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Two new dithiazolylethenes, 1a {1,2-bis[5'-methyl-2’/-(2"-pyridyl)thiazolyl]perfluorocyclopentene} and 2a
{1,2-bis[4’-methyl-2'-(2"-pyridyl)thiazolyl]perfluorocyclopentene}, have been synthesized. Their photochromic
behavior has been fully investigated in solution as well as in the crystalline phase. They display both fatigue-
resistant and thermally irreversible photochromic reactions, with more than 80% of the closed-ring forms
(1b and 2b, respectively) in the photo-stationary state. Upon UV irradiation, a colorless solution of 1a turns
purple while the yellow color of a 2a solution becomes more intense. Such marked differences in their
electronic absorption spectra are reproduced by DFT calculations. Finally, although structurally closely
related, only 1a shows photochromism in the crystalline phase whereas 2a displays reversible

photo-modulation of fluorescence in solution.

Introduction

Photochromic systems have been attracting much attention for
their potential applications in opto-electronic devices.! Among
various families of organic photochromes, dithienylethenes
derivatives are considered to be the most promising photo-
chromic candidates for the development of optical memory
and optical switching devices because they usually undergo
thermally irreversible and fatigue-resistant photocyclizations
between their colorless open-ring and colored closed-ring
forms, as shown in Scheme 1.2

Besides the color change, photo-switching of the structure
between the two forms can also be exploited to reversibly
control a wide range of properties that include luminescence,®
refractive index,” ' liquid crystal phase,''™"* redox,'* !
NLO," acidity,'® viscosity,!” charge separation,'® electron
transfer'® and magnetic couplings,”® among others. On the
other hand, metal ion complexes incorporating photo-switch-
able di(heteroaryl)ethene units are of particular interest be-
cause they would allow investigations of the influence of metal
ions on the organic photochromism and may eventually pro-
vide a convenient way to control metal-ion-centered properties
by the photonic mode. Several examples of such associations

Scheme 1 Photocyclization reaction of diarylethenes.
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have been reported and the photo-modulation of different
metal-centered properties have been achieved.?'?’ To date,
most of these studies are limited to thienyl and benzothienyl
containing ethene derivatives, and only few investigations are
devoted to other di(heteroaryl)ethenes as they usually undergo
thermally reversible photoreactions.”®?® It was only recently
that the first dithiazolylethene molecules with photochromic
features comparable to those of dithienylethenes have been
reported.>*>!

The primary aim of this work was to prepare new photo-
chromic di(heteroaryl)ethenes capable of complexing different
metal ions for the design of novel coordination systems with
potentially different photo-switchable behavior. Toward this
end we have chosen two structurally closely related dithiazo-
lylethene derivatives (Scheme 2) as target molecules.

This choice was motivated by several reasons. First, 2-
(2-thiazolyl)pyridine derivatives are known to behave as che-
lating ligands toward metal ions.>> Moreover, by offering two
different chelating sites (N-N or N-S), they might selectively
coordinate different metal ions. Secondly, substitution of the

Q**o safae

Scheme 1,2-Bis[5-methyl-2/-(2"-pyridyl)thiazolyl]perfluorocyclo-
pentene (la) and 1,2-bis[4'-methyl-2'-(2"-pyridyl)thiazolyl]perfluoro-
cyclopentene (2a).
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2-pyridyl group for the phenyl one should not alter the main
photochromic features of the phenyl-substituted dithiazoly-
lethenes, which are known to display remarkable photochro-
mic behavior such as high thermal stability of both isomers and
high fatigue resistance.’'* Finally, as the two potential chelat-
ing sites are relatively close to each other, stronger interactions
might be expected between the metals ions. In this paper we
report on the syntheses of la and 2a, their crystal structures,
photochromic behavior in solution together with DFT calcula-
tions on the origin of the striking differences of the electronic
absorption spectra between the two chemical isomers. Crystal-
line state photochromism of 1a and photo-modulation of the
fluorescent properties of 2a in solution were also investigated.

Experimental
General

'"H NMR spectra were recorded at 200 MHz or 250 MHz
(Briiker AC 200 or AM 250), '°F NMR at 235 MHz (Briiker
AC 250) in CDCl; at room temperature. UV-Vis spectra were
recorded on a Varian Cary SE. The fluorescence spectra were
recorded on a Spex—Fluorolog spectrometer from Jobin Yvon/
Horriba company. Elemental analyses were performed at the
Service de Microanalyse, ICSN-CNRS, Gif-sur-Yvette,
France.

Reagents and chemicals were used as supplied (Acros, Lan-
caster or Aldrich) unless otherwise stated. Column chromato-
graphy was performed on silica gel (SDS 60) and aluminium
oxide (Merck 90). Pyridine-2-thiocarboxamide, 2-bromopro-
panal dimethyl acetal and 2-(2’-pyridyl)-4-methylthiazole were
prepared according to literature methods.**** Special thanks
to Prof. M. Irie and Zeon Corporation (Japan) for providing
us with the octafluorocyclopentene.

Computational details

DFT calculations were carried out using Becke’s three-para-
meter hybrid functional®® and the correlation functional of
Lee, Yang and Parr (B3LYP),*® as implemented in the GAUS-
SIAN98 program.*’ The valence double-zeta basis set (SV) of
Ahlrichs er al.*® has been employed for all atoms. As crystal-
lographic data are only available for the open forms of these
molecules, the geometries of the four structures were opti-
mized, except for the C—H and C-F distances, which were fixed
to their values in the X-ray structure of 1a. The energies of the
excited states and transition oscillator strengths f were calcu-
lated by the time dependent DFT formalism (TDDFT)* as
implemented in the GAUSSIANO98 program. The theoretical
electronic spectra were then simulated convoluting each transi-
tion with a Gaussian function for the bandwidth at half-height
of 2800 cm™' (a value which gives usually molar extinction
coeflicients of the same order of magnitude as the experimental
ones) and area under the curve proportional to f; all these
features were then summed up.

Syntheses

2-(2'-Pyridyl)-5-methylthiazole. A solution of 5.52 g (40
mmol) of pyridine-2-thiocarboxamide and 9.15 g (50 mmol)
of 2-bromopropanal dimethyl acetal in acetic acid (40 ml) was
brought to 100 °C and kept at that temperature overnight
under stirring. After removal of acetic acid and addition of 100
ml of H,O, the pH of the mixture was adjusted to ca. 8 with
solid Na,COj3 and the mixture was then extracted twice with
100 ml of Et,O. The brown Et,O phase was decolored with
activated carbon and dried over Na,SQO,4. Removal of Et,O left
a brownish solid (5.6 g, 79% vyield based on pyridine-2-
thiocarboxamide), which was pure enough to use in subsequent
reactions. Short column chromatography (silica gel, CHCl; to
5-10% EtOAc) afforded a pure analytical sample of 2-pyridyl-

440

New J. Chem., 2005, 29, 439-446

View Article Online

5-methylthiazole as a yellowish microcrystalline solid. '"H
NMR (CDCl3): 6 = 2.54 (s, 3H), 7.29 (t, J = 6 Hz, 1H),
7.57 (s, 1H), 7.78 (td, J, = 8 Hz, J; = 2 Hz, 1H), 8.13(d, J = 8
Hz, 1H), 8.59 (d, J = 6 Hz, 1H); anal. caled (%) for CoHgN,S
(176.2): C 61.34, H 4.58, N 15.90; found: C 61.11, H 4.64, N
15.89.

2-(2'-Pyridyl)-4-methylthiazole. 2-(2'-Pyridyl)-4-methylthia-
zole - HCI was prepared as described in the literature.*’ Neu-
tralization in H,O gave the title compound as an almost
colorless microcrystalline solid with an overall yield of 72%.

2-(2'-Pyridyl)-4-bromo-5-methylthiazole. To a solution of
2.11 g (12 mmol) of 2-(2'-pyridyl)-5-methylthiazole in 25 ml
of CHCI; and 25 ml of MeCN was slowly added 1.25 ml (24
mmol) of Br,. After refluxing for 48 h the solvents were
removed under vacuum. H,O (100 ml) and CH,Cl, (50 ml)
were added to the solid residue and the pH of the aqueous
phase was adjusted to ca. 8 with solid Na,COjs. The aqueous
phase was washed once again with 50 ml of CH,Cl,. The
combined organic phase was washed with brine and dried over
Na,SOy4. After removal of CH,Cl,, column chromatography
(silica gel, CH,Cl,) of the solid residue afforded 1.92 g of the
title compound as a colorless microcrystalline solid with 62%
yield. '"H NMR (CDCl;): 6 = 2.47 (s, 3H), 7.32 (m, 1H), 7.78
(m, 1H), 8.14 (d, J = 8 Hz, 1H), 8.58 (d, / = 4 Hz, 1H); anal.
caled (%) for CoH7BrN,S (255.1): C 42.37, H 2.77, N 10.98;
found: C 42.25, H 2.80, N 10.92.

2-(2'-Pyridyl)-5-bromo-4-methylthiazole. The compound was
synthesized in a similar manner as 2-(2'-pyridyl)-5-bromo-4-
methylthiazole except the refluxing time was reduced to ca. 6 h
and Et,O was used for the extraction. After column chroma-
tography (silica gel, CH,Cl, to 5% Et,0), the title compound
was obtained as a colorless microcrystalline solid with ca. 90%
yield. "H NMR (CDCl5): 6 = 2.48 (s, 3H), 7.32 (t, J = 6 Hz,
1H), 7.79 (m, 1H), 8.10 (d, J = 8 Hz, 1H), 8.58 (d, J = 4 Hz,
1H); anal. caled (%) for CoH;BrN,S (255.1): C 42.37, H 2.77,
N 10.98; found: C 42.21, H 2.83, N 10.77.

1,2-Bis[5'-methyl-2'-(2"-pyridyl)thiazolyl]perfluorocyclopen-
tene (la). 2-(2-Pyridyl)-4-bromo-5-methylthiazole (1.02 g, 4
mmol) was dissolved under argon in ca. 60 ml of Et,O distilled
from sodium and benzophenone. The solution was cooled to
—78 °C with partial reprecipitation of the starting compound.
nBuLi (1.8 ml, 4.5 mmol) in hexane (2.5 M) was slowly added
to the mixture over ca. 15 min. After stirring for 30 min at the
same temperature, ca. 0.27 ml (2 mmol) of octafluorocyclo-
pentene (by means of a pre-cooled syringe) was quickly added
into the red-brown mixture. The stirring was continued for ca.
2 h at the same temperature and then allowed to slowly warm
up to room temperature and stirred overnight. An aqueous
solution (20 ml) containing 1 ml of concentrated aqueous HCI
was added to the brown-colored solution with some suspen-
sion. After ca. 30 min of stirring the pH of the aqueous phase
was brought to ca. 8 with solid NaHCO;. The Et,O phase was
separated, washed with H,O (60 ml) and dried over Na,SO,.
After removal of Et,O the residue was column chromato-
graphed using first neutral Al,O5 (Et,O-hexane 2:3) and then
silica gel (Et,O—CH,Cl,, 5%). Finally, the photochromic 1a
was recrystallized in hexane to afford 1a as colorless micro-
crystals (0.40 g 38% yield). M.p. 143 °C (uncorrected); 'H
NMR (CDCl3): 6 = 2.09 (s, 6H), 7.31 (m, 2H), 7.47 (m, 2H),
8.13 (d, J = 8 Hz, 2H), 8.56 (d, J = 4 Hz, 2H); "’F NMR
[CDCl;, (trifluoromethyl)benzene as external reference]: 6 =
—5.46 (q, 3J = 5.5 Hz, 2F), 16.06 (t, °J = 5.5 Hz, 4F); anal.
caled (%) for Cp3H 4FgN4S; (524.5): C 52.67, H 2.69, N 10.68;
found: C 53.11, H 2.82, N 10.69. Single crystals of 1a suitable
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for X-ray analysis were obtained by slow evaporation of a
hexane solution.

1b. '"H NMR (CDCly): & = 2.10 (s, 6H), 7.50 (m, 2H), 7.89
(m, 2H), 8.34 (d, J = 8 Hz, 2H), 8.73 (d, J = 5 Hz, 2H); °F
NMR (CDCl3): 6 = —6.93 (m, 2F), 11.60 (d, Jag = 275 Hz,
2F), 14.76 (d, Jag = 275 Hz, 2F).

1,2-Bis[4'-methyl-2'-(2"-pyridyl)thiazolyl|perfluorocyclopen-
tene (2a). 2a was prepared in a similar way to 1a: 1.8 ml (4.5
mmol) of nBuLi in hexane (2.5 M) was slowly added to an
Et,0 solution (ca. 60 ml) containing 1.02 g (4 mmol) of 2-(2-
pyridyl)-5-bromo-4-methylthiazole at —78 °C. After 10-15 min
of stirring, 0.27 ml (2 mmol) of octafluorocyclopentene was
quickly syringed into the mixture. The stirring was continued
for ca. 1 h at the same temperature and then allowed to slowly
warm up to room temperature and stirred overnight. To the
orange solution was added with stirring an aqueous solution
(20 ml) containing 1 ml of concentrated HCI. After ca. 15 min
the pH of the aqueous phase was adjusted to ca. 8. The Et,O
phase was collected, washed with H,O (ca. 60 ml) and dried
with Na,SO,. After removal of Et,O the orange oil was column
chromatographed (silica gel, CH,Cl, to 10% Et,O in CH,Cl,).
Evaporation of the yellow fractions containing 2a left a yellow
oil that, after being triturated with ca. 20 ml of hexane and
allowed to stand overnight, gave 2a as a yellow microcrystal-
line solid (0.65 g, 62% yield). M.p. 160 °C (uncorrected); 'H
NMR (CDCl3): 6 = 2.09 (s, 6H), 7.36 (m, 2H), 7.77 (m, 2H),
8.11 (d, J = 8 Hz, 2H), 8.58 (d, J = 5 Hz, 2H); '°’F NMR
(CDCly): 6 = —4.42 (q, °J = 5.5 Hz, 2F), 17.10 (t, °J = 5.5
Hz, 4F); anal. calcd (%) for Cy3H 4FsN4S, (524.5): C 52.67, H
2.69, N 10.68; found: C 52.85, H 2.73, N 10.56. Single crystals
of 2a suitable for X-ray analysis were obtained by slow
evaporation of a diethyl ether solution.

2b. "H NMR (CDCl): & = 1.57 (s, 6H), 7.49 (m, 2H), 7.88
(m, 2H), 8.32 (d, J = 7 Hz, 2H), 8.73 (d, J = 5 Hz, 2H); "°F
NMR (CDCly): 6 = —7.53 (m, 2F), 7.34 (d, Jap = 270 Hz,
2F), 12.06 (d, Jag = 270 Hz, 2F).

Crystal structure determinationt

1a. A crystal of 0.35 x 0.40 x 0. 60 mm® was mounted on an
Enraf-Nonius Kappa-CCD diffractometer. A full sphere of
data was collected by ¢ axis rotation with an increment of 2°
over 360° and 20 s exposure per degree. Denzingering was
accomplished by measuring each frame twice. Data were
analyzed using Kappa-CCD software.*! Cell dimensions were
refined with HK L-Scalepack.** and data reduction performed
with Denzo.** The structure was solved by direct methods
(SHELXS-86)** and was refined on F for all reflections by
least-squares methods using SHELXL-93.** The asymmetric
unit consists of one molecule of the photochromic compound.
All hydrogen atoms were located by difference Fourier synth-
eses. They were modeled at their theoretical positions using an
isotropic thermal factor equal to 1.2 times that of the bonded
atom and introduced in the refinement cycles. The five-mem-
bered fluoro ring is affected by disorder. Two positions were
found in the difference Fourier syntheses. Better convergence
was obtained with occupancies of 0.80 and 0.20 for the flip-flop
motion of the C7TA-C6A-C6B—C7B plane. Refinement was
pursued with restraints and the minor position was refined
isotropically. The final conventional R is 0.0496 for 4078 F, >
40(F,), 352 parameters and 46 restraints, and 0.0749 for all
data, wR (F%) = 0.17 for all reflections, w = 1/[c* (F,)* +
(0.1028 Py* + 1.07 P] where P = (F,” + 2F;’)/3. The largest
difference peak and hole are 0.3 and —0.2 ¢ A3

1 CCDC reference numbers 235922 and 231160 for 1a and 2a, respec-
tively. See http://www.rsc.org/suppdata/nj/b4/b409274k/ for crystal-
lographic data in .cif or other electronic format.
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2a. The Pbcn orthorhombic yellow-green prism (~0.20 x
0.20 x 0.18 mm?) of the compound was obtained by evapora-
tion at room temperature of a diethyl ether solution. The
crystal was stuck on a glass fiber and centered on the goni-
ometer of a Nonius (Bruker) CAD-4 diffractometer. Unit cell
parameters were obtained by least squares refinement with
CAD-4 software®® of 25 reflections that had been automati-
cally centered on the diffractometer. The crystal decayed by
4.64% over the time of the data collection. Intensity data were
collected with the CAD-4 software and were processed using
the TeXsan program package.*® The structure was solved by
direct methods with the use of the STIR92 software*’ and refined
using TeXsan. The extinction was refined. The final refinement
involved an anisotropic model for all non-hydrogen atoms.
The hydrogen atoms were set geometrically or using the
difference Fourier. They were recalculated before the last
refinement cycle. The model displays half a molecule of the
compound in the asymmetric unit. The whole molecule is
generated by symmetry expansion.

Quantum yield determination

Solutions of 1 and 2 were irradiated by a 450 W mercury lamp
(Oriel) through narrow band interference filters of appropriate
wavelength. During irradiation, the absorption change was
monitored in situ by a CCD camera mounted with a spectro-
meter (Princeton Instruments). The irradiation flux was mea-
sured by a power meter (Ophir). Data were analyzed by a
method adapted from a previously described one.*® Irradiation
of 1a and 2a in the UV allowed us to determine ®,_,, and
irradiation of photo-stationary mixtures in the visible allowed
us to determine @y _, ,.

Results and discussion
Syntheses

Both 1a and 2a were prepared in three steps as shown in
Scheme 3: (1) pyridinethiazoles were obtained by reactions of
pyridine-2-thiocarboxamide®® with, respectively, 2-bromopro-
panal dimethyl acetal®* in acetic acid or 1-chloro-2-propanone
in ethanol by the Hantzsch method; (2) bromination of the
thiazole rings was carried out with bromine in a mixture of
chloroform and acetonitrile; (3) bromine-lithium exchange
followed by nucleophilic displacement of fluoride of octafluor-
ocyclopentene gave la and 2a. All new compounds were
characterized by '"H NMR and elementary analysis. Single
crystals of 1a and 2a suitable for crystal structure determina-
tions were obtained by slow evaporation at room temperature
of a hexane solution of 1a and a diethyl ether solution of 2a.

Solution photochromic behavior

Fig. 1 shows the absorption spectral changes of 1a and 2a in
MeCN at room temperature upon UV irradiation (reagent
grade MeCN was used without prior drying and degassing).
The initial solution of 1a was colorless with an intense absorp-
tion band in the UV region (Anax 310 nm). Upon UV irradia-

X
I

ZN (a)

B
- O=T - O 2w
§7 T NH, — N — s
N
N s P
Qoo g = O
— \ = N
§7ONH,

Scheme 3 Syntheses of 1a and 2a. (a) CH;CHBrCH(OCH3), in acetic
acid, 100 °C; (b) CICH,COCHj; in EtOH, reflux; (c) Br, (2 equiv.)
in CHCl;-MeCN (50: 50), reflux; (d) (1) nBuLi (1.1 equiv.) in Et,0,
—78 °C; (2) CsFg (0.5 equiv.).
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tion (320 nm) the solution turned red-violet with concomitant
decrease of the band in the UV and appearance of a new broad
band in the visible (4nax 545 nm).

Monitoring of the reaction by 'H NMR (in CD;CN or
CDCls) showed clearly that the color change corresponds to
the transformation of the open-ring form la into that of
closed-ring form 1b. The red-violet color was easily bleached
with visible light irradiation (550 nm) with the initial spectrum
being fully recovered.

The situation was much different for 2a. The solution of 2a
was pale yellow with several intense bands in the UV (/. 317,
358 nm). UV irradiation (365 nm) turned the solution to
orange with important changes in the UV region and appear-
ance of a new band in the visible (1.« 414 nm), associated to
the formation of the closed-ring form 2b. The initial color and
spectrum were easily restored by visible light irradiation (450
nm). For both molecules, such a coloring and bleaching cycle
could be repeated many times without any sign of spectral
changes, suggesting their good fatigue-resistance characteris-
tics, probably similar to those of the corresponding di(phenyl-
thiazolyl)perfluorocyclopentenes previously reported.’'® It is
worth noting that both in the open and closed forms the molar
extinction coefficients of the lowest energy bands of 1 and 2 are
nearly in a 2 to 1 ratio.

The fractions of 1b and 2b in the photo-stationary state were
estimated to be respectively 0.90 and 0.80 on the basis of 'H
NMR, and they were further confirmed by comparing their
photo-stationary state spectra with those of pure 1b and 2b
(Fig. 1), which were isolated by column chromatography in the
dark (silica gel, CH,Cl,) and characterized by '"H NMR and
YF NMR. It is worth noting that the monitoring of photo-
reactions is greatly simplified by use of '’F NMR due to much
larger differences between the spectra of the two isomers (see
Experimental).

The quantum yields of cyclization (@, _, ,,) and ring-opening
reactions (Pp,_,) at room temperature were measured by
irradiating MeCN solutions of 1 and 2 with a mercury lamp
through band pass filters (see Experimental for details). The
results are given in Table 1, along with the main UV-Vis data

View Article Online
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UV-visible absorption spectra of the open form a, closed form b and photo-stationary states of 1 (left) and 2 (right).

of both isomers of 1 and 2. For comparison, we have also
included reported data (in hexane) for the corresponding
phenyl-substituted  dithiazolylethenes, that is, 1,2-bis
[5’-methyl-2’-phenylthiazolyl]perfluorocyclopentene (noted as
3) and 1,2-bis[4’-methyl-2'-phenylthiazolyl]perfluorocyclopen-
tene (noted as 4).>' As it can be seen from Table 1, the solution
behavior of 1 and 2 is similar to that of the corresponding 3
and 4, except that the measured quantum yield of the ring-
opening reaction for 2b is much higher than that reported for
4b. The fact that the measurements were not made in the same
solvent (MeCN for 1 and 2, hexane for 3 and 4) may, at least
partly, account for such a difference in the quantum yield. The
striking differences between 1 and 2 in the electronic absorp-
tion spectra can be attributed, as for 3 and 4, to the difference
of m conjugation length in the different isomers.*! In order to
have a better understanding on how the electronic absorption
spectra of 1 and 2 depend on the way the thiazole group is
connected to the perfluorocyclopentene ring, DFT calculations
were performed on both isomers of the two photochromes.

Computational study

DFT calculations using a valence double-zeta basis set were
performed on both the open-ring and closed-ring forms of the
two photochromes. As crystallographic data are available only
for the open-ring forms, DFT geometry optimizations were
carried out for the four isomeric structures of 1 and 2 with only
the C-H and C-F distances kept frozen to their values in the
X-ray structure of la. This simplification has been made to
decrease the optimization computation time and did not affect
the skeleton of the molecules. It is worth noticing that the
calculated structure of la is less symmetric with more geo-
metric differences between the two side arms than that of 2a.
Photochromic properties involve electronic transitions of lower
energy (visible and near-UV regions); so we focus the study on
this part of the spectra that involves the frontier orbitals. The
HOMOs and LUMOs are reported in Fig. 2 for the two open-
ring forms and in Fig. 3 for the two closed-ring forms. In both
the open-ring and the closed-ring forms these orbitals are

Table 1 Absorption maxima, molar extinction coefficients of open and closed ring forms, quantum yields of cyclization and ring-opening reactions

for 1 and 2 as well as those reported for 3 and 4%°

;Lmelx/nm (Smax/M a lcm7 l) ¢a —b (Zirr/nm)

)~max/nm (Smax/Milcmil) (pb%a (/lirr/nm)

1a¢ 310 (40000) 0.17 + 0.01 (313)
2a° 358 (21000) 0.50 + 0.01 (365)
3a¢ 300 (34000) 0.32 (313)
4a? 363 (21000) 0.22 (366)

1b¢ 545 (12700) 0.035 + 0.005 (547)
2b° 414 (6000) 0.52 + 0.02 (436)
3b¢ 525 (10000) 0.02 (492)

4b¢ 406 (7000) 0.01 (420)

¢ Amax and A;, stand respectively for the maximum absorption wavelength and the irradiation wavelength. % 1t has to be stated that even though no
significant solvatochromic effects have been noticed for 1 and 2 when passing from hexane to acetonitrile, the quantum yield may be affected by the

solvent used. ¢ In MeCN. “ In hexane.
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la 2a

Fig. 2  HOMO (bottom) and LUMO (top) of the open forms 1a (left)
and 2a (right).

located on the six carbon atoms of the hexatriene (open) or
cyclohexadiene (closed) framework, that is in the part that
undergoes the major changes in the cyclization process. These
orbitals are, as expected, strikingly reminiscent of the HOMO
and LUMO of hexatriene (a form) or cyclohexadiene (b form)
(Fig. 4).

In the open forms, the HOMOs consist of © bonds essentially
located between the two pairs of thiazolyl carbons C1—C2 and
C5=C6 and to some extent between the carbons C3 and C4 of
cyclopentene. They are very similar in the two isomers 1a and
2a, with almost identical contributions from the sulfur atoms
and the pyridine rings and have nearly the same energy. The
LUMOs of these open forms, both characterized mainly by the
pronounced m antibonding contribution between C3 and C4,
differ, however, in a significant way. There is no « contribution
from carbon atoms C2 and C5 of the hexatriene in 1a, while the
LUMO of 2a possesses significant 1 C2—=C3 and C4=CS5
connections. Hence, the LUMO of 2a is lower in energy than
that of 1a and consequently the calculated HOMO-LUMO
energy gap 6 is about 34200 cm™' in 1a as compared to 28 500
cm™ ! in 2a. We have to mention that in the LUMO of 1a the
electronic density extends to only one pyridine group through a
1 bonding C(thiazoyle)=—C(pyridine) connection. This small
dissymmetry of the two side arms results in orbitals LUMO +
1 and LUMO + 2 close in energy to the LUMO. Conse-
quently, these orbitals will also give significant contributions to
the low-energy part of the spectrum. This does not occur for
the more symmetric 2a form since the first vacant orbitals are
well-separated in energy.

1b

Fig.3 HOMO (bottom) and LUMO (top) of the closed forms 1b (left)
and 2b (right).
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open form closed form
3 4 3 4
2{ )5 2 5
¢ O
1 6 1 6
hexatriene cyclohexadiene

Fig. 4 Atom labeling for hexatriene and cyclohexadiene.

The frontier orbitals of the closed forms recall those of the
butadiene fragment of the cyclohexadiene core, but the calcu-
lations show that the orbitals extend more into the arms in 1b
than in 2b. Indeed, the electronic density in the HOMOs is
located in the © bonding C2—C3 and C4=—CS5 and in the sulfur
lone pairs in 2b; in 1b this orbital delocalizes over the thiazole
rings, decreasing consequently the stabilization due to this
bonding effect. In the LUMOs, the two antibonding contribu-
tions between C2-C3 and C4-C5 prevail over the effect of the &t
bonding between C3 and C4. The resulting increase of energy is
then smaller in the more extended LUMO of 1b than in the in-
core localized orbital of 2b. It is interesting to notice that in the
closed forms the extension of the electronic density over more
atoms produces opposite effects on the HOMO and LUMO
energies. The final result is a smaller energy gap J in 1b
(~19800 cm ') than in 2b (~28 100 cm™!).

Fig. 5 shows the calculated electronic spectra of the two
forms of 1 obtained by the procedure described in the Experi-
mental. The first three excited states of 1a, obtained essentially
by mono-excitations from HOMO to LUMO, HOMO to
LUMO + 1 and HOMO to LUMO + 2 in order of increasing
energy, have close excitation energies due to the orbital pattern
discussed before. As a result, the three transitions from the
ground state to these excited states are almost degenerate and
are together responsible for the ‘calculated band’ with an
absorption maximum at ca. 314 nm. For the closed-ring form
1b the band calculated in the visible region at 605 nm corre-
sponds to a single transition with mainly HOMO to LUMO
character.

For compound 2, the lowest energy bands have calculated
Amax at ~406 nm for the open form and ~423 nm for the
closed form. They both result from a single transition, which is
essentially a HOMO to LUMO mono-excitation. Hence, the
wavelength shifts between la and 2a or between 1b and 2b
reflect the differences in the corresponding HOMO-LUMO
energy gaps.

In the open-ring forms as well as in the closed-ring forms the
ratios of the calculated intensities for the two isomers agree
rather well with the experimental data: the ‘bands’ involved in
the photochromic process are almost half less intense in 2 than
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Fig. 5 Calculated electronic absorption spectra of la (—) and 1b
()
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in 1 for both forms. As explained before, for the open forms
several transitions contribute to the low energy band in 1 but
only one in 2. For the closed forms, the more localized
character of the HOMO and LUMO in 2b as compared to
1b is responsible for the lower transition dipole moment,
consequently leading to less intense transitions for 2b than
for 1b. In conclusion, although DFT calculations are per-
formed on isolated molecules with a single optimized geometry
and they neglect vibrational effects, the calculations reproduce
rather well the general shapes of the experimental spectra as
well as the energies and intensities of the low-energy bands.
Indeed, it is remarkable to notice that the maximum difference
in energy between the simulated and experimental values does
not exceed 10%.

Thermal stability

The thermal stability of the close-ring forms 1b and 2b was
measured at 80 °C in mesitylene (1,3,5-trimethylbenzene). A
solution of 1a (or 2a) was UV irradiated and its UV-Vis
spectrum recorded at room temperature. The solution was
then left in the dark at 80 °C for 48 h before the recording of
a new UV-Vis spectrum. For both molecules 1 and 2, there
were no detectable absorption spectral changes even after 48 h
at 80 °C. This result is in agreement with the fact that the
thiazole group is known to have, like thiophene, a low aro-
matic stabilization energy so that a large thermal stability is
predicted by theory for diarylethenes with such aryl
groups.>*?

Fluorescent properties of 2

It is worth noting that 2a is fluorescent in solution as well as in
the crystalline phase while 1a does not possess this property.
The fluorescence spectral changes of a 2a solution under UV
excitation are shown in Fig. 6.

With UV excitation at Ao, = 352 nm, a broad emission band
centered around 500 nm was observed. The excitation spec-
trum (not shown) confirmed that the emissive species was
indeed 2a. Moreover, the intensity of this emission band
decreased quickly with further UV irradiation and dropped
to about one-third of the initial value in the photo-stationary
state. Visible light (450 nm) irradiation restored the initial
capability of the solution to fluoresce. Such reversible fluores-
cence changes, already observed for other diarylethenes, are
clearly due to the photochromic reaction that, in the present
case, reversibly transforms the fluorescent open-ring form 2a to

140000
2a
120000 |

100000

80000 |
PS state
60000

40000

20000

560 600

640 680

480 520

Alnm

Fig. 6 Fluorescence emission spectra of 2a and its photo-stationary
(PS) state at Aoy = 352 nm.
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the non-fluorescent closed-ring form 2b. The fluorescence
quantum yield (@) of 2a was measured in MeCN (quinine
sulfate in H,O as reference). The low value obtained (&; =
5%0) can probably be ascribed, at least partly, to the high
quantum yield of photocyclization measured for 2a. The fact
that in the crystalline state 2a was found to be highly fluor-
escent with an emission profile similar to that in solution also
supports this idea since the competitive photochromic reaction,
operative in solution, is not observed in the crystalline phase.

Photochromism in the crystalline phase and crystal structures
of 1a and 2a

Some diarylethenes with thiophene or benzothiophene as aryl
groups are known to show crystalline phase photochromism.
Various potential applications in photonic devices have been
proposed for such photochromic crystals.** During our inves-
tigations only 1a was found to display photochromism in the
crystalline phase, as shown in Fig. 7. Upon UV irradiation (365
nm), the colorless single crystal of 1a turned dark violet. This
violet color remained stable in the dark, but could be easily
bleached by visible light irradiation (550 nm). This coloring
and bleaching cycle could be performed several times but a
prolonged irradiation alters the quality of the crystal and
eventually breaks it up. In order to understand the difference
of behavior between the two compounds, their crystal struc-
tures were determined. The main X-ray crystallographic data
are summarized in Table 2.

The molecular structures of both 1a and 2a (Fig. 8) are
characterized by two common features: (1) near planarity
between the pyridine and thiazole groups on each side arm of
the photochromes la and 2a; (2) the two methyl groups
attached to the photo-reactive carbon atoms in both molecules
are in the trans conformation and the distance between the two
reactive carbon atoms is 3.71 A for 1a and 3.56 A for 2a.

For the photochromic reaction to take place in the crystal-
line phase it is usually believed that two conditions in the
molecular structure have to be met: (1) the two R substituents
on the photo-reactive carbon atoms must be in trans confor-
mation because only the antiparallel conformer is photoactive
in the conrotatory cyclization; (2) the two reactive carbon
atoms should be close enough to allow the photoreaction

1 mm

Fig. 7 Photographs of a single crystal of la before (top) and after
(bottom) irradiation at 365 nm.
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Table 2 Crystallographic data of 1a and 2a

la 2a
Empirical formula C23H14F6N452 Cl 1 .5H7F3st
Formula weight 524.50 262.25
T/K 293 293
Wavelength/A 0.71073 1.54178
Crystal system Monoclinic Orthorhombic
Space group P21/n Pbcn
a/A 16.492(6) 10.902(1)
b/A 8.379(3) 12.360(1)
c//f\ 16.790(7) 17.546(2)
o/° 90 90
Bl° 93.52(4) 90
y/° 90 90
Volume/A® 2316(2) 2364
VA 4 8
Reflections collected 10909 10046
Independent reflections 5694 2434
R(int) 0.0229 0.0847
Observed reflections 4078 2056
Ry [I > 2a(])] 0.0496 0.0673
WRy [I > 20(1)] 0.1401 0.1183
R, (all data) 0.0749 0.0848
WR, (all data®) 0.1698 0.1333

“ The number of data are 5694 and 2434 for 1a and 2a, respectively.

and this distance is typically shorter than 4.2 A However, the
correlation between structure and photoreactivity in the crys-
talline phase seems more complex since 2a is not found to
display (under the experimental conditions) such a behavior
while its molecular structure fulfils the above criteria. To our
knowledge, similar observations have been made for several
other diarylethene derivatives.>!*>> One of the possible reasons

(1a)

(2a)

Fig. 8 ORTEP views of la (top, complete atom labeling) and 2a
(bottom, partial atom labeling for the part of the molecule generated
by symmetry), showing 25% displacement ellipsoids.
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for the difference is that one has to consider not only the
molecular structure but also the crystal packing. The compar-
ison of the two crystal structures reveals stronger intermole-
cular interactions in 2a than in 1a. First, relatively strong =
stackings (average distance of 3.6 A) exist between the thiazole
ring of one molecule and the pyridine ring of adjacent mole-
cules for 2a; whereas in 1a no such close contacts can be found.
Moreover, the fact that the thiazole ring is involved in the ©
stacking may considerably restrict its rotation, necessary for
the electrocyclization.

Conclusion

Two new dithiazolylethenes with the potential ability to chelate
different metal ions have been synthesized and fully character-
ized. Both molecules 1a and 2a display fatigue-resistant and
thermally irreversible photochromic reactions in solution. The
marked differences in their electronic absorption spectra results
from the way the thiazole is connected to the central per-
fluorocyclopentene ring, which is in accordance with DFT
calculations. Furthermore, interesting crystalline phase photo-
chromism is observed for 1a, which is, as far as we know, the
first thiazole-based diarylethene with such a property, while 2a
shows reversible photo-modulation of fluorescence in solution.
We are currently investigating interactions between such
dithiazolylethenes and different metals ions in order to design
new photochromic complexes with different photoswitchable
behaviors.
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