Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 1445. Downloaded on 19/07/47 04:02:59 .

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Mild and scalable synthesis of

i '.) Check for updates ‘
phosphonorhodamines+

Cite this: Chem. Sci., 2023, 14, 11365

Joshua L. Turnbull,® Ryan P. Golden,? Brittany R. Benlian,” Katharine M. Henn,®
Soren M. Lipman®?2 and Evan W. Miller (2 *ab¢

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry
Since their discovery in 1887, rhodamines have become indispensable fluorophores for biological imaging.
Recent studies have extensively explored heteroatom substitution at the 10" position and a variety of
substitution patterns on the 3,6’ nitrogens. Although 3-carboxy- and 3-sulfono-rhodamines were first
reported in the 19th century, the 3-phosphono analogues have never been reported. Here, we report
a mild, scalable synthetic route to 3-phosphonorhodamines. We explore the substrate scope and
investigate mechanistic details of an exogenous acid-free condensation. Tetramethyl-3-
phosphonorhodamine (phosTMR) derivatives can be accessed on the 1.5 mmol scale in up to 98% yield
(2 steps). phosTMR shows a 12- to 500-fold increase in water solubility relative to 3-carboxy and 3-
sulfonorhodamine derivatives and has excellent chemical stability. Additionally, phosphonates allow for
chemical derivatization; esterification of phosTMR facilitates intracellular delivery with localization

profiles that differ from 3-carboxyrhodamines. The free phosphonate can be incorporated into
Received 22nd May 2023

Accepted 28th August 2023 a molecular wire scaffold to create a phosphonated rhodamine voltage reporter, phosphonoRhoVR.

. PhosRhoVR 1 can be synthesized in just 6 steps, with an overall yield of 37% to provide >400 mg of
DOI: 10.1039/d35c02590j material, compared to a 6-step, ~2% yield for the previously reported RhoVR 1. PhosRhoVR 1 possesses

rsc.li/chemical-science excellent voltage sensitivity (37% AF/F) and a 2-fold increase in cellular brightness compared to RhoVR 1.

rhodamines attractive scaffolds for intracellular or live-cell
imaging applications.™
Substitutions of the rhodamine core have been extensively

Introduction

Small molecule fluorophores have revolutionized our ability to

visualize complex biological systems."* Biological imaging
modalities rely on access to fluorophores with high brightness,
stability, and water solubility. Rhodamines, the amino iso-
logues of fluorescein, find widespread use in bioimaging
applications. In comparison to fluoresceins, rhodamines are
insensitive to pH, exhibit improved photostability, and have
tunable excitation and emission across the visible spectrum.?
Modification of the structure of rhodamines can produce
dramatic changes in the functional properties of the dyes
(Scheme 1). Changing the alkylation pattern on the 3’ and 6’
amines tunes absorption and emission wavelengths,* fused
cyclohexanes or 4-membered azetidine rings improve bright-
ness,” and heteroatom substitution of the 10" oxygen atom
results in a red shift.*** Additionally, the delocalized positive
charge of rhodamine facilitates cell permeability, making
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explored for the modulation of photophysical properties. On the
other hand, substitutions at the 3-position of the pendant aryl
ring — which include carboxylates, amides, sulfonates, methyl,
and substituted methylenes - largely impact subsequent
applications of rhodamine fluorophores. We recently disclosed
a new class of fluoresceins with 3-phosphonate substitutions. 3-
Phosphonofluoresceins exhibit an almost 2-fold improvement
in water solubility compared to 3-carboxy analogs,'® and func-

tionalization of the 3-phosphonate with esters improves cellular
brightness 70-fold over traditional 3-carboxyfluorescein. Owing
to the orthogonality of the xanthene core and the pendant ring,
physical changes brought by 3-phosphonate substitution were
facilitated without compromising brightness or excitation/
wavelengths.

emission Expansion of 3-phosphonate

p-chloranil
MeOH, reflux

-or-

air
MeOH, reflux

5
89790% 48-99%

Scheme 1 Mild synthesis of phosphonorhodamines.
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substitution to rhodamines may yield additional opportunities
in the applications of xanthene fluorophores.

Despite almost 140 years since the first rhodamine was
synthesized, synthetic approaches often lack generalizability
with respect to varying 3-substitution. In fact, rhodamines are
largely constructed by variations of the initially reported Frie-
del-Crafts condensation."”*® Phthalic anhydrides are heated
with aminophenols in the presence of Brensted or Lewis acids;
however, functionalized phthalides often lead to mixture of
regioisomers that are difficult to separate.’ To solve this
problem, benzaldehydes can be condensed with aminophenols
followed by dehydration and in situ oxidation with exposure to
air or use of an organic oxidant such as chloranil.*® The harsh
nature of these condensations often results in low yields,
functional group incompatibility and troublesome purifica-
tions."?*** While the acidic conditions present in all of these
reaction schemes increase reactivity of the electrophile,
protonation, or Lewis acid complexation, with the aniline
decreases the nucleophilicity of aminophenols. An elegant
recent example showed that intramolecular activation of the
benzaldehyde by an ortho carboxylic acid could furnish rhoda-
mines in high yields without the addition of an acid catalyst.>

Contemporary methods to access rhodamines make use of
Pd-catalyzed C-N cross coupling of fluorescein ditriflates with
various amines,* addition of aryl organometallic species into N-
alkylated diaminoxanthones,*** or addition of dimetallated
bisphenyl ethers into electrophiles such as aryl esters or
phthalic anhydrides.*®** While these methods alleviate some of
the challenges associated with classic rhodamine condensa-
tions, their applications to the synthesis of rhodamines with
acidic 3-functionalities (such as phosphonates) are limited.

Here, we report a mild synthesis of 3-phosphonorhodamines
in exceptional yields from the condensation of aminophenols
and 2-phosphonobenzaldehyde (Scheme 1). 3-Phosphono-
rhodamines can be synthesized on a 1.5 mmol scale, often
without the need for chromatography, alleviating many of the
challenges associated with purification of charged fluo-
rophores. The 3-phosphonorhodamines have nearly identical
optical properties compared to their classic 3-carboxy- and
sulfono-counterparts but possess a >10- to 500-fold increase in
water solubility. The tetramethyl-substituted 3-phosphono-
rhodamine can be applied to diverse cellular imaging contexts.
First, esterification of the phosphonate controls cellular locali-
zation, and tetramethylphosphonorhodamine shows enhanced
cellular brightness compared to the analogous 3-carboxyrhod-
amine. Next, 3-phosphonorhodamines can be localized to
plasma membranes and used for voltage imaging, where they
show comparable voltage sensitivity and a 2-fold increase in
cellular brightness compared to carboxy-based indicators.

Results and discussion
Synthesis of 3-phosphonorhodamines

The key role of acid in the Friedel-Crafts condensations of
xanthene fluorophores, such as rhodamines, is to activate the
aldehyde and promote nucleophilic attack from electron rich
arenes. In the case of 2-carboxybenzaldehyde, the acidic nature
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of the ortho carboxylate provides intramolecular activation of
the aldehyde, increasing electrophilicity.”” The intramolecular
activation is evident through slight formation (13%) of the
corresponding hemiacetal in alcoholic solvents such as CD;0D
(Table S1 and Scheme S1f}). Dwight and Levin previously re-
ported a relatively mild, acid-free synthesis of 3-carboxyrhod-
amines that is mediated by this phenomenon of intramolecular
activation.”

By analogy to this previous report,* acidic phosphonates
may equip 2-phosphonobenzaldehyde (1) with similar intra-
molecular aldehyde activation and provide a path to 3-phos-
phonorhodamines in the absence of exogenous acid. This is the
case. Heating of 1 with 3-(dimethylamino)phenol, 2, in 2,2,2-
trifluoroethanol (TFE) results in clean precipitation of triaryl-
methane 9 in an excellent 98% yield. 9 can be isolated by
precipitation and undergoes quantitative dehydration and
oxidation to the corresponding rhodamine 16 (Scheme 2).

In previous studies, the analogous reaction with 2-carbox-
ybenzaldehyde required TFE to achieve appreciable yields.>
This is likely a result of stabilization of the benzhydrilium
intermediate by the high ionizing power, low nucleophilicity,
and hydrogen bond donating ability of fluorinated alcohols
(such as TFE) compared to hydrocarbon-based alcohols.?»?*-°
As in previous studies,* the reaction between 1 and 2 in TFE
produces 9 in high yields (Scheme 3 and Table 1). However, the
reaction of 1 and 2 in methanol also produces 9 in moderate
yield (up to 58%, Scheme 3 and Table 1). This increased reac-
tivity is likely a result of the greater extent of intramolecular
activation of aldehyde 1 compared to 2-carboxybenzaldehyde.
NMR studies support this hypothesis: 2-phosphonobenzalde-
hyde (1) shows a greater propensity to form the corresponding
hemiacetal in nucleophilic solvents such as CD;OD (Table S1
and Scheme S17). Aryl phosphonates generally have pK,; values
that are about 2 pH units lower than the corresponding benzoic
acid pK,.** The low pK, of the phosphonate may also contribute
to greater stabilization of the benzhydrilium intermediate.

To examine the generalizability of this synthetic approach,
we exposed aldehyde 1 to a series of anilines, 2 to 7, under the
same conditions (TFE, 80 °C, 16 hours) and observe precipita-
tion of triarylmethanes 9 to 14 in excellent yields, ranging from
89 to 99% (Table 1). The exceptional yields of 9 to 14 are likely
due in part to the insolubility of the triarylmethanes in alcoholic
solvents. Friedel-Crafts condensations are reversible, as
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Scheme 3 Synthesis of triarylmethane intermediates.

Table 1 Synthesis of triarylmethane intermediates

Aniline Product Conditions Yield®
A on TFE, 80 °C, 16 h? 98%
7
2 \g 9 MeOH, 60 °C, 16 h 58%
MeOH, rt, 16 h 22%
3 \)4 oH 10 TFE, 80 °C, 16 h 96%
O MeOH, rt 16 h 27%
\
4 HN/\©°" 11 TFE, 80 °C, 16 h 99%
N
5 /\/N\©/°H 12 TFE 80 °C, 16 h® 89%
6 i oH 13 TFE, 80 °C, 16 h” 92%
MeOH, rt, 16 h 65%
H,N OH
7 O/ 14 TFE, 80 °C, 16 h 97%

“ Isolated yields. ” Performed under a nitrogen atmosphere.

evidenced by the degradation of the triarylmethane intermedi-
ates in the presence of acid.** Precipitation from the reaction
medium drives reaction progression and contributes to the near
quantitative yields. For more soluble intermediates, like 13,
performing the reaction under an inert atmosphere improves
the yield, by avoiding premature oxidation to the final rhoda-
mine, which would otherwise complicate purification at this
stage (Table 1).

Some substrates are not compatible with this methodology.
Reaction of 1 with resorcinols does not yield the corresponding
phosphonofluorescein. Instead, the reaction produces just
a single addition of resorcinol to 1. Electron-rich anilines may
be required to stabilize the benhzydrilium intermediate and
promote a 2nd Friedel-Crafts addition (Scheme 2).

Further, azetidines are not currently compatible. Alcoholic
solvents promote cationic ring opening polymerization of aze-
tidines.*® Use of azetidine-substituted aminophenol 8 - which
would provide a mild route to phosphono JaneliaFluor inter-
mediate 15 - gives an intractable solid precipitate under our
current reaction conditions (Scheme S27).

After isolating triarylmethane intermediates 9 to 14 in high
yields and purity, we examined conditions for the dehydration
and oxidation to the corresponding 3-phosphonorhomdamines
16 to 21 (Scheme 4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of phosphonorhodamines.

In most cases, reflux in methanol with p-chloranil as an
oxidant leads to cyclization and oxidation to the corresponding
rhodamine. As dehydration and 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 depend
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 (80-99%, Table 2) without need for
further purification. Substrates 13 and 14 are sensitive to
chloranil oxidation, leading to decomposition. Instead, reflux in
methanol or DMSO with exposure to air is sufficient to promote
dehydration and oxidation to rhodamines 20 and 21 respec-
tively; however, these methods require purification by reverse
phase silica chromatography. The dehydration and oxidation of
14 to phosRho110, 21, is particularly low yielding (21%), owing
to the limited solubility of the fluorophore and challenging
purification. An alternative synthesis through de-allylation of 19
(Scheme S37) gives 21 in 71% yield (Table S27).

Finally, condensation of aminophenols with phosphonate
monoesters are also compatible with this reaction method-
ology. Condensation of phosphonate monoester 22 with 2, fol-
lowed by dehydration and chloranil oxidation affords
rhodamine 23 in 39% yield with the ethyl ester intact (Scheme
5). Although a reduced yield compared to the 98% for 16, these
results show that monoesters possess the ability to facilitate the
reaction via intramolecular activation of the aldehyde. Impor-
tantly the strongly acidic conditions typically required for these
condensations would result in phosphonate ester hydrolysis
and thus the direct synthesis of monoester 23 is a testament to
the mild nature of this chemistry. The reaction of 2 with the
diethylester of 1 gives no reaction in TFE or MeOH.

The conditions used to achieve high yields of phosphono-
rhodamines do not translate to high yields for 2-carboxy and 2-
sulfono rhodamines. While 2-carboxybenzaldehyde also
provides intramolecular activation,*?” reaction with 2 under
the same conditions produces carboxyTMR in only 31% yield
and requires chromatography (ESIT). This represents more than
a 3-fold decrease in the yield compared to phosTMR, 16. The
lower pK, of arylphosphonates compared to benzoic acids may
account for the differing reactivity. On the other hand, 2-sul-
fonobenzaldehyde does not produce sulfoTMR under these
conditions, suggesting the pK, 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 meth-
anesulfonic acid in just 12% yield (ESI?).

Chem. Sci., 2023, 14, 1365-11373 | 11367
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Table 2 Synthesis of phosphonorhodamines
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Triarylmethane Rhodamine Yield® 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%” MeOH, reflux, 48 h

14 21 phosRho110 21%5¢ DMSO, 100 °C, 12 h

“ Isolated yields. © After reverse phase silica chromatography. © 21 is also

/N\©/OH _N
o} 0
Z-0 NaOH (1 M) 79

B P~opt ——2—»
bEOtEt 5 :BS_BDCM ,‘:”?E' TFE, 80°C, 16 h
B 20- then
40°C,12h p-chloranil
70% 22 MeOH, reflux 3 hr

39%

Scheme 5 Direct synthesis of a functionalized phosTMR.

Spectroscopic characterization of 3-phosphonorhodamines

The spectroscopic properties of phosTMR, 16 and the ethyl ester
analog phosTMR-OEt, 23 are similar compared to sulfo- and
carboxyTMR (Fig. 1a-d and Table 3). Compound 16, phosTMR,
displays a small hypsochromic shift (546/564 nm), relative to

accessible by deallylation of 19 in up to 71% yield.

carboxyTMR (549/569 nm) in phosphate buffered saline (PBS, pH
7.4). On the other hand, phosTMR-OEt (23) has a slight bath-
ochromic shift in absorbance and identical emission (551/569
nm) to carboxyTMR. SulfoTMR absorbs at 556 nm and emits at
574 nm. 3-Substituents have little effect on the spectral profiles of
tetramethylrhodamines. The small wavelength shifts (~10 nm)
are explained by inductive differences of the pendant ring that
arise from these substitutions. Extinction coefficients, Stokes
shifts and quantum yields all display little variance in response to
3-substitution owing to the maintained orthogonality of the
xanthene chromophore and pendant rings (Table 3).
3-phosphonorhodamine 16 has substantially improved
water solubility (12 mM, PBS) compared to sulfono- and car-
boxyTMR (Fig. S1t). 16 is ~500x more soluble than

a) 404 m b)s o Y €)1.0- " d) 1.0- AR
2 I‘”’_ = }‘H 2 %&x > {‘l:
% % N 5 % Ik
c R c ! c g c sz '
15 M g [y 8 [l 8 1!
Eo5- [l Eos- Jill Eos4 K £05- Il
; ‘ . \ ) \ ; \
£ [il\ E [il\  E !\ \ E /il
= / \ = [ 1] = [ i)\ = i\
S \ J L 2 by, =2 fiy\N 8 [ 1\
z A___/ 1\ \ R/ AL e LN = K # i N
0.0 1 T 1 0.0 T T 1 7 0.0 T T 00 T T 1
300 400 500 600 700 300 400 500 600 700 300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
€)553+ 552 9)s552- h)sss
~552-€ 0] 550190 ©© 000 © 55646 w00 @ o
] € 548 £
555 i 5548 Eses E 554
546 = 546
& 550 3 3
€ £ 544 , € 544+
< 549 <5421 : ~< 542
: , 540
9 10 2
K)
E A
«2

16
carboxyTMR phosTMR
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Fig. 1 Spectroscopic characterization of tetramethylrhodamines. Normalized absorbance and fluorescence spectra (a—d) in PBS, plots of Amax

vs. pH (e—h) and corresponding chemical structures (i—1) for carboxyTMR

(a, eand i), phosTMR (b, f and j), phosTMR-OEt (c, g and k) and sulfoTMR

(d, hand ). pH titrations were performed in 10 mM buffered solutions (see ESIf) containing 150 mM NaCl ranging from pH 2.3 to 9.8 at a final dye
concentration of 2 pM. Where applicable, titration curves were fit to sigmoidal dose response curves (solid black) to enable pK, determination
(dashed red). Determined pKj, values are reported next to chemical structures (i—1).
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Rhodamine Amax /MM Aem”/Mm e’M~ em™? ° Solubility’ (mM)
carboxyTMR 549 569 78 000 0.45 0.9 £ 0.02
sulfoTMR 556 574 73000 0.46 0.02 £ 0.002
phOSTMR, 16 546 564 70000 0.52 12 £ 0.6
phOSRhOB, 17 553 570 75000 0.38 —

phOSRhO6G, 18 520 539 76 000 0.95 —

phosTAR, 19 540 559 53000 0.68 —

phos]ulR, 20 573 591 91 000 0.99 —

phOSRhOllO, 21 495 515 76 000 0.98 —
phOSTMR'OEt, 23 551 569 78 000 0.51 —

@ Measured in PBS. ? At maximum absorption. ¢ Measured in PBS, values are mean =+ standard deviation.

sulfonoTMR (0.02 mM) and ~12x more soluble than carbox-
yTMR (0.9 mM) (Table 3). This is a larger improvement in
solubility than phosphonofluorescein, which is ~2x more
soluble than the related carboxyfluorescein.'® While fluorescein
solubility correlates well with the 3-functionality pK,, relative
solubility of rhodamines appear more nuanced. In the absence
of the negatively charged phenolate of fluoresceins, 3-substit-
uents of rhodamines seem to have a greater impact on relative
solubility. Improved water solubility will be a boon for appli-
cations where removal of residual fluorophore is important to
improve contrast, for example, in vitro protein labelling or next
generation sequencing.**¢ 3-Phosphonorhodamine 16 shows
exceptional stability compared to carboxyTMR. After 1 year of
storage as a solid powder, under identical conditions, (at room
temperature, 15-22 °C, in the dark), carboxyTMR decomposed
into a complex mixture of compounds, including a substantial
amount of aniline demethylation (Fig. S21). However, phosTMR
showed no signs of degradation (Fig. S3+).

The absorbance intensity of 3-phosphonorhodamines 16, 17,
18, 19, 20, 21, and 23 at their respective Ayax values are all
insensitive to pH changes between pH 2 and 10 (Fig. S47). The
Amax Values of carboxyTMR and phosTMR shift by 3.5 and 8 nm,
respectively, as pH decreases (Fig. 1e and f). Protonation of the
3-substituent results in more electron-withdrawing inductive
character of the pendant ring - giving a red-shift in absorbance,
as predicted by the Dewar-Knot rules.>”*® Fitting the value of
Amax to non-linear sigmoidal curves reveals a 3-carboxylate pK,
of 3.4 and 3-phosphonate pK,, of 7.3. Neither phosTMR-OEt
nor sulfoTMR show a shift in absorbance wavelength Apax
across this pH range, indicating their pK, values are below 2
(Fig. 1g and h).

All new 3-phosphonorhodamines, 16-21, 23 (Table 3), show
characteristic rhodamine absorbance and emission spectra
(Fig. S47). As expected, changing the alkylation pattern of the
anilines results in spectral tuning of the absorption and emis-
sion wavelengths from 495/515 nm (21) to 573/591 nm (20). The
absorption intensity of all 3-phosphonorhodamines is insensi-
tive to pH (between 2 and 10) and phosphonate pK,, values
range from 7.2 to 7.6 (Fig. S4a-rf). The photostabilities of 16,
carboxyTMR, and sulfoTMR are indistinguishable from one
another (Fig. S4v—xt).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Tunable cellular localization of phosTMRs

Biologically labile acetoxy methyl (AM) esters are commonly
used to mask anionic functionalities, such as phosphonates, to
facilitate cell permeability.***' The AM ester masking strategy
can deliver 3-phosphonofluoresceins into cells, where hydro-
lysis by intracellular esterases releases the phosphonic acid,
trapping the fluorophore in the cytosol.'* We hypothesized that
a similar AM ester masking strategy could be exploited to deliver
phosTMRs into cells.

Treatment of phosTMR 16 with either ethyl bromide or
bromomethyl acetate with the presence of Ag(1) in MeCN yields
esterified phosTMRs 24 and 25 in 22% and 25% yield respec-
tively (Scheme 6). Acetoxymethyl 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 (Fig. S5 and S67). In the absence of PLE, car-
boxyTMR AM shows low levels of hydrolysis, while phosTMR
AM 25 shows about ~50% hydrolysis to the phosphonate
monoAM ester (Fig. S5 and S6t). Diethyl ester phosTMR-20Et
24 is resistant to hydrolysis in the presence or absence of PLE
(Fig. S77).

The identity of the phosphonate ester profoundly affects
cellular localization of phosphonorhodamines. Both phosTMR
16 and monoester phosTMR-OEt 23 show negligible cellular
fluorescence, since the doubly- and singly-ionized phospho-
nates preclude entry into cells (Fig. 2a and b). However, diesters
24 (ethyl ester) and 25 (AM ester) exhibit strong cellular fluo-
rescence. phosTMR-20Et 24 exhibits heterogeneous cellular
localization (Fig. 2c), which appears to co-localize to mito-
chondria (Fig. S8t), as expected for rhodamine esters.*

On the other hand, the more labile phosTMR AM 25 displays
more uniform cytosolic localization compared to either

23: Ry = H, R, = Et - 39%

|
@ _N 24: Ry =Ry = Et - 22%
25: Ry = Ry = AM - 25%
EtBr or ACOCH,Br R= “ ™\ Et
—_—
Ag,0 Q
4 A mol. sieves AM
MeCN, 50 °C, 24 h o

Scheme 6 Synthesis of phosTMR diesters 24 and 25.
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Fig. 2 Tunable localization of 3-phosphonoTMRs. Widefield fluores-
cence (a—d) and transmitted light (e—h) images of HEK293T cells
stained with 500 nM dyes 16 (a and e), 23 (b and f), 24 (c and g), or 25 (d
and h) in HBSS for 20 min at 37 °C. Quantification (i) of cellular fluo-
rescence. Values are mean fluorescence intensity + S.E.M. for n = 21,
32, 45, and 19 regions of interest (ROI) for each dye. Each ROl con-
tained between 2 and 20 individual cells. “n.s.” means that the cellular
fluorescence values were not above background fluorescence.
Coverslips were placed into fresh HBSS prior to imaging. Scale bar is 20
pum.

phosTMR-20Et 24 (Fig. 2d and S8e-hf) or carboxyTMR AM
(Fig. S9 and S10t). This is different from the behavior of the
diethyl ester of phosTMR 24 and different from the behavior of
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the AM ester of traditional carboxyTMR, which localize to
mitochondria (Fig. S91). The differential cellular localization of
25 may stem from intracellular AM hydrolysis to yield phosTMR
with a net negative charge (pK,, 7.3); the greater charge density
of phosTMR vs. carboxyTMR (net negative vs. net neutral at pH
7.4) likely precludes localization to the mitochondria.
phosTMR AM 25 also displays excellent cellular retention
(Fig. S10a-c, gt). Serial washing of stained cells showed no
decrease in the fluorescence intensity of 25, up to 36 min after
loading. On the other hand, after 3 washes carboxyTMR AM
shows a 40% decrease in mitochondrial fluorescence intensity
(Fig. S10d-f, gt), suggesting the additional negative charge
provided by a 3-phosphonate enhances cellular retention.

Voltage sensing with phosphonorhodamines

The high water solubility, tunable cellular localization, and
persistent anionic charge at physiological pH make phosTMR
well-suited for voltage imaging applications, where retention of
fluorophores on the extracellular surface of the plasma
membrane is a critical feature. Rhodamine Voltage Reporters
(RhoVRs) are a class of voltage sensing indicators that exhibit
absorption and emission profiles in the green to orange regions
of the visible spectrum. While voltage sensitive fluorophores
typically rely on 3-sarcosine (RhoVR 1)*? or 3-sulfonate (sRhoVR
1)* functionalities for membrane anchoring, expansion to a 3-
phosphonate (phosRhoVRs) would allow us to take advantage of
the scalability of the acid-free condensation chemistry.
Reaction of 5-bromo-2-phosphonobenzaldehyde 27 with 3-
dimethylaminophenol in TFE, results in precipitation of triar-
ylmethane 28 in quantitative yield (Fig. 3a). Dehydration and
oxidation with chloranil gives conversion to the corresponding
6-bromo-3-phosphonotetramethyl rhodamine. This is a large
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Fig. 3 Synthesis and characterization of phosRhoVR 1. (a) Synthesis of phosRhoVR 1, 30 from aldehyde 27. (b) Normalized absorbance (solid line)
and fluorescence emission (dashed line) spectra of phosRhoVR 1 in ethanol. (c) HEK cells stained with 500 nM phosRhoVR 1. Scale bar is 20 pm.
(d) 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. (e) Plot of AF/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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increase the in yield of the condensation to 29 (>99%) relative to
the 3-carboxy (57%) and 3-sulfono (44%) analogs.*>** This
reaction can be performed on at least a 1.5 mmol scale to
furnish hundreds of milligrams of pure material without
column chromatography.

Heck coupling of 29 to a phenylenevinylene molecular wire
produces phosRhoVR 1, 30, as a crude triethylamine salt which
can be purified by reverse phase silica chromatography in 76%
yield (0.76 mmol, 432 mg, Fig. 3a). In the comparable synthesis
of the 3-amide analog, RhoVR 1, Heck coupling to the analo-
gous 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.** The streamlined
and higher yielding synthesis of phosRhoVRs not only alleviates
the time-consuming bottleneck in voltage reporter synthesis but
also enables access to RhoVRs in much greater quantities
(hundreds vs. tens of milligrams at a time).

phosRhoVR 1 displays characteristic absorption and emis-
sion profiles of 3-phosphono-tetramethylrhodamine, centered
at 545 and 562 nm, respectively, with the addition of an
absorption band at 402 nm from the molecular wire (Fig. 3b). In
live HEK cells, fluorescence is localized primarily to the plasma
membranes (Fig. 3c). The negatively charged phosphonate is
sufficient to prevent internalization despite the positive charge
of the rhodamine. phosRhoVR 1 shows a nearly 2-fold
improvement in cellular brightness compared to RhoVR 1,
when loaded under identical conditions (500 nM, Fig. S11+).
Patch clamp electrophysiology coupled with fluorescence
microscopy reveals a voltage sensitivity of 37% AF/F per 100 mV
for phosRhoVR 1 (Fig. 3d and e), which is comparable but lower
than the reported 47% for RhoVR 1 and 44% for sRhoVR 1.*>*
However, given the improved cellular brightness, phosRhoVR 1
provides a nearly 2-fold increase in signal-to-noise for detecting
membrane potential changes. PhosRhoVR 1 shows retention on
the plasma membrane similar to RhoVR 1 (Fig. S12t). Both
RhoVR 1 and phosRhoVR 1 are well-retained on the plasma
membrane compared to di-4-ANEPPS, which shows some
internalization after 30 minutes (Fig. S127).

Conclusions

In summary, we report the synthesis of rhodamine fluorophores
bearing 3-phosphonates via relatively mild chemistry. This
chemistry relies on intramolecular aldehyde activation provided
by the phosphonic acid functionality, negating the need for
exogenous acid. Phosphonate substitution has little effect on
photophysical properties of rhodamines but provides a 12X to
500x increase in water solubility compared to 3-carboxyTMR or
3-sulfonoTMR. PhosphonoTMRs are suitable for live-cell
imaging. Intracellular delivery and retention of phosphono-
rhodamines can be controlled by esterification, and AM esters
of phosphonorhodamines show differential localization,
increased cell brightness, and improved retention compared to
traditional carboxy analogs.

Additionally, 3-phosphonate functionality is readily incor-
porated into voltage sensing scaffolds. Fluorescent voltage
reporters with a 3-phosphono group possess excellent voltage

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sensitivity, 2x improved cellular brightness, and can be
synthesized in hundreds of milligram quantities. Future work
will expand 3-phosphonate substitution to the entire family of
xanthene fluorophores, including rhodols and other 10’
heteroatom substitutions.
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