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In this study, we present an efficient and general strategy for the individual preparation of both isomers
of 5(6)-functionalized xanthene-based fluorophores. Spectroscopic analysis of the acid-base equilibrium
of 5(6)-nitro xanthene dyes has shown that they exist predominantly in the colorless spirolactone form
in certain aprotic dipolar solvents. In such solvents, regioisomerically selective ipso-substitution of the
nitro group by sodium azide occurs at the 6- position but not at the 5- position due to the electron-
withdrawing spirolactone moiety at the para-position, relative to the nitro group. This reaction allows
the separation of the isomer with the 6-azide group and the intact 5-nitro isomer. The 5-nitro group of
the latter was then reduced to an amino group and subsequently converted to an azide group. This
strategy enables the preparation of both the 5- and 6-functionalized isomers individually from a mixture
of precursors, which is otherwise unachievable. The azide isomers were then compared in reactivity by
strain-promoted azide-alkyne cycloaddition (SPAAC) with bicycle[6.1.0]non-4-yene (BCN).

© 2020 Published by Elsevier Ltd.
1. Introduction

Xanthene-based dyes, such as fluoresceins and rhodamines, are
widely used in various bioassays as labeling agents and fluores-
cence probes, because they have a variety of visible light emissions
ranging from blue-green to red, a high molar extinction coefficient
and quantum efficacy, high water-solubility, and are easy to syn-
thesize and derivatize [1,2].

Since xanthene dyes are composed of a meso-phenyl ring and a
xanthene moiety, they can be derivatized to give various functions
by modifying the phenyl-ring moiety while retaining water-
solubility and resistance to self-aggregation. In this context, 5- or
6-functionalization of the meso-phenyl ring in the xanthene de-
rivatives is crucial for the synthesis of fluorogenic probes and for
the modification and bioconjugation of biopolymers [3]. For
example, 5(6)-aminofluorescein is a key intermediate to lead to the
respective isothiocyanate (ITC), iodo (-I), and azide (-N3) derivatives
[4]. These 5(6)-functionalized fluorescein derivatives have been
used as labeling agents of target proteins [5,6], synthetic in-
termediates for coupling reactions [7,8], fluorogenic probes [9,10],
enient synthesis of regioisom
click reaction, Tetrahedron, h
and have also been applied to the click reaction [11,12].
However, previously reported biological applications of

different regioisomers have shown different results between the
isomers [13,14]. In addition, fluorogenic probes based on 5- and 6-
functionalized fluorescein derivatives were reported to show dif-
ferences in target selectivity [15] or enzymatic kinetic parameters
[16] between regioisomers. These examples suggest that sensing
applications should be performed with both isomers to avoid
misinterpretation based on the results obtained with only one
isomer. Further, to developing more sophisticated probes, it is
desirable to assess the sensing performance (e.g. selectivity and
reactivity) of fluorogenic probes for each regioisomer.

A typical synthetic procedure based on the acid catalyzed
condensation of asymmetric 4-functionalized phthalic anhydride
and resorcinol or aminophenol produces a regioisomeric mixture of
5(6)-functionalized xanthene-based dyes. To address this problem,
numerous efforts have been dedicated to separate the isomers of
xanthene derivatives by fractional recrystallization [4,17,18] or to
prepare a single isomer with the use of an asymmetric starting
material [19]. These approaches have often been applied to the
preparation of pure regioisomers of 5- and 6-carboxyfluorescein. In
contrast, synthetic procedures for the preparation of pure isomers
functionalized with an azide or amino group at the 5- or 6-position
erically pure 5- and 6-functionalized xanthene dyes via SNAr reaction
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have not been reported. This is partly because xanthene dyes with a
nitro group at the 5- or 6-position have similar physicochemical
properties to each other, which prevents fractional recrystalliza-
tion. Malakhov and Burgess succeeded in the synthesis of pure
regioisomeric 5-functionalized 2ʹ, 7ʹ-dichlorofluorescein (DCF) by
recrystallization [20]. Although the 5-isomer is useful by itself, the
6-isomer is not obtained by this approach, so that it is impossible to
compare the labeling kinetics and optical properties of the two
isomers.

Here we present a simple synthetic strategy based on the
regioisomer selective SNAr azidation that selectively provides in-
dividual azide- or amino-functionalized regioisomers. Optimiza-
tion of the aprotic dipolar solvent used shifts the equilibrium
between the open and closed form completely to a closed spi-
rolactone, allowing the ipso-substitution of the nitro group at 6-
position. Based on this, both regioisomers were prepared for two
fluorophores, DCF and tetramethylrhodamine (TMR), allowing for
comparison of their reactivity and changes in their spectroscopic
properties. Then 5-N3DCF was compared with the 6-isomer in
reactivity by strain-promoted azide-alkyne cycloaddition (SPAAC)
with bicycle[6.1.0]non-4-yene (BCN). Our new synthetic method
allows for the convenient regioselective preparation of function-
alized xanthene dyes and facilitates the development of new la-
beling dyes that can be used in the field of biochemistry and
chemical biology.

2. Materials and methods

2.1. General procedures

All reagents were purchased from commercial suppliers and
used without further purification. 1H and 13C NMR spectra were
obtained with the DRX-400 spectrometer (Bruker, Billerica, MA,
USA) at 400 and 100 MHz, respectively. Chemical shifts (d) were
calibrated to the solvent peak (d 2.49 and 39.5 for 1H and 13C NMR
in DMSO‑d6). A precoated thin layer chromatography (TLC) plate
(Merck, silica gel 60 F254, No. 1.05715.0001) was used for TLC
analysis. Column chromatography was performed with silica gel
(200e300 mesh) (Kanto Chem. Inc.). High resolution mass spectra
(HRMS) were obtained from a micro mass LCT spectrometer (Wa-
ters, Milford, MA, USA) under positive or negative electro spray
ionization (ESIþ or ESI�) conditions. The absorption spectra of each
compound (50 mM) were measured with a V-550 UV/VIS spectro-
photometer (JASCO Corp., Tokyo, Japan).

2.2. HPLC analysis

HPLC analysis was performed on a HPLC system composed of a
pump (LC-20AT, Shimadzu) and a photodiode array detector (SPD-
M20A, Shimadzu). Clarity software (DataApex, Czech Republic) was
used for operation of the system and data analysis. For the time
course analysis, 1.5 mL of the reaction mixture was taken and mixed
with in 1.5 ml of 10 mM ammonium acetate containing 200 mM
DCF. The solution (25 mL) was injected and subjected to the analysis.
Separation was achieved on a Mightysil RP-18 GP column
(250mm� 4.6mm (5 mm); Kanto Chemical, Tokyo, Japan) Eluent A:
B ¼ 85: 15 / 50: 50 (20 min) / 50: 50 (30 min) at a flow rate of
1.0 ml/min. A: 10 mM ammonium acetate, B: MeCN.

2.3. Organic synthesis

2.3.1. 5(6)-Nitro-2ʹ,7ʹ-dichlorofluorescein (5(6)-NO2DCF)
A suspension of 4-nitrophthalic anhydride (2.05 g, 10.6 mmol)

and 4-chlororesorcinol (4.63 g, 32.0 mmol) in CH3SO3H (5 ml) was
stirred at 100 �C for 11 h. After the mixture cooled to room
Please cite this article as: M. Mori et al., Convenient synthesis of regioisom
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temperature, it was poured onto H2O (100 ml) on ice. The mixture
was basified with 10 N NaOH to pH 14 and stirred at room tem-
perature. The mixture was acidified with concentrated HCl to pH 2
and the precipitate was collected by filtration and washed three
times with ice-cold H2O. The residue was purified by silica gel
column chromatography (CHCl3/MeOH ¼ 10/1 to 2/1) to yield 5(6)-
NO2DCF as an orange solid (2.75 g, 6.16 mmol, yield 58%).

2.3.2. 6-Azido-2ʹ,7ʹ -dichlorofluorescein (6-N3DCF), 5-nitro-2ʹ,7ʹ-
dichlorofluorescein (6-NO2DCF)

To a suspension of 5(6)-NO2DCF (467 mg, 1.05 mmol, 5-isomer:
6-isomer¼ 1:1) in HMPA (2 ml), sodium azide (211 mg, 3.25 mmol)
was added slowly and the reaction mixture was stirred at 80 �C for
4 h. After it was cooled to room temperature, the reaction mixture
was diluted with saturated aqueous NaH2PO4 and the mixture was
extracted three times with AcOEt. The organic layer was washed
twice with saturated NaH2PO4, once with brine, dried over anhy-
drous MgSO4, filtered, and evaporated under reduced pressure. The
residue was purified by silica gel column chromatography (CHCl3/
MeOH¼ 10/1 to 4/1), yielding 6-N3DCF (234 mg, 0.530 mmol, yield
50%) and 5-NO2DCF (155 mg, 0.348 mmol, yield 33%) as a red solid.

2.3.3. 6-N3DCF
1H NMR (400 MHz, DMSO‑d6) d 11.08 (2H, br), 7.98 (1H, d,

J ¼ 8.2 Hz), 7.40 (1H, dd, J ¼ 8.2, 1.8 Hz), 7.13 (1H, d, J ¼ 1.8 Hz), 6.88
(2H, s), 6.71 (2H, s). 13C NMR (100 MHz, DMSO‑d6) d 167.4, 155.1,
153.7,150.0,147.4,128.3,126.8,122.2,121.9,116.2,114.3,110.2,103.6,
81.0. HRMS (ESI-TOF) m/z calculated: C20H8N3O5Cl2 [M � H]-:
439.9841, 441.9812, found: 439.9844 (þ0.3 mmu), 441.9820 (þ0.8
mmu).

2.3.4. 5-NO2DCF
1H NMR (400MHz, DMSO‑d6) d 8.87 (1H, d, J¼ 2.3 Hz), 8.38 (1H,

dd, J ¼ 8.5, 2.5 Hz), 7.54 (1H, d, J ¼ 8.2 Hz), 6.67 (2H, s), 6.21 (2H, s).
HRMS (ESI-TOF) m/z calculated: C20H10NO7Cl2 [MþH]þ: 445.9834,
447.9805, found:445.9835 (þ0.1 mmu), 447.9809 (þ0.4 mmu).

2.3.5. 6-Amino-2ʹ,7ʹ-dichlorofluorescein (6-NH2DCF)
A solution of 6-N3DCF (150 mg, 0.340 mmol) and Na2Se9H2O

(163 mg, 0.677 mml) in H2O (3 ml) was stirred at 50 �C for 30 min.
After the solution was cooled to room temperature, saturated
aqueous NaH2PO4 was added to the mixture, and the mixture was
extracted with AcOEt. The organic layer was then washed twice
with saturated aqueous NaH2PO4, once with brine, then dried over
anhydrous MgSO4, filtered, and evaporated under reduced pres-
sure. The residue was purified by silica gel column chromatography
(CHCl3/MeOH¼ 10/1 to 4/1) to give the title solid as an orange solid
(101 mg, 0.242 mmol, yield 71%). 1H NMR (400 MHz, DMSO‑d6)
d 11.06 (2H, br), 7.60 (1H, d, J ¼ 8.2 Hz), 6.87 (2H, s), 6.78 (1H, dd,
J ¼ 8.7, 1.8 Hz), 6.68 (2H, s), 6.37 (2H, s), 6.12 (1H, d, J ¼ 1.4 Hz). 13C
NMR (100 MHz, DMSO‑d6) d 168.4, 155.8, 155.3, 154.9, 149.8, 128.0,
126.4, 116.1, 115.9, 111.5, 111.4, 105.3, 103.6, 79.3. HRMS (ESI-TOF)m/
z calculated: C20H10NO5Cl2 [M � H]-: 413.9936, 415.9907, found:
413.9940 (þ0.4 mmu), 415.9915 (þ0.8 mmu).

2.3.6. 5-Amino-2ʹ,7ʹ-dichlorofluorescein (5-NH2DCF)
A solution of 5-NO2DCF (101 mg, 0.227 mmol) and Na2Se9H2O

(206mg, 0.857mml) in H2O (2 ml) was stirred at 60 �C for 2 h. After
the solution was cooled to room temperature, saturated aqueous
NaH2PO4 was added to the mixture, and the mixture was extracted
three times with AcOEt. The organic layer was then washed twice
with saturated aqueous NaH2PO4, once with brine, then dried over
anhydrous MgSO4, filtered, and evaporated under reduced pres-
sure. The residue was purified by silica gel column chromatography
(CHCl3/MeOH ¼ 4/1) to give the title compound as an orange solid
erically pure 5- and 6-functionalized xanthene dyes via SNAr reaction
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(40.1 mg, 0.0963 mmol, yield 42%). 1H NMR (400 MHz, DMSO‑d6)
d 11.08 (2H, br), 7.23e6.77 (5H, m), 6.65 (2H, s), 5.85 (2H, s). HRMS
(ESI-TOF) m/z calculated: C20H10NO5Cl2 [M � H]-: 413.9936,
415.9907, found: 413.9937 (þ0.1 mmu), 415.9911 (þ0.4 mmu).
2.3.7. 5-Azido-2ʹ,7ʹ-dichlorofluorescein (5-N3DCF)
To a solution of 5-NH2DCF (24.1 mg, 0.0579 mmol) in AcOH/H2O

(1.2 ml, 1:1), sodium nitrite (8.1 mg, 0.020 mmol) was added on ice
and stirred on ice for 1 h. Sodium azide (11.7 mg, 0.180 mmol) was
added to the reaction mixture and stirred on ice for 1 h. Then, the
reaction mixture was stirred at room temperature for 1.5 h. After
saturated NaH2PO4 was added to the mixture, the solution was
extracted three times with AcOEt. The organic layer was washed
twice with saturated aqueous NaH2PO4, once with brine, dried over
anhydrous Na2SO4, filtered, and evaporated under reduced pres-
sure. The residue was purified by silica gel column chromatography
(CHCl3/MeOH ¼ 4/1) to give the title solid as an orange solid
(20.5 mg, 0.0464 mmol, yield 80%). 1H NMR (400MHz, DMSO‑d6) d:
11.12 (2H, br), 7.63 (1H, d, J ¼ 1.8 Hz), 7.52 (1H, dd, J ¼ 8.2, 2.3 Hz),
7.36 (1H, d, J ¼ 8.2), 6.88 (2H, s), 6.73 (2H, s). HRMS (ESI-TOF) m/z
calculated: C20H8N3O5Cl2 [M � H]-: 439.9841, 441.9812, found:
439.9845 (þ0.4 mmu), 441.9819 (þ0.7 mmu).
2.3.8. 5(6)-Nitro-2ʹ,7ʹ-tetramethylrhodamine (5(6)-NO2TMR)
A suspension of 4-nitrophthalic anhydride (1.03 g, 5.33 mmol)

and 3-(dimethylamino)phenol (1.65 g, 12.0 mmol) and poly-
phosphoric acid (105 mg) in DMF (30 ml) was stirred at 120 �C for
12 h. After cooling to room temperature, the solution was evapo-
rated under reduced pressure. The residue was dissolved in
methanol (5 ml) and the methanol solution was poured onto H2O
(100 ml) on ice. The precipitate was collected by filtration and
washed three times with ice-cold water. The residue was purified
by silica gel column chromatography (CHCl3/MeOH ¼ 8/1 to 1/1) to
give 5(6)-NO2TMR as a red solid (131 mg, 0.304 mmol, yield 6%).
2.3.9. 6-Azido-tetramethylrhodamine (6-N3TMR), 5-azido-
tetramethylrhodamine (5-N3TMR)

To a suspension of 5(6)-NO2TMR (104 mg, 0.242 mmol/isomer,
5-isomer:6-isomer ¼ 1:1) in NMP (2 ml), sodium azide (55.2 mg,
0.846 mmol) was added slowly and the reaction mixture was stir-
red at 80 �C for 3 h. After cooling to room temperature, the reaction
mixture was diluted with saturated aqueous NaHCO3. The precip-
itate was collected by filtration and washed three times with ice-
cold water. The crude extract was purified by silica gel column
chromatography twice (CHCl3/MeOH ¼ 10:1 and 1:1, respectively),
yielding 6-N3TMR (13.9 mg, 0.0325 mmol, yield 13%) and 5-
NO2DCF (44.1 mg, 0.102 mmol, yield 42%) as red solids.
2.3.10. 6-N3TMR
1H NMR (400 MHz, DMSO‑d6 plus 30% DClaq) d 8.18 (1H, d,

J ¼ 8.7 Hz), 7.47 (1H, dd, J ¼ 8.7, 2.3 Hz), 7.19 (1H, d, J ¼ 2.3 Hz), 7.05
(2H, dd, J¼ 9.1, 2.3 Hz), 7.01 (2H, d, J¼ 9.6), 6.89 (2H, d, J¼ 2.3), 3.21
(12H, s). 13C NMR (100MHz, DMSO‑d6 plus 30% DClaq) d 165.7, 157.2,
157.1, 144.6, 135.8, 133.4, 131.0, 127.1, 121.1, 115.1, 113.3, 96.5, 40.9.
HRMS (ESI-TOF) m/z calculated: C24H22N5O3 [MþH]þ: 428.1723,
found: 428.1718 (�0.5 mmu).
2.3.11. 5-NO2TMR
1H NMR (400 MHz, DMSO‑d6) d 8.64 (1H, d, J¼ 1.8 Hz), 8.53 (1H,

dd, J ¼ 8.5, 2.1 Hz), 7.49 (1H, d, J ¼ 8.7 Hz), 6.59 (2H, d, J ¼ 8.7 Hz),
6.51 (2H, d, J ¼ 2.3 Hz), 6.48 (2H, dd, J ¼ 8.7, 2.7 Hz), 2.94 (12H, s).
HRMS (ESI-TOF)m/z calculated: C24H21N3O5Na [MþNa]þ: 454.1379,
found: 454.1371 (�0.8 mmu).
Please cite this article as: M. Mori et al., Convenient synthesis of regioisom
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2.3.12. 6-Amino-tetramethylrhodamine (6-NH2TMR)
A suspension of 6-N3TMR (34 mg, 0.078 mmol) and Na2Se9H2O

(88 mg, 0.37 mml) in MeOH/H2O (2 ml, 1:1) was stirred at 60 �C for
1 h. A suspension of Na2Se9H2O (108 mg, 0.451 mml) in MeOH
(1ml) was added to the reactionmixture and stirred at 70 �C for 1 h.
After the solution was cooled to room temperature, saturated
aqueous NaH2PO4 was added to the mixture, and the mixture was
extracted three times with AcOEt. The organic layer was washed
with brine, then dried over anhydrous MgSO4, filtered, and evap-
orated under reduced pressure. The residue was purified by silica
gel column chromatography (CHCl3/MeOH/MeCN ¼ 4/1/1) to give
the title solid as a brown solid (19 mg, 0.048 mmol, yield 62%). 1H
NMR (400 MHz, DMSO‑d6) d 7.55 (1H, d, J ¼ 8.2 Hz), 6.72 (1H, dd,
J ¼ 8.5, 1.6 Hz), 6.65e6.36 (6H, m), 6.27e6.00 (3H, m), 2.93 (12H, s),
13C NMR (100 MHz, DMSO‑d6) d 169.1, 155.4, 151.9, 151.8, 128.4,
125.8, 115.2, 112.6, 109.0, 107.4, 105.7, 97.9, 79.2, 39.9. HRMS (ESI-
TOF) m/z calculated: C24H24N3O3 [MþH]þ: 402.1818, found:
402.1811 (�0.7 mmu).

2.3.13. 5-Azide-tetramethylrhodamine (5-N3TMR)
A suspension of 5-NO2TMR (38.4 mg, 0.0891 mmol) and

Na2Se9H2O (101 mg, 0.422 mml) in H2O/DMSO (2 ml, 1:1) was
stirred at 60 �C for 30 min. After the solution was cooled to room
temperature, saturated aqueous NaH2PO4 was added to the
mixture, and the mixture was extracted three times with AcOEt.
The organic layer was washed with brine, then dried over anhy-
drous MgSO4, filtered, and evaporated under reduced pressure. The
crude extract, obtained by column separationwith silica gel (CHCl3/
CH3OH¼ 4/1 to 1/1), was used for the next reactionwithout further
purification. To a solution of crude extract in H2O/AcOH (1.2 ml,
1:2), sodium nitrite (18.9 mg, 0.274 mmol) was added and stirred
on ice for 1 h. Then, sodium azide (21.0 mg, 0.323mmol) was added
and stirred on ice for 1 h and then at room temperature for 1.5 h.
The solution was diluted with saturated NaH2PO4 and extracted
three times with AcOEt. The organic layer was washed twice with
saturated aqueous NaH2PO4, once with brine, dried over anhydrous
Na2SO4, filtered, and evaporated under reduced pressure. The res-
idue was purified by silica gel column chromatography (CHCl3/
MeOH ¼ 4/1) to give the title compound as a dark purple solid
(11.4 mg, 0.0267 mmol, yield 30% in two steps). 1H NMR (400 MHz,
DMSO‑d6) d 7.62 (1H, d, J¼ 1.8 Hz), 7.48 (1H, dd, J¼ 8.2, 2.3 Hz), 7.23
(1H, d, J ¼ 8.2 Hz), 6.55e6.44 (6H, m), 2.93 (12H, s). 13C NMR
(100 MHz, DMSO‑d6) d 168.0, 152.2, 152.0, 148.8, 141.5, 128.41,
128.37, 126.6, 125.6, 114.3, 109.0, 105.8, 98.0, 85.0, 39.8. HRMS (ESI-
TOF) m/z calculated: C24H22N5O3 [MþH]þ: 428.1723, found:
428.1711 (�1.2 mmu).

3. Results

3.1. Rationale and spectroscopic observation of DCF

The synthetic utility of nitro groups as leaving groups for direct
ipso-substitutionwith nucleophiles (e.g. azides, thiols, alkoxides) in
dipolar aprotic solvents has been demonstrated in many types of
reactions [21]. The structural requirement of ipso-substitution of
the nitro group in nitroarenes is the presence of a functional group
that stabilizes the transitional Meisenheimer complex at the ortho-
or para-position.

A xanthene dye with a carboxylic group in the 3-position of the
meso-phenyl ring forms a spirolactone ring via intramolecular
nucleophilic attack of the carboxylate, which results in an equilib-
rium between the open (colored) and closed spirolactone (color-
less) forms (Scheme 1). The position of equilibrium between the
two xanthene isomers depends on the temperature, pH, hydrogen
bonding ability, and self-organization of solvent, where protic
erically pure 5- and 6-functionalized xanthene dyes via SNAr reaction
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Scheme 1. Chemical equilibrium of 5(6)-nitro-2ʹ,7ʹ-dichlorofluorescein (DCF).

Fig. 1. Absorption spectra of 5(6)-nitro-DCF in various polar solvents. The inset shows
the color of 5(6)-NO2DCF (50 mM) in each solvent photographed under incandescent
light.
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solvents favor the open form and aprotic solvents favor the closed
spirolactone form [22,23]. In the closed spirolactone form, the nitro
group of 5- or 6-NO2DCF is in themeta- or para-position relative to
the strong electron-withdrawing spirocyclic ester, respectively.
Therefore, it is expected that the spirocyclic ester causes a differ-
ence in the reactivity of the ipso-carbon between the 5- and 6-
NO2DCF regioisomers and promotes the selective nucleophilic
attack on the ipso-carbon of the 6-nitro group rather than the 5-
nitro group (Scheme 2). To find a solvent that shifts the equilib-
rium to increase the proportion of the closed spirolactone form, the
5(6)-NO2DCF regioisomeric mixture was dissolved in several
aprotic dipolar solvents and the absorption spectra were measured
(Fig. 1). While the 5(6)-NO2DCF mixture shows high absorbance in
H2O or N, N-dimethylformamide (DMF), it shows a dramatically
lower absorbance in N-methylpyrolidone (NMP) and hexamethyl-
phosphoric triamide (HMPA). Especially, the visible light absorption
completely disappeared in HMPA. This result suggests that the
equilibrium of 5(6)-NO2DCF is shifted significantly to the closed
spirolactone form in HMPA.
3.2. Regioisomer selective SNAr reaction on 5(6)-NO2DCF mixture

Next, we investigated the isomer-selective SNAr reaction of 5(6)-
NO2DCF in HMPA. For this purpose, sodium azide was used as a
nucleophile, because azidated dyes are often used as synthetic in-
termediates and can be used for labeling experiments [11,12]. 5(6)-
NO2DCF was mixed with three equimolar of sodium azide and
reacted in HMPA. Preliminary experiments showed no reaction at
room temperature (data not shown), so the reactionwas carried out
at 80 �C. Reversed phase (RP)-HPLC analysis was performed to
monitor the progression of the reaction. As the peak corresponding
Scheme 2. Plausible mechanism of regioselective SNAr reaction of 6-NO2DCF. (A) 6-NO2DCF u
withdrawing spirocyclic ester in the para position. (B) 5- NO2DCF does not react with sodi
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to 6-NO2DCF gradually decreased, a new peak was observed to
increase (Fig. 2A). After 2 h, the 6-NO2DCF peak completely dis-
appeared and the product peak reached its maximum. LC-MS
analysis demonstrated that the product peak showed a molecular
mass number corresponding to the expected reaction product,
azide-substituted DCF. In contrast, no change in the 5-NO2DCF peak
was observed under these conditions (Fig. 2).

The same reaction was also carried out in NMP and DMF for
comparison with HMPA. RP-HPLC analysis clearly revealed that the
reaction proceeded in all the solvents tested, but the formation of
the SNAr product differed greatly; with most formation in HMPA,
less in NMP, and the least in DMF, which is the reverse order of the
magnitude of the dipole moment (Fig. S1). Therefore, the results
suggest that the formation of spirolactone promotes the SNAr re-
action selectively toward 6-NO2DCF.

After the regioselective SNAr reaction of 5(6)-NO2DCF, 6-N3DCF
and 5-NO2DCF were isolated from the reaction mixture through
column chromatography. On the one hand, 6-N3DCF was assigned
by conventional spectroscopic measurements and 1He13C HMBC
NMR spectrum analysis (Fig. 3), then converted to 6-NH2DCF
(Scheme 3). On the other hand, 5-NO2DCF was reduced to corre-
sponding 5-NH2DCF with sodium sulfide, and then followed by
diazotization and subsequent treatment with sodium azide to yield
ndergoes SNAr substitution by stabilizing the Meisenheimer complex with an electron-
um azide because there is no stabilizing factor for the Meisenheimer complex.

erically pure 5- and 6-functionalized xanthene dyes via SNAr reaction
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Fig. 2. (A) Time course of the RP-HPLC elution profile of the reaction mixture. Asterisk represents the peak of DCF as an internal control. At each time, an aliquot of the reaction
mixture was mixed with DCF solution and subjected to RP-HPLC analysis. Absorbance at 505 nm was monitored for detection. (B) Time course of the content of each compound.
Relative intensity represents corresponding peak relative to that of the DCF peak. 6-N3DCF (Red triangles), 6-NO2DCF (Blue circles), and 5-NO2DCF (Black squares).

Fig. 3. 1He13C HMBC NMR spectrum of 6-N3DCF.
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5-N3DCF in 80% yield (Scheme 3). Taken together, this new syn-
thetic strategy can be used to prepare each regioisomer of 5- and 6-
functionalized DCF.

3.3. Regioisomer-selective SNAr reaction on the 5(6)-NO2TMR
mixture

Having successfully synthesized both the 5- and 6-regioisomers
for each of NH2- and N3-DCF, we next asked whether this approach
could be applied to rhodamine fluorophores. To examine this, tet-
ramethylrhodamine (TMR) was chosen as the fluorophore because
TMR is robustly used as the labeling reagent in studies of chemical
biology [24,25] and biochemical applications [26,27]. 5(6)-
NO2TMR, prepared according to a previously reported procedure
[17], completely lost visible light absorption in NMP and DMF
among the aprotic dipolar solvents we tested (Fig. S2). This suggests
that the equilibrium shifted from the open form to the closed
Please cite this article as: M. Mori et al., Convenient synthesis of regioisom
and comparison of their reactivity towards click reaction, Tetrahedron, h
spirolactone form in these solvents. Therefore, 5(6)-NO2TMR was
subjected to a reaction with sodium azide in NMP, resulting in the
formation of 6-N3TMR in 13% yield. 6-N3TMR was reduced to 6-
NH2TMR in 62% yield, which can be a key intermediate for
further synthesis. The remaining 5-NO2TMR was also isolated and
reduced to 5-NH2TMR, followed by diazotization and subsequent
treatment with sodium azide to provide 5-N3TMR in 30% yield in
two steps (Scheme S1). The isolated pure regioisomers were both
assigned by conventional spectroscopic measurements. These re-
sults show that this regioselective SNAr reaction can be applied to
different fluorophores and that both regioisomers of 5(6)-func-
tionalized TMR can be easily synthesized individually.

3.4. Comparison of the reactivity of regioisomers on click reactions

It is important to acquire information on the changes in the
spectroscopic properties and kinetics of the regioisomers during
erically pure 5- and 6-functionalized xanthene dyes via SNAr reaction
ttps://doi.org/10.1016/j.tet.2020.131087



Scheme 3. The synthesis route for 5- and 6-substituted DCF.
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click reactions. To this aim, we performed a comparative study of
the regioisomers of N3DCF in reactivity with an aliphatic cyclo-
octyne, BCN (Fig. 4A). BCN has unique properties among various
cycloalkynes used for SPAAC and is more reactive with electron
deficient azides [28]. We investigated whether the rate of the
SPAAC reaction of BCN for the 5- or 6-isomer differs in different
solvents. To examine the reactivity, each isomer of N3DCF was
incubated with BCN in phosphate buffered saline (PBS, pH 7.4) or
several aprotic solvents for 30 min at room temperature. The re-
action mixture was subjected to HPLC analysis to analyze the
conversion of substrate to product. The data are summarized in
Fig. 4B and C. When the SPAAC reaction was carried out in PBS,
comparable product formation was observed between the two
Fig. 4. Reactivity on SPAAC and change of spectroscopic properties of 5- or 6-N3DCF. (A) Rea
N3DCF (red column) with the BCN derivative in the SPAAC reaction. HPLC analysis of the reac
The reaction was carried out in the indicated solvent containing either 5-N3DCF or 6-N3DCF a
formation of click product from the corresponding N3DCF. (C, D) The normalized absorption
reaction product of the SPAAC reaction.

Please cite this article as: M. Mori et al., Convenient synthesis of regioisom
and comparison of their reactivity towards click reaction, Tetrahedron, h
isomers. In contrast, in HMPA, the SPAAC reaction of N3DCF yielded
1.5-fold more product derived from the 6-isomer than the 5-isomer
(Fig. 4B). These results indicate that in HMPA, the 6-azide group is
more reactive with BCN than the 5-azide group, consistent with the
results obtained from the synthesis of 6-N3DCF. Absorption and
fluorescence spectra of each isomer of DCF were analyzed before
and after the SPAAC reaction (Fig. 4C and D). During the click re-
action, the change in maximum absorption or emissionwavelength
of 5-N3DCF was only about 1 nm, whereas the 6-isomer showed a
slightly larger bathochromic shift in both absorption and emission
maxima, about 3 and 4 nm, respectively. In line with this obser-
vation, the quantum yield changed greatly from 0.727 to 0.744 for
the 6-isomer, but only from 0.702 to 0.706 for the 5-isomer. These
ction of 5- and 6-N3DCF with a BCN derivative. (B) Reactivity of 5- (blue column) and 6-
tion mixture gave peak areas corresponding to each compound (absorbance at 505 nm).
nd the BCN derivative for 1 h at 37 �C. Conversion was defined as the percentage of the
and fluorescence spectra of 5-N3DCF (C) and 6-N3DCF (D). “N3DCF Click” represents the

erically pure 5- and 6-functionalized xanthene dyes via SNAr reaction
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results suggest that the ground electronic state of the 6-N3DCF is
more susceptible to derivatization by the SPAAC reaction than that
of the corresponding 5-isomer.

4. Conclusion

Here we report a simple procedure for the preparation of each
isomer of 5(6)-functionalized DCF and TMR via regioselective SNAr
reaction. In addition to those described here, this synthetic strategy
is also applicable to other xanthene-based fluorophores such as
rhodol and X-rhodamine, as long as optimal conditions such as
solvents are determined. Therefore, this strategy is very versatile
and simple for the preparation of labeling reagents or synthetic
intermediates based on different regioisomers. Comparison of the
labeling kinetics and the spectral and photophysical properties for
each isomer highlighted the importance of preparing and
comparing two different regioisomers. In conclusion, the synthetic
strategy presented here helps expand the lineup of dyes that enable
protein bioconjugation in chemical biology and biomaterials.
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