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Abstract — The introduction of phenylethynyl groups to boron-coordinated
diketopyrrolopyrrole (DPP) derivatives resulted in the extension of m-conjugation,
thereby showing bathochromic shifts of both absorption and emission wavelengths.

The emission maximum of the DPP derivatives shifted to a near-infrared region.

INTRODUCTION

Near-infrared (NIR) dyes, which absorb and/or emit light in the region 7002000 nm, have been utilized
in the field of materials sciences.! They have also been used as fluorescent probes for biological imaging
because the application of NIR light leads to low auto-fluorescence and low light scattering in tissues.’
Moreover, NIR dyes have been recognized as promising materials in dye-sensitized solar cells.’

Boron dipyrromethane (BODIPY)* and squaraine-based dyes’ have been developed as high-performance
NIR dyes in recent years. In particular, BODIPY and its analogs have been recognized as promising
materials in the field of optoelectronics owing to their high molar absorbance coefficients and high
emission quantum yields."® Alternatively, diketopyrrolopyrrole (DPP) consists of a condensed lactam
core flanked by aromatic groups and is a functional dye of increasing interest. DPP has been utilized in
organic solar cells,” organic thin-film transistors,® chemosensors,”'® and dye lasers'' owing to its high
carrier mobilities and molar absorbance coefficients. Zumbusch et al. recently reported pyrrolopyrrole
cyanine type analogs showing strong absorption and emission in the NIR region.'> Shimizu et al.
synthesized pyrrolopyrrole aza-BODIPY analogs exhibiting strong emission in the lower-energy visible
region.”” Recently, we reported a simple strategy for absorption and emission of DPP derivatives in
long-wavelength region by synthesizing DPP derivatives having coordinate bonds to boron (Figure 1)."*

The resulting coplanar structure formed by the coordinate bonds extended the n-conjugation between the
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condensed lactam core and flanked aromatic groups, exhibiting long-wavelength emissions in the region
632—662 nm. The photophysical properties of DPP derivatives strongly depend on the flanked aromatic

substituents; 15,16

therefore, further extension of the m-conjugation system is expected to result in emission
in the NIR region. For this purpose, we introduced phenylethynyl groups to the boron-coordinated DPP
derivatives. Herein, we report the synthesis and evaluation of photophysical properties of DPP

derivative-based NIR dyes.

Figure 1. Structure of boron-coordinated diketopyrrolopyrrole (DPP) derivative

RESULTS AND DISCUSSION

DPP derivative 1 was prepared following the literature procedure (Scheme S1 in the Supporting
Information).'* The 4-(dimethylamino)phenylethynyl and 4-methoxyphenylethynyl groups were
introduced by the Sonogashira coupling reaction with
2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl (XPhos) as the ligand to afford the corresponding
DPP derivatives 2 and 3 in 49% and 50% yields, respectively (Scheme 1). For comparison, DPP

derivatives 4 and 5 were also prepared following the literature procedures (Figure 2)."*'°

PdCly(MeCN),,
XPhos, Cs,CO3
MeCN, 80 °C

R'= —»N/ o
2 §\ 49%

3 R'= $0Me 50% R

Scheme 1. Syntheses of DPP derivatives 2 and 3
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Figure 2. Structures of DPP derivatives 4 and 5

The photophysical properties of 2 and 3 were evaluated and compared to those of 4 and 5, and the results
are summarized in Table 1. The absorption spectra were measured in chloroform (Figure 3, left). The
spectra of 2—4 show two vibronic transitions 0-0 and 0-1. Because the vibrational structure was not
observed for 5, the vibrational structures of 2—4 were attributed to the rigid coplanar structure of the
condensed lactam core (DPP core) and aromatic groups.'’ The maximum absorption wavelength (Amay)
of 2 (685 nm) was 68 nm longer than that of 4 (617 nm). This significant bathochromic shift showed that
the introduction of 4-(dimethylamino)phenylethynyl groups extended the m-conjugation. Moreover, the
Amax Of 2 also appeared in a longer wavelength region than that of 3 (667 nm) with
4-methoxyphenylethynyl group presumably because of a higher electron donating ability of the
introduced group.12f The large bathochromic shift (163 nm) of 2 in comparison to that of § indicated a
significant effect of the coordination of boron.'* The molar absorbance coefficient (&) of 2 was two-fold

higher than that of 4, indicating that the extension of the m-conjugation also contributed to the increase in
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Figure 3. Absorption spectra (left) and normalized emission spectra (right) of DPP derivatives 2—-5 in

chloroform
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The emission spectra of 2—5 are shown in Figure 3 (right). DPP derivative 2 exhibits the maximum
emission (Aem) at 710 nm with a shoulder peak at 771 nm in the NIR region, indicating that the
combination of the coordination of DPP to boron and the introduction of 4-(dimethylamino)phenylethynyl
group results in the emission in the NIR region. Similarly, the Ay, of 3 was close to the NIR region. The
order of Aen was the same as that of absorption (5 < 4 < 3 < 2). The Stokes shifts of 2 (514 cm™), 3 (645
cm™), and 4 (533 cm™) were smaller than that of 5 (3002 cm ™), indicating that the coordination of DPP to
boron results in a rigid planer structure. The moderate emission quantum yield (@) in the range 0.22-0.72

was observed for 2-5.

Table 1. Photophysical properties of DPP derivatives 2—5

Absorption® Simulated Emission® Stokes shift / cm’! 43/‘1

Amax / NM ¢/Lmol'em™ Amax./ M Aem / DM in solution solution
2 685 86200 720 710 514 0.22
3 667 67900 708 697 645 0.53
4 617 34000 639 638 533 0.61
5 522 43200 581 619 3002 0.72

% Absorption spectra were measured in chloroform. ® The wavelengths of maximum absorption simulated
by Time-dependent density functional theory (TD-DFT) calculations. © Emission spectra were measured

with excitation at Ayax in chloroform. 4 Absolute fluorescence quantum yields in chloroform.

The relationship between the structures of 2—5 and their photophysical properties was also evaluated by
theoretical calculations. After the geometry optimization of the structures, time-dependent density theory
(TD-DFT) calculations were performed using the Gaussian 09 program suite.'® The trend in simulated
Amax 18 consistent with the results obtained from the absorption spectra (Table 1), and the values of the
calculated energy gaps (EgcaICd) are in good agreement with those of the experimentally obtained optical
energy gaps (E,™, Table 2). Therefore, the results of theoretical calculations were considered to be
reliable, and the absorption properties were evaluated from the results of the theoretical calculations.

Owing to the extension of m-conjugation by the introduction of 4-(dimethylamino)phenylethynyl group,
both the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels of 2 are higher than those of 4 (Table 2). In particular, the increase in the HOMO
level (0.42 eV) is more significant than that of the LUMO level (0.22 eV). Therefore, the extension of

n-conjugation caused the high HOMO level, resulting in the narrow energy gap of DPP derivative 2.
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Table 2. HOMO-LUMO energies and energy gaps of DPP derivatives 2—5 on the basis of the theoretical

calculation®
HOMO LUMO ESM ES™
2 -4.82 eV -2.96 eV 1.72 eV 1.73 eV°
3 -4.98 eV -3.10 eV 1.75 eV 1.78 eV®
4 -5.24 eV -3.17 eV 1.94 eV 1.93 eV®
5 -4.63 eV 231 eV 2.13 eV 2.10eV®

* TD-DFT calculations were performed at the B3LYP level with the 6-31G(d,p) ° Estimated by absorption
spectroscopy.

Figure 4 shows the molecular orbitals of 2-5. The HOMO of 2 is almost localized on the DPP core,
whereas the LUMO of the DPP derivative 2 is extended on the DPP core and the 2-pyridyl groups.
Similar trends were observed in the HOMO and LUMO of 3 and 4. Based on the TD-DFT calculations,
the main absorption in the long-wavelength region was attributed to transitions from the HOMO to the
LUMO, which were assigned as n—n* transitions (Figure 4 and Table 3). The most remarkable difference
between the absorptions of 2 and 3 was the broad absorptions of 2 at ~565 nm (Figure 3, left). According
to the results of the TD-DFT calculations, the absorption was attributed to charge transfer (CT) transition
from the 4-(dimethylamino)phenyl groups to the DPP core (HOMO-2 to LUMO, Figure 5, and Table
3)."2" Owing to the higher electron-donating ability of the 4-(dimethylamino)phenyl groups, the CT
transition (HOMO—-2 to LUMO) of 2 is close to the n—7* transitions (HOMO to LUMO).'*

A

Figure 4. Molecular orbitals of DPP derivatives 2—5
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Table 3. List of calculated main electronic transitions of DPP derivatives 2—5 in the gas phase

Simulated Amayx Composition 1
2 720 nm HOMO—LUMO (0.71) 1.399
553 nm HOMO-2—LUMO (0.70) 0.547
3 708 nm HOMO—LUMO (0.71) 1.056
4 639 nm HOMO—LUMO (0.58) 0.423
5 581 nm HOMO—LUMO (0.70) 1.868

* Oscillator strengths.

S

GIIEA

HOMO-2 ° LUMO
-5.44 eV -2.96eV

Figure 5. Molecular orbitals of DPP derivative 2

In conclusion, we synthesized the DPP-based NIR dyes and investigated their photophysical properties.
The introduction of 4-(dimethylamino)phenylethynyl group resulted in an extension of m-conjugation in
the boron-coordinated DPP derivatives, showing strong absorption in the visible region and emission in
the NIR region. Owing to favorable photophysical properties and the straightforward synthetic route, the
DPP dyes may be utilized in chemosensors, biological imaging, and photovoltaics upon further

modification in the future.

EXPERIMENTAL

Materials

2-Dicyclohexylphosphino-2',4",6'-triisopropylbiphenyl (XPhos) was purchased from Sigma—Aldrich.
Dichlorobis(acetonitrile)palladium(Il) [PdCl,(MeCN),] was prepared according to the literature method.*
Other chemicals were purchased and used without further purification.

General Experimental Procedures

NMR spectra were recorded on Bruker AVANCE-400 and JEOL ECS-400 NMR spectrometers.

Absorption spectra were recorded on a JASCO V-630iRM spectrophotometer. Emission spectra were
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recorded on a FP-6200 spectrophotometer. Emission quantum yields were obtained by a Hamamatsu
Photonics absolute emission quantum yield measurement system C9920-02. MALDI-TOF MS spectra
were recorded on Applied Biosystems SCIEX TOF/TOF™ 5800. HRMS (ESI) spectra were recorded on
UPLC/Synapt G2 HDMS.

Computational details

The geometrical structures were optimized at the B3LYP level with 6-31G (d,p) basis set implemented in
Gaussian 09 programs suits.'® Using the optimized geometries, TD-DFT calculations were performed to
predict their absorptions. Because the calculation of the geometrical structure of 2 did not unspread, the
geometrical structure was optimized at the B3LYP level for 2 with 6-31G basis set implemented in
Gaussian 09 programs suits.

Synthesis and characterization

DPP derivative 2: A mixture of 1 (23.3 mg, 30 umol), 4-ethynyl-N, N-dimethylaniline (21.8 mg, 150
umol), Cs,COs (25.5 mg, 130 umol), PACl,(MeCN), (0.6 mg, 2.4 pmol) and XPhos (2.3 mg, 4.8 umol) in
MeCN (1.5 mL) was stirred for 10 min at room temperature under nitrogen atmosphere. The mixture was
heated at 80 °C for 21 h. After cooling to room temperature, the volatiles were evaporated to dryness in
vacuo. A dark blue solid was isolated by column chromatography on silica gel using CHCIl3/EtOAc (20/1)
as an eluent. The product was obtained by the recrystallization (CHCls/hexane), and dried under vacuum
to obtain a dark blue solid (13.2 mg, 49%). 'H NMR (400 MHz, CDCls, 298 K) 6 3.03 (s, 12H), 6.64 (d,
4H, J=9.2 Hz), 7.30-7.33 (m, 12H), 7.39 (d, 4H, J = 9.2 Hz), 7.43 (d, 8H, J = 6.8 Hz), 8.10 (d, 2H, J =
8.4 Hz), 8.40 (d, 2H, J = 8.8 Hz), 8.47 (s, 2H); Carbon peak of 2 was not observed due to low solubility in
BC{'H} NMR. MALDI-TOF MS Calcd for C4oH47B:NO, [M+H]™ 905.4, Found 905.4. HRMS (ESI):
caled. For CsoH47BaNgO,4 [M+H]™ 905.3947; Found 905.3932.

DPP derivative 3: A mixture of 1 (233 mg, 0.30 mmol), 4-ethynylanisole (198 mg, 1.5 mmol), Cs,CO3
(255 mg, 1.3 mmol), PdCI;(MeCN), (6.2 mg, 0.024 mmol) and XPhos (22.9 mg, 0.048 mmol) in MeCN
(15.0 mL) was stirred for 10 min at room temperature under nitrogen atmosphere. The mixture was
heated at 80 °C for 24 h. After cooling to room temperature, the volatiles were evaporated to dryness in
vacuo. A dark purple solid was isolated by column chromatography on silica gel using CHCI3/EtOAc
(20/1) as an eluent. The product was obtained by the recrystallization (CHClsy/hexane), and dried under
vacuum to obtain a dark purple solid (133 mg, 50%). 'H NMR (400 MHz, C,D-Cly, 333 K) 6 3.83 (s, 6H),
6.90 (d, 4H, J = 8.4 Hz), 7.28-7.33 (m, 12H), 7.41 (d, 8H, J = 7.6 Hz), 7.50 (d, 4H, J = 9.2 Hz), 8.21 (d,
2H, J=8.2 Hz), 8.41 (d, 2H, J = 8.4 Hz), 8.48 (s, 2H); *C{'H} NMR (100 MHz, C,D,Cly, 383 K) 0 55.3,
79.6,99.5, 114.3, 114.4, 120.2, 123.2, 125.1, 126.9, 127.5, 127.7, 130.8, 132.8, 133.3, 133.6, 134.3, 139.0
145.2, 151.7; MALDI-TOF MS Calcd for CssHyB,N4O4 [M+H]" 879.3, Found 879.4. HRMS (ESI):
calcd. For CsgHyBoN4O4 [M+H]™ 879.3314; Found 879.3332.
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