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Molecular folding screen: folding and unfolding of
1,8-anthrylene—ethynylene oligomers by photochemical
cycloaddition and thermal cycloreversion'+
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Molecular folding screens consisting of anthracene plates and
acetylene linkers stereoselectively fold into a zigzag form by [4 + 4]
photocycloaddition, and unfold by thermal cycloreversion.

The construction of novel molecular devices and machines to
realize specific functions or motions at the molecular level is
one of the challenges in molecular science.>* Folding and
unfolding triggered by external energy are fundamental mole-
cular functions that not only change the molecular shape or
volume but also influence properties related to reactivity and
dynamics for a wide range of artificial and biological mole-
cules.*° In many cases, these functions occasionally arise from
conformational changes, where the folded structures are sta-
bilized by attractive interactions such as hydrogen bonds and
coordination bond interactions.

We tried to realize such functions through the [4 + 4]photo-
dimerization of anthracene moieties'®'! in the 1,8-anthry-
lene—ethynylene oligomeric system 1, which we have used for
the molecular design of novel n-conjugated compounds (Chart
1).!2 However, we failed to obtain significant photoproducts of
the cyclic oligomers due to structural restrictions. This draw-
back prompted us to use acyclic oligomers because of the
increased mobility of anthracene moieties. In fact, trimer 2 and
tetramer 3 underwent intramolecular cycloaddition in good
yields, and the products reverted to the original compounds
upon heating. These processes, accompanied by the formation
and cleavage of C—C covalent bonds, mimic the folding and
unfolding of a folding screen (a byobu in Japanese). We herein
report the mechanical like motion of 1,8-anthrylene—ethyny-
lene acyclic oligomers and the structural determination of the
photoproducts.

We used acyclic oligomers consisting of three or four
anthracene panels with TIPS-ethynyl groups (TIPS = tri-
isopropylsilyl) at both ends, which reasonably improved solu-
bility. Trimer 2, a known compound, was converted into the
tetrameric monoiodide with a known procedure.'? The Sono-
gashira coupling of this iodide with TIPS-acetylene gave
tetramer 3 in 61% yield. Compound 3 was obtained as a
yellow solid showing fluorescence in solution, and was reason-
ably characterized by NMR and mass spectroscopy (see ESIf).
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1 Electronic supplementary information (ESI) available: Experimental
procedures and spectroscopic data. See DOI: 10.1039/b717496a

A degassed solution of 2 in benzene was irradiated with a
high-pressure Hg lamp through an L42 filter at room tempera-
ture for 8 h to give a photoproduct in 90% yield (Scheme 1).1
Its NMR spectra showed one set of anthracene signals in the
aromatic region and two signals in the aliphatic region (6 4.59,
6.77 ppm), indicating a [4 + 4]cycloaddition between the
terminal anthracene moieties. The structure of this product
was determined by X-ray analysis (Fig. 1).§ An ORTEP
drawing shows chiral structure 4a cyclized in the anti mode
rather than achiral 4b in the syn mode. The both sides of the
central anthracene ring are blocked by two TIPS groups to
prevent further reactions. This chiral structure is also sup-
ported the nonequivalent proton signals due to the two methyl
groups in each isopropyl group as well as the resolution of its
enantiomers by chiral HPLC."?

The photoreaction was similarly carried out with tetramer 3.
The irradiation initially formed a singly cyclized product that
was converted into another product after 21 h in 73% isolated
yield. Although we could not isolate the intermediate product
from the reaction mixture, this compound was identical with
that converted from 4a by monodesilylation and Sonogashira
coupling with 1-iodo-8-(TIPS-ethynyl)anthracene to establish
the structure of 6. The photoreaction of the independently
prepared 6 gave the same compound as the final product from
3. Its NMR spectra suggested that that two pairs of anthra-
cene moieties cyclized in a symmetric way. Therefore, the final
product is unambiguously assigned to doubly cyclized form 5
in the anti-anti mode.'*

The photochemical cycloaddition of 2 and 3 takes place
diastereoselectively so that two reacting anthracene rings
approach in the anti conformation relative to the central
anthracene, creating a zigzag folded structure. Using a mole-
cular model, we found that the bond-forming carbon atoms in
the terminal anthracene panels can come within the distance
required for photodimerization'® only for the anti conforma-
tion via a large folding, and the approach was less easy for the

1 2(n=1) 3(n=2)
Chart 1
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Scheme 1 Photocycloaddition of acyclic oligomers 2 and 3 and thermal cycloreversion of photoproducts 4 and 5. Newly formed bonds by

photoreactions are indicated by bold lines.

syn conformation irrespective of the folding angle (Fig. 2).
Furthermore, the steric hindrance between the terminal silyl
groups makes the cycloaddition difficult in the syn form;
namely, the diastereoselective cyclization in the zigzag mode
is attributed to the geometrical constraint inherent in the
oligomeric chain. A similar structural situation is found for
the two pairs of anthracene rings in tetramer 3 to give only one
stereoisomeric photoproduct 5.

A solid sample of photoproduct 4a was heated at 180 °C for
30 min to afford the original acyclic trimer 2 in almost
quantitative yield. This process was monitored by differential
scanning calorimetry (DSC) measurements: an exothermic
band due to cycloreversion was observed at 157 °C'® and an
endothermic band due to melting at 281 °C. The solid state
was preserved even after the thermal reaction until the tem-
perature reached the melting point. Fluorescence spectra
measured in the solid state (Fig. 3) revealed that the thermally
reverted sample of 2 (2X) was different from a solid sample of
2 obtained by crystallization from chloroform solution (2Y).

Fig. 1 X-Ray structure of photoproduct 4a with thermal ellipsoids at
50% probabilities. One of the two molecules in an asymmetric unit is
shown here, because their structures are almost the same except the
absolute stereochemistry.

The emission band of 2X is red-shifted, broad, and long-lived
(tg 2.2, 15.7 ns) compared with that of 2Y (g 0.6, 3.2 ns).!” It
is likely that molecules of 4a undergo cycloreversion with
small changes in molecular conformation and arrangement
to preserve the zigzag form in the packing (Scheme 2). These
spectral features of 2X are attributable to strong interactions
between anthracene groups, leading to the increased contribu-
tion of an excimer-type emission.'® In contrast, the molecule
adopted an approximately L-shape conformation in the crys-
tal of 2Y.!” The NMR spectra of 2X and 2Y in solutions were
identical because of the facile conformational interconversion
by rotation about acetylenic axes. Hence, the thermal reaction
in the solid state just unlocked the folded structure, which then
unfolded upon dissolution. The thermal cycloreversion of 4a
also took place in 1,2-dichlorobenzene at 180 °C within 30
min, where the molecules unfolded immediately after the
unlocking. Compound 5 similarly afforded 3 in good yield
upon heating in the solid state. Although the DSC measure-
ment of 5 gave very broad exothermic peaks above 160 °C, we
obtained no clear evidence of structural changes and stepwise
ring opening.

In summary, acyclic anthrylene—ethynylene trimer 2 and
tetramer 3 were converted into the corresponding folded forms
upon irradiation, which unfolded back to the open forms upon
heating followed by dissolution in a manner similar to three-
and four-panel folding screens, respectively. These processes

anti-2

Fig. 2 Two types of folded conformations of acyclic trimer 2 viewed
along the acetylenic axes. (Rigid models generated by Chem3D.
Dihedral angles between anthracene groups are —42°/—42° and
—90°/+90° for anti-2 and syn-2, respectively. The TIPS group is
indicated by a single black ball for clarity).
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Fig. 3 Fluorescence spectra of 2 (4 393 nm). Red (2X): solid sample
obtained by thermal cycloreversion of 4a. Green (2Y): solid sample
obtained by crystallization from chloroform solution of 2. Blue:
chloroform solution.
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Scheme 2 Thermal cycloreversion of 4a in the solid state.

provide a fundamental design of structural switch caused by
external energies. Further studies of the improvement of
function to realize rapid response and the photoreaction in
the solid state are in progress.

This work was partly supported by a Grant-in-Aid for
Scientific Research on Priority Areas “Advanced Molecular
Transformations of Carbon Resources” (No. 19020069) from
MEXT (the Ministry of Education, Culture, Sports, Science
and Technology, Japan) and by ‘“High-Tech Research Center”
Project for Private Universities: matching fund subsidy from
MEXT. The authors thank Prof. T. Shinmyozu of Kyushu
University for use of the X-ray diffractomer, and Prof. T.
Ohtani of Okayama University of Science for use of the DSC
apparatus.

Notes and references

I Selected data of the photoproducts. 4a: yield 90%; mp 280-282 °C;
"H NMR (400 MHz, CDCl3) = —0.41 (septet, 6H, J = 7.3 Hz), 0.44
(d, 18H, J = 7.3 Hz), 0.49 (d, 18H, J = 7.3 Hz), 4.59 (s, 2H), 6.77 (s,
2H), 6.80-6.94 (m, 8H), 7.07 (d, 2H, J = 7.3 Hz), 7.21 (d, 2H, J=17.3
Hz), 7.46 (dd, 2H, J = 7.3, 8.3 Hz), 7.86 (d, 2H, J = 6.8 Hz), 8.03 (d,
2H, J = 8.8 Hz), 8.51 (s, 1H), 10.09 ppm (s, 1H); UV-vis (CHCI;):
max (&) = 271 (90500), 296 (17400), 367 (2400), 386 (9100), 408
(20 500), 432 (23200) nm; HR FAB MS: m/z 938.4704 [M *]; calcd for
CsHeeSin; m/z 938.4703 [M 7. 5: yield 73%:; mp 285-288 °C (dec); 'H
NMR (400 MHz, CDCl3) 6 = —0.01 (septet, 6H, J = 7.8 Hz), 0.51 (d,
18H, J = 7.3 Hz), 0.57 (d, 18H, J = 7.3 Hz), 442 (d, 2H, J = 10.7
Hz), 4.57 (d, 2H, J = 10.7 Hz), 6.47 (d, 2H, J = 10.7 Hz), 6.63 (d, 2H,
J =10.7 Hz), 6.72 (d, 2H, J = 6.8 Hz), 6.76-6.96 (m, 14H), 7.04 (m,
2H), 7.15-7.19 ppm (m, 6H); UV-vis (CHCL3): Anax (6) = 294 (35000),

331 (9400), 391 (930), 411 (1070), 434 (750); HR FAB MS: m/z
1138.5294 [M *]; caled for CgsH74Sis; m/z 1138.5329 [M *].

§ Crystal data for 4a: CgsHesSio, M = 939.39, monoclinic, P2y, a =
22.625(3), b, = 9.6582(11), ¢ = 24.852(4) A, f = 99.565(6)°, U =
53552(12) A, T = 123K, Z = 4,p = 1.165 ¢ em 3, (Mo Ko) =
0.108 mm~', 2 = 0.71073 A. 88674 reflections measured, 23 529
unique reflections [Ri,, = 0.0732]. Refinement on P2, R, = 0.0618,
wWR, = 0.1612 for [I > 20(I)]. CCDC 667544. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b717496a
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