ELSEVIER

Awvailable online at www.sciencedirect.com

“s2* ScienceDirect

Tetrahedron 62 (2006) 10352-10360

Tetrahedron

Synthesis of new, BODIPY-based sensors and labels

Tamds Kalai and Kdlman Hideg™

Institute of Organic and Medicinal Chemistry, University of Pécs, PO Box 99, H-7602 Pécs, Hungary

Received 30 May 2006; revised 2 August 2006; accepted 23 August 2006
Available online 14 September 2006

Abstract—New, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dye based thiol-reactive fluorescent label, fluorescent amino acid,
and fluoroionophore compounds with 540-560 nm emission are described. Combination of a BODIPY dye with a nitronyl nitroxide or an
imino nitroxide or a bifunctional pyrroline nitroxide furnished a nitric oxide, a redox sensitive molecule and a double (spin and fluorescence)

label, respectively.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorescent probes and sensors have attracted attention be-
cause of their high sensitivity and exceptional ease of han-
dling relative to their radioactive counterparts.! Mapping
of the distribution of different ions within biological and
environmental systems is a typical challenge. Binding of the
target analyte to a synthetic fluorophore (sensor) can result in
either amplification or quenching of the fluorescence.>?
These fluorescent probes are either constructed as fluoro-
phore—spacer—receptor or as intrinsic fluorescent probes. In
the former case, the receptor and fluorophore are separated
by an alkyl chain, whereas in the latter case the receptor is
part of a m-electron system.*> The optical properties of
intrinsic probes (ICT probes) are determined by a strong
solvent-dependent behavior. In fluorophore—spacer—receptor
systems only long-range electronic interactions are possible,
the most common is photoinduced electron transfer (PET).
There are many examples of crown-,% cryptand-,” podand-,®
2,2'-dipyridyl-,” and calixarene-based'® PET sensor mole-
cules as selective for sodium, magnesium, potassium,
calcium, and transition metal ions. In these sensors the photo-
induced electron transfer quenches the luminescence in the
absence of the analyte. Binding the analyte (a metal ion or
proton) inhibits the PET and switches on the emission.'! It
has been reported very recently that the combination of ICT
and PET switches resulted in a molecular half-subtractor
with reconfigurable logic gates.'? Fluorophores covalently
bound to a nitroxide give a unique, redox-sensitive sensor.!?
In these donor—acceptor molecules the paramagnetic nitro-
xide as an acceptor quenches the fluorescence, however,
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when nitroxide is reduced to hydroxylamine, the fluorescence
increases. This feature of these donor—acceptor pairs was
experienced with naphthyl,!* coumarin,'* dansyl,'> amino-
phthalimide,'® and BODIPY!” donors. A sterically hindered
amine (e.g., nitroxide precursor) covalently bound to a fluoro-
phore offers the detection of reactive oxygen species (ROS)
as formation of the nitroxide quenches the fluorescence.'®

Another utilization of fluorescence spectroscopy is fluores-
cent labeling of biomolecules such as proteins, lipids, and
DNA. Numerous fluorophores are known as covalent and
noncovalent labels. The covalent probes can have a variety
of reactive groups, for coupling with amine, sulfhydryl,
hydroxyl, or histidine side chains in proteins.'” In the case
of proteins the introduction of a fluorescent, unnatural amino
acid by conventional solid phase synthesis?® or by nonsense
suppression technique?! is also a well-known approach. How-
ever, there is still a challenge to synthesize selective, long
wavelength emitting probes for modifying biomolecules.?*23

Among the aforementioned examples, the BODIPY dyes?*
were used as fluorophores with many advantages, including
high extinction coefficient, high quantum yield, narrow
emission bandwidth, and therefore, good signal/noise ratio,
insensitivity to pH and solvent polarity, and greater chemical
and photochemical stabilities in solution and in solid state.
Absorption/emission wavelengths can be tuned by the
modification of the pyrrole core;?>2% therefore, visible and
infrared regions of the spectrum can be spanned. This
property was used in a BODIPY-based, oxidation-sensitive
fluorescent lipid peroxidation probe.?’

In the present account, we wish to describe BODIPY-based
labels for modifying proteins and BODIPY-based sensor
molecules containing crown ether or nitroxide group to
detect metal ions, reducing agents, or nitrogen-monoxide
by fluorescence.
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2. Results and discussion
2.1. Synthesis of fluorescent labels

Compound 4,4-difluoro-8-chloromethyl-1,3,5,7-tetramethyl-
2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (1) is readily avail-
able from 3-ethyl-2,4-dimethylpyrrole and chloroacetyl
chloride®® and it was quite obvious that this derivative can
be functionalized further by nucleophilic substitution. Chloro-
methyl compound 1 was converted to the more reactive
iodomethyl derivative 2 by treatment with Nal in THF. Com-
pound 2 was transformed to methanethiosulfonate derivative
(MTS) 3 by a substitution reaction with NaSSO,CHj; in aq
acetone. The resulting compound is a thiol-specific, revers-
ible fluorescent dye with 555 nm emission (Table 1), capable
of forming S-S bond with a cysteine SH group, and analo-
gously to the frequently used spin labeling technique?® com-
pound 3 is a good candidate for site-directed fluorescent
labeling of a peptide.*® The BODIPY dye containing fluores-
cent D,L-amino acid was obtained by a modified O’Donnell
reaction.?!32 Treatment of carbanion, generated from di-
benzylideneglycine ethyl ester with NaHMDS at —78 °C,
with compound 2 yielded the fluorescent amino acid ester 4
after acid catalyzed hydrolysis of the imine. The treatment
of compound 4 with di-fert-butyldicarbonate in THF gave
the more stable N-Boc protected p,L-amino acid ester 5.
Compounds 3 and 5 are capable of fluorescent modification
of the peptide by labeling at the cysteine side-chain or by
incorporation of the fluorescent amino acid by solid phase
peptide synthesis. Our further idea was the combination of
spin and fluorescence labeling, i.e., to synthesize a double
(spin and fluorescence) label capable of simultaneous label-
ing at the same site of a protein. A possible synthetic ap-
proach for this was the treatment of phenol containing
BODIPY dye 6'? with a paramagnetic homobifunctional
alkylating nitroxide 7.3 Fortunately, this could be accom-
plished under mild conditions to yield allylic bromide 8
and the two fluorophores containing 9 as a by-product. Com-
pound 8 was then converted to methanethiosulfonate 10 by
treatment with NaSSO,CHj3; in aq acetone. The product was
an SH-specific double (fluorescent and spin) label with a
green emission (508 nm), areduced quantum yield (#=0.22)
and 2.5 ns lifetime, which is about half of the regular
BODIPY lifetime?* (Scheme 1).

2.2. Synthesis of fluorescent sensors
Fluoroionophores, by changing their optical properties upon

complexation with certain ions have great potential for prac-
tical applications. It was obvious that compound 2 is a good

Table 1. Optical properties of the synthesized new BODIPY derivatives

Compound A, (nm) & (L><rn0171 ><cm71) Aex (am) A, (nm) @

3 543 3.37x10* 543 555 0.80
5 529 3.54x10* 530 543 0.86
10 498 435x10* 497 508 0.22
11 534 5.87x10* 530 547 0.001
12 534 7.70x10* 533 552 0.01
15 499 2.73x10* 505 518 0.006
20 499 3.43x10* 510 523 0.005

Dissolved in acetonitrile and referred to fluorescein in 0.1 M NaOH at
496 nm, n=3, accuracy £10%.
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Scheme 1. Reagents and conditions: (a) Nal (2 equiv), THF, reflux, 45 min,
75%; (b) NaSSO,CH3; (2 equiv), water/acetone, reflux, 30 min, 43-27%; (c)
Ph,NCH,CO,Et (1 equiv), THE, NaHMDS (1.1 equiv), —78 °C, 15 min,
then 2 (1 equiv), 1 h, then, warm to 0 °C, quench with aq NH4Cl, EtOH/aq
H,SO4, rt, 40 min, 38%; (d) Boc,O (1.0 equiv), THF, 40 °C, 30 min, 76%;
(e) 6 (1.5equiv), acetone, K,CO;3 (1.5 equiv), 18-crown-6 (0.05 equiv),
10 min, then 7 (1 equiv), reflux, 30 min, 22% for 8 and 30% for 9.

candidate to modify different ion recognition sites. Alkyl-
ation of aza-15-crown-5 or aza-18-crown-6 in acetone in
the presence of K,CO3 or Na,CO5; with compound 2 fur-
nished fluoroionophores 11 or 12, respectively (Scheme 2).
During the study of these ionophores the absorption and
emission spectra were recorded in acetonitrile. The ion-
free fluoroionophores 11 and 12 gave sharp absorption max-
ima at 534 nm and emission maxima at 547 and 552 nm,
respectively. The spectral response to the addition of ions
was measured using the corresponding perchlorate salts
and perchloric acid. The absorption spectra of compound
11 shifted to 554 nm upon addition of Ca** and H*, and to
556 nm upon addition of Mg2+ ions. Addition of Li*, Na™,
K* ions to solution of 11 causes only 1-3 nm red shift
with some hypsochromic effect. In the case of compound
12 a small hypsochromic shift and some bathochromic
shift occurred, except upon protonation, which resulted
in a 19 nm bathochromic shift (Fig. 1). The fluorescence
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Scheme 2. Reagents and conditions: (a) 1-aza-15-crown-15 for 11, 1-aza-
18-crown-6 for 12 (1 equiv), Na,CO; for 12 or K,COj3 for 11 (1.5 equiv),
acetone, reflux, 30 min-2 h, 64-77%.
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Figure 1. (A) Absorption spectra of 11 in acetonitrile and its complexes
with 1000 equiv perchlorate salts (1 equiv=1.1 nM); (B) absorption spectra
of 12 in acetonitrile and its complexes with 1000 equiv perchlorate salts
(1 equiv=1.1 uM).

enhancement (quantum yield, ®/®,) was also studied in ace-
tonitrile solution by the addition of 20 and 10,000 equiv ions
(Fig. 2). Upon protonation of compound 11 regardless of the
ratio of crown compound/H* a 75-fold increase was ob-
served with a red shift to 571 nm. The emission was also
red shifted with the addition of a large excess (10,000 equiv)
of Ca* and Mg?* ions with a 17- and 108-fold fluorescence
quantum Yyield increase. This observation, with a fluores-
cence shift of 1-aza-15-crown-5 when Ca2* is complexed,
is in good agreement with Wu et al.’s findings.>* The addi-
tion of Na* and Li* to an acetonitrile solution of compound
11 caused a 2-3 nm bathochromic shift with 73-fold and
82-fold increase in fluorescence quantum yield when
10,000 equiv ions were added, however only a three-fold
fluorescence increase was experienced upon addition of
a large excess of K* ions. Additions of 20 equiv of ions
increased the fluorescence quantum yield of compound 11
to 2—6 times. Compound 12 proved to be more selective,
although protonation caused a 17-fold enhancement of fluo-
rescence, but with a red shift to 580 nm. The addition of
20 equiv of K* ions caused a six-fold increase, while a large
excess of K* ions induced a 56-fold enhancement with
a small (3 nm) bathochromic shift. Titration of compound
11 with Li* and Mg?* indicated the formation of 1:1 com-
plex and the association constants are 3140 and 440 M~!

125+ [ 20 equiv. c.w. 11
[ZZ2 10000 equiv. c.w. 11
]| KX 20 equiv. c.w. 12
100 - DX 10000 equiv. c.w. 12 |
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Figure 2. The fluorescence response of aza-crown ethers 11 and 12 to var-
ious cations. The first and third bars represent the integrated emissions of
compounds 11 and 12 in the presence of 20 equiv of the cations of interest,
the second and fourth bars represent the integrated emissions of compounds
11 and 12 in the presence of 10,000 equiv of the cations of interest, respec-
tively (1 equiv=1 uM). The response was normalized with respect to inte-
grated emission of free dye (®); excitation was provided at 530 nm for
11 and 533 nm for 12; the emission was integrated from 536 to 700 nm in
case of 11 and 539 to 700 nm in case of 12; the slit width was 3 nm.
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Figure 3. (A) Fluorescence emission spectra of compound 11 (1 pM) in
acetonitrile with free Li™ concentrations of 0, 25, 50, 100, 200, 500, 2000,
5000, and 10,000 uM, Ae,=>530 nm; (B) fluorescence emission spectra of
compound 12 (1 uM) in acetonitrile with free K* concentrations of 0, 25,
50, 100, 200, 250, 500, 2000, 5000, and 10,000 uM, A.,=533 nm.
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for Li* and Mg?*, respectively. Although there is a significant
difference between the association constants of 11 and Mg>*
versus 11 and Li*, compound 11 cannot be regarded as a
selective fluoroionophore, because Li*, Na*, Mg?*, Ca%*
all increases the fluorescence. In contrast to compound 11,
compound 12 exhibits good selectivity toward K* and the
association constant is 6570 M~! in acetonitrile estimated
by titration and no other ions caused significant increase in
fluorescence quantum yield (except H*, but this with a red
shift) (Fig. 3). An investigation of the sensing mechanism
is in progress, however, the changes in spectral band posi-
tions are comparatively small, in agreement with a PET
signaling mechanism. Binding of a cation alters the redox
potential of the aza-crown ether by weakening the nitrogen
donor strength thus inhibiting the quenching process and,
therefore, increasing the fluorescence. The fluorophore—
o-spacer—receptor arrangement with an electronically de-
coupled amino nitrogen atom also supports the PET
mechanism of sensing rather than an ICT process, as demon-
strated earlier by Rurack et al.>®

From our laboratory, we have demonstrated that nitroxide
covalently linked to a BODIPY dye is a good redox sensor
reagent. Wang et al. demonstrated that a pyrene fluorophore
attached to an imino nitroxide has optical and gate proper-
ties, e.g., reduction of nitroxide to N-hydroxylamine and
protonation of imino nitrogen resulted in fluorescence en-
hancement.” It seemed a real challenge to combine nitronyl
nitroxide with the BODIPY-type dye. The reaction of
nitronyl nitroxide aldehyde 13 with 2 equiv 2,4-dimethyl-
pyrrole 14 in the presence of TFA in CH,Cl, and after treat-
ment with DDQ, BF;-Et,0, and i-Pr,EtN and oxidation
with PbO, gave imino nitroxide 15 instead of the required
nitronyl nitroxide. Because the synthetic pathway resulted
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in the loss of the 3-oxo group, we decided to introduce the
nitronyl nitroxide ring in the last step. Reaction of 4-acetoxy-
methyl benzaldehyde 16*° with pyrrole 14 in an acid
catalyzed reaction, followed by treatment with DDQ,
BF;-Et,0, and i-Pr,EtN gave compound 17. Deacetylation
of this compound with NaOMe yielded alcohol 18. Oxidation
of compound 18 with activated MnO, furnished aldehyde 19.
Treatment of compound 19 with 2,3-bis-hydroxylamine-2,3-
dimethylbutane monosulfate salt in the presence of Et;N
in methanol yielded the desired nitronyl nitroxide 20 after
oxidation with NalO, (Scheme 3).

We have investigated the spectral properties of compounds
15 and 20. The addition of 2-(N,N-diethylamino)-diazenol-
ate-2-oxide (diethylamine NONOate), as a solid, water
soluble NO source to a solution (0.1 M phosphate buffer
solution (PBS)/acetonitrile, 50:1) of nitronyl nitroxide 20
yielded a small (~20%) increase in quantum yield (Fig. 4).
In the UV-vis spectrum the Sy— S; band does not change,
only bands at 230, 266, and 363 nm disappear, while a new
band at 237 nm appears. The significant change is observed
only in EPR spectra, the 5 line EPR spectra of nitronyl
nitroxide change to the 7 line EPR spectra of an imino
nitroxide 15, as happens with any other nitronyl nitroxide
when subjected to nitrogen oxide (Fig. 4).*° The EPR spec-
tral data are: an;=4.3 G, an>=9.2 G, 7 lines and they were
identical with the EPR spectra of the directly prepared com-
pound 15. However, the resulting imino nitroxide 15 has
interesting optical properties. Titration of compound 15 in
a 0.1 M phosphate buffer with ascorbic acid as a reducing
agent, results in about 80% increase in fluorescence quantum
yield after adding excess ascorbic acid. However, dissolving
compound 15 in TFA/acetonitrile/water (pH=1.5) the fluo-
rescence quantum yield increases five times, without any
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Scheme 3. Reagents and conditions: (a) 13 (1 equiv), 14 (2 equiv), CH,Cl,, TFA (1.1 equiv), rt, 8 h, then DDQ (1 equiv), 30 min, BF;-Et,0 (10 equiv) and
i-Pr,EtN (15 equiv), rt, 40 min, then the crude product was oxidized with PbO, (2 equiv), CHCI3, reflux, 15 min, 10%; (b) 16 (1 equiv), 14 (2 equiv),
CH,Cl,, TFA (1.1 equiv), rt, 8 h, then DDQ (1 equiv), 40 min, BF;-Et,O (10 equiv) and i-Pr,EtN (15 equiv), rt, 30 min, 35%; (c) NaOMe (0.3 equiv),
MeOH, rt, 40 min, 59%; (d) MnO, (15 equiv), CH,Cl,, 1t, 2 h, 64%; (e) 2,3-bishydroxylamino-2,3-dimethylbutane monosulfate (1 equiv), MeOH, Et;N

(1.5 equiv), 12 h, rt, then oxidation with aq NalO,4 (10 equiv), rt, 5 min, 38%.
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Figure 4. (A) Absorption; (B) emission spectra of compounds 20 (24 uM)
and 15 in phosphate buffer solution (PBS)/acetonitrile 50:1, (pH=7.4).
Spectra of 15 were generated by addition of 1 equiv diethylamine
NONOate; (C) EPR spectra of compounds 20 (427 uM) and 15 in acetoni-
trile/PBS 1:1 mixture. The spectrum of 15 was generated by addition of
1.07 equiv diethylamine NONOate.

reducing agent. Titration of acidic solution of compound 15
with ascorbic acid resulted in further increases of quantum
yield (up to 10 times). This confirms that compound 15
has got a redox center (nitroxide) and a proton sensitive re-
ceptor (imidazole nitrogen). Only the reduction of nitroxide
and protonation of imidazole nitrogen restore the fluores-
cence of the BODIPY dye (Fig. 5).

15 + AA 0-17uM
@ pH=15

15 + AA 0-17uM
@ pH=7.4

Fluorescence intensity (a. u.)

550 600 650 700

Figure 5. Titration of compound 15 (10 uM) in 0.1 M PBS (pH=7.4)/
acetonitrile 50:1 with ascorbic acid (AA) 0, 1.7, 3.4, 6.8, 10.2, 13.6, and
17 uM (final concentration). The upper four plot: titration of compound 15
(10 uM) in water/TFA (pH=1.5)/acetonitrile 50:1 with ascorbic acid (AA)
0, 6.8, 13.6, and 17 uM (final concentration), Ac,: 505 nm.

3. Conclusion

In conclusion, we have reported the synthesis and prelimi-
nary study of new BODIPY-based sensor molecules, a
thiol-specific fluorescentlabel, a fluorescent amino acid, and a
double (spin and fluorescence) label. Among the fluoroiono-
phores, 1-aza-18-crown-6 in combination with a BODIPY
dye is superior to 1-aza-15-crown-5 owing to its larger asso-
ciation constant and potassium-selective spectral change.
The imino nitroxide attached BODIPY dye is a H"- and redox
sensitive molecule and a good candidate for Boolean logic
gate application. Further work with new labels and sensors
is in progress.

4. Experimental
4.1. General

Melting points were determined with a Boetius micro melt-
ing point apparatus and are uncorrected. Elemental analyses
(C, H, N, and S) were performed on a Carlo Erba EA 1110
CHNS elemental analyzer. Mass spectra were recorded on
an Automass Multi instrument in the EI mode (70 eV, direct
inlet) or on a VG TRIO-2 instrument with thermospray tech-
nique. ESR spectra were obtained from 10~> M solutions
(CHCI3), using a Magnettech MS200 spectrometer. Pre-
parative flash column chromatography was performed on
Merck Kieselgel 60 (0.040-0.063 mm). The UV spectra
were taken with a Specord 40 (Jena Analytic) in acetonitrile
using 1 cm quartz cells and solute concentrations (2-0.5) x
10~> M. The molar extinction coefficients (&) at absorption
maximum were obtained from slope of absorbance versus
concentration using five solutions of different concentra-
tions. Fluorescence spectra of compounds dissolved in
acetonitrile were measured with Perkin—Elmer LS50B spec-
trofluorimeter, with 3 nm slits, with correction of instrumen-
tal factors by means of a rhodamine B quantum counter
and correction files supplied by the manufacturer. Quantum
yields were referred to fluorescein dissolved in 0.1 M NaOH
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(@'=0.95). The values were calculated from equation ¢=
(IIY(A'IA)(n/n" )@, where I', A’, and @' are the integrated
emission, absorbance (at the excitation wavelength), and
quantum yield of the reference sample, respectively. n’ is
the refractive index of the solvent used for reference sample.
I, A, n, and @ are related to sample with the same definitions
applied to reference sample. The fluorescence data of all
final compounds are listed in Table 1. Lifetimes were mea-
sured with ISS K2 multifrequency phase fluorimeter and
referred to glycogen. The association constant (K,) of com-
plexes were estimated by Eq. 1, which is a linear plot
Fo/(F—Fy) versus 1/C.

Fo/(F — Fo) = (%) x (K:CH) (1)

Fy denotes the fluorescence intensity of metal free complex
at a selected wavelength, F the fluorescence intensity of
metal-fluoroionophore complex, C the metal ion concentra-
tion, @y and P are the quantum yields of free and metal—-
fluoroionophore complex, ey; and ec are the molar extinction
coefficients. Qualitative TLC was carried out on commer-
cially prepared plates (20x20x0.02 cm) coated with Merck
Kieselgel GF»s,. '"H NMR spectra of diamagnetic com-
pounds were recorded with Varian Unity Inova 400 WB
spectrometer; chemical shifts were referenced to TMS. NaS-
SO,CH3,*' compounds 1, 6, 7, 13, 16, and 2,3-bishydroxyl-
amine-2,3-dimethylbutane monosulfate salt*? were prepared
as described earlier and all other reagents and compounds
were purchased from Aldrich or Fluka.

4.1.1. 4,4-Difluoro-8-iodomethyl-1,3,5,7-tetramethyl-
2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (2). A solution
of compound 1 (1.76 g, 5.0 mmol) and Nal (1.50 g,
10.0 mmol) was stirred and refluxed in dry THF (20 mL)
for 45 min. After cooling, the solution was diluted with
Et,O (20 mL), washed with water (20 mL), and the organic
phase was dried (MgSO,), filtered, and evaporated. The resi-
due was purified by flash column chromatography (hexane/
Et,0) to give the title compound as a dark purple solid 1.66 g
(75%), mp 145-147 °C, R,: 0.63 (hexane/Et,0, 2:1). EA:
caled C;gH,4BF,IN,: C, 48.68; H, 5.45; N, 6.31. Found:
C, 48.55; H, 5.39; N, 6.20. '"H NMR (CDCl;, 400 MHz):
0=4.69 (s, 2H, CH,l), 2.51, 2.48 (two s, each 6H,
4x ArCH>), 2.36 (q, J=6.8 Hz, 4H, 2xCH,CHs3), 1.04 (t,
J=6.8 Hz, 6H, 2xCH,CH3). IR (Nujol) »: 1605, 1560,
1510 (C=C) cm~!. MS (EI) m/z: 444 (M*, 24), 425 (9),
410 (5), 317 (100).

4.2. General procedure for the synthesis of methane-
thiosulfonates (3 and 10)

A solution of compound 2 (444 mg, 1.0 mmol) or compound
8 (585 mg, 1.0 mmol) and NaSSO,CHj3; (270 mg, 2.0 mmol)
was dissolved in acetone (10 mL) and water (3 mL), and
the mixture was heated at reflux until the consumption of
the starting halogen compound (~30 min). After cooling, the
acetone was evaporated off, water (5 mL) was added, and
the residue was partitioned between water and EtOAc
(20 mL). The organic phase was separated, dried (MgSO,),
filtered, and evaporated, and flash column chromatography
(hexane/EtOAc) purification afforded methanethiosulfo-
nates 3 or 10.

4.2.1. 4,4-Difluoro-8-methanesulfonylmethyl-1,3,5,7-
tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene
(3). Yield 184 mg (43%), red solid, mp 186-189 °C, R: 0.22
(hexane/EtOAc, 2:1). EA: calcd for C;9H»;BF,N>0,S,: C,
53.27; H, 6.35; N, 6.54; S, 14.97. Found: C, 53.10; H,
6.41; N, 6.33; S, 14.88. 'H NMR (CDCl;, 400 MHz):
0=4.70 (s, 2H, CH>S), 3.37 (s, 3H, SO,CH;), 2.51, 2.48
(two s, each 6H, 4xArCH;), 2.37 (q, J=7.2Hz, 4H,
2xCH,CH3), 1.04 (t, J=7.2Hz, 6H, 2xCH,CH3). IR
(Nujol) »: 1600, 1560, 1505 cm™! (C=C). MS (EI) m/z:
428 (M*, 59), 413 (2), 396 (30), 317 (100).

4.2.2. 3-Methanethiosulfonylmethyl-2,2,5,5-tetramethyl-
4-[(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-
s-indacene-8-phenyl-4'-oxy)ylmethyl]-2,5-dihydro-1H-
pyrrol-1-yloxyl radical (10). Yield 166 mg (27%), red
solid, mp 148-150 °C, R;: 0.14 (hexane/EtOAc, 2:1). EA:
calcd for C30H37BF,N30,4S,: C, 58.42; H, 6.05; N, 6.82;
S, 10.40. Found: C, 58.26; H, 6.13; N, 6.73; S, 10.23. IR
(Nujol) »: 1650, 1560, 1535, 1505 (C=C)cm !. MS
(thermospray) m/z: 617 (M+H)*. EPR (in CHCIly): triplet,
an=14.6 G.

4.2.3. p,L-2-Amino-3-(4,4-difluoro-1,3,5,7-tetramethyl-
2,6-diethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-
propionic acid ethyl ester (4). To a solution of N-(diphenyl-
methylene)glycine ethyl ester (267 mg, 1.0 mmol) in dry
THF (10 mL), NaHMDS (1.0 M THF solution) (1.1 mL,
1.1 mmol) was added at —78 °C in one portion and the
mixture was stirred for 15 min at this temperature, then com-
pound 2 (444 mg, 1.0 mmol) dissolved in dry THF (10 mL)
was added dropwise. After 1 h stirring at —78 °C the mixture
was allowed to warm to 0 °C and quenched with satd aq
NH,4CI solution (10 mL). After evaporation of THF, water
(10 mL) was added and the aq phase was extracted with
CHCl; (2%x20 mL). The organic phase was dried (MgSQ,),
filtered, and evaporated. The crude residue was dissolved
in EtOH (10 mL) and 5% aq H,SO4 (5 mL) was added
and the mixture was allowed to stand at rt for 40 min. The
solution was diluted with water (15 mL) and the solution
was concentrated to half in vacuo. The aq phase was washed
with EtOAc (2x10 mL) to remove the benzophenone and
other by-products, and organic phase was discarded. The
aq phase pH was adjusted to 8 by addition of solid
K>COj5 and extracted with CHCl; (2x20 mL), then dried
(MgS0,), filtered, and evaporated to give 159 mg (38%)
of a thick purple oil, R: 0.48 (CHCI3/Et,O, 2:1). EA:
calcd for C,,H3,BF,N;0,: C, 63.02; H, 7.69; N, 10.02.
Found: C, 62.97; H, 7.55; N, 10.00. 'H NMR (CDCls,
400 MHz): 6=4.22 (br s, 1H, CH), 3.96 (q, J=7 Hz,
2H, OCH,), 3.51 (d, J=6 Hz, 2H, ArCH,), 2.48, 2.47
(two s, each 6H, 4xArCH;), 2.36 (q, J=7.2 Hz, 4H,
2xCH,CH3), 1.27 (t, J=7 Hz, 3H, OCH,CH3), 1.04 (t,
J=7.2Hz, 6H, 2xCH,CH3). IR (neat) v: 3400 (NH,),
1740 (C=0), 1615, 1560, 1540, 1500 (C=C)cm ..
MS (ED) m/z: 419 (M*, 11), 418 (4), 318 (45), 182 (80),
41 (100).

4.2.4. p,L-2-tert-Butoxycarbonylamino-3-(4,4-difluoro-
1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-
indacene-8-yl)propionic acid ethyl ester (5). To a solution
of compound 4 (155 mg, 0.37 mmol) in THF (10 mL) was
added tert-butoxycarbonyl anhydride (81 mg, 0.37 mmol)
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and the mixture was stirred at 40 °C for 30 min. After cool-
ing, Et,0 (10 mL) was added, the organic phase was washed
with brine (10 mL), then the organic phase was separated,
dried (MgSO,), filtered, and evaporated, and compound 5
(130 mg, 76%) was obtained after flash column chromato-
graphy purification as a red solid, mp 170-172 °C, Ry
0.55 (hexane/EtOAc, 2:1). EA: calcd for Cy7H40BF,N304:
C, 62.43; H; 7.76; N, 8.09. Found: C, 62.38; H, 7.69; N,
8.00. 'H NMR (CDCls, 400 MHz): 6=5.18 (br s, 1H, HN),
4.44 (br s, 1H, CH), 3.96 (q, /=7 Hz, 2H, OCH,), 3.51
(d, J=6 Hz, 2H, ArCH,), 2.48, 2.47 (two s, each 6H,
4xArCH3), 2.36 (q, J=7.2Hz, 4H, 2xCH,CHj3), 1.36
(s, 9H, C(CHy)s), 1.27 (t, J=7 Hz, 3H, OCH,CH3;). 1.04
(t, J=7.2 Hz, 6H, 2xCH,CH3). IR (Nujol) »: 3330 (NH),
1745, 1680 (C=0), 1560, 1540, 1505 (C=C)cm .
MS (El) m/z: 519 (M*, 2), 463 (1), 317 (4), 287 (7),
57 (100).

4.2.5. 3-Bromomethyl-2,2,5,5-tetramethyl-4-[(4,4-di-
fluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-inda-
cene-8-phenyl-4'-oxy)-ylmethyl]-2,5-dihydro-1H-pyrrol-
1-yloxyl radical (8) and 2,2,5,5-tetramethyl-3,4-bis[(4,4-
difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-inda-
cene-8-phenyl-4'-oxy)-ylmethyl]-2,5-dihydro-1H-pyrrol-
1-yloxyl radical (9). A solution of compound 6 (510 mg,
1.5 mmol), 18-crown-6 (19 mg), and powdered K,COj;
(207 mg, 1.5 mmol) and acetone were stirred at 40 °C for
10 min, then compound 7 (326 mg, 1.0 mmol) was added
dropwise, dissolved in acetone (5 mL), and the mixture
was stirred and heated at reflux for 30 min. After cooling,
the acetone was evaporated off and the residue was dissolved
in CHCl; (20 mL), the organic phase was washed with
brine (10 mL), dried (MgSO,), filtered, and evaporated, and
the residue was purified by flash column chromatography
(hexane/Et,O followed by hexane/EtOAc). The first two
bands are the remains of starting materials 6 and 7, respec-
tively, and then compound 8 R/: 0.44 (hexane/EtOAc, 2:1),
then compound 9 R, 0.21 (hexane/EtOAc, 2:1) eluted.
The yield of compound 8 is 128 mg (22%), red solid, mp
195-197 °C. EA: calcd for CyoH34BBrF,;N3;0,: C, 59.97,
H, 5.87; N, 7.19. Found: C, 59.88; H, 5.78; N, 7.10. MS
(ED) m/z: 586/584 (M*, 10/10), 542/540 (25/25), 340 (58),
186 (100). IR (Nujol) »: 1660, 1625, 1570, 1550, 1510
(C=C) cm™'. Yield of compound 9 is 253 mg (30%), red
solid, mp 183-185 °C. EA: calcd for C4gH5,B,F4N505: C,
68.21; H, 6.21; N, 8.29. Found: C, 68.15; H, 6.15; N, 8.25.
IR (Nujol) »: 1650, 1555, 1535, 1505 (C=C) cm~!. MS
(thermospray) m/z: 845 (M+H)™*.

4.3. General procedure for the alkylation of aza-crown
ethers (11 and 12)

A solution of compound 2 (444 mg, 1.0 mmol), 1-aza-15-
crown-5 (219 mg, 1.0 mmol), and powdered K,COs3
(207 mg, 1.5mmol) or l-aza-18-crown-6 (263 mg,
1.0 mmol) and Na,COj; (159 mg, 1.5 mmol) was stirred
and refluxed in acetone (10 mL) until compound 2 (30 min
for 12 and 2 h for 11) was consumed. After cooling, the
inorganic salts were filtered off, washed with CHCl;
(5 mL), and the solvents were evaporated under reduced
pressure. The residue was purified by flash column chroma-
tography (CHCI3/Et,O and CHCI3/MeOH) to yield the title
compounds.

4.3.1. 13-(4,4-Difluoro-1,3,5,7-tetramethyl-2,6-diethyl-
4-bora-3a,4a-diaza-s-indacene-8-methylenyl)-1,4,7,10-
tetraoxa-13-azacyclopentadecane (11). Yield 412 mg
(77%), red solid, mp 148-150 °C, R: 0.34 (CHCI4/Et,0,
2:1). EA: calced for C,3H44BF,N50,4: C, 62.80; H, 8.28; N,
7.85. Found: C, 62.82; H, 8.30; N, 7.66. '"H NMR (CDCls,
400 MHz): 6=3.99 (s, 2H, ArCH,N), 3.61, 3.56 (two s,
16H, 8xCH,), 2.89 (s, 4H, 2xNCH,), 2.48, 2.40 (two s,
each 6H, 4xArCHs3), 2.36 (q, J=7.2 Hz, 4H, 2xCH,CH3;),
1.03 (t, J=7.6 Hz, 6H, 2xCH,CH3;). IR (Nujol) v: 1645,
1540, 1505 (C=C) cm .

4.3.2. 16-(4,4-Difluoro-1,3,5,7-pentamethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacene-8-methylenyl)-1,4,7,10,13-
pentaoxa-16-azacyclooctadecane (12). Yield 370 mg
(64%), red solid, mp 84-86 °C, Rs: 0.85 (CHCl3;/MeOH,
9:1). EA: calcd for C3oH43BF,N305: C, 62.18; H, 8.35; N,
7.25. Found: C, 62.15; H, 8.31; N, 7.12. '"H NMR (CDCls,
400 MHz): 6=4.02 (s, 2H, ArCH,N), 3.62, 3.55 (two s,
20H, 10xCH,), 2.93 (s, 4H, 2xNCH,), 2.47, 2.40 (two s,
each 6H, 4xArCH3), 2.36 (q, J=7.2 Hz, 4H, 2xCH,CHj;),
1.03 (t, J=7.6 Hz, 6H, 2xCH,CH3). IR (Nujol) »: 1640,
1550, 1505 (C=C) cm™".

4.3.3. 2-[(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s-indacene-8-phenyl)-4-yl]-4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazol-1-yloxyl radical (15). To a
deoxygenated solution of aldehyde 13 (1.0 mmol, 261 mg)
and 2,4-dimethylpyrrole (2.0 mmol, 190 mg) in CH,CI,
(200 mL), TFA (125 mg, 1.1 mmol) was added and the mix-
ture was stirred overnight under N, at rt. The red solution
was treated with DDQ (227 mg, 1.0 mmol), stirred for
30 min, then i-Pr;EtN (2.0 mL, 11.6 mmol) and BF5-Et,O
(1.25 mL, 10.0 mmol) were added at 0 °C, and the mixture
was stirred at rt for further 40 min. After washing with
satd aq NaHCOs, the organic phase was separated, dried
(MgSO0,), filtered, and concentrated. The residue was dis-
solved in CHCl; (10 mL), PbO, (478 mg, 2.0 mmol) was
added, and the mixture was stirred and refluxed for
15 min. The PbO, was filtered off, the solvent was evapo-
rated under reduced pressure, and the residue was purified
by flash column chromatography (hexane/EtOAc), collect-
ing the first red/purple fraction afforded the imino nitroxide
linked to the BODIPY dye, 46 mg (10%), orange-red solid,
mp 195 °C (decomposes on heating), Rs: 0.57 (hexane/
EtOAc, 2:1). EA: calcd for CycH30BF,N4O: C, 67.40; H,
6.53; N, 12.09. Found: C, 67.51; H, 6.48; N, 12.00. IR
(Nujol) »: 1560, 1540, 1505 (C=C)cm~'. MS (EI) m/z:
463: (M*, 1), 391 (1), 349 (5), 41 (100). EPR (in CHCl5):
7 lines, an;=4.3 G, an>=9.0 G and (in acetonitrile/PBS
1:1) 7 lines, an1=4.3 G, an>=9.2 G.

4.3.4. 4,4-Difluoro-8-(4-acetoxymethylphenyl)-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene (17). To a
deoxygenated solution of aldehyde 16 (1.78g, 10.0 mmol)
and 2,4-dimethylpyrrole (20.0 mmol, 1.90 g) in CH,Cl,
(500 mL), TFA (114 mg, 1.0 mmol) was added and the mix-
ture was stirred overnight under N, at rt. The red solution
was treated with DDQ (2.27 g, 10.0 mmol), stirred for
30 min, then i-Pr,EtN (25.7 mL, 0.15 mol) and BF5-Et,O
(12.5 mL, 0.1 mol) were added at O °C, and the mixture
was stirred at rt for further 40 min. After washing with
satd aq NaHCOs, the organic phase was separated, dried
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(MgS0,), filtered, and concentrated. The residue was puri-
fied by flash column chromatography (hexane/EtOAc),
collecting the first brownish fraction afforded the acetoxy
derivative 17, 1.38 g (35%), brownish-red solid, mp 86—
88 °C (decomposes on heating), Ry: 0.60 (hexane/EtOAc,
2:1). EA: calcd for C,,H,3BF>N,0,: C, 66.69; H, 5.85; N,
7.07. Found: C, 66.70; H, 5.77; N, 7.01. '"H NMR (CDCl,,
400 MHz): 0=7.45 (d, J=7.6Hz, 2H, ArH), 7.25 (d,
J=7.6 Hz, 2H, ArH), 5.96 (s, 2H, pyrrole H), 5.09 (s, 2H,
CH,0), 2.54 (s, 6H, 2xCH3), 2.13 (s, 3H, COCH3), 1.36
(s, 6H, 2xCHj3). IR (Nujol) »: 1735 (C=0), 1630, 1560,
1540, 1510 (C=C) cm~'. MS (EI) m/z: 396 (M*, 18), 350
(6), 256 (74), 162 (82), 43 (100).

4.3.5. 4,4-Difluoro-8-(4-hydroxymethylphenyl)-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene (18). To a
solution of ester 17 (792 mg, 2.0 mmol) in MeOH (10 mL),
NaOMe solution (0.6 mmol, freshly made from 14 mg Na
metal and 5 mL MeOH) was added and the mixture was
allowed to stand at rt for 40 min. Then the solution was
diluted with water (10 mL) and extracted with CHCl;
(2x15mL). The combined organic phase was dried
(MgSQ,), filtered, evaporated, and the residue was purified
by flash column chromatography (CHCI5s/Et,0O) to yield
the alcohol 18 as a dark red solid with a greenish shine,
417 mg (59%), mp 194-195°C, R;: 0.73 (CHCI5/Et,0,
2:1). EA: calcd for C,oH,BF>N,0: C, 67.82; H, 5.98; N,
7.91. Found: C, 67.81; H, 5.88; N, 7.83. 'H NMR (CDCls,
400 MHz): 6=7.47 (d, J=7.2Hz, 2H, ArH), 7.26 (d,
J=7.6 Hz, 2H, ArH), 5.96 (s, 2H, pyrrole H), 4.79 (s,
2H, CH,0), 2.54 (s, 6H, 2xCH3), 1.36 (s, 6H, 2xCHj3).
IR (Nujol) »: 3300 (OH), 1645, 1560, 1545, 1505
(C=C) cm~!'. MS (ED) m/z: 354: (M*, 100), 334 (52), 287
(36), 91 (75), 77 (67).

4.3.6. 4,4-Difluoro-8-(4-formylphenyl)-1,3,5,7-tetra-
methyl-4-bora-3a,4a-diaza-s-indacene (19). To a solution
of alcohol 18 (400 mg, 1.13 mmol) in CH,Cl, (10 mL),
activated MnO, (1.46 g, 17.0 mmol) was added and the mix-
ture was stirred at rt until the consumption of alcohol was
complete (2 h, as monitored by TLC). The mixture was fil-
tered through Celite, the filtrate was evaporated, and then
the solid residue was further purified by flash column chro-
matography (hexane/EtOAc) to yield the aldehyde as a red
powder, 254 mg (64%), mp 174-176 °C, Ry: 0.66 (hexane/
EtOAc, 2:1). EA: calcd for C,oH19BF,>N,O: C, 68.21; H,
5.44; N, 7.95. Found: C, 68.19; H, 5.35; N, 7.89. 'H NMR
(CDCl;, 400 MHz): 6=10.10 (s, 1H, CHO), 8.02 (d,
J=8 Hz, 2H, ArH), 7.49 (d, /=8 Hz, 2H, ArH), 5.98 (s,
2H, pyrrole H), 2.59 (s, 3H, CH3), 2.55 (s, 3H, CH3), 1.35
(s, 3H, CH3), 1.34 (s, 3H, CH3). IR (Nujol) »: 1700
(C=0), 1655, 1560, 1540, 1505 (C=C) cm~'. MS (EI)
miz: 352: (M™, 100), 332 (47), 287 (16), 136 (53).

4.3.7. 2-[(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s-indacene-8-phenyl)-4-yl]-4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazol-3-oxo0-1-yloxyl radical (20).
To a deoxygenated solution in MeOH (10 mL) of 2,3-bis-
hydroxylamino-2,3-dimethylbutane monosulfate (1.0 mmol,
246 mg) and Etz;N (150 mg, 1.5 mmol), aldehyde 19
(352 mg, 1.0 mmol) was added and stirred overnight under
N,. After evaporation of the solvent, the residue was
partitioned between CHCI; (15 mL) and water (20 mL)

containing NalO,4 (2.13g, 10.0 mmol), and the mixture was
vigorously shaken for 5 min. The organic phase was then
separated, dried (MgSO,), filtered, and evaporated, and after
flash chromatography (hexane/EtOAc) we got the title com-
pound as dark brown crystals with a greenish shine, 182 mg
(38%), mp 280 °C, decomp., Ry: 0.18 (hexane/EtOAc, 2:1).
EA: calcd for C,H30BF,N40,: C, 65.15; H, 6.31; N, 11.69.
Found: C, 65.12; H, 6.22; N, 11.52. MS (EI) m/z: 479 (M*,
1), 463 (3), 391 (5), 349 (21), 217 (67), 84 (100). IR (Nujol)
v: 1555, 1535, 1505 (C=C) cm~'. EPR (in CHCl5): 5 lines,
an=17.4G.
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