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Abstract 
 

Phosphonated Xanthene Fluorophores for Live-Cell Imaging Applications 
 

By 
 

Joshua L. Turnbull 
 

Doctor of Philosophy, Chemistry 
 

University of California, Berkeley 
 

Professor Evan. W. Miller, Chair 
 
 
 

Since the original synthesis of fluorescein in 1871, the use of xanthene fluorophores has 
remained ubiquitous in biology, medicine, and chemical biology. The wide utility of fluorescein 
and related xanthene dyes is due, in part, to their high brightness and wide range of colors available 
with simple modifications to the terminal and bridgehead atoms of the xanthene fluorophore core. 
By comparison, substitution of the pendant carboxylate has remained relatively underexplored. 
The identity of the substitution at this 3- position can have profound effects on the properties of 
xanthene fluorophores. We envisioned installation of a biologically relevant phosphonate 
functionality may provide access to fluorophores with unique properties, such as enhanced water 
solubility and opportunities for functionalization. Herein we will discuss the first syntheses of 
novel phosphonated xanthene fluorophores, their associated spectroscopic properties, and the 
utility of these dyes for both intracellular imaging and membrane potential sensing in living cells. 
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Introduction 
Since the original synthesis of fluorescein (Figure 1a) in 1871,1 this versatile molecule 

remains one of the most widely utilized fluorophores in biology, medicine, and chemical biology. 
Fluorescein labeled antibodies were the first immunofluorescent stains,2 and reagents such as 
fluorescein isothiocyanate, or FITC, remain ubiquitous for the preparation of fluorescent biological 
conjugates.3 One of the few fluorophores FDA approved for use in humans, sodium fluorescein, 
has found clinical uses in ophthalmology4,5 and more recently, neurosurgery.6 A staple in the 
chemical biology community, countless fluorescein-derived probes and sensors have been 
reported over the years.7–9 Design of such probes often take advantage of the ability to modulate 
fluorescence by substitution at the phenolic oxygen, control of spirocyclization, or changes in the 
rate of photoinduced electron transfer (PeT).10–12 For example, appending BAPTA, a calcium 
chelator, to fluoresceins is a common strategy that makes use of PeT to modulate fluorescence and 
has enabled probing of intracellular calcium dynamics in neurons and brain tissue with high 
sensitivity and spatiotemporal resolution.13–15  

The wide utility of fluorescein and related xanthene dyes is due, in part, to their high 
brightness and wide range of colors available with simple modifications to the terminal and 
bridgehead atoms of the xanthene fluorophore core. Replacement of the terminal oxygen atoms 
with amines results in another class of xanthene fluorophores: rhodamines (Figure 1a). 
Rhodamines were first reported less than 20 years after fluoresceins,16 and have also become 
widely recognized as fundamental scaffolds for the fluorophore community. In comparison to 
fluoresceins, rhodamines are relatively insensitive to pH, often exhibit improved photostability 
and have highly tunable spectral properties all of which have resulted in the widespread adoption 
of rhodamine derivatives in fluorescent labelling.17 The alkylation pattern on the terminal amines 
enables precise tuning of the absorption and emission wavelengths and C-N bond restriction with 
fused cyclohexane or 4-membered azetidine rings improves brightness and photostability (Figure 
1b).18,19 Replacement of the 10′ oxygen atom with carbon,20,21 silicon,22–26 phosphorus,27–29 or 
sulfur30 red-shifts excitation and emission wavelengths (Figure 1b), avoiding issues related to 
phototoxicity and autofluorescence and improving tissue penetration. These highly attractive 
properties and have found widespread use in a variety of biological applications such as 
fluorogenic labelling,26,31,32 far-red voltage sensing,33,34 in vivo imaging,35 and super resolution 
microscopy.36 

It was once thought that the 3-carboxylate present on the pendant ring was an indispensable 
part of the structure of xanthene fluorophores. However, it is now understood that an important 
role of the 3-substituent is to maintain orthogonality between the xanthene chromophore and the 
pendant benzene ring.10 In other words, there is nothing intrinsic about a 3-carboxylate and so long 
as there is some substituent to restrict free rotation of the pendant ring, a high fluorescence 
quantum yield can be maintained. Installation of novel chemical functionalities at this position 
(Figure 1c) can have large influences on the chemical properties and behavior of xanthene 
fluorophores, while the orthogonality of the ring systems leaves the fundamental photophysical 
properties relatively unperturbed.   

Herein we review the implications 3-subsitution can have on the properties of xanthene 
fluorophores and the subsequent biological applications for which they may be used. We comment 
on traditional and contemporary 3-functionalities that have advanced applications in super 
resolution microscopy, fluorogenic detection of analytes, and voltage sensing and also highlight 
the profound opportunities chemical exploration at this position may have in the context of 
biological imaging.  
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Figure 1. Chemical modification of xanthene fluorophores. (a) general structures of 3-carboxyfluorescein and 3-
carboxyrhodamine. (b) amine and 10’ substitution influence photophysical properties of xanthene fluorophores. (c) 
examples of 3-substitutions that maintain orthogonality between the pendant ring and xanthene core and have large 
implications on subsequent applications.  
 

Carboxy 3-substitution 
A key feature of xanthene fluorophores brought about by the presence of the 3-carboxylate 

is the propensity to spirocyclize into a closed, colorless lactone (Figure 2a). This dynamic 
equilibrium can be sensitive to several environmental factors such as pH,37 polarity,38, and 
temperature39 and its fluorogenic nature has been fundamental to development of fluorescent tools 
with unprecedented contrast.  

Fluoresceins predominantly adopt the open fluorescent form under physiological conditions, 
but chemical trapping of the closed lactone is a powerful method for developing fluorogenic 
sensors.12 Acetylation of phenolic oxygens is perhaps the most common strategy, and fluorescein 
diacetate (Figure 2b) is a versatile cell viability reagent that readily diffuses across biological 
membranes where cellular esterases uncage the fluorophore rendering them fluorescent (Figure 
2c).40,41 Expansion of this strategy, including and beyond esterases has led to a plethora of reagents 
facilitating the measure of specific enzymatic activity in complex systems or site selective 
uncaging at subcellular precision.12,41–45 Although less common, rhodamines can also be locked in 
the closed form and dipeptidyl rhodamines have served as important substrates for measuring 
protease activity.46,47 Beyond enzymes, reactivity based fluorogenic uncaging allows us to use 
fluorescence as a readout in response to analytes such as metal ions, reactive oxygen species and 
endogenous nucleophiles (Figure 2c).48 Additionally uncaging can be initiated in a 
photoactivatable manner for a number of applications including super-resolution microscopy.49–51  

The dynamic equilibrium between the fluorescent zwitterion (Z) and lipophilic lactone (L) 
forms of rhodamines (Figure 2d) has profound implications on their biological imaging 
applications. Those with high KL-Z values, and thus a preference for the fluorescent zwitterion are 
environmentally insensitive making them useful for bioconjugation, but their lack of cell 
permeability often limits their intracellular use.52 The KL-Z of 3-carboxy siliconrhodamines, SiRs, 
are sufficiently low that the closed lactone predominates in aqueous environments, facilitating 
passage through lipophilic membranes.26 However, upon binding to biological targets, changes in 
sterics and local environment often shift the equilibrium to the open fluorescent zwitterion (Figure 
2e).26,53 This fluorogenic turn on is highly attractive since background fluorescence is minimal, 
therefore leading to exceptional contrast in labelling experiments without the need to remove 
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excess fluorophore. Combining SiRs with covalent targeting ligands such has HaloTag or 
SNAPTag has led to widespread use in the labelling of many intracellular structures and live-cell 
super resolution microscopy.32,36 Additionally, this environmental sensitivity has led to the 
development of chemi-genetic probes of voltage and calcium dynamics in which changes in local 
protein structure modulate fluorescence output through this equilibrium.54  

More recent advances have sought to fine tune the KL-Z equilibrium of 3-carboxy rhodamines 
and expand the color palette of fluorogenic labelling probes.19,53,55 The KL-Z equilibrium inversely 
correlates to the absorbance wavelength, in that short wave rhodamines usually predominate as the 
open zwitterion. Incorporation of electron withdrawing groups on terminal azetidines, or 
fluorination of the xanthene core have been highlighted as general approaches to decrease KL-Z, 
improving tissue permeability and fluorogenicity of shorter wave rhodamines (Figure 2d, f).53,55 
Additionally, installation of a neighboring amide has been shown to also stabilize the closed 
lactone through a neighboring group effect (Figure 2g).56 On the other hand, near infrared 3-
carboxyrhodamines (10’ P, S substituted) often exhibit prohibitively low KL-Z values with 
insufficient tendency to open, rendering them essentially unusable for fluorescence imaging.57 
Recent approaches to increase KL-Z of such fluorophores have involved fluorination of the pendant 
ring, presumably lowering the pKa of the 3-carboxylate and results in KL-Z values within the 
threshold for super resolution imaging applications (Figure 2d, f).57,58 Notably, synergy of these 
approaches facilitates precise finetuning of the KL-Z of rhodamines for specific applications.57  

 

 
Figure 2. Applications of 3-carboxy substituted xanthene fluorophores. (a) Spirocyclization equilibrium of 
fluorescein. (b) Chemical structure of fluorescein diacetate. (c) Enzymatic, reactivity based and photoactivated 
fluorogenic uncaging of xanthene fluorophores. (d) General method for fine-tuning KL-Z of rhodamines by xanthene 
or pendant ring substitution. (e) Fluorogenic turn on of rhodamines upon protein labelling. (f) Structures of rhodamines 
with fine-tuned KL-Z constants through fluorination. (g) Finetuning of KL-Z through a neighboring group effect.  
 

Nucleophile 3-substitution 
Substitution of the 3-carboxylate for nucleophiles such as hydroxymethyl, aminomethyl or 

mercaptomethyl can further shift the equilibrium to the closed colorless spirocyclic form (Figure 
3a).59 Interestingly, these fluorophores tend to spontaneously switch to the open fluorescent form 
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in a transient manner. The thermal equilibrium of this spirocyclization and the lifetime spent in the 
open form are parameters that influence the blinking behavior and are finetuned by the 
nucleophilicity of the 3-subsituent and electrophilicity of the xanthene fluorophore.59 3-
hydroxymethyl siliconrhodamines, HMSiRs (Figure 3b) have gained particular attention as 
spontaneously blinking fluorophores for single molecule localization microscopy (SMLM) 
applications.32,36,53,59,60 Under physiological conditions, HMSiRs exist predominantly (>99%) in 
the closed spiroether and the stochastic switching to the fluorescent form facilitates the 
construction of super resolution images (Figure 3c), mitigating the need for any fluorophore 
activation with UV light or strongly reducing dSTORM buffers.61 Recent advances in calculating 
the blinking kinetics of HMRs has led to the expansion of the color pallet for multicolor 
imaging.62,63 Additionally improvements in labelling strategies such as through fluorogenic 
bioconjugation have further enhanced the applications of these fluorophores.64  

3-hydroxymethyl rhodamines and rhodols have been incorporated into fluorogenic sensors, 
by chemical trapping of the spiroether with substrates for enzymes such as glycosidases and 
peptidases.65–67 This has led to a variety of probes for visualizing enzymatic upregulation in a 
variety of cancers such as breast, pancreatic and lung and has demonstrated promise in the optical 
discrimination of benign vs. malignant tumors.68–70 Tuning of the spirocyclization equilibrium, 
through modification of xanthene amine substitution for example, is important in optimization of 
the fluorescent turn-on upon enzymatic uncaging.66  

 
Figure 3. 3-nucelophile substitution for super resolution microscopy. (a) Equilibrium of spontaneously blinking 
fluorophores influenced by the pKcyc and lifetime, t spent in the on form. (b) Chemical structure of HMSiR and 
properties suitable for single-molecule localization microscopy. (c) Schematic of single-molecule localization 
microscopy with spontaneously blinking fluorophores.  
 

Amide 3-substitution 
Parallel to the discovery and optimization of 3-hydroxymethyl substitution for 

spontaneously blinking fluorophores, amidation of 3-carboxylate substitution shifted the 
equilibrium of rhodamines to the closed lactam (Figure 4a).71,72 While carboxy-rhodamines are 
pH independent, 3-amidorhodamines spirocyclize in a pH dependent manner and exhibit 
spontaneous blinking behavior at physiological pH.73 The tertiary nature of the amide nitrogen 
readily facilitates functionalization. For example, installation of a photoswitchable unit led to 
photoactivatable rhodamines through spirolactam opening (Figure 4b).74–76   

Additionally, 3-amides can be functionalized in a modular manner to finetune the 
spirocyclization equilibrium (Figure 4b). Functionalization with electron withdrawing moieties 
such as sulfonamides enabled precise finetuning of the spirolactam equilibrium for applications in 
fluorogenic labelling and super resolution imaging.77,78 In contrast to the finetuning discussed 
previously, the modular nature of amide substitution facilitated more precise finetuning and over 
a larger range as the amide electronics can be finely controlled. This finetuning is accomplished 
without chemical modification of the xanthene, meaning photophysical properties remain 
relatively unperturbed. Additionally, this approach is easily adaptable to other xanthene 
fluorophores thereby providing improved generalizability. Finally, amidorhodamines were readily 
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synthesized from carboxyrhodamines, and the modularity of the approach compliments synthetic 
feasibility.77,78 

Fluorogenic spirolactam ring opening has been the basis of an abundance of fluorescent 
probes for specific detection of analytes and ions. Owing to the modularity of amide 
functionalization, often a chelator is appended and upon ion binding a shift in equilibrium to the 
open form results in a fluorescence turn on. Alternatively, reactivity-based probes undergo a 
chemical reaction or amide hydrolysis in the presence of a specific ion or analyte, resulting in a 
species with a higher propensity to adopt the open, fluorescent form. Several reviews have reported 
comprehensive summaries of fluorescent sensors that use this approach.48,71,72,79 

 
Figure 4. Modular tuning of spirocyclization with 3-amide functionality. (a) Equilibrium between open fluorescent 
and colorless spirolactam of 3-amide substituted rhodamines. (b) Modular amide substitution influences spirolactam 
equilibrium for various applications.  

 
Sulfonate 3-substitution 

Thus far, the applications of 3-substititon we have highlighted largely focused on controlling 
the spirolactonization equilibrium of xanthene fluorophores. While in many instances this is a 
highly attractive property, there are also applications where fluorophore spirocyclization is 
undesirable. Substitution for a sulfonate at the 3-position typically prevents spirocyclization of 
xanthene fluorophores, on account of the exceedingly low pKa.80 3-sulfonate substitution also 
imparts improved water solubility, an important property for use in biological applications.81 These 
properties have made 3-sulfonates an important feature of voltage sensing fluorophores that 
localize to extracellular membranes in which the 3-sulfonate is responsible for preventing cell 
permeability and ensuring proper orientation within the membrane.33,82–86  
 
Phosphonate 3-substitution 

We recently disclosed the first report of 3-phosphonate substitution in the context of novel 
3-phosphonofluoresceins.87 Interestingly, we found 3-phosphonate substitution was accompanied 
by a significant improvement in water solubility, and 3-phosphonofluoresciens behaved like their 
3-sulfono counterparts, displaying no propensity to spirolactonize. Importantly, phosphonates are 
readily functionalizable. Esterification of the phosphonate facilities cell permeability where we 
observe superior accumulation and retention of the fluorophore in living cells. 3-phosphonate 
substitution is also well suited for incorporation into voltage sensing scaffolds. More recently we 
have expanded this substitution to other xanthene fluorophores such as rhodamines and silicon-
rhodamines. The synthesis, characterization and subsequent live-cell imaging applications of 3-
phosphonate substituted xanthene fluorophores will be discussed comprehensively in this 
dissertation. 
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Conclusions and outlook 

We have highlighted examples of how substitution beyond a 3-carboxylate over recent years 
has led to the evolution of novel xanthene fluorophores for new applications. This has largely 
focused on tuning the spirocyclization equilibrium for super resolution imaging, fluorogenic 
labelling or reaction-based analyte detection. Tuning this equilibrium by 3-substitution has 
advantages over approaches that rely on chemical modification of the xanthene scaffold. For 
example, tuning of the xanthene electronics with withdrawing groups is accompanied by spectral 
shifts, often lower quantum yields and can leave the xanthene prone to nucleophilic attack.57,88 
Recent reports of tuning spirocyclization with 3-amide substitution are highly attractive due to the 
modularity of the approach facilitating easy incorporation of a wide number of amines.77  

On the other hand, there are instances where spirocyclization is undesirable and it is 
important for the fluorophore to remain in the open fluorescent form. This is useful in examples 
where fluorescence is being modulated through other pathways such as PeT or where membrane 
permeability needs to be kept at a minimum, such as in extracellular applications or for improving 
retention once in cells.  

Ultimately, 3-functionality provides the unique advantage of having major influences on the 
characteristic properties of xanthene fluorophores, such as spirocyclization and water solubility, 
while leaving photophysical properties such as absorption and emission wavelengths relatively 
unperturbed. As interest in the chemical exploration of this substituent has grown over recent 
years, several new biological imaging applications of xanthene fluorophores have emerged 
including in voltage sensing and single molecule localization microscopy. Perhaps one of the 
greatest challenges accompanied with new 3-functionalities is synthetic tractability. Often 
methods that focus on synthetic generalizability do so in the context of xanthene substitution, thus 
methods that easily facilitate expansion of our repertoire of 3-substituents would be highly sought 
after. We envision incorporation of novel modalities at the 3-position will be accompanied by the 
evolution of fluorophores with novel properties and further contribute to our fluorescent molecular 
toolkit thereby advancing our understanding of complex biological systems.  

This dissertation outlines methods to install phosphonic acids and esters at the 3-position of 
xanthene dyes. Chapter 1 details the synthesis and spectroscopic characterization of a series of 
novel 3-phosphonofluoresceins. We subsequently demonstrate how phosphonate functionalization 
facilitates intracellular delivery for prolonged live-cell imaging. Chapter 2 describes the expansion 
of 3-phosphonate substitution to rhodamines and SiRs via a high-yielding, acid-free synthesis. We 
highlight the improvement in water solubility accompanied by 3-phosphonate substitution and 
how intracellular localization is tunable through phosphonate esterification. Finally, Chapter 3 
explores the application of xanthene fluorophores with 3-phosphonate substitution in membrane 
potential sensing. 
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Chapter 1 
3-phosphonofluoresceins: synthesis, spectroscopy, and applications  
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Abstract 
Xanthene fluorophores, like fluorescein, have been versatile molecules across diverse fields 

of chemistry and life sciences. Despite the ubiquity of 3-carboxy and 3-sulfuonofluorescein for the 
last 150 years, to date, no reports of 3-phosphonofluorescein exist. Here, we report the synthesis, 
spectroscopic characterization, and applications of 3-phosphonofluoresceins. The absorption and 
emission of 3-phosphonofluoresceins remain relatively unaltered from the parent 3-
carboxyfluorescein. 3-phosphonofluoresceins show enhanced water solubility compared to 3-
carboxyfluorescein and persist in an open, visible light-absorbing state even at low pH and in low 
dielectric media while 3-carboxyfluoresceins tend to lactonize. In contrast, the spirocyclization 
tendency of 3-phosphonofluoresceins can be modulated by esterification of the phosphonic acid. 
The bis-acetoxymethyl ester of 3-phosphonofluorescein readily enters living cells, showing 
excellent accumulation (>6x) and retention (>11x), resulting in a nearly 70-fold improvement in 
cellular brightness compared to 3-carboxyfluorescein. In sum, we develop the first synthesis of 3-
phosphonofluoresceins, characterize the spectroscopic properties of this new class of xanthene 
dyes, and utilize these insights to show the utility of 3-phosphonofluoresceins in prolonged 
intracellular imaging. 
 
Introduction 

Until the realization that the 3-carboxy group of fluoresceins plays no intrinsic role in the 
fluorescence properties of fluoresceins,1 almost all reported fluorescein derivatives contained this 
functional group. While this clearly didn’t hinder the broad adoption of fluorescein across the life 
sciences, one could imagine how any confinement of a chemical structure could be limiting on the 
potential chemical exploration and hence scope of possible applications. Indeed, the 3-carboxy 
group is not indispensable for strong fluorescence and is needed to maintain orthogonality between 
the xanthene chromophore and pendant benzene moiety.1 In other words, the 3-carboxylate can be 
replaced with another functional group. This provides a unique opportunity to develop next 
generation fluoresceins with novel physical properties or that contain unique chemical 
functionalities to further expand the scope of applications of these dyes. Ideally such substitutions 
would be achieved without compromising the highly desirable photophysical properties that are 
responsible for the widespread use of fluoresceins. Minimizing perturbations in brightness or 
excitation/emission wavelengths will make new fluoresceins easily adaptable for use in current 
microscopy set ups with little need for adjustment of laser lines or filter sets and would also allow 
for direct comparison to well characterized carboxy fluoresceins.  

While fluoresceins with acidic substituents at the 3-position have been ubiquitous in the 
literature for some time (3-sulfonofluorescein was reported a mere 13 years after 3-
carboxyfluorescein),2 we were somewhat surprised to find no report describing 3-phosophono-
fluorescein, which possesses the biologically relevant acidic phosphonate group (Scheme 1). 
Phosphonates are ubiquitous organophosphorus functionalities, and the chemically inert C–P bond 
makes them an interesting structural analog of phosphates. Phosphates play a myriad of roles in 
living organisms and in fact, by mimicking phosphates, phosphonates have found numerous uses 
in biology and medicine:3,4 For example, phosphonates have found widespread use in the 
development of nucleoside antiretrovirals such as tenofovir.5,6 We were curious to explore this 
unreported class of fluoresceins, namely by investigating the unique properties that a 3-
phosphonate would bring in comparison to 3-carboxyfluoresceins and the opportunity this may 
present with respect to new imaging applications.  
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There are several properties that are unique to phosphonates that we were interested in 
exploring. Firstly, the two acidic sites on phosphonates – one pKa above sulfonic acid but below 
carboxylic acid, and a second pKa near physiological pH – might provide opportunities for 
functionalization.7 Organophosphorus chemistry is expansive, and a wide array of functionalities 
can be derived from phosphonates, such as phosphonate esters, phosphonamides, phosphinates, 
and phosphine oxides.4 Not only did we envision that all of these functionalities could be 
incorporated into a fluorescein scaffold, but the presence of a 3-phosphonate could serve as a useful 
chemical handle for fluorescein derivatization. Derivatization of carboxy fluoresceins at the 3-
position has led to several fluorogenic sensors of inorganic ions such as copper, zinc, and gold.8,9 
The persistent ionization at physiological pH has led to the incorporation of phosphonates into 
molecules to improve water solubility and we rationalized this property would likely improve the 
water solubility of fluoresceins, an important property for use in biological contexts.3,10 Lastly, 3-
carbyxfluoresceins spirocyclize at low pH or in low dielectric mediums to a nonfluorescent 
lactone,11,12 and this is often the basis for design of fluorogenic probes, whereas 3-
sulfonofluoresceins remain in an open fluorescent state. Since 3-functionality plays a key role in 
this propensity to spirocyclize and thus influence subsequent applications, we were curious to 
explore to what degree 3-phosphonofluoresciens would exhibit this behavior. 

In this chapter, we discuss the first synthesis of 3-phosphonofluoresceins, characterize the 
spectral properties of this new class of fluorophore, and describe how we can exploit the properties 
of 3-phosphonofluoresceins for prolonged imaging of living cells.   

 

 
Scheme 1. Unique properties of phosphono-fluorescein. 
 
Results and Discussion 
Synthesis of 3-phosphonofluoresceins 

Substituting the carboxylate functionality of fluoresceins poses an inherent synthetic 
challenge. Attempts to displace fluoride from 2-fluorobenzaldehyde with triethylphosphite, in a 
fashion analogous to the synthesis of 3-sulfonofluorescein precursors,13,14 did not produce the 
desired aryl phosphonate, despite adjusting various conditions such as temperature and pressure. 
Carbon-phosphorous bonds are often formed through Michaelis-Arbuzov chemistry, in which an 
alkyl halide undergoes nucleophilic attack from a trialkyl phosphite, displacing the halide and 
generating a phosphonium intermediate.15,16 Subsequent attack from the displaced halide generates 
pentavalent alkyl phosphonates in a reaction that is used extensively, including in the preparation 
of Horner-Emmons reagents.15,17 Tavs reported the access of analogous aryl phosphonium 
intermediates through use of transition metal catalysts such as Ni0 or Pd0.16,18,19 We found Ni-
mediated catalysis enables access of the desired arylphosphonic ester 2 from 2-
bromobenzaldehyde 1 in 65% yield (Scheme 2). Importantly, a slight excess of triethyl phosphite 
is required due to undesired oxidation of the phosphite to the corresponding phosphate at elevated 
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temperature. A weak nitrogen flow is also prudent to remove the generated ethylbromide to 
minimize its reaction with triethyl phosphite, which generates diethyl ethyl phosphonate. Both 
phosphonate side products are high boiling and, since polarity is largely dictated by the 
phosphonate, are chromatographically difficult to separate from 2, hence minimizing their 
production is prudent. This approach enables facile access to up to 10 g quantities of 2 in one step 
from simple, low-cost starting reagents.  

Hydrolysis to phosphonic acid 3 can be performed in concentrated HCl under refluxing 
conditions to give the free acid in 87% yield. While the diethyl ester precursor (2) can be carried 
directly into the condensation with resorcinols to make 3-phosphonofluoresceins (with hydrolysis 
of diethylphosphonate occurring in situ), we observe improved yields and simpler purification 
when using free phosphonic acid (3). Condensation of 3 with the corresponding resorcinol in neat 
methanesulfonic acid gives dihalogenated phosphonofluoresceins 4 and 5. Non-halogenated 
phosphonofluorescein (6) may also be prepared via this route, but cleaner conversion was observed 
with 85% phosphoric acid at the expense of a longer reaction time.  

The purification of crude phosphonofluoresceins is difficult, owing to the high polarity of 
the water-soluble dyes. Despite crude analytical HPLC traces appearing relatively clean, 
comparison of a HPLC purified standard by UV/Vis spectroscopy determined that only a fraction 
(~ 30%) of the crude isolate mass can be attributed to the fluorophore (Figure S1). We hypothesize 
the impurities are largely attributed to the harsh reaction conditions promoting polymerization of 
resorcinols, inefficient oxidation to the xanthene and the presence of organic salts, contributing to 
the mass but likely not able to absorb visible light.20 Despite requiring an in situ oxidation to 
generate the xanthene, performing reactions under nitrogen as opposed to open to air surprisingly 
results in an almost two-fold increase in purity of the crude isolate (Figure S1). We had initially 
hypothesized that this oxygen free approach would allow us to access the unoxidized fluorophore 
and potentially aid in purification; however, it has been reported that methanesulfonic acid may 
act as an oxidant at elevated temperatures.20 Chromatographic purification techniques such as 
silica flash chromatography require highly polar solvent systems (4:2:1 Ethyl acetate: isopropanol: 
water with 3% acetic acid as an additive) and is both laborious and only improves impurity to a 
moderate extent even after multiple iterations (Figure S1). Alternative chromatographic 
techniques such as preparative HPLC and reverse phase silica flash chromatography are more 
fruitful, yet low throughput owing to the limited solubility of the fluorophores. Ultimately, careful 
trituration of the crude reaction isolates with mixtures of ice-cold methanol/isopropanol or 
methanol/acetonitrile enables isolation of pure dyes (Figure S1). This approach negates the need 
for costly and low throughput reverse phase chromatographic techniques, but comes at the cost of 
reduced isolated yields, ranging from 6 to 17%. It is notable that this synthetic route provides 
similar yields to those observed with the analogous sulfonated derivatives (Supporting Info) and 
low yields/non-trivial purifications are commonly encountered with such reactions. 
 

 
Scheme 2. Synthesis of 3-phosphonofluoresceins. 
 
 



 
16  

Spectroscopic characterization of 3-phosphonofluoresceins 
To examine the influence of phosphonate substitution on fluorescein, we evaluated the 

spectroscopic properties of 3-phosphonofluoresceins (4 - 6) compared to traditional 3-carboxy- 
and 3-sulfono- fluoresceins. In 0.1 M NaOH(aq) 2',7'-dichloro-3-phosphonofluorescein (pF.Cl, 4) 
absorbs at 498 nm and emits at 517 nm (Table 1, Figure S2a), demonstrating a very slight 
hypsochromic shift relative to 2',7'-dichloro-3-carboxyfluorescein (502 nm/523 nm, Table 1, 
Figure S2d).21 The sulfo derivative, 2',7'-dichloro-3-sulfonofluorescein (sF.Cl), however has a 
slight bathochromic shift and absorbs at 509 nm and emits at 526 nm (Table 1, Figure S2e). These 
small shifts are likely due to slight inductive differences from the meso ring. Since the meso ring 
and the xanthene are orthogonal to one another, there should be minimal ground state interactions 
between the two. As a result, the Stokes shift, extinction coefficients, and quantum yields show 
only minor variability across the series (Table 1). The photostability of 4 is similar to the 3-
carboxy and 3-sulfono analogs (Figure S2g-i). While photophysical properties among the series 
remain relatively unperturbed, one large change is the improved water solubility; pF.Cl (4) is 
almost twice as soluble as 2',7'-dichloro-3-carboxyfluorescein, and slightly less soluble than sF.Cl 
(Table 1). 

Fluorescein can exist in cationic, neutral, anionic or dianionic forms, making absorption and 
fluorescence of fluoresceins strongly pH dependent.22,23 Halogenated (2',7'- dichloro or difluoro) 
fluoresceins have lower phenolic pKa values than the corresponding unhalogenated fluorescein, 
making dichloro- and difluoro- fluoresceins less sensitive to biologically relevant pH 
fluctuations.21,24 In order to assess the effect of meso substitution on the pH sensitivity, we titrated 
3-carboxy, 3-sulfono and 3-phosphono- dichlorofluoresceins from pH 2.3 to 9.8 (Figure 1a, d, 
and g). Transition to the dianion can be monitored by measuring the increase in absorption at λmax 
with respect to increasing pH (Figure 1b, e, and h). The phenolic pKa of all three 
dichlorofluoresceins is 4.5, suggesting substitution at the 3 position has little effect on formation 
of the dianion (Figure 1c, f, and i). 

The phenolic pKa values for non-halogenated, 3-phosphonofluorescein (6, pKa = 6.4) and 
fluorinated 3-phosphonofluorescein (5, pKa = 4.8) also closely match the pKa value of the 
analogous 3-carboxy analog (Figures S3 and S4).24 Unique to 3-phosphonofluoresceins, after 
deprotonation to the dianion, a 5 nm hypsochromic shift is observed as pH continues to increase 
(Figure 1g, Figure S3a and c). This likely results from formation of a trianion (Figure 1i) due to 
the extra acidic site on the phosphonate and quantification of this shift with 4 (pF.Cl) reveals a pKa 
of 7.8 – in the typical range of acidities for aryl phosphonic acids.7 

In the neutral form, carboxy fluoresceins spirocyclize to a colorless, non-fluorescent lactone 
(Figure 1c) whereas 3-sulfono-fluoresceins do not (Figure 1f). Both sulfono- and phosphono-
dichlorofluoresceins have a clear isosbestic point between pH 2.3 and 6.8 (Figure 1d and g), 
resulting from the interconversion of the anionic quinoid and dianion. The same isosbestic point 
is not observed with 3-carboxy dichlorofluorescein as absorption continuously decreases with pH 
due to spirocyclization to the neutral lactone at low pH (Figure 1a). The observation that carboxy-
fluoresceins spirocyclize whereas sulfono- and phosphono-fluoresceins do not can be rationalized 
by the difference in pKa values. The 3-substituents on the latter two are strongly acidic, with pKa 
values lower than protonation of the xanthene to the cationic form (Figure S4c), and thus the 
neutral form favors an open zwitterion. The carboxylate, however, has a higher pKa, so a 
significant portion of the neutral form exists as a closed lactone.22  

Fluorescein can also spirocyclize in low dielectric media and thus doesn’t absorb light in the 
visible region (Figure S5a,b, red trace). In low dielectric media, both 3-phosphono- (Figure S5d-
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f) and 3-sulfono-fluoresceins (Figure S5c) possess absorbance profiles akin to the protonated 
xanthene in the open form. Moving from high to low dielectric, we observe an apparent increase 
in the pKa of the phenolic oxygen but no tendency to spirocyclize into the colorless lactone. 

 

Table 1. Properties of fluoresceins. 

Dye	 3-
substituent	 Xa	 λmax	/	nmb	 λem	/	nmb	 ε	/	M-1cm-1b,c	 Φflb	 Solubilityd	

fluorescein	 -CO2H	 -H	 491	 514	 88,000	 0.92	 ---	
2',7'-dichloro-3-carboxy-fluorescein		 -CO2H	 -Cl	 502	 523	 86,000	 0.94	 1	

2',7'-dichloro-3-sulfonofluorescein	
(sF.Cl)	 -SO3H	 -Cl	 509	 526	 87,000	 0.89	 3.1	

2',7'-dichloro-3-
phosphonofluorescein	(pF.Cl,	4)	 -PO3H2	 -Cl	 498	 517	 88,000	 0.90	 1.8	

2',7'-difluoro-3-
phosphonofluorescein	(pF.F,	5)	 -PO3H2	 -F	 488	 508	 84,000	 0.94	 ---	

3-phosphonofluorescein	(pF.H,	6)	 -PO3H2	 -H	 487	 508	 75,000	 0.99	 ---	
a see Scheme 2. b in 0.1M NaOH(aq), relative to fluorescein. c At max absorption. d measured in PBS relative to 2',7'-

dichlorofluorescein.	
 

 
Figure 1. Spectroscopic characterization of the pH dependence of dichlorofluoresceins. Normalized absorbance 
spectra and corresponding plots of normalized absorbance vs. pH at λmax for carboxy- (a, b), sulfono- (d, e) and 
phosphono- (g, h) dichlorofluoresceins. Spectra were recorded in 10 mM buffered solutions (see supporting 
information) containing 150 mM NaCl from pH 2.4 (red) to 9.8 (magenta), and intermediate values of 3.1, 3.8, 4.3, 
4.8, 5.3, 5.5, 6.1, 6.6, 7.1, 7.5, 8.2, 8.7 and 9.2 at a dye concentration of 2 μM. Titration curves fit to sigmoidal dose 
response curves (solid black) enabled pKa determination (dashed red). Error bars represent ± SEM for n = 3 
independent determinations and if not visible are smaller than the marker. Summary of pH equilibria with determined 
pKa values for carboxy- (c), sulfono- (f) and phosphono- (i) dichlorofluorescein. 
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Intracellular delivery and live-cell imaging 
Acetoxy methyl (AM) ethers are commonly employed to deliver anionic fluorophores and 

small molecules into cells.25 The high pKa (~13) of the formaldehyde hydrate leaving group 
provides chemical and hydrolytic stability, therefore AM ether hydrolysis relies on endogenous 
cellular esterases.26 In the context of fluorescein, this uncaging process is fluorogenic; hydrolysis 
of the first AM ether releases the dye from its closed, colorless lactone form and hydrolysis of the 
second AM ether provides the negatively charged phenolate responsible for strong fluorescence. 
This fluorogenicity has resulted in the widespread use of fluorescein AMs as cell viability reagents 
and has enabled the intracellular delivery of numerous fluorescein-derived probes.26,27 Despite 
their widespread use, carboxy fluoresceins are rapidly effluxed out of cells, hindering the long-
term imaging of live cells.28–30 We considered whether the improved water solubility and lower 
pKa of 3-phosphonofluoresceins would improve intracellular retention, since this charged group 
must be masked in some way in order to cross the lipid bilayer. While 3-sulfono-fluoresceins also 
possess high water solubility and low pKa values, sulfonic esters are potent electrophiles, making 
them inherently unstable and difficult to chemically mask for intracellular delivery.31 On the other 
hand, phosphonates are commonly masked with biologically labile protecting groups, such as AM 
esters, to deliver phosphonate or phosphate containing biomolecules into cells.32–34 This approach 
is commonly incorporated into the design of nucleotide (or nucleoside phosphate) prodrugs.35,36 

 

 
Scheme 3. Synthesis of phosphonofluorescein acetoxy methyl esters and ethers.	
	

Treatment of 3-carboxy–fluoresceins with bromomethyl acetate in the presence of Ag(I) in 
MeCN, results predominantly in the closed, non-fluorescent, lactonized form with two phenolic 
AM ethers, although a small amount of the open AM ether/ester can be isolated (Supporting 
Info).26 Owing to the tendency to not spirocyclize, the opposite selectivity is observed with pF.Cl 
(4), where the open form (4-AM open) is the major product, and the cyclized form (4-AM closed) 
is the minor product (Scheme 3). In buffered saline (Hank’s balanced salt solution, HBSS), 4-AM 
open has absorption centered at 467 nm, and emission profiles characteristic of a singly alkylated 
xanthene ether (Figure S6a,b). No hydrolysis is observed after several hours of incubation in 
HBSS at 37 °C (Figure S7). Incubation in strong base, or in the presence of porcine liver esterase 
(PLE), however, results in a ~30x fold increase in fluorescence (Figure S7 and S6a,b), 
demonstrating effective release of the free dye, behaving in the same way as the analogous 
carboxy–fluorescein AM (Figure S6i,j). While the closed, 3-carboxy fluorescein AMs absorbs no 
visible light in HBSS (Figures S6e-h), 4-AM closed, with an absorption maximum at 443 nm, 
displays a spectrum (Figure S6c,d) similar to that of the cationic species observed at low pH 
(Figure S6b), suggesting the 4-AM closed is in an open, zwitterionic form. Subsequent incubation 
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of 4-AM closed at 37 ℃ in HBSS for 2 hours results in a loss of any visible absorption (Figure 
S6d) along with a decrease in m/z corresponding to loss of a single AM group (Figure S8). This 
suggests that in this form, the phosphonate ester of 4-AM closed is prone to facile hydrolysis 
(Figure S9). The 31P NMR chemical shift of 4-AM closed is significantly downfield (30.3 ppm, 
Spectrum S23) relative to 4-AM open (14.3 ppm, Spectrum S20), likely a result of increased 
electrophilicity and thus confers decreased hydrolytic stability of 4-AM closed. 

	

 
Figure 2. Cell permeability of phosphonofluoresceins. Widefield fluorescence (a-c) and DIC (d-f) images of HEK 
cells stained with 500 nM 4 (a,d), 4-AM closed (b,e) and 4-AM open (c,f) for 20 min at 37 ℃. Cells were washed 
once with HBSS prior to imaging. Scale bar is 50 μM. 

 
Unsurprisingly, 4, which contains an unmasked phosphonic acid, is cell impermeable and no 

uptake into HEK293T (HEK) cells is observed by widefield fluorescence microscopy after 20 
minutes of incubation (Figure 2a,d). The same is true for 4-AM closed, suggesting the 
phosphonate ester is rapidly hydrolyzed in the loading solution and the resulting negative charge 
precludes the ability to diffuse across the cell membrane (Figure 2b,e, Figure S10). The strong 
cellular fluorescence from cells treated with 4-AM open indicates a high degree of cell 
permeability followed by fluorogenic uncaging (Figure 2c,f). Compared to 3-carboxyfluorescein 
AM derivatives, 4-AM open has between 3.5 to 6–fold increase in cellular fluorescence intensity 
compared to FCl and F-AMs (both open and closed) at 500 nM in HEK cells (Figure 3a,d), 
enabling the phosphono derivative to be used at much lower concentrations. In fact, we saw 
reasonable fluorescence intensity at 100 nM concentrations, whereas carboxy fluoresceins are 
often loaded in the μM range.26  

We postulated the increased cellular fluorescence intensity of 3-phosphonofluoresceins may 
result from improved cellular retention compared to 3-carboxyfluoresceins. Serial washing of cells 
loaded with FCl-AM (2',7'-dichloro-3-carboxyfluorescein) results in a dramatic loss of 
fluorescence and after 3 washes cellular fluorescence levels are 8% of original intensities (Figure 
3b,c). Conversely, with 4-AM open, cellular fluorescence intensity levels remain at 89% of the 
original values, even after 3 washes (Figure 3b,c), thereby demonstrating an almost 70 fold 
increase in fluorescence intensity compared to cells stained with FCl-AM. The enhanced cellular 
retention of 3-phosphonofluoresceins expands the scope of use for prolonged imaging in living 
cells.  
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Figure 3. Cellular retention of fluoresceins. (a) Comparison of the relative brightness of fluorescein AMs in HEK 
cells. (b) normalized intensity and (c) fluorescence images of 4-AM Open and FCl-AM Closed loaded onto HEK cells 
at 500 nM in HBSS for 20 min. Cells were sequentially washed with fresh HBSS and changes in fluorescence intensity 
were measured by means of fluorescence microscopy. All dyes were loaded at 500 nM in HBSS for 20 min at 37 °C. 
Error bars in (a) and (b) are ±SEM for n=4 coverslips. Scale bar is 50 μm. (d) Chemical structures of 
carboxyfluorescein AMs.  

We then incubated HEK cells labelled with FCl-AM closed, 4-AM open and calcein AM (a 
multiply carboxylated fluorescein derivative, with a net 6 negative charge and excellent cellular 
retention)30,37 in DMEM for up to 60 minutes prior to imaging. Carboxy fluorescein is rapidly 
effluxed and no fluorescence is seen after the 0 min time point (Figure 4b), whereas 
phosophonofluorescein appears to efflux at a much slower rate, and almost half the intracellular 
fluorescence is retained after an hour (Figure 4a). Anionic transporters such as multidrug resistant-
associated proteins (MRP) have been implicated in the efflux of fluorescein from cells and MRP 
inhibitors such as MK-571 improve retention and accumulation of dyes.38–40 Incubation of stained 
HEK cells in DMEM containing MK-571 (50 μM) reduces the rate of dichlorofluorescein efflux 
after 15 minutes (Figure 4b ii, iii), however almost all cellular fluorescence is still lost after 60 
minutes (Figure 4b iii, iv). On the contrary phosphonofluorescein efflux is almost completely 
inhibited by MK-571: no change in cellular fluorescence intensity is observed after 60 minutes 
incubation in the presence of MK-571 (Figure 4a). While fluorescein is known to be effluxed by 
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a variety of transporters, complete inhibition of phosphonofluorescein efflux demonstrates the 
propensity of the phosphonate to avoid some of these pathways and implicates MRPs as the key 
contributor to efflux. One could imagine circumstances where moderate efflux of a fluorophore 
could prove beneficial, such as improving contrast when labelling intracellular structures. On the 
other hand, phosphonofluorescein efflux can be readily inhibited with the addition of MK-571 for 
situations where efflux would be undesirable, such as quantitative long-term live cell or in vivo 
imaging applications (Figure 5). Importantly, 3-phosphonofluorescein 4 shows very low cellular 
toxicity, comparable to calcein-AM,41 a reagent widely used as a viability marker, when assayed 
using an MTT reduction assay (Figure S11).42	
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Figure 4. Efflux of fluoresceins. DIC and fluorescence images (i, iii) and associated quantification (ii, iv) of HEK 
cells loaded with 500 nM 4-AM open (a), FCl-AM closed (b) and calcein-AM (c). Cells were incubated with dye for 
20 mins and imaged in HBSS (0 min) or dye loading solutions were replaced with DMEM either with or without 50 
µM MK-571 and incubated for a further 60 (i and ii) or 15 (iii and iv) mins prior to imaging. Scale bar is 50 µm. 
Images are normalized to the relevant 0 min image. For quantification error bars represent ± SEM for n = 30 images 
across 6 coverslips (coverslips represented by different shades of green).  
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Figure 5. Examples of circumstances when moderate efflux of phosphonofluoresceins could be beneficial or when 
inhibition with MK-571 would be preferable.  
 
Conclusions and outlook 

In summary, we report the first synthesis of 3-phosphonofluoresceins, characterize the 
spectroscopic properties of this new class of fluorophore, and demonstrate the applicability of 3-
phosphnofluorescein to live-cell imaging experiments. The new synthetic route to 3-
phosphonofluorescein provides access to unhalogenated and 2',7'-dihalogen-3-
phosphonofluoresceins. While the attractive photophysical properties of fluoresceins, such as 
absorption/emission wavelengths and brightness remain relatively unperturbed 2',7'-dichloro-3-
phosphonofluorescein is almost twice as water soluble than its 3-carboxy analog. In addition, 3-
phosphonofluoresceins, unlike 3-carboxyfluoresceins, do not spirocyclize, rendering them cell-
impermeant. Esterification of the phosphonic acid with biologically labile acetoxy methyl esters 
allows delivery of 3-phosphonofluoresceins to living cells, where they show an almost 70-fold 
increase in cellular brightness over carboxy fluorescein resulting from improved accumulation and 
retention. We imagine that 3-phosphonofluoresceins will be of utility for long-term or in vivo 
imaging applications that rely on a high degree of cellular retention. Ultimately incorporation of a 
phosphonate at the 3-position provides a new class of fluoresceins with unique characteristics 
without any compromise in optical properties and we envision this will yield additional 
opportunities in the context of other xanthene fluorophores such as rhodamines. 
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Chapter 1 Supplementary Information 
 
General procedures 
Chemical reagents and anhydrous solvents were purchased from commercial suppliers and used 
without further purification, besides resorcinol and 4-chlororesrocinol which were recrystallized 
from toluene prior to use. 2’,7’-dichlorofluorescein was synthesized based on literature 
procedures.1 Thin layer chromatography (TLC) (silica gel, F254, 250 µm) and preparative thin 
layer chromatography (PTLC) (Silicycle, F254, 1000 µm) were performed on precoated TLC glass 
plates and were visualized by fluorescence quenching under UV light. Flash column 
chromatography was performed on Silicycle Silica Flash F60 (230–400 Mesh) for normal phase 
or 60 RP-18 (200-400 mesh) for reverse phase, using a forced flow of air at 0.5–1.0 bar. NMR 
spectra were recorded on Bruker AV-300 MHz, Bruker AVB-400 MHz, Bruker AVQ-400 MhZ, 
Bruker NEO-500 MHz and Bruker AV-600 NMR spectrometers. NMR spectra measured on 
Bruker AVII-900 MHz, 225 MHz, equipped with a TCI cryoprobe accessory, were performed by 
Dr. Jeffrey Pelton (QB3). Chemical shifts (δ) are expressed in parts per million (ppm) and are 
referenced to CDCl3 (7.26 ppm), DMSO (2.50 ppm), MeOD (3.31 ppm) or D2O (4.79 ppm). 
Coupling constants are reported as Hertz (Hz). Splitting patterns are indicated as follows: s, singlet; 
d, doublet; t, triplet; q, quartet; dd, doublet of doublet; td, triplet of doublets; dt, doublet of triplets; 
tt, triplet of triplets; ddd, doublet of doublet of doublets; tdd, triplet of doublet of doublets; q, 
quartet; m, multiplet. High resolution mass spectra (ESI EI) were measured by the QB3/Chemistry 
mass spectrometry service at University of California, Berkeley. High performance liquid 
chromatography (HPLC) and low resolution ESI Mass Spectrometry were performed on an 
Agilent Infinity 1200 analytical instrument coupled to an Advion CMS-L ESI mass spectrometer. 
The column used was Phenomenex Luna 5 μm C18(2) (4.6 mm I.D. × 150 mm) with a flow rate 
of 1.0 mL/min. The mobile phase was MQ-H2O with 0.05% trifluoroacetic acid (eluent A) and 
HPLC grade MeCN with 0.05% trifluoroacetic acid (eluent B). Signals were monitored at 210, 
254, 350, 460 and 520 nm over 10 min, with a gradient of 10 to 100% eluent B for 8 min, then 
held at 100% B for 2 min. 
 
Spectroscopic studies 
UV-Vis absorbance and fluorescence spectra were recorded using a 2501 Spectrophotometer 
(Shimadzu) and a Quantamaster Master 4 L-format scanning spectrofluorometer (Photon 
Technologies International). The fluorometer is equipped with an LPS-220B 75-W xenon lamp 
and power supply, A-1010B lamp housing with integrated igniter, switchable 814 photon-
counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples were 
measured in 1-cm path length quartz cuvettes (Starna Cells). 
 
The maximum absorption wavelength (lmax), maximum emission wavelength (lem) and extinction 
coefficients (e) were taken in 0.1M NaOH(aq) using 1000x dilutions from stock solutions of dyes 
in DMSO (2 mM). Photostabilities of dichlorofluoresceins were investigated by continuous 
illumination of 250 nM solutions (in 0.1 M NaOH) at λ!"# and monitoring fluorescence intensity 
every second for 10 minutes.  pH titrations were conducted in buffers containing 150 mM NaCl 
and 10 mM buffer. The following buffer systems were used: phosphate (pH 2.4 – 3.1 and 5.5 – 
7.5), acetate (pH 3.8 – 5.3), tris (pH 8.2 – 9.2) and carbonate (pH 9.8). pKa’s were determined by 
recording absorbance values at wavelengths of interest (n = 3) and fitting to sigmoidal dose 
response curves using GraphPad Prism software. Dielectric titrations were conducted in mixtures 
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of dioxane and water (0 – 100% in 10% increments) containing 0.01% triethylamine. For 
spectroscopic comparison of fluorophore purity, stock solutions of fluorophore (from various 
purification methods) were prepared in DMSO at a theoretical concentration of 2 mM using the 
molecular weight of the fluorophore. Spectra of each stock solution (1000x dilution in 0.1 M 
NaOH) were normalized to a HPLC purified standard to determine relative purity by mass.  
 
In vitro AM ester hydrolysis reactions and characterization. 
For chemical hydrolysis, 2 µl AM dyes (1 mM in DMSO) were diluted to 2 mL in 0.1 M NaOH 
or HBSS (pH 7.4) and characterized by absorbance and fluorescence spectroscopy. For the 
enzymatic reactions, commercially purified pig liver esterase (PLE, MW = 168 kDa) as a 
suspension in 3.2 M (NH4)2SO4 was used as a stock solution of 28.1 mg/mL. 2 µl AM dyes (1 mM 
in DMSO) were incubated with or without 1 µl PLE (final concentration 0.7025 mg/mL) in HBSS 
(pH 7.4, final volume 40 µl) for 2 hrs at 37°C. Solutions were either diluted to 2 mL in HBSS and 
characterized by absorbance and fluorescence spectroscopy or diluted with 200 µl MeCN, filtered 
through a 0.22 µm PTFE filter and characterized by HPLC.  
 
Relative solubility of fluoresceins 
Suspensions of 5 mg each of 2’7’-dichloro carboxy-, sulfono- and phospono- fluoresceins in 1 mL 
DPBS (pH 7.4) were stirred vigorously for three days. Each suspension was then filtered through 
a 0.22 µm PTFE filter into scintillation vials. 2 µl of the filtrate was diluted to 2 mL in 0.1 M 
NaOH and the concentration of fluorescein present was determined by UV-Vis spectroscopy.  
 
Cell culture 
Human embryonic kidney 293T (HEK) cells were maintained in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 4.5 g/L D-glucose, 10% fetal bovine serum (FBS; Thermo 
Scientific) and 1% GlutaMax (Invitrogen) at 37 °C in a humidified incubator with 5% CO2. Cells 
were passaged and plated in DMEM (as above) onto 12 mm glass coverslips pre-coated with Poly-
D-Lysine (PDL; 1 mg/mL: Sigma-Aldrich) at a density of 50,000 cells per coverslip. Imaging was 
performed 36–48 hours after plating.  
 
For loading experiments, HEK cells were incubated with a 500 nM solution of dye (1 mL) in HBSS 
at 37 °C for 20 min, prior to transfer to 3 mL fresh HBSS (no dye) for imaging. For dye wash out 
experiments, this imaging solution was replaced with 3 mL fresh HBSS after each subsequent 
round of imaging (3 washes). For dye efflux experiments, dyes were loaded as above and 
coverslips were either imaged immediately in fresh HBSS (0 min time point) or loading solutions 
were replaced with DMEM (1 mL) with or without the presence of MK-571 (50 µM) and then 
incubated for a further 15 or 60 min at 37 °C before imaging in HBSS (3 mL).  
 
For the MTT cytotoxicity assay, HEK cells were passaged and plated in DMEM (as above) into a 
96-well glass bottom plate pre-coated with PDL at a density of 10,000 cells per well. The assay 
was performed 12 hours after plating. Cells were incubated with 500 nM solutions of dye (100 µl) 
or a DMSO (0.1%)  vehicle control at 37 °C for 20 min. Loading solutions were replaced with 
fresh DMEM (100 µl) containing MTT (1.1 mM) and cells were incubated for 4 hours – a negative 
control containing no HEK cells was included. MTT formazan crystals were solubilized by 
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addition of 10% SDS-HCl (100 µl) and a further 2 hour incubation. Absorbance at 570 nm was 
recorded for each well using a plate reader.  
 
Epifluorescence microscopy 
Imaging was performed on an AxioExaminer Z-1 (Zeiss) equipped with a Spectra-X Light engine 
LED light (Lumencor), controlled with Slidebook (v6, Intelligent Imaging Innovations). Images 
were acquired with a W-Plan-Apo 63x/1.0 objective (63x; Zeiss) and images were focused onto 
an OrcaFlash4.0 sCMOS camera (sCMOS; Hamamatsu). The excitation light was delivered from 
an LED at 475/34 nm and emission was collected with a quadruple emission filter (430/32, 508/14, 
586/30, 708/98 nm) after passing through a quadruple dichroic mirror (432/38, 509/22, 586/40, 
654 nm LP). 
 
Image analysis 
Image analyses were performed in ImageJ (FIJI, NIH). For image intensity measurements, regions 
of interested were created by thresholding images to create binary masks (cells and background). 
Background subtracted mean fluorescence intensities were calculated and averaged across five 
images (each containing at least 15 cells) per coverslip and 4 coverslips were examined for each 
condition.  
 
Supporting figures 
 

 
Figure S1.  Comparison of the purity of 4 across synthetic and purification techniques.  
Normalized absorption spectra of the crude isolate of 4 when the reaction was performed open to air (black), under a 
nitrogen atmosphere (red), after three purifications by flash silica chromatography (orange) and by precipitation with 
cold MeOH/iPrOH (blue). Spectra are normalized to a standard solution of 4 that was purified by HPLC (green). All 
spectra were taken in 0.1M NaOH(aq) at a theoretical final dye concentration of 2 µM.  
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Figure S2.  In vitro spectroscopy of fluoresceins.  
Normalized absorption (solid) and fluorescence (dashed) spectra of 4 (a), 5 (b), 6 (c), 2’,7’-dichlorofluorescein (d), 
2’,7’-dichloro-3-sulfonofluorescein (e) and fluorescein (f). Spectra were recorded in 0.1 M NaOH. For fluorescence 
spectra, excitation was at 500 nm (a, d, and e) or 490 nm (b, c and f). Photostability of 2’,7’-dichlorofluorescein, 2’,7’-
dichloro-3-sulfonofluorescein and 4 (g – i). Fluorescence was measured under continuous illumination at λ!"# for 10 
minutes. Spectra g – i represent the same data with different axes ranges. Shaded regions represent the standard 
deviation for n = 3 measurements.  
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Figure S3. pH characterization of fluoresceins.  
Normalized absorbance spectra and corresponding plots of normalized absorbance vs. pH at lmax for pF.F (5) (a, b), 
pF.H (6) (c, d) and fluorescein (e, f). Spectra were recorded in 10 mM buffered solutions containing 150 mM NaCl 
from pH 2.4 (red) to 9.8 (magenta), and intermediate values of 3.1, 3.8, 4.3, 4.8, 5.3, 5.5, 6.1, 6.6, 7.1, 7.5, 8.2, 8.7 
and 9.2 at a dye concentration of 2 µM. Titration curves fit to sigmoidal dose response curves (solid black) enabled 
pKa determination (dashed red). Error bars represent ±SEM for n = 3 independent determinations and if not visible 
are smaller than the marker 
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Figure S4. pH equilibria of fluorescein dyes.  
Summary of pH equilibria with determined pKa values (see Figure S2) for 5 (a), 6 (b) and fluorescein (c). 
 
 
 

 
Figure S5. Dielectric titrations of fluorescein dyes.  
Plots of normalized absorbance intensity vs. wavelength for a) fluorescein, b) dichlorofluorescein, c) 
dichlorosulfofluorescein, d) 6 (PF.H), e) 4 (PF.Cl) and f) 5 (PF.F). 1 mM dye solutions in DMSO were diluted 1000 
fold into water/dioxane mixtures from 100% water (black) to 100% dioxane (red) in 10 % increments (grey). All 
solutions contained 0.01% triethylamine.  
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Figure S6. Spectroscopic characterization of fluorescein AMs.  
Absorption (solid) and emission (dashed) spectra of 4-AM open (a,b), 4-AM closed (c,d), F.Cl AM closed (e,f), F.H 
AM (g,h) closed and F.H AM open (i,j). For each dye, the left graph (a, c, e, g, i) represents normalized intensity vs. 
wavelength for 1 µM solutions of dye in HBSS (dark green) or 0.1 M NaOH (light green). The right graph (b, d, f, 
h, j) represents normalized intensity vs. wavelength for 1 µM solutions of dye after incubation in HBSS for 2 hrs at 
37°C without (dark green) or with (light green) the presence of PLE.  
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Figure S7. HPLC analysis of PLE reaction with 4-AM open.  
4-AM open was incubated with or without PLE in HBSS for 2 hrs at 37 °C. HPLC traces were then compared to those 
of 4-AM open (not incubated in HBSS) and 4.  
 

 
Figure S8. HPLC analysis of PLE reaction with 4-AM closed.  
4-AM closed was incubated with or without PLE in HBSS for 2 hrs at 37 °C. HPLC traces were then compared to 
those of 4-AM closed (not incubated in HBSS) and 4. Note: incubation of 4-AM closed without PLE results in a 
compound with a mass corresponding to the loss of a single AM ester.  
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Figure S9. Summary of 4-AM closed and 4-AM open hydrolysis.  
Mild hydrolysis of 4-AM closed (a) (HBSS, 37 °C) leads to loss of the phosphonoester and allows the adoption of the 
spirocyclized form, 4-AM open (b) is not prone to hydrolysis under such mild conditions. Global saponification of 
AM esters on the phosphonate and phenolic oxygens of 4-AM closed or 4-AM open (a,b) in strong base (0.1 M 
NaOH) or the prescence of PLE results in the open form of 2',7'-dichloro-3-phosphonofluorescein. 
 
 

 
Figure S10. Relative cell brightness of phosphono-fluoresceins.  
Comparison of relative cell fluorescence intensity for 4, 4-AM closed and 4-AM open. Dyes were loaded onto HEK 
cells at 500 nM (in HBSS) for 20 min at 37 oC before being imaged in fresh HBSS. Error bars are ± SEM for n = 3 
coverslips.  
 

O OO

ClCl

P
O O

O
O

O

O

O

O

O

O OO

ClCl

O

O

O

O

P
O

O O

O

O

O OO

ClCl

P
O

O

O

O

O

O

O

O OHO

ClCl

P
O

OH
OH

4

HBSS, 37oC

0.1 M NaOH
or

PLE

O OO

ClCl

P
O

O
O

O

O

O

O

O O

Cell Impermeable 4-AM closed

4-AM open

O OHO

ClCl

P
O

OH
OH

4

0.1 M NaOH
or

PLEHBSS, 37oCNo Hydrolysis

Cell Permeable

a)

b)



 35 

 
Figure S11. Cytotoxicity of fluoresceins. 
MTT assay to determine cytotoxicity of fluoresceins to HEK cells. Cells were incubated with a DMSO vehicle (0.1%) 
or 500 nM FCl-AM closed, 4-AM open or calcein-AM in HBSS for 20 min. Loading solutions were replaced with 
DMEM containing 1.1 mM MTT and incubated for 4 hours, prior to solubilizing with 10% SDS-HCl and measuring 
absorbance at 570 nm. Error bars represent ± SEM for n = 6 replicates where each data point is an average of 3 
absorbance measurements.  
 
 
Synthetic procedures 
 

 
Synthesis of 2: 
 
diethyl (2-formylphenyl)phosphonate 
 
An oven dried Schlenk flask, equipped with a reflux condenser, was charged with NiCl2 (35 mg, 
0.27 mmol, 0.05 eq) and evacuated and backfilled with nitrogen (3x). 2-bromobenzaldehyde (1) 
(0.63 mL, 5.41 mmol, 1 eq) was added and the system was purged with nitrogen for 10 mins. Upon 
heating to 175℃, triethyl phosphite (1.2 mL, 7 mmol, 1.3 eq) was added and the solution stirred 
for 1hr under a weak nitrogen flow. Upon cooling to room temperature, the crude orange oil was 
purified by flash column chromatography (50% EtOAc/Hexanes) to afford 2 (786 mg, 3.25 mmol, 
60%) as a colorless oil.  
 
1H NMR (400 MHz, Chloroform-d) δ 10.65 (s, 1H), 8.07 (m, 2H), 7.68 (m, 2H), 4.25 – 4.08 (m, 
4H), 1.33 (t, J = 7.1 Hz, 6H).  
 
31P NMR (162 MHz, Chloroform-d) δ 16.34.  
 
13C NMR (101 MHz, Chloroform-d) δ 191.96 (d, J = 3.8 Hz), 138.07 (d, J = 9.8 Hz), 134.13 (d, J 
= 8.9 Hz), 133.09 (d, J = 14.1 Hz), 132.75 (d, J = 2.9 Hz), 130.59 (d, J = 182.4 Hz), 128.07 (d, J 
= 12.6 Hz), 62.77 (d, J = 5.7 Hz), 16.36 (d, J = 6.3 Hz).  
 

O
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HR-ESI-MS m/z for C11H15O4NaP+ [M+Na]+ calcd: 265.0600 found: 265.0602. 
 
 

 
Synthesis of 3: 
 
(2-formylphenyl) phosphonic acid 
 
2 (300 mg, 1.24 mmol) was refluxed in conc. HCl (1.1 mL) for 12 hours. The solution was 
concentrated to dryness by azeotroping with MeCN. The resulting residue was dissolved in a small 
volume of MeOH, diluted with DCM, poured into hexanes and filtered to afford 3 (200 mg, 1.08 
mmol, 87%) as a beige solid.  
 
1H NMR (500 MHz, DMSO-d6) δ 10.73 (s, 1H), 7.96 – 7.87 (m, 2H), 7.75 (tdd, J = 7.4, 2.9, 1.5 
Hz, 1H), 7.69 (t, J = 7.6 Hz, 1H).  
 
31P NMR (202 MHz, DMSO-d6) δ 9.29 (d, J = 12.9 Hz).  

 

13C NMR (126 MHz, DMSO-d6) δ 192.96 (d, J = 3.8 Hz), 137.59 (d, J = 1.1 Hz), 136.86 (d, J = 
164.8 Hz), 133.85 (d, J = 12.9 Hz), 132.93 (d, J = 8.1 Hz), 131.95 (d, J = 2.6 Hz), 127.26 (d, J = 
11.7 Hz).  
 
HR-ESI-MS m/z for C7H6O4P-  [M-H]- calcd: 185.0009 found: 185.0011. 
 
*alternative work up: After cooling to room temperature, the solution was diluted with water (30 
mL), washed with DCM (30 mL) and subsequently extracted into 1:3 iPrOH:DCM (30 mL) (3x), 
dried over Na2SO4 and concentrated under vacuum. The residue was suspended in a small amount 
of DCM, diluted with hexanes and a tan solid was filtered by vacuum filtration.  
 
 

 
Synthesis of 4: 
 
2’,7’-dichlorophosphonofluorescein 
 
3 (250 mg, 1.34 mmol) and 4-chlororesorcinol (387 mg, 2.68 mmol) were charged into a round 
bottom that was subsequently evacuated and backfilled with nitrogen (3x). Methanesulfonic acid 
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(3 mL) was added and the solution stirred at 90oC for 16 hours. Upon cooling to room temperature, 
15 mL water was added and the suspension stirred vigorously in an ice bath for 20 minutes before 
filtering. The crude brown/red solid was suspended in 4 mL MeOH, placed in an ice bath and 
diluted slowly with 20 mL iPrOH. A brick red solid was then isolated by vacuum filtration and 
washed with hexanes to obtain 4 (101 mg, 0.23 mmol, 17%).  
 
1H NMR (500 MHz, Deuterium Oxide + < 1% NaOD) δ 7.90 (dd, J = 11.7, 7.8 Hz, 1H), 7.49 (t, J 
= 7.2 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.17 (s, 2H), 6.69 (dd, J = 7.5, 3.6 Hz, 1H), 6.53 (s, 2H).  
 

31P NMR (202 MHz, Deuterium Oxide + < 1% NaOD) δ 7.34.  
 
13C NMR (126 MHz, Deuterium Oxide + < 1% NaOD) δ 174.23, 160.96 (d, J = 3.3 Hz), 157.37, 
140.87 (d, J = 161.9 Hz), 133.50 (d, J = 7.6 Hz), 132.64 (d, J = 7.6 Hz), 130.15, 128.97 (d, J = 
10.9 Hz), 128.58 (d, J = 11.2 Hz), 128.05, 127.13, 113.44, 103.73.  
 
HR-ESI-MS m/z for C19H10O6Cl2P- [M-H]- calcd: 434.9598 found: 434.9603. 
 
254 nm 

 
460 nm 

 
 
Small amounts of 4 were also obtained by purifying the crude reaction isolate via HPLC as 
demonstrated below:  
 
 
254 nm 
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460 nm 

 
 
 

 
Synthesis of 5: 
 
2’,7’-difluorophosphonofluorescein 
 
3 (300 mg, 1.61 mmol) and 4-fluororesorcinol (413 mg, 3.23 mmol) were charged into a round 
bottom that was subsequently evacuated and backfilled with nitrogen (3x). Methanesulfonic acid 
(3 mL) was added and the solution stirred at 90 oC for 16 hours. Upon cooling to room temperature, 
20 mL water was added and the suspension stirred vigorously in an ice bath for 20 minutes before 
filtering. The crude brown/red solid was triturated with 20mL cold iPrOH and filtered to obtain 5 
as a bright orange solid (38 mg, 0.09 mmol, 6%).  
 
1H NMR (500 MHz, Deuterium Oxide + <1% NaOD) δ 8.06 (dd, J = 11.7, 7.8 Hz, 1H), 7.64 (t, J 
= 8.3 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 6.95 (m, 3H), 6.76 (d, J = 7.5 Hz, 2H). 
 
31P NMR (202 MHz, Deuterium Oxide + < 1% NaOD) δ 7.29 (d, J = 11.1 Hz). 19F NMR (470 
MHz, Deuterium Oxide + <1 % NaOD) δ -134.06 (dd, J = 11.5, 7.8 Hz).  
 
13C NMR (126 MHz, Deuterium Oxide + < 1% NaOD) δ 169.54 (d, J = 17.8 Hz), 155.97, 155.19, 
153.23, 140.74 (d, J = 162.0 Hz), 133.94 (d, J = 7.7 Hz), 132.66 (d, J = 7.5 Hz), 128.83 (d, J = 
10.9 Hz), 128.58 (d, J = 11.0 Hz), 128.03, 113.12 (d, J = 22.3 Hz), 112.67 (d, J = 9.0 Hz), 104.71 
(d, J = 4.9 Hz).  
 
HR-ESI-MS m/z for C19H10O6F2P- [M-H]- calcd: 403.0189 found: 403.0189. 
 
254 nm 
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460 nm 

 
 
 

 
Synthesis of 6: 
 
3-phosphonofluorescein 
 
Phosphoric acid (85% in H2O, 4 mL) was added to a mixture of 3 (150 mg, 0.81 mmol) and 
resorcinol (195 mg, 1.77 mmol, 2.2 eq) in a 10 mL round bottom and the suspension was stirred 
at 120°C for 2.5 days. The red solution was cooled to room temperature, poured into 15 mL ice 
water and stirred in an ice bath for 30 min. A brown solid was collected by filtration, triturated 
with methanol (50 mL) and filtered again. The filtrate was concentrated to dryness, suspended in 
a minimal amount of methanol (~ 7 mL) and diluted with excess cold MeCN. Vacuum filtration 
then yielded 6 as a pale brown solid (29 mg, 0.08 mmol, 10%).  
 
1H NMR (500 MHz, Deuterium Oxide + <1% NaOD) δ 7.91 (dd, J = 11.9, 7.6 Hz, 1H), 7.49 (t, J 
= 7.8 Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.05 (d, J = 9.7 Hz, 2H), 6.89 (dd, J = 7.1, 3.7 Hz, 1H), 
6.53 – 6.48 (m, 4H).  
 
31P NMR (162 MHz, Deuterium Oxide + <1% NaOD) δ 7.58.  
 
13C NMR (126 MHz, Deuterium Oxide + <1% NaOD) δ 180.21, 162.32 (d, J = 3.0 Hz), 158.92, 
140.75 (d, J = 162.7 Hz), 134.29 (d, J = 7.7 Hz), 132.94, 132.58 (d, J = 7.7 Hz), 128.95 (d, J = 
11.1 Hz), 128.26 (d, J = 11.5 Hz), 127.87 (d, J = 2.1 Hz), 122.30, 113.71, 103.21.  
 
HR-ESI-MS m/z for C19H12O6P- [M-H]- calcd: 367.0377 found: 367.0380. 
 
254 nm 
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460 nm 
 

 
 
 

 
Synthesis of 2’,7’-dichloro-3-sulfonofluorescein. 
 
2-formylbenzenesulfonic acid (300 mg, 1.61mmol) and 4-chlororesorcinol (465 mg, 3.23 mmol) 
were charged into a round bottom that was subsequently evacuated and backfilled with nitrogen 
(3x). Methanesulfonic acid (3 mL) was added and the solution stirred at 90 oC for 16 hours. Upon 
cooling to room temperature, 8 mL water was added and the suspension stirred vigorously in an 
ice bath for 20 minutes before filtering. The crude brown/red solid was suspended in 2 mL MeOH, 
placed in an ice bath and diluted slowly with 25 mL iPrOH. A brick red solid was then isolated by 
vacuum filtration and washed with hexanes to obtain 2’,7’-dichlorosulfonofluorescein (85 mg, 
0.19 mmol, 12%).  
 
1H NMR (500 MHz, Deuterium Oxide + <1% NaOD) δ 8.10 (dd, J = 8.0, 1.0 Hz, 1H), 7.75 (td, J 
= 7.7, 1.3 Hz, 1H), 7.69 (dd, J = 7.7, 1.3 Hz, 1H), 7.15 (m, 3H), 6.64 (s, 2H).  
 
13C NMR (126 MHz, Deuterium Oxide + <1% NaOD) δ 174.71, 157.31, 155.38, 141.57, 131.25, 
130.40, 130.27, 129.79, 129.30, 127.71, 127.58, 112.77, 103.86.  
 
HR-ESI-MS m/z for C19H10O6Cl2S- [M-H]- calcd: 434.9502 found: 434.9500. 
 
460 nm 
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Synthesis of 4-AM open and 4-AM closed:  
 
4 (100 mg, 0.23 mmol), Ag2O (212 mg, 0.92 mmol, 4 eq) and 4Å molecular sieves (250 mg) were 
charged into a round bottom that was subsequently evacuated and backfilled with nitrogen (3x). 
MeCN (8 mL) was added and the suspension was stirred at room temperature for 1 hour. 
Bromomethyl acetate (0.13 mL, 1.38 mmol, 6 eq) was then added slowly and the mixture was 
warmed to 50°C and stirred for 24 hours. Upon cooling to room temperature, the suspension was 
diluted with DCM, filtered over celite and concentrated to a yellow oil. Purification by flash 
column chromatography (75-100% EtOAc/Hexanes) afforded: 
 
4-AM open as an orange powder (53 mg, 0.08 mmol, 35%).  
 
1H NMR (500 MHz, Chloroform-d) δ 8.14 (ddd, J = 14.9, 7.7, 1.0 Hz, 1H), 7.84 (tt, J = 7.6, 1.4 
Hz, 1H), 7.76 (tdd, J = 7.6, 3.7, 1.1 Hz, 1H), 7.34 (t, J = 6.3 Hz, 1H), 7.27 (s, 1H), 7.01 (s, 1H), 
6.94 (s, 1H), 6.61 (s, 1H), 5.92 (s, 2H), 5.50 (q, J = 9.5, 5.2 Hz, 1H), 5.47 (q, J = 9.5, 5.2 Hz, 1H), 
5.41 (dd, J = 11.9, 5.2 Hz, 1H), 5.32 (dd, J = 14.1, 5.2 Hz, 1H), 2.20 (s, 3H), 2.00 (s, 3H), 1.97 (s, 
3H).  
 
31P NMR (162 MHz, Chloroform-d) δ 14.33.  
 
13C NMR (226 MHz, Chloroform-d) δ 178.06, 169.48, 169.16, 169.07, 157.77, 156.53, 152.02, 
146.66, 135.77, 135.43 (d, J = 10.0 Hz), 134.21 (d, J = 8.9 Hz), 133.77, 130.51 (d, J = 14.0 Hz), 
130.18 (d, J = 14.5 Hz), 129.24, 128.11, 127.77 (d, J = 194.6 Hz), 120.73, 119.94, 117.08, 106.21, 
103.29, 85.07, 81.70 (d, J = 5.2 Hz), 81.28 (d, J = 5.6 Hz), 21.06, 20.74, 20.71.  
 
HR-ESI-MS m/z for C28H24O12Cl2P1+ [M+H]+ calcd: 653.0377 found: 653.0379. 
 
460 nm 
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and 4-AM closed as an off white solid. (33 mg, 0.05 mmol, 22%).  
 
1H NMR (400 MHz, Chloroform-d) δ 7.97 – 7.90 (m, 1H), 7.64 – 7.57 (m, 2H), 7.07 (s, 2H), 7.05 
(s, 2H), 7.00 – 6.89 (m, 1H), 5.85 (s, 6H), 2.18 (s, 6H), 2.07 (s, 3H).  
 
31P NMR (162 MHz, Chloroform-d) δ 30.27.  
 
13C NMR (226 MHz, Chloroform-d) δ 169.73, 169.70, 169.47, 154.09, 150.82 (d, J = 19.9 Hz), 
149.84, 134.76, 130.32, 130.26, 127.70 (d, J = 11.4 Hz), 125.44 (d, J = 14.5 Hz), 123.45 (d, J = 
175.6 Hz), 120.06, 116.11, 104.01, 85.64, 82.59 (d, J = 5.6 Hz), 29.92, 21.12.  
 
HR-ESI-MS m/z for C28H24O12Cl2P1+ [M+H]+ calcd: 653.0377 found: 653.0379. 
 
254 nm 

 
 
 
 

 
Synthesis of FCl-AM closed:  
 
2’,7’-dichlorofluorescein (200 mg, 0.5 mmol), Ag2O (289 mg, 1.25 mmol, 2.5 eq) and 4Å 
molecular sieves (400 mg) were charged into an oven dried round bottom, which was subsequently 
evacuated and backfilled with nitrogen (3x). MeCN (7.2 mL) was added and the suspension stirred 
at room temperature for 1 hour. Bromomethyl acetate (0.2 mL, 2 mmol, 4eq) was added slowly 
and the mixture was stirred at 50°C overnight. Upon cooling to room temperature the mixture was 
diluted with DCM (25 mL), filtered over celite and concentrated before purifying by flash column 
chromatography (1: 4: 5 EtOAc: DCM: Hexanes). FCl-AM closed was isolated as a white solid 
(60.3 mg, 0.11 mmol, 23%).  
 
1H NMR (400 MHz, Chloroform-d) δ 8.07 (dt, J = 7.1, 0.9 Hz, 1H), 7.78 – 7.64 (m, 2H), 7.19 – 
7.12 (m, 1H), 7.08 (s, 2H), 6.78 (s, 2H), 5.86 (s, 4H), 2.18 (s, 6H).  
 
13C NMR (126 MHz, Chloroform-d) δ 169.47, 168.63, 154.06, 151.88, 150.32, 135.63, 130.54, 
129.28, 126.23, 125.66, 123.77, 119.69, 113.86, 104.09, 85.42, 81.08, 20.91.  
 
HR-ESI-MS m/z for C26H19O9Cl2+ [M+H]+ calcd: 545.0401 found: 545.0402. 
 

O O
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254 nm 

 
 

 

 
Synthesis of F-AM open and F-AM closed: 
 
Fluorescein (200 mg, 0.6 mmol), Ag2O (347 mg, 1.5 mmol, 2.5 eq) and 4Å molecular sieves (400 
mg) were charged into an oven dried round bottom, which was subsequently evacuated and 
backfilled with nitrogen (3x). MeCN (7.2 mL) was added and the suspension stirred at room 
temperature for 1 hour. Bromomethyl acetate (0.24 mL, 2.4 mmol, 4eq) was added slowly and the 
mixture was stirred at 50°C overnight. Upon cooling to room temperature the mixture was diluted 
with DCM (25 mL), filtered over celite and concentrated before purifying by flash column 
chromatography (1: 4: 5 EtOAc: DCM: Hexanes) to afford:  
 
F-AM open as an orange solid (14.1 mg, 0.03 mmol, 5%).  
 
1H NMR (300 MHz, Chloroform-d) δ 8.31 (dd, J = 7.8, 1.3 Hz, 1H), 7.80 (td, J = 7.6, 1.4 Hz, 1H), 
7.72 (td, J = 7.6, 1.4 Hz, 1H), 7.33 (dd, J = 7.5, 1.2 Hz, 1H), 7.21 (d, J = 2.3 Hz, 1H), 6.97 (d, J = 
8.9 Hz, 1H), 6.93 – 6.85 (m, 2H), 6.84 – 6.58 (m, 2H), 5.86 (s, 2H), 5.68 (d, J = 5.7 Hz, 1H), 5.61 
(d, J = 5.7 Hz, 1H), 2.17 (s, 3H), 1.94 (s, 3H).  
 
HR-ESI-MS m/z for C26H21O9+ [M+H]+ calcd: 477.1180 found: 477.1178. 
 
460 nm 
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And F-AM closed as a white solid (180 mg, 0.38 mmol, 64%).  
 
1H NMR (300 MHz, Chloroform-d) δ 8.10 – 7.98 (m, 1H), 7.66 (pd, J = 7.3, 1.2 Hz, 2H), 7.16 
(dd, J = 7.3, 1.0 Hz, 1H), 6.96 (t, J = 1.4 Hz, 2H), 6.74 (s, 4H), 5.78 (s, 4H), 2.14 (s, 6H).  
 
HR-ESI-MS m/z for C26H21O9+ [M+H]+ calcd: 477.1180 found: 477.1178. 
 
254 nm 

 
 
 
 
 
 
Spectra of compounds.  
 
 
 
Spectrum S1. 1H NMR of compound 2. 
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Spectrum S2. 31P NMR of compound 2. 

 
 
Spectrum S3. 13C NMR of compound 2 
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Spectrum S4. 1H NMR of compound 3. 

 
 

Spectrum S5. 31P NMR of compound 3. 
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Spectrum S6. 13C NMR of compound 3. 

 
 
Spectrum S7. 1H NMR of compound 4. 
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Spectrum S8. 31P NMR of compound 4. 

 
 
Spectrum S9. 13C NMR of compound 4. 
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Spectrum S10. 1H NMR of compound 5. 

 
 
Spectrum S11. 31P NMR of compound 5. 
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Spectrum S12. 19F NMR of compound 5. 

 
 
Spectrum S13. 13C NMR of compound 5. 
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Spectrum S14. 1H NMR of compound 6. 

 
Spectrum S15. 31P NMR of compound 6. 
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Spectrum S16. 13C NMR of compound 6. 

 
 
Spectrum S17. 1H NMR of 2',7'-dichlorosulfonofluorescein. 
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Spectrum S18. 13C NMR of 2',7'-dichlorosulfonofluorescein. 

 
 
Spectrum S19. 1H NMR of 4-AM open. 
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Spectrum S20. 31P NMR of 4-AM open. 

 
Spectrum S21. 13C NMR of 4-AM open. 
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Spectrum S22. 1H NMR of 4-AM closed. 

 
 
Spectrum S23. 31P NMR of 4-AM closed. 
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Spectrum S24. 13C NMR of 4-AM closed. 

 
Spectrum S25. 1H NMR of F-Cl AM closed.  
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Spectrum S26. 13C NMR of F-Cl AM closed.  

 
 
Spectrum S27. 1H NMR of F-AM open. 
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Spectrum S28. 1H NMR of F-AM closed.  
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Chapter 2 
Phosphonated Rhodamines for Live Cell Imaging Applications 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Part of this work was performed in collaboration with Ryan Golden who assisted with chemical 
synthesis. 
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Introduction 
Small molecule fluorophores are essential tools that have revolutionized our ability to probe, 

visualize and understand complex biological systems.1,2 The advancement of biological imaging 
modalities is therefore reliant on our ability to develop novel fluorophores with distinguishing 
properties. Amine isologues of fluoresceins, rhodamines are highly attractive xanthene 
fluorophores that have found widespread use across the biological sciences. In comparison to 
fluoresceins, rhodamines are relatively insensitive to pH, often exhibit improved photostability 
and have highly tunable spectral properties.3 The alkylation pattern on the terminal amines enables 
precise tuning of the absorption and emission wavelengths (490 to 600 nm) and C-N bond 
restriction with fused cyclohexane or 4-membered azetidine rings has been shown to improve 
brightness.4,5 Additionally, the positively charged nature of the xanthene core facilitates cell 
permeability making rhodamines attractive scaffolds for intracellular or live-cell imaging 
applications.6  

Replacement of the 10′ oxygen atom with heteroatoms such as carbon,7,8 silicon,9–12 
phosphorus,13,14 or sulfur15 further modifies the spectral properties of rhodamines, typically 
resulting in greater red shifting of the absorption and emission maxima. Rhodamines with emission 
maxima in the red to near infrared region of the electromagnetic spectrum are attractive for 
mitigating phototoxicity and autofluorescence while improving tissue penetration for in vivo 
imaging. Furthermore, expansion of the available color palette through spectral finetuning 
provides important opportunities for multicolor imaging. 

In most cases rhodamines bear a carboxylate at the 3-position on the pendant ring, and 
despite having profound influence on the associated physical properties, substitution of this 
functionality is relatively under explored. We recently disclosed a new class of fluoresceins with 
3-phosphonate substitutions exhibiting an almost 2-fold improvement in water solubility compared 
to 3-carboxy analogs.16 Additionally, we highlighted how the ability to functionalize phosphonates 
with phosphonate esters provided a method to deliver these anionic fluorophores into living cells 
where we observed excellent improvements in cellular brightness and retention. Owing to the 
orthogonality of the xanthene core and the pendant ring, physical changes bought by 3-
phosphonate substitution were facilitated without any compromise of the desirable photophysical 
properties such as brightness and emission. We envisioned that expansion of 3-phosphonate 
substitution to rhodamines would yield additional opportunities in the applications of xanthene 
fluorophores, namely increasing water solubility and providing handles for tunable localization.  

Despite almost 140 years since the first rhodamine was synthesized, synthetic approaches 
often lack generalizability with respect to varying 3-substitution.17 In fact, rhodamines are largely 
constructed by variations of the initially reported Friedel-Crafts condensation. Phthalic anhydrides 
are heated with aminophenols in the presence of Brønsted or Lewis acids; however, functionalized 
pthalides often lead to mixture of regioisomers that are difficult to separate.18 Instead, 
benzaldehydes are also condensed with aminophenols followed by in situ oxidation with exposure 
to air or use of an organic oxidant such as chloranil.19 The harsh nature of these condensations 
often results in low yields, functional group incompatibility and troublesome purifications.1,20,21 
While acid is prudent to increasing the electrophilicity of benzaldehydes, aniline protonation 
decreases the nucleophilicity of aminophenols.  

A contemporary method to rhodamines has been reported making use of Pd-catalyzed C-N 
cross coupling of fluorescein ditriflates with various amines.22 While this approach facilitates the 
synthesis of rhodamines with more exotic amine substitution, not confined by commercial 
availability of aminophenols, this method is contingent on the ability to easily access reasonable 
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quantities of the analogous fluorescein. Organometallic approaches to rhodamine synthesis rely on 
the addition of aryl lithiates into N-alkylated diaminoxanthones or dilithiated bisphenyl ethers into 
electrophiles such as aryl esters or phthalic anhydrides.23–25 While these methods have alleviated 
some of the challenges associated with rhodamine condensations, they lack generalizability in the 
context of 3-substitution and their application to the synthesis of 3-phosphonorhodamines is not 
straight forward. 

Herein we report a mild, acid-free condensation to 3-phosphonorhodamines in exceptional 
yields. Bought about by intramolecular activation from the ortho phosphonic acid, we show that 
3-phosphonorhodamines can be synthesized on large scale: often without the need for 
chromatography, alleviating many of the common challenges associated with purification of 
charged fluorophores. Additionally, we characterize the properties of 3-phosphonorhodamines, 
and observe 3-substitution improves water solubility and influences the cellular localization of 
rhodamine fluorophores. We subsequently expand this chemistry to synthesize red-shifted 3-
phosphono silicon rhodamines and find that 3-phosphonate substitution also modulates the 
spirocyclization equilibrium.  
 
 
Results and Discussion 
 

 
Scheme 1. Unique behavior of 2-carboxy and 2-phosphonobenzaldehydes.  
 

The structure of 2-carboxybenzaldehyde (Scheme 1a) remained in doubt for some time, 
largely since this compound exists in both open and closed, in which the ortho-carboxylate 
lactonizes into the aldehyde, forms.26 NMR analysis in dimethyl sulfoxide (DMSO-d6) revealed 2-
carboxybanzaldehdye exists predominantly (92%) as the lactonized 3-hydroxypthalide (Scheme 
1a). It has also been noted that the acidic nature of the 2-carboxylate is responsible for providing 
intramolecular activation of the aldehyde, increasing electrophilicity.27 We corroborated previous 
reports of this via 1H NMR. In a nucleophilic solvent, such as methanol (MeOD-d4), we observe 
slight formation (13%) of hemiacetal a (Scheme 1a), in which methanol has performed 
nucleophilic attack on the aldehyde. Addition of an exogenous acid, such as trifluoracetic acid 
(TFA), pushes the equilibrium completely to the hemiacetal. The phenomenon of this 
intramolecular activation has previously been utilized in an acid-free synthesis of 3-
carboxyrhodamines.28  

We asked whether 2-phosphonobenzaldehyde, 1, would also exhibit this behavior. Unlike 
2-carboxybenzaldehyde 1 exists solely in the open aldehyde form in DMSO-d6 and D2O. We 
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observe no sign of lactonization (Scheme 1b), suggesting the ortho-phosphonate is less 
nucleophilic than the carboxylate. Interestingly, in MeOD-d4 we see predominant (95%) formation 
of the hemiacetal addition product 1a and a trace amount of the lactonized form 1b (Scheme 1b). 
We rationalized this conclusion through analysis of 1H-31P and 13C-31P coupling constants (Table 
S1). The acetal proton of 1a is a singlet, compared to the doublet (JH-P = 13Hz) observed for 1b 
consistent with through-bond coupling (Spectrum S10), and the acetal 13C of 1a had a J-coupling 
constant comparable to that observed with aldehyde 1 (JC-P 3.6 Hz and 3.8 Hz respectively), further 
affirming the relative proximity of the 31P (Spectrum S12).  

Intrigued by the predominance of the hemiacetal, we rationalized that the ortho-phosphonate 
of 1 must provide excellent intramolecular aldehyde activation and to a greater degree than the 
analogous ortho-carboxylate. We therefore envisioned a synthetic strategy towards 3-
phosphonorhodamines that would negate the need for harsh acidic conditions and possibly 
alleviate the commonly encountered challenges with xanthene fluorophore chemistry such as low 
yields and troublesome purifications.   
 
 
Acid-free Friedel Crafts condensations of 3-phosphonorhodamines 
 

 
Scheme 2. Proposed stepwise formation of triarylmethane intermediate 9.  

 
Since the role of strong acid in the Friedel-Crafts condensations of xanthene fluorophores, 

such as rhodamines, is to activate the aldehyde to promote nucleophilic attack, we hypothesized 
that the strong intramolecular activation observed with 2-phosphonbenzaldehyde may be sufficient 
to preclude the need for exogenous acid. We find this is the case. In fact, heating of 1 with 3-
(dimethylamino)phenol, 2, in 2,2,2-trifluoroethanol (TFE) results in clean precipitation of 
triarylmethane 9 in an excellent 98% yield. Considering the stepwise formation of 9, we 
hypothesize the intramolecular activation of 1 is more than sufficient to promote the Friedel-Crafts 
with 2 to form the corresponding single addition intermediate (Scheme 2). This intermediate likely 
exists as an equilibrium between the lactonized, closed form and open zwitterionic form, and 
stabilization of the latter would promote reactivity with a second equivalent of aminophenol to 
yield 9. In the analogous reaction with 2-carboxybenzaldehyde it was reported that the high 
ionizing power, low nucleophilicity, and hydrogen bond donating ability of fluorinated alcohols 
such as TFE were vital for promoting reactivity of the benzylhydrylium intermediate.28–31 While 
we observe the highest yields in the reaction between 1 and 2 in TFE, we also saw formation of 9 
in methanol in moderate yield (up to 58%, Scheme 3, Table 1). We attribute this increased 
reactivity to the greater extent of intramolecular activation of aldehyde 1 and the low pKa of the 
phosphonate contributing to stabilization of the open zwitterionic intermediate. We also 
hypothesize that the electron donating ability of the aniline also plays an important contribution to 
stability of the open zwitterion intermediate (Scheme 2) since reaction between 1 and resorcinol 
stalls at the single addition, after the initial Friedel-Crafts reaction.  

To examine the generalizability of this chemistry we exposed aldehyde 1 to a series of 
anilines, 2 to 8, under the same conditions (TFE, 80 °C, 16 hours) and observe precipitation of 
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triarylmethanes 9 to 15 in excellent yields, ranging from 89 to 99% (Table 1). Upon performing 
this chemistry under more mild conditions (methanol at room temperature) we see a direct 
correlation between the electron donating ability of the aniline and reactivity, as evident in the 
increasing yields from 22% to 27% to 65% for 9, 10 and 13 respectively. This further supports our 
hypothesis that the second Friedel-Crafts is the rate limiting step and thus stabilization of the 
zwitterionic intermediate has a large influence on reaction rate.  

Additionally, we attribute the exceptional yields of 9 to 15 to their insolubility in alcoholic 
solvents. Friedel-Crafts condensations are reversible, as evidenced by the degradation of the 
triarylmethane intermediates in the presence of acid.32 Precipitation from the reaction medium 
therefore drives reaction progression and contributes to the near quantitative yields. The increased 
hydrophobicity of triarylmethane 13 at elevated temperatures led to slight oxidation to the 
corresponding rhodamine, diminishing yield of the triarylmethane and complicating purification. 
We find in these cases preforming the reaction under an inert atmosphere is important to prevent 
oxidation and maximize the yield of the triarylmethane.  

Substitution of rhodamine anilines for 4-membered azetidine rings is an effective method 
for improving the brightness and photostability of rhodamine fluorophores.5,33 We wondered 
whether our acid-free condensation would provide a mild route to 3-phosphono JaneliaFluor 
derivatives. Despite the apparent generalizability, reaction of 1 with azetidine-containing aniline 
S2-1 results in precipitation of an insoluble solid, which we were unable to characterize by 1H 
NMR, on account of exceedingly poor solubility (Scheme S1). The ring strain of 4-membered 
rings render azetidines prone to cationic ring opening polymerization, particularly in alcoholic 
solvents.34 We hypothesize the acidic nature of phosphonobenzaldehyde 1 is sufficient to facilitate 
formation of the azetidinium salt and initiate the polymerization process. Unfortunately, we even 
observe polymerization at room temperature.  

 
 

 
 
 

 
Scheme 3. (a) an acid free synthesis of phosphonated triarylmethane rhodamine precursors and (b) factors that 
influence reactivity.  
 
 
 
 
 
 



 64 

Table 1. Synthesis of triarylmethanes and optimization of reaction conditions. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
a isolated yields. b for best results, reactions were performed under a nitrogen atmosphere.  

 
After isolating triarylmethane intermediates 9 to 14 isolated in high yields and purity, 

without the need for any chromatography or crystallization, we next examined conditions for the 
oxidation to the corresponding 3-phosphonorhomdamines 16 to 21 (Scheme 4). In most cases, 
reflux in methanol with p-chloranil as an oxidant leads to cyclization and oxidation to the 
corresponding rhodamine. As oxidation to the rhodamines occurs, solubility in methanol increases 
and so reaction progression can be easily monitored by the dissolution of visible particulates; 
reaction times vary from 2 to 48 hours and depended on the volume of methanol used. Upon 
completion, filtration removes any unoxidized fluorophore and trituration with organic solvent to 
remove excess chloranil yields rhodamines 16 to 19 in excellent yields (Table 2) without need for 
further purification.  

Notably substrates 13 and 14 are sensitive to chloranil oxidation leading to decomposition, 
possibly a result of the nucleophilic anilines of 14 and electron rich nature of 13. Instead, reflux in 
methanol or DMSO with exposure to air is sufficient to promote oxidation to rhodamines 20 and 
21 respectively, however these methods are less efficient and require purification by reverse phase 
silica chromatography. The oxidation to phosRho110, 21, is particularly low yielding, owing to 
the limited solubility of the fluorophore and tricky purification. Conversely, tetraallyl rhodamine 
19 can be synthesized in an overall 83% yield (2 steps) so we postulated whether we could access 
21 through de-allylation of 19 (Scheme S2).  

The acidic nature of N,N-dimethylbarbituric acid (NDMBA) makes it uniquely suited for 
deprotonation by basic amines. NDMBA has therefore found wide use as an allyl scavenger in the 
Pd-catalyzed de-allylation of allylic amines.35 Treatment of 19 with NDMBA and Pd(PPh3)4, 

Aniline Compound 
A  Conditions Yield a 

 
2 

9 
TFE, 80 °C, 16 h b 

MeOH, 60 °C, 16 h 
MeOH, rt, 16 h 

98% 
58% 
22% 

 
3 

10 TFE, 80 °C, 16 h 
MeOH, rt 16 h 

96% 
27% 

 
4 

11 TFE, 80 °C, 16 h 99% 

 
5 

12 TFE 80 °C, 16 h b 89% 

 
6 

13 TFE, 80 °C, 16 h b 

MeOH, rt, 16 h 
92% 
65% 

 
7 

14 TFE, 80 °C, 16 h 97% 

 
8 

15 TFE, 80 °C, 16 h b 

MeOH, 60 °C, 16 h 
93% 
54% 
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however,  affords no reaction (Table S2, entry A) and we hypothesize the dissipated positive 
charge of rhodamines renders the anilines insufficiently basic. Addition of triethylamine however, 
results in conversion to the desired deallylation product phosRho110, 21 that can be isolated in 
52% yield (Table S2, entry B). Rhodamine anilines are sufficient leaving groups that do not 
require activation and, in this regard, behave more like allylic alcohols. We therefore explored 
common allyl ether Pd-catalyzed deallylation conditions using K2CO3 and methanol,36 and while 
we do observe deallylation, the reaction is sluggish and requires heating for 72 hours to attain 
reasonable conversion to 21 (Table S2, entry C). The crude isolate contained a mixture of de-allyl 
intermediates. Since the reaction is a heterogenous mixture, we hypothesize the inefficient 
conversion can be attributed to precipitation of various de-allyl intermediate salts. Future 
optimization should focus on screening other nucleophile / solvent systems. Allylic ethers can also 
under go deallylation by first isomerizing to the corresponding enyl ether followed by acid 
hydrolysis.37,38 Heating of 19 with tBuOK in DMSO resulted in a rapid color change and upon 
addition of aqueous hydrochloric acid (1 M) we observe rapid and quantitative conversion to 21 
by analytical HPLC. We were surprised that isomerization of 19 to the corresponding enyl-
imminium was able to undergo hydrolysis and this process warrants further mechanistic 
investigation. This route provides 21 in 71% yield after reverse phase silica chromatography 
(Table S2, entry D).  

 
 

 
Scheme 4. Oxidation of triarylmethane precursors to phosrhodamines. 
 
 
 
Table 2. Oxidation conditions for phosrhodamines.  

Triarylmethane Rhodamine Yield B a  Conditions 

9 
16, 

phosTMR 99% 
p-chloranil, 

MeOH, reflux, 
2-48 h 

 
10 

17 
phosRhoB 80% 

p-chloranil, 
MeOH, reflux, 

2-48 h 

 
11 

18, 
phosRho6G 82% 

p-chloranil, 
MeOH, reflux, 

2-48 h 

 
12 

19 
phosTAR 93% 

p-chloranil, 
MeOH, reflux, 

2-48 h 

 
13 

20 
phosJulR 48%b MeOH, 

reflux, 48 h 

 
14 

21 
phosRho110 21%b,c DMSO, 100 °C, 

12 h 
a isolated yields. b after reverse phase silica chromatography. c 21 is also accessible by deallylation of 19 in up to 71% yield. 
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The intramolecular activation provided by the ortho phosphonate (1) is fundamental to our 
ability to access triarylmethane intermediates 9 to 15 in such high yields, and we aimed to explore 
the scope of this activation further. In particular phosphonic acids have two pKas (pKa1 ~ 1 to 2 
and pKa2 ~ 7 to 8)39 and we were curious whether an ortho phosphonate monoester would still be 
capable of providing intramolecular activation for access to functionalized 3-
phosphonorhodamines. Hydrolysis of diethyl (2-formylphenyl) phosphonate with aqueous NaOH 
provides phosphonate monoester 22 in 70% yield (Scheme 5). Condensation with 2 followed by 
chloranil oxidation affords rhodamine 23 in 39% yield with the ethyl ester intact (Scheme 5). 
Importantly the strongly acidic conditions typically required for these condensations would result 
in phosphonate ester hydrolysis and thus the direct condensation to 23 is a testament to the mild 
nature of this chemistry and the tolerance of substrates containing acid sensitive functionalities.  

 

 
Scheme 5. Direct condensation to a functionalized phosTMR.  
 

We have disclosed a relatively generalizable, acid-free synthesis of 3-phoshonorhodamines 
in exceptional yields. The scalability and the ease of purification of these fluorophores, given the 
high polarity, presents an exciting opportunity for the development of new fluorescent probes and 
chemical exploration of the rhodamine scaffold. We highlight that the intramolecular activation 
provided by the phosphonate is fundamental to the high performance of this chemistry. While we 
note 2-carboxybenzaldehyde also provides intramolecular activation, reaction with 2 under the 
same conditions produced carboxyTMR in only 31% yield, after chromatography (Supporting 
Info), more than a 3-fold decrease in the yield of phosTMR, 16. We propose the lower pKa of 
arylphosphonates to be the primary reason for this difference. On the other hand, 2-
sulfonobenzaldehyde did not produce sulfoTMR under these conditions, suggesting the pKa of the 
arylsulfonic acid is too low and therefore has no proton to activate the aldehyde. As such, 
sulfoTMR was synthesized by heating with 2 in neat methanesulfonic acid in just 12% yield 
(Supporting Info).   

 
 

Spectroscopic characterization 
 
 

To examine the influence of 3-phosphonate substitution on the photophysical properties of 
rhodamines, we examined the spectroscopic properties of phosTMR, 16 and the ethyl ester analog 
phosTMR.OEt, 23 in comparison to sulfoTMR and carboxyTMR (Table 3, Figure 1a-d). In line 
with our observations of 3-phosphonofluoresceins,16 phosTMR displays a slight hypsochromic 
shift absorbing at 546 nm and emitting at 564 nm, relative to carboxyTMR (549/ 569 nm) in 
phosphate buffered saline (PBS, pH 7.4). On the other hand, phosTMR.Oet has a slight 
bathochromic shift in absorbance and identical emission (551/ 569 nm) to carboxyTMR. 
SulfoTMR absorbs at 556 nm and emits at 574 nm. With a maximal 10 nm difference among the 
series, 3-substituents have little effect on the spectral profiles of tetramethylrhodamines. The slight 
differences can be accounted for by inductive differences of the pendant ring that arise from these 
substitutions. Extinction coefficients and quantum yields also display little variance in response to 
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3-substitution owing to the maintained orthogonality of the xanthene chromophore and pendant 
rings.  

In the context of fluoresceins, 3-substitution brings about modest changes in water solubility; 
substitution of the 3-carboxylate with a phosphonate results in a ~2-fold increase in solubility and 
a 3-fold increase when substituted with a sulfonate.16 Rhodamines are notoriously more 
hydrophobic than fluoresceins and their limited water solubility or tendency to aggregate in 
solution can impede subsequent biological applications.40 In fact, development of rhodamines with 
improved solubility is highly desirable for applications where removal of residual fluorophore is 
important to improve contrast in applications such as protein labelling or in next generation 
sequencing.41–43 Remarkably we observe a 12.3 fold increase in solubility of phosTMR in PBS 
relative to carboxyTMR and a 50 fold decrease in solubility of sulfoTMR (Table 3, Figure S1). 
Whereas fluorescein solubility correlates well with the 3-functionality pKa, relative solubility of 
rhodamines appear more nuanced exhibiting order of magnitude differences. Without the negative 
phenolate of fluoresceins, 3-substituents of rhodamines appear to have a greater impact on relative 
solubility. The zwitterionic nature of rhodamines possibly accounts for large differences in 
solution enthalpies arising from ionic interactions between the 3-substituent and rhodamine core. 
Ultimately, we report a phosTMR has a solubility of 5.3 mg/L in PBS compared to approximately 
0.4 mg/mL for 67arboxyTMR.  

Rhodamine fluorophores are relatively unstable and undergo degradation over time, both in 
solution and as solids, impeding their use in long imaging experiments or long-term storage. To 
test the stability, phosTMR and carboxyTMRs were stored as solid powders under identical 
conditions for 1 year (at room temperature, 15-22 °C,  in the dark). Traditional carboxyTMR 
decomposed into a complex mixture of compounds, resulting, in part from aniline demethylation 
products (Figure S2). On the other hand, phosTMR remarkably showed no signs of any 
degradation (Figure S3). We envision this improved stability will be useful in long term storage 
of 3-phosphonorhodamines preventing the need for frequent resynthesis or costly storage 
conditions such as -80 °C freezers.  

We next sought to probe the spectral sensitivity of tetramethylrhodamines in response to pH. 
The absorbance intensity of carboxyTMR, phosTMR, phosTMR.Oet and sulfoTMR are all 
insensitive to pH changes between pH 2 and 10. We observe 3.5 nm and 8 nm hypsochromic shifts 
for carboxyTMR and phosTMR respectively in response to decreasing pH (Figure 1e, f). We 
attribute this shift to protonation of the 3-substituent resulting in slight inductive differences of the 
pendant ring. Fitting of these changes to non-linear sigmoidal curves determined a 3-carboxylate 
pKa of 3.4 and 3-phosphonate pKa2 of 7.3. We expect the pKas of phosTMR.Oet and sulfoTMR 
to be outside of this pH range (<2) and therefore we observe no shift in absorbance wavelength 
with these fluorophores.  

Additionally, we performed spectral characterization of all the novel 3-phosphono 
rhodamines that were synthesized, 16 – 23 (Table 3). As expected, alkylation pattern of the 
anilines results in spectral finetuning of the absorption and emission wavelengths ranging from 
495/ 515 nm (21) to 573/ 591 nm (20). The absorption intensity of all 3-phosphonorhodamines are 
insensitive to pH (between 2 and 10) and had phosphonate pKa2 values ranging between 7.2 and 
7.6 (Figure S4a-r). 
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Table 3. Properties of rhodamines.  

 
 
 
 
 
 
 
 
 

a measured in PBS. b at maximum absorption. c measured in PBS relative to carboxy TMR (see SI). 
 
 
 

 
Figure 1. Spectroscopic characterization of tetramethylrhodamines. Normalized absorbance and fluorescence spectra 
(a-d) in PBS, plots of λmax vs pH (e-h) and corresponding chemical structures (i-l) for carboxyTMR (a, e, i), phosTMR 
(b, f, j), phosTMR.OEt (c, g, k) and sulfoTMR (d, h, l). pH titrations were performed in 10 mM buffered solutions 
(see SI) containing 150 mM NaCl ranging from pH 2.3 to 9.8 at a final dye concentration of 2 μM. Where applicable 
titration curves were fit to sigmoidal dose response curves (solid black) to enable pKa determination (dashed red). 
Determined pKa values are reported next to chemical structures (i-l).  
 
 
 
 
 
 

Rhodamine lmax / nm a lem /nm a e / M-1cm-1 a,b F a Relative solubility c 

carboxyTMR 549 569 78,000 0.45 1.0 
sulfoTMR 556 574 73,000 0.46 0.02 

phosTMR, 16 546 564 70,000 0.52 12.3 
phosRhoB, 17 553 570 75,000 0.38 - 

phosRho6G, 18 520 539 76,000 0.95 - 
phosTAR, 19 540 559 53,000 0.68 - 
phosJulR, 20 573 591 91,000 0.99 - 

phosRho110, 21 495 515 76,000 0.98 - 
phosTMR.OEt, 23 551 569 78,000 0.51 - 
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Cellular localization 
 

 
Scheme 6. Synthesis of functionalized 3-phosphonoTMRs.  
 

Biologically labile acetoxy methyl (AM) esters are commonly used to mask anionic 
functionalities, such as phosphonates, to facilitate cell permeability.44,45 We previously harnessed 
this strategy to deliver 3-phosphonofluoresceins into cells, where hydrolysis by intracellular 
esterases releases the phosphonic acid, trapping the fluorophore in the cytosol.16 We wondered 
whether a similar strategy could be exploited to deliver phosTMRs into cells. Unlike fluoresceins, 
rhodamines don’t possess nucleophilic phenols on the xanthene core and so we also envisioned 
capping phosTMRs with non-biologically labile functionalities, such as ethyl esters.  

Treatment of phosTMR 16 with either ethyl bromide or bromomethyl acetate in the presence 
of Ag(I) in MeCN yields esterified phosTMRs 24 and 25 in 22% and 25% yield respectively 
(Scheme 6). Acetoxtmethyl esters are prone to hydrolysis by cellular esterases, and upon in vitro 
incubation with Porcine Liver Esterase (PLE), both carboxyTMR AM and phosTMR AM, 25 show 
complete hydrolysis to the corresponding carboxyTMR and phosTMR (Figures S5 and S6). 
Surprisingly, upon incubation in HBSS for 2 hours in the absence of any esterase, carboxyTMR 
AM shows slight hydrolysis, and phosTMR AM shows about ~50% hydrolysis to the phosphonate 
monoAM ester (Figures S5 and S6). This highlights a degree of hydrolytic instability of the 
acetoxymethyl esters that may impede future imaging applications, such as cell permeability. On 
the other hand, phosTMR.2OET, 24 is stable in HBSS showing no sign of hydrolysis after 2 hours, 
and is also stable when incubated with PLE, suggesting phosphonate esters are less prone to 
hydrolysis by esterases that specifically target carboxylate esters (Figure S7). 

Unsurprisingly, 16 is cell impermeable on account of the free phosphonic acid (Figure 2a). 
Zwitterionic 23, bearing a phosphonate monoester is also cell impermeable (Figure 2b), 
highlighting the ability for a single negatively charged functionality to preclude passage through 
cellular membranes. Cell-permeable rhodamines such rhodamine 123 localize to mitochondria due 
to their net positive charge.6 Diethyl ester phosTMR 24 also exhibits mitochondrial localization 
(Figure 2c) as confirmed by colocalization with Mitotracker Greenä (Figure S8). On the other 
hand, phosTMR AM 25 displays more cytosolic localization (Figure 2d) and we propose this 
difference stems from intracellular AM hydrolysis yielding phosTMR with a net negative charge 
(pKa2 7.3). In contrast, carboxyTMR AM appears to retain significant mitochondrial localization 
(Figure S9) and we hypothesize the greater charge density of phosMR vs. carboyx TMR (net 
negative vs. net neutral at pH 7.4) accounts for the difference in localization. phosTMR AM also 
displays excellent cellular retention (Figure S10a-c, g) where serial washing of stained cells 
showed no decrease in fluorescence intensity. On the other hand, after 3 washes we observed a 
40% decrease in mitochondrial fluorescence intensity of cells stained with carboxyTMR AM 
(Figure S10d-f, g), suggesting the additional negative charge provided by a 3-phosphonate 
enhances the inability of rhodamines to pass through cellular membranes. We highlight that not 
only is the cell permeability profile of phosTMRs tunable by phosphonate functionality, but so is 
intracellular localization. We envision that tunable localization of rhodamines may have 
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implications on the subsequent applications of 3-phosphonorhodmaines such as potentially 
improving labelling efficiency of cytosolic structures. 
 

 
Figure 2. Tunable localization of 3-phosphonoTMRs. Widefield fluorescence (a-d) and DDIC (e-h) images of HEK293T 
cells stained with 500 nM in HBSS 16 (a ,e), 23 (d, f), 24 (c, g) and (d, h) for 20 min at 37 °C. Coverslips were placed into 
fresh HBSS prior to imaging. Scale bar is 20 µM.  
 
 
Synthesis of phosSiRs.  
 

 
Scheme 7. Synthesis of phosSiRs.  
 

Given the interesting properties of 3-phosphonofluoresceins and rhodamines, we next sought 
to expand this functionality to red-shifted members of the xanthene fluorophore family. In 
particular, 10' substitution with dimethylsilane is accompanied by a ~100 nm red-shift relative to 
oxygen substituted counterparts, yielding a new class of fluorophore, silicon-rhodamines (SiRs).9 
SiRs have highly attractive properties and have found widespread use in a variety of biological 
applications such as fluorogenic labelling,46–48 far-red voltage sensing,49 in vivo imaging,33,50 and 
super resolution microscopy.51  

Synthetic approaches to silicon rhodamines have primarily involved organometallic 
additions or Pd-cross coupling with the ditriflate analogs of silicon fluoresceins and suffer from 
harsh conditions, lack generalizability or are low yielding.5,11 3-carboxy silicon rhodamines have 
also been synthesized through Friedel Crafts condensations between 2-carboxybenzaldehydes and 
diaryl silyl ethers but employ high temperatures and require catalysts, such as CuBr2 due to low 
reactivity.52 Furthermore these condensations are limited by their low yields and lack of scalability. 
We wondered whether the intramolecular activation provided by 2-phosphonobenzaldehydes that 
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provided such successful syntheses of 3-phosphonorhodamines could be expanded to 3-
phosphonoSiRs.  

Bisphenyldimethyl silane, 27, can be synthesized in 91% yield via lithiation of 3-bromo-
N,N-dimethylaniline, followed by addition of dimethyldichlorosilane (Supporting Info). The rate 
limiting step in our synthesis of 3-phosphonorhodamines (10' oxygen) is the second intermolecular 
Friedel-Crafts addition of an aniline into the open zwitterionic intermediate (Scheme 2). In the 
case of 27, the second aniline is preinstalled, and we therefore hypothesized that the intramolecular 
nature of the second addition into the corresponding zwitterionic intermediate would, in 
comparison, provide a kinetic advantage (Scheme 8). To our surprise, condensation between 2-
phosphonobenzaldehyde 1 and 27 is exceedingly slow and requires refluxing in TFE for 7 days to 
isolate phosTMSiR, 28 in 43% yield (Scheme 7). We highlight the comparable yields and scales 
that have been reported for 3-carboxy SiR condensations.52 Additionally, we highlight this 
synthesis of 3-phosphono SiRs does not require any catalyst or heating under high pressures as is 
required for 3-carboxy SiRs.52 When monitoring the reaction progression by HPLC and NMR we 
observe only the presence of starting reagents 1 and 27 and the corresponding SiR 28, with no 
trace of the expected condensation intermediates. In this case, the initial Friedel-Crafts 
condensation step must be rate limiting, with the second addition and subsequent oxidation to 28 
occurring fast in comparison. Despite the intramolecular activation provided by the ortho-
phosphonate, we hypothesize the sterics of the dimer 27 impedes addition into the aldehyde and 
accounts for the slow reaction kinetics. To improve the rate, we increased temperature and 
pressure, performing the condensation at 130 °C in a sealed flask and are able to isolate 28 in 29% 
yield after just 24 hours (Table S3). Despite the apparent improvement in kinetics, under these 
conditions we also observe small amounts of aniline demethylation and formation of the 
trifluoroethyl phosphonate ester adduct of 28, which makes purification more intricate. 
Overlooking the long reaction time required by our initial conditions, the purification of 28 is 
relatively facile; after trituration with organic solvent 1 and 28 are easily separated by reverse 
phase silica chromatography. Under the same conditions we can also isolate the phosphonate ethyl 
monoester analog phosTMSiR.OEt, 29 in 19% yield after 4 days (Scheme 7).  

 

 
Scheme 8. Proposed stepwise formation of 28 and relative kinetics.  
 

This acid free condensation (Scheme 9, method A) provides a mild, moderately yielding 
route to 3-phosSiRs and we also highlight the compatibility of this method with halogen-
containing benzaldehydes to provide a handle for further derivatization (Chapter 3). On the other 
hand, the evidently long reaction times and incompatibility with azetidine-containing 
bisarylsilanes encouraged us to consider complimentary synthetic strategies. Perhaps the most 
established route to SiRs involves installation of the pendant ring by addition of a metalated aryl 
species into a silicon-xanthone.5,47,48,53,54 Xanthone 31 (Scheme 9. method B) can be synthesized 
from 3-bromo-N,N-dimethylaniline in 29% yield (4 steps). Aryl phosphonate 32 can be 
synthesized by Pd-catalyzed Arbuzov of 2-bromo-iodobenzene in 71% yield (Scheme S3a) and 
we envisioned transmetalation could provide a viable nucleophile for addition into xanthone 31. It 
has been noted that the electron rich nature of these xanthone electrophiles, and electron poor 
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nature of the aryl nucleophile creates an electronic mismatch that can result in low yields and often 
calls for the use of forceful transmetalation reagents such as tert-BuLi.11 Inspired by Lavis’ and 
Spars’ synthon reversal, we envisioned another route (Scheme 9 method C) in which 
dibrominated bisphenyldimethylsilane 33 could instead undergo transmetalation and addition into 
an electrophile such as ester 34 to install the phosphonate containing pendant ring.11,55 Several 
reports of SiRs have been synthesized in this manner, allowing for the use of more mild 
transmetalation reagents, such as Grignard reagents, but often require some degree of optimization 
or screening.11,55 Notably, 34 can be synthesized by Pd-catalyzed Arbuzov of 2-iodobenzoic acid, 
in which the carboxylic acid also undergoes Arbuzov with excess triethylphosphite resulting in in 
situ formation of the ethyl ester in tandem with phosphonate installation (Scheme S3b).  

Our overarching goal is to expand 3-phosphonate functionality to the entire family of 
rhodamine fluorophores, coupling the unique properties of phosphonates with the full spectrum of 
colors available through 10' substitution. While early-stage 10' heteroatom incorporation can be a 
strain on subsequent synthetic steps, we envisioned late-stage incorporation of 10' heteroatoms 
from a common intermediate (Scheme 9, method D) could be a highly desirable synthetic 
improvement. Condensation of aldehyde 1 with 3-bromo-N,N-dimethylaniline provides dibromo-
triarylmethane 15 (Table 1, Scheme 9) in 85% yield in up to 1g quantities. We imagined making 
use of the dihalogen handles for lithiation and installation of 10’ functionalities as inspired by the 
synthesis of silicon anthracenes.9 Lithiation of 15 with sec-BuLi (4 eq) was unsuccessful, likely 
due to the insolubility of the corresponding tetra-anion in organic solvent, and we therefore decided 
to protect the phosphonate. Alkylation attempts with ethylbromide resulted in competing 
alkylation of the anilines, forming the undesired ammonium salts. As an orthogonal protection 
strategy, reflux of 15 with oxalylchloride in DCM affords the phosphonyldichloride that, due to 
instability on exposure to air, must be immediately converted to the phosphonate diethyl ester 35 
in 85% yield (2 steps). Owing to the instability of triarylmethane intermediates, 35 can be difficult 
to handle as it is prone to undergo retro Friedel-Crafts to the corresponding 2-
phosphonobenzaldehyde on exposure to silica gel. Future efforts should focus on optimizing the 
purification of this intermediate and screening conditions of subsequent heteroatom incorporation. 

 

 
Scheme 9. Synthetic methods towards 3-phosphono SiRs.  
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Spectroscopic characterization of phosSiRs 
In acidic EtOH (0.1% TFA) phosTMSiR, 28 absorbs at 652 nm and emits at 670 nm (Table 

4, Figure S11), demonstrating a 100 nm redshift in both absorption and emission relative to its 
oxygen substituted counterpart, phosTMR (lmax 552 nm, lem 570 nm). We also observe an almost 
two-fold increase in extinction coefficient, consistent to what is associated with dimethylsilane 
substitution.9 Quantum yields also exhibit almost no variance in response to 3-substitution and are 
comparable to 10' oxygen substituted counterparts (Table 4).  

Substitution of the 10' position with silicon shifts the equilibrium of xanthene dyes from the 
open zwitterion (Z) towards the non-fluorescent closed lactone (L) relative to oxygen substituted 
rhodamines.1 This equilibrium (KL-Z) is an important property where the lactonization propensity 
of SiRs has found useful applications in fluorogenic labelling, super resolution microscopy and 
improving cell permeability.48,56 On the other hand, there are instances where lactonization is 
prohibitive, such as in facilitating membrane localization of voltage sensing fluorophores.49 It is 
therefore important to fully characterize this equilibrium to guide any future applications of 
phosSiRs.  

SiRs predominantly favor the open zwitterion form (Z) in acidic ethanol. Absorbance in this 
medium can be used as a proxy for the maximum extinction coefficient, emax.11,33 3-carboxyTMSiR 
has a reported emax of 140,000 M-1cm-1 but demonstrates an almost five-fold decrease in absorbance 
in aqueous buffer (ePBS 28,000 M-1cm-1), preferentially adopting the L form at physiological pH.11 
In contrast, 3-sulfonate substitution, Berkeley Red, exhibits a much lower propensity for 
lactonization as demonstrated by the almost identical extinction coefficients in ethanol and buffer 
(Table 4, emax 160,000 M-1cm-1 and ePBS 158,000 M-1cm-1, Figure S12c). We hypothesize the 
significantly lower pKa of aryl sulfonates is responsible for this shift in equilibrium. phosTMSiR, 
28, on the other hand demonstrates an emax of 135,000 M-1cm-1 but a 2.4-fold decrease in PBS (ePBS 
56,000 M-1cm-1) suggesting a 60% preference for the closed lactone at physiological pH (Table 1, 
Figure S12a). This is interesting as 3-phosphonofluoresceins and 3-phosphonorhodamines did not 
demonstrate propensity to lactonize. We can also empirically measure the L-Z equilibrium 
constant (LogKL-Z) by comparing the maximum absorption with the absorption in a 50% 
dioxane/water mixture (Supporting Info). Berkeley Red has a LogKL-Z value of 2.0 whereas 28 
has a significantly lower LogKL-Z value 0.1 (Table 4).  

Since the pKa of the 3-substituent appears to have a large influence on L-Z equilibrium, we 
were curious to probe the difference between SiRs with a free phosphonic acid, having two pKas, 
and a phosphonate monoester with just a single pKa. pTMSiR.OEt, 29 behaves more like Berkeley 
Red by having almost identical absorbance in EtOH and PBS (emax 135,000 M-1cm-1 and ePBS 
130,000 M-1cm-1) and a LogKL-Z of 1.5 demonstrating very little propensity to lactonize (Table 1, 
Figure S12b).  

The spirocyclization of SiRs is known to be pH dependent so we titrated 28, 29 and Berkeley 
Red and monitored changes in absorbance and absorbance maxima between pH 2 and 10 (Figure 
S13). Indeed, we see a pH dependance in the absorption of 28, with a pKcyc of 7.1, indicating a 
~60% preference for the lactonized form at physiological pH (Figure S13a, c). On the other hand, 
29 and Berkeley Red absorbance is relatively insensitive to pH changes within this range (Figure 
S13d, g). As with oxygen substituted rhodamines, we can probe the pKa of the 3-substituent by 
monitoring changes in absorption maxima with respect to pH, resulting from inductive differences 
from protonation/deprotonation. 28 demonstrates an ~8 nm hypsochromic shift in response to 
decreasing pH, indicating a phosphonate pKa2 of 8.0 (Figure S13b, c). The pKa1s of phosphonates 
and sulfonate of all three fluorophores are lower than 2 given no further changes in absorption in 
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this pH range (Figure S13b). We therefore hypothesize the pKa2 of 28 is indicative to the 
propensity to spirocyclize.  

We also probed the influence of solvent polarity on L-Z equilibrium by monitoring changes 
in absorption and absorbance maxima in dioxane-water mixtures (0 to 100% dioxane + 0.01% 
triethylamine).57 28 demonstrates an initial increase in absorption with respect to deceasing water 
content peaking at about 70% zwitterion preference (30% dioxane) before fully lactonizing as 
dioxane content  further increased (Figure S14a, b). 29 absorbance is relatively insensitive to 
dielectric constant, persisting in the zwitterionic form in almost all solutions except 100% dioxane 
where we observe complete lactonization (Figure S14d, e). Berkeley Red also persists as the 
zwitterion with a slight decrease in absorption in high dioxane content mixtures (>80% dioxane) 
(Figure S14g, h). In all cases we observe an interesting parabolic relationship between absorption 
and dioxane content (Figure S14c, f, i), indicating the effect of dielectric constant on the inductive 
effect of 3-functionalities.   

 
Table 4. Properties of silicon 10’ substituted rhodamines. 

Rhodamine 10’ 
substitution 

3- 
substitution 

lmax / nm 
EtOH (PBS)a 

lem /nm  
EtOH (PBS)a 

e / M-1cm-1 

EtOH (PBS)a Fb Log KL-Z 
c 

phosTMR, 16 O -PO3H2 552 (546) nm 570 (564) nm 72,000 
(70,000) 0.52 - 

phosTMSiR, 28 SiMe2 -PO3H2 652 (644) nm 670 (660) nm 135,000 
(56,000) 0.51 0.1 

phosTMSiR.OEt, 29 SiMe2 -PO3HEt 655 (648) nm 671 (662) nm 135,000 
(130,000) 0.52 1.5 

Berkeley Red SiMe2 -SO3H 649 (652) nm 668 (668) nm 160,000 
(158,000) 0.53 2.0 

a measured in EtOH +0.1% TFA (and PBS, pH 7.2). b measured in 100% ethanol c See supporting info.  
 
Conclusions 

In summary, we report a novel, mild, and acid-free synthesis of 6 new rhodamine 
fluorophores bearing 3-phosphonates. This chemistry is reliant on intramolecular aldehyde 
activation provided by the phosphonic acid functionality. Fluorophore construction is often the 
bottleneck in fluorescent probe development on account of complex chemistry and low yields and 
we envision the high yields and scalability of the reported 3-phosphonorhodamine syntheses will 
facilitate the development of fluorescent tools of increasing complexity. Characterization of 3-
phosponoTMRs indicates that 3-subsitution has minor influences on photophysical properties but 
provides an order of magnitude (12.3-fold) improvement in water solubility, a highly sought-after 
property of rhodamine fluorophores. The functionalizability of phosphonates has profound 
implications on the cellular permeability and sub-cellular localization of phosTMRs. We 
subsequently expanded 3-phosphonate substitution to 10' dimethylsilane substituted rhodamines 
with an accompanied 100 nm red-shifting in absorption and emission. Again, we demonstrate the 
profound implications phosphonate functionality has on the properties of rhodamines by 
controlling the lactonization equilibrium; phosTMSiR only exhibits 41% of its maximal 
absorbance at physiological pH whereas phosTMSiR.OEt exhibits >95%. We hope to expand 3-
phosphonate substitution to the entire family of xanthene fluorophores, including rhodols and other 
10’ substitutions. We envision this expansion will further contribute to our ability to develop new 
chemical biology tools and provide avenues for new applications.  
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Chapter 2 Supplementary Information 
 
General procedures  
Chemical reagents and anhydrous solvents were purchased from commercial suppliers and used 
without further purification. For best results 3-aminophenols were purified by flash silica 
chromatography (100% DCM or 100% EtOAc) immediately prior to use. Thin layer 
chromatography (TLC) (silica gel, F254, 250 µm) and preparative thin layer chromatography 
(PTLC) (Silicycle, F254, 1000 µm) were performed on precoated TLC glass plates and were 
visualized by fluorescence quenching under UV light. Flash column chromatography was 
performed on Silicycle Silica Flash F60 (230–400 Mesh) for normal phase or 60 RP-18 (200-400 
mesh) for reverse phase, using a forced flow of air at 0.5–1.0 bar. NMR spectra were recorded on 
Bruker AV-300 MHz, Bruker AVB-400 MHz, Bruker AVQ-400 MhZ, Bruker NEO-500 MHz and 
Bruker AV-600 NMR spectrometers. Chemical shifts (δ) are expressed in parts per million (ppm) 
and are referenced to CDCl3 (7.26 ppm), DMSO (2.50 ppm), MeOD (3.31 ppm) or D2O (4.79 
ppm). Coupling constants are reported as Hertz (Hz). Splitting patterns are indicated as follows: s, 
singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublet; td, triplet of doublets; dt, doublet of 
triplets; tt, triplet of triplets; ddd, doublet of doublet of doublets; tdd, triplet of doublet of doublets; 
q, quartet; m, multiplet. High resolution mass spectra (ESI EI) were measured by the 
QB3/Chemistry mass spectrometry service at University of California, Berkeley. Analytical high 
performance liquid chromatography (HPLC) and low resolution ESI Mass Spectrometry were 
performed on an Agilent Infinity 1200 analytical instrument coupled to an Advion CMS-L ESI 
mass spectrometer. The column used was Phenomenex Luna 5 μm C18(2) (4.6 mm I.D. × 150 
mm) with a flow rate of 1.0 mL/min. The mobile phase was MQ-H2O with 0.05% trifluoroacetic 
acid (eluent A) and HPLC grade MeCN with 0.05% trifluoroacetic acid (eluent B). Signals were 
monitored at 210, 254, 350, 460 and 520, 560 and 660 nm over 10 min, with a gradient of 10 to 
100% eluent B for 8 min, then held at 100% B for 2 min. 
 
Spectroscopic characterization  
UV-Vis absorbance and fluorescence spectra were recorded using a 2501 Spectrophotometer 
(Shimadzu) and a Quantamaster Master 4 L-format scanning spectrofluorometer (Photon 
Technologies International). The fluorometer is equipped with an LPS-220B 75-W xenon lamp 
and power supply, A-1010B lamp housing with integrated igniter, switchable 814 photon-
counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples were 
measured in 1-cm path length quartz cuvettes (Starna Cells). 
 
Absorption and emission spectra were taken at a final concentration of 2 µM (rhodamines) or 5 
µM (SiRs) in PBS, EtOH (+ 0.1% trifluoracetic acid) or 50% Water/ dioxane (+ 0.01% 
triethylamine) using 1000x dilutions from stock solutions of dyes in DMSO.  pH titrations were 
conducted in buffers containing 150 mM NaCl and 10 mM buffer. The following buffer systems 
were used: phosphate (pH 2.3 – 3.1 and 5.5 – 7.5), acetate (pH 3.8 – 5.3), tris (pH 8.2 – 9.2) and 
carbonate (pH 9.8). pKa’s were determined by recording absorbance values or maximum 
absorbance wavelength and fitting to sigmoidal dose response curves using GraphPad Prism 
software. Dielectric titrations were conducted in mixtures of dioxane and water (0 – 100% in 10% 
increments) containing 0.01% triethylamine. Quantum yields are relative measurements compared 
to fluorophores of known quantum yields.  
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Water solubility 
Rhodamines were flushed through a reverse phase silica column (100% MeOH) prior to the 
experiment to remove any salts. Saturated rhodamine solutions were prepared by adding solid 
rhodamines portion wise to 2 mL solutions of PBS, with stirring and sonication, until there was an 
excess of clearly visible solid particulates. The suspensions were filtered through 0.2 µm PTFE 
filters to remove all solid particulates and the resulting solutions were diluted between 10 to 1000-
fold in PBS to ensure a final maximum absorbance reading between 0.1 and 0.8 AU. Absorbance 
readings at lmax were compared to standard stock solutions of known concentrations and 
concentrations of each unknown rhodamine solution were calculated. Factoring in the dilution 
factors, relative solubilities of each rhodamine in PBS were calculated and normalized to 3-
carboxytetramethylrhodamine. Each experiment was performed in triplicate.   
 
In vitro AM ester hydrolysis reactions and characterization. 
For the enzymatic reactions, commercially purified pig liver esterase (PLE, MW = 168 kDa) as a 
suspension in 3.2 M (NH4)2SO4 was used as a stock solution of 28.1 mg/mL. 2 µl AM dyes (2 mM 
in DMSO) were incubated with or without 1 µl PLE (final concentration 0.7025 mg/mL) in HBSS 
(pH 7.4, final volume 40 µl) for 2 hrs at 37°C. Solutions were diluted with 200 µl MeCN, filtered 
through a 0.22 µm PTFE filter and characterized by HPLC comparing to standards. 
 
LogKl-Z 
The lactonization equilibrium constant KL-Z was calculated by use of the following equation: 

𝐾!"# =
(𝜀$%	/	𝜀'())

1 − (𝜀$%	/	𝜀'())
 

in which 𝜀$%	is the extinction coefficient of the fluorophore in a 1:1 (vol/vol) mixture of spectral 
grade dioxane and milliQ water with 0.01% (v/v) triethylamine. 𝜀'() is the maximum extinction 
coefficient which was measured in ethanol containing 0.1% (v/v) trifluoroacetic acid. All 
measurements were performed at 5 µM by diluting 1000-fold from stock solutions in DMSO.  
 
Cell culture 
Human embryonic kidney 293T (HEK) cells were maintained in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 4.5 g/L D-glucose, 10% fetal bovine serum (FBS; Thermo 
Scientific) and 1% GlutaMax (Invitrogen) at 37 °C in a humidified incubator with 5% CO2. Cells 
were passaged and plated in DMEM (as above) onto 12 mm glass coverslips pre-coated with Poly-
D-Lysine (PDL; 1 mg/mL: Sigma-Aldrich) at a density of 50,000 cells per coverslip. Imaging was 
performed 16–48 hours after plating.  
 
For loading experiments, HEK cells were incubated with a 500 nM solution of dye (1 mL) in HBSS 
at 37 °C for 20 min, prior to transfer to 3 mL fresh HBSS (no dye) for imaging. For dye wash out 
experiments, this imaging solution was replaced with 3 mL fresh HBSS after each subsequent 
round of imaging (3 washes). 
 
Epifluorescence microscopy 
Imaging was performed on an AxioExaminer Z-1 (Zeiss) equipped with a Spectra-X Light engine 
LED light (Lumencor), controlled with Slidebook (v6, Intelligent Imaging Innovations). Images 
were acquired with a W-Plan-Apo 63x/1.0 objective (63x; Zeiss) and images were focused onto 
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an OrcaFlash4.0 sCMOS camera (sCMOS; Hamamatsu). The excitation light was delivered from 
an LED at 542/33 nm and emission was collected with a quadruple emission filter (430/32, 508/14, 
586/30, 708/98 nm) after passing through a quadruple dichroic mirror (432/38, 509/22, 586/40, 
654 nm LP). 
 
Image analysis 
Image analyses were performed in ImageJ (FIJI, NIH). For image intensity measurements, regions 
of interested were created by thresholding images to create binary masks (cells and background). 
Background subtracted mean fluorescence intensities were calculated and averaged across five 
images (each containing at least 15 cells) per coverslip and at least 3 coverslips were examined for 
each condition.  
 
 
 
Supplementary figures 
 
Table S1. Summary of 2-carboxy and 2-phosphonobenzaldehyde NMR analyses.  

Aldehyde Solvent 1HA chemical shift 
(ppm) 

13CA chemical shift 
(ppm) 

31P chemical 
shift (ppm) 

Ratio 

2-carboxybenzaldehyde 

DMSO-d6 6.64 (d, J = 8.1 Hz) 
10.45 (s) 

98.32 
- 

- 
- 

0.92 
0.08 

MeOD-d4 6.62 (s) 
6.42 (s) 

99.88 
105.07 

- 
- 

0.87 
0.13 

MeOD-d4 + TFA 6.42 (s) 105.09 - 1.00 

2-phosphonobenzaldehyde 
1 

DMSO-d6 10.72 (s) 193.39 (d, J = 3.8 Hz) 9.29 1.00 
D2O 10.58 (s) 195.71 (d, J = 4.1 Hz) 10.65 1.00 

MeOD-d4 6.02 (s) 
6.29 (d, J = 12.9 Hz) 

102.36 (d, J = 3.6 Hz) 
- 

14.44 
29.47 

0.95 
0.05 

 
 

 
Scheme S1. Attempted Friedel-Crafts condensation of azetidine-containing aniline S2-1.  
 
 
 
 

 
Scheme S2. De-allylation of tetraallylrhodamine 19 to phosRho110, 21. 
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Table S2. Conditions for deallylation of 19 to 21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a determined by LCMS. b isolated. c also observed deallylation intermediates. 
 
 
 
 
 
 
 
Table S3. Conditions for Friedel Crafts condensation to 28. 

 
 
 
 
 
 

a after reverse phase chromatography. b in a sealed bomb flask.  
 
 
 
 
 
 

 
Scheme S3. Pd-catalyzed Arbuzov of aryl iodides.  
 
 
 
 

OHO

I
P(OEt)3

PdCl2
150 °C, 16 h

90%

OEtO

P OEt

O
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33

Br
P
O

OEt
OEt

32

a) b)
P(OEt)3

PdCl2
130 °C, 16 h
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Br
I

Entry Conditions Yield 21 

A 

NDMBA (6 eq) 
Pd(PPh3)4 (4%) 

DMF 
80 °C, 16 h 

n.r. a 

B 

NDMBA (6 eq) 
Pd(PPh3)4 (4%) 
3: 1 DMF: NEt3 

80 °C, 16 h 

52% b 

C 

K2CO3  
Pd(PPh3)4 (4%) 

MeOH 
60 °C, 72 h 

~90%  a,c 

D 

tBuOK 
DMF, 100 °C, 10 min 

then 
1 M HCl, 100 °C, 5 min 

71% b 

Entry Solvent Temperature Time Isolated Yield of 28 a Notes 
1 TFE 80 °C 7 days 43%  
2 H2O 150 °C 16 h b 22% Aniline demethylation observed 

3 TFE 130 °C 16 h b 29% 28 
10% TFE adduct Aniline demethylation observed 
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Figure S1. Relative solubility of tetramethylrhodamines. Images of saturated solutions of carboxy- (a), phos- (b) and 
sulfo- (c) tetramethylrhodamines in PBS after filtration through a 0.2 µm PTFE filter. Relative concentrations 
(normalized to carboxyTMR) as determined by absorbance spectroscopy are indicated in white.  
 
 
 

 
Figure S2. Stability of carboxy TMR. Analytical HPLC traces of a freshly synthesized carboxyTMR standard (a) and 
sample of carboxyTMR that had been sorted as a solid powder for one year at room temperature in the dark (b). Traces 
ate 254 nm and 560 nm are depicted and where applicable corresponding m/z values are annotated. Note: 
decomposition of carboxyTMR in 560 nm channel showed demethylation (Dm/z  -14). 
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Figure S3. Stability of phosTMR. Analytical HPLC traces of a freshly synthesized phosTMR standard (a) and sample 
of phosTMR that had been sorted as a solid powder for one year at room temperature in the dark (b). Traces ate 254 
nm and 560 nm are depicted and corresponding m/z values are annotated. Note: no decomposition was observed.  
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Figure S4. Spectroscopic characterization of 3-phosphonorhodamines. Normalized absorbance and fluorescence 
spectra (a-d, m-o) in PBS with labeled chemical structures, plots of maximum absorbance vs pH (e-h, p-r), and plots 
of λmax vs pH (i-l, s-u) for 16 (a, e, i), 23 (b, f, j), 17 (c, g, k), 18 (d, h, l), 19 (m, p ,s), 20 (n, q t), 21 (o, r, u). pH 
titrations were performed in 10 mM buffered solutions containing 150 mM NaCl ranging from pH 2.3 to 9.8 at a final 
dye concentration of 2 μM. Titration curves were fit to sigmoidal dose response curves (solid black) to enable pKa 
determination (dashed red) and phosphonate pKa2 values are indicated in red.  
 
 
 
 
 
 
 

 
Figure S5. In vitro characterization of carboxyTMR AM hydrolysis.  
CarboxyTMR AM was incubated with or without PLE in HBSS for 2 hrs at 37 °C. HPLC traces were then compared 
to those of carboxyTMR AM (not incubated in HBSS) and carboxyTMR standards. Masses are indicated next to 
the peaks. 
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Figure S6. In vitro characterization of phosTMR AM, 25 hydrolysis.  
PhosTMR AM, 25 was incubated with or without PLE in HBSS for 2 hrs at 37 °C. HPLC traces were then compared 
to those of phosTMR AM, 25 (not incubated in HBSS) and phosTMR, 19 standards. Masses are indicated next to 
the peaks unless no mass was observed (b). 
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Figure S7. In vitro characterization of phosTMR.2OEt, 24 hydrolysis.  
PhosTMR.2OEt, 24 was incubated with or without PLE in HBSS for 2 hrs at 37 °C. HPLC traces were then compared 
to those of phosTMR.2OEt, 24 (not incubated in HBSS) and phosTMR, 19 standards. Masses are indicated next to 
the peaks. 
 
 
 

 
Figure S8. Mitochondrial localization of phosTMR AM, 24. Widefield fluorescence images in the orange (a) and 
green (b) channels, a merge of images a and b (c) and corresponding DIC image (d) of HEK293T cells stained with 
500 nM 24 and 100 nM Mitotracker GreenÔ in HBSS for 20 minutes at 37 °C. The coverslip was transferred into 
fresh HBSS prior to imaging. Scale bar is 50 µM. 
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Figure S9. Intracellular localization of 3-carboxytetramethylrhodamines. Widefield fluorescence (a, c) and DIC (b, 
d) images of HEK293T cells stained with 500 nM carboxyTMR (a, b) and carboxyTMR acetoxymethyl ester (c, d) 
for 20 minutes at 37 °C. Coverslips were transferred into fresh HBSS prior to imaging. Florescence images are 
normalized to image c. Scale bar is 20 µM. 
 

 
Figure S10. Cellular retention of TMR acetoxymethyl esters. Widefield fluorescence images of HEK293T cells 
stained with 500 nM phosTMR (a-c) and carboxyTMR (d-f) for 20 minutes at 30 °C. Coverslips were placed into 
fresh HBSS (1 wash) prior to imaging and coverslips were washed by replacement with fresh HBSS (washes 2 and 
3). Scale bar is 20 µM. Quantification of associated changes in fluorescence intensity (g) through serial washing. 
Images and quantification for each dye are normalized to the wash 1 condition. Error bars represent + SEM for n = 15 
images across 3 coverslips.  
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Figure S11. Absorbance and fluorescence spectra of SiRs. Normalized absorbance (solid) and fluorescence (dashed) 
spectra of phosTMSiR 28 (a), phosTMSiR.OEt 29 (b) and Berkeley Red (c) in EtOH +0.1% (v/v) trifluoroacetic acid. 
Spectra were recorded at a dye concentration of 1 µM. Excitation was at 605 nm. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S12. Solvent dependent lactonization of SiRs Normalized absorbance spectra of phosTMSiR 28 (a), 
phosTMSiR.OEt 29 (b) and Berkeley Red (c) in EtOH+0.1% (v/v) trifluoroacetic acid (––), PBS (––) or a 50% 
dioxane/ water mixture + 0.1% (v/v) triethylamine (––). In each case spectra are normalized to the EtOH spectrum.  
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Figure S13. pH dependance of SiR absorbance. Plots of normalized maximum absorbance vs. pH (a, d, g), λmax vs. 
pH (b, e, h), and associated chemical structures or Z-L equilibrium (c, f, i) for phosTMSiR 28 (a-c), phosTMSiR.OEt 
29 (d-f) and Berkeley Red (g-h). pH titrations were performed in 10 mM buffered solutions containing 150 mM NaCl 
ranging from pH 2.3 to 9.8 at a final dye concentration of 5 μM. Where appropriate pH titration curves were fit to fit 
to sigmoidal dose response curves (solid black) to enable pKcyc or pKa determination (dashed red) and reported next 
to the chemical structures.  
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Figure S14. Dioxane-water titrations of SiRs. Normalized absorbance spectra (a, d, g), plots of normalized maximum 
absorbance vs % water content (b, e, h) and plots of ), λmax vs % water content (c, f, i) for phosTMSiR 28 (a-c), 
phosTMSiR.OEt 29 (d-f) and Berkeley Red (g-h). Spectra are normalized to the absorbance spectra of each 
fluorophore in EtOH + 0.1% (v/v) TFA. Fluorophores were titrated at a final concentration of 5 μM from 100% water 
(black) to 100% dioxane (red) in 10% increments. All solutions contained 0.01% triethylamine.  
 
Synthetic procedures 
 
General procedure A for synthesis of triarylmethane intermediates (A): 
 
1 (1 mmol, 1 eq) and 3-aminophenols (2.25 mmol, 2 eq) were charged into a reaction flask that 
was subsequently evacuated and backfilled with N2 (x3). 2,2,2-trifluoroethanol was added, and the 
reaction stirred at 80 °C overnight. Upon cooling to temperature, trituration with either EtOAc or 
cold MeOH yielded triarylmethane intermediates. 
 
 
General procedure B for the synthesis of 3-phosphonorhodamines (B): 
 
Triarylmethane intermediates (0.5 mmol, 1 eq) and p-chloranil (1 mmol, 2 eq) were refluxed in 
MeOH for 2 to 24 hours, or until all particulates had dissolved. Upon cooling to room temperature, 
any remaining solids were removed by vacuum filtration and the filtrate concentrated in vacuo. 
Trituration with EtOAc yielded 3-phosphonorhodamines.    
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Synthesis of compound 5. 
 
3-aminophenol, 7 (3.0 g, 27.5 mmol, 1 eq) and K2CO3 (7.6 g, 5 mmol, 2 eq) were suspended in 
ethanol (30 mL). While stirring, allyl bromide (5.9 mL, 69 mmol, 2.5 eq) was added and the 
solution was refluxed for 90 minutes. Upon cooling to room temperature, the suspension was 
diluted with water and extracted into EtOAc (x3), dried over Na2SO4 and concentrated in vacuo. 
The crude oil was purified by flash silica chromatography to attain # as a golden oil (4.05 g, 21.4 
mmol, 78%).  
 
1H NMR (500 MHz, Chloroform-d) δ 7.04 (t, J = 8.1 Hz, 1H), 6.30 (d, J = 7.0 Hz, 1H), 6.23 – 
6.09 (m, 2H), 5.84 (ddt, J = 17.1, 10.0, 4.9 Hz, 2H), 5.21 – 5.12 (m, 4H), 3.89 (dt, J = 4.4, 1.4 Hz, 
4H). 
 
 

 
Synthesis of 9 
 
1 (300 mg, 1.61 mmol, 1 eq) and 3-(dimethylamino)phenol, 2 (496 mg, 3.62 mmol, 2.25 eq) 
were charged into a round bottom flask that was subsequently evacuated and backfilled with N2 
(x3). Upon addition of TFE (12.5 mL), the solution was stirred at 80 oC for 16 hours. The 
resulting suspension was concentrated in vacuo and triturated with cold methanol, yielding 9 as a 
white solid (698 mg, 1.58 mmol, 98%). 
 
1H NMR (500 MHz, DMSO-d6) δ 7.67 (dd, J = 13.7, 7.5 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.25 
(td, J = 7.5, 2.7 Hz, 1H), 7.20 (dd, J = 7.4, 5.5 Hz, 1H), 6.61 – 6.53 (m, 3H), 6.08 (m, 4H), 2.78 
(s, 12H). 
 
31P NMR (202 MHz, DMSO-d6) δ 14.97 
 
HR-ESI-MS m/z for C23H36O5N2P- [M-H]- calcd: 451.2362 found: 451.2364 
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Synthesis of 10 
 
1 (50 mg, 0.28 mmol, 1 eq) and 3-(diethylamino)phenol, 3 (100 mg, 0.60 mmol, 2.25 eq) were 
stirred in TFE (7 mL) at 80 °C. The resulting suspension was cooled in an ice bath, filtered and 
washed with cold methanol, yielding 10 as a white/pale pink solid (128 mg, 0.26 mmol, 96%). 
 
1H NMR (500 MHz, DMSO-d6) δ 7.71 – 7.60 (m, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.27 – 7.18 (m, 
2H), 6.63 (d, J = 8.0 Hz, 2H), 6.54 (s, 1H), 6.06 (s, 4H), 3.23 (q, J = 6.9 Hz, 8H), 1.03 (t, J = 7.0 
Hz, 12H). 
 
31P NMR (202 MHz, DMSO-d6) δ 14.53. 
 
HR-ESI-MS m/z for C27H34O5N2P1- [M-H]- calcd: 497.2211 found: 497.2213 
 
 
 

 
 
Synthesis of 11. 
 
1 (75 mg, 0.40 mmol, 1 eq) and 3-(ethylamino)-p-cresol, 4 (137 mg, 0.91 mmol, 2.25 eq) were 
stirred in TFE (7.5 mL) at 80 °C for 16 hours. The resulting suspension was cooled to room 
temperature, diluted with methanol (10 mL) and filtered, yielding an off-white solid (136 mg). 
The filtrate was concentrated in vacuo, and trituration with EtOAc yielded a further 55mg of 
solid. Combined, 11 was isolated as a white/pale purple powder (188 mg, 0.40 mmol, 99%). 
 
1H NMR (500 MHz, DMSO-d6) δ 7.66 (ddd, J = 13.8, 7.9, 1.3 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 
7.26 – 7.17 (m, 2H), 6.51 (s, 1H), 6.40 (s, 2H), 5.97 (s, 2H), 3.03 – 2.97 (m, 4H), 1.87 (s, 6H), 
1.16 (t, J = 7.1 Hz, 6H). 

OH OH
NN

P OH
OH

O

NHHN

P
O

OH
OH

OHOH



 94 

 
31P NMR (202 MHz, DMSO-d6) δ 14.84. 
 
HR-ESI-MS m/z for C25H30O5N2P+ [M]+ calcd: 469.1898 found: 469.1890 
 
 

 
Synthesis of 12. 
 
1 (200 mg, 1.08 mmol, 1 eq) and 5 (448 mg, 2.37 mmol, 2.2 eq) were added to a round bottom 
flask that was subsequently evacuated and backfilled with N2 (x3). Upon addition of TFE (6 mL) 
the solution was stirred at 80 °C for 16 hours. Upon cooling to room temperature, the suspension 
was concentrated in vacuo and triturated with EtOAc to yield 12 as a pale pink powder (525 mg, 
0.96 mmol, 89%) 
 
1H NMR (500 MHz, DMSO-d6) δ 7.66 (dd, J = 13.7, 7.6 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.23 
(ddt, J = 12.9, 8.0, 4.1 Hz, 2H), 6.54 (d, J = 8.5 Hz, 2H), 6.51 (s, 1H), 6.08 – 5.99 (m, 4H), 5.81 
(ddt, J = 15.4, 10.2, 5.1 Hz, 4H), 5.15 – 5.08 (m, 8H), 3.80 (d, J = 5.0 Hz, 8H). 
 
31P NMR (202 MHz, DMSO-d6) δ 15.03. 
 
HR-ESI-MS m/z for C31H36O5N2P+ [M]+ calcd: 547.2356 found: 547.2354 
 

 
Synthesis of compound 13. 
 
1 (150 mg, 0.81 mmol, 1 eq) and 8-hydroxyjulolidine, 6 (344 mg, 1.82 mmol, 2.25 eq) were 
charged into a round bottom flask that was subsequently evacuated and backfilled with N2 (x3). 
Upon addition of TFE (5 mL), the solution was stirred at 80 °C for 16 hours. The resulting 
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suspension was concentrated in vacuo, triturated with cold methanol, and filtered, yielding 13 as 
a white solid (405 mg, 0.74 mmol, 92%). 
 
1H NMR (400 MHz, DMSO-d6) δ 7.65 (dd, J = 13.7, 7.8 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.33 – 
7.18 (m, 2H), 6.56 (s, 1H), 6.22 (s, 2H), 3.05 – 2.85 (m, 8H), 2.49 – 2.38 (m, 8H), 1.92 – 1.70 
(m, 8H). 
 
31P NMR (162 MHz, DMSO-d6) δ 14.86. 
 
HR-ESI-MS m/z for C31H34O5N2P1- [M-H]- calcd: 545.2211 found: 545.2205 
 
 

 
Synthesis of 14 
 
1 (150 mg, 0.81 mmol, 1 eq) and 3-aminophenol, 7 (220 mg, 2.01 mmol, 2.5 eq) were stirred in 
TFE (5 mL) at 80 °C for 16 hours. Upon cooling to room temperature, the suspension was filtered 
and washed with cold methanol to yield 14 as a beige solid (303 mg, 0.79 mmol, 97%). 
 
1H NMR (500 MHz, DMSO-d6) δ 7.65 (dd, J = 13.0, 7.7 Hz, 1H), 7.38 (q, J = 7.4 Hz, 1H), 7.19 
(dt, J = 18.3, 6.2 Hz, 2H), 6.51 (d, J = 7.5 Hz, 2H), 6.14 – 5.88 (m, 5H). 
 
31P NMR (202 MHz, DMSO-d6) δ 12.91. 
 
HR-ESI-MS m/z for C19H18O5N2P1- [M-H]- calcd: 385.0959 found: 385.0954 
 
 

 
Synthesis of 15. 
 
1 (350 mg, 1.74 mmol, 1 eq) and 3-bromo-N,N-dimethylaniline, 8 (972 mg, 5.22 mmol, 3 eq) were 
charged into a round bottom flask that was subsequently evacuated and backfilled with N2 (x3). 
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TFE (3.75 mL) was added, and the solution was stirred at 80 °C for 48 hours. Concentration in 
vacuo and trituration of the resulting residue with EtOAc afforded 15 as a pale pink powder (915 
mg, 1.61 mmol, 93%).  
 
1H NMR (500 MHz, DMSO-d6) δ 7.86 (ddd, J = 14.5, 8.0, 1.8 Hz, 1H), 7.38 (t, J = 7.9 Hz, 1H), 
7.30 (dt, J = 7.3, 3.7 Hz, 1H), 6.83 (d, J = 2.5 Hz, 2H), 6.80 – 6.75 (m, 1H), 6.72 (s, 1H), 6.58 (d, 
J = 8.6 Hz, 2H), 6.36 (d, J = 7.5 Hz, 2H), 2.85 (s, 12H). 
 
31P NMR (202 MHz, DMSO-d6) δ 12.52.  
 
HR-ESI-MS m/z for C23H24O3N2P1- [M-H]- calcd: 564.9897 found: 564.9896 
 
 
 

 
Synthesis of 16. 
 
9 (350 mg, 0.8 mmol, 1 eq) and p-chloranil (394 mg, 1.6 mmol, 2 eq) were refluxed in MeOH 
(50 mL) for 48 hours (or until all solids had dissolved). Upon cooling to room temperature, the 
solution was filtered, and the filtrate was concentrated in vacuo. Trituration with EtOAc yielded 
16 as a dark purple solid (335 mg, 0.8 mmol, >99%). 
 
1H NMR (400 MHz, DMSO-d6) δ 8.04 (ddd, J = 13.3, 6.0, 3.5 Hz, 1H), 7.80 – 7.69 (m, 2H), 
7.36 (dd, J = 5.3, 4.7 Hz, 1H), 7.08 (dd, J = 9.4, 1.7 Hz, 2H), 6.98 (d, J = 9.5 Hz, 2H), 6.93 (d, J 
= 1.7 Hz, 2H), 3.27 (s, 12H). 
 
31P NMR (162 MHz, DMSO-d6) δ 9.70. 
 
HR-ESI-MS m/z for C23H24O4N2P+ [M]+ calcd: 423.1468 found: 423.1470 
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560 nm 

 
 
 

 
Synthesis of 17. 
 
10 (54 mg, 0.11 mmol, 1 eq) and p-chloranil (58 mg, 0.24 mmol, 2 eq) were refluxed in MeOH 
(15 mL) for 16 hours. Upon cooling to room temperature, the solution was filtered, and the 
filtrate was concentrated in vacuo. Trituration with EtOAc yielded 17 as a dark purple powder 
(42 mg, 0.09 mmol, 80%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.29 – 7.98 (m, 1H), 7.71 (s, 2H), 7.36 – 7.26 (m, 1H), 7.16 
(d, J = 9.5 Hz, 2H), 7.00 (dd, J = 9.5, 2.3 Hz, 2H), 6.93 (d, J = 2.3 Hz, 2H), 3.67 (q, J = 7.2 Hz, 
8H), 1.30 (t, J = 7.1 Hz, 12H). 
 
31P NMR (202 MHz, Methanol-d4) δ 10.34. 
 
HR-ESI-MS m/z for C27H32O4N2P1+ [M]+ calcd: 479.2094 found: 479.2100 
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Synthesis of 18. 
 
11 (126 mg, 0.27 mmol, 1 eq) and p-chloranil (86 mg, 0.35 mmol, 1.3 eq) were refluxed in 
MeOH (10 mL) for 20 hours. Upon cooling to room temperature, the solution was filtered, and 
the filtrate was concentrated in vacuo. Trituration with EtOAc yielded 18 as a dark red powder 
(100 mg, 0.22 mmol, 82%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.19 (dd, J = 13.8, 7.3 Hz, 1H), 7.74 – 7.66 (m, 2H), 7.28 – 
7.22 (m, 1H), 6.94 (s, 2H), 6.87 (s, 2H), 3.52 (q, J = 7.2 Hz, 4H), 2.12 (s, 6H), 1.36 (t, J = 7.2 
Hz, 6H).  
 
31P NMR (202 MHz, Methanol-d4) δ 9.68. 
 
HR-ESI-MS m/z for C25H28O4N2P+ [M]+ calcd: 451.1781 found: 451.1774 
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Synthesis of 19. 
 
12 (440 mg, 0.81 mmol, 1 eq) and p-chloranil (297 mg, 1.21 mmol, 1.5 eq) were refluxed in MeOH 
(25 mL) for 12 hours. Upon cooling to room temperature, the solution was filtered, and the filtrate 
concentrated in vacuo. Trituration with EtOAc yielded 19 as a purple powder (397 mg, 0.75 mmol, 
93%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.21 – 8.13 (m, 1H), 7.68 (pt, J = 7.6, 1.8 Hz, 2H), 7.28 – 
7.24 (m, 1H), 7.21 (d, J = 9.4 Hz, 2H), 7.01 (dd, J = 9.5, 2.5 Hz, 2H), 6.97 (d, J = 2.4 Hz, 2H), 
5.95 (ddt, J = 17.2, 10.1, 4.9 Hz, 4H), 5.32 – 5.16 (m, 8H), 4.26 (dd, J = 4.8, 2.0 Hz, 8H). 
 
31P NMR (202 MHz, Methanol-d4) δ 9.29. 
 
HR-ESI-MS m/z for C31H32O4N2P+ [M]+ calcd: 527.2094 found: 527.2094 
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Synthesis of 20. 
 
13 (50 mg, 0.09 mmol, 1 eq) was suspended in MeOH (20 mL) and refluxed for 48 hours whilst 
bubbling compressed air through the suspension. The solution was then cooled in an ice bath, 
filtered to remove unoxidized starting material, and the filtrate was concentrated in vacuo. 
Trituration with EtOAc yielded a crude solid that was purified by reverse phase silica 
chromatography (100% MeOH). 20 was isolated as a purple-pink solid (23 mg, 0.04 mmol, 
48%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.18 (dd, J = 12.1, 7.7 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 
7.55 (t, J = 7.4 Hz, 1H), 7.10 (dd, J = 7.1, 3.9 Hz, 1H), 6.74 (s, 2H), 3.52 (t, J = 5.6 Hz, 4H), 
3.47 (t, J = 5.7 Hz, 4H), 3.11 – 3.03 (m, 4H), 2.80 – 2.68 (m, 2H), 2.66 – 2.60 (m, 2H), 2.09 (p, J 
= 6.3 Hz, 4H), 1.97 – 1.90 (m, 4H). 
 
31P NMR (202 MHz, Methanol-d4) δ 7.76. 
 
HR-ESI-MS m/z for C31H32O4N2P1+ [M]+ calcd: 527.2094 found: 527.2104 
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Synthesis of 21. 
 
By air oxidation: 
14 (100 mg, 0.26 mmol, 1 eq) was dissolved in DMSO (1 mL) and stirred at 100 °C for 12 hours. 
Upon cooling to room temperature, the crude solution was purified by reverse phase silica 
chromatography (60% MeOH/ H2O) affording 21 as a red solid (21 mg, 0.05 mmol, 21%).  
 
By deallylation of 19: 
 
Method A (Table S2, entry B): 
19 (50 mg, 0.095 mmol, 1 eq), 1,3-dimethylbarbituric acid (90 mg, 0.576 mmol, 6 eq) and 
Pd(PPh3)4 (4.5 mg, 0.004 mmol, 0.04 eq) were charged into a flame dried Schlenk flask, that was 
subsequently evacuated and backfilled with N2 (x3). Upon addition of DMF (0.75 mL) and 
triethylamine (0.25 mL), the solution was stirred at 80 °C overnight. Upon cooling to room 
temperature, the solution was diluted with EtOAc and filtered through a pad of celite. The celite 
was flushed several times with EtOAc to remove excess NDMBA, before elution of the 
fluorophore by washing with MeOH. Purification by reverse phase silica chromatography (60% 
MeOH/ H2O) afforded 21 as an orange/red solid (18 mg, 0.049 mmol, 52 %).  
 
Method B (Table S2, entry D): 
19 (65 mg, 0.12 mmol, 1 eq) and potassium tert-butoxide (95 mg, 0.85 mmol, 7 eq) were dissolved 
in DMSO (2.5 mL) and stirred at 100 °C for 5 minutes. Upon a color change to a deep brown 
solution water (7.5 mL) was added. This was followed by acidification with 1 M HCl (1 mL) and 
continued stirring at 100 °C for 15 minutes. The solution was cooled to room temperature and 
concentrated to a small volume of liquid < 3 mL. Purification by reverse phase silica 
chromatography (60% MeOH/ H2) afforded 21 as an orange/ red solid (31 mg, 0.085 mmol, 71%).  
 
1H NMR (500 MHz, Methanol-d4 + 1 drop NaOD) δ 7.86 (dd, J = 10.0, 7.7 Hz, 1H), 7.40 (dtt, J = 
7.5, 3.6, 1.9 Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.10 (d, J = 8.7 Hz, 2H), 6.81 (dd, J = 7.7, 2.6 Hz, 
1H), 6.53 (d, J = 2.2 Hz, 2H), 6.49 (dd, J = 8.7, 2.2 Hz, 2H). 
 
1P NMR (202 MHz, Methanol-d4 + 1 drop NaOD) δ 21.52. 
 
HR-ESI-MS m/z for C19H16O4N2P+ [M]+ calcd: 367.0842 found: 367.0844 
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Synthesis of 3-carboxyTMR. 
 
2-carboxybenzaldehyde (159 mg, 1.2 mmol, 1 eq) and 3-dimethylaminophenol, 2 (363 mg, 2.9 
mmol, 2.5 eq) were charged into a round bottom flask that was subsequently evacuated and 
backfilled with N2 (x3). TFE (10 mL) was added, and the solution was stirred at 80 °C for 3 days. 
Upon cooling to room temperature, and concentration in vacuo the residue was triturated with 
EtOAc to afford a pale purple solid (237 mg). The solid was combined with chloranil (286 mg, 1.2 
mmol, 1 eq) and refluxed in MeOH (15 mL) for 12 hours. The solution was cooled, concentrated 
in vacuo, and purified by flash silica chromatography to afford 3-carboxytetramethylrhodamine 
as a pink solid (147 mg, 0.36 mmol, 31%).  
 
1H NMR (400 MHz, Methanol-d4) δ 8.23 – 8.12 (m, 1H), 7.73 – 7.67 (m, 2H), 7.33 – 7.27 (m, 
1H), 7.24 (d, J = 9.5 Hz, 2H), 7.02 (dd, J = 9.4, 2.3 Hz, 2H), 6.93 (d, J = 2.0 Hz, 2H), 3.28 (s, 
12H). 
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Synthesis of 3-sulfoTMR. 
 
2-sulfonobenzaldehyde (139 mg, 0.75 mmol, 1 eq) and 3-dimethylaminophenol, 2 (257 mg, 1.88 
mmol. 2.5 eq) were dissolved in methanesulfonic acid (2 mL) and stirred at 130 °C for 72 hours. 
Upon cooling to room temperature, the solution was diluted with water (20 mL) and made basic 
with addition of 10 M KOH. Extraction into 3:1 DCM: iPrOH (x4), drying over Na2SO4 and 
concentration in vacuo afforded a deep purple solid which was subsequently purified by reverse 
phase silica chromatography (60% MeOH/ H2O). # was isolated as a dark purple solid (36 mg, 
0.085 mmol, 12%).  
 
1H NMR (500 MHz, DMSO-d6) δ 8.03 – 7.95 (m, 1H), 7.67 – 7.60 (m, 1H), 7.56 (t, J = 7.5 Hz, 
1H), 7.18 (d, J = 8.1 Hz, 1H), 7.07 – 6.99 (m, 4H), 6.90 (d, J = 1.4 Hz, 2H), 3.24 (s, 12H). 
 
HR-ESI-MS m/z for C23H23O4N2S+ [M]+ calcd: 423.1373 found: 423.1376 
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Synthesis of 22. 
 
diethyl (2-formylphenyl)phosphonate (685 mg, 2.8 mmol, 1 eq) was dissolved in DCM (3 mL) 
and added to a solution of 1 M NaOH (3 mL) with tetrabutylammonium bromide (273 mg, 0.9 
mmol. 0.3 eq). The biphasic mixture was stirred vigorously at 40 °C overnight. Upon cooling to 
room temperature the mixture was diluted with water and the aqueous layer was washed with 
EtOAc (x3). The aqueous layer was then acidified with 1 M HCl and extracted into EtOAc (x3). 
Drying of the pooled organics with Na2SO4 and concentration in vacuo afforded # as a golden 
viscous oil (415 mg, 1.9 mmol, 70%).  
 
1H NMR (500 MHz, Chloroform-d) δ 10.59 (s, 1H), 8.21 – 7.99 (m, 2H), 7.77 – 7.62 (m, 2H), 4.20 
– 4.12 (m, 2H), 1.32 (t, J = 7.1 Hz, 3H). 
 
31P NMR (202 MHz, Chloroform-d) δ 18.45. 
 
 

 
Synthesis of 23. 
 
22 (75 mg, 0.35 mmol, 1 eq) and 3-dimethylaminophenol, 2 (112 mg, 0.88 mmol, 2.5 eq) were 
stirred in TFE (7 mL) at 80 °C overnight. Upon cooling to room temperature, the solution was 
concentrated in vacuo and the residue was triturated with EtOAc to afford a pale purple solid. The 
solid was combined with chloranil (90 mg, 0.37 mmol, 1.05 eq) and refluxed in MeOH (5 mL) for 
3 hours. Purification by flash silica chromatography afforded 23 as a purple solid (62 mg, 0.14 
mmol, 39%). 
 
1H NMR (500 MHz, Chloroform-d) δ 8.25 (dd, J = 12.0, 7.7 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 
7.48 (t, J = 7.8 Hz, 1H), 7.39 (d, J = 9.4 Hz, 2H), 7.05 (dd, J = 8.1, 3.5 Hz, 1H), 6.83 (dd, J = 9.4, 
2.0 Hz, 2H), 6.70 (d, J = 1.6 Hz, 2H), 3.73 (q, J = 7.0 Hz, 2H), 3.23 (s, 12H), 1.02 (t, J = 7.0 Hz, 
3H). 
 
31P NMR (202 MHz, Chloroform-d) δ 6.17. 
 
HR-ESI-MS m/z for C25H28O4N2P+ [M]+ calcd: 451.1781 found: 451.1782 
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Synthesis of 24. 
 
16 (200 mg, 0.47 mmol, 1 eq), Ag2O (237 mg, 1.18 mmol, 2.5eq) and 4 Å molecular sieves (200 
mg) were charged into a flame dried round bottom flask that was subsequently evacuated and 
backfilled with N2 (x3). Upon addition of MeCN (12 mL), the suspension was stirred at room 
temperature for 30 minutes. Bromoethane (0.11 mL, 1.41 mmol, 3.5 eq) was added, and the 
reaction stirred at 50 °C overnight. A second addition of bromoethane (0.2 mL, 2.1 mmol, 4,5 eq) 
was added and the reaction stirred for a further 6 hours. Upon cooling to room temperature, the 
suspension was filtered through a pad of celite and washed with methanol, and the filtrate was 
concentrated in vacuo. Purification by flash silica chromatography (5 to 10% MeOH/DCM) 
yielded 24 as a purple solid (127 mg, 0.27 mmol, 22%).  
 
1H NMR (400 MHz, Chloroform-d) δ 8.11 (dd, J = 14.0, 7.8 Hz, 1H), 7.79 (t, J = 7.2 Hz, 1H), 
7.72 (td, J = 7.6, 3.4 Hz, 1H), 7.45 – 7.33 (m, 1H), 7.07 (d, J = 9.4 Hz, 2H), 6.99 – 6.75 (m, 4H), 
3.91 – 3.72 (m, 4H), 3.34 (s, 12H), 1.01 (t, J = 7.1 Hz, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 15.16. 
 
HR-ESI-MS m/z for C27H32O4N2P+ [M]+ calcd: 479.2094 found: 479.2093 
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Synthesis of 25 
 
16 (46 mg, 0.11 mmol, 1 eq), Ag2O (63 mg, 0.27 mmol, 2.5 eq) and 4 Å molecular sieves (50 mg) 
were charged into a flame dried round bottom flask, that was subsequently evacuated and 
backfilled with N2 (x3). Upon addition of MeCN (4 mL), the suspension was stirred at room 
temperature for 1 hour and then bromomethyl acetate (0.04 mL, 0.039 mmol, 3.5 eq) was added. 
The suspension was stirred at 50 °C overnight, before cooling to room temperature, and filtering 
through a pad of celite and washed with DCM. The filtrate was concentrated in vacuo and purified 
by flash silica chromatography (8% MeOH/ DCM) to afford 25 as a purple solid (15 mg, 0.03 
mmol, 25%).  
 
1H NMR (400 MHz, Chloroform-d) δ 8.10 (dd, J = 14.6, 7.7 Hz, 1H), 7.86 (t, J = 7.8 Hz, 1H), 
7.82 – 7.68 (m, 1H), 7.41 (t, J = 6.3 Hz, 1H), 7.05 (d, J = 9.4 Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 
6.91 (s, 2H), 5.51 – 5.12 (m, 4H), 3.37 (s, 12H), 1.99 (s, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 14.34. 
 
HR-ESI-MS m/z for C29H32O8N2P+ [M]+ calcd: 567.1891 found: 467.1886 
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Synthesis of 26 
 
(50 mg, 0.13 mmol, 1 eq), Ag2O (45 mg, 0.19 mmol, 1.5 eq) and 4 Å molecular sieves (50 mg) 
were charged into a flame dried reaction vial that was subsequently evacuated and backfilled with 
N2 (x3). DMF (1.5 mL) was added, and the reaction warmed to 60 °C. Bromomethyl acetate (0.03 
mL, 0.32 mmol, 2.5 eq) was added and the suspension stirred for 16 hours. Upon cooling to room 
temperature, the mixture was diluted with DCM and filtered through a plug of celite. Concentration 
in vacuo, followed by flash silica chromatography (7.5% MeOH/DCM) afforded # as a dark purple 
solid (19 mg, 0.04 mmol, 32%).  
 
1H NMR (500 MHz, DMSO-d6) δ 8.26 (dd, J = 7.9, 1.3 Hz, 1H), 7.95 (td, J = 7.5, 1.4 Hz, 1H), 
7.87 (td, J = 7.7, 1.4 Hz, 1H), 7.54 (dd, J = 7.5, 1.3 Hz, 1H), 7.10 (dd, J = 9.5, 2.4 Hz, 2H), 7.01 
(d, J = 9.5 Hz, 2H), 6.99 (d, J = 2.5 Hz, 2H), 5.55 (s, 2H), 3.28 (s, 12H), 1.83 (s, 3H). 
 
HR-ESI-MS m/z for C27H27O5N2+ [M]+ calcd: 459.1914 found: 459.1912 
 
254 nm 
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560 nm 

 
 

 
Synthesis of 27 
 
3-bromo-N,N-dimethylaniline (1.19 g, 5.9 mmol, 2.4 eq) was charged into a flamed dried Schlenk 
flask that was subsequently evacuated and backfilled with N2 (x3). THF (11.8 mL) was added and 
the solution cooled to –78 °C. nBuLi (2.96 mL, 2M in hexanes, 5.9 mmol, 2.4 eq) was added 
slowly and the solution stirred at –78 °C for 30 minutes. Dichlorodimethyl silane (0.3 mL, 2.5 
mmol 1 eq) was added slowly and the solution was slowly warmed to room temperature over 2 
hours. The reaction was quenched with sat. ammonium chloride, followed by extraction into 
EtOAc (x3). The combined organics were washed with brine (x2), dried over Na2SO4 and 
concentrated in vacuo. Purification by flash silica chromatography (5% EtOAc/ Hexanes) yielded 
27 as a colorless oil (665 mg, 2.23 mmol, 91%).  
 
1H NMR (400 MHz, Chloroform-d) δ 7.23 (t, J = 8.1 Hz, 2H), 6.94 (d, J = 2.5 Hz, 2H), 6.91 (d, J 
= 7.1 Hz, 2H), 6.77 (dd, J = 8.2, 2.3 Hz, 2H), 2.92 (s, 12H), 0.53 (s, 6H). 
 
 
 
 

 
Synthesis of 28 
 
1 (50 mg, 0.27 mmol, 1 eq) and 27 (96 mg, 0.32 mmol, 1.2 eq) were dissolved in TFE (5 mL) and 
stirred at 80 °C for 7 days. The crude reaction was purified by reverse phase silica chromatography 
(75% MeOH/ H2O) to yield 28 as a deep blue solid (54 mg, 0.11 mmol, 43%). 
 

NN Si

NN

P
O

OH
OH
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1H NMR (500 MHz, Methanol-d4) δ 8.10 (dd, J = 12.2, 7.4 Hz, 1H), 7.56 – 7.52 (m, 1H), 7.49 (t, 
J = 7.5 Hz, 1H), 7.24 (d, J = 2.8 Hz, 2H), 7.17 (d, J = 9.6 Hz, 2H), 7.05 (dd, J = 7.0, 4.1 Hz, 1H), 
6.68 (dd, J = 9.6, 2.8 Hz, 2H), 3.27 (s, 12H), 0.59 (s, 3H), 0.57 (s, 3H). 
 
31P NMR (202 MHz, Methanol-d4) δ 9.80. 
 
HR-ESI-MS m/z for C25H30O3N2P1Si1+ [M]+ calcd: 465.1758 found: 465.1766 
 
254 nm 

 
 
660 nm 

 
 
 

 
Synthesis of 29. 
 
22 (250 mg, 1.17 mmol, 1 eq) and 27 (401 mg, 1.34 mmol, 1.15 eq) were dissolved in TFE (4 mL) 
and stirred at 80 °C for 4 days. Upon cooling to room temperature, the crude mixture was purified 
by reverse phase silica chromatography (60 to 100% MeOH/ H2O) affording 29 as a deep blue 
solid (110 mg, 0.22 mmol, 19%).  
 
1H NMR (500 MHz, Methanol-d4) δ 8.11 (ddd, J = 12.8, 7.2, 1.8 Hz, 1H), 7.56 (pt, J = 7.5, 1.7 
Hz, 2H), 7.27 (d, J = 2.9 Hz, 2H), 7.18 – 7.05 (m, 3H), 6.70 (dd, J = 9.6, 2.9 Hz, 2H), 3.53 (p, J = 
7.0 Hz, 2H), 3.31 (s, 12H), 0.86 (t, J = 7.1 Hz, 3H), 0.60 (s, 3H), 0.58 (s, 3H). 
 
31P NMR (202 MHz, Methanol-d4) δ 10.18. 
 
HR-ESI-MS m/z for C27H34O3N2PSi+ [M]+ calcd: 493.2071 found: 493.2069 
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254 nm 

 
 
560 nm 

 
 
 

 
Synthesis of compound 32. 
 
2-bromo-iodobenzene (500 mg, 1.77 mmol, 1 eq) and PdCl2 were charged into a flame dried 
reaction vial that was subsequently evacuated and backfilled with N2 (x3). Triethyl phosphite (0.32 
mL, 1.86 mmol, 1.05 eq) was added and the reaction stirred at 130 °C for 16 hours. Upon cooling 
to room temperature the crude oil was purified by flash silica chromatography (368 mg, 1.26 mmol, 
71%).  
 
1H NMR (500 MHz, Chloroform-d) δ 8.08 – 7.96 (m, 1H), 7.67 (ddd, J = 7.8, 5.0, 1.6 Hz, 1H), 
7.47 – 7.30 (m, 2H), 4.31 – 4.05 (m, 4H), 1.36 (t, J = 7.1 Hz, 6H). 
 
31P NMR (202 MHz, Chloroform-d) δ 14.77. 
 
 

 
Synthesis of compound 33. 
 
27 (350 mg, 1.17 mmol, 1 eq) was dissolved in MeCN (5 mL) and cooled in an ice bath. N-
bromosuccinimide (438 mg, 2.46 mmol, 2.1 eq) was added and the solution stirred at 0 °C for 1.5 
hours. Upon quenching with saturated NaHCO3 and extraction with DCM (x3), the organics were 

Br
P
O

OEt
OEt

N Si N

Br Br
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dried over Na2SO4 and concentrated in vacuo. Purification by flash silica chromatography (10% 
DCM/Hexanes) afforded S6 as a pale yellow solid (398 mg, 0.88 mmol, 75%). 
 
1H NMR (500 MHz, Chloroform-d) δ 7.34 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 3.2 Hz, 2H), 6.59 (dd, 
J = 8.7, 3.2 Hz, 2H), 2.87 (s, 12H), 0.75 (s, 6H). 
 

 
Synthesis of compound 34. 
 
2-iodobenzoic acid (1.0 g, 4.03 mmol, 1 eq) and PdCl2 (73.0 mg, 0.40 mmol, 0.1 eq) were charged 
into a flame dried Schlenk flask that was subsequently evacuated and backfilled with N2 (x3). 
Triethyl phosphite (2.77 mL, 16.13 mmol, 4 eq) was added and the solution stirred at 150 °C 
overnight. Upon cooling to room temperature the crude oilw as purified by flash silica 
chromatography(60% EtOAc/ Hexanes) to isolate S7 as a golden oil (1.02 g, 3.56 mmol, 89 %).  
 
1H NMR (400 MHz, Chloroform-d) δ 8.03 – 7.92 (m, 1H), 7.75 – 7.66 (m, 1H), 7.63 – 7.49 (m, 
2H), 4.39 (q, J = 7.2 Hz, 2H), 4.18 – 4.08 (m, 4H), 1.39 (t, J = 7.1 Hz, 3H), 1.33 (d, J = 7.1 Hz, 
6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 16.27. 
 

 
Synthesis of compound 35. 
 
15 (300 mg, 0.53 mmol, 1 eq) was charged into a flame dried round bottom flask equipped with a 
reflux condenser, that was subsequently evacuated and backfilled with N2 (x3). DCM (3 mL) and 
DMF (10 µL) were added and the solution stirred at 30 °C. Slow addition of oxalyl chloride (0.23 
mL, 2.64 mmol, 5 eq) produced effervescence and the solution was refluxed for 12 hours. Upon 
concentration in vacuo, the crude residue was quickly evacuated and backfilled with N2 (x3).* The 
residue was cooled in an ice bath and dissolved in a mixture of THF (4 mL) and EtOH (2 mL). 
Addition of triethylamine (0.75 mL) resulted in a suspension that was slowly warmed to room 
temperature and stirred for 3 hours. The suspension was diluted with 1:1 EtOAc: hexanes and 
solids were removed by vacuum filtration. Concentration of the filtrate in vacuo yielded a brown 
oil that was redissolved in EtOAc and extracted into 0.1 M HCl (x3). The combined aqueous 
extracts were made basic by addition of 2 M NaOH, followed by back extraction into EtOAc (x3). 
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P OEt
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Br Br
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The organic layers were combined, dried with Na2SO4 and concentrated to afford S8 as a slightly 
pink oil (282 mg, 0.45 mmol, 85%). 
 
*this intermediate is unstable when exposed to air. 
 
1H NMR (500 MHz, Chloroform-d) δ 8.09 (ddd, J = 14.8, 7.6, 1.6 Hz, 1H), 7.40 (tt, J = 7.6, 1.5 
Hz, 1H), 7.32 (td, J = 7.7, 3.2 Hz, 1H), 6.97 (s, 2H), 6.91 (t, J = 6.9 Hz, 1H), 6.59 (s, 1H), 6.58 – 
6.33 (m, 4H), 4.31 – 3.71 (m, 4H), 2.91 (s, 12H), 1.34 – 1.22 (m, 6H). 
 
31P NMR (202 MHz, Chloroform-d) δ 18.55. 
 
HR-ESI-MS m/z for C27H33O3N2Br2P1+ [M+H]+ calcd: 623.0668 found: 623.0665 
 
 
 
 
 
 
 
 
Spectra of compounds 
 
 
Spectrum S1. 1H NMR of 2-carboxybenzaldehyde in DMSO-d6 

 
-3-2-1012345678910111213141516

f1	(ppm)

0

50

100

150

200

250

300

350

400

0
.9
2

1.
8
4

1.
8
4

0
.9
2

0
.0
8

0
.0
7

2.
50
	D
M
S
O

3
.3
5	
H
2O

6
.6
6

6
.6
8

7.
6
4

7.
6
6

7.
6
7

7.
6
8

7.
6
9

7.
78
7.
8
0

7.
8
2

7.
8
4

8
.1
7

8
.1
9

10
.4
7

13
.6
8

O

OH

HA O
O

O

HA
HBO

92% 8% 

HA 

HB 

HA 



 113 

Spectrum S2. 13C NMR of 2-carboxybenzaldehyde in DMSO-d6 

 
Spectrum S3. 1H NMR of 2-carboxybenzaldehyde in MeOD-d4 
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Spectrum S4. 13C NMR of 2-carboxybenzaldehyde in MeOD-d4 

 
Spectrum S5. 1H NMR of 2-carboxybenzaldehyde in MeOD-44 + TFA 
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Spectrum S6. 13C NMR of 2-carboxybenzaldehyde in MeOD-44 + TFA 

 
Spectrum S7. 1H NMR of 1 in DMSO-66 
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Spectrum S8. 31P NMR of 1 in DMSO-66

 
 
Spectrum S9. 13C NMR of 1 in DMSO-66 
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Spectrum S10. 1H NMR of 1 in MeOD-d4 

   
 
Spectrum S11. 31P NMR of 1 in MeOD-d4 
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Spectrum S12. 13C NMR of 1 in MeOD-d4 

 
Spectrum S13. 1H NMR of 1 in D2O 
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Spectrum S14. 31P NMR of 1 in D2O 

 
Spectrum S15. 1H NMR of 5. 
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Spectrum S16. 1H NMR of 9. 

 
 
Spectrum S17. 31P NMR of 9. 
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Spectrum S18. 1H NMR of 10.

 
Spectrum S19. 31P NMR of 10. 
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Spectrum S20. 1H NMR of 11. 

 
Spectrum S21. 31P NMR of 11. 
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Spectrum S22. 1H NMR of 12.  

 
 
Spectrum S23. 31P NMR of 12. 
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Spectrum S24. 1H NMR of 13. 

 
 
Spectrum S25. 31P NMR of 13. 
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Spectrum S26. 1H NMR of 14.  

 
Spectrum S27. 31P NMR of 14. 
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Spectrum S28. 1H NMR of 15. 

 
 
Spectrum S29. 31P NMR of 15. 

 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
f1	(ppm)

-200000

-100000

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

1100000

1200000

1300000

1400000

1500000

1600000

1700000

1800000

1900000

2000000

2100000

2200000

12
.0
2

1.
78
2.
0
0

1.
0
3

1.
0
1

2.
0
2

1.
0
3

1.
0
1

1.
0
0

2.
50
	D
M
S
O

2.
8
5

6
.3
5

6
.3
7

6
.5
7

6
.5
9

6
.7
2

6
.7
6

6
.7
7

6
.7
7

6
.7
8

6
.8
3

6
.8
4

7.
28
7.
28
7.
29
7.
29
7.
3
1

7.
3
1

7.
3
6

7.
3
9

7.
8
3

7.
8
4

7.
8
5

7.
8
5

7.
8
6

7.
8
6

7.
8
8

7.
8
8

-250-200-150-100-50050100150
f1	(ppm)

-20000

-10000

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

110000

120000

130000

140000

150000

160000

170000

12
.5
2

Br Br
NN

P
O

OH
OH



 127 

Spectrum S30. 1H NMR of 16. 

 
Spectrum S31. 31P NMR of 16. 
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Spectrum S32. 1H NMR of 17 . 

 
Spectrum S33. 31P NMR of 17. 
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Spectrum S34. 1H NMR of 18. 

 
 
Spectrum S35. 31P NMR of 18. 
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Spectrum S36. 1H NMR of 19.  

 
 
Spectrum S37. 31P NMR of 19. 

 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
f1	(ppm)

-200000

0

200000

400000

600000

800000

1000000

1200000

1400000

1600000

1800000

2000000

2200000

2400000

2600000

2800000

8
.0
1

8
.0
1

4
.0
1

2.
0
1

2.
0
0

2.
0
0

1.
0
1

2.
0
0

1.
0
0

1.
24
	E
tO
A
c

2.
0
1	
Et
O
A
c

3
.3
1	
M
eO
D

4
.0
9
	E
tO
A
c

4
.8
6
	H
2O

6
.9
6

6
.9
7

7.
0
0

7.
0
0

7.
0
2

7.
0
2

7.
21
7.
22
7.
25
7.
25
7.
26
7.
26
7.
27
7.
27
7.
6
5

7.
6
6

7.
6
6

7.
6
7

7.
6
7

7.
6
7

7.
6
8

7.
6
8

7.
6
9

7.
6
9

7.
70
7.
70
7.
71
7.
71
7.
72
8
.1
5

8
.1
5

8
.1
6

8
.1
7

8
.1
8

8
.1
9

8
.1
9

-250-200-150-100-50050100150
f1	(ppm)

-10000

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

1100009
.2
9

NN

P
O

OH
OH

O



 131 

Spectrum S38. 1H NMR of 20. 

 
Spectrum S39. 31P NMR of 20. 
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Spectrum S40. 1H NMR of 21.  

 
 
Spectrum S41. 31P NMR of 21. 
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Spectrum S42.1H NMR of carboxyTMR. 

 
Spectrum S43.1H NMR of sulfoTMR. 
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Spectrum S44.1H NMR of 22. 

 
Spectrum S45.31P NMR of 22. 
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Spectrum S46.1H NMR of 23. 

 
 
Spectrum S47.31P NMR of 23. 
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Spectrum S48.1H NMR of 24. 

 
 
Spectrum S49.31P NMR of 24. 
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Spectrum S50.1H NMR of 25. 

 
Spectrum S51.31P NMR of 25. 
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Spectrum S52.1H NMR of 26. 

 
 
Spectrum S53.1H NMR of 27. 
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Spectrum S54.1H NMR of 28. 

 
Spectrum S55.31P NMR of 28. 
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Spectrum S56.1H NMR of 29.

 
Spectrum S57.31P NMR of 29. 
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Spectrum S58.1H NMR of 32. 

 
 
Spectrum S59.31P NMR of 32. 
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Spectrum S60.1H NMR of 33.  

 
 
Spectrum S61.1H NMR of 34.  
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Spectrum S62.31P NMR of 34. 

 
Spectrum S63.1H NMR of 35. 
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Spectrum S64.31P NMR of 35. 
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Chapter 3 
Phosphonated Xanthene Fluorophores for Voltage Sensing Applications 
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Introduction 
The universal ability of cells to maintain an uneven distribution of ions across a membrane 

is fundamental to life itself. Membrane potential dynamics govern the ability for our brain to think, 
our heart to beat and our body’s ability to feel sensation. On a cellular level, membrane potential 
is critical to a plethora of biological phenomena such as bioelectrical signaling, the cell cycle, and 
oxidative phosphorylation.1,2 In order to further understand the role of membrane potential 
dynamics in living systems, we need to develop the most effective tools to accurately measure 
these changes in real time. Traditional methods such as patch clamp electrophysiology are highly 
sensitive and thereby enable accurate and quantitative measurements of cellular membrane 
potential. On the other hand, patch clamp electrophysiology is inherently low throughput, provides 
low spatial resolution and is highly invasive in nature.3 More modern approaches have involved 
genetically encoded voltage indicators (GEVIs) or small organic fluorophores to alleviate some of 
these limitations, but competing trade-offs of kinetics, brightness and voltage sensitivities leave 
much room for improvement in our ability to accurately sense voltage changes in biological 
systems of increasing complexity.3–6  

 

 
Figure 1. PeT-based voltage sensitive indicators. (a) proposed mechanism of voltage-sensitive indicators and (b) 
general molecular scaffold of voltage indicators and chemical structures of VF2.1Cl, RhoVR 1 and BeRST.  

 
The Miller lab’s research program has largely focused on the development of small molecule 

voltage-sensitive indicators to alleviate some of the limitations faced with other voltage-sensing 
approaches (such as resolution, sensitivity, and throughput).5 Our voltage-sensing platform makes 



 147 

use of a common molecular scaffold in which a fluorophore reporter is appended to a lipophilic, 
aniline-containing phenylene vinylene molecular wire. These electron rich molecular wires donate 
an electron into the excited state of the fluorophore reporter through photoinduced electron transfer 
(PeT), quenching fluorescence.7 The rate of PeT is sensitive to external electric fields; at a resting 
membrane potential, PeT is accelerated and fluorescence is quenched but upon depolarization or 
reversal of membrane potential, PeT is inhibited and an increase in fluorescence can be observed 
(Figure 1a). The fast kinetics of PeT (ns time scale) is instrumental in providing the temporal 
resolution required to observe rapid membrane potential dynamics (ms time scale). Furthermore, 
the orthogonal relationship of the fluorophore and molecular wire has enabled access to a variety 
of colors across the visible spectrum through exchange of the fluorophore.7–13 We have reported a 
variety of indicators including fluorescein-based Voltage-sensitive Fluorophores (VFs),7,8 
Rhodamine Voltage Reporters (RhoVRs),9 and silicon-rhodamine derived Berkeley Red Sensors 
of Transmembrane potential (BeRSTs) (Figure 1b).10  

While the lipophilic nature of the molecular wire drives voltage sensitive indicators into the 
hydrophobic plasma membrane of living cells, the properties of the 3-substituent of the 
fluorophore also play a crucial role in membrane localization. Acidic 3-subsitutents act as a 
membrane anchor, dictating orientation, and prevents prohibitive dye internalization.7 To inhibit 
permeability, the 3-substituent must be anionic at physiological pH, impart water solubility and 
prevent spirocyclization to the neutral non-fluorescent state of the fluorophore and as such we have 
previously relied on the use of a sulfonate or tertiary amide such as N-methyl glycine.8,9 
Additionally, this anchoring group has been found to play a major role on the orientation within 
the membrane, influencing the efficiency of the PeT process and thus voltage sensitivity.8 Inspired 
by the excellent exclusion from cells, high water solubility, and tendency to disfavor 
spirocyclization, we hypothesized that 3-phosphononate substitution could be readily incorporated 
into our voltage sensing scaffold.  

In addition to bearing the key properties for membrane anchoring, 3-phopshonates are 
readily functionalizable and we have demonstrated by our ability to influence cellular permeability 
and subcellular localization through esterification of 3-phosphono-fluoresceins and rhodamines 
(Chapters 1 and 2).  In fact, functionalization of the 3-substituent has facilitated numerous 
applications of our voltage sensing indicators. While sulfonate esters are typically unstable and 
preclude functionalization, coupling of 3-carboxylates to ligands such as a chloroalkane or spy tag 
peptide enabled chemi-genetic approaches to target voltage indicators specifically to cells 
expressing the associated targeting enzyme (HaloTag or SpyCatcher).14–16 This provided improved 
cellular resolution, where indiscriminate membrane staining is disadvantageous, to study more 
complex systems such as neuronal circuits, brain slice or intact brains.17 Conjugation to molecular 
prosthetics such as triplet state quenchers has been shown to reduce the photobleaching and 
phototoxicity that is observed under constant illumination and led to the ability to perform 
prolonged functional imaging of cardiomyocytes.18 Additionally, protection of sarcosine with 
biologically labile acetoxy methyl esters facilitated intracellular delivery of RhoVR 1 and enabled 
imaging of mitochondrial membrane potential dynamics.19  Conjugation of the 3-carboxylate 
inherently results in a masking of the associated negative charge, and while this is advantageous 
for intracellular delivery applications, most useful applications of functionalized voltage sensors 
still require localization to the extracellular membrane. This meant that incorporation of a 
negatively charged linker such as cysteic acid was required, thereby adding complexity to the 
syntheses of these probes.15,16 On the other hand, phosphonates contain two functional handles and 
we envisioned that it would be possible to make use of phosphonate monoesters bearing some 
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functionality while retaining the negative charge required for membrane anchoring. We hoped this 
would provide a more generalizable approach to voltage-indicator functionalization and lead to 
new applications.  

In this chapter we describe our synthetic approaches towards phosphonated voltage sensing 
indicators (phosVFs, phosRhoVRs and phosBeRST), compare how they perform with respect to 
their analogous sulfono- and carboxy- analogs and explore the utility of these new scaffolds in 
voltage sensing applications.  
 
 
Results and discussion 
Synthesis of phosphonated voltage sensitive fluorophores (VFs) 
 

 
Scheme 1. Retrosynthetic analysis of phosphonated voltage sensitive fluorophores (VFs).  
 

The voltage-sensing molecular wire domains of VFs have typically been installed via Heck 
coupling to fluoresceins, making use of a 4' or 5' halogen. We recognized that this halogen handle 
would need to be present on the phosphonobenzaldehyde precursor (Scheme 1), however since we 
had previously made use of a halogen handle to install the phosphonate (Chapter 1) our synthetic 
strategy therefore focused on determining a method for selectively installing a phosphonate in the 
presence of two aryl halides. Unfortunately, we observe no regioselectivity when exposing 2,5-
dibromobenzaldehyde to the same Ni-mediated Arbuzov conditions that had been used previously 
(Scheme S1). We hypothesize that since the oxidative addition step is relatively fast with respect 
to formation of the phosphonium intermediate, and at such elevated temperatures any directing 
effects from the aldehyde are negligible.20 To test whether any selectivity for aryl iodides vs. 
bromides could be achieved, we attempted analogous Arbuzov chemistry with 2-iodo-5-
bromotoluene. Interestingly, when using palladium as the catalyst and a lower temperature of 90 
°C are able to selectively access 2-phosphono-5-bromotoluene in a 78% yield (Scheme S1). Since 
oxidative addition of aryl iodides is more facile than aryl bromides, careful control of the reaction 
temperature is sufficient to provide selective phosphonate installation. We do note that since 
oxidative addition is not the slow step in the reaction,20 the temperature required to see conversion 
to the aryl phosphonate is substrate dependent and therefore requires some optimization and the 
scope may be limited. Despite affording regioselectivity, S3-2 would require some oxidation to the 
corresponding aldehyde to be used in subsequent fluorescein condensations and 2-iodo-(4- or 5)-
bromobenzaldehydes are significantly more expensive than their dibrominated analogs.   

We postulated that a pseudohalide approach may be more fruitful as it had previously been 
reported that aryl triflates can be converted to aryl bromides through use of palladium catalysis.21 
This would enable us to install the second halogen handle after phosphonate installation, thereby 
bypassing any regioselectivity challenges. 2-bromo-5-hydroxybenzaldehyde is unreactive when 

O O

P
O

OH
OH

HO HO OH

Friedel Crafts

O

P
O

OH
OH

O

X

Phosphonate
Installation

O O

P
O

OH
OH

HO

N

Heck coupling

N

X
Halogen handle

X
X

Selective

Cl Cl

Cl Cl Cl



 149 

exposed to nickel chloride and triethyl phosphite, likely due to the acidic phenol poisoning the 
catalyst. Protection of the 5-hydoxyl with tert-butyldimethyl silyl chloride enables us to then install 
the diethyl phosphonate in a moderate yield (Scheme S2). Subsequent deprotection of the silyl 
ether followed by formation of the corresponding triflate provides the pseudohalide intermediate 
S7. In only moderate yield, we can then convert the aryl triflate to the corresponding bromide using 
Pd2(dba)3 and a bulky ligand, tBuBrettPhos. Subsequent hydrolysis of the diethyl phosphonate 
provides us with the desired 5-bromo-2-phosphonobenzaldehyde, 8, in an overall 9% yield over 6 
steps.  

Since the fluorescein Friedel Crafts condensations are known to be low yielding, accessing 
aldehyde precursor 8 in such limited yields is undesirable. We therefore decided to explore 
alternatives to transition metal catalyzed phosphonate installation. Instead, we first protect 2,4- 
and 2,5-dibromo benzaldehydes (1 and 2) with ethylene glycol and use the corresponding acetals 
(3 and 4) to direct lithium-halogen exchange with n-butyllithium exclusively to the ortho position 
(Scheme 2). Slow addition of diethyl chlorophosphate provides us with the desired aryl 
phosphonates (5 and 6) in good yields. Simultaneous phosphonate hydrolysis and acetal 
deprotection in concentrated acid yields 4- and 5-bromo-2-phosphono-benzaldehydes (7 and 8) in 
an overall 45% yield over 3 steps, providing a drastic improvement in both efficiency and cost 
compared to the transition metal catalyzed alternatives. 

Functionalized benzaldehydes 7 and 8 are condensed with 4-chlororesocinol to the 
corresponding 2',7'-dichloro-3-phosphonofluoresceins (9 and 10). As desired, the bromine 
functional group enables Pd-catalyzed Heck coupling to a styrene molecular wire to produce para 
and iso phosVFs (11 and 12); however only limited conversion occurs, and significant amounts of 
dehalogenated and unreacted dye are observed. We initially suspected this could be a result of the 
presence of the phosphonic acid functional group, but Pd-catalyzed cross coupling of phosphonate-
containing precursor 7 and the same styrene results in an almost 3-fold greater 73% yield (SI 
compound S3-9). The desired phosVFs are, however, readily purified by reverse phase silica 
chromatography to give the desired products in 25% yield for both isomers. 
 

 
Scheme 2. Synthesis of phosphono voltage fluors.  
 

Characterization of phosphono VFs 
Both para and iso phosVFs possess absorbance and emission spectra nearly identical to 

2’,7’-dichloro-3-phosphonofluorescein, with the addition of an absorbance band at around 370 nm, 
corresponding to the aniline-containing molecular wire (Figure 2a, Figure S1). Both phosVF dyes 
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localize to cellular membranes of HEK293T cells (Figure 2b, Figure S2) and are voltage sensitive 
(Figure 1c and d, Figure S3). Patch clamp electrophysiology coupled with fluorescence 
microscopy reveal that para phosVF2.1Cl has a voltage sensitivity of 26% ΔF/F per 100 mV 
(Figure 2c and d), roughly the same sensitivity as the sulfonated analog, VF2.1Cl (24%). The 
same trend was seen for iso phosVF2.1Cl and iso VF2.1Cl with ΔF/F per 100 mV values of 11 and 
9% respectively (Figure S3). No significant differences are observed in the relative brightness or 
signal-to-noise ratio when both para probes are loaded at 250 nM (Figure S2 and 3). This suggests 
substitution of the 3-sulfonate for a phosphonate has negligible effect on the ability of VFs to load 
into the extracellular membrane of HEK cells. There is likely a negligible effect on the orientation 
within the membrane since the degree to which both VFs sense the electric field appears relatively 
unaltered in both the iso and para cases.  

 
Figure 2. Cellular and in vitro characterization of phosphonated VoltageFluors. (a) Normalized absorbance (solid line) 
and fluorescence emission (dashed line) spectra of para phosVF2.1Cl (17) in 0.1 M NaOH(aq). (b) HEK cells stained 
with 250 nM para phosVF2.1Cl (17). Scale bar is 40 μm. (c) Plot of the fractional change in fluorescence of para 
phosVF2.1Cl (17) vs time for 100 ms hyper- and depolarizing steps (±100 mV in 20 mV increments) for single HEK 
cells under whole-cell voltage-clamp mode. (d) plot of ΔF/F vs final membrane potential, revealing a voltage 
sensitivity of approximately 26% per 100 mV. Error bars are ±SEM for n=17 cells. If not visible, error bars are smaller 
than the marker.  

 
Functionalization of phosphono VFs with acetoxymethyl AM esters.  

To date, VFs have served as excellent tools for visualizing voltage changes across plasma 
membranes, and the most logical application of these tools has been measuring action potential 
dynamics of excitable cells such as neurons and cardiomyocytes.4,5,22 Beyond action potentials, 
however, bioelectrical chemical gradients can be found across almost any biological membrane, 
including the intracellular compartmentalization of organelles. In fact, mitochondria, lysosomes, 
and endoplasmic reticulum are all good examples of how organelle membrane potential dynamics 
are essential for function.23–26 We recently reported how intracellular delivery of rhodamine 
voltage indicators can be used to probe mitochondrial membrane potential dynamics, through 
caging of the negatively charged anchoring 3-substituent with biologically labile acetoxy methyl 
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(AM) esters.19 In chapter 2, we described how AM esters could be used to mask the charge of 3-
phosphonofluoresceins, enabling permeability across the cellular membrane, and subsequent 
intracellular release of the anionic fluorophore in a fluorogenic manner. We envisioned this could 
be extended to phosVFs for intracellular delivery.  

Iso phosVF2.1.Cl AM (S3-10) can be synthesized in 44% yield from iso phosVF2.1.Cl (12) 
and bromomethyl acetate in the presence of silver oxide (Figure S4a). Spectroscopic 
characterization reveals that S3-10 behaves similarly to the parent fluorophore (pF.Cl AM) in that 
minimal fluorescence is observed in HBSS but upon AM ester hydrolysis in aqueous base, 
fluorogenic release of iso phosVF2.1.Cl occurs (Figure S4b). Notably, this hydrolysis is much 
slower than with pFCl.AM and it takes 2 hours to see full conversion to iso phosVF2.1.Cl. This 
could be due to several factors such as lower aqueous solubility of S10, in solution aggregation or 
increased stability of the AM esters. While iso phosVF2.1.Cl exhibits extracellular membrane 
localization (Figure S4c), HEK cells incubated with iso phosVF2.1.Cl AM instead show 
intracellular cytosolic fluorescence (Figure S4d). The apparent cytosolic fluorescence may arise 
from intracellular membrane saturation, or since excess VF is trapped inside the cell and can no 
longer be washed away, we are unable to observe much contrast between membrane localized and 
cytosolic VF. Interestingly at 250 nM, HEK cells stained with S3-10 are almost 10-fold dimmer 
than cells stained with membrane localized iso VF2.1.Cl (Figure S4e). While intracellular 
brightness can be increased in a concentration dependent manner (Figure S4e), the significant 
decrease in relative brightness could be attributed to the slow kinetics of AM ester hydrolysis 
observed in vitro and may not be representative of the amount of S3-10 that entered the cell. 
Alternatively, without any anionic anchor, the hydrophobic nature of S3-10 may result in 
membrane embedding and preclude access to cytosolic esterases responsible for uncaging. Future 
work could involve caging phosVFs with less promiscuous esters (such as methylcyclopropyl 
acetoxymethyl esters) for fluorogenic targeting to organelles in an analogous manner to what we 
have previously accomplished on the cell surface.27  
 
Synthesis and characterization of phosRhoVR 1 

Rhodamine Voltage Reporters (RhoVRs) are another class of voltage sensing indicators that 
exhibit absorption and emission profiles in the green to orange regions of the visible spectrum. 
Making use of a tetramethylrhodamine fluorescent reporter and diethylaniline molecular wire, 
RhoVRs with remarkable voltage sensitivities (47% DF/F for RhoVR 1) have been developed.9 
While we have typically relied on 3-sarcosine (RhoVR 1)9 or 3-sulfonate (sRhoVR 1)28 
functionalities for membrane anchoring, we envisioned expansion to a 3-phosphonate 
(phosRhoVRs) would allow us to take advantage of the acid-free condensation chemistry 
discussed in chapter 2 and also provide new opportunities for functionalization. We imagined 
regioselective alkylation of the 3-phosphonate would now be possible. This contrasts with 
fluorescein-based indicators where the nucleophilic nature of the phenolic oxygens meant 
alkylation of the fluorophore and diminishing of fluorescence also occurred with no apparent 
selectivity.  

Reaction of 5-bromo-2-phosphonobenzaldehyde 8 with 3-dimethylaminophenol in 2,2,2– 
trifluoroethanol, results in clean precipitation of triarylmethane 13 in quantitative yield (Figure 
3a). Oxidation with chloranil results in clean conversion to the corresponding 6-bromo-3-
phosphonotetramethyl rhodamine in an analogous manner to the synthesis of the 3-
phosphonorhodamines discussed in chapter 2. We note the remarkable improvement in yield in 
the condensation to 14 (>99%) relative to the 3-carboxy (57%) and 3-sulfono (44%) analogs.9,28 
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Additionally the need for silica gel chromatography at this stage is eliminated, reducing the time 
and cost associated with laborious fluorophore purification. Heck coupling of 14 to a 
phenylenevinylene molecular wire produces phosRhoVR 1, 15, as a crude triethylamine salt which 
can be purified by reverse phase silica chromatography in 76% yield (Figure 3a). In the 
comparable synthesis of RhoVR 1, Heck coupling to the analogous 3-
carboxytetramethylrhodamine is followed by a HATU coupling with N-Boc-sarcosine and TFA 
deprotection, resulting in a substantially lower 9% yield over 3 steps.9 The streamlined and greater 
yielding synthesis of phosRhoVRs not only alleviates the time-consuming bottleneck in voltage 
reporter synthesis but also enables us to access RhoVRs in much greater quantities (hundreds vs. 
tens of milligrams at a time). We envision this will be instrumental in easing our ability to further 
derivatize voltage indicators.  

As anticipated, phosRhoVR 1 displays characteristic absorption and emission profiles of 3-
phosphono-tetramethylrhodamine, centered at 545 and 562 nm respectively with the addition of 
an absorption band at 402 nm resulting from the molecular wire (Figure 3b). We observe excellent 
membrane localization in HEK cells as the negatively charged phosphonate is sufficient at 
preventing internalization despite the positive charge of the rhodamine (Figure 3c). Interestingly 
we note an almost 2-fold improvement in HEK cells stained with 500 nM phosRhoVR 1 in 
comparison to RhoVR 1 (Figure S5). Patch clamp electrophysiology coupled with fluorescence 
microscopy reveals a voltage sensitivity of 37% ΔF/F per 100 mV for phosRhoVR 1 (Figure 3d 
and e), which is comparable but lower than the reported 47% for RhoVR 1 and 44% for sRhoVR 
19,28. We envision that at these higher voltage sensitivities, subtle differences in membrane 
orientation resulting from 3-substiution account for the greater variation in voltage sensitivities 
than was observed with fluorescein-based VFs.  

 

 
Figure 3. Synthesis and characterization of phosRhoVR 1. (a) Synthesis of phosRhoVR 1, 15 from aldehyde 8 (a) 
Normalized absorbance (solid line) and fluorescence emission (dashed line) spectra of phosRhoVR 1 in ethanol. (b) 
HEK cells stained with 500 nM phosRhoVR 1. Scale bar is 20 μm. (c) Plot of the fractional change in fluorescence of 
phosRhoVR 1 vs time for 100 ms hyper- and depolarizing steps (±100 mV in 20 mV increments) for single HEK cells 
under whole-cell voltage-clamp mode. (d) plot of ΔF/F vs final membrane potential, revealing a voltage sensitivity of 
approximately 37% per 100 mV. Error bars are ±SEM for n=6 cells. If not visible, error bars are smaller than the 
marker.  
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Synthesis of phosRhoVR SNAP 1 for covalent tethering 

 
Scheme 3 Synthesis of phosRhoVR SNAP 1 
 

Covalent tethering of voltage indicators, such as RhoVRs, is an attractive chemo-genetic 
hybrid approach to selective labelling of a specific sub-class of cells. We have previously 
harnessed HaloTag and SpyCatcher strategies to accomplish covalent tethering of voltage 
indicators to neurons and demonstrated the implications that discriminate membrane staining can 
have on improving resolution in more complex systems such as brain slice.14,15 SNAP-tag was 
derived from human O6-alkylguanine-DNA alkyl transferase and has emerged as an orthogonal 
covalent labelling strategy.29 Reaction of O6-benzylguanine derivatives with SNAP protein 
facilitates transfer of the benzyl group and its cargo (i.e. RhoVR) to a reactive cysteine on the 
protein, coupled with the elimination of guanine.29 When expressed on the cell surface, we 
anticipated SNAP-tag would yield a complementary approach to covalent tethering of RhoVRs. 
Specifically, we envisioned functionalization of phosRhoVR 1 to a phosphonate monoester with 
the SNAP O6-benzylguanine ligand could be a suitable substrate for SNAP while retaining the 
negative charge (on the unfunctionalized phosphonate oxygen) essential for membrane anchoring.  

Alkylation of phosRhoVR 1 with methyl 5-bromovalerate followed by saponification of the 
methyl ester yields phosphonate monoester 17 in 31% yield (2 steps). The low yield of intermediate 
phosphonate monoester 16 comes from competing formation of the corresponding phosphonate 
diester, despite careful stoichiometric control. While formation of the diester can be favored (at an 
improved yield) by use of excess 5-bromovalerate, saponification to the resulting phosphonate 
monoester requires more forceful hydrolysis conditions. Namely, the elevated temperature 
required for phosphonate ester hydrolysis causes rhodamine degradation and complicates 
purification, thus direct alkylation to the phosphonate monoester was deemed a more fruitful 
approach. HATU coupling of 17 and O6-benzylguanine amine provides phosRhoVR SNAP 1 in 
43% yield after reverse phase silica chromatography.  

Fortunately, functionalization to a phosphonate monoester does not compromise membrane 
localization and a single negative charge seems sufficient to prevent internalization of phosRhoVR 
1 SNAP (Figure S6). Incubation of phosRhoVR SNAP 1 with purified SNAP protein in vitro 
yields only slight conversion to the expected SNAP-phosRhoVR adduct, as determined by QTOF-
mass spectrometry (Figure S7). We hypothesize the large and bulky nature of phosRhoVR could 
preclude the ability of the benzylguanine substrate portion to reach into the protein active site and 
thus impedes the desirable rapid labelling kinetics. The valerate linker between the RhoVR and 
guanine is relatively short (just 5 carbons) and thus future efforts should focus on incorporation of 
longer linkers to improve reaction kinetics. The incorporation of polyethylene glycol (PEG) linkers 
in RhoVR HaloTag was found to be important; the flexibility and length of PEG linkers provided 
sufficient separation of the RhoVR and Halo ligand to facilitate both protein tethering and insertion 
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of RhoVR 1 into the plasma membrane.15 This should be considered when developing next 
generation phosRhoVR SNAP substrates.  
 
Synthesis and characterization of phosBeRST 

 
Scheme 4. Synthesis of phosBeRSTs 
 

Berkeley Red Sensor of Transmembrane potential (BeRST) is a near infrared (NIR) voltage 
sensing probe that makes use of a 3-sulfono tetramethyl silicon rhodamine as the fluorescent 
reporter.10 BeRST not only shows comparable voltage sensitivity, but also improved photostability 
relative to fluorescein based VF2.1Cl. BeRST can be synthesized from 3-bromo-N,N-
dimethylaniline, 19 in 3% overall yield over 6 steps.10 On the other hand, making use of the acid-
free condensation of 3-phosphonate substituted silicon rhodamines highlighted in chapter 2, we 
synthesized phosBeRST, 21 in 20% overall yield, over just 3 steps from the same aniline starting 
material (Scheme 4).  

Unlike 3-sulfono analog Berkeley Red, phosTMSiR exhibits a propensity to spirocyzlize to 
the colorless lactone at physiological pH (Chapter 2) and we were concerned at the implications 
this would have in the voltage sensing performance and brightness of phosBeRST. We previously 
demonstrated how monoesterification of the phosphonate was sufficient to favor the open 
fluorescent form at physiological pH, so we also synthesized phosBeRST.OEt, 24 in which one of 
the phosphonate handles has been esterified with an ethyl ester (Scheme 4). The significantly 
lower isolated yield of 23 can be accounted for by the lack of purity of aldehyde precursor 22 when 
this condensation was initially performed and we envision the true yield would be comparable to 
that of the analogous condensation of 20 (Supporting Info).  

When loaded on HEK cells at 1 µM (15 minutes, 37 °C), phosBeRST localizes well to the 
extracellular membrane (Figure 4b) but displays only 24% of the relative brightness of cells 
loaded with the sulfonated analog, BeRST (Figure 4a, b g, Table 1). We hypothesize this 
substantial decrease in brightness can be attributed to the ability of phosBeRST to spirocyclize at 
physiological pH. We also note that in the lactonized form we expect the negatively charged 
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phosphonate to maintain cell impermeability and thus we expect even the closed form to be 
membrane localized. While it is difficult to visualize the closed form by fluorescence microscopy, 
we do not observe significant internalization of phosBeRST at this concentration. Surprisingly, 
loading under identical conditions, phosBeRST.OEt exhibits an almost 7-fold increase in 
brightness (Figure 4c, g, Table 1) compared to the 3-sulfono analog BeRST and an almost 30-
fold increase relative to phosBeRST. Given that Berkeley Red, the fluorophore reporter of BeRST, 
does not show any tendency to lactonize (Chapter 2) this stark increase in brightness suggests 
there is a difference in membrane loading ability bought about by 3-substitution. We were 
concerned about internalization of phosBeRST.OEt, particularly if the lipophilic nature of the 
membrane was able to promote spirocyclization to the neutral lactone. While it may appear that 
there is some propensity for phosBeRST.OEt to internalize, co-loading with Mitotracker Green 
highlighted there is certainly significant membrane localization (Figure S8). Merging of 
phosBeRST.OEt and Mitotracker Green channels show distinct regions where phosBeRST.OEt is 
localized and mitotracker green is not, namely the extracellular membrane (Figure S8c). While 
there is perhaps some overlap in the intracellular signals across the two channels, the extent is 
minimal and Mitotracker gGeen (cyan) signal is much more intense in the mitochondria than 
phosBerST.OEt (magenta).   

 

 
Figure 4. Comparison of BeRSTs membrane and localization and brightness. Widefield fluorescence (a-c) and DIC 
(d-f) images of HEK293T cells stained with 1 µM BeRST (a, d), phosBeRST (b, e) and phosBeRST.OEt (c, f). 
Fluorescence images are normalized to BeRST (a). Image (b) has been brightened by 3-fold and image (c) has been 
dimmed by 10-fold. Quantification of relative fluorescence intensity (g). Scale bar is 20 µm.  Error bars are ± SEM 
for n = 18 images (total) across 3 coverslips. 

 
To further investigate the brightness differences observed in cells we compared absorbance 

spectra in acidic ethanol and HBSS, the buffer used for cell loading. Surprisingly, we found BeRST 
to be highly insoluble in HBSS at 1 µM, accounted for by an almost 90% decrease in absorbance 
compared to in ethanol (Figure S9a). We are confident this decrease is attributed to solubility and 
not lactonization because we also observe a similar decrease in absorbance of the molecular wire. 
In the case of phosBeRST, we observe a slight decrease in wire absorbance but dramatic decrease 
in fluorophore absorbance in HBSS, suggesting both solubility and lactonization are factors at play 
(Figure S9b). It is less clear whether phosBeRST spirocyclizes in HBSS despite a decreased 
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fluorophore absorption (Figure Sc). It is also possible that aggregation due to the amphiphilic 
nature of BeRSTs could be convoluting our ability to differentiate between these factors. In all 
cases, absorption is dramatically increased in Tris-Buffered Saline (TBS) containing a detergent 
(0.1% SDS). It is possible performing cellular loading experiments in alternative buffer solutions 
or with detergent such as SDS may aid investigation into the large brightness differences. Based 
on our understanding of silicon rhodamine behavior in vitro, we hypothesize phosBeRSTs display 
improved water solubility and hence loading in aqueous buffer, but the spirocyclization of 
phosBeRST accounts for its significant reduction in brightness. The ~30-fold difference in 
brightness observed from simple esterification of the phosphonate may provide future 
opportunities in controlling the spirocyclization equilibrium for fluorogenic silicon rhodamine 
voltage sensing platforms. 
 
Table 1. Summary of Voltage Sensitive Indicator Characterization 

Voltage Indicator 3-substituent lmax (nm)a lem (nm)a DF/F (%)b Rel. Brightnessc 

Para VF2.1.Cl -SO3H 512 525 24.4 ± 0.5 1.00 
Para phosVF2.1Cl -PO3H 499 520 25.7 ± 0.2 1.02 

Iso VF2.1Cl -SO3H 513 524 9.4 ± 0.4 1.70 
Iso phosVF2.1.Cl -PO3H 500 520 10.8 ± 0.3 1.78 

      
RhoVR 1 -Sarcosine 556 575 47 ± 3 1.00 

sulfoRhoVR 1 -SO3H 547 570 44 ± 0.2 - 
phosRhoVR 1 -PO3H 545 562 37.3 ± 0.7 1.99 

      
BeRST -SO3H 658 683 24 ± 5 1.00 

PhosBeRST -PO3H 652 669 - 0.24 
PhosBeRST.OEt -PO3H 653 670 - 6.86 

a in 0.1 M NaOH(aq) for VFs, 100% EtOH for RhoVRs or 50 mM TBS +0.1% SDS for BeRSTs . b per 100 mV in voltage-
clamped HEK cells ± SEM. d In HEK cells stained with 250 nM (VFs), 500 nM (RhoVRs) or 1 µM (BerSTs) dye, relative 
to para VF2.1.Cl for VFs, RhoVR 1 for RhoVRs and BerST for BeRSTs.  
 
Conclusions and outlook 

In summary we have expanded 3-phosphonate substitution to the synthesis and 
characterization of 5 new voltage sensing fluorophores, inspired by previously reported scaffolds. 
Fundamental to this expansion was our ability to develop a route for selective installation of 
phosphonates to dihalo-benzaldehydes. This provided 3-phosphonofluoresceins, rhodamines and 
silicon rhodamines with 5- or 6- halogen handles for molecular wire installation. Fluorescein based 
phosVFs displayed excellent membrane staining with almost identical voltage sensitivities and 
relative brightness to their 3-sulfono analogs. Additionally our ability to functionalize 
phosphonates with AM esters facilitated intracellular delivery of iso phosVF2.1.Cl. 

 Our high-yielding synthesis of 3-phosphonorhodamines enabled us to synthesize 
phosRhoVR 1 in yields much greater to those reported for RhoVR 1 and sulfoRhoVR 1. While 
phosRhoVR 1 displays a ~10 percentage point reduction in DF/F (per 100 mV), it remains the most 
voltage sensitive 3-phosphono probe we described and exhibits a 2-fold increase in brightness 
relative to RhoVR 1. Additionally, we highlight use of phosRhoVR 1’s phosphonate as a 
functional handle by installing a ligand for chemi-genetic targeting, while maintaining membrane 
localization. Although our first derivative, phosRhoVR SNAP 1 was a poor substrate for the target 
protein, we envision future derivatives with increasing linker length could improve labelling 
efficiency. Synthetic improvements could also be made by construction of the phosphonate 
monoester before rhodamine synthesis due to fluorophore instability, or incorporation of other 
pentavalent phosphorus modalities such as phosphinates.  
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Lastly, we expand 3-phosphonate substitution to a near infrared voltage sensing probe, 
phosBeRST. Phosphonate substitution increased the propensity to spirocyclize to a non-
fluorescent form and as such we observed a significant decrease in cellular membrane brightness 
relative to the 3-sulfono analog BeRST. In contrast, monoesterification provided phosBeRST.OEt 
that overcame this flaw, providing a novel probe with greatly improved loading into cellular 
membranes.  
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Chapter 3 Supplementary Information 
 
General procedures 
Chemical reagents and anhydrous solvents were purchased from commercial suppliers and used 
without further purification, besides 4-chlororesrocinol which were recrystallized from toluene 
prior to use and dimethyl aminophenol which was purified by flash chromatography (100% DCM) 
prior to use. Previously published molecular wires, VF2.1.Cl, isoVF2.1.Cl, RhoVR and BerST 
were all synthesized according to literature procedures. Thin layer chromatography (TLC) (silica 
gel, F254, 250 µm) and preparative thin layer chromatography (PTLC) (Silicycle, F254, 1000 µm) 
were performed on precoated TLC glass plates and were visualized by fluorescence quenching 
under UV light. Flash column chromatography was performed on Silicycle Silica Flash F60 (230–
400 Mesh) for normal phase or 60 RP-18 (200-400 mesh) for reverse phase, using a forced flow 
of air at 0.5–1.0 bar. NMR spectra were recorded on Bruker AV-300 MHz, Bruker AVB-400 MHz, 
Bruker AVQ-400 MhZ, Bruker NEO-500 MHz and Bruker AV-600 NMR spectrometers. NMR 
spectra measured on Bruker AVII-900 MHz, 225 MHz, equipped with a TCI cryoprobe accessory, 
were performed by Dr. Jeffrey Pelton (QB3). Chemical shifts (δ) are expressed in parts per million 
(ppm) and are referenced to CDCl3 (7.26 ppm), DMSO (2.50 ppm), MeOD (3.31 ppm) or D2O 
(4.79 ppm). Coupling constants are reported as Hertz (Hz). Splitting patterns are indicated as 
follows: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublet; td, triplet of doublets; dt, 
doublet of triplets; tt, triplet of triplets; ddd, doublet of doublet of doublets; tdd, triplet of doublet 
of doublets; q, quartet; m, multiplet. High resolution mass spectra (ESI EI) were measured by the 
QB3/Chemistry mass spectrometry service at University of California, Berkeley. High 
performance liquid chromatography (HPLC) and low resolution ESI Mass Spectrometry were 
performed on an Agilent Infinity 1200 analytical instrument coupled to an Advion CMS-L ESI 
mass spectrometer. The column used was Phenomenex Luna 5 μm C18(2) (4.6 mm I.D. × 150 
mm) with a flow rate of 1.0 mL/min. The mobile phase was MQ-H2O with 0.05% trifluoroacetic 
acid (eluent A) and HPLC grade MeCN with 0.05% trifluoroacetic acid (eluent B). Signals were 
monitored at 210, 254, 350, 460 and 520 nm over 10 min, with a gradient of 10 to 100% eluent B 
for 8 min, then held at 100% B for 2 min. 
 
Spectroscopy 
UV-Vis absorbance and fluorescence spectra were recorded using a 2501 Spectrophotometer 
(Shimadzu) and a Quantamaster Master 4 L-format scanning spectrofluorometer (Photon 
Technologies International). The fluorometer is equipped with an LPS-220B 75-W xenon lamp 
and power supply, A-1010B lamp housing with integrated igniter, switchable 814 photon-
counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples were 
measured in 1-cm path length quartz cuvettes (Starna Cells). 
 
The maximum absorption wavelength (lmax), maximum emission wavelength (lem) were taken in 
0.1M NaOH(aq) for VFs, 100% ethanol for RhoVRs and 50 mM TBS +0.1% SDS for BeRSTs using 
1000x dilutions from stock solutions of dyes in DMSO (2 mM).  
 
Cell culture 
Human embryonic kidney 293T (HEK) cells were maintained in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 4.5 g/L D-glucose, 10% fetal bovine serum (FBS; Thermo 
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Scientific) and 1% GlutaMax (Invitrogen) at 37 °C in a humidified incubator with 5% CO2. Cells 
were passaged and plated in DMEM (as above) onto 12 mm glass coverslips pre-coated with Poly-
D-Lysine (PDL; 1 mg/mL: Sigma-Aldrich) at a density of 50,000 cells per coverslip. Imaging was 
performed 36–48 hours after plating.  
 
For loading experiments, dye stock solutions in DMSO were diluted 1000- fold in HBSS (1 mL) 
and incubated with HEK cells at 37 °C for 20 min (VFs and RhoVRs) or 15 min (BeRSTs), prior 
to transfer to 3 mL fresh HBSS (no dye) for imaging. For electrophysiology experiments, HEK 
cells were passaged and plated in DMEM (as above) onto 25 mm glass coverslips pre-coated with 
PDL at a density of 200,000 cells per coverslip. Imaging was performed 12-18 hours after plating. 
All voltage dyes were loaded as solutions in HBSS at 37 °C for 20 min (VFs and RhoVRs) or 15 
min (BeRSTs).  
 
Epifluorescence microscopy 
Imaging was performed on an AxioExaminer Z-1 (Zeiss) equipped with a Spectra-X Light engine 
LED light (Lumencor), controlled with Slidebook (v6, Intelligent Imaging Innovations). Images 
were acquired with a W-Plan-Apo 63x/1.0 objective (63x; Zeiss) and images were focused onto 
an OrcaFlash4.0 sCMOS camera (sCMOS; Hamamatsu). The excitation light was delivered from 
an LED at 475/34 nm (VFs), 542/33 nm (RhoVRs) or 631/28 nm (BeRSTs) and emission was 
collected with a quadruple emission filter (430/32, 508/14, 586/30, 708/98 nm) after passing 
through a quadruple dichroic mirror (432/38, 509/22, 586/40, 654 nm LP). 
 
Electrophysiology paramaters 
For electrophysiological experiments, pipettes were pulled from borosilicate glass (Sutter 
Instruments, BF150-86-10), with a resistance of 5–7 MΩ, and were filled with an internal solution; 
125 mM potassium gluconate, 1 mM EGTA tetrasodium salt, 10 mM HEPES, 5 mM NaCl, 10 
mM KCl, 2 mM ATP disodium salt, 0.3 mM GTP trisodium salt (pH 7.25, 275 mOsm). 
Electrophysiology recordings were made with an Axopatch 200B amplifier and digitized with a 
Digidata 1550B (Molecular Devices), sampled at 50 kHz and recorded with pCLAMP 10 software 
(Molecular Devices) on a PC. Fast capacitance was compensated in the on-cell configuration. 
Recordings of single cells were only included if they maintained a 10:1 ratio of membrane 
resistance (Rm) to access resistance (Ra) and an Ra value below 30 MΩ. Once in whole-cell, cells 
were held at -60 mV resting potential. Depolarizing steps were then applied from -100 to +100 
mV in 20 mV increments. Optical traces were captured on an OrcaFlash4.0 sCMOS camera, with 
4x4 binning at a framerate of 500 Hz using μManager. Excitation light was applied using an LED 
at 475/34 nm and 542/33 nm and emission collected with using a 540/50 BP emission filter and a 
510 LP dichroic. 
 
Image analysis 
Image analyses were performed in ImageJ (FIJI, NIH). For image intensity measurements, regions 
of interested were created by thresholding images to create binary masks (cells and background). 
Background subtracted mean fluorescence intensities were calculated and averaged across five 
images (each containing at least 15 cells) per coverslip and 4 coverslips were examined for each 
condition.  
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For analysis of voltage sensitivity briefly, a region of interest (ROI) was manually drawn around 
the cell periphery. Fluorescence intensity values were then background subtracted by an area 
without cells. Changes in fluorescence values (DF) with each voltage step were calculated by 
subtracting baseline fluorescence value (F) at -60 mV. The voltage response is reported as a ratio 
of change relative to baseline (DF/F). All voltage traces are single trial recordings with no 
averaging.  
 
 
Supplementary figures 
 

  
Scheme S1. Halogen selectivity in Pd-catalyzed Arbuzov reactions.  
 
 

 
Scheme S2. Alternative synthesis of compound 8 via an aryl triflate.  
 
 
 

 
Figure S1. Spectra of phosphonated VoltageFluors.  
Normalized absorption (solid) and fluorescence (dashed) spectra of para pVF2.1Cl (a) and iso pVF2.1Cl (b). Spectra 
were recorded in 0.1 M NaOH. For fluorescence spectra, excitation was at 465 nm.  
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Figure S2. Relative cell brightness of pVF2.1Cl and msVF2.1Cl.  
Quantification (a), widefield fluorescence (top panel) and DIC (bottom panel) images of HEK cells stained with 250 
nM para VF2.1Cl (b, d) and para pVF2.1Cl. Fluorescence images are normalized to para VF2.1Cl (b). Scale bar is 
50 µm. Error bars are ± SEM for n = 3 coverslips.  
 
 
 

 
Figure S3. Voltage sensitivity of sulfono- and phsophono- VF dyes.  
para VF2.1Cl (a,e), para pVF2.1Cl (b,f), iso VF2.1Cl (c,g) and iso pVF2.1Cl (d,h). Upper row: The fractional change 
in fluorescence is plotted vs. time for HEK cells held at -40 mV (-60 mV for iso VF2.1Cl) and stepped to 100 ms 
hyper- and depolarizing steps (-80 to +100 mV, 20 mV increments) under whole-cell voltage-clamp conditions. Lower 
row: Plots of % ΔF/F vs. final membrane potential (mV) for n = 5-6 HEK cells for each VF dye. Error bars are ± SEM. 
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Figure S4. Intracellular delivery of iso VF2.1.Cl with acetoxymethyl (AM) esters. 
(a) synthesis of iso VF2.1.Cl acetoxymethyl (AM) ester, S3-10. (b) Absorption (solid) and emission (dashed) spectra 
of 1 µM solutions of iso phosVF2.1.Cl AM, S3-10 in HBSS (dark green) or after 2 hours in 0.1 M NaOH(aq) (light 
green). Spectra are normalized to a of 1 µM iso phosVF2.1.Cl standard in 0.1 M NaOH. Widefield fluorescence 
images of HEK cells loaded with 250 nM solutions of iso phosVF2.1.Cl, 12 (c) and iso phosVF2.1.Cl, S3-10 (d). 
Image d has been brightened 6-fold, scale bar is 50 µm. (e) quantification of fluorescence images of HEK cells stained 
with 250 nM iso phosVF2.1.Cl, 12 and increasing concentrations of iso phosVF2.1.Cl AM, S3-10. Error bars are ± 
SEM for 7 images. 
 
 

 
Figure S5. Relative cell brightness of RhoVR 1 and phosRhoVR 1.  
Quantification (a), widefield fluorescence (b, c) and DIC (d, e) images of HEK cells stained with 5000 nM RhoVR 
1(b, d) and phosRhoVR 1. Fluorescence images are normalized to phosRhoVR1 (c). Scale bar is 50 µm. Error bars 
are ± SEM for n = 3 coverslips. 
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Figure S6. Membrane localization of phosRhoVR SNAP 1.  
Widefield fluorescence (a) and DIC (b) images of HEK293T cells stained with 500 nM phosRhoVR SNAP 1in HBSS 
for 20 minutes at 37 °C. The coverslip was transferred into fresh HBSS prior to imaging. Scale bar is 30 µm 
 
 
 
 

 
Figure S7. In vitro labelling of SNAP protein with RhoVR SNAP 1.  
Q-TOF spectra for (a) purified SNAP protein and (b) purified SNAP protein incubated with RhoVR SNAP 1. Masses 
of 19695 Da and 19829 Da can be observed for SNAP protein and a C terminal DTT adduct respectively (a, b). A 
mass of 20758 Da for labelling with RhoVR1 SNAP 1 (with loss of guanine) can be observed (b), however very 
minimal labelling occurred.   
 
 
 
 
 

 
Figure S8. Cell localization of phosBeRST.OEt, 23. 
Widefield fluorescence images in the red (a) and green (b) channels, a merge of images a and b (c) and corresponding 
DIC image (d) of HEK293T cells stained with 100 nM 24 and 100 nM Mitotracker GreenÔ in HBSS for 15 minutes 
at 37 °C. The coverslip was transferred into fresh HBSS prior to imaging. Scale bar is 30 µM. 
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Figure S9. Solvent dependent absorbance profiles of BeRSTs. 
Normalized absorbance spectra of BeRST (a), phosBeRST (b) and phosBeRST.OEt (c) in EtOH (+0.1% (v/v) TFA), 
HBSS or 50 mM TBS (pH 7.5, 0.1% (v/v) SDS) as indicated. Spectra were taken at a dye concentration of 1 µM and 
are normalized to the spectra taken in acidic EtOH.  
 
 
 
 

 
Figure S10. A Spectra of phosBeRSTs.  
Normalized absorption (solid) and fluorescence (dashed) spectra of phosBeRST (a) and phosBeRST.OEt (b). Spectra 
were recorded in 50 mM TBS (pH 7.2 +0.1% SDS). For fluorescence spectra, excitation was at 610 nm.  
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Synthetic procedures 
 

 
Synthesis of 3: 
2-(2,4-dibromophenyl)-1,3-dioxolane 
 
2,4-dibromobenzaldehyde (1) (1.00 g, 3.8 mmol) and p-toluenesulfonic acid monohydrate (14 mg, 
0.08 mmol) were charged into a round bottom equipped with a Dean-Stark trap and dissolved in 
toluene (4 mL). Ethylene glycol (0.26 mL, 4.74 mmol) was added, and the solution stirred 
vigorously at 110 ℃ for 12 hours. Upon cooling to room temperature, the solution was diluted 
with EtOAc, washed with 2.5 M NaOH (3x), brine (3x) and dried over Na2SO4. Solvent was 
removed in vacuo to obtain 3 (1.04 g, 3.4 mmol, 89%) as a slightly brown oil.  
 
1H NMR (400 MHz, Chloroform-d) δ 7.77 – 7.71 (m, 1H), 7.47 (m, 2H), 6.03 (s, 1H), 4.17 – 4.03 
(m, 4H).  
 
13C NMR (126 MHz, Chloroform-d) δ 135.88, 135.31, 130.65, 129.08, 123.63, 123.52, 102.16, 
65.53.  
 
HR-EI-MS m/z for C9H8O2Br2•+ [M]•+ calcd: 305.8891 found: 305.8885. 
 

 
 
Synthesis of 4:  
 
2-(2,5-dibromophenyl)-1,3-dioxolane 
 
2,5-dibromobenzaldehyde (2) (2.00 g, 7.58 mmol) and p-toluenesulfonic acid monohydrate (29 
mg, 0.15 mmol) were charged into a round bottom equipped with a Dean-Stark trap and dissolved 
in toluene (8 mL). Addition of ethylene glycol (0.53 mL, 9.47 mmol) was followed by vigorous 
stirring at 110℃ for 5 hours. Upon cooling to room temperature, the solution was diluted with 
EtOAc, washed with 2.5 M NaOH (3x), brine (3x) and dried over Na2SO4. Solvent was removed 
in vacuo to obtain 4 (2.02 g, 6.56 mmol, 87%) as a waxy tan solid.  
 

O

Br

Br

O

O

Br

O

Br
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1H NMR (300 MHz, Chloroform-d) δ 7.72 (d, J = 2.4 Hz, 1H), 7.42 (d, J = 8.5 Hz, 1H), 7.34 (dd, 
J = 8.5, 2.4 Hz, 1H), 6.03 (s, 1H), 4.21 – 4.11 (m, 2H), 4.11 – 4.02 (m, 2H).  
 
13C NMR (126 MHz, Chloroform-d) δ 138.69, 134.38, 133.56, 130.97, 121.52, 101.98, 65.58.  
 
HR-EI-MS m/z for C9H8O2Br2•+ [M]•+ calcd: 305.8891 found: 305.8884. 
 
 

 
Synthesis of 5: 
 
diethyl (5-bromo-2-(1,3-dioxolan-2-yl)phenyl)phosphonate 
 
A solution of 3 (1.0 g, 3.25 mmol) in dry diethyl ether (10 mL) was cooled to −78℃ under 
nitrogen. Whilst stirring, n-butyllithium (2M in cyclohexane, 1.9 mL, 3.74 mmol, 1.15 eq) was 
added dropwise via syringe and the solution stirred at -78 °C for 30 mins. Diethyl chlorophosphate 
(0.94 mL, 6.5 mmol, 2 eq) was added dropwise and the solution stirred at -78 °C for 1 hour, before 
warming to room temperature. After another hour of stirring, the reaction was quenched with water 
(10 mL), extracted with DCM (3x) and dried over Na2SO4. After concentrating in vacuo, the 
resulting oil was purified by flash column chromatography (50% EtOAc/Hexanes + 1% NEt3)* to 
yield 5 (932 mg, 2.55 mmol, 79%) as a waxy white solid.**  
 
1H NMR (500 MHz, Chloroform-d) δ 8.07 (dd, J = 14.3, 2.1 Hz, 1H), 7.71 (dt, J = 9.1, 1.2 Hz, 
1H), 7.64 (dd, J = 8.4, 5.8 Hz, 1H), 6.34 (s, 1H), 4.20 – 4.00 (m, 8H), 1.32 (t, J = 7.1 Hz, 6H).  
 
31P NMR (162 MHz, Chloroform-d) δ 15.38.  
 
13C NMR (126 MHz, Chloroform-d) δ 140.15 (d, J = 9.6 Hz), 136.38 (d, J = 9.7 Hz), 135.66 (d, J 
= 2.8 Hz), 129.61 (d, J = 179.9 Hz), 129.25 (d, J = 14.5 Hz), 123.32 (d, J = 18.5 Hz), 100.17, 
65.58, 62.65 (d, J = 5.3 Hz), 16.25 (d, J = 6.6 Hz).  
 
HR-ESI-MS m/z for C13H19O5BrP+ [M+H]+ calcd: 365.0148 found: 365.0157. 
 
*Silica was incubated with the mobile phase for 1 hour prior to use.  
**Where necessary residual impurities could be distilled off by heating under vacuum.  
 
 
  

O

P

Br

O
O

O
O



 168 

 
Synthesis of 6:  
 
diethyl (4-bromo-2-(1,3-dioxolan-2-yl)phenyl)phosphonate 
 
A solution of 4 (2.01 g, 6.52 mmol) in dry diethyl ether (20 mL) was cooled to −78℃ under 
nitrogen. Whilst stirring, n-butyllithium (2M in cyclohexane, 3.6 mL, 7.2 mmol, 1.1 eq) was added 
dropwise via syringe and the solution stirred at −78℃ for 30 mins. Diethyl chlorophosphate (1.88 
mL, 13.04 mmol, 2 eq) was added dropwise and the solution stirred at −78℃ for 1 hour, before 
warming to room temperature. After another hour of stirring, the reaction was quenched with water 
(20 mL), extracted with DCM (3x) and dried over Na2SO4. After concentrating in vacuo, the 
resulting oil was purified by flash column chromatography (50% EtOAc/Hexanes + 1% NEt3)* to 
yield 6 (1.90 g, 5.21 mmol, 80%) as a yellow oil.  
 
1H NMR (500 MHz, Chloroform-d) δ 7.91 (dd, J = 4.5, 2.0 Hz, 1H), 7.80 (dd, J = 13.6, 8.2 Hz, 
1H), 7.59 (ddd, J = 8.2, 2.7, 2.1 Hz, 1H), 6.36 (s, 1H), 4.18 – 4.03 (m, 8H), 1.32 (t, J = 7.0 Hz, 
6H). 
 
31P NMR (202 MHz, Chloroform-d) δ 16.76.  
 

13C NMR (126 MHz, Chloroform-d) δ 143.17 (d, J = 11.0 Hz), 135.38 (d, J = 9.7 Hz), 132.11 (d, 
J = 14.6 Hz), 130.73 (d, J = 14.1 Hz), 127.90 (d, J = 4.0 Hz), 126.15 (d, J = 183.5 Hz), 100.00, 
65.63, 62.52 (d, J = 5.3 Hz), 16.25 (d, J = 6.7 Hz).  
 
HR-ESI-MS m/z for C13H18O5BrNaP+ [M+Na]+ calcd: 386.9967 found: 386.9967. 
 
*Silica was incubated with the mobile phase for 1 hour prior to use. 
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Synthesis of 7: 
 
(5-bromo-2-formylphenyl)phosphonic acid 
 
5 (500 mg, 1.37 mmol) was refluxed in conc. HCl (3 mL) for 12 hours. The resulting solution was 
cooled to room temperature, diluted with water, extracted into 60:40 DCM/iPrOH (3x) and dried 
over Na2SO4. The solution was concentrated in vacuo and triturated with DCM and hexanes to 
yield 7 (232 mg, 0.88 mmol, 64%) as a beige powder.  
 
1H NMR (500 MHz, DMSO-d6) δ 10.66 (s, 1H), 7.99 (dd, J = 13.5, 2.0 Hz, 1H), 7.92 (d, J = 7.5 
Hz, 1H), 7.82 (dd, J = 8.3, 4.9 Hz, 1H). 
 
31P NMR (202 MHz, DMSO-d6) δ 6.64.  
 

13C NMR (126 MHz, DMSO-d6) δ 192.45 (d, J = 4.3 Hz), 139.34 (d, J = 170.2 Hz), 136.38 (d, J 
= 9.1 Hz), 135.25 (d, J = 8.8 Hz), 134.92 (d, J = 2.3 Hz), 129.58 (d, J = 12.3 Hz), 128.09 (d, J = 
16.8 Hz).  
 
HR-ESI-MS m/z for C7H5O4BrP- [M-H]- calcd: 262.9114 found: 262.9118. 
 
 

 
Synthesis of 8: 
 
(4-bromo-2-formylphenyl)phosphonic acid 
 
6 (600 mg, 1.64 mmol) was refluxed in conc. HCl (6 mL) for 12 hours. The resulting solution was 
cooled to room temperature, diluted with water (30mL) extracted into 70:30 DCM/iPrOH (3x) and 
dried over Na2SO4. The solution was concentrated in vacuo and triturated with DCM and hexanes 
to yield 8 (315 mg, 1.19 mmol, 73%) as a pale tan solid.  
 
1H NMR (500 MHz, DMSO-d6) δ 10.65 (s, 1H), 7.97 (m,  2H), 7.82 (m, 1H).  
 
31P NMR (202 MHz, DMSO-d6) δ 8.18.  
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13C NMR (126 MHz, DMSO-d6) δ 192.12 (d, J = 4.2 Hz), 139.15 (d, J = 10.6 Hz), 136.43 (d, J = 
13.2 Hz), 136.04 (d, J = 173.7 Hz), 135.06 (d, J = 8.8 Hz), 129.80 (d, J = 12.3 Hz), 125.75 (d, J = 
3.7 Hz).  
 
HR-ESI-MS m/z for C7H5O4BrP- [M-H]- calcd: 262.9114 found: 262.9118. 
 
 
 
 
 

 
Synthesis of 9: 
 
5-bromo-2’,7’-dichloro-3-phosphonofluorescein 
 
7 (200 mg, 0.75 mmol) and 4-chlororesorcinol (217 mg, 1.5 mmol) were charged into a round 
bottom that was subsequently evacuated and backfilled with nitrogen (3x). Methanesulfonic acid 
(2 mL) was added and the solution stirred at 90 oC for 16 hours. Upon cooling to room temperature, 
10 mL water was added and the suspension stirred vigorously in an ice bath for 20 minutes before 
filtering. The orange/brown solid was suspended in 2 mL MeOH and 50 mL ice cold iPrOH was 
added before filtering to obtain 9 as a bright orange solid (55 mg, 0.10 mmol, 14%).  
 
1H NMR (500 MHz, Deuterium Oxide + <1% NaOD) δ 8.20 (dd, J = 11.8, 2.1 Hz, 1H), 7.70 (dd, 
J = 8.1, 1.5 Hz, 1H), 7.35 (s, 2H), 6.95 (dd, J = 8.2, 4.0 Hz, 1H), 6.73 (s, 2H).  
 

31P NMR (202 MHz, Deuterium Oxide + <1% NaOD) δ 5.34.  
 
13C NMR (151 MHz, Deuterium Oxide + <1% NaOD) δ 174.28, 158.72 (d, J = 2.3 Hz), 157.02, 
143.74 (d, J = 158.3 Hz), 135.27 (d, J = 8.1 Hz), 132.18 (d, J = 6.9 Hz), 130.93, 130.63 (d, J = 
11.2 Hz), 129.66, 127.25, 122.61 (d, J = 14.8 Hz), 112.83, 103.85.  
 
HR-ESI-MS m/z for C19H9O6Br1Cl2P- [M-H]- calcd: 512.8703 found: 512.8704. 
 
254 nm 
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460 nm 

 
 
 
 
 

 
Synthesis of 10: 
 
6-bromo-2',7'-dichloro-3-phosphonofluorescein 
 
8 (240 mg, 0.91 mmol) and 4-chlororesorcinol (261 mg, 1.82 mmol) were charged into a round 
bottom that was subsequently evacuated and backfilled with nitrogen (3x). Methanesulfonic acid 
(2.4 mL) was added and the solution stirred at 90 oC for 16 hours. Upon cooling to room 
temperature, 10 mL water was added and the suspension stirred vigorously in an ice bath for 20 
minutes before filtering. The orange solid was suspended in 2 mL MeOH and 30 mL ice cold 
MeCN was added before filtering to obtain 10 as a bright orange solid (61 mg, 0.12 mmol, 13%).  
 
1H NMR (500 MHz, Deuterium Oxide + <1% NaOD) δ 7.82 (dd, J = 11.3, 8.4 Hz, 1H), 7.66 (d, J 
= 8.4 Hz, 1H), 7.17 (s, 2H), 7.02 (d, J = 2.3 Hz, 1H), 6.59 (s, 2H).  
 
31P NMR (202 MHz, Deuterium Oxide + <1% NaOD) δ 6.40.  
 
13C NMR (226 MHz, Deuterium Oxide + <1% NaOD) δ 174.52, 158.21, 157.41, 140.63 (d, J = 
158.1 Hz), 135.51, 134.64, 131.62 (d, J = 11.2 Hz), 131.05 (d, J = 11.1 Hz), 129.87, 127.39, 
121.86, 113.01, 103.90.  
 
HR-ESI-MS m/z for C19H9O6Br1Cl2P- [M-H]- calcd: 512.8703 found: 512.8697. 
 
254 nm 
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460m 

 
 

 
Synthesis of 11: 
 
Para phosVF2.1.Cl 
 
9 (16 mg, 0.031 mmol), molecular wire (10 mg, 0.040 mmol, 1.3 eq), Pd(OAc)2 (0.75 mg, 0.003 
mmol, 0.1 eq), P(o-tol)3 (1.8 mg, 0.006 mmol, 0.2 eq) and 4Å molecular sieves (15 mg) were 
loaded into a reaction vial, which was subsequently evacuated and backfilled with nitrogen (3x). 
DMF (0.1 mL) and NEt3 (0.1 mL) were added and the resulting solution stirred at 110 ℃ for 12 
hrs. The deep red solution was concentrated to dryness, suspended in DCM and filtered over celite. 
The celite was then washed with MeOH to elute a deep red solution that was purified by reverse 
phase silica chromatography (75% MeOH/H2O) yielding para phosVF2.1Cl (11) as a brick red 
solid (5.7 mg, 0.008 mmol, 26%).  
 
1H NMR (900 MHz, Methanol-d4 + <1% NaOD) δ 8.43 (d, J = 13.4 Hz, 1H), 7.64 (d, J = 7.9 Hz, 
1H), 7.59 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 16.2 
Hz, 1H), 7.35 – 7.33 (m, 3H), 7.12 (d, J = 16.1 Hz, 1H), 7.01 (dd, J = 7.7, 3.5 Hz, 1H), 6.96 (d, J 
= 16.3 Hz, 1H), 6.77 (d, J = 8.5 Hz, 2H), 6.59 (s, 2H), 2.97 (s, 6H).  
 
31P NMR (202 MHz, Methanol-d4 + < 1% NaOD) δ 8.78.  
 
HR-ESI-MS m/z for C37H27Cl2NO6P- [M-H]- calcd: 682.0959 found: 682.0949. 
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254 nm 

 
 
460nm 

 
 
 

 
 
Synthesis of 12: 
 
Iso phosVF2.1.Cl 
 
9 (40 mg, 0.078 mmol), molecular wire (23 mg, 0.093 mmol, 1.2 eq), Pd(OAc)2 (1.8 mg, 0.008 
mmol, 0.1 eq), P(o-tol)3 (4.7 mg, 0.016 mmol, 0.2 eq) and 4Å molecular sieves (30 mg) were 
loaded into a reaction vial, which was subsequently evacuated and backfilled with nitrogen (3x). 
DMF (0.5 mL) and NEt3 (0.5 mL) were added and the resulting solution stirred at 110 ℃ for 12hrs. 
The deep red solution was concentrated to dryness, suspended in DCM and filtered over celite. 
The celite was then washed with MeOH to elute a deep red solution that was concentrated and 
purified by reverse phase silica chromatography (75% MeOH/H2O) affording iso phosVF2.1Cl 
(12) as a bright orange solid (13.2 mg, 0.019 mmol, 24%).  
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1H NMR (500 MHz, Methanol-d4 + <1% NaOD) δ 8.19 (t, J = 9.0 Hz, 1H), 7.75 (d, J = 8.1 Hz, 
1H), 7.51 (d, J = 7.8 Hz, 2H), 7.45 (d, J = 7.9 Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 7.33 (s, 2H), 7.22 
– 7.17 (m, 2H), 7.09 – 7.03 (m, 2H), 6.91 (d, J = 16.0 Hz, 1H), 6.75 (d, J = 8.3 Hz, 2H), 6.61 (s, 
2H), 2.95 (s, 6H).  
 
31P NMR (202 MHz, Methanol-d4 + <1% NaOD) δ 8.82.  
 
HR-ESI-MS m/z for C37H27Cl2NO6P- [M-H]- calcd: 682.0959 found: 682.0961. 
 
254nm 

 
 
460nm 

 
 
 

 
 
Synthesis of 13 
 
8 (400 mg, 1.51 mmol, 1 eq) and 3-(dimethylamino)phenol (517 mg, 3.77 mmol, 2.5 eq) were 
stirred in TFE (30 mL) at 80 oC for 16 hrs. The resulting suspension was concentrated in vacuo, 
and triturated with EtOAc, yielding 13 as a pale purple powder (786 mg, 1.51 mmol, >99%). 
 
1H NMR (400 MHz, DMSO-d6) δ 7.61 (dd, J = 13.2, 8.2 Hz, 1H), 7.51 – 7.45 (m, 1H), 7.23 (dd, 
J = 4.0, 1.7 Hz, 1H), 6.57 – 6.48 (m, 3H), 6.18 – 6.06 (m, 4H), 2.80 (s, 12H). 
 
31P NMR (202 MHz, DMSO-d6) δ 13.11. 
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HR-ESI-MS m/z for C23H25O5N2Br1P1- [M-H]- calcd: 519.0690 found: 519.0678 
 
 
 

 
 
Synthesis of 14 
 
6-bromo-3-phosphono-tetramethylrhodamine 
 
13 (780 mg, 1.49 mmol, 1 eq) and p-chloranil (445 mg, 1.81 mmol, 1.2 eq) were refluxed in MeOH 
(50 mL) for 24 hours. Upon cooling to room temperature, the solution was filtered, and the filtrate 
was concentrated in vacuo. Trituration with EtOAc yielded 14 as a dark purple powder (748 mg, 
1.49 mmol, >99%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.06 (dd, J = 12.9, 8.3 Hz, 1H), 7.89 (dt, J = 8.3, 2.0 Hz, 1H), 
7.54 (dd, J = 3.6, 1.9 Hz, 1H), 7.17 (d, J = 9.5 Hz, 2H), 7.04 (dd, J = 9.5, 2.4 Hz, 2H), 6.92 (d, J = 
2.4 Hz, 2H), 3.30 (s, 12H). 
 
31P NMR (202 MHz, Methanol-d4) δ 8.70. 
 
HR-ESI-MS m/z for C23H23O4N2Br1P1+ [M]+ calcd: 501.0573 found: 501.0572 
 
254 nm 

 
560 nm 
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Synthesis of 15 
 
phosRhoVR 1 
 
14 (357 mg, 0.71 mmol, 1 eq), molecular wire (240 mg, 0.78 mmol, 1.1 eq), Pd(OAc)2 (16 mg, 
0.07 mmol, 0.1 eq), P(o-tol)3 (43 mg, 0.14 mmol, 0.2 eq) were charged into a flame dried round 
bottom flask and was subsequently evacuated and backfilled with N2 (x3). Upon addition of DMF 
(10.5 mL) and NEt3 (5.25 mL), the solution was stirred at 110 oC under static N2 for 16 hours. After 
cooling to room temperature, the solution was diluted with DCM and flushed through a celite plug. 
The filtrate was concentrated in vacuo and triturated with EtOAc to yield a crude red solid (658).* 
15 could be purified by reverse phase silica chromatography (80% to 100% MeOH/H2O) (432 mg, 
0.59 mmol, 76%). 
 
*Crude solid was a relatively clean NEt3 salt. 
 
1H NMR (400 MHz, DMSO-d6) δ 7.53 – 7.43 (m, 3H), 7.45 – 7.32 (m, 4H), 7.31 – 7.22 (m, 3H), 
7.07 (d, J = 16.6 Hz, 1H), 7.01 (d, J = 16.3 Hz, 1H), 6.89 (d, J = 16.5 Hz, 1H), 6.62 (s, 1H), 6.44 
(dd, J = 8.8, 2.4 Hz, 2H), 6.40 (d, J = 2.4 Hz, 2H), 6.27 (dd, J = 8.7, 2.1 Hz, 1H), 6.19 (d, J = 2.0 
Hz, 1H), 3.82 (s, 3H), 2.90 (s, 12H), 1.11 (t, J = 7.0 Hz, 6H).  
Ethyl CH2’s hidden under H2O peak 
 
31P NMR (202 MHz, DMSO-d6) δ 22.57. 
 
HR-ESI-MS m/z for C44H47O5N3P1+ [M]+ calcd: 728.3248 found: 728.3236 
 
254 nm 
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560 nm 

 
 
 

 
Synthesis of compound 16 
 
PhosRhoVR 1 (50 mg, 0.07 mmol, 1 eq), Ag2O (20 mg, 0.09 mmol, 1.25 eq), methyl 5-
bromovalerate (17 mg, 0.09 mmol, 1.25 eq) and 4Å molecular sieves (40 mg) were charged into a 
flame dried round bottom which was then evacuated and backfilled with N2 (x3). DMF (1.5 mL) 
was added and the resulting suspension was stirred at 60 °C for 16 hours. Upon cooling to room 
temperature, the suspension was diluted with DCM and filtered over a short pad of celite. 
Purification by flash silica chromatography (10 to 25% MeOH/ DCM) yielded 16 as a red powder 
(22 mg, 0.03 mmol, 38%). 
 
 
560 nm 

 
*note the double phosphonate esterification product was also isolated (12 mg, 0.01 mmol, 18%). 
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Synthesis of compound 17 
 
2.5 M NaOH(aq) (3 mL) was added to a suspension of 16 (17 mg, 0.02 mmol, 1 eq) in water (4 
mL), and was stirred at room temperature for 20 minutes. Upon dilution with H2O (25 mL) the 
aqueous solution was washed with DCM before acidification with 1M HCl. Extraction with DCM 
(x6) yielded a red solution that was dried over Na2SO4, filtered, and concentrated in vacuo to afford 
17 as a red solid (14 mg, 0.017 mmol, 87%). 
 
HR-ESI-MS m/z for C49H55N3O7P+ [M]+ calcd:828.3772 found: 828.3773 
 
560 nm 
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Synthesis of compound 18 
 
PhosRhoVR SNAP 1 
 
17 (5 mg, 0.006 mmol, 1 eq), benzyl guanine amine (1.6 mg, 0.006 mmol, 1 eq) and HATU (2.3 
mg, 0.006 mmol, 1eq) were charged into a small reaction vial and dissolved in DMF (1 mL). 
Following the addition of DIPEA (2.1 µL), the vial was flushed with nitrogen and stirred at room 
temperature for 1 hour. The solution was concentrated in vacuo and purified by reverse phase silica 
chromatography (95 to 100% MeOH/ H2O) affording phosRhoVR SNAP 1, 18 as a purple solid 
(2.7 mg, 0.0026 mmol, 43%).  
 
HR-ESI-MS m/z for C62H67N9O7P+ [M]+ calcd:1080.4896 found: 1080.4902 
 
 
560 nm 
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Synthesis of 19. 
 
3-bromo-N,N-dimethylaniline (1.19 g, 5.9 mmol, 2.4 eq) was charged into a flamed dried Schlenk 
flask that was subsequently evacuated and backfilled with N2 (x3). THF (11.8 mL) was added and 
the solution cooled to –78 °C. nBuLi (2.96 mL, 2M in hexanes, 5.9 mmol, 2.4 eq) was added 
slowly and the solution stirred at –78 °C for 30 minutes. Dichlorodimethyl silane (0.3 mL, 2.5 
mmol 1 eq) was added slowly and the solution was slowly warmed to room temperature over 2 
hours. The reaction was quenched with sat. ammonium chloride, followed by extraction into 
EtOAc (x3). The combined organics were washed with brine (x2), dried over Na2SO4 and 
concentrated in vacuo. Purification by flash silica chromatography (5% EtOAc/ Hexanes) yielded 
19 as a colorless oil (665 mg, 2.23 mmol, 91%).  
 
1H NMR (400 MHz, Chloroform-d) δ 7.23 (t, J = 8.1 Hz, 2H), 6.94 (d, J = 2.5 Hz, 2H), 6.91 (d, J 
= 7.1 Hz, 2H), 6.77 (dd, J = 8.2, 2.3 Hz, 2H), 2.92 (s, 12H), 0.53 (s, 6H). 
 
 

 
 
Synthesis of 20 
 
7 (200 mg, 0.75 mmol, 1.15 eq) and 19 (196 mg, 0.66 mmol, 1 eq) were dissolved in TFE (0.5 
mL) and the solution was refluxed at 80 °C for 5 days. The deep blue solution was concentrated 
in vacuo and the crude residue was purified by reverse phase silica chromatography (60% to 100% 
MeOH/H2O) yielding 20 as a blue solid (129 mg, 0.24 mmol, 36%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.26 (dd, J = 12.9, 1.9 Hz, 1H), 7.68 (dd, J = 8.2, 1.7 Hz, 1H), 
7.26 (d, J = 2.8 Hz, 2H), 7.12 (d, J = 9.6 Hz, 2H), 7.00 (dd, J = 8.2, 4.6 Hz, 1H), 6.71 (dd, J = 9.6, 
2.8 Hz, 2H), 3.30 (s, 12H), 0.58 (s, 3H), 0.56 (s, 3H). 
  
31P NMR (202 MHz, Methanol-d4) δ 6.79. 
 
HR-ESI-MS m/z for C25H29O3N2Br1P1Si1 [M]+ calcd: 543.0863 found: 543.0957 
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660 nm 

 
 

 
 
Synthesis of compound 21 
 
3-phosphono-BeRST, phosBeRST 1 
 
20 (44 mg, 0.08 mmol, 1 eq), molecular wire (25 mg, 0.09 mmol, 1.1 eq), Pd(OAc)2 (9 mg, 0.04 
mmol, 0.5 eq), P(o-tol)3 (25 mg, 0.08 mmol, 1 eq) were charged into a flame dried round bottom 
flask and was subsequently evacuated and backfilled with N2 (x3). Upon addition of DMF (1 mL) 
and NEt3 (0.4 mL), the solution was stirred at 90 °C under static N2 for 2 hours. Upon cooling to 
room temperature, the mixture was diluted with DCM and flushed through a short pad of celite, 
and the celite was subsequently washed with methanol. Upon concentration in vacuo the resulting 
residue was purified by reverse phase silica chromatography (80% to 100% MeOH/H2O) to yield 
21 as a green solid (37 mg, 0.05 mmol, 61%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.29 (d, J = 13.6 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.57 (d, J 
= 8.2 Hz, 2H), 7.49 (m, 3H), 7.43 (d, J = 16.4 Hz, 1H), 7.33 (d, J = 14.6 Hz, 1H), 7.28 (m, 3H), 
7.17 (d, J = 9.7 Hz, 2H), 7.14 (dd, J = 8.0, 4.9 Hz, 1H), 6.97 (d, J = 16.4 Hz, 1H), 6.71 (dd, J = 
9.7, 2.7 Hz, 2H), 6.43 (dd, J = 8.6, 2.0 Hz, 1H), 6.38 (d, J = 2.0 Hz, 1H), 3.91 (s, 3H), 3.31 (s, 
13H), 3.01 (s, 6H), 0.60 (s, 3H), 0.59 (s, 3H). 
 
31P NMR (202 MHz, Methanol-d4) δ 11.35. 

N

N

N

Si

P O

OHHO

O



 182 

 
HR-ESI-MS m/z for C44H49O4N3P1Si1 [M]+ calcd: 742.3225 found: 742.3213 
 
660 nm 

 
 

 
Synthesis of compound 22.  
 
S3-11 (160 mg, 0.50 mmol, 1 eq) and tetrabutylammonium hydrogensulfate (50 mg, 0.15 mmol, 
0.3 eq) were partitioned between DCM (1.5 mL) and 1M NaOH(aq) (1.5 mL) and the resulting 
emulsion was stirred vigorously at 40 °C for 16 hours. Upon cooling to room temperature, the 
mixture was diluted with water and the aqueous phase was washed with DCM (x3). The aquous 
phase was then acidified with 1M HCl and extracted into EtOAc (x3), dried over Na2SO4 and 
concentrated in vacuo to afford 22 as a hydroscopic white solid (82 mg, 0.28 mmol, 58%). 
 
1H NMR (500 MHz, Chloroform-d) δ 10.50 (s, 1H), 8.16 (dd, J = 14.8, 1.5 Hz, 1H), 7.93 (dd, J = 
8.2, 5.7 Hz, 1H), 7.83 (d, J = 8.3 Hz, 1H), 4.19 (p, J = 7.2 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 
 
31P NMR (202 MHz, Chloroform-d) δ 15.75. 
 
 

 
Synthesis of compound 23. 
 
22 (115 mg, 0.39 mmol, 1 eq) and 3,3'-(dimethylsilanediyl)bis(N,N-dimethylaniline) (135 mg, 0.45 
mmol, 1.15 eq) were dissolved in TFE and stirred at 80 °C for 5 days. It was determined 21 was 
only 43% pure with the other 57% being free phosphonic acid 7 leading to a mix of the desired 
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product and 19. Purification by reverse phase silica chromatography (85% MeOH/ H2O) followed 
by preparative TLC separated the two fluorophores and 32 was isolated as a blue solid (17 mg, 
0.03 mmol, 7%).  
 
This synthesis should be repeated with a pure sample of 21. 
 
1H NMR (400 MHz, Methanol-d4) δ 8.25 (dd, J = 12.7, 2.1 Hz, 1H), 7.70 (dd, J = 8.2, 2.1 Hz, 1H), 
7.28 (d, J = 2.9 Hz, 2H), 7.10 (d, J = 9.6 Hz, 2H), 7.03 (dd, J = 8.1, 4.6 Hz, 1H), 6.73 (dd, J = 9.6, 
2.9 Hz, 2H), 3.51 (p, J = 6.9 Hz, 2H), 0.86 (t, J = 7.0 Hz, 3H), 0.60 (s, 3H), 0.57 (s, 3H). 
 
HR-ESI-MS m/z for C27H33O3N2Br1P1Si1 [M]+ calcd: 571.1176 found: 571.1178 
 
660 nm 

 
 

 
Synthesis of compound 24. 
 
3-phosphonoBeRST ethyl ester, phosBeRST.OEt 
 
23 (11 mg, 0.019 mmol, 1 eq), molecular wire (6 mg, 0.021 mmol, 1.1 eq), Pd(OAc)2 (2.3 mg, 
0.01 mmol, 0.5 eq) and P(o-tol)3 (5.8 mg, 0.019 mmol, 1 eq) were charged into a flame dried 
reaction vial that was subsequently evacuated and backfilled with N2 (x3). Upon addition of DMF 
(0.25 mL) and NEt3 (0.1 mL) the solution was stirred at 90 °C for 2 hours. Upon cooling to room 
temperature, the solution was diluted with DCM and flushed through a thin pad of celite. The celit 
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was washed with MeOH to ensure full elution of any fluorophore. Purification by reverse phase 
silica chromatography (80 to 100% MeOH/H2O) afforded 24 as a green solid (8.5 mg, 0.011 mmol, 
57%). 
 
1H NMR (500 MHz, Methanol-d4) δ 8.31 (dd, J = 13.6, 0.7 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.58 
(d, J = 8.2 Hz, 2H), 7.49 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 10.5 Hz, 1H), 7.43 – 7.41 (m, 1H), 7.40 
– 7.36 (m, 1H), 7.34 (d, J = 14.0 Hz, 1H), 7.28 (d, J = 2.7 Hz, 2H), 7.22 (d, J = 9.6 Hz, 2H), 7.08 
(dd, J = 7.6, 4.6 Hz, 1H), 6.97 (d, J = 16.3 Hz, 1H), 6.72 (dd, J = 9.6, 2.7 Hz, 2H), 6.42 – 6.38 (m, 
1H), 6.34 – 6.32 (m, 1H), 3.91 (s, 3H), 3.53 (d, J = 7.2 Hz, 3H), 3.00 (s, 6H), 0.87 (t, J = 7.0 Hz, 
3H), 0.61 (s, 3H), 0.58 (s, 3H). 
Note: aniline methyl protons hidden under MeOD peak.  
 
31P NMR (202 MHz, Methanol-d4) δ 9.89. 
 
HR-ESI-MS m/z for C46H53O3N3P1Si1 [M]+ calcd: 770.3538 found: 770.3538 
 
 
660 nm 

 
 
 

 
Synthesis of compound S3-2. 
 
5-bromo-2-(diethyl)phosphono-toluene 
 
A flame dried reaction vial was charged with Pd(OAc)2 (40 mg, 0.175 mmol, 0.1 eq) and evacuated 
and backfilled with N2 (x3). Upon addition of 2-iodo-5-bromo-toluene (0.25 mL, 1.75 mmol, 1 eq) 
and triethyl phosphite (0.32 mL, 1.84 mmol, 1.05 eq) the mixture was stirred at 90 °C overnight. 
The resulting deep red solution was cooled to room temperature and purified by flash column 
chromatography (15% to 50% EtOAc/ Hexanes) yielding S3-2 as a colorless oil (420 mg, 1.37 
mmol, 78%). 
 
1H NMR (400 MHz, Chloroform-d) δ 7.77 (dd, J = 13.9, 8.1 Hz, 1H), 7.41 (m, 2H), 4.10 (m, 4H), 
2.54 (s, 3H), 1.32 (t, J = 7.0 Hz, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 18.67. 
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Synthesis of compound S3-4. 
 
2-bromo-5-hydroxybenzaldehyde (1.00g, 4.98 mmol, 1 eq), imidazole (620 mg, 9.12 mmol, 1.83 
eq), tert-butyldimethylsilyl chloride (816 mg, 5.48 mmol, 1.1 eq) were charged into an oven dried 
round bottom flask which was subsequently evacuated and backfilled with N2 (x3). Upon cooling 
to 0 °C in an ice bath, DCM (20 mL) was added and the solution was slowly warmed to room 
temperature and left stirring for 2 hours. The organic solution was washed with water (x3), brine 
(x1) and dried over Na2SO4  before concentration in vacuo. The resulting residue was purified by 
flash silica chromatography (5% EtOAc/ Hexanes), yielding S3-4 as a dark brown oil (1.18g, 3.74 
mmol, 75%).  
 
1H NMR (300 MHz, Chloroform-d) δ 10.29 (s, 1H), 7.49 (d, J = 8.6 Hz, 1H), 7.36 (d, J = 2.9 Hz, 
1H), 6.95 (dd, J = 8.6, 2.9 Hz, 1H), 0.98 (s, 9H), 0.21 (s, 6H). 
 

 
 
Synthesis of compound S3-5. 
 
S3-4 (1.10g, 3.49 mmol, 1 eq) and NiCl2 (23 mg, 0.18 mmol, 0.05 eq) were charged into an oven 
dried Schlenk flask which was then evacuated and backfilled with N2. Upon fitting of a reflux 
condenser, the system was purged with N2 for 5 minutes. The flask was then heated to 170 °C and 
triethyl phosphite (0.72 mL, 4.19 mmol, 1.2 eq) was added slowly over 30 minutes. The solution 
was stirred at 170 °C for a further hour before cooling to room temperature. The crude residue was 
purified by flash silica chromatography (50% EtOAc/ Hexanes), yielding S3-5 as an orange oil 
(585 mg, 1.57 mmol, 45%).  
 
1H NMR (400 MHz, Chloroform-d) δ 10.59 (s, 1H), 7.95 (dd, J = 13.7, 8.3 Hz, 1H), 7.49 (dd, J = 
4.3, 2.5 Hz, 1H), 7.09 (dt, J = 8.4, 2.7 Hz, 1H), 4.27 – 4.07 (m, 4H), 1.32 (t, J = 7.1 Hz, 6H), 0.99 
(s, 9H), 0.25 (s, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 17.22. 
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Synthesis of compound S3-6.  
 
To a stirring solution of S3-5 (580 mg, 1.56 mmol, 1 eq) in THF (10 mL) was added a 1 M (in 
THF) solution of tetrabutylammonium fluoride (7.8 mL, 7.8 mmol, 5 eq) dropwise and the solution 
was stirred at room temperature for 2 hours. Upon concentration in vacuo the residue was dissolved 
in H2O and extracted into EtOAc (x3). The combined organics were dried over Na2SO4, 
concentrated, and purified by flash silica chromatography (100% EtOAc), yielding S3-6 as a 
golden waxy solid (362 mg, 1.40 mmol, 90%).  
 
1H NMR (400 MHz, Chloroform-d) δ 10.53 (s, 1H), 8.86 (s, 1H), 7.93 (dd, J = 13.8, 8.4 Hz, 1H), 
7.59 (dd, J = 4.5, 2.6 Hz, 1H), 7.18 (dt, J = 8.4, 2.7 Hz, 1H), 4.28 – 4.10 (m, 4H), 1.33 (t, J = 7.1 
Hz, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 17.91. 
 

 
 
Synthesis of compound S3-7.  
 
S3-6 (200 mg, 0.78 mmol, 1 eq) was charged into an oven dried Schlenk flask which was then 
evacuated and backfilled with N2 (x3). DCM (1.5 mL) and NEt3 (0.43 mL, 3.12 mmol, 4 eq) were 
added and the solution was cooled to -78 °C. Whilst stirring trifluoromethanesulfonic anhydride 
(0.2 mL, 1.16 mmol, 1.5 eq) was added slowly, the solution was stirred at -78 °C for 2 hours and 
then warmed to room temperature overnight. The solution was then poured into ice water, 
extracted into diethyl ether (x3) and upon concentration in vacuo, the residue was purified by flash 
silica chromatography (40% EtOAc/ Hexanes), rendering S3-7 as a red oil (265 mg, 0.68 mmol, 
87%). 
 
1H NMR (400 MHz, Chloroform-d) δ 10.63 (s, 1H), 8.19 (dd, J = 13.5, 8.4 Hz, 1H), 7.95 (s, 1H), 
7.58 (dt, J = 8.4, 2.5 Hz, 1H), 4.33 – 4.14 (m, 4H), 1.36 (t, J = 7.1 Hz, 6H). 
 
19F NMR (376 MHz, Chloroform-d) δ -71.87. 
 
31P NMR (162 MHz, Chloroform-d) δ 13.80. 
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Synthesis of compound S3-8. 
 
Pd2(dba)3 (14 mg, 0.015 mmol, 0.015 eq), tBuBrettPhos (22 mg, 0.045 mmol, 0.045 eq) were 
charged into a small flame dried reaction vial that was then evacuated and backfilled with N2 (x3). 
Dioxane (1 mL) was added and the soltuon was heated at 120 °C for 5 minutes. In a separate flame 
dried reaction vial, was added S3-7 (390 mg, 1 mmol, 1 eq), potassium bromide (238 mg, 2 mmol, 
2 eq), and potassium fluoride (29 mg, 0.5 mmol, 0.5 eq), then evacuated and backfilled with N2 
(x3). Upon addition of dioxane (3 mL), the palladium catalyst solution was added via canula and 
the solution was stirred at 130 °C for 48 hours. Upon cooling to room temperature the solution was 
filtered through a small pad of celite, washing with EtOAc and concentrated in vacuo. Purification 
by flash silica chromatography (45% EtOAc/ Hexanes) yielded S3-8 as a golden oil (144 mg, 0.45 
mmol, 45%).  
 
1H NMR (400 MHz, Chloroform-d) δ 10.49 (s, 1H), 8.22 (dd, J = 4.5, 2.0 Hz, 1H), 7.94 (dd, J = 
14.1, 8.1 Hz, 1H), 7.88 – 7.83 (m, 1H), 4.32 – 4.15 (m, 4H), 1.35 (t, J = 7.1 Hz, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 15.66. 
 

 
Synthesis of S3-9 
 
7 (80 mg, 0.30 mmol, 1 eq), molecular wire (90 mg, 0.36 mmol, 1.2 eq), Pd(OAc)2 (3.4 mg, 0.015 
mmol, 0.05 eq) and P(o-tol)3 (9.1 mg, 0.03 mmol, 0.1 eq) were charged into an over dried Schlenk 
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flask which was subsequently evacuated and backfilled with nitrogen (3x). DMF (0.5 mL) and 
NEt3 (0.5 mL) were added and the reaction stirred at 110oC for 2.5 hrs. Upon cooling to room 
temperature, the suspension was concentrated in vacuo to an orange solid that was triturated with 
DCM. Vacuum filtration yielded the triethylammonium salt of S3-9 as a bright orange solid (116 
mg, 0.22 mmol, 73%).  
 
1H NMR (500 MHz, Methanol-d4 + <1% NaOD) δ 11.06 (s, 1H), 8.35 (d, J = 12.3 Hz, 1H), 7.90 
(dd, J = 8.0, 3.5 Hz, 1H), 7.57 (d, J = 8.4 Hz, 3H), 7.51 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.8 Hz, 
2H), 7.39 (d, J = 16.3 Hz, 1H), 7.25 (d, J = 16.3 Hz, 1H), 7.12 (d, J = 16.3 Hz, 1H), 6.95 (d, J = 
16.2 Hz, 1H), 6.77 (d, J = 8.8 Hz, 2H), 2.98 (s, 6H). 
 
31P NMR (202 MHz, Methanol-d4 + <1% NaOD) δ 7.04. 
 
 
 
 

 
 
Synthesis of compound S3-10. 
 
Iso phosVF2.1.Cl AM 
 
Iso phosVF2.1.Cl, 12, (10 mg, 0.015 mmol, 1 eq), Ag2O (14 mg, 0.06 mmol, 4 eq) and 4 Å 
molecular sieves (15 mg) were charged into flame dried reaction vial, which was subsequently 
evacuated and backfilled with N2 (x3). MeCN (1.2 mL) was added, and the suspension was stirred 
at room temperature for 1 hour. Upon heating to 50 °C, bromomethyl acetate (10 µL, 0.09 mmol, 
6 eq) was added and stirring was continued overnight. Upon cooling to room temperature, the 
suspension was diluted with DCM and filtered through a pad of celite. Concentration of the filtrate 
in vacuo followed by purification by flash silica chromatography (75% to 100% EtOAC/ Hexanes) 
yielded S3-10 as an orange solid (6 mg, 0.007 mmol, 44%).  
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1H NMR (400 MHz, Chloroform-d) δ 8.08 (dd, J = 13.8, 7.7 Hz, 1H), 7.88 – 7.77 (m, 1H), 7.49 
(s, 3H), 7.44 – 7.40 (m, 2H), 7.27 (m, 5H), 7.18 – 7.05 (m, 3H), 7.04 – 6.99 (m, 1H), 6.90 (d, J = 
16.0 Hz, 1H), 6.71 (d, J = 8.6 Hz, 1H), 6.62 (s, 1H), 5.93 (s, 2H), 5.53 – 5.42 (m, 2H), 5.40 – 5.24 
(m, 2H), 3.17 (s, 6H), 2.19 (m, 3H), 2.11 – 1.98 (m, 6H). 
 
HR-ESI-MS m/z for C46H40O12N1Cl2Na1P1 [M+Na]+ calcd:922.1557 found: 922.1555 
 
 
254 nm 

 
 
480 nm 

 
 
 

 
Synthesis of compound S3-11 
 
Note this is an adapted synthesis of 5, but with acetal deprotection in the work up.  
 
A solution of 3 (1.0 g, 3.25 mmol) in dry THF (10 mL) was cooled to −78℃ under nitrogen. 
Whilst stirring, n-butyllithium (2M in cyclohexane, 1.9 mL, 3.74 mmol, 1.15 eq) was added 
dropwise via syringe and the solution stirred at -78 °C for 30 mins. Diethyl chlorophosphate (0.94 
mL, 6.5 mmol, 2 eq) was added dropwise and the solution stirred at -78 °C for 1 hour, before 
warming to room temperature. After another hour of stirring, the reaction was quenched with 1M 
HCl (10 mL), and stirred at room temperature for 3 hours. The solution was then extracted with 
DCM (3x) and dried over Na2SO4. After concentrating in vacuo, the resulting oil was purified by 
flash column chromatography (30% EtOAc/Hexanes) to yield S3-11 (604 mg, 1.88 mmol, 58%) 
as colorless oil. 
 
1H NMR (400 MHz, Chloroform-d) δ 10.59 (s, 1H), 8.21 (dd, J = 14.4, 2.0 Hz, 1H), 7.94 (dd, J 
= 8.3, 5.5 Hz, 1H), 7.88 – 7.78 (m, 1H), 4.26 – 4.09 (m, 4H), 1.34 (t, J = 7.1 Hz, 6H). 
 
31P NMR (162 MHz, Chloroform-d) δ 14.19. 
 

P
O

OEt
OEt

O

Br

[M+H]+ m/z – 900.7 



 190 

Spectra of compounds 
Spectrum S1. 1H NMR of compound 3. 

 

Spectrum S2. 13C NMR of compound 3. 
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Spectrum S3. 1H NMR of compound 4. 

 
Spectrum S4. 13C NMR of compound 4. 
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Spectrum S5. 1H NMR of compound 5.  

 
Spectrum S6. 31P NMR of compound 5.  
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Spectrum S7. 13C NMR of compound 5.  

 
Spectrum S8. 1H NMR of compound 6. 
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Spectrum S9. 31P NMR of compound 6. 

 
Spectrum S10. 13C NMR of compound 6. 
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Spectrum S11. 1H NMR of compound 7. 

 
Spectrum S12. 31P NMR of compound 7. 

 
 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1	(ppm)

-200000

-100000

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

1100000

1200000

1300000

1400000

1500000

1600000

1700000

1800000

1900000

2000000

2100000

2200000

2300000

2400000

0
.9
9

1.
0
1

1.
0
6

1.
0
0

2.
50
	D
M
S
O

7.
8
1

7.
8
2

7.
8
2

7.
8
3

7.
9
1

7.
9
3

7.
9
7

7.
9
8

8
.0
0

8
.0
1

-250-200-150-100-50050100150
f1	(ppm)

-50000

0

50000

100000

150000

200000

250000

300000

350000

400000

450000

500000

6
.6
4

O

P

Br

O

OH
OH



 196 

Spectrum S13. 13C NMR of compound 7. 

 
Spectrum S14. 1H NMR of compound 8. 
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Spectrum S15. 31P NMR of compound 8. 

 
Spectrum S16. 13C NMR of compound 8. 
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Spectrum S17. 1H NMR of compound 9.  

 
Spectrum S18. 31P NMR of compound 9.  
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Spectrum S19. 13C NMR of compound 9.  

 
Spectrum S20. 1H NMR of compound 10. 
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Spectrum S21. 31P NMR of compound 10. 

 
Spectrum S22. 13C NMR of compound 10. 
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Spectrum S23. 1H NMR of compound 11. 

 
Spectrum S24. 31P NMR of compound 11. 
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Spectrum S25. 1H NMR of compound 12. 

 
Spectrum S26. 31P NMR of compound 12. 
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Spectrum S27. 1H NMR of compound 13. 

 
 
Spectrum S28. 31P NMR of compound 13. 
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Spectrum S29. 1H NMR of compound 14. 

 
Spectrum S30. 31P NMR of compound 14. 
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Spectrum S31. 1H NMR of compound 15. 

 
 
Spectrum S32. 31P NMR of compound 15. 
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Spectrum S33. 1H NMR of 29. 

 
 
Spectrum S34. 1H NMR of compound 20.  
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Spectrum S35. 31P NMR of compound 20. 

 
Spectrum S36. 1H NMR of compound 21. 
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Spectrum S37. 31P NMR of compound 21. 

 
Spectrum S38. 1H NMR of compound 22. 
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Spectrum S39. 31P NMR of compound 22. 

 
Spectrum S40. 1H NMR of compound 23.  
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Spectrum S41. 1H NMR of compound 24.  

 
Spectrum 42. 31P NMR of 24. 
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Spectrum S43. 1H NMR of compound S3-2 

 
 
Spectrum S44. 31P NMR of S3-2 
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Spectrum S45. 1H NMR of S3-4. 

 
Spectrum S46. 1H NMR of S3-5.  
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Spectrum S47. 31P NMR of S3-5. 

 
 
Spectrum S48. 1H NMR of S3-6. 
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Spectrum S49. 31P NMR of S3-6. 

 
 
Spectrum S50. 1H NMR of S3-7. 
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Spectrum S51. 19F NMR of S3-7. 

 
 
Spectrum S52. 31P NMR of S3-7. 
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Spectrum S53. 1H NMR of S3-8. 

 
Spectrum S54. 31P NMR of S3-8. 
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Spectrum S55. 1H NMR of compound S3-9. 

  
Spectrum S56. 31P NMR of compound S3-9. 
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Spectrum S57. 1H NMR of S3-10. 

 
 
Spectrum S58. 1H NMR of compound S3-11.  
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Spectrum S59. 31P NMR of S3-11. 

 
-250-200-150-100-50050100150

f1	(ppm)

-50

0

50

100

150

200

250

300

350

400

450

500

550

60014
.1
9


	Title Pages
	Abstract page
	TOC and Ackknowledgements
	Introduction
	Chapter 1
	Chapter 1 Supporting Information
	Chapter 2
	Chapter 2 Supplementary Information
	Chapter 3
	Chapter 3 Supplementary Information



