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Abstract: The tetramethylrhodamine (TMR) fluorophore is a useful platform for fluorescence probes, being
applicable, for example, to biological investigations utilizing fluorescence microscopy, owing to its excellent
photochemical properties in aqueous media. We have developed new TMR derivatives that show different
dependences of their behavior upon the environment. Among them, HMTMR showed unique characteristics,
and its putative spirocyclic structure was confirmed by X-ray crystallography. Utilizing this discovery, we
have established a strategy to modulate the fluorescence of TMR by regulating the spirocyclization, and
we have obtained a new fluorescence probe that can detect hypochlorous acid specifically. This probe,
HySOx, can work in 99.9% aqueous solution at pH 7.4 and was confirmed to be able to detect hypochlorous
acid being generated inside phagosomes in real time. HySOx is tolerant to autoxidation and photobleaching
under bioimaging conditions. Regulation of the spirocyclization of rhodamines, as we describe here, provides
a new approach to the rational development of novel fluorescence probes.

Introduction

The tetramethylrhodamine (TMR) fluorophore is a useful

fluorescent molecule, being applicable to biological investiga-

tions utilizing fluorescence microscopy owing to its excellent
photochemical properties in aqueous mediacluding high

for this is probably the lack of a good strategy to regulate the
fluorescence of the TMR fluorophore. Therefore, a novel and
widely applicable strategy to regulate the fluorescence of the
TMR fluorophore would potentially be applicable to the design

of probes for a wide range of analytes.

fluorescence intensity, longer excitation and emission wave- Regylts and Discussion

lengths (556-600 nm), high molar extinction coefficient (about
1 x 10° Mt cm™), independence of pH and tolerance to
photobleaching, and its wide use as a fluorescent*tag.

We previously reported that the derivatization of fluorescein
does not disrupt the photochemical properties when various

However, it has not been widely employed in fluorescence functional groups are substituted for the carboxyl group at the
probes, which are switched from a nonfluorescent to a fluores- 2 position®® We thought that a similar molecular design strategy
cent form upon interaction with analytes, in contrast to other might be applicable to the TMR fluorophore, so we synthesized

common fluorophores such as fluorescéidne of the reasons
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various 2-substituted TMR derivatives, including a new TMR
derivative, hydroxymethyltetramethylrhodamine (HMTMR). To
our surprise, the fluorescence of HMTMR showed a very
interesting environmental dependence. HMTMR has a large
absorbance and fluorescence in protic solvents but little in
aprotic or basic solvents (Figure 1). This was found to be
because of intramolecular spirocyclization at C9, deconjugating
the TMR fluorophore. We obtained direct evidence of the
spirocyclic form of HMTMR by X-ray crystallography (Figure
2). HMTMR in the dihydrofuran form crystallizes in a mono-
clinic system, space group2:/m with a = 6.6952(4) A,b =
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Figure 1. Absorption and emission spectra of HMTMR M in various solvents. Ex/em wavelengths were 550 nm/569 nm in MeOH and 552 nm/576
nm in other solvents.
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Figure 2. Perspective view of the crystal structure of HMTMR (50% 2 .
probability ellipsoids) with the numbering scheme, excluding H atoms. An " H* & 2 oH
asymmetric unit consists of two independent molecules. 0 = - 8 o L

H* 7 2
18.1555(14) Ac = 7.9560(6) A8 = 96.612(3}, V = 960.66- \ o N NG o GN+
(12) A3, andZ = 2. Among similar spirocyclic compounds, 5 4
rhodamine B lactone and rhodamine B lactam derivatives have Dihycli-:'glf.:yaﬁ form Qul;lr?g;lc-ih:g'm
been su_cces_sfully qleterm_med by X-ray _crystallogra’p%}. Non-fluorescent Fluorescent
Rhodamines in a spirocyclic form have neither absorbance nor
fluorescence in the visible region (Figure 3). So, regulation of (C-1) C-2
the equilibrium between the spirocyclic form and the open (C-2)
circular form provides a strategy for controlling the fluorescence. HOCI S05°
Rhodamine spirolactams have already been applied as a platform S -
for fluorescence probes, but they are available only for heavy
metal cations such as Py Ci#*, and Fé" so far and do not N o N N o N*
work in physiological medid?~* with only a few excep- . HySOx HySO,H
tions1516 Here, we have designed and developed a new Dihydrofuran form Quinoid form
fluorescence probe that works by regulating novel spirocycliza- Non-fluorescent Fluorescent
tion in physiological media. Figure 3. Structures of tetramethylrhodamines. (A) TMRM. (B-1) HMTMR

initi ; ; 25 mM in DMSO4s. (B-2) TFA 25 mM (final) was added to sample (B-
The initial requirements for a practical fluorescence probe 1), (C-1) HySOX 40:M in Sodium phosphate buffer containing 20% DMF.

based on control of spirocyclization are that the probe molecule (¢ 3y NaoCl solution 40:M (final) was added to sample (C-1).

itself should be in almost 100% spirocyclic and nonfluorescent

form, while the product of the interaction between probe circular and fluorescent form. On the basis of this strategy, we
molecule and analytes should be in an almost 100% opendesigned and synthesized a thiol analogue of HMTMR to

: improve the stability of the spirocyclic structure in aqueous
(10) Wang, X.; Song, M.; Long, YJ. Solid State Chen2001, 156, 325-330. . . i ?
(11) Kwon, J.Y.; Jang, Y. J.; Lee, Y. 3. Kim, K. M.; Seo, M. S.: Nam, w.: media at physiological pH. The thiol analogue, HySOx, was

(12) ;?12?1’9‘,].I:IJ..;Aér?én?g?;mx.us,?foﬁ?a%l,zé.}Eégi.l;o)%tlj,ldrg. Lett. 2006 8, aImqst completely. colorless and nonfluores_cent in aqueous

859-861. solutions over a wide range of pH values (Figure 4). HySOx
(13) Dujols, v.; Ford, F.; Czarnik, A.W0. Am. Chem. Sod997 119, 7386~ can be isolated as a colorless solid from various organic solvents.
(14) Yang, X. F.; Guo, X. Q.; Li, ATalanta2003 61, 439445, The TMR fluorophore (e.g., tetramethylrhodamine methyl ester
(19) Ko, 5 K yang. Y. K. Tae, J.; Shin, 1. Am. Chem. So@006 128 (TMRM)) shows almost constant, pH-independent high absor-
(16) Xiang, Y.; Tong, A.Org. Lett. 2006 8, 1549-1552. bance and fluorescence in watérin contrast, however,
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Figure 4. pH profiles of 1.0uM TMRM, HMTMR, HySOx, and HySGH ROS in 0.10 M sodium phosphate buffer at pH 7.4, containing 0.10% DMF

in 0.10 M sodium phosphate buffer at various pH values in the presence of @ @ cosolvent. (a) NaOCI solution 504, (b) 100 uM H2O, and Fe-
1.0% DMF as a cosolvent. (A) Absorbances of TMRM (554 nm), HMTMR ~ (ClO4)2 50 4M (Fenton reaction to generate hydroxyl radical), (c) 2\
(554 nm), HySOx (552 nm), and HySB (555 nm). (B) Fluorescences of ~ sodium peroxynitrite solution, (d) 54M NOC13 (nitric oxide donor), (e)

TMRM (ex/em= 554/577 nm), HMTMR (554/572 nm), HySOx (552/575 ~ 10uM KO, (f) 1.0u4M Rose Bengal and light irradiation (2.3 mW/éyat
nm), and HyS@H (555/575 nm). 550 nm for 10 min, (g) 10M H205, (h) exposure to room light for 30

min and (BG) background. Fluorescence increase was plotted in sample f

. . L . . to cancel the fluorescence of Rose Bengal. Fluorescence intensity was plotted
HMTMR is qU“? dependent upon pHy_eX|St'ng in a spirocyclic i, the others. (B) Absorption and emission spectra ofBDHySOX after
form under basic conditions and showing lower absorbance andaddition of NaOCI in 0.10 M sodium phosphate buffer at pH 7.4 in the

fluorescence at higher pH values. HySOx favors a spirocyclic Presence of 0.10% DMF as a cosolvent. Four spectra obtained from four

. individual experiments under each condition were overlaid. In the inset,
form more, strpngly than HMTMR because HySOx has a thiol the relation between dose of NaOCI and fluorescence intensity is shown.
group, which is more nucleophilic than the hydroxyl group of

HMTMR. Thg_s, by regulating the nucleophilic_ity of the function (HOCI/-OCI (pKa = 7.6)) (see Supporting Information), which
at the 2 position, we obtained HMTMR, which has an open/ reyeqls that HySOx detects HOCI but not the hypochlorite anion
closed equ_lllbrlum and is enV|r.onment.aIIy dependent, and (-OClI). Many oxidizing reagents are known to oxidize dihy-
Hypr, which fa\{ors a spirocyclic form independently of the drothiophene substrates in organic synthesis condifio¥s.
environment and is completely nonfluorescent. Indeed, the fluorescence of the HySOx solution at pH 7.4
The thiol group works not onl)_/ as a cyclization enhancgr but jncreased slowly after the addition wfetachloroperoxybenzoic
also as a center of redox reaction. So, we tested the utility of ;.4 (MCPBA) (see Supporting Information, Figure S8). How-
HySOx as a fluorescence probe for reactive oxygen speciesg,qr 1ys0Ox is able to detect HOCI specifically among various
(ROS). Various |mp.ortant ROS generated in organisms (i.e., reactive oxygen species in aqueous solution. There are other
(a). hypochloroys a(,;'d (HOCI), (b) hydroxyl 'radlcal, (c) perox- fluorescence probes that can detect HOCI, but these probes
ynitrite, (d) nitric OXI.de’ (€) superoxide, (f) smg!et oxygen, an(_j detect other ROS, tot.HySOx seems to be the only one that
(g) hydrogen peroxide) were added to a solution of HySOX in can detect HOCI specifically under biological conditions. We

g,\lﬁ?: M;odmrg p_r;gsp:(rate buffer at. F;H 7.'t4’ .contamlr:jg 0',1%% think that the application of rhodamine spirocycles has great
(Figure 5). The fluorescence intensity increased quickly potential for developing novel probes.

(within seconds; see Supporting Information) and quantitatively
upon_ sodium hypochlotrite (NaOCI) a_ddlthn. The absorbaljce 18) Cava, M. P.: Shirley, R. LJ. Am. Chem. Sod.960 82, 654656,
also increased. HySOx responded quickly in aqueous solutions(19) Parham, W. E.; Egberg, D. C.; Sayed, Y. A.; Thraikill, R. W.; Keyser, G.

at pH 7.4 and more slowly at higher pH to the addition of NaOCI £ Neu, M. Montgomery, W. C.; Jones, L. D. Org. Chem1976 41,
(20) Bizyukinl, A. V.; Korkinal, L. G.; Velichkovskiil, B. TBull. Exp. Biol.
(17) Imai, H.; Kasagi, AJ. Chem. Soc. Jpri.962 83, 1208-1211. Med.1995 119, 347-351.
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Figure 6. Fluorescence spectra of (A) fluorescein and (B) HyiS@ 0.10

M sodium phosphate buffer at pH 7.4. Samples were exposed to light (1.7

mW/cn®, (A) 493 nm and (B) 555 nm) for 0, 40, 120, 180, and 240 min.
Fluorescein and HySfBl were excited at 493 and 555 nm, respectively.

Table 1. Photochemical Properties of Rhodamines?

molar extinction

coefficient fluorescence quantum

abSpax (NM)  €Mpa (M) (105 M~ cm™Y) efficiency (®g)
TMRM 554 577 1.1 0.34
HMTMR 552 574 1.2 0.32
HySOx n.d? n.d. n.d. n.d.
HySG;H 555 575 1.0 0.34

aMeasured in 0.1 M sodium phosphate buffer at pH 7 Mot detectable.

We also separated the main fluorescent product of the reaction

between HySOx and HOCI and identified it as the sulfonate
derivative, HyS@H. HySO;H showed a high tolerance to
photobleaching (Figure 6), which is a very important feature
for application to bioimaging. This is due to the high tolerance
of the TMR fluorophore to photobleaching. The photochemical
properties of HySEH are listed in Table 1. The molar extinction
coefficient is 1.0x 10° at pH 7.4, which means that HyS®

is in an almost completely open circular form because the
sulfonic group is not nucleophilic enough to be involved in
cyclization. The absorbance and fluorescence of HyE@ére

enormously larger than those of HySOx and are quite indepen-

Figure 7. Fluorescence microscopy imaging of porcine neutrophil by
confocal microscopy. (A) Zymosan particles are near the neutrophil. (B)
The neutrophil engulfs the zymosan. (C) Phagocytosis is complete.

@ A video of this imaging is available.

We next applied HySOx to visualize phagocytosis by porcine
neutrophils, with opsonized zymosan derived fr8accharo-
myces cergsiae as a target. HySOx detected HOCI generated
inside the phagosomes just after the completion of phagocytosis
(Figure 7). It is reported that the inside of the phagosome is
acidic2! We also confirmed that HySOx is able to detect HOCI
specifically at pH 6.0 (see Supporting Information, Figure S9).
In the imaging of phagocytosis, there was little fluorescence
increase due to autoxidation under laser excitation before
phagocytosis began. Further, there was no fluorescence decrease
due to photobleaching after membrane fusion following phago-
cytosis. In contrast, it is well-known that ROS probes such as
dihydrodichlorofluorescein (DCFH) become fluorescent due to
autoxidation simply upon exposure to excitation lighEurther,
photobleaching is a very common problem in fluorescence
microscopy. Therefore, HySOx has very superior properties as
a probe, being tolerant to autoxidation due to its high specificity
for HOCI and producing a fluorescent product, HysslOthat
is photostable and pH independent owing to the TMR fluoro-
phore.

Conclusion

We discovered a spirocyclic form of HMTMR and confirmed
its structure by X-ray crystallography. On the basis of this
discovery, we developed a novel fluorescence probe specific
for HOCI by controlling the nucleophilicity of the attacking
group involved in the spirocyclization of TMR derivatives. Our
study extends the applications of rhodamine spirocycles to a
new area, not simply heavy metal cations. HySOx can detect
HOCI specifically among various important ROS generated in
organisms under physiological conditions. HySOx showed a
quick and quantitative response to the addition of HOCI. The
properties of HySOx and the main fluorescent product, H¥§O
are independent of pH. Furthermore, HySOx is tolerant to
autoxidation, and HyS#B is highly photostable. These excellent
properties mean that HySOx should be a very useful fluores-
cence probe for biological phenomena, such as phagocytosis.
We successfully visualized the generation of HOCI inside
phagosomes in real time. HySOx will bring new insights into
the behavior of HOCI in various biological phenomena.

Experimental Procedures

Materials. General chemicals were of the best grade available,
supplied by Tokyo Chemical Industries, Wako Pure Chemical, Aldrich
Chemical Co., Dojindo, Acros Organics, and Lancaster Synthesis, and
were used without further purification. Metahnol, DMSO, DMF,

dent of pH, as shown in Figure 5. These results support the acetone, acetonitrile, chloroform, dichloromethane, and diethylether used

idea that spirocyclization can be regulated by altering the
nuclephilicity of the function at the 2' position to afford TMR
derivatives with different pH dependences.

7316 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007
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in spectroscopic analysis were of fluorometric grade (Dojindo). The 1-Bromo-2-[[(1,1-dimethylethyl)thio]methyl]lbenzene (1b).This
other solvents were used after appropriate distillation or purification. compound was prepared according to ref 25.

Zymosan A unlabeledS. cereisia€) and opsonizing reagent were 3,6-Bis(N,N-dimethylamino)xanthone (2). A mixture of pyronin

purchased from Invitrogen. G (5.00 g), potassium cyanide (2.79 g), and water (50 mL) was refluxed
Instruments. NMR spectra were recorded on a JEOL JNM-LA300 for 18 h, then cooled to room temperature, filtered, and washed with

instrument at 300 MHz fotH NMR and at 75 MHz for'3C NMR. water. The resulting residue was suspended in 2.0 M aq HCI (100 mL).

Mass spectra (MS) were measured with a JEOL JMS-T100LC AccuToF The suspension was poured dropwise onto a solution of F&GO
for ESI. UV—vis spectra were obtained on a Shimadzu UV-1650. (13.5 g)in 2.0 M agq HCI (100 mL). The reaction mixture was heated
Fluorescence spectroscopic studies were performed on a Hitachi F4500at 90°C for 12 h, then cooled to room temperature, filtrated, and washed
The photobleaching experiment was carried out with BPS-X500B well with water. The residue was suspended in saturated aq NaHCO
(Bunkokeiki). (500 mL), refluxed for 3 days, cooled to room temperature, filtered,
Fluorometric Analysis. The slit width was 2.5 nm for both excitation =~ and washed with water. The resulting residue was crystallized from
and emission. The photon multiplier voltage was 700 V. Relative ethanol to give slightly brown granules (1.01 g) (22%).NMR (300
fluorescence quantum efficiency of TMR derivatives was obtained by MHz, (CDCk): ¢ 3.07 (12H, s), 6.46 (2H, dl = 2.55 Hz), 6.67 (2H,
comparing the area under the emission spectrum of the test sampledd, J = 8.97 Hz, 2.55 Hz), 8.12 (2H, d, = 8.97 Hz).13C NMR (75
excited at 545 nm with that of a solution of rhodamine B in EtOH, MHz, CDCk): ¢ 40.1, 97.0, 108.9, 112.0, 127.6, 154.3, 158.1. HRMS
which has a quantum efficiency of 0.9%. (ESI-Tof) m/z Found 283.1422 (MH), calculated 283.1447 for
HPLC. HPLC analyses were performed on an Inertsil ODS-3 (4.6 Ci7H1oN20O, (—2.45 mmu).
mm x 250 mm) column (GL Sciences Inc.) using an HPLC system 3,6-Bis(dimethylamino)-9-[2-[(1,1-dimethylethoxy)methyl]]xan-
composed of a pump (PU-980, JASCO) and a detector (MD-2015 or thylium Chloride (3a). A solution of 1a (0.85 g) in THF (20 mL)
FP-2025, JASCO). Preparative HPLC was performed on an Inertsil was sealed in a two-necked flask under an Ar atmosphere. Then, 1.5
ODS-3 (10.0 mmx 250 mm) column (GL Sciences Inc.) using an M t-butyllithium solution inn-pentane (3 mL) was added dropwise
HPLC system composed of a pump (PU-2080, JASCO) and a detectorinto the flask at-80 °C. The reaction mixture was stirred for 10 min.
(MD-2015 or FP-2025, JASCO). A solution of 2 (0.56 g) (2 mmol, 1 equiv) in THF (200 mL) was
Fluorescence MicroscopyWe used an U-LH100HG confocal laser  added to the flask. The mixture was brought to room temperature and
scanning unit (Olympus) coupled to an IY81FVBF inverted microscope stirred for 10 h. The reaction was stopped by the addition of concd
with a PlanApo x 60 objective lens (Oympus). The excitation HCI (3 mL). THF was removed by evaporation. The resulting red
wavelength was 543 nm, and the emission was filtered using a 560 residue was dissolved in GBI, and washed with brine. The organic
nm barrier filter. layer was dried over N8O, and evaporated to dryness. The residue
PhagocytosisPorcine neutrophils (k 10° cells/mL) were seeded  was dissolved in a minimal amount of @El; and charged onto a silica
onto a glass-bottomed dish (Matsunami, D110110) according to the gel column packed with C}€l,. The column was eluted stepwise with
reported metho& Opsonized zymosan was prepared according to the ACOEt, AcCOEt-MeOH (10:1), CHCI, and CHCIl,—MeOH (10:1).
instructions supplied by Invitrogen. The resulting suspension in Krebs- The organic solvents were removed by evaporation to give a deep purple
Ringer phosphate buffer (114 mM NacCl, 4.6 mM KCl, 2.4 mM MgSO  solid 0.45 g (48%)*H NMR (300 MHz, CDC}): ¢ 0.78 (9H, s), 3.39
1.0 mM CaC}, 15 mM NahPOy/NaHPO,, pH 7.4) was diluted 50- (12H, s), 4.14 (2H, s), 6.92 (2H, d,= 2.38 Hz), 6.95 (2H, ddJ =
fold. The neutrophils on the dish were loaded with HySOx (A\0) 9.35, 2.38 Hz), 7.18 (1H, d = 6.97 Hz), 7.20 (2H, dJ = 9.35 Hz),
by incubation for 30 min at room temperature and then washed with 7.5 (1H, m), 7.6 (2H, m)}3C NMR (75 MHz, CDC}): 6 26.9, 41.2,
0.5 mL of KRP buffer twice. Observation was started at t#n6. The 62.5,73.3,96.7,113.9,114.1, 127.9, 129.1, 129.6, 130.2, 131.4, 131.9,
fluorescence images were acquired every 15 s. Just after the first137.6, 157.3, 157.5, 158.6. HRMS (ESI-Tafjz Found 429.2570 (M
capture, the opsonized zymosan suspension5)@vas added to the Cl)*, calculated 429.2542 for gH33NO; (2.74 mmu).
dish. Each capture required 3.24 s irradiation with the excitation laser.  N,N,N',N'-Tetramethyl-spiro[benzo[c]furan-1(3H),9'-[9H]xanthene]-
X-ray Crystallography. HMTMR was dissolved in a minimal 3,6-diamine (HMTMR). A solution of 3a (50 mg) in 2,2,2-
amount of CHCI,. Some ESN was added to this solution. The resultant  trifluoroethanol (3 mL) was stirred at @. To this mixture, drops of
solution was evaporated at 200 mmHg so as to removeCGHand trifluoromethane sulfonate were added at@ The reaction mixture
the remaining solution was left at room temperature. The crystal was was diluted in CHCI, and washed with brine. The organic layer was
collected, washed with Btl, and dried, affording a colorless prism. A concentrated as much as possible and then charged onto a silica gel
colorless prism crystal having approximate dimensions of 0.1 xam  column packed with CkCl,. The column was eluted with GBI, to
0.1 mmx 0.1 mm was mounted on a glass fiber. All measurements wash out the byproducts and then with AcOEt to extract the product.
were made with a Rigaku RAXIS RAPID imaging plate area detector AcOEt was removed by evaporation, to give a slightly red solid (19
using graphite-monochromated Mookradiation. Indexing was per- mg) (33%). Further purification was performed by recrystallization from
formed from three oscillations that were exposed for 90 s. The crystal- E;N to give colorless prism3H NMR (300 MHz, DMSO¢l): 6 2.89
to-detector distance was 127.40 mm. The data were collected at a(12H, s), 5.16 (2H, s), 6.39 (2H, d,= 2.38 Hz), 6.44 (2H, dd) =
temperature of-174+ 1 °C to a maximum 2 value of 55.0. A total 8.80, 2.57 Hz), 6.66 (2H, dl = 8.62 Hz), 6.72 (1H, dJ = 7.52 Hz),
of 44 oscillation images was collected. A sweep of data was done using7.22 (1H, t,J = 7.43 Hz), 7.33 (1H, tJ = 6.79 Hz), 7.42 (1H, d) =
 scans from 130.0 to 190.(n 5.0° steps, ajy = 45.0° and¢ = 0.C°. 7.52 Hz).**3C NMR (75 MHz, DMSOsg): 6 39.3, 71.0, 97.9, 108.5,
The exposure rate was 120.0 s/deg. A second sweep was performed.12.9, 121.0, 123.2, 127.6, 128.0, 129.2, 138.9, 145.6, 150.9, 150.9.
usingw scans from 0.0 to 160°0n 5.0° steps, ay = 45.0 and¢ = HRMS (ESI-Tof)m/z Found 373.1879 (MH), calculated 373.1916 for
180.0. The exposure rate was 120.0 s/deg. The crystal-to-detector CasH2sN20; (—3.67 mmu).
distance was 127.40 mm. The readout was performed in the 0.100 mm  3,6-Bis(dimethylamino)-9-[2-[(1,1-dimethylethyl)thio]methyl]-

pixel mode. xanthylium Chloride (3b). A solution of 1b (0.59 g) (2.4 mmol, 4.0
Synthesis. 1-Bromo-2-[(1,1-dimethylethoxy)methyl]benzene (1a).  equiv) in THF (25 mL) was sealed in a two-necked flask under an Ar
This compound was prepared according to ref 24. atmosphere. A 1.5 Ntbutyllithium solution in pentane (2 mL) (3 mmol,

5.0 equiv) was added dropwise into the flask-80 °C, and the mixture

(23) Nishikawa, Y.; Hiraki, K.Analytical Methods of Fluorescence and was stirred for 10 min. A solution d (0.28 g) (1 mmol, 1 equiv) in
Phosphorescen¢&yoritu Publishing Company: Tokyo, 1984; p 76.

(24) Bos, M. E.; Wulff, W. D.; Miller, R. A.; Chamberlin, S.; Brandvold, T. A.
J. Am. Chem. S0d.991, 113 9293-319. (25) Yan, Y.; RajanBabu, T. VJ. Org. Chem200Q 65, 900-906.
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THF (100 mL) was added to the flask. The mixture was brought to 9-(2-Sulfoxymethylphenyl)-3,6-bis(dimethylamino)xanthylium In-
room temperature and stirred for 10 h. The reaction was stopped by ner Salt (HySO;H). Sodium hypochlorite solution (0.1 mmol) was
the addition of concd HCI (5 mL). THF was removed by evaporation. added to a mixture of HySOx (120 mg), DMF (30 mL), and 0.1 M
The resulting red residue was dissolved in,CH, and the solution  sodium phosphate buffer at pH 7.4 (270 mL). The mixture was stirred

was washed with brine. The organic layer was dried oveSRaand at room temperature, acidified with concd HCI, and saturated with NaCl.
evaporated to dryness. The residue was dissolved in a minimal amountThe aqueous layer was extracted with H. The organic layer was
of CH,Cl, and charged onto a silica gel column packed with,Chi evaporated to dryness. The resulting residue was purified by silica gel

The column was eluted stepwise .with AcOEt, AcQIEAeOH (10:12), column chromatography with GBl,—MeOH (10:1). Further purifica-
CH.Cl;, and CHCl,—MeOH (20:1). The organic solvents were oy \yas carried out by HPLC with a linear gradient (eluent, 0 min,
removed by evaporation to give a deep purple solid (48 mg) (10%). 8% CHCN/0.1% TFA aq~90 min, 80% CHCN/0.1% TFA ag; flow
1 . ’ . ’
2|;|—|N'E\5A§1(3(?02mHi, 2C?E,)7C|2 6605914 éz gH)_3§2525321327H2| 3'§51§)S’ rate= 5.0 mL/min) to give 31 mg of a purple solid (23%H NMR
), 6.81 (d, 2HJ = 2.37 Hz), 6.91 (dd, 2H) = 9.51, 2.37 Hz), 7. (300 MHz, CDCL): o 3.27 (s, 12H), 3.72 (s, 2H), 6.77 (d, 28 =
(dd, 1H,0=7.77, 0,99 Hz), 7.14 (d, 2Kl = 951 H2), 7.39 (td, 1H, o ot o ™ o e S 4 (dd, 1M = 7.61
J=7.37, 1.35 Hz), 7.49 (td, 1H] = 7.50, 1.29 Hz), 7.55 (dd, 1}, : e ’ D £ oL : 0%
1.19 Hz), 7.38 (d, 2H) = 9.54 Hz), 7.45 (td, 1HJ = 7.66, 1.22 Hz),
= 7.70, 1.10 H2)C NMR (75 MHz, (CDCH): 0 30.1, 308, 410, 227 (td)lHJ ( ; 5;U1 P 7)99 " (1Hl:H$ s NMR)
43.0,96.5, 113.7,114.2,127.3, 129.3, 130.3, 130.7, 131.4, 131.7, 136.4, ° Y AT v ’ ’ ’

157.1, 157.3, 157.4. HRMS (ESI-Tafyz Found 445.2279 (MCI)*, (100 MHz, CDQCly): ¢ 30.1,41.1,54.9,70.9,96.4, 114.1, 114.9, 127.0,
calculated 445.2314 for gH3N,0S (—3.43 mmu). 129.2,130.1, 132.5, 132.7, 133.6, 157.8, 158.3. HRMS (ESI+T¥x)
N,N,N’,N’-Tetramethyl-spiro[benzo[c]thiophene-1(3H),9-[9H]X- Found 437.1569 (MH), calculated 437.1535 fOf'zQ‘|25N204S (336

anthene]-3,6'-diamine (HySOx). Compoundb (48 mg) (0.10 mmol, mmu).

1 equiv) was refluxed in TFA (10 mL) for 1 day. TFA was removed

by evaporation. The resulting residue was dissolved in@}i and Acknowledgment. This study was supported in part by a
the solution was washed with brine. The organic layer was evaporatedgrant from Hoansha Foundation to T.N., by research grants
to dryness. The resulting residue was purified by silica gel column (Grants 18038008, 16651106, and 16689002 to Y.U.) from the
chromatography with CkCl.. Elution was carried out as fast as possible  \injstry of Education, Culture, Sports, Science and Technology

in the dark. Then, CkCl, was removed by evaporation in the dark to of the Japanese Government, and by a grant from the Kato
give a colorless oil. After 1 day’s storage-aR0 °C, a colorless solid Memorial Bioscience Foundati,on to Y.U

appeared. The remaining GEl, was removed by evaporation to give
a colorless solid (24 mg) (62%)H NMR (300 MHz, DMFd;/CDs-

CN = 1:1): 6 2.82 (s, 12H), 4.42 (s, 2H), 6.24 (d, 2Bi= 2.57 Hz) Supporting Information Available: Spectra of HMTMR,
6.35 (dd, 2H,J = 8.99, 2.57 Hz), 6.68 (d, 1Hl = 7.70 Hz), 6.74 (d, HySOx, and HySEH at various pH’s; fluorescence time course
2H,J = 8.99 Hz), 7.10 (t, 1H) = 7.43 Hz), 7.19 (td, 1H) = 7.43, of reactions between HySOx and NaOCI; and HPLC chromato-

1.22 Hz), 7.34 (d, 1HJ = 7.70 Hz).13C NMR (75 MHz, DMFd,/ grams of HMTMR, HySOx, and HySgpl (PDF); X-ray
CDsCN = 1:1): 6 38.3, 40.9, 63.9, 99.2, 110.1, 116.7, 126.0, 127.5, crystallographic data for HMTMR (CIF). This material is

128.3,128.8, 131.8, 1414, 151.0, 152.0, 152.1. HRMS (ESI+TiH) available free of charge via the Internet at http://pubs.acs.org.
Found 389.1685 (MH), calculated 389.1688 for £H2sN,0S (—0.22

mmu). JA068740G
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