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The structural changes in a crystal of 5-benzylidene-2-(4-

chlorobenzyl)cyclopentanone during [2 + 2]-photodimeriza-

tion were monitored by means of X-ray diffraction. It was

observed that the monomers moved gradually from the

position occupied in the crystal at the initial stage of the

photoreaction and the dimers moved towards the position

assumed at the ®nal step. The movements of the molecules

possess a rotational component. Moreover, with the progress

of the phototransformation the monomers in the reacting pair

gradually move closer and change their relative orientation to

resemble more the product molecule. The behaviour of the

molecules and also the variation of the cell constants for the

studied compound were compared with data for 5-benzyli-

dene-2-benzylcyclopentanone.
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1. Introduction

In the past decade interest in photo-induced reactions in

crystals has increased signi®cantly because of the development

of modern technologies and selective organic syntheses.

Nevertheless, crystallographic studies of photochemical reac-

tions were usually limited to a comparison of structures of

pure substrate and pure product crystals (Anderson et al.,

1979; Chung et al., 1991; Ehrenberg, 1968; Gnanaguru et al.,

1984, 1985; Guru Row et al., 1983; Harada et al., 1995, 1996;

Jones & Theocharis, 1984; Ohhara et al., 2000; Suzuki et al.,

1994; Theocharis & Jones, 1984, 1985; Theocharis et al., 1981;

Wang & Jones, 1987). In some cases the structures of mixed

objects, containing both the substrate and the product, were

reported (Chang et al., 1987; Enkelmann et al., 1993; Harada et

al., 1999; Kawano et al., 1999; Leibovitch et al., 1998; Nakanishi

et al., 1981; Novak et al., 1993a,b; Theocharis, Desiraju &

Jones, 1984). Unfortunately, in the scienti®c literature only a

few publications deal with the monitoring of structural

changes occurring in crystals during phototransformations

(Bogadi et al., 2002; Ohashi, 1988; Ohashi et al., 1993;

Turowska-Tyrk, 2001). In all the mentioned cases the struc-

tures were determined for molecules in a ground state. The

recent development of time-resolved techniques also enabled

studies of photo-induced crystals with molecules in an excited

state (Kim et al., 2002; Moffat, 2001; Techert et al., 2001).

In the ®rst part of the series (Turowska-Tyrk, 2001), the

behaviour of molecules during the [2 + 2]-photodimerization

in crystals of 5-benzylidene-2-benzylcyclopentanone was

1 Part 4: Turowska-Tyrk et al. (2003).



analysed. In this paper we monitor molecules in a crystal of 5-

benzylidene-2-(4-chlorobenzyl)cyclopentanone, (1). The aim

of this study is not only to learn the structural changes

occurring in (1), but also to discover the general rules

describing the changes and the behaviour of molecules during

photo-induced transformations in crystals.

The topotactic reaction of (1) was discovered by Jones et al.

(1980). Compound (1) and the product of its photoreaction

were studied by Theocharis et al. (1981) and Jones & Theo-

charis (1984). It is worth adding that many systems related to

benzylidenecyclopentanones are photoreactive (Honda et al.,

1999; Nakanishi, Jones & Thomas, 1980; Nakanishi et al., 1981;

Theocharis, Desiraju & Jones, 1984; Theocharis, Jones et al.,

1984).

2. Experimental

A crystal of (1) was irradiated with UV±vis radiation in steps,

after which X-ray data collection and the subsequent structure

determination process were performed. The crystallization,

the irradiation and the X-ray diffraction experiments were

carried out in the dark. All the irradiations and X-ray
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Table 1
Experimental details.

6D 32D 54D 78D 96D 100min

Crystal data
Chemical formula C19H17ClO C19H17ClO C19H17ClO C19H17ClO C19H17ClO
Mr 296.78 296.78 296.78 296.78 296.78
Cell setting,

space group
Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c

a, b, c (AÊ ) 17.128 (4), 10.563 (3),
8.790 (2)

17.089 (5), 10.564 (3),
8.812 (3)

16.951 (7), 10.590 (4),
8.803 (3)

16.781 (7), 10.627 (5),
8.735 (4)

16.686 (4), 10.688 (4),
8.664 (3)

� (�) 103.99 (2) 104.96 (3) 104.59 (4) 104.07 (4) 103.74 (3)
V (AÊ 3) 1543.1 (7) 1536.9 (8) 1529.3 (10) 1511.0 (12) 1500.9 (8)
Z 4 4 4 4 4
Dx (Mg mÿ3) 1.277 1.283 1.289 1.305 1.313
Radiation type Mo K� Mo K� Mo K� Mo K� Mo K�
No. of re¯ections for

cell parameters
818 653 763 846 815

� range (�) 5±20 5±18 5±17 5±18 5±19
� (mmÿ1) 0.24 0.25 0.25 0.25 0.25
Temperature (K) 293 (2) 293 (2) 293 (2) 293 (2) 293 (2)
Crystal form, colour Plate, colourless Plate, colourless Plate, colourless Plate, colourless Plate, colourless
Crystal size (mm) 0.68 � 0.42 � 0.15 0.68 � 0.42 � 0.15 0.68 � 0.42 � 0.15 0.68 � 0.42 � 0.15 0.68 � 0.42 � 0.15

Data collection
Diffractometer Kuma KM-4 CCD Kuma KM-4 CCD Kuma KM-4 CCD Kuma KM-4 CCD Kuma KM-4 CCD
Data collection method ! scans ! scans ! scans ! scans ! scans
Absorption correction None None None None None
No. of measured, inde-

pendent and
observed re¯ections

7593, 2973, 1881 7423, 2955, 1746 7490, 2946, 1724 7399, 2920, 1788 7326, 2905, 1873

Criterion for observed
re¯ections

I > 2�(I) I > 2�(I) I > 2�(I) I > 2�(I) I > 2�(I)

Rint 0.042 0.052 0.061 0.052 0.056
�max (�) 26.0 26.0 26.0 26.0 26.0
Range of h, k, l ÿ21) h) 17 ÿ21) h) 17 ÿ20) h) 17 ÿ20) h) 17 ÿ17) h) 20

ÿ12) k) 13 ÿ12) k) 13 ÿ13) k) 13 ÿ13) k) 13 ÿ13) k) 13
ÿ8) l) 10 ÿ8) l) 10 ÿ8) l) 10 ÿ8) l) 10 ÿ10) l) 8

Re®nement
Re®nement on F2 F2 F2 F2 F2

R[F2 > 2�(F2)], wR(F2),
S

0.061, 0.147, 1.17 0.075, 0.177, 1.17 0.090, 0.221, 1.21 0.087, 0.208, 1.19 0.074, 0.199, 1.19

No. of re¯ections 2973 2955 2946 2920 2905
No. of parameters 275 380 380 381 275
H-atom treatment Mixture of independent

and constrained
re®nement

Mixture of independent
and constrained
re®nement

Mixture of independent
and constrained
re®nement

Mixture of independent
and constrained
re®nement

Mixture of independent
and constrained
re®nement

Weighting scheme w = 1/[�2(F2
o) +

(0.0579P)2], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.053P)2 + 0.336P],
where P = (F2

o +
2F2

c )/3

w = 1/[�2(F2
o) +

(0.0642P)2 +
0.6021P], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0579P)2 +
0.8067P], where
P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0835P)2 +
0.0971P], where
P = (F2

o + 2F2
c )/3

(�/�)max 0.001 0.002 0.001 0.002 0.001
��max, ��min (e AÊ ÿ3) 0.10, ÿ0.12 0.12, ÿ0.11 0.12, ÿ0.14 0.12, ÿ0.13 0.16, ÿ0.21
Extinction method None None None SHELXL None
Extinction coef®cient ± ± ± 0.042 (10) ±

Computer programs: KM-4 CCD (Kuma Diffraction, 2000), SHELXS97 (Sheldrick, 1990), SHELXL97 (Sheldrick, 1997), ORTEP3 (Johnson et al., 1997).
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experiments were performed on the same crystal. The crystal

was irradiated by an Hg 100 W lamp with a BG-39 glass ®lter

using a ®bre with a maximum transmittance of ca 495 nm and a

half-intensity width of ca 230 nm. The intensities of the

re¯ections were collected by an area-detector (CCD camera)

diffractometer. The general strategy of the data collections

used for the area-detector diffractometers was described by

Scheidt & Turowska-Tyrk (1994). The cell constants were

determined on the basis of the representative part of the

re¯ections (Kuma Diffraction, 2000). The data were corrected

for Lorentz and polarization effects (Kuma Diffraction, 2000).

The structures were solved with SHELXS97 (Sheldrick, 1990)

and re®ned with SHELXL97 (Sheldrick, 1997) (full-matrix

least-squares on F2). Substrate/product disorder was a feature

of all the crystal structures. The percentage of the dimer (and

of the monomer) in the crystal was determined during the

re®nement process. For the crystals containing 32, 50, 54 and

78% of the dimer, the molecules of the substrate and of the

product were treated anisotropically. For the crystals

containing 6, 12, 90 and 96% of the dimer, the minor

component was re®ned isotropically. H atoms were taken into

consideration for the molecules treated anisotropically. The

disorder required restraints and constraints of geometric and

thermal parameters. The following possibilities from

SHELXL97 (Sheldrick, 1997) were applied: DFIX, DANG,

FLAT, AFIX, SADI and SIMU. It is necessary to add here

that the C5M� � �C5D distance was in the range 1.02±1.14 AÊ

and C13M� � �C13D in the range 1.07±1.36 AÊ for the stages

studied of the phototransformation of (1) [see (I) for the

atom-labelling scheme]. These distances are large enough to

indicate that the analysed atoms are well separated and that

the C5M� � �C13Mi distance [(i) 2ÿ x;ÿy; 2ÿ z] is not in¯u-

enced signi®cantly, if at all, by features of the disordered

structure re®nements. Selected experimental data are given in

Table 1 for ®ve of the re®nements; data for the other re®ne-

ments are given in the supplementary material.2

3. Results and discussion

Scheme (I) presents a scheme for the [2 + 2]-photodimeriza-

tion of 5-benzylidene-2-(4-chlorobenzyl)cyclopentanone, (1).

Fig. 1 shows two monomer molecules superimposed onto one

dimer molecule in a crystal of the 50% photoreaction process,

i.e. in a crystal containing 50% of the dimer. As for other

photodimerization stages, the two substrate molecules are

related by an inversion centre. The inversion centre is

preserved when the molecules dimerize. As can be seen, the

position and overall shape of the dimer molecule are very

similar to the position and overall shape of the pair of

monomers existing in the crystal. The main difference is in the

middle part of the species, i.e. the reacting atoms and their

neighbours.

The relationship between the percentage content of the

dimer in the crystal and the length of the UV±vis irradiation is

presented in Fig. 2. It should be emphasized here that each

point in Fig. 2, and also in the following ®gures, refers to one

structure of the actual mixed crystal exhibiting the actual

substrate/product disorder. The small amount of the dimer

observed in the crystal before UV±vis irradiation may be a

result of the in¯uence of daylight during the choice of the

crystal for the X-ray diffraction experiments or a result of the

cocrystallization of a small amount of the dimer together with

the monomer. The crystal structures of the pure monomer and

the pure dimer were given by Jones & Theocharis (1984) and

Theocharis et al. (1981).

Figure 1
ORTEP3 (Johnson et al., 1997) view of two monomer molecules (empty
bonds and ellipsoids) superimposed on the dimer molecule (®lled bonds
and shaded ellipsoids) for the crystal at 50% of the photodimerization
process. Thermal ellipsoids are drawn at the 20% probability level. H
atoms have been omitted for clarity.

Figure 2
The dependence of the percentage of the dimer in the crystal on the time
of UV±vis irradiation. The observed relation can be described by the
exponential equation D = 120 (16) ÿ 114 (15)exp[ÿt/58 (17)] with the
correlation coef®cient r = 0.991. The numbers in parentheses represent
the standard uncertainty in the last digits.

2 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BK0133). Services for accessing these data are described
at the back of the journal.



In order to check if the [2 + 2]-photodimerization stops in a

crystal of (1) after removal of the UV±vis radiation source, we

made two data collections: the ®rst, as usual, immediately after

the irradiation and the second after ca 24 h. The crystal

structure analysis revealed the same dimer content in the

crystal for both data collections. Such stability of the crystal of

(1) after the UV±vis irradiation was very useful since it

enabled high-quality X-ray data collections for the structure

determinations.

Fig. 3 shows the variation in cell constants and cell volume

with a change in the dimer content in the crystal. It should be

emphasized here that a change in the parameters is presented

versus a change in the dimer content in the crystal, not versus

only the time of UV±vis irradiation. As can be seen, the cell

volume decreases gradually during the photodimerization

process. It is interesting that the decrease is observed from the

beginning of the phototransformation. In the case of 5-

benzylidene-2-benzylcyclopentanone, the cell volume ®rst

increased and then decreased gradually (Nakanishi, Jones,

Thomas, Hursthouse et al., 1980; Nakanishi et al., 1981). In the

case of the 5-benzylidene-2-(4-bromobenzyl)cyclopentanone

crystal, the cell volume was virtually constant during the
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Figure 4
The variation in the angle formed by (a) the O1MÐC1MÐC5MÐC13M
and xy planes (the � angle), and (b) the C5DÐC13DÐC5DiÐC13Di [(i)
2ÿ x;ÿy; 2ÿ z] and xy planes (the � angle) with the photodimerization
process. Relation (a) can be described by the equation � = 45.8 (4) +
0.103 (7)D with r = 0.986; (b) can be described by the relation � =
61.1 (2) ÿ 3.4 (3)exp[ÿD/32.3 (7)] with r = 0.982. The numbers in
parentheses represent the standard deviations in the last digits.

Figure 3
The dependence of (a)±(c) the cell constants and (d) the cell volume on
the photoreaction process. The observed relations can be described by
the equations (a) a = 17.5 (2) ÿ 0.3 (2)exp[D/101 (38)], r = 0.994, (b) b =
10.555 (3) + 0.005 (1)exp[D/29 (2)], r = 0.998, (c) c = 8.777 (3) +
0.0024 (2)D ÿ 3.7 (1) � 10ÿ6D2, r = 0.999, (d) V = 1564 (9) ÿ
18 (8)exp[D/78 (19)], r = 0.996. The numbers in parentheses represent
the standard deviations in the last digits.
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photodimerization process (Nakanishi et al., 1981). The

dependences given in the above-mentioned references were

related only to the length of UV±vis irradiation not to the

dimer percentage content.

Analysis of the crystal structures being determined for

several stages of the photodimerization of (1) revealed very

interesting behaviour for the substrate and the product

molecules. The molecules change their orientation slightly

during the photoreaction process. Fig. 4(a) shows the variation

in the angle formed by the O1MÐC1MÐC5MÐC13M and xy

planes (the � angle) with a variaion in the dimer content of the

crystal. Similar relations were also observed for the xz and yz

planes. We analysed the O1MÐC1MÐC5MÐC13M plane

because it is almost planar and is formed by atoms of the

middle part of the molecule, which is not as deformable as the

torsion angles in the border parts might be (Kitaigorodsky,

1973; Krygowski & Turowska-Tyrk, 1987). In the case of the

dimer we monitored the angle between the cyclobutane ring

and the xy plane (the � angle) (Fig. 4b). Changes of this type

were also observed for the [2 + 2]-photodimerization of 5-

benzylidene-2-benzylcyclopentanone (Turowska-Tyrk, 2001).

The next aspect that we monitored deals with the in¯uence

of the product molecules on the substrate molecules. Fig. 5

shows the variation in the distance between two adjacent

monomers with the crystal phototransformation process. The

bottom line concerns a crystal of (1) and the upper line is for 5-

benzylidene-2-benzylcyclopentanone and is taken from

Turowska-Tyrk (2001). As can be seen, the more product

present in the crystal the smaller the distance between the

substrate molecules. Nevertheless, the monomer molecules do

not move closer than the sum of the van der Waals radii

(Bondi, 1964). The observed relation can be explained in the

following way: the product molecules, being smaller than a

pair of substrate molecules, cause stresses in the crystal that

result in the monomers moving closer. It is interesting that the

lines in Fig. 5 are not parallel. The greater slope for the 5-

benzylidene-2-benzylcyclopentanone crystal indicates the

stronger in¯uence of the dimer molecules and/or the greater

sensitivity of the monomers.

The variation of the distance between the reaction centres

of the substrate molecules is not the only symptom of the

in¯uence of the product on the substrate. The remarkable

dependence is shown in Fig. 6. The ®gure presents the varia-

tion in the C13MÐC5M� � �C13Mi angle (the � angle), formed

by the adjacent monomer molecules, with an increase in

product content. The same relation is also observed for the

C5Mi� � �C13MÐC5M angle. As can be seen, the angle changes

from the initial values of ca 107 to 90� for the ®nal stages of the

crystal phototransformation, which indicates that the two

C C bonds move towards each other to form the cyclobutane

ring.

4. Conclusions

We monitored the structural changes in a crystal of 5-benzy-

lidene-2-(4-chlorobenzyl)cyclopentanone (1) during [2 + 2]-

photodimerizaton by means of X-ray diffraction. It was

observed that the monomer molecules moved gradually from

the position adopted in the crystal at the initial stage of the

phototransformation and the dimers moved towards the

position occupied at the ®nal stage. The movements of the

molecules possess a rotational component. Moreover, during

the phototransformation the monomers change their mutual

orientation and in the ®nal stages adopt an orientation

resembling the dimer. In addition, the monomers gradually

come closer to each other. The behaviour of the molecules in a

crystal of (1) and also the variation in cell constants were

compared with the data for 5-benzylidene-2-benzylcyclo-

pentanone.
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