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Synthesis, Spectroscopy, Crystal Structure Determination, and Quantum
Chemical Calculations of BODIPY Dyes with Increasing Conformational
Restriction and Concomitant Red-Shifted Visible Absorption and

Fluorescence Spectra

Volker Leen,"”! Wenwu Qin,*™ Wensheng Yang," Jie Cui,"” Chan Xu,"" Xiaoliang Tang,'
Weisheng Liu,™ Koen Robeyns,® Luc Van Meervelt,"”! David Beljonne,'*!
Roberto Lazzaroni,' Claire Tonnelé,'! Noél Boens,'” and Wim Dehaen*!?!

Abstract: Starting from the conforma-
tionally unconstrained compound 3,5-
di-(2-bromophenoxy)-4,4-difluoro-8-(4-
methylphenyl)-4-bora-3a,4a-diaza-s-in-
dacene (1), two BODIPY dyes (2 and
3) with increasingly rigid conforma-
tions were synthesized in outstanding
total yields through palladium cata-
lyzed intramolecular benzofuran for-
mation. Restricted bond rotation of the
phenoxy fragments leads to dyes 2 and
3, which absorb and fluoresce more in-
tensely at longer wavelengths relative
to the unconstrained dye 1. Reduction
of the conformational flexibility in 2

Introduction

Since the appearance of difluoroboron dipyrromethene!™?
(or BODIPYP)) dyes in the late 1960s, considerable effort

and 3 leads to significantly higher fluo-
rescence quantum yields compared to
those of 1. X-ray diffraction analysis
shows the progressively more extended
planarity of the chromophore in line
with the increasing conformational re-
striction in the series 1—2—3, which
explains the larger red shifts of the ab-
sorption and emission spectra. These
conclusions are confirmed by quantum

Keywords: BODIPY conforma-
tional mobility - crystal structure -
fluorescent dyes - solvent effect

chemical calculations of the lowest
electronic excitations in 1-3 and dyes
of related chemical structures. The
effect of the molecular structure on the
visible absorption and fluorescence
emission properties of 1-3 has been ex-
amined as a function of solvent by
means of the new, generalized treat-
ment of the solvent effect (J. Phys.
Chem. B 2009, 113, 5951-5960). Sol-
vent polarizability is the primary factor
responsible for the small solvent-de-
pendent shifts of the visible absorption
and fluorescence emission bands of
these dyes.

has been put in the conversion of their favorable spectro-
scopic properties to longer wavelengths. The search for

bright fluorophores that absorb and emit in the red visible
(Vis) to the near infrared (NIR) spectral range continues
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1. X=Br
1a: X =1

Scheme 1. Transition metal catalyzed benzofuran formation.

ceaselessly. Stable dyes with sharp absorption and fluores-
cence emission bands in the red or NIR region of the spec-
trum, combined with high molar absorption coefficients ¢(4)
and high fluorescence quantum yields @; may find extensive
use in many different fields, such as optical engineering, an-
alytical chemistry, biological in vivo imaging and sensing ap-
plications, and materials science.[>*

In recent years, a substantial number of research publica-
tions have focused on the syntheses, functionalization reac-
tions, and spectroscopic/photophysical properties of 4,4-di-
fluoro-4-bora-3a,4a-diaza-s-indacene dyes. Extension of the
conjugated system is the most widely used method to obtain
BODIPY dyes with spectra shifted to longer wavelengths.?
Conveniently, this can be established by substitution of the
BODIPY core with aromatic groups.”® 3,5-Diaryl substitut-
ed BODIPY dyes can show a bathochromic shift of over
100 nm, but generally have low to moderately high fluores-
cence quantum yields @;, owing to nonradiative decay
through rotational relaxation of the aromatic substituents.
The introduction of alkenyl substituents produces even
larger bathochromic shifts and the rigidity of the double
bond generally results in higher @; values.*® Alkyne substi-
tution at the 3(,5)-position(s) produces interesting BODIPY
fluorophores with high quantum yields and large red
shifts.[*)

Annulation, that is, the building of a ring onto some start-
ing molecule, can be used to extend the ring system and
reduce the nonradiative decay through rotational relaxation
and hence to enhance fluorescence. Building of heterocyclic
rings onto the aromatic rings attached to the BODIPY core
can even lead to NIR emitting dyes. Burgess et al. described
conformationally constrained, aryl-substituted BODIPY
dyes."™ Ono et al. reported the synthesis and optical proper-
ties of BODIPY dyes fused with rigid bicyclo rings."!! Goeb
and Ziessel prepared benzo fused BODIPY dyes substituted
with 3,5-dithienyl groups and with alkynylaryl fragments at
the boron center.'” A series of bright fluorophores named
Keio Fluors, based on BODIPY, were reported by Suzuki
et al.®" Shen, You, Rurack, and co-workers described
phenanthrene-fused™ and  dihydronaphthalene-fused®!
BODIPY dyes. The preparation of all these reported, rigid
BODIPY dyes required lengthy multi-step syntheses of the
ring-fused pyrroles as starting materials. Intrigued by these
reports on fluorescent dyes with extended conjugation and
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88% yield from 1

restricted bond rotations, we designed a convenient and
highly efficient two-step synthetic route to BODIPY deriva-
tives fused with rigid benzofuran units. The advantages of
our synthetic strategy are two-fold: i) this synthesis elimi-
nates the tedious preparation of ring-fused pyrroles, ii)
through this sequential ring formation reaction, a nonsym-
metric dye is easily accessible.

In the present work, we prepared three 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene dyes (1-3, Scheme 1) with in-
creasingly rigid conformations caused by benzofuran ring
formation. We investigated their spectroscopic and photo-
physical characteristics in a large number of solvents by
UV/Vis spectrophotometry and steady-state fluorescence
spectroscopy. These experiments allowed us to determine
the wavelengths of the spectral maxima [1,,(max), 4.(max),
Aem(max)], the full width at half height of the maximum of
the absorption (fwhm,,) and fluorescence emission
(fwhm,,,,) bands, the Stokes shifts (A7), and the fluorescence
quantum yields (®;). We used single- and multi-parameter
expressions to describe the solvent effect on the position of
the spectral maxima and Stokes shifts of 1-3. In addition, X-
ray diffraction analysis of 1-3 was performed and revealed
an increasingly more extensive planarity of the chromo-
phore in line with reduction of conformational flexibility. Fi-
nally, quantum chemical calculations were performed to un-
derstand the spectroscopic properties of 1-3 and related,
previously described ring-fused BODIPY dyes.

Results and Discussion
Synthesis

As reported in our earlier work,'"! 3 5-dichlorinated
BODIPY dyes (such as 4, Scheme 2) can be substituted effi-
ciently by a variety of nucleophiles. In a previous report, we
described the synthesis of compound 1 (with o-bromophe-
noxy groups at the 3,5-positions of BODIPY) (Scheme 2)."!
Nucleophilic aromatic substitution of 3,5-dichloro-BODIPY
4 with 2-bromophenol and 2-iodophenol takes place readily
and in near quantitative yield, furnishing the desired starting
compounds 1 and 1a in gram scale.

Proper placement of a halogen (X=Br or I) atom on the
phenyl ring could make the system susceptible to benzofur-
an ring formation. Indicative of the plausible reactivity of
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1: X = Br; 94% vyield
1a: X = 1; 92% vyield

Scheme 2. Nucleophilic substitution of dichloro-BODIPY 4 with ortho-
halogen phenol nucleophiles. The numbering of the BODIPY core is also
indicated.

the 2,6-positions of BODIPY in palladium chemistry, is its
use for Heck-type reactions described by Burgess et al.*!]
This transition metal catalyzed oxidative ring formation has
found widespread use in the synthesis of heteroaromatic sys-
tems./?! In these reactions, the metal of choice is mostly pal-
ladium.

Initial experiments with Pd” sources proved the viability
of our premise: the closed products were being formed after
prolonged heating (7 days) and in low yield. Often these re-
actions are carried out in polar solvents, like N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMA), or N-
methylpyrrolidone (NMP), to increase the reaction rate. Al-
though a fast reaction was observed in these solvents, the
products had limited stability under these conditions. As op-
timized reaction conditions, we used Pd" precatalysts and
the long reaction times could be reduced to two days
(Table 1). Even with microwave irradiation (entry 10, MW),
the reaction still took 8 h to go to completion. This micro-
wave procedure led to the ring-closed product 3 in excellent
yield. Interestingly, stopping the reaction before completion
allowed us to isolate the intermediate BODIPY dye 2.
There is no significant difference in reactivity between the
first ring formation and the second: compound 2 was sepa-

Table 1. Reaction conditions of transition metal catalyzed annulation.

W. Qin, W. Dehaen et al.

rated in 32 % yield from a mixture of starting material 1 and
dye 3. The use of a nickel catalyst under similar conditions
did not result in the desired ring formation. Also, the use of
2-iodophenol instead of 2-bromophenol did not produce
drastic changes. As expected, reactions were faster when
using iodinated dye 1a, and the isolated yield was slightly
higher.

Crystallographic Structure

As shown in Figure 1, the boron center of 2 adopts a tetra-
hedral configuration with bond angles of ~110° and bond
distances of 1.38 A (B—F) and 1.55-1.56 A (B—N). In the
BODIPY ring system, the two planar pyrrole subunits and
the boron atom constitute a rigid plane, in which the maxi-
mum deviation of non-hydrogen atoms is 0.024 A. The two
fluorine atoms are equidistant above and under the mean
plane of the BODIPY core, and the F-B-F plane is almost

Figure 1. Stick representation of compound 2 (top) and compound 3
(bottom). To illustrate the planarity of the ring systems a bottom view is
placed at the right. Created with PyMol, (DeLano, W.L. The PyMOL
Molecular Graphics System (2002) from http://www.pymol.org).

perpendicular (89.9°) to the

BODIPY plane, the deviation

Catalyst Solvent Ligand Base t T[°C)) Yield [%]*! .

plane of the ring system. The
[Pd(PPhs).] DMF P(Ph), K.CO, 18h RT 0 tolyl group at the meso-position
[PA(OAC),] DMF P(Ph), K,CO; 2h 100 37 yl group posth
[Pd,(dba),] DMF dba K,CO, 4h 100 16 makes an angle of 62.09° with
[Pd,(dba)s] xylenel! P(furyl), Na,CO; 48 h 140 60 the BODIPY plane, which is in
[Pd(PPhs),] dioxane P(Ph), K,CO, 96 h 100 32 the range of most BODIPY de-
[Pd(OAC)Z] DMF Bu4NC1 K2C03 12h 80 0 rivatives (40.3_900)’ but iS
[Pd(OAC),] toluene P(Ph); KOAc 48 h 110 35 ller than th |
[Pd(OAc),] toluene P(OPh), K,CO; 48h 110 23 sma e‘; an the average ‘{’g}ue
[Pd(OAc),] toluene DPPE K,CO, 72h 110 55 of 74.5° found in the CSD."*" A
[Pd(OAC),] toluene P(Ph), K,CO; 8h (MW)H 130 88 remarkable structural feature is
[Pd(OACc),] toluene P(Ph); K,CO, 48 h 110 69 that all of the atoms in the ben-
[Pd(OAc),] toluene P(Ph); K,CO, 36h 110 740 zofuran fragment also lie in the
[Ni(dppp) | xyleneld DPPP K,CO, 9% h 120 0 g
[

a] Yield of isolated product of 3 starting from a reaction with 0.1 mmol 1. [b] Yield of isolated product of 3

is within 0.054-0.271 A. In addi-

starting from 0.1 mmol of iodinated compound 1a. [c] Irradiated at 150 W and 130°C. [d] A mixture of xylenes

is used. dba=dibenzylideneacetone, DPPE = 1,2-bis(diphenylphosphino)ethane, DPPP = 1,3-bis(diphenylphos-

phino)propane.
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tion, the 2-bromophenoxy sub-
stituent is inclined relative to
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the BODIPY plane, and the dihedral angle between both is
58.80°.

For dye 3 (Figure 1), the entire aromatic system is flat:
the deviation from planarity for the boron atom, when con-
sidering the entire aromatic system, is 0.19 A. The p-tolyl
group makes an angle of 55.4° with the BODIPY system.

The structure of 1 was confirmed by X-ray analysis, how-
ever the crystals diffract poorly and the structure will not be
discussed here. The ORTEP representation of dye 1 (as well
as 2 and 3) is shown in Figure S1 in the Supporting Informa-
tion for reference purposes.

Spectroscopic Properties

Dyes 1-3 are strongly colored solids with a metallic luster
that form intensely colored solutions with a bright fluores-
cence when irradiated (Fig-
ure S2 in the Supporting Infor-

mation). to increasing refractive index .
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Figure 2. Normalized absorption and fluorescence emission profiles of 1-
3 in diethyl ether.

Table 2. Spectroscopic/photophysical properties of 1 in several solvents. The solvents are numbered according

The UV/Vis absorption and

Solvent Aqps(Max) Aem(max) Av fwhm,, fwhm,,, D,

fluorescence emission spectra [nm] [nm] [em™] [em '] [em™']
of 1 dissolved in a limited 7 methanol 512 528 592 726 926 0.41+0.03
number of solvents have been » acetonitrile 511 529 666 806 956 0.29+0.01
reported before.””! The number 3 diethyl ether 511 530 702 992 848 0.38+0.01
of solvents used in the analysis 4 acetone 512 530 663 766 919 0.29+0.02
of the solvatochromism of 1 3 ethyl acetate 513 531 661 724 990 0.27+0.01
] 6 2-propanol 514 531 623 721 848 0.58+0.01
was extended to twenty in the 5 butanenitrile 513 532 696 806 946 0.38+0.02
current investigation. We also 8 dibutyl ether 513 532 696 909 842 0.48+0.02
used twenty solvents in the 9 1-butanol 515 533 656 718 845 0.61+£0.04
analysis of the solvatochromism 10 THF 515 532 620 757 979 0.29+0.01
11 1-pentanol 516 533 618 715 842 0.64+0.05
of 2 and 3. 12 14-dioxane 515 534 691 754 839 0.47+0.02
Compound 1 displays the 13  dichloromethane 516 533 618 754 876 0.44+£0.02
typical absorption features of 14  cyclohexane 516 532 583 676 949 0.48+0.03
classic BODIPY dyes in all sol- 15 DMF 515 534 691 794 975 0.29+0.02
vents studied (Figure 2): that is 16 1-decanol 517 533 581 712 805 0.7140.02
> : >y chloroform 518 535 613 710 833 0.63+0.01
a narrow absorption band with g (etrachloromethane 518 537 683 671 833 0.58+0.03
a maximum in the A=511- 19 DMSO 516 536 723 790 902 0.3840.03
20 toluene 518 536 648 710 902 0.47+0.01

518 nm range, irrespective of

the solvent employed. This ab-

sorption band is assigned to the

S8, transition, while an addi-

tional, considerably weaker, broad absorption band, ob-
served at the short wavelength side, is attributed to the
S, S8, transition.

The main absorption band of 1 is hardly affected by sol-
vent polarity: The maximum being slightly blue-shifted
when the solvent is changed from toluene (A=518 nm) to
acetonitrile or diethyl ether (A=511 nm), which is consistent
with the general behavior of BODIPY chromophores.*

Derivative 1 also shows the typical emission features of
BODIPY, these are, a narrow, lightly Stokes-shifted band of
mirror image shape, and fluorescence bands that are blue-
shifted with decreasing solvent polarizability (from A=
537 nm in CCl, to 1=528 nm in methanol). The fluorescence
quantum yields @; are 0.27-0.71. Compiled in Table 2 are
the spectroscopic and photophysical data of 1 as a function
of solvent.

Chem. Asian J. 2010, 5, 2016-2026
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The absorption and fluorescence emission spectra of 2
and 3 (Figure 2; Figure S3 and S4 in the Supporting Infor-
mation) are of similar shape as those of similar, previously
described difluoroboron dipyrromethene dyes.* Introduc-
tion of the benzofuran ring in 2 causes a large bathochromic
(~30 nm) shift in both the absorption [4,,(max)] and emis-
sion [A.,(max)] maxima compared to 1 (Table 3). The ab-
sorption and emission maxima of the most rigid structure 3
are further red-shifted by approximately 30 nm compared
with 2 (Table 4). The progressively more extended planarity
of the chromophore in the series 1—-2—3 accounts for the
increasing bathochromic shifts of A,,(max) and A.,(max).
The fact that the absorption band positions of 1-3 do not
show any particular trend as a function of solvent polarity
suggests that the absorbing state of the dyes is weakly dipo-
lar.
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Table 3. Spectroscopic/photophysical properties of 2 in several solvents. The solvents are numbered according

to increasing refractive index n.

W. Qin, W. Dehaen et al.

The increasingly restricted
bond rotation in the ring-fused

Solvent Aaps(Max) Aem(max) Av fwhmp, fwhm,,, D¢ systems 2 and 3 explains the no-
[nm] [nm] [em”] [em”] [em”] ticeably higher quantum yields

1 methanol 544 562 589 918 821 057+0.02 @, of 3 (&,>0.5 in all 20 sol-
2 acetonitrile 544 563 620 954 785 0.59+0.04 . .
3 diethyl ether 546 563 553 776 758 0624005 Yons studied) and 2 (£;>0.5 in
4 acetone 544 563 620 918 788 0574002 18 out of 20 solvents) compared
5 ethyl acetate 547 562 488 844 755 0.63+001 to those of 1 (&,>0.5 in 6 out
6 2-propanol 547 563 520 805 725 0.64+£0.05  of 20 solvents).
7 butanenitrile 544 564 652 990 845 0.70+0.01 The molar absorption coeffi-
8 dibutyl ether 549 565 516 733 722 0574001 .
9 1-butanol 549 565 516 802 722 0564002 CIENtS &y Of 1-3 at the absorp-
10 THF 547 563 520 873 720 0504001 tion maximum A,,(max) were
1 1-pentanol 549 565 516 800 750 0.71+£0.07 determined in toluene, ethyl
12 1,4-dioxane 549 565 516 800 717 0.554+0.03 acetate’ and methanol
13 dichloromethane 550 566 514 831 747 0.59+0.01 .
14 cyclohexane 551 564 418 661 662 0.69+0.04 (Table 5). The .CorreSpondmg
15 DMF 547 567 645 1011 809 0424002 Values of the oscillator strength
16 1-decanol 551 566 481 794 717 0784001 f calculated according to Equa-
17 chloroform 553 567 446 791 682 058+0.04 tion (1), in which # is the sol-
18 tetrachloromethane 553 567 446 656 714 0.63+0.02 vent index of refraction and v is
19 DMSO 549 567 578 1003 742 0.53+0.15 ) 9
20 toluene 553 569 508 788 742 04s+001 the wavenumber (in em™), are

also compiled in Table 5.

-9
Table 4. Spectroscopic/photophysical properties of 3 in several solvents. The solvents are numbered according f= w / 8(,7) dv (1)
to increasing refractive index n. n
Solvent Aaps(max) Aem(max) Av fwhm,, fwhm,, D¢ . .

[nm] [nm] [em™] [em™] [em™] Progressive reduction of the
1 methanol 576 590 412 787 767 0634003 lexibility of the chromophore
2 acetonitrile 578 592 409 876 767 058+0.02 is reflected by the considerably
3 diethyl ether 578 593 438 687 710 0.69+£0.03 higher ¢,,,, f. and @; values.
4 acetone 577 593 468 816 824 0.58 +0.04 The brightness, defined as the
5 ethyl acetate 579 593 408 750 794 061£005 0t of the molar absorption
6 2-propanol 580 593 378 716 764 0.62+0.06 Product pll
7 butanenitrile 579 593 408 842 875 0.64+001 coefficient £(1) at the excitation
8 dibutyl ether 582 594 347 654 791 077+0.07 wavelength A and the fluores-
9 1-butanol 582 594 347 742 789 0.58+0.17 cence quantum y1€ld [8(}.) X
10 THF 580 595 435 745 786 0.56 +0.08 ®],” intensifies considerably
11 1-pentanol 582 596 404 711 786 0622005 ctine th ‘ .
12 14-dioxane 583 596 374 768 768 0.62+0.14 OY restricting the conformation-
13 dichloromethane 583 597 402 740 807 0634007 al flexibility. The maximum
14 cyclohexane 583 593 289 589 735 0.65+0.06 values of the brightness [i.e.,
15 DMF 580 597 491 836 866 0512005 for (1) =g, at Ay (max)] for
16 1-decanol 584 597 373 676 783 065£005 4 3. " lene. ethvl acetate
17 chloroform 586 599 370 732 805 0.6340.19 ’ v Al
18 tetrachloromethane 588 598 284 641 754 0.59+0.12 and methanol are given in
19 DMSO 587 599 341 1346 890 0.75+£0.01 Table 5.
20 toluene 587 602 424 699 799 0.5840.08

The average absorption and

Excitation by light yields fluorescence emission spectra
with mirror image shape of the absorption spectra. The
Stokes shifts Av are small for 1-3 and decrease with dimin-
ishing conformational mobility (#=651+43 cm™! for 1, 7=
5334+66 cm™' for 2, and 390452 cm™" for 3) (Tables 2-4).
The fluorescence excitation spectra of 1-3 match the absorp-
tion spectra in all cases and, moreover, A.(max) = 4,,,(max).
The observation that the emission band positions of 1-3 do
not exhibit any distinct trend as a function of solvent polari-
ty implies that emission occurs from the weakly dipolar, re-
laxed Franck—Condon excited state of the dyes.
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emission spectral bandwidths of

1-3 are quite narrow [fwhm,,,=

(7.6£0.8)x10°cm™"  for 1,
(844+1.0)x10*cm™ for 2, and (7.7+1.5)x10*cm™" for 3;
fwhm,,,=(9£6)x10°cm™" for 1, (7.6£0.5)x10*cm™" for 2,
and (7.940.4)x10* cm ™! for 3]. Increasing the rigidity of the
systems 2 and 3—by benzofuran formation and by increas-
ing the planarity of the chromophore—diminishes the de-
grees of vibrational freedom relative to 1.

These spectral/photophysical properties can be compared
to those of conformationally restricted BODIPY dyes pub-
lished in the literature (Table 6).''*!l The symmetric, con-
strained dye 5 (Scheme 3) of Burgess and co-workers!'”! with
2,6-dioxy benzofuran rings should be contrasted to com-

Chem. Asian J. 2010, 5, 2016 -2026
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Table 5. Spectroscopic/photophysical properties of 1-3.

Dye Solvent A.,(max) &p. f @;  Max. brightness
[nm] [Lmol'em™] [Lmol'em™]

1 MeOH 512 (4243)x10° 0307 0.41 17220
AcOEt 513 (45+4)x10° 0226 027 12150
toluene 518 (35£2)x10°  0.248 047 16450

2 MeOH 544 (69+6)x10° 0362 0.57 39330
AcOEt 547 (7244)x10°  0.359 0.63 45360
toluene 553 (4242)x10°  0.390 048 20160

3 MeOH 576 (126+6)x10°  1.145 0.63 79380
AcOEt 579 (126+£7)x10°  0.744 0.61 76860
toluene 587 (155+4)x10°  0.802 0.58 89900

CHEMISTRY

AN ASIAN JOURNAL

Aem(max) of 8 (with a single methyl substituent on each
furan ring) are slightly blue-shifted relative to those of 3
(with benzofuran rings). Conversely, 4,,,(max) and 4,,(max)
of 9 are located over 650 nm. Dye 9 can be regarded as a
3,5-distyryl substituted BODIPY (such as 10-11)/*®! with
oxygen atom bridge linkers that preclude free rotation of
the ethenyl fragments. The absence of a meso-substituent
and hence limited conformational flexibility in 8 and 9 leads
to very high quantum yields @;. Fusion of dihydronaphtha-
lene groups (with their 1,2-positions) to the 1,2- and 6,7-po-
sitions of the BODIPY core (compounds 12a—¢)!'¥ and to
the 2,3- and 5,6-positions (compounds 13a,b)!'"! leads to

dyes with red-shifted absorption

and fluorescence  emission

Table 6. Spectroscopic/photophysical properties of (ring-fused) BODIPY dyes from the literature discussed

maxima comparable to classic

here.
Dye Aaps(mMax) Aem(mMax) AV Emax D, Solvent Reference difluoroboron dipyrromethenes.
[nm] [nm] [em™]  [Lmol'cm™] Compounds 13 have more bath-
3 587 602 424 155000 058  toluene this study  Ochromically shifted  spectra
5 637 647 243 151000 034  CHC, [10] than 12, indicative of a more ef-
6 600 609 246 fel 0.99  THF [11b] ficient delocalization in 13. The
7 727 780 936 90000 020  CH,CI, [12] decreasing @; values in 12a—c
8 579 583 118 202000 096  CHCI, [13,14] are in line with the increasing
9 652 661 209 314000 090  CHC, [14] X o
10 630 642 297 138000"! 096  cyclohexane  [6] conformational mobility of the
1 633 646 318 el 0.83  THF [7] meso-substituents (H, Me, and
12a (R=H) 562 569 219 t 0.55  THF [16] Ph). The higher &; value of 13b
12b (R=Me) 562 599 1099 I 044  THF [16] in comparison to 13a arises
12¢ (R=Ph) 573 609 1032 0 023  THF [16] . .
13a(R=H) 634 647 317 126 250 038  MeOH 10] from the restricted rotational
13b (R=Me) 619 629 257 145 750 072  MeOH [10] freedom of the 8-substituent

[a] Av is calculated from reported A,(max) and A.(max) according to Av =1/4,,(max)— 1/4,,(max).

[b] £max value determined in current study. [c] Not available.

pound 3 with 3,6-dioxy benzo-
furan rings. The most striking
difference between these two
dyes is the larger red shifts of
Aas(max) and A.,(max) for dye
5 which absorbs and emits light
~50 nm more to the red rela-
tive to dye 3. This large differ-
ence reflects the improved con-
jugation of the 2,6-dioxy deriva-
tives compared to the new 3,5-
dioxy dyes. The benzo-fused
compounds 6 and 7 also have
bathochromically shifted A,,-
(max) and 4.,(max) relative to
3. BODIPY 7 has a low &
value, owing to the rotational
mobility of the 3,5-dithienyl
fragments. The Keio Fluors 8
and 9 of Suzuki et al.'*" (with
2,6-dioxy furan rings as in 5,
Scheme 3) have extremely high
Emax compared to 3, 5, and 7.
The Stokes shifts Av of 8 and 9
are very small. A,,(max) and
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10 (R = Me)

Boens, Dehaen et al.

1 (R=H)

Rurack, Kollmannsberger, Daub

imposed by methyl groups at

12a-c¢ (R = H, Me, Ph)
Shen, Rurack et al.

13a,b (R = H, Me)
Burgess et al.

Scheme 3. Chemical structures of (ring-fused) BODIPY dyes from the literature discussed here.
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the 1,7-positions. To understand all these experimental ob-
servations on ring-fused BODIPY compounds, we per-
formed quantum chemical calculations, which are reported
in the next section.

Quantum Chemical Calculations

All dyes studied have a ring-fused BODIPY core. For all
compounds investigated, ground-state geometry optimiza-
tion was first performed at the semi-empirical AM1 level.
These geometries were subsequently used as input for excit-
ed-state calculations at the AMI/SCI level (in the gas
phase). The main goal of the theoretical work is to unravel
the relationships between the nature and position of the
substituents grafted on the BODIPY core and the resulting
spectral properties, namely excitation energy and optical ab-
sorption cross-section.

Compounds 1-3

To understand the effect of conformational constraints on
the optical properties of BODIPY dyes, we performed cal-
culations on molecules 1-3. Starting from 1, the rigidity of
the structure has been increased by the introduction of ben-
zofuran rings instead of bromophenoxy groups (1—2—3,
see Figure 1). The results of the AM1/SCI calculations are
presented in Table 7.

Table 7. Calculated (AM1/SCI) (left) and measured (right) photophysical properties of compounds 1-3, 5, 8-
10. To convert the theoretical value of the oscillator strength f (for the gas phase) to values in a solvent with

2 2
refractive index n, one has to multiply the theoretical f value by n("T”) L2l

W. Qin, W. Dehaen et al.

For 1, the HOMO has no weight on the substituents (bro-
mophenoxy rings). If the bromophenoxy groups of 1 are re-
placed by either one or two benzofuran rings in 2 and 3, re-
spectively, the HOMO shows significant contributions on
the substituent moiety thereby explaining the predicted and
measured bathochromic and hyperchromic shifts.

Compounds 3 and 5

It is instructive to compare 3 and 5 as these only differ by
the position of the benzofuran rings on the BODIPY core:
Compound 3 presents 3,5-dioxy benzofuran rings whereas §
features 2,6-dioxy benzofuran rings (see Scheme 3).

Experimentally, it has been found that § was more red-
shifted than 3, reflecting its improved conjugation. The theo-
retical results confirm this observation (Table 7).

Looking at the transition wavelengths (Table 7), we find
Aaps(max) =562 nm for 3, which is ~24 nm less than the ex-
perimental result. In the case of 5, we find a bigger differ-
ence with a transition at A=599 nm, approximately 38 nm
less than the experimental one. Again, although the theoret-
ical values of the absorption maxima and of the spectral
shifts are underestimated for both compounds, the qualita-
tive trend is nicely reproduced by the calculations, with 5§
showing a calculated bathochromic shift of =37 nm
(~0.14 eV) compared to 3 (against the experimental value
of ~50 nm).

When comparing the frontier
orbitals, a major visible differ-
ence can be noticed for the
LUMO: in 3, the LUMO has a

theoretical values (in the gas phase)

experimental values

vanishingly small weight on the

Transition Transition Oscillator Transition Transition Oscillator ~ benzofuran rings, while these
energy [eV] wavelength [nm] strength f energy [eV] wavelength [nm] strength f  contribute significantly to the

1 2382 521 0.7515 2.3961% 5181 0.2481% LUMO wavefunction in 5. This
2 2.303 538 0.8525 2.2451 5530 0.3901 is confirmed by the computed

fa] fa] fa] .. .

3 2.206 562 1.0182 2.114 587 0.802 transition densities (that pro-
5 2.069 599 0.7912 1.9491"] 6371 - id | | for the t .
8 2152 576 0.8544 2.1440) 57911 - vide a local map for the transi-
9 2.023 613 1.2316 1.904! 6521] _ tion dipole and the excited-
10 2.090 593 0.8995 19330 6421 - state localization) for the
lowest electronic  excitation

[a] Data in toluene. [b] Data in chloroform. [c] Data in cyclohexane.

The increase in rigidity leads to a bathochromic shift of
Aas(max): there is a red shift of ~18 nm (=0.08 eV) when
one bromophenoxy group is replaced by a benzofuran ring
(in 2). If a second benzofuran ring is introduced (in 3), the
bathochromic shift reaches =24 nm (=0.10 eV) in compari-
son to 2. The calculations reproduce well the observed spec-
tral shifts, even though the AM1/SCI values are systemati-
cally underestimated (see Table 7).

The experimental oscillator strengths, f, extracted from
Equation (1), are in line with our theoretical findings: the
oscillator strength f increases when the 3,5-substituents are
frozen in a more rigid structure, as a result of the extended
rt delocalization.

Differences between the frontier orbitals of the three
compounds are only noticeable in the case of the HOMO.

2022 www.chemasianj.org
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(Figure 3). The transition is

8 ' 9

Figure 3. Transition densities of compounds 3, 5, 8, and 9.
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almost completely localized on the BODIPY core in 3, yet
one can see small but non- negligible contributions on the
benzofuran rings in 5, consistent with the extended conjuga-
tion. In a simple valence bond picture, the phenyl units in §
are connected to the central pyrrole rings of the BODIPY
core in ‘N-o’ positions, while they are grafted in ‘N-f’ posi-
tions for 3, thereby explaining the more efficient delocaliza-
tion in 5.

Compounds 8-10

Compounds 8 and 9 differ by the substituent on the furan
rings, whereas 9 and 10 are both 3,5-distyryl compounds but
9 is conformationally restricted through O-linked bridges.
From the spectroscopic data above, it has been found that 9
presents a larger red shift compared to 8 and 10.

The theoretical A,,(max) (Table 7) obtained for 8 is in
good agreement with the experimental value (underestimat-
ed by only ~3 nm). For 9 and 10, the computed transition
wavelengths are underestimated by a larger amount, of
about 40 nm, compared to the experimental results, A =652
and 630 nm, respectively. However, both experimental and
theoretical results follow the same tendency and show that
preventing rotation by the presence of O-linked bridges is
an efficient way to increase the oscillator strength.

We can first compare the frontier orbitals of 8 and 10 to
disentangle the influence of the presence of O-linked
bridges. There are no obvious differences neither between
the HOMO and LUMO orbitals of the two compounds nor
in terms of the transition densities (not shown). It thus ap-
pears that extending the conjugation from 8 to 10 through
substitutions at the 3,5 positions of the BODIPY core is not
very effective in raising the oscillator strength and/or in low-
ering the excitation energy. We attribute this to the fact that
the extension of the s system then occurs along a direction
that is almost perpendicular to the polarization of the lowest
electronic excitation.

By far, a much more dramatic improvement is seen in 9.
Although the frontier molecular orbitals of 8 and 9 look
very similar and are in both cases mostly confined on the
central BODIPY core, the transition densities extend signifi-
cantly over the external phenyl rings in 9 (Figure 3), which
explains the largest oscillator strength computed for that
compound. This effect arises from multi-configurational
mixing of the HOMO-LUMO excitation with electronic
configurations involving deeper molecular orbitals with
large weights on the outer phenyl rings.

Representations of the HOMO and LUMO of the com-
pounds are available in Figure S9 in the Supporting Infor-
mation.

Solvatochromism

Solvent-dependent spectral shifts are often analyzed in
terms of a single parameter (i.e., by using a global single-pa-
rameter scale or one describing only nonspecific solvent ef-
fects arising from the solvent acting as a dielectric continu-
um). However, empirical single-parameter solvent scales
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regularly appear to be unsuitable because that specific
single parameter is so dependent on the particular probe
used to construct the single-parameter scale concerned that
it fails to predict the behavior of other solutes with consider-
ably different properties from those of the probe. A multi-
parameter approach is often preferable and has been ap-
plied successfully to various physicochemical parameters.*

The solvent effect can be split into two different types of
contributions, namely specific interactions (i.e., described as
localized donor—acceptor interactions involving specific orbi-
tals or acid-base interactions involving hydrogen bonding)
and nonspecific interactions (i.e., those arising from the sol-
vent acting as a dielectric continuum).

The solvent effect on the physicochemical observable y
can be expressed by the multi-linear Equation (2a):

y =yot+a A+bB+cC+dD (2a)

in which y, denotes the physicochemical property of interest
in the gas phase; a, b, ¢, and d are adjustable coefficients
that reflect the sensitivity of the physicochemical property y
in a given solvent to the various {A, B, C, D} solvent param-
eters. The physicochemical observables y analyzed in this
paper are the absorption maxima V,,=1/4,,max), the
emission maxima V., =1/A.,,(max) and the Stokes shifts
AV = Vo — Vo (all in cm™).

In the literature there are several solvent scales reported
to describe the solvent dependence of y. Kamlet and Taft*"]
proposed the a, 3, and s* parameters to characterize, re-
spectively, the acidity, the basicity, and the polarity/polariza-
bility of a solvent [Eq. (2b)].

y=Yo+a,a+bsf+c,. x* (Kamlet — Taft) (2b)

Recently, Cataldn proposed a generalized treatment of
the solvent effect based on a set of four empirical, mutually
independent solvent scales.” The dipolarity, polarizability,
acidity, and basicity of a certain solvent are characterized by
the parameters SAP,?! SP,® SA 31 and SB,*? respectively

[Eq. 20)].

Y = yo+ass SA+bgs SB+cgp SP+dgp SAP (Cataldn) (2¢)

The Kamlet-Taft solvatochromic {«, 3, #*} parameters are
taken from Ref. [33], whereas the Catalan SA and SB pa-
rameter values come from Refs [30-32]. The Cataldn solvent
polarizability parameters SP are collected from Ref. [29].
The new SdP solvent dipolarity parameters can be found in
Ref. [28].

Compiled in Table 8 are the estimated regression coeffi-
cients y,, dsa, bsp, Csp dsgp (Cataldn) and their respective
standard errors, and the correlation coefficients (r) for the
multiple linear regression analyses of the maxima of absorp-
tion (V,,) and fluorescence emission (7.,) and the Stokes
shift Av of 1-3 according to Equation (2¢) for the solvents
of Tables 2—-4.
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Table 8. Estimated coefficients (y,, a, b, ¢, d; in cm") and correlation coefficient (r) for the multiple linear re-
gression analysis of the absorption (7,,,) and fluorescence emission maxima (7.,,), and the Stokes shift (A7) of

1-3 as a function of the Catalan {SA, SB, SP, SdP} solvent scales for the 20 solvents listed in Tables 2—4.

W. Qin, W. Dehaen et al.

The large (negative) estimat-
ed cgp values compared to the
{asa, bsp, dsgp} estimates in the

Compound Yo sa bss Csp dsar r analysis of 7, of 1-3 according
1 Ve 20238+ 105 —199+58 14435 —1223+141 110+26 0932 o Equation (2c) and the rela-
Vern 19631+86 —19+47 ~36+29 —1254+115 81+22 0953 ..
Av 606114 —180+63 50438 314154 29429 0glo tvely large Stand,ard errors on
2 Vope 18928 +121 —177+67 2040 1139+ 162 204+30 0935 @sas bsp, and dsgp in comparison
Vem 18325+91 —60450 —1+31 —904+122 39423 0900 to those on cgp (Table 8) indi-
Av 603+ 130 —117+72 20443 —235+174 165433 0816 cate that the small change of
3 Vone 18129107 —128+59 1436 —1439+ 144 14827 0952 5 may reflect principally a
Ve 17660+ 106 12459 —28+36 —1239+142 46 +27 0.926 ; h . larizabilit
AV 4694130  —115+72 28+43 2004174 102433 0683 OIMOr change 1n polanzabrity

of the environment of the chro-

Use of the Cataldn solvent parameter set {SA, SB, SP,
SdP} [Eq. (2¢)], for which solvent (di)polarity and polariza-
bility effects are split, gives excellent fits to ¥,,, (0.932 for 1,
0.935 for 2, and 0.952 for 3). To visualize the goodness-of-fit
of v, as a function of the Cataldn solvent parameters {SA,
SB, SP, SdP}, we plotted the v, values calculated, according
to Equation (2¢), by using the estimated values of y,, aga,
bsp, Csp dsgp versus the corresponding experimental v,
values for dyes 1-3 (Figures S5a, S6a, and S7a in the Sup-
porting Information). The analyses of the v,,, data of 1-3 ac-
cording to Kamlet-Taft [Eq. (2b)] using the {a, §, 7%} sol-
vent scales showed poor fits, as assessed by the values of r
(0.315 for 1, 0.486 for 2, 0.324 for 3) and the large standard
errors on the estimated {a,, bg, c,} coefficients as quality-of-
fit criteria (Table S1 in the Supporting Information).

Excellent fits were found for the multilinear analyses of
the 7., data of 1-3 according to Equation (2¢) (r values
were 0.953 for 1, 0.900 for 2, and 0.926 for 3). The plots of
V.m Were calculated, according to Equation (2¢), by using
the estimated values of y,, asa, bs, Csp dsgp Versus the corre-
sponding experimental 7., values of 1-3 are shown in Fig-
ure S5b, S6b, and S7b (Supporting Information). Contrary to
the superb results obtained by using the Cataldn solvent
scales, the v, data of 1-3 could not be described adequately
by the Kamlet-Taft {a, B, w*} solvent parameters [Eq. (2b)],
as judged by the low r values (0.317 for 1, 0.325 for 2, 0.369
for 3) and the large standard errors on the estimated {a,, bg,
¢+ coefficients (Table S1 in the Supporting Information).

It is remarkable that the small solvent-dependent shifts
(all ¥, measured lie within =264 cm™' for 1, =299 cm™"
for 2 and #=354 cm™' for 3; all ¥,,, measured lie within 7=
317cm™ for 1, =218 cm™! for 2, and #=338 cm™' for 3)
can be described so accurately by the Cataldn solvent scales.
The advantage of this new, generalized treatment of the sol-
vent effect is that it allows one to split up the relative contri-
butions of dipolarity, polarizability, acidity, and basicity of
the medium. Hence, it is informative to determine which
solvent parameter is primarily responsible for the slight sol-
vatochromic shifts of v,,, and v,, of 1-3. It must be noted
that in the Kamlet-Taft approach, the solvent scale * com-
bines solvent (di)polarity and polarizability effects, and
hence, this methodology can never be used to disentangle
solvent polarizability and (di)polarity effects.
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mophore. Indeed, the multi-

linear fit according to Equa-
tion (2¢) in which solvent polarizability is disregarded (i.e.,
with {SA, SB, SdP} as independent variables) is very poor
(r=0.451 for 1, 0.677 for 2, and 0.525 for 3), signifying that
solvent polarizability is of the utmost importance. The anal-
yses according to Equation (2c¢) with three independent var-
iables including SP and SAP (namely {SA, SP, SdP}, {SB, SP,
SdP}) always gave good fits (0.874 <r<0.952), implying that
the absorption maxima are hardly influenced by the acidity
and basicity of the medium. The analyses which disregarded
solvent dipolarity (i.e., Equation (2¢) with {SA, SB, SP} as
independent variables) were somewhat less acceptable (r=
0.846 for 1, 0.706 for 2, 0.847 for 3). All these analyses
point to solvent polarizability as the major parameter deter-
mining the position of the absorption maxima. However, es-
pecially for 2, dipolarity of the medium cannot be disregard-
ed. This is corroborated by the linear regression of v,
versus SP which is the most unsatisfactory for 2 (r=0.679
for 2 versus 0.803 for 1 and 0.839 for 3). Dyes 1 and 3 are
symmetric and it can be assumed that the nonsymmetric dye
2 will have a somewhat larger dipole than 1 and 3, which
can explain the larger sensitivity of v,, of 2 to solvent dipo-
larity.

The relatively large (negative) cgp estimates and the com-
paratively large standard errors on ag,, bgg, and dggp in com-
parison to those on cgp (Table 8) point to solvent polarizabil-
ity as the major factor affecting v, of 1-3. The analyses of
Vem according to Equation (2¢) with {SA, SB, SP}, {SB, SP,
SdP}, and {SA, SP, SdP}, as independent variables, all gave
high-quality fits (for 1 »=0.908, 0.953, and 0.948, respective-
ly; for 2 r=0.879, 0.890, and 0.900, respectively; for 3 r=
0.911, 0.926, and 0.923, respectively). The common inde-
pendent variable in all these analyses is SP (solvent polariz-
ability). Conversely, the analysis of 7., according to Equa-
tion (2¢), in which SP was disregarded, gave low r-values
(0.433 for 1, 0.399 for 2, 0.367 for 3). Therefore, solvent po-
larizability is the most crucial solvent property influencing
V.m- Additional evidence that the position of v, is con-
trolled largely by solvent polarizability comes from the
linear regressions of 7., versus SP (r=0.907 for 1, 0.872 for
2, 0909 for 3). In these linear regressions, the lowest r
values are found for 2, implying that solvent polarizability
alone does not determine the position of ¥.,. The fact that
solvent polarizability is the principal factor affecting v,,, and
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Vem Of 1-3 can explain the failure of the Kamlet-Taft ap-
proach because solvent polarizability is not treated as a sep-
arate parameter in this methodology.

The substandard fits of the small Stokes shift Av of 1-3 as
a function of the solvent parameters {SA, SB, SP, SdP}—as
substantiated by rather low r values (0.619 for 1, 0.816 for 2,
and 0.684 for 3)—are no surprise because the only solvent
parameter that really matters (i.e., polarizability) has an
identical effect on 7,,, and 7., and hence will not affect Av.

Conclusions

We have demonstrated that the combination of nucleophilic
aromatic substitution of 3,5-dichloro-4,4-difluoro-8-(4-tolyl)-
4-bora-3a,4a-diaza-s-indacene with o-bromophenol, followed
by palladium catalyzed benzofuran ring formation, is a pow-
erful and facile method for the formation of BODIPY dyes
with bathochromically shifted visible absorption and fluores-
cence spectra with considerably higher &(1), f, and &; values.
Dyes 1, 2, and 3 have increasingly restricted conformational
flexibility. Their UV/Vis absorption and fluorescence emis-
sion spectra have been determined as a function of solvent.
These BODIPY derivatives show small Stokes shifts and
narrow absorption and emission bands. The small solvent-
dependent shifts of the absorption and emission bands of 1-
3 are primarily determined by solvent polarizability. The ab-
sorption and emission maxima of 2 are shifted to the red by
~30 nm in comparison to the unconstrained structure 1. The
most rigid structure 3 displays an additional bathochromic
shift in both the absorption and emission spectra of ~30 nm
compared to 2. These results are also supported by quantum
chemical calculations which showed that the increase of con-
formational constraints leads to larger bathochromic shifts.
The crystal structures of the three dyes have been deter-
mined and show an increasing planarity of the chromophore
in line with a reduction of the conformational flexibility.

Experimental Section

The synthetic route, materials and solvents used and the experimental
procedures for 1) the spectroscopic measurements, 2) the crystal structure
determinations, and 3) the quantum chemical calculations can be found
in the Supporting Information.

CCDC 755091 (1), 755092 (2), and 755093 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request/cif.
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