Easy access to strongly fluorescent higher
homologues of BODIPY+}
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We present the easy and high yield synthesis of several group 13
MeSDPM compounds (Al-In) with alkyl substituents at the metal
atom. All these compounds were fully characterized using tech-
niques including X-ray diffraction analysis and photoluminescence
measurements. It shows that for aluminium and gallium pro-
nounced green fluorescence is observed, which is absent for
indium. DFT calculations confirm that the first electronic transition
corresponds to a ligand-based n—n* transition.

Introduction

With the first report of the dipyrromethene (DPM) ligand in
1924 by Fischer and Schubert, the interest in complexes con-
taining such one or more DPM ligands has increased consider-
ably."! The initial interest was due to its use in porphyrin syn-
thesis” but later it gained further attention owed to the corres-
ponding boron difluoride complexes, called BODIPY(s) (boron
difluoride dipyrromethene(s)), and their strongly fluorescent
properties.>” The fluorescence of dipyrromethene based com-
pounds is due to a ligand based n*-n emission where the
strength of this electronic transition is influenced by the bulki-
ness of the aryl group at the meso-position,®™® the dimensions
of the conjugated n-system, and the rigidification by chelating
cationic species.'®* Although the first representatives of
BODIPYs were described as early as 1968 by Treibs and
Kreuzer, the synthesis of the “parent” BODIPY was not
reported until 2009 (Fig. 1a)."**® The fascinating optical pro-
perties of these compounds, such as sharp fluorescence and
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high fluorescence quantum yields (@) of up to 100% in
solution,””"” led to many different applications, for example as
light-harvesting arrays, fluorescent switches or fluorescence
labels in the field of biomedical imaging (with low energetic
excitation wavelengths)."’* In recent years, considerable
attention has been paid to research on highly efficient BODIPY
containing photosensitizers, which show potential for use in
photodynamic therapy.*>*

In contrast to the prevalence of BODIPYs, the use of dipyr-
romethenes as ligands for other main group elements except
boron remains scarce. Chisholm et al. employed magnesium
containing M*°DPM (1,5,9-trimesityldipyrromethene) com-
plexes for lactide polymerisation®” while lactone polymeris-
ation was examined by the Mason group for aluminium con-
taining DPM compounds.*’**> The ability of bulky DPM
ligands to stabilize low-valent metal ions, as exploited for 3d-
transition metal complexes,'”**” was shown by Nagendran
via the divalent germanium compound (“*°*DPM)GeCl
(Fig. 1b).>® It was put forth recently by Liu et al. for low-valent
Sb (Fig. 1c) which can cleave disulfides and diselenides.*® In a
few instances, substitution of second row elements (as in
BODIPYs) with heavier main group elements can have dra-
matic impact on a molecule’s optical and electronic properties
as has been shown for trivalent pnictogenide,* low valent ger-
manium (Fig. 1b) and tin***® as well as gallium halides
(Fig. 1d)*>*°™** The redox behaviour and radical stabilization
have also been studied recently for DPM based main group
compounds.***® Finally, a bismuth compound with this
ligand class was also presented only recently.*’
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Fig. 1 Lewis structure of “parent” BODIPY (a), selected literature-
known main group DPM complexes of divalent germanium (b) and low
valent antimony (c) as well as a DPM gallium halide complex (d).1>28-30
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In this context, we herein present the facile and high yield
synthesis of M**DPM supported triel dialkyl complexes of alu-
minium to indium as the higher homologues of the well-
studied BODIPY. Their solid and solution state photo-
luminescence properties were investigated.

Results and discussion

The free (protonated) ligand (M**DPM)H (1) was obtained
according to literature procedures,***®** and the missing
solid state structure was determined by X-ray diffraction ana-
lysis (see the ESIT). 1 was reacted with the trialkyls MR; (M =
Al-In; R = Me, Et) (Scheme 1) in toluene under alkane elimin-
ation. It generated the M**DPM triel dialkyls (2a/b-4a/b) as red/
orange solids in quantitative yields. This makes this procedure
an easy and efficient synthesis route, and avoids the intrinsic
purification problems encountered during salt elimination
reactions.*>*’ It is worth noting that 4a/b represent the first
DPM based compounds of indium. Crystals for all compounds
were obtained from saturated toluene solutions at —32 °C and
the solid-state structures were determined by X-ray diffraction
analysis. The methyl compounds 2a-4a crystallize isotypically
in the monoclinic crystal system with the space group P2,/m
(Fig. 2 left). Here, the mirror plane is aligned with the mesityl
ring in the ligand backbone and the central metal. Within the
solid-state molecular structures, the metal atoms are co-
ordinated in a distorted tetrahedral fashion (z, and z," > 0.84),
where the distortion increases with the atomic order from alu-
minium to indium. Comparing 2a with a similar aluminium
compound (""DPM)AIMe, from the Mason group, using meso-
phenyl-o,a’-dimesityldipyrromethene as a ligand, the bond
lengths displayed in Table 1 show no significant deviations,
with only the N-M-N bond angle of 2a being slightly larger
(94.25(5)°) compared to the literature ((""DPM)AIMe,: 92.2
(1)°).*" Within the complexes, the metal atom is symmetrically
coordinated by the M**DPM ligand, which is also reflected by
its proton NMR spectroscopic signature in solution. The 'H
NMR spectra further show an increasing downfield shift for
the metal bound methyl groups from aluminium (—0.72 ppm)
to indium (—0.29 ppm) in line with expectations.’® In contrast
to the methyl compounds, 2b and 3b crystallize in the triclinic
crystal system with the space group P2,/m while 4b crystallizes
in the monoclinic crystal system with the space group P2,/c
(Fig. 2 right). Their molecular structures do not contain a crys-
tallographic symmetry element. As for 2a-4a, the diethyl com-
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Scheme 1 Synthesis of the desired group 13 M**DPM complexes 2a/b—
4a/b.
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Fig. 2 Exemplary solid-state molecular structures of (MDPM)AIMe,
(2a, left) and (M**DPM)InEt, (4b, right) with thermal ellipsoids set at the
50% probability level (colour scheme: C = black; N = blue; and Al =
yellow). C atoms are depicted as balls and sticks and H atoms are
omitted for clarity.

Table 1 Selected bond lengths and angles of 2—4a/b

Compound dy /A N <N M N/° T4 7,

2a 1.9399(9)  1.963(2)  94.25(5) 0.94  0.93
1.9400(9)  1.964(2)

3a 1.9983(8)  1.969(2)  92.34(5) 091  0.89
1.9984(8)  1.967(2)

4a 2.196(3) 2.147(6)  85.1(2) 0.87  0.84

2b 1.928(3) 1.956(4)  94.4(1) 0.92 0091
1.932(3) 1.962(4)

3b 1.993(2) 1.962(2)  92.07(7) 0.89  0.89
1.993(2) 1.974(2)

b 2.196(2) 2.158(3)  85.35(9) 0.87  0.84
2.195(2) 2.150(3)

da s = bond length of the AB bond and <, p ¢ = bond angle.

pounds 2b-4b show increasing bond lengths around the metal
centre going from aluminum to indium, while the N-M-N
bond angles decrease. Compared to 2a-4a, the change to
diethyl substitution in 2b-4b has no significant impact on the
structural metrics of the metal centre. During the synthesis it
became evident that particularly the methyl compounds 2a
and 3a exhibit an intense green fluorescence in solution upon
solar irradiation (Fig. 3). This prompted UV/Vis spectroscopic
and photoluminescence measurements in solution and in the
solid state.

The solid-state UV/Vis measurements (Fig. 4) reveal several
absorptions in the ultraviolet region (200-380 nm) and a
maximum absorption Amaxss in the range between 502 nm and
513 nm, comparable to other examples of this class of com-
pounds and fitting to the green part of the visible spectrum
(Table 2).'7?%2%31:32 Here, it is prominent that the aluminium
and indium compounds (2a/b & 4a/b) show nearly identical
Amax values while the signals for the gallium compounds (3a/b)
are slightly blue shifted. Similar results were obtained from
UV/Vis spectra in toluene solution with an absorption maxima
Amax Of around 500 nm (for spectra see the ESIt) giving molar
absorption coefficients at the maximum absorption in the
range 1.1 x 10° to 1.5 x 10> L mol ' cm ' (Table 2). Next, we



Fig. 3 Samples of M*DPM triel dialkyls (2a/b—4a/b) in toluene with no
irradiation (top) and irradiation with 366 nm (bottom). Samples from left
to right: 2a, 3a, 4a, 2b, 3b and 4b.
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Fig. 4 Normalized and stacked solid-state UV/Vis spectra of the syn-
thesized M*DPM triel complexes (M**DPM)MMe, 2a—4a and (M*DPM)
MEt, 2b—4b (colour scheme: red = 2a; blue = 3a; violet = 4a; green =
2b; turquoise = 3b; and yellow = 4b).

carried out excitation and emission spectroscopic measure-
ments in toluene solution (see the ESIT). The measurements
for 2a-4a and 3b show a strong absorption (dg) around
340 nm and fluorescence signals (Agy) in the range of 517 to
536 nm (see ESIT), while for 2b and 4b no fluorescence was
detected. For the solid-state photoluminescence spectroscopic
measurements, samples of the corresponding compounds
were irradiated using a 325 nm He-Cd continuous wave laser.
The resulting spectra (Fig. 5) reveal a quite sharp fluorescence
emission (4y) around 560 nm which matches with green light
and the already visually perceived observations. The corres-

Table 2 Photoluminescence data for LMX; (2—4a/b)

lmax,ss/ j-max/ Emax (ﬂmax)/L /‘LF/ (ﬂF/ /1F,ss/ (pF,ss/

nm nm mol™* em™ nm % nm %
2a 509 504 1.27 x 10° 540 44 562 34
3a 502 500 1.30 x 10° 539 51 562 33
4a 509 499 1.43 x 10° 540 2 557 3
2b 513 505 1.30 x 10° 551 <1 564 <1
3b 505 502 1.10 x 10° 545 2 563 <1
4b 512 505 1.49 x 10° 547 <1 567 <1

L = M DPM, Apaxss = absorption maximum (solid-state), Ayqx = absorp-
tion maximum (toluene solution), émax (Amay) = molar absorption
coefficient (at Apax), Ar = fluorescence maximum (toluene solution), gg
= fluorescence quantum yield (toluene solution), Apss = fluorescence
maximum (solid-state), and ¢y = fluorescence quantum yield (solid-
state).
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Fig. 5 Normalized and stacked solid-state photoluminescence spectra
of the synthesized M®DPM triel complexes (colour scheme: red = 2a;
blue = 3a; violet = 4a; green = 2b; turquoise = 3b; and yellow = 4b).
Excitation with a 325 nm He-Cd continuous wave laser (the signal at
650 nm is the second diffraction order of the laser).

ponding measurements in toluene solution using a 405 nm
continuous wave diode laser were also carried out (Fig. 6). The
fluorescence emission maximum in solution is found at
540 nm which consistently differs from the one in the solid
state by 20 nm. We were further able to determine the fluo-
rescence quantum efficiencies ¢y using the obtained photo-
luminescence spectra. In the solid state the measurements
gave quantum yields ¢g s for the two dimethyl compounds 2a
and 3a of about 34%. The corresponding examination in
toluene solution gave slightly higher quantum yields of 44%
for 2a and 51% for 3a. The solution state photoluminescence
behaviour, especially of 2a and 3a, is comparable to that of a
few other heavier triel DPM compounds, which can reach up
to 90%. In contrast, reports on the solid-state fluorescence
quantum yields of related heavier BODIPYs are so far
lacking.>*>! Therefore, the solid-state values obtained for 2a
and 3a are the best compared to those of highly fluorescent
BODIPYs, whose solid-state quantum yields range from 0 to
about 30%.%>*® This strong discrepancy between fluorescence
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Fig. 6 Photoluminescence spectra of the synthesized M*DPM triel
complexes in toluene (colour scheme: red = 2a; blue = 3a; violet = 4a;
green = 2b; turquoise = 3b; and yellow = 4b). Excitation with a 405 nm
diode laser.

quantum efficiencies in solution and in the solid state is well-
known in the literature and is due to strong intermolecular
interactions in the solid-state leading to fluorescence
quenching.”®** However, for the indium compound 4a, the
fluorescence quantum efficiency drops down to 3%, and
respectively to 2% in the solid state. This can be attributed to
the heavy atom effect, known to enhance other (non-emissive)
radiative pathways such as inter-system-crossing,’®****® or
lesser rigidity of the n-system due to the considerably larger
In-N bonds (Table 1). For the corresponding diethyl com-
pounds 2b-4b very low quantum efficiencies below 2% were
obtained, irrespective of whether they were measured in the
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Fig. 7 Computed first electronic excitation of the dipyrromethene
dimethyl triel compounds 2a, 3a and 4a (CPCM-CIS(D)/TZVPP) and
absolute HOMO/LUMO energies (r’SCAN-3c).

solid state or in solution. The overall reduced fluorescence of
the ethyl derivatives with regard to their methyl congeners can
be attributed to the larger number of vibrational degrees of
freedom of the ethyl substituted compounds. All compounds
exhibit very similar fluorescence maxima and stoke shifts. This
shows a HOMO-LUMO gap that is unaffected by the identity
of the central metal and its substituents, which aligns with
observations made for other heavier main-group BODIPY ana-
logues. Indeed, the computed first electronic transition of the
different dipyrromethene dimethyl triel complexes (2a, 3a and
4a) on a CPCM-CIS(D)/def2-TZVPP//r’scan-3¢ level gave vir-
tually identical excitation, which belongs to a ligand centered
n — n* transition (Fig. 7). This is in agreement with obser-
vations made for a dichloro gallium dipyrromethene com-
pound (Fig. 1d) and a very recent report on related group 15
dihalides.*>*’

Conclusions

In conclusion, the facile and high-yielding synthesis of group
13 dipyrromethene complexes (Al-In) with two alkyl substitu-
ents (Me and Et) at the metal centre is described. These com-
pounds were examined for their photoluminescence behaviour
in solution and in the solid state, the latter being unreported
for heavier main-group dipyrromethenes. This gave fluo-
rescence quantum yields in the solid state of up to ¢ = 34%
for aluminium and gallium. Introducing indium as the central
atom or larger alkyl substituents leads to substantial fluo-
rescence quenching. Considering these results, elucidation of
volatile aluminium and gallium compounds for the deposition
of optically active layers will be pursued in the future.

Experimental
General synthetic considerations

All manipulations were performed under an inert argon atmo-
sphere using standard Schlenk techniques. The handling and
storage of moisture or air sensitive substances occurred under
an inert argon atmosphere in a glove box. Solvents were dried
by standard procedures and freshly distilled before use.
Sodium pyrrolide,”® mesitaldehyde dimethyl acetal,®” 2-Mes-
1H-pyrrole,*® pyridinium p-toluenesulfonate (PPTS),”® and
1,5,9-trimesityldipyrromethene  (M**DPM)** were prepared
according to literature methods. All trialkyl group 13 com-
pounds (MR3; M = Al-In, R = Me, Et) were received from
Dockweiler Chemicals and used without further purification.

At room temperature, 0.15 g DPM™*H (1, 0.30 mmol, 1.00
eq.) was suspended in 10 mL toluene under stirring. To this
suspension MR; (M = Al-In; R = Me, Et) (0.30 mmol, 1.00 eq.)
was added dropwise. The reaction mixture was stirred at room
temperature for 16 h. Evaporation of the solvent and drying
under reduced pressure at 85 °C afforded the desired products
(DPM™**)MR, (M = Al-In; R = Me, Et)) as red/orange solids in
almost quantitative yields between 95 and 98%.



Analytical methods

For NMR spectroscopic experiments a Bruker AV II 300 MHz,
AV III HD 250 MHz or a AV III 500 MHz was used. Coupling
constants (J) were reported in Hertz (Hz) and the chemical
shifts (5) were given in ppm relative to the standard (‘H, "*C:
SiMe,). The NMR multiplicities are abbreviated with s =
singlet, d = doublet, t = triplet, g = quartet or m = multiplet.
The assignment of *C and 'H signals was made using 2D
NMR spectroscopy.

IR spectra were recorded on a Bruker ALPHA FT-IR with a
diamond ATR (500-4000 cm '). Elemental analyses were per-
formed on an ELEMENTAR Vario Microcube and the content
is reported in %.

HR-CI mass spectra were acquired with an AccuTOF GCv 4G
(JEOL) Time of Flight (TOF) mass spectrometer. An internal or
external standard was used for drift time correction.

Single crystal X-ray diffraction experiments were performed
at 100 K on a D8-Quest diffractometer by Bruker with MoKa
radiation (4 = 0.71073) or with a StadiVari diffractometer by
STOE with CuKa radiation (4 = 1.54186).

Solid-state UV/Vis spectroscopic measurements were per-
formed in reflection under inert conditions employing a
Varian Cary 5000 UV/Vis/NIR spectrometer from Agilent,
equipped with a Praying Mantis accessory. Extinction spectra
were recorded from 2 pM toluene solutions under an inert
atmosphere at 298.15 K on an Analytik Jena Specord S600
using WinASPECT software and an UNISOKU CoolSpeK
Cryostat. Excitation and emission spectra were measured in
solution on a Varian Cary Eclipse fluorescence spectrometer
from Agilent with a xenon flash lamp. Photoluminescence
spectroscopy in the solid state and quantum yield measure-
ments are performed on powdered compounds. They are trans-
ferred into a 1 mm inner diameter quartz-glass cuvette under
inert conditions. The sample is then mounted in an integrat-
ing sphere and is directly excited by a 325 nm He-Cd continu-
ous wave laser. The emission is spectrally resolved in a 50 cm
Czerny-Turner spectrograph and detected by a thermoelectri-
cally cooled Si CCD camera using appropriate order-suppres-
sing color filters. Corrections for the setup response and the
integrating sphere emission are performed according to the lit-
erature.”® The maximum wavelength (4;) of the received signals
from spectroscopic measurements (UV/Vis and PL) are given in
nm and calculated fluorescence quantum efficiencies (¢g) are
reported in %.

For photoluminescence spectroscopy in solution (2 mg L *
in toluene), a similar setup featuring a 405 nm continuous
wave diode laser is used. The quantum efficiencies are vali-
dated against a solution of perylene in ethanol.*®®

Computational analysis

The calculations were performed with ORCA v. 5.0.4.%*7%* The
geometries of 2a, 3a and 4a were optimised on the r’scan-c3
level of theory®® starting from the solid state structures

obtained from the X-ray diffraction analysis. All optimized
structures were verified as true minima by the absence (N =

0) of negative eigenvalues in the harmonic vibrational fre-
quency analysis. The first electronic transition of these struc-
tures was refined at the CIS(D)/def2-TZVPP level using toluene
in the implicit CPCM solvent method.®®%®
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