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Abstract. The solution and solid-state structures of 3,3'-diethyl-
4,4',8,8',9,9',10,10'"-octamethyl-6,6'-di-p-tolyl-bisBODIPY, a potent
fluorescent dye, were examined by X-ray diffraction and NMR spec-
troscopy. The crystallographic analysis resulted in two different con-
formations for the fluorophor with dihedral angles between the CoN,B
subunits of 91.9 and 96.8°. The presence of two different conforma-
tions is a consequence of the crystal packing as the 3D structure is
composed of alternating layers of BisBODIPY molecules with and
without cocrystallized solvent. In solution NMR spectroscopic studies

the compound displays intramolecular and distance dependant through
space C—F and F-F couplings, which were used to analyze the solution
structure. This analysis suggests a single minimum conformation and
a rigid, but unstrained structure in solution. The fluorescence properties
of the BisBODIPY and in particular the high quantum yields found
for this class of luminophores are qualitatively in agreement with the
latter result, and better described by the solution structure than by the
solid-state structure.

Introduction

BisBODIPYs [1] are potent novel fluorophors that can be
prepared by the action of boron trifluoride diethyletherate and
a base on a certain class of artificial open-chain tetrapyrroles,
the 2,2'-bidipyrrins [2]. These tetrapyrroles are very versatile
in coordination compounds and have been used before as li-
gands in helical transition metal complexes [3], in helicates
[4], and in polynuclear complexes [5]. They also show much
potential as precursors in the oxidative macrocyclization to
metallocorroles [6] and other macrocyclic non-natural porphy-
rinoids [7]. In this sense, BisBODIPYs can be regarded as di-
nuclear difluoridoboron complexes of 2,2'-bidipyrrin ligands.
Their properties, however, relate more to those of the mononu-
clear entities, the so-called BODIPYs (BOron-DIPYrrins),
which are of great technological interest due to their unique
photophysical properties [8].

The photophysical properties of BisBODIPYs are governed
by a narrow excitation-coupled longest wavelength absorption
and by a large Stokes shift of about 70 nm. These features are
present in addition to the high fluorescence quantum yield of
> 70 % that is typical for most BODIPY dyes [9]. Such high
quantum yields are usually only present in rigid compounds,
which are devoid of significant intramolecular motion, as vi-
brations and rotations quench the exited states through non-
radiative processes [10]. The structural data obtained on solid
BisBODIPYs so far, however, are not in agreement with the
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photophysical findings. In fact, three different molecular con-
formations with dihedral angles between the monomeric BOD-
IPY subunits of 79.9, 91.4, and 96.5° are realized in the struc-
tural determinations known to date. This structural finding
indicates a significant degree of conformational freedom in
these molecules and the presence of several low-energy con-
formers in the solid state (Figure 1). The molecular structures
also prove the presence of very short intramolecular F-F and
F--CH, distances close to the centers of the molecules, which
are at or even below the van der Waals limits in most instances
[1, 6¢e]. In solution, these contacts are documented by the pres-

BisBODIPY

Figure 1. General formulae of BODIPY's and BisBODIPY's with num-
bering schemes, and intramolecular conformations of the latter with
respect to the dihedral angle between monomeric subunits.
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ence of through-space F-F and F-C couplings in the '°F and
13C NMR spectra [11]. In principle, the size of such through-
space coupling constants depends on the distance between the
coupling nuclei [12] and can thus be used in order to assign
solution conformations and dynamics in molecular systems
[13]. We applied both, the NMR spectroscopic method of solu-
tion structure determination as well as a single-crystal X-ray
diffraction experiment to BisBODIPY (1) (Figure 2) and report
herein on our results.

Figure 2. 3,3'-Dicthyl-4,4'8,8,9,9',10,10"-octamethyl-6,6'-di-p-tolyl-
bisBODIPY (1).

Results and Discussion
Crystallographic Investigation

Compound 1 was prepared by the treatment of the tetrapyr-
role with BF; diethyletherate as detailed in an earlier instance
[1]. A single crystal of 1 grew from a dichloromethane/metha-
nol solution at 4 °C. The compound crystallizes in purple
blocks. The asymmetric unit contains two molecules of 1 and
0.7 dichloromethane molecules, and the molecular parameters
of the two distinct BisBODIPY molecules in the unit cell and
their conformations differ slightly from each other. The layered
packing pattern in the crystal is shown in Figure 3. Figure 4
provides selected views of the conformations of molecules A
and B, and Table 1 summarizes molecular parameters for both
molecules of 1.

The crystal of 1 is composed of two alternating undulated
layers A and B, which are packed in the a direction. Layers A
contain BisBODIPY molecules (1) of the conformation A and
solvent sites that are occupied by dichloromethane molecules
to 70 %. Both axial chiral enantiomers of 1A are present in a
1:1 ratio. Layers B contain only BisBODIPY molecules (1) of
the conformation B, again as the racemate, and no solvent
sites. As apparent from Figure 3 and from the presence of the
solvent molecules in only one of the layers, the packing within
the layers differs slightly. The finding of two different molecu-
lar conformations of 1 in the single crystal can thus be assigned
to a genuine packing effect.

The BisBODIPY molecules (1) themselves also appear
slightly strained and forced to non-ideal conformations in the
crystal. Compared to the typically almost planar CoBN, sub-
unit and the symmetric binding of the boron atom to both nitro-
gen donors in monomeric BODIPYs and related compounds
[1, 6a, 14] some elements of distortion are present here (Fig-
ure 4 and Table 1). The B-N distances within one BODIPY
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Figure 3. Packing pattern of 1 (view in crystallographic ¢ direction;
hydrogen atoms removed for clarity). Molecules with different confor-
mations A and B are given in bright and dark gray, respectively. The
solvent sites inside layer A are marked as dark gray ball-and-stick
items.

molecule A molecule B

C10a‘

3.024 Af
BLr e

C10a‘

Figure 4. Molecular structure of 1. Top: View of the complete mole-
cule A (hydrogen atoms removed). Bottom: Views along the central
pyrrole—pyrrole bonds of molecules A and B, with intramolecular short
contacts and dihedral angles (hydrogen and selected substituent carbon
atoms removed for clarity).

subunit differ from each other by 0.008-0.058 A, and the
CyBN; subunits of 1 are bowl-shaped rather than planar. All
other bond lengths, angles, and distances within the BODIPY
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Table 1. Selected bond lengths /A and angles /° for molecules A and B of BisBODIPY (1).

Molecule A Molecule B

B1Y B2Y BI1¥ B2Y
B-N1Y 1.575(8) 1.556(9) 1.539(8) 1.578(9)
B-N2 1.524(10) 1.564(9) 1.565(9) 1.520(10)
B-F1 1.401(8) 1.386(10) 1.381(9) 1.40009)
B-F2 1.363(8) 1.367(8) 1.369(9) 1.368(9)
C6-C7 1.403(10) 1.394(9) 1.392(10) 1.377(10)
C5-C6 1.423(9) 1.420(8) 1.395(9) 1.41209)
c2-C2' 1.488(7) 1.485(8)
N1-B-N2 106.0(5) 106.1(5) 106.7(5) 106.4(5)
N1-B-F1 108.1(5) 107.7(5) 108.6(5) 108.0(6)
N1-B-F2 110.6(6) 111.6(6) 110.5(6) 109.5(6)
N2-B-F1 109.9(6) 110.7(6) 110.0(6) 111.5(6)
N2-B-F2 111.6(5) 111.1(5) 111.2(5) 111.2(6)
F1-B-F2 110.5(6) 109.5(6) 109.8(5) 110.0(5)

a) Monomeric subunit containing the atom B1 etc.b) C atom numbering scheme adopted from Figure 1. N1, N2, F1, F2 and CX in subunit Bl

used equivalent to N4, N3, F3, F4 and CX' in subunit B2, respectively.

subunits of 1, including the almost perpendicular orientations
of the p-tolyl substituents (conformer A: B1 side: 86.39°; B2
side: 75.21°; conformer B: B1 side: 84.46°; B2 side: 81.33°),
however, are very similar to the findings on related monomers.

The intramolecular interactions in 1 deserve special attention.
The subunits are bound together at C2—C2'" in typical distances
for C(sp?)-C(sp?) single bonds of 1.489 and 1.484 A, and with
dihedral angles of 91.91° and 96.18° between the CyBN, mean
squares planes of conformers A and B, respectively (Figure 4).
By this arrangement the inwards pointing fluorine atoms F2
and F4 are situated in close contact of only 2.915 and 2.908 A,
and the BF, subunits are displaced outwards from their CoyBN,
mean planes by up to 0.178 A in order to reduce the steric
interaction in the centre of the molecules. The other two fluo-
rine atoms F1 and F3 show short F—C distances to the methyl
group carbon atom C10a of the same subunit (F1-C10a: 3.217/
3.211 A; F3-C10a" 3.301/3.318 A) and to an ethyl group car-
bon atom of the other side (F1-C3a'": 3.068/3.110 A; F3—C3a:
3.345/3.089 A). This data indicates very intimate interactions,
but also proofs the absence of significant intramolecular strain
between the locked subunits of 1.

NMR Examination and Solution Conformation

The close spatial relationship of the NMR active carbon and
fluorine nuclei stated above results in the observation of addi-
tional signal splitting in the heteronuclear NMR spectra of 1.
As mentioned in the introduction, distance dependant through
space coupling interactions are responsible for these findings,
and their analysis generally allows a conformational analysis
of 1 in solution. Therefore, all signals and coupling constants
observed in the 'H, '*C, ''B, and '°F NMR spectra of 1 were
assigned and quantified.

The 'H NMR spectrum of 1 contains five singlet signals for
the different methyl group protons as expected for a BisBOD-
IPY molecule with an effective C, symmetry. These signals
could be assigned to specific positions by using proximity in-
formation through NOE observation. The 3-ethyl substituent
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produces a triplet signal at 0.95 ppm (3H, *Jyy = 7.6 Hz) and
a multiplet signal at 2.20-2.31 ppm, indicating a weak dia-
stereotopic splitting of the methylene protons. For the same
reason the four aromatic protons of the p-tolyl substituents
give rise to a complex higher order signal. The assignment of
the '*C NMR resonances was achieved using C—H correlation
spectra (HSQC, HMBC). All 'H and '*C chemical shifts of 1
are listed in Table 2.

Figure 5 provides a detailed view on the aliphatic region of
the '3C NMR spectrum of 1. Both signals of the ethyl group
carbon atoms C3a and C3b are split to doublet signals with
coupling constants of 4.2 and 2.0 Hz, respectively, whereas for
C10a only a broadened signal without a clearly resolved fine
structure is recorded. The gated *C{!H} NMR spectrum
shows a triplet of double quartets for C3a (J = 127.5, 4.2,
4.2 Hz) and a quartet of double triplets for C3b (J = 126.2,
4.6, 2.6 Hz). The corresponding 'H-coupled *C{'°F} NMR
spectra reveal a triplet of quartets (J = 127.5, 4.2 Hz) and a
quartet of triplets (J = 126.2, 2.6 Hz) for C3a and C3b, respec-
tively. These experiments indicate that both C3a and C3b cou-
ple with one '°F nucleus of the outwards pointing fluorine
atom, with coupling constants of 4.4 and 2.4 Hz. For C10a, the
"H-coupled *C{!”F} NMR experiment unraveled the coupling
with two different fluorine nuclei with coupling constants of
<2.0 and < 1.0 Hz.

C—F through space coupling was explained to be due to a
direct interaction between a fluorine lone pair orbital and the
o* orbital of a sterically opposed C—H bond, whereby the
former operates as electron donor and the latter as electron
acceptor. Hsee et al [12¢] measured the through-space *C—!°F
coupling constant J™5¢ in a series of polycyclic aromatic hy-
drocarbons and drew a relationship between J™S¢ (in Hz) and
the non-bonded H-F distance dyy (in A) as:

JIS = 55417244

With the observed *C—'°F through space coupling constants
and by using Equation (1), the distances between the fluorine-
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Table 2. 'H- and '3C NMR signal assignments for 1.

Position  &'H /ppm Jun Mz 8C /ppm Jor /Hz
2 - 142.90
3 - 135.07
3a 2.20-2.31 (m)  15.0/7.6 1837 (d) 4.4
3b 0.95 (t) 7.6 14.21 (d) 2.4
4 - 137.13
4a 1.45 12.57
5 - 131.96
6 - 142.43
6a - 132.88
6b/c 7.25-7.27 (m), 128.72/128.46
7.20-7.33 (m)
6d/e 7.35-7.37 (m) 130.18/130.11
6f - 139.39
6g 2.47 21.53
7 - 133.11
8 - 141.74
8a 1.35 12.45
9 - 128.72
9a 1.85 9.07
10 - 159.00
10a 242 13.25 (br.s)
13C NMR
4a 8a
3a
A, ~ ﬂma |
18 ' 16 ' 14 ' 12
S

Figure 5. Details from the >C NMR spectrum of 1 (400 MHz, CD,Cl,)
with assignments.

and hydrogen atoms attached to the corresponding carbon atoms
were calculated. Equation (1) was optimized for molecules, in
which only CH groups were considered. For our compounds
CH; and CH, groups are concerned, so that a certain approxima-
tion is necessary in order to compare these data with the crystal-
lographic findings. For the structure determination of biological
macromolecules Wiithrich et al. introduced the concept of pseu-
doatoms. These are to be created as points of reference for pro-
ton—proton distance constraints for the individual protons in
methylene or methyl groups in the absence of a stereospecific
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resonance assignment [15]. In the case here, the distances be-
tween the fluorine- and hydrogen atoms of several methylene
and methyl groups are concerned. By using the crystallographic
data and the Tripos program package Sybyl [16], pseudoatoms
H* were added to the methylene and methyl groups at C3a, C3b
and C10a, and fluorine-proton distances were measured between
the fluorine atoms and the corresponding pseudoatoms H*. Ap-
plying these concepts, the distances between the fluorine and H*
atoms of 1 in solution and in the solid are calculated to d(F,,—
Hes®) = 2.9/3.1 A, d(FouHesp®) = 3.2/4.0 A, d(FoyHei0a¥)
= 3.5/3.1 A, and d(Fi;Hc0,*) = 3.2/3.4 A, respectively. As a
general trend, the F-H* distances appear shorter in solution than
in the solid state and indicate either a more stretched or a more
compact and rigid overall molecular shape. The drastically short-
ened distance d(F,,—Hcsp*), on the other hand, can only be ex-
plained by a significantly different conformation of the ethyl sub-
stituents which stay in close contact to the outwards pointing
fluorine atoms F1 and F3 in solution.

For the description of the relative orientation and distance of
the fluorine atoms at the inner core of 1 in solution, heteronu-
clear '"B and "F NMR experiments were performed (Fig-
ure 6). The ''B NMR spectrum shows a double doublet signal
at 0.0 ppm with couplings J = 29.0 and 34.2 Hz. The splitting
of the signal is due to two 'Jgp couplings as only a singlet is
observed in a "B{'F} NMR experiment. The inwards and
outwards pointing fluorine atoms of 1 produce two multiplet
signals at —138.9 and —146.3 ppm in the '°’F NMR spectrum.
Because of the close spatial relationship of the BF, subunits in
BisBODIPY (1) this spin system is of higher order and was
analyzed with the Bruker program DAISY. A simulated spec-
trum with 'J(Fy,B) = 342, (F,B) = 29.0, 2J(FouFin) =
105.0 Hz, and JTS(FinFinv) =24.1 Hz is shown in Figure 6. The
remaining differences between the observed and fitted spectra
of 1 are due to contributions from the '°B nucleus.

19F NMR

1B NMR

-
exp. L
FOU'. FH’!
sim. JWJ M
38 140 142 144 146

“«—

Figure 6. '°F NMR spectrum (376 MHz; top trace) with simulation
(bottom) and "B NMR spectrum (128 MHz; inset) of 1 (both in
CD,Cly).
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A quantitative analysis of the observed F-F through space
coupling allows calculating the fluorine—fluorine distance dgp
and thus provides the desired conformational information.
Similar to the above described *C—'°F coupling case, through
space F-"F coupling is caused by an overlap of two lone-
pair orbitals of fluorine substituents in close proximity, and
IS decays exponentially with dpr. Nevertheless, in this case
two different models have been published [12¢, 13b], which
were fitted for fluorine-substituted unsaturated hydrocarbons
and coupling constants below 100 Hz. These models are given
in Equation (2) and Equation (3) below.

JS = 6800-¢~ 9%
Jip =170 x 107-¢ 2%

The application of these models to the NMR spectroscopic
data of BisBODIPY (1) results in F;—F;, distances of 2.84 and
2.72 A, respectively, as opposed to 2.91 and 2.92 A in the
solid. As before, the solution values are smaller than the data
observed from the crystal structure analysis. This result is in-
consistent with a stretched conformation in solution, but con-
firms the above suggestion, that 1 resides in a more compact
and rigid conformation in solution, presumably with almost
planar CyBN, subunits and only slightly displaced BF, groups.

Conclusions

In summary we have presented the results of structural anal-
yses of the BisBODIPY (1) in the solid and in solution and
could show that significant differences occur for this class of
luminophores. In the crystal the compound forms a layered
structure with 1 in two different, but slightly strained confor-
mations, while in solution a single, compact minimum confor-
mation prevails. The finding of the more rigid form in solution
rather than in the solid may be explained by a shallow energy
potential for the rotation around the central C—C bond. In the
solid, this shallow potential allows the observed finding of sev-
eral slightly different conformers while in solution a fast dy-
namic process superimposes all conformers to one observed
single minimum. The uniformity of BisBODIPY (1) in solu-
tion relates directly to the photophysical properties and in par-
ticular to the high fluorescence quantum yields. In this light,
the structural differences observed in the solid state appear to
be induced by the crystal packing. BisBODIPY's do indeed not
crystallize readily and realize different packing pattern for all
known derivatives. The solution structural study described here
thus helps explain the photophysical properties of these com-
pounds better than the solid-state structures.

Experimental Section
Collection and Reduction of X-ray Data

Intensity data for 1 were collected from a single crystal at 100(2) K,
using a Stoe IPDS-II X-ray diffractometer. Graphite monochromated
Mo-K,, radiation (0.71073 A) was used. The structure was solved by
direct methods with SIR-2004 [17]. The crystal is twinned by pseudo-
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merohedry, and the twin ratio refines to 65:35. The twinning emulates
an orthorhombic Laue symmetry. No splitting of the reflections could
be observed. Refinements were carried out by full-matrix least-squares
techniques against F2 using SHELXL-97 [18]. All non-hydrogen at-
oms were refined anisotropically. Hydrogen atoms were assigned to
idealized positions.

Crystallographic data (excluding structure factors) for the structure re-
ported in this paper has been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-724077.
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: +44(1223)
336-033; E-Mail: deposit@cam.ac.uk].

Crystal data for 1: CyHygB,F4N,4-0.352CH,Cl,, 760.42, monoclinic,
space group Pc, a = 16.462(8), b = 19.974(7), ¢ = 12.188(6) A, a =
B=7=90° V=4008(3) A3, Z =4, peatc = 1.26 grem ™, y(Mo-K,) =
0.130 em™, B = 1.60°, Oy = 25.19°, 16457 reflections measured,
6807 independent, 5214 observed with / > 26(/), 1026 parameters, 3
restraints, Ry [/ > 2o6(])] = 0.0481, wR, (all data) = 0.0981, max./min.
peak = 0.293/-0.254 ¢-A~3.

Analytical data for 1 [1]: Calcd. for C44HygBoF4Ny: C 72.34, H 6.62,
N 7.67 %; found: C 71.91, H 6.81, N 7.58 %.

NMR Measurements

An amount of 1 (20 mg) was dissolved in CD,Cl, (0.7 mL). The ''B
NMR spectra, 2C NMR spectra with 'H decoupling and with gated
'H decoupling (denoted as gated *C{'H}), with '°F decoupling (de-
noted as *C{!°F}), and '°F NMR spectra were recorded with a Bruker
5 mm BBO probe on a DRX-400 spectrometer. For all '*C NMR ex-
periments, a relaxation delay of 2.0 s was used and transients between
20000 and 24000 were recorded. ''B NMR spectra with and without
YF decoupling (denoted as ''"B{!°F}) were recorded with a relaxation
delay of 300 ms and 256~512 transients. In order to have accurate
coupling constants through simulation, '’F NMR spectra with high
quality were taken on diluted samples (10 mg of 1 in 0.7 mL of
CD,(Cl,), with a relaxation delay of 3 s and 512 transients. Two-dimen-
sional spectra were recorded at room temperature with a Bruker
Avance 600 MHz spectrometer equipped with a 5 mm inverse probe
with z-gradient. NOESY spectra were taken on complex 1 at a mixing
time of 1.5 s. DQF-COSY and NOESY experiments were performed
in phase-sensitive mode using States-TPPI. Spectra were collected
with 8 transients, 4096 points in the F, dimension and 512 increments
in the | dimension. A phase-sensitive gradient-selected HSQC experi-
ment was performed with sensitivity enhancement [19]. Spectra were
recorded with 8 transients, 2048 points in the F, dimension and 512
increments in the /| dimension, with spectral width of 10 ppm in the
'H dimension and 130 ppm in the '3C dimension. The gradient-se-
lected HMBC experiment [20] was optimized for a coupling constant
of 8 Hz, without decoupling on '*C during acquisition. Spectra were
taken with 16 transients, 2048 points in the F, dimension and 512
increments in the /| dimension, with spectral widths of 10 ppm in the
'H dimension and 165 ppm in the "*C dimension. 'H and '*C chemical
shifts were referenced to the solvent signals. '°F and ''B chemical
shifts were referenced to external standards CClsF and BF;-Et,0, re-
spectively. All spectra were processed with a Bruker TOPSPIN 2.1.
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