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Abstract: The exciton chirality method (ECM) is commonly
recognized as one of the best approaches to assign the absolute
configuration of biaryls. This paper reports the first exception
to this method for a simple biaryl system. ECD and VCD
measurements in combination with DFT (B3LYP/6-311G*),
TDDFT (CAM-B3LYP/6-311G*), and Coupled-Cluster (RI-
SCS-CC2) calculations were used to determine the absolute
configurations of axially chiral BODIPY DY Emers. The ECM
fails to predict the sign of the intense CD couplet at 500 nm of
the 1,1'-coupled dimer. The odd behavior was rationalized by
considering the strong transition magnetic dipole associated
with the 500 nm transition, which leads to an unexpected
dominance of the um coupling at the expense of the uu one in
these compounds. This is the first case in which a strong um
coupling hampers the use of the ECM, but this behavior should
not be restricted to the BODIPY chromophore.

The boron dipyrrin complex (BODIPY, 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene) was first described by Treibs and
Kreuzer in 1968.1 Since the late 1990s this fluorescent dye has
become a topic of growing research, due to its unique
properties and its high potential in manifold applications.”
Several recent publications have dealt with quantum-chem-
ical investigations of BODIPYs using TDDFT methods with
a focus on the absorption and fluorescence properties of
monomeric species.’! In nearly all cases circular dichroism
(CD) has been used to merely prove the existence of chirality.
Hitherto known examples of chiral BODIPYs include
monomers with central, axial, and helical chirality[‘” and
multichromophoric systems bound to chiral building blocks.”!
Also, axial chirality has been introduced to BODIPY dimers
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and polymers via chiral binaphthyls.”! In contrast, the C-C-
coupled dimers reported herein possess an intrinsic axial
chirality. In no case so far has the absolute configuration (AC)
of chiral dimeric BODIPYs been assigned by the comparison
of calculated CD curves with experimental ones and the use
of the exciton chirality method!”’ was mentioned only in one
case.”

The BODIPY DYEmers” (Figure 1) were synthesized
according to the literature!'” by oxidative C—C coupling of the
corresponding monomers at the nonsubstituted pyrrolic
positions. The groups next to the axis prevent free rotation
about this bond in the dimers, leading to racemic mixtures of
configurationally stable atropisomers.
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Figure 1. Axially chiral BODIPY DYEmers and their formation from the
appropriate monomeric building block.

The dimeric compounds 1 and 2 were initially resolved by
HPLC on a chiral phase followed by electronic circular
dichroism (ECD) measurements in the stopped-flow mode.
Significant differences were found in the CD spectra for the
two dimers. While the a-dimer 1 (3,3'-coupled) showed an
intense ECD couplet (i.e., two bands of opposite sign) at
around 510 nm, the intensities of the ECD bands of the }'-
dimer 2 (1,1'-coupled) were quite small. Offline ECD
measurements confirmed that the normalized (A¢ units) CD
spectrum of 2 is smaller than that of 1 by a factor of 5 (see the
Supporting Information), which was unexpected as both
compounds feature a rather similar orientation of the very
same chromophores.

The intense ECD couplet of the a-dimer can be explained
by a strong coupling of the transition dipole moments of the
chromophores. The ECD couplet amplitude (peak-to-trough
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difference in Ae units) amounts to 575mM 'cm ™', a remarkably

high value even for a biaryl.l'!l The strong couplet suggested
the use of the exciton chirality method (ECM)!" for deter-
mining the AC of the 3,3'-coupled BODIPY dimer 1. The
main transition of the BODIPY monomer is polarized along
the long axis, as determined by TDDFT calculations on the
monomer. Thus, the dimer M-1 should show a negative
couplet in the ECD spectrum and P-1 a positive one. The
faster eluting compound clearly exhibits a negative couplet
(Figure 2), and is thus M-configured, while the slower
enantiomer displays a mirror-image CD curve (see the
Supporting Information) and has the P-configuration.
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Figure 2. Determination of the AC of the faster resolving enantiomer
of dimer 1 by the ECM and by comparison of the calculated CD
spectrum (TDCAM-B3LYP/6-311+G*) with the experimental spectrum.

In addition, quantum-chemical CD calculations were
performed. The conformational analysis of the M-configured
enantiomer of 1 using B3LYP/6-311+G* gave only one
relevant conformer, with an axial dihedral angle N3a-C3-
C3-N3a" of 103°. Subsequent TDCAM-B3LYP/6-
311+G*[CPCM,CH,Cl,] calculations of the conformer
yielded a CD spectrum that closely matched (Apg!'™? =86 %)
the experimental CD curve of the faster eluting enantiomer,
fully corroborating the results of the ECM.

Similar application of the ECM to the p'-dimer 2 would
predict M-chirality for the second eluted enantiomer, showing
a negative exciton couplet around 530 nm (Figure 3 and
Figure 4). The reversal of the elution order with respect to 1,
and the already mentioned strong intensity difference in the
ECD spectra of the two dimers, called, however, for special
caution in dealing with compound 2. A conformational
analysis of the M-configured enantiomer found two confor-
mations differing in their dihedral angle. The main conformer
(2a) with about 98 % population at 300 K (according to Gibbs
free energies) has an angle of —116° (C8a-C1-C1’-C8a’) while
the less populated conformer (2b) has an angle of —58°.
According to the ECM, a negative couplet was expected for
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Figure 3. Comparison of the results of the ECM with those of QM-EC-
CD and TDCAM-B3LYP calculations for dimer 2. TDDFT contradicts
both ECM and QM-EC-CD findings.
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Figure 4. Comparison of experimental ECD and VCD spectra with the

calculated spectra (RI-SCS-CC2/def2-SVP for ECD, B3LYP/6-311G* for
VCD) of compound M-2.
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both conformations (shown in Figure3 for the major
conformer) and, therefore, it was all the more surprising
that the TDCAM-B3LYP calculations yielded positive cou-
plets of similar intensity for both conformers (Figure 3). To
exclude the possible role of conjugation between the chro-
mophoric halves, a third conformer with a restrained dihedral
angle of 90° (for which conjugation is not possible) was used
for a TDDFT calculation, which again led to a positive
calculated ECD couplet (Figure 3).

To exclude potential problems from the DFT method and
the use of the “visual” ECM, two different approaches were
considered. First, RI-SCS-CC2/def2-SVP calculations were
performed (Figure 4). These were in agreement with the
TDDFT findings. Secondly, quantitative QM-EC-CD (exci-
ton-coupled circular dichroism) computations were carried
out using a fragmentation procedure where the excitonic
Hamiltonian, built using TDCAM-B3LYP-computed transi-
tion densities and energies, is explicitly solved.!'¥) The method
includes solvation effects and static substituent perturbation
(see the Supporting Information for details). QM-EC-CD
computations fully confirmed the expectations from the ECM
(Figure 3), and further contradicted TDDFT and SCS-CC2
calculations. Although we were reasonably confident that at
least SCS-CC2 calculations were accurate enough to predict
the AC of the f'-dimer 2, an independent confirmation by
vibrational circular dichroism (VCD) spectroscopy was
necessary.l!

VCD spectra were recorded in CCl, solution and com-
pared with the spectra from B3LYP/6-3114+G* calculations
(averaged over two conformers, Figure 4 and the Supporting
Information). The computed VCD curve of the M-enantio-
mer fits the experimental spectrum of the faster eluting
compound (Peak A) very well. This is the same AC predicted
by TDDFT and CC2 calculations (Figure 4 and the Support-
ing Information). Thus, VCD confirmed the full ECD
computations and clearly proved that the ECM fails for this
BODIPY dimer.

To understand this failure, one has to take a closer look at
the theoretical background of the exciton chirality method.
The rotational strengths R* and RP of the two excited states of
an exciton couplet are defined by Equation (1).[)

1
Raﬁ :ii T oy Rij : (uiaa X Mjoa)

1
+ 3 Im { (W, F Mjuu) - (my,, F mj(m)}

Here, u and m are the electric and magnetic transition dipole
moments, respectively, of the chromophores i and j, and R is
the interchromophoric distance vector.” The first term of the
equation (uu term) describes the rotational strength obtained
by combining the electric transition moments of the individ-
ual chromophores with the origin-dependent magnetic
moments generated thereby. The second term (um term)
describes the rotational strength obtained from the scalar
product of the excitonic electric and origin-independent
magnetic transition moments, which result from the in-
phase and anti-phase combinations of the individual chro-
mophores.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In the standard application of the ECM, one assumes that
the intrinsic (origin-independent) magnetic transition
moment m,, for the 0—a excitation is negligible. This is
certainly the case for most aromatic n—nt* excitations to which
the ECM has been applied, such as the most intense long-axis-
polarized transition in p-substituted benzoates, naphthoates,
anthroates, and so on. Thus, the um term is ignored and only
the pu coupling determines the rotational strengths of an
exciton couplet, and, after multiplication with the coupling
potential V;, the sign and intensity of the couplet.” However,
the BODIPY S-S, transition at 500 nm is associated with
a strong magnetic transition dipole moment perpendicular to
the aromatic plane. The calculated magnetic moment
amounts to 1.85au from TD CAM-B3LYP and to 2.23 au
from RI-SCS-CC2 (for comparison, the CAM-B3LYP-calcu-
lated value of the magnetic-dipole allowed n—at* transition of
acetone or formaldehyde is 1.21 au). In this situation, it is
clear that the rotational strengths R* and RP have to be
calculated by using the full equation, including both pp and
um couplings.

Since this is hardly done by visual inspection of the
molecule, the software used in the above-mentioned frag-
mentation procedure was modified to take intrinsic magnetic
moments into account (see the Supporting Information).™! In
this way, the overall coupling, which includes both pu and um
terms, is evaluated (Table 1). Most interestingly, the um term

Table 1: Rotational strength values (107* esu?cm™?) of the QM-EC-CD
calculated first excited states of the M-configured enantiomers of 1 and 2
using the TDDFT/fragmentation method."!

EleV] [T Total
1 2.59 ~862.3 ~1960.6
2.95 983.3 1695.0
2a 2.67 —878.2 302.4
2.79 919.2 —227.4
2b 2.65 —857.9 250.5
2.82 912.4 —216.4

was found to be larger than the pp term. In the case of the 3,3'-
coupled 1, the values are of same sign and their sum generates
large total rotational strengths, which explain the high ECD
amplitudes found in the experiment and in the full calcu-
lations. By contrast, the two terms have opposite signs for the
1,1’-coupled dimer 2, and thus, the um coupling dominates
over the pp term. In this situation, the overall couplet has
a sign opposite to that predicted by the ECM, and its intensity
is strongly reduced (in comparison with the 3,3’-coupled
dimer 1), as found experimentally.

Although a few “exceptions” or failures have been
claimed to be observed for the ECM in the literature,!'*!”!
most of them concern cases plagued by conformational
ambiguity!" or by the presence of several overlapping
transitions.'”) This is the very first case where the exciton
chirality method fails for a simple biaryl compound with an
established conformation and for a transition well separated
from others. As shown above, this is not because of an
intrinsic failure of the method, but because of the occurrence
of a different source of optical activity. The importance of the
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um term for dimer 2 is based on a unique combination of
a strong magnetic transition dipole moment with a short
interchromophoric distance (the ECD associated with the um
term scales with the potential V; and thus with R; ). To
show the importance of this latter aspect, we performed
TDCAM-B3LYP/6-31G* calculations on a model of M-2 in
which the 1,1’ bond was cut, the C1-C1’ distance elongated to
4 A, and the resulting separated chromophores each satu-
rated with a hydrogen atom. In this way, the dihedral angle
between the chromophores was kept nearly identical but the
larger distance R; should prevent a significant um coupling,
leaving a dominant pp coupling (which scales with R;%).”) As
expected, the computations resulted in a negative exciton
couplet (see the Supporting Information), that is, opposite to
the results of the full TDDFT calculations on the intact dimer
and in keeping with ECM expectations.

Although the BODIPY chromophore is well known, the
chiroptical properties of its chiral derivatives and dimers have
been almost neglected. Our investigations show that the
uncommonly high magnetic transition dipole moment of the
first m—m* excited state of the chromophore has consequences
on the ECD of the dimeric BODIPYs. Due to the strong
magnetic dipoles and their vicinity in the 1,1’- and the 3,3'-
coupled dimers, the straightforward ECM cannot be used to
determine the AC of these dimers. This finding is not
expected to be unique to BODIPYs. All chromophores with
effective C,, symmetry (like BODIPY) have B,/B, transitions
which are both electric- and magnetic-dipole allowed. There-
fore, the occurrence of strong magnetic transition dipoles in
n—-n* transitions should be checked for further exciton-
coupled systems, including first of all bisphenanthrenes and
distorted multiporphyrins.
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