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ABSTRACT: A novel class of photoswitches based on a phenylazothiazole scaffold that undergoes reversible isomerization
under visible-light irradiation is reported. The photoswitch, which comprises a thiazole heteroaryl segment directly con-
nected to a phenyl azo chromophore, has very different spectral characteristics, such as a redshifted absorption maximum
wavelength and well-separated absorption bands of the trans and cis isomers, than conventional azobenzene and other het-
eroaryl azo compounds. Substituents at the ortho and para positions of the phenyl ring of the photoswitch resulted in a fur-
ther shift to longer wavelengths up to 525 nm at the absorption maximum with a small thermal stability compensation.
These photoswitches showed excellent photostationary distributions of the trans and cis isomers, thermal half-lives of up to
7.2 h, and excellent reductant stability. The X-ray crystal structure analysis revealed that the trans isomers exhibited a pla-
nar geometry, and the cis isomers exhibited a T-shaped orthogonal geometry. Detailed ab initio calculations further demon-
strated the plausible electronic transitions and isomerization energy barriers, which were consistent with the experimental
observations. The fundamental design principles elucidated in this study will aid in the development of a wide variety of
visible-light photoswitches for photopharmacological applications.

INTRODUCTION five-membered heteroaryl motifs that have been used in the
development of photoswitches.3-42 Some of these pho-
toswitches have shown exceptionally long half-lives;36 40b
however, they require ultraviolet (UV)-light irradiation for

Azo-based photoswitches absorb specific wavelengths of
light and undergo reversible conversion between their
trans (E) and cis (Z) isomers, which have been utilized for

. - . . . - E—Z isomerization.
diverse applications in material science,!-7 biology,8-! and _
pharmacology.12-15 The performance of a photoswitch is de- (@) pat . ortho-substituent | para-substituent
termined based on distinct factors such as the absorption I\ " gt Y eNreY
maximum wavelength (Amax), quantum yield (®), relative YUY Y Y Y Y
abundance of E and Z isomers at the photostationary state N Mon Mo Mon Mo Mo
(PSS), thermal stability of the isomers, and fatigue-resistant © ©’x‘ ©/X2 © © ©
photoswitching cycle.!® For conventional azobenzene pho-
toswitches, one method for tuning the spectral characteris- Xi= E’r’C," N,.)f,\z,,:,'}l\l'-,\iﬁez: CN NMe,  OMe
tics and thereby altering photoswitch properties is to sub- 1 2_5 6-8 9 10 11
stitute suitable functional groups on the phenyl rings.17-24 (b)
« » : )\

Heteroaryl azo”-based photoswitches have recently re- s*n Avis.1
ceived considerable attention owing to their photophysical N, — > NN,
characteristics originating from the heterocyclic aryl mo- 1 - <\js( 1
tifs.25 Photoswitches with a five-membered heteroaryl mo- @ Avis-2 ©
tif exhibit distinct photophysical properties, steric profiles, PAT-trans PAT-cis
and molecular geometries.26-2° Many drug molecules pos- Figure 1. (a) Molecular structures of un [1], ortho- (F [2], C1[3],
sess a five-membered heteroaryl motif;39-33 hence, their Br [4], I [5], NHz [6], NHMe [7], NMe: [8]) and para- (CN [9],
photoswitchable analogs can be used in the field of photo- NMe: [10], OMe [11]) substituted PAT. (b) Scheme showing
pharmacology, provided that the photoswitch isomerizes the reversible isomerization of 1 using visible-light irradiation
when exposed to visible light.3435 Pyrrole, pyrazole, imidaz- having different wavelengths.

ole, isoxazole, triazole, and thiophene are considered as the



Schemel. Synthesis of PAT photoswitches
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Reagents and conditions. (a) NH4SCN, EtOH/H20 (9:1 v/v),
25°C; (b) BrCH2CHzNH2-HBr, iPrOH, 110°C, then NaHCOs;
(c) Naz2CO0s3 [or Agz20], EtOH, 110°C; (d) Zn, NH4Cl, MeOH,
25°C; (e) Mel, DMF, 30°C (f) Concentrated H2S04, NaNOz,
0°C (g) Concentrated HCl, aqueous NaNO, 0°C; (h) K2COs,
DMF, then dimethyl sulfate, 25°C.

In the case of thiophene-based photoswitches, both E-Z
(365 nm) and Z— E (285 nm) isomerizations require UV ir-
radiation.*2 Conversely, azobenzazoles can be isomerized
using visible light, albeit with relatively short half-lives of
the Z isomers (e.g, 0.4 s for benzothiazole).4344 Our interest
was to investigate novel thiazole-based photoswitches as a
new class of “heteroaryl azo” compounds with isomeriza-
tion induced by visible light and relatively long half-lives of
the Zisomers. Previously, a visible-light switchable p38a ki-
nase inhibitor comprising 4,5-disubstituted phenylazothia-
zole (PAT) was reported; however, the azo moiety was re-
duced to hydrazine in the presence of dithiothreitol
(DTT).*> We recently reported a visible-light switchable Rho
kinase inhibitor based on a pyridine-appended PAT that
was stable in the presence of DTT and glutathione.*¢ Moti-
vated by this finding, in the present study, we focused on the
fundamental properties and substituent effects of PAT com-
pounds, aiming to establish a new category of visible-light
photoswitches. We envisioned that the electron-donating
sulfur heteroatom of thiazole should have a favorable effect
to reduce the energy gap of m—m* transitions, enabling
isomerization via visible-light absorption. We indeed found
that PAT photoswitches generally isomerize reversibly un-
der visible-light irradiation, resulting in an excellent com-
position of E and Z isomers at the PSS and reasonably long
thermal half-lives of the Z isomers.
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Figure 2. (a-f) UV-visible absorption spectra of 1-3, 6, 9, and 11 in acetonitrile at 25°C before irradiation (BI, black lines), the PSS
of 405 nm or 470 nm (405pss, 470pss, red lines) and 525 nm or 625 nm irradiation (525pss, 625pss, blue lines). Absorbance changes
at Amax obtained by repeated irradiation at the PSS (insets). (g, h) Absorbance changes of 7 and 10 at 508 nm and 476 nm, respectively,
obtained using laser flash photolysis (fit, red curve). (i) Graph of Amax values of 1-11 showing the shift of their Amax to longer wave-

lengths.



Interestingly, electron-donating or withdrawing substitu-
ents at the ortho or para positions on the phenyl ring of the
photoswitch compound resulted in a further shift of the Amax
to longer wavelengths with a smaller thermal stability com-
pensation effect for some PAT derivatives. We also demon-
strated the unusual T-shaped geometry of the Z isomer of
PAT using X-ray crystal analysis. In addition, PAT pho-
toswitches without strong electron-withdrawing substitu-
ents showed excellent stability against DTT and glutathione
reductants.

RESULTS AND DISCUSSION

Synthesis and photoswitch properties. We synthesized
compounds 1-5 and 9 from the corresponding phenyl hy-
drazine hydrochlorides via thiazoline cyclization followed
by oxidation.#” The yield (<10%) of the oxidation reaction
of 4,5-dihydrothiazole to azothiazole was enhanced (>30%)
using silver dioxide as the oxidizing agent instead of air. For
6-8, a nitro-appended PAT derivative was selectively re-
duced to an amine using zinc, which was then methylated
using methyl iodide. Compounds 10 and 11 were synthe-
sized from aminothiazole via a direct azo coupling reaction
(Scheme 1 and S1-S4). The compounds were unambigu-
ously characterized using a variety of analytical methods
(*H NMR, 3C NMR, and mass spectroscopy; Figures S1-S33).
The synthesis of 1 was reported previously without any
study on its photophysical properties.*” We studied the pho-
toswitching ability of PAT derivatives using absorption
spectroscopy in acetonitrile solution at 25°C (Figures 2 and
S$43-549). As synthesized 1 exhibited two absorption bands
(Amax = 364 and 459 nm) assignable to the m—»n* and n—m*
electronic transitions, respectively. The Amax value (m—-1*)
of the E isomer of 1 was redshifted by ~47 nm compared

Table 1. Spectral and kinetic data for 1-11.

with the E isomer of azobenzene (Figure S34). Owing to the
redshifted spectral features of 1, we could induce pho-
toisomerization using visible-light irradiation. Under 405
nm light irradiation, the absorption band intensities were
considerably altered to reach the PSS (405pss) with 83% Z
isomers (determined using 'H NMR; Figure S35 and Table
1). The E—Zisomerization also occurred under 430 nm light
irradiation, although with a reduced Z isomer composition
(~52%) at the PSS (Figure S43). Under 525 nm light irradi-
ation (525pss), an opposite trend was observed for the
change in the absorption bands, resulting in an E isomer
composition of 81% (Figure 2a). We then studied the effect
of substituents at the ortho or para positions on the phenyl
component of PAT. Electron-withdrawing F, Cl, Br, [, and CN
substituents marginally affected the absorption spectra of
2-5, and 9, respectively, with a slight red-shift in the Amax
values compared with 1 (Table 1), and the compounds un-
derwent reversible photoisomerization similar to that of
parent 1 (Figures 2b-e, S36-546, and Table 1). Interestingly,
3 and 4 with bulky Cl and Br at the phenyl ortho positions,
respectively, presented highly efficient E-Z photoisomeri-
zation compared with 1, resulting in 96% Z isomers at
405pss (Figures 2c and S44). However, the n—m* spectral
band of the Z isomers partially overlapped with that of the
E isomers, causing less efficient Z—E photoisomerization
and providing only 65% E isomers at 525pss (Figure 2c and
Table 1). The electron-donating NHz (6), NHMe (7), NMe2 (8
and 10), and OMe (11) substituents considerably affected
the absorption spectra, with a 20-161 nm red-shift in the
Amax values compared with 1 (Figure 2i). Importantly the
E—Z and Z—E photoisomerizations occurred under longer
wavelengths of 470 or 525 nm and 625 nm light irradiation,
respectively, for 6, 7, and 10 (Figures 2d, S47, and 548). Be-
cause of the fast thermal relaxation kinetics of 7 and 10, we

71" (E) n—=* (E) Conversion (%) te ASH AG > o
PAT Amax P Amax € E~Z Z»E |(5°C)| B AH | mort | 25°C) | gz | 7ok
nm M-1cm-t nm |M-tcm-1| (405 nm) (525 nm) h kd mol-' | kJ mol-! K-1 kJ/mol
1 364 | 19723 | 459 | 769 85 81 28 | 879 | 854 | -384 | 968 | 024 | 078
2 369 | 18592 | 458 | 969 90 77 55 | 942 | 917 | —208 | 979 | 0.3t 0.43
3 371 | 12738 | 471 692 96 62 66 | 945 | 920 | —23.0 | 988 | 045 | 0.31
4 375 | 14903 | 477 | 666 96 62 72 | 905 | 80 | -37.7 | 993 | 027 | 044
5 375 | 12521 | 498 | 389 91 72 36 | 868 | 844 | —438 | 974 | 017 | 061
351 9788 >58* (470 nm) .
6 482 | 1oses | - ~ | Zie" (ozs nmy | 797 6250m)| 455 | 76.1 731 | -32.7 | 834 . e
353 | 11262 _ 587 @ronm) | g0 ~ ~ ~ ~ ~ ~
7 508 14591 41 (525 nm) >89* (625 nm)| 6S
g 365 3675 _ _ _ _ _ _ _ _ _ _ _
525 3278
9 371 | 23049 | 468 | 653 88 76 17 | 746 | 722 | -786 | 956 | o0.21 0.71
10 484 | 28830 | - — |>687(4700m) | g9« (6o5nm)| 28 = - - - = =
>52* (525 nm)
11 384 | 25044 | - - >92 86 025 | 808 | 783 | —416 | 907 | 034 -

* Conversion at the PSS was estimated based on the NMR results except for 6, 7, 10, and 11, for which the absorbance spectra were
used. Half-life was calculated from the absorbance changes at thermal Z-E isomerization except for 7 and 10, for which laser flash

photolysis was used.



also conducted laser flash photolysis, which showed a sud-
den decrease in absorbance at 508 nm (for 7) and 476 nm
(for 10) and an increase in absorbance at 550 nm (for 10)
followed by a slow recovery of the original absorbance (Fig-
ures 2g, 2h, and S50). To our surprise, 11 showed the best
forward E—Z (92%) and reverse Z—E (88%) photoisomer-
ization abilities, which is probably attributable to the opti-
mum spectral separation of the m—>1m* (4Amax = 53 nm) and

n—-T* (AAmax = 5 nm) transition bands of the E and Zisomers,

respectively (Figure S42 and Table 1). Compounds 1-6, 9,
and 11 underwent reversible E—Z photoisomerization for
many cycles with no degradation, indicating high fatigue re-
sistance (Figures 2a-2f insets), which is required for photo-
pharmacological applications. However, 8 with NMez sub-
stituents at the phenyl ortho position decomposed after
light irradiation (Figure S49). We measured the quantum
yields (®) of 1-5, 9, and 11 at 405 nm for the E—Z pho-
toisomerization using ferrioxalate actinometry. For the
Z—E photoisomerization, the @ values were calculated to be
in the ranges of 0.17-0.45 (E—Z) and 0.31-0.78 (Z—E) (Ta-
bles 1 and S1-S7 and Figures S51-S62). The half-lives of the
Zisomers and the Z—F thermal isomerization kinetics were
studied using absorption spectroscopy or laser flash photol-
ysis in acetonitrile solution at 25°C (Table 1). Compounds
1-6, 9, and 11 followed first-order thermal isomerization
kinetics, and their half-lives (t1/2) were calculated from the
rate constants (Table 1 and Figures S63-S118). We ob-
served a reasonably stable Z isomer of parent 1 (t1,2 = 2.8 h)
and a destabilization effect when the electron-donating
OMe substituent was present, as in the case of 11 (¢t1/2 = 14.8
min). In contrast, electron-withdrawing halogen substitu-
ents at the phenyl ortho position further stabilized the Z iso-
mers. Compound 4 with a Br substituent showed the long-
est half-life (t1/2 = 7.2 h) among all the PAT photoswitches
studied (Table 1). Interestingly, despite its strong electron-
withdrawing character, the Z isomer of 9 with CN substitu-
ents at the phenyl para position destabilized (t12 = 1.7 h)
compared with parent 1 (Table 1). Importantly, the ti,2

(@) E (b)

E-10

values for the Z isomers of 6, 7, and 10 were 45, 6, and 2 s,
respectively, which were much longer than those of green-
light switchable azobenzene derivatives. For instance, the
t1/2 value of the Z isomer of 4-dimethylamino-4’-nitroazo-
benzene, which isomerizes when exposed to >470 nm irra-
diation, is in the order of milliseconds.#® Compounds 6, 7,
and 10 underwent E—Z photoisomerization when exposed
to 525 nm irradiation, but their t1/2 values were in the order
of seconds. To maintain a Z-rich state in photophamacolog-
ical applications, no light irradiation or less frequent flashes
are enough for compounds with Z isomers showing t1,2 val-
ues in the order of hours or tens of minutes, whereas con-
tinuous irradiation of an active light is necessary for those
showing t1/2 values in the order of seconds. The activation
energy (E.), enthalpy (4H#), entropy (4S%), and Gibbs free
energy (AG*¥) were determined using the Arrhenius and
Eyring plots of the Z—E thermal isomerization kinetics in
acetonitrile solution at five different temperatures (5°C -
35°C) (Table 1 and Figures S63-5118).

The effect of water in the solvent on the photophysical and
thermal isomerization properties was also studied for 1, 6,
7, and 11. Although the water in the media had little effect
on 1 and 11, the t1/2 values of 6 and 7 with amino substitu-
ents decreased after changing the solvent from acetonitrile
to an acetonitrile/water (50/50, v/v) mixture (Figure S119
and Table S8).

X-ray single-crystal structures. For a deeper understand-
ing regarding the molecular geometry of PAT pho-
toswitches, we examined the X-ray single-crystal structures
of the E and Z isomers. The E isomers of 1 and 3 adopted a
conformation in which the phenyl and thiazole parts were
coplanar (Figure 3a), as in the case of azobenzene. However,
the Z isomers adopted an unusual T-shaped conformation
with orthogonal geometry of the two aromatic rings in
which the S atom of thiazole was facing the phenyl aromatic
ring. This is in sharp contrast to the Z isomer of azobenzene,
which possesses a twisted geometry in the two phenyl rings

or
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Figure 3. (a) Single-crystal X-ray structures of both E and Z isomers of 1 and 3 (green = C; blue = N; golden = S; red = Cl). Hydrogens
are omitted for clarity. (b) Geometry optimized calculated conformations of E and Z isomers of 1, 3,9, 10, and 11.
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Figure 4. (a) LUMO, HOMO, and HOMO-1 of E-1 and E-10. (b) HOMO and LUMO electron distributions at different groups having nt

and m* natures (phenyl, N=N, and thiazole units) in E-1 and E-10.
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Figure 5. (a) Scheme showing the inversion and rotation pathways for the isomerization of 1. (b) Transition states and calculated

activation energies (Ea@!) of PAT derivatives.

are twisted. Although calculations have predicted this type
of perfect T-shaped conformation in the Z isomer of some
heteroaryl azo compounds, this has not been demonstrated

experimentally.38 42 In our case, the X-ray crystal structure
of Z-1 clearly showed a perfect T-shaped conformation with
a dihedral angle of 89.7°(Phenyl-CNNC). For Z-3 with a
bulky Cl substituent, the dihedral angle for Phenyl-CNNC
was 98.4°, which slightly deviated from the T-shaped con-
formation (Figure 3a).

Theoretical calculations. To gain further insights into the
molecular structures, molecular orbital energy levels, and
energy barriers for isomerization, we performed density
functional theory (DFT) calculations using a 6-31+G(d,p)
basis set with Becke’s three-parameter hybrid exchange
and the Lee-Yang-Parr correlation functional (B3LYP)



including the Grimme dispersion correction in acetonitrile
medium. The most stable optimized geometry in the ground
state of both the E and Z isomers of 1, 3,9, 10, and 11 are
shown in Figure 3b and Tables S9-S18, and the less stable
conformers are shown in Figure S120. A planar geometry
was observed in the Eisomers of 1, 3,9, 10, and 11 with the
phenyl, azo, and thiazole moieties in the same plane. How-
ever, in the Zisomers of the same PAT derivatives (1, 3, and
9), an orthogonal geometry was observed with the S atom
of the thiazole ring facing the phenyl ring (Figure 3b). For
Z-1 and Z-3, the X-ray crystal structure analysis unambigu-
ously revealed the orthogonal geometry with the S atom of
the thiazole ring facing the phenyl ring. In contrast, the cal-
culated conformers of Z-10 and Z-11 showed a twisted
conformation (Figures 3b and S121). This calculation result
and the X-ray crystal structures of the Z isomers are ex-
plained as follows: the origin of the attractive force stabiliz-
ing the T-shaped conformation in Z-1 and Z-3 was the elec-
tron transfer from the S lone pair to the m* antibonding or-
bital in the phenyl ring. This effect was weakened in Z-10
and Z-11 with electron-donating NMe2 and OMe substitu-
ents, respectively.*? 50 The n-orbital of the S atom extended
farther than that of the N atom, which explains the favored
orientation of the thiazole in the T-shaped conformer with
the S atom rather than the N atom facing the phenyl ring,
which provides a * orbital on the ring plane.

We then simulated the theoretical absorption spectra of
both the E and Zisomers of 1, 3,9,10, and 11 in acetonitrile,
which showed strong m—m* and weak n—m* electronic tran-
sitions (Figure S122). For instance, the Amax of the calculated
spectra of E-1 appeared at 397 nm (oscillatory strength (f)
= 0.704) and 477 nm (f = 0.000), whereas that of Z-1 ap-
peared at 350 nm (f = 0.024) and 502 nm (f = 0.001). The
Amax (T-1*) of the substituted PAT (E-3 (411 nm), E-9 (412
nm), E-10 (475 nm), and E-11 (430 nm)) was further red-
shifted compared with the parent PAT (E-1 (397 nm)),

which was similar to the trend observed in the experimental
spectra. The relative intensities of the n—m* transitions of
Z-10 (fs27nm = 0.202) and Z-11 (f529 nm = 0.113) were much
higher than that of Z-1 (fso2nm = 0.001). The n—7* transition
was symmetry-allowed for Z-10 and Z-11 because of their
twisted orthogonal geometry, but symmetry-forbidden for
Z-1.38 The experimentally obtained molar extinction coeffi-
cient (&) of Z-11 corresponding to the n—»m* transition was
2044 M-1cm™1. The n—m* transition at 550 nm in the calcu-
lated absorption spectra of Z-10 was supported by the flash
photolysis results, in which a sudden increase in the absorb-
ance at 550 nm was observed (Figure S50). Figure 4 shows
the frontier molecular orbitals and the electron distribution
at each group in the E isomers of 1 and 10. The highest oc-
cupied molecular orbital (HOMO), lowest unoccupied mo-
lecular orbital (LUMO), and HOMO-1 have a m, *, and n na-
ture, respectively.5! During the m—m* transition, the elec-
tron density of thiazole decreases more than that of phenyl,
whereas that of the azo group increases. The nature of this
intramolecular charge transfer from electron-rich thiazole
to azo upon the m—m* transition of 1 could be the origin of
the red-shift in absorbance compared with azobenzene.5?
An enormous electron-density shift from the NMez-substi-
tuted phenyl to azo and to thiazole is observed in 10, which
contributes to its further red-shift in the m—m* transition
band.

We then calculated the potential energy diagrams for the
Z—E isomerization using the B3LYP/6-31+G(d,p) level of
theory. To determine the preferred thermal isomerization
pathway, we calculated the activation energies for the in-
version and rotation pathways separately (Figures S123-
S125). The inversion pathway can occur either via the azo
phenyl (inversion-Ph) or azo thiazole (inversion-Th) seg-
ments. The obtained relative energies of the Z isomers of 1,
3,10, and 11 were 62-75 k] mol-! higher than those of the
E isomers, indicating

(@ os (b) o5 £o ©) o4
0 4 E-1 04 SEEEEENEEEEEEEEEEEEEE E-3
: NENREREEERRREEERRREEE ' 0'3 SEEEEEEEEEEEEEEEEEEEEN
£03 £03 £ 0.2
< < n
$02 502 5
0-1 ................{;1‘.. 0'1 Z-2 0.1 Z-3
0 : : : : : : : 0 : :‘":"’:":"T T..cloooloco:c.o'oooooo:
0 20 40 60 0 20 40 60 0 20 40 60
Time / min Time / min Time / min
(d) (e) E-11
0-25 E-g 0-6 SEEEEEEEEEEENEEEEEEEEN
0.20 SEEEEEEEEEEEEEEEEEEEER
£0.15 £04
80101 " g
< V- <
0051 °. Z9 02 z1

0 T T T T T T T
0 20 40 60

Time / min

0 20 40 60
Time / min

Figure 6. Absorbance changes of 1-3, 9, and 11 (20 uM) over time after incubation for 60 min at 25°C in aqueous solution (BRB80
buffer: acetonitrile = 1:1 v/v) containing glutathione (1 mM) reductant. The black squares and red circles represent the absorbance
before and after 405 nm light irradiation, respectively, followed by a 3-min incubation period before each measurement.



the reduced stability of the Z isomer than the E isomer (Fig-
ure S123). We found that 1, 3, and 11 isomerized via inver-
sion-Th, whereas 9 isomerized via inversion-Ph. Interest-
ingly, 10 isomerized via the rotation of the azo segment
(Figure 5a and Table S8). The calculated potential energy
barriers for the Z—E thermal isomerization (AEz-g) of 10
(67.86 kJ mol-1) and 11 (88.14 k] mol-1) having electron-do-
nating NMez and OMe substituents, respectively, were much
lower than that of 1 (94.06 k] mol-1) (Figure 5b). The calcu-
lated activation energies (Ea<®) for the Z—E thermal isomer-
ization followed a similar trend as the experimentally ob-
tained activation energies (Table 1).

Reductive stability. For biological applications, the pho-
toswitch should be stable in a reductive environment such
as cell cytoplasm. Reductants such as DTT and glutathione
may react at the azo moiety of the photoswitch resulting in
hydrazine. We tested the stability of 1-3, 9, and 11 by incu-
bating them in a mixture of BRB80 buffer and acetonitrile
(50/50, v/v) containing DTT (0.1 mM) or glutathione (1
mM) reductants. The absorbance spectra were then meas-
ured before and after light irradiation (Figure 6 and S126).
Interestingly, the absorbance originating from the azo chro-
mophore remained unchanged, indicating the excellent sta-
bility of the E and Z isomers of PATs toward both DTT and
glutathione reductants. However, the Z isomer of 9 with an
electron-withdrawing CN group was unstable (Figure 6d).

CONCLUSIONS

We have demonstrated a novel class of five-membered “het-
eroaryl azo” photoswitches that reversibly isomerize on be-
ing exposed to visible light. The photoswitch with thiazole
directly connected to a phenyl azo chromophore showed
very different spectral characteristics than conventional az-
obenzene and other heteroaryl azo compounds. For in-
stance, the Amax value (m—m*) of 1 was 363 nm, which is 47
nm and 35 nm redshifted compared with those of azoben-
zene and azopyrazole, respectively.?® Furthermore, the
spectral band attributed to the E and Z isomers of 1 was red-
shifted, allowing us to reversibly isomerize the photoswitch
using visible-light (405 and 525 nm) irradiation, providing
an excellent E and Z isomer ratio at the PSS and a long ther-
mal half-life of the Z isomer. The photoswitch properties
(Amax, t1/2, and the PSS ratio) of PAT can be further tuned by
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