
Phosphinate-Containing Rhodol and Fluorescein Scaffolds 
for the Development of Bioprobes

Journal: ChemComm

Manuscript ID CC-COM-03-2019-002492.R1

Article Type: Communication

 

ChemComm



Journal Name

COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1 

Please do not adjust margins

Please do not adjust margins

eceived 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Phosphinate-Containing Rhodol and Fluorescein Scaffolds for the 
Development of Bioprobes 
Yuan Fang,a Gillian N. Good,a,b Xinqi Zhou,a and Cliff I. Stainsa,*

A series of phosphinate-containing rhodol and fluorescein dyes are 
disclosed. These new fluorophores increase the color palette of 
phosphinate-based xanthenes in the far-red spectral region. The 
new chemical functionality of these scaffolds is leveraged to 
produce a sensitive, no-wash imaging probe for cellular esterase 
activity. The reported phosphinate-containing dyes provide 
platforms for the further development of imaging probes and self-
reporting delivery vehicles.

    Small molecule-based fluorescent probes represent 
attractive alternatives to fluorescent proteins for microscopy 
studies.1-3 Nonetheless, there is a need for the further 
development of red-shifted, photostable probes in order to 
enable the further development of robust bioprobes for 
imaging experiments. Towards this goal, recent efforts have 
focused on the introduction of heteroatoms into the bridging 
position of xanthene scaffolds.4-18 Our lab’s approach to this 
problem involves replacement of the bridging oxygen atom in 
the rhodamine scaffold with a phosphinate functionality (Fig. 
1).19 The resulting Nebraska Red (NR) fluorophores retain the 
brightness and photostability of the rhodamine scaffold, while 
displaying > 110 nm shifts in excitation and emission. 
Furthermore, the unique chemistry of the phosphinate 
functional group allows for the construction of new enzymatic 
probes,20 self-reporting small molecule delivery platforms,19 
and provides inspiration for the development of new 
approaches for obtaining ratiometric probes.21 Building upon 
this, we sought the further increase the chemical functionality 
of NR dyes, through the synthesis and evaluation of rhodol- and 
fluorescein-based NR derivatives (Fig. 1). Importantly the 
phenol group present in these rhodol and fluorescein dyes 

provides a new chemical handle that can be leveraged to 
construct sensitive, red-shifted enzyme-activated probes for 
cellular imaging studies.22-25 

Towards this goal, we first investigated synthetic routes capable 
of efficiently yielding rhodol and fluorescein NR derivatives. When 
compared to the synthesis of classical rhodamine dyes, insertion of 
phosphorous at the bridging position decreases the yield of the 
resulting fluorophore.9,19,26 Additional synthetic challenges arise 
in the case of fluorescein (due to the increased electron 
withdrawing capacity of the phenol group)10 and rhodol (due to the 
need to construct an asymmetric structure).27,28 During our 
investigation of different synthetic routes, the Yamaguchi group 
reported the direct conversion of phosphine oxide-containing 
rhodamines to rhodol and fluorescein via a hydrolytic 
deamination reaction under basic conditions (pH > 10).29 As an 
initial examination of this route in the context of NR dyes, we 
incubated NR700, a phosphinate ester-based 
tetramethylrhodamine derivative, with 0.1 M NaOH. After 3 h the 
products of the reaction were purified by HPLC, yielding the 
hydrolyse product (NR666) and the corresponding rhodol 
product (NR630, Fig. S1 and Scheme S1 ESI). Upon incubation of 
NR700 with a 1 M solution of NaOH, instead of conversion to 
fluorescein we observed a rapid decrease of the color of the 
solution. This is likely due to attack at the C-9 position of the 
fluorophore as observed previously (Scheme S1, ESI).29 In 
support of this hypothesis, we observed a restoration of the 
solutions color upon addition of 2 M HCl. Nonetheless, we were 
very encouraged by the potential of this route to afford rhodol 
and fluorescein NR derivatives.

Fig. 1 Structures of xanthene-based Nebraska Red family members.
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Scheme 1 (a) Synthesis of phosphinate-based NR rhodamine analogues. (b) Direct 

transformation of NR rhodamine to NR rhodol or NR fluorescein.

In order to protect the C-9 position from nucleophilic attack, 
we adopted previous strategies for introduction of bulky groups 
into xanthenes,29,30 incorporating dimethyl or dimethoxy 
groups at the C-2′ and C-6′ of our NR dyes (Fig. 1). Our previously 
reported route to NR rhodamine analogues, relied on the 
condensation of 3-bromo-N,N-dimethylaniline with 
benzaldehydes19,21 or the use of a xanthone precursor10,12,19,31. 
However, as mentioned above, these routes result in relatively 
low yields of the target fluorophores. Building upon a previously 
described route for phosphine oxide fluorophores, we found 
that yields of NR rhodamines could be significantly increased by 
first treating 3-bromo-N,N-dimethylaniline with sec-
butyllithium and exposing the resulting lithiated reagent to 
ethyl dichlorophosphite.26 Subsequent oxidation with a 50% 
H2O2 solution yielded the phosphinate-bridged intermediate (2, 
Scheme 1a). A subsequent Vilsmeier-Haack reaction was used 
to generate the key intermediate 3. Reaction of 3 with the 
appropriate lithiated 2,6-disubstituted phenyl reagents 
(dimethyl or dimethoxy) generated the corresponding 
secondary alcohol, which was directly treated with 2 M HCl 
under reflux overnight. Finally, p-chloranil was used to generate 
the NR rhodamine analogues containing bulky substituents 
proximal to the C-9 position. Compared to our previously 
reported routes,19 the newly developed intermediate 3 is 
accessible in relatively higher yields, leading to a ≥ 4-fold 
increase in the yield of NR rhodamines. 

With the NR rhodamine analogues in-hand, we reassessed 
the ability to directly generate rhodol and fluorescein 
derivatives upon treatment with NaOH. Upon exposure to 0.1 
M NaOH, the color of the solution quickly changed from green 
to purple, indicating the generation of NR rhodol (Scheme 1b). 
Monitoring by HPLC indicated that the reaction was complete 
after 4 hrs. As expected, the generation of NR fluorescein 
required a longer reaction time (3 days) and a higher 
concentration of base (1 M).29 After purification by HPLC, the 
structures of all six NR derivatives were confirmed by NMR and 
mass spectrometry (see ESI). 

The photophysical properties of the NR rhodamine, rhodol, 
and fluorescein derivatives were assessed in PBS (10 mM, pH = 
7.4) (Fig. 2a-c). The NR rhodamine derivatives showed the 
longest absorption and emission wavelengths, similar to our 
previously reported analogues.19 However, the NR rhodol and 
NR fluorescein derivatives displayed 35 and 70 nm blue-shifts, 
respectively relative to NR rhodamine. Comparison to the 
spectral properties of Tokyo Green32, containing oxygen at the 
bridging position, indicated that introduction of the 
phosphinate in NR fluorescein resulted in a ≥ 109 nm red-shift.

Fig. 2 Photophysical properties and pKas of NR family members. All experiments 

were conducted in PBS buffer (10 mM, pH = 7.4 containing 1% DMSO). (a) 

Normalized absorption spectra. (b) Normalized emission spectra. (c) Summary of 

optical parameters including previously reported values for Tokyo Magenta5 and 

Tokyo Green32. (d) Photostability in comparison to Cy 5.5. (e) Images 

corresponding to each dye solution. From top to bottom: white-light image, 

fluorescent image under a UV lamp (254 nm), and a NIR image with a 680 nm filter. 

From left to right: NR675, NR669, NR638, NR632, NR604, and NR600 in PBS buffer as well 

as NR604 and NR600 in buffer at pH = 4.0.
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Among the NR family members, the dimethoxy analogues were 
slightly red-shifted compared to their dimethyl counterparts, 
while the dimethyl NR analogues displayed relatively higher 
brightness (ɛ × ɸ) with the fluorescein dimethyl derivative 
(NR600) displaying the overall the highest brightness. These NR 
dyes displayed blue-shifted excitation and emission maxima as 
well as increased brightness compared to previously reported 
phosphine oxide-based fluorophores (Table S1, ESI).10,29         
    Next, we investigated the equilibrium between protonated 
and deprotonated forms of the rhodol and fluorescein 
derivatives. Absorption of the NR rhodol and NR fluorescein 
dyes at varying pHs was recorded (Fig. S2, ESI). From this data, 
the NR rhodol derivatives exhibited a pKa of ~ 5.2 while the pKas 
for the NR fluorescein derivatives was ~ 6.7. Last, the 
photostability of NR family members was compared to Cy 5.5 
using continuous irradiation for 1 h (Fig. 2d). Gratifyingly, all six 
NR dyes showed virtually no evidence of photobleaching, 
compared to a 50% decrease in Cy 5.5 fluorescence under the 
same conditions. Thus, these new NR derivatives provide a 
robust, tuneable palette of fluorescent reagents with emissions 
ranging from the far-red to near-infrared (NIR) region (Fig. 2e).

To highlight to utility of these new NR family members, we 
sought to develop a sensitive bioprobe for imaging enzymatic 
activity. For this application, we chose the dimethyl 
phosphinate-based fluorescein NR600, due to its relative 
brightness. Importantly, previous work has clearly 
demonstrated the utility of acetoxymethyl (AM) ether groups 
for masking phenol functionalities within fluorophores.23-25,33 
The resulting AM-protected probes display low background 
fluorescence, high chemical stability, and are readily cleaved by 
cellular esterases producing a turn-on fluorescent probe for 
esterase activity. Based on our previous results, we also 
anticipated that the negatively charged phosphinate of NR600 
would prevent the fluorophore from entering cells.19 Thus, we 
envisioned a diAM-protected version of NR600, termed diAM-
NR600 (Fig. 3a). To examine the chemical stability of diAM-NR600, an 
in vitro assay was conducted by monitoring the fluorescence 
generated by diAM-NR600 over a period of 1 hr (Fig. 3b). In the 
presence of pig liver esterase (PLE) we observed a clear, 13.8-fold 
increase in fluorescence that stabilized after 10 min. However, in the 
presence of PBS alone virtually no increase in fluorescence was 
observed. Moreover, exposure to BSA or cell culture media 
containing 10% FBS produced relatively low background fluorescent 
signal (2.2- and 2.9-fold respectively). These data clearly indicate that 
diAM-NR600 can act as an esterase substrate, forming NR600 as a 
fluorescent product.
    To interrogate the ability of diAM-NR600 to act as a no wash probe 
for cellular esterase activity, HeLa cells were incubated with the 
esterase probe and Cell Tracker Green CMFDA, in order to verify 
localization. Cells were then imaged, without washing, using 
confocal microscopy (Fig. 4a). Indeed, the formation of NR600 in the 
cytosol could clearly be observed within cells (Fig. S3a, ESI), yielding 
a 10-fold increase in signal over background (Fig. 4b). Similar signal 
to noise was obtained in HeLa cells that were washed prior to 
imaging (Fig. S3b, ESI). In addition, formation of NR600 was also 
observed in the cytosol of NIH-3T3 and RAW 264.7 cells, indicating 
the generality of diAM-NR600 (Fig. S4 and S5, ESI). Decreased 

Fig. 3 (a) Synthesis of the esterase sensor diAM-NR600. (b) In vitro stability of diAM-

NR600 (5 μM) in PBS (10 mM, pH = 7.4) alone or in the presence of BSA (0.2 units) 

or PLE (0.2 unit). The fluorescence of diAM-NR600 in cell culture media (DMEM 

with 10% FBS) is also shown. Fluorescence emission at 619 nm was monitored 

using excitation at 600 nm.

nuclear localization of NR600 was consistently observed relative 
to Cell Tracker Green CMFDA (a fluorescein derivative), indicating a 
potential difference in the nuclear accumulation of these dyes. 
Toxicity assays also clearly demonstrated that diAM-NR600 was 
not toxic at concentrations up to 10 μM (Fig. S6). These 
experiments verify the ability of diAM-NR600 to act as a far-red 
emitting, no-wash probe for cellular esterase activity.    
    In summary, we have broadened the color palette of our NR 
dyes to include rhodol and fluorescein derivatives. The resulting 
NR rhodol and fluorescein dyes display significantly red-shifted 
fluorescence relative to their oxygen analogues and display 
increased photostability compared to commonly used labels
Fig. 4 (a) Confocal fluorescence microscopy imaging of HeLa cells incubated with 

0.6 μM Cell Tracker Green CMFDA for 20 min followed by 0.6 μM diAM-NR600 for 30 

min (Scale bar: 20 μm). (b) Quantification of fluorescence intensity from panel a 

(yellow line in red channel).
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such as Cy5.5. The new chemical functionality afforded by these 
scaffolds enabled the development of a red-shifted, no-wash 
probe for cellular esterase activity. Current efforts in our lab are 
focused on lowering the pKa of the NR fluorescein series to 
further increase the brightness at physiological pH. These new 
NR dye scaffolds also provide the starting point for the 
development of additional probes for enzymatic activity,34 

reagents for advanced imaging experiments,35-37 and self-
reporting delivery reagents.19 
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