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Push-pull organic compounds with s-conjugated backbones
are attracting considerable interest in terms of their highly
efficient (NLO) non-linear optical effects. In this respect, cyano
groups constitute one of the strongest electron acceptors
suitable for NLO materials. We herein report the first 1,1,4,4-
tetracyanobutadiene (TCBD) spirobifluorene (SBF) through a
double [2 + 2] cycloaddition-retroelectrocyclization. Enantiomer-
ic resolution by HPLC using a chiral stationary phase (CSP) and
theoretical calculations unveiled not only the nature of the
potential energy surface, but also the absolute configuration of

Introduction

Organic molecules bearing donor and acceptor groups linked
by ot fragments"? have been in pursuit of materials with large
NLO properties.>” Studies have similarly indicated the rele-
vance of chirality toward NLO candidates.”” On the other hand,
the tetrahedral carbon atom connecting two perpendicular
rings in spiranes is responsible for the 3D geometry and rigidity
of these systems.” In the case of spirobifluorene (SBF), the 90°
relative orientation between the fluorene units provides
thermal stability and solubility (Figure 1)."'" The unique
optoelectronic properties of these systems have made them
useful in several applications such as polymer chemistry,"”
catalysis™ or organic electronics.™ While there are a total of 16
available positions assessed for the functionalization of SBFs,
those substituted at the C2 position are of great interest due to
their high reactivity, as well as ability to efficiently expand -
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each enantiomer. Since both the presence of strong donor and
acceptor, as well as the intrinsic non-centrosymmetric character
of chiral compounds are a prerequisite for the development of
NLO properties, the first hyperpolarizability of the developed
system was theoretically calculated. The results suggested a
strong dependence on the conformation and an intensity
enhancement for certain conformers of 1 as compared to its
allenic TCBD analogue. Therefore, the present study opens a
new class of SBF compounds suitable for NLO applications.

Figure 1. 3D representation of (P) and (M) stereoisomers of 2,2'-disubsti-
tuted-9,9'-spirobifluorene.

conjugation.™ As 2,2'-disubstituted SBFs offer axial chirality, we
theoretically predicted"® and experimentally demonstrated the
suitability of SBFs for the development of robust chiroptical
systems including all-carbon double helices and flexible shape-
persistent macrocycles,"” chiral frameworks for surface
functionalization® or even systems featuring helical molecular
orbitals."

TCBD derivatives have attracted the attention of several
studies for their reliability in optoelectronic applications.”” The
typical intramolecular charge transfer presented by these
systems particularly reaches beyond the UV/Vis region of the
electromagnetic spectrum toward the near infra-red.?" The
steric crowding in TCBDs also results in twisted conformations
that improves their applicability®® and processability.” In very
special cases, the high energy interconversion between con-
formations allows for the resolution of chiral atropisomers.¥

Diederich and Crassous have earlier reported TCBDs directly
attached to chiral allenes®™?® and helicenes,”” respectively, to
control the handedness of the twisted TCBDs (Figure 2).
However, even when SBFs and TCBDs are both very useful
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Figure 2. Structures of previously reported TCBD-allene™?* and TCBD-
helicene,”” and TCBD-SBF (P)-1.

moieties for the development of functional materials, no
examples of TCBD-SBFs have been reported to date. Therefore,
in this work we describe the synthesis, enantiomeric resolution,
as well as evaluation of both optical and chiroptical properties
of the first TCBD-SBF 1. Theoretical simulations postulate that
these systems can serve as promising candidates for NLO
applications.

Results and Discussion

Recently published diethynyl spirobifluorene (£)-2 bear aniline
moieties directly attached to the acetilenes.” This fact makes
them electron rich and susceptible for [2+2] cycloaddiotion-
retroelectrocyclization. Thus, the reaction of (£)-2 with tetracya-
noethylene (TCNE) was performed in CDCl; to follow the
reactivity of the acetylenes present in the system by 'H NMR at
25°C (Scheme 1). The purification and full characterization of
(#)-1 by means of 'H NMR, '*C NMR, and HR-ESI-MS uncovered
a quantitative conversion, which is typical of this type of click
reactions.”” Thermogravimetric analysis and differential scan-
ning calorimetry showed a thermal stability c.a. 200°C (for more
information see the Supporting Information).

The enantiomeric resolution of (4)-1 was carried out
through semi-preparative HPLC using the chiral stationary
phase (Chiralpak® IA) with a 1:1 mixture of CH,Cl,/n-hexane
solvent system and a flow rate of 2 mLmin™". The enantiomeric

excess of each fraction was determined to be over 99% (for
more information, see the Supporting Information). The elec-
tronic circular dichroism (ECD) spectra were subsequently
measured in CH,Cl,. As depicted in Figure 4, the ECD spectra
present a broad band centered at 550 nm and a sharper band
of opposite sign at 425. We also observed high stability for the
fraction B by monitoring ECD spectra at different times of
daylight exposure (for more information see the Supporting
Information).

In order to evaluate the chiroptical responses, we con-
ducted a theoretical study by first exploring the potential
energy surface (PES).2” Three torsion angles, a, 8 and 6, of the
model system 3 bearing a single TCBD unit were analyzed
(Scheme 2, for more information see the Supporting Informa-
tion). Each torsion angle was scanned independently at the
Hartree-Fock level of theory with STO-3G basis set, followed by
full optimization of the low energy structures obtained from
each PES (see Figures S13-523 in the Supporting Information)
at the B3LYP/6-31G(d,p) level of theory. The sequential explora-
tion of the torsion angles from a rendered 3 conformers, each
of which was subjected to the scanning of j, leading to 7
conformers. Finally, & was scanned for the 7 conformers and
this strategy gave a total of 14 conformers (Figure S24, for more
information see the Supporting Information). The PES of (P)-1
was next explored by considering the possible conformers of 3
and the relative energy window was limited to below
0.7 kcalmol™". With these characteristics, two pairs of enantio-
meric conformers could be found, in which the main features
are the relative orientation of the aniline moiety pointing to the
neighboring fluorine or away from it and the twist of the
butadiene moiety (Figure 3). These four conformations for the
TCBD moiety were combined in all the possible combinations in
(P)-1, giving rise to a total of 10 conformers after optimization
at the B3LYP/6-31G(d,p) level of theory.

Only the three conformations with relative energies below
0.7 kcalmol™" were taken into account for the prediction of UV/
Vis and ECD at the CAM-B3LYP/6-31G(d,p) level of theory
(Figure 4, for more details see the Supporting Information). This
hybrid functional was chosen for a better definition of the
excited states,*" and solvent effects were introduced through
polarizable continuum model (PCM)®? in order to match the
solvent media used for the experimental ECD and UV/Vis
measurements. Theoretical spectra were then constructed by
the Boltzmann distribution® of each low-energy conformer as

a function of their Gibbs free energies (for more information
see the Supporting Information). The good agreement between
theoretical and experimental ECD spectra allows us to assign

Scheme 1. Synthesis of (+)-1 from (+)-2. Reagents and conditions: i) tetracyanoethylene, CDCl;, 25°C, 5 h.
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Scheme 2. Methodology for systematic scan (left) and representation of the
torsion angles explored for PES of model system 3 (right).
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Figure 3. Relative Gibbs free energies for conformers from (P)-1a to (P)-1j
after optimization at the B3LYP level of theory using 6-31G(d,p) basis set.
Internal torsion angles adopted by tetracyanobutadiene moieties are
depicted in red.
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Figure 4. Comparison of theoretical Boltzmann weighted UV/Vis (top) and
ECD (bottom) spectra with those of fractions A and B obtained from
enantiomeric resolution of (+)-1 measured in CH,Cl,. Theoretical calculations
were performed at the CAM-B3LYP/6-31G(d,p) level of theory and solvent
effects (CH,Cl,) were introduced by polarizable continuum model. For the
sake of clarity, the theoretical Boltzmann weighted spectra were red-shifted
by 0.39 eV and all bands were broadened with a Gaussian of

HWHM =0.20 eV. Left y-axes stand for theoretical data.

unambiguously the (P) absolute configuration for fraction B of
1.

With the goal of analyzing the NLO properties of (P)-1, we
calculated the first hyperpolarizabilities for the three more
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weight = 0.52

weight = 0.43

(P)-1d

weight = 0.48

(P)-1h

weight = 0.97

Figure 5. Dominant NTO pairs that contribute more than 50% to the lowest
electronic transition (S1) of conformations (P)-1a, (P)-1d and (P)-1h
computed at the CAM-B3LYP level of theory using 6-31G(d,p) basis set with
an isosurface value of 0.02 electrons/bohr®.

stable conformations (P)-1a, (P)-1d and (P)-1h. While conformer
(P)-1h bears the highest first hyperpolarizability, 84.4 107*° esu,
this value is 17.3x10*° esu for (P)-1d, and 3.8x10*° esu for
(P)-1a (more details are given in the Supporting Information).
Remarkable differences in the hyperpolarizability values for the
three structures were observed. It is well established that NLO
properties are associated with intramolecular charge transfer
(ICT) process.” Therefore, the analysis of the charge transfer in
the three structures seems to be essential. In literature, frontier
molecular orbitals (FMOs) and natural transitions orbitals (NTOs)
have been employed to study and visualize the ICT.2*3 Even
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some studies have shown a correlation between the HOMO-
LUMO gap and hyperpolarizabilities and ICT.2¢®

Frontier molecular orbitals and HOMO-LUMO gap for the
three conformers were collected in the Supporting Information
and NTOs for the first and second dominant electronic
transitions were visualized at the CAM-B3LYP/6-31G(d,p) (Fig-
ure 5). In general, NTOs are obtained by transforming the
canonical molecular orbitals into a more compact form and
they are a useful tool to describe electronic transitions and
CT2? For (P-1a and (P)-1d, intramolecular charge transfer
(ICN® occurs simultaneously in both halves of the molecule
between the aniline and the TCBD moieties for the two lowest
electronic transitions, yet the two lowest electronic transitions
represent an ICT in only one of the arms of the system in the
case of (P)-1h. NTOs, FOMs and HOMO-LUMO gaps show a
more efficient intramolecular charge transfer in the (P)-1h (for
more details see the Supporting Information). We believe that
this is the reason why (P)-1h presents much larger hyper-
polarizabilities than the other two stable conformations.

Conclusion

In summary, we have synthesized the first SBF-TCBD derivative
(£)-1 via click reaction between electron-rich alkyne (+)-2 and
TCNE as a strong electron acceptor. HPLC-CSP method success-
fully has provided the enantiomers of 1 in a high enantiomeric
excess. Comprehensive PES analyses and subsequent ECD
spectra simulations at the B3LYP/6-31G(d,p) level of theory
have enabled us to assign unambiguously the AC of each
fraction collected from HPLC. Theoretical calculations also have
pointed out that the first hyperpolarizability values of the most
stable conformers dramatically differ and this fact could be
explained in terms of more intense ICT transitions in (P)-1h
because of its lower symmetry. The predicted first hyper-
polarizability values of conformers (P)-1a and (P)-1h are higher
than the previously reported allene-based analogue,” especially
it becomes remarkable for (P)-1h. We believe that this study
can provide the framework for developing novel TCBD-SBF
derivatives suitable for NLO applications.

Experimental Section

General information

All reagents were commercially available compounds of the highest
purity. HPLC grade solvents were used for the HPLC method. Flash
column chromatography (FCC) was carried out using Merck silica
gel 60 (230-400 mesh) under pressure. Analytical thin layer
chromatography (TLC) was performed on aluminum plates with
silica gel Macherey-Nagel UV,s, and visualized by UV irradiation
(254 nm) or 365 nm or by staining with a solution of phosphomo-
lybdic acid. HPLC was performed using the separations module
Waters 2695, the photoiode array detector Waters 996 and the
chiral stationary phase Chiralpak® IA (Daicel Chemical Industries
Ltd.). UV/Vis and ECD spectra were recorded on a Jasco J-815
spectropolarimeter at 25°C employing 1 cm cuvette. '"H NMR and
3C NMR spectra were recorded in CDCl, at 25°C on a Bruker AMX-
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400 spectrometer operating at 400.16 MHz and 100.62 MHz with
residual protic solvent as the internal references 'H=7.26 ppm and
3C=77.16 ppm. Chemical shifts (§) are given in parts per million
(ppm) and coupling constants (J) are given in Hertz (Hz). The
spectra are reported as follows: 6 (multiplicity, coupling constant J,
number of protons and assignment). HR-ESI-MS spectrum was
measured with an APEX3 instrument. Thermal stability was studied
by simultaneous thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) using a Setaram SETSYS Evolution 1750
instrument.

1,1,4,4-tetracyanobutadiene spirobifluorene (£)-1: Into a 5mL
vial, SBF (£)-2 (9.3 mg, 0.015 mmol) and tetracyanoethylene (5 mg,
0.040 mmol) were added and dissolved in CDCl; (1.5 mL) and stirred
for 5h at 25°C. After evaporating the solvent, the purification of
the crude by flash column chromatography (SiO,, gradient from
30% to 60% EtOAc/n-hexane) afforded (+)-1 (12.9 mg, 100%) as a
brown solid. '"H NMR (400.16 MHz, CDCls, 6): 7.95 (dd, J=8.2, 0.6 Hz,
2H, H4 and H4'), 7.92 (ddd, J=7.7, 1.2, 0.8 Hz, 2H, H5 and H5’), 7.69
(d, J=9.4 Hz, 4H, H2" and H6"), 7.5-7.4 (m, 4H, H3, H3’, H6 and H6'),
7.40 (br's, 2H, H1 and H1'), 7.28 (td, J=7.7, 1.1 Hz, 2H, H7 and H7),
6.76 (ddd, /=7.7, 1.0, 0.7 Hz, 2H, H8 and H8'), 6.68 (d, J=9.4, 4H,
H3” and H5"), 3.16 (s, 12H, 2x(N(CH;),)) ppm. *C NMR (101.19 MHz,
CDCl;, 6): 168.6 (2x, SBFC(C)=C(CN),), 163.5 (2x, PhNMe,C(C)=C-
(CN),), 154.6 (2%, C4"), 148.9 (2, C), 148.4 (2x, C), 148.3 (2%, C), 139.8
(2x, €), 132.8 (4x, C2" and C6"), 131.5 (2%, C), 130.9 (2x, C3 and C3’),
130.8 (2x, C7 and C7'), 129.1 (2%, C6 and C6'), 125.1 (2x, C1 and C1'),
124.6 (2x, C8 and C8'), 121.9 (2x, C4 and C4' or C5 and C5'), 121.6
(2x, C4 and C4' or C5 and C5'), 118.6 (2x, C1"), 114.6 (2x, C=N), 113.6
(2x, C&=N), 112.4 (6%, C3", C5" and C=N), 111.7 (2x, C=N), 85.8 (2x,
C=C(C=N),), 74.3 (2x, C=C(C=N),), 65.9 (C9), 40.3 (4x, N(CH5),) ppm.
HR-ESI-MS: m/z calc. for CyHisN,, [(M+H)I", 859.3041; found,
859.3016.

Computational methods

All computational theoretical calculations were performed using
the GAUSSIAN 09 program package.”” Computational data not
indicated in the manuscript can be found in the Supporting
Information.
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