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The Bicycle-Pedal Mechanism
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The cis-trans photoisomerization of crystalline or powdecgg]cis1,4-diphenyl-1,3-butadiene¢DPB) was

studied at room temperature. The progress of the reaction was monitored by fluorescence spectroscopy, powder
X-ray diffraction,"H NMR and HPLC. High conversions (up to 90%) to the trans,trans isomer were observed

in a crystal to crystal reaction. Formation of the cis,trans isomer, the sole product obtained in solution and in
very viscous glassy media at 77 K is entirely suppressed in the solid state. The observed two-bond
photoisomerization is explained by Warshel’s bicycle-pedal photoisomerization mech&snilie results

are consistent with X-ray diffraction measurements, which have reveale@¢dfPB molecules exist in
crystals in edge to face alternating arrays of two conformer structures whose phenyl rings deviate significantly
from the plane of the central diene moiety40°).t One of the conformers has the two phenyls in parallel
planes and the other in roughly perpendicular planes. Least motion considerations suggest that the former
should undergo the two-bond photoisomerization more easily, in agreement with observations that indicate

that the reaction proceeds in discrete stages. Recently remisteid to trans,transmuconate photoisomer-
izations in the solid state are proposed to also proceed viBFhmechanism. The reactions are consistent
with the X-ray crystal structures of thas,cismuconate isomers.

Introduction
Irradiation of cis,cis4,4-diphenyl-1,3-butadienesq-DPB)

giving the one bond twist@BT) product as in solutiof? Direct
cc-DPB to tt-DPB conversion is the only example, thus far, of

in the soft isopentane glass at 77 K gives the trans,trans isomerthe BP mechanism under similar conditiohs.

(tt-DPB) as a primary photoproduct in addition to the cis,trans
isomer €t-DPB),! the one bond isomerization product that forms
exclusively in solutioh* and in glassy media of relatively high
viscosity at 77 K.° Significant two bond photoisomerization
in cc-DPB is consistent with Warshel's bicycle pedal photo-
isomerization mechanisnBP), which involves simultaneous
rotation about two §double bonds in a 1,3-diene moiety in
S1.5 The BP mechanism had been proposed to explain the
specificity and high photoisomerization quantum yields of the
retinyl moieties of rhodopsin and bacteriorhodopsin despite
volume restrictions imposed by the protein environméiis.'s
Hula-twist mechanismH{T ), which involves simultaneous rota-

X-ray crystal diffraction measurements reveal arrays of two
cc-DPB conformer structures whose phenyl rings deviate
significantly from the plane of the central diene moiéfjhe
average phenyl/diene dihedral angle i§ #Dalternating layers
of molecules with the two phenyls in parallel planes and
molecules with the two phenyls in roughly perpendicular planes.
Neighboring molecules are arranged edge to fatee X-ray
structures are in reasonable agreement with Gaussiéh 98
calculations utilizing gradient geometry optimizafiéwith the
B3LYP exchange-correlation functioA@land the 6-31G(d,p)
basis set that predict that the structure with the two phenyls
rotated in opposite directions (31)5to the diene plane

(equivalent to a 180translocation of one CH unit) was similarly
motivated’ BP andHT mechanisms are expected to reduce vol-

ume requirements associated with torsional relaxation by con-

fining most of the motion to the vicinity of the isomerizing
double bonds while minimizing the motion of bulky substituents.
The HT mechanism has been claimed to account for photo-

isomerization of several olefins in amorphous glassy media at

low temperature&?® Theoretical calculations suggest that 1,3-
bond formation in the 2A4 states of polyenes at a conical inter-
section for ultrafast radiationless decay to the ground$tdfe
may open a pathway tdT productst®13We reported recently
that the photoisomerization ofs-1-(2-naphthyl)-2-phenylethene
in methylcyclohexane glass at 77 K is conformer speéffic,
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with the phenyls in parallel planes (rotated 39véth respect

to the diene plane) lies 1.5 kcal/mol abové Relying on least
motion considerations, we suggested thatat®PB conforma-

tion with phenyls in parallel planes should easily foitrDPB

via the BP mechanism, whereas the structure with the phenyls
in perpendicular planes might more readily formtrans
phenallylbenzyl intermediate on the waydieDPB.! The latter,
lower energy, structure may account for one bond isomerization
in solution. Because edge to face phenyl/phenyl interactions in
the crystal tend to anchor the phenyl rings in place, excitation
of at least the conformer with phenyls in parallel planesdn
DPB crystals could lead to two-bond isomerization by Bre
mechanism. The experiments in this paper substantiate this
expectation.
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Figure 1. Normalized fluorescence spectra.g = 370 nm) of solid
cc-DPB (blue) and spectra obtained affeh (green), 10 h (red) and
20 h (cyan) 366 nm irradiation intervals.

Experimental Section

cc-DPB crystals were obtained from methanol as previously
described. Solid samples~20 mg, placed between 2 glass
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Figure 2. 3-D (o, 8, y) combination coefficient plot for the four-
component matrix consisting of the spectral set obtained by irradiation
of the crystal in the fluorometer (150 W Xe lamp; circles, points
corresponding to 0, 1, 2, 4 dr8 h irradiation times are indicated) and
typical spectra of crystalline (triangles) and powdered (squares) samples
irradiated with Hanovia Hg lamps. Conversiondtt®PB determined

by *H NMR spectroscopy area 15%,b 13%,c 27%,d 20%,e. 18%

andf: 64%.

broadening at lond and a shift of thelnax from 402 to 422
nm. The structured fluorescence is consistent wfitbDPB
formation?® The near identity of the starting emission spectrum

slides (Fischer brand microscope glass plates) and secured with that of pureccDPB shows that, at least initially, the
rubber bands were irradiated at ambient temperature at 366 NMphotoisomerization is not adiabatic. The time evolution of the
(200 or 450 W Hanovia Hg medium-pressure lamps equipped gspectral changes was determined more quantitatively for a

with Corning glass filters 0-52 and 7-54). The progress of the

crystalline sample irradiated at 370 nm directly in the fluoro-

reaction was monitored by fluorescence spectroscopy (Hitachi meter, Under those conditions the reaction is confined by the

F-4500 fluorometer: 2400 nm/min, excitation and emission slits
1.0/2.5 nm, and PMT 700 V), b{H NMR (300 MHz Varian
model Gemini 2000 or 270 MHz IBM/Bruker spectrometers;
CDCl3) and by HPLC (Beckman Coulter gold system with 125

excitation slit of the fluorometer to a small horizontal reaction
zone. Spectra were measured every 15 min for the first 90 min,
because the changes are more rapid initially, and then every 30
min for the 96-480 min irradiation period. The full set of

and 166 solvent and detector modules, respectively; a Beckmangpectra is given as Supporting Information (SI). Principal

Ultra sphere 0.5 silica 4.6 x 250 mm column was employed

component analysi% of the partial spectral matrix consisting

with n-hexane mobile phase, 0.5 mL/min flow rate and detector of the first four spectra (45 min irradiation) reveals a two-
A set at 315 nm; correction factors were based on the DPB component system that evolves into a three-component system

isomer spectra in-hexane given in ref 2). A smaller sample of

if the first seven spectra (€2 h irradiation) are included in the

cc-DPB (~4 mg) sandwiched between slides as above, was partial matrix. Treatment of the entire spectral matrix-40h

placed in the solid sample holder and irradiated directly in the
fluorometer (150 W Xe lamplexc = 370 nm, 2.5 nm slits).

irradiation) reveals a robust four-component system. The
experimental spectra are faithfully reproduced as linear com-

Care was taken not to change the position of the glass slides.pinations of the four principal eigenvectond Vg, V., and

Fluorescence spectraef: = 350 and 370 nm) were recorded
periodically at 15 and later 30 min irradiation intervals. Powder

X-ray diffraction patterns were measured before and after 366

nm irradiation of mortar and pestle powder@EDPB samples
(~5 mg). The X-ray diffraction data were collected with the
use of a Rigaku X-ray diffractometer Ultima Il (scan angle
7—31°, 176 KW, 0.072 resolution, 1.5418 A, slits 0.5 nm, 600

s for data collection and calibrated to silicon). Fluorescence
spectra andH NMR spectra of the powdered samples were
recorded following the powder X-ray diffraction measurements
for different irradiation intervals.

Results and Discussion

Vs)

S=aVy + BV + 7V, + 6V, 1)

A plot of the combination coefficientsu(, i, y;) of the three
major eigenvectors is shown in Figure 2. Tlog (3;, d;) plot is
similar (Sl). Irradiation of powdered samples leads to similar
changes in the fluorescence spectra. Inclusion of typical
fluorescence spectra from samples for whiithNMR conver-
sions are available, as in Figure 1, in the spectral matrix
corresponding to Figure 2 revealed a reasonable, albeit not
guantitative, correlation between the shape of the fluorescence
spectrum and the % conversiontteDPB. It appears that a fast

Fluorescence spectra measured in the course of a 366 nnreaction phase involving photoisomerization-e15% of the

irradiation with 200 W Hanovia lamp are shown in Figure 1.
The structureless spectrum €é-DPB (Amax = 408 nm, 366~
600 nm range) is independent of excitation wavelength {300

molecules in the crystal (close toetfl h point in Figure 2) is
followed by much slower conversion of the rest of the material.
Formation oftt-DPB as the sole isomerization product was

370 nm) and is remarkably similar to the spectrum obtained at established byH NMR, HPLC and X-ray powder diffraction

77 K in isopentane glassOn irradiation the spectrum gains in
intensity as it develops into a structured emission Wjth at
402 nm and vibronic bands at 422 and 450 (shoulder) nm.
Prolonged irradiation leads to attenuation in overall intensity,

analyses of irradiated samples. TheNMR spectrum of a solid
cc-DPB sample irradiated at 366 nm for 20 h and then dissolved
in CDCl; is shown in Figure 3. The combination coefficients
of the fluorescence spectrum of this sample, immediately
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Figure 3. *H NMR spectrum (300 MHz, CDG) following 20 h irradiation of solidccc-DPB; signals of three of the vinyl Hs aft-DPB in the ¢
6.32—-6.72 region, if present, are too small to quantify.

x10°

O\ O# 0050

Figure 4. TheBP mechanism shown for thee-DPB X-ray structuré
with phenyls in parallel planes.
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following irradiation (Figure 1, cyan curve), corresponds to point
fin Figure 2 (see also Figure 2S in Sl). Comparison with NMR

spectra of the pure isomers shows that the multiplet centered at ., 2

0 6.97 corresponds to the two benzylic vinyl HstbDPB, the 0 . . . . .
signals of the other two vinyl Hs overlap thoseafDPB, as 10 15 20 25 30
labeled in Figure 3. Signals in thé 6.32-6.72 region 29

corresponding to three of the four vinyl Hs c:DPB are too Figure 5. Powder X-ray diffraction profiles oéc-DPB (a), tt-DPB
small to quantify. HPLC analysis of an irradiated solid sample (d) and two irradiatedc-DPB samples; conversions teDPB by *H
of cc-DPB that showed 49% conversion teDPB indicated NMR: " (b) 16% and (c) 90%.
0.5% conversion tet-DPB, but ct-DPB was not detected by  diffraction datal Most of the new peaks that emerge on
HPLC at lowertt-DPB conversions (e.g., 29%). irradiation are present in the diffraction pattern wDPB
Small signals at lowed values correspond to vinyl hydrogens crystals, but their relative intensities differ markedly, indicating
of minor photodimer products whose structures are under that the photoproduct forms in a different crystalline modifica-
investigation. The spectrum in Figure 3 shows 64% conversion tion controlled by the arrangementa-DPB molecules in the
to tt-DPB. Initially, cc-DPB to tt-DPB conversions are very  crystal lattice.
rapid (15%tt-DPB and 3% photodimer afte2 h ofirradiation) Substituted derivatives d@f-DPB photodimerize in the solid
and then appear to reach a plateau ferl® h irradiation state. No photoisomerization has been observed, but high
intervals (18%itt-DPB and 4.5% photodimer after 10 h), and conversions to specific [2+ 2] photodimers have been
product formation resumes at a lower rate at longer irradiation obtained!®2325 In every case the substituent accounts for
times (64%tt-DPB and 14% dimer for 20 h irradiation). The product specificity by controlling the relative orientationtcf
reaction appears to proceed in stages that could be due to thédPB pairs. Cis-trans photoisomerization is a rare event in the
difference in reactivity of the two conformers and could be solid state’® The conversion of bistbutylammonium) Z,2)-
further controlled by changes in crystal microenvironnfém. muconate directly to theE,E)-muconate isomer in a crystal to
highly conformer-specific crystal to crystal photoreaction in a crystal reactio®f is a precedent for two bond photoisomerization
two-layer crystal was reported recentyThe attenuation of in the solid state. However, the reaction has been claimed to
the reaction rate may also be due to quenching byttt B proceed with simultaneous rotation of the carbonyl group in
product. supposed doubl¢iT fashiorf® and it has been cited as an
Powder X-ray diffraction measurements establishing that the example of photoisomerization under constrained conditions that
reaction is a crystal to crystal reaction are shown in Figure 5. can be explained by tHeT mechanisn®® Our own examination
The powder X-ray diffraction profile o€c-DPB (curve a) is of the crystallographic files, provided in .cif format with ref
very close to that calculated from the X-ray crystallographic 27, shows each of the oxygen atoms in the carboxylate groups
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of (Z,2-muconate hydrogen bonded to two ammonium ions.  (10) (a) Olivucci, M.; Bernardi, F.; Celani, P.; Ragazos, I. N.; Robb,

i ; M. A. J. Am. Chem. S0d994 116, 1077-1085. (b) Celani, P.; Garavelli,
Thus anchored by eight strong hydrogen bonds, rotation of the M.; Ottani, S.; Bernardi, F.; Robb, M. A.; Olivucci, M. Am. Chem. Soc.

carboxylate moieties is not ”kely-. It is more reasonable 0 1995 117, 11584-11585. (c) Garavelli, M.; Celani, P.; Bernardi, F.; Robb,

conclude that the two-bond photoisomerizations observed in M. A.; Olivucci, M. J. Am. Chem. Socl997 119, 11487-11494. (d)

muconate Systems are a|so examp|es ofBﬁanechanlsm Garavelli, M.; Smlth, B. R.; Bearpark, M. J.; Bemardi, F.; OliVUCCi, M.;
. . o . Robb, M. A.J. Am. Chem. So@00Q 122, 5568-5581.

Solid state two-bond phc_)t0|some.r|zat|on reactlor_ls were (11) For crossing to the %A, state see (a) Woywood, C.; Livingood,
recently reported for a series of dialkyZ,E,2-1,6-bis(4- W. C.; Frederick, J. HJ. Chem. Phy200q 112, 613-625. (b) Woywood,
carboxylatephenyl)-1,3,5-hexatrienes (alkyl: methyl, ethyl, pro- C.; Li(vi)ngood, WdC.; FrederickaJ. H. Cherg. Phlzt52000 1112 62g—

30 y._ i i 640. (c) Woywood, C.; Livingood, W. C.; Frederick, J. H.Chem. Phys
pyl, butyl). X ra)_/ powder dlf.fracuon measurements showed 2001, 114, 1631-1644. (d) Woywood, C.; Livingood, W. C.; Frederick, J.
Fhat here also direct fo_rmatlon of the correspondEl,@,.E H. J. Chem. Phys2001 114, 1645-1662.
isomers are photochemical crystal to crystal react®ikhis (12) For a recent review of polyene photophysics see Fuss, W.; Haas,
opens the interesting possibility that tB® mechanism is not  Y.; Zilberg, S.Chem. Phys200Q 259, 273-295.
limited to adjacent double bonds but can involve simultaneous

(13) Mtller, A. M.; Lochbrunner, S.; Schmid, W. E.; Fuss, Whgew.
- : . . Chem., Int. Ed1998 37, 505-507.
rotation of the terminal double bonds of the triene unit. 8

(14) saltiel, J.; Krishna, T. S. R.; Turek, A. M. Am. Chem. So2005
127, 6938-6939.

(15) (a) Saltiel, J.; Tarkalanov, N.; Sears, D. F.,JJrAm. Chem. Soc.
1995 117, 5586-5587. (b) Saltiel, J.; Krishnamoorthy, G.; Sears, D. F.,
Jr. Photochem. Photobiol. S&2003 2, 1162-1168.

(16) Frisch, M. J. et alGaussian 98, Rasion A.7 Gaussian, Inc.:
Pittsburgh, PA, 1998.

(17) Schlegel, H. B. ItModern Electronic Structure Thearyarkony,
Supporting Information Available: Complete ref 16, D. (Ffé)ES'; \Il(VorE ?)CILehntiﬁcl:? 5291%%%93,812%59:88341%% Lee G v

; ecke, A. DPhys. Re. , . Lee, C.; Yang,
Figures of the complete spectral set of fluorescence spectr “and Parr, R. GPhys. Re. B 1988 37, 785789, Becke, A. DJ. Chem.

corresponding to the circles in Figure 2, and a Figure showing phys.1993 98 5648-5652. Stevens, P. J.; Devlin, F. J.; Chabalowski, C.
the 3-D @, /3, 6) combination coefficient plot corresponding to  F.; Frisch, M. J.J. Phys. Chem1994 98, 11623-11627.

Figure 2. This material is available free of charge via the Internet 30(%9) Singh, A. K. Krishna, T. S. Rl. Phys. Chem. A997 101, 3066~
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