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ABSTRACT: A series of phthalhydrazid2$ dyes, Phthalhydrazide, BODIPY
conjugated with NIR fluorescent BODIPY dys
were synthesized (three steps, overall yields268HNTRODUCTION
83%) and found to show strong MNIR Chemiluminescence (CL) is a phenomenon
chemiluminescence (CL) with maxima in @& whereby photons are generated through a
range of 670-736 nm. One of these showed 29Clchemical reaction of a chemiluminogen.
guantum yield reaching 8.4 times higher than3batCompared with fluorescence analysis using an
of luminol. Tuning of the fluorescence band3of excitation light source, CL analysis provides data
the BODIPY unit directly leads to a red-shifsad with no background noise arising from
CL, developing a strategy for designing NIR autofluorescence in a biological sample or from
chemiluminogens. 34 scattering of excitation light. Because of the high

35 sensitivity and high signal-to-noise ratio of CL
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detection, CL has been widely utilized in vari6&s has recently been used iin vivo imaging with

chemical and biological analysks. 59 intermolecular energy transferin this system,
Luminol 60 luminol functioned as an energy donor to
(5-amino-2,3-dihydrophthalazine-1,4-dione) i$la stimulate a NIR fluorescent dye through

chemiluminescent compound whose artidn sequential dual Forster resonance energy transfer
generated by deprotonation can be e&Sily(FRET). Because an efficiency of an
oxygenated by an appropriate biologiédl, intermolecular energy transfer is determined by
chemical, or electronic reaction leading to ldbe the factors for FRET including the distance
light emission with emission maximum arowstd between an energy donor and an energy acceptor,

420-450 nm. Besides its readily obtaigad emission intensities of the intermolecular CL

luminescence, luminol  possesses  mahysystems will be affected by the reaction
advantages compared with otB@r conditions. To overcome the weaknesses of this
bio/chemiluminogens, such as good stability, 7w intermolecular energy  transfer  system,

cost, and safety. The CL of luminol is widglly development of bio/chemiluminogens that
used in biological analysis amavitro imaging ag2 produce NIR light is urgently required. Although
a well-established sensitive technold@y? The73 efforts have been made to prepare
blue CL of Iluminol, however, hinders #¢ phthalhydrazide-based CL syste?ns,the best of
application toin vivo systems due to significari our knowledge, no NIR systems with
light attenuation by tissuésHence, increasings phthalhydrazide have been reported. To prepare
the emission wavelength to the near-infraedNIR phthalhydrazide-based CL systems with high
(NIR) region would facilitate thein vivo78 CL quantum yields, it is important to select an

application of luminol. For this purpose, lumiiél appropriate NIR fluorophore unit to combine



80 with the phthalhydrazide unit. As regards the B2R choose. Recently, we developed NIR fluorescent

81 fluorophores, there are many candidates83toBODIPYs2a-c’® (Figure 1).

84
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88  Figure 1. Structures of luminol, phthalhydrazide NIR BODIR¥njugatesla—G and NIR BODIPYs
89 2a-C
90 The bulky 2,6-dimethylphenyl group at thel@8 by intramolecular energy transfer, and the
91 position in 2a—< reduced aggregation &bt methodology of the direct connection will expand
92 imparted good solubility and high fluoresceage the derivatization range of the NIR CL compound.
93 quantum vyields. Phthalhydrazide NIR BODI®¥ We report here the synthesis, spectroscopic
94 conjugatesla— were then designed by diretdy properties, and CL properties Id—c.
95 connecting the phthalhydrazide unit at thel@S6’ RESULTS AND DISSCUSSION
96 position with the NIR BODIPY units at the102 Phthalhydrazide  conjugates lac  were
97 position. The direct connection of 1 synthesized from BODIPYs 2a< and
98 phthalhydrazide and NIR BODIPY unitsi0& commercially available 5-bromophthalic

99 preferable to modulate the emission wavel@agthanhydride7 as shown in Scheme 1.
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Scheme 1Synthesis scheme of compourids-c

To synthesize the phthalhydrazide 18t readily reacted with excess hydrazine to afford
N-methylphthalimides was prepared frori with29 la—c. As we expected,la<c showed good
methylamine, and subsequent Miyal8@— solubility in many organic solvents.
Ishiyama—Hartwig borylation of 6 yieldet31 The spectroscopic properties dfa—c were
boronates. BODIPYs2a-c were treated with aid2 investigated in acetone and DMSO (Figure 2),
equivalent of NBS to afford monobromidga-c133 and the data are summarized in Table 1 together
which were coupled with 5 to give34 with those of2a—® in dichloromethane (DCM)

phthalhydrazide precursofs—c. Precursorda-¢35 for comparison.
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Figure 2. UV/vis absorption (Abs: dotted line) and fluoresce (FL: solid line) spectra dfa (A), 1b

(B), and1c(C) in acetone (blue) and DMSO (red).

Table 1. Spectroscopic data faa—cin acetone and DMSO together with thoseXarcin DCM.

dye solvent impd e C @y Stokes
/nm Mtem™ /nm shift/cm*

la acetone 617 81,000 667 0.85 1220
DMSO 626 72,000 679 0.39 1250
2&® DCM 640 66,000 662 0.81 520
1b  acetone 657 63,000 733 0.55 1580
DMSO 670 56,000 754 0.27 1660
2b® DCM 689 78,000 725 0.68 720
1c acetone 662 66,000 740 0.31 1590
DMSO 678 60,000 761 0.09 1610
2¢ DCM 691 82,000 740 0.53 960

2 Absorption maximum® Molar absorption coefficienf. Fluorescence emission maximufrAbsolute

fluorescence quantum yieldFrom referencé.
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The absorption and emission bands #-@67 quantum yields ¢) of la—c in DMSO were
spanned a wide range of over the red andd8IRabout 1/3-1/2 lower than those in acetone. The
regions. The absorption maximd,f) of th&69 polarization properties of the States ofla— are
lowest energy bands @&-c were observed in t® known to influence the rate of non-radiative
range of 617-678 nm with large mbrar decay from the S state in a polar solvent,
absorptivities  (56,000-81,000 ™ cm 172 resulting in lower®; values® This result was
indicating that these absorption bands could3beconsistent with previous reports on BODIPY
attributed to m—m* transitions. Fluorescenaa systemé’. It is noteworthy that thé,,s values of
emission maximaZlf) were in the 667—761 oms la—c were blue-shifted compared with those of
range with moderate Stokes shifts. As the sav&nt2a—c, but thely; values of2a—c were similar to
polarity increased from acetone{ED.335) tv7 those ofla— in acetone. The result indicates that
DMSO (E" 0.444)! both thel.,s andiq valuelys the phthalhydrazide units inlac showed
were red-shifted by 9-16 nm and 12—-21178n,w-conjugation with the BODIPY unit in the
respectively. The Stokes shifts bd—c in DMSQ@80 ground states, while the-conjugation of the
are slightly larger than those in acetidie, BODIPY and phthalhydrazide units was
indicating that the dipole moments of the ext#izd attenuated in the ;Sstates ofla-c. Thus, the
singlet (§) states ofLla—c were a little larger the88 fluorescence emission properties b&—c are
those of the ground states. As the result, tt& Smainly determined by the BODIPY unit. To
states ofla—c were more stabilized by the m@% rationalize the spectroscopic propertieslatc
polar solvent (DMSOJ.Therefore, the electrot8s and 2a—, DFT and TD-DFT calculations were
excitations of lac have weak intramolecula? performed for them using the B3LYP/6-31G(d)

charge-transfer character. The fluoresd@8cemethod (Figure 3, Table 2}.1°
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191  Figure 3. Frontier orbitals and optimized molecular structuoé dyesla—cand2a—c The energy levels

192  of the molecular orbital are denoted by blue amblh@sAE,, denotes the energy gap between HOMO

193 and LUMO.

194

195  Table 2.Calculation data fot and2 with DFT and TD-DFT using B3LYP/6-31G(d).

dye HOMO LUMO AE.,*  Transition® Ay ° Configuration™*
leV /eV leV /nm (f)

la -5.20 -2.82 2.37 &~ S 546 H — L (99.5%)
0.76  He L (2.2%

1b -4.95 -2.80 2.15 &~ S 626 H — L (98.7%)
(0.92

1c -4.94 -2.80 2.14 S S 633 H — L (98.5%)
(0.97

2a —-4.98 -2.65 2.33 &~ S 541 H — L (101.3%)
(0.69 HeL(2.9%

2b  -4.76 -2.64 2.12 &~ S 616 H — L (100.2%)
(1.03  HeL(2.1%
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2c  -4.76 -2.64 212 S-S 624 H — L (99.8%)
(1.10

2 Energy difference between HOMO and LUMOTher,n* transition to the excited singlet state with
the lowest excitation energ§. Wavelengths estimated from transition energfe€onfiguration of
excitation.® H and L denote the HOMO and LUMO, respectively.

The optimized geometries dfa—c had dihediz18 and 4-BOC-aminophenyl groups to the BODIPY
angles between the phthalhydrazide and BODPYunits increased the HOMO levels more
units of 45.2° forla, 46.3° forlb, and 45.1° f220 effectively than the LUMO levels, leading to
1c. The relatively non-planar molecular structes smaller HOMO-LUMO gapsAEn-.) for 1b and

of la—c may hinder aggregation of the dye2and 1c compared with that ofla. The slightly
also maintain communication between 22Be blue-shiftedA,,s values ofla-c compared with
phthalhydrazide units and BODIPY framew@s. those of2a—c were supported by th&E-| values.
The HOMO and LUMO levels ofla< wer225 The AE4-. values ofla—c were larger than those
lower than those of the corresponding BORDIBY of 2a—c, while the calculated wavelengths;)(
2a—c compounds, suggesting that 2#Te estimated from the transition energies showed the
phthalhydrazide units behaved 228s opposite trend. Configuration interactions in the
electron-withdrawing groups inla—c. Th229 calculations would decrease the transition
HOMO levels oflb and1c were higher than tha® energies ofla—c. Interestingly, the LUMOs of
of la as with the series d, indicating that th@1 la—c had electron distributions only at the
4-methoxyphenyl and  4-BOC-aminoph28yl BODIPY frameworks, while their HOMOs had
groups in the BODIPY units effective3g small electron distributions at the phthalhydrazide
functioned as electron-donating-conjugat@d4 units.

substituents. Introducing the 4-methoxyptetyl The CL properties ofla—c and luminol were
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evaluated with horseradish peroxidase (HRP)3&8nd4 shows normalized CL spectra bd—c together

H,0, in MeOH/K,CO; aqueous solutions. FigaB2 with that of luminol.

o
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Figure 4. Normalized CL spectra dfa (a), 1b (b), 1c(c), and luminol (d).

Phthalhydrazide conjugatds-c showed single4 states, and the excited state energies were used to
sharp emission bands in the NIR region 258h generate the;States of the BODIPY units.
maxima {c.) in the 670-738 nm range, and58o The time courses of the CL reactions &<
CL derived from the isolated phthalhydrazide traced by monitoring emission intensities showed
units was observed. Thig, values ofla—c werg58 that the emission intensities maximized
similar to the A4 values of the correspondibg immediately after mixing the reagents and
BODIPY 2a—c compounds, indicating that 26@ gradually decreased (Figure S1). The half-lives of
BODIPY moieties inla—c functioned effectivelgl the emission intensitiegyf;) are summarized in
as fluorophore units. The CL reactions k&#262 Table 3.

gave the phthalate products oksgc in the S

Table 3.Chemiluminescent parameters obtained for dgesand luminol.

dye Ael/nmP 1)< rel. d¢,©
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la 670 145 8.4

1b 735 42 0.8
1c 736 22 0.4
luminol 451 6 1

2 CL emission maximunt. Half-life of light emission® Relative CL quantum yield.

The 735, values follow the ordefla > 1b > 1@Q75 that of luminol), whilelb and 1c showed lower
suggesting that the 4-methoxyphenyl 2a6d efficiencies (0.8-fold fodb and 0.4-fold forlc).
4-BOC-aminophenyl groups in the BOD2IRY In the CL reactions ola-c, the S states of the
units accelerated the CL reactions 27&s phthalate units in oxy{a—c (Figure 5) were
electron-donating substituents. The relative7€L initially generated by the reactions of the anions
quantum yields (rel®dc,) of la—c were estimat280 of the phthalhydrazide units with superoxide
using luminol as a standaftilt is notewortt381 anions®?

that 1a showed higher CL efficiency (8.4-fold

phthalate part

Figure 5. Phthalate products oxya— of CL reactions olLa—.

The phthalate and BODIPY units in ogg— are connected by the single bond, leading to nzake
twisted but partially conjugated energy donor aodeptor system. Because the two units in bsye
are close to each other, the energy transfer psdmetsveen the phthalate and BODIPY units will not b

hindered by the need of spectral overlap for FRETnhathe case of the through-bond energy transfer

10
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cassettes® Because of the partially-electronic conjugation between the phthalate a@®BY units, it
may be better to understand that the CL reactidériaec directly generate the;S$tates of the whole
molecules of oxyta—c. Characterization of the energy transfer processesnjugated CL systems

remained challengind.

CONCLUSIONS

In summary, we have developed the phthalhydrazigiévatives 1a—c, which show NIR CL with
HRP-H0,. The NIR chemiluminogens were obtained by directtyoducing NIR fluorescent BODIPYs
into the phthalhydrazide skeleton at the C2 pasitibheir CL properties indicated that the direct
conjugation strategy was suitable for providingipesior CL performance. Particularly, the obser@éd
maximum data indicated that various NIR chemiluregemt dyes could be developed by simply
exchanging the BODIPY unit for one with a desiretission wavelength. Unfortunately, howeves—c

are insoluble in a 100% aqueous solution. Thuis, itecessary foim vivo applications to give further
modification of the dye structure such as introdgca hydrophilic group. We believe that our present
study provides a strategy for designing and pregaBODIPY-based NIR CL dyes, which can

potentially be utilized fochemical and biological applications.

EXPERIMENTAL SECTION

General experimental. All commercially available solvents and reagentsemgsed as received unless
otherwise noted. Reactions were monitored witHieasgjel TLC. Purification was performed on a silic
gel chromatography. Melting points were determindtti a Yamato MP-21 apparatu$i and"*C NMR

spectra were recorded on a JEOL 400 spectromedérN#Hz for'H NMR, 100 MHz for*C NMR) at

11
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room temperature. Chemical shifts were expressegaiits per million (ppm) relative to TMS (0 ppm).
Coupling constantsJf were expressed in Hz. HRMS were obtained on ambeScientific Exactive
under ESI or ACPI conditions. FT-IR spectra wereorded on a Thermo Nicolet iS10 spectrometer.
UV/vis absorption spectra were measured with anefgiTechnologies Cary 60 spectrophotometer.
Fluorescence spectra and fluorescence quantumsyigfe measured with Hamamatsu Photonics
Quantaurus-QY Absolute PL quantum vyield spectrom@tEl347. CL spectra were recorded using an
ATTO AB-1850 spectrophotometer or a PMA-12 Photonialtichannel analyzer C10027-02. CL
kinetics were measured with an ATTO LuminescenaemQAB-2270. DFT calculations using the
B3LYP functional with the 6-31G(d) basis set wesgfprmed on Gaussian 09 program, and the results
were visualized in GaussView 5.

Chemiluminescence measurementslhe relative CL quantum yields of thea—1c were relatively
determined by using that of luminol. Emission speaf thela—1cand luminol were measured with an
AB-1850 spectrophotometer for detecting light isignfrom the reaction mixture until the intensdy
light decreased to the background level. For thasuements, a small portion of 500 stock solution

of la-1c (80 uM) or luminol (7 uM) in MeOH was added in a quartz cuvette placedthe
spectrophotometer and was mixed witfOs1(0.12 M in HO, 17uL). The CL reaction was initiated by
injecting HRP solution (1M in 0.1 M K,CGOs, 500uL) into the reaction mixture. All the measurements
were conducted at room temperature (22 to 25 °@ag\of the CL spectra obtained by integration per
number of molecules of tHea—1cwere calculated, and the ratios of the area vdhreka—1cto that for
luminol gave the relative CL quantum yields. As @le bands ofla—1cexceeded the limitation of the
AB-1850 spectrophotometer (400-800 nm), in ordeshimw the whole spectra b—1¢G the CL spectra

were recorded with a PMA-12 photonic multichann@lgzer following the similar procedure.

12
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Synthesis of
2-bromo-8-(2,6-dimethylphenyl)-3,5-bis(5-methylthia-2-yl)-4,4'-difluoro-4-bora-3a,4a-diaza-s-ind
acene (3a).To the solution of the startir@a (118 mg, 0.24 mmol) in DCM (5 mL) in an ice bathsv
added NBS (43 mg, 0.24 mmol) slowly. The reactiartane was stirred at room temperature for 3 h.
The reaction was quenched by adding an ice-coldatad NaHC@aqueous solution, and the products
were extracted with DCM. The organic layers wernmbimed, washed with ¥ and brine successively,
and dried over N&O,. The solvent was evaporated under reduced pressbescrude sample was
purified by silica gel column chromatography usglgent gradients with the eluent pair hexane/ ethyl
acetate (EA), to giv@a as a dark red solid (133 mg, 97%). mp 189-191'FCNMR (400 MHz,
CDCly): & (ppm) = 8.03 (d = 3.9 Hz, 1H), 7.65 (d] = 4.0 Hz, 1H), 7.30~7.24 (m, 1H), 7.14 (= 7.6
Hz, 2H), 6.87-6.84 (m, 2H), 6.74 (@ = 4.3 Hz, 1H), 6.60 (d] = 4.6 Hz, 1H), 6.52 (S, 1H), 2.58 (s, 3H),
2.53 (s, 3H), 2.19 (s, 6H}C NMR (100 MHz, CDCJ) &: 167.74, 153.4, 147.1, 145.3, 144.3, 139.1,
137.5, 137.0, 133.6 (Icr = 7.4 Hz), 132.7, 132.6 (@cFr = 4.8 Hz), 131.2, 130.7, 129.0, 128.4, 128.3,
127.4, 127.3, 125.8, 122.1, 20.2, 15.7, 15.5. FTARR) v/cm™: 2915, 2847, 1558, 1538, 1486, 1462,
1438, 1403, 1375. HRMS (ESI, Orbitrap) m/z: [M+Na&alcd for GH,N,"’BBrF.NaS 588.0401,
Found 588.0402.

Synthesis of
2-bromo-8-(2,6-dimethylphenyl)-3,5-bis[5-(4-methoxghenyl)thien-2-yl]-4,4'-difluoro-4-bora-3a,4a
-diaza-s-indacene (3h)A preparation according to the procedure similaBady using2b (150 mg,
0.22 mmol), NBS (40 mg, 0.22 mmol) and DCM (4 mffpeded 3bas a black solid (157 mg, 95%). mp
230-231 °CH NMR (400 MHz, CDCY): § (ppm) = 8.24 (dJ = 4.1 Hz, 1H), 7.88 (d] = 4.3 Hz, 1H),

7.64 (d,J = 8.7 Hz, 2H), 7.58 (d] = 8.8 Hz, 2H), 7.33-7.27 (m, 3H), 7.15 (U= 7.6 Hz, 2H), 6.95-

13
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377

6.91 (M, 4H), 6.84 (d] = 4.4 Hz, 1H), 6.62 (d] = 4.5 Hz, 1H), 6.56 (s, 1H), 3.85 (s, 3H), 3.8334),
2.22 (s, 6H).130 NMR (100 MHz, CDGJ) é: 160.2, 159.6, 152.8, 150.2, 148.2, 145.0, 138%.8,
137.1, 134.4 (t)cr = 8.2 Hz), 134.0, 133.6 (@ = 5.6 Hz), 132.7, 131.6, 130.6, 129.2, 129.0, 3.27.
127.46, 127.42, 126.2, 124.8, 122.5, 122.3, 114.5,3, 107.9, 55.41, 55.36, 20.2. FT-IR (ATR)mM™:
2988, 2901, 1603, 1559, 1536, 1510, 1479, 14490).14BMS (ESI, Orbitrap) m/z: [M+N&]Calcd for
CagHagO:N,BBrF,Na$S 772.0922, Found 772.0931.

Synthesis of
8-(2,6-dimethylphenyl)-2-(2-methyl-1,3-dioxoisoindin-5-yl)-3,5-bis(5-methylthien-2-yl)-4,4'-diflu
oro-4-bora-3a,4a-diaza-s-indacene (4affompounds3a (96 mg, 0.17 mmol)5 (70 mg, 0.26 mmol),
tris(dibenzylideneacetone)dipalladium (0) {k) (16 mg, 0.017 mmol), titiert-butylphosphonium
tetrafluoroborate (f(Bu);PH]BF;) (10 mg, 0.034 mmol) and €305 (222 mg, 0.68 mmol) were placed
in a two-necked round bottom flask. Prior to thelifadn of THF/HO (3 mL/20uL), the flask was
purged with N three times. The reaction mixture was stirred=f@ for 24 h, then the product was
extracted with DCM. The organic layers were comtijneashed with KD and brine successively, and
dried over NgSQO,. The solvent was evaporated under reduced presEueecrude sample was purified
by silica gel column chromatography using elueatd@gnts with the eluent pair hexane/DCM, to glee
as a dark red solid (96 mg, 88%). mp 288-289'FCNMR (400 MHz, CDC)): § (ppm) = 8.06 (dJ =
3.8 Hz, 1H), 7.65-7.63 (m, 2H), 7.39 (dt= 7.6 Hz,J = 1.6 Hz, 1H), 7.33-7.29 (m, 2H), 7.17 (k=
7.8 Hz, 2H), 6.87 (d) = 3.9 Hz, 1H), 6.79 (d] = 4.1 Hz, 2H), 6.65 (d) = 4.6 Hz, 1H), 6.57 (s, 1H),
3.14 (s, 3H), 2.55 (s, 3H), 2.50 (s, 3H), 2.256(3). *C NMR (100 MHz, CDGJ): 168.4, 168.3, 153.6,
147.2, 144.9, 144.1, 141.1, 139.9, 137.9, 137.@,113133.8 (tJcr = 7.4 Hz), 133.7, 132.9, 132.4,

131.9 (t,Jcr = 3.2 Hz), 131.6, 131.1, 130.8, 129.8, 129.2, 0,2928.3, 127.5, 126.0, 124.5, 123.0,
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398

399

122.9, 122.3, 23.9, 20.2, 15.7, 15.5. FT-IR (ARBRM™: 2913, 1768, 1708, 1558, 1537, 1481, 1463,
1422, 1374. HRMS (ESI, Orbitrap) m/z: [M+Nafalcd for GeH»s0,N5'°BF.NaS, 669.1622, Found
669.1622.

Synthesis of
8-(2,6-dimethylphenyl)-2-(2-methyl-1,3-dioxoisoindiin-5-yl)-3,5-bis[5-(4-methoxyphenyl)thien-2-y
[]-4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene (4b)A preparation according to the procedure similar
to 2a by using3b (120 mg, 0.16 mmoal), 5 (65 mg, 0.24 mmoal),,dk (15 mg, 0.016 mmol),
[(t-Bu)sPH]BF; (9 mg, 0.03 mmol), GEO; (209 mg, 0.64 mmol) and THFB (3 mL/20uL) afforded

4b as a dark green solid (115 mg, 87%). mp 155-°057H NMR (400 MHz, CDC}): & (ppm) = 8.26
(d,J=4.0 Hz, 1H), 7.70 (s, 1H), 7.63 @= 7.8 Hz, 1H), 7.56-7.54 (m, 3H), 7.50 (b= 8.8 Hz, 2H),
7.45 (d,J = 8.6 Hz, 1H), 7.32-7.27 (m, 2H), 7.25-7.24 (m),1H17 (d,J = 7.6 Hz, 2H), 6.90-6.86 (m,
5H), 6.67 (dJ = 4.6 Hz, 1H), 6.61 (s, 1H), 3.79 (s, 6H), 3.123d), 2.26 (s, 6H)-°C NMR (100 MHz,
CDCly) 6: 168.3, 168.2, 160.1, 159.5, 153.1, 150.4, 1484a.4, 140.9, 139.5, 138.2, 137.0, 134.6 (t,
Jor = 7.8 Hz), 134.4, 133.8, 132.9 §r = 3.5 Hz), 132.8, 132.4, 131.9, 131.4, 130.8, 0,3029.8,
129.0, 127.5, 127.4, 127.2, 126.6, 126.0, 124.8,712123.0, 122.9, 122.6, 122.5, 114.40, 114.23,55.
23.9, 20.2. FT-IR (ATR)/cm™: 2988, 2901, 1770, 1711, 1605, 1536, 1510, 1428811431. HRMS
(ESI, Orbitrap) m/z: [M+Na] Calcd for GsH30:N3BF,Na$S, 853.2137, Found 853.2155.

Synthesis of
8-(2,6-dimethylphenyl)-2-(2-methyl-1,3-dioxoisoindiin-5-yl)-3,5-bis{5-[4-((N-tert-butoxycarbonyl)
amino)phenyl]thien-2-yl}-4,4'-difluoro-4-bora-3a,4adiaza-s-indacene (4c)The starting compound
3cwas prepared according to the procedure simil@atay using2c (60 mg, 0.07 mmol), NBS (13 mg,

0.07 mmol) and DCM (2 mL). The crude compouBd was used for the next reaction without
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400
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414
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418

419

420

421

purification. A preparation according to the prasedsimilar to2a by using the crudac, 5 (29 mg, 0.1
mmol), Pddba (6 mg, 0.007 mmol), [(t-B4PH]BF; (4 mg, 0.014 mmoal), GEO; (91 mg, 0.28 mmol)
and THF/HO (1.5 mL/10uL) afforded4c as a dark red solid (51 mg, two step overall yi#286). mp
185-187 °CH NMR (400 MHz, CDCJ): § (ppm) = 8.25 (dy) = 4.2 Hz, 1H), 7.70 (s, 1H), 7.65 (@@=
7.8 Hz, 1H), 7.58 (d) = 8.7 Hz, 2H), 7.53-7.49 (m, 3H), 7.45 (= 7.8 Hz, 1H), 7.41 (d] = 8.6 Hz,
2H), 7.37-7.30 (m, 4H), 7.28-7.26 (m, 1H), 7.19X¢, 7.7 Hz, 2H), 6.88 (d] = 4.6 Hz, 1H), 6.69 (d]

= 4.6 Hz, 1H), 6.60 (s, 1H), 6.59 (bs, 1H), 6.54, (tH), 3.14 (s, 3H), 2.27 (s, 6H), 1.53 (s, 9#)2 (s,
9H). ¥C NMR (100 MHz, CDGJ) &: 168.4, 168.3, 153.1, 152.5, 152.4, 150.2, 14148,5, 141.0, 139.7,
139.0, 138.3, 137.1, 134.6 {4 r = 7.6 Hz), 134.5, 133.9, 133.0 §t - = 3.7 Hz), 132.8, 132.5, 131.8,
130.9, 130.2, 130.1, 129.1, 128.6, 128.1, 127.6,912126.6, 125.1, 124.8, 123.1, 123.0, 122.6,6H8.
118.59, 80.9, 80.7, 28.3, 24.0, 20.3. FT-IR (A'RIij'l: 2973, 2901, 1771, 1711, 1607, 1538, 1478,
1435, 1409, 1378. HRMS (ESI, Orbitrap) m/z: [M+N&alcd for GeHsoOsNs "BF.NaS 1023.3192,
Found 1023.3212.

Synthesis of
8-(2,6-dimethylphenyl)-2-(1,4-dioxo-1,2,3,4-tetralyrophthalazin-6-yl)-3,5-bis(5-methylthien-2-yl)-
4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene (1aj solution of4a (65 mg, 0.10 mmol) and hydrazine
monohydrate (NENH,-H,O, 50puL, 1 mmol) in ethanol/DCM (3 mL/6 mL) was refluxechder N for
24 h. After cooling to room temperature, the sotweas removed under reduced pressure. The residue
was purified by silica gel column chromatographyingseluent gradients with the eluent pair
hexane/acetone to givie as a dark purple solid (64 mg, 98%). mp 240-242"FCNMR (400 MHz,
CDCly): & (ppm) = 13.55 (bs, 1H), 12.34 (bs, 1H), 8.14 {4), B.07-8.03 (m, 2H), 7.53 (d,= 8.2 Hz,

1H), 7.33-7.30 (m, 2H), 7.19 (d,= 7.6 Hz, 2H), 6.87 (d] = 3.4 Hz, 1H), 6.79-6.78 (m, 2H), 6.69 (s,
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443

1H), 6.66 (d.J = 4.5Hz, 1H), 2.55 (s, 3H), 2.51 (s, 3H), 2.276). °C NMR (100 MHz, CDG)) &:
158.2, 157.5, 153.5, 147.1, 145.3, 144.2, 140.8,114.37.9, 137.0, 134.3, 133.74, 133.694% = 7.8
Hz), 132.9, 132.1 (Ic = 3.7 Hz), 131.8, 131.2, 130.8, 129.3, 129.0,32827.6, 127.2, 126.1, 125.4,
125.1, 124.9, 122.2, 20.3, 15.7, 15.5. FT-IR (APR)n": 2988, 2901, 1661, 1559, 1543, 1489, 1462,
1408. HRMS (ESI, Orbitrap) m/z: [M+N&]Calcd for GsH»0.N,°BF,NaS, 670.1565, Found
670.1574.

Synthesis of
8-(2,6-dimethylphenyl)-2-(1,4-dioxo-1,2,3,4-tetralgrophthalazin-6-yl)-3,5-bis[5-(4-methoxyphenyl
)thien-2-yl]-4,4'-difluoro-4-bora-3a,4a-diaza-s-indaicene (1b). A preparation according to the
procedure similar tdla by using4b (42 mg, 0.05 mmol), NENH,-H,O (28 uL, 0.75 mmol), and
ethanol/DCM (3 mL/3 mL) affordetib as a dark purple solid (38 mg, 90%). mp 202—204"”HONMR
(400 MHz, CDC}): & (ppm) = 13.60 (bs, 1H), 12.27 (bs, 1H), 8.28Xd,4.2 Hz, 1H), 8.20 (s, 1H), 8.06
(d, J = 8.3 Hz, 1H), 7.62-7.59 (m, 3H), 7.54~7.51 (m)3H33-7.31 (m, 2H), 7.26-7.25 (m, 1H), 7.20
(d,J=7.7 Hz, 2H), 6.94 (d] = 8.8 Hz, 2H), 6.90-6.87 (m, 3H), 6.71-7.69 (m)2Bi85 (s, 3H), 3.81 (s,
3H), 2.29 (s, 6H)?3C NMR (100 MHz, CDGQJ) 6: 160.2, 159.5, 158.3, 157.4, 152.9, 150.2, 14812,8,
140.2, 139.8, 138.2, 137.1, 134.6, 134.94}; = 7.4 Hz), 133.9, 133.1 @c.r = 4.5 Hz), 132.9, 132.1,
131.6, 131.0, 130.8, 130.0, 129.1, 127.6, 127.3,312126.7, 126.2, 125.4, 125.3, 125.0, 124.9,7122.
122.4, 114.5, 114.3, 55.4, 55.3, 20.3. FT-IR (APRM™: 2989, 2901, 1720, 1657, 1605, 1538, 1475,
1450, 1435, 1407. HRMS (ESI, Orbitrap) m/z: [M+N&alcd for G/Hss04N,*BF.NaS, 854.2089,
Found 854.2105.

Synthesis of

8-(2,6-dimethylphenyl)-2-(1,4-dioxo-1,2,3,4-tetratgrophthalazin-6-yl)-3,5-bis{5-[4-((N-tert-butoxy
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465

carbonyl)amino)phenyl]thien-2-yl}-4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene (1c)A preparation
according to the procedure similarta by using4c (30 mg, 0.015 mmol), NJNH,- H,O (45uL, 0.45
mmol), and ethanol/DCM (3 mL/3 mL) affordédd as a dark purple solid (29 mg, 95%). mp > 300 °C.
'H NMR (400 MHz, CDC)): & (ppm) = 13.59 (bs, 1H), 12.28 (bs, 1H), 8.27)g,3.7 Hz, 1H), 8.19 (s,
1H), 8.06 (d,J = 8.2 Hz, 1H), 7.61-7.58 (m, 3H), 7.54 (ds 3.4 Hz, 1H), 7.50 (d] = 7.9 Hz, 2H), 7.41
(d,J = 8.0 Hz, 2H), 7.35-7.32 (m, 4H), 7.28-7.26 (m,1AHPO (d,J = 7.6 Hz, 2H), 6.88 (d] = 4.1 Hz,
1H), 6.70-6.69 (m, 2H), 6.60 (s, 2H), 2.29 (s, 6HB3 (s, 9H), 1.51 (s, 9H}’C NMR (100 MHz,
CDCly) 6: 158.2, 157.4, 152.9, 152.6, 152.5, 149.9, 147439, 140.1, 139.9, 139.0, 138.3, 137.0,
134.7, 134.4, 133.9, 133.1, 132.8, 132.2, 131.9,01.3130.8, 130.2, 129.1, 128.6, 128.1, 127.6,8126.
126.7, 125.5, 125.4, 125.1, 123.0, 122.4, 118.8,6180.9, 80.6, 28.3, 20.3. FT-IR (ATREpm™: 2973,
2917, 1705, 1652, 1538, 1475, 1447, 1409, 1364. BRHESI, Orbitrap) m/z: [M+N4&] Calcd for
CssHagON6BF.NaS, 1024.3145, Found 1024.3160.

Synthesis of 5-bromo-2-methylisoindoline-1,3-dioné6). 5-Bromophthalic anhydrid@ (1.14 g, 5.0
mmol), methylamine (0.65 mL of 40 wt% in,®, 7.5 mmol) and toluene (25 mL) were placed in a
round bottom flask and purged with, khree times. The flask fitted with a Dean-Staiptrand the
mixture was refluxed for 12 h. After cooling to rmaemperature, the solvent was evaporated under
reduced pressure. The residue was purified byasgel column chromatography (EA: hexane 1: 9) to
yield 6 as white solid (1.52 g, 90%). mp 145-146 3&NMR (400 MHz, CDCJ): & (ppm) = 7.97 (dJ
=1.0 Hz, 1H), 7.84 (dd] =7.8 Hz,J =1.5 Hz, 1H), 7.70 (d] = 7.9 Hz, 1H), 3.17 (s, 3H}*C NMR (100
MHz, CDCl) 8: 167.6, 167.0, 136.9, 133.8, 130.7, 128.8, 12128,6, 24.1. FT-IR (ATRy/cm™: 1762,
1707, 1601, 1432, 1415, 1380. HRMS (ESI, Orbitnayy: [M+H]" Calcd for GH;,O,NBr 239.9655,

Found 239.9660.
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Synthesis of 5-(5,5-dimethyl-1,3,2-dioxaborinan-2f)2-methylisoindole-1,3-dione (5)Compoundé
(1.51 g, 6.29 mmol), bis(neopentyl glycolato)dibord.42 g, 6.29 mmol), potassium acetate (KOAC)
(1.85 g, 18.9 mmol) and Pd@ippf)-CHCI, (154 mg, 0.19 mmol, 3 mol%) were placed in a
two-necked round bottom flask. The flask was therged with N three times before addition of 16 mL
of DMSO. The mixture was stirred at 80 °C for 22After the reaction was complete, the mixture was
extracted with EA, washed with,8 and brine successively, and the organic layercsiscted, dried
over NaSQO, and evaporated to dryness under reduced preShweeesidue was purified by silica gel
column chromatography (EA: hexane 1: 9 to 1: 4)yield 5 as white solid (1.04 g, 61%). mp
189-190 °CH NMR (400 MHz, CDC}): & (ppm) = 8.27 (s, 1H), 8.13 (d,= 0.7 Hz, 1H), 7.80 (d] =

0.8 Hz, 1H), 3.80 (s, 4H), 3.18 (s, 3H), 1.04 (8).6°C NMR (100 MHz, CDCJ) &: 168.8, 168.7, 139.5,
133.9, 131.2, 128.4, 122.1, 72.5, 31.9, 23.9, HTBR (ATR) viem™ 2959, 2930, 1770, 1709, 1618,
1480, 1593, 1432, 1414, 1375. HRMS (ACPI, Orbitrayy: [M+H]" Calcd for G4H170,NB 273.1282,
Found 273.1282.

Supplementary information

The supplement information is available.

CL kinetic profiles ofla-1c and luminol.'H and **C NMR spectra. DFT and TD-DFT calculation
results forla-1¢ 2a-2c
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