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Abstract: A series of dimethyldihydropyrene derivatives was studied to elucidate the photochemical
mechanism associated with the switching between the dimethyldihydropyrene (DHP, closed) and
metacyclophanediene (CPD, open) forms of the molecule. Quantum yields of ring opening and closure,
fluorescence quantum yields and lifetimes, as well as laser flash photolysis studies were performed to
establish the effect of substituents on the switching efficiency. Ring opening of the DHPs occurs from the
first singlet excited state. The low quantum yields for the ring opening reaction observed (<0.042) are a
consequence of the low rate constant (<1.7 x 107 s™*) for this process. The quantum yields for ring closure
of the CPD were determined for select compounds and were of the order of 0.1—0.4. These results show
that the efficiency for ring opening of this class of compounds is intrinsically low, but can be modulated to
some extent by the introduction of substituents. These properties should be taken into account when
considering what type of photoswitching devices DHPs might be useful for.

Introduction Scheme 1 .
Photochromic compounds are molecules that can be reversibly CQO visible light < “>—\CH,
switched between different states by the use of light. The two @ UV light or H N __>

states should have distinct spectroscopic properties, such as heat
absorption and fluorescence spectra, to monitor the concentration DHP-1 CPD-1

changes of the two states. To be useful, the conversion betweery,,. ; ;
states has to be efficient, and the thermal back reaction should
be absent or slow. Finally, the compound should be stable and
undergo many photoswitching cyclesX0 000) before decom-
position is detected. Such photochromic molecules then have
potential uses in materials such as nonlinear optiosl optical
switchest™8

Dimethyldihydropyrene (DHP) and its derivatives are pho-
tochromic, and advances in their synth&stshave led to the
design of sophisticated systems, including multichromophoric
architecture$%1 One of the advantages of DHPs is that these
compounds are relatively stable. DHP is converted photochemi-
cally to its isomeric “open” metacyclophanediene (CPD) by
visible light. In the case of the parent compouhdhe CPD
form (Scheme 1) can be both photochemically (UV light, fast) and thermally (slow) converted back to the more stable DHP
isomer?13 The relative energies between the DHP and CPD
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(1) Delaire, J. A.; Nakatani, KChem. Re. 200Q 100, 1817-1845. examples where the CPD form is the more stable of the two
(2) Irie, M. Chem. Re. 200Q 100, 1685-1716. i 10,14,15 ivati
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(11) Mitchell, R. H.; Ward, T. R.; Wang, Y.; Dibble, P. W. Am. Chem. Soc. Org. Chem.1996 61, 5116-5120.
1999 121, 2601-2602. (15) Mitchell, R. H.; Ward, T. R.; Wang, YHeterocycle001, 54, 249-257.
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depth. Early reports suggestéd16-17that the quantum yield
for the photochemical formation of CPD is low. More extensive
work has been done on the thermal reversion reaction of CPD
back to DHP012.13.18.1%9nd it was shown that the nature of the
substituent affects the rate constant for this process. However,
the effect of substituents has not been studied in detail for the
photochemical reactions.

Our preliminary work2® on the photophysics of showed
the presence of several transients on different time scales. We
expand on this preliminary report by combining spectroscopic
techniques with quantum yield measurements to understand how
substituents can be used to design more efficient photoswitches.
The parent compounti was used as the base system to which
all compounds were compared. Compouritiand 3 were 0 \
studied to illustrate the effect of substitution at the 2- and 2,7- 200 300 400 500 600
positions, where the majority of the electron density has been . _ w“e'a;gth;"m_) o o
calculted 10 occur for the ground stdté! Compoundst—6  Jie L () Avsmier pecs o8 50 rnane e 1o
were synthesized to study the effect of 4- and 4,9-substitution. and CPD7 in cyclohexane at room temperature. A small residual DHP
The acetylenes were chosen as substituents because thes@sorption is apparent on the tail absorption for CPbecause the
conjugating units are models for molecular wire type struc- conversion to CPD was not complete.
tures?223Finally, compound’ was studied, because qualitative
evaluations showed that benzene fusion at the [e]-position led
to more efficient ring opening of the DHP.1° The detailed
photophysical characterization presented here shows that the 05
ring opening of DHPs is intrinsically a low-efficiency process,
but that it can be modulated to some extent with the use of
suitable substituents. Knowledge of the photophysics of the
compounds studied will aid in the design of compounds
containing multiple switches.
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Results

SynthesesThe preparation of compounds 2, 3, 4, and7
has been previously report@d’2427 Synthesis of the acetylene
derivatives 5 and 6 was respectively accomplished via a
Sonogashira coupling of 2-methylbut-3-yn-2-ol with iodi@e
and dibromided,28 both of which were prepared fro&(Scheme
2).

Absorption Spectra. The DHP isomer of all compounds
shows absorption bands that cover most of the visible region 500 600 700
of the spectrum (Figure #§. The lowest energy band for all Wavelength (nm)
compounds with the exception @fwas observed between 640  Figure 2. Normalized absorption spectra above 500 nm and fluorescence
and 680 nm and was the band with lowest molar absorptivity Spectra in cyclohexane for compoun2igA), 3 (B), and7 (C). The inset
(inset, Figure 1). Substitution with conjugated systems, such asShows the fluorescence spectrumoat 77 K.
acetyl @, 4) and acetylene 6), led to a red shift of all Scheme 2
absorption bands (Figure 1). Benzo[e]-fusi@hlfroadened the
band in the 500 nm region, and the absorption above 600 nm %
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o
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e ¢
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(17) Murakami, S.-I.; Tsutsui, T.; Saito, S.; Yamato, T.; Tashiro,Nibpon

Kagaku Kaishil988 221-229. R EtoNH R
(18) Ward, T. R. Ph.D. Thesis, University of Victoria, Victoria, BC, 2000. O 3 O
(19) Mitchell, R. H.; Iver, V.; Mahadevan, R.; Venugopalan, S.; ZhouJ.P.
Org. Chem.1996 61, 5116-5120.
(20) Murphy, R. S.; Chen, Y.; Ward, T. R.; Mitchell, R. H.; Bohne,Chem.
Commun.1999 2097-2098.
(21) Spanget-Larsen, J.; Gleiter, Relv. Chim. Actal978 61, 2999-3013. o _ .
(22) Martin, R. E.; Maer, T.; Diederich, FAngew. Chem., Int. EA.999 38, 8:R1=H Ry=1 5: Ry
817—820. 9:R1=Ry=8Br 6: R3
(23) Tour, J. M.Chem. Re. 1996 96, 537-553.
(24) Boekelheide, V.; Phillips, J. B.. Am. Chem. S0d.967, 89, 1695-1704.

OH OH
R Cul //
(16) Schmidt, W Tetrahedron1972 7, 581—584. ‘O 2 Pd(PPhs),Cly 00

C=C—C(CH3),0H

(25) Mitchell, R. H.; Boekelheide, \d. Am. Chem. Sod974 96, 1547-1557. appeared as a shoulder (Figures 1 and 2). The open CPD isomer

(26) SPQ'C”'fgé;-SBg-?l"gg%’_”le%éR- J.; Sturm, E.; Boekelheide JVAm. Chem.  \yas formed for all compounds when the DHP isomers were

(27) Mitchell, R. H.: Ward, T. RTetrahedron2001, 57, 3689-3695. irradiated with visible light. The absorption spectra for the CPDs

(28) Mitchell, R. H.; Chen, YTetrahedron Lett1996 37, 5239-5242. ; R f i

(29) Molar absorptivity values at several maxima are presented in Table S1 in \_Nere shifted to t_he U_V region (Figure 1B), t_)eca_use in the CPD
the Supporting Information. isomer the conjugation of the annulene ring is lost, and the
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Table 1. Fluorescence Emission Maxima (1em), Energy of the First Singlet Excited State (Esi), Calculated HOMO—LUMO Energy Difference
(Exomo-Lumo), Fluorescence Quantum Yields (¢s), Lifetimes (z7), and Rate Constants (k;) for the DHP Form of Compounds 1—7 in Aerated
Cyclohexane?

compound Aem/NM Esy/kcal/mol ! Eromo—Lumo/kcal/molP ¢ 11073 7:/107°s ki /105571
1 641 44,6+ 0.1 45.6 0.6H- 0.03 5.4+ 0.1 1.13+ 0.06
2 641 44.6+ 0.1 44.3 2.03t 0.07 5.6+ 0.1 3.6+ 0.1
3 660 43.3+ 0.1 39.6 0.64+ 0.07 4.4+ 0.2 1.5+ 0.2
4 666 42.94+ 0.05 38.5 4.6H 0.05 4.2+ 0.1 11.0+0.3
5 663 43.1+ 0.1 41.7 2.29t 0.03 4.6+ 0.1 51+ 0.1
6 679 42.12+ 0.05 39.9 2.2£0.2 3.8+ 0.1 5.8+ 0.5
7 62C° 46.1+ 0.2 34.7 0.9+0.1 24+0.1 3.8+ 05

aThe values fory andz correspond to the average of two independent experiments; the errors correspond to average de@ipticas. DFT (pBP(DN**)),
PC Spartan Pro V1.0, Wave function Inc. Irvine, CArom the fluorescence spectrum at 779khe energy difference between HOMO and LUMOL
is 43.4 kcal/mol.

steplike nature of the cyclophane prevents extended conjugationacetyl group 8) did not alter this parameter. Further, the addition
The absorption maxima for the CPDs of compouhds were of conjugating acetylene groups 6) did not affect the emission
between 230 and 320 nm. guantum yield, but the substitution with an acetyl group in the
Fluorescence Measurements:luorescence was observed for  4-position @) led to an enhancement by a factor of ca. 2. Benzo-
all DHPs, indicating that the first excited singlet state of these [e]-fusion (7) led to a decrease of the emission efficiency.
compounds is emissive to some extent. The emission spectra The decays for the fluorescence emission were monoexpo-
were found to be independent of the excitation wavelengths. nential, and the lifetimes in aerated cyclohexane solutions varied
The fluorescence spectra (Figure 2) for compouhd3, 4, 5, between 2.4 and 5.6 ns (Table 1). The lifetim@af solutions
andé were very narrow. No Stokes shift was observed for these purged with nitrogen was 6.5 ns as compared to that of the
compounds as the emission peaks were found to overlap withaerated solution where it was 5.6 ns. The shortening of the
the 0,0 band of the ground-state absorption spectra. The energyifetime in aerated solutions indicates that oxygen quenches the
for the first singlet excited state was calculated from the 0,0 singlet excited state of the DHP 8iin a diffusional proces&.32
band (Table 1). The emission spectra for compoundsd 6 A similar quenching efficiency was obtained from steady-state
were found to be increasingly red shifted. The emission spectrummeasurements. For all compounds, the emission spectra recorded
of 7 displayed a different behavior since its fluorescence for the lifetime measurements were consistent with the steady-
spectrum was broad and a noticeable Stokes shift was observedtate emission spectra. The fluorescence rate constants were
(Figure 2C). The DFT calculations for the HOMG LUMO calculated as the ratio of the fluorescence quantum yield and
energy differences for all DHPs are included in Table 1. the lifetimes ¢+/tr, Table 1).
Qualitatively the calculated values are consistent with the Quantum Yields for Ring Opening/Closing. The efficiency
experimental ones with the exception for the benzo[e]-fused of ring opening for all compounds was examined using
system7, where the calculated energy difference was much potassium ferrioxalate as a primary standard and by irradiating
smaller. In this case, the HOMG- LUMO + 1 energy the samples at 380 n#&34Absorbance measurements were used
difference (43.4 kcal/mol) is closer to the experimental value. tq follow the disappearance of the DHPs. In some cabess
Low-temperature (77 K) fluorescence spectra were acquired ysed as a secondary standard because the samples could be
in an attempt to further resolve the emission spectra. The spectrgradiated at longer wavelengths (480 nm) where the CPD
for 1,2, 5, and6 at low temperature exhibited the same band jsomers do not absorb. This was particularly important for
shape as that displayed at room temperature. The Iow-temper-compounds5 and 6, where a smaller quantum vyield was
ature emission spectrum for the fused systémyas observed  opserved when the DHPs were irradiated at shorter wavelengths
to resolve into two bands (inset, Figure 2C). It is worth noting (<400 nm), due to the absorption of their CPD isomers in this
that the energy for the singlet excited state7p€alculated by spectral region. Within experimental errors, the same quantum
using the highest energy maximum for the spectrum at low yje|ds were observed when the solutions were purged with
temperature, was higher than that for the other DHPs. nitrogen and oxygen. This result indicates that the ring opening
The CPD isomers foB and 7 were obtained by extensive  gccurs from the singlet excited stdfe.
irradiation of their respective DHPs. The CPD forms of these 1o ring opening quantum yields farand4 (Table 2) were
compounds are relatively stable. A weak fluorescence betweens, ,nq to agree with the literature values of 0.002 and 0.005,

320 and 360 nm was observed when the CPD&arid7 were respectivel\t” However, the ring opening quantum yield for
excited at 280 nm. , . ~was found to be lower (0.006) than that previously reported
Fluorescence quantum yields of the DHPs in aerated solutions
were measured for all compounds at 2C (Table 1). (31) Murov, S. L.; Carmichael, I.; Hug, G. IHandbook of Photochemistry
Ru(bipy):Cl, was used as the primary stand@ifdr compounds 2nd ed.; Marcel Dekker: New York, 1993
(bipykCla P y P 32) The quenching rate constant was estimated to BeM.0! st based on an
2, 3, 5, and 7. Compound2 was then used as a secondary oxygen concentration in aerated cyclohexane of 2.4 ¥hivhis quenching
standard for compounds and 3—7. The emission quantum rate constant is of the same order of magnitude as the diffusional rate

. . constant in cyclohexane (¥ 10° M~1s1)31
yields were found to be below 0.005, indicating that less than (33) Hatchard, C.G.; Parker, C. Rroc. R. SZ)C. London, Ser.¥956 518—
0 i i 536.

0.5A)_of_all singlet excited st_ates led to _f_luor_escence. The 34) Parker, C. AProc. R. Soc. London, Ser. %953 220, 104.

substitution of an alkyl group in the 2-position increased the (35) Although the singlet excited state is quenched by oxygen at a diffusional
i i H H rate constant, the fact that the same ring opening quantum yields were

fluorescence quantum yield, whereas addition of a conjugating obtained is a reflection of the large errors for this parameter and the modest

quenching by oxygen calculated from the change in lifetimes when the

(30) Van Houton, J.; Watts, R. J. Am. Chem. S0d.976 98, 4853-4858. cyclohexane sample was saturated with oxygen (15%).
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Table 2. Quantum Yield for the Ring Opening (¢prp—cprp), RiNg

Closing (¢cpo—pHp), and the Rate Constants for the Ring Opening 0.04
Reactions (kpnp—cpp) Oof DHP Derivatives in Aerated Cyclohexane? AA
compound ¢onp—cpo/1078 Gepo—ohp ° Kop—cpp/10° 572

1 6+2(7) 11+ 4 0

2 1.5+0.1(2) 2.7+0.2

3 12+ 2(2) 0.1-0.4 27+5

4 3.8+0.5(2) 9+1

5 0.56+ 0.09 (3) 1.2£0.2 -0.04

6 0.5240.08 (1) 1.4+ 0.2

7 42+ 2 (4) 0.37+ 0.07 (2 180+ 10

aFor experiments performed more than twice, the errors correspond to -0.08 . . . L L L
standard deviations; for experiments performed twice, the errors correspond 03L B
to average deviation8.0Only for compounds and7 is a conversion from )
DHP to CPD greater than 90% achievé@nly a range is indicated (see AA L 5 O
text). 9 Average of one actinometry and one laser flash photolysis experi- %P’ﬂ:- °
ment. 0.1F ®
. .o‘.p. @5 39882828850
. . . . o]

(0.02)1317 Acetylene substitution5(6) lowered the ring opening 0 3 o OfigeS LT
quantum vyield of2, whereas the substitution of acetyl at the 04k o
2-position @) or benzo[e]-fusion®) substantially increased this °© 5 ©
yield. The rate constants for the ring opening reacti®ng-cpp) i Q)Cbo
were calculate_d f_rom the ratio of the quantum yields and the -0.3 555 S— L S E—
fluorescence lifetimes. Wavelength (nm)

The CPD isomers 08 and 7 were formed by irradiating a Figure 3. (A) Transient absorpt ra for the DHPTod del .
- . : 0, gure 3. ransient absorption spectra for the elays o
DHP sample of3 or 7 until conversion to their CPDs was 90% 2.5 ns 0) and 100 ns®), when excited at 532 nm in cyclohexane (the

or greater. The quantum yield of the ring closing reaction, that jines were included to guide the eye). The inset shows the difference
is, photochemical conversion of the CPD isomer into the DHP spectrum for the spectra at 2.5 ns and 100 ns when normalized at 490 nm.
isomer, was determined by irradiation into the CPD absorption (B) Tfa”Sie”tdabsomtiO” Spﬁ‘?t’a for thde CPDrait delays of 5.2 ns),

band where the DHP absorption is minimal (ca. 254 nm). The 53 ns @), and 111 nsif), when excited at 308 nm.

appearance of DHP was measured at several DHP absorption

. Th i ield for the ri . df absorption in the same spectral region, where at long delays
maxima. 1he guantium yieid or In€ ring opening measured for ., bleaching of the DHP was observed (Figure 3). In addition,
7 using actinometry was the same within experimental error as

was measured from laser flash photolysis studies (see below) below 300 nm a growth of the transient absorption was observed
. ; . ‘after the laser pulse. Th resul hat th rption
However, in the case of the CPD 8fa higher quantum yield after the laser pulse ese results suggest that the absorptio

. for the transient with the short lifetime f@rhad an absorption
(0.4) was measured by actinometry (see below). In any event, . - .
. . . L that overlapped with the bleaching region of the DHP form.
the ring opening quantum yields for the CPDs are significantly

lower when compared to the estimates of a unity quantum yield The spectra at short and long delays were normalized at 490
. p 3 ya y nm, and the spectrum at long delays was subtracted from the
previously reported

. . - rum hort delays. This pr rel h rum of
Laser Flash Photolysis ExperimentsPreliminary work on spectrum at short delays s procedure led to the spectrum o

20 . the transient with the short lifetime (inset, Figure 3A), which
compound1® showed that two transients were formed, one of has a maximum at 330 nm, whereas the CPD in the laser flash
which has a lifetime shorter than the time resolution of the laser '

flash photolvsi tem (10 ns) and a second transient with aphotolysis studies showed a maximum at 280 ¥nThe
I'fest'mg in tﬁs :1¥(§rosec(ond St')me dorrs;a'n This l‘Z'n -I'W(Iad maximum for the short-lived component is in the same spectral
netme | : " un. ' g-liv region as observed fd, 5, and6 (see above).
transient was assigned to the triplet excited state of the CPD o

. Irradiation of the CPDs of compoundsand 7 led to the
form of 1 as it was quenched by oxygen aficcarotene. . . . . -

. . r . formation of their DHPs, with absorption features characteristic
Transient studies were performed by exciting the DHPs either for the absorption of the ground states (Figure 3B). At short
at 355 nm (YAG) or above 470 nm (YAG/OPO). With the delays a strgn ne ativeg signal was obsgerved Which was

exception of2, the CPDs of all compounds absorbed at 355 Y 9 neg g ’

. . L . assigned to the fluorescence of the CPD7Sf
nm leading to complex transient kinetics. For this reason, For all ds th ; ent Kineti b d
excitation in the visible region was employed. The transient or all compounds the same transient KInetics were observe

spectra for23 5, and6 are similar to those observed R for the photolysis of the DHPs. A short-lived transient with a
The bIeachi’ng O’f the DHPs was observed in the-3600 nm lifetime shorter than the time-resolution of the systerd @ ns)
region. In the UV region, two different transient species were was observed (inset Figure 4). This initial transient was followed

detected. At short delays after the laser excitatisB@ ns), a by a second transieqt with a microsecond .Iifetime (Figure 4),
spectrum was observed that is red shifted (315, 330, and 345Whlch had been previously assigned to a triplet excited $fate.

: This assignment was confirmed in quenching experiments by
nm for 2, 5, and6, respectively) when compared to the spectra o
at longer delays (290, 300, and 310 nm fr5, and 6, oxygen ((1.94 0.2) x 10° M~* s™) and -carotene ((1.4-

r_espectwely). In the spectra fBrand4, the transient with short (37) Note that the absorption maximum for CRDn the laser flash photolysis
lifetime appeared as a shoulder between 300 and 350 nm. The ~ experiment is shifted to the red when compared to the maximum in the
i it ground-state absorption spectrum (Figure 1B). This is due to the fact that
transient spectrum of at short delays showed some positive in the laser flash photolysis experiment a difference spectrum is measured.
(38) Fluorescence appears as a negative signal in the absorption spectra because
(36) Transient absorption spectra farand 3 are shown in the Supporting it increases the light intensity detected by the system after the laser pulse
Information. when compared to the light intensity before the laser pulse.
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Table 3. Relative CPD Concentrations As Determined from Laser
0 feindies Flash Photolysis Experiments, Relative Quantum Yields of Ring
Opening Calculated from the Data in Table 2, and Intersystem
AA L Crossing Quantum Yields for the DHP Derivatives in Aerated
Cyclohexane
-0.01— compound relative [CPD]? relative ¢pup—crp ¢is/1073P
1 1 1 6+1
— 2 0.26+ 0.05 0.25+ 0.08 5+ 1°¢
DHP-2 -0.02| 3 28+0.6 2.0+ 0.8 29+ 0.6
0.02— 4 0.8+0.2 0.6+ 0.2 18+ 4
: ] K] .2 5 0.19+ 0.04 0.09+ 0.03 4+ 1
| | | 7 3.7+ 0.7 7+2
0 5 10
Time (us) aAssuming an error of 20% in the measurement of f& values.
) o ) b Measured using DHR-as a secondary standafdMeasured using triplet
Figure 4. Kinetics at 465 nm for the recovery of the bleaching2adnd benzophenone as a primary standard.

3 after irradiation at 480 nm for samples with matched ground-state

absorbance at 480 nm. The inset shows the kinetic& &dra shorter time decrease at 465 nm when triplet excited benzophéhimased
domain. as standard (eq Ipisc(BP) = 1; €520 = 6500 M1 cm).
Solutions of DHP2 and benzophenone with matched absorp-
tions at the laser wavelength of 355 nm were employed, and
the absorption changes at 465 and 340 nm for DHP and 520
nm for benzophenone were measured at several laser pulse
energies. A linear relationship between the changes in absorption
for the DHP bleaching and the triplet benzophenone was
observed, and the intersystem crossing quantum yield for BHP-
Jvas determined to be 0.0G5 0.001 (Table 3). The quantum
yields for the other DHPs were calculated using DRIBs a

0.1) x 10' M~1 s71),3% which have excited-state energies of
22°0 and 21 kcal/mol, respectivef}.In the case of-carotene,

the growth of the triplet state of this quencher was observed at
520 nm, and the lifetimes were similar to those for the decay
of the transient for DHP. The DHP transient was not quenched
by ferrocene, a compound that has a triplet energy of 38 kcal/
mol.*! Benzophenone has a triplet energy of 69 kcal/#alnd

this compound was used as a sensitizer. This ketone was excite

at 266 nm where the DHP absorption is low. The triplet of .
. secondary standard (eq 1). Samples with matched ground-state
benzophenone was quenched by DRIRith a rate constant of : .
absorbances were excited at 480 nm, and the bleaching was

(1.34 0.1) x 101°M~1 571, and after complete quenching of X
. . measured at 465 nm. This procedure was necessary because
the triplet ketone, the same transient spectrum was observed as

for direct excitation of DHF2. These results confirm that the ;ﬁ?%ﬂggﬁ; Zlgr?glgo?st rtn)c?t Z)E)derg ZE Zgg 22 (see above),
transient with microsecond lifetime for the DHPslofo 7 has P '
triplet character and has an energy between 21 and 38 kcal/ b (BP)gp

mol. AAgp=—r—
The decay of the transients for the DHPs led to a residual s DHP)eprp

bleaching in the visible region, as well as a residual positive g, itation of the CPDs o8 and7 led to the observation of
absorption in the UV region of the spectrum, which corresponds , ,¢¢ bleaching, where the recovery had a lifetime that was
to the amount of DHP that was converted to CPD. The thermal gporter than 10 ns. This bleaching was assigned to the

Eeaction for all compounds is much slowégi{> 96 min, 20 g,5re5cence of the CPD isomers of both compounds. In the
C) than the time scales used for the laser flash photolysis o446 of7, there was no change in the magnitude of the transient

experiments. Therefore, the residual absorption can be related, g rption after the recovery from the fluorescence. In the case
to the quantum yield of ring opening6ip—ceo) Wwhen samples ¢ 3 5 glow increase in the absorption was observed, which is

(1-5 ar!d 7_) were irradiated th.at had the same absorption at due to excitation of residual DHP present in solution, because
the excitation wavelength. This procedure was necessary t0¢ ha incomplete conversion of DHP into CPD.

ensure that in each case the same concentration of excited states The quantum yields for the ring closing reactions for

for each DHP was formed. The final concentration of CPDS 556,048 and7 were measured against the triplet formation
was calculazted by using the mola_r absorptivity f_or each l_)HP of benzophenone using eq 1, whexe(DHP) is substituted by
at 465 nmt:? Relative quantl_Jm yields for 'Fh_e nng opening 4 . ie. A linear relationship was observed for the depen-
reactions (Table 3) were obtained by normalizing the concentra- 4o ce of the residual absorption for the DHPS@fnd 7 with
tions of DHP bleached to the concentration measured for yhe yripjet benzophenone absorption, and the quantum yield for
compoundl. Within experimental errors, the relative quantum fing opening (Table 2) was obtained from the slope of eq 1.
yields recovered from the laser flash photolysis experiments | {he case of CPIV the same ring closing quantum yield
were the same as those obtained from the actinometry measurey o< optained by Iasér flash photolysis (0.310.03) and
ments. . ) ) actinometry measurements (0.420.07). For CPDB, a lower

The quantum yield for the formation of the long-lived 46 (0.1) was obtained from laser flash photolysis experiments
transient of the DHP can be estimated from the absorption \,en compared to the value measured by actinometry (0.4).
Possible reasons for this discrepancy are the fact the thermal

|AApel 1)

(39) The quenching rate constankg) (were obtained from the dependence of

the decay rate constarit,¢J with the quencher concentratiokyfs = ko -+ back reaction would lead to the formation of DHP during the
kq [quencher]). i i i i

(40) Gilbert, A.; Baggott, JEssentials of Molecular PhotochemistBlackwell aCtmOmetry experlments, since these eXpe”memS t,ake amuch
Scientific Publications: Oxford, 1991. longer time to complete than the laser flash photolysis measure-

(41) Farmilo, A.; Wilkinson, FChem. Phys. Lettl975 34, 575-580. ; B ;

(42) The molar absorptivity values at 465 nm for7 are shown in Table S2 ment. For this reaso_n’ _the Va_‘lue determlr_]ed by a_ctmometry
in the Supporting Information. represents an upper limit for this quantum yield. In this respect,
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it is worth noting that the rate constant for the thermal reaction led to rate constants for this process between<11ZP and 1.8

of CPD to DHP is ca. 100 times larger f8(unpublished) than x 107 s71. These rate constants are low if one considers that
for 7.18.191n contrast, the quantum yield obtained from the laser the photochemical ring opening in a concerted reaction from
flash photolysis measurement constitutes a minimum value, the singlet excited state is symmetry allowed by the Woodward
because at the excitation wavelengths some photons wereHoffmann rules'® One reason for this low reactivity could be
absorbed by the residual DHP isomer. This inner filter effect that the bond cleavage reaction is an activated process from
would lead to a decrease in the measured quantum yield valuethe singlet excited state of the DHPs. Indeed, a temperature
A range has been included in Table 3, because at this point itdependence was observed for the ring opening quantum yield
is not clear which measurement is the more reliable one. of 1,3,6,8-hexamethyl-DHP, when the photoreaction was mea-
sured between 23 anel175°C.12 However, an activated process
does not explain the results for compourids7, because no

The photophysical processes of the closed (DHP) and opencorrelation was observed between the rate constant for CPD
(CPD) isomers of the DHPs have to be understood to explain formation and the energy of the singlet excited state. If an
the observed quantum yields for this class of molecules, and toactivated process was occurring, it would be expected that the
devise strategies to use these molecules as functional switchingate constant for the CPD formation would increase for higher
units. Excitation of the DHPs leads to the formation of their €Xxcited-state energies. For example, the valuéppb-cep is
singlet excited states. The lifetimes of these excited states werethe same for compounds and 6, while the Es; values are
remarkably long (26 ns) as compared to those of other different by ca. 1 kcal/mol, which would lead to a difference in
photochromic switching molecules. In comparison, the lifetime rate constants of ca. 5 if cleavage of the transannular bond
of the excited state afis-stilbene is less than 300 fs, leading to Proceeded over an activation barrier.

the formation of dihydrophenanthrene, and the photochemical ~The low cleavage rate constant for the singlet excited state
ring opening of the latter back ws-stilbene occurs in less than  of the DHPs could be related to the fact that the reaction is not

500 fs#3 In the case of spirooxazines, the singlet excited-state concerted but involves the intermediate formation of a biradical
lifetime is shorter than a picosecoff*5and the ring opening ~ from the singlet excited state. The low quantum yield for CPD
rate constant for this photoswitch is of the order of21§1, formation could be explained if most of the biradicals decayed
Picosecond processes were also observed in the case opack to ground-state DHP. This partition between CPD forma-
fulgides647 and diarylethene®4° In this respect, the long tion and decay to the ground state is feasible, because the
lifetime for the singlet excited states of the DHPs suggests that biradical has singlet multiplicity, and, therefore, the re-formation
the primary photocleavage reaction is a slow process. of the transannular bond is an allowed process. The biradical

The transient absorption spectra showed that two transientsWill not intersystem cross to the triplet biradical, because the
with different lifetimes were formed when the DHPs were fadical centers are held in close proximity by the molecular
excited. The species with a lifetime shorter than 10 ns is likely framework leading to a large splitting between the energies for
to correspond to the absorption of the singlet excited state, sincethe singlet and triplet biradicaf8.The upper limit for the rate
fluorescence experiments showed that the lifetimes for these¢onstant leading to the biradical formation can be estimated by
excited states were similar to the duration of the laser pulse. @ssuming that the internal conversion quantum yield between
The transient absorption could also be due to a product from S1and $ is zero. Because more than 95% of the singlet excited
the reaction of the singlet excited state. A likely product would States of DHP decay back to ground-state DHP, the upper limit
be the singlet biradical formed after the cleavage of the for the formation rate constant (0.95/ of the biradical is
transannular bond. However, this biradical would be short-lived, between 1.7x 1¢° and 4.0x 10° s™%. It is worth noting that
because re-formation of the transannular bond or the rearrangethis rate constant is also much lower than the cleavage rate
ment of the molecular framework to form the CPD are expected constants for other photochromic compounds.

to be faster than the singlet lifetime of several nanoseconds. ~From the current experiments, it is not possible to differentiate
For this reason, a significant concentration of the biradical, if between a concerted mechanism with a low reaction probability

formed, would not accumulate during the laser pulse. and the mechanism involving the formation of a biradical. The
The singlet excited states of the DHPs decay by fluorescence difference between the DHPs and other photochromic molecules,
formation of the CPD, and intersystem crossing to the triplet such as spirooxazines and fulgides, is that the reaction pathway
state. The sum of the quantum yields for these three processedhat leads from the “closed” isomer to the “open” isomer in the
is between 0.0075) and 0.046 T), suggesting that most singlet ~ ¢ase of the DHPs requires a much smaller motion of the
excited states¥95%) decay back to the ground state of the molecular framework. The ring in the DHPs holds the system

DHPs. The quantum yield for CPD formation from the DHPs in @ relatively restricted environment, and the reactive species,
that is, singlet excited state or biradical, cannot explore a variety

Discussion

(43) Repinec, S. T.; Sension, R. J.; Szarka, A. Z.; Hochstrasser, R. Rhys. of nuclear motions on the reaction surface. This restriction could
Chem.1991, 95, 10380-10383. ieadi ; ; i
(44) Wilkinson. F.- Worrall, D R. Hobley, J: Jansen, L Willmas, S. L. affect both the_ concerted and_the biradical _reactlons in as!mllar

Langley, A. J.; Matousek, Rl. Chem. Soc., Faraday Tran$996 92, manner, that is, by not making the reaction modes available
1331-1336. ;
(45) Tamai, N.; Masuhara, FChem. Phys. Lett1992 191, 189-194. that lead to the formation of the CPD. .

(46) %aegm, S. C.; Singh, N.; Wallace, S. @.Phys. Chenl996 100, 8066 The rigidity of the singlet excited state is responsible for the
(47) Kurita, S.: Kashiwaga, A.; Kurita, Y.; Miyasaki, H.; Mataga, Ghem. absence of a Stokes shift betweer_1 the absorption and emission
Phys. Lett199Q 171, 553-557. ) spectra ofl to 6, and the relatively low values for the

(48) Tamai, N.; Saika, T.; Shimidzu, T.; Irie, M. Phys. Chem1996 100,
4689-4692.

(49) Miyasaka, H.; Araki, S.; Tabata, A.; Nobuto, T.; Mataga, N.; IrieMfem. (50) Steiner, U. E.; Wolff, H.-J. IlPhotochemistry and Photophysid3abek,
Phys. Lett.1994 230, 249-254. J. F., Ed.; CRC Press: Boca Raton, 1991; Vol. 4, p130.
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fluorescence rate constark)( The absence of a Stokes shift decays either to DHP or back to its ground state. The quantum
indicates that the geometry of the first singlet excited state of yield for the ring closing reactions is smaller than 0.5, which is
the DHPs ofl to 6 is very similar to the ground-state geometry much lower than previously estimat&thut it is not out of line
of these molecules. The values fgfor these compounds were  when compared to other photochromic systéfng? The
between 1x 10° and 1 x 10° s In comparison, the reaction from the singlet excited state of CPD does not follow
fluorescence rate constants for benzene, naphthalene, and pyreradiabatically through the singlet excited state of DHP, as was
(nonpolar solvent) are 1.6 108, 2.0 x 105, and 1.0x 1(f s, observed for other photochemical rearrangement reactfdhs.
respectively?! These hydrocarbons have low fluorescence rate this were the case, the DHP emission and the absorption for
constants because of their rigidity and high symmetry. It is the triplet excited state should have been observed. The
interesting to note that even in the case7ahe fluorescence  formation of DHP from the singlet excited state of CPD could
rate constant is as low as for the other DHPs, although the either occur in a concerted reaction or through the same singlet
absorption and emission spectra do not show the same resolutiomiradical discussed above for the reaction of the singlet excited
as observed for the other DHPs. This result suggests that theDHP. Irrespective of the mechanism, some singlet excited CPD
benzo[e]-fusion leads to a lower symmetry, but does not affect decays through internal conversion to ground-state CPD, because
the rigidity of the molecule. the quantum yield for ring closing is significantly lower than
The second transient detected for the excitation of the DHPs unity.
in the laser flash photolysis experiments is a triplet excited state. ~ The rate constant for CPD formation is much more sensitive
This species is not a transient involved in the formation of the to the nature and the position of the substituents than the
CPD, because oxygen did not lead to a significant decrease offluorescence rate constant. For example, Toand 3, when
the CPD formation quantum yield. The quenching of the triplet compared t&®, the bond cleavage rate constants increased by
excited state by oxygen is very efficient, and if this excited state factors of 67 and 10 leading to an increase in the bond cleavage
was involved in the formation of the CPD, a decrease by a factor quantum yield of 30 and 8, respectively (Table 2). However,
of at least 10 would have been expected for the quantum yield the addition of other conjugating systems, such as acetylenes,
of CPD formatior! The spins for the electrons in the HOMO led to a marked decrease of the bond cleavage quantum yield.
and LUMO of the triplet state are parallel and therefore Conversely, the addition of an acetyl group to the 4-position
correlated, and this excited state has biradical character. Forled to an increase of this parameter. These results show that
this reason, the triplet state of DHP can be viewed as a biradicalsubtle structural changes have a significant effect on the rate
in which the transannular bond is cleaved. In the triplet biradical constants for the cleavage of the transannular bond; however,
the molecular framework would rearrange to that observed for no trends could be identified for the compounds studied besides
the ground-state CPD, where the carbons 10b and 10c rehy-the much larger rate constant observed or
bridize, and the unpaired electrons of the biradical are delocal- The photophysical characterization of compouhe3 showed
ized over the rings. In this respect, the structures of the triplet that the ring opening rate constant is low, leading to a small
excited DHP and triplet excited CPD are the same. This structure photoswitching quantum yield. This property will have to be
explains the larger absorption for the transient in the UV-region taken into account when using DHPs for photoswitching devices.
of the spectrum at the expense of the absorption in the visible These molecules will only be useful for such applications where
region. The biradical nature of the triplet state of DHP/CPD is the number of photons is not an issue; that is, the devices should
similar to the structure of triplet states for photoenols and not be designed with a one photeane molecule conversion
xylylenes, where the triplet excited states are the biradicals of in mind. For example, DHPs have been employed in molecules
the corresponding ground-state moleciife§? where the intended switching function is conductéracel high-
Excitation of the CPD isomers &and7 led to the detection intensity irradiation is not an issue. In addition, some structural
of a weak fluorescence. No appreciable formation of triplet CPD a@spects can be explored to enhance the photoswitching ability
was observed, suggesting that intersystem crossing canno©f DHPs. Introduction of alkyl groups in the 2- and 7-positions
compete with other deactivation processes. The lower inter- increases the ease of synthe8ibpt leads to a decrease of the
system crossing quantum yield can be explained by the largerfing opening quantum yield by a factor of 4 when compared to
energy gap between the 8nd T; states for CPD than for DHP, compoundl. In this respect, substitution of acetyl groups at
since rate constants for nonradiative transitions are known to Position 2 and/or 7 is more desirable, since the 2-acetyl-DHP
decrease when the energy gap incre&%@sis energy can be  (3) showed an increased opening quantum yield. It is also worth
estimated from the difference in tha 8nergies of CPD and  noting that if acetylenes are going to be used to build molecular
DHP, since the triplet excited states of DHP and CPD are likely Wires by substituting compour| a price of another factor of
to be the same from the structural point of view and, therefore, 3 When compared to DHR-will have to be paid in the ring
have the same energy. The-S; energy gap is ca. 40 to 50  ©Opening quantum yield. The end result would be that the opening
kcal/mol higher for CPD than for DHP. The singlet excited CPD quantum yield as compared to the unsubstituted OHFas
decreased by over 1 order of magnitude. An alternate approach
(51) On the basis of the quenching rate constant of the triplet state by oxygen, t0 build multichromophoric compounds containing DHP units

a triplet lifetime of 3us, and an oxygen concentration in cyclohexane of iqi i
2.4 mM, the ratio of the quantum yields in the absence and presence of would be to use rigid saturated hydrocarbon bridges, such as

oxygen was calculated to be 14.7.

(52) Wintgens, V.; Netto-Ferreira, J. C.; Casal, H. L.; Scaiano, 1J.@&m. (56) Heller, H. G.; Langan, J. R.. Chem. Soc., Perkin Trans.1881, 341—
Chem. Soc199Q 112, 2363-2367. 343.

(53) Scaiano, J. CChem. Phys. Lettl98Q 73, 319-322. (57) Irie, M.; Mohri, M. J. Org. Chem1988 53, 803—-808.

(54) Kumar, C. V.; Chattopadhyay, S. K.; Das, P.XAm. Chem. S0d.983 (58) Uchida, K.; Nakayama, Y.; Irie, MBull. Chem. Soc. Jpri99Q 63, 1311~
105 5143-5144. 1315.

(55) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cummings (59) Nakayama, Y.; Hayashi, K.; Irie, M. Org. Chem199Q 55, 2592-2596.
Publishing Co.: Menlo Park, 1978. (60) Wirz, J.; Persy, G.; Rommel, Eelv. Chim. Actal984 67, 305-317.
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norbornylene bridges. The most successful change to the DHPmeasured with a PTI QM-2 spectrofluorimeteFluorescence lifetimes
structure with respect to the ring opening quantum yield was were determined using gTi:sapphire laser/Hamamatsu streak camera
benzo[e]-fusion. An increase in the ring opening rate constant System previously describé@iSamples for the nanosecond laser flash
was observed, which was somewhat offset by a shorter photolysis experimentswere excited either with an Excimer laser at
fluorescence lifetime. However, the net effect was a substantial 308 nm, a Nd:Yag Ia§er.at 266, 355, or 532 nm, or by using a OPO

. . . . tunable laser with excitation wavelengths above 420 nm. Fluorescence
increase of the ring opening quantum yield. We are currently

. . . o . quantum yields were measufédising Ru(bipy)Cl, as a primary
exploring if the combination of acetyl substitution in the standard® and compoun@® as a secondary standard. Ring opening

2-position gnd benzo[e]-fusion leads to a higher rirlg opening quantum yields were measured using ferrioxalate actinometry as a
quantum yield, as well as the effect of further conjugation of primary standard®**%5or 1 as a secondary standard.

the fused ring.
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