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ARTICLE INFORMATION ABSTRACT

Green, red and far-red emitting Borondipyrromethene (BODIPY) derivatives with 3-
ethynylthiophene units at various positions around the BODIPY core were synthesized and
their photophysical properties were studied. 3-Ethynylthiophene substitution at the 2,6
positions caused significant increase in Stokes shift while substitution at the 8 and 4,4’
positions had no effect. Photooxidation of 1,3-diphenylisobenzofuran (DPBF) in the presence
of 3-ethynylthiophene substituted BODIPY derivatives confirmed singlet oxygen generation.
3-Ethynylthiophene substitution at the 2,6 positions is more effective in singlet oxygen
generation compared to 4’4 substitutions. Substitution through phenyl group at the meso (8)
position gave the lowest rate for singlet oxygen production. All 3-ethynylthiophene
containing BODIPY derivatives were highly photo-stable under our experimental conditions.

DOI: 10.5155/eurjchem.8.4.321-327.1634

Received: 01 August 2017

Received in revised form: 08 September 2017
Accepted: 09 September 2017

Published online: 31 December 2017

Printed: 31 December 2017

KEYWORDS

BODIPY

Thiophene

Stokes shift
Fluorescence

Singlet oxygen
Photodynamic therapy

Cite this: Eur. J. Chem. 2017, 8(4), 321-327

1. Introduction

A versatile small fluorescent molecule commonly known
as borondipyrromethene has attracted significant attention in
the biomedical and electronic fields due to its unique proper-
ties [1,2]. BODIPY based molecules are preferred for biological
applications due to its small size, high fluorescence quantum
yields, sharp absorption and emission peaks and stability [1,2].
They are relatively nontoxic to living cells [3,4] and are widely
used as fluorescence probes in molecular labeling and cell
imaging [5-7]. Various properties of BODIPY molecules can be
fine-tuned by synthetic modifications of the BODIPY core [2,8].
Numerous aromatic and aliphatic substituents have been used
to modify the BODIPY core. Substitution at the 2,6 and 3,5
positions has been widely used to extend conjugation [9-12].
Substitution at the meso position and boron center does not
cause significant shift in absorption and emission spectra [13].
In general, BODIPY dyes have very small Stokes shifts, often
less than 10 nm [14]. A small Stokes shift causes reabsorption
of emitted photons or the inner filter effect hence reducing the
emission intensity [15]. This is a disadvantage particularly for
biomedical applications where small concentrations of fluoro-
phores are used. Resonance energy transfer in a wide variety
of BODIPY based donor/acceptor systems has been used to

achieve large Stokes shifts [14,15]. However, they are pseudo
Stokes shifts that cannot completely eliminate the inner filter
effect [16]. Another strategy to enhance Stokes shifts by
geometrical relaxation has been reported [17]. Increased
geometrical relaxation of excited BODIPY molecules with
thienyl substitution at the 2,6 positions caused red shift of the
emission, giving large Stokes shifts (96 nm) [17]. Thiophene
and its derivatives have been used in modification of the
BODIPY core for various applications. Thiophene and oligo-
thiopene substituted BODIPY derivatives have been
synthesized for dye sensitized solar cells [18-21]. Substitution
of thiophene at the 2,6 and 3,5 positions are used to extend the
absorption and emission of BODIPY dyes [22]. Wu et al
reported synthesis of BODIPY by attaching oligothiophene
moieties at the meso position [23]. However, the effect of
thiophene substitution at various positions of the BODIPY core
through ethynyl linkage on photophysical properties has not
been studied in-depth.

Upon excitation, BODIPY derivatives produce singlet
excited states and decay through fluorescence, with high
quantum yields. Intersystem crossing (ISC) in BODIPY
derivatives is minimal. However, it is possible to enhance ISC
via chemical modification of the BODIPY core. It has been
shown that incorporation of heavy atoms such as iodine
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increases ISC by spin-orbit coupling [1,24,25]. Such molecules
can act as triplet sensitizers to transfer its energy to the triplet
states of other molecules. Energy transfer to molecular oxygen
generates singlet oxygen which has several applications
including photocatalysis [1] and photodymanic therapy (PDT)
[26,27]. Triplet sensitizers are also used in triplet-triplet
annihilation based upconversions [28]. BODIPY is a promising
candidate for PDT due to its superior properties and non-toxic
nature [2]. High ratios of light/dark toxicity in BODIPY
derivatives and low quantum yield of photobleaching are
additional advantages for biomedical applications [2]. Several
types of BODIPY molecules have been synthesized and tested
for singlet oxygen generation [2,29]. Impact of heavy atom
effect is directly related to where they are positioned on the
BODIPY core [2]. It is known that increasing the number of
iodine atoms in the BODIPY molecule increases intersystem
crossing [2]. However, it increases dark toxicity which limits
applications of these molecules in PDT [30]. Incorporation of
sulfur containing substituents such as thiophene also
promotes ISC in BODIPY [31]. In addition, some thiophene
substituted molecules are reported to be permeable to the cell
membrane [32]. Hence, thiophene containing BODIPY
derivatives are useful candidates for PDT. Efficiency of ISC
depends on the nature of the BODIPY-thiophene linkage.
Direct attachment of thiophene at the 2,6 positions of BODIPY
core via Suzuki coupling does not effectively promote ISC.
However, when two thienyl moieties are fused into the
BODIPY core, ISC becomes efficient due to large spin orbit
coupling and smaller single triplet energy gaps [33]. However,
efficiency of singlet oxygen generation when thiophene is
attached to different positions of the BODIPY core through
ethynyl linkage has not been studied. In this study, we report
the synthesis of green, red and far-red emitting BODIPY
derivatives with 3-ethynylthiophene at various positions of
the BODIPY core. Their photophysical properties and singlet
oxygen generation capabilities were studied and compared
with a BODIPY compound which contains iodine atoms at the
2,6 positions. We have chosen 3-ethynylthiophene because it
provides a route to synthesize multi-functionalized BODIPY
molecules as both 2,5 positions of the thiophene moiety are
open for further substitution.

2. Experimental
2.1. Instrumentation

1H NMR (300 or 400 MHz) and 13C NMR (75 or 100 MHz)
spectra were recorded at room temperature on JEOL Eclipse
nuclear magnetic resonance spectrophotometers. Chemical
shifts are reported in parts per million (ppm) in CDCls, using
TMS as the internal reference (0.00). 1H data are reported as
follows: multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet, br = broad). UV-visible spectra were
recorded using a Cary 5000 Series UV-VIS-NIR spectrophoto-
meter. Fluorescence spectra were recorded using a Horiba
Jobin Yvon Fluoromax-4 spectrofluorometer. Quantum yields
were measured using Rhodamine B as the reference (¢ = 0.65
in ethanol). High resolution mass spectra were obtained at the
Department of Chemistry, University of Illinois at Urbana-
Champaign.

2.2. Synthesis

All the solvents were freshly distilled under argon before
use. Chemicals purchased were used without further
purification.

2.2.1. Synthesis of compounds 5,5-difluoro-1,3,7,9-
tetramethyl-10-nonyl-5H-414,514-dipyrrolo[1,2-c:2',1"-
f1[1,3,2]diazaborinine (1) and 5,5-difluoro-2,8-diiodo-

1,3,7,9-tetramethyl-10-nonyl-5H-414,514-dipyrrolo[1,2-c:2’,
1'-f][1,3,2]diazaborinine (2)

Synthesis of compounds 1 and 2 is described elsewhere
[34] (Scheme 1).

5,5-Difluoro-1,3,7,9-tetramethyl-10-nonyl-5H-414, 514-dipyr
rolo[1,2-c:2',1"-f][1,3,2]diazaborinine (1): 'H NMR (300 MHz,
CDClI3, 8, ppm): 6.07 (s, 2H, indacene-H), 2.96 (t, / = 8.0 Hz, 2H,
CHz), 2.51 (s, 6H, 2CH3), 2.40 (s, 6H, 2CH3), 1.62 (br m, 2H,
CHz), 1.48 (br m, 2H, CHz), 1.27 (br s, 10H, 5CHz), 0.87 (t, ] =
6.6 Hz, 3H, CH3). 13C NMR (75 MHz, CDCls, §, ppm): 153.8 (2C,
indacene-C), 146.8 (1C, indacene-C), 140.4 (2C, indacene-C),
131.5 (2C, indacene-C), 121.6 (2C, indacene-C), 32.0 (2C,
2CH3), 30.5 (2C, 2CHz3), 29.6 (1C, CH2), 29.5 (1C, CH2), 29.3 (1C,
CHz), 28.6 (1C, CHz), 22.7 (2C, 2CHz), 16.4 (1C, CHz), 14.5 (1C,
CHz), 14.1 (1C, CHs).

5,5-Difluoro-2,8-diiodo-1,3,7,9-tetramethyl-10-nonyl-5H-414,
514-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (2): 'H NMR
(300 MHz, CDCl3, 6, ppm): 2.92 (t,] = 9.0 Hz, 2H, CHy), 2.61 (s,
6H, CHs), 2.48 (s, 6H, CHs), 1.62 (br m, 2H, CHz), 1.48 (br m, 2H,
CHz), 1.27 (br s, 10H, 6CH2), 0.88 (t, J = 6.6 Hz, 3H, CHs). 13C
NMR (75 MHz, CDCl3, §, ppm): 155.2 (2C, indacene-C), 146.5,
(1C, indacene-C), 142.3 (2C, indacene-C), 131.5 (2C, indacene-
C), 86.5 (2C, indacene-C), 31.9 (1C, CHz), 31.8 (1C, CHz), 30.4
(1C, CHz), 29.4 (1C, CHz), 22.7 (2C, 2CHz), 19.0 (1C, CHz), 16.2
(1C, CHz), 14.2 (1C, CHa3).

2.2.2. Synthesis of 5,5-difluoro-1,3,7,9-tetramethyl-10-
nonyl-2,8-bis(thiophen-3-ylethynyl)-5H-414,514-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (3)

To a Schlenk flask Pd(PPhs)4 (26.92 mg, 0.032 mmol), Cul
(12.17 mg, 0.064 mmol) and compound 2 (100 mg, 0.16 mmol)
were added in a glove box and dissolved in freshly distilled
THF (15 mL). Then, EtsN (0.78 mL) was added followed by 3-
ethynylthiophene (42.26 mg, 0.4 mmol). The mixture was
stirred at room temperature for 24 h, the residue was
extracted with CHzClz, dried over anhydrous Na:SO4 and the
solvent evaporated. Purification using silica gel column
chromatography eluted with dichloromethane:hexane (v:v,
40:60) yielded compound 3 (Scheme 1).

5,5-Difluoro-1,3,7,9-tetramethyl-10-nonyl-2, 8-bis(thiophen-
3-ylethynyl)-5H-414,514-dipyrrolo[1,2-c:2', 1'-f][1,3,2]diazabori
nine (3): Color: Dark purple. Yield: 70%. M.p.: 151-153 °C. FT-
IR (Neat, v, cm): 3111, 2928, 2851, 2214 (alkyne), 1532,
1201, 1184, 1000, 776.'H NMR (400 MHz, CDCls, §, ppm): 7.43
(dd, ] = 6.4, 1.6 Hz, 2H, Ar-H), 7.28 (q, J = 0.007 Hz, 2H, Ar-H),
7.17 (dd, 6.4 Hz, 1.2 Hz, 2H, Ar-H), 2.65 (s, 6H, 2CHs), 2.53 (s,
6H, 2CHs), 1.62 (br m, 2H CHz), 1.49 (br m, 2H CH2), 1.27 (br
m, 12H, 6CHz), 0.87 (t, ] = 6.8 Hz, 3H, CH3). 13C NMR (100 MHz,
CDCls, 8, ppm): 156.9 (2C, indacene-C), 147.7 (1C, indacene-C),
141.2 (2C, indacene-C), 131.4 (2C, indacene-C), 129.9 (2C,
indacene-C), 128.3 (2C, Ar-C), 125.5 (2C, Ar-C) 122.5 (2C, Ar-
C), 116.3 (2C, Ar-C), 91.3 (2C, ethynyl-C), 81.3 (2C, ethynyl-C),
31.9 (1€, CHz), 30.5 (2C, 2CHs), 29.6 (2C, 2CH3), 29.3, (1C, CHy),
28.7, (1C, CH2), 22.8, (1C, CH2), 15.3, (1C, CHz), 14.2, (1C, CHz),
13.8 (1C, CHs). UV/Vis (CHzClz, Amax, nm): 563. HRMS (ESI,
m/z) calcd. for C3sH3sBN2S:F2 [M+H]*, 587.2538; found
587.3536.

2.2.3. Synthesis of 5,5-difluoro-2-iodo-1,3,7,9-tetramethyl-
10-nonyl-8-(thiophen-3-ylethynyl)-5H-414,514-dipyrrolo
[1,2-c:2",1'-f][1,3,2]diazaborinine (4)

The same procedure used to synthesize compound 3 was
used to synthesize compound 4 (1:1 molar ratio of compound
2: 3-ethynylthiophene was used). The reaction mixture was
stirred overnight and the compound was purified as described
in the synthesis of compound 3 (Scheme 1).
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Reagents and conditions: (i) HIO3, I, ethanol (ii) 3-ethynylthiophene (2 mol equiv.), Cul, Pd(PPh3)s, NEt3, THF, room temperature, 24 h (iii) 3-ethynylthiophene
(1 mol equiv.), Cul, Pd(PPhs)4, NEts THF, room temperature overnight (iv) 4-methoxybenzaldehyde, Mg(Cl04)2, piperidine, glacial acetic acid, toluene (v) 3-
ethynylthiophene (1 mol equiv.), Cul, Pd(PPh3)4 NEt; THF, room temperature overnight (vi) lithium 3-ethynylthiophene, CHzCl..

Scheme 1

5, 5-Difluoro-2-iodo-1, 3, 7, 9-tetramethyl-10-nonyl-8-(thio
phen-3-ylethynyl)-5H-414,514-dipyrrolo[1,2-c:2',1-f][1,3,2]diaza
borinine (4): Color: Dark purple. Yield: 58%. M.p.: 205-207 °C
(Dec.). FT-IR (Neat, v, cm1): 3115, 2976, 2928, 2861, 2214
(alkyne), 1533, 1183, 1085, 999, 777. 1H NMR (400 MHz,
CDCls, 8, ppm): 7.43 (dd, J = 6.4 Hz, 1.2 Hz, 1H, Ar-H ), 7.25 (q, J
=0.007 Hz, 1H, Ar-H), 7.12 (dd, 6.4 Hz, 1.2 Hz, 1H, Ar-H), 2.93
(t, ] = 2.76 Hz, 2H, CHz), 2.59 (s, 3H, CHs), 2.55 (s, 3H, CHa3),
2.49 (s, 3H, CHs), 2.42 (s, 3H, CHzs), 1.55 (br m, 2H, CHz), 1.47
(br m, 2H, CHz), 1.21 (br s, 10H, 5CHz), 0.82 (t, ] = 6.44 Hz, 3H,
CHs). 13C NMR (100 MHz, CDClIs, §, ppm): 157.0 (1C, indacene-
C), 155.0 (1C, indacene-C), 147.2 (1C, indacene-C), 141.8 (1C,
indacene-C), 141.7 (1C, indacene-C), 132.0 (1C, indacene-C),
130.8 (1C, indacene-C), 129.9 (1C, indacene-C), 128.3 (1C,
indacene-C), 125.5 (2C-Ar-C), 122.5 (2C-Ar-C), 116.5 (2C-Ar-
C), 91.5 (2C-Ar-C), 86.2 (1C, ethynyl-C), 81.2 (1C, ethynyl-C),

31.9, 304, 29.7, 29.5, 29.3, 22.7, 18.9, 16.1, 15.4, 14.2, 13.7.
UV/Vis (CH2Clz, Amax, nm): 543. HRMS (ESI, m/z): calcd. for
C28H35BN2F2SI [M+H]*, 607.1627; found: 607.1632.

2.2.4. Synthesis of 5,5-difluoro-3-(4-methoxystyryl)-1,7,9-
trimethyl-10-nonyl-2,8-bis(thiophen-3-ylethynyl)-5H-514,
6l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (5)

Compound 5 was synthesized according to a literature
procedure [35]. Compound 3 (100 mg, 0.17mmol) and
Mg(Cl04)2 (22 mg, 0.098 mmol) were dissolved in toluene (2
mL). 4-Methoxybenzaldehyde (46.6 mg, 0.34 mmol) and
piperidine (0.299 mL) were added under argon. Then glacial
acetic acid (0.11 mL) was added dropwise. Afterword the
solution was refluxed in a Dean-Stark apparatus at 120 °C for 1
hour. The crude product was purified using silica gel column
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chromatography eluted with dichloromethane:hexane (v:v,
45:65) to afford the product 5 (Scheme 1).

5, 5-Difluoro-3-(4-methoxystyryl)-1,7,9-trimethyl-10-nonyl-
2,8-bis(thiophen-3-ylethynyl)-5H-514, 614-dipyrrolo[1, 2-c:2', 1*-
fl[1,3,2]diazaborinine (5): Color: Dark blue. Yield: 18%. M.p.:
283-285 °C (Dec). FT-IR (Neat, v, cm-1): 3117, 2929, 2856,
1725, 1602, 1536, 1512, 1263, 1194, 1014, 801. 'H NMR (400
MHz, CDCls, §, ppm): 7.50 (m, 4H, Ar-H) 7.10 (d, ] = 16 Hz, 1H,
C=C-H ), 6.84 (d, ] = 8.8 Hz, 4H, Ar-H), 6.84 (d, J = 16 Hz, 1H,
C=C-H) 3.77 (s, 3H, Ar-CHs), 2.88 (t, ] = 2.76 Hz, 2H, CH2), 2.64
(s, 3H CHs), 2.55 (s, 3H, CHs), 2.51 (s, 3H, CH3), 1.55 (br m, 2H,
CH2), 1.47 (br m, 2H, CH2), 1.21 (br s, 12H, 6CH2), 0.82 (t,] =
6.44 Hz, 3H, CH3). 13C NMR (100 MHz, CDCls, §, ppm): 160.2,
151.4, 152.9, 139.3, 135.1, 133.1, 129.6, 1289, 117.9, 117.2,
114.2, 55.4, 53.5, 32.1, 31.8, 30.9, 30.3, 29.5, 29.4, 292, 284,
22.6, 16.6, 14.1. UV/Vis (CHzClz, Amax, nm): 615. HRMS (ES],
m/z). caled. for Cs2H4aBN20S:F2[M+H]*, 705.2956; found
705.2956.

2.2.5. Synthesis of 5,5-difluoro-10-(4-iodophenyl)-1,3,7,9-
tetramethyl-5H-414,514-dipyrrolo[1,2-c:2',1'-f][1,3,2]
diazaborinine (6)

Compound 6 was prepared from condensation of 2,4-
dimethylpyrrole with 4-iodobenzoyl chloride in CH:Clz and
then reacted with BF30Etz [35] (Scheme 1).

5, 5-Difluoro-10-(4-iodophenyl)-1, 3, 7, 9-tetramethyl-5H-414,
514-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (6): 'H NMR
(400 MHz, CDCls, 8, ppm): 7.81 (d, /] = 8.4 Hz, 2H, Ar-H), 7.02
(d, J = 8.4 Hz, 2H, Ar-H), 5.96 (s, 2H, 2 indecene-CH), 2.52 (s,
6H, 2 CHs), 1.39 (s, 6H, 2CHz3).

2.2.6. Synthesis of 5,5-difluoro-1,3,7,9-tetramethyl-10-(4-
(thiophen-3-ylethynyl)phenyl)-5H-414,514-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinine (7)

Compound 7 was synthesized from compound 6 using a
similar procedure as described for the synthesis of compound
3 (Scheme 1).

5, 5-Difluoro-1,3,7,9-tetramethyl-10-(4-(thiophen-3-ylethyn
yl)phenyl)-5H-414, 514-dipyrrolo[1, 2-c:2, 1'-f][1,3,2]diazaborini
ne (7): Color: Orange. Yield: 38%. M.p: 268-270 °C (Dec.). FT-
IR (Neat, v, cm1): 3114, 2975, 2818, 2208 (alkyne), 1536,
1187, 1049, 785. tH NMR (400 MHz, CDCls, 8, ppm): 7.66-7.61
(m, 3H, Ar-H), 7.55 (m, 1H, Ar-H), 7.32-7.37 (m, 1H, Ar-H), 7.26
(m, 1H, Ar-H), 7.21 (m, 1H, Ar-H), 5.97 (s, 2H, 2 indacene-H),
2.54 (s, 6H, 2CHs), 1.41 (s, 6H, 2CH3). 13C NMR (100 MHz,
CDCls, 8, ppm): 155.8 (1C, indacene-C), 143.1 (1C, indacene-C),
140.9 (1C, Ar-C), 135.0 (1C, indacene-C), 132.3 (1C, Ar-C),
132.2 (1C, Ar-C), 132.1 (1C, Ar-C), 132.0 (1C, indacene-C),
131.3 (1C, indacene-C), 129.9 (1C, indacene-C), 129.2 (1C,
indacene-C), 128.6 (1C, Ar-C), 128.5 (1C, Ar-C), 128.3 (1C, Ar-
C), 125.7 (1C, Ar-C), 124.1 (1C, Ar-C), 121.9 (1C, indacene-C),
121.4 (1C, indacene-C), 88.2 (1C, ethynyl-C), 86.0 (1C, ethynyl-
C), 14.6 (4C, CHs). UV/Vis (CH2Clz, Amax, nm): 503. HRMS (ESI,
m/z). caled. for CzsH22BN2F2S[M+H]*, 431.1557; found
431.1565.

2.2.7. Synthesis of 2,8-diethyl-1,3,7,9-tetramethyl-10-nonyl-
5,5-bis(thiophen-3-ylethynyl)-5H-414,514-dipyrrolo[1,2-c:2',
1'-f][1,3,2]diazaborinine (9)

3-Ethynylthiophene (0.24 mL, 2.25 mmol) was transferred
to a Schlenk flask that was previously charged with anhydrous
diethyl ether (15 mL). The Schlenk flask was cooled to -78 °C
and then n-Buli (1.43 mL, 2.3 mmol) was added. The mixture
was stirred at -78 °C for 1 h and at room temperature for 30
min. The mixture was then transferred to a solution of
compound 8 (336 mg, 0.78 mmol) in THF (50 mL) at room
temperature. The mixture was stirred at room temperature for
30 min., diluted with CH2Cl;, and washed with water. After

evaporation of solvents the crude mixture was purified using
silica gel column chromatography eluted with dichloro-
methane:hexane (v:v, 30:70) to yield compound 9 (Scheme 1).

2,8-Diethyl-1,3,7,9-tetramethyl-10-nonyl-5,5-bis(thiophen-3-
ylethynyl)-5H-414,514-dipyrrolo[1,2-c:2',1"-f][1,3,2]diazaborinine
(9): Color: Orange. Yield: 52%. M.p.: 265-267 °C (Dec.). FT-IR
(Neat, v, cm1): 3190, 2968, 2899, 2219 (alkyne), 1544, 1262,
1065, 786. tH NMR (400 MHz, CDCls, 8, ppm): 7.26 (m, 2H, Ar-
H), 7.16 (m, 2H, Ar-H), 7.04 (m, 2H, Ar-H), 3.03 (m, 2H, CHz),
2.78 (s, 6H, 2CHs), 2.44 (q, J = 10 Hz, 4H, 2CHy), 2.36 (s, 6H,
2CHs), 1.67 (br m, 2H, CHz), 1.55 (br s, 2H, CHz), 1.27 (br m,
10H, 5CHz), 1.08 (t, / = 10 Hz 6H, 2CH3), 0.88 (t, ] = 8.8, 3H,
CH3). 13C NMR (100 MHz, CDCl3, §, ppm): 152.1 (2C, indacene-
C), 144.6 (2C, indacene-C), 133.6 (2C, indacene-C), 132.5 (2C,
indacene-C), 130.3 (2C, indacene-C), 129.4 (2C-Ar-C), 126.9
(2C-Ar-C), 124.7 (2C-Ar-C), 124.4 (2C, ethynyl-C), 31.9 (1C,
CHz), 30.5 (2C, 2CHs), 29.6 (2C, 2CH3), 29.3 (1C, 2CH2), 28.7
(1C, 2CH2), 22.8 (1C, 2CHy), 17.6 (1C, CH2), 15.0 (1C, 2CH2),
14.2 (2C, 2CH3), 13.9 (2C, 2CH3), 13.6 (1C, CHs). UV/Vis
(CH2Clz, Amax, nm): 517. HRMS (ESI, m/z). calcd. for for
C3sH48BN2S2 [M+H]+, 607.3356; found 607.3352.

2.3. Singlet oxygen generation

Singlet oxygen generation trials were conducted in a
quartz cuvette with THF as the solvent. BODIPY dyes were
added in a concentration of 5 uM or until the Amax was
approximately 0.5 and 1,3-diphenylisobenzofuran (DPBF) was
added to give a final concentration of 90 pM. The solution was
stirred for 2 minutes in the dark with the cuvette open. The
cuvette was then capped and UV-visible spectra were
recorded. The samples were irradiated using a 60W halogen
bulb for varying intervals of time while stirring, with the UV-
Vis spectra being recorded after each interval. This was
repeated until the sample was under the light for 22 minutes
or until the absorbance of DPBF at 412 nm was stabilized.

3. Results and discussion
3.1. Synthesis

Compounds 1-9 were synthesized according to the
procedure given in Scheme 1. lodination of compound 1 was
performed using HIOs in ethanol to give compound 2 in 76%
yield [34]. A small amount of monoiodination product was also
isolated. Sonogashira coupling of the BODIPY derivative 2 with
2.5 molar equivalent of 3-ethynylthiophene followed by puri-
fication using column chromatography with hexane/CH2Cl2
yielded compound 3 as a dark purple solid in 70% yield.
Compound 4 was obtained by coupling one molar equivalent
of compound 2 and 3-ethynylthiophene using the same
procedure. The di-substituted product 3 was also formed in
small quantity. The methyl groups on the 3,5 positions are
slightly acidic. They undergo base-catalyzed Knoevenagel type
condensation with aldehydes. This method has been used in
synthesis of NIR BODIPY dyes [36]. Condensation of
compound 3 with 4-methoxybenzaldehyde in the presence of
piperidine and glacial acetic acid produced the mono-
substituted product 5 as a blue solid (18% yield). The di-
substituted product was also formed but was not fully
characterized due to its low yield. As many unidentified side
products formed, the overall product yield was low.
Compound 6 was synthesized according to a literature
procedure [37]. Sonogashira coupling of compound 6 with 3-
ethynylthiophene yielded compound 7 as an orange solid.
Reaction of compound 8 [34] with lithium salt of 3-ethynyl
thiophene gave compound 9 as an orange solid. Mono-
substituted product was not observed under these conditions.
All compounds were stable in the air at room temperature
when stored in the dark.
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Figure 1. (a) Normalized absorption and (b) emission spectra of compound 3, 4, 5, 7 and 9 in CHzCl2.

3.2. Photophysical properties

The UV-vis absorption and fluorescence experiments of
compounds 1-9 were carried out in CH2Cl2 (1.0x10-> mol/L)
using a Cary 5000 Series UV-VIS-NIR Spectrophotometer.
Typical BODIPY absorption spectrum has two major
absorption bands (Figure 1a). The more prominent, lowest
energy absorption band ~500-600 nm, is due to the So-S1 (-
m*) transition. The weaker absorption band, ~350-430 nm, is
due to the So-Sz2 (m-m*) transition. Absorption maximum of the
BODIPY derivative 3 which has ethynylthiophene units at the
2,6 positions was redshifted by 65 nm in comparison to 2,6
unsubstituted compound 1 (Table 1). It was further redshifted
(by 117 nm) with the styryl group at the 3 position in
compound 5. Placing ethynylthiophene at the 4,4’ positions
has no effect on absorption wavelength as the boron atom is
not in conjugation with the BODIPY core (Figure 1a and 2).
Attaching ethynylthiophene units through benzene ring at the
meso (8) position has no effect on the absorption spectrum
(compound 6, Figure 1a and 2). Sharp emission spectra were
observed for all ethynylthiophene substituted compounds
(Figure 1b). As expected, emission spectra were red shifted in
compounds with 3-ethynylthiophene at the 2,6 positions.
Placing one styryl group at the 3 position caused significant
red shift (145 nm) in the emission in comparison to
unsubstituted compound 1 (Table 1, Figure 1b and 2). Photo-
sensitizers that absorb in the deep red and NIR regions
penetrates deeper in the tissues and have potential biomedical
applications. Similar to absorption spectra, substitution at the
meso position and boron center has no significant effect on
emission spectra. Geometry of the So state of BODIPY is very
similar to that of the ground state Si [17]. Thus, BODIPY

compounds have small Stokes shifts. Interestingly, Chen et al.
reported 2,6 thienyl substituted BODIPY molecules with
relatively larger Stokes shifts (~70-92 nm). DFT calculations
revealed that the dihedral angle between the thienyl and
BODIPY moiety in the S1 and S2 was quite different. Hence,
large geometry relaxation upon photoexcitation was proposed
as the origin of large Stoke shift [17]. When the thiophene ring
is connected through a triple bond, the Stokes shift is
increased from 6 to 32 nm (Table 1). This is only a 35 nm
increase in compound 4. Absence of larger Stokes shift in
ethynylthiophene substituted BODIPY is probably due to
smaller geometry relaxation because of restricted rotation of
the thiophene ring due to the triple bond.

Table 1. Photophysical properties of compounds 1-9 *.

Compound  Amax Aem Stokes Quantum yield
(nm) (nm) shift (%)
1 498 504 6 84
2 520 524 4 2
3 563 595 32 34
4 543 584 41 13
5 615 649 34 30
6 504 517 13 57
7 503 512 9 82
8 520 524 4 84
9 517 525 8 86
x

Rodamine B was used as reference (¢ = 65% in ethanol).

3.3. Singlet oxygen generation

The ability of singlet oxygen generation for compounds 3,
4, 5, 7 and 9 was tested in THF solutions. All the solutions
were irradiated with a tungsten lamp at 0.5 mW/cm?2.
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Figure 3. Time-dependent decrease of absorbance at 412 nm by oxidation of DPBF (90x10-6 M) with a dye (5x10-6 M) in THF under 60 W halogen lamp at 0.5
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1,3-Diphenylisobenzofuran (DPBF) was used as the singlet
oxygen indicator [38]. DPBF reacts rapidly with singlet oxygen
to form o-dibenzoylbenzene. Decrease of the absorbance at
412 nm due to oxidation of DPBF by singlet oxygen was
monitored. Compound 2 which has two iodine atoms at the 2,6
position was used as the reference since iodine containing
compounds are known to sensitize singlet oxygen generation.
Rapid DPBF oxidation in compound 2 is consistent with the
well-known fact that iodine increases singlet oxygen
generation due to the heavy atom effect [39,40]. Compound 4
which has one 3-ethynylthiophene unit and one iodine showed
only slight decrease in oxidation rate in comparison to
compound 2 (Figure 3). When both iodine atoms were
replaced by 3-ethynylthiophene units on the 2,6 positions (3),
a significant decrease in oxidation rate compared to compound
2 was observed. Compound 5 with one styryl group showed
slightly higher DPBF oxidation rate in comparison to
compound 3. Attaching 3-ethynylthiophene units on the 4,4’
positions in compound 9 was not effective for singlet oxygen
generation (Figure 3) because ethynylthiophene units at 4,4’
positions are not in conjugation with the BODIPY core.
Compound 7 which has phenylethynylthiophene at the meso
position showed the slowest oxidation rate of DPBF. Similar
effect has been reported for compound 6 with iodo-phenyl
substitution at the meso position. The absence of direct
attachment of iodine atoms to the BODIPY core and twisted
arrangement of the phenyl group relative to the BODIPY core
has been used to explain the low quantum yield of ISC in
compound 6 [2]. Absorbance of all BODIPY compounds ~500-
700 nm region remained unchanged under our experimental
conditions indicating high resistance to photo-bleaching (550

nm region for compound 3, Figure 4). According to our
preliminary studies, all 3-ethynyl containing compounds are
permeable to cell membrane.
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Figure 4. Singlet oxygen generation experiment in THF solution. Decrease
in absorption spectrum of DPBF at 412 nm in the presence of compound 3
(A max = 563 nm) (5x10-6 M).

4. Conclusion

In conclusion, we have synthesized new BODIPY deriva-
tives with 3-ethynylthiophene units at various positions of the
BODIPY core and studied their photophysical properties. All
these derivatives were resistant to photo-bleaching under our
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experimental conditions. Styryl substituted compound 5
showed a strong far-red emission. 3-ethynylthiophene units at
the 2,6 positions were less effective in increasing Stokes shifts
in comparison to the 2,6 thienyl substituted BODIPY. The
ability of these compounds to generate singlet oxygen was
studied. The effectiveness of 3-ethynylthiophene containing
BODIPY derivatives in singlet oxygen generation depends on
the position around the BODIPY core. Placing 3-ethynyl-
thiophene units on the 2,6 positions is more effective
compared to the 4,4 and the meso substitutions. Styryl
substitution at the 3 position has no significant effect on
singlet oxygen generation. Cellular localization studies of these
dyes are underway.
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