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Abstract

Three new indeno-fused naphthopyrans were prepared and their photochromic behaviour was investigated. UV—vis continuous irradiatiol
of indeno-fused B-naphtho[2,1b]pyrans generates two photoisomers in variable relative amounts with very different thermal stabilities.
While one isomer exhibits a fast thermal bleaching the other is thermally very stable and returns to the uncoloured form mainly through a
photochemical process promoted by visible light irradiation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and a slower bleaching process involving the TT-isomer. In
the dark the return to the uncoloured state occurs mainly
Naphthopyrans are one of the main classes of pho- through athermal mechanism atroom temperature. However,
tochromic compounds. UV light irradiation of these some photochromic molecules yield thermally very stable
compounds, in solution or in polymeric matrices, produces photoproducts. For such systems, back reactions can be pho-
a mixture of coloured isomers (open forms) with similar tochemically promoted usually with visible light. The main
absorption spectra, although with different thermal sta- photochemical process is the conversion of the TT- to the
bilities. When the irradiation ceases the system returns TC-isomer that subsequently returns thermally to the closed
to its original colourless closed form (CF) via a thermal form [2].
or a photoinduced proced4]. Recent NMR studies on The photochromic properties of naphthopyrans are
3,3-diphenyl-B1-naphtho[2,1b]pyran showed that UV  strongly dependent on structural features. The ability to pro-
continuous irradiation, at low temperature, leads mainly to duce coloured forms, maxima wavelengths of absorption,
the production of three species: two coloured stereoisomers,fading kinetics and resistance to photodegradation can be
transoideis(TC) and transoidrans(TT), and an uncoloured  modulated through the introduction of substituents and/or fu-
allenylnaphthol (AL) Scheme 1[2,3]. sion to different ring systeni4,5-7] UV irradiation of 2,2-
While the allenylnaphthol (AL) is not thermally stable diphenyl-2H-naphtho[1,25]pyran solutions generates very
(it was only detected at low temperature in some solvents), stable open forms (slow bleaching rates) with a maximum
the two stereoisomers can be studied at room temperaturevavelength of absorption at 469 nm. The fusion of an indene
[4]. The TT-isomer is usually more stable than TC. As a group to the 5,6 positions-tace) of this naphthopyran is a
result, in the dark, two distinct fading rates are usually ob- well known strategy to improve the photochromic proper-
served: one fast bleaching rate due to the process>TCF ties because it effectively extends the conjugation ofithe
electron system and introduces important non-bonding inter-
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E-mail addresspcoelho@utad.pt (P.J. Coelho). tion of coloured products with an observable bathochromic
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diphenylprop-2-yn-1-ol in the presence of piridinium
toluenosulphonate (PPTS) gave in low yields (25-30%)
naphthopyrand—6. This multi-step reaction is acid catalysed
and liberates one molecule of water. The yields of this reac-
tion were considerably increased (56—70%) when two equiv-
alents of trimethyl orthoformate, a dehydrating agent, were
added to the reaction mixtuf&8]. Treatment of naphthopy-
rans4—6 with a MeLi solution gave after hydrolysis the new
photochromic indeno-fused naphthopyra@a8in good yield

2,2-Diphenyl-2H-indeno[2,1-f] 3,3-Diphenyl-3H-indeno[2,1-1] (70-86%) Gcheme 2
naphtho[1,2-b]pyran naphtho[2,1-b]pyran

Fig. 1. Indeno-fused naphthopyrans. 2.2. Photochromic properties

shift in the visible spectra and faster bleaching kinetics ~ Photochromic behaviour in naphthopyrans normally in-
due to the increased instability of the open forms. These Volves m — m transitions. Compoundé-6 are not pho-
indeno-fused naphthopyrans provide a wide range of colours,fochromic at room temperature, probably because the
high molar absorptivities in the near-UV and interesting de- Présence of the carbonyl group changes the nature of the low-
colouration kinetic§8—14]. The annelation of anindene ring ~ €St €xcited state making the transitiorsnm the main UV
on thef-face of 3,3-diphenyl-8-naphtho[2,15]pyran does absorption process and thus hindering the ring ove[mp
not produce the same effects since it does not give rise to I he photochromic behaviour of compouri® was studied
a significant decrease in the thermal stabilities of the open " 10__4_'\/' toluene solutions under continuous near-Uv-vis
forms[15,16] irradiation. Three spectrokinetic parameters normally quoted

Due to their excellent photochromic properties 2,2- when describing the properties of photochromic co_mpounds
diphenyl-H-indeno[2,1fjnaphtho[1,2b]pyrans have been Were evaluated: maximum Wavglength of absorption of the
extensively studied. However, there is no report on the pho- OP€n form £may), thermal bleaching rate[) and coloura-
tochromic behaviour of naphthopyrans fused to indene rings Pility, estimated under the experimental conditions by the
in other faces. In this paper we report the synthesis and specPsorbance of the solution after reaching a photostationary
trokinetic properties, in solution, of three indeno-fused naph- €quilibrium (Aeg). The bleaching kinetics was studied under
thopyrans with an indene ring fused in new positions: two thermal and photochemical conditions. The data are sum-
3,3-diphenyl-2-naphtho[2, 16]pyrans fused to indene rings marised inTable 1v_vhere we included two reference com-
in the i- and k-faces, and a 2,2-diphenyH2naphtho[1,2- ~ Pounds for comparison proposes.
b]pyran fused to an indene ring in tidace.

2.2.1. Compounds-8
Under UV-vis continuous irradiation (150 W ozone free

2. Results and discussion Xe lamp, light flux of 40Wnm?2, quartz cell 1cm light
path, toluene solutions 18 M, 20°C) the new indeno-fused
2.1. Synthesis naphthopyrang—-8 gave rise to orange/red solutions, with a

maximum wavelength of absorption at 460nm and ab-
The new compounds were prepared in two steps from sorbances atthe photostationary equilibrium of 0.40 and 0.27,
hydroxy-MH-fluoren-7-onesl-3, which can be synthesised respectively. Compared to 3,3-dipheny-Baphtho[2,1-
from dimethoxynaphthaldeydegl7]. Thus condensation b]pyran Ref 1), an expected bathochromic shift of the maxi-
of 2-, 3- and 4-hydroxy-RA-fluoren-7-onesl-3 with 1,1- mum wavelength of absorption (+28 nm) due to the extended
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w-electron system conjugation and a colourability increase temperature. Solutions of both compounds exhibited similar
was observed. After reaching a photostationary equilibrium bleaching behaviours. In the beginning the absorption de-
the irradiation was stopped and the evolution of the ab- creased very rapidly reaching a significant absorbance level
sorbance of the solutions was followed in the dark, at room that lasts for long timeKigs. 2 and 3
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Fig. 2. Colouration/decolouration cycle, at D, in the dark and under visible irradiation for compo@d



P.J. Coelho et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 300-307 303

Table 1
Maxima wavelengths of the coloured formisnex, nm), colourability feg), thermal fading rate constantka, s 1) of compounds7-9 and two reference
compounds in toluene solutions under continuous irradiation @ * M at 20°C)

Compound Jmax Acq LN

Ref1 432 0.21 7x 1072 (80)
3x 1073 (20)
7 460 0.40 0.14 (19)
3x 1076 (81)
8 460 0.27 0.20 (74)
1x 1075 (26)
Ref 2 469 0.72 6x 1074 (98)
3x1074(2)
9 491 0.59 1x 1072 (71)
6 x 1075 (29)

Ref 1, 3,3-diphenyl-Bi-naphtho[2,1b]pyran; Ref 2, 2,2-diphenyl-H-naphtho[1,2k]pyran.

Using a multiexponential model, two rate constants were stability of the TT-isomer increased (slower second bleaching
calculated, one very fast (0.14-0.20responsible for the  kinetic).
initial absorbance decay and one very slowx(80 6 to For compound the amplitudes of the two kinetics are
1x 10~°s71) responsible for the persistence of a residual very similar to the reference compound (74% for the first
colour for very long time. This is the usual behaviour of kinetics and 26% for the second). However, for compound
the solutions of photochromic naphthopyrans where UV ir- 7 we observed an inversion in the amplitude values (19%
radiation originates a short-lived species as the major com-for the first kinetic and 81% for the second). This means
ponent (TC-isomer) and a long-lived species as the minor that the relative amounts of the two isomers in the irradiated
component (TT-isomer)20]. Compared to the reference solutions of compoundéand8 are probably quite different.
naphthopyran Ref 1), these compounds exhibit a faster While for compound the UV-vis irradiation leads mostly
first kinetic and a slower second kinetic. This suggests to the TC-isomer, the TT-isomer seems to be the main
that the fusion of the indene ring in thie or k-faces product of the UV irradiated solutions of compoundThe
of the 3,3-diphenyl-Bl-naphtho[2,1b]pyran had different  predominance of the TT-isomer of compoufdis quite
effects on the stability of the main photoisomers (TT surprising because a planar structure for this photoisomer
and TC) present in solution: the stability of the TC- would introduce strong non-bonding interactions between
isomer decreased (faster first bleaching kinetic) whereas thethe fused indene ring and the opened pyran ring. This may
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Fig. 3. Colouration/decolouration cycle, at<D, in the dark and under visible irradiation for compouhd

indicate that this coloured isomer should have a non-planarthe absorbancd=(gs. 2 and 3 For compound the bleach-
structure. ing kinetic observed upon >420 nm visible light irradiation,

For these compounds the TT-isomer seems to beusing a long-pass Schott GG 420 filter, was monoexponen-
particularly stable with thermal bleaching half-timeg) tial and a 0.025s! rate was calculated{g. 2). This rate is
of 1-3 days contrary to the TC-isomer that shaws of eighttimes slower than the rate for the thermal»CCF con-
3-5s. The reason for this difference can be rationalised in version suggesting that under these conditions thesTTC
terms of the extent of structural changes in reversion to the step is the rate-limiting one. This was confirmed in another
original closed form. TT-isomer reverts to the closed form experiment where the visible irradiation was used only for
through a two-step process (FF TC and TC— CF) where 2min. When the visible irradiation was turned off the de-
the TC-isomer plays the role of intermediate. The first step crease in absorbance ceased and a new plateau was observed,
is a double bond isomerization, which is normally very slow indicating that it remained a significant amount of the TT-
at room temperature but easily achieved through visible light isomer in the solution. A new visible light irradiation for
irradiation[21]. more 6—7 min led the system to its uncoloured state.

After the thermal decay, visible light irradiation of solu- In another experiment with a solution of compoudd
tions of compound$ and8 led, as expected, to a decrease in after reaching the photostationary state, the UV irradiation
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Fig. 4. Colouration/decolouration cycle, at 2D, under visible irradiation for compour@l
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Fig. 5. Colouration/decolouration cycle, at 2D, in the dark and under visible irradiation for compo@d

was stopped using a long-pass Schott GG 420 fikay. @4). 3. Experimental

At this point, besides CF, the solution included a mix-

ture of TC- and TT-isomers, in an estimated 4:1 ratio 3.1. Materials

(assuming similar absorption coefficients for both photoi-

somers). Under conditions of thermal and photochemical Hydroxyfluorenonesl-3 were prepared according to
(>420 nm) bleaching, processes involving both TT- and TC- reference[17]. All reagents were obtained from Aldrich
isomers occur simultaneously and the system returned com-and were used as supplied. The new compounds, pre-
pletely to the uncoloured state. The analysis of the bleachingpared according t&cheme 2were determined to be >95%
kinetics revealed two fast kinetic constants, 0.24 €66%) pure by 'H NMR spectroscopy. The melting points of
and 0.1151 (34%). The first kinetic constant value is almost  photochromic naphthopyrara-9 were not measured be-
the same as for the thermal process alone, suggesting thatause thermochromism was observed at high temperatures.
the TC— CF process is a thermal one. The second kinetic Column chromatography (CC) was performed on sil-
constant is lower pointing to a slower bleaching process, ica gel 60 (70-230 mesh). THF was pre-dried under
under the conditions used, probably retarded by a slow sodium/benzophenone and distilled before use.
photochemical process > TC before the return to the

uncoloured (CF) form. 3.2. Instrumentation

2.2.2. Compoun8 All compounds were characterised by IR, NMR and MS.
Compound9 belongs to the 2,2-diphenyk2naphtho 1H spectra were recorded in CD@in a Varian Unity Plus at
[1,2-b]pyran Ref 2) series. The open forms of these com- 300 MHz.13C spectra were recorded in C¥@n a Varian
pounds are generally more stable and present slower thermaUnity Plus at 75.4 MHz. IR spectrawere obtained on a Perkin-
fading rates than the corresponding derivatives with a 3,3- Elmer FTIR 1600 spectrometer using KBr disks (wave hum-
diphenyl-H-naphtho[2,15]pyrans skeleton. As expected, bersincnt?). Electronicimpact mass spectrawere measured
compound exhibits slower fading rates than compouiie8 on an AutoSpecE spectrometer.
(Table 1 Fig. 5. The fusion of an indene ring at tirdace of For measurements afyax, Aeq andka under continuous
theRef 2 had a similar effect to the observed for compounds UV-vis irradiation, 1x 10-4 M toluene solutions were used.
7-8: a bathochromic shift in the maximum wavelength of ab- Irradiation experiments were made using a CARY 50 Varian
sorption (+22 nm), adecrease in the stability of the TC-isomer spectrometer coupled to a 150 W Ozone free Xenon lamp
(higher fading rate) and an increase in the stability of the TT- (6255 Oriel Instruments). The light from the UV-vis lamp
isomer (slower fading rate). A decrease in colourability was was filtered using a water filter (61945 Oriel Instruments) and
observed, probably associated to the increase in the principakhen carried to the spectrophotometer holder at the right an-
fading rate. Visible irradiation of the coloured solution led to gle to the monitoring beam using a fiber-optic system (77654
an acceleration of the bleaching kinetic. However, the return Oriel Instruments). A light flux of 40 W m?, measured with
to the uncoloured state remained very slow(80~%s™1). a Goldilux Photometer with a UV-A probe was used. Visi-
This compound exhibited a significant photodegradation and, ble irradiation experiments were performed using a long-pass
under UV-vis irradiation a photostationary state was never filter, Schott GG 420 (Oriel 59480). A thermostated (2)
attained. 10 mm quartz cell, containing the sample solution (3.5 ml),
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equipped with magnetic stirring was used. In a preliminary 1H), 7.65 (m, 1H), 7.48 (d]=7.1, 4H), 7.34-7.24 (m, 9H),
experiment, the visible absorption spectrum of the closed 6.75 (d,J=9.7 Hz, 1H), 6.30 (dJ=9.7 Hz, 1H).13C NMR:
form and theimax Of the open form were determined. In  194.36, 148.46, 144.93, 144.59, 142.50, 134.35, 132.00,
a second experiment the absorbance at photostationary equii29.67, 129.21, 129.15, 128.62, 128.28, 127.72, 126.81,
librium, Agq, was measured atax, and then the decrease in - 126.38, 125.95, 123.91, 123.67, 123.29, 119.49, 117.72,
the absorbance with time was monitored. The thermal bleach-117.57, 83.58. MSm/z (%): 436 (100), 359 (45), 191 (15).
ing rate constant&, , were calculated fitting the absorbance Exact mass for g2H200»: 436.1463. Found 436.1459.

curve obtained in the dark, at 2@, to a multi exponential

Synthesis of indeno-fused naphthopyr&r8: A solution
model.

of MeLi in hexanes (1.6 M, 0.50 ml) was slowly added to
a solution of naphthopyrang6 (100 mg, 0.215mmol) in
THF (10 ml) at OC. After stirring at room temperature for
30 min, the solution was quenched with NEl (ag. sat.), ex-
tracted with E3O (3 x 40 ml), and the combined organic lay-
ersdried (NaSQy) and concentrated under reduced pressure.
The residue was purified by CC (3% ethyl acetate/petroleum
ether) to give pure naphthopyra@s9 as oils. Recristal-
lization from diethyl ether/pentane afforded crystalline
materials.

3.3. Synthetic procedures

Synthesis of naphthopyrangl—-6: A mixture of
the pertinent hydroxyH-benzog]fluoren-7-one 1-3
(200 mg, 0.81 mmol), 1,1-diphenylprop-2-yn-1-ol (312 mg,
1.5mmol), of piridinium p-toluenosulphonate (10 mg),
trimethoxymethane  (265mg, 2.5mmol) in 1,2-
dichloroethane (20ml) was refluxed for 2h under an
argon atmosphere. Solvent evaporation gave a brown oll,
which was purified by silica gel column chromatography 334 3H-3,3-diphenyl-9-hydroxy-9-methylindeno[3,2-
(3% ethyl acetate/hexane). Recrystallization from diethyl e]naphtho[2,1-b]pyrar?
ether/pentane gave a crystalline material. Light yellow solid. Yield 86%. IR: 3272, 1488, 1446,

_ , 1155.1H NMR: 7.80 (d,J=7.8 Hz, 1H), 7.73 (dJ=8.8 Hz,

3.3.1. 3H-9-0x0-3,3-diphenylindeno[3,2-e]naphtho[2,1- 1H), 7.67 (m, 2H), 7.57 (d)J=7.5Hz, 1H), 7.53 (m, 3H),
blpyran4 , 7.40-7.30 (m, 6H), 7.30-7.20 (m, 6H), 6.13 {d; 9.5 Hz,
1598, 1446, 1276H NMR (acetone-§): 7.93(dJ=8.9Hz, 150 90, 145,02, 144.22, 140.16, 132.47, 131.92, 13116,
LH), 7.82 (d,J=8.0Hz, 1M), 7.80 (dJ=7.7Hz, 1H), 15948 128.15, 128.04, 128.01, 127.68, 127.53, 127.18,
7.69 (d,J=8.7Hz, 4H), 7.63 (tJ=7.2Hz, 1H), 7.59 (d, 176,84, 126.78, 126.52, 124.81, 122.65, 122.44, 118.56,
J=7.5Hz, 1H), 7.54 (d)=8.0Hz, 1H), 7.50 (J=8.9Hz, 11813 115.08,82.29,79.79, 26.22. MSz(%): 452 (100),

— 13
1H), 7.42-7.26 (m, 8H), 6.43 (d]=9.50Hz, 1H)."°C 437 (30) 375 (35), 359 (33), 180 (25), 165 (20). Exact mass
NMR: 194.32, 152.99, 145.90, 144.24, 141.77, 137.00, o' cot10 O, 452 1776. Found 452.1750.

134.77, 134.16, 133.50, 132.40, 132.35, 130.02, 129.99,
128.10, 127.72, 126.88, 125.70, 125.05, 123.86, 123.05, . .
120.62, 117.92, 115.14, 82.44. M8Vz (%): 436 (100), 3.3.5. 4H-4,4-diphenyl-9-hydroxy-9-methylindeno[2,3-

359 (70), 165 (15). Exact f O»: 436.1463.  9Inaphtho[2,1-b]pyrar8
Foun(d 4)36 14553 )- Exact mass fors£Ft200; Light yellow solid. Yield 70%. IR: 3149, 1629, 1562,

1260.1H NMR: 8.49 (d,J=9.2 Hz, 1H), 8.11 (dJ=7.7 Hz,
. . 1H), 7.99 (d,J=8.6 Hz, 1H), 7.69 (d)=8.6 Hz, 4H), 7.63
3.3.2. 4H-9-0x0-4,4-diphenylindeno[2,3-g]naphtho[2,1-
blpyran® pheny [2,3-gInaphthof (m, 1H), 7.54 (M, 4H), 7.45-7.26 (m, 7H), 6.35 Jck 10 Hz,
Red solid, mp 208-21(C. Yield 56%. IR: 1702, 1602, LH) 177 (5, 3H)*3C NMR. 151,05, 150.39, 146.17, 144.70,
1461, 1396, 1253H NMR. 8.38 (402 9.2 Hz, 1H). 7.06 (¢, 14465, 139.63, 133.96, 131.14, 12896, 12837, 128.29,
27,6z, 1H), 7.02 (0= 8.5 Hz, 1H), 7.74 (= 851z, 128:12, 127.58, 127.34, 127.02, 125.96, 125.76, 125.17,
L L SR P4 12300, 123.04, 122.19, 121.45, 119.88, 119.13, 115.21
1H), 7.68 (d,J=7.2Hz, 1H), 7.50 (m, 5H), 7.35 (m, 5H), ’ ' ' ' ’ ; '
7.30 (m. 4 H), 6.34 (0= 10.0 Ha, 1H)13C NMR. 104,04, 8248, 79.11, 25.79. MSW/z (%): 452 (100), 437 (35), 375
167.74, 152.53, 144.37, 143.47, 134.83, 134.71, 134.18,(55): 359 (15), 180 (20), 165 (15). Exact mass fggtd240,:

132.44, 130.86, 128.78, 128.52, 128.20, 127.77, 126.96,4°2-1776. Found 452.1757.
126.67, 123.84, 123.24, 122.58, 120.59, 120.12, 119.32,
115.24, 82.95. MSm/z (%): 436 (100), 359 (75), 165 (10).  3.3.6. 5H-5,5-diphenyl-9-hydroxy-9-methylindeno[2,3-
Exact mass for §H200,: 436.1463. Found 436.1458. glnaphtho[1,2-b]pyrar®
Light orange solid. Yield 75%. IR: 3428, 1643, 1594,

3.3.3. 5H-9-0x0-5,5-diphenylindeno[2,3-gnaphtho[1,2-  1265.'H NMR 8.46 (d,J=8.3Hz, 1H), 8.15 (m, 1H), 7.72
b]pyran 6 (d, J=8.5Hz, 1H), 7.70-7.40 (m, 5H), 7.30—7.00 (m, 10H),

Red solid. mp 215-21C. Yield 60 %. IR: 1702, 1567,  6.80(d,J=9.7Hz, 1H), 6.25 (dJ=9.6 Hz, 1H), 1.80 (s, 3H).
1396, 1236.1H NMR: 8.35 (d,J=8.4Hz, 1H), 7.98 (d, MS: m/z(%): 452 (100), 437 (20), 375 (25), 180 (15), 165
J=8.7Hz, 1H), 7.95 (d)=7.6 Hz, 1H), 7.73 (d)=8.4 Hz, (15). Exact mass for §3H2402: 452.1776. Found 452.1758.
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