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ABSTRACT

The electronic circular dichroism spectra of achiral product “Lumogen F Red”

(ROT-300) in four different chiral solvents are recorded at different temperatures. DFT calcula-
tions allow to identify two enantiomeric conformers for ROT-300. In vacuo they are equally
populated; in chiral solvents one enantiomer prevails. Thermodynamic quantities involved in

the chiral preference are derived. Chirality 23:910-915, 2011.

© 2011 Wiley-Liss, Inc.

KEY WORDS: circular dichroism (CD); time-dependent density functional theory (TDDFT);

dye molecules, solvent effect

INTRODUCTION

The solvent dependence of chiroptical spectra has been
the theme of several studies; data have been reported for op-
tical rotation or optical rotatory dispersion,™ for electronic
circular dichroism (ECD)*” and for vibrational circular
dichroism (VCD).3® In the cited ECD and VCD cases two
effects were monitored: the change of intensity of ECD and
VCD signals and/or the shift of the center-band frequencies
of ECD or VCD bands of chiral molecules by different sol-
vents, due to solvent polarity; sometimes the induction of
some asymmetry by the solute chiral molecules onto achiral
solvents was observed and explained.”!° Here we report on
a case, where an achiral compound, whose commercial name
is Lumogen Red 300, ie., N,N'-bis(2,6-diisopropylphenyl)-
1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxydiimide
(see Scheme 1) is dissolved in several chiral solvents. ROT-
300 is a dye molecule that is under investigation for possible
use as a laser-active substance.!! It consists of a central pery-
lene m-conjugated system with four O-phenyl pendant groups
and two terminal conjugated systems bonded through N-
atoms to the central moiety. A previous investigation'? exists
based on HPLC, NMR, and CD on similar molecules, whose
enantiomers had been separated and studied in achiral sol-
vents.

EXPERIMENTAL AND CALCULATIONS

ROT-300 has been obtained from Kremer Pigmente which sells the
product synthetized in the BASF laboratory in Germany.

ROT-300 was dissolved in several chiral solvents, namely (—)-diethyl
p-tartrate and (+)-diethyl i-tartrate; (R)-(+)-methyl lactate and (S)-(—)-
methyl lactate; (R)-(—)-carvone and (S)-(+)-carvone, and (R)-(+)-phenyl-
ethanol and (S)-(—)-phenylethanol at 2.2 X 10~* M concentration.

ECD and UV absorption spectra were taken simultaneously on a Jasco
815-SE spectropolarimeter in a thermostated 1 mm quartz cylindrical cell
(for the phenylethanol solutions in the 280-400 nm range we used a 2.2
x 10 M solution in 0.1 mm cell), averaging over 10 scans (t = 2 s,
scanning speed = 100 nm/min, spectral bandwidth = 1 nm) and spectra
were solvent substracted. Other concentrations were tested by ECD at
room temperature for the diethyl tartrate solvents, ranging from 2.2 X
10> M to 10> M (and for UV spectra from 2.2 X 10~¢ M).

The geometry optimization of a single ROT-300 molecule iz vacuo was
calculated with Gaussian 09'® using the B3LYP functional and the 6-
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31G* basis set. ECD spectra were calculated using time-dependent DFT
calculations (TD-DFT)™ at the same functional and basis set level con-
sidering 14 excited states.

¢ and Ae¢ have been evaluated from the calculated dipole and rotational
strengths and a width of 0.14 eV applied to Lorentzian bands gives a
good fitting with the experimental data.

RESULTS AND DISCUSSION

Solutions of ROT-300 in four enantiomeric couples of the
chiral solvents (—)-diethyl p-tartrate and (+)-diethyl 1-tar-
trate; (R)-(+)-methyl lactate and (S)-(—)-methyl lactate; (R)-
(—)-carvone and (S)-(+)-carvone, and (R)-(+)-phenylethanol
and (S)-(—)-phenylethanol) were prepared. Some other com-
mercial chiral solvents were tried but we did not get positive
results, mainly due to low solubility. ECD and UV absorption
spectra were taken simultaneously to properly evaluate the
dissymmetry g factor and were presented in Figure 1 (panels
a—d).

In Figure 1 one may observe that enantiomeric solvents
produce enantiomeric ECD spectra in the region where just
ROT-300 absorbs. All spectra look similar in shape, though
with different AA, meaning to us that the ROT molecule is
subject to the same phenomena in different chiral solvents,
but to different extent. The observed mirror-image appear-
ance of ECD spectra in enantiomeric solvents guarantees
that the data are reliable; the AA values observed are for con-
centrations ranging from 10™* to 10~ M, but concentration
times pathlength is equal in all cases and thus the AA values
are directly comparable.

For completeness, in panel e of Figure 1 we report the UV
spectra of ROT-300 in the four solvents (of course in this
case the UV data relative to only one enantiomeric species is
needed).

Additional Supporting Information may be found in the online version of this
article.
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Scheme 1. Molecular formula of ROT-300 with atom numbering estab-
lished by the Chemistry software tool employed by us.
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All ECD spectra are similar and present a broad struc-
tured asymmetric feature at about 580 nm. In the different
solvents the region between 480 nm and 350 nm shows
bands of opposite sign and smaller intensity. Finally at
about 300 nm one observes, except for the carvone solution,
which is not transparent in that range, a narrow and fairly
intense ECD band with the same sign as the 580 nm broad
ECD band.

The observed ECD bands correspond to the observed UV
absorption bands. Due to better signal to noise ratio of UV
data with respect to ECD data, one may safely assume that
in phenylethanol there is a definite red-shift of the UV band
to 585 nm with respect to the other solvents. The same effect
may be observed on the ECD band at about 580 nm, even
though the data are noisier, being less intense.

In Supporting Information (Figs. S1-S3), we report CD,
absorption and fluorescence spectra of ROT-300 in diethyl-p-
tartrate and diethyl-1-tartrate at different concentration values
to show that the observed CD signals can be assumed as due
to the isolated ROT-300 molecule; aggregation has minimal
influence.

A clue for understanding why enantiomeric ECD spectra
of ROT-300 compounds are generated when enantiomeric
solvents are used is found by performing DFT calculations.
The optimized structure obtained with the programs’ pack-
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Fig. 1. ECD spectra of ROT-300 in: (a) (+)-diethyl 1-tartrate (gray) and (—)-diethyl p-tartrate (black) (DLT and DDT, respectively); (b) (R)-(+)-methyl-lactate
(gray) and (S)-(—)-methyl-lactate (black); (c) (R)-(—)-carvone (gray) and (S)-(+)-carvone (black); (d) (R)-(+)-phenylethanol (gray); and (S)-(—)-phenylethanol
(black); (e) UV of ROT-300 in DLT (a), S(—)ML (b), (R)-(—)-carvone (c) and (S)-(—)-phenylethanol (d). For phenylethanol, the UV and ECD spectra between 280

and 400 nm were obtained with the 0.1lmm cell; 2.2 X 10 °M.

Chirality DOI 10.1002/chir
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Fig. 2. Two different views of an optimized minimum energy geometry of ROT-300 i% vacuo obtained by DFT calculation as described in the text. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

age Gaussian09' is presented in Figure 2. An overall dis-
symmetric structure is indeed observed even by mere
inspection of Figure 2; it consists in the distorted central per-
ylene unit, reminding the form of a twisted ribbon, in the
asymmetric arrangement of the four O-phenyl groups in the
periphery of the central perylene moiety, in the dihedral
angle formed by the two planes containing the terminal N-
phenyl-isopropyl groups being different from zero and finally
in the four isopropyl groups attached to the two terminal N-
phenyl groups being twisted. The structure of Figure 2 may
be defined of P-type, according to the accepted nomencla-
ture.’> Of course the opposite M-type structure, has equal
energy as the P one, while the flat achiral structure has
higher energy and is not a minimum. In Table 1 we report
the values for the relevant dihedral angles of ROT-300, allow-
ing us to quantitatively measure the distortion from planarity.
From Table 1 we conclude that an overall distortion of the
molecular backbone of about 30° is predicted on the basis of
DFT calculations, as measured by the dihedral angle 15-21-
36-32 (ca, 32°). This distorted dihedral angle has a value
equal to those observed for the two sides of the perylene, on
the left (16-17-28-31) and on the right (20-19-30-37) in Figure
2. The distorsion involves also the relative angle between the
two terminal N-phenylisopropyl groups (1-5-45-43) and the
relative dihedrals of the isopropyls at one terminal with
respect to the isopropyls at the other one (22-4-46-47 and 25-
2-42-50). On top of that overall distortion, lateral O-phenyl
groups show further distortions. From a first conformational
analysis, these lateral groups present angles (like 19-20-53-
57) with values about #+160° and phenyls are oriented
grossly perpendicular to the COC plane (60-90°), without
much change in energy among the different allowed orienta-
tions about the CO. The previous study of Ref. 12 arrived at
similar conclusions on other perylene-based molecules, by
AMI1 calculations.

The TDDEFT calculated ECD spectra are not identical for
different O-phenyl orientation, but the first transition at about

Chirality DOI 10.1002/chir

570 nm, HOMO-LUMO, involves just the central perylene
part of the molecule. UV and ECD spectra derived for the
chiral P-conformer of ROT-300 shown in Figure 2, are
reported in Figure 3 where bars are proportional to calcu-
lated dipole and rotational strengths. The calculated spectra
are superimposed to the corresponding experimental spec-
tra. One may see that a good prediction is obtained in fre-
quencies and intensities for the UV spectra, while in the CD
case there is a good correspondence between calculated and
experimental frequencies and signs only.

The observed rotational strengths, instead, are much
weaker than the calculated ones: we interpret this as due to
the fact that in solution one does not have only just one
“enantiomeric” form, namely that of Figure 2, but also the op-
posite one, in unequal amounts, that is to say the enantio-
meric excess (ee) between the M- and Pform is quite low.
Indeed the calculations suggest that a larger amount of the
P-conformer (shown in Fig. 2) is promoted by the L-enantio-
meric form ((R,R) in absolute terms) of the diethyl tartrate
molecules, while in the other three cases of Figure 1 the P-
form of ROT-300 is preferred by the R-enantiomeric forms of

TABLE 1. Values of selected dihedral angles of the ROT-300
molecule, as calculated from DFT calculations (for the atomic
numbering see Scheme 1)

Dihedral angles Dihedral

Groups definition angles values
Perylene unit 16-17-28-31 31°
20-19-30-37 31°
15-21-36-32 32°
N-phenyl-isopropyl 1-5-45-43 32°

groups

Isopropyl groups 24-22-4-5; 64°
27-252-1; 64°
48-47-46-45; 49-47-46-41 64°
51-50-42-43; 52-50-42-41 64°
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Fig. 3. Bottom: Experimental (black trace) and calculated (red trace) UV
absorption spectrum of ROT-300. Top: Experimental (black and gray traces
for DDT and DLT, respectively) and calculated (red trace) ECD spectrum of
ROT-300. The bandwidth of 0.14 eV is attributed to the transitions the inten-
sity of which is reported as bars. [Here the experimental A¢ has been deter-
mined from total concentration, namely assuming 100% ee]. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the solvents. We calculate the enantiomeric excess ee as fol-

% of the P over the M enan-

tiomeric form, where [P] and [M] are the concentrations of
the ROT-300 compound in a chiral solvent having a given
enantiomeric form. In Figure 3 we can measure AA and A,
which are defined as:

lows'®: we define ee =

AA = (AAp + AAy) = AcL([P] - [M]) (1)

1 is the cell path-length; AAy and AAp are the differences
in absorbance of left and right circularly polarized light for
the M- and P-enantiomers of ROT-300, respectively; both are
related to the molecular quantity A¢ = eef — &right, the latter
being the difference in absorption coefficients for Left and
Right circularly polarized light for pure P species. AA is only
due to the imbalance of enantiomeric species in solution.
Similarly

A =cl([P] + M) 2)

where ¢ = (eLest + €rignd) /2. Using Egs. 1 and 2 together, we
obtain:

A s.

In another context, this had been previously defined in
Ref. 17. We obtain AA/A for the most intense UV and CD ex-
perimental band area of Figure 1 (at ~580 nm). We may
obtain Ae¢/¢ for the same band in the corresponding calcu-
lated spectra of Figure 3: in this way we have As¢/e = 2.4 X
10~ % The results for the ee of either the P over the M form
or viceversa due to the use of Eq. 3 to the eight cases of Fig-
ure 2 are reported in Table 2.

Abstracting from evident random errors in the measured
values, we may state that the ee of one ROT-300 enantiomer
over the other one are about 10% for all chiral solvents,
except possibly for diethyl-tartrate, where ee is well above
this figures. To gain further information on these systems,
we took ECD and UV spectra of ROT-300 in diethyl-i-tartrate
and diethyl-p-tartrate at variable temperature, in the range
253 K< T <293 K. The results are given in Figure 4, where
we superimpose the ECD spectra from both enantiomeric
solvents in the top panel and the UV spectra in the bottom
panel (we reiterate that the UV and ECD data were taken at
the same time). One may observe that the intensities of the
ECD bands increase for all features with decreasing tempera-
ture, while the UV spectra do not significantly change. This
means that the P-ROT-300/diethyl-1-tartrate preference over
the M-ROT-300/diethyl-1-tartrate increases lowering the tem-
perature. In other words the diastereomeric P-L couple pre-
vails over the M-L one to a larger extent when temperature
decreases (for the opposite enantiomeric solvent, we observe
an increase of the M-D system over the P-D one). In the
absorption spectra, there were no significant observable var-
iations in frequency or intensity, to make us conclude that
the aggregation phenomena reported in the literature'®2°
are negligible.

The data of Figure 4 and Table 2 permit the evaluation of
thermodynamic quantities involved in the process of chiral
recognition. We can define an equilibrium constant K for the
reaction M — Pin either DLT or DDT, as K = % = 1 + Z (of
course K > 1in DLT and K < 1 for DDT). From the relation
AG®° = -RT In K, and from the data of Table 2 we have, AG°
= —0.26 Kcal/mol for the DLT solvent at 7" = 293 K and
AG° = +0.21 Kcal/mol for the DDT solvent at the same tem-
perature.

TABLE 2. |AA/A| ratio and enantiomeric excess of the two enantiomeric species of ROT-300 within the chiral solvents investigated
as calculated from Eq. 3 of the text (As/e = 2.4 x 1074, T= 293 K)

A |AA]| |AA/A e.e. (%)
(—)-diethyl D-tartrate 30.37 (477-632 nm) 1.38 X 1072 (468-603 nm) 452 % 107° 19
(+)-diethyl L-tartrate 38.7 142 x 1072 3.64 X 107° 15.2
(S)-(—)-methyl-lactate 81.95 (478-642 nm) 224 x 1073 2.80 X 107° 11.6
(R)-(+)-methyl-lactate 108.61 1.15 X 107° 10.56 x 107° 8.8
(R)-(—)-carvone 65.89 (476-628 nm) 753 x 107* 114 x 1076 4.8
(S)-(+)-carvone 103.51 1.98 x 1073 19.2 x 10°° 8.0
(R)-(+)-phenylethanol 76.14 (482-642 nm) 1.64 X 10~* (453-610 nm) 2.16 X 10° 9.0
(S)-(—)-phenylethanol 55.19 121 x 10°° 2.20 x 10°° 9.2

Here the quoted ee is for either the P over the M form or for the M over the P one (see text).

Chirality DOI 10.1002/chir
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In Figure 5, we plot the In K values vs. 1/T with ee data
derived from the ECD intensity at various T of the ~300 nm
band in Figure 4 by the same method as employed in Table 2.

From the vant'Hoff relation in the form: ddl(Lli{ = —AHT

T
one has an average value for the DLT (DDT) solution: AH°
= —1.28 Kcal/mol (+1.36 Kcal/mol), and from the funda-
mental relation AG° = AH° — TAS®, one has the entropic
term AS°, which at room temperature is —3.5 cal/mol.K
(+3.9 cal/mol K).

An alternative approach for deriving AG® from ECD data is
presented in Refs. 4 and 5, based on previous work.?""?> How-
ever in that case no entropic term was present, while here
large variations of entropy AS° are associated either with
multiple conformers about the two enantiomers M and P or
with different solvation mechanisms possessing the same
energy. The general conclusion of the present work is that
chiral solvents impair the 50%-50% balanced concentration of
the two enantiomeric conformers for ROT-300. In vacuo the
latter conformers have equal energy and free energy; in chi-
ral solvents one enantiomeric form of the solvent favors one

30 H

AA
x 10°

280 380 480 580 pm 680

0 T T T T
280 380 480 580 nm 680

Fig. 4. Top pannel: Experimental ECD spectra of ROT-300 in (—)-diethyl
D-tartrate and in (+)-diethyl i-tartrate at 7' = 293 K (red and pink curves), T'
= 283 K (dark and light purple curves), T = 273 K (dark and light gray
curves), T = 263 K (dark and light blue curves), and T = 253 K (dark and
ligth green curves). Bottom pannel: Experimental absorption spectra of ROT-
300 in (—)-diethyl p-tartrate at 7 = 293 K (red curve), T' = 283K (dark purple
curve), T = 273 K (dark gray curve), T = 263 K (dark blue curve), and T =
253 K (dark green curve). [Experimental absorption spectra of ROT-300 in
(—)-diethyl 1-tartrate are identical]. Solvent spectra subtracted. Spectra taken
in 1 mm thermostated cell (10 scans, concentration 4 x 10~* M). [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Fig. 5. Natural logarithm of K equilibrium constant vs. 1/7. The experi-
mental values of K are derived from the CD intensity of the 300 nm band of
Figure 4 and the method employed in Table 2. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

enantiomeric conformer of ROT-300, the other enantiomeric
form favors the opposite one. By running variable tempera-
ture ECD spectra on one of the systems, we have provided
an experimental measure of AG°, AH°, and AS°. The precise
mechanism and forces involved in the solvent/solute interac-
tion and providing the imbalance is unknown, but we point
out in Figure 2 that there is a significant red shift of the 585
nm band for phenyl ethanol solvent, possibly meaning that a
n-r interaction between solvent and solute is important. How-
ever we cannot exclude intermolecular hydrogen bonding
interactions which are present for three couples of solvent:
only for carvone the latter factors are absent.

CONCLUSIONS

In this work, we have demonstrated that ROT-300 mole-
cule, which is an achiral dye, exhibits an equilibrium between
enantiomeric conformers. When this dye is dissolved in chiral
solvents, an enantiomeric excess appears and is correlated to
the chirality of the solvent. We think that the present investi-
gations migth be relevant also in emission, due to the peculiar
luminescence properties spectra of ROT-300. Finally we
asked ourselves whether the same phenomenon be observ-
able on other dye-molecules: for this reason we tested the
same chiral solvents on Orange-240, i.e., N,N'-bis(2,6-diiso-
propylphenyl)-perylene-3,4:9,10-tetracarboxydiimide but we
did not find the same nice intense ECD spectra reported in
Figure 2 for ROT-300. In that case, the observed UV features
are narrower and the ECD ones are not observed at the
experimental conditions adopted for ROT-300. Orange-240
differs from ROT-300 in the substitution of the four O-Phenyl-
groups with hydrogen atoms. By DFT calculations, a
completely flat central perylene unit is predicted, which
makes us think that the O-Phenyl groups of ROT-300 have an
important role.
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