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Abstract: Phosphorus has been successfully fused into
a classic rhodamine framework, in which it replaces the
bridging oxygen atom to give a series of phosphorus-sub-
stituted rhodamines (PRs). Because of the electron-accept-
ing properties of the phosphorus moiety, which is due to
effective o*-m* interactions and strengthened by the in-
ductivity of phosphine oxide, PR exhibits extraordinary
long-wavelength fluorescence emission, elongating to the
region above 700 nm, with bathochromic shifts of 140
and 40 nm relative to rhodamine and silicon-substituted
rhodamine, respectively. Other advantageous properties of
the rhodamine family, including high molar extinction co-
efficient, considerable quantum efficiency, high water sol-
ubility, pH-independent emission, great tolerance to pho-
tobleaching, and low cytotoxicity, stay intact in PR. Given
these excellent properties, PR is desirable for NIR-fluores-
cence imaging in vivo.

- /

Advances in chemistry, environmental science, biology, and
medicine are often dependent on small-molecule fluorophores
with tailored chemical and photophysical properties to be
used as environmental indicators, biomolecular tags, or cellular
stains.! Among the various fluorophores, the well-known xan-
thene dye rhodamine has found extensive use due to favor-
able characteristics, including high absorptivity, excellent fluo-
rescence properties, great photostability, and tunability for
probe design.”’ Although rhodamine is widely used in bio-
imaging, the applications are facing a daunting challenge: the
absorption and emission wavelengths are typically below
600 nm, which are sometimes not suitable in vivo.”) Many ef-
forts have been made to obtain new rhodamine analogues
with longer emission wavelengths, but retained advantages of
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the parent fluorophore. One efficient way is to perturb the
skeleton of the xanthene core with other atoms, such as C,
Si,® Ge, Se,” and Te.® In particular, replacement of the bridg-
ing oxygen atom with a silicon atom elicits a 90 nm batho-
chromic shift compared with the parent rhodamine, yielding
near-infrared (NIR) Si-rhodamine with emission maximum at
around 650 nm.”’ Nonetheless, this is still not favorable for
practical bioimaging, because two longer wavelength windows
at 700 nm and 800 nm with deeper tissue penetration and
lower background fluorescence are often used.”” More recently,
Nagano and co-workers applied a ring-expansion strategy to
the Si-rhodamine scaffold and obtained two NIR fluorescent
dyes with the emission wavelength elongated to 700 nm.['”
Klan and co-workers synthesized 9-phenylethynyl Si-pyronine
with an emission-wavelength maximum at 730 nm."" However,
the proposed strategies stated above still have some disadvan-
tages, such as restricted structural flexibility or diminished fluo-
rescence quantum yield.

The fusion of main-group elements into rhodamine frame-
work to replace the bridging oxygen atom has become an at-
tractive research area, because the replacing atoms can effec-
tively tune the chemical and photophysical properties of the
fluorescent dye at the electronic level, resulting in a revolution
of the traditional rhodamine.”'? Surprisingly, the replacing
atoms have so far been mainly limited to groups 16 and 14 el-
ements, whereas atoms in other groups have received little at-
tention. We anticipate that fusing new groups of atom into
the rhodamine framework might boost the development of
rhodamine-inspired fluorophores with intriguing chemical and
photophysical properties. Furthermore, it will provide more in-
sights into the effects exerted by the replacing atoms.

Organophosphorus species have attracted great interest due
to the unique optical and electronic features."® Phosphorus
offers a peculiar geometry, which gives rise to o*-n* orbital
coupling when incorporated within conjugated ring systems,
altering the energy level of the LUMO. The electron-accepting
properties of the phosphorus moiety can be further increased
by phosphine oxides (P-oxides), which tune the chemical and
photophysical properties. Because of these attractive features
of the phosphorus moiety, phosphacyclic t-conjugated materi-

als have been widely applied in organic light-emitting
diodes,™ organic photovoltaic cells™ and fluorescent
probes.l'

Inspired by the unique geometrical and electronic character-
istics of phosphorus, we successfully fused a phosphorus atom
into the rhodamine framework to replace the bridging oxygen
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atom and obtained a series of phosphorus-substituted rhoda-
mines (PR, Scheme 1) with fluorescence emission extended
into the region above 700 nm. To the best of our knowledge,
this is the first example of a phosphorus-substituted rhoda-
mine with distinctive long-wavelength NIR emission. Further-
more, we demonstrated the superior characteristics for in vivo
imaging, including excellent NIR photophysical properties,
high water solubility, great photostability, and low cytotoxicity.

Two approaches have been established to synthesize PR.
The synthetic route is shown in Scheme 2 and the procedures
are described in detail in the Supporting Information. Key in-

Previous work This work
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Scheme 1. The design strategy for PR.
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Scheme 2. Synthesis of PRs (DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none; TsOH = p-toluenesulfonic acid).

termediate bis(3-(diethylamino)phenyl)(methyl)phosphine
oxide (NEt,-MDPP) was synthesized from methyldiphenylphos-
phine (MDPP) by steps of nitration, reduction, and alkylation
according to reported procedures.”” The following coupling
and oxidation afforded the phosphorus-containing xanthone
(PX). In the 'H NMR spectra, hydrogen atoms from the methyl
group bonded to the phosphorus atom (P-Me) split into a dou-
blet resonating at approximately 6=2ppm with J_,
~13 Hz."""® With NEt,-MDPP and PX in hand, we designed
and synthesized Me-PR by inserting 2-methyl phenyl at the 9-
position of the xanthene core through a condensation process
with NEt,-MDPP" or a typical organometallic addition to
PX.®! Both approaches lead to the desired product; the former
through a simpler procedure and the later with higher yields.
A green solid was obtained after purification through C18
semi-preparative liquid chromatography. As exhibited in
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Figure 1. Partial '"H NMR and *'P NMR spectra of PRs.

Figure 1, two sets of split doublets assigned as P-Me were
found (0=1.95 and 1.93 ppm, Jy =124 Hz and 12.4 Hz, re-
spectively). Furthermore, the *'P NMR spectrum displays two
neighboring peaks (0=15.55 and 15.36 ppm), indicating the
existence of two types of phosphorus atoms in the molecule.
The NMR results clearly suggested that Me-PR exists in two ste-
reoisomers: the cis form (two methyl moieties, one with
methyl bonded to the phosphorus and the other bonded to
the phenyl ring, are on the same side of the plane defined by
the phosphorus replaced xanthene group) and the trans form
(the two methyl groups on opposite sides). HPLC analyses fur-
ther demonstrated that two isomers were present at the ratio
of approximately 1:1 (Figure S1 and S2 in the Supporting Infor-
mation). Great efforts have been devoted to separate the two
isomers. Unfortunately the separation failed due to extremely
similar structures and polarities. To avoid isomerization, sym-
metric PRs, with no methyl substitution and tMe-PR with
2’4 ,6'-trimethyl substitution were designed, synthesized and
characterized as stereoisomerically pure PRs. Meanwhile, the
oxygen and silicon rhodamine analogues (Me-OR and Me-SiR;
see the Supporting Information) were also prepared for com-
parison. All new compounds were characterized by mass spec-
trometry and NMR spectroscopy.

Figure S3 in the Supporting Information shows the colors
and Figure 2 gives the absorption and emission spectra of the
PRs, as well as the congeners Me-OR and Me-SiR in PBS at
pH 7.4. The solutions of Me-OR, Me-SiR, and Me-PR are red,
blue, and light green, respectively. Although the profile of the
absorption spectra were very similar, the PRs exhibit large red-
shifts, producing bathochromic shifts of 140 and 40 nm com-
pared with Me-OR and Me-SiR, respectively. The UV spectra ob-
tained from the HPLC analysis show that the absorption of the
two Me-PR isomers matched well, indicating similar spectral
properties (Figure S1 in the Supporting Information). All PRs
exhibit emission maxima at about 710 nm, undergoing a similar
redshift trend. Detailed photophysical properties of the PRs in
different media are summarized in Table 1 (Figures S4-S6 in
Supporting Information). In the same solvent, different PRs
have similar absorption (1,,) and emission maxima (4.,,), sug-
gesting that methyl substitution exerted negligible impact on
the spectral features. However, the fluorescence quantum effi-
ciency (D5 improved with increasing number of methyl sub-
stituents, because of the reduction of energy loss by restricted
rotation. In the series of PRs, the maximum absorption and
emission in PBS and ethanol underwent a moderate redshift
(ca. 10 nm) relative to those in acetonitrile and dichlorome-
thane. This shift is ascribed to the polarity of solvent, which in
turn has a negative impact on fluorescence quantum efficiency

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The absorption and emission spectra of Me-OR, Me-SiR, and the
PRs in PBS at pH 7.4.

Table 1. The spectral properties of PRs in different solvents.”

Dyes Solvent habs [NM] eM'em™] Aem [NM] [x
DCM 688 9.0x10* 702 0.15
bR MeCN 682 9.2x10* 700 0.14
EtOH 690 - 709 -
PBS®! 694 6.5%10* 712 0.06
DCM 688 1.1x10° 702 0.36
Me-PRE MeCN 684 9.8x10* 700 0.26
EtOH 691 6.6x10* 709 0.11
PBS®! 694 9.2x10* 712 0.1
DCM 687 9.2x10* 703 0.42
Me-PR MeCN 684 7.1x10* 702 0.27
EtOH 691 1.0%x10° 710 0.20
PBS™ 696 6.8x10* 713 0.15

[a] Measured in solution containing 1% DMSO. [b] Quantum yields deter-
mined with reference Cy5.5 as standard (@;=0.23 in PBS). [c] Determined
with isomer mixtures without isolation.

of PRs. Me-PR and tMe-PR exhibited high molar extinction co-
efficient and considerable fluorescence quantum efficiency for
further applications as NIR fluorescence dyes.

To further evaluate the electronic effects of phosphorus on
the photophysical properties of PR, we performed time-depen-
dent (TD) DFT calculations for Me-PR and the congeners by
using Becke’s parameter exchange functional, the LYP correla-
tion functional, and Pople’s double zeta basis with both diffuse
and polarization functions (B3LYP/6-31+G(d)).”” As shown in

Chem. Eur. J. 2015, 21, 16754 - 16758 www.chemeurj.org

16756

CHEMISTRY

A European Journal

Communication
, ; ; i
7o sy 08, 080
| 2 g 5 ‘u o’
5 "303 3.2, - o ':, bar Al
64 -554ev T —_
B SN 5.69ev -6.02eV b
74
] - Srdev _
] 8.3? eV - 8.3? ev 6.4? eVHOMO
o] 4 | i :
O PO s, ¥ . A ,
Me-OR Me-SiR cis-Me-PR trans-Me-PR

Figure 3. Computed frontier orbitals and energy levels of the dyes Me-OR,
Me-SiR, cis-Me-PR, and trans-Me-PR with isodensity =0.2.

Figure 3, the HOMO was spread over the entire m system in
each dye, whereas the LUMO resides partially on the bridging
atom; this shows a partial charge-transfer feature for the excit-
ed state. Particularly, the LUMO in Me-PR is shared with the
electrons on the P-oxide moiety. This distribution of the
LUMOs in Me-PR is a result from the inductive effects of the P-
oxide moiety, which can accept the excited electrons from the
conjugated st system. The intramolecular charge transfer stabi-
lized the excited state of Me-PR and lowered the LUMO energy
level. Moreover, the effective o*-m* orbital interactions be-
tween P—Me, P=0O and the fluorophore further lowered the
energy of the LUMO of Me-PR, leading to the lowest LUMO
energy level in the dyes.”” The theoretical study also showed
that the absorptions were crucially determined by the HOMO-
LUMO transition (Table ST in Supporting Information). The
HOMO-LUMO energy gaps were 2.37, 2.38, 2.46, and 2.82 eV
for cis-Me-PR, trans-Me-PR, Me-SiR, and Me-OR, respectively;
these values correlate well with the bathochromic shifts ob-
served in the spectra. The two isomers of Me-PR, cis-Me-PR,
and trans-Me-PR exhibited similar HOMO and LUMO shapes
and orbital energy levels, indicating that they possess similar
photophysical properties. Overall, the electron-accepting capa-
bility of the phosphorus moiety, which is mainly caused by the
o*-m* interactions and inductivity of the phosphine oxide,
largely lowers the energy level of the LUMO, thus significantly
narrows the HOMO-LUMO gaps. As a manifestation, the ab-
sorption and emission of PRs are substantially redshifted.
Considering the promising application of PRs in vivo, the
properties were scrupulously evaluated. Firstly, we examined
the spectral properties of PRs at different pH values in PBS. As
shown in Figure S7 in the Supporting Information, the PRs
keep the green color and constant strong fluorescence over
a wide pH range from pH2 to 12, confirming the pH-inde-
pendent emission of the PRs at wide pH range. Photostability
is crucial for fluorescent dyes, because it ensures prolonged
observation. We further investigated the photobleaching toler-
ance of the PRs. Figure S8 in the Supporting Information
shows the change in emission of the PRs upon light irradiation.
Cy5.5, which is widely used as a labeling agent in vivo, was
also examined for comparison, because it has similar spectral
regions of absorption and emission as the PRs. Cy5.5 under-
went obvious diminution of the emission upon light irradia-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion. In contrast, Me-PR and tMe-PR exhibited no noticeable
changes in the emission intensity under the same conditions,
suggesting that Me-PR and tMe-PR have excellent photostabili-
ty similar to that of the rhodamine and Si-rhodamine conge-
ners.?? Additionally, MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide) assays revealed that the cell
viabilities of HepG2 cells were not noticeably affected by incu-
bation with 1-10 um of the PRs for 24 h, demonstrating low
cytotoxicity (Figure S9 in Supporting Information). These re-
sults suggest that Me-PR and tMe-PR possess superior proper-
ties and are expected to serve as excellent fluorescent dyes for
bioimaging in vivo.

To evaluate the capability of PRs in NIR bioimaging, Me-PR
and tMe-PR were applied to stain living HepG2 cells and
normal mice. PR can be readily loaded into living cells without
any further modification, confirming similar membrane perme-
ability to parent rhodamine. Figure 4 shows the red fluores-

Figure 4. Fluorescence images of HepG-2 cells stained with 5 uM tMe-PR
(left) and DAPI (right).

cence inside the cells stained with tMe-PR (Figure S10 in the
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oxygen atom with phosphorus. The fluorescence emission
show bathochromic shifts of 140 and 40 nm relative to rhoda-
mine and Si-rhodamine, respectively, owing to the electron-ac-
cepting character of the phosphorus moiety. We also demon-
strate that the PRs can be used for practical in vivo imaging
due to superior characteristics, such as NIR emission extended
into the region above 700 nm, high molar extinction coeffi-
cient, sufficiently large quantum efficiency, high water solubili-
ty, pH-independent emission, great tolerance to photobleach-
ing, and low toxicity. The construction of PR provides the pros-
pect of multicolor imaging and NIR-fluorescent probe design.
Experiments focusing on applications of this new fluorophore
are currently underway and will be published in due course.
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