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For the solid-state photoisomerization of benzyl (Z,Z)-muco-

nate to the corresponding (E,E)-muconate, the direct observa-

tion of a change in the crystal structure has revealed that the

isomerization occurs by a topochemical reaction process

according to a bicycle-pedal model and is finally accompanied

by a phase transition to a stable crystal structure.

Organic reactions performed in the solid state have many intrinsic

features and merits for synthetic and materials chemistry because

of the extremely high selectivity under crystalline-lattice control.1,2

A limited number of isomerizations of olefins between E and Z

forms in the crystalline state have been reported because of the

difficulty in the inevitable change in the size and shape of the space

occupied by the substituents of a double bond.3 The isomerization

of polyenes is an important photochemical process in biological

systems, and a bicycle-pedal model as the volume-conserving

reaction mechanism was first pointed out by Warshel in 1976.4

Later, Liu et al.5 proposed the hula-twist process to explain the

results of the picosecond time-resolved kinetics of the reaction in

the visual pigment rhodopsin. This model has been applied to not

only photoisomerization in a biosystem, but also various

isomerization reactions in confined media such as viscous fluid,

rigid matrix, organic glass, and organic crystals, as well as the

isomerization of olefins with bulky substituents.6,7 Reactions

proceeding according to the bicycle-pedal8,9 and hula-twist

models,5–7 as well as reactions including crankshaft motion,10

require only a small change in the molecular shape, differing from

the conventional one-bond flip motion, which is usually observed

during many reactions in solution.

Several years ago, we found that the isomerization of

n-butylammonium (Z,Z)-muconate produces the corresponding

E,E isomer in the crystalline state under photoirradiation.11 This

solid-state photoisomerization has some characteristics: no forma-

tion of E,Z isomer and one-way reaction from the Z,Z to E,E

form. In general, it is well-known that unsaturated compounds

such as olefins, polyenes, and azo compounds undergo reversible

one-bond photoisomerization12 to form a mixture of isomers. In

our preliminary studies, we pointed out the possibility that the

topochemical isomerization of the muconic derivatives in the solid

state follows the bicycle-pedal reaction mechanism,2 but the

molecular dynamics and mechanism of the reaction have not yet

been clarified. Recently, Saltiel et al.9 and Liu et al.6 have

independently discussed volume-conserving reaction mechanisms

for the isomerization of 1,4-diphenyl-1,3-butadienes, 1,6-disubsti-

tuted hexatrienes13 and muconates in the crystalline state and the

other confined media. In the present study, we have revealed the

reaction mechanism of the solid-state photoisomerization of benzyl

(Z,Z)-muconate (1) to benzyl (E,E)-muconate (2) by the direct

observation of a change in the single crystal structure during the

photoisomerization in the solid state.

The single crystal structures of 1 and 2, which were recrystallized

from n-hexane and ethanol, respectively, are shown in Fig. 1.{ The

crystallographic parameters are summarized in Table 1. The

monitoring of the change in the single-crystal structure of 1 was

successfully carried out during the photoisomerization using a

band path filter (UV-D36B) to irradiate light of wavelength longer

than 300 nm, corresponding to the absorption edge of 1. The

crystal structure of 1 after UV light irradiation was solved using

the structure before photoirradiation. The space group was the

same as the crystal before photoirradiation. They have crystal-

lographically imposed inversion symmetry. As shown in Table 1,

the crystal of 1 after the 27 h photoirradiation has cell volume and

density values (V 5 858.8 Å3, r 5 1.247 g cm23) identical to those

of the crystal of 2 prepared by recrystallization (V 5 859.5 Å3,

r 5 1.246 g cm23), but the packing mode of the molecules in the

crystals is different; the crystal of 1 has the space group of P21/c

while the crystal of 2 has P21. For the crystal structure after

photoirradiation, a disordered structure was observed around the

diene moiety, as shown by the ORTEP drawing in Fig. 2(b). This

disordered structure contains both 1 and 2 as the molecular

structures. Fig. 2(c) shows the separated structures. The conversion

after the photoirradiation was estimated to be 35% from the site

occupancy factor of the produced 2 in the crystal. Both the Z,Z

and E,E isomers included in the crystal after photoirradiation in

Fig. 2(c) have similar molecular shapes and planar conformations.

The direct observation of a crystal structure during the reaction

has revealed that the diene moiety changes its geometric structure

of the Z,Z isomer into the E,E isomer consistent with the bicycle-

pedal model (Scheme 1). This is evidenced by the fact that the s-cis

conformation of the reactant 1 is maintained in the product 2. The

change in the volume and shape of the reacting molecule is small as

expected for a reaction proceeding via the bicycle-pedal mechan-

ism. In fact, no large space is seen nearby to the diene moiety in the

crystals in Fig. 1(c). Bicycle-pedal motion needs a smaller space in

the solid, and a direct relationship is not observed between the

bicycle-pedal process and void space14 for the photoisomerization

of muconates.

The molecular conformation observed during the isomerization

of 1 to 2 was compared with the geometrical parameters
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determined for the 1 and 2 molecules in each crystal, as well as the

structures optimized by DFT calculation (See Table S2 in the ESI

for detailed results{). The geometrical parameters include a small

change in the molecular structure of 1 during the photoisomeriza-

tion from the structure of Fig. 2(a) to that of Fig. 2(c). The small

geometry difference between the reactant and the product

minimizes crystal lattice strain as the reaction progresses. The

topochemical isomerization of 1 is accompanied by the expansion

of the lattice lengths and the cell volume, but without changing the

space group of the crystals, as shown in Table 1. Eventually, a

structural strain is included in the molecules of 2 as the primary

photoproduct, because the produced 2 molecules exist in the

crystal lattice of the 1 molecules. Furthermore, a structural change

in the crystals of 1 was observed at a higher conversion based on a

powder X-ray diffraction analysis. The conversion of 1 to 2

achieved 97.5%, which was determined by NMR spectroscopy,

after 120 h photoirradiation. X-Ray diffraction lines after the

reaction agreed well with those for the recrystallized 2 (Fig. 3). The

molecular conformation of 2 includes an asymmetric structure

with a bent benzyl moiety, as shown in Fig. 1(b), being different

from the symmetric conformation of 1 in the crystals of 1, and also

2 in the co-crystals formed during photoirradiation. These results

indicate that a phase transition occurs at the final stage of the

isomerization process. The molecules of 2 change their conforma-

tion in the solid state using the void space around the benzyl

moiety shown in Fig. 1(c) during the phase transition. Namely, the

primary E,E isomer produced on photoirradiation has a molecular

length similar to that of the original Z,Z isomer 1 at the initial

stage of the reaction, but the cell length increased along the

Fig. 1 Single crystal structures of (a) 1 and (b) 2. Gray and red circles represent carbon and oxygen atoms, respectively. Hydrogen atoms are omitted for

clarity. (c) Drawing of void space (blue) in the unit cell for 1.

Table 1 Selected cell parameters for the crystals of 1 and 2

1 1 (after UV irrad.)a 2

Space group P21/c P21/c P21

a/Å 10.332(4) 10.328(6) 9.167(3)
b/Å 5.682(2) 5.765(4) 5.7038(11)
c/Å 14.791(7) 15.005(9) 17.002(5)
b/u 105.86(4) 106.00(3) 104.803(4)
V/Å3 835.2(6) 858.8(9) 859.5(4)
Z 2 2 2
rcalc/g cm23 1.282 1.247 1.246
a After the photoirradiation of 1 for 27 h at room temperature using
an ultra-high pressure mercury lamp (500 W), a band path filter
UV-D36B and an infrared absorption filter IRA-25S. The
conversion to 2 was 35%.

Fig. 2 ORTEP drawings of (a) 1 crystals as the initial molecular

structure, (b) disordered structure after a 27 h photoirradiation, and (c) the

structure separated into 1 and 2 with a site occupancy factor of 35% for 2.

The hydrogen atoms are omitted for clarity. The thermal ellipsoids are

plotted at the 50% probability level.

Scheme 1 Solid-state photoisomerization of 1 via the bicycle-pedal

model. The phenyl ring is omitted for clarity.
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directions of the b- and c-axes during the reaction, leading to an

increase in the total volume of the crystals. Drastic changes in

molecular conformation and packing structure (the slide of

molecules resulting in further increase in the c-axis length) occur

during the crystal-to-crystal transition to the stable crystal

structure of 2, accompanying a phase separation as shown in

Fig. 3(e).

In conclusion, an X-ray single-crystal structure analysis has

revealed that the isomerization of 1 proceeds according to a

bicycle-pedal model. The isomerization occurs via a topochemical

reaction process which does not require the significant movement

of atoms. The reaction finally causes a phase transition to crystals

of 2 with a molecular packing structure identical to that of the

recrystallized 2. At the same time, the space group changes from

P21/c to P21 during the phase transition. The void space included

in the crystals plays an important role in the phase transition

rather than in the isomerization.
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Fig. 3 Powder X-ray diffraction profile of 1 at different conversions

during the photoisomerization at room temperature. (a) 10.6%, (b) 34.0%,

(c) 97.5%, and (d) 2 recrystallized from a solution. (e) Change in the profile

during the photoirradiation for 20 to 120 h at 10 h interval. For the

photoirradiation, an ultra-high pressure mercury lamp (500 W) and an

infrared absorption filter IRA-25S were used.
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