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The synthesis of hydroxy-cruciforms 7 and 8 and their
dramatically varying photophysical properties upon exposure
to amines are reported.

Cruciform fluorophores (tetra-1,2,4,5-vinyl- or -ethynyl-substituted
benzenes, XFs) are m-systems with unusual frontier molecular
orbitals (FMOs). If one of the axes is donor substituted and the
other axis is acceptor substituted, species with spatially separated
FMOs can result. The HOMO is localized on the donor part of the
molecule, while the LUMO is localized on the acceptor part of the
molecule. This FMO arrangement leads to a situation in which
electronic information can be addressed spatially and for which
HOMO and LUMO are manipulated by metal cations or by
protons. We' and others®> have shown that dialkylaniline- and
pyridine-containing XFs display unusually large bathochromic or
hypsochromic shifts when exposed to zinc, magnesium, calcium
and manganese salts or protons.'”> The reason for the large shifts
in absorption and emission is the independently addressable
HOMO and LUMO, enforcing large changes in the HOMO-
LUMO gap.? Up to now, HOMO-LUMO of XF-types have been
addressed by cationic species, binding to the free electron pairs of
pyridines and dialkylanilines. In this contribution we demonstrate
that XFs carrying strategically placed phenol functionalities show
unusual photophysical effects upon deprotonation and exposure to
amines.

The synthesis of hydroxy-XFs starts with the reaction of
phosphonate 1° with either the protected aldehyde 2 or 3 to give
the distyrylbenzene derivatives 4 and 5 in 77% and 68% yield,
respectively, after chromatography and crystallization. Coupling of
4 or 5 with 4-tert-butylphenylacetylene in the presence of Cul-
(Ph3P),PdCl, under standard Heck—Cassar-Sonogashira—
Hagihara conditions’ in piperidine furnished the target XFs 7
and 8, after aqueous workup, chromatography and subsequent
deprotection with trifluoroacetic acid at —78 °C in dichloro-
methane, as yellow or yellowish-brown solids in 41% and 40%
yield respectively (Scheme 1). The relatively low coupling yield (44
and 48% respectively) is due to losses during the chromatography
of the intermediate. Nevertheless, the target XFs are easily
available on a 100-200 mg scale. If 4 is coupled to 9, we obtain
an intermediate in 53% yield, which is deprotected in 85% yield to
give 10.
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Scheme 1  Synthesis of hydroxy-XFs 7 and 8.

Table 1 shows the pertinent photophysical data of 7, 8 and 10.
The XFs 7 and 8 are similar to each other, as they show blue
emission with robust quantum yields. Attachment of ~CF3 groups
on the aryleneethynylene axis in 10 decreases the band gap and
leads to significantly red-shifted absorption and emission. The
Stokes shifts in these XFs are similar and around 3000 cm ™. The
vibronic progression of 8 is in the expected range, while that of 7 is
smaller. The fluorescence spectrum of 10 does not show any
vibronic bands, suggesting that its excited state is structurally
different from its ground state.®

We titrated (Figs. 1, 2) 7 and 8 in a methanol-water mixture
with aqueous base (KOH). Fig. 1 shows absorption and emission
for 8. Upon addition of hydroxide there is no significant change in
the absorption spectrum of 8; the emission of the phenolate of 8 is
largely quenched. A very weak emission band for the deprotonated
form of 8 is observed at 515 nm. The invariance of the absorption
spectrum is surprising and persists upon addition of a large excess
of hydroxide. In the case of 7, upon deprotonation (Fig. 2), the
absorption spectrum shows an appreciable red shift, as would be
expected for a phenolate, with a prominent absorption appearing

Table 1 Photophysical data of 7, 8 and 10 in dichloromethane
solution

CH,Cl, 7 8 10
Absorption (nm) 380 376 404
Emission (nm) 432 423 456
Vibronic progression (cm™ ') 876 1219 none
Stokes shift (cm ™) 3167 2955 2822
(] 0.41 0.72 0.57
7 (ns) 1.42 2.99 na
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Fig. 1 Uv-Vis (top) and emission (bottom) spectra of XF 8ina2: 1 vol.
methanol-water mixture at different pH-values.

at 416 nm. At the same time, the emission changes from 476 nm
(blue) to 580 nm (yellow). Addition of an excess of KOH solution
does not change the emission wavelength further. From the
titrations, the pK, values for 7 and 8 were determined to be 9.9 and
10.0.

Changes in spectroscopic properties are not only observed upon
deprotonation of the XFs 7 and 8 in methanol-water mixtures but
also when solutions of XFs in dichloromethane are exposed to
amines. Fig. 3 shows a photograph of the XFs 7, 8 and 10 exposed
to a panel of different amines, ordered by their increasing pK,
values, while Fig. 4 (bottom) shows the corresponding emission
spectra.
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Fig. 2 Uv-Vis (top, 417 nm A, deprotonated form) and emission
(bottom 474 nm, 596 nm /,,,x) spectra of XF 7 in a 2 : 1 vol. methanol-
water mixture at different pH-values.
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Fig. 3 Photograph of the XFs 7, 8, and 10: 1) reference; exposure to 2)
pyrrole (-), 3) quinoline (4.90), 4) pyridine (5.25), 5) imidazole (6.96;
Jmax7 = 551 nm), 6) morpholine (8.33; 555 nm), 7) piperazine (9.83;
556 nm), 8) ethylene diamine (10.7; 579 nm), 9) piperidine (10.8; 564 nm),
10) triethylamine (10.8; 555 nm), 11) diethylamine (11.0; 562 nm), 12)
diisopropylamine (11.1; 558 nm), and 13) 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU, ~12; 572 nm). The numbers in parentheses are the pK, values
of the corresponding ammonium ions. The photographs are taken in
15 mL vials under a hand held black light (Z,,x = 366 nm).
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Fig. 4 Absorption spectra (top) of solutions of 7 in DCM upon addition
of amine (0.1 mL). Emission spectra (bottom) of solutions of 7 in
dichloromethane (DCM, 15 mL, vial) upon addition of amine (0.1 mL).

Interestingly, the magnitude in shift and the pK,-values of the
amines do not correlate particularly well, as ethylenediamine
(pK, = 10.7), i.e. not the most basic amine, displays the largest red
shift. In the case of the exposure of 7 to quinoline or to pyridine,
fluorescence is quenched, possibly due to a back electron transfer
following proton transfer to the basic nitrogen.” If the amine under
consideration is not very basic, as pyrrole and imidazole, either
there is no change of the emission or a mixed color (imidazole) is
observed. Similar trends are observed for XF 10, even though the
emission intensities are much lower, as is expected from the energy
gap law.'”

Exposure of the XF 8 to amines in dichloromethane results in
quenching (see SI for spectra) of the emission, similar to that
observed on exposure of 8 to KOH. The above observations
demonstrate that 7 and 8 are different from hydroxystilbenes 11
and 12. The phenolate of stilbene 11 is weakly fluorescent, while
that of the meta-compound 12 is quite fluorescent.'' In 11 and 12
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the excited state acidity of the phenolic function is significantly
enhanced, that of 12 more so than that of 11. Neither the XF 7 nor
8, on the other hand, shows dramatically enhanced photoacidity in
methanol-water mixtures with up to 50% vol. water,!" which
makes them comparable to the weak photoacid 2-naphthol with a
pK.* of 2.8.12

The absorption and emission spectra of 7 show a more complex
behavior in the presence of amines (Fig. 4). On the one hand,
except for 1,8-diaza[5.4.0]bicycloundecene (DBU, pK, ~ 12), the
absorption maxima show a shift of ca. 20 nm and are consistent
with a hydrogen-bonded complex.'* Upon addition of DBU a red-
shifted feature is observed, which we attribute to the fully bis-
deprotonated ground state species, as it is identical to that
observed in the KOH-promoted deprotonation of 7. On the other
hand, all of the amine complexes exhibit efficient emission from
the fully deprotonated (ion pair) state. From these observations we
conclude that in dichloromethane solutions the difference in pK,
(or AG of the proton transfer) between 7* and amines is sufficient
to produce solvent-separated ion pairs.'* In the ground state, the
observed ApK, results in the formation of hydrogen-bonded
complexes.

The observation of different, amine-dependent emission
characteristics is of potential importance since Lavigne et al'
have shown that carboxylate-substituted polythiophenes can
discern biogenic amines when the absorption spectra of the
complexes are compared. Our approach is complementary as we
use more sensitive fluorescence spectroscopy.

What is the reason for the dramatic differences in the optical
properties of 7 and 8 upon interaction with bases, ie. proton-
dissociation induced red shift vs. quenching? A DFT calculation
(Fig. 5) of the FMO-distribution of 7 and 8 sheds light on this
issue. In the dianion of 7, HOMO and LUMO show spatial
overlap in the central ring and both absorption and emission are
Franck—Condon allowed. In the case of 8 the situation is different.
Due to the disjoint orbital structure in which the HOMO s
localized only on the two phenolate rings, while the LUMO is strictly
localized on the bisarylethynyl axis, there is a vanishingly small
spatial overlap between the two frontier molecular orbitals, resulting
in a Franck—Condon forbidden transition. Without the quantum
chemical calculations, the different spectroscopic properties of
72" and 8~ would be very hard to rationalize. Since the 340 nm
transition is both invariant with respect to deprotonation and
strongly allowed, we conclude that this is a HOMO-LUMO
transition in 8 but a HOMO-LUMO + n-transition in the
deprotonated form of 8, while the weaker HOMO-LUMO
transition of the dianion of 8 is hidden in the baseline.> The
allowed transition in the dianion must have a similar gap to the
HOMO-LUMO-transition in the neutral compound, explaining
the lack of change in the absorption spectra.

In conclusion, we have prepared the two XFs 7 and 8 and
investigated their photophysical properties upon deprotonation or
exposure to amines. We see dramatic differences between the para
(7) and the meta (8) XF as a consequence of the different FMO
distribution. The dianion 8 suffers from a Franck—Condon
disallowed HOMO-LUMO-transition, which is responsible for
the observed fluorescence quenching. Potential applications of
such materials with separated FMOs include exciton collection and
splitting in photovoltaic devices and fluorescence sensors in cases
where the XFs are equipped with additional binding elements.

8>: HOMO

Fig. 5 Density of the frontier molecular orbitals (HOMO and LUMO)
of the bisphenolate anions of models of 7 and of 8 (zerz-butyl groups are
omitted) as calculated by B3LYP-6-31G**//B3LYP-6-31G** using
SPARTAN.
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