
Crystalline powder of all-trans-1,6-bis(4-R-phenyl)-1,3,5-
hexatriene (R = CHO and CN) underwent intermolecular [2+2]
photocycloaddition at the 1,2-position of the triene to give mirror
symmetric dimers.  For the formyl derivative the presence of
C–H···O hydrogen bonds was suggested by IR and 13C CP/MAS
NMR spectra.

All-trans-1,6-diphenyl-1,3,5-hexatriene (all-trans-DPH, 1f)
has long been studied mainly because of its unique fluorescence
behavior.1 In spite of numerous reports on the photophysical and
photochemical properties of DPH and its derivatives in solution,
however, little is known about the photoreactivities in the solid
state.  Herein, we wish to report the solid-state photoreactions of
DPHs having some substituents on the phenyl ring that lead to
novel photofunctional materials. Ten kinds of all-trans-DPHs
(1a–j)2,3 were employed in this study: 1,6-bis(4-R-phenyl)-1,3,5-
hexatrienes 1a: R = CHO, 1b: R = CN, 1c: R = COOCH3, 1d: R =
COOH, 1e: R = NO2, 1f: R = H, 1g: R = CH3, 1h: R = OCH3, 1i:
R = Cl and 1,6-bis(2,4-dichlorophenyl)-1,3,5-hexatriene 1j.
Among them only 1a and 1b were photoreactive.  They under-
went intermolecular [2+2] cycloaddition to give photodimers (and
oligomers for the cyano derivative) in the solid state.  Although
chlorine is a very effective steering group for the solid-state pho-
todimerization of many aromatic molecules including stilbene and
1,4-diphenyl-1,3-butadiene,4 1i and 1j were photostable as well as
the unsubstituted parent compound.  The IR and 13C CP/MAS
NMR spectra of 1a suggested the presence of C–H···O hydrogen
bonds.  The C–H···O type interactions have received considerable
attention recently because they are considered to be weak but
important forces in organic solids.5

On irradiation of crystalline powder of 1a with a 500-W
high-pressure mercury lamp through glass filters (λ > 370 nm) for
4 h at room temperature in air, mirror symmetric dimer 2a was
obtained as a main product in 16% yield (27% conversion, 58%
yield based on the conversion).  In contrast to the efficient
trans→cis isomerization in solution,6 no isomerization was
observed in the solid state.7

Compound 2a was identified from its MS, 1H NMR, IR and
UV-vis spectra.8 The FAB-MS spectrum gave a peak of m/z 577
for [M+H]+ corresponding to the dimer.  The 1H NMR peaks at δ
4.08 and 3.76 were assigned to the cyclobutane ring protons.  The
presence of the diene peak at 990 cm–1 and the absence of the
monoene peak in the region of 960–970 cm–1 in the IR spectrum
indicated that the compound was formed by the intermolecular
cycloaddition at the 1,2-position of the triene.  The reaction at the
3,4-position was not observed.  This is consistent with the fact that
the UV–vis spectrum showed the absorptions of
–CH=CH–CH=CH–C6H4–CHO (327 nm) and –C6H4–CHO (260
nm) chromophores.  The stereochemistry of the dimer was con-
firmed by comparison of the coupling patterns of the 1H NMR
peaks of the cyclobutane ring protons with those of the mirror
symmetric photodimer of 1-(2,6-dichlorophenyl)-4-phenyl-1,3-
butadiene.9,10

Although the single crystals of high quality for X-ray analysis
is not obtained at present, the IR and 13C CP/MAS NMR spectra of
1a showed the presence of C–H···O hydrogen bonds.  The IR peak
due to C=O stretching was observed at 1684 cm–1 in the solid state,
which shifted to lower wavenumber by 14 cm–1 as compared to that
for the solution in carbon disulfide.  The shift can be attributed to
the C–H···O=C hydrogen bonds in the solid state.  In carbon tetra-
chloride two peaks were observed at 1700 and 1685 cm–1.  The 13C
CP/MAS NMR spectrum, on the other hand, gave a peak of car-
bonyl carbon at 194.5 ppm with a shoulder at 192.5 ppm, while in
chloroform-d it was observed at 191.5 ppm.11 For 1,4-benzo-
quinone which is involved in relatively strong C–H···O interactions,
the peak of the carbonyl carbon in the solid state shifts to downfield
by 2.4–2.8 ppm from the position in solution.12 Therefore the shift
of 3.0 ppm from 191.5 to 194.5 ppm observed for 1a is possibly
due to the C–H···O hydrogen bonding.  The doubling of the peaks at
194.5 and 192.5 ppm may be correlated with the presence of non-
equivalence resulting from C–H···O interactions.

The intermolecular interactions in the solid state were also
observed in the fluorescence spectra (Figure 1).  The spectrum for
the diluted solution of 1a in acetonitrile (AN) was weakly struc-
tured with the emission maximum at 468 nm, whereas that in the
solid state was broad with the maximum at 568 nm.  The red-shift-
ed broad fluorescence in the solid state is probably an emission
from an excimer state.

Compound 1b underwent similar [2+2] photocycloaddition
to give mirror symmetric dimer 2b.13 Irradiation of 1b with λ >
370 nm light for 4 h at room temperature in air gave the dimer in
21% yield (80% conversion, 26% yield based on the conversion).
In this case, however, considerable amounts of higher oligomers
were isolated by GPC (chloroform eluent) in addition to the
dimer.  Combination of the IR peaks at 973 (monoene) and
991–993 cm–1 (diene) and the MS peak at 230 ((NC–C6H4–CH–)2
fragment) suggested the zig-zag structure of the oligomers as
shown below.  Thus 1b showed higher reactivity than 1a.14
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Fluorescence spectrum of 1b in the solid state showed a main
broad peak at 536 nm, accompanied by a small peak at 469 nm.
The main emission maximum moved to longer wavelength by 89
nm compared to that in AN, indicating the presence of some inter-
molecular interaction in the solid state.  In the IR spectrum, how-
ever, the position of the peak at 2221 cm–1 due to C≡N stretching
was the same for the solid state and solution in carbon tetrachlo-
ride.  The C–H···N≡C hydrogen bonds are therefore considered to
be less important than the other stronger forces such as CN···CN
dipole-dipole interactions.15

In contrast to 1a and 1b, 1c and 1d were found to be photo-
stable.  For 1c IR peaks due to C=O stretching were observed at
1720 cm–1 in the solid state and 1725 cm–1 for the solution in car-
bon tetrachloride.  The small shift of 5 cm–1 suggested the weak
C–H···O hydrogen bonds, corresponding to the photostability of
the compound.  For 1d, on the other hand, the IR peak of C=O
stretching was observed at considerably low wavenumber of 1666
cm–1 in the solid state, indicating the presence of strong O–H···O
hydrogen bonds.  The photostability of 1d may therefore be due to
the sheet structure formed by the O–H···O hydrogen bonds, which
is unfavorable for the intermolecular [2+2] cycloaddition between
the triene double bonds. 

As shown above, among the 10 kinds of DPH derivatives
studied, only 1a and 1b were found to be photoreactive in the
solid state.  It is noteworthy that the crystal structures of the two
photoreactive derivatives are constructed with fairly weak inter-
molecular interactions.16
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