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Abstract

Ultrafast photochromic molecules are being actively investigated to meet the demand for fast
optical switching systems. Inspired on the irreversible cyclization of 9-phenylphenalenone plant
metabolites to yield highly-coloured naphthoxanthenes for the purpose of defense against
pathogens, aryl-substituted phenalenones have been developed that undergo a similar but
reversible photochromic reaction. The lifetime of the naphthoxanthene photoisomer spans nine
orders of magnitude, ranging from tens of picoseconds to tens of milliseconds depending on the

electronic properties of the 9-aryl group.
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1. Introduction

Nature has evolved a rich repertoire of materials and systems that can reversibly adjust their
structure and properties in response to environmental stimuli.! Light as a stimulus presents the
advantages of high spatio-temporal control as well as insensitivity to environmental factors and
can be applied in an external, non-invasive, and residue-free fashion.? Molecules with
photochemically switchable properties play a crucial role in a wide range of modern applications,
including functional molecules, their assemblies, materials used for data storage, and logic
operations in optoelectronic devices, as well as biotechnological and pharmacological
applications, especially for optogenetics and imaging.3”’” Thus, photochromic compounds capable
of reversibly photoisomerizing between at least two different (meta)-stable isomers with
markedly different properties, e.g., geometry, spectroscopic signature, polarity, magnetic state,
spatial ordering, or surface tension,®2 are the subject of current interest for fast optical switching
applications.'® T-type photoswitches, where the photochemically-generated isomers revert
thermally to the initial form, are of advantage for some applications because no additional

photons are needed to bring the system back to its original state.42?

Previous work from our laboratories has revealed that 9-phenylphenalenones (9PPNs) can
undergo reversible photocyclization upon light excitation, a process termed B-phenyl quenching
(BPQ).2%2% The closed-ring structure, a naphthoxanthene (NX), is unstable due to the loss of
aromaticity and spontaneously reverts to the starting material (Scheme 1 top). Photocyclization
of 9PPNs is at the heart of a mechanism used by plants to defend themselves from pathogens.?*
28 9PPNs produce reactive oxygen species when exposed to UV and blue light?*32 and produce
secondary metabolites capable of absorbing light at longer wavelengths (Scheme 1 bottom).33-37
The structural similarity between these metabolites and the NXs produced in the cyclization of
9PPNS, suggests a common mechanism of production. A major difference is the superior stability
of the natural counterparts conferred by the rearomatization of the NX form by hydroxy-oxo
tautomerization. In the course of our investigations on bioinspired phenalenone derivatives,3%3°
we discovered that it is possible to alter the stability of the closed NX form by modifying the

substituents in the 9-phenyl group. In this work, we show that replacing the phenyl substituent



by heteroaryl groups (Scheme 1 middle) results in a dramatic variation of the NX lifetime over

nine orders of magnitude.
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Scheme 1. Top: Reversible ring closure and opening in 9-phenyl-phenalenone.??>?* Middle:
Structure of the 9-arylphenalenones studied in this work. Bottom: Naturally-occurring

naphthoxanthenes derived from 9PPNs.

2. Results and discussion
2.1 Spectroscopic experimental results

All the 9-arylphenalenones 1la-1e absorb in the ultraviolet and blue regions with a tail that
extends to 500 nm (Figure 1, panels A-D and Figure 2A). Nanosecond laser flash photolysis of 1a-
1d in argon-saturated solutions produced long-lived transients (Figure 1, panels E-H), which were
assigned to the corresponding NXs 2a-2d following the protocols of our previous work:34% (i) The
experimental and calculated maxima in the UV-Vis spectra are in excellent agreement (515 vs 524

nm for 2b, 430 vs 449 nm for 2¢, and 460 vs 474 nm for 2d; Figure 1, panels I-L and Figures S1-S3,



respectively). The difference is below 5% for all compounds, which falls within the error range
expected for the theory level used. Of note, in these time-resolved spectra we can observe both
the disappearance of 2a-2d (A 425-600 nm) as well as the recovery of 1a-1d (A 350-425 nm); (ii)
all photoproducts reacted efficiently with tetracyanoethylene (TCNE), an excellent hydride
acceptor (Figures $4-S5),*! producing the corresponding naphthoxanthenium cations in polar
solvents (Figure S6). This confirms the presence of a weak C(sp3)-H bond in the photoproducts, in

agreement with the calculations for the proposed NXs (Table S1).
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Figure 1. Photophysical characterization of 1a (A,E,), 1b (B,FJ), 1c (C,G,K), 1d (D,H,L) in
acetonitrile; Aexc = 355 nm. (A-D): Absorption spectra. (E-H): 2a-2d Transient absorption traces in
argon-saturated solvent (black line). Inset: Detail of the naphthoxanthene formation kinetics

under argon (black line) and air (red line). (I-L): Time evolution of the transient absorption spectra.

The kinetics of NX production in 1a-1d were biphasic (Figure 1, panels E-H inset), showing a fast-
initial spike and a slower rise, which indicates that the NXs are formed from both their singlet and
triplet states. Consistent with this, the triplet lifetimes, deduced from the slow-rise component,
were more than 50-fold shorter than that of the unsubstituted phenalenone (PN), which cannot
undergo photocyclization (Table S1). Moreover, the slow rise component disappeared upon
aeration (Figure 1, panels E-H) and production of singlet oxygen was observed (Table S1 and
Figure S7), indicating efficient oxygen quenching of the triplet state. The decay of the NX form
was insensitive to oxygen but its lifetime was strongly affected by the nature of the arylic
substitution at position C-9, increasing from a few microseconds for 2a,b to tens of milliseconds
for 2c,2d. The trend is in concordance with the measured activation energy for ring-opening
(Table S1 and Figure S8). Of note, the decay of 2c and 2d (panels K and L, respectively) does not
completely restore the initial concentration of 1c and 1d. In addition, the transient spectrum of
2d (panel L) showed a spectral evolution over the course of its decay. We show below that these
observations are consistent with the formation of ipso- and ortho-adducts addition for these
specific compounds.

Strikingly different observations could be made for 1e (Figure 2). Nanosecond laser flash
photolysis also showed a long-lived transient (Figure 2C) but, unlike those derived from 1a-1d, it
could be quenched by oxygen (from 50 us in argon-saturated PBS solutions to 2 us upon aeration;
kq = 3x10° Ms1) and is therefore assigned to a triplet state. For comparison, the triplet lifetime
of the unsubstituted PN is 38 us.*? The quantum yield of singlet oxygen production (@a = 0.08) is
comparable to those of 1la-1d (@ = 0.02-0.16, Table S1) and much smaller than that of the
unsubstituted PN (@ =1).4>%* Thus, we hypothesized that 1e is also able to produce the NX
photoisomer 2e, albeit in shorter time scales. We investigated this possibility using femtosecond
transient absorption spectroscopy. Figure 2D shows that the femtosecond time-resolved spectra,

recorded in air-saturated PBS solutions, evolved from a maximum at 585 nm to 540 nm within



300 ps. The spectrum of the latter species is very similar to that of the triplet state of 1e, as
measured by nanosecond laser flash photolysis (535 nm, Figure 2E) and is also very similar to that
of triplet PN.*%%> Global analysis revealed a very fast rise component (4.4 ps), followed by a fast
(70 ps) and a slow decay component (Figure 2B). The slow component corresponds to the triplet
state and therefore was fixed to 2 microseconds in our analysis, as extracted from the nanosecond
laser flash photolysis data in Figure 2C. On the other hand, the spectrum of the 70-ps component
matches the calculated spectrum for 2e (maximum at 585 nm and 578 nm, respectively; Figures
S9 and S10). Finally, the 4.4 ps lifetime is assigned to the 1e singlet excited by comparison with
the lifetime of singlet PN (29 ps),3! the seven-fold shortening indicating the operation of new, very
efficient deactivation processes, which we ascribe to photocyclization. For comparison, the
lifetime of singlet 1ais 13 ps.3! The results above suggest that the major pathway for the 1e singlet
excited-state deactivation is photocyclization to 2e, effectively competing with intersystem
crossing to the triplet state. Judging from the decrease of both the singlet lifetime and of the
singlet oxygen quantum yield (which is an upper-limit value of the intersystem-crossing quantum
yield), compared to those of PN, we estimate that ~90% of the singlet le undergo
photocyclization. Finally, the observation that the triplet state lives 50 pus in argon-saturated
solutions, a value comparable to the lifetime of triplet PN, rules out any significant

photocyclization from the triplet state, a major difference from compounds 1a-1d.
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Figure 2. Photophysical characterization of 1e in PBS (pH 7.4); Aexc = 387 nm. (A): Absorption
spectra. (B): Femto- and (C) nanosecond transient absorption kinetics in argon- and air-saturated
PBS (black and red line respectively). Insets: Detail of the transient formation kinetics. (D, E)

Evolution of the transient absorption spectra in the pico- (D) and microsecond (E) timescales.

2.2 Computational Calculations

Theoretical calculations provide support and further insights for the above observations. The

excited-state pathway for ring closure in 1a is the addition of the ketone moiety to the ortho-



position of the 9-phenyl-ring (2a), whereas ipso-addition suffers from endothermicity and a
concomitant higher barrier, as reported previously.?* For the 2-pyridyl derivative 1b, a novel
situation arises in that the aromatic substituent on the phenalenone system no longer has a plane
of symmetry. In principle, ortho-addition can take place to two sides of the pyridine ring, and
there are two rotamers of the ketone (red and grey lines in Figure 3). The calculations show that
addition to the 3-position of the pyridine ring (2b) should be the preferred site of attack. Ipso-
addition (2b’) is predicted to be hindered by a large barrier, which is unsurprising, as this position
is very electron-poor. Addition to the pyridine N (2b”’; red line in Figure 3) is predicted to have a
fairly small barrier. However, this reaction pathway is both endothermic and endergonic, and
therefore unlikely to be of any significance. What is remarkable about this system is the fact that
2b"”’ appears to have a triplet ground state, which may be due to some degree of antiaromaticity,
as the middle top ring has eight mt-electrons. This antiaromaticity is probably also reflected in the
fairly high barrier calculated for the ring-opening of singlet 2b”’. The kinetics of ring-opening of
2b is predicted to be similar to that of 2a (black line in Figure 3).
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Figure 3. Top: Reaction pathways after triplet excitation of 1b. Energies (without brackets) and
Gibbs free energy (brackets), as calculated at the ((U)M05-2X/cc-pVTZ) level of theory, are given
in kcal/mol relative to the triplet state. Solid lines connecting the different states are provided as

a visual aid only. Bottom: Pathways of ipso-adduct decay in 2c.

For the ipso-addition, there is only one TS, in which the two ring systems are perpendicular to
each other. Coming from the ipso-biradical, the system therefore will have to pass a valley-ridge-
inflection point to bifurcate to either the syn- or anti-conformer of the ketone triplet. This also

holds for the other heterocyclic systems.

In the case of the 2-substituted 5-membered heterocycles, again the presence of two different
rotamers of the ketones has to be considered (Figure S11). However, addition can only take place
to one side, as addition to the heteroatom appears to be an unlikely option. The barrier for ring-
opening of 2c and 2d is predicted to be on the order of 18 kcal mol?, which is significantly higher
than that of 2a-b, resulting in millisecond range lifetimes for 2¢,d. Unlike the phenyl- and pyridyl-
substituted derivatives, ipso-addition is predicted to be considerably faster than ortho-addition
for 1c, while it should be similarly fast for 1d. To our delight, the transient absorption results are
consistent with these predictions (Figure 1 panels G,H): the transient initially assigned to 2c,d
contains, in fact, two components, which, in the light of the calculations, we assign to the
transient ortho-adducts (2¢,d, shorter-lived) and products (3c, 3d, lifetime in excess of 100 ms)
derived from ipso- (2c’,d’) adducts. Thus, the ipso-pathway is favoured in the furyl derivative
(larger amplitude) but the ortho- in the thienyl one (smaller amplitude). Calculated UV/Vis spectra
corroborate the assignment of the residual absorption observed upon LFP of 1c and 1d to
aldehyde 3c and thioaldehyde 3d, with excellent agreement between the residual absorption in

Figure 1K / 1L and the calculated spectra of 3c / 3d (see Figures S12 and S13).

Ipso-addition has been previously observed for triplet B-phenylpropiophenone, where it is the
main decay pathway.*%46>0 The intermediate biradical formed in this system is very short-lived (<
20 ps) and deactivates back to the starting material. The results of our experiments and
calculations indicate a possible different outcome for the corresponding biradicals 2¢’ and 2d’.
Specifically, formation of stable photoproducts, e.g. 3c (Figure 3), can be expected for these

molecules, which is consistent with the trend in photostability 1c < 1d << 1b < 1a (Figure S14).



Formation of 3¢ from 31c* is exergonic by AG = -33.6 kcal mol? but should be slow because the
calculated free energy of activation for ring-opening of 32¢’ to 33c¢* is quite significant in the gas
phase (AG' = 19.5 kcal mol?). However, a surface-crossing mechanism, yielding ground-state 3¢
directly from 32¢’ might explain the formation of 3c. Or 3c s directly formed from 1c on the singlet
excited state surface. Attempts to isolate the photoproducts failed but we have obtained a
compound very similar to 3c from the reaction of 9-trifluoromethanesulfonyloxy-phenalenone

with sodium azide.??

Striking differences set the derivative 1e apart from 1a-1d: Transient absorption experiments
(Figure 2) indicate that 2e is produced only from the singlet excited state, while the triplet state
yields exclusively singlet oxygen. Consistent with these observations, theoretical calculations
indicate that 2e production from the triplet state is unlikely due to a very high activation energy
(Figure S15). On the other hand, the barrier for electrocyclic ring-opening of 2e is calculated to
be 4-5 kcal mol?, significantly smaller than for 1a (ca. 10 kcal mol?), which is consistent with the
70 ps lifetime observed for 2e. Such ultrafast (~ 14 GHz) oscillation rate is ideal for high-end optical

switching applications.

2.3 Discussion

The significance of the results can be gauged in the light of the biological role of 9-
phenylphenalenones, which participate in plant defense against pathogen infections, either
directly or through the production of coloured naphthoxanthene secondary metabolites.?>?’ The
study of such a process led us to the discovery of a thermally-reversible photocyclization reaction
to produce metastable naphthoxanthenes.??2* The current work demonstrates that this
reversible photochromism can be extended to phenalenones substituted with heteroaryl
moieties such as pyridyl, furyl, thienyl, and pyridinium. The loss of local aromaticity in the closed
forms is the driving force for the ring-opening reaction. Thus, by modulating the electronic nature
of the aryl group at position C-9, it is possible to fine-tune the lifetime of the closed-ring isomer
over nine orders of magnitude, from tens of picoseconds to tens of milliseconds. The theoretical

insights gained suggest that further widening of this time span is possible.



It is interesting to note that the photocyclization and subsequent thermal ring-opening in 9-aryl-
phenalenones share many similarities with the photoisomerization process of chromenes (e.g.,
naphthopyrans, benzo[b]chromenes or oxazines among others; Scheme 2) but, surprisingly, the
process occurs in the opposite direction.”?° The stable isomer in chromenes is the closed-form
(1f), which undergoes ring opening to the less stable a,B,y,6-unsaturated ketone (2f) upon
photoirradiation. Close inspection of the structure of 2f reveals that the reverse reaction is a
cycloaddition between the carbonyl and the newly-formed vinyl group in the B-position, which is

very similar to the photocyclization reaction in 9-aryl-phenalenones.
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Scheme 2. Left: Representative structures of the different families of chromenes. Right: Reaction

pathway for 2H-chromene core (1f) and 9-phenylphenalenone (1a).

It can therefore be postulated that 9-aryl-phenalenones can be considered as “inverted-
chromenes”, in which the open form is more stable because the local aromaticity of the
phenalenone and the aryl substituent is preserved. In contrast, it is the closed structure of
chromenes that preserves the aromaticity of the system,>>°® even when it contains vinyl- or aryl-
B-substituents.>’ Interestingly, the open form of 12aH-12a-methylnaphtho[3,2]chromene has

been reported to undergo a photocycloaddition reaction yielding the ipso adduct.>®>°

3. Conclusions

In summary, photoexcitation of a series of bioinspired 9-arylphenalenones (1a-1e) leads to the
formation of their corresponding naphthoxanthenes (2a-2e), which thermally revert to the
original 9-arylphenalenones (1a-1e) with time constants ranging from ultrafast (picoseconds) to

milliseconds depending on the electronic density of the aryl substituent. The results obtained



provide a sound basis for the development of 9-aryl-phenalenones as a new family of thermally
reversible photochromic compounds. Of specific interest, compound 1e, with an oscillation

frequency ~ 14 GHz, shows strong promise for ultrafast photoswitching applications.



4. Experimental Section

4.1 Materials

la-e were synthesized as described elsewhere.?>>1%0 PN was purchased from Sigma-Aldrich (St
Louis, USA) and used without further purification. All solvents used were of spectroscopic quality
or higher and were purchased from Scharlab (Sentmenat, Spain) or Sigma-Aldrich (St Louis, USA).
To change oxygen concentration in the solution, a stream of oxygen 5.0 or argon 5.0 (Carburos
Metdlicos, Cornella de Llobregat, Spain) was flowed above the sample solution under gentle

stirring for 20 minutes.

4.2 General spectroscopic measurements

UV-Vis spectra were recorded with a Varian Cary 6000i spectrometer (Varian, Palo Alto, USA).
Nanosecond transient absorption kinetics and spectra were monitored by nanosecond laser flash
photolysis using a Surelite I-10 Continuum Q-switched Nd:YAG laser operated at the third
harmonic (355 nm; Continuum, San Jose, USA) with right-angle geometry and an analyzing beam
produced by a 75 W Xe lamp (PTI, Birmingham, USA) in combination with a dual-grating PTI-101
monochromator (PTI, Birmingham, USA) coupled to a PTI-710 UV-Vis radiation detector (PTI,
Birmingham, USA). The signal was fed to a Lecroy WaveSurfer 454 oscilloscope (Lecroy
Corporation, New York, USA) for digitizing and averaging (typically between 10 to 100 shots) and

finally transferred to a PC for data storage and analysis.

Femtosecond transient absorption kinetics and spectra were recorded in a homebuilt system at
IMDEA Nanoscience in Madrid, in which a Clark-MXR (CPA-2101) system (driven at 1 kHz by a
regenerative amplifier) provided a 775 nm femtosecond laser pulse. One fraction of it is sent to
a supercontinuum generator (SCG—a sapphire plate) to generate white light from 477 nm to
1600 nm and used as the probe pulse. Before reaching the sample, a fraction of the probe pulse
is taken to form the reference pulse to reduce the laser fluctuation induced noise in the signal.
The other fraction of the 775 nm femtosecond pulse is converted into a 387 nm pump pulse by a

second harmonic generator (SHG), chopped at 500 Hz with a mechanical chopper, and used for



sample excitation. Pump-probe delays up to 500 ps, with 150 fs time resolution, are achieved by
delaying the pump pulse with a mechanical translation stage. The spot sizes of the pump and
probe pulses on the sample are 260 um and 130 um, respectively. The pump pulse is blocked
after passing through the sample, while the probe and reference probe pulses are detected via a
prism spectrometer (Entwicklungsbiiro Stresing GmbH) consisted of a dual-channel CCD array (2
X 256 pixels, VIS-enhanced InGaAs, Hamamatsu Photonics Inc.). The residual fundamental 775
nm pulse is removed by a notch filter. Neutral density filters are used to regulate both pump and
probe pulse intensities and half lambda plates for their polarization angles. Data acquisition and
data analysis, including global spectral modeling of the TA spectra, are accomplished by a custom-

built Python program based on open source packages (Matplotlib, PyQt4, Scipy, Pyserial, etc.).

For irradiation and photostability studies were performed using a Surelite 1-10 Continuum Q-

switched Nd:YAG laser operated at the third harmonic (355 nm and 10 mJ per pulse/cycle).

Production of singlet oxygen (10) was studied by time-resolved near-infrared phosphorescence
at 1275 nm as described in previous works.?%®2 A pulsed Nd:YAG laser (FTSS355-Q, Crystal Laser,
Berlin, Germany) working at 355 nm (1 kHz; third harmonic; 0.5 W per pulse) was used for sample
excitation. A 1064 nm rugate notch filter (Edmund Optics) and an uncoated SKG-5 filter (CVI Laser
Corporation) were placed at the exit port of the laser to remove any residual component of its
fundamental emission in the near-infrared region. The luminescence exiting from the sample was
filtered by an 1100 nm long-pass filter (Edmund Optics) and a narrow bandpass filter at 1275 nm
(BK-1270-70-B, bk Interferenzoptik). A thermoelectric-cooled near-infrared sensitive
photomultiplier tube assembly (H9170-45, Hamamatsu Photonics) was used as detector. Photon
counting was achieved with a multichannel scaler (NanoHarp 250, PicoQuant). The time
dependence of the 10, phosphorescence with the signal intensity S(t) is described by Eq. 1, where
7r and 7 are the lifetimes of the photosensitizer triplet state and 10,, respectively, and S(0) is a

quantity proportional to @a.

T -t -t
S(t) = S(0) —2 <eTA - eTT> Eq.1
Ta—Tr



Thus, @4 was determined by comparing the S(0) values of optically-matched solutions of the
sample and a suitable reference at 355 nm as described by Eq. 2. The references chosen are
phenalenone (@a;benzene = 0.92 + 0.03; Da;acetonitrile = 1.00 * 0.03)*>4* and sodium 1H-phenalen-1-
one-2-sulphonate (PNS; @a;pss = 0.97 + 0.06).53

S(O)drug

Eq.2
A, q
S(O)reference reference

¢A,drug =

4.3 Computational methods

All calculations were performed employing the Gaussian09 suite of programs.®* Stationary points
were fully optimized at the M05-2X/cc-pVTZ level of theory,®>®® and characterized as minima or
transition structures by performing a vibrational analysis. In some cases, the influence of
solvation on structures and energies was taken into account by employing a polarizable

continuum model.57:68
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D Singlet oxygen generation quantum yield
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