893137741572

1.57876572081042

-0.28796201714434

-0.98609046786879

-1.98389558397640

0.28559950459281

0.84245955660120

0.07051308725701

0.00431580789606

0.90774797300080

0.16584876484923

1.22910379573965
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-8.45879770307952

-5.93293242889717

-8.30669446247663

-6.99558608482595

-6.81621336734028

-4.96022604555118

-5.72414887945083

-5.80528429901141

-6.58506323747370

-7.11222569029613

-6.69707880976129

-6.01585894550473

-5.24151002790285

-4.73194837933280

-5.13790027430807

-4.53883485598978

-2.42550515491538

-3.57337713780337

3.61685285670383

9.00171531843923

-7.30737437606046

-9.45104888714135

9.46562788162301

-9.36372797310438

-9.17044106140578

-3.70255398805403

-4.77261848504769

-5.09568187894105

-5.60693507691579

-6.66710343241645

-5.23069790016963

4.40433364083242

3.43536674214833

3.27481832405254

4.12068422560432

2.03191357036194

0.92465879127055

1.10179210773212

0.25313122007119

2.34138167617661

2.45196642732308

-1.30555596285144

-3.99144652987974

-3.14113757602816

-1.08597609027179

1.93009465911782

-3.28054752719716

-3.67700305908998

-5.90666345738836

-7.33520819536553

187

-0.23389265273992

-0.07258198912096

-0.39755723643569

-0.29096281829006

-0.37051954652137

0.02192508519265

3.25840621178207

2.78506390572035

1.65121218027400

1.23111163710997

1.05188957113416

1.55927194129854

2.70816622872633

3.14321928202716

3.31383268964411

4.20774636667779

0.47519757988808

-0.46427647339030

-1.41949781393785

-2.82400738190383

0.16550755411385

-0.29331062801297

-3.10022787715236

-0.63122887069216

-0.78179174532551
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H
H
H
H
H

H

Cc
c
c
C
H

H
H
H
H
H

-10.70429345426051
9.60330200780577
10.56433933123874
-11.00258068050770
-11.40140745133354
-10.79111316973385
-8.76210594187136
-8.49560588706109
-10.12752380348624
8.81853840314485
9.56691065809898
10.56062364779468
10.24956186262689
11.34813225670217
10.98598807054735
-9.16974586523908
-8.04007282334920
6.72441114420377
8.50438288576563
-9.00009222838769
-10.08306290432982
-9.34641621919197
8.64469517547265
8.46029610061284

9.38775147434623

-5.36302586342436
-5.11873355836829
-2.84482563844411
-4.87689882989958
-6.16999214888590
-4.63395895359670
-7.78595395631632
-7.56305968811911
-7.80128533447871
-5.57046387225752
-5.57063435503134
-5.36365877982958
-2.15856522594557
-3.47915756950887
-2.25547415016505
-0.71108226785556
-0.30897600880728
1.37286771135496
1.45616423251125
-1.14024961575206
-1.14958038157318
0.35811552641577
1.10392185590775
2.54576875954893

1.17553748599224

188

-0.71657674558241
-3.16121497446424
-3.54894103422904
0.21483689452085
-0.91517103505393
-1.52474777628376
0.12551497100282
-1.6089764 1458885
-0.98939642050941
-3.77077099424150
-2.16748716112506
-3.60849420103534
-4.33711638471169
-3.94876293978108
-2.73148045591465
1.30043675318775
-1.53111505216048
-3.72155188970406
-1.21699264850418
2.28855383508092
0.89546304193730
1.42383002346321
-0.19450803160344
-1.19582957245848

-1.79265054204529



-7.16657975625301
-8.29998016995566
-8.87199738212677
5.76797494692058
7.51401823997898

6.77049123450935

-0.41957702955182

0.74888911180195

-0.83442636103564

1.04999277574905

0.97692306216543

2.46041097367232

189

-2.17471109341855

-1.49048772988001

-2.00440144693297

-4.13417551872924

-4.36310012920775

-3.77894794547620
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2.09819547603895

-1.45438841380376

3.38059435722289

4.47162190482025

5.76099339369405

-2.70528054006080

-3.88021369534045

6.87349903235098

6.84240567774710

8.17119790354091

7.93084240128125

9.25473277322802

9.12903560116512

5.91564643918988

8.44523480207758

10.51831557955767

9.68418089039172

-1.89805352164759

-2.88579572370278

-2.35455027911969

-1.53770063480371

-1.96215737935328

-2.34184088832157

-3.03374952961827

-1.16398270003533

0.25434550678190

-1.68292687121268

1.02994019170096

-0.81143198094223

0.52290644138559

0.73494219152476

-3.03054432395581

-1.21696293993122

-3.46716349725225

190

-0.74054164953156

-0.42367069761218

-1.11453119988988

-1.16008381816031

-1.54482687295816

-0.08229272789822

-0.18752826616947

-1.65972673389269

-1.42554326417646

-2.05371537409566

-1.55761541381542

-2.17777614630771

-1.92346902395228

-1.16396233854454

-2.33498605227263

-2.55659255969217

-2.71434495910171
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10.76934900472933

7.65496076934218

9.82734575863734

9.80117416744342

9.01472514374871

8.04324997522691

8.06937604941109

7.04023296135793

6.28489572536692

7.00573818673033

6.22973410725339

7.97387935794619

8.98438107044639

9.74293661716304

-5.16542718074687

-5.35528435668979

-6.34386004457995

-7.59653864886271

-6.58865386415437

-7.68619181617172

-4.51138978111323

-8.79219802007771

-6.37671921057395

-8.80073307191639

-7.54109243894918

-2.56403358575621

-3.76168201046985

-4.51654315876196

5.19529454796227

4.61948284856723

5.25531057182488

6.32888743817500

4.50718893296297

4.99429802266978

3.13473613219392

2.56349346239291

2.48736952920876

3.24523949675311

2.75862360075132

-2.53141862043055

-1.24210150183149

-3.29306958043445

-2.73934745737699

-0.77204620517262

-1.50184147935633

-0.60313033373346

-3.38394076026448

-4.58580222066109

-4.66807231389484

-5.24853069812366

191

-2.84305916388015
-2.25101512537221
-2.91488770332467
-2.25591587117267
-1.78751367576499
-1.03226340924067
-0.90502934238348
-0.43436477657531

0.16684926969349
-0.59446629177123
-0.10590643574459
-1.36099789777861
-1.94967769553985
-2.54425050089793

0.12256303032999
0.68501052870695
-0.12351779475973
0.19008640852810
0.98158223458507
0.73968397754618
0.87776503321241

-0.02429005402209

-0.69346028813268

-0.58826769922879

-0.91953742609415
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-7.50301004521112

-5.45420699420489

-7.68930783020184

-7.46670085336678

-8.42397342744236

-9.39449126928761

-8.14277874302883

-6.89129297075209

-5.93534567316063

-4.97003014534662

-6.22394803857388

-5.47745013127284

-2.70600094466167

-3.81394050051506

11.29076483615621

-8.89216268691429

-9.70199934263747

11.99858592528260

-9.94906415964048

-9.93946509502276

-11.22104790383273

12.23239075741317

13.09338516406119

-11.27877438646269

-12.02099316037121

-6.23159720335088

-5.07418076399271

4.02361772878388

3.04920188879179

2.37105718458340

2.81618574080639

1.12269038848723

0.54168718739909

1.22748705357944

0.78214960748152

2.47232741499072

2.99099785471556

-1.31410440309821

-4.04475335265953

-0.46820301606098

0.60274175904271

-2.87550264454749

-2.99025869053404

-5.33263314715183

-6.65047396274772

-4.71886089250667

-4.38756362139084

-2.04914408883233

-4.47272804548987

-5.41331154280817

192

-1.35920971362969

-0.96584262551405

3.03522747651136

2.62252233419185

1.88499708530676

1.71487308330501

1.36068888912568

1.56104788608412

2.30896276464782

2.50121390577748

2.83512673675388

3.42038291188474

0.26182030538792

-0.56166151188054

-2.62292668003570

0.78262030519693

0.24912512940910

-3.22630181593621

-0.81311763577769

-1.42435056368265

-0.48263081034691

-3.52819852742796

-3.32450827847957

0.57902519297712

-0.71381850522244
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-11.38392162370223
-9.37870384135588
-9.50665693652038
-10.96070287479518
11.59267135714020
12.05886378504694
13.26467496942355
12.88970709894929
13.98989101638094
13.29543242402984
-0.29657252080645
0.97097244364601
-1.41824481696340
-0.35032661109858
1.04000304465364
3.48860441520259
5.85962848860767
4.31791035231695

2.00884340477039

-3.80396971064907
-7.36622526271120
-6.62608782605186

-7.00549917266903

-4.73768216516748

-5.02605609621685

-4.51308847952048

-1.26875111703274

-2.57749623696064

-1.56493477801920

-2.16272596226493
-2.66515374931563

-3.91873399501606
-1.12507759748704
-3.70521308380278
-3.39819784126488
-3.01422245499381

-0.50046095196460

-0.85532067107277

193

-1.05625711814460
-0.82187875256285
-2.42580068827601

-1.50590840060627

-4.34090480563642

-2.65899194416998

-3.83764157161289

-4.06162000398584

-3.63078160618331

-2.36608408314011

-0.38045183527626
-0.73689696950960
-0.75273563020031
-0.06350034929014
-1.03786364646210
-1.39155035557703
-1.77449581218165
-0.88501911014733

-0.44865688851083
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CHAPTER THREE

Designing near-infrared polymethine dyes for responsive imaging

Quintashia Wilson and Ellen M. Sletten

3.1 Abstract
Polymethine dyes are foundational fluorophores in the near-infrared (NIR) spectral range, offering
tunable photophysical properties and high compatibility with biological systems. While traditionally
used for passive imaging, recent developments have transformed these scaffolds into dynamic,
responsive platforms. This chapter explores the evolution of polymethine dyes into two emerging
classes: fluorogenic probes and photocages. Fluorogenic polymethine dyes leverage
mechanisms such as enzymatic cleavage, pH-triggered cyclization, and reversible addition to
enable fluorescence activation under specific biological conditions, allowing for high-contrast,
multicolor imaging in live cells. In parallel, polymethine-based photocages employ light-induced
bond cleavage to release bioactive molecules with precise spatial and temporal control, including
under hypoxic conditions where traditional phototherapies falter. These advances reveal a
broader shift in dye design from static reporters to chemically responsive tools that enable real-
time sensing and therapeutic intervention in complex biological environments.
3.2 Introduction

Polymethine dyes are a foundational class of fluorophores in the near-infrared (NIR, 700—
1000 nm) region valued for their tunable photophysical properties and compatibility with biological
systems.'® For these reasons, NIR polymethine dyes are widely used in cell and animal
applications where optical transparency and minimal phototoxicity are essential.*” With the basic
framework of NIR polymethine dyes well-established, recent advancements have focused on

expanding their capabilities to create responsive systems that react to biological processes in real
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time.&"" These responsive polymethine dyes are designed to undergo significant changes in their
fluorescence or chemical reactivity in response to specific external stimuli, providing dynamic
control and new functionalities in complex biological environments.

NIR fluorogenic polymethine dyes represent a noteworthy example of this shift, wherein
established polymethine architectures are equipped with stimulus-responsive motifs that allow for
fluorescence activation under defined conditions.®'" These changes are commonly driven by
mechanisms such as photoinduced electron transfer (PET), fluorescence resonance energy
transfer (FRET) and intramolecular charge transfer (ICT), where binding to an analyte or changes
in the local environment alter the electronic structure of the dye, resulting in a change in
fluorescence.’?"® Other systems leverage reversible structural changes, including protonation®
and cyclization,"" that modulate the conjugation or molecular flexibility to control fluorescence.
These strategies extend classic approaches that optimize brightness and stability to introduce
selective, conditional activation, and a much higher degree of biological specificity. Alongside
fluorogenic probes, polymethine dyes have also been increasingly adapted for use as
photocages, which release biologically relevant payloads upon irradiation.’”-?2 These systems
utilize the strong NIR absorption and favorable excited-state properties of the polymethine core,
coupling them with reactive linkers or therapeutic cargos that are cleaved upon exposure to light.
By carefully tuning these properties, photocages enable precise, spatiotemporal control over
biological processes, such as drug delivery, enzyme activation, and signaling modulation, all using
minimally invasive NIR light.?!2® Both fluorogenic probes and photocages rely on intricate design
principles to balance photophysical performance with biological compatibility, integrating classic
structure—property relationships while incorporating new considerations of reactivity and
efficiency. These advances further illustrate the shift from using NIR dyes solely for passive
imaging to leveraging their full potential in responsive sensing. In this chapter, we will explore the

mechanisms and design principles driving the development of responsive polymethine scaffolds,
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focusing on fluorogenic probes and light-activated photocages as emerging platforms for dynamic

bioimaging and molecular manipulation.
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Figure 3.1. Overview of responsive NIR polymethine dyes.
3.3 Fluorogenic polymethine dyes

One of the most straightforward ways to achieve polymethine dyes with turn on
fluorescence is to alter the local environment of the fluorophore. In crowded?*2° or viscous®26:27
environments, there is less torsional rotation, increasing fluorescence output. Additionally, many
polymethine scaffolds, especially merocyanine dyes (see Chapter 4), are sensitive environmental
polarity and pH that affect fluorescence output.?®-3° Beyond tuning the local environment of the
fluorophore, another common strategy to generate fluorogenic polymethine dyes involves the use
of fluorescent quenchers which inhibit fluorescence through various energy transfer
processes.'#%1-33 Although these approaches have been successful in converting polymethine
dyes into a responsive scaffold, there is a growing push to design true fluorogenic probes wherein
the fluorescence response is the result of a chemical transformation in the fluorophore itself, as
seen with coumarin, xanthene and BODIPY fluorogens.'® A notable advance in this area was the
development of cyanine carbamate heptamethine dyes by Schnermann and coworkers.®
Enzymatic cleavage of the carbamate linkage yields a pH-sensitive norcyanine fluorophore that

exhibits a strong increase in fluorescence when protonated. The researchers later expanded this
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methodology to include lysosome-targeting moieties, which facilitated superior fluorescence
activation in cells and animals.®*

Another strategy to generate fluorogenic polymethine dyes an involves incorporating an
intramolecular cyclization mechanism similar to rhodamine fluorogens. Early studies
demonstrated the feasibility of cyanine intramolecular cyclization for pH sensing.!:3>-3° However,
these designs generally offered limited sensitivity, modest signal contrast, and few opportunities
for spectral and environmental tuning. In response, Schnermann and coworkers introduced a
class of fluorogenic heptamethine dyes featuring a nucleophilic aryl sulfamide moiety at the C4'
position.*® By precisely modulating the electrophilicity of the polymethine chain and the
nucleophilicity of pendant amides, the researchers were able to fine-tune the cyclization
equilibrium between the fluorescent zwitterion and nonfluorescent lactam, affording NIR
heptamethine dyes with enhanced cellular uptake and robust fluorogenic response. In particular,
the researchers achieved no-wash live cell imaging using organelle-targeted HaloTag self-
labeling proteins, a feat that was primarily limited to fluorogenic rhodamine dyes. Concurrent work
by Rivera-Fuentes and Martin introduced an alternative strategy based on reversible addition into
the indolenium heterocycle.*' Early versions of this method showed limited turn-on responses
and suffered from high background fluorescence due to unfavorable cyclization pathways.*-3¢ To
overcome this, the researchers adopted a more favorable 5-exo-trig cyclization,*? which produced
robust fluorogenic activation with minimal background signal. Additionally, because cyclization
occurs at the C1 position of the heterocycle rather than the polymethine chain, they were able to
develop a series of Cy3-, Cy5-, and Cy7-based fluorogens spanning the VIS-NIR regions. This
spectral flexibility enabled multicolor cell imaging using a visible rhodamine-HaloTag system in
tandem with the far-red Cy5-SNAPTag pair. By shifting the site of reactivity to the indolenium core

and leveraging favorable cyclization geometry, this approach showcases how precise control over

216



reaction topology can overcome key limitations in fluorogenic probe design while maintaining the
tunability of the cyanine scaffold.

These recent advances in fluorogenic polymethine dye design highlight a clear shift from
passive environmental sensitivity to active, chemically driven fluorescence activation. By
leveraging mechanisms such as enzymatic cleavage, pH-triggered cyclization, and targeted
intramolecular reactivity, researchers have expanded the functional diversity and biological
applicability of these scaffolds. Improved control over fluorescence contrast, cellular uptake and
spectral range has enabled no-wash, multicolor imaging in live cells, capabilities previously limited
to other dye classes. Collectively, these strategies underscore the growing potential of

polymethine dyes as versatile and responsive tools for real-time biological sensing and imaging.
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Figure 3.2. Representative fluorogenic polymethine dyes. A) Cyanine carbmate (CyBam) probes
that fluoresce after enzymatic cleavage. B) HaloTag-labeled heptamethine probes that fluoresce
after protein conjugation. C) SNAPtag-labeled cyanine probes that fluoresce after protein
conjugation.

3.4 Polymethine photocages
While fluorogenic polymethine dyes respond to biological events through fluorescence,
photocages are the opposite; they use light to induce biological events. Upon irradiation light,

photocages undergo covalent bond cleavage to release payloads with precise spatiotemporal
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control. In an early demonstration, Schnermann and coworkers showed that Cy7 derivatives could
function as viable NIR photocages. Using a dialkylamine linker, small-molecule payloads were
conjugated to the C4' position of the polymethine chain via a carbamate linkage. Upon irradiation,
photooxidative cleavage of the polymethine backbone generates two carbonyl-containing
fragments. This initiates hydrolysis of the C4'-N bond, followed by intramolecular cyclization,
ultimately cleaving the carbamate and releasing the payload. Although effective, this method is
primarily limited to phenol-containing compounds, restricting its applicability to a broader range of
biologically relevant cargos.** To overcome these limitations, more recent have focused on
expanding both the scope of releasable functional groups and the mechanistic flexibility of the
uncaging process. A notable advance came Stacko and coworkers with the development of
cyanine photocages that release carboxylic acids** and, later, a wide array of biologically relevant
functionalities including alcohols, thiols, and amines. *° These expanded systems eliminate the
need for specialized linkers and provide access to a much broader chemical space for biological
applications. Newer platforms have introduced orthogonal uncaging mechanisms that enable
photocage activation under oxygen-rich and oxygen-poor conditions. While traditional cyanine
photocages rely on photooxidative cleavage, the incorporation of photoheterolytic pathways
allows for efficient payload release even in hypoxic environments, such as the tumor
microenvironment. 745 This oxygen-independence is a major step forward, enabling photocage
function where conventional phototherapies often fail. These innovations have translated into
clinical utility, where light-controlled release of FDA-approved therapeutics, such as palbociclib,
was readily achieved in live cells, resulting in modulation of tumor cell proliferation pathways
under NIR light. %6 This work highlights not only the biochemical specificity of polymethine
photocages but also their therapeutic potential—especially in contexts where precise spatial and

temporal control is critical.
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Figure 3.3. Cleavage pathways of cyanine photocages. A) Photooxidative cleavage pathway of
heptamethine photocages featuring a dialkylamine linker. B) Photoheterolysis pathway of
heptamethine photocages featuring payloads directly conjugated to the linker.

3.5 Conclusion

The landscape of NIR polymethine dyes has expanded significantly beyond traditional imaging,
evolving into a versatile platform for responsive molecular tools. Fluorogenic polymethine dyes
now offer precise, chemically triggered fluorescence activation with improved contrast, tunability,
and cellular specificity, making them invaluable for live-cell and no-wash imaging. Simultaneously,
polymethine photocages have opened new avenues for light-controlled molecular manipulation,
enabling payload release with unprecedented control, even in challenging environments such as
hypoxic tissues. Together, these innovations illustrate the growing potential of polymethine
scaffolds in dynamic biological applications. As design principles continue to be developed, these
systems are poised to play a central role in next-generation bioimaging and targeted therapeutic
interventions.
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CHAPTER FOUR

Exploiting Flavylium Merocyanine Dyes for Intrinsic, Multiplexed Labeling of the
Endoplasmic Reticulum
Adapted from: Wilson, Q.D.; Lin, H.H.; Lin, E.Y.; Chen, L.; Sletten, E.M. “Exploiting Flavylium
Merocyanine Dyes for Intrinsic, Multiplexed Labeling of the Endoplasmic Reticulum.” Anal. Chem.

2025, 97, 10, 5595-5604. DOI: 10.1021/acs.analchem.4c06185.

4.1 Abstract

Merocyanine dyes are a versatile class of donor—acceptor polymethine dyes that exhibit
unique properties depending on their structural makeup and surrounding environment. Scaffolds
that favor the cyanine state (i.e., narrow, red-shifted absorption and high fluorescence quantum
yields) in biologically relevant settings are highly advantageous for multiplexed labeling
experiments, but remain limited by their visible absorption. Herein, we synthesize a new class of
far-red (650-700 nm) to near-infrared (NIR, 700—1000 nm) flavylium merocyanine dyes and
demonstrate that, unlike conventional scaffolds, they favor the cyanine state with increasing
solvent viscosity and hydrogen bond donation, rather than polarity. We leverage these
advantageous properties for live cell labeling, where we observed intrinsic targeting to the
endoplasmic reticulum (ER) and lipid droplets, and minimal crosstalk with commercial stains. We
reveal that intrinsic ER labeling is achieved by the dipolarity in the cyanine state and lipophilicity
(ClogP) of the merocyanine architecture, making this class of dyes a simple, red-shifted
alternative to the more structurally complex ER stains currently available.
4.2 Introduction

A hallmark of optical imaging is the ease of multiplexing, which enables the simultaneous

observation of distinct biological structures and processes in living cells.” Key to these
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experiments is the selection of fluorophores with good spectral separation to minimize crosstalk.
The landscape of commercial cell stains is extensive, but primarily skewed to absorption
wavelengths (Amaxabs) between 400 and 650 nm, increasing the likelihood of spectral overlap.
Furthermore, these wavelengths are not amenable to complex biological settings (e.g., organoids
and whole animals) due to poor tissue penetration and high background fluorescence.? As such,
the development of fluorophores that absorb beyond 650 nm is crucial to the optimization and
translation of these technologies.

Among the different classes of small molecule fluorophores, polymethine dyes are an ideal
scaffold for far-red (650-700 nm) and near-infrared (NIR, 700-1000 nm) imaging, as their
structural makeup (an extendable polymethine chain flanked by two end groups) permits easy
access to these advantageous wavelengths.®>® The most ubiquitous polymethine scaffolds for cell
labeling are cationic dyes (e.g., Cy5 and its derivatives), which feature a positive charge
distributed between two electron-donating end groups.™ In low polarity solvents, the “cyanine”
ground state is favored, where the positive charge is fully delocalized across the entire molecule,
and there is minimal bond-length alternation (BLA) in the polymethine chain (Figure 4.1A).1-13
This results in a red-shifted absorption band with a small full-width half-maximum (FWHM) and
good fluorescence quantum vyield (¢r)."*'® These properties are highly advantageous for
multiplexed imaging, but harder to achieve in biological settings due to H-aggregation and ground
state desymmetrization.'®'® Most cationic dyes are insoluble in biological media, forming broad,
blue-shifted H-aggregates that are nonemissive.’®?® Even when soluble, agueous environments
preferentially stabilize the asymmetric “polyene” ground state, where the charge is localized on
either end group and there is considerable BLA in the polymethine chain.?'2® As a result, cationic
polymethine dyes often exhibit broad, blue-shifted absorption bands and diminished ¢r in

biological settings. Many clever strategies have emerged to alleviate this problem, but require
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additional functionalization steps and/or formulations that could affect cell labeling properties.17-
25

To avoid these limitations, we are interested in exploring the neutral merocyanine scaffold.
Like cationic polymethine dyes, merocyanine dyes also exist between a polyene and cyanine
ground state (Figure 4.1A).">"* However, because they contain one electron-donating and one
electron-accepting end group, merocyanine dyes exhibit two distinct polyene states that heavily
depend on the strength of the donor—acceptor pair and solvent polarity.?-3' We believe that
merocyanine dyes between the nonpolar polyene (A1) and cyanine (A2) ground states have
remarkable potential for biological imaging, as they exhibit increasing cyanine character with
increasing environmental polarity.®23” Additionally, the inherent dipolarity of merocyanine dyes
may impart unique cell localization properties from cationic dyes that are advantageous for cell
labeling. Unfortunately, existing merocyanine scaffolds between the A1—A2 ground states (e.g.,
dyes with indolenium and benzo[cd]indolium donors, Figure 4.1B) all absorb below 650 nm,
stifling their capacity for multiplexing with commercial stains. Therefore, the goal of this work was
to design a new class of red-shifted merocyanine dyes that favor the cyanine state under
biologically relevant conditions, and examine their utility for cell labeling.

Toward this end, we selected the dimethylamino-substituted flavylium heterocycle as the
donor end group, based on our previous success with red-shifted cationic polymethine dyes.*8-3°
Furthermore, we hypothesized that its weak electron-donating properties would favor the desired
A1—A2 ground states, leading to enhanced properties in biological conditions. Herein, we report
a new class of flavylium merocyanine dyes that exist between the A1—A2 ground states, with
absorption near or above 650 nm (Figure 4.1B). We evaluate their electronic ground states across
a range of solvents to demonstrate that these dyes favor the cyanine state with increasing solvent
viscosity and hydrogen bond donation, rather than polarity, which is canonically thought to

determine the ground states of merocyanine dyes. We also examine their fluorescent properties
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to reveal that the ¢r of flavylium merocyanine dyes increases with both solvent polarity and
viscosity, making them well-suited for biological investigations. Finally, we exploit these properties
for live cell multiplexed labeling experiments, observing excellent localization in the endoplasmic
reticulum (ER) and lipid droplets, and negligible crosstalk with commercial stains for the nucleus,
cell membrane, lysosomes and mitochondria (Figure 4.1C). We attribute the intrinsic ER labeling
to the dipolarity and lipophilicity (ClogP) of the merocyanine architecture, substantially expanding

the utility of this scaffold for cell imaging.

A. Ground state properties of néerocyanine dyes
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Figure 4.1. A) Characteristics of merocyanine ground states, including bond-length alternation
(BLA), full-width half maximum (FWHM), absorption wavelength (Aass) and fluorescence quantum
yield (¢r) properties. B) Absorption wavelengths and ground state properties of merocyanine dyes
with different donors and the same acceptor. C) Requirements for intrinsic labeling of the
endoplasmic reticulum of merocyanine dyes developed in this work.
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4.3 Results and Discussion
4.3.1 Design and Synthesis

We approached the design of red-shifted merocyanine dyes with the impression that the
flavylium heterocycle (4.1) is a weak electron donor that would lie between the A1—A2 ground
states with a well-matched acceptor (Scheme 4.1A). We selected malononitrile (4.2), 1,3-
indandione (4.3) and N,N-1,3-dimethyl barbituric acid (4.4) as respectively weak, moderate and
strong electron acceptors due to their commercial availability and prevalence in other
merocyanine scaffolds (Scheme 4.1A).264041 Fyrthermore, we selected the tetramethine length,
containing four methine units, for a balance of synthetic ease and red-shifted absorption.
Synthesizing merocyanine dyes typically begins with the generation of an activated donor or
acceptor hemicyanine dye that can undergo Knoevenagel condensation with a respective
acceptor or donor group.?® We envisioned that a donor hemicyanine dye based on 4.1 would be
the most efficient way to access a panel of flavylium merocyanine dyes with varied acceptors
(Scheme 4.1B). Refluxing 4.1 with malonaldehyde bis(phenylimine) (4.5) in a mixture of acetic
acid and acetic anhydride readily afforded the desired donor hemicyanine dye 4.6 in 59% vyield.
Condensation of 4.6 with acceptor 4.2 occurred rapidly in the presence of base and heated acetic
anhydride, generating the first merocyanine dye, named MalonoFlav4, in 70% yield. When we
extended this procedure to acceptor 4.3, a number of side products were observed, making the
purification difficult. Instead, we decided to pursue acceptor hemicyanine dye 4.7, which was
synthesized by heating 4.3 with malonaldehyde linker 4.5 in acetic anhydride. Treatment of 4.7
with 4.1 in the presence of base and n-butanol afforded the second merocyanine dye, IndaFlav4,
in 85% yield. We extended this methodology to barbituric acid acceptor 4.4 to generate
hemicyanine dye 8, which readily afforded the final merocyanine dye, BarbiFlav4, in 72% vyield.
We could also access BarbiFlav4 from donor hemicyanine dye 4.6 (see experimental

procedures), demonstrating the versatility of merocyanine synthesis.
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Scheme 4.1. A, B) Design and synthesis of flavylium merocyanine dyes developed in this work.
C) Normalized absorption spectra showing the ground state properties of flavylium merocyanine
dyes with increasing polarity (IndaFlav4, 12 uM, in DCM vs. DMSO) and increasing acceptor
strength (MalonoFlav4, 5.0 uM, vs. BarbiFlav4, 12 uM, in DCM).
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With access to a panel of flavylium merocyanine dyes, we conducted a preliminary
assessment of our design approach by evaluating the ground state properties of each dye in less
polar dichloromethane (DCM) and more polar dimethyl sulfoxide (DMSO) (Scheme 4.1C and
Figure 4.2A). Based on the large difference in their dielectric constants (er = 9.08 vs 46.02) (Table
4.1), we expected to see stronger cyanine character in DMSO if the dyes exist between the A1—A2
states. For all three dyes, we observed a decrease in the FWHM (11-32 nm) and an increase in
the red-shifted cyanine shoulder in DMSO, suggesting that they exist between the desired A1—A2

states.
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Figure 4.2. A, B) Normalized absorption spectra and change in full-width half-maximum (AFWHM)
of MalonoFlav4 (5.0 uM), IndaFlav4 (12 uM) and BarbiFlav4 (12 uM) in DCM vs. DMSO and
MeOH vs. DMSO.
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Table 4.1. Solvent parameters considered in this work."3!

Solvent Dielectric Constant (er) Viscosity (cP) Hydrogen Bond Donor
DCM 9.08 [43al 0.43 431 No
1-Octanol 10.34 1432l 7.36 [43d] Yes
MeOH 32.63 [434] 0.545 (434 Yes
MeCN 37.5 43l 0.34 [3h] No
DMF 37.5 [430] 0.92 1431 No
DMSO 46.02 143] 1.99 “3il No
25% Water/MeCN 56.92 13d 0.92 [43n] Yes
25% Water/DMSO 64.67 “3el 3.68 [43il Yes

To verify that these results are not due to differences in solubility/H-aggregation, we
collected absorption spectra in each solvent over a range of concentrations, and observed no

spectral changes upon normalization (Figure 4.3A). Furthermore, we collected excitation spectra

232



at the higher end of these concentrations (Figure 4.3B). In each case, the excitation spectra
resemble their corresponding absorption spectra, supporting that the differences between DCM

and DMSO reflect changes in the ground state, not aggregation.
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Figure 4.3. A) Concentration-varied (3.0-12 uM) normalized absorption spectra of MalonoFlav4,
IndaFlav4 and BarbiFlav4 in DCM (top) and DMSO (bottom). B) Normalized absorption (solid
line) and excitation (dashed line) spectra of MalonoFlav4 (ex. 400-640 nm; collect 660 nm),
IndaFlav4 (ex. 400-720 nm; collect 720 nm) and BarbiFlav4 (ex. 400-710 nm; collect 710 nm) in
DCM (top) and DMSO (bottom). The concentration of MalonoFlav4 is 12 uM in DCM and 12 uM
in DMSO, IndaFlav4 is 28 uM in DCM and 18 uM in DMSO and BarbiFlav4 is 19 uyM in DCM and
8.3 uM in DMSO.

In addition to solvent polarity, there is also a noticeable correlation between cyanine
character and acceptor strength (Scheme 4.1C), with MalonoFlav4 favoring the polyene state
and BarbiFlav4 favoring the cyanine state. Beyond their ground state properties, all three
merocyanine dyes possess remarkably red-shifted absorption (ca. 50-100 nm) compared to
indolenium and benzo[cd]indolium tetramethine dyes with the same acceptors (Scheme 4.2). We
were especially delighted to see that IndaFlav4 andBarbiFlav4 absorb well above 650 nm, with

IndaFlav4 reaching the NIR region in DMSO. Overall, these results substantiate our hypothesis
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that the flavylium heterocycle is a weak electron donor capable of generating red-shifted

merocyanine dyes that appear to favor the cyanine state with increasing solvent polarity.

I;l S SN
“ [ T’L*o
4.9 Indalndol4 Barbilndol4
Amax, abs = 530 nm B2 Amax abs = 588 nm Amax, abs = 563 nm

[ it N
I Ph 0% N’Lﬁg
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NS R e N
N | o N 0% NS0
I MalonoFlav4 | IndaFlav4 | BarbiFlav4 |
Ama, abs = 600 nm, 645 nm Amax abs = BI7 nm Amax, abs = B74 nm

Scheme 4.2. Chemical structures and Amax, abs Of previously synthesized indolenium and
benzo[cd]indolium merocyanine dyes with chain lengths and acceptors reported in this work.
Absorption wavelengths are reported in DMF to allow for consistency between scaffolds.
4.3.2 Ground State Properties

Having performed a cursory assessment in DCM and DMSO, we proceeded to evaluate
the ground states of these flavylium merocyanine dyes in methanol (MeOH) to gage how they
perform in polar protic conditions (Figure 4.2B). We were unable to fully solubilize MalonoFlav4
in MeOH, resulting in strong H-aggregation. Although the solubility improved in ethanol, we

ultimately decided not to proceed with MalonoFlav4 due to its limited solubility and weak emission

across various solvents (Figure 4.4).
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Figure 4.4. Un-normalized absorption and emission spectra (ex. 590 nm, collect 620-900 nm) of
MalonoFlav4 (5.0 uM) in various solvents.
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In the case of IndaFlav4 and BarbiFlav4, we were surprised to see that both dyes exhibit
smaller FWHM in MeOH than DMSO, despite MeOH being a less polar solvent (er = 32.63 vs
46.02) (Table 4.1). This prompted us to explore if other parameters (e.g., hydrogen bond donation
and viscosity) also play a role. These parameters are known to affect the ¢r of merocyanine dyes,
but not necessarily by modulating their electronic ground states.*? 44" Therefore, we conducted
a systematic investigation of the photophysical (Figure 4.5 and 4.6) and spectral properties
(Figure 4.7) of IndaFlav4 and BarbiFlav4 in protic and aprotic solvents across a range of

polarities (er = 9.08-64.67) and viscosities (n = 0.43—7.36 cP) (Table 4.1).

A. Solvent A, avs (NM) FWHM (nm) € (M cm) A, em (M) oF (%) € X g (M cmr)
DCM (a) 636, 689 145 31300 + 200 737 1.8+0.1 560 + 30
1-Octanol (b) 701 105 44500 + 400 723 10+0.5 4500 + 300
MeOH (c) 696 84 63000 + 2000 732 49+0.2 3100 + 200
MeCN (d) 687 141 49000 + 1000 720 33+03 1600 + 200
DMF (e) 697 122 37000 + 500 738 57+03 2100 + 100
DMSO (f) 704 107 43000 + 1000 731 16 +1 6900 + 600
25% Water/MeCN (g) 697 89 37000 + 1000 723 6.2+0.4 2300 + 200
25% Water/DMSO (h) 707 51 82000 + 4000 731 15+0.6 12000 + 1000
B. The role of polarity The role of viscosity The role of hydrogen bonding D.
3 1pbom \ AFWHM= T ~MeCN AFWHM = T ~MeOH AFWHM = ]
s —MeCN \ 4nm —DMF 19 nm —MeCN 57 nm
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g \
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Figure 4.5. A) Photophysical properties of IndaFlav4 in various solvents. Normalized absorption
spectra showing the change in full-width half-maximum (AFWHM) of IndaFlav4 (12 uM) with B)
polarity (DCM vs. MeCN), viscosity (MeCN vs. DMF) and hydrogen bond donation (MeOH vs.
MeCN) and C) solvent conditions with contributions from viscosity and hydrogen bond donation
(MeCN vs. 25% water/MeCN, DMSO vs. 25% water/DMSO and DCM vs. 1-octanol). D) Structure
and normalized absorption spectra of Indalndol4 (3.0 uM) in various solvents.

235



A. Solvent Amax, abs (NM) FWHM (nm) e (M'cm™) Amax, em (NM) bF (%) € X ¢ (M'cm™)
DCM (a) 672 105 47900 + 200 715 21£02 1000 + 100
1-Octanol (b) 676 81 41000 + 2000 695 17+0.7 7000 + 600
MeOH (c) 668 49 29000 + 1000 690 3.1+0.3 900 + 100
MeCN (d) 665 112 66000 + 1000 700 4+0.6 2600 + 400
DMF (e) 674 102 77800 + 300 699 2601 2020 + 90
DMSO (f) 677 94 77500 + 600 706 506 3900 + 500
25% Water/MeCN (g) 669 69 67000 + 1000 696 12£2 8000 + 1000
25% Water/DMSO (h) 679 50 65000 + 1000 704 18.8+0.8 12000 + 1000
B. The role of polarity The role of viscosity The role of hydrogen bonding D.
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Figure 4.6. A) Photophysical properties of BarbiFlav4 in various solvents. B, C) Normalized
absorption spectra showing the changes in full-width half-maximum (AFWHM) of BarbiFlav4 (12
uM) with polarity (DCM vs. MeCN), viscosity (MeCN vs. DMF) and hydrogen bond donation
(MeOH vs. MeCN), and solvent contributions from viscosity and hydrogen bond donation (MeCN
vs. 25% water/MeCN, DMSO vs. 25% water/DMSO and DCM vs. 1-octanol). D) Structure and
normalized absorption spectra of Barbilndol4 (4.0 uM) in various solvents.
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Figure 4.7. A, B) Un-normalized absorption spectra of flavylium merocyanine dyes, IndaFlav4
(12 uM) and BarbiFlav4 (12 uM), and indolenium merocyanine dyes, Indalndol4 (3.0 uM) and
Barbilndol4 (4.0 uM), in various solvents.
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We began our investigation into the ground state sensitivity of IndaFlav4 (Figure 4.5B)
and BarbiFlav4 (Figure 4.6B) with solvent polarity. To minimize the influence of hydrogen bond
donation and viscosity, we selected DCM and acetonitrile (MeCN) as aprotic solvents with similar
viscosities (n = 0.43 cP vs 0.34 cP), but different dielectric constants (er = 9.08 vs 37.50). In the
case of both IndaFlav4 and BarbiFlav4, we observed minimal changes in their absorption
spectra (AFWHMindariava = 4 nm), suggesting that solvent polarity has a small impact on their
ground states. Next, we determined the effects of viscosity using MeCN and N,N-
dimethylformamide (DMF) as aprotic solvents with the same dielectric constant (er = 37.50), but
different viscosity values (n = 0.34 cP vs 0.92 cP). Both IndaFlav4 and BarbiFlav4 exhibit
increasing cyanine character with increasing solvent viscosity (AFWHMindariava = 19 nm). We
observed a similar trend using the traditional glycerol titrations in MeOH#*?4446 (AFWHM ndaFiava =
38 nm from 0 to 75% glycerol) (Figure 4.8), further supporting our hypothesis that viscosity is an
influential parameter on the ground states of flavylium merocyanine dyes. Finally, to elucidate the
role of hydrogen bonding, we selected MeOH and MeCN because they have similar dielectric
constants (er = 32.63 vs 37.50) and viscosity values (n = 0.55 cP vs 0.34 cP), but different
hydrogen bonding abilities. In the case of both IndaFlav4 and BarbiFlav4, we observed
substantial increases in cyanine character (AFWHMingariava = 57 nm), suggesting that hydrogen

bond donation plays a very important role in stabilizing the cyanine ground state.
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Figure 4.8. A, B) Normalized absorption spectra, emission (ex. 620 nm; collect 650-900 nm)
spectra and photophysical properties of IndaFlav4 (6.1 uM) and BarbiFlav4 (6.1 uM) in varying
percentages (0-75%) of glycerol/MeOH solutions.

Since IndaFlav4 and BarbiFlav4 are sensitive to both viscosity and hydrogen bonding,
we hypothesized that they would exhibit even stronger cyanine character in solvents with high
degrees of both properties (Figure 4.5C and 4.6C). To test this hypothesis, we prepared aqueous
mixtures of 25% water/MeCN and 25% water/DMSO, which have higher viscosities (n = 0.92 cP
and 3.68 cP) than MeCN and DMSO alone, and are able to act as hydrogen bond donors. Going
from pure MeCN to a 25% water/MeCN, we observed a remarkable increase in cyanine character
for both IndaFlav4 (AFWHMingariav4 = 52 nm) and BarbiFlav4, with FWHM values on par to those
in MeOH. This increase is even stronger going from pure DMSO to 25% water/DMSO
(AFWHMingariava = 56 nm), with each dye exhibiting the smallest FWHM of all eight solvents in
these conditions. These results are especially gratifying in the context of biological investigations,

as the presence of water is capable of inducing dramatic shifts toward the cyanine state. However,
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there are also many hydrophobic compartments within a biological setting (e.g., organelle
membranes, lipid droplets and protein cavities) where interactions with water are minimal. With
this in mind, we examined the ground state properties of each dye in 1-octanol, a cell membrane
mimic with low polarity (er = 10.34), high viscosity (n = 7.36 cP), and the ability to hydrogen bond
donate. On the basis of polarity, we would expect each dye to favor the polyene state, with
absorption profiles similar to DCM. Instead, IndaFlav4 and BarbiFlav4 exhibit more cyanine
character (AFWHMindgariava = 40 nm) which we attribute to contributions from viscosity and
hydrogen bond donation. Although aqueous environments aid in favoring the cyanine state, these
results demonstrate that hydrophobic environments with high viscosity and hydrogen bond
donation can also favor the cyanine state of flavylium merocyanine dyes, increasing their utility
across a range of biological settings.

Because we observed similar ground state properties for IndaFlav4 and BarbiFlav4, we
reasoned that the architecture of the flavylium donor (as opposed to the acceptor groups) is
responsible for the pronounced solvent sensitivity. Based on previous work with cationic flavylium
polymethine dyes,*® we expect the decreased rotation of the phenyl substituent to increase the
planarity of the fluorophore, leading to more efficient charge transfer and increased electron
delocalization in viscous solvents. It remains unclear why there is increased cyanine character in
protic solvents, but hydrogen bond donation presumably occurs with the acceptor end of the
fluorophore, making this interaction applicable to other merocyanine dyes. To probe the
contributions from the flavylium heterocycle, we prepared the previously reported indolenium
analogs of each dye, which we named Indalndol4 (Figure 4.5D) and Barbilndol4 (Figure 4.6D).
We expected the indolenium analogs to show less sensitivity to changes in viscosity because they
do not contain the pendant aryl ring, but similar changes to hydrogen bonding, as that interaction
is dependent on the acceptor. Surprisingly, both analogs exhibit minimal ground state changes

across all eight solvents (Table 4.2 and 4.3), with the largest AFWHM totaling only 10 nm for
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Indalndol4. We attribute this to the fact that both dyes are very close to the cyanine state
(indicated by their exceptionally narrow absorption spectra), making them less sensitive to solvent
changes in general.*® That being said, Indalndol4 exhibits slightly broader absorption in 1-octanol
compared to other solvents, which is consistent with our hypothesis that contributions from solvent
viscosity are less important for the indolenium scaffold. Additionally, the FWHM is smaller in
solvents where strong hydrogen bond donation is possible, suggesting that this interaction is
applicable to other merocyanine scaffolds. Overall, these data indicate that ground state
sensitivity toward solvent viscosity is imparted by the structural makeup of the flavylium
heterocycle.

Table 4.2. Photophysical properties of Indalndol4 in various solvents. Error represents the
standard deviation.

Amax, abs FWHM € Amax, em dF € X OF
Solvent (nm) (nm) (M cm™) (nm) (%) (M- cm™)
DCM 580 49 123000 * 5000 617 64+05 8000 + 1000
1-Octanol 589 50 92000 + 5000 613 9.9+0.9 9000 + 1000
MeOH 589 51 133100 + 500 613 0.54 +0.05 720 £ 70
MeCN 581 45 125000 + 3000 612 7.1£0.8 9000 + 1000
DMF 588 48 129000 + 3000 618 13+ 1 17000 + 2000
DMSO 594 43 152000 + 5000 621 1812 27000 + 4000
25% Waterin MeCN 590 43 134000 + 2000 613 0.9 +0.09 1200 + 200
25% Water in DMSO 598 41 63000 + 2000 621 7.7£06 4900 + 500

Table 4.3. Photophysical properties of Barbilndol4 in various solvents. Error represents the
standard deviation.

Amax, abs FWHM € Amax, em dF € X OF
Solvent (nm) (nm) (M cm™) (nm) (%) (M- cm™)

DCM 560 42 79200 + 800 589 33£05 2600 + 400
1-Octanol 565 42 59000 + 2000 591 50 +5 30000 + 3000

MeOH 561 39 74500 + 400 587 5.1+0.7 3800 + 500

MeCN 557 42 72800 + 500 585 53+0.5 3900 + 400

DMF 563 42 78000 + 1000 592 6.8+0.6 5300 + 500
DMSO 567 39 77000 + 4000 593 22+3 17000 + 2000

25% Water in MeCN 562 38 90000 + 2000 587 47106 4200 + 600

25% Water in DMSO 569 38 59000 + 1000 593 11 6500 + 700
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4.3.3 Fluorescent Properties

After investigating their ground state properties, we then measured the fluorescence and
¢r of IndaFlav4 (Figure 4.9A) and BarbiFlav4 (Figure 4.10A) across all eight solvents. In the
case of IndaFlav4, we were delighted to see NIR fluorescence spanning 720-738 nm and ¢r up
to 16% depending on the solvent. The emission for BarbiFlav4 is ca. 30 nm blue-shifted (690-
715 nm), but still reaches the NIR region in certain solvents, with ¢r up to 18.8%. Considering the
ground state sensitivity of flavylium merocyanine dyes, we were interested to see if there are any
solvent parameters that affect their ¢r. Scaffolds between the A1—A2 ground states typically
exhibit higher ¢r with increasing solvent polarity because they are approaching the more-emissive
cyanine state. It has also been demonstrated that high solvent polarity minimizes the competing
pathway of photoisomerization, leading to higher ¢r in these conditions.*® In the case of IndaFlav4
and BarbiFlav4, we noticed a general increase in ¢r with increasing solvent polarity, but their
relatively high ¢r in 1-octanol led us to consider viscosity as another important solvent parameter.
Polymethine dyes typically show enhanced ¢r in viscous solvents due to the suppression of
molecular rotation and photoisomerization, potentially explaining why both dyes have high ¢r in
1-octanol, despite its low polarity.5:5' Contributions from both solvent parameters can be analyzed
on a three-dimensional bar graph that shows ¢r with respect to the increasing polarity and
viscosity (Figure 4.9B and 4.10B). For both IndaFlav4 and BarbiFlav4, there is a pronounced ¢r
enhancement with increasing polarity and viscosity, suggesting that the additive effect of each

parameter is important for suppressing alternative pathways of nonradiative decay.
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Figure 4.9. A) Normalized fluorescence spectra of IndaFlav4 (12 uM, ex. 620 nm; collect 650-
900 nm) and Indalndol4 (3.0 uM, ex. 510 nm; collect 550-900 nm) in various solvents. B) Three-
dimensional bar graphs of the ¢r for IndaFlav4 and Indalndol4 with increasing solvent viscosity
and polarity. C) Bar graph of the calculated rates of nonradiative decay (kn.) for IndaFlav4 and
Indalndol4 in MeCN and MeOH. Error bars represent the standard deviation of three replicates.
D) Bar graphs of the calculated brightness (e x ¢r) for IndaFlav4 and Indalndol4 in various
solvents. Error bars represent the propagated error of € and ¢r.
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Figure 4.10. A) Normalized emission spectra of BarbiFlav4 (12 uM, ex. 620 nm; collect 650-900
nm) and Barbilndol4 (4.0 uM, ex. 510 nm; collect 550-900 nm) in various solvents. B) Three-
dimensional bar graphs of the ¢r for BarbiFlav4d and Barbilndol4 with increasing solvent
viscosity and polarity. C) Bar graphs of the calculated brightness (e x ¢f) for BarbiFlav4 and
Barbilndol4 in various solvents. Error bars represent the propagated error of € and ¢r.

To determine if this behavior is unique to the flavylium scaffold, we investigated the
emission and ¢r of the indolenium merocyanine dyes across all eight solvents. As expected, both
dyes display blue-shifted emission spanning 612-621 nm for Indalndol4 (Figure 4.9A) and 585—
593 nm for Barbilndol4 (Figure 4.10A). Furthermore, their ¢r values are generally higher (¢r <
18% for Indalndol4 and <50% for Barbilndol4) than the flavylium merocyanine dyes, likely due
to the absence of the pendant aryl ring. Interestingly, the indolenium analogs show a stronger
relationship between ¢r and solvent viscosity than polarity (Figure 4.9B and 4.10B). Again, the
indolenium heterocycle does not have the pendant aryl ring, so molecular rotation should be less
of a competing pathway for nonradiative decay. Instead, these results may derive from the
propensity for indolenium polymethine dyes to undergo photoisomerization, which gets

suppressed in viscous solvents like 1-octanol.464°
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Another notable comparison between the flavylium scaffold and the indolenium scaffold is
their sensitivity to protic solvents, particularly in the case of the 1,3-indandione analogs.
Quenched fluorescence in protic solvents has been reported for this class of acceptors, caused
by hydrogen bond-induced stabilization of the charge-transfer excited state, which then rapidly
relaxes via nonradiative decay.’?®* Consequently, Indalndol4 is essentially nonfluorescent in
MeOH (¢r = 0.54%) and 25% water/MeCN (¢r = 0.9%), and only recovers fluorescence in solvents
with higher viscosity like 1-octanol (¢r = 9.9%) and 25% water/DMSO (¢r = 7.7%). We noticed
similar behavior for IndaFlav4, but the ¢r in MeOH (4.9%) and 25% water/MeCN (6.2%) are much
higher relative to the ¢r in 1-octanol (10%) and 25% water/DMSO (16%), suggesting that the
flavylium scaffold is more resistant to hydrogen bond-induced quenching. To evaluate the effect
of hydrogen bond donation on the excited states of IndaFlav4 and Indalndol4, we conducted
time-correlated single photon counting lifetime measurements in MeCN and MeOH to determine
their rates of nonradiative decay (kn:) (Figure 4.9C). Again, we selected these solvents to
normalize for contributions from polarity and viscosity. In the case of IndaFlav4, we observed a
marginal increase in the rate of nonradiative decay going from MeCN (k», = 1.34 ns™") to MeOH
(knr. = 1.44 ns™), suggesting that hydrogen bond donation plays a minor role in excited state
deactivation. In contrast, we observed a 2-fold increase in the rate of nonradiative decay for
Indalndol4 (k.. = 0.91 ns™" in MeCN vs 1.9 ns™" in MeOH), supporting our hypothesis that the
indolenium scaffold is more susceptible to hydrogen bond-induced quenching than the flavylium
scaffold. This could be attributed to the fact that IndaFlav4, as a weaker donor—acceptor pair, has
less charge-transfer character in the excited state and therefore less hydrogen bond-induced
stabilization. Overall, it is gratifying to see that in aqueous mixtures, both IndaFlav4 (Figure 4.9D)
and BarbiFlav4 (Figure 4.10C) actually outperform their indolenium analogs in terms of ¢r and

overall brightness (€ x ¢F).
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4.3.4 Intrinsic Labeling of the Endoplasmic Reticulum

Having achieved far-red flavylium merocyanine dyes that favor the cyanine state in
biologically relevant conditions, we were eager to evaluate the utility of the most red-shifted dye,
IndaFlav4, for live cell labeling. First, we assessed its cytotoxicity in A375 cells using a trypan
blue exclusion assay at concentrations spanning 0—-50 uM. We observed excellent cell viability
(>96%) at concentrations up to 50 uM (Figure 4.11). Next, we tested its stability in 10 uM mixtures
of hydrogen peroxide (H202), peroxynitrite (ONOO~) and hydrogen sulfide (H2S) (Figure 4.12A) to
determine if IndaFlav4 can withstand reactive oxygen (ROS), nitrogen (RNS) and sulfur (RSS)
species in cells. In all three conditions, characteristic absorption and emission of IndaFlav4 is
present after 2 h, suggesting adequate stability for use alongside the nanomolar concentrations
of ROS, RNS, and RSS present in cells. We performed additional stability assessments in
mixtures of citrate phosphate buffer at biologically relevant pHs 5.0, 6.0, and 7.4 (Figure 4.12B).
We were pleased to find that IndaFlav4 retains strong absorption and emission after 12 h,
indicating it is applicable for imaging acidic environments like the endosome and lysosome. After
analyzing the chemical stability of IndaFlav4, we examined its photostability in 1-octanol with
continual LED irradiation at 660 nm for 8 h (Figure 4.13). Remarkably, IndaFlav4 showed only

~15% absorption loss after 8 h, demonstrating its strong resistance toward photodegradation.
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Figure 4.11. A-D) Dose-dependent cell viability using the trypan blue assay of IndaFlav4 (0-50
uM) in A375 cells, IndaFlav4 (0-50 uM) in RAW264.7 cells, BarbiFlav4 (0-50 pM) in A375 cells
and Indalndol4 (0-20 uM) in A375 cells. Error bars represent the standard deviation of three
replicates.
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Figure 4.12. A) Normalized absorption and relative emission (ex. 620 nm; collect 650-900 nm)
spectra of IndaFlav4 (12 uM) in 10 uM mixtures of of H,O2, ONOO" and H.S in 3:1 DMSO:PBS
(pH 7.4). Peroxynitrite was generated in situ by combining equimolar amounts of H.O. and
NaNO.. Hydrogen sulfide was generated in situ using Na>S. B) Relative absorption and emission
(ex. 620 nm; collect 650-900 nm) spectra of IndaFlav4 (12 uM) in 3:1 mixtures of MeOH:citrate
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phosphate buffer at pH 5.0, 6.0 and 7.4.
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IndaFlav4 5.00 +0.08 2.94 +0.04 1.7+0.1 1.00 + 0.04
BarbiFlav4 3.06 +0.09 29+0.2 1.043 +0.002 1.63 +0.06
IR 676 1.23+0.04 86+05 14 £0.1 1.18 £ 0.05

Figure 4.13. A) Photobleaching curves of IndaFlav4, BarbiFlav4 and IR 676 in 1-octanol with
continuous irradiation at 660 nm (36 m\W/cm?) over 8 hours (see photobleaching procedure for
more details). Error bars represent the standard deviation of three replicates. B) Table of the raw
(kraw) and relative (krei) rates of photobleaching for each dye, along with their relative stabilities to
IR 676. Note that IndaFlav4 and BarbiFlav4 have lower photobleaching rates (kww) but
comparable photostabilities (k) to IR 676 due to their lower absorption coefficients at 660 nm.

Upon confirming that IndaFlav4 is biocompatible and stable, we performed confocal
microscopy in living A375 cells (Figure 4.14). Because of its red-shifted absorption, IndaFlav4 is
efficiently excited with far-red laser lines, enhancing its compatibility with blue, green and red
commercial stains and fluorescent proteins (Figure 4.14A). Capitalizing on this advantage, we
performed a four-color colocalization experiment with IndaFlav4 (Figure 4.14B, i, false color
magenta) alongside conventional markers for the nucleus (Hoechst 33342, false color blue), cell
membrane (CellBrite Fix 488, false color cyan) and lysosomes (LysoTracker Red-DND-99, false
color green). Gratifyingly, we observed negligible crosstalk between LysoTracker Red and
observed minimal colocalization with each cell marker (supported by cross-section analyses and
Pearson coefficients less than 0.5), suggesting that IndaFlav4 does not target the nucleus, cell

membrane or lysosomes (Figure 4.14B,iv and 4.15). Based on its small size and moderate
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lipophilicity, we believe that IndaFlav4 passively diffuses through the cell membrane, but is not
lipophilic enough to be retained there.®® Furthermore, its neutral charge is not ideal for DNA
interactions in the nucleus or pH sensitivity in the lysosomes, resulting in poor localization to these
organelles.® Lack of lysosomal staining also suggests that IndaFlav4 is not internalized through
the endosome, further supporting the notion that it is passively uptaken.%®
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Figure 4.14. A) Absorption and fluorescence profile of IndaFlav4 plotted against common
microscopy laser lines (i). Live cell confocal microscopy of A375 cells labelled with IndaFlav4 (25
MM) and excited by a red laser line (ii, ex. 561 nm; collect 680-850 nm) and a far-red laser line (ii,
ex. 638 nm; collect 680-850 nm). B) Four-color confocal microscopy of live A375 cells labelled
with Hoechst 33342 (i, blue, nucleus, ex. 405 nm; collect 420-470 nm), CellBrite Fix 488 (i, cyan,
cell membrane, ex. 488 nm, 500-600 nm), LysoTracker Red DND-99 (i, green, lysosomes, ex.
561 nm; collect 575-651 nm) and IndaFlav4 (i, magenta, 5 uM endoplasmic reticulum, ex. 638
nm; collect 680-800 nm). Zoomed inset (white box) of LysoTracker Red DND-99 (ii) and
IndaFlav4 (iii). Normalized cross-section analysis (yellow line) of LysoTracker Red DND-99 (iii,
green) and IndaFlav4 (iii, magenta). C, D) Two-color confocal microscopy of live A375 cells
labelled with ER-Tracker Green (C, i, cyan, endoplasmic reticulum, ex. 488 nm; collect 500-600
nm) or LipidSpot 488 (D, i, cyan, lipid droplets, ex. 488 nm; 500-600 nm) and IndaFlav4 (C, D, i,
magenta, 25 pM, ex. 638 nm; collect 680-850 nm). Zoomed inset (white box) of ER-Tracker Green
(C, ii) or LipidSpot 488 (D, ii) and IndaFlav4 (C, D, iii). Normalized cross-section analysis (yellow
line) of ER-Tracker Green (C, iv, cyan) or LipidSpot 488 (D, iv, cyan) and IndaFlav4 (C, D, iv,
magenta). Scale bars represent 20 um. The Pearson coefficient is 0.83 for the endoplasmic
reticulum and 0.66 for lipid droplets.
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Noticing the strong fluorescence surrounding the nucleus, we performed additional
colocalization experiments for the mitochondria and endoplasmic reticulum (ER). Furthermore,
the presence of bright puncta scattered throughout the cell prompted us to investigate if
IndaFlav4 labels lipid droplets, a known feature of some merocyanine scaffolds.%¢-%° We observed
minimal colocalization and dissimilar staining patterns to MitoTracker Green, suggesting that
IndaFlav4 does not target the mitochondria (Figure 4.15). This is not surprising considering
cationic fluorophores are best suited for mitochondrial labeling.®® In contrast, we observed
excellent colocalization and similar staining patterns for ER-Tracker Green (Figure 4.14C) and
LipidSpot 488 (Figure 4.14D), with respective Pearson coefficients of 0.83 and 0.66, confirming
that IndaFlav4 has intrinsic targeting ability to the ER and lipid droplets. This colocalization was
maintained at a higher confocal resolution and magnification (Figure 4.16). To determine if this
selectivity is present in other cell types, we labeled RAW264.7 macrophages with IndaFlav4, and

observed excellent localization to both organelles (Figure 4.17).
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Figure 4.15. A) Direct interference contrast (DIC, i) and four-color confocal microscopy (ii-vi) of
live A375 cells labelled with Hoechst 33342 (ii, vi, blue, nucleus ex. 405 nm; collect 420-500 nm),
CellBrite Fix 488 (iii, vi, cyan, cell membrane, ex. 488 nm; 500-600 nm), LysoTracker Red DND-
99 (iv, vi, green, lysosomes, ex. 561 nm; 575-651 nm) and IndaFlav4 (v, vi, magenta, 5 uM, ex.
638 nm; collect 680-850 nm). B) DIC (i) and confocal microscopy (ii) of live A375 cells labelled
with IndaFlav4 (25 uM, ex. 638 nm; collect 680-850 nm). C, D) DIC (i) and confocal microscopy
(i) of live A375 cells labelled with ER-Tracker Green (C, i, cyan, endoplasmic reticulum, ex. 488
nm; collect 500-600 nm) or LipidSpot 488 (D, i, cyan, lipid droplets, ex. 488 nm; 500-600 nm) and
IndaFlav4 (C, D, i, magenta, 25 uM, ex. 638 nm; collect 680-850 nm). E-H) Two-color confocal
microscopy of live A375 cells labelled with Hoechst 33342 (E, i, cyan, ex. 405 nm; collect 420-
470 nm), CellBrite Fix 488 (F, i, cyan, ex. 488 nm, 500-600 nm), LysoTracker Red DND-99 (G, i,
cyan, ex. 561 nm; collect 575-651 nm) or MitoTracker Green (H, i, cyan, mitochondria, ex. 488
nm; collect 500-600 nm) and IndaFlav4 (E-H, i, magenta, 25 uM, ex. 638 nm; collect 680-850
nm). Zoomed inset (white box) of Hoechst 33342 (E, ii), CellBrite Fix 488 (F, ii), LysoTracker Red
DND-99 (G, ii) or MitoTracker Green (H, ii) and IndaFlav4 (E-H, iii). Normalized cross-section
analysis (yellow line) of Hoechst 33342 (E, iv, cyan), CellBrite Fix 488 (F, iv, cyan), LysoTracker
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Red DND-99 (G, iv, cyan) or MitoTracker Green (H, iv, cyan) and IndaFlav4 (E-H, iv, magenta).
Scale bars represent 20 um. The Pearson coefficient is -0.22 for the nucleus, 0.21 for the cell
membrane, 0.29 for the lysosomes and 0.43 for the mitochondria.
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Figure 4.16. A) Direct interference contrast (DIC, i) and four-color confocal microscopy (ii-vi) of
live A375 cells labelled with Hoechst 33342 (ii, vi, blue, nucleus ex. 405 nm; collect 410-480 nm),
CellBrite Fix 488 (iii, vi, cyan, cell membrane, ex. 488 nm; collect 504-582 nm), LysoTracker Red
DND-99 (iv, vi, green, lysosomes, ex. 577 nm; collect 582-658 nm) and IndaFlav4 (v, vi, magenta,
5 uM, ex. 660 nm; collect 668-799 nm). B-G) Two-color confocal microscopy of live A375 cells
labelled with Hoechst 33342 (B, i, cyan, ex. 405 nm; collect 410-480 nm), CellBrite Fix 488 (C, i,
cyan, ex. 488 nm, collect 504-582 nm), LysoTracker Red DND-99 (D, i, cyan, ex. 577 nm; collect
582-658 nm), MitoTracker Green (E, i, cyan, mitochondria, ex. 488 nm; collect 504-582 nm), ER-
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Tracker Green (F, i, cyan, endoplasmic reticulum, ex. 488 nm; collect 504-582 nm) or LipidSpot
488 (G, i, cyan, lipid droplets, ex. 488 nm; collect 504-582 nm) and IndaFlav4 (B-G, i, magenta,
25 uM, ex. 660 nm; collect 668-799 nm). Zoomed inset (white box) of Hoechst 33342 (B, ii),
CellBrite Fix 488 (C, ii), LysoTracker Red DND-99 (D, ii), MitoTracker Green (E, ii), ER-Tracker
Green (F, ii) or LipidSpot 488 (G, ii) and IndaFlav4 (B-G, iii). Normalized cross-section analysis
(yellow line) of Hoechst 33342 (B, iv, cyan), CellBrite Fix 488 (C, iv, cyan), LysoTracker Red DND-
99 (D, iv, cyan), MitoTracker Green (E, iv, cyan), ER-Tracker Green (F, iv, cyan) or LipidSpot 488
(G, iv, cyan) and IndaFlav4 (B-G, iv, magenta). Scale bars represent 20 pym.
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Figure 4.17. A-F) Two-color confocal microscopy of live RAW264.7 cells labelled with Hoechst
33342 (A, i, cyan, nucleus, ex. 405 nm; collect 420-500 nm), CellBrite Fix 488 (B, i, cyan, cell
membrane, ex. 488 nm; collect 500-600 nm), LysoTracker Green (C, i, cyan, lysosomes, ex. 488
nm; collect 510-650 nm), MitoTracker Green (D, i, cyan, mitochondria, ex. 488 nm; collect 510-
650 nm), ER-Tracker Green (E, i, cyan, endoplasmic reticulum, ex. 488 nm; collect 500-600),
LipidSpot 488 (F, i, cyan, lipid droplets, ex. 488 nm; collect 500-600) and IndaFlav4 (A-F, i,
magenta, 10 uM, ex. 638 nm; collect 675-850 nm). Zoomed inset (white box) of Hoechst 33342
(A, ii), CellBrite Fix 488 (B, ii), LysoTracker Green (C, ii), MitoTracker Green (D, ii), ER-Tracker
Green (E, ii) or LipidSpot 488 (F, ii) and IndaFlav4 (A-D, iii). Normalized cross-section analysis
(yellow line) of Hoechst 33342 (A, iv, cyan), CellBrite Fix 488 (B, iv, cyan), LysoTracker Green (C,
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iv, cyan), MitoTracker Green (D, iv, cyan), ER-Tracker Green (E, iv, cyan) or LipidSpot 488 (F, iv,
cyan) and IndaFlav4 (A-D, iv, magenta). Scale bars represent 20 um.

The ER labeling achieved with IndaFlav4 is a fortuitous discovery considering there are
currently no commercial ER stains for excitation above 600 nm. We believe the intrinsic ER
selectivity derives from the dipolarity achieved in the cyanine state and lipophilicity of the
merocyanine architecture. It is well-established that ER-targeting fluorophores should possess
some amphiphilic character and sufficient lipophilicity, with calculated partition coefficients
(ClogP) between 3.4 and 8.0.6%54 The ClogP of IndaFlav4 is 6.3, which is comfortably within this
range (Table 4.4). We found that BarbiFlav4 (ClogP = 5.6) and Indalndol4 (ClogP = 6.2) also
localize to the ER (Pearson coefficients with ER Tracker Green = 0.82 and 0.86, respectively),
supporting that this selectivity is related to the overall lipophilicity, rather than a particular structural
motif (Figure 4.18). Most ER stains feature targeting groups (e.g., bulky sulfonylurea ligands or
ER-targeting peptides) that require additional synthetic steps and are known to disrupt cellular
homeostasis.®®% In contrast, these merocyanine dyes are prepared in two high-yielding steps,
and their simple design and low molecular weight impart excellent biocompatibility. We envision
that, with careful tuning of their ground states and lipophilicity, merocyanine dyes possess

unparalleled potential for future investigations of the endoplasmic reticulum.

254



A. BarbiFlav4 ER-Tracker BarbiFlav4 B. BarbiFlav4 LipidSpot BarbiFlav4

1

M

10 20 30
Distance (um)

o

o

Normalized
Intensity (a.u.)
Normalized
Intensity (a.u.)

10 20 30
Distance (um)

o
o

C. Indalndol4 ER-Tracker Indalndol4 D. Indaindol4

LipidSpot Indalndol4

iv)

'"’ . Y
g s
Ja B
4 o e
¢
s
v 3
se
gz L
g
*520 + |
Q
<E

=

Normalized
Intensity (a.u.)™~

0 10 20 30
Distance (um)

Distance (um)

Figure 4.18. A-D) Two-color confocal microscopy of live A375 cells labelled with ER-Tracker
Green (A, C, i, cyan, endoplasmic reticulum, ex. 488 nm; collect 500-600) or LipidSpot 488 (B, D,
i, cyan, lipid droplets, ex. 488 nm; collect 500-600) and BarbiFlav4 (A, B, i, magenta, 5 uM, ex.
638 nm; collect 660-850 nm) or Indalndol4 (C, D, i, magenta, 5 uM, ex. 561 nm; collect 566-750
nm). Zoomed inset (white box) of ER-Tracker Green (A, C, ii) or LipidSpot 488 (B, D, ii) and
IndaFlav4 (A, B, iii) or Indalndol4 (C, D, iii). Normalized cross-section analysis (yellow line) of
ER-Tracker Green (A, C, iv, cyan) or LipidSpot 488 (B, D, iv, cyan) and IndaFlav4 (A, B, iv,
magenta) or Indalndol4 (C, D, iv, magenta). Scale bars represent 20 um. The Pearson coefficient
for the ER is 0.83 for BarbiFlav4 and 0.86 for Indalndol4 and for lipid droplets, 0.57 for
BarbiFlav4 and 0.60 for Indalndol4.

Table 4.4. Calculated partition coefficients (ClogP) determined by ChemDraw Professional 21.0
(PerkinElmer).

Fluorophore ClogP
IndaFlav4 6.3301
BarbiFlav4 5.6247
Indalndol4 6.1624
Barbilndol4 4.557
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4.4 Conclusion

In summary, we designed a new class of merocyanine dyes featuring a flavylium donor
and a malononitrile (MalonoFlav4), 1,3-indandione (IndaFlav4) and N,N-dimethyl barbituric acid
(BarbiFlav4) acceptor group. Capitalizing on the weak electron-donating properties of the
flavylium heterocycle, all three dyes display red-shifted absorption spanning the far-red and NIR
regions. Importantly, these dyes all lie between the A1—A2 ground states, depending on the
acceptor strength and solvent properties.

We originally posited that these dyes favor the cyanine state with increasing polarity, as is
typical with merocyanine dyes between the A1—A2 states, but ultimately discovered that the
flavylium architecture imparts prominent sensitivity toward solvent viscosity. Therefore, these
dyes exhibit pronounced cyanine character in high viscosity environments (e.g., 1-octanol),
regardless of polarity. We also found that merocyanine dyes featuring the 1,3-indandione and
N,N-dimethyl barbituric acid acceptors favor the cyanine state in solvents with hydrogen bond
donation, a phenomenon that has received no attention to date. This dual sensitivity toward
viscosity and hydrogen bond donation allows flavylium merocyanine dyes to exhibit narrow, red-
shifted absorption across a range of biologically relevant conditions, regardless of their polarity.

In addition to their unique ground state properties, we also discovered that IndaFlav4 and
BarbiFlav4 exhibit higher ¢r with increasing solvent polarity and viscosity, a feature that is rarely
seen in polymethine dyes. Furthermore, we demonstrate that IndaFlav4 is more resistant to
hydrogen bond-induced quenching compared to its indolenium analogue, improving the
brightness of this scaffold in aqueous environments.

We exploit these properties for live cell microscopy, where we observed intrinsic targeting
of both IndaFlav4 and BarbiFlav4 to the endoplasmic reticulum and lipid droplets. We attribute
the intrinsic ER labeling to the dipolarity achieved in the cyanine state (which imbues subtle

amphiphilic character) and lipophilicity (Clog P) of the merocyanine architecture. With access to
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a far-red scaffold between the A1—A2 ground states, we readily achieved four-color labeling with
IndaFlav4 alongside commercial stains, observing minimal crosstalk between detection windows.
Having realized the potential of these flavylium merocyanine dyes for labeling experiments in cell
culture, future work will involve extending their beneficial properties further into the NIR and
shortwave infrared (SWIR, 1000-2000 nm) regions so we can further examine their utility in more
complex biological settings.
4.5 Experimental Procedures
4.5.1 General Procedures
Materials and Instrumentation

Chemical reagents were purchased from Acros Oranics, Alfa Aesar, Fisher Scientific,
Sigma-Aldrich or TCI and used without purification. Anhydrous and deoxygenated THF was
dispensed from a Grubb’s-type Phoenix Solvent Drying System. Flash chromatography was
performed with technical grade silica gel containing 60 A pores and 40-63 um mesh particle sizes
(Sorbtech Technologies). Solvent was removed under reduced pressure using a Blichi Rotovapor
with a Welch self-cleaning dry vacuum pump, and a Welch DuoSeal pump for additional
evaporation. Nuclear magnetic resonance ("H NMR, *C NMR and "°F NMR) spectra were taken
on a Bruker AV500 or AV600 spectrometer and processed with MestReNova software. All 'H NMR
and 3C NMR peaks are referenced to their respective solvent peaks (DMSO-ds dH = 2.50 ppm,
0C = 39.52 ppm; CD.Cl, dH = 5.32 ppm, 8C = 53.84 ppm; CDCl; 6H = 7.26 ppm, d8C = 77.16
ppm). '°F NMR peaks are referenced to trifluorotoluene (8F = -63.72 ppm). High resolution mass
spectrometry data were obtained on an Agilent 6545 Q-TOF mass spectrometer. Absorption
spectra were collected on a JASCO V-770 or JASCO V-710 UV-Visible/NIR spectrophotometer.
Excitation and emission spectra were collected on a Horiba Fluorolog-QM series fluorimeter.

Excited state lifetime measurements were performed on a Horiba PTI QuantaMaster400 series
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fluorimeter equipped with a delta diode setup and 529 nm excitation laser. All absorption,
emission, excitation and lifetime measurements were collected using a 1 cm quartz cuvette.
Abbreviations

AcOH, acetic acid, Ac2O, acetic anhydride, DCM, dichloromethane, DMF, dimethylformamide,
DMSO, dimethyl sulfoxide, EtOH, ethanol, HBF, fluoroboric acid, MeCN, acetonitrile, MeOH,
methanol, NaOAc, sodium acetate, Na;SO,, sodium sulfate, n-BuOH, n-butanol, THF,
tetrahydrofuran

4.5.2. Photophysical experimental procedures

General photophysical procedures

Absorption spectra were collected between 350-900 nm, with a 2000 nm/min scan rate after
blanking with the appropriate solvent. Absorption coefficients were measured using serial dilutions
with volumetric glassware, and calculated according to the Beer-Lambert law. Error was

calculated using the standard deviation of measurements performed in triplicate. Emission and

excitation spectra were obtained with the fluorimeter parameters listed below.

Emission spectra Excitation spectra
Dye Slit widths | Integration time | Excitation | Collection | Collection | Excitation
MalonoFlav4 | 5-10 nm 590 nm | 620-900 nm 660 nm | 400-640 nm
IndaFlav4 5-10 nm 620 nm | 650-900 nm | 740 nm | 400-710 nm
BarbiFlav4 5-10 nm 01s 620 nm | 650-900 nm | 720 nm | 400-720 nm
Indalndol4 5nm 510 nm | 550-900 nm
Barbilndol4 5nm 510 nm | 550-900 nm

Relative fluorescence quantum yields
The fluorescence quantum yield (®f) of a dye is defined in equation (1), where Pe is the number

of photons emitted and Pa is the number of photons absorbed.
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The relative quantum yields of IndaFlav4 and BarbiFlav4 were determined using IR 676 (®F =
16.4% in MeOH) as a reference.® To allow IndaFlav4, BarbiFlav4 and IR 676 to be excited
under identical parameters, the emission spectra for IR 676 were collected with a neutral density
filter (NE20B-B) with 10 nm slit widths and corrected to account for photons removed by the filter.
The relative quantum yields of Indalndol4 and Barbilndol4 were determined using HICI (®F =
2.16% in EtOH) as a reference.®"]

Excited state lifetimes

Time-correlated single photon (TCSP) counting lifetime (1) measurements of IndaFlav4 and
Indalndol4 were conducted in MeOH and MeCN at room temperature using a 529 nm excitation
pulse laser. The decay curve was fitted using ExTime. Equations (2) and (3) were used to

determine the rates of radiative (k;) and nonradiative (kn.) decay.

k=2 (2)

The errors for krand k.- were determined by propagating the error of T and O .

Photobleaching

Samples of IndaFlav4, BarbiFlav4 or IR 676 were dissolved in 1-octanol and diluted to an
absorption intensity less than 1 a.u. The solution was added to a screw-top cuvette and placed in
a covered cardboard box 1.5 cm away from a 660 nm LED (Thorlabs M660L4), fitted with
collimation adapter (Thorlabs SM2F32-B). Power was supplied using a Korad KD3005D, and the
power density at this distance was measured to be 36 m\W/cm? using a luxometer (Thorlabs
PM100D). The absorption spectra for each sample were recorded every 60 min for eight hours.

The absorption intensity of each timepoint was taken as a percentage of the intensity at t = 0 min.
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The photobleaching data was fitted to the first-order rate decay equation (4), where A and Ag

represent the percentage of absorption intensity at time t and ¢t = 0 min, respectively.

In[A] = -kt +In[A],  (4)

All R? values are >0.95. Each sample was photobleached in triplicate, and the error represents
the standard deviation of three replicates. The rate constant (k.aw) was divided by the absorption

coefficient of each fluorophore at 660 nm to determine their relative rates (k) of photobleaching.

4.5.3. Cell experimental procedures
General cell culture procedures

A375 cells were purchased from ATCC (Catalog number: CRL-1619). RAW264.7 cells
were purchased from ATCC (Catalog number: TIB-71). They were cultured in Dulbecco’s Modified
Eagle Media (DMEM, Life Technologies, Catalog number: 11995073) supplemented with 10%
fetal bovine serum (FBS, Corning), sodium pyruvate (Thermo Fisher, Catalog number: 11360070)
and 1% penicillin-streptomycin (Life Technologies, Catalog number: 15070063) at 37 °C and 5%
CO2in Heracell 150i CO. incubators. Cells were pelleted using a Sorvall ST 40R series centrifuge.
All cell work was executed in a 1300 Series A2 biosafety cabinet. Microscopy was performed with
a Leica STELLARIS 5 confocal microscope using the 405 nm, 488 nm, 561 nm and 638 nm lasers
and 63x oil objective lens or a Lecia SP8 LIGHTNING confocal microscope using the 405 nm,
488 nm, 577 nm and 660 nm lasers and 100x oil objective lens.
Trypan blue cytotoxicity assay

A375 cells or RAW264.7 cells were seeded onto 12-well plates with average density 2 x
106 cells per well. Cells were cultured for 4 h with either DMEM, DMEM containing 2.5% 1x PBS,

or DMEM containing a solution of IndaFlav4 (12.5 uM, 25 uM or 50 uM in 1% DMSO), BarbiFlav4
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(12.5 uM, 25 uM or 50 uM in 1% DMSO) or Indaindol4 (5 uM, 10 uM or 20 uM in 1% DMSO),
after which the media was removed and the wells were washed with 3x DMEM. Cells were
suspended via trypsinization and gentle scraping, followed by mixing with trypan blue at 1:1 ratio
for automated cell viability counting using the Countess 3 Automated Cell Counter (Thermo
Fisher).

Live cell staining

A375 cells were plated 60,000 cells per well on an Ibidi 8-well microslide (IbiTreat, Catalog
number: 80826) and allowed to adhere for 36 h. Once adherent, cells were washed with 1x Hank
Balanced Salt Solution (HBSS, VWR, Catalog number: VWRL0121-0500). The cells were then
incubated with IndaFlav4, BarbiFlav4 or Indalndol4 (5-25 uM, 20 min, 37 °C). After incubation
cells were washed with 1x HBSS. The cell membrane was stained with CellBrite Fix 488 (1:1000,
15 min, 37 °C, Biotium, Catalog number: 30090). The endoplasmic reticulum was stained with
ER-Tracker Green BODIPY FL Glibenclamide (1 uM, 20 min, 37 °C, Invitrogen, Catalog number:
E34251). Lysosomes were stained with Lysotracker Red DND-99 (10 nM, 30 min, 37 °C, Thermo
Fisher, Catalog number: L7528). Mitochondria were stained with MitoTracker Green (100 nM, 30
min, 37 °C, Cell Signaling Technology, Catalog number: 9074). Lipid droplets were stained with
LipidSpot 488 (1 uM, 30 min, 37 °C, Biotium, Catalog number: 70065). Nuclei were stained with
Hoechst 33342 (3.24 pM, 5 min, rt, ThermoFisher, Catalog number: P162249). Cells were washed
with 1x HBSS prior to imaging.

RAW264.7 cells were plated 60,000 cells per well on an Ibidi 8-well microslide and allowed
to adhere for 36 h. Once adherent, cells were washed with 1x HBSS. The cells were then
incubated with IndaFlav4 (5-10 uM, 20 min, 37 °C). After incubation cells were washed with 1x
HBSS. The cell membrane was stained with CellBrite Fix 488 (1:1000, 15 min, 37 °C). The
endoplasmic reticulum was stained with ER-Tracker Green BODIPY FL Glibenclamide (1 uM, 20
min, 37 °C). Lysosomes were stained with Lysotracker Green (20 nM, 30 min, 37 °C, Thermo

Fisher, Catalog number: L7526). Mitochondria were stained with MitoTracker Green (100 nM, 30
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min, 37 °C). Lipid droplets were stained with LipidSpot 488 (1 uM, 30 min, 37 °C). Nuclei were

stained with Hoechst 33342 (3.24 yM, 5 min, rt). Cells were washed with 1x HBSS prior to

imaging.

Live cell imaging

Stained cells were placed in 1x HBSS and transferred to the confocal microscope.

Images were acquired within 1 h to prevent cell death. Images were acquired with a 63x

or 100x oil objective at 1024 x 1024 resolution. Confocal settings are listed below.

A375 Cells RAW264.7 Cells
. Power . Collection Power . Collection
Stain Laser ! Gain ! Gain
Intensity (nm) Intensity (nm)
Hoescht 33342 405 nm 5-18% 25-100 420-470 5% 50 420-500
or 410-480
. . 500-600
_ANO, _ 0 "
CellBrite Fix 488 488 nm 2-60% 20-850 or 504-582 3% 8 500-600
ER-Tracker Green 500-600
(BODIPY FL 488 nm 2-8% 5 10% 20 500-600
. . or 504-582
Glibenclamide)
MitroTracker o 500-600 o
Green 488 nm 5% 10 or 504-582 2% 3 510-650
- 500-600
LipidSpot 488 488 nm 5-8% 30 or 504-582 10% 20 500-600
LysoTracker | 448 8% 20 510-650
Green
LysoTracker Red 561 or o 575-651
DND-99 577nm | 990% 15-100 or 582-658
638 or o 680-850 o
IndaFlav4 660 nm 20-80% 50 or 668-799 5-15% 15-50 675-850
BarbiFlav4 638 nm 10-20% 10-50 660-850
Indailndol4 561 nm 2% 5 566-750

262



4.5.4. Synthetic procedures

Synthesis of 7-(dimethylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate (4.1)

BF, Ph
07 ‘
A
N

In a dry two-neck round-bottom flask equipped with a stir bar under N, atmosphere, 7-
(dimethylamino)-2-phenyl-4H-chromen-4-one (652 mg, 2.46 mmol, 1.00 equiv) was dissolved in
anhydrous THF (5.98 mL) and cooled to 0 °C. Methylmagnesium bromide (6.14 mL, 6.14 mmol,
2.50 equiv) was added dropwise, and the mixture was slowly warmed to rt to stir for 24 h. The
mixture was quenched with an aqueous solution of 1 M HBF4 (6.14 mL), extracted into DCM (3 x
50 mL), dried with Na.SO4 and evaporated down to afford 4.1 as a shiny red solid (635 mg, 1.89
mmol, 77%). 'H NMR (500 MHz, DMSO-ds) & 8.36 (d, J = 7.8 Hz, 2H), 8.21 (t, J = 4.8 Hz, 2H),
7.81 —7.65 (m, 3H), 7.53 — 7.47 (m, 1H), 7.40 — 7.25 (m, 1H), 3.35 (s, 6H), 2.88 (s, 3H). '"H NMR

is consistent with the previous report.
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Synthesis of 7-(dimethylamino)-2-phenyl-4-((1E,3E)-4-(N-phenylacetamido)buta-1,3-dien-1-

yl)chromenylium tetrafluoroborate (4.6)

BF, Ph
.
0% |
Ph
NN
A
~N c

7-(dimethylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate (4.1) (200 mg, 0.570 mmol,
1.00 equiv) and N-(3-(phenylamino)allylidene)benzenaminium chloride (4.5) (147 mg, 0.570
mmol, 1.00 equiv) were added to a two-neck round-bottom flask equipped with a stir bar and a
reflux condenser. The solids were dissolved in a 1:1 mixture of AcOH:Ac,;0 (5.70 mL) and the
mixture was heated to 120 °C for 2 h. The mixture was cooled to rt and evaporated onto silica gel.
The crude product was purified via flash chromatography, eluting with a DCM:EtOH gradient of
50:1, 25:1 and 25:2 to afford 4.6 as a dark purple solid (146 mg, 0.334 mmol, 59%). Rr= 0.36 in
10:1 DCM:MeOH. "H NMR (500 MHz, CD2Cl,) & 8.44 (d, J = 13.4 Hz, 1H), 8.15 (d, J = 7.4 Hz,
2H), 8.03 (t, J = 13.3 Hz, 1H), 7.87 (dd, J = 9.8, 4.5 Hz, 1H), 7.77 (s, 1H), 7.66 — 7.57 (m, 6H),
7.28 (d, J = 7.4 Hz, 2H), 7.11 (d, J = 9.4 Hz, 1H), 6.90 — 6.79 (m, 2H), 5.54 (1, J = 12.6 Hz, 1H),
3.29 - 3.22 (m, 6H), 2.09 (s, 3H). *C NMR (126 MHz, CD.Cl,) d 169.66, 162.88, 158.42, 156.81,
154.46, 149.18, 138.03, 133.39, 130.54, 130.05, 129.69, 129.56, 128.35, 127.19, 127.00, 118.32,
116.49, 113.55, 112.97, 102.94, 96.83, 40.68, 23.08. '°F NMR (565 MHz, CD.Cl,) & -152.72.

HRMS (ESI): calculated for C29H27N202" [M]*, 435.2067; found, 435.2096.
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Synthesis of 2-((E)-4-((E)-7-(dimethylamino)-2-phenyl-4 H-chromen-4-ylidene)but-2-en-1-

ylidene)malononitrile (MalonoFlav4)

Ph

[0

7-(dimethylamino)-2-phenyl-4-((1E,3E)-4-(N-phenylacetamido)buta-1,3-dien-1-yl)chromenylium

tetrafluoroborate (4.6) (40 mg, 76 umol, 1.0 equiv), malononitrile (4.2) (20 mg, 0.30 mmol, 4.0
equiv) and NaOAc (39 mg, 0.30 mmol, 4.0 equiv) were added to a dram vial equipped with a stir
bar and fitted with a PTFE-lined cap. The solids were dissolved in Ac;O (1.9 mL) and heated to
120 °C for 30 min. The mixture was cooled to rt and evaporated onto silica gel. The crude product
was purified via flash chromatography, eluting with DCM. The crude product was washed with
MeOH (3 x 5 mL) to afford MalonoFlav4 as a bronze turquoise solid (19 mg, 53 pmol, 70%). Rr
=0.23 in DCM. '"H NMR (500 MHz, CD,Cl,) 8 7.92 (s, 2H), 7.76 — 7.40 (m, 6H), 7.08 (s, 1H), 6.84
— 6.45 (m, 4H), 3.10 (s, 6H). *C NMR (126 MHz, CD,Cl,) & 158.91, 155.04, 154.93, 153.71,
146.75, 141.98, 132.88, 130.98, 129.30, 125.93, 124.90, 120.63, 116.88, 114.79, 111.65, 110.16,
109.62, 100.76, 98.48, 98.42, 70.96, 40.37, 30.09. HRMS (ESI): calculated for C2sH20N30* [M]*,

366.1601; found, 366.1595.
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Synthesis of (E)-N-(3-(1,3-dioxo-1,3-dihydro-2H-inden-2-ylidene)prop-1-en-1-yl)-N-

phenylacetamide (7)

O
/
Ph‘N XX
Ac
74

1H-indene-1,3(2H)-dione (3) (200 mg, 1.37 mmol, 1.00 equiv) and N-(3-
(phenylamino)allylidene)benzenaminium chloride (4.5) (354 mg, 1.37 mmol, 1.00 equiv) were
added to a two-neck round-bottom flask equipped with a stir bar and reflux condenser. The solids
were dissolved in AcO (13.7 mL) and the mixture was heated to 120 °C for 90 min. The mixture
was cooled to rt, transferred to an Erlenmeyer flask and recrystallized at 4 °C for two days. The
recrystallized solid was collected by vacuum filtration and washed with hexanes (3 x 10 mL) to
yield 4.7 as shiny orange crystals (430 mg, 1.36 mmol, 99%). Rr = 0.47 in 10:1 DCM:MeOH. 'H
NMR (500 MHz, CDCls) 6 8.44 (d, J = 13.8 Hz, 1H), 7.91 — 7.87 (m, 1H), 7.79 — 7.75 (m, 1H),
7.69 (ddd, J=6.6, 4.8, 1.5 Hz, 2H), 7.65—-7.55 (m, 4H), 7.27 (d, J= 1.7 Hz, 1H), 7.25(d, J=1.3
Hz, 1H), 6.71 (dd, J = 13.9, 12.2 Hz, 1H), 2.01 (s, 3H). *C NMR (126 MHz, CDCls) & 190.93,
190.09, 169.60, 147.22, 145.25, 141.77, 140.55, 138.04, 134.69, 134.58, 130.73, 130.04, 128.08,
125.32, 122.89, 122.41, 109k.04, 23.45. HRMS (ESI): calculated for C2H1sNO3* [M]*, 318.1125;

found, 318.1145.
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Synthesis of 2-((E)-4-((E)-7-(dimethylamino)-2-phenyl-4 H-chromen-4-ylidene)but-2-en-1-

ylidene)-1H-indene-1,3(2H)-dione (IndaFlav4)

(E)-N-(3-(1,3-dioxo-1,3-dihydro-2H-inden-2-ylidene)prop-1-en-1-yl)-N-phenylacetamide (4.7) (30
mg, 95 pmol, 1.0 equiv), 7-(dimethylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate
(4.1) (50 mg, 0.14 mmol, 1.5 equiv) and NaOAc (23 mg, 0.28 mmol, 3.0 equiv) were added to a
dram vial equipped with a stir bar and fitted with a PTFE-lined cap. The solids were dissolved in
n-BuOH (0.95 mL) and the mixture was heated to 80 °C for 50 min. The mixture was cooled to rt
and evaporated onto silica gel. The crude product was purified via flash chromatography, eluting
with a DCM/EtOH gradient of 0% EtOH, 0.1% EtOH and 0.5% EtOH to afford IndaFlav4 as a
shiny turquoise solid (36 mg, 81 umol, 85%). Re= 0.33 in 40:1 DCM:MeOH. 'H NMR (500 MHz,
CDClz) 8 7.94 (dt, J = 6.0, 1.8 Hz, 2H), 7.86 — 7.75 (m, 5H), 7.71 — 7.66 (m, 2H), 7.61 — 7.56 (m,
1H), 7.56 — 7.47 (m, 3H), 7.18 (s, 1H), 6.81 — 6.72 (m, 2H), 6.57 (d, J = 2.6 Hz, 1H), 3.10 (s, 6H).
3C NMR (126 MHz, CD2Cl,) & 191.03, 154.66, 153.17, 149.67, 145.10, 133.86, 133.66, 132.60,
130.43, 128.88, 125.46, 124.52, 122.86, 121.76, 121.62, 111.17, 110.10, 100.69, 98.11, 39.96,

29.68. HRMS (ESI): calculated for C30H2aNO3* [M]*, 446.1751; found, 446.1783.
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Synthesis of (E)-N-(3-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)prop-1-en-1-

yl)-N-phenylacetamide (4.8)

(0]

Ph !
N N~

Ac oA NNo
\

1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (4.4) (200 mg, 1.28 mmol, 1.00 equiv) and N-(3-
(phenylamino)allylidene)benzenaminium chloride (4.5) (331 mg, 1.28 mmol, 1.00 equiv) were
added to a two-neck round-bottom flask equipped with a stir bar and reflux condenser. The solids
were dissolved in Ac,0 (12.8 mL) and the mixture was heated to 120 °C for 2 h. The mixture was
cooled to rt, transferred to an Erlenmeyer flask and recrystallized at 4 °C for two days. The
recrystallized solid was collected by vacuum filtration and washed with hexanes (3 x 10 mL) to
yield 4.8 as a fluffy yellow solid (317 mg, 97.3 umol, 76%). Rr = 0.44 in 10:1 DCM:MeOH. "H NMR
(500 MHz, CDCls) & 8.55 — 8.48 (m, 1H), 8.18 (dd, J = 12.5, 0.6 Hz, 1H), 7.66 — 7.52 (m, 3H),
7.26 —7.21 (m, 2H), 6.86 (dd, J = 13.6, 12.5 Hz, 1H), 3.33 (s, 3H), 3.22 (s, 3H), 2.01 (s, 3H). '°C
NMR (126 MHz, CDCls) & 169.77, 162.47, 161.92, 158.11, 151.65, 150.08, 137.84, 130.81,
130.17, 127.90, 111.50, 110.30, 77.23, 28.54, 27.82, 23.45. HRMS (ESI): calculated for

C17H18N30O4* [M]*, 328.1292; found, 328.1295.
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Synthesis of 5-((E)-4-((E)-7-(dimethylamino)-2-phenyl-4 H-chromen-4-ylidene)but-2-en-1-

ylidene)-1,3-dimethylpyrimidine-,4,6(1H,3H,5H)-trione (BarbiFlav4)

Ph
[0 (0]

From precursor 4.8:
(E)-N-(3-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)prop-1-en-1-yl)-N-
phenylacetamide (4.8) (50 mg, 0.15 mmol, 1.0 equiv) and 7-(dimethylamino)-4-methyl-2-
phenylchromenylium tetrafluoroborate (4.1) (80 mg, 0.23 mmol, 1.5 equiv) were added to a dram
vial equipped with a stir bar and fitted with a PTFE-lined cap. The solids were dissolved in pyridine
(1.5 mL) and the mixture was heated to 70 °C for 50 min. The mixture was cooled to rt and
evaporated onto silica gel. The crude product was purified via flash chromatography, eluting with
200:1 DCM:MeOH to afford BarbiFlav4 as a shiny dark blue solid (50 mg, 0.11 mmol, 72%). Rr
= 0.21in 40:1 DCM:MeOH. 'H NMR (500 MHz, CDCl,) 5 8.09 (d, J = 12.2 Hz, 1H), 7.97 — 7.87
(m, 4H), 7.74 (d, J = 9.2 Hz, 1H), 7.54 — 7.49 (m, 3H), 7.21 (s, 1H), 6.79 - 6.71 (m, 2H), 6.56 (d,
J = 2.6 Hz, 1H), 3.29 (d, J = 1.9 Hz, 6H), 3.09 (s, 6H). *C NMR (126 MHz, CDCl,) & 163.60,
162.74, 156.20, 155.31, 155.23, 153.81, 153.04, 152.43, 142.99, 132.75, 131.07, 129.31, 125.98,
125.14,124.17, 111.85, 111.60, 110.54, 106.59, 101.16, 98.31, 40.37, 28.44, 28.40, 27.79. HRMS

(ESI): calculated for CorHzsN3O4* [M]*, 456.1918; found, 456.1923.
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From precursor 4.6:
7-(dimethylamino)-2-phenyl-4-((1E,3E)-4-(N-phenylacetamido)buta-1,3-dien-1-yl)chromenylium
tetrafluoroborate (4.6) (50 mg, 96 umol, 1.0 equiv) and 1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (4.4) (15 mg, 96 umol, 1.0 equiv) were added to a dram vial equipped with a stir bar and
fitted with a PTFE-lined cap. The solids were dissolved in Ac2O (0.96 mL) and heated to 110 °C
for 10 min. The mixture was cooled to rt and evaporated onto silica gel. The crude product was
purified via flash chromatography, eluting with a DCM/EtOH gradient of 0.1% EtOH, 0.2% EtOH,
0.5% EtOH and 1% EtOH to afford BarbiFlav4 as a shiny dark blue solid (24 mg, 54 pmol, 56%).
Rr= 0.21 in 40:1 DCM:MeOH. 'H NMR (500 MHz, CD:Cl) & 8.09 (d, J = 12.2 Hz, 1H), 7.97 —
7.87 (m, 4H), 7.74 (d, J = 9.2 Hz, 1H), 7.54 - 7.49 (m, 3H), 7.21 (s, 1H), 6.79 - 6.71 (m, 2H), 6.56
(d, J=2.6 Hz, 1H), 3.29 (d, J = 1.9 Hz, 6H), 3.09 (s, 6H). *C NMR (126 MHz, CD,Cl,) 5 163.60,
162.74, 156.20, 155.31, 155.23, 153.81, 153.04, 152.43, 142.99, 132.75, 131.07, 129.31, 125.98,
125.14,124.17, 111.85, 111.60, 110.54, 106.59, 101.16, 98.31, 40.37, 28.44, 28.40, 27.79. HRMS

(ESI): calculated for C27H26N304" [M]*, 456.1918; found, 456.1923.

Synthesis of 1,2,3,3-tetramethyl-3H-indol-1-ium iodide (4.13)

_ AN :

T
In a two-neck round-bottom flask equipped with a stir bar and fitted with a reflux condenser, 2,3,3-
trimethyl-3H-indole (2.0 mL, 13 mmol, 1.0 equiv) and iodomethane (0.94 mL, 15 mmol, 6.4 equiv)
were dissolved in anhydrous toluene (42 mL) and heated to 80 °C for 24 h. The mixture was
cooled to rt and evaporated to remove the solvent. The crude solid was suspended in hexanes
and filtered to yield 4.9 as a fluffy purple solid (3.4 g, 11 mmol, 85%). '"H NMR (500 MHz, CDCls)
O 7.67 — 7.54 (m, 3H), 4.28 (s, 3H), 3.12 (s, 3H), 1.68 (s, 6H). '"H NMR is consistent with the

previous report.[
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Synthesis of 2-((E)-4-((E)-1,3,3-trimethylindolin-2-ylidene)but-2-en-1-ylidene)-1H-indene-

1,3(2H)-dione (Indalndol4)

(E)-N-(3-(1,3-dioxo-1,3-dihydro-2H-inden-2-ylidene)prop-1-en-1-yl)-N-phenylacetamide (4.7) (44
mg, 0.14 mmol, 1.0 equiv), 1,2,3,3-tetramethyl-3H-indol-1-ium iodide (4.13) (50 mg, 0.17 mmol,
1.2 equiv) and NaOAc (34 mg, 0.42 mmol, 3.0 equiv) were added to a dram vial equipped with a
stir bar and fitted with a PTFE-lined cap. The solids were dissolved in n-BuOH (4 mL) and the
mixture was heated to 80 °C for 50 min. The mixture was cooled to rt and evaporated onto silica
gel. The crude product was purified via flash chromatography, eluting with a DCM/MeOH gradient
of 0% MeOH, 0.1% MeOH and 1% MeOH to afford Indalndol4 as a shiny purple solid (40 mg,
0.11 mmol, 81%). '"H NMR (500 MHz, CDCl;) & 7.83 (ddd, J = 4.9, 3.4, 1.2 Hz, 2H), 7.78 — 7.71
(m, 1H), 7.66 — 7.58 (m, 4H), 7.33 — 7.26 (m, 2H), 7.25 (d, J = 1.3 Hz, 1H), 7.07 (td, J=7.4, 1.0
Hz, 1H), 6.87 (d, J = 7.9 Hz, 1H), 5.88 (d, J = 12.6 Hz, 1H), 3.35 (s, 3H), 1.65 (s, 6H). '"H NMR is

consistent with the previous report.!*?
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Synthesis of 1,3-dimethyl-5-((E)-4-((E)-1,3,3-trimethylindolin-2-ylidene)but-2-en-1-

ylidene)pyrimidine-2,4,6(1H,3H,5H)-trione (Barbilndol4)

o
N XX N~
/
ON/go

(E)-N-(3-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)prop-1-en-1-yl)-N-

phenylacetamide (4.8) (45 mg, 0.14 mmol, 1.0 equiv), 1,2,3,3-tetramethyl-3H-indol-1-ium iodide
(4.13) (50 mg, 0.17 mmol, 1.2 equiv) and NaOAc (34 mg, 0.42 mmol, 3.0 equiv) were added to a
dram vial equipped with a stir bar and fitted with a PTFE-lined cap. The solids were dissolved in
n-BuOH (4 mL) and the mixture was heated to 80 °C for 50 min. The mixture was cooled to rt and
evaporated onto silica gel. The crude product was purified via flash chromatography, eluting with
a DCM/MeOH gradient of 0% MeOH, 0.01% MeOH and 0.1% MeOH to afford Barbilndol4 as a
shiny pink solid (29 mg, 78 umol, 56%). '"H NMR (500 MHz, CDCls) & 8.18 — 8.10 (m, 1H), 7.83
(d, J=12.2 Hz, 2H), 7.34 — 7.28 (m, 2H), 7.17 — 7.10 (m, 1H), 6.92 (d, J = 8.1 Hz, 1H), 5.91 (dd,
J =135, 7.3 Hz, 1H), 3.43 — 3.36 (m, 9H), 1.65 (s, 6H). '"H NMR is consistent with the previous

report.
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4.5.5 "H NMR Spectra

"H NMR (500 MHz, CD,Cl) of 4.6
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"H NMR (500 MHz, CDCls) of 4.7
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"H NMR (500 MHz, CDCl,) of IndaFlav4
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'"H NMR (500 MHz, CDCls) of 4.8
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"H NMR (500 MHz, CDCl,) of BarbiFlav4
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4.5.6. C NMR Spectra
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4.5.7. F NMR Spectra
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4.5.8. HRMS Spectra
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HRMS of MalonoFlav4
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HRMS of 4.7
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HRMS of IndaFlav4
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HRMS of 4.8
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HRMS of BarbiFlav4
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CHAPTER FIVE

Progress towards m-extended silicon coumarin photocages for near-infrared payload
release

Quintashia Wilson, Lin-Jiun Chen, Ellen M. Sletten

5.1 Abstract

Light-responsive small molecule photocages are powerful tools for spatiotemporal drug
delivery, particularly in photoactivated chemotherapy (PACT), where therapeutic agents are
released upon light exposure. For clinical translation, ideal photocages must meet stringent
criteria including aqueous solubility, biological stability, near-infrared (NIR) activation, and oxygen-
independent bond cleavage. Coumarin-based photocages offer stability, solubility and oxygen-
independent cleavage, but their limited absorption in the visible range hampers tissue penetration.
To address these limitations, we propose a m-extended silicon coumarin photocage scaffold
incorporating a flavylium donor to red-shift absorption into the NIR region and enable oxygen-
independent cleavage. This work outlines synthetic efforts toward such photocages, highlighting
a modular route beginning with a silicon coumarin core. Despite challenges in achieving the
desired oxidation pattern, we identified key reactivity trends, particularly the influence of a 7-
position dimethylamino substituent on oxidation outcomes. Our findings suggest that the amine
group promotes non-canonical oxidation pathways, complicating synthesis of the target
photocage scaffold. These insights contribute to the design of next-generation photocages and

advance the development of clinically viable platforms for PACT.
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5.2 Introduction

Light is a versatile trigger for controlling chemical and biological processes, offering
unparalleled spatiotemporal precision in complex systems. Compared to chemical, thermal, or
mechanical triggers, light is mild, efficient and non-invasive, making it an ideal stimulus for
applications in medicine and biology." One such application is photodynamic therapy (PDT), which
combines light with exogenous photosensitizers to generate reactive oxygen species (ROS) for
the targeted ablation of tumors (Figure 5.1A)."™ Another application is photoactivated
chemotherapy (PACT), which enables spatiotemporal release of therapeutics using light-
responsive photocages (Figure 1A).5® Upon exposure to light, these photocages undergo
covalent bond cleavage, releasing the therapeutic in a controlled manner.>-"" PACT offers a
promising alternative to PDT in environments where ROS generation is inefficient, like hypoxic
tumors.® Despite its potential and technological transferability, PACT has yet to achieve clinical
success due to the lack of photocages that meet stringent clinical requirements.

The ideal photocage should be water-soluble, biologically stable to avoid dark cleavage,
responsive to near-infrared (NIR) (700-1000 nm) irradiation for deeper tissue penetration, and
possess oxygen-independent cleavage to function effectively in hypoxic conditions (Figure
5.1B).”'?2 Small molecule photocages based on coumarin and xanthene scaffolds exhibit aqueous
solubility, good dark stability and oxygen-independent cleavage, but their visible absorption
wavelengths (VIS, 400-700 nm) limit their ability for deep tissue penetration.”'® This is resolved
by moving to scaffolds with extended conjugation like boron-dipyrromethene (BODIPY) and
cyanine fluorophores. BODPIY photocages are promising candidates for PACT, as they exhibit
both NIR absorption and oxygen-independent cleavage, but their hydrophobicity and low
cleavage efficiency must be addressed.’®?' Cyanine-based photocages are another hopeful

avenue for PACT translation considering the clinical uses of indocyanine green (ICG) and other
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FDA-approved cyanine fluorophores.?>?* However, most cyanine photocages exhibit oxygen-
dependent cleavage, and the ones that do not exhibit low cleavage efficiency.?2232%2¢ Altogether,
the current toolbox of small molecule photocages is expanding, but still has room for improvement
in order to realize the clinical potential of PACT.

Many of the design principles for enhanced fluorophores can be extended to photocages
allowing for systematic optimization. Drawing on the lessons discussed in Chapters 2 and 3, we
envisioned that silicon incorporation in the coumarin scaffold alongside the m-extension with a
flavylium donor, would generate NIR-absorbing photocages with oxygen-independent cleavage
(Figure 5.1C). Besides our work with silicon polymethine dyes and flavylium merocyanine dyes,
both of these strategies have been implemented in the coumarin scaffold. There are several
reports of silicon-substituted coumarin fluorophores that exhibit ~100 nm red-shift in absorption
while retaining water solubility and biocompatibility.?-?° Furthermore, m-extended coumarin
photocages featuring pyridinium, indolenium and benzothiazolium donors have also been
reported.™3° In each case, the extended photocages exhibit red-shifted absorption and better
uncaging efficiencies while maintaining oxygen-dependent cleavage. By combining these two
strategies, this work holds promise for producing improved photocages suitable for PACT
applications, while also shedding light on how silicon and flavylium incorporation influence
cleavage mechanisms. Herein, we report our synthetic efforts toward the development of n-

extended silicon coumarin photocages for NIR-triggered therapeutic release.
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Figure 5.1. Overview of this work.

5.3 Results and discussion

4-positions.

To achieve a panel of r-extended silicon coumarin photocages, we envisioned a robust
synthetic route featuring esterification of precursor 5.1 with various payloads (Scheme 5.1). This
alcohol precursor could be derived from Heck coupling at the 3-position of 5.2 with a flavylium
vinyl intermediate. Compound 5.2 could be obtained from bromination of 5.3. To generate oxidized
silicon coumarin 5.3, we adapted the silicon coumarin route reported by Cui and coworkers?’ to

append a 4-position methyl group in 5.4 that could undergo simultaneous oxidation at the 2- and
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Scheme 5.1. Proposed retrosynthesis of m-extended silicon coumarin photocages.

Progress towards intermediate 5.4 began with alkylation of 2-bromo-4-
(dimethylamino)benzaldehyde (Scheme 5.2A) to generate benzylic alcohol 5.5 which was
subsequently oxidized to yield ketone 5.6. We were able to generate 5.7 in trace amounts via
Wittig olefination, but decided to abandon this sequence altogether as the DMP oxidation of 5.5
was low-yielding and irreproducible. Furthermore, other oxidations like PCC and Swern formed a
styrene side product 5.8, suggesting that alcohol dehydration is strongly favored at this position

due to increased electron donation from the amine (Scheme 5.2B).
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Scheme 5.2. A) Early synthetic route toward precursor 5.7 involving a low-yielding DMP oxidation.
B) Proposed dehydration mechanism and oxidant screen of 5.5 to 5.8.
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Figure 5.2. A) Improved synthetic route of 5.7 involving alcohol dehydration, followed by silylation,

cyclization and oxidation to a compound consistent with the mass of 5.3. B) '"H NMR and proposed
structure of unknown oxidized species.

Inspired by the dehydration of 5.5 to 5.8, we developed a new route involving the double
methylation of 5.9 to generate benzylic alcohol 5.10, which underwent dehydration with POCI3
and pyridine to produce 5.7 in excellent yield (Figure 5.2A). Next, 5.10 was subjected to lithium-
halogen exchange followed by silylation with allylchlorodimethylsilane to generate 5.11, which
underwent intramolecular Grubbs metathesis to produce key intermediate 5.5. We expected allylic
oxidation at the 2- and 4-positions to proceed smoothly with selenium dioxide. Interestingly, this
resulted in a complex mixture of oxidized compounds, none of which correspond to the mass of
the desired coumarin. Instead, we turned to pyridinium chlorochromate (PCC) and pyridinium
dichlorochromate, which have both been used for the allylic oxidations of cyclic enones.?'32

Gratifyingly, both oxidants exclusively generated an oxidized species with a mass corresponding
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to 5.3. We were unable to confirm the identity of the crude compound by NMR due to severe
spectral broadening by residual chromium salts. Attempts to remove the chromium salts using
filtration, vigorous extraction and flash chromatography also proved to be largely unsuccessful.
After several laborious columns, we isolated a few milligrams of the oxidized coumarin and
attempted to confirm the structure by "H NMR (Figure 5.2B). Analyzing the chemical shifts and
splitting patterns of various protons, we suspect that the oxidized compound is actually compound
5.12, wherein oxidation occurred at the 4- and 7-position methyl groups. This is corroborated by
the chemical shift of proton A at 8.51 ppm, which corresponds to a formamide structure, and
protons H, which correspond to a sharp singlet integrating to 2H. Oxidation at the 2-position
seems highly unlikely given the distinct multiplet at 6.18-6.14 ppm (proton E, 1H) that would only
occur when there are adjacent methylene protons. There are no reports to our knowledge of PCC-
promoted oxidations of dimethylamino substituents, but this is known to be an oxidation-sensitive
site of coumarin fluorophores. It also remains unclear why the 4-position is more prone to

oxidation than the 2-position.
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Figure 5.3. A) Synthetic route towards 7-H silicon coumarin and oxidation screen. B) '"H NMR of
5.16.

To confirm that this unusual oxidation pattern is caused by the 7-position amine, we
attempted to synthesize the deaminated analog, 5.17 (Figure 5.3A). Due to the absence of the
amine, we were able to perform Wittig olefination of bromoketone to 5.13 in good yield (Figure
5.3A). Silylation of 5.13 to 5.14 also proceeded smoothly. After intramolecular cyclization of 5.14
to 5.15, the crude product was pushed forward to PCC oxidation. Contrary to the aminated
precursor, oxidation with PCC resulted in degradation, while SeO- resulted in exclusive oxidation
at the 2-position (5.16) (Figure 5.3A, B). Using excess SeO- or subjecting 5.16 to PCC did not

result in oxidation at the 4-position, suggesting that oxidation at this site is affected by the amine.
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Overall, these results suggest that the 7-position amine is problematic towards achieving the
desired oxidation to silicon coumarin 5.5.
5.4 Conclusions

In this study, we explored the design and synthesis of m-extended silicon coumarin
photocages as promising candidates for NIR-triggered, oxygen-independent therapeutic release
in PACT. By integrating silicon substitution and flavylium-based 1r-extension into the coumarin
scaffold, we aimed to overcome the limitations of current photocage platforms, particularly in
terms of absorption profile and cleavage efficiency. While synthetic access to the target oxidized
silicon coumarin intermediate proved challenging, our investigations revealed a strong influence
of the 7-position dimethylamino substituent on oxidation chemoselectivity, leading to unexpected
oxidation at the 4- and 7-position methyl groups. Additionally, the 7-H analog exhibited exclusive
oxidation at the 2-position, suggesting that the hydroxy-substituted silicon coumarin scaffold may
not be a viable platform for the development of photocages. These findings emphasize the
importance of scaffold reactivity in photocage design and highlight the need to explore alternative
architectures better suited for controlled oxidation and therapeutic release. Future directions could
include employing conventional t-extended coumarin photocages in tandem with flavylium
donors to achieve NIR activation, or investigating alternative linkages at the 4-position of the
silicon coumarin core (e.g., such as thiols or amines) to circumvent oxidation challenges and
unlock new reactivity profiles.
5.5 Experimental procedures
5.5.1 Materials and instrumentation
Materials
Chemical reagents were purchased from Acros Organics, Alfa Aesar, Fisher Scientific, Sigma-

Aldrich, or TCI and used without purification.
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Instrumentation

Thin layer chromatography was conducted using Silica Gel 60 F2s4 (EMD Millipore) plates. Flash
chromatography was executed with technical grade silica gel with 60 A pores and 40-63 ym mesh
particle size (Sorbtech Technologies). Solvent was removed under reduced pressure with a Blchi
Rotovapor with a Welch self-cleaning dry vacuum pump and further dried with a Welch DuoSeal
pump. NMR spectra were taken on a Bruker AV400, AV500 or DRX500 instruments and
processed with MestReNova software. NMR peaks are reported in ppm in reference to their
respective solvent signals. LRMS spectra were taken on a 1260 Infinity Il LC System with a G6100
Series mass spectrometer with separation on a Poroshell 120 reverse phase column (Agilent
Technologies) or Agilent 6890N Quad GC/MS with El and Cl ionization capabilities.
Abbreviations

DCM = dichloromethane; DMSO = dimethyl sulfoxide; EtOAc = ethyl acetate; NH4Cl = ammonium
chloride; KoCO3; = potassium carbonate; KOtBu = potassium tert-butoxide; PCC = pyridinium
chlorochromate; PPhsMel = methyltriphenylphosphonium iodide; sec-BuLi = sec-butyllithium; TEA

= triethylamine; tetrahydrofuran = THF
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5.5.2 Synthetic procedures
Synthesis of 1-(2-bromo-4-(dimethylamino)phenyl)ethan-1-ol (5.5).
OH

N Br
|

In a flame-dried two-neck round-bottom flask charged with a stir bar under N atmosphere, 2-
bromo-4-(dimethylamino)benzaldehyde (250 mg, 1.10 mmol, 1.00 equiv) was dissolved in
anhydrous THF (11.0 mL) and cooled to 0 °C. Methylmagnesium bromide (1.4 M solution in THF,
3.91 mL, 5.48 mmol, 5.00 equiv) was added dropwise and the mixture was warmed to rt for 24 h.
The mixture was quenched with NH4Cl (6% w/v in water), extracted with DCM (50 mL x 3) and
washed with water and brine. The crude product was then dried with Na,SO4 and concentrated
in vacuo to give 5.5 as a yellow oil (270 mg, 1.11 mmol, Quantitative) consistent with literature
reports.?Rr = 0.33 in 10:1 Hex:EtOAc 'H NMR (400 MHz, (CD3).CO) & 7.46 (dd, J = 8.7, 0.6 Hz,
1H), 6.88 — 6.75 (m, 2H), 5.07 (qd, J = 6.3, 3.5 Hz, 1H), 5.13 (d, J = 3.8 Hz, 1H), 2.94 (s, 6H),

1.36 (d, J = 6.3 Hz, 3H). LRMS (ESI+): Calculated for C1oH14BrNO [M+1]: 245.0, found 245.0.

Synthesis of 1-(2-bromo-4-(dimethylamino)phenyl)ethan-1-one (5.6).
O

N Br
|

In a two-neck round-bottom flask fitted with a reflux condenser and charged with a stir bar, 5.5
(200 mg, 819 umol, 1.00 equiv) and DMP (695 mg, 1.64 mmol, 2.00 equiv) were dissolved in

EtOAc (8.19 mL) and heated to 80 °C for 4 h. The mixture was cooled to rt, filtered over celite and
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evaporated onto silica. The crude product was purified via flash chromatography, eluting with 20:1
Hex:EtOAc to give 5.6 as a yellow oil (65.0 mg, 270 umol, 33%) consistent with literature reports.3
Rr = 0.31 in 10:1 Hex:EtOAc. '"H NMR (500 MHz, CDCls) & 7.65 (dd, J = 8.9, 0.8 Hz, 1H), 6.87
(d, J = 2.6 Hz, 1H), 6.58 (dd, J = 8.9, 2.6 Hz, 1H), 3.02 (d, J = 0.7 Hz, 6H), 2.60 (s, 3H). LRMS

(ESI+): Calculated for C10H12BrNO [M+1]: 243.0, found 243.0.

Synthesis of methyl 2-bromo-4-(dimethylamino)benzoate (5.9).
O
OMe

N Br
|

In a two-neck round-bottom flask fitted with a reflux condenser and charged with a stir bar, methyl
2-bromo-4-fluorobenzoate (6.34 mL, 42.9 mmol, 1.00 equiv) and K-CO3 (11.9 g, 85.8 mmol, 2.00
equiv) were dissolved in DMSO (85.8 mL). Dimethylamine (40% w/w in water, 6.7 mL, 85.8 mmol,
2.00 equiv) was added and the mixture was heated to 70 °C for 1 h. The mixture was cooled to
rt, extracted with DCM (150 mL x 3) and washed with water and brine. The crude product was
dried with Na>SO. and concentrated in vacuo to give 5.9 as a white solid (9.77 g, 37.8 mmol,
88%). Rr = 0.52 in 10:1 Hex:EtOAC. 'H NMR (500 MHz, CDCls) & 7.82 (d, J = 8.9 Hz, 1H), 6.87
(d, J=2.6 Hz, 1H), 6.54 (dd, J = 8.9, 2.6 Hz, 1H), 3.84 (s, 3H), 2.99 (s, 6H). "*C NMR (126 MHz,
CDCls) 6 166.03, 152.86, 133.34, 125.44, 116.90, 116.64, 109.72, 77.09, 51.71, 39.95. LRMS

(ESI+): Calculated for C1oH12BrNO2 [M+1]: 258.0, found 258.0.

Synthesis of 2-(2-bromo-4-(dimethylamino)phenyl)propan-2-ol (5.10).
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>N Br
|

In a flame-dried two-neck round-bottom flask fitted with a reflux condenser and charged with a
stir bar under N, atmosphere, 5.9 (1.00 g, 3.87 mmol, 1.00 equiv) was dissolved in anhydrous
THF (7.75 mL) and cooled to 0 °C. Methylmagnesium bromide (1.5 M solution in THF, 7.75 mL,
11.6 mmol, 3.00 equiv) was added dropwise and the mixture was heated to 66 °C for 3 h. The
mixture was quenched with saturated NH4Cl, extracted with DCM (50 mL x 3) and washed with
water and brine. The crude product was then dried with Na.SO, and concentrated in vacuo to
give 5.10 as a yellow oil (1.05 g, 5.08 mmol, Quantitative). R = 0.48 in 10:1 Hex:EtOAc. '"H NMR
(500 MHz, CDCl3) & 7.44 (d, J = 8.8 Hz, 1H), 6.92 (d, J = 2.7 Hz, 1H), 6.62 (dd, J = 8.8, 2.7 Hz,
1H), 2.93 (s, 6H), 1.71 (s, 6H). *C NMR (126 MHz, CDCls) 5 150.17, 133.11, 127.48, 121.40,

118.35, 111.09, 73.11, 40.32, 30.05. (ESI+): Calculated for C11H16BrNO [M+1]: 258.2, found 258.6.

Synthesis of 3-bromo-N,N-dimethyl-4-(prop-1-en-2-yl)aniline (5.7).

X

N Br
|

In round-bottom flask charged with a stir bar under N> atmosphere, 5.10 (825 mg, 3.20 mmol,
1.00 equiv) was dissolved in pyridine (3.20 mL). Phosphorous oxychloride (894 uL, 9.59 mmol,
3.00 equiv) was added dropwise and the mixture was stirred at rt for 4 h. The mixture was
quenched with saturated NaHCO3, extracted with EtOAc (50 mL x 3) and washed with water and
brine. The crude product was dried with Na,SO4 and concentrated in vacuo to give 5.7 as a brown

oil (689 mg, 2.87 mmol, 90%). Rr = 0.61 in 10:1 Hex:EtOAc. '"H NMR (500 MHz, CDCls) & 7.07
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(d, J = 8.5 Hz, 1H), 6.90 (d, J = 2.7 Hz, 1H), 6.63 (dd, J = 8.5, 2.6 Hz, 1H), 5.18 (d, J = 1.8 Hz,
1H), 5.95 — 5.90 (m, 1H), 2.94 (s, 6H), 2.10 (s, 3H). *C NMR (126 MHz, CDCls) 5 150.47, 145.81,
132.51, 130.05, 122.38, 116.27, 115.72, 111.45, 40.57, 25.09. LRMS (ESI+): Calculated for
CrH14BrN [M+1]: 240.1, found 240.0.

Synthesis of 3-(allyldimethylsilyl)-N, N-dimethyl-4-(prop-1-en-2-yl)aniline (5.11).

X

| VAN

In a flame-dried two-neck round-bottom flask charged with a stir bar under N2 atmosphere, 5.7
(450 mg, 1.87 mmol, 1.00 equiv) was dissolved in anhydrous THF (1.87 mL) and cooled to 0 °C.
Sec-BuLi (0.9 M in hexanes, 5.16 mL, 3.75 mmol, 2.00 equiv) was added dropwise and the
mixture was stirred for 1 h. Allylchlorodimethylsilane (708 pL, 5.68 mmol, 2.50 equiv) was added
dropwise and the mixture was warmed to rt for 4 h. The mixture was quenched with saturated
NH4CI, extracted with DCM (50 mL x 3) and washed with water and brine. The crude product was
dried with Na>SQO4, evaporated onto silica and purified via flash chromatography, eluting with 10:1
Hex:Toluene to give 5.11 as a brown oil (238 mg, 917 ymol, 49%) consistent with literature
reports.?” Rr = 0.56 in 10:1 Hex:EtOAc 'H NMR (500 MHz, CDCls) 8 7.06 (d, J = 8.5 Hz, 1H), 6.94
—6.89 (m, 1H), 6.76 — 6.72 (m, 1H), 5.81 (ddt, J = 16.4, 10.1, 8.1 Hz, 1H), 5.12 (dd, J=2.5, 1.4
Hz, 1H), 5.91 (s, 1H), 5.88 — 5.85 (m, 1H), 5.84 (d, J = 1.4 Hz, 1H), 2.95 (s, 6H), 2.07 (t, J= 1.2
Hz, 3H), 1.84 (dd, J = 8.0, 1.3 Hz, 2H), 0.29 (s, 6H). *C NMR (126 MHz, CDCl;) d 147.84, 135.61,
128.36, 115.49, 113.31, 77.16, 40.91, 29.85, 26.17, 25.11, -1.18. LRMS (ESI+): Calculated for

C16H25NSI [M+1]Z 259.5, found 259.9.
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Synthesis of proposed compound N-(4-(hydroxymethyl)-1,1-dimethyl-1,2-dihydrobenzo[b]silin-7-
yl)-N-methylformamide (5.12).

OH

AN
>N Si

O/J / \
In a flame-dried two-neck round-bottom flask charged with a stir bar under N2 atmosphere, 5.11
(238 mg, 917 umol, 1.00 equiv) and Grubbs Catalyst ® M204 (38.9 mg, 45.9 ymol, 0.05 equiv)
were dissolved in anhydrous DCM (1.83 mL) and stirred at rt for 24 h. The mixture was
concentrated in vacuo to give a crude brown oil, which was used without further purification. The
crude brown oil and PCC (394 mg, 1.83 mmol, 2.00 equiv) were dissolved in DCM (1.83 mL) and
stirred at rt for 1 h. The mixture was evaporated onto silica and purified via flash chromatography,
eluting with 100:1 DCM:MeOH to give 5.12 as a yellow oil (3.0 mg, 23 pmol, 3%). Rr = 0.46 in
50:1 DCM:MeOH. 'H NMR (500 MHz, CDCls) & 8.51 (s, 1H), 7.43 (d, J = 8.3 Hz, 1H), 7.27 (d, J
= 2.5Hz, 1H), 7.26 — 7.23 (m, 1H), 6.18 — 6.14 (m, 1H), 3.94 (d, J = 7.7 Hz, 2H), 3.35 (s, 3H),

2.19 (d, J = 1.5 Hz, 2H), 0.07 (s, 6H). LRMS (ESI+) C14H1sNO,Si [M+1]: 262.1, found 261.1.

Synthesis of 1-bromo-2-(prop-1-en-2-yl)benzene (5.13).

Br

In a flame-dried two-neck round-bottom flask charged with a stir bar under N, atmosphere, 1-(2-
bromophenyl)ethan-1-one (0.70 mL, 5.2 mmol, 1.0 equiv), KOtBu (1.1 g, 10 mmol, 1.9 equiv) and

PPhsMel (3.1 g, 7.5 mmol, 1.5 equiv) were dissolved in THF (10 mL) and stirred at rt for 24 h. The

315



mixture was filtered over celite, evaporated onto silica and purified via flash chromatography,
eluting with hexanes to give 5.13 as a clear oil (600 mg, 3.1 mmol, 60%). RrF = 0.73 in 4:1
Hex:EtOAc. 'H NMR (500 MHz, CDCl3) 8 7.56 (d, J = 7.9 Hz, 1H), 7.29 — 7.24 (m, 1H), 7.20 (dd,
J=7.6,1.8Hz 1H), 712 (td, J = 7.6, 1.9 Hz, 1H), 5.24 (s, 1H), 5.97 — 5.92 (m, 1H), 2.11 (s, 3H).

LRMS (El+): Calculated for CoHgBr+: 195.9, found 195.2.

Synthesis of allyldimethyl(2-(prop-1-en-2-yl)phenyl)silane (5.14).

X

/ \

In a flame-dried two-neck round-bottom flask charged with a stir bar under N, atmosphere, 5.13
(400 mg, 2.03 mmol, 1.00 equiv) was dissolved in anhydrous THF (5.06 mL) and cooled to 0 °C.
Sec-BuLi (0.9 M in hexanes, 2.70 mL, 2.44 mmol, 1.20 equiv) was added dropwise and the
mixture was stirred for 1 h. Allylchlorodimethylsilane (399 uL, 2.64 mmol, 1.30 equiv) was added
dropwise and the mixture was warmed to rt for 12 h. The mixture was quenched with saturated
NH4ClI, extracted with DCM (50 mL x 3) and washed with water and brine. The crude product was
dried with Na,SO., evaporated onto silica and purified via flash chromatography, eluting with
hexanes to give 5.14 as a clear oil (286 mg, 1.32 mmol, 65%) consistent with literature reports.?’
Rr = 0.82 in 10:1 Hex:EtOAc. 'H NMR (400 MHz, CDCls) & 7.54 (ddt, J = 7.5, 1.5, 0.7 Hz, 1H),
7.36 -7.31 (m, 1H), 7.28 — 7.23 (m, 1H), 7.16 (ddt, J= 7.6, 1.5, 0.7 Hz, 1H), 5.88 — 5.73 (m, 1H),

5.18 (ddt, J = 2.3, 1.5, 0.7 Hz, 1H), 5.92 — 5.84 (m, 3H), 2.11 (dd, J = 1.6, 0.9 Hz, 3H), 1.84 (dd,
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J=7.9,1.3Hz, 2H), 0.31 (d, J= 0.8 Hz, 6H). LRMS (El+): Calculated for C14H20Si+: 216.1, found

216.1.

Synthesis of 1,1,4-trimethylbenzo[b]silin-2(1H)-one (5.16).

N

Si” ~0
/ \

In a flame-dried two-neck round-bottom flask charged with a stir bar under N2 atmosphere, 5.14
(189 mg, 873 umol, 1.00 equiv) and Grubbs Catalyst ® M204 (37.0 mg, 43.7 umol, 0.05 equiv)
were dissolved in anhydrous DCM (1.83 mL) and stirred at rt for 24 h. The mixture was
concentrated in vacuo to give a crude brown oil, which was used without further purification. The
crude brown oil and SeO; (145 mg, 1.31 mmol, 1.50 equiv) were dissolved in 1,4-dioxane (1.75
mL) and stirred at rt for 1 h. The mixture was filtered over celite and evaporated to give 5.16 as a
crude orange oil (71 mg, 350 ymol, 40%). Rr = 0.53 in 4:1 Hex:EtOAc. '"H NMR (500 MHz, CDCl5)
57.68 (d, J=8.0 Hz, 1H), 7.58 — 7.52 (m, 1H), 7.47 (d, J = 1.7 Hz, 1H), 7.42 (d, J = 7.4 Hz, 1H),
6.20 (s, 1H), 2.41 (s, 3H), 0.35 (s, 6H). LRMS (ESI+): Calculated for C12H140Si [M+1]: 202.1,

found 202.3.
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5.5.3"H NMR Spectra

'H NMR of 5.5 (400 MHz, CDCls).

OH

Br

SETN
sl

Eiee

o ¢ a»

AN
e

v0'S
S0°'S
90°S
L0°S
80°'S
60°'S
60°'S
oT's

19

Feso

Feor

L

Fooz

Foot

L

f1 (ppm)

318



"H NMR of 5.6 (500 MHz, CDCls).
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"H NMR of 5.9 (500 MHz, CDCls).
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"H NMR of 5.10 (500 MHz, CDCls).
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"H NMR of 5.7 (500 MHz, CDCls).
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"H NMR of 5.11 (500 MHz, CDCls).
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"H NMR of 5.12 (500 MHz, CDCl5).
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"H NMR of 5.13 (500 MHz, CDCl5).

Br

me—

56
mm.wv
56
YOS

ore
S.L
e
zreA
€12
€1
61
61
124
1Ly
seLA
9z'L1
9z
eaa\
8TL~E
6L’

SN
o5t

Fove

FL0T

80T

7T
=0T
b1°T

00T

f1 (ppm)

325



"H NMR of 5.14 (400 MHz, CDCl5).
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"H NMR of 5.15 (500 MHz, CDCls).
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5.5.43C NMR Spectra
3C NMR of 5.9 (500 MHz, CDCls).
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13C NMR of 5.10 (500 MHz, CDCls).
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13C NMR of 5.7 (500 MHz, CDCls).
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13C NMR of 5.11 (500 MHz, CDCls).
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