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Abstract: We present a straightforward, three-step synthesis
engaging an oligomerization and subsequent one-pot oxida-
tion step to form fully conjugated, benzene-fused oligo-
BODIPYs from simple BODIPY precursors. FeCl; serves as
an efficient, bifunctional oxidant for a (multiple) cyclization/
desaturation process, applied to ethylene-bridged dimeric,
trimeric and oligomeric species to transform linking ethano
units into stiff benzene fusions between unsubstituted
B-positions of each BODIPY unit. The structural integrity
was verified by X-ray crystallography, and all target com-
pounds were studied in detail by photophysical, electrochem-
ical and computational means. The main S, excited state
gradually converges to a structure-specific excitation limit,
displaying a strong shift of the absorption event from about
500 nm (BODIPY monomer) to 955 nm (octamer) with

attenuation coefficients up to ca. 500 000 M~ cm™.

Although the BODIPY skeleton was first synthesized more
than 50 years ago,l'l it has lost neither its fascination for
physical-organic chemists nor any of its importance as a dye
and fluorophore. Numerous structural modifications of the
BODIPY scaffold either at the periphery or by exchanging
the substituents at the boron atom have been developed to
modify its photophysical properties. Such carefully designed
BODIPY derivatives have found applications in biological
labelling,” photodynamic therapy,® tunable laser dyes,"!
emissive materials in OLEDs!! and organic photovoltaics.”!
A continuing urgent challenge is that of spectrally exploiting
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the near infrared (NIR) region by structural fine-tuning that
preserves global stability towards multiple excitations and
air.®! While excitonically coupled systems” and aggregates!'”!
present one fruitful direction to achieve that goal, the
commonly chosen strategy is to enlarge the m-conjugated
scaffold.!'V In general, such an approach lowers the LUMO
level whereas the HOMO level may be slightly increased.
However, strongly increased HOMO levels should be
avoided, otherwise stability might become significantly com-
promised. Thus, benzene rings have been fused to the pyrrolic
moieties!'™” or even two BODIPY units connected via addi-
tional rings, allowing rigidified m-conjugation. Synthetically,
all these so-called “conformation-restricted” BODIPY
dimers have been synthesized by preparation of the organic
core in a multistep synthesis terminated by complexation of
the nitrogen atoms by BF, units. Because the synthesis of the
nitrogen-containing organic framework is tedious, only
dimers of such compounds have been synthesized to date
(Scheme 1, top).!"™

Recently, we developed an oxidative approach to access
BODIPY oligomers that are linked at their a-positions via
ethano units.'"¥ In an iterative, two-step synthetic protocol
starting from the parent BODIPY motif, oligomers up to an
octamer species were accessible in reasonable yields. We
hypothesized that these compounds might be suitable starting
materials to yield extended benzene-fused oligo-BODIPYs
(Scheme 1, bottom) by means of a single, additional oxidative
step. To connect and rigidify two ethylene-bridged BODIPY
units by a shared benzene ring, a dehydrogenative C—C
coupling at the B-carbon atoms of the pyrrolic units is
necessary, followed by a subsequent dehydrogenation of the
ethano unit; thus, in total, four hydrogen atoms need to be
removed during this oxidative process. In contrast to previous
syntheses of fused BODIPYs, a lengthy multistep synthesis of
nitrogen-containing m-systems can be circumvented via a final
one-pot, multistep oxidation sequence on pre-assembled
ethylene-bridged oligo-BODIPYs.

To test our notion whether such an oxidative approach
might be feasible, we tested various oxidation agents for the
ethylene-bridged open-chain dimer 2°"'. Indeed, the hyper-
valent iodine reagent PIFA™! as mild oxidant furnished
a cyclized product 2%P! and a corresponding completely
oxidized, benzene-fused species 2P in a ratio of ca. 1:2 with
re-isolated starting material (Scheme 2). Optimization studies
using refined conditions and various hypervalent iodine
reagents were unsuccessful. In analogy to the Scholl reaction,
which is often employed to access small graphene moieties!'®
by oxidative C—C coupling, we switched to the one-electron
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Scheme 1. Several m-conjugated BODIPY dimers (top) and our
approach to access fully conjugated, benzene-fused BODIPY oligo-
mers.

oxidant FeCly,'" which gave excellent yields of the benzene-
fused dimer 2P' of up to 95% in DCM when nitromethane
was employed as a necessary co-solvent.™ A deeper
investigation revealed that both a large excess of FeCl; and
a carefully gauged reaction time are essential. The latter
condition results from the fact that in situ generated HCI is
detrimental to all reaction intermediates and is able to initiate
various decomposition pathways such as the decomplexation
of BF, units. However, the addition of a neutralizing base was
unrewarding and shut down the transformation completely.
With specifically adjusted reaction conditions in hand,
corresponding benzene-fused trimers 3™ and 3™ were
obtained in 62% and 51 % yield, respectively, assigning the
meso group as a non-participating residue. The fully con-
jugated benzene-fused tetramer 4, hexamer 6 and octamer 8
were finally isolated in 42%, 25% and 19% yield as
uniformly blue-colored solids with no signs of decomposition
under air. Single crystal X-ray diffraction revealed the exact
geometries of the cyclized dimer 2%P2 the benzene-fused
dimer 22 and the trimer 3™ (Figure 1) in the solid state. As
suggested by the structural formulae of 2°* and 3™, the bond
lengths within the benzene rings are not uniform; the
unsaturated bond at the former ethano unit is much shorter
(1.36-1.37 A) than its adjacent double bonds (1.42-1.45 A).
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Dimer 2P?
top view

selected bond lengths
and distances [A]  gp2 2CyD2

C6-C6" 144 146
C50-C6": 142 142
C50-C129: 142 1.49
C12-C12: 136 154
N1-B4: 155  1.54
N2-B4: 154 1.56
C11-C11: 325  3.29
B4-B4: 753 151

Trimer 3™
top view

selected bond lengths and distances Al

C2-C15: 1.45
C12-C13: 1.36

C3-C12 (C13-C14): 1.42 (1.42)
C2-C3 (C14-C15): 1.43 (1.42)

N3-B2: 1.54
N4-B2: 1.55

c11-C25  3.28
B1-B2 (B1-B3): 7.48 (7.54)

Figure 1. Molecular structures of dimer 2°% and trimer 3™ and selected
bond lengths and distances (rounded) of 2°%, 29°2 and 3™ obtained by
X-ray diffraction analyses.?™ Meso group Ar? truncated for simplicity.

For geometry of 292 and exact values see the Supporting Information.

Compared to the cyclized dimer 2P, the additional unsatu-
ration of 2P contracts the close vicinity of the BF, units. All
structures are characterized by an impaired planarity as
consequence of the inner ('-pyrrolic methyl groups, which
tend to avoid each other through steric repulsion, thus
defining local C, axes at these positions. We estimated the
energy barrier of this local atropisomerism computationally
via a quasi-planar transition state and obtained a low value of
AG* ~2 kcalmol™'. The B—N bonds lie in the normal range
for BODIPYs (1.53-1.55 A).

For a first photophysical investigation, steady-state
absorption and emission spectra were recorded in DCM,
THF and toluene (see Figure 2). The benzene-fused dimeri-
zation of a BODIPY monomer results in a strong batho-
chromic shift of ca. 140 nm (ca. 4000 cm ™) regarding the main
absorption and emission band. The shift is accompanied by
a pronounced vibronic progression, which is however miti-
gated when the central benzene ring is saturated, as in 2©!
(see the Supporting Information). The Stokes shift of dimer
2901 s also consistently higher than for its benzene-fused
congener, indicating a higher degree of geometrical reorgan-
ization in S, based on the reduced coplanarity and rigidity of
the sole —f conjugation. Interestingly, while the squared
transition dipole moment (u,,)* of the cyclized dimer 29" is
roughly the sum of two BODIPY monomers (see Table 1), the
benzene fusion strongly increases the intrachromophoric
coupling leading to a ca. 3.5-fold rise in (u.,)*. This manifests
itself in a higher attenuation coefficient of 2P, while the value
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Nomenclature

Monomers C.H
Monomer (Ar¥): 1% (oy B/

Open-chain species

Dimer (Ar):  29P%

Trimer (Ar):  39PX Me Me
Tetramer (Ar'): 4°°

Hexamer (Ar'): 6°P

Octamer (Ar'): 8P

Benzene-fused Ar? e
Dimer (Ar): 2P Me
Trimer (Ar): 3™

Hexamer

Me F F g FF Me
(28%)
Dimer

x
Me Me Ar

201

Trimer

(62%)

(25%)
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FF (46%) FE

Scheme 2. Synthetic Scheme to the entire series of oligo-BODIPYs, focusing on the yields with meso substituent Ar', starting from the
corresponding open-chain species. All reactions are carried out with customized amounts of FeCl; in a DCM/MeNO, solvent system (see
Supporting Information), except for 292, for which PIFA/BF;-OFEt, was used as oxidant.

of the cyclized counterpart only slightly surpasses its
BODIPY precursor. Cyclized dimer 2¢®! might thus also be
regarded as an intramolecular J-aggregate in the strong
coupling regime. Both attenuation coefficients are highest in
toluene and only weakly reduced by increasing solvent
polarity. As anticipated, the second red-shift of the trimer
species is significantly less pronounced (ca. 115nm,
2400 cm™") and the fluorescence quantum yield drops dra-

hexamer and octamer congeners an emission was virtually
undetectable. This decrease is more drastic than the theoret-

Table 1: Selection of spectroscopic data.

matically (@ =0.07/THF and 0.13/toluene). For the tetramer,

500 600 700 800 9001000 500 600 700 800 900 1000
1

(oligo-) ) Alal AFib] AP g @ 1 (teg) @
BODIPY
Monomer 503 511 312 94 0.92 043 36
504 513 348 99 094 044 35
Dimer 636 658 525 98 051 076 79
(cycl.j29°") G644 663 445 109 060  0.79 78
Dimer 642 658 378 146 0.42  1.31 128
651 664 301 160 062 131 21
Trimer 761 780 320 233 0.07 1.58 191
767 780 217 267 013 157 182
Tetramer 841 n.dM - 330 ndM 207 293
842 376 212 281
Hexamer 921 n.dM - 475 ndM 336 473
922 529 325 438
Octamer 955  n.d.M - 446 ndf 474 590
957 454 3.77 508
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Figure 2. Absorption and emission spectra of the benzene-fused oligo-
BODIPY series with Ar' meso substituent in DCM at rt.
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First value in DCM, second value in toluene (underlined) for series with
Ar' meso group. For full data (THF, lifetimes etc.) see the Supporting
Information. [a] Main, lowest energy absorption band [nm]. [b] Main,
highest energy fluorescence band [nm]. [c] Stokes shift [cm™].

[d] Attenuation coefficient [10° m~'cm™']. [e] Absolute fluorescence
quantum yield at rt. [f] Oscillator strength according to equation ST.

[g] Squared transition dipole moment [D?] referring to the S, excited state
according to equation S2. [f,g] Integral barriers for trimer, tetramer,
hexamer and octamer are only estimated, because of a second over-
lapping absorption band. [h] n.d.=not detected.
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ical prediction by the energy gap rule. TDDFT computations
assign a dominating HOMO —LUMO contribution to the
main S, excited state; this is consistently true for all benzene-
fused oligomeric species presented here (see the Supporting
Information). For species with an even number of BF, units,
the HOMO is of B, and the LUMO of A, pseudosymmetry,
respectively, while the opposite is true for the cases with an
odd number of BODIPY subunits. Consequently, this tran-
sition is highly symmetry-allowed, which explains the strong
absorptions detected and the gradually thwarted red-shift as
a result of the converging HOMO-LUMO energy gap (see
Figure 3C). Remarkably, the frontier orbitals evolve a dis-
tinctly shaped super-pattern with repetitive localizations of
electron density (see Figure 3A). For instance, while the
electron density of the HOMO-LUMO pair accumulates at
the respective geometrical centers, their frontier orbital
homologs localize in a wave-like fashion occupying also
geometrical termini (see HOMO-1). Along the growing
oligomers within the series, the contribution of frontier orbital
homologs to S, clearly gains relevance according to our
TDDFEFT results and evolves a detrimental effect for a pref-
erably undisplaced S; potential energy surface. We thus
hypothesize that the increasing orbital mixing and impaired
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orbital co-localization compromises high Franck-Condon
factors necessary for an efficient radiative decay, which
appears consistent with the rapid loss of emission quality in
larger species.

Finally, we attempted to simulate the spectral evolvement
of the absorption bands by two computational approaches
(see Figure 3D). As anticipated, TDDFT consistently over-
estimates the main excitation energy, by an approximately
constant error of ca. 0.4 eV. This discrepancy is widely known
in the literature!™ and might be interpreted as a proof of an
inherent cyanine-quality of the oscillating m-systems. The
novel DLPNO-STEOM-CCSD approach of the Neese
group,"” which was only applied to the monomeric and
dimeric species because of computational expense, was able
to achieve a much higher accuracy with a slight under-
estimation of the lowest-energy excitation event (by less than
0.1eV).

Figure 4 depicts the cyclic voltammograms of the entire
oligo-BODIPY series, which were recorded in DCM with
nBu,NPF; as supporting electrolyte without indication of any
change or decomposition at slow scan rates. The number of
chemically reversible reduction potentials gradually increases
with the number of integrated benzene/BODIPY subunits.
However, since the unoccupied frontier orbitals quickly
converge along the oligomeric series, the reduction waves
start to overlap in a similar manner, making single peaks hard
to distinguish by common cyclovoltammetry.

The grey dots nicely illustrate this convergence towards
a motif-dependent LUMO energy limit. On the oxidation
side, the main quasi-reversible oxidation wave first undergoes
a significant shift towards a lower potential (monomer to
dimer), but afterwards levels off within a narrow potential
window for the higher homologs, which underlines the widely
unchanged HOMO energy. Similarly to the reduction behav-
ior, additional oxidation waves start to emerge along the
series, but quickly merge with the main lowest-potential wave.
Only for the trimer case does a second oxidation wave appear
well-resolved.
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Figure 3. Computational results, DFT: M052X-D3/Def2-SVP/DCM-
(PCM), TDDFT: M052X-D3/Def2-TZVP/DCM(PCM). A) Frontier orbi-
tals of a prototypical octamer species (simplified meso substituent)
and their pseudosymmetries. B) Frontier orbitals of a corresponding
benzene-fused dimer species. C) Schematic evolvement of frontier
orbital energies (DFT). D) Comparison of experimental and theoretical
excitation energies.
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Figure 4. Cyclic voltammograms of monomer TM' and its benzene-
fused oligomeric congeners with Ar' meso group. Recorded in DCM at
rt versus Fc'/Fc.
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In conclusion, we have presented a straightforward and
efficient, oxidative strategy for accessing extended benzene-
fused oligo-BODIPYs in only three synthetic steps. An initial
oxidative oligomerization protocol provides ethano-linked
oligomers from simple o,0’-dimethylated BODIPY precur-
sors. These open-chain substrates are oxidized by FeCls,
initially to create a cyclizing linkage between the -positions
of the pyrrolic subunits and then to dehydrogenate and
transform the ethano tethers into multiple benzene-fusions in
an effortless, one-pot procedure. Oligomers of up to eight
BODIPY subunits with seven linking benzene rings are
thereby accessible and develop a distinct arc-shaped mor-
phology. In line with a converging red-shift along the series,
which reaches an absorption maximum at 955 nm (DCM) for
the octamer species, cyclic voltammetry experiments under-
pin a converging LUMO energy limit and indicate an
excellent robustness towards reversible reduction and oxida-
tion cycles. In addition to the advantageous air stability of all
benzene-fused species herein, these results suggest that stable
radical monoanions, dianions or even radical trianions might
be accessible for higher homologs and be of potential interest
for optoelectronic devices which rely on reversible charge
separation and transfer.
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