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By combining the features of binaphthalene and tetrathiafulvalene (TTF), compbtddsgere designed

for studies of chiral molecular switches. Absorption and CD spectral studies clearly indicate that the CD
spectra resulting from axial chiral binaphthalene units can be modulated through the redox reactions of
TTF units, which means new chiral molecular switches can be established on the basis of binaphthalene
molecules with TTF units. The reference compo@nahich has one TTF unit rather than two as in the

case of compounds, 3, and4, failed to show such property, hinting that the presence of two or more
TTF units is required for the realization of CD spectrum modulation. In addition, the manner of the CD
spectrum modulation has been found to be dependent on the way TTF units are linked to the binaphthalene
skeleton, in terms of the linker length, the positions for substitution, and the number of TTF units.

lecular level is one of the frontiers of molecular science. Two

major categories of chiral molecular switches have been
described: one related to the modulation of intrinsic chirality

of molecular system represented by sterically overcrowded chiral
alkened” and the other based on the magnitude change of
chirality .18

Introduction

Molecules responsive to external stimuli are the basis for the
studies of molecular switchéshe key elements in the molecular
level deviceg. If the output signals of molecular switches are
chiral properties of molecular systems, they are regarded as
chiral molecular switche%:18 In fact, to understand, establish,
and ultimately control chirality at the molecular and supramo-

(3) For a recent comprehensive review on chiral molecular switches,
see: Feringa, B. L.; van Delden, R. A.; Koumura, N.; Geertsema, E. M.
Chem. Re. 200Q 100, 1789-1816.

(4) Sans, M. Q.; Belser, Coord. Chem. Re 2002 229 59-66.
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B. L., Ed.; Wiley-VCH: Weinheim, 2001. (b) Special Issue: Photo-

chromism: Memories and Switches. Irie, M., Guest Edem. Re. 200Q
100 1683-1890. (c) Optical Sensors and SwitcheRamamurthy, V.,
Schanze, K. S., Eds.; Marcel Dekker: New York, 2001.

(2) Molecular Devices and Machine# Journey into the Nano World-
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307. (b) Zahn, S.; Canary, J. \8cience200Q 288 1404-1407. (c) Mori,
T.; Inoue, Y.J. Phys. Chem. 2005 109, 2728-2740.

(6) Zelikovich, L.; Libman, J.; Shanzer, Alature 1995 374, 790-
792.

(7) Eggers, L.; Buss, VAngew. Chem., Int. Ed. Engl997, 36, 881—
883

(é) Kwit, M.; Gawronski, J.Tetrahedron Lett2003 44, 8311-8314.
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Binaphthalene molecules as axially chiral species are widely development of organic conducting materiisThe unique

used as chiral ligands in asymmetric syntht¥siand as
fluorescent sensors for chiral specisn recent years, they

property of TTF and its derivatives is that they can be reversibly
transformed to the corresponding cation radicals (TY&nd

have also been employed as building blocks for chiral molecular dications (TTF") by either chemical or electrochemical oxida-

switches!® This is because axially chiral binaphthalene mol-
ecules often show strong circular dichroism (CD) signals which
serve as the detectable output sigtatsf the chiral switches

tion at easily accessible potentidfs: By taking use of this
unique property, a number of TTF derivatives have been studied
for molecular switche$? sensorg® machines/ and even as

and which, furthermore, are dependent on the dihedral anglesleaving groups in synthesiWe have recently described TFF

of binaphthalene ring® More interestingly, the dihedral angles

anthracene dyads for redox fluorescent switéHe€), probest9

of binaphthalene molecules can be modulated when tunable unitschemical senso®$Mi and modulation of the photoinduced
are introduced into the two naphthalene moieties. Several electron transfer process by assembly with gold nanoparfitles.

examples of chiral molecular switches based on the binaphtha-

lene skeleton with redd%or photochromic unif§®-" have been

With the features of binaphthalene and TTF in mind, we
designed new chiral molecular switches by linking two or more

described. We have recently reported a binaphthalene with twoTTF units to binaphthalene skeleton. The design rationale is

spiropyran units mimicking the behaviors of both a chiral switch
and a chiral AND logic gatésh

Tetrathiafulvalene (TTF) and its derivativéshave been
intensively investigated and were originally prepared for the

(9) Jiang, S.; Liu, MChem. Mater2004 16, 3985-3987.

(10) (a) de Jong, J. J. D,; Lucas, L. N.; Kellogg, R. M.; van Esch, J. H.;
Feringa, B. L.Science2004 304, 278-281. (b) van Delden, R. A.; ter
Wiel, M. K. J.; Feringa, B. LChem. Commur2004 200-201.

(11) (a) Asakawa, M.; Brancato, G.; Fanti, M.; Leigh, D. A.; Shimizu,
T.; Slawin, A. M. Z.; Wong, J. K. Y.; Zerbetto, F.; Zhang, 5.Am. Chem.
So0c.2002 124, 2939-2950. (b) Bottari, G.; Leigh, D. A.; Rez, E. M.J.
Am. Chem. So2003 125, 13360-13361.

(12) Muraoka, T.; Kinbara, K.; Kobayashi, Y.; Aida, J. Am. Chem.
Soc.2003 125 5612-5613.

(13) Saiki, Y.; Sugiura, H.; Nakamura, K.; Yamaguchi, M.; Hoshi, T.;
Anzai, J.J. Am. Chem. So@003 125 9268-9269.

(14) Westermeier, C.; Gallmeier, H.-C.; Komma, M.; DaubChem.
Commun.1999 2427-2428.

(15) Wang, Z. L.; Todd, E. K.; Meng, X. S.; Gao, J. R.Am. Chem.
Soc.2005 127, 11552-11553.

(16) Wigglesworth, T. J.; Sud, D.; Norsten, T. B.; Lekhi, V. S.; Branda,
N. R.J. Am. Chem. So@005 127, 7272-7273.

(17) Feringa, B. LAcc. Chem. Re2001, 34, 504-513 and references
therein.

(18) (a) Beer, G.; Niederalt, C.; Grimme, S.; DaubAhgew. Chem.,
Int. Ed.200Q 39, 3252-3255. (b) Yokoyama, Y.; Uchida, S.; Yokoyama,
Y.; Sugawara, Y.; Kurita, YJ. Am. Chem. S0d.996 118 3100-3107.

(c) Yamaguchi, T.; Inagawa, T.; Nakazumi, H.; Irie, S.; Irie, d Mater.
Chem.2001, 11, 2453-2458. (d) Lustig, S. R.; Everlof, G. J.; Jaycox, G.
D. Macromolecule®001, 34, 2364-2372. (e) Pieraccini, S.; Masiero, S.;
Spada, G. P.; Gottarelli, @hem. Commur2003 598-599. (f) Pieraccini,
S.; Gottarelli, G.; Labruto, R.; Masiero, S.; Pandoli, O.; Spada, €hem.
Eur. J.2004 10, 5632. (g) van Delden, R.; Mecca, T.; Rosini, C.; Feringa,
B. L. Chem. Eur. J2004 10, 61-70. (h) Zhou, Y.; Zhang, D.; Zhang, Y.;
Tang, Y.; Zhu, D.J. Org. Chem2005 70, 6164-6170.

(19) For recent reviews, see: (a) Special Issue: Catalytic Asymmetric
Synthesis. Denmark, S. E., Jacobsen, E. N., Guest Aazts. Chem. Res.
200Q 33, 323-440. (b) Pu, L.; Yu, H.-BChem. Re. 2001, 101, 757—
824.

(20) For a recent comprehensive review, see: PGhem. Re. 2004
104 16871716.

(21) Circular Dichroism: Principles and ApplicationsBerova, N.,
Nakanishi, K., Woody, R. W., Eds.; Wiley-VCH: New York, 2000.

(22) (a) Mason, S. F.; Seal, R. H.; Robert, D.TRtrahedron1974 30,
1671-1682. (b) Di Bari, L.; Pescitelli, G.; Salvadori, B.Am. Chem. Soc.
1999 121 7998-8004. (c) Di Bari, L.; Pescitelli, G.; Marchetti, F.;
Salvadori, PJ. Am. Chem. So200Q 122, 6395-6398. (d) Ferrarini, A.;
Moro, G. J.; Nordio, P. LLig. Cryst.1995 189 397—-399. (e) Ferrarini,
A.; Moro, G. J.; Nordio, P. LPhys. Re. E 1996 53, 681-688.

(23) There are too many examples for the application of TTF and its

illustrated in Scheme 1. When the two neutral TTF unitd,of
which is denoted as “0” state, are transformed to two cation
radicals (denoted as *2 state), the conformation of, e.g.,

the dihedral angle of binaphthalene ring, is varied owing to the
Coulombic repulsion of two TT¥ or the formation of cation
radical dimer g-dimer, TTR?") depending on the initial
orientation of two TTF unit? Further oxidation generating two
TTF2" in 1 (denoted as “#” state) would change the dihedral
angle of the binaphthalene ring further due to the even stronger
Coulombic repulsion. The transformation between TTF, TTF
and TTE* can be reversibly performed, and the variation of
the dihedral angle of two naphthalene rings can be seen in the

(24) For recent reviews, see: Special Issue: Molecular Conductors.
Batail, P., Guest EdChem. Re. 2004 104, 4887-5782.

(25) For recent examples, see: (a) Nielsen, M. B.; Nielsen, S. B.; Behcer,
J.Chem. Commurl998 475-476. (b) Ashton, P. R. et al. Am. Chem.
S0c¢.1999 121, 3951-3957. (c) Li, H.; Jeppesen, J. O.; Levillain, E.; Becher,
J.Chem. Commur2003 846-847. (d) Kang, S.; Vignon, S. A.; Tseng, H.
R.; Stoddart, J. FChem. Eur. J2004 10, 2555-2564. (e) Liu, Y.; Flood,

A. H.; Stoddart, J. FJ. Am. Chem. So2004 126, 9150-9151. (f) Zhang,
G.; Zhang, D.; Guo, X.; Zhu, DOrg. Lett.2004 6, 1209-1212. (g) Xiao,
X.; Xu, W.; Zhang, D.; Xu, H.; Lu, H.; Zhu, DJ. Mater. Chem2005 15,
2557-2561. (h) Leroy-Lhez, S.; Baffreau, J.; Perrin, L.; Levillain, E.; Allain,
M.; Blesa, M. J.; Hudhomme, B. Org. Chem2005 70, 6313-6320.

(26) For recent examples, see: (a) Le Derf, F.; Levillain, E.; Trippe
G.; Gorgues, A,; SalleM.; Sebasan, R. M.; Caminade, A. M.; Majoral, J.
P.Angew. Chem., Int. EQ001L 40, 224—227. (b) Le Derf, F.; et alChem.
Eur. J.2001, 7, 447-455. (c) TrippeG.; Levillain, E.; Le Derf, F.; Gorgues,
A.; Salle M.; Jeppesen, J. O.; Nielsen, K.; BehcerQdg. Lett.2002 4,
2461-2464. (d) Lyskawa, J.; Le Derf, F.; Levillain, E.; Mazari, M.; Salle
M.; Dubois, L.; Viel, P.; Bureau, C.; Palacin, $. Am. Chem. So004
126, 12194-12195. (e) Nielsen, K. A.; Cho, W. S.; Jeppesen, J. O.; Lynch,
V. M.; Becher, J.; Sessler, J. . Am. Chem. So2004 126, 16296~
16297. (f) Li, X.; Zhang, G.; Ma, H.; Zhang, D.; Li, J.; Zhu, D. Am.
Chem. So2004 126, 11543-11548. (g) Zhang, G.; Li, X.; Ma, H.; Zhang,
D.; Li, J.; Zhu, D.Chem. Commur2004 2072-2073. (h) Wang, Z.; Zhang,
D.; Zhu, D.J. Org. Chem2005 70, 5729-5732. (i) Lu, H.; Xu, W.; Zhang,

D.; Chen, C.; Zhu, DOrg. Lett.2005 7, 4629-4632. (j) Lu, H.; Xu, W.;
Zhang, D.; Zhu, DChem. CommurR005 47774779.

(27) For recent reviews, see: (a) Balzani, V.; Credi, A.; Raymo, F. M.;
Stoddart, J. FAngew. Chem., Int. EQ00Q 39, 3348-3391. (b) Pease, A.
R.; Jeppesen, J. O.; Stoddart, J. F.; Luo, Y.; Collier, C. P.; Heath, J. R.
Acc. Chem. Re001 34, 433-444 and references therein. (c) Jeppeson,
J. O.; Behcer, JEur. J. Org. Chem2003 3245-3266. (d) Becher, J.;
Jeppesen, J. O.; Nielsen, Bynth. Met2003 133—-134, 309-315.

(28) Liu, S.-X.; Tanner, C.; Neels, A.; Dolder, S.; Leutwyler, S.; Renaud,
P.; Bigler, P.; Decurtins, SAngew. Chem., Int. EQ004 43, 4738-4741.

derivatives. Here only some recent reviews are presented: (a) Jargensen, (29) Zhang, G.; Zhang, D.; Zhao, X.; Ai, X.; Zhang, J.; Zhu,Chem.

T.; Hansen, T. K.; Becher, ©hem. Soc. Re1994 23, 41-51. (b) Nielsen,
M. B.; Becher, JLiebigs Ann./Recueil997, 2177-2187. (c) Bryce, M. R.
Adv. Mater.1999 11, 11-23. (d) Nielsen, M. B.; Lomholt, C.; Becher, J.
Chem. Soc. Re 2000 29, 153-164. (e) Bryce, M. RJ. Mater. Chem.
200Q 10, 589-598. (f) Segura, J. L.; Mdr; N. Angew. Chem., Int. Ed.
2001, 40, 1372-1409 and references therein. (g) Schukat, G.; Famgha
E. Sulfur Rep2003 24, 1-190. (h) Otsubo, T.; Takimiya, KBull. Chem.
Soc. Jpn.2004 77, 43-58. (i) TTF Chemistry: Fundamentals and
Applications of Tetrathiafullene Yamada, J., Sugimoto, T., Eds.; Kodan-
sha-Springer: Tokyo, 2004.
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Eur. J.2006 12, 1067-1073.

(30) For recent descriptions of the TTFdimer, see: (a) Christensen,
C. A,; Goldenberg, L. M.; Bryce, M. R.; Becher,Ghem. CommurL998
509-510. (b) Huchet, L.; Akoudad, S.; Levillain, E.; Roncali,JJ.Phys.
Chem. B1998 102 7776-7781. (c) Christensen, C. A.; Bryce, M. R.;
Batsanov, A. S.; Becher, Chem. Commur200Q 331-332. (d) Spang-
gaard, H.; Prehn, J.; Nielsen, M. B.; Levillain, E.; Allain, M.; Becher].J.
Am. Chem. Soc200Q 122 9486-9494. (e) Le Derf, F.; Levillain, E.;
Trippg G.; Gorgues, A.; SdlleM.; Sebasan, R. M.; Caminade, A. M,;
Majoral, J. P.Angew. Chem., Int. EQ001, 40, 224-227.
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SCHEME 1. lllustration of the Three States of Compound 1 after Oxidation and Reduction and Structures of Compounds-25
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CD spectrum; therefore, a three-state chiral switch can be 7, 8, 12, 13, 15, respectively, and 4-(2-cyanoethylthio)&}-
realized. In this paper, we first describe the CD spectrum (ethylenedithio)tetrathiafulvalen®)g?in the presence of CsGH
modulation and a new chiral molecular switch based on a H,O. Compound¥ and8 were synthesized similarly through
binaphthalene skeleton with two TTF unif§.(To examine the a Mitsunobu reactioft as shown in Scheme 2. Compouib?
influences of the length of the linker between TTF and was synthesized fronRj-(+)-2,2-dihydroxy-1,1-binaphthyl 6)
binaphthalene units, the substituted position of TTF units, and in five steps in a total yield of 49%. Reaction 8&fwith HBr/

the number of TTF units on the CD spectrum modulation, we (CH,0), led to 13 in 57% yield. Compound.5 was prepared
also report the studies of binaphthalene molecules containingfrom 6 in two steps in 53% yield. The chemical structures of
TTF units2—4 as well as reference compoubdScheme 1). 1-5were established by NMR and MS data as well as elemental
It should be noted that Mdrtiet al. reported the binaphthalene analysis data. Compounds-5 should retain theRk configura-
molecules with two TTF units that are linked to the binaph- tion23* and their optical rotation values were measured.
thalene skeleton at 3,%osition in a conjugated wad. In UV and CD Spectral Studies of 11t was reported that TTF
compoundsl—>5, the TTF units are linked to binaphthalene derivatives can be quantitatively oxidized to the corresponding
skeleton through alkyl chains in order to make the two moieties cation radicals by 1 equiv of Ee and even to the dications by

well separated and avoid exciton chirality perturbafibn. more than 1 equiv of F&.35 For the present studies, Fe(G)@
6H,0 was chosen as the oxidant. Figure 1 shows the absorption
Results and Discussion spectra ofl in the presence of different amounts of®Fen
Synth_esis.As shown in_ Scheme 2, compouniis5 were (32) (a) Jia, C.; Zhang, D.: Xu, W.: Zhu, rg. Lett. 2001, 3, 1941
synthesized by the reaction of the correspondiRgkinaph- 1944. (b) Jia, C.; Zhang, D.; Guo, X.; Wan, S.; Xu, W.; Zhu,3ynthesis

thalene molecules containing bromide-substituted alkyl chains 2002 2177 2182.
g y (33) Mitsunobu, O Synthesisd981 1-28.

(34) It was reported that optical active 2gbstituted binaphthalene
(31) (a) Ganez, R.; Segura, J. L.; MantiN. Org. Lett.200Q 2, 1585~ enantiomers was very stable and could not be racemized at high temperature

1587. (b) Ganez, R.; Segura, J. L.; Mant; N. J. Org. Chem200Q 65, (>150°C) in polar solvents; see: Hall, D. M.; Turner, E.E.Chem. Soc.

7566-7574. Oxidation of the TTF units may lead to the modulation of the 1955 1242-1251 and Pu, LChem. Re. 1998 98, 2405-2494. Thus, all

CD spectrum of the corresponding binaphthalene, but such studies wereof compounds should retain tHeconfiguration under our experimental

not reported previously. conditions.

J. Org. ChemVol. 71, No. 5, 2006 2125
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SCHEME 2. Synthetic Scheme of the Preparation of +5?
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a Reagents and conditions: (a) 2-bromoethanolfand 6-bromohexanol f@, DEAD, PPh, THF, reflux; (b)9, CsOHH,0, THF, ambient temperature;
(c) NaBH;, ethanol/THF, ambient temperature; (d) BByridine, CHCIy, 0 °C; (e) HBr, (CHO),, AcOH, ambient temperature, dark; (f) GQHKCO;s,
acetone, reflux.

THF. Upon addition of F&, two new absorption peaks around 14
430 and 800 nm, respectively, appeared, and their intensities
increased with the amounts of #¥eadded to the solution df.
When the solution ofl was oxidized by more than 2 equiv of
Fe*t, the absorption intensities around 430 and 800 nm started
to decrease, and a new absorption band emerged around 68(& g4
nm. When 4 equiv of F& was employed, the absorption around X
680 nm reached the maximum and the absorption spectrum of 5 0.6+
1 remained unchanged if more than 4 equiv of‘Feas added. 2
According to previous studié$ the absorption band around <« 0.4

430 nm is due to the corresponding TT&nd that around 800

1.0+

P

nm is likely from the dimers of TTF (TTF,2"), which may be 0.2

the species generated from the TTéf neighboring molecules 0.0-

of 1 (intermolecular TTEZ") or that from the two TTE within )

1 (intramolecular TTE2™) after reaction with 2 equiv of Fe&.36 200 300 400 500 600 700 800 900

The absorption band around 680 nm, detected for the solution
of 1 after reaction with more than 2 equiv of ¥eis attributed
to TTF*".3%d Therefore, transformation of the “0” state to*2

Wavelength(nm)

FIGURE 1. UV-vis spectra ofl (1.0 x 10> M in THF) before
(black) and after addition of 1 equiv (red), 2 equiv (green), 3 equiv

(35) (a) Asakawa, M. et ahngew. Chem., Int. Ed. Engl998 37, 333~ (blue), 4 equiv (cyan), and 10 equiv (pink) of Fe(GJ§&6H.O. Inset:
337. (b) Balzani, V., Credi, A.; Mattersteig, G.; Matthews, O. A.; Raymo,  yy —vis spectra ofl (1.0 x 1075 M in THF) before (black) and after
F. M.; Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D.JJ.Org. addition of 2 equiv (red) and 4 equiv (green) of Fe(@kBH,0 and

ghe’\rgigr?%reas,% 9,23;1,‘523%. (IRC’).'AI\?Saayl(ni\évalé.MM;.'HSI%%?ZIQMT';.',\é?cgtdec;?r?l%. E after addition of 4 equiv of Fe(Clgs-6H,0O followed by addition of

Ady. Mater. 200Q 12, 1099-1102. (d) Tseng, H.-R. et aChem. Eur. J. excess Ng5,0; powders and stirring for 3 min (blue). The black and
2004 10, 155-172. blue curves are almost overlapped.

2126 J. Org. Chem.Vol. 71, No. 5, 2006
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FIGURE 2. CD spectra ofl (1.0 x 107> M in THF) before (black)
and after addition of 2 equiv (red) and 4 equiv (green) of FeglO
6H,0 and after addition of 4 equiv of Fe(Clj3-6H.O followed by

addition of excess N&Oz; powders and stirring for 3 min (blue).

state and even to “4 state of1 can be achieved by oxidation
with Fe™ as illustrated in Scheme 1. Moreover, the initial
absorption spectrum df can be restored after the solutionlof
that had been oxidized by Fewas subjected to reaction with
excess sodium thiosulfate (p&0O3) (Figure 1, inset). Accord-
ingly, the transformation among the “0” state,™2state, and
“4*" state of1 can be reversibly performed.

As shown in Figure 2, the CD spectrumbfvas modulated
upon oxidation by F&, concomitant with the corresponding
variation of absorption spectrum &fas displayed in Figure 1.
The CD spectrum of the THF solution &f(1.0 x 10°® M in
THF) shows a strong bisignated band in the region of-215
250 nm, typical for binaphthalene molecufé#fter oxidation
by 2 equiv of Fé" leading to the oxidation of TTF units df
and conversion of the “0” state to the *2state of 1, the
intensities for CD bands at about 220 and 240 nm obviously
increased albeit slightly. Also, the CD absorptions in the range
of 250—300 nm were varied slightly upon the transformation
among the ‘0’ state, “2’ state, and “4” state of 1.

The energy-minimized structure dfis shown in Figure 3
(top). The dihedral angle of binaphthalene ring was calculated
to be 72.8. The dihedral angle was also estimated to be about
74° on the basis of the CD spectrum afaccording to the
method described by Salvadori e#1On the basis of previous
studies??2bthe enhancement of CD band intensities reflects the
fact that the dihedral angle is reduced for binaphthalene with
the dihedral angle in the range of 700°. It is likely that the
two TTF" units in the “2"™ state of1 are easily reorientated to
form the intramolecular TT£", and simultaneously the con-
formation of the binaphthalene skeleton is varied resulting in a
smaller dihedral angle compared to that of the “0” staté..of

(36) It was reported that intermolecular T:F can be formed even in
diluted solution with concentration lower than¥M.3% |t should be noted

JOC Article

FIGURE 3. Energy-minimized structure df and3: carbon (black);
hydrogen atom (gray); sulfur atom (yellow); oxygen atom (red).

This assumption provides the explanation for the increase of
the CD signal intensities fot after reaction with 2 equiv of
Fer.

Further addition of 2.0 equiv of Bé to the solution ofl in
the “2™ state or direct reaction ol with 4 equiv of F&"
resulted in the formation of the “4 state of 1 as discussed
above. As shown in Figure 2, compared with the “0” state, the
intensities of CD signals at about 220 and 240 nm were
obviously reduced for the “4' state of1. It is understandable
that the Coulombic repulsion between two FTRvould lead
to a larger dihedral angle of binaphthalene ringlofor the
binaphthalene molecules with the dihedral angle in the range
of 70—90°, a larger dihedral angle is associated with lower CD
absorption intensity2aP After addition of NaS,0s to the
solution of1 either in the “2™ state or “4™ state, the initial
CD spectrum ofl was nearly restored (Figure 2). Such CD
spectrum modulation can be repeated at least for four cycles.
Electrochemical studies (see Figure S1, Supporting Information)
indicate that the two TTF units df can be reversibly oxidized
by electrochemical method. Thus, it is possible to modulate the
CD spectrum ofl electrochemically. Consequently, it can be
concluded that the CD spectrum &fcan be modulated by
reversible redox reaction of TTF units and a three-state chiral
switch can be established.

The assumption that the CD spectrum modificatioriLa$
due to the variation of the interaction of two TTF units after
redox reactions is fully confirmed by the studies of reference
compounds featuring only one TTF unit. When compoubd
was subjected to reaction with #ein the same way as for
compoundl, typical absorptions for TTF and TTE™ were

that there have been arguments about whether the absorption around 80§ bserved. However, its CD spectrum remained unchanged (see

nm is a credible proof for the formation of T#* and even the true
existence of TTE2' in solution at room temperature; see: Khodorkovsky,
V.; Shapiro, L.; Krief, P.; Shames, A.; Mabon, G.; Gorgues, A.; Giffard,
M. Chem. Commur2001, 2736-2737. However, Kim et al. have recently
reported the formation of TT#" encapsulated in a cucurbit[8]uril cavity,
and it shows the characteristic absorption band around 800 nm, see:
Ziganshina, A. Y.; Ko, Y. H.; Jeon, W. S.; Kim, KChem. Commur2004
806-807.

Figure S2, Supporting Information). These results indicate that
the presence of two TTF units is necessary for the modulation
of the CD spectrum after oxidation by ¥e To summarize,
the operation mechanism for the CD spectrum modulatioh of
upon oxidation TTF units is schematically illustrated in Scheme
3. Oxidation of TTF units to the cation radicals TTkads to
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SCHEME 3.
(BN, Binaphthalene Unit; TTF, Tetrathiafulvalene Unit)

Zhou et al.

Schematic Illustration of the Three States of 1 Showing Different Dihedral Angles after Oxidation of TTF Units

BN BN

formation of the intramolecular TEE" which induces the

TTF o+

TTF*

after reaction with F&€". The intensities of CD signals at about

reduction of the dihedral angle between two naphthalene rings235 and 250 nm decreased to 76% and 64% of the initial ones,
and the enhancement of the intensities of CD signals; further respectively, after oxidation by 2 equiv of ¥e Further

oxidation leads to the formation of two T¥Funits, and as a

oxidation led to even weaker CD signals, corresponding to 57%

result of the Coulombic repulsion the dihedral angle between and 48% of the initial ones for the signals at about 235 and
two naphthalene rings becomes larger resulting in the reduction250 nm, respectively. Again, reaction of with }a05 could

of the intensities of CD signals.

Effect of the Linker Length. The linker between the
binaphthalene skeleton and TTF unitslins —OCH,CH,S—.
For compounc, the analogue of, the corresponding linker is
—OCH,CH,CH;CH,CH,CH,S—. When compoun@ was oxi-
dized by Fe(Cl@)s; in the same manner as for compouhd
absorption bands due to TTRnd TTE+ were observed. But,

restore the initial CD spectrum &f (Figure 4). Therefore, the
CD spectrum of3 can also be modulated by redox reactions of
TTF units.

Different from compound, the transformation of TTF units
of 3 to the cation radicals is concomitant with the obvious
intensity decrease of the CD signals. This is probably due to
the fact that the orientation of two TTF units®fs not favorable

its CD spectrum kept unaffected (see Figure S3, Supporting for the formation of the intramolecular T3#, and the

Information). This result hints that the influence of the variation

Coulombic repulsion plays the predominant role. As a result,

of the interaction between two TTF units upon redox reactions the dihedral angel o8 became larger after the transformation
on the conformation of the binaphthalene skeleton weakensof TTF units to the radical cations TTEFigure 3 shows the

largely if the alkyl chain linker becomes longer. This can be
well understood by considering the fact that the longer alkyl
chain linker will become more flexible and consequently
variation of the interaction of two TTF units upon redox
reactions will not affect the conformation of binaphthalene unit.
But, it can be expected that it would behave differently if the
linker is more rigid.

Effects of the Substituted Position and Number of TTF
Units. Compound3 has two TTF units linked to the binaph-
thalene skeleton at 8,6ositions. Similar to compound,
characteristic absorptions of TTFRand TTF™ were observed
upon oxidation of the solution & (see Figure S4, Supporting
Information). Figure 4 shows the CD spectra3before and

CD(mdeg)

275 300 325 350

Wavelength(nm)

25 250 375

FIGURE 4. CD spectra of3 (1.0 x 1075 M in THF) before (black)
and after addition of 2 equiv (red) and 4 equiv (green) of FeglO
6H,0 and after addition of 4 equiv of Fe(Cl{g-6H,O followed by
addition of excess N&,0; powders and stirring for 3 min (blue).
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energy-minimized conformation of compouBdThe dihedral
angle of the binaphthalene ring was calculated to 7&ich
was close to that estimated from the CD spectrurd.GfBased

on the previous resul&ablarge dihedral angle shows relatively
weak CD signals for binaphthalene molecules with the dihedral
angle in the range of 7090°. Therefore, the comparative studies
with compounds3 imply that the manner of CD spectrum
modulation is dependent on the substituted positions of TTF
units.

Compound4 contains four TTF units; two of them are
separately linked to binaphthalene skeleton throu@H,S—
at the 6,6 positions and the other two throughOCH,CH,-
CH,CH,CH,CH,S— at the 2,2positions. Similar to compound
1, new absorption bands at about 430, 800, and 680 nm, due to
TTFT, TTR2", and TTPE', respectively, were observed for
compound4 upon oxidation by F& (see Figure S5, Supporting
Information). Figure 5 shows the CD spectradobefore and
after oxidation by different amounts of #e Upon reaction with
Fe*, the CD signals started to decrease, and moreover, the
maxima of the signals were obviously red-shifted albeit slightly.
The variation of the CD spectrum dfwas maximized when 4
equiv of Fé" was added to the solution (the intensity was
reduced to about 72% and 57% of the initial ones at about 235
and 250 nm, respectively), and further addition of'Fled to
a rather minor change for the CD spectrum.

The manner of CD spectrum modulation4fvas different
from that of 3 after reaction with F& (see Figures 4 and 5),
and the CD spectrum & remained unchanged upon oxidation
with Fe*(see Figure S3, Supporting Information). These facts

(37) The dihedral angle estimated from the CD spectrur8 isf about
74 according to the method recorded in ref 22b.
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SCHEME 4. Schematic lllustration of the Two States of Compound 4 and Formation of Intramolecular TTE" Dimers after
Transformation of TTF to TTF *

indicate that the two TTF units at the §6sitions and those at  salts?* We take one step further to include two or more TTF
the 2,2 positions of 4 were not independent and indeed units within one chiral molecule to manipulate the interactions
interacted after oxidation of the TTF units. The mechanism was among TTF units through redox reactions, and as a result the
proposed for the CD spectrum modulation observedHopon molecular conformation may be tuned.

oxidation as schematically illustrated in Scheme 4. After the In this paper, we report binaphthalene molecules with TTF
transformation of the TTF units of into the cation radicals  units since the conformation change of binaphthalene molecules
TTF', the TTF at the 6,6positions and those at 2 gositions can be seen in the CD spectrum. With these thoughts in mind,
were probably reorientated to form the intramolecular ZTF compounddl—4 were designed for studies of chiral molecular
dimers. As a result, the conformation of the binaphthalene switches. Absorption and CD spectral studies clearly indicate
skeleton was varied leading to the dihedral angle change andthat it is possible to modulate the CD spectralof3, and 4

CD spectrum modulation. Further addition offFevould lead through the redox reactions of TTF units. To summarize, the
to the transformation of TTF to TTF*, and Coulombic interactions between the TTF units in different states of the
repulsion would take effect. But, since there was a flexible alkyl redox cycle exert different influences on the dihedral angle
chain linker at the 2,2positions, such Coulombic repulsion between the two naphthalene rings, thus modulating the CD
could not cause the CD spectrum variation as observed for spectrum. Accordingly, new chiral molecular switches can be
compound 2. The CD spectrum modulation observed for established based on binaphthalene molecules with TTF units.

compound4 upon reaction with F& is consistent with this Studies of the reference compou&dhint that the presence
proposed mechanism. of two or more TTF units is required for the realization of CD
spectrum modulation. Moreover, the manner of the CD spectrum
304 modulation has been found to be dependent on the way how
TTF units are linked to the binaphthalene skeleton, in terms of
20 / the length of the linker, the substituted position and the number

of TTF units. It would be interesting to extend the present idea
further by introducing both TTF and electron acceptor units to
binaphthalene skeleton to tune the CD spectrum and establish
new chiral molecular switches by manipulating the charge-
transfer interactions. This will be included in our further
investigations of chiral molecular switches based on binaph-
thalene systems.

CD(mdeg)

Experimental Section

25 250 275 300 325 350 375 General Methods.'H NMR spectra were recorded at 600 MHz,
Wavelength(nm) and’3C NMR data were recorded at 150.9 MHz. Mass spectra were
) determined with BEFLEX Il for TOF-MS. Optical rotation values
FIGURE 5. CD spectra o4 (5.0 x 1078 M in THF) before (black) were measured at 20C using the sodium D line (589 nm). For
and after addition of 2.0 equiv (red), 4.0 equiv (green), 6.0 equiv (blue), recording the CD spectra the scan rate was 500 nm/min, and each
and 8.0 equiv (cyan) of Fe(CIf-6H0. CD spectrum was accumulated two times. To obtain reliable CD
) data, the concentration of the solution was not higher thanx1.0
Conclusions 105 mol/L. UV—vis and CD spectral experiments were carried

The transformation of TTF and its derivatives to the corre- ©ut under ambient conditions. .
sponding TTFE and TTEnot only tunes their electron-donating (R)-2,2-Diethoxy-1, 1-binaphthyl-6,6 dicarbaldehydel()) was

bilities but al d h ith iti h B taki synthesized according to the literatd?éiPLC-grade THF was used
abilities but also endows them with positive charges. By taking 4 soyent and distilled over sodium/benzophenone immediately

these features of TTF derivatives (e.g., the electronic repulsion pefore use. All other solvents were purified and dried with standard
between TTF/TTF?" and cyclobis(paraqugi-phenylene)),  procedures unless otherwise stated.

Stoddart and co-workers have studied a number of elegant Theoretical Calcultions. The molecular geometries and mini-
external-stimulti-responsive supramolecules exemplified by the mum energy configurations were optimized using the density
molecular shuttled’2039n fact, the interaction of the positively ~ functional theory (DFT) method as implemented in the DMol3
charged TTF species in the solid state also plays a crucial rolepackagée’! which is available as part of Materials Studio. The basis

in determining the conducting behavior of the charge-transfer Set chosen was the double numerical plus d-function (DND). The
local functional for the exchange correlation potential was the

(38) The possibility of formation of the MV dimer TEE cannot ruled
out since formation of MV dimer would similarly cause the reorientation (40) Deussen, H.-J.; Hendrickx, E.; Boutton, C.; Krog, D.; Clays, K.;
of TTF units as the mechanism shown in Scheme 4. For a recent exampleBechgaard, K.; Persoons, A.; Bjgrnholm,JlT Am. Chem. Sod.996 118
of the TTF MV dimer, see: Yoshizawa, M.; Kumazwa, K.; Fujita, 3. 6841-6852.

Am. Chem. So005 127, 13456-13457. (41) (a) Delley, BJ. Chem. Phys199Q 92, 508-517. (b) Delley, BJ.

(39) Liu, Y.; et al.J. Am. Chem. So@005 127, 9745-9759. Chem. Phys200Q 113 7756-7764.
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Perden-Wang LDA functional (PWC})? All of the molecules were

Zhou et al.

126.4, 127.1, 127.9, 128.9, 129.1, 131.5, 133.4, 154.6; MS

placed in a vacuum. Solvent effect and interactions between (MALDI-TOF) m/z1018.1 (M"). Anal. Calcd for G;H340,S14: C,

molecules were not considered.

Synthesis of Compound 1.To a solution of 4-(2-cyanoeth-
ylthio)-4',5'-(ethylenedithio)tetrathiafulvalen®,(0.83 g, 2.19 mmol)
in 30 mL of THF with a N bubbling was added dropwise a
degassed solution of CsGH,O (0.40 g, 2.40 mmol) in 5 mL of
CH3OH over a period of 10 min at ambient temperature. After being
stirred for an additional 30 min, a degassed solutionR)f((t)-
2,2-bis(2-bromoethoxy)-1,1binaphthyl {) (see the Supporting
Information) (0.41 g, 0.82 mmol) in 10 mL of THF was added.

49.47; H, 3.36; S, 44.03. Found: C, 49.13; H, 3.52; S, 44.16.

Synthesis of Compound 4(R)-4 was prepared frorl and R)-
(+)-2,2-bis(6-bromohexyloxy)-6,6dibromomethyl-1,tbinaphth-
yl (13) by a procedure similar to that described for the synthesis of
1 as an orange solid: yield 41%; mp 96.98.2°C; [a]?% +16.0
(c1.13, THF);'H NMR (600 MHz, CDC}) 6 0.82-0.86 (4H, m),
1.00-1.03 (4H, m), 1.2#1.31 (4H, m), 1.36-1.41 (4H, m), 2.50
(4H, t,J = 7.5 Hz), 3.31 (16H, s), 3.894.00 (4H, m), 4.08 (4H,
s), 6.13 (2H, s), 6.32 (2H, s), 7.11 (2H, 3= 9.0 Hz), 7.15 (2H,

The reaction mixture was stirred overnight at ambient temperature d, J = 8.8 Hz), 7.40 (2H, dJ = 9.0 Hz), 7.70 (2H, s), 7.88 (2H,
and then concentrated in a vacuum. The crude product was subjected|, J = 9.0 Hz);13C NMR (150.9 MHz, CDCJ) 6 25.2, 27.8, 29.2,

to a column chromatography (silica gel) using &H/petroleum
ether (3:2) as eluant to give (0.48 g, 59%) as an orange solid.
Recrystallization from CECl/n-hexane afforded an analytical
sample: mp 108:2110.3°C; [a]?% +16.1 € 0.99, THF);*"H NMR
(600 MHz, CDC}) 6 2.72 (4H, tJ = 6.7 Hz), 3.31 (8H, s), 4.02
4.14 (4H, m), 5.98 (2H, s), 7.13 (2H, d,= 8.5 Hz), 7.23-7.26
(2H, m), 7.35-7.37 (2H, m), 7.42 (2H, dJ = 9.0 Hz), 7.88 (2H,
d,J= 8.1 Hz), 7.97 (2H, dJ = 9.0 Hz);1*C NMR (150.9 MHz,

29.4,30.3,35.8,41.1,69.6, 106.4, 106.4, 113.9, 114.0, 114.0, 116.2,
118.2, 118.2, 120.5, 121.5, 123.7, 126.1, 126.5, 127.12, 127.6,
128.0, 129.0, 129.2, 131.6, 133.4, 154.7; MS (MALDI-TQO#}
1778.6 (M"). Anal. Calcd for GeHsg0,S,6°0.7GH14: C, 45.79; H,
3.71; S, 48.76. Found: C, 45.40; H, 3.82; S, 48.15.

Synthesis of Compound 5(R)-5 was prepared fror and R)-
(+)-2-(2-bromoethoxy)-2methoxy-1,1-binaphthyl (5) (see the
Supporting Information) by a procedure similar to that described

CDCls) 6 30.2, 34.9, 68.6, 106.7, 114.0, 114.0, 116.6, 118.2, 121.1, for the synthesis ol as an orange solid: yield 75%; mp 97.8
123.0,124.1, 125.4,126.1, 126.5, 128.0, 129.7, 129.8, 134.0, 153.8;99_40(:; []?% +52.0 € 0.99, THF);lH NMR (600 MHz, CDC})

MS (MALDI-TOF) m/z989.4 (M"). Anal. Calcd for GoHz00:S,4:

C, 48.45; H, 3.05; S, 45.27. Found: C, 48.36; H, 3.10; S, 45.27.

Synthesis of Compound 2(R)-2 was prepared frori and ®)-
(+)-2,2-bis(6-bromohexyloxy)-1,1binaphthyl 8) (see the Sup-

5 2.70 (2H, t,J = 6.6 Hz), 3.30 (4H, s), 3.78 (3H, s), 4.6@.11
(2H, m), 5.97 (1H, s), 7.08 (1H, d,= 8.4 Hz), 7.13 (1H, d] =
8.4 Hz), 7.26-7.24 (2H, m), 7.36-7.36 (2H, m), 7.4%7.46 (2H,
m), 7.87 (2H, dJ = 7.8 Hz), 7.95 (1H, dJ = 9.0 Hz), 7.99 (1H,

porting Information) by the same procedure as described for the d, J = 9.0 Hz);13C NMR (150.9 MHz, CDCJ) ¢ 30.2, 34.8, 56.7,

synthesis ofl as an orange solid: yield 62%; mp 7#88.6 °C;
[0]2% +18.9 € 1.75, THF);'H NMR (600 MHz, CDC}) 6 0.81—
0.83 (4H, m), 0.99-1.03 (4H, m), 1.271.29 (4H, m), 1.36-1.40
(4H, m), 2.49 (4H, tJ = 7.5 Hz), 3.30 (8H, s), 3.884.00 (4H,
m), 6.31 (2H, s), 7.15 (2H, d] = 8.4 Hz), 7.26-7.22 (2H, m),
7.31-7.33 (2H, m), 7.41 (2H, d] = 9.0 Hz), 7.86 (2H, dJ=8.1
Hz), 7.94 (2H, dJ = 9.0 Hz); *3C NMR (150.9 MHz, CDG)) 6

25.1,27.8,29.2,29.3, 30.2, 35.7, 69.6, 106.3, 114.0, 115.9, 118.3,
120.8,121.4,123.5,125.5,126.1, 127.6, 127.9, 129.2, 129.3, 134.2

154.5; MS (MALDI-TOF) myz 1102.2 (M). Anal. Calcd for
CugHs60,S14°0.2 GH14 C, 52.71; H, 4.39; S, 40.04. Found: C,
52.47; H, 4.53; S, 39.96.

Synthesis of Compound 3(R)-3 was prepared frori and R)-
(—)-6,6-bis(bromomethyl)-2,2diethoxy-1,1-binaphthyl (2) (see

the Supporting Information) by a procedure similar to that described

for the synthesis ol as an orange solid: yield 85%; mp 127.3
128.5°C; [a]?°, +8.2 (c 1.48, THF);'H NMR (600 MHz, CDC})
0 1.07 (6H, t,J = 6.9 Hz), 3.31 (8H, s), 4.054.07 (8H, m), 6.11
(2H, s), 7.09 (2H, dJ = 8.4 Hz), 7.14 (2H, ddJ, = 8.7 Hz,J, =
1.3 Hz), 7.42 (2H, dJ = 9.0 Hz), 7.69 (2H, dJ = 1.2 Hz), 7.89
(2H, d,J = 9.0 Hz);13C NMR (150.9 MHz, CDCJ) ¢ 15.1, 30.3,

68.6,106.7,113.9, 114.0, 116.9, 118.1, 121.5, 123.0, 123.5, 124.0,
125.2,125.5,126.1, 126.3, 126.4, 127.9, 129.1, 129.5, 129.6, 129.9,
134.0, 134.1, 153.8, 154.9; MS (MALDI-TORz 652.0 (M").

Anal. Calcd for GiH».0,S;: C, 57.02; H, 3.71; S, 34.37. Found:

C, 56.71; H, 4.10; S, 34.23.
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