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ABSTRACT
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A novel redox type of chiral molecular switch based on axially dissymmetric 1,1 "-pinaphthyl and electrochromic 4,4 '-bipyridinium exhibits
drastic changes in absorption and circular dichroism spectra upon electrochemical redox reaction and is fully characterized for the electrically
driven chiroptical switching properties.

Chiroptical switches refer to a class of chiral materials whose properties, chiroptical switching materials are expected to
chiroptical properties (e.g., circular birefringence and circular find niched polarization-related photonics applications such
dichroism) can be reversibly modulated under external as data storage, optical switches, and light modulators. To
stimuli such as light irradiation, heat, pH, chemicals, and date, chiroptical switches triggered by photoisomerization
electric fieldst™* Due to the uniqueness of the chiroptical or photochromism have been extensively explored due to
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the readiness in operation and the well-documented photo-obtained as light-yellow powders. No melting point was
isomerizable systems such as azobenzenes, diarylethenes, sgietected for them below 25@. The chemical structures of

ropyrenes, fulgides, and overcrowded alkehds contrast,
electrically driven chiroptical switches based on the electro-
chromism of chiral systems are relatively less kndwn,

(R)-1 and R)-2 were confirmed byH NMR, 1*C NMR, and
mass spectroscopy (see Supporting Information).

Figure 1 shows the UVvis absorption spectra oR(]-

although the drastic changes in absorption for electrochromicBEB, (R)-1, and (R)-2n acetonitrile. For comparison, the

system& may be utilized to achieve efficient chiroptical
switches.

Herein, we present a novel type of electrically driven,
chiroptical switching molecules (R)-dnd (R)-2based on
the axially dissymmetric 1;dbinaphthyl and the electro-
chromic 4,4'-bipyridinium (or viologen). Such chiral mol-

ecules are designed to take advantage of the strong chiral

force of 1,1'-binaphthyl-2,2'-diylsand the well-studied
electrochromic behavior of viologefig® (R)-1 and R)-2
differ from each other in terms of the open-ring and the cyclic
configuration. Given that chiroptical properties depend on

both absorption properties and dissymmetric spatial arrange-

ment (e.g., distance and orientation) of interacting chro-
mophores? 1! different chiroptical switching properties are
expected for (R)-&and (R)-2.

The synthesis of (R)-&nd (R)-2was accomplished by

reacting benzyl bromide and 1,3-dibromomethyl benzene,

respectively, with (R)-BEBP that was in turn prepared by
the reaction betweerR}-2,2-dibromoethyloxy-1,tbinaph-
thyl [(R)-BEB]*? and 4,4'-bipyridine (Scheme 1, see Sup-

Scheme 1. Synthesis of Chiral MoleculeR]-1and (R)-2

IN
o’\/ N

Ot PR
N

\} . N
(R)-BEB (R)-BEBP

w@@@

4x "PFs

M@CJ@

/\,Br 1) 4,4-bipyridine
acetonltn]e

O g KPFs
74%

1) benzylbromide, acetonitrile,

reflux, 10 h;
2) KPFg
53%

{R)-BEBP (R
9.4%
+
1) 1,3-dibromomethylbenzene Oe ’
DMF, 110 °C, 10 days O/\’
2) KPFg o 4x
\ \/\N =
W
(R)-2

porting Information). The counter anions &)1and (R)-2

were exchanged from bromide to hexafluorophosphate to, .

Y
o

12 R»2
RM

Absorbance

’5 o8 PN

~— _ 06 \

g 0.8 R)2 o ~n s -

e \ 02 el
] ' / 0

2 06 - TN 350 450 550 650 750
8 r* \ Wavelength (nm)

g 04 - v (RHM

B (R)BEB

0.2 -
0 v St ol arlearalie—For vt
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 1. UV—vis absorption spectra oR|)-1, R)-2, R)-BEB,
and BPP in acetonitrile. The solution concentrations were in the
range of 1—3x 10~* M. The intensities were adjusted for a better
comparison. (Inset) UMvis absorption spectra oR}-1and (R)-2

in DMF after electrochemical reduction to the violene states.

absorption spectrum of I;tlipropyl-4,4'-bipyridinium salt

of hexafluorophosphate (BPP) in acetonitrile is also dis-
played. From the figure it can be clearly seen that the-UV
vis absorptions ofR)-1and (R)-2are mainly composed of
the absorptions of constituting components, iR);BEB at
229 nm and BPP at 267 nm. A weak absorption at 400 nm
was observed for BPPRJ-1, and (B-2 and may be attributed

to the presence of a slight amount of radical cations (or
violenes, the semireduced state of viologen) resulting from
the photoinduced electron transfer of samples during the
UV-—vis measurements or sample storage. A diffused
absorption band in the range of 36830 nm was discernible
for (R)-1 and (R)-2but absent in the spectra dR)-BEB
and BPP. An intramolecular charge transfer from the
binaphthyl to the viologens may account for such an
absorption behavid®
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The redox properties oR)-1 and (R)-2were investigated  as zinc powders or tin particles. Since chiroptical properties
in DMF solution by cyclic voltammetry. Since both (R)-1 of a chiral molecule (e.g., optical rotation dispersion and
and R)-2 contain two viologen units and each viologen units circular dichroism) depend greatly on the absorption proper-
can undergo a two-step reduction, a total of four steps in ties!®!* such a drastic change in absorption is expected to
reduction, each involving a one-electron process, may belead to a significant change in chiroptical properties once
expected. Figure 2 shows the cyclic voltammogram$p{l( the viologens are placed dissymetrically in proximity, such

as in the case ofR)-1 and (R)-2. Huig et al® studied in
s detail the pimerization of violenes in different systems and

ascribed pimerized violenes to an absorption at 537 nm. In

60 our study, no obvious pimerization of violenes in cyck)-@

was observed. In contrast, intermolecular pimerization of
violenes occurred forR)-1 at a high concentration of radical
cations, as evidenced by a blue shift of the maximum
absorption from 610 to 548 nm that took place for the low-
energy band as the electrochemical reduction of (R
0.28 mM) lengthened to over 3 min (see Supporting
Information).

The chiroptical properties of R)-1 and R®)-2 were
examined using a polarimeter and a CD spectrome®rl(
has an optical rotation ofaf]lp = —39.5° (0.4, MeCN),

. . , , , , whereas (R)-has an opposite sign of the optical rotation of
0 0.2 04 06 08 1 a2 [a]p = +55.° (0.4, MeCN). An effort to measure the optical
rotation of the violenes of)-1and (R)-2failed due to the
strong absorption at the measurement wavelengths (i.e; 365

Figure 2. Cyclic voltammograms ofR)-1and (R)-2measured in 598 nm). As shown in the CD spectrum (Figure 33)-
0.1 M BwuNCIO/DMF. Working electrode: glassy carbon; counter

electrode: Ptwire; reference electrode: AJCUAG. e
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and (R)-2. Only two redox processeskf, = —0.40 and 5508

—0.85 V were found for the open-ring tetracatioR){1, T 2E+06 | | ¢
comparable to the redox pattern of BPP, suggesting that the§ il (R

two viologens behave individually and do not interact with “g 18408 f'\ .")]:/\

each other to a great extent. In contrast, the cyclic tetracation % 0E+00 FA RS

N\
(R)-2 exhibited three redox processeg&at = —0.37,—0.74, §’ 200 i\éso 300 350 400 450 500 550 €00
and —0.86 V, with the first reduction that corresponds to 5 "% [ 11
the reduction to the double radical cation state occurring more £ s | 1!
easily by 30 mV than that for (R)-1. The second and the £ 1
third reductions, corresponding to the reductions to the radical "; SBEv06
cation—neutral and neutralneutral state, respectively, differ g 4406 | '}’} (R)2
from each other by about 120 mV. Given the similar ¥
chemical constitutions of (R)-and (R)-2, such a different -5.E+06
redox pattern can be attributed to the intramolecular interac- wavelength (nm)

tions betwg_en t.he two V|_ologen§ IRY-2, which Cpntrlbu'Fe Figure 3. CD spectra of R)-1 and (R)-2in acetonitrile. (Inset)
to the stabilization of radical cations and the radical cation Enlarged CD spectrum oR)-1.

neutral state. Hiinig et 8land Stoddart et &l.observed
similar redox patterns for their cyclophanes containing two
viologen units. exhibited a strong exciton couplet centered at 227 rih ([
The electrochromic properties of (R)ahd (R)-2were =50 x 10° degcn?/dmol), corresponding to the binaphthyl
examined by UV-vis spectroscopy in DMF solutions (Figure  ynit, and a relatively weak exciton couplet at 268 nifi] ([
1, inset). Upon electrochemical reduction to the radical — 4.2 x 10¢ degcrnz/dmoL inset of Figure 3), Corresponding
cations, drastic changes in absorption took place with theto the absorption of viologensR}-2 exhibited a similar
appearance of two strong absorption bands at arounde402 ( pattern of the CD spectrum, but with very different intensi-
= 41800) and 610 nm (= 13900)* The same change in  ties. The CD intensities ofR)-2 at the binaphthyl and the
absorption can also be readily achieved by bubbling nitrogen yiologen absorption regions are about 12 and 20 times,
slowly into the solution or by adding reducing agents such respectively, higher than those foR)1. From the Kirk-
wood’s coupled oscillator modét, it is known that the
goisd) Park, J. W; Lee, B. A.; Lee, S. Y. Phys. Chem. £998,102, intensity of CD signals depends greatly on the dissymmetric
(14) Watanabe, T.; Honda, K. Phys. Chem1982,86, 2617. spatial arrangement of interacting chromophores, in particular
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on the distance and the relative twisting angles between || N NN

chromophores. Thus, the differences in the CD spectrum
between (R)-land (R)-2could be attributed to a more
appropriate positioning of viologen moieties R)(2due to
the rigid cyclic structure.

Upon electrochemical reduction oR}-1 and (R)-2at a
potential of —0.5 V to the violenes, two new CD bands

appeared at the positions similar to the absorption bands at

400 and 600 nm, respectively (Figure 4). As the reduction
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Figure 4. CD and U\~vis absorption spectra of radical cations

of (R)-1and (R)-2obtained by electrochemical reduction in 0.1 M

Buy,NCIO4/DMF. The concentrations of sample solutions were
around 2.8 mM. Working electrode: Pt grid; counter electrode:
Pt wire (0.5 mm diameter); reference electrode: AgCI/Ag.
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Figure 5. Demonstration of electrochemical switching of CD
signals of R)-2in 0.1 M BwNCIO4/DMF. (a) First reduction at
—0.5V for 5 s; (b) tetracation recovered by shaking the cell in the
air; (c) second reduction at0.7 V for 1 min.

tion of the negative voltage<0.7 V, 1 min) to the cell
regenerated the blue color as well as the CD signals at the
low-energy bands. These results indicate that it is pos-
sible to modulate the chiroptical properties of the resulting
new chiral systems by applying a bias voltage and monitoring
the CD signals in the visible region, e.g., at 400 and 660
nm.

In summary, novel types of chiroptical switching mol-
ecules based on axially dissymmetric 'ibinaphthyl and
electrochromic viologens were prepared and characterized.
These compounds exhibited reversible, drastic changes in
their absorption and CD spectra when electrochemically
reduced to the violene state. The readiness in reading out
the chiroptical changes between the two redox states in the
visible region (e.g., from{] ~ 0 deg-cm/dmol for the
tetracation state to [0k —1.6 x 10° deg-cni/dmol® for

time extended, the intensity of these CD signals increasedthe double radical cation state at 660 nm) demonstrates a
due to the increase of violene concentration. In comparisonhigh potential for electrically driven chiroptical switches.

between (R)-and (R)-2, the latter exhibited much stronger

CD signals than the former at the same reduction time,
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change is one of the important factors for switching applica-
tions, the cyclic tetracatiorRj-2 appears to be superior than
the open-ring (R)-Tor use as chiroptical switches.

The electrically driven chiroptical switching property of
(R)-2 was demonstrated in DMF solution. As shown in
Figure 5, the reduction ofR)-2to the violene by applying
a voltage of—0.5 V for 5 s led to a deep blue color

Supporting Information Available: Synthetic procedures
and characterization data forR)-1 and (R)-2; time depen-
dence of UV—vis spectroelectrochemistry of (R)-1. This
material is available free of charge via the Internet at
http://pubs.acs.org.

OL701822U

accompanied by the appearance of two new CD bands at (15) molar ellipticity caculated forR)-2 that was reduced in 0.1 M Bu
around 400 and 660 nm. When the resulting blue solution NCIO/DMF solution for 57 s at a potential 6f0.5 V. The concentration

was disturbed by shaking in the air, the original light-yellow

of the double radical cation in the solution was estimated from the-UV
vis absorptions of the sample at 402 nm and 610 nm and by using the

color recovered, and the CD signals disappeared. Reapplicaextincition coefficients reported in reference 14.
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