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Abstract

We successfully synthesized eighgso-aryl BODIPYs with 2,6-diethyl- or 1,2,6,7-tetragth

substituents and characterized their photophygiogperties. The steric hindrance resulting
from the phenolic group in theeso-aryl moiety and the ethyl groups on the BODIPYecor
affected the synthesis of dipyrromethanes as annmddiate as well as the UV-Vis absorption

and fluorescence emission due to the constrainidioo of the aryl ring. The potential use



of the meso-hydroxyphenyl BODIPY as a pH sensor was also shbwihe pH-dependent

fluorescence emissions.

Keywords. BODIPY, Fluorescent dye, UV/Vis spectroscopy, Feszence spectroscopy, pH
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1. Introduction

Fluorescence dyes, typically bearingconjugated bonds, have widely been studied in
various areas because of fundamental interest atopthemical and -physical processes as
well as technological applications such as anaysensors, photovoltaic cells, light-emitting
diodes, biomedical imaging, and biomarkefsEor example, cyanine dyes are used to label
biomolecules such as proteins, antibodies, andgesptue to their fluorescence brightness,
photostability, and low nonspecific bindiigTo extend the use of fluorophores in
technologically important fields, the first stepliviie to understand photophysical properties
depending on the molecular structures and enviroteheonditions (e.g., solvent polarity
and ions). However, it is difficult to systematigainvestigate the structure effect of most
organic fluorophores because of limited structuraddifications and poor solubility in
common organic solven?s. 4,4-difluoro-4-bora-3a,4a-diazindacene (BODIPY) has
recently received considerable attention due tdat®rable photophysical properties, for
example, narrow absorption and emission bands, mygiar extinction coefficients,
negligible triplet-state formation, and excellenhopstability’ Furthermore, its facile
structural modificatiohand high solubility in organic solvents make isy#o use in various
areas such as molecular probéSphotosensitizerS *? and chemical sensots™* To date,

there are numerous BODIPY derivatives with différelectronic and steric effects on the



meso-position and periphery of boradiazaindacetie€.For example, electron-withdrawing
substituents at theneso-position lowered the LUMO level leading to bathowhic shifts
with respect to analogues with electron donatirgsstuents. Additionally, the steric pressure
at the 1,3,5,7-substituted BODIPY leads to the @dsts planarity resulting in increased non-
radiative deactivation rates and lower quantumdgietompared to the 3,5-substituted
counterpart$? Though there has been many literature precedemtshé BODIPYs with
electron donating methyl groups in positions 3 @ddn BODIPY cord?** % diethyl
carboxylate substituents in positions 3 aftiveas employed in this work. The introduction
of the diethyl carboxylate ester groups enables BOB to increase water solubility after
hydrolysis of the ester group, leading to facil®ldgical applications. In addition, the
carboxylate group can be converted to amide funatigroup for further applications, e.g.
metal detection.

In particular,meso-hydroxyphenyl substituted BODIPYs have shown fasmence on/off
switching through deprotonation and protonationcpsse$>2’ The emission intensity is
attributed to the photoinduced electron transf&T(Pfrom the phenolate to the excited-state
indacene acceptor moiety. Thus, it is importansystematically study how photophysical
properties are affected by substituents at theppery of meso-hydroxyphenyl substituted
BODIPYs. Herein, we investigated the feasibility syinthesizing highly substituteteso-
hydroxyphenyl/phenyl BODIPYs with di- or tetra-etlgroups on the boradiazaindacenes as
well as their photophysical properties. We sucaglysfsynthesized eightmeso-aryl
BODIPYs with 2,6-diethyl- or 1,2,6,7-tetraethyl stibuents and characterized their quantum

yield including the pH-dependent fluorescence eimiss

2. Results and discussion



2.1. Design and synthesis of BODIPYs

To compare its photophysical properties with BOD$Paving aryl units in theneso
position, meso-unsubstituted BODIPY 1 was synthesized. The periphery of the
dipyrromethene is substituted with different elentrdriving forces. The 1, 2, 6, and 7
positions are functionalized with ethyl groups, dnel 3 and 5 positions are substituted with
carboxylate units. First, ethyl 3,4-diethyl-5-forlyiyH-pyrrole-2-carboxylate was synthesized
from ethyl 3,4-diethyl-H-pyrrole-2-carboxylate with POglin DMF with a known
procedure (Scheme 1). Then, the aldehyde was ceedenith ethyl 3,4-diethylH-pyrrole-

2-carboxylate in the presence oftffollowed by treatment with BfOEt, to yield BODIPY

dye 1 18,28-30
i—g POCI,, DMF H i, ii
_—

H H

1

Scheme 1. Synthesis ofmeso-unsubstituted BODIPY. Reagents and conditions: (i) Ethyl
3,4-diethyl-H-pyrrole-2-carboxylate, POgIE&N; (i) BF3*OE®L

After the successful synthesisroéso-unsubstituted BODIPY from ethyl 3,4-diethyl-H-
pyrrole-2-carboxylate, we then synthesized a saieseso-aryl-substituted BODIPYS8a-d
with ethyl substituents at the 1, 2, 6, and 7 pmrs$t and carboxylate groups at the 3 and 5
positions on the boradiazaindacenes (Scheme 2)diyeromethanea-d, which are key
intermediates, were prepared by condensation bativeecorresponding benzaldehyde and
ethyl 3,4-diethyl-H-pyrrole-2-carboxylate in the presence of trifluacetic acid (TFA) as a

catalyst. Wherea8a was synthesized in G&l, (DCM), 2b-2d were prepared in THF, a



polar solvent, due to the limited solubility of thgdroxybenzaldehydes in GEI, (DCM).
Products2a-d were further reacted with 2,3-dichloro-5,6-dicyahd-benzoquinone (DDQ),
a base, and BFOEL to yield BODIPYs3a-d. While EgN was used in the preparation3af
and 3c, N,N-diisopropylethylamine (DIPEA) was used as a base the 3b and 3d

preparation.

R, Rs i) DDQ
TEA ii) Base
A i) BF 5Oty _
E10,C
H H™ ™0 EtO,C CO,Et
2a-d 3a-d

2a: R1=H, R2=H, R3=H 3a: R1=H, R2=H, R3=H
2b: Ry=H, R2=OH, R3=H 3b: Ry=H, R2=OH, Rs=H
2c¢: R1=H, Ry=H, R3=0OH 3c¢: Ri=H, Ry=H, R3=OH
2d: Ri=OH, Ry=H, Ry=OH 3d: Ri=OH, R,=H, Rg=OH

Scheme 2. Synthesis ofmeso-aryl BODIPY 3a-3d.

As shown in Scheme 2, 3-hydroxybenzaldehyde, 4dxydrenzaldehyde and 3,5-
dihydroxybenzaldehyde were successfully condensigd ethyl 3,4-diethyl-H-pyrrole-2-
carboxylate. However, 2-hydroxybenzaldehyde wasblento produce dipyrromethane. It
was speculated that the steric interference betwhez2-hydroxy group of benzaldehyde and
the p-substituent of pyrrole prohibited the formation dpyrromethane. Because the steric
interference between the 2-hydroxy group of berefatde and thg-substituent of pyrrole
imposes a challenge on the formation of dipyrromet the elimination of the steric
hindrance could facilitate the formation of dipymethane and BODIPY, sequentially, from
2-hydroxybenzaldehyde. In this sense, the syntt@dsBODIPYs bearing ethyl substituents
on the 2 and 6 positions was tried from ethyl 3#eiiH-pyrrole-2-carboxylate (Scheme 3).
Ethyl 3-ethyl-H-pyrrole-2-carboxylate was prepared according tpreviously reported
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method®® Unfortunately, the condensation of ethyl 3-ethpiiyrrole-2-carboxylate and
benzaldehyde in the presence of TFA not only seffeirom a low yield ofda but also
produced,-connected dipyrrometharma resulting in a poor yield (Table 1, entry 1) oéth
corresponding BODIPY. Though it was already repbtieat the yield of dipyrromethane
from the condensation between benzaldehyde and 8tleyhyl-1H-pyrrole-2-carboxylate
was negligible’* we optimized the reaction condition to improve yied of 4a. As shown in
Table 1, the only desired produtzt was obtained using 10 or 1 equiv. of TFA (entand 3),
while the condensation with excess TFA produSads a side produgentry 1). 0.5 equiv.
of methanesulfonic acid (MSA) in GBI, (DCM) could producda in an optimized yield of
25% without5a (entry 8). Howeverp-toluene sulfonic acidptTSA), trichloroacetic acid

(TCA), and BR*OEtL were not effective for the formation 4d (entry 4, 5, and 6).

EtO

5a

Scheme 3. Synthesis of dipyrromethane from ethyl 3-ethM-ftyrrole-2-carboxylate and
benzaldehyde.

Tablel
Reaction condition optimization fda from benzaldehyde (1 equiv.) and ethyl 3-
ethylpyrrole-2-carboxylate (2 equiV?).



Acid

Entry - solvent Yield of4a (%) Yield of 5a (%)
agent equiv.

1 TFA 40 DCM 9 10
2 TFA 10 DCM 8 -

3 TFA 1 DCM 12 -

4 p-TSA 1 DCM Trace .
5 TCA 20 DCM °N.R. °N.R.
6 BR-OEb 0.4 DCM °N.A. °N.A.
7 MSA 0.25 DCM 12 -
8 MSA 0.5 DCM 25 -

9 MSA 0.75 DCM 20 28
10 MSA 0.5 Toluene 5 21

21 equiv. of benzaldehyde and 2 equiv. of ethytl8deyrrole-2-carboxylate were uséd.
N.R.: no reactionS N.A.: no products, the reaction produced mostlymers.

With these optimized conditions on hand, a serfedipyrromethanela-d were prepared
from 2-, 3- and 4-hydroxybenzalydehyde and subsatueonverted to BODIPYa-d using
DIPEA as a base. It is worth mentioning that they@roxyphenyl group in theeso position
of BODIPY 6d is compatible with the 2,6-diethyl units on dipymethene due to the
reduction of the steric interference.

The one-pot synthesis for BODIP¥swas also tried, but we observed numerous by-
products spots on TLC, which led to extremely lowld after column separation (<5 %).
Though we do not have the general hypothesis ®rehatively low yields for BODIPYL,
3d, and 6d compared to other BODIPYsi(e infra), we suggest that the low vyield is

generally attributed to the formation of quite avféyproducts and several purification

processes.
R1
R, i) DDQ
ii) DIPEA
T\« . MSA iii) BF3*OEt,
EtO,C™ s
H H™Y0 Et0,C CO,Et
4a-d 6a-d
4a: R1=H, R2=H, R3=H 6a: R1=H, R2=H, R3=H
4b: R=OH, R,=H, Ry=H 6b: Ry=OH, Ry=H, Ry=H
4c: R4=H, R,=0OH, R3=H 6¢c: Ry=H, R,=0OH, R3=H
4d: R1=H, R2=H, R3=OH 6d: R1=H, R2=H, R3=OH
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Scheme 4. Synthesis ofmeso-aryl BODIPY 6a-6d.

2.2. Photophysical properties of BODIPYs

The photophysical properties of the synthesized BOB were investigated in GBI,
solution. As shown in Figure 1 and Table 2, BODIRY3a-d, and 6a-d have narrow
absorption bands with two absorption maxima. Thenrabsorption at 534 - 554 nm resulted
from the 0-0 band of a strong-S; transition. The 0-1 vibrational band of the sana@gition
generated the second maximum or shoulder at a wlagglength around 500 nm. In addition,
a considerably weak broad absorption band is faatndround 400 nm for the measured
BODIPYs attributed to the ¢S5, transition. The emission spectra of the BODIPYhileix
mirror symmetry with the absorption and StokestelibbandCompared with the absorption
spectra of3a-d, the absorption spectra 6&-d are red-shifted by 9 to 20 nm due to the
increasedr-conjugation of the chromophoéa-d. The blue-shifted absorption 8&-d can be
attributed to almost perpendicular configuratiorgween the BODIPY core and the aryl
moiety, which hinders the delocalization of the LOMinto the aryl moiety and the
contribution of the aryl ring to the electronic alystion band® The dihedral angle between
the 3-hydroxybenzene and BODIPY moiety is 89.5tha 3c crystal structurgFigure 2)
obtained from X-ray diffraction analysis as obselrire sterically hindered BODIPY¥.The
internal steric interference resulting from theygtjroups at the 1 and 7 positions also leads
to relatively large Stokes shifts f8a-d (A% = 866 - 933 crl) compared t@a-d (Ad = 455 -
750 cm’) shown in thdluorescence emission spectra.

The high absorption coefficient) in range of 56,300-107,100 cm* were observed for

the synthesized BODIPYs as shown in Table 2. Wimnpared in BODIPY3a-3d series,
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the absorption coefficient value & and 3d was lower than3a and 3b due to steric
hindrance between hydroxyl group rineta- positions and 1,2,6,7-tetraethyl substituents. In
comparison to3a having 1,2,6,7-tetraethyl on BODIPY corda containing 2,6-diethyl
substituents showed lower absorption coefficienttie case of BODIPYs with phenolic
group atmeso-position,6b and6c have much higher absorption coefficients tharrtBieiand

3c counterparts. We also note the highest absorptefficients of 107,100 M cmi*for 6¢
among the synthesiz&DDIPYs.

The quantum yield valuep;, empirically increases as theconjugation and the steric
hindrance between thmeso-substituted aryl ring and BODIPY core increds&:**%In a
series of BODIPY3a-d, the larger quantum yield = 0.27) was observed 8d bearing
the 3,5-dihydroxyaryl group ameso-position in BODIPY core compared 8a-c (&; = 0.16-
0.20). This attributed to reduced non-radiativergpdoss due to the decreased free rotation
of dihydroxyaryl group. When compare betwegac and 6a-c that has phenolic or aryl
group at same position, slightly higher quantuntdyweas observed iBa (& = 0.17) and3c
(#¢ = 0.20) than counter partneéa (@ = 0.16) andéc (& = 0.12), though3b (& =
0.16) and6b (@ = 0.21) showed the contrast tendency. Exceptionétlycontainingo-
phenolic moiety had the highest quantum yield 6#Gamonga-d and6a-d. The interaction
between the 2-hydroxy group andystem in the boradiazaindacene core may hineirdle
rotation of the aryl ring, which reduces the extignergy loswia a non-radiative decay
process>* In addition tomeso-(2-hydroxyphenyl) BODIPY&d, it is also worth noting that
meso-unsubstituted BODIPY1 had the highest quantum vyield of 0.54 among all th

synthesized BODIPYs.

Table2
Photophysical Properties of BODIPY dyks3a-d, and6a-d in CH,Cl».



BODIPY dyes ¢ (M™cm?) Javs(MMP dem(mP  AG (cm?) o

1 56,300 544 566 715 0.54
3a 78,100 534 560 869 0.17
3b 71,400 534 562 933 0.16
3c 62,300 534 560 869 0.20
3d 64,400 535 561 866 0.27
6a 68,200 548 562 455 0.16
6b 95,300 544 558 461 0.21
6C 107,100 549 573 763 0.12
6d 65,600 554 578 750 0.54

2 Absorption maximunt, Emission maximunf. Quantum yieldsd) were determined with
rhodamine 6G as a standard in ethaggl< 0.95)*"

(a) 1.0 4 (b) 1.0 4

0.5 4 0.5

Normalized absorption
Normalized Emission

0.0

0.0

7(')0
Wavelength (nm) Wavelength (nm)

Fig. 1. (a) UV-Vis absorption spectra and (b) fluoresceangssion spectra of BODIPYls

3a-d, and6a-d.
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Fig. 2. Crystal structure of BODIP8c. The dihedral angle between the BODIPY core and 3-
hydroxybenzene (deg): 89.5. For full data of criy3tasee the Supplementary data.

2.3. pH dependent UV-Vis and Fluoresence studies of BODIPY 6d

Further, we investigated the pH-dependent photapalyproperties obd, which had the

highest quantum yield among the seriemefo-aryl BODIPYs. The absorption spectracoff

in several pH conditions are shown in Figure 3ahyfisochromic shift of the absorption
maximum of6d from 548 nm at pH 4.06 to 536 nm at pH 12.21 waseoved by increasing
the pH. In comparison to the absorption specti@réscence emission spectra6of in
aqueous solution show the absence of consistertigpdndent shifts (Figure 3b). However, a
sizeable increase in fluorescence emission intensis observed by decreasing the pH down
to 4.06, which can extend imaging applicationsanaer markers. A phenolate formed by the
deprotonation of a phenol moiety generates annmilacular charge transfer (CT) state. The

PET like quenching leads to a low fluorescencenisitg in aqueous solution. On the other
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hand, the protonation of a phenoxide ion at a lopt¢rsuppresses the formation of the CT

state and the non-radiative decay process resiiftinghanced fluorescente.
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Fig. 3. (a) Absorption spectra and (b) fluorescence enmsspectra Ax = 548 nm of
BODIPY 6d in EtOH-H,0 (3:1) as a function of pH.

3. Conclusion

In summary, the highly sterically hindere#so-aryl BODIPY derivatives using ethyl 3,4-
diethyl-1H-pyrrole-2-carboxylate or ethyl 3-ethyHipyrrole-2-carboxylate were synthesized
and characterized. The steric hindrance resultnogn fthe phenolic group in theeso-
position and the ethyl groups at the 1,7 positifiecéed the synthesis of dipyrromethanes as
an intermediate as well as the UV absorption andréscence emission because of the
constrained rotation of the aryl ring. The absanptspectra oba-d are red-shifted 9 to 20
nm due to the increasedconjugation with respect to the absorption speofr8a-d. The
internal steric interference resulting from 1,7ty groups of3a-d BODIPY core also leads

to relatively large Stokes shifta§ = 866 - 933 cil) compared t@a-d (A = 455 - 750 cril)
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as shown in the fluorescence emission spectrahémnirheso-hydroxyphenyl BODIPY6d
showed pH-dependent fluorescence emission intengktich can be applicable in clinical

trial applications (i.e., cancer markers).

4. Experimental

4.1. Synthesis

4.1.1. Ethyl 3,4-diethyl-5-formyl-1H-pyrrole-2-carboxylate

POCE (4.58 mL, 49.2 mmol) was dropped into dimethylfarmde (DMF, 3.80 mL, 49.2
mmol) in a round bottom flask, and the mixture waaintained at 40 °C for 15 minutes.
After adding 1,2-dichloroethane (80 mL) to the sioln at O °C, Ethyl 3,4-diethylpyrrole-2-
carboxylate (8.0 g, 41.0 mmol) in 1,2-dichloroetha@8 mL) was slowly added for 20
minutes. The reaction mixture was refluxed for 3@hutes and then cooled to room
temperature. Sodium acetate (18.48 g, 225.3 mmodistilled HO (160 mL) was added,
and the resulting mixture was refluxed at 100 °@e”30 minutes, the organic layer was
washed with distilled KD (100 mL), ag. sat. N&Ossolution (100 mL x 2), and brine (100
mL) sequentially. The solvent was dried overn8@, and evaporateth vacuo to give the
desired product ethyl 3,4-diethyl-5-formyHipyrrole-2-carboxylate as a pale brown solid
(8.28 g, 90.6 %)*H NMR (300 MHz, CDCJ): § 9.75 (1H, s), 9.54 (1H, br s) 4.35 (2H J&
7.2 Hz), 2.75 (2H, g) = 7.5 Hz), 2.74 (2H, q] = 7.5 Hz), 1.38 (3H, ) = 7.2 Hz), 1.24 (3H,
t,J= 7.5 Hz), 1.16 (3H, tJ = 7.5 Hz);**C NMR (75 MHz, CDC}J): § 179.16, 160.68, 136.35,
133.10, 129.57, 124.21, 61.09, 17.83, 16.97, 1518%0; mp 48-50°C; MS (Bl mVz (%):

223 ([M]*, 100 %); HRMSWz (M*) calcd. for G,H:7NOs: 223.1208, Found: 223.1206.
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4.1.2. BODIPY 1

Ethyl 3,4-diethylpyrrole-2-carboxylate (0.46 g, 3imol) and ethyl 3,4-diethyl-5-formyl-
1H-pyrrole-2-carboxylate (0.58 g, 2.61 mmol) weresdised in anhydrous dichloromethane
(DCM, 40 mL), and this solution was cooled to 0 & stirred for 10 min under nitrogen
atmosphere. PO¢g(0.24 mL, 2.61 mmol) was added slowly to the soluaand stirred for 1 h
and then the mixture was warmed to room temperattere stirring continued further 4 h.
Triethylamine (3.32 mL, 23.75 mmol) was added te thixture and stirred for 15 min.
BFs*OEL (2.93 mL, 23.75 mmol) was added dropwise by anggito the mixture and
stirring continued another 2 h. After completiontbé reaction, the resulting mixture was
diluted with DCM (40 mL) and washed sequentiallyhnag. sat. NaHC®{solution, HO and
brine. The organic layer was dried over8@, and concentrateieh vacuo. The crude product
was purified by column chromatography on a silieh @tOAC:hexane = 1:3, DCM only,
and EtOAC:hexane = 1:6 in order) to yield the BODIP(0.075 g, 7.0 %) as a red solét
NMR (300 MHz, CDCY): § 7.32 (1H, s), 4.43 (4H, d,= 7.2 Hz), 2.65 (4H, q] = 7.5 Hz),
2.56 (4H, gJ = 7.5 Hz), 1.43 (6H, t] = 7.2 Hz), 1.21 (6H, t} = 7.5 Hz), 1.13 (6H, ] = 7.5
Hz); *C NMR (75 MHz, CDCJ): & 161.53, 146.07, 145.61, 134.74, 134.07, 125.9871
17.89, 17.79, 17.16, 15.38, 14.00; mp 130-132 °G; (&I m/z (%): 448 ([M[, 100 %);

HRMS m/z (M™) calcd. for GsH31BFoN,O,: 448.2345, Found: 448.2347.

4.1.3. Dipyrromethane 2a

TFA (0.374 mL, 4.87 mmol) was added to a mixture etyl 3,4-diethylpyrrole-2-
carboxylate (1.0 g, 5.12 mmol) and benzaldehydg&6@mL, 2.56 mmol) in anhydrous DCM
(10 mL) under Ar and the resulting mixture wasrstirovernight. After completion of the

reaction, the reaction was neutralized with aq.daHCQ solution and extracted with DCM

14



(2 x 45 mL). The combined organic layer was washid distilled HO (2 x 30 mL), brine
(30 mL), dried over N&5O, and concentratenh vacuo. The crude product was purified by
column chromatography on a silica gel (EtOAC:hexarfe10) to yield the desired product
2a (1.11 g, 91.0 %) as a pale orange liquid whicmthaned to solid upon kept in the
refrigeratorH NMR (300 MHz, CDCJ): 5 8.40 (2H, br s), 7.32-7.24 (3H, m), 7.07 (2HJd,
=8.1 Hz), 5.55 (1H, ), 4.21 (4H, &= 7.2 Hz), 2.70 (4H, g] = 7.5 Hz), 2.30 (4H, g1 = 7.5
Hz), 1.31 (6H, tJ = 7.2 Hz), 1.14 (6H, tJ = 7.5 Hz), 0.90 (6H, ) = 7.5 Hz);**C NMR (75
MHz, CDCk): 6 161.52, 139.71, 134.06, 131.71, 129.13, 128.38,607 123.86, 117.64,
60.01, 40.76, 18.71, 17.44, 16.14, 15.87, 14.72; (BB) m/z (%): 478 ([M]', 100 %);

HRMS mvz (M™) calcd. for GgHzgN-Oy4: 478.2832, Found: 478.2836.

4.1.4. BODIPY 3a

To a stirred solution of dipyrromethafa (0.55 g, 1.15 mmol) in anhydrous DCM (18 mL)
was added a solution of DDQ (0.31 g, 1.38 mmol,ehdiv.) in anhydrous DCM (22 mL) at
room temperature under nitrogen atmosphere anedtior 1 h. Then, BN (2.3 mL) and
BFs*Et,O (3.07 mL) were added sequentially and stirring wantinued for overnight. After
completion of the reaction, the reaction mixtureswsequentially washed with ag. sat.
NaHCQ; solution, distilled HO and brine. The organic layer was dried over artwsl
NaSO, and concentratedh vacuo. The crude was purified by column chromatography
(EtOAc:hexane = 1:5)to afford the desired BODIB¥(0.34 g, 56 %) as red solitH NMR
(300 MHz, CDC}): & 7.50-7.36 (5H, m), 4.45 (4H, d,= 7.2 Hz), 2.41 (4H, q] = 7.2 Hz),
1.62 (4H, q,J = 7.3 Hz), 1.43 (6H, tJ = 7.2 Hz), 1.06 (6H, t) = 7.2 Hz), 0.67 (6H, t) =
7.3Hz); *C NMR (75 MHz, CDCJ): § 162.46, 148.23, 148.06, 145.64, 135.07, 134.02,
132.44, 129.84, 128.46, 128.41, 62.16, 19.01, 1716748, 15.50, 14.25; mp 150-152 °C;

MS (EI") mVz (%): 524 ([M], 100 %); HRMSWz (M*) calcd. for GeHssBFoN,Os: 524.2658,
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Found: 524.2664.

4.1.5. Dipyrromethane 2b

TFA (2.17 mL, 28.34 mmol) was added to a solutidnethyl 3,4-diethylpyrrole-2-
carboxylate (1.0 g, 5.12 mmol) and 4-hydroxybenelajdie (0.156 g, 1.28 mmol) in THF (10
mL) under Ar. After the resulting mixture was sturovernight, the reaction was quenched
with 0.2N NaOH solution. The organic layer was agted with DCM (40 mL), washed with
distilled H,O (40 mL) and dried over N8O,. After evaporation of the solvemt vacuo, the
crude product was purified by column chromatographya silica gel (DCM:EtOAc = 97:3)
to yield the desired produ@b (0.22 g, 34.9 %) as a red liquid which then turtedolid
upon kept in the refrigeratdd NMR (300 MHz, CDGJ): & 8.54 (2H, br s), 7.18 (1H, br s),
6.89 (2H, dJ = 8.3 Hz), 6.72 (2H, d] = 8.3 Hz), 4.25 (4H, q] = 7.1 Hz), 2.70 (4H, q] =
7.3 Hz), 2.31 (4H, ¢ = 7.3 Hz), 1.30 (6H, t] = 7.1 Hz), 1.14 (6H, f] = 7.3 Hz), 0.91 (6H, t,
J = 7.3 Hz);**C NMR (75 MHz, CDGJ): & 161.82, 155.24, 134.11, 132.41, 130.82, 129.22,
123.57, 117.16, 115.84, 60.03, 39.64, 18.52, 171581, 15.70, 14.47; MS (BImVz (%):

494 (IM]*, 100 %); HRMSWz (M") calcd. for GeHsgN2Os: 494.2781, Found: 494.2785.

4.1.6. BODIPY 3b

DDQ (0.05 g, 0.22 mmol) was added to the solutib8bo(0.11 g, 0.22 mmol) in DCM (6
mL) under Ar. The solution was stirred for 2 howasd thenN,N-diisopropylethylamine (0.3
mL, 2.2 mmol) was added. The resulting mixture weBuxed for 30 minutes before
BFs*Et,O (0.4 mL, 3.3 mmol) was added. After 12 hourseffuxing, the red solution was
cooled to room temperature. The reaction was queshghth 1N NaOH solution, and then,
the pH was adjusted to 5~6 with 1N HCI. The orgdayer was extracted with DCM (15

mL), washed with distilled O (15 mL) and dried over N&O,. After evaporation of the
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solventin vacuo, purification by column chromatography (DCM:EtOAc97:3) on a silica
gel yielded BODIPY3b (0.03 g, 25.0 %) as a red solftt NMR (300 MHz, CDCY): & 7.19
(2H, d,J = 8.1 Hz), 6.94 (2H, dJ = 8.1 Hz), 6.27 (1H, br s), 4.45 (4H, 3= 7.2 Hz), 2.43
(4H, q,d = 7.2 Hz), 1.72 (4H, q) = 7.3 Hz), 1.42 (6H, { = 7.1 Hz), 1.07 (6H, t] = 7.3 Hz),
0.70 (6H, t,J = 7.3 HZ);13C NMR (75 MHz, CDCJ): 6 162.49, 157.30, 148.46, 148.14,
145.43, 134.90, 132.79, 129.77, 125.84, 115.4906A8.93, 17.41, 16.25, 15.22, 14.04; mp
154-156 °C; MS (EIN m/z (%): 540 ([M], 100 %); HRMS m/z (M*) calcd. for

CaoH35BF2N20s: 540.2607, Found: 540.26009.

4.1.7. Dipyrromethane 2c

TFA (8 mL, 104 mmol) was added to a solution ofyeth4-diethylpyrrole-2-carboxylate
(2.0 g, 5.12 mmol) and 3-hydroxybenzaldehyde (04,3D.06 mmol) in THF (10 mL) under
Ar. After the resulting mixture was stirred overmig0.2N NaOH was added. The product
layer was extracted with DCM (40 mL) and dried oW&SO,. After evaporation of the
solventin vacuo, the crude product was purified by column chromgedphy on a silica gel
(DCM:EtOAc = 97:3) to yield the desired prodiact (0.44 g, 83.7 %) as a bright red solid.
'H NMR (300 MHz, CDCY)): § 8.81 (2H, br s), 7.07 (1H, 4,= 7.8 Hz), 6.90 (1H, br s), 6.67
(1H, d,J = 7.8 Hz), 6.57 (1H, d] = 7.8 Hz), 6.54 (1H, br s), 5.49 (1H, s), 4.17 (40 = 7.1
Hz), 2.69 (4H, q,) = 7.3 Hz), 2.32 (4H, q] = 7.3 Hz), 1.25 (6H, t) = 7.1 Hz), 1.13 (6H, {]
= 7.3 Hz), 0.92 (6H, t) = 7.3 Hz);**C NMR (75 MHz, CDCJ): § 161.72, 156.36, 141.17,
133.96, 131.89, 129.75, 123.76, 119.91, 117.18,061314.31, 59.99, 39.94, 18.50, 17.17,
15.87, 15.84, 14.37; MS (BIm/z (%): 494 (M]', 100 %); HRMSm/z (M*) calcd. for

ngHgsNzOsZ 494.2781, Found: 494.2781.

4.1.8. BODIPY 3c
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DDQ (0.087 g, 0.38 mmol) was added to the solutib@c (0.19 g, 0.38 mmol) in DCM
(10 mL) under Ar. The solution was stirred for 2ur®) and then, triethylamine (0.535 mL,
3.83 mmol) was added. The reaction mixture wasixefl for 30 minutes before BELO
(0.711 mL, 5.76 mmol) was added. After 12 houreeflfixing, the red solution was cooled to
room temperature. The reaction was quenched witNaQH solution, and then, the pH was
adjusted to 5~6 with 1N HCI. The organic layer wasracted with DCM (20 mL), washed
with distilled HO (20 mL) and dried over N8O,. After evaporation of the solveint vacuo,
purification by column chromatography (DCM:EtOA99:1 — 9:1) on a silica gel yielded
BODIPY 3c (0.034 g, 16.2 %) as a red softtt NMR (300 MHz, CDCJ): & 7.30 (1H, tJ =
7.8 Hz), 7.02 (1H, dJ = 6.8 Hz), 6.88 (1H, d] = 7.8 Hz), 6.83 (1H, s), 6.32 (1H, br s), 4.44
(4H, q,J = 7.0 Hz), 2.41 (4H, ¢l = 7.3 Hz), 1.70 (4H, m), 1.42 (6H,X= 7.4 Hz), 1.05 (6H,
t,J=7.4 Hz), 0.71 (6H, t) = 7.3 Hz);**C NMR (75 MHz, CDC}): § 162.60, 156.05, 148.39,
147.74, 145.08, 135.30, 135.15, 132.36, 129.89,7/82016.97, 115.80, 62.19, 19.06, 17.60,
16.36, 15.39, 14.24; mp 171-173 9@S (EI") m/'z (%): 540 ([M]’, 100 %); HRMSWz (M™)

calcd. for GgH3sBFoN>Os: 540.2607, Found: 540.2609.

4.1.9. Dipyrromethane 2d

TFA (9.8 mL, 128 mmol) was added to a solutiontbiye3,4-diethylpyrrole-2-carboxylate
(0.50 g, 2.56 mmol) and 3,5-dihydroxybenzaldehy@é&q g, 1.28 mmol) in THF (5 mL) at
room temperature under nitrogen atmosphere andrdbelting mixture was stirred for
overnight. After completion of the reaction, thaeton mixture was neutralized with aq. sat.
NaHCQ; solution and extracted with DCR2 x 40 mL). The combined organic layer was
washed with distilled KO (2 x 25 mL), brine (25 mL), dried over anhydrddaSO, and
concentratedn vacuo. The crude was purified by column chromatogragityDAc:hexane =

1:3 — 1:2) to afford the desired dipyrromethdtte (0.50 g, 77%) as a pale brown liquid
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which turned to solid upon kept in the refrigeratdrNMR (300 MHz, CDCY): § 8.76 (2H,

br s), 7.02 (2H, br s), 6.17 (1H, s), 6.08 (2H,%34 (1H, s), 4.21 (4H, ¢,= 7.0 Hz), 2.67
(4H, q,d = 7.2 Hz), 2.30 (4H, g] = 7.2 Hz), 1.28 (6H, {] = 7.0 Hz), 1.12 (6H, t] = 7.2 Hz),
0.92 (6H, t,J = 7.2 HZ);13C NMR (75 MHz, CDCJ): 6 162.50, 157.58, 141.99, 134.43,
132.44, 124.10, 117.37, 107.92, 102.50, 60.48,64@.8.79, 17.39, 16.13, 16.00, 14.62; MS
(EI") Mz (%): 510 ([MT, 100 %); HRMSWz (M") calcd. for GgH3gN,Og: 510.2730, Found:

510.2730.

4.1.10. BODIPY 3d

To a stirred solution of dipyrromethaé (0.54 g, 1.05 mmol) in anhydrous DCM (18 mL)
was added a solution of DDQ (0.29 g, 1.26 mmol,ehdiv.) in anhydrous DCM (22 mL) at
room temperature under nitrogen atmosphere amgdtior 1 h. Then, BN (2.11 mL) and
BFs*Et,O (3.31 mL) were added sequentially and stirring wantinued for overnight. After
completion of the reaction, the reaction mixtureswsequentially washed with ag. sat.
NaHCQ; solution, distilled HO and brine. The organic layer was dried over artwsl
Na&SO, and concentratedh vacuo. The crude was purified by column chromatography
(EtOAc:hexane = 1:1 and EtOAc:DCM = 3:20 in order)afford the desired BODIP$d
(0.04 g, 6.3 %) as a red solitH NMR (300 MHz, Methanot): & 6.42 (1H, tJ = 2.1 Hz),
6.34 (2H, dJ = 2.1 Hz), 4.39 (4H, q) = 7.2 Hz), 2.47 (4H, q] = 7.5 Hz), 1.96 (4H, q] =
7.5 Hz), 1.39 (6H, t) = 7.2 Hz), 1.08 (6H, 1) = 7.5 Hz), 0.88 (6H, tJ = 7.5 Hz);"*C NMR
(75 MHz, Methanol,): § 163.99, 160.26, 150.63, 149.99, 146.65, 136.18,1863 108.05,
104.78, 63.29, 19.95, 18.34, 16.98, 15.94, 14.61;210-212 °CMS (EI") Mz (%): 556

(IM] 7, 100 %); HRMSWz (M) calcd. for GgH3sBF,N»Og: 556.2556, Found: 556.2558.

4.1.11. Dipyrromethane 4a
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MSA (0.04 mL, 0.60 mmol) was added to a solutioreibfyl 3-ethylpyrrole-2-carboxylate
(0.40 g, 2.40 mmol) and benzaldehyde (0.12 mL, Ir26ol) in DCM (20 mL) at room
temperature under nitrogen atmosphere and thetiresuhixture was stirred for overnight.
After completion of the reaction, ag. sat. NaHC®lution was added to the mixture to
guench MSA and then extracted with DCM (2 x 30 mIlhe combined organic layer was
washed with distilled O (2 x 30 mL), brine (30 mL), dried over anhydrdigSO, and
concentratedin vacuo. The crude product was purified by column chromedaphy
(EtOAc:hexane = 1:7 — 1:6) to yield the desireddpici4a (0.13 g, 25 %) as a pale yellow
liquid. *H NMR (300 MHz, CDCY): & 9.40 (2H, br s), 7.33-7.20 (5H, m), 5.77 (2HJ & 3.0
Hz), 5.35 (1H, s), 4.18 (4H, d,= 7.2 Hz), 2.71 (4H, qd] = 7.5 and 1.5 Hz), 1.30 (6H,1~=
7.2 Hz), 1.14 (6H, t) = 7.5 Hz);**C NMR (75 MHz, CDC)): § = 161.94, 140.56, 136.18,
135.16, 128.90, 128.57, 127.49, 118.30, 110.54,%04.64, 20.69, 15.06, 14.73; MS (EI
m'z (%): 422 ([M], 100 %); HRMSm/z (M") calcd. for GsHsoN2O4: 422.2206, Found:

422.2206.

4.1.12. BODIPY 6a

To a stirred solution of dipyrromethada (0.12 g, 0.291 mmol) in anhydrous DCM (4 mL)
was added a solution of DDQ (0.08 g, 0.35 mmol,ediv.) in anhydrous DCM (6 mL) at
room temperature under nitrogen atmosphere ameédtior 1 h. Then, BN (0.58 mL) and
BFs*Et,O (0.78 mL) were added sequentially and stirring wantinued for overnight. After
completion of the reaction, the reaction mixtureswdiluted with DCM (15 mL) and
sequentially washed with ag. sat. NaHC0lution, HO and brine. The organic layer was
dried over anhydrous N80, and concentrateh vacuo. The crude was purified by column
chromatography (EtOAc:hexane = 1:5) to afford thsikd BODIPY6a (0.06 g, 47 %) as a

sticky merlot color solid*H NMR (300 MHz, CDCJ): § 7.53 (5H, m), 6.65 (2H, s), 4.46 (4H,
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q,J = 7.1 Hz), 2.61 (4H, g = 7.5 Hz), 1.45 (6H, §) = 7.1 Hz), 1.14 (6H, ) = 7.5 Hz):*C
NMR (75 MHz, CDC4): & 161.33, 148.42, 145.28, 138.77, 135.23, 133.70,753 130.38,
129.43, 128.34, 61.94, 19.84, 14.26, 14.06; MS) @iz (%): 468 (IM]', 100 %), HRMSm/z

(M™) calcd. for GsH27BF2N2Oy4: 468.2032, Found: 468.2035.

4.1.13. Dipyrromethane 4b

MSA (0.09 mL, 1.18 mmol) was added to a solutioretblyl 3-ethylpyrrole-2-carboxylate
(0.2 g, 1.20 mmol) and 4-hydroxybenzaldehyde (@07 0.60 mmol) in DCM (2 mL) under
Ar. After the resulting mixture was stirred overmigthe reaction was quenched with 0.2N
NaOH solution. The organic layer was extracted iatbM (20 mL), washed with distilled
H>O (20 mL) and dried over N&8QO,. After evaporation of the solvent vacuo, the crude
product was purified by column chromatography osiliga gel (EtOAc:hexane = 1:6) to
yield the desired produetb (0.136 g, 52.2 %) as a reddish liquith NMR (300 MHz,
CDCl): 5 9.14 (2H, br s), 7.01 (2H, d,= 8.4 Hz), 6.72 (2H, d] = 8.4 Hz), 6.39, (1H, br s),
5.81 (2H, dJ = 2.4 Hz), 5.27 (1H, s), 4.22 (4H, &= 7.0 Hz), 2.72 (4H, ] = 7.5 Hz), 1.30
(6H, t,J = 7.0 Hz), 1.15 (6H, tJ = 7.5 Hz);**C NMR (75 MHz, CDCJ): 5 162.24, 155.27,
136.74, 135.54, 132.06, 129.62, 118.09, 115.86,421(0.38, 43.73, 20.72, 15.06, 14.72,
MS (EI") m/z (%): 438 ([M], 100 %), HRMSm/z (M*) calcd. for GsHagN,Os: 438.21565,

Found: 438.2152.

4.1.14. BODIPY 6b

To a stirred solution of dipyrromethadbk (0.19 g, 0.43 mmol) in anhydrous DCM (7 mL)
was added a solution of DDQ (0.12 g, 0.51 mmol,ehdiv.) in anhydrous DCM (13 mL) at
room temperature under nitrogen atmosphere anmegdtior 1 h. Then, BN (0.85 mL) was

added and after 5 min stirring, BEt,O (1.14 mL) was added dropwise. The resulting
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mixture was stirred for overnight. After completiofthe reaction, the reaction mixture was
diluted with DCM (35 mL) and washed sequentiallyhnag. sat. NaHC®{solution, HO and
brine. The organic layer was dried over anhydroasSR), and concentrateth vacuo. The
crude was purified by column chromatography (EtOwgane = 1:2 and DCM:MeOH =
98:2 in order) to afford the desired BODIRW (0.11 g, 54 %) as a sticky merlot color solid.
'H NMR (300 MHz, CDCJ): § 7.34 (2H, dJ = 8.7 Hz), 7.09 (1tbrs), 7.01 (2H, dJ = 8.7
Hz), 6.69 (2H, s), 4.46 (4H, d,= 7.2 Hz), 2.61 (4H, ] = 7.5 Hz), 1.44 (6H, t) = 7.2 Hz),
1.14 (6H, t,J=7.5 HZ);13C NMR (75 MHz, CDCJ): 6 162.02, 159.71, 149.34, 144.45,
138.81, 135.38, 132.87, 129.73, 125.91, 116.031620.10, 14.50, 14.30; MS (Ehvz (%):

484 (IM]", 100 %), HRMSWz (M*) calcd. for GsHa7BFaN2Os: 484.1981, Found: 484.1981.

4.1.15. Dipyrromethane 4c

MSA (0.19 mL, 2.92 mmol) was added to a solutioreibfyl 3-ethylpyrrole-2-carboxylate
(0.40 g, 2.40 mmol) and 3-hydroxybenzaldehyde (@;13.20 mmol) in DCM (5 mL) at
room temperature under nitrogen atmosphere andrdbelting mixture was stirred for
overnight. After completion of the reaction, aqt. 94aHCQ solution was added to the
mixture to quench MSA and extracted with DCM (2%18L). The combined organic layer
was washed with distilled 4 (2 x 30 mL), brine (30 mL), dried over anhydrdNsSQO, and
concentratedin vacuo. The crude product was purified by column chromedphy
(EtOAc:hexane = 1:4) to afford the desired prodiac0.31 g, 60 %) as a pale brown JH
NMR (300 MHz, CDCJ): § 9.45 (2H, br s), 7.13 (1H, ,= 7.8 Hz), 6.77-6.68 (3Hn), 6.14
(1H, br s), 5.78 (2H, d] = 2.4 Hz), 5.26 (1H, s), 4.18 (4H, &= 7.0 Hz), 2.70 (4H, g1 = 7.5
Hz), 1.29 (6H, tJ = 7.0 Hz), 1.13 (6H, t] = 7.5 Hz);**C NMR (75 MHz, CDCJ): § 162.22,
156.25, 142.09, 136.20, 135.38, 130.01, 120.70,191815.48, 114.60, 110.58, 60.36, 44.40,

20.71, 15.01, 14.69; MS (BImiz (%): 438 (IM]', 100 %), HRMSmz (M") calcd. for
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CasH30N20s: 438.2155, Found: 438.2153.

4.1.16. BODIPY 6¢c

To a stirred solution of dipyrromethade (0.4 g, 0.91 mmol) in anhydrous DCM (10 mL)
was added a solution of DDQ (0.25 g, 1.09 mmol,ehdiv.) in anhydrous DCM (25 mL) at
room temperature under nitrogen atmosphere aneédtior 1 h. Then, BN (1.83 mL) was
added and after 5 min stirring, BEt,O (2.43 mL) was added dropwise. The resulting
mixture was stirred for overnight. After completiofthe reaction, the reaction mixture was
diluted with DCM (50 mL) and washed sequentiallyhnag. sat. NaHC®{solution, HO and
brine. The organic layer was dried over anhydroasSR), and concentrateth vacuo. The
crude was purified by column chromatography (EtOwgane = 1:2 and DCM:MeOH =
98:2 in order) to afford the desired BODIR¢ (0.17 g, 38 %) as sticky merlot color solid.
'H NMR (300 MHz, CDCJ): § 7.34 (1H, tJ = 8.1 Hz), 7.09 (1H, dfj = 8.1, 1.2 Hz), 6.99-
6.97 (2H, m), 6.70 (2H, s), 6.35 (1H, br s), 4.4B(q,J = 7.0 Hz), 2.57 (4H, gl = 7.5 Hz),
1.42 (6H, t,J = 7.0 Hz), 1.11 (6H, t) = 7.5 Hz);**C NMR (75 MHz, CDCJ): 5 161.72,
156.11, 148.53, 145.36, 139.00, 135.43, 135.02,9029129.78, 122.90, 118.34, 117.60,
62.29, 20.09, 14.46, 14.27; MS (Einz (%): 484 ([M[', 100 %); HRMSn/z (M*) calcd. for

025H27BF2N205: 484.1981, Found: 484.1983.

4.1.17. Dipyrromethane 4d

MSA (0.04 mL, 0.60 mmol) was added to a solutioretblyl 3-ethylpyrrole-2-carboxylate
(0.40 g, 2.40 mmol) and 2-hydroxybenzaldehyde (0ril3 1.20 mmol) in DCM (5 mL) at
room temperature under nitrogen atmosphere andrdbelting mixture was stirred for
overnight. After completion of the reaction, aqt. 94aHCQ solution was added to the

mixture to quench MSA and extracted with DCM (2 r8L). The combined organic layer
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was washed with distilled 4 (2 x 30 mL), brine (30 mL), dried over anhydriNsSQO, and
concentratedin vacuo. The crude product was purified by column chromedphy
(EtOAc:hexane = 1:3) to afford the desired produt({0.26 g, 49 %) as a pale brown liquid.
'H NMR (300 MHz, CDCY): & 9.26 (2H, br s), 7.13-7.04 (2H, m), 6.87-6.78 (2}, 6.64
(1H, br s), 5.86 (2H, d] = 2.7 Hz), 5.56 (1H, s), 4.22 (4H, &= 7.2 Hz), 2.72 (4H, g1 = 7.5
Hz), 1.29 (6H, tJ = 7.2 Hz), 1.15 (6H, t] = 7.5 Hz);**C NMR (75 MHz, CDCJ): § 162.09,
153.36, 135.84, 135.48, 130.11, 128.96, 126.88,282118.06, 116.60, 110.25, 60.32, 39.72,
20.70, 15.07, 14.72; MS (Blm/z (%): 438 ([M], 100 %); HRMSm/z (M") calcd. for

CasH30N20s: 438.2155, Found: 438.2151.

4.1.18. BODIPY 6d

To a stirred solution of dipyrromethadé (0.38 g, 0.88 mmol) in anhydrous DCM (13 mL)
was added a solution of DDQ (0.24 g, 1.05 mmol,ehdiv.) in anhydrous DCM (17 mL) at
room temperature under nitrogen atmosphere aneédtior 1 h. Then, BN (1.76 mL) and
BFs*Et,O (2.34 mL) were added sequentially and stirring wantinued for overnight. After
completion of the reaction, the reaction mixturesw@iluted with DCM (30 mL) and
sequentially washed with ag. sat. NaH{C0lution, HO and brine. The organic layer was
dried over anhydrous N80, and concentratesh vacuo. The crude was purified by column
chromatography (EtOAc:hexane = 1:3 and EtOAc:DCIt20 in order) to afford the desired
BODIPY 6d (0.05 g, 12 %) as a sticky merlot color sofil. NMR (300 MHz, CDCY): &
7.40 (1H, tJ = 7.5 Hz), 7.18 (1H, d] = 7.8 Hz), 7.05-7.00 (2H, m), 6.62 (2H, s), 5.181(
brs), 4.46 (4H, q) = 7.0 Hz), 2.59 (4H, q] = 7.3 Hz), 1.43 (6H, t] = 7.0 Hz), 1.11 (6H, ]
= 7.3 Hz);*C NMR (75 MHz, CDCJ): & 161.53, 153.54, 145.88, 144.52, 139.22, 135.75,
132.18, 131.60, 129.33, 120.42, 120.32, 117.0&7%620.06, 14.36, 14.28; MS (Eh/z (%):

484 (IM]*, 100 %); HRMSWz (M*) calcd. for GeH3sBF.N,O4: 484.1981, Found: 484.1984.
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4.2. Measurements and Characterization

NMR spectra were recorded on the Varian Gemini BDOINMR 300 MHz for'H and 75
MHz for 3C with the chemical shifts) reported in parts per million (ppm) relative tM$
and the coupling constantd) (Qquoted in Hz. CDG| DMSO-ds, and CROD were used as
solvents with TMS as an internal standard. UV ghisons were measured on the Shimadzu
UV-1800 spectrometer, and fluorescence emissiodsgaantum yield were recorded on the
Perkin Elmer LS-55B fluorescence spectrometer agileAt Cary Eclipse Fluorescence
Spectrophotometer, respectively. Rhodamine 6G gad as the reference for the quantum
yield. The Origin 8 program was used to analyzestectra. Single crystal X-ray diffraction
data were collected on a Bruker D8 Venture diffvastter, with Mo Kt radiation § =
0.71073 A). Mass spectra were acquired on the J&8-700 in the central laboratory at

Kangwon National University.
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