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A series of BODIPY bridged push-pull chromophores were prepared by a sequence of reactions involving:
i) cross-coupling reactions promoted by palladium complexes; ii) Knoevenagel condensation leading to
dicyano derivatives; iii) [2+2] cycloaddition. The last reaction is regioselective, providing mono-deriva-
tives with anisole substituents. With dimethylaminophenyl donor groups, double addition is feasible,
providing highly colored dyes displaying remarkable electrochemical properties.

© 2011 Elsevier Ltd. All rights reserved.

The term ‘push-pull’ has been used to describe conjugated com-
pounds that have an electron donor group (D) and an electron
withdrawing (A) group that exhibit intramolecular charge transfer
(ICT) through the m-conjugated bridge (also called a D-mt-A sys-
tem). ICT character derives from the molecular push-pull structure
and has been largely investigated for optical-electrical applica-
tions, such as in light-emitting devices,! optical imaging of living
tissues,>* nonlinear optical devices (NLO),>® and solar cell materi-
als.”~1% It has been demonstrated that the combination of electron
donor and electron withdrawing groups can efficiently modify the
electronic signatures and chemical properties of the conjugated
chromophore” =13 such as seen in its optical absorption and elec-
tronic states (HOMO/LUMO). Over the last decade, most interest in
push-pull systems has been focused on understanding structure—
property relationships and the engineering of molecular materials
with strong NLO responses.

BODIPY dyes are well known for their strong absorption, high
solubility in common organic solvents, high fluorescence quantum
yield, and their good chemical and photochemical stability.'* Al-
ready known as laser dyes,'* BODIPY derivatives are promising
candidates for NLO applications. To date, however, only a few func-
tionalised BODIPY based chromophores have been described for
use in the field of two photon absorption for cell imaging or tele-
communications'?7!® and overall the study of BODIPY based
push-pull systems is rather limited.”!" The construction of a
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push-pull system based on the BODIPY scaffold should provide
materials with new optical and electronic properties and thus
might offer new opportunities for advanced optoelectronic
devices.®>*°

Here, we present a series of BODIPY bridged push-pull chro-
mophores in which an electron donor group and an electron with-
drawing group have been successively conjugated to the BODIPY
core at the 2 and 6 positions. The optical and electrochemical prop-
erties have been investigated in detail. The introduction of anisole
or benzaldehyde groups onto the BODIPY 1 at the 2,6 positions was
performed by two successive Sonogashira coupling reactions under
standard conditions (Scheme 1).2! The ethynyl groups were se-
lected not only as a means to attach the D/A groups to the chromo-
phore, but also to extend the conjugation between the donor and
the acceptor.® The dicyanomethylene group intended to function
as an electron withdrawing entity was generated by a Knoevenagel
condensation®? on the aldehyde 3 with malononitrile in dichloro-
methane at reflux, leading to the purple compound 4 (Scheme 1).
Some difficulties in the purification and identification of compound
4 were encountered due to its poor solubility in common solvents.
Intermolecular aromatic w-m stacking and anti-parallel dipole-di-
pole interactions in solution favor molecular aggregation. This is a
common practical problem that has been widely discussed in re-
gard to push-pull chromophore synthesis.>>~2> The strategy often
applied is to introduce bulky substituents onto the push-pull chro-
mophore scaffold in order to increase the steric hindrance and pre-
vent aggregation, therefore providing better solubility.?>?*> We
have previously shown that introduction of diethynyl-groups on
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Scheme 1. Synthesis of BODIPY derivatives 2-7.

the boron atom of the BODIPY core by using the appropriate Grig-
nard reagents can indeed efficiently prevent the formation of
aggregates and increase the solubility.2627 After the replacement
of the fluorides of dye 2 using the Grignard reagent of dim-
ethylaminopropyne to give 5, the same procedure as used to obtain
4 gave the dicyanomethylene derivative 7 (Scheme 1). Compound
9 was synthesized similarly in order to compare its optical proper-
ties with those of compounds 4 and 7 (Scheme 2). Dye 9 is less con-
jugated than 4 and therefore has a better solubility in common
organic solvents.

In order to improve the dipole moment strength along the BOD-
IPY molecular axis, more powerful electron donor and electron
withdrawing groups are required. This must, however, be associ-
ated with good solubility of the new dyes and a means of achieving
this desirable combination was suggested by the recent work of
Diederich and co-workers on the reaction of tetracyanoethene
(TCNE) with electron rich alkyne derivatives.?®>' The donor-
substituted alkyne groups undergo a [2+2] cycloaddition reaction
with TCNE, followed by the formation of an intermediate cyclobu-
tene which subsequently undergoes ring opening leading to the
1,1,4,4-tetracyanobuta-1,3-diene (TCBD) derivatives (Scheme 3).

60°C

Al,O3 CH,(CN),
CH,Cl,, Reflux

FF
9,51%

Scheme 2. Synthesis of BODIPY derivative 9

The TCBD unit exhibits a strong acceptor character and imports a
good solubility in common solvents due to the non-planarity of
the molecule which efficiently prevents the formation of
aggregates.?832

Scheme 3. ORTEP view of dye 11. Displacement ellipsoids are drawn at 30% probability level.
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Figure 1. Synthesis of BODIPY derivatives 11 and 13.
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Figure 2. Packing view of dye 11 in cyan at general position x,y,z. In gold,
molecules related by a center of inversion, in magenta, by c-glide planes (in
transparency) and in green by a two-fold screw axis. Dashed lines indicate non-
conventional hydrogen bonds.

The BODIPYs 10 and 12 containing ethynyl donor groups at the
2,6 positions were selected to react with TCNE in dichloromethane
at room temperature, leading to the substituted TCBDs 11 and 13
in good yields (Fig. 3). Interestingly, the reaction of dye 12 with
TCNE in a proportion of 1:2.2 gives the mono substituted deriva-
tive 13 in 77% yield. Despite the use of an excess of TCNE, the
mono-insertion was principally observed, whereas no selectivity
was observed during reaction of dye 14 with TCNE (Scheme 4).
Compound 14 was synthesized according to the literature®' then
reacted with TCNE in a proportion of 1:1.3 under the standard
reaction conditions. This gave the mono and di-substituted deriva-
tives 15 and 16 in 55% and 36% isolated yields, respectively. The
TCNE was totally consumed in the reaction, indicating that the dib-
utylamino moiety of 14 reacts more readily with TCNE than the
anisole unit of 12.

The molecular structure of compound 11 was determined by
X-ray diffraction on a single crystal. The BODIPY core remains

planar. The two dicyanovinyl (DCV) residues project in opposite
directions, with an interplanar dihedral angle (C24-C13-C12-
C21) of 38.2° (Fig. 1). The DCV moiety adjacent to the BODIPY
twists out of the BODIPY plane with a torsion angle (C5-C6-
C12-C21) of 43.7°, while the other DCV moiety twists in the oppo-
site sense, with a torsion angle (C7-C6-C12-C13) of 43.5°. The tor-
sion angle between the anisole ring and the adjacent DCV (C24-
C13-C14-C19) is 47.1° and that with the other DCV (C12-C13-
C14-C15) is 46.7°. Due to the strongly electron withdrawing TCBD
groups, the C7-C6 bond (1.41 A) is significantly longer than the
C2-C3 bond (1.36 A).

Molecules of compound 11 are all aligned in the crystalline
state along the longest dimension of the unit cell, that is, the b axis,
but without developing efficient m-m stacking interactions,
whereas TCBD moieties are segregated into layers along the glide
planes at positions y = %4 and 34 (Fig. 2). Among the numerous weak
interactions which mediate the crystal packing of these molecules,
for example, CHs(methoxy-)- - -O(methoxy at —x, -y, —z), C-H.--F
making molecular chains along the [100] direction, C-H
(methoxybenzyl group---m (BODIPY) hydrogen bonds between
molecules related by the ¢ glide planes, three out of the four TCBD
nitrogen accept Cs,, or 3-H bonds from close neighbors with dis-
tances ranging between 2.4 and 2.7 A.

The optical properties of the push-pull chromophores were
evaluated in different solvents. Table 1 contains selected data for
species other than the TCBD derivatives (see ahead). In solution,
all these compounds show a strong So-S; transition between
).~ 540-570 nm with an absorption coefficient in the 60,000-
90,000 M~ cm~! range, unambiguously assigned to the boradiaza-
indacene chromophore.>® In EtOH, a decrease of the extinction
coefficient for both formyl derivatives 3 and 6 were observed. This
fact may be attributed to the poor solubility of the compounds in
EtOH. At higher energy, two weak broad bands centered around
410 nm and 350 nm, can be attributed to a charge transfer absorp-
tion®® and the S-S, transition of the BODIPY moiety, respec-
tively.3* m—m* transitions with vibronic structure are observed at
230-320nm for the phenyl groups. In CH,Cl,, the BODIPY
dyes show emission maximum in the 561-611 nm range. The
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Table 1

Optical properties of selected BODIPY derivatives
Compounds Jabs (NM) (M 'em™) Jem (NM) D (%) 7 (ns) k> K
2 (CH,Cl,) 543 57,000 606 6 0.7 8.6 1343
3 (Dioxan) 561 80,000 604 42 2.6 16.2 223
3 (CH,Cly) 563 36,000 611 28 17 16.5 424
3 (EtOH) 556 12,000 614 16 0.9 17.8 933
4 (Dioxan) 565 73,000 610 46 2.4 19.2 225
4 (CH,Cly) 569 82,000 616 28 17 16.5 424
4 (EtOH) 563 74,000 612 16 1.1 14.5 76.4
5 (CH,Cly) 539 52,000 600 3 14 2.1 69.3
6 (Dioxan) 555 57,000 591 76 3.2 23.8 7.5
6 (CH,Cly) 559 65,000 603 36 2.7 133 23.7
6 (EtOH) 555 36,000 598 41 2.5 16.4 23.6
7 (Dioxan) 562 75,000 597 73 3.1 235 8.7
7 (CH,Cly) 567 85,000 606 32 15 213 453
7 (EtOH) 562 75,000 600 15 1.1 13.6 773
9 (CHyCl,) 535 94,000 561 53 23 23.0 204
10(CH,Cl,) 526 55,100 591 17 1.7 10.0 4838

2 Quantum yield determined in dilute solution (1 x 10~ M) using rhodamine 6G as reference (r=0.78 in water, Zexc =488 nm

).38

b All ¢ are corrected for changes in refractive index. k, (107 s~') and k,, (107 s!) were calculated using the following equations: k. = /T, knr = (1 — @f)/1.

fluorescence quantum yields are in the 28-53% range, with the
exception of the intermediate iodo-substituted compounds 2 and
5, for which the fluorescence is dramatically reduced due to a fas-
ter nonradiative decay, suggesting a fast intersystem crossing from
the singlet excited state to the triplet state.?!

The absorption spectra of the dicyanomethylene derivatives 4, 7
and 9 in dichloromethane show intense absorption around 480-
630 nm with molar absorption coefficients in the 75,000-
94,000 M~ cm~! range (Fig. 3). In the absence of the anisole group,
compound 9 shows hypsochromic shifts relative to compound 4 of
34 and 55 nm in absorption and emission, respectively. In addition,
9 has a relatively small Stokes shift (866 cm~') with a higher quan-
tum yield (53%) and longer decay time (2.3 ns). The absorption
band centered at 420 nm with absorption coefficients in the
15,000-20,000 M~! cm™! range can be attributed to a charge trans-
fer absorption band. The absorption centered on 350 nm can be
attributed to the S-S, transition with absorption coefficients in
the range of 15,000-18,000 M~! cm™". This transition is also more
intense than in common BODIPYs.?*® Surprisingly, no significant
solvatochromism is observed for any of the push-pull dyes, with
variation of less than 6 nm from solvents with weak dipole mo-
ments to solvents with a stronger dipole.

The influence of the solvent is more important on the fluores-
cence with a strong decrease of the quantum yields (®) and the
lifetime (7) when the dipole moment of the solvent increases. Con-
versely, the Stokes shifts increase slightly in more polar solvents.
For 7, the quantum yield (¢) and lifetime (t) decrease when the
solvent changes from dioxane (0.73, 3.1ns) to EtOH (0.15,
1.1 ns). The rate of non-radiative decay k;, increases (about nine
times) while that of radiative decay k,, remains similar. The small
changes in Stokes shift in solvents with various dipole moments
may indicate that the difference in dipole moments between the
excited state and the ground state is small.>*3°

The TCBD BODIPY dyes 13, 15 and 16 show high solubility in
common solvents. The UV/Vis absorption spectra of all three mol-
ecules display a similar broad, less band between 450 and 700 nm,
with molar absorption coefficients in the 35,000-80,000 M~! cm™!
range (Fig. 4). In comparison with the parent BODIPY 12, the lowest
energy absorption maximum of 13 shows a bathochromic shift of
25 nm. For 15 and 16, the formation of mono- and di-TCBD moie-
ties leads to bathochromic shifts of 25 and 40 nm, respectively,
compared with 14. The broad absorption band may be due to an
inhomogeneous distribution of the solvation sphere. Interestingly,
for 15 at shorter wavelengths, two overlapping absorption bands
are observed between 260 and 400 nm, corresponding to CT
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Figure 3. Normalized absorption spectra of 4 (dark blue), 7 (red) and 9 (green) in
CHCl,.
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Figure 4. Normalized absorption spectra of 13 (green), 15 (red), and 16 (dark blue)
in dioxane.

between the amino group and the adjacent TCBD, and to the m-
7* transition of the free alkylaminophenylethylene group, the lat-
ter being absent in the case of 16. The fluorescence of the TCBD
dyes 13, 15, and 16 is completely quenched.

The electrochemical properties of selected dyes were evaluated
by cyclic voltammetry (Table 2). Compound 12 was used as refer-
ence to compare with dyes 4 and 13. For dyes 4 and 12, both are
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Table 2
Electrochemical data of selected BODIPYs?

Compounds  E°y [V] (AE [mV]) E°eq [V] (AE [mV])
4 +1.09 (irrev) —1.05 (irrev), —1.12 (90)
12 +1.01 (irrev) —1.10 (96)
13 +1.27 (irrev) —0.25 (64), —0.73 (69), —1.48 (78)
14 +0.65 (irrev), +0.75 —1.16 (106)
(irrev), +1.15 (76)
15 +0.76 (irrev), +1.26 (71) —0.41 (83), —0.80 (144), —1.57

(irrev)
—0.29 (76), —0.42 (85), —0.81
(120), —0.95 (164)

16 +1.27 (80)

2 Cyclic voltammetry carried out in deoxygenated CH,Cl, solutions, containing
0.1 M TBAPFg, at a solute concentration range of 1.5 x 10~ M, at 20 °C. Potentials
were standardized using added ferrocene (Fc) as internal reference and converted
to SCE assuming that E; , (Fc/Fc*) = +0.38 V (AE, = 70 mV) versus SCE. Error in half-
wave potentials is #15 mV. When the redox process is irreversible the peak
potential (E,, or Ecp) is quoted.

—13 FclFc*

Current (uA)

/7

-5 -1000 -1500 -2000
Potential (mV)/vs SCE

Figure 5. Cyclic voltammetry of 4 + ferrocene (dark blue), 12 + ferrocene (green),
and 13 + ferrocene (red).

characterized by an irreversible oxidation wave at +1.09 and
+1.01V, respectively, corresponding to the one-electron oxidation
of the BODIPY moiety to the radical cation (Fig. 5). On the reduction
scans, a single reversible peak is observed at —1.10V for dye 12
and —1.12 V for 4 and can be unambiguously attributed to the for-
mation of the m-radical anion of the BODIPY core.!!?%3¢ For 4, an
additional irreversible reduction of the dicyanovinyl group was ob-
served at —1.05V, this being in the expected potential range for a
dicyanovinyl residue.?’

For dye 13, on the oxidation scans, an irreversible wave was ob-
served at +1.27V and can be attributed to the BODIPY moiety
undergoing one-electron oxidation. Compared with dye 12, it is
clear that the TCBD residue makes the BODIPY moiety more diffi-
cult to oxidize by 250 mV. On the reduction scans, interestingly,
three reversible peaks are observed at —0.25, —0.73, and —1.48V,
corresponding to the successive one-electron reductions of the
dicyanovinyl (DCV) groups and the BODIPY moiety, respectively.
Due to the electrostatic effect, the second reduction of the DCV
moiety is made more difficult by 480 mV and the reduction of
the BODIPY moiety is more difficult by 380 mV.

The electrochemical properties of dye 14 are shown in Fig. 6.
Three oxidation waves are observed at +0.65, +0.75 and +1.15 V.
The first two close but resolvable irreversible one-electron oxidation
waves can be attributed to the successive oxidation of the two dib-
utylamino moieties, indicating an effective electronic interaction
between both groups through the n-conjugated BODIPY core. The
third oxidation wave can be attributed to the formation of the BOD-
IPY radical cation. The reversible reduction peak observed at —1.16 V
corresponds to the formation of the BODIPY radical anion.
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Figure 6. Cyclic voltammetry of TCBDs dyes 14 + ferrocene (dark blue), 15 + fer-
rocene (red), and 16 + ferrocene (green).

For dye 15, the first irreversible wave at +0.76 V can be unambig-
uously assigned to the one-electron oxidation of the free amino
group at the opposite side of the TCBDs residue (Fig. 6). The TCBD
group clearly renders the oxidation of the adjacent amino group
more difficult due to a pronounced electron withdrawing effect.
The second reversible but not well resolved oxidation wave at
+1.26 V is more difficult to assign. In comparison with 14, the peak
can be attributed either to the amino group adjacent to the TCBD,
or to the BODIPY oxidation to form the radical cation. For 13, two
well resolved reversible reduction steps at —0.41, —0.80V, and a
third quasi-reversible reduction step at —1.57 V can be attributed
to the successive one-electron reductions of the dicyanovinyl
(DCV) groups and the BODIPY moiety, respectively. The reduction
of BODIPY core is made more difficult by the TCBD residue by
410 mV.

More interestingly, for dye 16 a single reversible oxidation peak
is observed at +1.27 V. The fact that the current integration of this
peak is double that for the first reduction peak at —0.29 V, indicates
that both amino groups oxidize at the same potential due to the
sterically enforced deconjugation induced by the TCBD residues.
Furthermore, in comparison with 15, the oxidation of the BODIPY
core will be shifted to a higher potential due to the presence of
two TCBDs residues. It is likely that the potential falls outside the
accessible electrochemical window (+1.6 V vs SCE). The remark-
able three reversible and fourth quasi-reversible reductions steps
observed at —0.29, —0.42, —0.81, and —0.95 V, respectively, corre-
spond to the successive one electron reductions of the four DCV
moieties. The reduction of the BODIPY core is obviously made more
difficult by the double TCBD residues, and is probably outside the
accessible electrochemical window (—1.6 V vs SCE).

In summary, a series of BODIPY based push-pull chromophores
have been prepared and their optical and electrochemical proper-
ties have been investigated. Interesting electrochemical properties
of the TCBD BODIPY dyes were observed due to the strong electron
withdrawing groups. There appears to be an effective electronic
conjugation along the 2,6-molecular axis. Further investigations
of the nonlinear optical properties of these push-pull dyes are cur-
rently in process.
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