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Abstract — 9-Phenylxanthenyl radical can undergo facile C-C bond formation at
C9-position when the two units of the radical are connected at C2'-positions to
give stable intramolecular dimer (1), which is a clamped hexaphenylethane
derivative with an elongated C-C bond. The newly formed bond in 1 can be
cleaved easily upon two-electron oxidation to give bis(9-xanthenylium)-type
dication (22%), from which the diradical is generated upon two-electron reduction.
This review account describes the dynamic redox ("dyrex™) pair of colorless 1 and
yellow-orange 22*, which provides a versatile scaffold to develop multi-functional
electrochromic systems. Both of 1 and 22* are sterically challenged molecules
and thus adopt characteristic skewed geometries. Electrochiroptical response
was realized by suppressing the chiral inversion of helicity in 1 and axial chirality
in 22" whereas redox-induced fluorescence switching was attained by attaching
the fluorophore whose emission is quenched by xanthenylium in 22* but not by
spiro(xanthene) unit in 1. By the molecular design that allows intramolecular
chiral transmission, the spectral changes were also induced by the external stimuli
(e.g. heat, pH) other than redox input, which made it possible to construct less
well-explored multi-input-multi-output response systems.  More advanced
functions could be endowed, such as chiral redox memory or reversible

O»-storage, by further modification of the prototype.
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1. Introduction

9-Phenylxanthenylium (1) is the common skeleton for the many xanthene dyes such as Rhodamine B,
which have been widely used as laser dyes® or for dye-sensitized solar cells.?2 One-electron reduction of
I causes formation of the corresponding radical (11) (Scheme 1),2 which has been attracted as a scaffold to
generate the thermodynamically stable and kinetically persistent radicals.®® As the end product of II,
9,9'-diphenyl-9,9'-bi(xanthene) (111) had been postulated,* however, it was revealed that 11 does not form

Scheme 2
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dimer 111.8  The lack of dimerization obviously comes from the severe steric repulsion around the central
C-C bond in 111, which is inherited from hexaphenylethane (HPE).=2

(a) (b)

Figure 1. Calculated geometry of Il by DFT method
[B3LYP/6-31G(d)]: (a) side view, (b) top view

According to our DFT calculation® on one of the energy-minimized conformers of 111 (torsion angle of
Crh-Co-Co-Cph: 54.5°), the central C-C bond length (d) is predicted to be 1.704 A, which is much longer
than the standard (1.54 A) but close to the calculated value for that of parent HPE (1.735 A) (Figure
1).2%12 Based on the proposed linear correlation between the bond dissociation energy and d, 2 the bond
fission of 111 would occur very easily unless the additional interaction (e.g. dispersion force)® between the
two phenylxanthene units can help suppressing the bond dissociation, as in the case of bis(diamondoid)
compounds that have the longest Csps-Csps bond among the alkanes without Csp, carbons.4

On the other hand, we envisaged that more reliable method to stabilize 111 is clamping>- the two phenyl
rings. Thus, dispiro[xanthene-9,9'(9'H,10'H)-phenanthrene-10',9"-xanthene] (1) was designed as a stable
and persistent HPE derivative, in which an extra C-C bond is made in the structure of dimer (I11).
Actually, the dication (2%*) with two units of 9-phenylxanthenylium connected at the C2' position
undergoes facile Co-Co bond formation to give 1 upon two-electron (2e) reduction. It should be noted
that the newly formed bond of 1 can be cleaved to regenerate dication (22*) when treated with two
equivalents of a one-electron oxidant (Scheme 2),28 so that 1 and 22* can consist of a kind of "reversible"
redox pair. This review account describes the novel electrochromic systems based on the
interconvertible pair of colorless 1 and yellow-orange 22*, which can serve as a versatile scaffold to

develop advanced molecular response systems.
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2. Dihydrophenanthrene with two units of spiro(xanthene): A prototype of the dyrex system

The significant difference between the two reaction schemes for the monomeric and dimeric
9-phenylxanthenyliums shown in Schemes 1 and 2 is that the chemical process (C-C bond formation) is
followed by 2e-transfer during the reduction process in the latter (EEC mechanism®®). The detailed
study on the related molecules showed that the oxidation process in the latter involves ECE mechanism,®
and thus the bond cleavage occurs just after the le-transfer (Scheme 3).22 The interconvertible pair
undergoing reversible C-C bond formation/cleavage upon 2e-transfer has been categorized as "dyrex
(dynamic redox)" systems,?® for which the pair of 1 and 22* serves as a representative example. The
large separation of redox peaks (E® of 1 = + 1.42 V and E™ of 22* = +0.50 V vs SCE, respectively, in
CHCl,, peak potentials) as well as 2e-transfer in each wave in the cyclic voltammogram are the often

observed features for the dyrex systems (Figure 2).
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Figure 2. Cyclic voltammogram of 1/22* measured in CH2Cl, (E/V vs SCE)
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According to the DFT calculation,X® a dynamic structural change is predicted upon interconversion
between 1 and 22* (Figures 3 and 4). The two 9-xanthenylium units are only partially overlapped in 2%
since the biphenyl unit is twisted by 66.7°, and thus the C9 -- C9 separation (3.79 A) is much larger than
the sum of van der Waals radii of Cs2 (3.40 A).2 By forming a new C-C bond with transforming to
neutral compound 1, the twisting angle becomes 17.8°, and thus the six Csp2 carbons around the newly
formed C-C bond are arranged in a sort of eclipsed manner. The "front strain® in the eclipsed
geometry is the reason for the great d value (1.658 A) for the central bond in 1, which is a clamped
derivative of HPE with the 9,10-dihydrophenanthrene skeleton.’>’ At the same time, such a
geometrical change as well as the presence/absence of the C-C bond are the reasons for the quite different
redox potentials.

Figure 3. Optimized structures of 1 by DFT method [B3LYP/6-31G(d)]:
(a) side view, (b) top view

(b)

Figure 4. Optimized structures of 22* by DFT method [B3LYP/6-31G(d)]:
(@) side view, (b) top view
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The dyrex behavior can be also accounted for by considering their MOs (Figures 5 and 6). In the
HOMO of 1, the orbital coefficients are mainly localized on the electron-donating spiro(xanthene) units,
as expected. A considerable coefficient is also found on the central C-C bond due to the "through-bond
interaction”.2222  One-electron oxidation of 1 causes the decrease in bonding character of the C-C bond,
leading to the facile mesolysis2* of the central bond upon le-oxidation. In addition, in the LUMO of 2%,
the largest coefficients are located at two C9 carbons, whose orbitals are interacting in an in-phase
manner between the facing 9-xanthenylium units, which causes C-C bond formation upon receiving
electrons in LUMO.

(@) (b)

Figure 5.  HOMO of 1 by DFT method [B3LYP/6-31G(d)]: (a) side view, (b) top view

(@) (b)

Figure 6. LUMO of 22* by DFT method [B3LYP/6-31G(d)]: (a) side view, (b) top view
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Both of 1 and 22* are sterically congested molecules. To reduce the steric hindrance, they adopt
helical/twisted geometries with C-symmetry. However, their tH NMR spectra exhibit time-averaged
signals assigned to the Ca,-symmetic species due to rapid ring flip in 1 and free rotation around the
biphenyl axis in 22*.  VT-NMR analyses indicated that the rotational barrier in the latter is only 12.5 kcal
mol~ whereas that for the ring flip in the former is much smaller.2 On the other hand, by attaching
bulky substituents at the bay region of 1 and 22*, optically pure dyrex pair could be obtained, for which

stereospecific interconversion would occur only between certain stereoisomers (vide infra).

3. Multi-input and multi-output electrochromic systems

3.1 Electrochiroptical response system
Electrochiroptical response systems?® are endowed with the multi-output function, and thus the
electrochemical input can be transduced into two kinds of spectral outputs, i.e., UV-Vis and circular
dichroism (CD). The pioneering works? had been developed to enhance the CD activity through
exciton coupling? of two chromophores because only a small amplitude in the CD output is available for

chiral redox molecules with a simple asymmetric center (Ag < 5).22

(M)-3 (Rax)-4%*

Scheme 4 [a: R\,R?=benzo; b: R' =Br, R? = H; c: R' = Me, RZ = H]
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The helical/twisted geometries of 1 and 2%* are quite suitable for exciton coupling, which prompted us to
design new dyrex pairs of 3 and 4?*, which would have high racemization barrier to allow optical
resolution (Scheme 4).  Scheme 5 depicts the synthetic routes for 3a and 4a* with a binaphthyl skeleton,
in which benzannulation increases steric repulsion in the transition state of racemization. First, racemic
2,2'-dibromobinaphthyl 5 was reacted with BuLi, and the resulting dilithiobinaphthyl was then treated
with xanthone to give diol 6a. Treatment of 6a with HBF4 in (EtCO).O gave racemic dication salt
4a%*(BF4), in quantitative yield, which was converted to 3a upon reduction with Zn with C-C bond
formation, again in quantitative yield. Upon oxidation of 3a with two equivalents of one-electron
oxidant [(4-BrCsHa4)sN** SbCls~ (magic blue)], the newly formed bond was cleaved to regenerate 4a?",

thus 3a and 4a®* was shown to be a new entry of dyrex pairs.2

Br Br Li Li OO
CrY s [§ X
O T T IwO| T

rac-5a

HBF, Zn magic blue
rac-ba ————p» rac-4a’*(BF,); —— p» rac-3a —— B rac-4a>*(SbClg),

> (SaeRR)Ta  +  (RauRR)-Ta
1)(R)-H0(C.2H2)2CH-(OH)Me ¢ HBF, * HBF,
2) separation of diastereomers
(Sax)-4a%*(BFy); (Ra.x)-4a%*(BF4),
¢ Zn * Zn
(P)-3a (M)-3a

Scheme 5

(R.xsR,R)-Ta
[R* = (R)-(CH),CH(OH)Me] Figure 7. X-Ray structure of (Rax,R,R)-7a
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To resolve the enantiomers, dication salt of rac-4a** was reacted with (R)-butane-1,3-diol to give a
diastereomer mixture of ethers (Sax,R,R)- and (Rax,R,R)-7a, the latter of which was analyzed by X-ray to
determine its stereochemistry (Figure 7). Acid treatment of (Sa,R,R)- and (Rax,R,R)-7a gave optically
pure salt of (Sa)- and (Rax)-4a%"(BFs)2, respectively, from which (P)- and (M)-3a were obtained
selectively upon reduction. They exhibit very large optical rotation {[o]o +642° for (P)-3a} due to the
helicene-type substructure.®t Configuration of 3a and 4a®* is stable with no sign of racemization at

ambient conditions.

Similarly, by starting with selective double lithiation of 2,2',6,6'-tetrabromobiphenyl 5b (Scheme 6),
optically resolved pairs of (P)-3b/(Sax)-4b?* and (M)-3b/(Rax)-4b?* were obtained, which underwent
stereospecific interconversion.22 Absolute configuration was again confirmed by an X-ray analysis of
diastereomeric intermediate of (Rax,R,R)-7b (Figure 8). Their configurational stability is attained by the
steric bulkiness of bromo groups at the bay region as shown by the X-ray analysis on 3b (Figure 9). The
newly formed C-C bond in 3b is as long as 1.656(5) A, which is close to the calculated d value of 1.
The twisting angle of biphenyl moiety [41.4(1)°] is larger than that expected for 1, due to steric repulsion
between two bromo groups [Br --- Br: 3.423(1) A].  Similar twisted structure with a long C-C bond was
observed in the X-ray structure of dimethyl derivative 3c [1.652(4), 40.2(1)°],% which was prepared from
3b upon treatment with BuLi followed by Mel (Scheme 7). It holds true for the di(spiroacridan)
analogues 8b,c with the two bay-region substituents, which exhibit similar structural parameters [8b:
1.651(6) A, 38.7(1)°; 8c: 1.649(3) A 39.2(2)°],% showing that the 9,10-dihydrophenantherene-type HPEs
with two spiro(tricyclic system) at 9,10-positions adopt the similar strained molecular structure as
inherited from HPE.

Br  Br L Li o 0 & -0
QOO Cfon, O
D : o
— — =
Br Br Br Br

L - Br Br

sb rac-6b
HBF, Zn

-4b2* - -
HBF, 1) (R)-HO(CHZ)ZCH(OH)Me|_> (SaxsR,R)-Tb ——3» (S,4)-4b“"(BF), —» (P)-3b
-

rac-6b
2) separation of | HBF, Zn
diastereomers (RaxsR,R)-Tb ——» (R,,)-4b?*(BF ), —3 (M)-3b

Scheme 6
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Figure 8. X-Ray structure of
(Rax,R,R)-7b

i
s

R 8a:R =
. (Rax,R,R)-7b 3b: R = Br 1) BuLi 8b: R = Br
[R* = (R)-(CH;),CH(OH)Me] 3c: R=Me 2) Mel 8c: R = Me
Scheme 7

The helically twisted structure is favorable to attain strong exciton coupling of two chromophores
arranged in the asymmetric manner to induce the large Cotton effects. As shown in Figure 10,
(M)/(P)-3b and (Rax)/(Sax)-4b?* show strong bisignated Cotton effects in the UV and visible region,
respectively. Such large Cotton effects allowed us to observe a drastic CD spectral change accompanied
by electrochromism upon electrolysis (Figure 11). The spectral changes with several isosbestic points
indicated clean conversion as well as negligible steady-state concentration of the intermediary cation
radical thanks to the dyrex behavior (Table 1) with one-wave 2e-transfer. This is the successful example
of electrochiroptical response systems in the early stage of their studies. Thereafter, the above molecular
design concept has been used to construct a series of advanced electrochiroptical systems, such as 8b and

8c.3%
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Figure 10. (upper) CD and (lower) UV-Vis spectra of optically pure (a) 3b and (b)
4b?*(BF4)2 measured in MeCN
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Table 1. Redox potentials® of 3 and 42* measured in CH2Cl,

E* of 3 E" of 4
3a/da?* +1.30° +0.46°
3b/4b?* +1.450 +1.51P

3 Peak potentials, E/V vs SCE, Pt electrode. ® two-electron process.
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3.2 Redox-induced fluorescence switching

Molecular switches for fluorescence have been attracting considerable attention, especially because of

high sensitivity of luminescence signals.

using metal-centered redox couples, where the interaction between the redox-active site (transition metal
complex) and the external fluorophore plays an important role for the ON/OFF mechanism.®
organic switches without metal ions are rare, and the first example was reported by using
tetrathiafulvalene as a redox center and free-base porphyrin as a fluorophore.®* We envisaged that new
fluorescence switch could be realized by using dyrex pair of 1 and 22* as the redox center with

incorporating suitable fluorophore, such as phenanthrene, triphenylene, or dibenzoanthracene, as in 9a -

HETEROCYCLES, Vol. 102, No. 3, 2021

Redox-dependency of fluorescence has been mainly studied by

9c, which were prepared from dibromo derivative 3b as shown in Scheme 8.3

3b: R=Br

1) BuLi
2) DMF

R R Ti(0), Zn
1) CBr,/PPh, +
2) BuLi
O O
/8 7 \ 7\ 7 \
() <o O —
- C2H2, Ni(O) C6H5Br,
Pd(0)
O 9b \\ // 3e
1,2-1,C¢Hy,
Pd(0)
re
7\

Scheme 8

Pure
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Thus, dialdehyde 3d was prepared upon treatment of 3b with BuLi followed by DMF, which was
subjected to the McMurry coupling reaction to give 9a. By considering the reported difficulty to
convert 2,2'-dihalobiphenyls to the corresponding diynes via Pd-catalyzed reactions, diacetylene 3e was
prepared form 3d via a bis(dibromomethylene) intermediate.  Then, Ni(0)-catalyzed [2+2+2]
co-cyclization 3” under the acetylene atmosphere gave 9b. The Pd(0)-catalyzed Sonogashira coupling of
3e with 1,2-diiodobenzene gave 9c via spontaneous Masamune-Bergman cyclization® of the
intermediary macrocycle. The dibenzoanthracene skeleton in 9c was more easily constructed by the
cyclization® of bis(phenylethynyl) derivative to give 9d. A variety of reactions shown in Scheme 8
indicate that the dyrex skeleton of 1 is robust enough to various transformations, especially to the cross
coupling conditions using transition metals, thus providing other dyrex skeletons®® for
post-transformation strategy.

(@) ; (b)

(©) (d)

1

Figure 12. X-Ray structures of (a) 9a, (b) 9b, (c) 9¢, and (d) 9d measured at 153 K
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Their structural features were revealed by the X-ray analyses (Figure 12), and the C-C bond lengths
corresponding to the "ethane™ bond are summarized in Table 2. Although the values [d: 1.614(2) -
1.630(2) A] are beyond the standard length due to HPE skeleton, slightly shorter values than those of 3b
or 3c [1.656(5), 1.652(4) A] are due to the condensation of a polyaromatic unit, that changes the skewing
angle of the dihydrophenanthrene skeleton.222  Despite such structural constraint by the fused ring, all of
9a - 9d undergo 2e-oxidation (Table 2) to give the corresponding dications 10a** - 10d?* (Scheme 9),
which were isolated as stable (SbClg), salts. We succeeded in analyzing the X-ray structure of 10a2*
salt. As expected, the two xanthenylium units are forced to overlap in a face-to-face manner with the
very close C9* -- C9* contact of 3.06 A (Figure 13), which is one of the shortest C* -- C* intramolecular
distances between triarylmethyliums.*

Table 2. Bond length? and fluorescence quantum yield® of 9, and redox potentials®c of 9 and 10%*

bond length (d) of E% of 9 E"d of 10%*
9a/10a% 1.625(2) A 0.01 +1.13¢ +0.60¢
9b/10b?* 1.630(2) A 0.01 +1.13¢ +0.60¢
9c/10c?* 1.626(3) A 0.07 +1.12¢ +0.63¢
9d/10d?* 1.614(2) A 0.02 +1.14¢ +0.54¢

3 Determined by X-ray structural analyses at 153 K. °Measured in MeCN. ¢ Peak potentials,
E/V vs SCE, Pt electrode. “Two-electron process.

102+

a: X = H; b:E); =©?°: E?(:; d: E);=

Scheme 9 Figure 13. X-Ray structure
of 10a%* in 10a2*(ShCls"): salt
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Although the fluorescence quantum yields of 9a - 9d are not high (Table 2), electrochemical oxidation
induced not only UV-Vis spectral change but also steady decrease in fluorescence (Figure 14a) since the
fluorescence is completely quenched in the corresponding dications 10a%* - 10d?*. This is a successful
demonstration of another category of multi-output response systems. As shown in Scheme 10a, the
fluorescence of 9d disappears upon 2e-oxidation to 10d?*.  On the other hand, another switching pattern
(Scheme 10b) would be possible, when 2e-oxidation induces fluorescence growth. Actually, the latter
could be realized by modifying the chromophore of the prototype 1/22*. Thus, thanks to the fluorescent
nature of acridinium skeleton, di(spiroacridan)-type HPE 8a exhibits redox-induced fluorescence

switching with steady increase of emission upon 2e-oxidation (Figure 14b).2042

(a) (b)

Intensity / AU
Intensity / Al

330 400 430 a00 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 14. A fluorescence spectral change of (a) 9d and (b) 8a upon constant-current
electrochemical oxidation in MeCN containing 0.05 M EtsNCIOs as an electrolyte

R R
dyrex-HPE derivative dication
(a) FLUORESCENT -cccecececeeecmcncncncecanaanaeen. non-fluorescent [e.g. X =0, R-R = CH=CH, as in 9a]
(b) NON-FlUOFESCENt  -----scereererssesinniiininnnnnes FLUORESCENT [e.g. X =N-Me, R =H, as in 8a]

Scheme 10
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3.3 Multi-input-multi-output response system

In the field of molecular electronics,®® the multi-input response systems have been considered as
"molecular logic gates"#* since the two independent external stimuli affect the physical/spectral properties,
so that the transduced signals can be considered as if the molecule works as a logic operator such as
"AND", "NOT" or "OR".2 We envisaged that, by some modifications of the prototype structure of 1/2%*,
we could construct the multi-input systems, using pH or heat as another input signal in addition to the
electric potential.  Furthermore, multi-input-multi-output system could be possible by addition of
chiroptical output signal to UV-Vis, which prompted us to investigate on the synthesis and

characterization of 2,7-dihydroazepin-fused helical pair of 11/12%* 46

electron transfer (electric potential)
proton transfer (pH) - -

o\ | Q—o H* 0
\_/ /_\ \_

H+

+
N (my-11m*
H R

O w5

@ 7 A
7\ B \ 7 N\
_ N\ / H*

+

N N + N - N 192+
R/ \H (P)-11H ll2 (P)-11 | (P)-12
[ a: R = (R)-PhCHMe; ent-a: R = (S)-PhCHMe; b: R = (R)-cHexCHMe; c: R = (R)-4-FCcH,CHMe; d: R = PhCH; ] '

(eunjesadwa)) aouaiaasd Jowoaldlselp

Scheme 11

As shown in Scheme 11, the bay-region carbons of the prototype (1/2%*) are bridged with a
CH2-N(R)-CH2 unit in the newly designed pair. Different from benzannulation as in 9, this bridge is
long enough to maintain the helical geometry of the biphenyl unit whereas the sps N atom on the center
can provide the pH-responsive function. When we attach a point chirality on the N atom, helical
preference of the biphenyl unit would be induced by the intramolecular chiral transmission.*”  Thus, the
helically biased pair of 11/12%* with a chiral center on N would be two-way (UV-Vis and CD) output
response system, whose properties would be changed not only by electric potential but also by pH.

Because the diastereomeric ratio through the intramolecular chiral transmission is the function of
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temperature, chiroptical output would be also affected by temperature, thus the three-way-input and

two-way-output response would be formulated.

Although the tetrahydrophenanthro[4,5-cde]azepine skeleton in 11 has been hitherto unknown skeleton,
several derivatives with a difference substituent on N were readily obtained from the dialdehyde 3d
through the reactions with the corresponding amine to give the diimine intermediates, which were then
subjected to reductive cyclization®® by using DIBALH to furnish the desired electron donors 11a-11d
(Scheme 12). The *H NMR spectrum of benzyl derivative 11d is that for Cay-symmetric species at 298
K, showing the rapid ring-flip between two energy-equivalent helical structures of the phenanthrazepine
skeleton (Scheme 11). Upon lowering the measurement temperature, the broad signal for the methylene
protons were finally separated into two (3.55 and 3.93 ppm in CDCls), which were assigned to the
diastereomeric protons of the helically deformed seven-membered ring. Based on the VT-NMR analysis,

the inversion barrier of 13.9 kcal mol was determined for 11d.

_ _ RNH, _ _ DIBALH — —

[ a: R=(R)-PhCHMe; ent-a: R = (S)-PhCHMe; b: R = (R)-cHexCHMe; c: R =(R)-4-FC¢H,CHMe; d: R = PhCH, ]

Scheme 12

For 11a - 11c with an asymmetric center on N, interconversion of diastereomers is also suppressed at low
temperature to give two sets of *H NMR resonances, from which the diastereomeric ratios were
determined (75:25 for 11a; 55:45 for 11b; 82:18 for 11c at 213K in CDCI3). These ratios correspond to
the degree of intermolecular asymmetric transmission from the point chirality on N to the helicity of
phenanthrazepine skeleton, which is effective by the aromatic auxiliary in 11a but not by the aliphatic
counter part (11b). Crystallization of 11a gave a single crystal containing only (M)-isomer whereas the
crystal lattice of 11b contains both diastereomers in a 1:1 ratio (Figure 15), which is in accord with the
degree of diastereomeric preference in solution.  Slightly higher diastereomeric ratio was attained by the
electron-withdrawing aryl group (11c) than in 11a, suggesting that chiral auxiliary is close to the biphenyl
unit in solution, and = - = interaction®® but not C-H -- & interaction®® is more important to attain the

observed diastereomeric preference by the aromatic auxiliary.
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Figure 15. (a) X-Ray structure of 11a attached with (R)-PhCHMeN group. The crystal contains
only (M)-isomer (100% de). (b) X-Ray structure of 11b attached with (R)-cHexCHMeN group.
The crystal contains both (M)- and (P)-isomers in 1:1 ratio (0% de).

Upon 2e-oxidation, the corresponding dications 12a2*- 12d?* were isolated as stable salts. As shown by
the strong CD couplet in the spectrum of 12a2*, the point chirality of (R)-PhCHMeN induces significant
helicity preference (Ae +33 at 401 nm, —25 at 371 nm in MeCN at 293 K), for which (M)-helicity is
assigned by comparing the spectral shape with that of dibromo dication [(Rax)-4b%": Ae +81 at 398 nm,
-39 at 366 nm].  As expected, ent-11a and ent-12a%* with an (S)-PhCHMeN auxiliary exhibit the CD
signals of mirror-image (Figure 16). By considering that the simple asymmetric center induces a very
small Cotton effect (Ae < 5),2° intramolecular chiral transmission to the helicity is proven the effective
protocol to amplify the Cotton effects.® The large Cotton effects both in 11a and 12a%* as well as the
wavelength shift from UV (11a) to visible region (12a?*) enable this dyrex pair to serve as

electrochiroptical response system.

(@) (b)

+507 +100 |
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N o =
| “__ ent-11a |
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Al nm

Figure 16. CD spectra of (a) 1la and ent-11a, and (b) those of 12a?*(SbCls), and
ent-12a2*(SbClg)2 measured in MeCN at 293 K
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On the other hand, more prominent feature of 11a/12a®** is the multi-input function to modify the
chiroptical properties by heat and pH. Thus, the diastereomeric ratio changes by the temperature. The
increase in CD spectral intensity was observed both in the spectra of 11a and 12a®* upon lowering the
measurement temperature from 293 K to 243 K (Figure 17). Furthermore, protonation on N by addition
of TsOH to an MeCN solution of 11a caused dynamic changes in both of UV and CD spectra (Figure 18).
This is the successful demonstration of three-way-input-and-two-way-output molecular response system,
which initiated the related studies on other dyrex systems by incorporating fluorescence and

fluorescence-detected CD spectra as additional outputs.1%52

(@) (b)
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Figure 17. Continuous changes in CD spectra upon changing the solution temperature of (a) 11a
and (b) 12a2*(ShClg")2 from 293 K to 243 K in MeCN
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Figure 18. (a) UV and (b) CD spectral changes of 11a upon the addition of 0.5 and 1 equivalent
of TsOH in MeCN at 293 K
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4. Further structural modification for more advanced functions

4.1 Toward chiral redox memory

The helical inversion in 11/12%* is the key for the intramolecular transmission of point chirality to induce
the preference of helical sense of the molecular framework. When the helicity preference is induced by
the intermolecular manner® in the further structurally modified prototype of 1/22*, such a chirality
transfer from external asymmetric source would furnish the unique functions such as chiral memory>* or
chiral amplification.>> For the transfer of external chirality (“writing" process), inversion of helicity
should occur very easily. On the other hand, inversion of helicity should be prevented by a certain
chemical transformation to maintain the induced chirality (“"memorizing" process). Transformation
should be reversible to allow helical inversion to erase the induced chirality (“erasing™ process), and thus
electrochemical transformation would be useful to construct the chiral redox memory based on the dyrex

systems.

By considering the larger inversion barrier of 2* than 1, we envisaged that, under proper molecular
design (e.g. 13/14%%),% neutral species can undergo rapid helical inversion whereas the corresponding
dication is configurationally stable to maintain its chiral information (Scheme 13). It should be noted
that, thanks to the electrochemical bistability of the dyrex systems, the electron exchange between the
neutral state ("writable/erasable” species) and dicationic state (*memorable™ species) is prohibited, which

o (P)-13

Scheme 13 [a: X =0; b: X = NMe]
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is the essential requirement for the redox-type memories.>’ For the conventional redox systems
undergoing reversible interconversion between the neutral and the charged species, memory effects could
not be realized because of the facile electron exchange of the "memorable"-species with the

"writeable/erasable"-species, thus losing the memorized information.

The CH,-O-C(=0) bridge at the bay region of 13/14%* has been selected after examining a series of
compounds  with  different inversion barrier,t>®® and  4,6,10,11-tetrahydrophenanthro[4,5-
cde]oxepin-4-one 13a with two siproxanthene units was designed. By the Tishchenko reaction®® of
dialdehyde 3d, 13a was obtained which undergoes two-electron interconversion with 14a%*(SbhClg"): salt.
Bis(acridinium) analogue 14b?* was obtained from another dialdehyde 15°% by the similar condensation
reaction followed by N-methylation of the two acridine units in 5,7-dihydrodibenzo[c,e]oxepin-5-one 16
(Scheme 14). The precursor 16 adopts deeply skewed geometry to stabilize its helical configuration
(Figure 19). Actually, helical inversion of 16 is prohibited under ambient conditions (AG*> 25 kcal
mol?) to allow its optical resolution by chiral HPLC at room temperature, and the observed CD spectrum
did not change over the days. The *H NMR spectra of 14a,b?* did not change upon heating to 150 °C,
and their configurational stability is in line with the high inversion barrier of 16. On the other hand, the
'H NMR spectra of neutral donors 13a,b correspond to those of Co-symmetric species only at low

temperature, and the VT-NMR analyses gave the values of AG* of 16 kcal mol™ for both 13a,b.

[a: X = O; b: X =NMe]

)

N
Figure 19. X-Ray
Scheme 14 structure of 16
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In this way, we have succeeded in constructing the dyrex pairs of 13a/14a** (X = O) and 13b/14b%*(X =
NMe), in which the dicationic state has a very large inversion barrier whereas the neutral state exhibits
rapid ring-flip irrespective to the kind of heterocycles (xanthene/acridan) as the electrophore units. As
shown in the UV-Vis spectral changes upon electrolyses of 13a and 13b, their electrochromic behaviors
from colorless to yellow-orange are also similar (Figure 20). On the other hand, the redox potentials are
rather different between these pairs [E®/E™ vs SCE in MeCN: +1.11 V/+0.49 V for 13a/14a%" and +0.30
V/-0.10 V for 13b/14b?*, respectively], so that the same approach is valid to construct the systems with

the tunable working voltage by changing the heteroatom in the electrophore units.

(@ (b)
15000 100000
80000
10000
e 60000
(]
s
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[
0 ’ T —— T —— 0 : L .
250 300 350 400 450 500 550 200 300 400 500
Wavelength / nm Wavelength / nm

Figure 20. UV-Vis spectral change of (a) 13a and (b) 13b upon constant-current electrochemical
oxidation in MeCN containing 0.05 M EtsNCIO4 as an electrolyte

4.2 Redox-induced Oz-storage

As detailed in Section 1, the C-C bond formation of 9-phenylxanthenyl moiety is facilitated by spatial
proximity of two radical centers upon reduction of 22* to form 1. When another spacer is replaced for
the biphenyl-2,2'-diyl in 22* so that the two radicals are more separated apart, the resulting C-C bond
would be much longer and very weak,%® and thus, other products®® would be formed instead of HPE
derivative. Actually, formation of bis(9-phenylxanthenyl)peroxide®2 was reported to be the end product

of 11,8 and such formation of peroxides is a typical side reaction upon attempted generation of HPEs.”

When the resulting peroxide undergoes extrusion of O, accompanied by reformation of the starting
dication, the redox-induced O-uptake/release could be realized, which can be considered as novel

O,-storage system.  This is the case of 3,9-dihydrodibenzo[c,f][1,2,6]trioxonin 15a with two
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spiro(xanthene) units obtained upon 2e-reduction of diphenyl ether-2,2'-diyl dication 16a%* (Scheme
15).82  Although only a small numbers of 9-membered cyclic peroxides have been reported,® this
medium-sized endoperoxide 15a was isolated in 80% yield upon reduction of 16a* in aerated THF. The
X-ray analysis showed that the O-O bond is expanded to 1.507(4) A (Figure 21), however, not O-O bond
but neighboring C-O bonds were cleaved upon 2e-oxidation, thus undergoing "oxidative deoxygenation™
reaction. Actually, upon treating 15a with (2,4-Br.CeHs)sN**SbhCls~ (2 equiv.), 16a2*(SbCls), was

obtained in 99% yield along with evolution of O» gas (96% of calculated amount).

Similar behavior is observed for other pairs of 15b/16b%* with thioxanthene units (X: O ->S)& or of
15¢/16¢2* with diphenylsulfide unit (Y: O -> S),® thus allowing some structural/electronic variations.
On the other hand, diphenyl ether-2,2'-diylbis(diarylmethylium)s (Ar = 4-MeOCgHa, 4-Me;NCgsH4) did
not undergo facile formation of endoperoxides, showing that the xanthene-type tricyclic skeletons are

suitable for construction of redox-induced O,-storage systems.&’

Scheme 15 [a: X=Y=0;b: X=S,Y=0;¢c:X=0,Y=8]

(a) A @ (b) \
EX S S N
@r’ _ ) /'37" . % ) /kg
L \o—d ) A v\@/@f A

Figure 21. X-Ray structures of (a) 15a and (b) 15b (0.5AcOEt solvate). Both
compounds have an extended conformation of the peroxide moiety [tortion angle:
160.8(3)° for 15a and 154.6(2)° for 15b, respectively].



442 HETEROCYCLES, Vol. 102, No. 3, 2021

5 Outlook

This review account describes the novel electrochromic systems based on the interconvertible dyrex pair
of colorless HPE 1 and yellow-orange dication 22*, which can serve as a versatile scaffold to develop
advanced molecular response systems. The electrochiroptical response systems (3/42*) and redox
switches for fluorescence (9/10%") are multi-output response systems. Just by condensation with
polyaromatic ring, fluorescent nature is induced in HPE skeleton whereas benzannulation or bromo
substitution at the bay region can endow the electrochiroptical response. Helical geometries of 1/22* are
also the key to conduct intramolecular chiral transmission to amplify the chiroptical properties in 11/122",
and the temperature dependence of helicity preference enables to demonstrate multi-input response of CD
spectrum. Furthermore, subtle change of the congesting degree at the bay region can control the energy
barrier of helical inversion, and thus only the neutral HPE 13 but not the corresponding dication 14%*
undergo ring-flip at ambient conditions to serve as the prototype of a chiral redox memory. All the
above mentioned examples demonstrate that the prototype of 1/22* is one of the best scaffolds to develop
the materials by following MFMS (maximum functions on the minimum skeleton)?® approach because
only a small structural alternation can add new properties to the prototype, that can be used to exhibit new

function.

Besides the facile structural modification of 1/22*, tricyclic xanthene unit can find a way to tune its
electronic nature by replacing the heteroatom. The red- and blue-shift of absorption is induced by
replacing the heteroatom from O (xanthenylium) to S (thioxanthenylium) or NR (acridinium),
respectively, whereas only acridinium emits strong fluorescence among three. Reduction potentials of O
(xanthenylium) and S (thioxanthenylium) are much higher than that of NR (acridinium), so that the
working potential of redox response can be also tunable on demand.

Finally, we like to point out another class of dyrex systems based on the same chromophores. Thus, the
dyrex systems undergoing reversible intramolecular C-C bond formation/cleavage can be divided into
two categories, endo-type and exo-type (Scheme 16),22 and all of the dyrex systems shown in this article
belong to the former since the positive charges are located on the endocyclic carbon of the ring
undergoing C-C bond cleavage. In the latter category, the positive charges are located on the exocyclic
carbon after the ring formation, as exemplified by 17/18%" shown in Scheme 17.88  They are structurally
related to the pair of 3a/4a®" with binaphthyl skeleton that connects two xanthene units. Upon
2e-oxidation, neutral donor 17 undergoes C-C bond formation to give 182*, and the xanthenylium units
with positive charge are on the exocyclic bond. Upon reduction, the C-C bond in 18%* can be cleaved to

regenerate diolefinic donor 17. Reversible interconversion of 18" with ether 19 under acidic/basic
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conditions is applicable for multi-input protocol whereas three-way spectral outputs of UV-Vis, CD, and
fluorescence detection are available during the interconversion. Although only a limited number of
examples has been detailed in this article, the dyrex systems based on the xanthene-type and related
chromophores seem to have an unlimited variation of molecular structures to develop the plethora of

functional materials based on their unique electrochromic behaviors.

endo-type

AT
\_/

exo-type

Scheme 16

(P,S,S)-18%* (P,S,S)-19

Scheme 17
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