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Abstract

Three series of functionalized spiropyrans and spirooxazines derivatives were synthesized and their photochromic properties were
investigated in particular regard to the fatigue resistance, the lifetime of the colored merocyanine form and the interaction of the colored form
molecule. (1) Spiropyrarsand spironaphthooxazinéhaving an antioxidant group as a pendant exhibited higher fatigue resistance than
that of the parent spiro compounds in solution. In particular, spiropygahewed higher resistance than parent compdtindhe presence
of an equimolar amount of the corresponding antioxidant. (2) bis-Spironaphthoox8ai8sand 10 connected through a phosphoryl
group exhibited higher fatigue resistance and longer lifetime of the colored merocyanine form than those of the parent spifo{Xazine
Symmetrical bis-spiro photochromic compouri#sand16 and unsymmetrical bis-spiro compourik$s 14 and17 were synthesized. The
bis-spiro photochromic compounds were found to undergo intramolecular interaction between the colored merocyanine forms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tive degradation processes, which occurred through free
radical or singlet oxygen formation. In particular cases,
Among many types of organic photochromic compounds, it was shown that the coexistence of a singlet oxygen
the chemistry of spiro photochromic compounds has beenquencher, 1,4-diazabicyclo[2,2,2]octane (DABJQJ], or
extensively investigated with special regards to their remark- a spin-trapping agen80-32] exhibits an increase of the
able propertiefl—4]. Particular attentions have been focused fatigue resistance of the photochromic compounds. In our
on spiropyrans and spirooxazines due to their potential appli- previous repor{33], it was found that the introduction of
cations to industrial field§5—22]. These two photochromic  an electron-rich heteroaromatic group into spiropyrans and
compounds can reversibly isomerize from their colorless Spirooxazines as a pendant increased their fatigue resistance.
spiro form (“closed form”) to deeply colored merocyanine  As a further approach to improve the fatigue resistance

form (“open form”) under UV irradiation§cheme L The of photochromic spiro compounds, we report here the syn-
latter form thermally reverts back to the closed form, result- thesis of a series of novel spiropyrafa-5e and spiroox-
ing in a characteristic color change. azinesba—6d containing an antioxidant group and the study

There are several important unsolved problems on this re-on their photochromic behaviors. Another approach to the
versible coloration—decoloration process. One of the major improvement for the fatigue resistance of spirooxazines was
problems is the photostability of spiro compounds which carried out by the functionalization of spironaphthooxazines
undergo photodegradation process known as fatigue phe-with a phosphoryl group. Aryl or alkyl phosphate com-
nomenon during the reversible color change. This processpounds was used as antioxidant or photostabilizer in vari-
has been investigated in terms of the degradation mecha-ous fields[34—-36] Thus, we synthesized a series of novel
nism in solution[23-28] and Guglielmetti and co-workers  bis-spironaphthooxazin@s-8i and10 connected through a
[26—28] proposed a number of mechanisms for the oxida- phosphoryl group and investigated their fatigue resistance.

The second attention was focused on the lifetime of the
mponding author. Present address: Department of Chemistry colored merocyanine form reverting back to the spiro form,
Hebei University, Baoding., Hebei 071002, China. 'namely the decoloration rate of the colored form. It was

E-mail addresses li xI@yahoo.com (X. Li), mengjiben@nankai.educn reported that a photochromic liquid composition containing
(3. Meng). a phosphine derivative decreased the decoloration rate at
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following the procedures in the literatures. Aryl and alkyl
Cfg( j//:} dichlorophosphates were synthesized according to the liter-
O_O atures[51-54]}
Spiro form Merocyanine form 2.2. General procedure for the synthesis of 1/,3'-dihydro-1'-
(Colorless closed form) (Colored open form) substituted-3',3'-dimethyl-6-nitro-spiro[ 2H-indole-2,2’-

) ) ] ] [ 3H]-benzopyran]s (5a—5€) and 1,3-dihydro-1-substituted-
Scheme 1. Photochromism of spiropyrans £XCH) and spirooxazines 3,3-dimethyl-spiro[ 2H-indole-2,3'-[ 3H] -naphth-

X = N).

X =N [2,1-b] [ 1,4] -oxazine] s (6a—6d)

low temperaturd37]. By using the spiropyranSa—5e and A solution of 0.38g (1.0 mmol) of compoung 0.21g
spirooxazinesa-8i and10, we investigated on the effect of  (1.0mmol) of dicyclohexylcarbodiimide (DCC), 12mg
their functionalization on the decoloration rate. (0.1 mmol) of 4-dimethylaminopyridine (DMAP) and 0.17 g

The colored merocyanine form of the spiro compounds (1.0 mmol) of 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy
has been known to form a dimeric or polymeric aggregate (HOTEMPO) in 20 ml of dry dichloromethane was stirred
by itself or with the parent spiro form in various me- in the dark at room temperature for 24 h. The precipitated
dia [38-44] Recently, it has been reported that bis-spiro was removed by filtration. The filtrate was washed with
photochromic compounds, in which two same spiro pho- an aqueous saturated M20s solution and water succes-
tochromic groups are linked by a conjugatpth,46] or sively, dried over anhydrous N80y, and concentrated, the
non-conjugated chaif#7-49] showed the variation of the  residue was submitted to silica gel column chromatography
photochromic behaviors. In the case of those two spiro using CHCI; as the eluent to give the product 0.38 g (71%)
groups linked by non-conjugated chain, the colored me- of 5a, a white solid; mp 193-194C; IR: v = 3050, 2970,
rocyanine form showed longer lifetime than that in the 1728, 1608;m/z 536, 535, 534; ESR (toluene, X-band,
corresponding mono-spiro photochromic compound, prob- room temperature): triplet (1:1:13,= 2.007,a = 15.34G;
ably due to the formation of intra- or intermolecular ag- anal. cacld. for GHzgN30g (formula weight: 534.63): C
gregates in the bis-spiro photochromic compound. In order 67.40, H 6.79, N 7.86; found: C 67.50, H 6.74, N 7.63.
to investigate the photochromic behaviors of various types Spiropyransh: a pale yellow solid, 61%; mp 146-14C;
of the bis-spiro compounds including symmetric and un- |R: v = 3040, 2930, 2850, 1665, 1608yz 461, 446:1H
symmetric ones, we synthesized a series of symmetricalNMR (CDCl): § = 1.16 (s, 3H, CH), 1.27 (s, 3H, CH),
(spiropyran—spiropyran or spirooxazine—spirooxazine) and 1.40-1.89 (m, 16H, 2C} 4CHg), 2.64-2.81 (m, 2H, C}),
unsymmetrical (spiropyran—spirooxazine) bis-spiro com- 3.20 (m, 1H, CH), 3.46-3.80 (m, 5H, GHCH,), 5.83
poundsl3-17 linked by a non-conjugated chain, in addition (d, / = 10.8Hz, 1H, —CH), 6.60-7.24 (m, 6H, ArH),
to the bis-spiro compoundsd, 6d, 8a-8i and 10 which 7.97-8.03 (m, 2H, ArH); anal. cacld. for3gH3gN30s
also provide a good model to throw further light on the (formula weight: 533.67): C 69.77, H 7.37, N 7.87; found:
photochromic behavior of the bis-spiro photochromic com- C 70.02, H 6.94, N 7.91. Spiropyrabc: a pale yellow
pound. These compounds might be also interested to seesolid, 58%; mp 191-19ZC; IR: v = 3195, 3060, 2970,
whether they show a different color from spiropyran and 2934, 1725, 1611z 521, 520, 5191H NMR (CDCl):
spirooxazine due to the absorptions at the iy § = 1.13 (s, 3H, CH), 1.24 (s, 3H, CH), 1.38-1.40 (m,

12H, 4CH), 1.45-1.86 (m, 4H, 2C}j, 2.41-2.77 (m, 2H,
CHy), 3.41-3.62 (m, 3H, CH, C§J, 5.06 (br, 1H, NH),

2. Experimental 5.84 (d,J = 9.8Hz, 1H, —CH"), 6.55-7.21 (m, 6H, ArH),
7.98-8.01 (m, 2H, ArH); anal. cacld. forsgH37N3Os5 (for-
2.1. General aspects mula weight: 519.64): C 69.34, H 7.18, N 8.09; found: C

69.48, H 7.05, N 8.22. bis-Spiropyrasd: a white solid,
All melting points were uncorrected. The spectral data 46%; mp 138-139C; IR: v = 3050, 2931, 2854, 1740,
were recorded with the following instruments: the IR spec- 1680, 1660, 1610m/z 456, 363, 335!H NMR (CDCl):
tra, Bio-Rad FTS135 spectrophotometer (in KBr pellets); § = 1.18-1.28 (m, 12H, 4Ck), 1.64 (s, 6H, 2CH),
the NMR spectra, Bruker AC-P200 spectrometer using in- 2.77-2.99 (m, 4H, 2C}), 3.59-3.80 (m, 4H, C}), 5.93
ternal TMS for 'H NMR and external 85% kPO, for (d, J = 10.8Hz, 2H, -CH), 6.67-7.26 (m, 20H, ArH),
3lp NMR; the UV spectra, Shimadzu UV-160A UV-Vis 7.97-8.05 (m, 4H, ArH); anal. cacld. fors@Hs2N4O10
spectrophotometer and Shimadzu UV-2101PC spectropho-(formula weight: 953.06): C 71.83, H 5.50, N 5.88; found:
tometer; the MS spectra, 7070E-HE spectrometer; the ESRC 71.92, H 5.47, N 5.59. Spiropyrabe: a white solid,
spectra, JES-FEL1XT spectrometer; and elemental analyses43%; mp 150-151C; IR: v = 3050, 2930, 2850, 1660,
YANACO CHN CORDER MT-3 analyzer. 1572; m'z. 461, 446;'H NMR (CDClg): § = 117, 1.27
The reference compoundg29] and2 [50], and the start-  (2s, 6H, 2CH), 1.66-1.90 (m, 18H, 6CfJ, 2.75 (m, 2H,
ing materials3 [33], 4 [33] and 7 [50] were synthesized CHy), 3.64 (m, 5H, CH, CHg), 5.85 (d,J = 10.8 Hz, 1H,
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—CH=), 6.60-7.33 (m, 8H, ArH), 7.98-8.04 (m, 2H, ArH);
anal. cacld. for GgH42N205 (formula weight: 582.74): C
74.20, H 7.26, N 4.81; found: C 73.92, H 7.44, N 4.58.
Spironaphthooxazinéa: A pale green solid (0.39¢,
71%), prepared from 0.39g (1.0mmol) df and 0.17g
(2.0 mmol) of HOTEMPO; mp 162-16%; IR: v = 3050,
2930, 2851, 1700, 1655, 1608yz 542, 541, 540; ESR
(toluene, X-band, room temperature): triplet (1:1:3)=
2.005,a = 1533G; anal. cacld. for ¢3H3sN30, (for-
mula weight: 540.68): C 73.31, H 7.08, N 7.77; found:
C 73.55, H 7.01, N 7.73. Spironaphthooxazite a pale
green solid, 52%; mp 13%€; IR: v = 3065, 2940, 2860,
1705, 1628, 1605m/z 492, 369;'H NMR (CDCl): § =
1.14-1.24 (m, 12H, 4C}), 1.28 (s, 3H, CH), 1.38 (s, 3H,
CHg), 1.54-1.69 (m, 2H, Ch), 1.87-1.93 (m, 2H, CH),
3.21-3.54 (m, 3H, CH, C}J, 3.88-4.22 (m, 2H, C}), 4.48
(s, 3H, NCH), 6.61 (d,J = 8.0Hz, 1H, ArH), 6.81-7.47
(m, 8H, ArH, and —CH), 7.67 (d,J = 8.0Hz, 1H, ArH),
7.76 (d,J = 8.0Hz, 1H, ArH); anal. cacld. for ¢&4H41N303
(formula weight: 539.71): C 75.6, H 7.66, N 7.79; found:
C 75.39, H 7.69, N 7.88. Spironaphthooxazie a pale
green solid, 48%; mp 14C; IR: v = 3215, 3055, 2960,
2840, 1710, 1624, 1609z 369, 342;'"H NMR (CDCls):
8 = 1.13-1.26 (m, 12H, 4Ch), 1.29 (s, 3H, CH), 1.37
(s, 3H, ChH), 1.57-1.88 (m, 4H, 2C}j, 2.73-3.01 (m, 2H,
CHy), 3.31 (m, 1H, CH), 3.83-4.20 (m, 2H, GH 5.07 (br,
1H, NH), 6.59 (d,J = 8.0Hz, 1H, ArH), 6.80-7.45 (m,
8H, ArH and —-CH), 7.67 (d,J = 8.0Hz, 1H, ArH), 7.77
(d, J = 8.0Hz, 1H, ArH); anal. cacld. for §3H3gN303
(formula weight: 525.69): C 75.40, H 7.48, N 7.93; found:
C 75.59, H 7.29, N 8.01. bis-SpironaphthooxazBte a
milky-white solid, 39%; mp 163-16&; IR: v = 3050,
2965, 2870, 1755, 1625, 1608yz 369, 357;'H NMR
(CDClg): § = 1.28-1.35 (m, 12H, 4Cfk), 1.61 (s, 6H,
2CHg), 2.84-3.08 (m, 4H, 2C}), 3.63-3.91 (m, 4H,
2CHp), 6.66—7.20 (m, 16H, ArH), 7.40-7.82 (m, 12H, ArH
and —CH), 8.59 (d,J = 8.1 Hz, 2H, ArH); anal. cacld. for
Cs3Hs6N406 (formula weight: 965.11): C 78.40, H 5.85, N
5.81; found: C 78.11, H 5.64, N 5.49.

2.3. General procedure for the synthesis of
bis-spironaphthooxazines 8a-38i

Under nitrogen atmosphere and ice-bath cooling to
the solution of 0.35g (1.0 mmol) of compour® 6 mg
(0.05 mmol) of DMAP and 0.5ml (3.5mmol) of triethy-
lamine in 10ml of dry toluene was dropwise added a
solution of 0.07g (0.5mmol) of ethyl dichlorophosphate
in 5ml of dry toluene with stirring in the dark. The reac-
tion mixture was stirred at room temperature for 24 h, then

washed with diluted hydrochloric acid and water, succes-

sively, and dried over anhydrous p&0y. After the removal
of solvent, the residue was submitted to silica gel column
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1604; m'z. 480, 344;'H NMR (CDChk): § = 1.33 (s,
12H, 4CH), 1.45 (t,J = 7.3Hz, 3H, CH), 2.73 (s, 6H,
2NCHg), 4.45 (quintuplet,J = 7.3Hz, 2H, OChH), 6.56
(d, J = 84Hz, 2H, ArH), 6.84-7.21 (m, 8H, ArH), 7.35
(d, J = 9.4Hz, 2H, ArH), 7.59-7.74 (m, 6H, 4ArH and
2CHF), 8.42 (s, 2H, ArH)3P NMR (CDCh): § = —12.38;
anal. cacld. for GgH43N4OgP (formula weight: 778.804):
C 70.94, H 5.56, N 7.19; found: C 70.69, H 5.32, N 7.28.
bis-Spironaphthooxazin8b: a pale blue solid, 91%; mp
130°C; IR: v = 3056, 2961, 2931, 2871, 1622, 1606z
345, 344'H NMR (CDCl): § = 1.33 (s, 12H, 4CH), 2.74
(s, 6H, 2NCH), 6.56 (d,J = 7.7 Hz, 2H, ArH), 6.89-7.21
(m, 9H, ArH), 7.30-7.37 (m, 6H, ArH), 7.60-7.75 (m, 6H,
4ArH and 2CH), 8.47 (s, 2H, ArH);3'P NMR (CDCE):

8 = —1743; anal. cacld. for H43N4OsP (formula
weight: 826.89): C 72.63, H5.24, N 6.78; found: C 72.41, H
5.0, N 6.85. bis-SpironaphthooxaziBe: a pale blue solid,
70%; mp 119-120C; IR: v = 3050, 2960, 2862, 1622,
1606;m/z: 558, 543, 329'H NMR (CDCl): § = 1.33 (s,
12H, 4CH), 2.73 (s, 6H, 2NCH), 3.78 (s, 3H, OCH),
6.56 (d,J = 7.6 Hz, 2H, ArH), 6.84-7.37 (m, 14H, ArH),
7.60—-7.74 (m, 6H, 4ArH and 2G¥, 8.46 (s, 2H, ArH) 3P
NMR (CDCl): § = —17.63; anal. cacld. for §H45N407P
(formula weight: 856.92): C 71.48, H 5.29, N 6.54; found:
C 71.66, H 5.42, N 6.35. bis-SpironaphthooxazBwt a
pale blue solid, 71%; mp 125-126; IR: v = 3052, 2960,
2870, 1623, 1606mVz 345, 344, 3291H NMR (CDCl):

8 = 1.33 (s, 12H, 4CH), 2.33 (s, 3H, CH), 2.74 (s, 6H,
2NCHg), 6.56 (d,J = 7.7Hz, 2H, ArH), 6.76-7.24 (m,
11H, ArH), 7.33 (s, 1H, ArH), 7.38 (s, 1H, ArH), 7.60-7.78
(m, 7H, 5ArH and 2CH), 8.47 (s, 2H, ArH);31P NMR
(CDCl3): 6§ = —1817; anal. cacld. for §H45N4OgP (for-
mula weight: 840.92): C 72.84, H 5.39, N 6.66; found: C
73.08, H 5.22, N 6.53. bis-Spironaphthooxaz8ee a pale
blue solid, 81%; mp 117-11€; IR: v = 3052, 2960, 2870,
1623, 16061z 345, 344, 329'H NMR (CDCl): § = 1.33

(s, 12H, 4CH), 2.35 (s, 3H, CH), 2.74 (s, 6H, 2NCH),
6.57 (d,J = 7.8Hz, 2H, ArH), 6.85-7.38 (m, 14H, ArH),
7.61-7.75 (m, 6H, 4ArH and 2GH, 8.47 (s, 2H, ArH)31P
NMR (CDCl3): 8 = —17.96; anal. cacld. for §3H45N40gP
(formula weight: 840.92): C 72.84, H 5.39, N 6.66; found:
C 72.88, H 5.22, N 6.57. bis-SpironaphthooxazBfe a
pale blue solid, 73%; mp 122-12€; IR: v = 3052, 2960,
2870, 1623, 1606m/z: 345, 344, 3291H NMR (CDCls):

8 = 1.34 (s, 12H, 4CH), 2.30 (s, 6H, 2CH), 2.75 (s,
6H, 2NCH), 6.57 (d,J = 8.4Hz, 2H, ArH), 6.89-7.21
(m, 11H, ArH), 7.36 (d,J = 8.4Hz, 2H, ArH), 7.61-7.75
(m, 6H, 4ArH and 2CH), 8.48 (s, 2H, ArH);®1P NMR
(CDCl3): 6§ = —18.05; anal. cacld. for §H47N4OgP (for-
mula weight: 854.97): C 73.05, H 5.54, N 6.55; found: C
72.93, H 5.49, N 6.68. bis-Spironaphthooxaz8wpe a pale
blue solid, 91%; mp 119-12@; IR: v 3050, 2959,
2925, 2870, 1623, 160TiVz 344, 329;'H NMR (CDCls):

chromatography using acetone/petroleum ether (1:4, viv)§ = 1.33 (s, 12H, 4CH), 2.74 (s, 6H, 2NCH), 6.56 (d,

as the eluent to giv@a (0.35g, 90%), a pale blue solid;
mp 172-174C; IR: v = 3032, 2959, 2928, 2860, 1627,

J = 7.7Hz, 2H, ArH), 6.89-7.31 (m, 14H, ArH), 7.60-7.76
(m, 6H, 4ArH and 2CH), 8.43 (s, 2H, ArH);31P NMR
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(CDCl3): 8 = —1857; anal. cacld. for €gH42CIN4OgP from acetone to give compourtias a white solid (1.57 g,
(formula weight: 861.33): C 69.72, H 4.91, N 6.51; found: 44%); mp 167-168C. IR: v = 3430, 3060, 2940, 2860,
C 70.01, H 4.66, N 6.32. bis-Spironaphthooxazide 1635, 1605 HNMR (CDCl): § = 1.21 (s, 3H, CH), 1.30
a pale blue solid, 78%; mp 134-135; IR: v = 3050, (s, 3H, CH), 3.34-3.42 (m, 2H, C}), 3.67-3.74 (m, 2H,
2959, 2870, 1623, 1601z 344, 329;'H NMR (CDCl): CHy), 5.78 (d, 1H,J = 10.8Hz, C-CH), 6.61-7.87 (m,
8 = 1.32 (s, 12H, 4CH), 2.73 (s, 6H, 2NCH), 6.552 (d, 11H, ArH, one=CH-Ar); anal. cacld. for g4H>3NO; (for-
J = 7.8Hz, 2H, ArH), 6.84—7.20 (m, 8H, ArH), 7.33-7.70 mula weight: 357.44): C 80.64, H 6.49, N 3.92; found: C
(m, 11H, 9ArH, 2CH), 8.47 (s, 2H, ArH);31P NMR 80.33, H 6.39, N 3.79.
(CDClg): § = —1841; anal. cacld. for gH41CI2N4OgP
(formula weight: 895.744): C 67.04, H 4.61, N 6.26; found: 2.6. Synthesis of spiropyran 12
C 66.93, H 4.52, N 6.12. bis-SpironaphthooxazBie a
pale blue solid, 82%; mp 117-118; IR: v = 3044, 2953, To a cold solution of 0.76g (2.0 mmol) of compound
2860, 1702, 1610m/z 345, 344, 3291H NMR (CDCls): 3 in 20ml of dry DMF were added 0.29g (2.5 mmol) of
8 = 1.30 (s, 6H, 2CH), 1.31 (s, 6H, 2CH), 2.71 (s, N-hydroxysuccinimide (NHS) and 0.52g (2.5mmol) of
6H, 2NCHg), 6.54 (d,J = 7.6Hz, 2H, ArH), 6.89 (q, DCC. The solution was stirred at room temperature in the
J =7.2Hz, 4H, ArH), 7.06 (dJ = 7.2Hz, 2H, ArH), 7.18 dark for 24 h. The generated solid dicyclohexylurea (DCU)
(d, J = 7.6 Hz, 2H, ArH), 7.33 (dJ = 8.2Hz, 2H, ArH), was filtered off, and the filtrate was evaporated under
7.51-7.68 (m, 9H, 7ArH, 2C#), 8.10 (q,J = 6.7 Hz, 2H, reduced pressure. The residue was dissolved in ethyl ac-
ArH), 8.37 (s, 2H, ArH);3P NMR (CDCh): § = 10.36; etate, and the solution was washed with saturated aqueous
anal. cacld. for ggH43N4OsP (formula weight: 810.89): C  NaCOsz and water, successively, and dried over MgSO
74.06, H 5.34, N 6.91; found: C 73.98, H 5.21, N 6.72. To the solution was added petroleum ether to precipitate the
intermediate succinimide derivative as a pale yellow solid
2.4. Yynthesis of bis-spironaphthooxazine 10 (0.99, 94.1%).
A solution of 1 mol -1 NaHCGQ; solution (4 ml) contain-
Under nitrogen atmosphere and ice-bath cooling to ing 0.13g (1.0mmol) of 6-aminocaproic acid was added
the solution of 0.69g (2.0 mmol) of compourtl 12 mg dropwise to a solution of 0.48¢g (1.0 mmol) of the succin-
(0.1 mmol) of DMAP and 1.0 ml of triethylamine in 25ml  imide derivative in 3 ml of DMF. The mixture was stirred at
of dry toluene was dropwise added a solution of 0.18g room temperature in the dark for 6 h. The solvent was evap-
(2.0mmol) of dichlorophenylphosphine in 10ml of dry orated under reduced pressure. To the residue was added
toluene with stirring in the dark. The reaction mixture was 10ml of 10% aqueous citric acid solution to give a pale
stirred at room temperature for 24 h, then 1.0 g of sulfur was pink precipitate. The precipitate was washed with cold wa-
added. The mixture was stirred for another 5h at 450  ter and dried in vacuo to give compoud as a pink solid
A solid was removed by filtration, and the filtrate was (0.48g, 97.4%); mp. 80-8L; IR: v = 3300, 3060, 2930,
washed with diluted hydrochloric acid and water, succes- 2860, 1725, 1675, 1613H NMR (CDCl): § = 1.15 (s,
sively, and dried over anhydrous p&0,. After the removal 3H, CHg), 1.26 (s, 3H, CH), 1.32-1.66 (m, 6H, 3C}J,
of solvent, the residue was submitted to silica gel column 2.20-2.60 (m, 4H, 2C}), 3.50-3.68 (m, 4H, 2C}J, 5.72
chromatography using acetone/petroleum ether (1:4, v/v) (br, 1H, NH), 5.89 (d, 1HJ = 10.8 Hz, C-CH-), 6.65-7.25
as the eluent. A pale blue solid produif (0.60g, 82%) (m, 6H, ArH, one=CH-Ar), 8.00-8.15 (m, 2H, ArH); anal.
was obtained; mp 14C; IR: v = 3054, 2960, 2927, 2865, cacld. for G7H31N30g (formula weight: 493.55): C 65.71,
1620, 1608 H NMR (CDCl): 8§ = 1.32 (s, 12H, 4CH), H 6.33, N 8.51; found: C 65.49, H 6.25, N 8.60.
2.72 (s, 6H, 2NCH), 6.55 (d,J = 7.8Hz, 2H, ArH),
6.87—7.34 (m, 10H, ArH), 7.56—7.69 (m, 9H, 7ArH, 2E€}1 2.7. General procedure for the synthesis of bis-spiro
8.32 (q,J = 7.0Hz, 2H, ArH), 8.39 (s, 2H, ArH)31P compounds 13-17
NMR (CDCl3): § = 82.58; anal. cacld. for gH43N404PS
(formula weight: 826.96): C 72.62, H 5.24, N 6.78; found: Under nitrogen atmosphere, a solution of 0.389g

C 72.39, H5.19, N 6.92. (2.0 mmol) of compound, 0.21g (1.0 mmol) of DCC and
12 mg (0.1 mmol) of DMAP in 20 ml of dry dichloromethy-
2.5. Synthesis of spironaphthopyran 11 lene was stirred in the dark at 026 for 2h. To the so-
lution 0.35g (1.0 mmol) of compound in 10 ml of dry
To a solution of 3.31g (10.0mmol) of 1(Rydroxy- dichloromethylene was added dropwise, and stirred in the
ethyl)-2,3,3-trimethyl-indoleninium iodidgt8] in 15 ml of dark at room temperature for 24 h. After removing the solid

absolute ethanol were added 1.0 ml (10.0 mmol) of piperi- by filtration, the filtrate was washed by saturated,Gl@3

dine and then 1.72 g (10.0 mmol) of 2-hydroxy-1-naphthal- solution and water, dried over anhydrous,N@&y and con-
dehyde with stirring. The mixture was heated at reflux for centrated under reduced pressure. The residue was applied
5h and cooled to precipitate a solid. The solid was separatedon silica gel column using C#Cl; as the eluent to give com-

by filtration, wished with cold acetone and re-crystallized poundl13(0.45 g, 64%), a pale yellow solid; mp 182—-1&2;
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IR: v = 3054, 2962, 2869, 1752, 1654, 1608z 707, 706,
691; 1H NMR (CDCLk): § = 1.20-1.35 (4s, 12H, 4CH),
2.75 (s, 3H, CH), 2.96 (q,/ = 6.3Hz, 2H, Ch), 3.75 (q,

J = 6.3Hz, 2H, ChH), 5.94 (d,J = 10.8 Hz, 1H, -CHC),
6.55-7.33 (m, 13H, ArH, —CH), 7.60 (s, 1H, ArH),
7.69-7.79 (m, 2H, ArH), 8.00-8.19 (m, 2H, ArH); anal.
cacld. for G3H3gN4Og (formula weight: 706.80): C 73.07,
H 5.42, N 7.93; found: C 73.22, H 5.44, N 7.68. bis-Spiro
compoundl4: a reddish brown solid, 68%; mp 153—-153;

IR: v = 3395, 3320, 3041, 2921, 2850, 1754, 1641, 1605;
m/z. 344, 329;'H NMR (CDClg): § = 1.11-1.32 (4s, 12H,
4CHg), 1.58-1.95 (m, 6H, 3C}J, 2.51-2.61 (m, 2H, C}),
2.71 (s, 3H, NCH), 3.11-3.24 (m, 2H, Ch), 3.37-3.51
(m, 2H, CH), 3.63-3.77 (m, 2H, Ch), 5.54 (br, 1H, NH),
5.80 (d,J = 104 Hz, 1H, —CH-C), 6.54-7.20 (m, 12H,
ArH, —CH=), 7.60-7.74 (m, 3H), 7.95 (s, 2H, ArH), 8.17 (s,
1H, ArH); anal. cacld. for GgH49N507 (formula weight:
819.92): C 71.77,H 6.02, N 8.54; found: C 71.53, H5.84, N
8.47. bis-Spironaphthooxaziri®: a pale gray solid, 58%;
mp 143°C; IR: v = 3050, 2960, 2869, 1755, 1606yz
713, 712, 6971H NMR (CDCl): § = 1.28-1.37 (m, 12H,
4CHjg), 2.68 (s, 3H, NCH), 2.97 (m, 2H, CH), 3.70 (m,
2H, CHp), 6.48-7.79 (m, 19H, ArH, —C#H), 8.15 (d,J =
1.8Hz, 1H, ArH), 8.55 (dJ = 9.0Hz, 1H, ArH); anal. ca-

Table 1

cld. for C46H40N4O4 (formula weight: 712.86): C 77.51, H
5.66, N 7.86; found: C 77.40, H 5.65, N 8.00. bis-Spiropyran
16: a pale pink solid, 40%; mp 185-186; IR: v = 3050,
2955, 1720, 1610m/z 689, 643, 380, 363, 352H NMR
(CDCl): § = 1.20-1.29 (m, 12H, 4Ck), 2.50-2.61 (m,
2H, CHp), 3.44-3.82 (m, 6H, 3C}), 5.76-5.94 (m, 2H,
—CH=), 6.60-7.90 (m, 17H, ArH, —C#H), 8.01-8.11 (m,
2H, ArH); anal. cacld. for gsH41N3Og (formula weight:
719.80): C 75.08, H 5.74, N 5.84; found: C 75.16, H 5.58,
N 5.91. bis-Spiro compound?: a pale pink solid, 51%;
mp 202°C; IR: v = 3050, 2962, 2862, 1750, 1630, 1605;
m/z. 386, 369, 357, 342'H NMR (CDCl): § = 1.25 (s,
6H, 2CH), 1.39 (s, 6H, 2CH), 2.90-3.15 (m, 4H, 2C}),
3.70-4.00 (m, 4H, 2C}, 5.97 (d,J = 10.8Hz, 1H,
—CH=C), 6.65-8.36 (m, 22H, ArH, —C¥); anal. cacld. for
CagH43N304 (formula weight: 725.89): C 79.42, H 5.97, N
5.79; found: C 79.53, H 6.02, N 5.99.

2.8. The absorption spectra of spiro compounds in
various solvents before and after UV irradiation

Solutions of the reference spiro compourids?2 and 7
and the newly synthesized spiro compoubdsbe, 6a—6d,
8a-8i, 10 and 13-17 of the concentration of % 107° to

The Amax of spiro photochromic compounds in the closed spiro form in various solvents

Compound Amax (M), solvent E value}

Methanol (55.5)

Acetonitrile (46.0)

Acetone (42.2) Cyclohexane (31.2)

1 237.5, 271, 339.5 236.5, 270, 339 341 238, 274, 339.5

5a 239.5, 268.5, 341 239, 270.5, 340.5 342 238, 274, 339.5
5b 238.5, 272, 342.5 240, 272.5, 343.5 341 239.5, 270.5, 340.5
5c 239, 271.5, 341 237.5, 273, 343 340 238.5, 271, 342.5
5d 242, 273.5, 3445 2415, 272, 343 346 240, 272, 341.5

5e 241.5, 272, 341.5 240.5, 271.5, 342 343.5 240.5, 271.5, 341
2 241, 269.5, 342.5 240.5, 271, 340.5 346 240.5, 270.5, 340.5
6a 239.5, 271, 341.5 238.5, 270.5, 340 346 240, 271, 340.5
6b 240.5, 270, 340.5 2395, 272, 341.5 339.5 240.5, 270.5, 341
6C 241, 271.5, 343 241, 271.5, 343 341.5 239, 271.5, 341.5
6d 243.5, 274, 347 240.5, 272.5, 3435 341 240.5, 273, 342.5
8a 240.5, 2715, 341.5 238.5, 271.5, 338.5 343.5 239.5, 270, 337.5
8b 241, 271.5. 338.5 240, 270.5, 338 3355 240, 270.5, 339.5
8c 239.5, 270.5, 342 241, 271, 339 334.5 239, 272.5, 342

8d 240, 272, 339.5 241.5, 270.5, 340 335.5 240.5, 273, 3415
8e 2415, 2715, 341.5 242, 271.5, 339.5 335.5 240, 273.5, 343
8f 242, 272.5, 342 241, 272, 340.5 335 238.5, 272.5, 340.5
89 240.5, 271.5, 341.5 242.5, 273.5, 338.5 337.5 239, 271.5, 343.5
8h 238.5, 271, 3425 2425, 271, 340.5 338.5 2435, 273.5, 344
8i 243.5, 272.5, 339.5 240.5, 2715, 341.5 334.5 241, 2372, 340.5
10 2455, 275, 3455 2425, 274.5, 3475 339.5 2425, 274, 345.5
7 240.5, 270.5, 343 2395, 271.5, 340.5 345 240.5, 271, 340.5
1+7(1:1) 238, 271.5, 337.5 239.5, 270, 339.5 343 240, 270.5, 340
13 238.5, 337.5 240.5, 273, 338.5 337 239, 271.5, 340.5
14 237, 271.5, 342.5 238.5, 272, 342 343 240, 272.5, 341.5
15 240, 270.5, 342.5 240.5, 273, 339.5 346 239.5, 271.5, 340
16 238, 272.5, 343.5 240, 271.5, 343.5 346 2415, 272, 341

17 241, 340.5 241, 270.5, 341.5 346 140.5, 271.5, 341

aDimroth’s solvent polarity parametets were taken fron{57].



206

Table 2
The Amax Of spiro photochromic compounds containing an antioxidant
pendant after UV irradiation (opened merocyanine form)
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—®— a: Compound 8b
—A— b: Compound 7

Compound  Amax(nm), solvent E value}
Methanol Acetonitrile  Acetone  Cyclohexane
(55.5) (46.0) (42.2) (31.2)

1 524.5 555 570 580.5, 612

5a 536.5 564.5 557 502

5b 538 566.5 573 581.5

5¢c 537.5 565 575 586

5d 547 561 567 588.5

5e 533.5 567.5 574.5 583.5

2 611 600.5 584 578.5

6a 619 588 581.5 567

6b 607.5 594.5 584 577

6c 605 596 585 580

6d 605 601.5 598.5 580

aDimroth’s solvent polarity parameteis were taken fron{57].

1x 10~*moll~1in various solvents (methanol, acetonitrile,

0.71 X
0.69

e —8&— ¢: Compound 2
0.59 &\

Absorbance (A)
>
/

Time (sec.)

Fig. 1. The absorbanceA)l change at the\max of: (a) compound8b
(Amax = 5895nm, ¢ = 5.0 x 104 moll~1); (b) compound? (Amax =
5795nm, ¢ = 1.0 x 103 moll~1); (c) compound2 (Amax = 5785 nm,

¢ =1.0x 10-3moll~1) in cyclohexane solution during the decoloration
process at room temperature.

acetone and cyclohexane) were prepared. The UV spectrum

of each solution was recorded on a Shimadzu UV-160A

UV-Vis spectrophotometer. Thignhax of the compounds are
listed inTable 1

The same solutions were irradiated with a 400W
high-pressure mercury lamp with Pyrex housing for 30s,

and the spectra were recorded immediately after the irradi-

ation. Theimax Of the merocyanine forms thus obtained are
listed inTables 2 and 3

Table 3
The Amax Of bis-spiro photochromic compounds after UV irradiation
(opened merocyanine form)

Compound  Amax(nm), solvent E value}

Methanol Acetonitrile  Acetone Cyclohexane

(55.5) (46.0) (42.2) (31.2)
1 524.5 555 570 580.5, 612
5e 533.5 567.5 574.5 583.5
16 556 569.5 576 584.5
2 611 600.5 584 578.5
7 605 598.5 585 579.5
6d 605 601.5 598.5 580
15 602.5 598 600.5 573.5
8a 604.5 602 602 589
8b 603.5 601.5 601 589.5
8c 603 601 600.5 586.5
8d 603 601.5 600.5 588.5
8e 604 602.5 601.5 587.5
8f 604.5 602 602.5 589
8g 603.5 601 600.5 588
8h 603 601.5 601.5 587
8i 604 602 601.5 586.5
10 606.5 601.5 602 585.5
1+7(1:1) 564 (br) 569.5 571 581
13 557, 602.5 568.5 (br) 5775 (br) 579
14 560, 601.5 566.5 (br) 5715 (br) 5815
17 605.5 601 598 578

aDimroth’s solvent polarity parametets were taken fron{57].
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Fig. 2. (a) The absorbanced) change at theimax of compoundsl
(Amax = 5805nm, ¢ = 1.0 x 10~*moll~1) and 5a (Amax = 602 nm,

¢ = 1.0 x 104moll~1) in cyclohexane solution under continuous UV
irradiation. (b) The absorbancé)(change at the.max of compounds2
(Amax = 5785nm, ¢ = 1.0 x 103molI~1) and 8b (Amax = 5895 nm,

¢ = 1.0 x 10-*moll~1) in cyclohexane solution under continuous UV
irradiation.
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Table 4
The parametertf,,2) of the spiro compounds in cyclohexane solution

Compound t49/2% (Min)
1 12
2 50
5a 690
5b 570
5c 540
5d 300
5e 360
8a 150
8b 170
8c 180
8d 165
8e 175
8f 160
89 155
8h 150
8i 135
10 120

8t40/2 i the time in minute required to decrease the initial absorbance
(Ao) of the merocyanine form to the half valugo(2) at the imax.

2.9. The decoloration process of the colored merocyanine
form of spirooxazines 2, 7, 8a—8i and 10 in cyclohexane

Solutions of compound (1.0 x 103 molI~1), 7 (1.0 x
10-3molI-1), 8a-8i and10 (5.0 x 10~*moll~1) in cyclo-
hexane were prepared. The absorbareof each solution
at its Amax Was recorded immediately after 30 s irradiation

207

were plotted. A typical example of the plot made for com-
pounds2, 7 and8b is illustrated inFig. 1

2.10. The parameter 1,2 for the fatigue resistance of spiro
compounds in the colored merocyanine formin cyclohexane

Solutions of the reference compountisand 2 (1.0 x
103moll~1), and the compoundSa-5e, 8a-8i and 10
(5.0 x 10~*moll~1) in cyclohexane were prepared. Each
solution was divided into 30 parts, and the parts were ir-
radiated at the same time with a 400 W high-pressure mer-
cury lamp. The absorbance8)(at Amax Of a given com-
pound in different irradiation time were recorded on a spec-
trophotometer immediately after irradiation. A plot of the
absorbance against the irradiation time was made to give
Fig. 2afor 1 and5a andFig. 2bfor 2 and8b. The parameter
tao/2 Obtained from the plot is defined as the time in minute
required to decrease the initial absorbarfs) at thei max of
the merocyanine form to the half valugy(2). The parame-
ters obtained foba—5e, 8a—8i and10 are listed inTable 4in
comparison with those of the reference compouhedad?2.

2.11. Evaluation of the fatigue resistance of spiro
compounds in methanol

Solutions of the reference compountisand 2 (1.0 x
10-3moll~1), and the compound§a-5e, 8a-8i and 10
(5.0x 10~*molI~1) in methanol were prepared. Solutions of

with a 400 W high-pressure mercury lamp. The absorbancescompoundl, the mixture of compoundl and an antioxidant

(A) at the same.max for a given compound in different time

Table 5

(molar ratio= 1:1), and compounéa in methanol (50 x

Decrease of the absorband®) (of compoundl, the mixture of compound and an antioxidant (1:1), and the spiro chromic compou)ds 8 and 10
in methanol solution at every repeated cycle of photocoloration and thermal decoloration

Entry CompoundsX(max, NM) AbsorbanceA) (repeated cycle numbers) Surviving (%)
1 3 5 7 9 11 13
1 1(524.5) 0.734 0.685 0.580 0.488 0.458 0.433 0.420 56.4
2 1 + HOTEMPO 0.721 0.710 0.693 0.679 0.655 0.633 0.619 85.9
3 5a (531.5) 0.718 0.713 0.710 0.710 0.703 0.700 0.698 97.2
4 1 + HOPEMP 0.723 0.709 0.698 0.683 0.671 0.657 0.646 89.3
5 5b (536.5) 0.709 0.699 0.592 0.680 0.669 0.659 0.649 91.5
6 1 + HOTEMP 0.716 0.709 0.695 0.680 0.668 0.655 0.641 91.5
7 5c (538) 0.738 0.734 0.732 0.725 0.718 0.715 0.709 96.0
8 1+ BPA 0.687 0.675 0.663 0.648 0.633 0.620 0.611 88.9
9 5d (547) 0.706 0.696 0.682 0.675 0.659 0.649 0.643 91.1
10 1+ BHT 0.698 0.686 0.675 0.661 0.647 0.631 0.616 88.2
11 5e (537.5) 0.707 0.698 0.687 0.683 0.669 0.657 0.645 91.2
12 2 (611) 0.864 0.860 0.852 0.845 0.837 0.830 0.810 93.4
13 8a (604.5) 0.804 0.803 0.799 0.800 0.797 0.793 0.787 96.9
14 8b (603.5) 0.718 0.713 0.710 0.710 0.703 0.700 0.698 97.9
15 8c (603) 0.792 0.791 0.790 0.789 0.786 0.787 0.784 99.0
16 8d (603) 0.739 0.737 0.735 0.734 0.732 0.727 0.725 98.1
17 8e (604) 0.758 0.757 0.752 0.751 0.750 0.747 0.745 98.0
18 8f (604.5) 0.726 0.724 0.721 0.720 0.718 0.715 0.710 97.8
19 8g (603.5) 0.709 0.707 0.705 0.701 0.698 0.693 0.690 97.3
20 8h (603) 0.711 0.710 0.705 0.702 0.699 0.695 0.689 96.9
21 8i (604) 0.712 0.710 0.705 0.700 0.695 0.690 0.685 96.2
22 10 (606.5) 0.751 0.748 0.745 0.741 0.738 0.733 0.727 96.8
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0.8+ 3. Results and discussion
B S S Coy G, 3.1. Synthesis of functionalized spiropyrans and
. Spirooxazines
e gy

As reference spiro compounds for the newly synthe-
sized spiropyrans and spirooxazines, compouhdgb5]
and 2 [50] (Scheme P were prepared according to the

e e e literatures.
Antioxidants, 4-hydroxy-2,2,6,6-tetramethylpiperidiny-
loxy, 2,2,6,6-tetramethyl-4-piperidinol (HOTEMP), 1,2,2,
S A 6,6-pentamethyl-4-piperidinol (HOPEMP), bisphenol-A
Times of cycle (BPA) and 2,6-ditert-butyl-4-methyl-phenol (BHT) were
selected as antioxidant pendants for the functionaliza-

Fig. 3. The absorbance change of the photocolored state (merocyanine,; ; Ai Ea . Rl
form) of: (a) COMPOUNGBA (may — 5365, ¢ — 5.0 x 10-5 Mol 1) tion. For the synthesis of' B'-dihydro-1-substituted-33

Absorbance (A)

(b) the mixture of compound and HOTEMPO (1:1) Xmax = 5245 nm, dimethyl—@—nitro—spiro[]H_—indole-2,2—[3H]—benzc_>pyran]si5

¢ = 50 x 105moll~Y); (c) compound 1 (Amax = 5245nm, and 1,3-dihydro-1-substituted-3,3-dimethyl-spitdfihdole-

¢ = 5.0 x 10°molI~1) in methanol solution in the repeated cycles of 2,3-[3H]-naphth-[2,1b][1,4]-0xazine]s6, it was necessary
photocoloration and thermal decoloration. to carry out the reaction under mild conditions with the con-

sideration of the sensitive structures of the substrates. We
10~>mol1~1) were also prepared, respectively. The absor- selected a methodology of peptide syntheses using DCC for
bance Ao) of a solution at its.maxWas recorded immediately  the condensation of spiropyr&uand spirooxazind having
after irradiation with a 400 W high-pressure mercury lamp a propionic acid side chain at-position with the antiox-
for 1 min, then the solution was irradiated with visible light idants ROH Schemes 3 and)4 Thus, new spiropyrans
to decolorize the solution by thermal process. The photocol- 5a—5e and spirooxazine$a—6d were obtained in 39-71%
orization and thermal decoloration cycle was repeated andyield, providing a convenient method for the synthesis
the absorbancej at theimayx in colored state was recorded. of photochromic spiro compounds having a functional

The results are listed ifable 5and shown irFig. 3. group.
LY CoiCO
o5 s
1 2 7

Scheme 2. Reference spiro compounds.

‘:\ Eé; b DCC/DMAP ‘ N :‘ NO,
O NO. ROH Q
g Q 2+ ROH™"chcl, e

COOR
Sa~e

OQ DCC/DMAP l go O’

COOH

+ ROH—Gpa,

COOH COOR
4 6a~d
RO: &Qo’ o—<j§NCH3 &<;(NH fo— _
a: HOTEMPO b: HOPEMP c: HOTEMP d: BPA e BHT

Scheme 3. Synthesis of the spiro compounds having an antioxidant pendent.
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5d

Scheme 4. Structures of bis-spiropyraeh and bis-spirooxazinéd.

bis-Spironaphthooxazine®a—8i were synthesized with  broad lines due to their paramagnetic nature which was
the modification of the Spivack and Pastor’'s proced85 shown by the presence of a typical nitroxide triplet signal
by direct phosphorylation of spirooxazing (Scheme h in their ESR spectra.
The phosphorylation proceeded smoothly with stirring a
2:1 molar mixture of compound and a corresponding 3.2. Photochromic properties
dichlorophosphate in toluene for 24 h at room temperature
in the presence of DMAP as a promoter to afford phospho- 3.2.1. Absorption spectra of the closed spiro form
rylated bis-spirooxazine8a-8i in 70-91% yield. Similarly, The absorption spectra of the functionalized spiro com-
bis-spirooxazinel0 was synthesized by a one-pot reaction poundsba—5e, 6a—6d, 8a-8i, 10 and 13-17 in various sol-
(Scheme & Thus, compound was firstly phosphinylated  vents were measured in the concentration of 107° to
with dichlorophenylphosphine, and followed by the oxida- 1 x 10~%moll~! and compared with those of the reference
tion of phosphonite intermediafat 45-50°'C using sulfur compoundsl, 2 and7. They exhibited absorption maxima
as the oxidant to give phosphonothiona€ein 82% vyield. near 240, 270 and 340 nm in the closed form showing only
In addition, following the procedure of the synthesis of small shifts of the maxima due to solvent polarity, similar
5 and6, the symmetrical and unsymmetrical bis-spiro com- to the parent reference compountis2 and 7 (Table 1.
poundsl13-17 were prepared in 40—-68% vyield by the con- The result indicates that neither intramolecular interaction

densation of %substituted carboxylic acid derivatives between the spiro and the pendant antioxidant groups for
4 and 12 with hydroxylated spiro compounds and 11 5a-5¢, 5e and 6a—6¢c nor between the two spiro groups
(Scheme & for bis-spiro compound&d, 6d, 8a-8i, 10 and 13-17 oc-

The structures of the newly synthesized compounds curs in the ground state. The latter result coincides with
5a-5e, 6a—6d, 8a-8i, 10 and13-17 were confirmed byH the fact that the spectrum of a 1:1 mixture of spiropytan
NMR, 3P NMR, IR, MS, UV and elemental analyses. As and spirooxazin® was identical with the sum of those of
for compoundssa and 6a their 'H NMR spectra exhibited 1 and2.

OH

= Q EtsN
N O + F%I\LCI Toluene
| c

7

J PhPC, / EtsN

Toluene
R— EtO—
PPh a
s g8 :
o
‘ ) o o
¥ d

s
T
- O)“’“ .
)

Scheme 5. Synthesis of bis-spironaphthooxazines.
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Scheme 6. Synthesis of bis-spiro compounds. Reaction condition: (a) DCC/DMAIGICH

3.2.2. Absorption spectra of the colored merocyanine form the chromatic shifts of spiropyrais—5e and spirooxazines
The absorption spectra of the colored open form of the 6a—6d were less than on those of the corresponding reference

spiro compounda-5e, 6a—6d, 8a-8i, 10 and 13-17 in compoundd and2, respectively, likely resulted from the in-

various solvents were measured immediately after irradi- teraction between the pendant group R and the photochromic

ation with a 400 W high-pressure mercury lamp for 30s, part.

and theinmax are listed inTables 2 and 3As previously In addition, as shown iffable 3 similar photochromic

reported[33], the spiro photochromic compounds contain- behaviors were observed in the cases of the symmetric

ing an antioxidant groupa—5e and 6a—6d exhibited simi- bis-spiropyransse and 16, and the bis-spirooxazine&d,

lar absorption spectra to those of their reference compounds8a-8i, 10 and 15. It should be noted that, compared with

1 and 2, respectively. In accordance with the previous ob-
servationg33], the visible absorption maxima of spiropy-
rans5a—5e underwent a hyperchromic shift in more polar
solvents, while those of spirooxazin€s—6d did a hyp-
sochromic shift. As shown iflable 2 the solvent effects on

the reference compourt] compound®a-8i and10 having

a phosphoryl short spacer linkage exhibited obviously weak
solvent effect on the hypsochromic shift than compounds
6d and 15 containing an esteric long spacer linkage, prob-
ably due to the more stronger intramolecular interaction
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between the two photochromic parts and/or between the(Ag/2). The results, as shown ifable 4 indicated that the

photochromic part and the phosphoryl group3e-8i and
10. As for the unsymmetric bis-spiro compounti3 and

photodegradation of the spiro compounds were retarded re-
markably by the introduction of antioxidant and phosphoryl

14, the spiropyran part and the spirooxazine part exhibited groups. These groups played important roles in scaveng-
their individual absorption spectral characters. In hexane ing singlet oxygen or free radical species which have been

solution the absorption maximamax of both spiropyran

considered to form during the photodegradation process

part and spirooxazine part appeared around 580 nm, but[26].

in methanol the absorption maxima of spiropyran part
(Amax ~ 559 nm) and spirooxazine pattfax ~ 602 nm)

The thermal decoloration of the colored merocyanine
form of a spiro photochromic compound can be accelerated

were observed separately. The visible absorption spec-by a visible irradiation. Thus, the alternate irradiation with

tra of the colored merocyanine forms of the unsymmet-
ric bis-spiro compounds will be further discussed below
(seeSection 3.2.h

3.2.3. The lifetime of the colored open form

The lifetimes of the colored merocyanine forms of
bis-spironaphthooxazine®a—8i and 10 were found to be
longer than that of the reference compoudsnd7. This
difference is exemplified byig. 1 which shows the de-

a mercury lamp and visible light gave a controlled pho-
tocoloration and thermal decoloration cycle. This method
was utilized for evaluating the fatigue resistance ability
of spiro photochromic compound§able 5 showed the
decrease of the absorband®) @t the Amax of the mero-
cyanine form of compound, the mixture of compound

1 and an antioxidant (1:1), and the spiro photochromic
compounds 4, 5, 8 and 10) in methanol solution in every
repeated cycle. The fatigue resistance ability can be seen

crease of the absorbances during the decoloration process d&om the surviving (%) obtained after thirteen repeated

Amax = 5785 nm for2, at Amax = 5795 nm for compound
7 and atimax = 589nm for compoundb after irradi-
ation of solutions of compound® (1.0 x 10~3moll~1),
7 (1.0 x 103moll~1) and 8b (5.0 x 10*moll~1) in

cycles.

As shown inTable 5 the introduction of an antioxi-
dant group as a pendant could remarkably enhance the
fatigue resistance of the photochromic compounds. Inter-

cyclohexane, respectively. The results indicated that the estingly, spiropyran&a—5e linking an antioxidant pendant

merocyanine group of compoudth might be stabilized by
an intramolecular interaction between the two spiro pho-

exhibited higher fatigue resistance than the 1:1 mixture
of the parent reference compouddand the correspond-

tochromic groups, as reported in the case of the aggregatdng antioxidant. The result suggested that the antioxidant
formation between two colored merocyanine forms or be- pendant group linked to the photochromic compounds
tween colored merocyanine form and the colorless spiro could act synergetically as an inhibitor for photodegrada-

form of spiropyrans in non-polar solvefi$8,56] It may

tion during the photocoloration and thermal decoloration

also be reasonable to assume that the polar phosphorykycles.

group stabilizes such aggregate formation.

3.2.4. The fatigue resistance of functionalized
spiro photochromic compounds during the repeated
photocoloration and thermal decoloration cycle

More detailed experiments were carried out, as shown in
Fig. 3, with compoundl, the mixture of compound and
HOTEMPO (1:1) and compounga having an antioxidant
group for 25 repeated cycles, respectively. It was found that
the absorbancesA] of compound5a (Amax = 5365 nm;

The kinetic analysis of the photodegradation process Fig. 39 and the mixture of compoundi and HOTEMPO
has been carried out in non-polar (cyclohexane) and polar(1:1, Amax = 5295 nm; Fig. 3b in the merocyanine form

(methanol) solvents. In both cases, spiropyraasse hav-

showed a more slow decrease than in the case of comdound

ing an antioxidant pendant and bis-spironaphthooxazines(Fig. 39, especially in the first 10 cycles. It should be noted

compounds8a—8i and 10 connected through a phospho-
ryl group were found to exhibit higher fatigue resistance
to continuous UV irradiation with a high-pressure mer-

that after several cycles the solution of reference compound
1 could not decolorize completely after visible light irradi-
ation, implying the decomposition of the merocyanine form

cury lamp in the air atmosphere than that of the reference or irreversible isomerization from the merocyanine form to

compoundsl and 2, respectively. The rate of photodegra-
dation was estimated by following the decrease of the
absorbance at thé.nhax of their colored merocyanine
form.

As typical exampleskig. 2a and hvisualize thatsa and

8b undergo much slower photodegradation than their refer-

ence compoundkand?2, respectively. For the series of spiro
compoundsba-5e, 8a-8i and 10, their fatigue resistance
were represented by a parameigy, which defines the time
in minute required to decrease the initial absorbadeg &t
the Amax Of their colored merocyanine form to the half value

the colorless spiro form.

These observations indicated that, in accordance with the
data inTable 4 the functionalization with an antioxidant
group or a phosphoryl group remarkably improved the fa-
tigue resistance of the spiro photochromic compounds. In
our previous repoi33], we have shown that the introduction
of a heteroaromatic pendant into spiropyrans and spiroox-
azines results in an inhibitory effect on their photostability.
The present results provide a useful method for the improve-
ment of the fatigue resistance of certain spiro photochromic
compounds.
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3.2.5. Intramolecular interaction involving the
merocyanine group in bis-spiro compounds

Finally we paid attention to the intramolecular interac-
tion involving the merocyanine groups of bis-spiro pho-
tochromic compounds in the photochromic process. It has
been reported that the bis-spiro photochromic compound

with a conjugated chain linkage exhibited an obviously dif- (28

ferent absorption spectrum, which reflected a remarkable
change of the conjugation system in colored form com-
pared with its parent compourid6]. For the bis-spiro pho-
tochromic compound connected through a non-conjugated
chain, compared with its parent compounds, slightly dif-
ferent photochromic behaviors (such &gax and fatigue
resistance) would be observed, when intramolecular inter-
action between the two merocyanine groups exip&#8].

The discussion irSection 3.2.5uggested the existence of
the interaction between the two photochromic parts in the
symmetric bis-spiro photochromic compourfsty 6d, 15,
8a-8i, 10 and 16. Further information of the photochromic
behaviors of the bis-spiro photochromic compounds would
be obtained from the absorption spectra of the unsymmetric
bis-spiro photochromic compound8 and 14.

As shown inTable 3 in the unsymmetric bis-spiro pho-
tochromic compound43 and 14, each of the spiropyran
part and the spirooxazine part exhibited hyperchromic shift
and hypsochromic shift individually, similar to the corre-
sponding reference compoundsand 7, respectively. In
hexane solution, both of the spiropyran part and the spiroox-
azine part had similar absorptiognax at around 580 nm.
As the polarity of the solvent increased, the difference of
the Amax between the spiropyran part and the spirooxazine

part enlarged because of the solvent effects. Consequently,

broad absorption peaks &hax in the spectra of compounds
13 and 14 were observed as a result of the overlap of the
absorption peaks of the spiropyran and the spirooxazine
parts. In methanol, the difference of thgax between the
spiropyran part and the spirooxazine part in compounds
13 and 14 was so big that two peaks contributed from the
spiropyran and the spirooxazine parts appeared, implying
that in compound43 and14 both of the spiropyran part and
the spirooxazine part kept their own merocyanine structural
characteristics.

More detailed experiments were carried out with the
methanol solution of the unsymmetric bis-spiro pho-
tochromic compound43 and 14, and the reference com-
pounds1 and 7. Fig. 4 showed the absorption spectra
of reference compounds (a) and7 (b), the mixture of
compoundsl and 7 (c), and the unsymmetric bis-spiro
compound13 (d) in methanol solution before and after
UV irradiation. The absorption spectral curve (marked with
asterisk) of the mixture of compoundsand 7 in visible
region was virtually superimposable with the summation
spectral curve of compoundsand?7, indicating that there
is no intermolecular interaction between the merocyanine
forms of compoundd and 7 in the methanol solution at
10~*moll~! concentration. In contrast, the spectral curve
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Fig. 4. The absorption spectra of: (a) compounéb) compound’; (c) the
mixture of compoundd and7 (1:1); and (d) compound3 in methanol
solution ¢ = 1.0 x 10~*mol1~1) before and after (curve marked with
asterisk) UV irradiation for 30s.

of 13 (Fig. 40 was not superimposable with the summation
spectral curve of compoundsand 7, implying that there
exists an intramolecular interaction between the merocya-
nine groups of compount3. A similar result was observed
for the absorption spectrum of compoubd

In conclusion, we have synthesized series of spiropyrans
and spirooxazines containing an antioxidant group, and
bis-spiro photochromic compounds connected through a
non-conjugated esteric or phosphoryl chain using a conve-
nient method, and investigated the photochromic behaviors
of the newly synthesized compounds with the compari-
son of the reference compounds. The introduction of an
antioxidant or a phosphoryl group remarkably improved
the fatigue resistance and the stability of the merocya-
nine form of the spiro photochromic compounds. The
bis-spiro photochromic compounds existed an intramolec-
ular interaction between the two merocyanine groups in
solution.



X. Li et al./Journal of Photochemistry and Photobiology A: Chemistry 161 (2004) 201-213

References

[1] R.C. Bertelson, Mol. Cryst. Lig. Cryst. 246 (1994) 1.

[2] J.P. Desvergne, H. Bouas-Laurent, A. Deffieux, Mol. Cryst. Lig.
Cryst. 246 (1994) 111.

[3] K. Schaffner, R. Schmidt, H.D. Brauer, Mol. Cryst. Lig. Cryst. 246
(1994) 119.

[4] H. Durr, H. Bouas-Laurent (Eds.), Photochromism and Systems,
Elsevier, Amsterdam, 1990.

[5] J.M. Kelly, C.B. McArdle, M.J.deF. Maunder (Eds.), Photochemistry
and Polymeric Systems, The Royal Society of Chemistry, Cambridge,
1993.

[6] C. Perrott, K.J. Pidgeon, PCT, WO 96 18 927 (Chem. Abstr. 125:
93652).

[7]1 J.C. Crano, T. Flood, D. Knowles, A. Kumar, B.V. Gemert, Pure
Appl. Chem. 68 (1996) 1395.

[8] R. Tschochner, Ger. Offen DE 19,643,773 (Chem. Abstr. 128:
283583).

[9] L.S. Hou, H. Schmidt, J. Mater. Sci. Lett. 16 (1997) 435.

[10] B. Scaudel, C. Guermeur, C. Sanchez, K. Nakatani, J.A. Delaire, J.
Mater. Chem. 7 (1997) 61.

[11] L.H. Yu, Y.F. Ming, M.G. Fan, Sci. China Ser. B 25 (1995) 799.

[12] A.T. Hu, W.H. Wang, H.J. Lee, J. Macromol. Sci. A: Pure Appl.
Chem. A33 (1996) 803.

[13] J.T.C. Wojtyk, P.M. Kazmaier, E. Buncel, Chem. Commun. (1998)
1703.

[14] J.D. Winkler, C.M. Bowen, V. Michelet, J. Am. Chem. Soc. 120
(1998) 3237.

[15] H.  Morrison (Ed.), Bioorganic Photochemistry. Biological
Applications of Photochemical Switches, vol. 2, Wiley, New York,
1993.

[16] I. Willner, S. Rubin, Angew. Chem. Int. Ed. Engl. 35 (1996) 367.
(17]
[18] Y.P. Chan, PCT, WO 97 10 241 (Chem. Abstr. 126: 310306).

]

[19] J.B. Meng, X.L. Li, S.F. Wang, Y.M. Wang, L.L. Zhao, T.W. Dong,

M.Z. Li, Chinese Patent 1,180,708 (Chem. Abstr. 132: 124288).

[20] J.B. Meng, X.L. Li, S.F. Wang, Y.M. Wang, Z.H. Shi, J.Y. Liu, M.Z.
Li, Chinese Patent 1,182,114 (Chem. Abstr. 132: 130063).

[21] R.F. Khairutdinov, K. Giertz, J.K. Hurst, E.N. Voloshina, N.A.
Voloshin, V.I. Minkin, J. Am. Chem. Soc. 120 (1998) 12707.

[22] G. Berkovic, V. Krongauz, V. Weiss, Chem. Rev. 100 (2000) 741.

[23] M.G. Fan, Y.F. Ming, L.H. Yu, X.Y. Zhang, X.J. Meng, Y.C. Liang,
Z. Yang, Sci. China Ser. B 25 (1995) 1009.

[24] A. Kellmann, F. Tfibel, R. Dubest, P. Levoir, J. Aubard, E. Pottier,
R. Guglielmetti, J. Photochem. Photobiol. 49 (1989) 63.

[25] C. Bohne, M.G. Fan, Z.J. Li, Y.C. Liang, J. Lusztyk, J.C. Scaiano,
J. Photochem. Photobiol. 66 (1992) 79.

[26] G. Balillet, G. Giusti, R. Guglielmetti, J. Photochem. Photobiol. A
70 (1993) 157.

[27] G. Baillet, M. Campredon, R. Guglielmetti, G. Giusti, C. Aubert, J.
Photochem. Photobiol. A 83 (1994) 147.

213

[28] G. Baillet, G. Giusti, R. Guglielmetti, Bull. Chem. Soc. Jpn. 68
(1995) 1220.

[29] C. Salemi, G. Giusti, R. Guglielmetti, J. Photochem. Photobiol. A
86 (1995) 247.

[30] M. Campredon, R. Gugliemetti, B. Luccioni-Houze, G. Pepe, A.
Alberti, D. Macciantelli, Free Radic. Res. 26 (1997) 529.

[31] M. Campredon, B. Luccioni-Houze, G. Giusti, R. Lauricella, A.
Alberti, D. Macciantelli, J. Chem. Soc., Perkin Trans. 2 (1997) 2559.

[32] B. Luccioni-Houze, P. Nakache, M. Campredon, R. Gugliemetti, G.
Giusti, Res. Chem. Intermed. 22 (1996) 449.

[33] X.L. Li, Y.M. Wang, T. Matsuura, J.B. Meng, Heterocycles 51 (1999)
2639.

[34] J.D. Spivack, US Patent 4,094,855 (Chem. Abstr. 88: 152233).

[35] J.D. Spivack, S.D. Pastor, US Patent 4,524,167 (Chem. Abstr. 101:
212203).

[36] S.D. Pastor, J.D. Spivack, J. Heterocycl. Chem. 28 (1991) 1561.

[37] T. Aono, M. Satomura, Japanese Patent 10,231,475 (Chem. Abstr.
129: 223299).

[38] J.B. Flannery, J. Am. Chem. Soc. 90 (1968) 5660.

[39] Y. Onai, M. Mamiya, T. Kiyoyama, K. Okuwa, M. Kobayashi, H.
Shinohara, H. Sato, J. Phys. Chem. 97 (1993) 9499.

[40] Y. Li, J. Zhou, Y. Wang, F. Zhang, X. Song, J. Photochem. Photobiol.
A 113 (1998) 65.

[41] H. Eckhardt, A. Bose, V.A. Krongauz, Polymer 28 (1987) 1859.

[42] K. Kimura, M. Sumida, M. Yokoyama, Chem. Commun. (1997)
1417.

[43] E. Ando, J. Hibino, T. Hashida, K. Morimoto, Thin Solid Films 160
(1988) 279.

[44] J. Hibino, M. Suzuki, Y. Kishmoto, Bull. Chem. Soc. Jpn. 65 (1992)
1125.

[45] F. Ortica, D. Levi, P. Brun, R. Guglielmetti, V. Mazzucato, G. Favaro,
J. Photochem. Photobiol. A 138 (2001) 123.

S. Hattori, Japanese Patent 98,110,162 (Chem. Abstr. 128: 301912).[46] A. Samat, V. Lokshin, K. Chamontin, D. Levi, G. Pepe, R.

Guglielmetti, Tetrahedron 57 (2001) 7349.

[47] S.R. Keum, J.H. Lee, M.K. Seok, Dyes Pigments 25 (1994) 21.

[48] S.R. Keum, S.S. Lim, B.M. Min, P.M. Kazmaier, E. Buncel, Dyes
Pigmemts 30 (1996) 225.

[49] D. Zhang, J. Shu, H. Tian, K. Chen, Huadong Ligong Daxue Xuebao
24 (1998) 329.

[50] X.L. Li, Ph.D. dissertation, Nankai University, Tianjin.

[51] B.S. Saunders, G.J. Stacey, F. Wild, I.G.E. Wilding, J. Chem. Soc.
(1948) 699.

[52] H.D. Orloff, C.J. Worrel, F.X. Markley, J. Am. Chem. Soc. 80 (1958)
727.

[53] G.M. Kosolapoff, C.K. Arpke, R.W. Lamb, H. Reich, J. Chem. Soc.
C (1968) 815.

[54] B. Buchner, L.B. Lochhart, J. Am. Chem. Soc. 73 (1951) 755.

[55] C.F. Koelsch, W.R. Workman, J. Am. Chem. Soc. 74 (1952) 6288.

[56] V.A. Krongauz, F.P. Shartsmann, J. Phys. Chem. 88 (1984) 6448.

[57] S.L. Murov, Handbook of Photochemistry, Dekker, New York, 1973.



	Synthesis of functionalized spiropyran and spirooxazine derivatives and their photochromic properties
	Introduction
	Experimental
	General aspects
	General procedure for the synthesis of 1´,3´-dihydro-1´-substituted-3´,3´-dimethyl-6-nitro-spiro[2H-indole-2,2´-[3H]-benzopyran]s (5a-5e) and 1,3-dihydro-1-substituted-3,3-dimethyl-spiro[2H-indole-2,3´-[3H]-naphth-[2,1-b][1,4]-oxazine]s (6a-6d)
	General procedure for the synthesis of bis-spironaphthooxazines 8a-8i
	Synthesis of bis-spironaphthooxazine 10
	Synthesis of spironaphthopyran 11
	Synthesis of spiropyran 12
	General procedure for the synthesis of bis-spiro compounds 13-17
	The absorption spectra of spiro compounds in various solvents before and after UV irradiation
	The decoloration process of the colored merocyanine form of spirooxazines 2, 7, 8a-8i and 10 in cyclohexane
	The parameter tA0/2 for the fatigue resistance of spiro compounds in the colored merocyanine form in cyclohexane
	Evaluation of the fatigue resistance of spiro compounds in methanol

	Results and discussion
	Synthesis of functionalized spiropyrans and spirooxazines
	Photochromic properties
	Absorption spectra of the closed spiro form
	Absorption spectra of the colored merocyanine form
	The lifetime of the colored open form
	The fatigue resistance of functionalized spiro photochromic compounds during the repeated photocoloration and thermal decoloration cycle
	Intramolecular interaction involving the merocyanine group in bis-spiro compounds


	References


