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ABSTRACT

A new class of molecular machine exhibits a hingelike motion upon photoirradiation. The motion (close and open) can be operated by alternate
irradiation with UV and visible light. The trans/trans and cis/cis isomers are thermally stable at 40 °C, and the photochemical closure reaction
(from trans/trans to cis/cis isomer) is dependent on the intensity of the light used because of the short-lived intermediate (trans/cis isomer).

Controlling the motion and reactivity of photoreactive axis; the motion of the hinge allows a transformation between
molecules is a major challenge for photochemists, who haveopen and closed states. When two hinges connect the two
developed many kinds of molecular machines and switchesrigid planes, efficient motion of the hinges must occur in a
whose motion can be induced by lightrans—cis isomer-  cooperative manner; i.e., a configuration in which one hinge
ization of azobenzene has been the basis for many functionalis open and another is closed either will not exist or will be
moleculed and materiafswith applications in photonics and  very unstable. To the best of our knowledge, molecules that

data storage in various media. - -
. . (2) (a) Vogtle, F.Supramolecular Chemistry: An Introductipdohn
In this paper, we describe a new class of molecular wiley & Sons: Chichester, UK, 1989; Chapter 7. (b) Jousselme, B.;
machine that has a hingelike motion, so-called “light-driven Blanchard, P.; Gallego-Planas, N.; Delaunay, J.; Allain, M.; Richomme,
molecular hinges*. The characteristic structure of a hin P Levillain, E.; Roncali, 1. Am. Chem. S0@003,125, 2888 2889, (c)
g : 9€  shinkai, S.; Minami, T.; Kasano, Y.; Manabe, O. J. Am. Chem. 5283,
is two planes that are connected at their edges through anio05, 1851—1856.
(3) (a) Ichimura, K.Chem. Re»2000,100, 1847—1873. (b) Mallia, V.
A.; Tamaoki, N.Chem. Soc. Re2004,33, 76-84. (c) Zettu, N.; Ubukata,
(1) (@) Molecular SwitchesFeringa, B. L., Ed.; Wiley-VCH GmbH: T.; Seki, T.; Ichimura, KAdv. Mater.2001,13, 1693—1697.
Weinheim, Germany, 2001. (b) Shinkai, S.; Ogawa, T.; Nakaji, T.; Kusano, (4) For molecular hinges operating under thermal processes, see: (a)
Y.; Manabe, OTetrahedron Lett1979,47, 4569—4572. (c) Ichimura, K; Hamilton, A. D.; Van Engen, DJ. Am. Chem. Sod987,109, 5035—
Oh, S.-K.; Nakagawa, MScience2000,288, 1624—1626. (d) Hugel, T.; 5036. (b) Shinkai, S.; He, G.-X.; Matsuda, T.; Hamilton, A. D.; Rosenzweig,
Holland, N. B.; Cattani, A.; Moroder, L.; Seitz, M.; Gaub, H. &cience H. S. Tetrahedron Lett1989,30, 5895—5898. (c) Kitamura, N.; Suzuki,
2002 296, 1103-1106. (e) Muraoka, T.; Kinbara, K.; Kobayashi, Y.; Aida, Y.; Chiba, M.; Sakata, N.; Kim, H.-BChem. Lett.2001, 720—721. (d)
T.J. Am. Chem. So2003,125, 5612-5613. (f) Yu, Y.; Nakano, M.; Ikeda, Warrener, R. N.; Butler, D. N.; Liu, L.; Margetic, D.; Russell, R.@hem.
T. Nature 2003,425, 145. Eur. J.2001,7, 3406—3414.

10.1021/0l049082c CCC: $27.50  © 2004 American Chemical Society
Published on Web 06/25/2004



Scheme 1. Synthesis of3?

R R R R
NH, NH, O o O O o O 08F
° a N, NH, b N, N, 806
> N NH, > N N § ]
R R o o = ‘l\ f\
O, o0, PV W -
1 R R R R < \
R =1Bu 2 3 02+ ) J
aConditions: (a) Benzene, Mnpreflux, 42%. (b)tBuOK, O, 0 360 e "\Efjﬁ_ T : pr u‘gé—o- - i
DMSO, tBuOH, rt, 15%. See Supporting Information for further Wiivalergiitm \WBvelengthif nen
details. =
E 092 :
c | C
. . . . . . . . 2cla,4 |
operate with a hingelike motion upon irradiation with light 8" I'|
have not been reported previously. The molecular motion & i
in our system is induced by photochemical tranis 2998
<

isomerization of azobenzene units; cooperative effects and
ring strain restrict the molecular motion.

Scheme 1 presents the structure of moleculf’:lr hhaed Figure 2. Changes in the absorption spectra3oin chloroform
the synthetic route we used for its preparation. The two upon irradiation at (a) 366 and (b) 436 nm. (c) Absorption changes
xanthene rings ir3 are connected by twe-N=N— linkers observed at 323 nm after alternating irradiations at 366 nm (half
that act as hinges. By heatidfand MnQ in benzene under integers) and 436 nm (integers) over 11 complete cycles.
reflux, we did not obtair8 directly but instead isolated.
The ring closure reaction frord to 3 was achieved using )
tBUOK in DMSO/tBUOH (4:1, v/v) under an atmosphere of however, the two xanthene planes are nearly perpendicular

dry oxygen. This stepwise reaction sequence avoids thel® On€ another. Structurgcc seems to be quite thermally
formation of polymers. robust because the tweN=N-— bridges act cooperatively

Figure 1 displays the structures of the trans/tr@ts &nd to stabilize the configuration. On the other hand, the trans/

cis/cis (3cc) isomers o8 that were optimized using AM1 cis isomer (3tc; structure not shown) seems to have signifi-
cantly more ring strain than the other two isomers, and the

_ result is that3tc is expected to be thermally unstable and
have a relatively short lifetime.

Figure 2a presents the absorption spectrunBtbf the
absorption maximadgay occur at 383, 323, and 261 nm (
= 14 300, 26 900, and 21 900 Mcm™1, respectively). The
spectrum is different from that of azobenzeitself, which
exhibits absorption maxima at 444 nmx*, ¢ = 440 M1
cml) and 316 nm (r—n*, e = 22000 M cm?).
Presumably, the—s* band of 3tt overlaps with the tail of
the band at 383 nm. Upon irradiation of a chloroform solution
of 3tt at 366 nm, the intensity of absorption spectra decreases,
as indicated in Figure 2a. On the other hand, we observed
recovery of the absorption intensity upon irradiation at 436
nm (Figure 2b). By alternating irradiations at 366 and 436
nm, we verified that the photochemical processes are highly
reproducible over more than 10 cycles (Figure 2c). To
confirm the formation of the isomer &cc, we measured
H NMR spectra after irradiation at 366 nm. Two new signals
of equal intensity for aromatic protons appear at 6.97J(d,
) ) = 2.2 Hz) and 6.48 ppm (d,= 2.2 Hz) alongside the initial
ey cons oo ot e oihions Peake for3t appearing at 779 (d = 2.3 He) and 7.2

' ppm (d,J = 2.3 Hz). It is reasonable to assign the two new

of these two isomers (bottom). . g
peaks to the aromatic protons &c because the signals of

calculations. When both of the azobenzene units are in trans (5) Buhimann, P.; Nishizawa, S.; Xiao, K. P.; UmezawaT¥trahedron
configurations (3tt), the two xanthene rings are almost 1997,53, 16471654,
g ! g (6) Forber, C. L.; Kelusky, E. C.; Bunce, N. J.; Zerner, M.JC.Am.

coplanar and the overall molecular shape is flat.3bt, Chem. Soc1985,107, 5884—5890.
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aromatic protons of azobenzene units generally shift to higherrecover to the initial intensity it had before irradiation
magnetic fields upon their isomerization from trans to cis suggests the formation of another photoproduct, nar3ety,
configurations, as a result of the magnetic shielding effect From these results, we propose in Scheme 2 a reaction
of aromatic rings, which face each other to a greater extentscheme for the photochemical and thermal isomerizations

in cis-azobenzenes.

To investigate the thermal isomerization 2éc, a chlo-
roform solution of3 was kept in the dark at 40C after
irradiation at 366 nm. The absorption spectra did not change
during the next 2 weeks, which indicates that thermal
isomerization from3cc to 3tc, or to3tt, barely occurs. To
explain this stability of th&cc isomer, the heats of formation

of 3.

Scheme 2. Photochemical and Thermal Isomerizations3of
366 nm 366 nm

436 nm

3tt cc

436 nm, A

of the three isomers were estimated by ab initio quantum
chemical calculations. The HF/6-31G* metlaglas used,
and the geometries were fully optimized. The results show
that 3tt and3cc are 28 and 2.6 kcal mdimore stable than
3tc, respectively. An experimental study on the heat of
combustion of trans- ands-azobenzene showed thedns
azobenzene is about 10 kcal mbimore stable thamis-
azobenzen@.The extraordinarily large energy difference
between3tt and3tc indicates thaBtc is destabilized due to
the ring strain, which prohibits the thermal isomerization
from 3cc to3tc. A further study on calculation of the energy

Generally, in a system such as that presented in Scheme
2, where the reaction intermediate (in this ca3e) has a
short lifetime and the final product (3cc) is fairly stable, the
photochemical formation (yield) of the final product (3cc)
is dependent on the intensity of the lightTo verify that
the observed intermediate 3¢c, we investigated the effect
of light intensity on the isomerization processes 3fn
chloroform (Figure 4). The curves obtained at intensities of

of the transition state is on the way to explain sufficiently _

the thermal stability oBcc.

To observe the short-lived specie3tc, we measured
absorption spectra immediately after irradiation of a chlo-
roform solution of3tt at 366 nm. A photodiode array detector

was used to observe any spectral changes that occur within

seconds. Figure 3 displays the recovery of the absorption

Figure 3. Time profile of the transient absorption of a chloroform
solution of3 observed at 323 nm after irradiation at 366 nm. The
irradiation time was 3 s (yellow area). “Time” indicates the delay
time after the irradiation with light. The first point &it= ca.—5 s

is the absorption before irradiation.

after irradiation. Bleaching (i.e., a decrease of the absorption
band) was observed just after irradiation; its recovery
occurred with a rate constakt= 0.035 s?! at 23°C. The

recovery of the absorption band corresponds to the reforma-

tion of 3tt. The fact that the absorption intensity did not

(7) Tait, K. M.; Parkinson, J. A.; Bates, S. P.; Ebenezer, W. J.; Jones,
A. C. J. Photochem. Photobiol. A: Cher2003,154, 179—188.
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Figure 4. Absorption change a8 in chloroform at 323 nm, with
respect to the total energy of light, upon irradiation at 366 nm using
various intensities of light.

5.7 and 22 mW cn? are nearly identical, and no dependency
was observed. At weaker intensities of light (0.8 and 0.3

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, T., Jr.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03,
Revision A.1; Gaussian, Inc.: Pittsburgh, PA, 2003.

(9) Corruccini, R. J.; Gilbert, E. Cl. Am. Chem. S0d.939,61, 2925—
2927.
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mW cm ), the isomerization o8 depends on the irradiating In conclusion, we have demonstrated a new type of light-
light intensity, although the total energy of light was driven molecular motion that is similar to the function of a
maintained. The observed intermediate, therefore, is mosthinge. This motion can be controlled by the irradiation
reasonably assigned t8tc, and its lifetime at 23C in wavelength, and the yield depends on the light intensity. The
chloroform is 28 s. change in molecular shape is large, and therefore we believe
Recently, we have studied the correlation between the that such systems might be of use in various fields, e.g., as
structure and the photo and thermal isomerization reactionstorage devices or other switching devices. The highly
of cyclic azobenzene dimer, where two azobenzene units areregulated motion of the hinge has a potential to display
connected by methylene linkers at the meta posittoim. drastic switching behavior, especially for anisotropic media
that molecule, the trans/cis isomer was fairly stabte 6.1 such as liquid crystals.
days at 298 K) because the ring has flexibility to form a  Acknowledgment. We thank Dr. Seiji Tsuzuki for the
stabilized conformation. As foBtc, in contrast, the rigid  giscussion on the ab initio quantum chemical calculations.
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