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Abstract: Photoswitching of the intramolecular magnetic interaction was demonstrated using diarylethenes
with 2,5-bis(arylethynyl)-4-methyl-3-thienyl side group. Two nitroxide radicals were placed at each end of
the 2,5-bis(arylethynyl)-4-methyl-3-thienyl group. Three kinds of aryl groups, 2,5-thienylene, p-phenylene,
and m-phenylene groups, were used in the arylethynyl moiety. The diarylethene photoswitching units have
an extended z-conjugated chain on one side of the diarylethene. The photochromic reactivity was dependent
on the arylethynyl group. Diarylethenes with m-phenylene group showed an efficient photochromic reactivity.
Along with the photochromic reaction the diarylethenes showed photoswitching of an ESR spectrum
originating from the change in the magnetic interaction between two unpaired electrons. The open-ring
isomer showed stronger exchange interaction than the photogenerated closed-ring isomer. The magnetic
interaction between two radicals via the z-conjugated chain was altered by photocyclization due to the
change of the hybrid orbital at the 2-position of the thiophene ring from sp? to sp®.

Introduction Molecular magnetism can be photocontrolled by using spin

Photochromic compounds undergo reversible isomerization S"0SSOVer phenome_na, yvhich are light-induced e>§cited spin state
between two discrete states that have different colors by trapplng (_LIES.ST),.hght-lnducgd thermal hysteresis (LITH)_' and
irradiation with light of appropriate wavelengths. The bistable ll9and-driven light-induced spin change (LD-LISE)in addi-
molecules can be used as photoswitching units to control 0N 0 Spin crossover systems, several systems using photo-
chemical and physical properties of the molecular systems. (5) Irie, M.; Kobatake, S.: Horichi, MScience2001, 304 1769-1772.

Among various types of photochromic compounds, diarylethene (6) Giordano, L.; Jovin, T. M.; Irie, M.; Jares-Erijman, E. & Am. Chem.
is superior to other photochromic compounds with respect to @) (SaO)CTZS?V%%SHZS é“f,,l Zgﬁﬂ J.-MAngew. Chem., Int. Ed. Englo95 34,
their fatigue-resistant and thermally irreversible photochromic 1119-1122. (b) Tsivgoulis, G. M.; Lehn, J.-MChem—Eur. J. 1996 2,
performance. Photoswitching of diarylethene derivatives has #i%%,%‘“?ogﬁ’gmckeé Ny o oo 60 £41g 5453 ((‘é’)

been applied to control not only the absorption spectrum but Osuka, A.; Fujikane, D.; Shinmori, H.; Kobatake, S.; Irie, MOrg. Chem.
2001, 66, 3913-2923. (f) Kawai, T.; Sasaki, T.; Irie, MChem. Commun.

also many various properties, such as liquid-crystalline ptfases, 5001 711-712. (g) Norsten, T. B.- Branda, N. Rdy. Mater. 2001, 13,
sol—gel transitior surface morphology of single crystéls, 347-349. (h) Fernadez-Acebes, A.; Lehn, J.-NChem=—Eur. J.1999 5,
3285-3292. (i) Kim, M.-S.; Kawai, T.; Irie, MChem. Lett2001, 702—
fluorescence resonance energy transfer (FREUprescence, 703. (j) Tian, H.; Chen, B.: Tu, H.; Mlen, K. Ady. Mater. 2002 14, 918.
i i i i (k) Chen, B.; Wang, M.; Wu, Y.; Tian, HChem. Commur2002 1060.
electric conduct|V|ty9, and refractive indeg. (8) (a) Gilat, S. L.; Kawai, S. H.; Lehn, J.-MChem—Eur. J.1995 1, 275—
t 284. (b) Gilat, S. L.; Kawai, S. H.; Lehn, J.-M.. Chem. Soc., Chem.
PRESTO, JST. Commun1993 1439-1442. (c) Kawai, T.; Kunitake, T.; Irie, MChem.
# Kyushu University. Lett. 1999 905-906. (d) Duliee, D.; van der Molen, S. J.; Kudernac, T.;
(1) (a)Molecular SwitchesFeringa, B. L., Ed.; Wiley-VCH: Weinheim, 2001. Jonkman, H. T.; de Jong, J. J. D.; Bowden, T. N.; van Esch, J.; Feringa, B.
(b) Lehn, J.-M. Supramolecular ChemistryyVCH: Weinheim, 1995; L.; van Wees, B. JPhys. Re. Lett. 2003 91, 207402-1. (e) Kawai, T.;
Chapter 8. (c) Drr, H.; Bouas-Laurent, HPhotochromism: Molecules Nakashima, Y.; Irie, MAdv. Mater. 2005 17, 309-314.
and System<Elsevier: Amsterdam, 2003. (9) (a) Kawai, T.; Fukuda, N.; Gezhl, D.; Kobatake, S.; Irie, Mlpn. J. Appl.
(2) (a) Irie, M. Chem. Re. 200Q 100, 1685-1716. (b) Irie, M.; Uchida, K. Phys.1999 38, L1194-L1196. (b) Chauvin, J.; Kawai, T.; Irie, Mpn. J.
Bull. Chem. Soc. Jpril998 71, 985-996. (c) Irie, M.; Fukaminato, T.; Appl. Phys.2001, 40, 2518-2522.
Sasaki, T.; Tamai, N.; Kawai, Nature2002 420, 759-760. (d) Matsuda, (10) (a) Decurtins, S.; Glich, P.; Kéhler, C. P.; Spiering, H.; Hauser, E&hem.
K.; Irie, M. J. Photochem. Photobiol., 2004 5, 169-182. Phys. Lett.1984 105 1—4. (b) Hauser, AChem. Phys. Lettl986 124,
(3) (a) Huck, N. P. M.; Jager, W. F.; de Lange, B.; Feringa, BStience 543-548. (c) Buchen, T.; Qiich, P.; Goodwin, H. Alnorg. Chem1994
1996 273 1686-1688. (b) Danekamp, C.; Feringa, B.Adv. Mater.1998 33, 4573-4576. (d) Boillot, M.-L.; Roux, C.; Audiee, J.-P.; Dausse, A.;
10, 1080-1082. (c) Yamaguchi, T.; Inagawa, T.; Nakazumi, H.; Irie, S; Zarembowitch, Jinorg. Chem1996 35, 3975-3980. (e) Sato, O.; lyoda,
Irie, M. Chem. Mater200Q 12, 869-871. (d) Maly, K. E.; Wand, M. D.; T.; Fujishima, A.; Hashimoto, KSciencel996 272 704-705. (f) Gu,
Lemieux, R. PJ. Am. Chem. So@002 124, 7898-7899. (e) Frigoli, M.; Z.-Z.; Sato, O.; lyoda, T.; Hashimoto, K.; Fujishima, A. Phys. Chem.
Mehl, G. H. ChemPhysChera003 4, 101—-103. (f) Frigoli, M.; Welch, 1996 100, 18289-18291. (g) L¢ard, J.-F.; Guionneau, P.; Rabardel, L.;
C.; Mehl, G. H.J. Am. Chem. So004 126, 15382-15383. Howard, J. A. K.; Goeta, A. E.; Chasseau, D.; Kahn|r@rg. Chem1998
(4) (a)de Jong, J.J. D.; Lucas, L. N.; Kellogg, R. M.; van Esch, J. H.; Feringa, 37, 4432-4441. (h) Hayami, S.; Gu, Z.-Z.; Shiro, M.; Einaga, Y.; Fujishima,
B. L. Science2004 304, 278-281. (b) de Jong, J. J. D.; Hania, P. R.; A.; Sato, O.J. Am. Chem. So@00Q 122 7126-7127. (i) Breuning, E.;
Pugiys, A.; Lucas, L. N.; de Loos, M.; Kellogg, R. M.; Feringa, B. L.; Ruben, M.; Lehn, J.-M.; Renz, F.; Garcia, Y.; Ksenofontov, V:tl@h,
Duppen, K.; van Esch, J. HAngew. Chem., Int. ER005 44, 2373~ P.; Wegelius, E. K.; Rissanen, Kngew. Chem., Int. EQ00Q 39, 2504~
2376. 2507.
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chromic units are also reporté.Among them, the most
effective photoswitching of intramolecular magnetic interaction
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interaction was found to be more than 150-fold betw&aand
1b (Scheme 1}2h

has been observed by using diarylethene derivatives as photo- In these photoswitches, radical units are placed at each side

switching units (Figure 132 It has been demonstrated that the
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Figure 1. Photoswitching of the intramolecular magnetic interaction.
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exchange interaction between two nitronyl nitroxide radicals,
which are located at each end of diarylethene, is photoswitched
reversibly by alternate irradiation with ultraviolet and visible
light. While the conventional spin crossover system has a
bistability in the spin state of the metal center, the molecular

systems have a bistability based on molecular photoisomeriza-

tion.

The switching of molecular magnetism is based on the
molecular structure change of the diarylethene unit; the open-
ring isomer of the biradical has a disjoint configuration while
the closed-ring isomer has a resonant quinoid structure. This
difference in the electronic structure brought about the change
in the exchange interaction. The change of the exchange

(11) (a) Fujita, W.; Awaga, KJ. Am. Chem. S0d.997, 119 4563-4564. (b)
Hamachi, K.; Matsuda, K.; Itoh, T.; Iwamura, Bull. Chem. Soc. Jpn.
1998 71, 2937-2943. (c) Nakatsuji, S.; Ogawa, Y.; Takeuchi, S.; Akutsu,
H.; Yamada, J.-i.; Naito, A.; Sudo, K.; Yasuoka, N.Chem. Soc., Perkin
Trans. 22000 1969-1975. (d) Abe, J.; Sano, T.; Kawano, M.; Ohashi,
Y.; Matsushita, M. M.; lyoda, TAngew. Chem., Int. EQ2001, 40, 580—
582. (e) Ratera, I.; Ruiz-Molina, D.; Vidal-Gancedo, J.; Wurst, K.; Daro,
N.; Létard, J.-F.; Rivira, C.; Veciana, Angew. Chem., Int. EQ001, 40,
919-922. (f) Benard, S.; Riviee, E.; Yu, P.; Nakatani, K.; Delouis, J. F.
Chem. Mater2001, 13, 159-162. (g) Baard, S.; Laustic, A.; Riviee,
E.; Yu, P.; Clenent, R.Chem. Mater2001, 13, 3709-3716. (h) Nakatsuiji,
S.; Ojima, T.; Akutsu, H.; Yamada, J.d. Org. Chem2002 67, 916—
921. (i) Kaneko, T.; Akutsu, H.; Yamada, J.-i.; Nakatsuji,(&g. Lett.
2003 5, 21272129.

(12) (a) Matsuda, K.; Irie, MChem. Lett200Q 16—17. (b) Matsuda, K.; Irie,
M. Tetrahedron Lett200Q 41, 2577-2580. (c) Matsuda, K.; Irie, MJ.
Am. Chem. So00Q 122 7195-7201. (d) Matsuda, K.; Irie, MJ. Am.
Chem. Soc200Q 122 8309-8310. (e) Matsuda, K.; Matsuo, M.; Irie, M.
Chem. Lett2001, 436-437. (f) Matsuda, K.; Irie, MChem—Eur. J.2001,

7, 3466-3473. (g) Matsuda, K.; Irie, MJ. Am. Chem. SoQ001, 123
9896-9897. (h) Matsuda, K.; Matsuo, M.; Irie, M. Org. Chem2001,
66, 8799-8803. (i) Matsuda, K.; Matsuo, M.; Mizoguti, S.; Higashiguchi,
K.; Irie, M. J. Phys. Chem. BR002 106, 11218-11225. (j) Takayama, K.;
Matsuda, K.; Irie, M.Chem—Eur. J. 2003 9, 5605-5609. (k) Matsuda,
K. Bull. Chem. Soc. Jpr2005 78, 383-392.

of the diarylethene photoswitching unit and separated by an
extendedz-conjugated chain. When the-conjugated chain
length between the radicals becomes longer, both photocycliza-
tion and cycloreversion reactivities are reduced. This can be
attributed to the reduced excitation density at the central
diarylethene unit3 The excitation density localized at the center
of both sides of ther-conjugated aryl unit such as oligothio-
phene. To solve the problem, it is necessary to develop new
switching systems, in which the excitation density at the
switching unit is not strongly reduced. The proposed new
switching molecule has its switching unit located in the middle
of the w-conjugated chain.

In this paper, we propose a new switching unit, in which
two radicals are placed in the same aryl unit andstheonju-
gated chain is extended from 2- and 5-positions of the thiophene
ring in one aryl unit of the diarylethene. The photochromic
reactivity and magnetic switching of the new diarylethene
derivatives will be discussed.

Results and Discussion

Molecular Design. Scheme 2 shows the photochromic
behavior of the newly developed diarylethenes. The photocy-
clization reaction of the diarylethene unit breaks theonjuga-
tion in the 2,5-bis(arylethynyl)-3-thienyl unit due to the change
of the orbital hybridization from sto sg# at the 2-position of
the thiophene ring. Branda et al. used the switching of the orbital
hybridization for the control of the absorption spectrifm.
Nitronyl or imino nitroxide radicals are introduced at both ends
of the 2,5-bis(arylethynyl)thiophene-conjugated chain. The
designed molecule®a—5a are listed in Chart 1. The magnetic
interaction between the two radicals via thr&onjugated chain
can be altered by the photocyclization. The open-ring isomer
represents the “ON” state because theonjugated system is
delocalized between two radicals, while the closed-ring isomer
represents the “OFF” state becausetheonjugated system is

(13) Bens, A. T.; Frewert, D.; Kodatis, K.; Kryschi, C.; Martin, H.-D.;
Trommsdorf, H. PEur. J. Org. Chem1998 2333-2338.
(14) Peters, A.; McDonald, R.; Branda, N. Rhem. Commur2002 2274.

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13345
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Chart 1

Scheme 3 @
Br Br Br
a b —
/S\ : ,j\/:§~l ms—={ d=-ms —°
S T™MS
6 7 8

HsCO™ g

12

aReagents and conditions: (g) HslOs, CH;COOH, HSQ4, H,O, 96%; (b) Pd(PP)Cl,, Cul, trimethylsilylacetylene, BN, 40%; (c)n-BuLi, THF,
and then perfluorocyclopentene, 81%,; (d) THFBuLIi, and then9, 79%,; (e) THF,n-BuLi, and then9, 90%.

disconnected at the 2-position of the thiophene ring. This phenylene is a ferromagnetic spin coupler. The absolute value
switching direction is the opposite of the regular diarylethenes of the exchange interaction decreases in the following order:

such asla 2,5-thienylenep-phenylene, and+phenylene. In other words,
2,5-ThienyleneZa), p-phenylene a), andm-phenylene4a the m-conjugation in 2,5-thienylene is more effective than

and 5a) were chosen as the spacer between the radicals andmphenylene. In addition, there is a possible resonant quinoid

reactive center2a, 3a, and4a have nitronyl nitroxides anéa structure for the spacer of 2,5-thienylene gAghenylene. The

has imino nitroxides5a has a methoxy group at the reactive quinoid structure plays an important role in the photoreactivity.
carbon. These spacers have different features in respect to Synthesis.The syntheses &a—5awere performed according
conjugation and magnetic interaction. While 2,5-thienylene and to Schemes 3 and 4. (4-Methyl-2,5-bis(trimethylsilylethynyl)-
p-phenylene are strong antiferromagnetic spin couplers, 3-thienyl)heptafluorocyclopente®awvas prepared from 3-bromo-

13346 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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Scheme 4 @

aReagents and conditions: (a) 20% KOH aq., MeOH, THF, 86%; (b) Pdjf®}h Cul, 2-bromo-5-thiophenecarboxaldehyde, diisopropylamine, 20%;
(c) Pd(PPB).Cl,, Cul, 4-bromobenzaldehyde, diisopropylamine, 38%; (d) Pd{P®h, Cul, 3-bromobenzaldehyde, diisopropylamine, 54%; (e) 2,3-dimethyl-
2,3-bis(hydroxyamino)butane sulfate and methanol and then Nat® CHCl, 9—25%.

4-methylthiophenes by two steps. 3-Bromo-2,4-dimethyl-5-
phenylthiopene10'® and 3-bromo-2-methoxy-4-methyl-5-
phenylthiopenel21® were prepared according to the method
described in the literature. Unsymmetrical diarylethenés, 2
methyl derivative 11 and 2-methoxy derivativel3, were
synthesized by the coupling & with lithiated 10 and 12 in
79% and 90% vyield, respectively. After desilylation by KOH,
Sonogashira coupling with bromoformyl compounds gave
bisformylated diarylethene$4—17. Formyl derivativesl4—

17 were converted into nitroxide radicaBa—5a in 9—25%
yield. When the substituent at théf@osition of the thiophene
ring is a methyl group, a major product of the final step was a
nitronyl nitroxide radical. But when the substituent at the 2
position of the thiophene ring is a methoxy group, a major
product was an imino nitroxide radical. In general the oxidation
of bishydroxylamine affords both nitronyl and imino nitroxide

nitroxide. The structures of the synthesized biradicals were
confirmed by UV, ESR, and high-resolution mass spectroscopy.
The structure of the key intermediatd was also confirmed

by X-ray crystallography’

Photochromic Reactions.The photochromic reactivity of
diarylethen®2a—5awas studied in ethyl acetate solution (Figure
2). Diarylethene2a did not show any photoreactivity by
irradiation with light of any wavelength. On the other hand,
compounds3a—5a underwent photochromic reactions upon
alternate irradiation with UV and visible light. Before irradiation,
the solutions showed pale green, pale blue, and pale yellow for
3a, 4a, andba, respectively. The solutions df and5aturned
blue by irradiation with 365 nm light. This blue color is due to
the formation of the closed-ring isometb and5hb. The blue
color was bleached by irradiation with 578 nm light. The color
change of the solution @a was much less than the solutions

radicals. Therefore, the difference in the products between of 4aand5a. Absorption maxima, coefficients, and conversions

methyl- and methoxy-substituted radicals was simply the
difference in the product ratio between nitronyl and imino

(15) Kobatake, S.; Irie, MTetrahedron2003 59, 8359-8364.
(16) Fukaminato, T.; Sasaki, T.; Kawai, T.; Tamai, N.; Irie, 84.Am. Chem.
So0c.2004 126, 14843-14849.

from the open- to the closed-ring isomers under irradiation with

(17) Crystallographic data for compoudd: CsH3FsOS,Si;, FW = 650.89,
monoclinic P2,/n, a = 17.833(4) A,b = 9.664(2) A,c = 20.097(4) A,
B =104.716(4), V = 3349.8(13) &, Z=4,R1L = 0.062 ( > 20), WR2=
0.157 (all data). For the detail of the structure, see Supporting Information.

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13347
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Figure 2. Absorption spectra of diarylethenes along with photochromism in ethyl acetate (&J x 1076 M); (b) 3 (1.3 x 107> M); (c) 4 (1.9 x
1076 M); (d) 5 (1.0 x 10-> M). The open-ring isomer (solid line), the closed-ring isomer (dashed line) and in the photostationary state under irradiation with
365 nm light (dotted line).

Table 1. Absorption Maxima of the Open- and the Closed-Ring Isomers and the Conversion from the Open- to the Closed-Ring Isomers
under Irradiation with 365 nm Light

compound open-ring isomer Amax (e)/nm closed-ring isomer Amax (€)/nm conversion/%
2 409 (3.9x 10%), 646 (450), 708 (500) N/A 0
3 383 (4.9x 107), 628 (420), 674 (360) 608 (N/A) <10
4 361 (5.5x 10%), 590 (500), 633 (300) 606 (1.6 10%, 410 (sh) 58
5 356 (3.3x 107), 550 (sh) 616 (1.2 10, 410 (sh) 82
Table 2. Cyclization and Cycloreversion Quantum Yields of and nitronyl nitroxide radical units, has a cycloreversion
4and5 guantum yield larger than a cyclization quantum yield. This is
quantum yield the reason why the conversion is as low as 58%.
compound @0 (365 nm) D¢ (578 nm) In the case of compoun®, which has a methoxy group at
4 0.011 0.048 the reactive carbon, it has a cyclization quantum yield larger
5 0.055 0.0041 than a cycloreversion quantum yield. The methoxy substituent

suppresses the cycloreversion reactivmherefore compound
. . . . . 5 has a smaller cycloreversion quantum yield than that of
365 nm light are surr_lmar!zed in Table 1. Thlophene-235-d|y| compound4, resulting in the high conversion of 82%. Com-
has the strongest_—conjugatlon so that the absorption maximum pound5 also has a larger cyclization quantum yield than that
of the open-ring isomer was the longest. The conversion from of compound4. Since the methoxy substitution is known not
:he ogetn- to the (zjlpseld-rln(i] |sotmers deczltre;as?s %MJUQ"?" . to affect the cyclization quantum yield,the difference in
lon between radicals gets stronger. 1ne low conversion 1S cyclization quantum yield is attributed to the difference in the
ascribed tq the low cycl_lzatlon quantum yl_elds or the_ h'gh radical species. Compourihas two imino nitroxide radicals
cycloreversion quantum _yleld. In the next sectlon_the relgnonshlp instead of nitronyl nitroxide radicals. Teki et al. reported 9,10-
between the quantum yield and the structure will be d'scussed'bis[3-(4,4,5,5-tetramethyl-1-y|oxy-imidazoline-2-y|)pheny|]an-
Quantum-Yield Measurements. Cyclization and cyclo-  hracene as a photoswitchable molecule for spin alignment in a
reversion quantum yields were measured in ethyl acetate using;_conjugated spin syste.When nitrony! nitroxide groups
1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene as a \yere used as radical sources instead of two imino nitroxides,

reference’® The quantum yields were summarized in Table 2. e photoswitching of ESR spectrum was not observed because
Compound4, which has a methyl group at the reactive carbon

(19) Shibata, K.; Kobatake, S.; Irie, MChem. Lett2001, 618-619.
(18) Irie, M.; Lifka, T.; Kobatake, S.; Kato, NI. Am. Chem. SoQ00Q 122, (20) Teki, Y.; Miyamoto, S.; Nakatsuji, M.; Miura, Y. Am. Chem. So2001,
4871-4876. 123 294-305.

13348 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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Figure 3. Absorption spectra 0f4 and 15 along with photochromic reaction: (a); (b) 15. The solid line denotes the open-ring isomer, and the dotted
line denotes the spectra in the photostationary state under irradiation with 365 nm light.

Scheme 5. Possible Resonant Quinoid Structure of 2a and 3a

of the short lifetime of the excited state of the anthracdne. radical centers becomes longer, the biradical structure becomes
With regard to ther—x* transition band around 350 nm, the more stable and the quinoidal effect becomes weaker. Although
nitronyl nitroxide radical has a larger absorption band than that both nitronyl and imino nitroxides inherently do not have a
of the imino nitroxide radical. Therefore, nitronyl nitroxide strong quinoidal effect because of their allyl-like structure, the
radicals are anticipated to quench the exited state more ef-cyclization quantum yield was strongly suppressed when the
fectively than imino nitroxide radicals. In other words, the radical is nitronyl nitroxide.

energy transfer from the diarylethene to the nitronyl nitroxide  Switching of Magnetic Interaction. ESR spectroscopy is

radicals is more efficient than to the imino nitroxide. the most convenient way to detect weak changes in the magnetic
The open-ring isomePa and 3a has a possible resonant interaction. Nitronyl nitroxide has two equivalent nitrogen atoms
quinoid structur2a and3a as shown in Scheme 5, whila to give a 5-line ESR spectrum with a relative intensity of

and5a cannot take such a quinoid structure. In a previous paper, 1:2:3:2:1 and 7.5-G spacing. When two nitronyl nitroxide
it has been reported that the resonant quinoid structure sup-radicals are magnetically coupled with exchange interaction, the
presses the photocycloreversion quantum yield, and this effectbiradical gives a 9-line ESR spectrum with a relative intensity
is not discerned for the monosubstituted diaryleth@hdy of 1:4:10:16:10:4:1 and 3.7-G spacifigmino nitroxide has a
analogy, in2a and 3a the quinoid structure in the open-ring 7-line ESR spectrum for the isolated state due to the two

isomer is anticipated to suppress the cyclization reaéficthe inequivalent nitrogen atoms. When two imino nitroxide radicals
low conversion of2a and3ais due to the contribution of the interact, the spectrum gives 13 lines. The spectra of the specific
quinoid structure. In the case of precurs@rsand 15, which interaction can be simulated, so that the ESR spectral change
are indifferent to the quinoid structure, the photocyclization can be used as a probe to detect the exchange interattion.
reaction efficiently took place (Figure 3). The changes in the ESR spectra along with photochromism

It has been discussed intensively whether a specific biradical were examined in toluene solution for diarylethe@es. The
adopts a biradical or quinoid structi#®eAs the distance between

(23) (a) Wautelet, P.; Moigne, J. L.; Videva, V.; Turek,J?Org. Chem2003
68, 8025-8036. (b) Zoppellaro, G.; Enkelmann, V.; Geies, A.; Baumgarten,

(21) Private communication from Prof. Yoshio Teki, Osaka City University, M. Org. Lett.2004 6, 4929-4932.
Japan. (24) (a) Briee, R.; Dupeyre, R.-M.; Lemaire, H.; Morat, C.; Rassat, A.; Rey,
(22) Guihery, N.; Maynau, D.; Malrieu, J.-Bhem. Phys. Letl.996 248 2199- P. Bull. Soc. Chim. Francel965 11, 3290-3297. (b) Glarum, S. H,;
206. Marshall, J. HJ. Chem. Physl1967, 47, 1374-1378.
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Figure 4. ESR spectra of biradicals measured in toluene at room temperature (9.32 GH2g; (la) 3a.
(a) (b) (c)
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Figure 5. ESR spectra of biradicals measured in toluene at room temperature (9.33 GHag; (l) 4b; (c) after irradiation with 365 nm light tda.

ESR spectra o2a and3a are shown in Figure 4. Both spectra 3 x 1074 K). Upon irradiation with 578 nm light, as the
showed 9 lines, indicating that the exchange interaction betweengeneration of the open-ring isomea, a 13-line spectrum with
two radicals in2a and 3ais larger than the coupling constant the ratio of 1:2:5:6:10:10:13:10:10:6:5:2:1 generated. Upon
(12J/kg] > 0.04 K). As mentioned in the previous section, further irradiation, the spectrum was completely converted to
diarylethenes2a did not show any photoreactivity and the the 13-line spectrum. The 13-line spectrum indicates that the
reactivity of3awas also limited. Therefore, the ESR spectra of exchange interaction takes place between the two radicals
2a and3a did not show any spectral change upon irradiation (|2J/kg| > 0.04 K). Subsequent irradiation with 365 nm light
with UV light. regenerated the 7-line spectrum along with the regeneration of
Figure 5 shows the ESR spectra of the open-ring isofagr  the closed-ring isomebb. The double integral values of the
the isolated closed-ring isometb, and the spectra after spectra at initial and photostationary state were almost identical,
irradiation with 365 nm light to the open-ring isoméa. The indicating that there is no gain or loss of the amount of the
open-ring isomer has 9 lines, while the closed-ring isomer has spins during the photochromic reaction. The difference in the
5 lines. This suggests that the exchange interaction between tweexchange interaction between the open- and the closed-ring
radicals is much smaller in the closed-ring isom@/ks| < isomers was estimated to be larger than 150-fold. The difference
3 x 107*K) than in the open-ring isomet2J/kg| > 0.04 K). in the exchange interaction is attributed to the change of the
Simulation of these spectra suggests that the change is morenybridization of the carbon atom from an’dp sp atom at the
than 150-fold. The small interaction in the closed-ring isomer reaction center. The interconversion between 7 and 13 lines can
is attributed to the disconnection of theconjugated chain at  be repeated 10 times without degradation.
the s carbon of the reactive center. In the photostationary state,
the spectrum showed distorted 9 lines. This means that the
spectrum after irradiation with UV light is the superposition of Control of the photoreactivity and switching of the magnetic
the 9-line and 5-line spectra. The low conversion ratio by interaction in diarylethenes with 2,5-bis(arylethynyl)-3-thienyl
irradiation with UV light could not cause obvious spectral group and nitroxide radical were studied. The photochromic
change of the open-ring isomer. reactivity of the diarylethenes is dependent on the arylethynyl
ESR spectral change of the toluene solution containing group. Diarylethenes withm-phenylene group showed an
compoundb was followed with keeping the sample in the ESR efficient photochromic reactivity, and diarylethenes with a
cavity during irradiation with UV and visible light (Figure 6). methoxy substituent showed enhanced conversion. The diaryl-
The photoreaction was started from the isolated closed-ring ethenes witim-phenylene groups showed photoswitching of the
isomer5h. The closed-ring isomésb showed a 7-line spectrum,  ESR spectrum. As inferred from the ESR spectral changes, the
which is a spectrum of an isolated imino nitroxid@Xkg| < open-ring isomer showed stronger exchange interaction than the

Conclusions
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room temperature and stirredrfd h at 60°C. The reaction mixture
was cooled to room temperature, filtered out brown solid. The solution
(@) was poured into water, extracted with ether, washed with water, dried
over magnesium sulfate, and concentrated. Column chromatography
(silica, hexane) gave compouBd3.42 g, 42%) as a colorless needle:

®) mp 104.5-106.5°C; 'H NMR (CDCls, 200 MHz) 6 0.26 (s, 9 H),
0.27 (s, 9 H), 2.25 (s, 3 H). Anal. Calcd fongE,1BrSSg: C, 48.76;
H, 5.73. Found: C, 48.78; H, 5.73.

© 1-[4-Methyl-2,5-bis(trimethylsilylethynyl)-3-thienyl]heptafluoro-
cyclopentene (9).n-Butyllithium in hexane (1.6 N, 4.59 mL, 7.04
mmol) was added to a solution of bromothiophene derivadiya.59
g, 7.0 mmol) in THF (200 mL) at-78 °C under argon atmosphere.
() After the mixture was stirred for 30 min, perfluorocyclopentene (4.58

g, 21 mmol) was added in one portion. The solution was allowed to
warm to 10°C with stirring. Water was added to the reaction mixture.
(e) The reaction mixture was extracted with ether, washed with water, dried
over magnesium sulfate, and concentrated. Column chromatography
(silica, hexane) gave compoud(2.75 g, 79%) as a colorless wax:

(f) 1H NMR (CDCls, 200 MHz) 6 0.21 (s, 9 H), 0.26 (s, 9 H), 2.21 (s, 3
H). Anal. Calcd for GoH21FSSh: C, 49.77; H, 4.39. Found: C, 50.07;
H, 4.50.

(9) 1-[2,4-Dimethyl-5-phenyl-3-thienyl]-2-[4-methyl-2,5-bis(trimeth-

ylsilylethynyl)-3-thienyl]hexafluorocyclopentene (11)n-Butyllithium

in hexane (1.6 N, 3.03 mL, 4.84 mmol) was added to a solution of

3-bromo-2,4-dimethyl-5-phenylthiophef (2.59 g, 4.4 mmol) in THF

T T T T (25 mL) at—78 °C under argon atmosphere. After the mixture was

3260 3280 3300 3320 3340 3360 stirred for 30 min, a solution of monosubstituted perfluorocyclopentene
Magnetic Field / G 9 (1.93 g, 3.95 mmol) in THF (10 mL) was added dropwise. The

Figure 6. ESR spectra of biradicé along with photochromic reaction solution was allowed to warm to @ with stirring. Water was added

measured in toluene at room temperature (9.32 GHz): (a) the closed-ring to the reaction mixture. The reaction mixture was extracted with ether,

isomerbb; (b) after irradiation with 578 nm light for 5 min; (c) for 7 min; washed with water, dried over magnesium sulfate, and concentrated.

(d) for 10 min, which is identical with the spectrumd, (e) after irradiation Column chromatography (silica, hexane/fCty = 10:1) gave com-
W!EE ?;35 nm “tght forslbmln; (f) for 3 min; (g) for 5 min, which is identical pound11 (2.35 g, 76%) as a colorless powder: mp 5758.5°C; H
with the spectrum obb. NMR (CDCl;, 200 MHz) 6 0.09-0.15 (m, 18 H), 1.952.52 (m, 9

. o . H), 7.24-7.44 (m, 5 H). Anal. Calcd for EH3.FeS,Si,: C, 59.05; H,
photogenerated closed-ring isomer. The magnetic interaction, g5 Found: C. 58.80' H 4.99.

between two_ ra(_jlcals via the-conjugated chain was altgred 1-(2-Methoxy-4-methyl-5-phenyl-3-thienyl)-2-(4-methyl-2,5-bis-
by photocyclization due to the change of the hybrid orbital at (yrimethyisilylethynyl)-3-thienyl)hexafluorocyclopentene (13). n-
the 2-position of the thiophene ring from?sjp sp. Butyllithium in hexane (1.6 N, 3.03 mL, 4.84 mmol) was added to a
solution of 3-bromo-2-methoxy-4-methyl-5-phenyl thiophd2H566
mg, 2.0 mmol) in THF (10 mL) at-78 °C under argon atmosphere.
A. Materials. IR spectra were recorded on a Perkin-Elmer Spectrum After 30 min, the mixture was transferred to syringe and added dropwise
One instrument by an ATR methotd NMR spectra were recorded  to a solution of9 (977 mg, 2.0 mmol) in THF (10 mL) at-78 °C
on a Varian Gemini 200 instrument. UWis spectra were recorded  under argon atmosphere. The solution was allowed to warm €10
on a Hitachi U-3310 spectrophotometer. Mass spectra were obtainedwith stirring. Water was added to the reaction mixture. The reaction
on a JEOL JMS-GCmate Il. Melting points were not corrected. mixture was extracted with ether, washed with water, dried over
All reactions were monitored by thin-layer chromatography carried magnesium sulfate, and concentrated. Column chromatography (silica,
out on 0.2-mm E. Merck silica gel plates (60F-254). Column chroma- hexane:ethyl acetate 10:1) gave compound3 (1.19 g, 90%) as
tography was performed on silica gel (Kanto, 63-210 mesh). colorless powder: mp 114:0115.5°C; *H NMR(CDCls, 200 MHz)4
3-Bromo-2,5-diiodo-4-methylthiophene (7).To a solution of 0.19 (s, 9 H), 0.24 (s, 9 H), 2.07 (s, 3 H), 2.14 (s, 3 H), 3.85 (s, 3 H),
3-bromo-4-methylthiophené (5.0 g, 28.2 mmol) in acetic acid (30  7.25-7.42 (m, 5 H). Anal. Calcd for £HzFsOSSk: C, 57.63; H,
mL) were added water (22 mL), concentratedSBy (5.2 mL), 4.84. Found: C, 57.83 H, 4.91.
orthoperiodic acid (2.0 g, 8.8 mmol), and iodine (6.76 g, 26.6 mmol). 1-[2,5-Bis(5-formyl-2-thienylethynyl)-4-methyl-3-thienyl]-2-[2,4-
The reaction mixture was refluxed fd3 h and cooled to room dimethyl-5-phenyl-3-thienyllhexafluorocyclopentene (14)To a solu-
temperature. After the addition of ice water, the reaction mixture was tion of diarylethenell (651 mg, 1.0 mmol) in THF (20 mL) and
neutralized with sodium hydroxide, poured into water, extracted with methanol (10 mL) was added potassium hydroxide in water (20 wt %,
ethyl acetate, washed with water, dried over magnesium sulfate, and0.25 mL) with stirring. After the mixture was stirred for 30 min, the
concentrated. Column chromatography (silica, hexane/ethyl acetate reaction mixture was extracted with ether, washed with water, dried
5:1) gave compound (11.19 g, 92%) as a colorless needle: mp 79.5  over magnesium sulfate, and concentrated. Column chromatography
80.5°C; *H NMR (CDCl;, 200 MHz)6 2.34 (s, 3 H). Anal. Calcd for (silica, hexane) gave the desilylated compound (461 mg, 86%) as a
CeH3Brl,S: C, 14.00; H, 0.71. Found: C, 14.05; H, 0.70. dark brown wax.
3-Bromo-4-methyl-2,5-bis(trimethylsilylethynyl)thiophene (8).To A solution of desilylated compound (461 mg, 0.86 mmol) in
a solution of diiodinated compound9.43 g, 22 mmol) in triethylamine diisopropylamine (20 mL) was added to a solution of 2-bromo-5-
(40 mL) were added Pd(BR),Cl, (0.93 g, 1.3 mmol) and Cul (0.34g, thiophenecarboxaldehyde (172 mg, 0.9 mmol), Pd¢pEh (151 mg,
1.8 mmol). A solution of trimethylsilylacetylene (4.32 g, 44 mmol) in  0.22 mmol), and copper iodide (41 mg, 0.22 mmol) in diisopropylamine
triethylamine (440 mL) was added dropwise to the reaction mixture at (10 mL) at room temperature under argon atmosphere and then stirred

Experimental Section
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for 5 h at 60°C. The reaction mixture was cooled to room temperature, 383 (4.9x 10%), 628 (420), 674 (360) nm. FAB HRM$n(z) [M+2H]*
and a brown solid was filtered out. The solution was poured into water, Calcd for GgHaFeN4O4Ss: 970.3021. Found: 970.3047.
extracted with ether, washed with water, dried over magnesium sulfate,  1-[2,5-Bis(3-formylphenylethynyl)-4-methyl-3-thienyl]-2-[2,4-di-
and concentrated. Column chromatography (silica, hexane/ethyl acetatemethyl-5-phenyl-3-thienyl]hexafluorocyclopentene (16)Desilylated
= 3:2) gave compound4 (129 g, 20%) as a light green powder: mp  diarylethene, which was prepared from TMS-protectdd(268 mg,
60.5-62.5°C; 'H NMR (CDCls, 200 MHz) 6 2.05-2.55 (m, 9 H), 0.5 mmol) by the same procedure B4, in diisopropylamine (25 mL)
7.20-7.50 (m, 7 H), 7.69 (dJ) = 4.2 Hz, 2 H), 9.89 (s, 2 H). FAB  \as added to a solution of 3-iodobenzaldehyde (348 mg, 1.5 mmol),
HRMS [M]* Calcd For GeH20Fs0.Ss: 726.0250. Found 726.0231. Pd(PPK).Cl, (70.2 mg, 0.1 mmol) and copper iodide (19 mg, 0.1 mmol)
1-[2,4-Dimethyl-5-phenyl-3-thienyl]-2-[4-methyl-2,5-bis(5-(1-oxyl- in diisopropylamine (20 mL) at room temperature under argon
3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)thienylethynyl)-3-thienyl]- atmosphere and then stirred foh at 60°C. The reaction mixture was
hexafluorocyclopentene (2a)A solution of bisformylated derivative cooled to room temperature, filtered out brown solid. The solution was
14 (129 mg, 0.18 mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbutane poured into water, extracted with ether, washed with water, dried over
sulfate (262 mg, 1.07 mmol), and potassium carbonate (152 mg, 1.10magnesium sulfate, and concentrated. Column chromatography (silica,
mmol) in dry methanol (10 mL) and benzene (5 mL) was refluxed for hexane:ethyl acetate 3:1) gave compount6 (196 g, 54%) as a light
18 h. The reaction mixture was poured into water, extracted with ethyl green powder: mp 51-53.5°C; *H NMR (CDCl, 200 MHz)6 2.08-
acetate, washed with water, dried over magnesium sulfate, and2.35 (m, 6 H), 2.38 (s, 3 H), 7.227.44 (m, 5 H), 7.56-7.74 (m, 4 H),
concentrated to give tetrahydroxylamine as an orange solid. Purification 7.84-7.94 (m, 4 H), 10.06-10.10 (m, 2 H); FAB HRMS [M} Calcd
was not performed. For CioH24F60,S,: 714.1122. Found 714.1131.
To a solution of tetrahydroxylamine in dichloromethane (10 mL) 1-[2,4-Dimethyl-5-phenyl-3-thienyl]-2-[2,5-bis(3-(1-oxyl-3-oxide-
was added a solution of sodium periodate (34 mg, 0.16 mmol) in water 4,4,5,5-tetramethylimidazolin-2-yl)phenylethynyl)-4-methyl-3-thien-
(20 mL). The mixture was stirred for 30 min in the open air. The organic yllhexafluorocyclopentene (4a)A solution of bisformylated diaryl-
layer was separated, washed with water, dried over magnesium sulfate ethenel6 (143 mg, 0.2 mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbutane
and concentrated. Purification was performed by column chromatog- sulfate (296 mg, 1.2 mmol), and potassium carbonate (180 mg, 1.3
raphy (silica, CHCl,/ethyl acetate= 100:1).2awas obtained as a green  mmol) in dry methanol (10 mL) and benzene (5 mL) was refluxed for

amorphous solid (15 mg, 9%): mp 98:500.5°C; IR (Ge ATR) 2953, 18 h. The reaction mixture was poured into water, extracted with ethyl
2932, 2925, 1371, 1275, 1134 cinESR (toluene) 1:4:10:16:19:16: acetate, washed with water, dried over magnesium sulfate, and
10:4:1, 9 linesg = 2.0065,ay = 3.7 G (open-ring isome2a); UV — concentrated to give tetrahydroxylamine as an orange solid. Purification
vis (ACOEt) Amad€) 409 (3.9x 10%), 646 (450), 708 (500) nm. FAB was not performed.
HRMS (W/2) [M + 2]* Calcd for GaHasFeN4O4Sy: 982.2150. Found: To a solution of tetrahydroxylamine in dichloromethane (10 mL)
982.2166. was added a solution of sodium periodate (150 mg, 0.7 mmol) in water
1-[2,5-Bis(4-formylphenylethynyl)-4-methyl-3-thienyl]-2-[2,4-di- (20 mL). The mixture was stirred for 30 min in the open air. The organic
methyl-5-phenyl-3-thienyllhexafluorocyclopentene (15)Desilylated layer was separated, washed with water, dried over magnesium sulfate,
diarylethene, which was prepared from TMS-protectdd(198 mg, and concentrated. Purification was performed by column chromatog-

0.37 mmol) according to the same procedurelrin diisopropylamine raphy (silica, CHCl./ethyl acetate= 100:1).4awas obtained as a dark-
(20 mL) was added to a solution of 4-bromobenzaldehyde (205 mg, blue amorphous solid (31 mg, 16%): mp 127129°C; IR (Ge ATR)
1.11 mmol), Pd(PPCl, (52 mg, 0.07 mmol), and copper iodide (10 2987, 2929, 2853, 1363, 1274, 1143 ¢mESR (toluene) 1:4:10:16:
mg, 0.07 mmol) in diisopropylamine (20 mL) at room temperature under 19:16:10:4:1, 9 lines (open isoméa), g = 2.0065,an = 3.7 G; UV—
argon atmosphere and then stirred3d at 60°C. The reaction mixture vis (ACOEY) Amax€) 361 (5.5x 10%, 590 (500), 633 (300) nm. FAB
was cooled to room temperature, and a brown solid was filtered out. HRMS (mWz) [M + 2H]" Calcd for GgHiFeN4OsSs: 970.3021.
The solution was poured into water, extracted with ether, washed with Found: 970.3025.

water, dried over magnesium sulfate, and concentrated. Column  1.[2 5-Bis(3-formylphenyletynyl)-4-methyl-3-thienyl]-2-(2-meth-
chromatography (silica, hexane/ethyl acetatet:1) gave compound  oxy-4-methyl-5-phenyl-3-thienyl)hexafluorocyclopentene (17)A

15 (100 mg, 38%) as a light green powder: mp 8681.5 °C; 'H solution of desilylated compound, which was prepared fa81551.
NMR (CDCl, 200 MHz) 6 2.00-2.56 (m, 9H), 7.26-7.50 (m, 5H), mg, 1.0 mmol) by the same synthetic method 4fin diisopropylamine
7.50-7-98 (m, 8H), 10.03 (s, 2H). FAB HRMS [M] Calcd For (50 mL) was added dropwise to a solution of 4-iodobenzaldehyde (945
CaoH24F60:S: 714.1122. Found 714.1117. mg, 3.0 mmol), Pd(PRJCl, (140 mg, 0.2 mmol), and copper iodide
1-[2,4-Dimethyl-5-phenyl-3-thyenyl]-2-[2,5-bis(4-(1-oxyl-3-oxide- (38 mg, 0.2 mmol) in diisopropylamine (50 mL) at room temperature
4,4,5,5-tetramethylimidazolin-2-yl)phenylethynyl)-4-methyl-3-thien- under argon atmosphere and then stirred for 12 h. The reaction mixture
yllhexafluorocyclopentene (3a)A solution of bisformylated diaryl- was filtered out to obtain a brown solid. The solution was poured into

ethene 15 (100 mg, 0.14 mmol), 2,3-bis(hydroxyamino)-2,3-di- water, extracted with ether, washed with water, dried over magnesium
methylbutane sulfate (208 mg, 1.07 mmol), and potassium carbonatesulfate, and concentrated. Column chromatography (silicaCGHyave
(124 mg, 0.9 mmol) in dry methanol (10 mL) and benzene (5 mL) compoundl7 (310 mg, 42%) as a green powder: mp 173155.5
was refluxed for 18 h. The reaction mixture was poured into water, °C;*H NMR (CDCl;, 200 MHz)6 2.10 (s, 3H), 2.24 (s, 3H), 7.78 (s,
extracted with ethyl acetate, washed with water, dried over magnesium1H), 3.78 (s, 3H), 7.227.46 (m, 3H), 7.488.05 (m, 10H), 9.98 (s,
sulfate, and concentrated to give tetrahydroxylamine as an orange solid.1H), 10.02 (s, 1H). Anal. Calcd for H24F03S,: C, 66.12; H, 3.52.
Purification was not performed. Found: C, 65.84; H, 3.54.

To a solution of tetrahydroxylamine in dichloromethane (10 mL) 1-[2-Methoxy-4-methyl-5-phenyl-3-thienyl]-2-[2,5-bis(3-(1-oxyl-
was added a solution of sodium periodate (107 mg, 0.5 mmol) in water 4,4,5,5-tetramethylimidazolin-2-yl)phenyl)-4-methyl-3-thienyllhexaflu-
(20 mL). The mixture was stirred for 30 min in the open air. The organic orocyclopentene (5a)A solution of bisformylated diaryletherier (600
layer was separated, washed with water, dried over magnesium sulfatemg, 0.84 mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbutane sulfate
and concentrated. Purification was performed by column chromatog- (1.24 g, 5.02 mmol), and potassium carbonate (760 mg, 5.50 mmol) in
raphy (silica, CHCl,:ethyl acetate= 100:1).3 was obtained as a dark-  dry MeOH (20 mL) was refluxed for 72 h. The reaction mixture was
green wax (35 mg, 25%): IR (Ge ATR) 2676, 2925, 2853, 1368, 1275, poured into water, extracted with ethyl acetate, washed with water,
1140 cml; ESR (toluene) 1:4:10:16:19:16:10:4:1, nine lines (open- dried over magnesium sulfate, and concentrated to give tetrahydrox-
ring isomer3a), g = 2.0065,ay = 3.7 G; UV—vis (ACOEt) Amax¢€) ylamine as an orange solid. Purification was not performed.
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To a solution of tetrahydroxylamine in dichloromethane (10 mL) Conditions for the separation of the isomels and 4b were as
was added a solution of sodium periodate (718 mg, 3.36 mmol) in follows: Pump, Hitachi L-2130; Detector, Hitachi L-2420; Column,

water (20 mL). The mixture was stirredrf@ h in theopen air. The Wakosil5SIL (Wako Chemical) 2563 mm; Eluent, hexane/AcOEt
organic layer was separated, washed with water, dried over magnesium -1 .

sulfate, and concentrated. Purification was performed by column

Chromatography (silica, Cﬂ'@lz/ethyl acetate= 32) 5awas obtained C. ESR MeasurementsA Bruker ESP 300E spectrometer was used
as a yellow brown solid (178 mg, 22%): mp 98.500.5°C; IR (Ge to obtain X-band ESR spectra. The sample was dissolved in toluene
ATR) 2973, 2931, 2864, 1274, 1140 TIESR (toluene) 1:2:5:6:10:  and degassed with Ar bubbling for 5 min.

10:13:10:10:6:5:2:1, 13 lineg,= 2.0065,ay = 9.0 G, 4.5 G; U\*-vis

(ACOEL) Amafe) 356 (3.3 x 10%), 550 (sh) nm. FAB HRMS (V2 Acknowledgment. This work was supported by PRESTO,
[M + 2H]" Caled for GHaeFeN4OsS: 954.3072. Found: 954.3078. 35T and by a Grant-in-Aid for Scientific Research (S) (No.

B. Photochemical MeasurementsAbsorption spectra were mea- -~ .
sured on a spectrophotometer (Hitachi U-3500). Photoirradiation was 15;"05006) from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.

carried out by using a USHIO 500 W super high-pressure mercury
lamp or a USHIO 500-W xenon lamp with a combination of an optical
filter and monochromator (Ritsu MC-20L). Supporting Information Available: Crystal Structures afl

Conditions for the separation of the isomé&as and 3b were as (PDF). X-ray structural data fotl (CIF). This material is

follows: Pump, Hitachi L-2130; Detector, Hitachi L-2420; Column, gy ajjaple free of charge via the Internet at http:/pubs.acs.org.
Wakosil5SIL (Wako Chemical) 2563 mm; Eluent, hexane/AcOEt

98.5:1.5. JA053200P
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