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ABSTRACT: Circularly polarized luminescence (CPL) in
simple (small, nonaggregated, nonpolymeric) O-BODIPYs
(R)-1 and (S)-1 by irradiation with visible light is first
detected as proof of the ability of a new structural design
to achieve CPL from inherently achiral monochromophore
systems in simple organic molecules. The measured level
of CPL (lg,l) in solution falls into the usual range of that
obtained from other simple organic molecules (107°—1072
range), but the latter having more complex architectures
since axially chiral chromophores or multichromophore
systems are usually required. The new design is based on
chirally perturbing the acting achiral chromophore by
orthogonally tethering a single axially chiral 1,1’-binaphtyl
moiety to it. The latter does not participate as a
chromophore in the light-absorption/emission phenom-
enon. This simple design opens up new perspectives for
the future development of new small-sized CPL organic
dyes (e.g., those based on other highly luminescent achiral
chromophores and/or chirally perturbing moieties), as
well as for the improvement of the CPL properties of the
organic molecules spanning their use in photonic
applications.

he interest in circularly polarized luminescence (CPL),

which is the differential emission of right- and left-
circularly polarized light by chiral luminescence systems
(molecules, polymers, supramolecular aggregates, etc.),1 has
experienced noticeable growth in recent years. This fact is due
to not only the valuable use of CPL as a source of information
on the structure of the involved excited states but also its
application in the improvement and potential development of
multiple photonic tools, such as display devices including 3D
optical displays,” optical storage and processing systems,’
spintronics-based devices,* biological probes and signatures,’
security tags,Sb CPL Iasers,6 enantioselective CPL sensors,7 or
light-emission systems for asymmetric photosynthesis.® Addi-
tionally, the omnipresence of chirality in the world around us
(especially in the living world) makes CPL a valuable source of
information on chiral environments to be exploited, e.g,, by the
future development of CPL microscopes.’””
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Despite the well-known interest in organic molecules for the
development of photonic materials (mainly due to easy
photonic-property modulation by accessible structural varia-
tions based on workable organic-chemistry transformations, as
well as to material processability factors derived from their
organic nature), the highest values of CPL, measured in
absolute terms of gim"'° are mainly achieved from chiral
lanthanide complexes instead,'> which typically exhibit Igy,!
values in the range 0.1-0.5 (a value of ca. 14 has been
exceptionally reported for a Eu(IlI) complex).'’ In contrast,
smaller CPL levels can be found for some purely organic
molecules when they are hierarchically self-organized into
axially chiral helical polymers or aggregates.'” In this line, some
chirally superorganized polymeric cholesteric crystals (PCC)
can exhibit impressive levels of CPL. Thus, an interesting wide-
band CPL with a lgj,.| value of ca. 1.6 has been reported for a
light-emitting organic diode with a three-layered PCC
reflector.®> However, simple (small, nonaggregated, non-
polymeric) chiral organic molecules enabling CPL are rare
and exhibit much smaller levels of CPL (typical Igj,,| = 107°—
1072)."*"> On the other hand, the structural diversity of the
acting chromophores in these simple organic molecules is very
poor, being practically restricted to chiral helicenes and 1,1'-
binaphthyls (axially chiral chromophores),"* as well as to
achiral perylenes arranged in a molecular chiral helix (two
identical chromophores are disposed in a rotated arrangement
by attaching them to the ends of an axially chiral spacer).'®
Therefore, research guidelines directed toward expansion of the
structural diversity of simple organic molecules enabling CPL
are needed in order to develop usable, smarter, and better CPL
dyes based on these compounds.

Boron dipyrromethene (BODIPY) dyes constitute one of the
most important families of simple organic luminophores due to
their special absorption and emission properties, which can be
easily modulated by straightforward functionalizations of the
rich BODIPY chemistry, as well as to their valuable
processability properties derived from notlceably high solubility
and stability in many solvent systems.'® The strong absorption
and emission of the 7-conjugated BODIPY system in the visible
(vis) and near-infrared (NIR) region of the electromagnetic
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spectrum makes this system highly interesting for the
development of valuable technological applications, such as
chemosensors and probes, biological labels, laser dyes,
photodynamic therapy agents, and a plethora of photonic
devices, including solar-light harvesting antennas or solar
cells."” Despite the important role that CPL can 8plazr in all of
these technologies (e.g, CPL-based sensing),"®'**" chiral
BODIPYs are still scarce’® and are practically unknown in
systems enabling CPL activities. Thus, to date, the only case of
CPL in BODIPYs has been reported for a complex multi-
chomophore urobilin-based F-BODIPY by irradiation with
ultraviolet light (two identical absorbing chiral urobilinoid
chromophores are covalently tethered to an emitting central
achiral F-BODIPY chromophore; Igi,.| ca. 107%).2

Herein we report the synthesis and chiroptical properties
(electronic circular dichroism (ECD) and CPL) of the
enantiomeric O-BODIPYs (R)-1 and (S)-1 (Figure 1), as
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N
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Figure 1. Studied chiral spiroBODIPYs. Structural design to chirally
perturb the BODIPY chromophore.

evidence of the workability of a new simple structural design for
developing small organic molecules enabling CPL from
inherently achiral chromophores (BODIPY in our case), and
thus allowing the first example of a chiral BODIPY dye enabling
CPL upon direct absorption of vis light by the BODIPY
chromophore itself.

The spiranic structure of O-BODIPYs 1 was chosen with the
aim to achieve the required chiral perturbation of the inherently
achiral BODIPY chromophore. In this axially chiral C,
structure, the luminescent BODIPY chromophore is orthogo-
nally attached to an axially chiral 1,1'-binaphthyl unit. This
structural design for simple CPL organic molecules based on
inherently achiral chromophores is new, to the best of our
knowledge, and it only requires the participation of a single
acting chromophore (i.e., both light absorption and emission
are produced by the same chromophore).

O-BODIPYs (R)-1 and (S)-1 (Figure 1) were straightfor-
wardly obtained from highly luminescent and commercially
available 1,3,5,7,8-pentamethyl-2,6-diethyl-F-BODIPY
(PMS67), by nucleophilic substitution with commercial (R)-
and (S)-1,1’-bi(2-naphtol) (BINOL), respectively, and accord-
ing to a slight modification of the methodology described by
Mély and Bonnet®" for a related compound (see Experimental
Section and Figure S1 in Supporting Information (SI)). The
absorption and emission spectra of 1 (B and C in Figure 2 for
(8)-1) were expected from its BINOL-based structure.”’ Also
as expected,”’ the fluorescence quantum yield (¢) of 1 (46.1
and 44.3% for (R)-1 and (S)-1, respectively, in chloroform
solution upon excitation at the maximum absorption wave-
length; see SI), was lower than that exhibited by the starting F-
BODIPY PMS567.
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Figure 2. ECD (A), UV—vis absorption (B), and fluorescence (C)
spectra for (R)-1 (in red) and for (S)-1 (in blue) in CHCl, solution
(ca. 5.7 x 107¢ M). C upon excitation at 525 nm.

"H NMR spectroscopy shows a clear diastereotopicity for the
protons of the isochronous methylene groups of 1 (ABX; spin
system; see spectrum and corresponding spin-system simu-
lation in SI). This diastereotopicity first indicates that the
projected chiral perturbation is acting at least on the magnetic
properties of the mentioned proton nucleus (note that the 'H
NMR spectrum of the starting achiral PMS567 exhibits instead
the expected methylene signal for their isochronous A,X; spin
systems; see SI). Moreover, enantiomeric O-BODIPYs (R)-1
and (§)-1 exhibit mirror ECDs with a maximum dichroic signal
matching the maximum vis absorption of the BODIPY
chromophore (4 ca. 525 nm; cf, A and B in Figure 2). The
maximum level of vis ECD measured in terms of gabszz was
+0.00074 for (S)-1 and —0.00093 for (R)-1, as determined at
the maximum absorption wavelength.

The strong Cotton effect observed for 1 in the vis region of
the electromagnetic spectrum (see the ECD spectra in Figure
2) demonstrates that the designed chiral perturbation is acting
on the BODIPY chromophore, at least in its ground state, and
therefore, it could also act on the involved BODIPY-
chromophore excited states, making the emission of circularly
polarized light possible.”*

Indeed, CPL was satisfactorily detected for (R)-1 and (S)-1
by absorption of vis light. The recorded CPL spectra (Figure 3)
are virtually mirror images, showing maxima matching the
maximum vis emission of the BODIPY chromophore (4 ca. 570
nm; see Figure 3). The solid lines in the CPL plot of Figure 3
are presented to show the luminescence spectral line shape, as
it is common for most chiral organic and transition-metal
chromophores (note that the usual small values for the CPL
activity, mainly for organic chromophores, make the CPL plots
highly noisy in most of the cases).'~#!#&*

Although the |gj,,| values to be determined were very small
(ca. 0.001 at the maximum emission wavelength of 1, which
corresponds to light that is only ca 0.1% circularly polarized),
almost opposite CPL signals (see Figure 3) and g, values
(+0.00071 for (R)-1 and —0.00085 for (S)-1) were measured
for each enantiomer, respectively. These results confirm that
the constructed simple organic architecture is really able to
produce the searched luminescent phenomenon in solution,
since the emitted light is equally polarized in opposite
directions by each enantiomer, and, more important, that the
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Figure 3. CPL (upper curves) and total luminescence (lower curve)
spectra for (R)-1 (in red) and for (S)-1 (in blue) in degassed CHCl,
solution (ca. 107> M) at 295 K, upon excitation at 529 nm.

new structural design used to achieve CPL from the inherently
achiral BODIPY chromophore works.

In summary, we report the first example of a new structural
design to achieve CPL from an inherently achiral organic
chromophore. In this simple design only two systems are
required: the acting chromophore and the chirally perturbing
moiety. Both systems are arranged closely and orthogonally to
each other. The workability of this design has been evidenced
by the opposite vis CPL activity of the O-BODIPYs (R)-1 and
(S)-1, which were built up on the basis of the mentioned
design. The report of this activity is, additionally, the first
example of chiral BODIPYs enabling CPL by direct absorption
of vis light. Although the reached g, values are in the typical
range for simple organic molecules (typical Igj,,| = 107°—1072),
the incorporation of a new chromophore type to the still scarce
but highly interesting family of the CPL organic molecules, the
straightforward synthetic access from F-BODIPYs, the inherent
interest of BODIPY dyes in a plethora of photonic applications,
and the easy modulation of their properties by known
straightforward BODIPY functionalizations augur a promising
future for the CPL BODIPYs.

We are convinced that the herein communicated new
structural design to achieve CPL has great potential as a starting
point to expand the valuable family of simple (small,
nonaggregated, nonpolymeric) organic molecules enabling
CPL, as well as to develop smarter and better CPL dyes, due
to the special structural characteristics of these molecules, such
as small molecular sizes allowing high solubilities or good
diffusion processes, which can be interesting for some CPL
applications (e.g., biomolecular CPL sensing into cells). Thus,
further experimental and computational studies are now in
progress, directed toward discovering the key structural factors
ruling the CPL level in small organic molecules constructed on
the basis of the new design (not only in BODIPY dyes and
BINOL derivatives). These studies should allow the future
development of simple organic dyes with usable levels of CPL.
Some of the key factors to be studied are the conformational
flexibility of the organic molecule (mainly around the linking
region between the acting chromophore and the chirally
perturbing system), the linkage positions, the type of
chromophore and its substitution (e.g, presence of key
functional groups in key positions), the type of chirally
perturbing system (e.g., center vs axial chirality), etc.
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Experimental details, as well as characterization data and
spectra of compounds (R)-1 and (S)-1. This material is
available free of charge via the Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
santmoya@ucm.es

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from the MINECO (MAT2010-20646-C04-
02) of Spain and is gratefully acknowledged. G.M. thanks the
NIH, Minority Biomedical Research Support (1 SC3
GM089589-04 and 3 S06 GMO008192-27S1), and the Henry
Dreyfus Teacher-Scholar Award for financial support.

B REFERENCES

(1) (a) Brittain, H. G. Chirality 1996, 8, 357—373. (b) Riehl, J. P;
Muller, G. In Handbook on the Physics and Chemistry of Rare Earths;
Gschneidner, K. A, Jr,, Biinzli, J.-C. G., Pecharsky, V. K., Eds.; North-
Holland Publishing Company: Amsterdam, 2005; Vol. 34, ch. 220, pp
289—357 and references therein. (c) Riehl, J. P.; Richardson, F. S.
Chem. Rev. 1986, 86, 1—16. (d) Riehl, J. P.; Muller, G. In
Comprehensive Chiroptical Spectroscopy, 1st ed.n; Berova, N.,
Polavarapu, P. L., Nakanishi, K., Woody, R. W., Eds.; John Wiley &
Sons, Inc.: Hoboken, NJ, 2012;, Vol. I, ch. 3, pp 65—90 and references
therein.

(2) Schadt, M. Annu. Rev. Mater. Sci. 1997, 27, 305—379.

(3) (a) Wagenknecht, C.; Li, C.-M,; Reingruber, A,; Bao, X-H,;
Goebel, A;; Chen, Y.-A,; Zhang, Q.; Chen, K,; Pan, J.-W. Nat. Photonics
2010, 4, 549—552. (b) Sherson, J. F.; Krauter, H; Olsson, R. K;
Julsgaard, B.; Hammerer, K; Cirac, L; Polzik, E. S. Nature 2006, 443,
557—-560.

(4) Farshchi, R;; Ramsteiner, M.; Herfort, J.; Tahraoui, A.; Grahn, H.
T. Appl. Phys. Lett. 2011, 98, 162508.

(5) (a) Yuasa, J.; Ohno, T.; Tsumatori, H.; Shiba, R.; Kamikubo, H.;
Kataoka, M.; Hasegawa, Y.; Kawai, T. Chem. Commun. 2013, 49,
4604—4606. (b) Carr, R;; Evans, N. H.; Parker, D. Chem. Soc. Rev.
2012, 41, 7673—7686. (c) Muller, G. Dalton Trans. 2009, 9692—9707
and references therein. (d) Seitz, M.; Moore, E. G; Ingram, A. J;
Muller, G.; Raymond, K. N. J. Am. Chem. Soc. 2007, 129, 15468—
15470.

(6) Furumi, S. Chem. Rec. 2010, 10, 394—408.

(7) Song, F; Wei, G; Jiang, X;; Li, F.; Zhu, C.; Cheng, Y. Chem.
Commun. 2013, 49, 5772—5774.

(8) (a) Cave, R. J. Science 2009, 323, 1435—1436. (b) Podlech, J.;
Gehring, T. Angew. Chem., Int. Ed. 2005, 44, 5776—5777. (c) Pagni, R.
M.,; Compton, R. N. Mini-Rev. Org. Chem. 2005, 323, 1435—1436.
(d) Sato, L; Yamashima, R.; Kadowaki, K.; Yamamoto, J.; Shibata, T.;
Soai, K. Angew. Chem., Int. Ed. 2001, 40, 1096—1098. (e) Feringa, B.
L.; van Delden, R. A. Angew. Chem., Int. Ed. 1999, 38, 3418—3438.

(9) Tsumatori, H.; Harada, T.; Yuasa, J; Hasegawa, Y.; Kawai, T.
Appl. Phys. Express 2011, 4, 011601.

(10) The degree of CPL is given by the luminescence dissymmetry
ratio, gum(4) = 2AI/I = 2(I;, — I;)/(I + Iy), where I and Iy refer,
respectively, to the intensity of left and right circularly polarized
emissions.

(11) Lunkley, J. L.; Shirotani, D.; Yamanari, K.; Kaizaki, S.; Muller, G.
J. Am. Chem. Soc. 2008, 130, 13814—13815.

(12) (a) Watanabe, K; Suda, K.; Agaki, K. J. Mater. Chem. C 2013, 1,
2797-2795. (b) Nakano, Y.; Fujiki M. Macromolecules 2011, 44,
7511—7519. (c) Watanabe, K.; Osaka, L; Yorozuya, S.; Akagi, K. Chem.
Mater. 2012, 24, 1011-1024. (d) Yang, Y.; Correa da Costa, R;

dx.doi.org/10.1021/ja412294s | J. Am. Chem. Soc. 2014, 136, 3346—3349


http://pubs.acs.org
mailto:santmoya@ucm.es

Journal of the American Chemical Society

Communication

Smilgies, D.-M.; Campbell, A. J.; Fuchter, M. J. Adv. Mater. 2013, 25,
2624—-2628. (e) Liu, J.; Su, H; Meng, L.; Zhao, Y.; Deng, C.; Ng, J. C.
Y.; Lu, P.; Faisal, M.; Lam, J. W. Y.; Huang, X,; Wu, H.; Wong, K. S,;
Tang, B. Z. Chem. Sci. 2012, 3, 2737—-2747.

(13) Jeong, S. M.; Ohtsuka, Y.; Ha, N. Y.; Takainishi, Y.; Ishikawa, K ;
Takezoe, H. Appl. Phys. Lett. 2007, 90, 211106.

(14) (a) Oyama, H.; Nakano, K; Harada, T.; Kuroda, R.; Naito, M,;
Nobusawa, K.; Nozaki, K. Org. Lett. 2013, 15, 2104—2107. (b) Amako,
T.; Kimoto, T.; Tajima, N.; Fujiki, M.; Imai, Y. RSC Adv. 2013, 3,
6939—6944. (c) Amako, T.; Kimoto, T.; Tajima, N.; Fujiki, M;
Yoshitane, Y. Tetrahedron 2013, 69, 2753—2757. (d) Kimoto, T.;
Tajima, N.; Fujiki, M.; Imai, Y. Chem.—Asian J. 2013, 7, 2836—2841.
(e) Maeda, H.; Bando, Y.; Shimomura, K;; Yamada, I; Naito, M,;
Nobusawa, K.; Tsumatori, H.; Kawai, T. J. Am. Chem. Soc. 2011, 133,
9266—9269. (f) Solntsev, K. M.; Gould, E.-A.; Pan, G.; Muller, G.;
Bommireddy, S.; Huppert, D.; Tolbert, L. M. Isr. J. Chem. 2009, 49,
227-233. (g) Field, J. E.;; Muller, G; Riehl, J. P.; Venkataraman, D. J.
Am. Chem. Soc. 2003, 125, 11808—11809.

(15) (a) Tsumatori, H.; Nakashima, T.; Kawai, T. Org. Lett. 2010, 12,
2632—2635. (b) Kawai, T.; Kawamura, K,; Tsumatori, H.; Ishikawa,
M.,; Naito, M.; Fujiki, M.; Nakashima, T. ChemPhysChem 2007, 8,
1465—1468.

(16) (a) Ulrich, G; Ziessel, R.; Harriman, A. Angew. Chem., Int. Ed.
2008, 47, 1184—1201. (b) Arbeloa, F. L.; Bafiuelos, J.; Martinez, V.;
Arbeloa, T.; Lopez Arbeloa, I. Trends Phys. Chem. 2008, 13, 101—122.
(c) Loudet, A; Burgess, K. Chem. Rev. 2007, 107, 4891—4932.
(d) Ziessel, R. C. R. Chim. 2007, 10, 622—629.

(17) (a) Ziessel, R; Ulrich, G.; Haefele, A;; Harriman, A. J. Am.
Chem. Soc. 2013, 135, 11330—11344. (b) Liftschitz, A. M.; Shade, C.
M.; Spokoyny, A. M.; Mendez-Arroyo, J.; Stern, C. L.; Sarjeant, A. A;
Mirkin, C. A. Inorg. Chem. 2013, 6, 5484—5492. (c) Gartzia-Rivero, L.;
Yu, H,; Baiiuelos, J.; Lopez-Arbeloz, L; Costela, A.; Garcia-Moreno, L;
Xiao, Y. Chem.—Asian J. 2013, 8, 3133—3141. (d) Wang, T.; Douglas,
E. F, Jr; Fitzgerald, K. J.; Spiegel, D. A. J. Am. Chem. Soc. 2013, 135,
12429—11344. (e) Jiang, N.; Fan, J.; Liu, T.; Cao, J,; Qiao, B.; Wang,
J; Gao, P; Peng, X. Chem. Commun. 2013, 49, 10620—10622.
(f) Duran-Sampedro, G.; Agarrabeitia, A. R.; Cerdén, L.; Pérez-Ojeda,
M. E,; Costela, A,; Garcia-Moreno, L; Esnal, L; Bafiuelos, J.; Lopez
Arbeloa, I; Ortiz, M. J. Adv. Funct. Mater. 2013, 23, 4195—4205.
(g) Kamkaew, A; Lim, S. H; Lee, H. B,; Kiew, L. V;; Chung, L. Y,;
Burgess, K. Chem. Soc. Rev. 2013, 42, 77—88. (h) Boens, N.; Leen, V.;
Dehaen, W. Chem. Soc. Rev. 2012, 41, 1130—1172.

(18) Wang, Y.; Xu, J.; Wang, Y.; Chen, H. Chem. Soc. Rev. 2013, 42,
2930—2962.

(19) Liy, J.; Su, H; Meng, L.; Zhao, Y,; Deng, C,; Ng, J. C. Y,; Lu, P;
Faisal, M.; Lam, J. W. Y.; Huang, X.; Wu, H.,; Wong, K. S.; Tang, B. Z.
Chem. Sci. 2012, 3, 2737—2747.

(20) (a) Sanchez-Carnerero, E. M.; Moreno, F.; Maroto, B. L,
Agarrabeitia, A. R; Bafiuelos, J.; Arbeloa, T.; Lopez-Arbeloa, I; Ortiz,
M. J; de la Moya, S. Chem. Commun. 2013, 49, 11641—11643.
(b) Haefele, A.; Zedde, C.; Retailleau, P.; Ulrich, G.; Ziessel, R. Org.
Lett. 2010, 12, 1672—1675. (c) Gossauer, A.; Nydegger, F.; Kiss, T.;
Sieziak, R.; Stoeckii-Evans, H. J. Am. Chem. Soc. 2004, 126, 1772—
1780. (d) Beer, G.; Rurack, K.; Daub, J. Chem. Commun. 2001, 1138—
1139. (e) Beer, G.; Niederalt, C.; Grimme, S.; Daub, J. Angew. Chem.,
Int. Ed. 2000, 39, 3252—325S. (f) Gossauer, A.; Fehr, F.; Nydegger, F.;
Stockli-Evans, H. J. Am. Chem. Soc. 1997, 119, 1599—1608.

(21) Tahtaoui, C.; Thomas, C.; Rohmer, F.; Klotz, P.; Duportail, G;
Mély, Y.; Bonnet, D.; Hibert, M. J. Org. Chem. 2007, 72, 269—272.

(22) Similar to the luminescence dissymmetry ratio (see ref 10), the
degree of dichroism is given by the absorbance dissymmetry ratio
(Kuhn’s dissymmetry ratio), g.,(4) = 2(e, — ep)/ (e + €g), where &
and &g refer, respectively, to the molar absorptivity of left and right
circularly polarized absorptions.

(23) Dekkers, H. P. J. M. In Circular Dichroism, 2nd ed.; Berova, N.,
Polavarapu, P. L., Nakanishi, K, Woody, R. W., Eds.; Wiley: New
York, 2000; pp 185-215.

(24) Yang, L.; von Zelewski, A.; Nguyen, H. P.; Muller, G.; Labat, G.;
H. Stoeckli-Evans, H. Inorg. Chim. Acta 2009, 362, 3853—3856.

3349

dx.doi.org/10.1021/ja412294s | J. Am. Chem. Soc. 2014, 136, 3346—3349



