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Mimicking the Dye Processes of Sensory Photoreceptors

Jorg Daub

Christian Trieflinger

Oleg Kushnir
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Institut fiir Organische Chemie, Universitidt Regensburg,
Regensburg, Germany

Photochromism describes the dye-based events of sensory photoreceptors initiating the
signalling cascades in living organisms. Research on synthetic dye conjugates related
to these primary processes are presented. Isoalloxazine(flavin)-borondipyrromethene
1a and its photoredox switching with 1,3-propanedithiol parallels in some aspects
the flavin-based blue-light photoreceptors. Dihydroazulene /vinylheptafulvene (DHA/
VHF) photochromism resembles the retinal-type photoreceptors. They both proceed by
a photochemical “on” and a thermal “off” switching. Details on the electronically
excited state properties of DHA /VHF photochromism are reported.

Keywords: boron-dipyrromethene (BODIPY); dihydroazulene photochromism; flavin;
flavin-thiol photochromism; molecular switching; photochromism; photophysics; sensory
photoreceptors; ultrafast processes

INTRODUCTION

Growth and development of organisms in Nature are regulated by
solar energy. The incoming light signals are either transformed into
chemical energy by the photosynthetic reaction centers or transformed
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into signal information by light-sensing proteins [1]. Important
progress in the understanding of the photobiological processes has
been achieved recently, especially due to structure analysis by x-ray
or electron diffraction methods which provide information on reaction
centers [2], antenna [3], sensory photoreceptor proteins [4,5], or photo-
lyases [6]. Functional dyes are the molecules’ operational units for the
handling of the incoming light pulses. Embedded as cofactors in the
proteins they are the primary targets and accomplish signal transduc-
tion and transformation. Supramolecular chemistry and molecular
switching meet in these sensory photoreceptors and the dye compo-
nents evolved into various functions among which are a) the specificity
of the protein-dye interaction, b) the efficiency of absorption in the
spectral range of the solar light and c) the transformation of the elec-
tromagnetic energy (information) into chemical or structural energy.
Here photochromism comes into play in particular if photochromism
is comprehended as a light-driven reversible A < B switching leading
to a change of the electronic and structural state of matter which may
be imprinted either on molecular, supramolecular or even larger
dimension [7]. The outcome of the primary light activation may then
be structural reorganization, photoinduced electron transfer, a photo-
chemical reaction or the life processes driven by signalling pathways.

In recent work we reported on the mimicking of the photoinduced
electron transfer by a pyrene-isoalloxazine(flavin)-phenothiazine triad
[8,9]. Here we refer on the following two topics.

e The photochromism and switching of a flavin-borondipyrromethene/
thiol system which relates to the flavin (FMN)/cysteine reaction of
blue-light photoreceptors like phototropin.

e The dynamics of the dihydroazulene/vinylheptafulvene photochro-
mism which has some aspects of retinal type photosensory systems.

PHOTO REDOXSWITCHING OF A FLAVIN-
BORONDIPYRROMETHENE

Phototropins are members of the blue-light sensory photoreceptor
family which use flavin mononucleotide (FMN) and the C-4a-flavin-
cysteinyl photoadduct as the primary signalling state in order to
mediate light responses in plants like phototropism, chloroplast move-
ment, stomatal opening, or inhibition of hypocotyl growth [10,11]. The
flavin-borondipyrromethene dyad la was synthesized by subsequent
design of the flavin and borondipyrromethene subunits. Its photopro-
cesses in the presence of thiols were investigated. NMR studies
confirm the twisted structure of 1a, electrochemical and spectroscopic
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studies show that the phenylene bridge electronically decouples the
flavin(isoalloxazine) and the borondipyrromethene chromophores.
Almost unperturbed individual spectral and electrochemical properties
are obtained. It is well established that under photochemical conditions
flavin(isoalloxazine) and thiols may either react under C4a-adduct
formation [12,13] or under the formation of dihydroflavin [14]. In our
approach the borondipyrromethene chromophore is supposed to be
the fluorescent signalling unit [15]. Both forms la (oxidized form)
and 1b (reduced form) are non-fluorescent which is assumed to be
due to the internal photoinduced electron transfer (PET effect) in the
excited state (Scheme 1) [16]. In the oxidized form 1a the isoalloxazine
operates as the electron acceptor whereas in the reduced form 1b the
dihydroisoalloxazine acts as electron donor. Rehm-Weller calculations
support these conclusions. The results of the phototriggering are given
in schemes 1 and 2. Propane-1,3-dithiol 2a reduces compound 1a to the
dihydroform 1b in a fast thermal process. In a photochemical back
reaction induced by 254 nm irradiation reoxidation to la is observed.
Equilibrium 1a/1b represents therefore a non-emissive silent intercon-
verting system. The interesting finding however was that irradiation at
254nm also causes strong emission of the borondipyrromethene at
540 nm which slowly decays after switch-off. A short-living fluorescent
intermediate must have been formed (Scheme 2) lacking the PET effect
and leading to the emissive local excited state of the borondipyrro-
methene (Fig. 1). Tentatively, we assign the structure 3 to the emissive
species resulting from photochemical [2 + 2]-cycloaddition of dithiane 2
and the dihydroflavin 1b. The modified flavin subunit in 3 may be both
a weaker electron donor and a weaker electron acceptor.

N
8©:1;j \Ni: C("’j:,;l o
H

thermal reduction

——
1a + HS(CH)SH o + 1b

photo oxidation

=~ ¥\ 2a 254 nm 2b
\_N___Nx
an emissive short-living
F F species is also formed
non-fluorescent non-fluorescent

SCHEME 1 The photochromism of the flavin-borondipyrromethene dyads
la/1b.
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FIGURE 1 Decrease of the emission of the photochemically produced species
with the proposed structure 3 after switch-off of illumination at 254 nm.

DIHYDROAZULENE/VINYLHEPTAFULVENE
PHOTOCHROMISM

Despite mechanistic differences in the structural reorganization the
retinal-type trans-cis photoisomerization [17] and dihydroazulene/
vinylheptafulvene photochromism [18] have some aspects in common.
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Both rely on a photochemical forward and a thermal back reaction and
both are either directly or indirectly related to the terpenoids as natu-
ral products. The 1,8a-dihydroazulene skeleton evolved as a structural
building block of sesquiterpenes [19].

Dihydroazulene/vinylheptafulvene photochromism emerged as an
independent photochromic principle based on switching between the
alternant n-DHA and the non-alternant n-VHF [20,21]. This distinctive
change in the electronic structure made it useful for multifold switching
starting from the first experiments on photoelectroswitching [22—24]. In
order to learn more on the photoprocesses detailed photophysical studies
were undertaken recently. By femtosecond-resolved transient absorption
spectroscopy it was found that DHA — VHF photorearrangement sensi-
tively depends on the structural motif. 1,2,3,8a-Tetrahydro-9H-cyclopent
[alazulene-9,9-dicarbonitrile(CP-DHA) 4a ringopens to CP-VHF 4b in a
highly efficient and ultrafast photochemical process with a quantum
yield of nearly one and with a single exponential decay within 600 fs
[25] (Scheme 3). Theoretical studies predicted a conical intersection for
this ultrafast interconversion [26]. On the contrary the phototransforma-
tion of the “free-rotating” 1,1-dicyano-2-(4-cyanophenyl)-1,8a-dihydroa-
zulene (CN-DHA) 5a to CN-VHF 5b occurs with much lower quantum
yield and in a stepwise deactivation cascade along the excited-state
potential energy surface as shown by sub-30 fs spectroscopy [27]
(Scheme 3). The Franck-Condon state deactivates in an ultrafast process
to a dihydroazulene in the first excited state (CN-DHA-S;) which leads to
s-cis-CN-VHF-S; (1.2 ps) followed by the internal conversion to the s-cis-
CN-VHF ground state in 13 ps. The rearrangement of s-cis-CN-VHF-S,
to s-trans-CN-VHF-S; 5b proceeds within 10 us. s-trans-CN-VHF-S, 5b
reverts to CN-DHA-S, 5a thermally with a lifetime of 1.2 hr (room tem-
perature in acetonitrile). The topology of the excited state and ground
state energy surfaces of CN-DHA/CN-VHF 5a/5b enables reversible
short-cut photochemical interconversion between CN-DHA 5a and
s-cis-CN-VHF in an all-photochemical bidirectional switch [28,29].

Further information on the excited state regime comes from dihy-
droazulene derivative (DT-DHA) 6a composed of the photoswitchable
DHA and the diamidotriazine (DT) receptor designed for probing
supramolecular interaction. Compound 6a shows the expected photo-
chromic behaviour expressing an efficient photochemical forward
and a thermal-only back reaction (Fig. 2). DT-DHA 6a shows weak
fluorescence at room temperature whereas DT-VHF 6b is absolutely
non-emissive at room temperature.

The photochemical/photophysical/thermal behaviour of DT-DHA/
DT-VHF significantly changes on protonation with trifluoroacetic acid.
The absorption spectrum of DT-DHA shifts from 379 nm to 435nm on
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FIGURE 2 Photochromism of DT-DHA/DT-VHF (6a/6b) (left side); spectral
response on irradiation of 6a at 1 = 366nm (right side), insert: plot of the
difference spectra.

protonation which is an indication of a more extended n-system in the
protonated form 6aeH' and the emission (fex =380nm; Aem =
585nm) strongly increases and is red shifted in comparison to DT-
DHA 6a. Additionally, the quantum yield of the photochemical forward
reaction decreases on protonation and the rate of the thermal back reac-
tion (DT-VHFeH ' —~DT-DHAeH™" ) increases. These results corroborate
the previous assumption of a heterolytic ring opening on the excited
state energy surface [30]. The protonation must increase the energy
barrier (Fig. 3).

§1

81%80
DT-DHAeH*
6aeH*
A
S0

FIGURE 3 Schematic representation of the energetics of photochemical ring
opening of protonated DT-DHA (6aeH™).



Downloaded by [University of California, San Diego] at 09:30 22 August 2012

Photochromism and Sensory Photoreceptors 121

—_—
-—

thermal NC /

QQ photochemical —
STCN
CN

» (2

‘—
5a thermal s-cis-CN-VHF 5b

SCHEME 3 Structural representation of the photochromic systems 4a/4b
and 5a/5b.

In summary, DHA/VHF photochromism can specifically and sensi-
tively be tuned for environmental recognition and multiple input
treatment by structural modification and is therefore a good candidate
for the implementation of logic functions on the molecular level.
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