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Photochemical and Thermal cis/trans Isomerization of Cyclic and Noncyclic
Azobenzene Dimers: Effect of a Cyclic Structure on Isomerization
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The effect of ring strain on the photochemical and thermal
isomerization of azobenzene dimers was investigated by
comparison of macrocyclic (1) and noncyclic (2) azobenzene
dimers. The macrocycle 1 comprises two azobenzene moie-
ties connected at their meta positions through two methylene
linkers, whereas the noncyclic dimer 2 has only one methyl-
ene linker bridging two azobenzenes at the meta positions.
Upon irradiation of 1 or 2 with UV light, each (E/E) (trans/
trans) isomer exhibited a stepwise photoisomerization to give
the corresponding (E/Z) (trans/cis) isomer, followed by isom-
erization to yield the (Z/Z) (cis/cis) isomer. Quantum yields
for the isomerization indicated that the photochemical isom-
erizations of 1 were altered by its cyclic structure. The effect

Introduction
Photochemical (Z)/(E) (cis/trans) isomerization has been

employed in photoswitches, in biological photoreceptors,
and in various types of artificial molecules and materi-
als.[1–5] In those systems, regulation of the direction and se-
lectivity of isomerization are major requisites for the display
of desired switching properties. Understanding of the rela-
tionship between the structures and the behavior of mole-
cules exhibiting photochemical (Z)/(E) (cis/trans) isomeriza-
tions can yield significant knowledge and clues for the con-
struction of photoswitching molecules, as well as infor-
mation about the reaction mechanisms.

Azobenzene exists as (E) and (Z) isomers. UV and visible
light predominantly cause (E) � (Z) and (Z) � (E) isomeri-
zation, respectively. Typically, the (Z) isomer is less stable
than the (E) isomer, and it thermally converts into the (E)
isomer in the dark. The azobenzene moiety has been the
subject of study for exploration of the reaction mechanisms
of photochemical and thermal isomerizations both experi-
mentally[6] and theoretically,[7] and has been employed in
various types of photoresponsive supramolecular systems
and photofunctional materials.[1,2,4,5]

According to reports on photochemical and thermal
isomerizations of azobenzenes, these processes are affected
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on the photochemical isomerization process can be explained
in terms of the ring strain, causing shifts in the absorption
spectra of the azobenzene chromophore and perturbations
in molecular motion in the excited state. Thermal (Z) � (E)
isomerization was observed in each 1 and 2, taking place in
stepwise manner as (Z/Z) � (E/Z) � (E/E). The cyclic struc-
ture gave higher activation barriers (Ea and ∆H‡) and acti-
vation entropies (∆S‡). HF/6-31G** calculations were carried
out for 1 and 2 in their ground electronic states in order to
estimate the ring strain of each isomer of 1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

by intramolecular or intermolecular interactions: bulky
substituents at the ortho positions alter the photochemical
isomerization, for example.[8] In polymer matrices the pho-
tochemical and thermal isomerization of azobenzenes does
not follow single-exponential kinetics, due to the widely dis-
tributed free volume.[9] The effect of ring strain in macro-
cyclic azobenzene dimers has been discussed, several com-
pounds with various type of linkers have been synthesized,
their photochemical and thermal isomerizations have been
reported,[6a,10] and the effect of the ring strain on the ther-
mal and photochemical isomerization of the azobenzene
moieties in these systems has been discussed. However, the
relationship between structure and photochemical/thermal
isomerization of azobenzene moieties in macrocyclic azo-
benzene dimers is not clear, due to the limited information
about the structures of azobenzenes.

We have recently reported a new class of molecular hinge
that swings between open and closed states.[4a,4e] Two azo
linkers are connected to two xanthene rings. The motion
(closed and open forms) can be actuated by alternating irra-
diation with UV and visible light. The photochemical clo-
sure reaction [(E/E) � (Z/Z) isomer] depends on the inten-
sity of the light used, because of the short-lived intermedi-
ate [(E/Z) isomer]. The closed form [(Z/Z) isomer] is stable
in the dark for 2 weeks at 40 °C. These effects were ex-
plained by ring strain.

In the course of our exploration of the effect of ring
strain on the thermal and photochemical isomerization of
azobenzene dimers, we synthesized macrocyclic azoben-
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zenes in which azobenzene units are linked cyclically by
–CH2– linkers (1) and reported the X-ray crystal structures
of the (E/E) [(E,E)-1], (E/Z) [(E,Z)-1], and (Z/Z) [(Z,Z)-1]
isomers.[11] Both the thermal and photochemical isomeriza-
tion processes in solution were different from those of
strain-free azobenzenes.[11] The effect seems to be due to the
strain imposed by the cyclic structure.

To investigate the effect of ring structure on the photo-
chemical and thermal isomerization of azobenzene dimers
further, it is essential to compare their properties with those
of noncyclic azobenzene dimers such as 2. Here we report
the photochemical and thermal isomerization of two com-
pounds, together with ab initio calculations.

Results and Discussion

The macrocycle 1 comprises two azobenzene units con-
nected through two methylene linkers at their meta posi-
tions. The synthesis of 1 by reduction of the corresponding
dinitro compound has been reported previously.[11] The
noncyclic azobenzene dimer 2 consists of two azobenzene
units connected through a single methylene bridge at their
meta positions. The synthesis of 2 was achieved by em-
ploying a condensation between bis(3-aminophenyl)meth-
ane and 3-nitrosotoluene in acetic acid. Both 1 and 2 can
exist in three forms: the (E/E) [(E,E)-1 and (E,E)-2],
(E/Z) [(E,Z)-1 and (E,Z)-2], and (Z/Z) [(Z,Z)-1 and (Z,Z)-
2] isomers (Scheme 1).

Figure 1 shows the absorption spectra of (E,E)-1 and
(E,E)-2 in acetonitrile. The absorption maxima (λmax) of
(E,E)-1 are at 451 (ε = 1150 –1 cm–1) and 313 (ε =
33700 –1 cm–1), while those of (E,E)-2 are at 443 (ε =
1162 –1 cm–1) and 322 (ε = 42800 –1 cm–1). The shape of
the spectrum of (E,E)-2 is very similar to that of (E)-3,3�-
dimethylazobenzene, the λmax values of which are 445 (ε =
518 –1 cm–1) and 325 (ε = 20130 –1 cm–1),[11a] while the
molar extinction coefficient (ε) of (E,E)-2 is about twice
that of (E)-3,3�-dimethylazobenzene. This indicates that

Scheme 1.
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there is no electronic communication between the azoben-
zene moieties in 2. On comparison of (E,E)-1 and (E,E)-2,
(E,E)-1 exhibits a λmax value for the π,π* band (the intense
absorption band around 315 nm) at lower wavelength, while
the λmax value for the n,π* band (relatively weak absorption
band around 450 nm) is at higher wavelength than that in
(E,E)-2.

Figure 1. Changes in the absorption spectra of 1 (a) and 2 (b) in
acetonitrile upon irradiation at 313 nm. The insets show the n,π*
band spectral range (370–550 nm). Bold lines are the initial (solid)
and final (dash) traces.

Upon irradiation, both 1 and 2 exhibited stepwise photo-
isomerization from (E/E) � (Z/Z) isomers via the (E/Z)
forms (Scheme 1). Figure 1 shows the changes in the UV



Y. Norikane, N. TamaokiFULL PAPER
spectra of 1 and 2 upon irradiation at 313 nm. Weakening
in the π,π* band and concomitant strengthening in the n,π*
band were observed in both 1 and 2. In the early stages of
the irradiation, the λmax value for the π,π* band of 1 shifts
slightly to a longer wavelength in relation to the initial state,
although the λmax ends up at a shorter wavelength in the
final spectrum of the photostationary state (Figure 1, a).
Furthermore, it should be noted that the intensity of the
n,π* band of 1 slightly decreased during the early stages of
isomerization (see the inset of Figure 1, a); this spectral
shift is attributable to the presence of (E,Z)-1. The absorp-
tion spectrum of (E,Z)-1 (Figure 2, a) shows the π,π* band
red-shifted in relation to that in (E,E)-1, whilst the absorp-
tion intensity of the n,π* band in (E,Z)-1 is smaller than
that in (E,E)-1. On the other hand, the π,π* band in 2 was
shifted to a slightly shorter wavelength throughout the irra-
diation, while the n,π* band of 2 increased monotonously
(Figure 1, b). An isosbestic point was observed at 272 nm

Figure 2. Absorption spectra of each isomer of 1 (a) and 2 (b) mea-
sured by use of a photodiode array detector attached to an HPLC
system. Spectra are normalized at the isosbestic points (269 and
272 nm for 1 and 2, respectively).

Table 1. Isomer ratios at the photostationary states of 1 and 2 in acetonitrile at various irradiation wavelengths.

1 2
Wavelength (E,E)-1 (E,Z)-1 (Z,Z)-1 (E,E)-2 (E,Z)-2 (Z,Z)-2

269 nm[a] 55 37 9
272 nm[b] 45 45 10
313 nm 14 29 57 5 32 63
366 nm 2 11 87 2 22 76
436 nm 44 50 6 59 36 5

[a] The actual isosbestic point shifted from 270 to 268 nm during the isomerization of (E,E)-1 to the photostationary state. [b] Isosbestic
point of 2.
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for compound 2, while that of 1 shifted slightly from
270 nm to 268 nm during the irradiation at 313 nm.

Comparison of 1 and 2 shows that the intensities of the
π,π* bands of (E,E)-1 and (E,Z)-1 are smaller than those
of (E,E)-2 and (E,Z)-2, respectively. Moreover, the λmax

value for the π,π* band of (E,E)-1 differs markedly from
that of (E,E)-2. On the other hand, there was no significant
difference between the absorption spectra of (Z,Z)-1 and
(Z,Z)-2. Those results indicate that the absorption spectra
of (E,E)-1 and (E,Z)-1 cannot be expressed as the sums
of two individual strain-free azobenzenes, because of the
deformed structure of each azobenzene unit, while that of
(Z,Z)-1 is almost a simple sum of two (Z)-azobenzenes.
These observation is consistent with the crystal structures
of 1, which indicated that (E,E)-1 was slightly deformed,
(E,Z)-1 was significantly distorted, and (Z,Z)-1 was not de-
formed.[11] In (E,Z)-1, for example, the dihedral angle be-
tween the benzene ring and the N=N double bond is nearly
90° in the (Z)-azobenzene unit.[11] This indicates that the
transition probability from n to π* orbitals is reduced by
the deformed structure of (E,Z)-1, resulting in a relatively
small molar extinction coefficient of (E,Z)-1. The small
spectral difference between (Z,Z)-1 and (Z,Z)-2 is attribut-
able to the unstrained structure of (Z,Z)-1, deducible from
the crystal structure of (Z,Z)-1, in which the structure of
an azobenzene unit is similar to the crystal structure of (Z)-
azobenzene.[11]

In general, upon irradiation at the π,π* band the photo-
stationary state of azobenzenes lies close to the (Z) isomer,
while irradiation at the n,π* band shifts it to the (E) isomer.
The compounds in this study can each exist as three iso-
mers, and the existence of the intermediate (E/Z) isomers
makes the systems more complex. Table 1 shows the isomer
ratios of 1 and 2 at their photostationary states. Upon irra-
diation at 366 nm, the proportion of (Z,Z)-1 was as high as
87%, indicating that the absorption of (Z,Z)-1 in this re-
gion is very weak. On the other hand, upon irradiation at
436 nm, the proportion of (E,E)-1 did not surpass that of
(E,Z)-1. This is notable because the intermediate state (E/
Z) dominates among the three isomers at the photostation-
ary state. The noncyclic compound 2 did not show such
behavior.

Table 2 shows the quantum yields of isomerization of 1
and 2 on irradiation at 313 and 436 nm. The quantum
yields are defined in terms of the ratio of photons produc-
ing isomerization/photons absorbed by the molecule over-
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all. For (E/E) � (E/Z) isomerization, the following two
points should be noted. Firstly, both 1 and 2 exhibited a
wavelength dependence on ΦEE–EZ: the ΦEE–EZ values ob-
served on irradiation at 436 nm are higher than those seen
on irradiation at 313 nm. This tendency can also be found
in azobenzene[12] and 3,3�-dimethylazobenzene.[11a] Sec-
ondly, macrocycle 1 gave higher ΦEE–EZ values than the
noncyclic azobenzene 2 on excitation at both 313 and
436 nm. The first point, which relates to the isomerization
mechanism of azobenzene, is discussed in the next para-
graph, whilst the second point is discussed in the subse-
quent paragraph.

Table 2. Quantum yields of isomerization of 1 and 2 on excitation
at 313 and 436 nm in acetonitrile.

Wavelength ΦEE–EZ ΦEZ–EE ΦEZ–ZZ ΦZZ–EZ

1 313 nm 0.25 0.26 0.09 0.18
1 436 nm 0.34 0.35 0.15 0.51
2 313 nm 0.19 0.06 0.15 0.30
2 436 nm 0.29 0.31 0.10 0.43

It is well known that the quantum yields of azobenzene
isomerization depend on the irradiation wavelength. The
quantum yields for (E) � (Z) isomerization of azobenzene
for irradiation at 313 and 436 nm are 0.10 and 0.28, respec-
tively,[12] which gave rise to the hypothesis that different
mechanisms operate in the two excited states: a rotation
mechanism in the S2(π,π*) excited state and an inversion
mechanism in the S1(n,π*) excited state. These mechanisms
have been supported by experimental and theoretical results
for decades. One powerful piece of experimental evidence
has come in the form of an azobenzenophane in which
two –CH2–S–CH2– bridges connect two azobenzenes cycli-
cally at the para positions, for which it was suggested that
the rotation pathway is blocked by the ring structure.[10k]

This compound exhibited almost no wavelength depen-
dence of the quantum yields for photoisomerization from
the (E/E) � (E/Z) isomers: the ΦEE–EZ values for S2(π,π*)
and S1(n,π*) excitations were 0.21 and 0.24, respectively.[10k]

It was concluded that the internal conversion from S2(π,π*)
� S1(n,π*) takes place without isomerization, and that the
isomerization proceeds through an inversion mechanism
along the S1(n,π*) surface.[10k] However, stilbenophane, in
which two stilbenes are tethered through –(CH2)2– chains
at their para positions, showed highly efficient photoisomer-
ization around the carbon-carbon double bond (ΦEE–EZ =
0.43).[13] Stilbene is well known for its isomerization by the
rotation mechanism.[14] In molecular models of azobenzen-
ophanes or stilbenophanes, the N=N or CH=CH bonds
can be readily rotated without breaking any covalent bond
of the ring skeleton, and it is therefore doubtful that macro-
cyclic azobenzene dimers are suitable model compounds for
the suppression of the rotation pathway. Furthermore, re-
cent theoretical calculations of the potential energy surface
of azobenzene showed that the rotation mechanism is domi-
nant in the S1(n,π*) excited state.[7a–c,e] However, to the best
of our knowledge, there is little experimental evidence ex-
cluding the possibility of the inversion mechanism in the
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S1(n,π*) excited state. In the cyclic system 1, a multidimen-
sional reaction coordinate rather than simple inversion or
rotation reaction coordinates might be required. Although
this is rather complicated and makes it difficult to discuss
the reaction mechanism, it more closely describes the nature
of the reaction.

The ΦEE–EZ value for 1 (0.25) obtained on irradiation at
313 nm is higher than that value for 2 (0.19), although the
(E,E)-1 � (E,Z)-1 isomerization seems to be less favorable
than (E,E)-2 � (E,Z)-2, which is free from steric distortion.
Since 2 has a higher degree of freedom in intramolecular
rotation than 1, 2 has probably more internal motions,
which can compete with the isomerization in the excited
states. Some studies have indicated that there is a pathway
that competes with the isomerization channel in the S2

(π,π*) excitation.[6b,6d] Thus, in the case of 1, we assume
that the ring strain suppresses the molecular motion, which
contributes to the internal conversion without isomeriza-
tion, and/or enhances the motion towards the isomeriza-
tion, resulting in a slight increase in the quantum yield
(ΦEE–EZ).

Interestingly, for irradiation of 1 at 313 nm, ΦEZ–EE

(0.26) is higher than ΦEZ–ZZ (0.09), while ΦEZ–EE and ΦEZ–

ZZ in 2 were 0.06 and 0.15, respectively. The excited (Z)-
azobenzene unit must be generated in (E,Z)-1 in order for
it to undergo (Z) � (E) isomerization to give (E,E)-1, al-
though the potential to produce the excited (Z)-azobenzene
unit in (E,Z)-1 upon excitation at 313 nm seems to be low
because of the relatively low extinction coefficient. Al-
though the absorption spectrum of (E,Z)-1 cannot be di-
vided into two independent (E)- and (Z)-azobenzene chro-
mophores, it can be presumed that the absorption band of
each chromophore has been shifted by the deformed struc-
ture, resulting in the alteration of the ratio of photon ab-
sorption between (E)- and (Z)-azobenzene units and hence
in the possible change in quantum yields. The strained
structure of the (Z)-azobenzene unit might be more suscep-
tible to isomerization than the (E)-azobenzene unit, since
the crystal structure of (E,Z)-1 showed that the (Z)-azoben-
zene unit is bent to outside of the molecular ring.[11] One
might assume that there is an intramolecular energy trans-
fer from excited (E)- to (Z)-azobenzene chromophore that
results in the enhanced overall ΦEZ–EE. However, the singlet
energy transfer is less likely to occur, because the excited
singlet energies of (E)- and (Z)-azobenzene are very close
and the energy transfer is inefficient according to the For-
ster mechanism.[15] Moreover, the quantum yields of 2
(ΦEZ–EE = 0.06 and ΦEZ–ZZ = 0.15) suggest that the energy
transfer does not take place when two [(E)- and (Z)-] azo-
benzene units are covalently attached together with only a
single –CH2– spacer.

On irradiation at 436 nm, on the other hand, the effects
on ΦEZ–EE and ΦEZ–ZZ seen on 313 nm irradiation were not
observed between 1 and 2. There are two possible causes for
this wavelength dependence. Firstly, the ratio of the absorp-
tion probabilities of (E)- and (Z)-azobenzene units might
not change significantly at the irradiation wavelength
(436 nm), yielding a similar product distribution to 2. Sec-
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ondly, the intrinsic isomerization mechanisms might be dif-
ferent for excitation at 313 and at 436 nm. In this case, al-
lowance should be made for a multidimensional reaction
coordinate with intramolecular motions that compete with
the isomerization pathway.

Thermal isomerizations, with the (Z/Z) forms isomeriz-
ing to (E/Z), followed by further isomerization from (E/Z)
� (E/E), were observed in both 1 and 2. The thermo-
dynamic parameters (Ea, A, ∆H‡, and ∆S‡) as well as the
rate constants (k) at room temperature of the (Z) � (E)
thermal isomerizations of 1 and 2 are compiled in Table 3.

Macrocycle 1 gave higher activation energies (Ea) and ac-
tivation enthalpies (∆H‡) for each process than the corre-
sponding isomerization process in noncyclic compound 2.
In particular, the activation energy of the (E/Z) � (E/E)
process was increased by 2.5 kcalmol–1 by the presence of
the ring structure. The preexponential factor (A) and acti-
vation entropy (∆S‡) also increased. These effects are larger
in the (E/Z) � (E/E) process than in the (Z/Z) � (E/Z)
process. The higher activation enthalpy (∆H‡) indicates the
existence of a highly deformed transition state. The increase
in the activation entropy (∆S‡) indicates that the molecular
motion contributing to the thermal isomerization (stretch-
ing N=N–C bond angle) has been enhanced for some
reason, probably ring strain. However, those thermo-
dynamic parameters only represent the difference in the
state function between the reactant and transition state. En-
ergy differences between stable isomers are necessary for
potential energy curves to be drawn.

Ab initio calculations were performed to estimate the en-
ergies of isomers in the ground electronic state. A
Gaussian 98[16] program package with RHF/6-31G** basis
set was used. Figure 3 shows the difference between the cal-
culated ground state energies (∆Hf) of the isomers and the
experimentally measured ∆H‡ values for isomerization. Ex-
perimentally, the energy difference between (Z)- and (E)-
azobenzene has been reported to be 9.9–11.7 kcalmol–1.[17]

Theoretical calculations gave energy differences of 10–20
kcalmol–1, depending on the calculation method ap-
plied.[7,18] A HF/6-31+G* calculation on azobenzene gave
17.9 kcalmol–1,[18] which is similar to the energy difference
between the isomers (17.0–17.3 kcalmol–1) of 2. If the en-
ergy differences between (E/Z) and (Z/Z) isomers are com-
pared, that in 1 (7.7 kcalmol–1) is smaller than that in 2
(17.3 kcalmol–1) by almost 10 kcalmol–1, due to the highly
deformed structure of (E,Z)-1 and the presence of less
strain in (Z,Z)-1. On the other hand, the energy difference
between (E,E)-1 and (E,Z)-1 (14.0 kcalmol–1) was smaller
than our expectations (more than 17 kcalmol–1), since

Table 3. Thermodynamic parameters for thermal Z � E isomerization of 1 and 2.

k298 Ea A ∆H‡ ∆S‡

[s–1] [kcalmol–1] [1010 s–1] [kcalmol–1] [calK–1 mol–1]

(Z,Z)-1 � (E,Z)-1 5.9×10–7 23.2 5.81 22.6 –11.4
(E,Z)-1 � (E,E)-1 1.9×10–6 25.8 1290 25.0 –0.6
(Z,Z)-2 � (E,Z)-2 1.7×10–6 22.3 3.73 21.7 –12.3
(E,Z)-2 � (E,E)-2 4.9×10–7 23.3 5.80 22.6 –11.4

www.eurjoc.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2006, 1296–13021300

(E,Z)-1 is highly deformed, and the energy difference be-
tween (E,E)-2 and (E,Z)-2 is 17 kcalmol–1. Previous reports
showed that optimized structures of azobenzene obtained
by theoretical calculations are sensitive to the calculation
method applied.[7,18] A MP2 calculation with 6-31+G* gave
a distorted structure for (E)-azobenzene, in which the
phenyl rings are rotated by 18.5° with respect to the N=N–
C plane. On the other hand, HF and DFT calculations re-
sulted in almost planar structures.[18] Thus, the degree of
steric distortion depends on the calculation method. Other
calculation methods should be attempted to assist further
discussion.

Figure 3. Energy diagram of 1 (a) and 2 (b) estimated from experi-
ment and from theoretical calculations. Structures shown were ob-
tained by RHF/6-31G** calculations. a: calculated values, b: exper-
imentally determined values.

Linear ∆H‡/∆S‡ relationships have often been used as
indications of the reaction mechanisms of thermal (Z) �
(E) isomerizations in azobenzenes.[19] Plotting of the ∆H‡

values against the ∆S‡ values gives a straight line called the
compensation (isokinetic) relationship, which holds when
the reaction occurs by a single mechanism.[19] The values
obtained in this study also fall on to the line that has been
assigned to the inversion mechanism for various noncyclic
azobenzenes,[19] so the nature of the thermal isomerization
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mechanism does not appear to have been changed signifi-
cantly by the ring strain.

Conclusion

The effect of a cyclic structure on the photochemical
isomerization of azobenzene dimers can be explained in
terms of absorption spectra change and the molecular mo-
tion in the excited states. A multidimensional potential en-
ergy surface should be considered for elucidation of the re-
action mechanism. The ring strain in the macrocyclic azo-
benzene dimer increases the activation energy and acti-
vation entropy for the thermal (Z) � (E) isomerization of
the azobenzene moiety. This knowledge of the correlation
between structure and reactivity of azobenzene gives signifi-
cant information for controlling the isomerization to estab-
lish photoresponsive functional materials that utilize the
isomerization of azobenzene.

Experimental Section
General: 1H NMR spectra were recorded on JEOL GSX-270
(270 MHz), Varian Gemini-2000/300BB (300 MHz), or JEOL
LA600 (600 MHz) instruments. 13C NMR spectra were recorded
on a Varian Gemini-2000/300BB (75 MHz) machine. UV/Vis ab-
sorption spectra were measured with a Shimadzu UV-PC1600 spec-
trophotometer. Ratios of the isomers were examined by RP-HPLC
(ODS-80Ts, TOSO Co./methanol). Photoirradiation was carried
out with a 150-W xenon lamp fitted with a monochromator with a
bandwidth of ca. 3 nm for all wavelengths used for the experiments.
HRMS was measured on a Hitachi M 80B mass spectrometer.
Thermodynamic parameters of each thermal isomerization process
were determined by measuring the first-order rate constants at dif-
ferent temperatures. Quantum yields for isomerization were deter-
mined by the method reported previously.[11a] Quantum chemical
calculations were performed by use of the GAUSSIAN 98 program
package.[16] All optimized structures were obtained by full optimi-
zation with a 6-31G** basis set. The atomic coordinates of the
corresponding crystal structure were used as the input geometries
for (E,E)-1, (E,Z)-1, and (Z,Z)-1. Flat molecular geometries, with
all benzene rings on the same plane, were applied for the input
geometries for (E,E)-2, (E,Z)-2, and (Z,Z)-2. Solvent for the spec-
troscopic measurements (acetonitrile) was spectroscopic grade pur-
chased from Dojin Chem. Co. 3-Nitrosotoluene was prepared by a
published procedure.[20]

Synthesis of (E,E)-Bis[3-(3-tolylazo)phenyl]methane (2): 3-Ni-
trosotoluene (411 mg, 3.4 mmol) and bis(3-aminophenyl)methane
(347 mg, 1.8 mmol) were dissolved in acetic acid (20 mL) and the
system was stirred at room temperature for 18 hours. After addition
of saturated Na2CO3 solution (10 mL) the reaction mixture was
extracted with ethyl acetate. The organic layer was washed with
brine and dried with MgSO4, and the solvent was evaporated under
reduced pressure. Repeated chromatography on silica gel (column
1.5×25 cm, hexane/AcOEt, 19:1) gave the bis-azo compound
(87.9 mg, 13%%) as an orange oil in high purity as judged by
HPLC and 1H NMR spectroscopic data. Rf = 0.27 (hexane/AcOEt,
19:1). 1H NMR (300 MHz, CDCl3): δ = 7.84–7.74 (m, 8 H), 7.47–
7.31 (m, 8 H), 4.21 (s, 2 H), 2.46 (s, 6 H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 153.06, 152.85, 141.85, 139.06, 131.86, 131,60, 129.35,
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128.96, 123,55, 122.94, 120.77, 120.58, 41.58, 21.23 ppm. HRMS
(m/z): calcd. for C27H24N4: 404.2000; found 404.2034.

Acknowledgments

We thank TACC (Tsukuba Advanced Computing Center) for pro-
viding the calculation facilities. Y.N. thanks NEDO (New Energy
and Industrial Technology Development Organization) for a post-
doctoral fellowship.

[1] C. Dugave, L. Demange, Chem. Rev. 2003, 103, 2475–2532.
[2] B. L. Feringa, Molecular Switches, Wiley-VCH GmbH,

Weinheim, 2001.
[3] a) B. L. Feringa, Acc. Chem. Res. 2001, 34, 504; b) B. L. Fer-

inga, R. A. van Delden, N. Koumura, E. Geerstema, Chem.
Rev. 2000, 100, 1789.

[4] a) Y. Norikane, N. Tamaoki, Org. Lett. 2004, 6, 2594–2598; b)
M. Camacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M.
Shelley, Nat. Mater. 2004, 3, 307–310; c) Y. Yu, M. Nakano,
T. Ikeda, Nature 2003, 425, 145; d) T. Muraoka, K. Kinbara,
Y. Kobayashi, T. Aida, J. Am. Chem. Soc. 2003, 125, 5612–
5613; e) S. A. Nagamani, Y. Norikane, N. Tamaoki, J. Org.
Chem. 2005, 70, 9304–9313.

[5] a) R. H. El Halabieh, O. Mermut, C. J. Barrett, Pure Appl.
Chem. 2004, 76, 1445–1465; b) O. Pieroni, A. Fissi, N. Angel-
ini, F. Lenci, Acc. Chem. Res. 2001, 34, 9–17.

[6] For recent experimental studies on the photochemical isomer-
ization mechanism of azobenzene, see: a) Y.-C. Lu, E. W.-G.
Diau, H. Rau, J. Phys. Chem. A 2005, 109, 2090–2099; b) C.-
W. Chang, Y.-C. Lu, T.-T. Wang, E. W.-G. Diau, J. Am. Chem.
Soc. 2004, 126, 10109–10118; c) H. Satzger, C. Root, M. Braun,
J. Phys. Chem. A 2004, 108, 6265–6271; d) H. Satzger, S.
Spörlein, C. Root, J. Wachtveitl, W. Zinth, P. Gilch, Chem.
Phys. Lett. 2003, 372, 216–223; e) T. Schultz, J. Quenneville, B.
Levine, A. Toniolo, T. J. Martínez, S. Lochbrunner, M.
Schmitt, J. P. Shaffer, M. Z. Zgierski, A. Stolow, J. Am. Chem.
Soc. 2003, 125, 8098–8099; f) T. Fujino, S. Y. Arzhantsev, T.
Tahara, Bull. Chem. Soc. Jpn. 2002, 75, 1031–1040; g) T. Fu-
jino, S. Y. Arzhantsev, T. Tahara, J. Phys. Chem. A 2001, 105,
8123–8129; h) T. Fujino, T. Tahara, J. Phys. Chem. A 2000,
104, 4203–4210.

[7] For recent theoretical studies on the thermal and photochemi-
cal isomerization mechanism of azobenzene, see: a) C. Cimi-
nelli, G. Granucci, M. Persico, Chem. Eur. J. 2004, 10, 2327–
2341; b) E. W.-G. Diau, J. Phys. Chem. A 2004, 108, 950–956;
c) A. Cembran, F. Bernardi, M. Garavelli, L. Gagliardi, G.
Orlandi, J. Am. Chem. Soc. 2004, 126, 3234–3243; d) T. Ike-
gami, N. Kurita, H. Sekino, Y. Ishikawa, J. Phys. Chem. A
2003, 107, 4555–4562; e) T. Ishikawa, T. Noro, T. Shoda, J.
Chem. Phys. 2001, 115, 7503–7512; f) W. A. Sokalski, R. W.
Góra, W. Bartkowiak, P. Kobyliński, J. Sworakowski, A. Chyla,
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