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ABSTRACT: A new class of bidirectionally quantitative pho-
toswitches based on the hemithioindigo scaffold is reported. In-
corporation of a pyrrole hydrogen-bond donor leads to a batho-
chromic shift allowing for quantitative bidirectional isomeriza-
tion. Additionally, extending conjugation from the electron-rich
pyrrole results in quantitative visible-light photoswitches, as well
as photoswitches that isomerize with red and NIR light. The pres-
ence of the hydrogen bond leading to the observed redshift is
supported by both computational and spectroscopic evidence.

Small molecule photoswitches have recently seen a surge of inter-
est as a means for controlling biological systems at the molecular
level. These compounds, which undergo geometric changes upon
irradiation with light, have been used in the study of photopharmacol-
ogy, peptide tertiary structure and function, and other macromolecular
applications.' In order to optimally apply this technology to therapeu-
tic development, a photoswitch should display quantitative photocon-
version between its isomers using near-infrared light (650 — 900 nm)
to allow for maximum tissue penetration.” Additionally, photoswitch-
es that operate via double bond isomerization are needed for many
biological applications in which large end-to-end distance changes are
required to sufficiently modulate protein binding or other biochemical
interactions.'?

However, obtaining quantitative photoisomerization remains a
challenge across many classes of E/Z photoswitches (1-3)." As double
bond isomerization does not intrinsically change the extent of =-
conjugation, significant overlap in the absorption spectra of the two
isomers often renders selective irradiation of either one unattainable.
While their end-to-end distance changes and photostability make
hemithioindigos (3) an attractive class of £/Z photoswitches for use in
biological systems,” application has been limited in part as a result of
the drawback of incomplete photoisomerization, generally 80-90%.°
Derivatization of hemithioindigos has not overcome this limitation or
led to therapeutically applicable near-infrared photoswitches. Herein,
structural modifications to the hemithioindigo scaffold that enable
selective bidirectional photoisomerization using red and near-infrared
light are described.

It was hypothesized that the absorbance spectra of hemithioindigo
isomers could be differentiated by replacement of the phenyl group of
the hemithioindigo stilbene core with a hydrogen-bond donating het-
erocycle (Figure 1). In the E-isomer of such a modified hemithioindi-
go (E-4), the pyrrole N-H would donate an intramolecular hydrogen
bond to the benzothiophenone ketone, resulting in a bathochromic
shift of the E-isomer. With a sufficiently large bathochromic shift,
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Figure 1. a) Small molecule £/Z photoswitches b) arylpyrrole he-
mithioindigo photoswitches show isomer-specific hydrogen bonding

irradiation with an appropriate wavelength of light should lead to
selective and quantitative photoisomerization of either isomer. Fur-
thermore, incorporation of an electron-rich pyrrole ring to the he-
mithioindigo core should lead to a redshift of both E- and Z- isomers.

Several recent examples have effectively utilized modification of
photoswitch core structures to increase bathochromic shifts by per-
turbing the energies of the relevant molecular orbitals through elec-
tronic substituent effects or by enforcing geometric distortions.”"" For
example, azobenzene (1) has been modified with ortho-fluoro, sub-
stituents’™™ which results in the stabilization of the non-bonding
molecular orbitals of the cis-isomer and results in a larger
bathchromic shift. Heteroazobenzenes with ‘ortho’ subsitutents® and
cyclic azobenzenes® have also been shown to undergo selective pho-
toisomerizations due to their distorted geometries.

Electron-donating substituents have also been used to dramatically
redshift the absorbance of azobenzenes.” Introduction of amino
groups para and methoxy substituents ortho to the diazo functionality
results in azobenzenes that can be isomerized with red light.”*® Alt-
hough susceptible to hydrolysis, a strong intramolecular Lewis-
acid/Lewis-base interaction using a boron substituent has also been
employed to redshift the absorbance of azobenzenes (up to 730 nm
light).10 On acylhydrazone scaffolds (2)," use of substituents, hetero-
cycles, and m-extended systems was capable of producing pho-
toswitches with absorption maxima between 400—425 nm.""® Periph-
eral substitution of the hemithioindigo core has similarly been effec-
tive:*™ Z—E photoisomerization has been reported with 505 nm light
(80% E) and E—Z isomerization with up to 625 nm (89% Z2).
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To validate our hypothesis that a heterocyclic N-H group could
participate as a hydrogen bond donor, we conducted DFT studies on
2-pyrrolyl hemithioindigo 5 (Figure 2).'* Two isomers were investi-
gated: E-5, which could possess an intramolecular hydrogen bond,
and Z-5 where such an interaction is not possible. The calculated
geometry of E-5, with an O"'H distance of 1.75 A and a C=0"H
angle of 117°, is also characteristic of intramolecular hydrogen bond-
ing.”® These geometric features are in good agreement with crystal
structures that have been obtained of B-(2-pyrrolo)-enones that adopt
a seven-membered cyclic geometry."* Furthermore, NBO analyses of
both 5 and 6 show an O"H Wiberg bond index of 0.08 and 0.07 re-
spectively,® which indicates a hydrogen-bond strength comparable to
six-membered O—H~O systems such as 1,3-dicarbonyls."®

In the E-isomer, where a hydrogen bond is geometrically feasible, a
weaker C=0 bond would be expected if the carbonyl serves as a hy-
drogen bond acceptor. Indeed, the calculated IR spectra indicate that
the presence of a hydrogen bond decreases the stretching frequency
by 52 cm™. This hydrogen bond is expected to stabilize the LUMO
leading to a smaller HOMO-LUMO gap for the E-isomer, thereby
increasing the bathochromic shift between E- and Z-isomers.

TD-DFT studies were then conducted to elucidate the effect of the
intramolecular hydrogen bond on the absorption spectra of hemithio-
indigos. It was predicted that 2-pyrrolyl hemithioindigo (5) and 2-
imidazolyl hemithioindigo (6) would have bathochromic shifts of 39
nm and 47 nm, respectively, surpassing a predicted shift of 29 nm for
the parent carbocyclic system (3). Smaller bathochromic shifts were
predicted for other heterocyclic hemithioindigos which lacked a hy-
drogen bond (7-8).

With theoretical support for the efficacy of the proposed hydrogen
bond, several heterocyclic photoswitches were synthesized (see Sup-
porting Information for details). We were pleased to discover that §
displayed an improved bathochromic shift of 44 nm in CH,Cl, solu-
tion, exceeding the 11 nm shift of parent hemithioindigo 3. The imid-
azole analog, 6, displayed a smaller bathochromic shift (35 nm) and
was similarly less selective in its E->Z photoisomerization.'” In
agreement with calculations, thiophene and furan hemithioindigos 7
and 8 displayed bathochromic shifts comparable to that of the parent
hemithioindigo, 19 and 15 nm, respectively. This suggests that the
large bathochromic shift of 5 is not merely a general property of the
electron-rich systems or a function of the sterics of introducing a five-
membered heterocycle, but that the hydrogen bond is responsible for
the increased bathochromic shift.

Further supporting our hypothesis, a 20 cm™ reduction of the C=0
stretching frequency of E-5 relative to Z-5 was observed experimen-
tally. The proximity of the N-H and carbonyl in E-5 is additionally
supported by the observed properties of an N-methylated analog of 5.
This analog proved to be an exceptionally poor photoswitch — in fact,
its E-isomers could not be generated in sufficient quantities to defini-
tively ascertain its Amax. Presumably, the same geometric constraints
that place the heterocyclic N-H in position to hydrogen bond to the
ketone result in a steric clash between the N-methyl group and ketone,
disfavoring relaxation from the photoexcited state to the E-isomer.

To further redshift the absorbance of the pyrrole hemithioindigos
the m-extended series 4 was synthesized (Scheme 1) by coupling the
fully elaborated aldehydes 11 and benzothiophenone 13.% The ar-
ylpyrroles 10 were synthesized via a Suzuki coupling with boronic
acid 9 and the corresponding aryl bromides.”® The resultant N-
protected biaryls were then deprotected using NaOMe before regiose-
lective formylation under Vilsmeier-Haack conditions. Simply treat-
ing thiophenoxyacetic acid (12) with excess TfOH' provided im-
proved yields of 15 relative to the reported AlCls-mediated proce-
dures. As an added benefit, material prepared by the TfOH protocol
was less susceptible to oxidative decomposition. Synthesis of the
arylpyrrole hemithioindigos was completed by treatment of the alde-
hydes 11 and benzothiophenone 13 with DBU in refluxing toluene.
Apart from 4i, which was purified by silica gel chromatography, all
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Figure 2. a) Intramolecular hydrogen bonding predicts increased batho-
chromic shifts. (B3LYP/6-31G*) b) Pyrrole hemithioindigo (6) has an
increased bathochromic shift and improved photostationary state (PSS)
selectivity. ¢) Comparison of phenyl and pyrrole photoswitches (ca. 30
uM in CH,ClL,). Solid lines = Z-isomers. Dashed lines = E-isomers.

the arylpyrrole hemithioindigos could be obtained as single isomers
by precipitation and trituration. In its entirety, this sequence compris-
es five steps from commercial materials and requires one chromato-
graphic purification for most substrates.

Arylation at the 5° position (4a) redshifted the peak absorbance of
the Z-isomer from 459 nm to 491 nm. Extension the m-system also
intensified the photochromicity of the photoswitches, increasing the
bathochromic shift from 44 nm (5) to a maximum of 67 nm (4g) (Fig-
ure 3). This property is readily observed in the color of the pho-
toswitch solution before and after irradiation: in CH,Cl, solution, Z-
4g is pink, while £-4g is violet in color. This photochromicity is par-
tially responsible for the nearly isomerically pure photostationary
states. Regardless of substitution, all of these arylpyrrole hemithioin-
digos can be quantitatively isomerized to their £- isomers, and E—Z
photoisomerization proceeds with >97% conversion for most mem-
bers of the library.

ACS Paragon Plus Environment

Page 2 of 5



Page 3 of 5

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of the American Chemical Society

Scheme 1. Convergent Assembly of Arylpyrrole-Hemithioindigo Photoswitches

— a) ArBr, Pd(OAc), — c) POCl, —
V/ A\ " ¥Bhoas K.BO. F/EA\N Y= F/EA\
¢y ) XPhos, KsPOy . ¢ B D . .
SN~ B{CHi 2 SNT AT S CHC™ > TAr _

Boo b) NaOMe u then " )

o i NaOH ix N A

9 10 i1 e)DBU _ f; N

= — 5 =0 1 /N
$ o e T R P Wy PN N TS N
L A N ol ol [ /Y
/ L_L 7 NP ome N oM KA e P 7 N~
~F o T g Y 10 o
1 D OMS Me L/ N
(vields over three steps, 9to 11)  11e: 8% 11 62% 11g: 42% 11h: 62%  11i: 53% da: 44%  4f 34%
o
It Toe 1170

AN com d) TIOH K 4d: 76%

m SOH ; « 1 7T N\ S de: 72%

| N 1 o - | L 4

N N 67% N2 s

12 13

"Reagents and conditions: (a) ArBr (1.0 equiv), 11 (1.5 equiv), Pd(OAc), (2 mol %), XPhos (4 mol %), KsPO4 (2.0 equiv), n-BuOH, 23 °C, 2 h; (b)
NaOMe (1.1-1.5 equiv), THF, 23 °C, 30 min; (c) POCIl; (1.05 equiv), DMF (1.2 equiv), then 3 M NaOH (aq.)/THF (1:1 v:v), 23 °C, 42 — 81% over three
steps; (d) TfOH (5.0 equiv), CH,Cl,, 40 °C, 9 h, 66%; (¢) DBU, PhMe, 110 °C, 2 h, 44 — 97%.

Following the same trend as carbocyclic hemithioindigos,** sub-
stituents such as —CN (4b) and —F (4c¢) resulted in observable (2-3
nm), but small blue shifts to the peak absorbance. The effects of elec-
tron donating substituents were much larger: Z-4d displayed a peak
absorbance at 501 nm, and E-4d was sufficiently redshifted such that
its E—Z isomerization could be induced with 623 nm light. Introduc-
tion of additional oxygen substituents meta to the pyrrole (4e-f) did
not further redshift the absorbance of the photoswitches, but led to an
increase in the selectivity of the E—Z photoisomerization. The red-
shifting effect was significantly larger for N-substituted compounds
4g-i which displayed peak absorbance at as long as 559 nm for Z-4i.
As a result, quantitative Z—FE isomeration was possible with up to
567 nm light for switches 4h and 4i. For 4g-i, E—Z isomerization was
most effective with irradiation in the near-infrared window (660 nm).
Furthermore, a photostationary state comprised of greater than 60% of
Z-4i was obtained under irradiation with infrared 740 nm light. In
toluene solution, the E-isomers of 4a-i are more stable than their cor-
responding Z-isomers, and at 80 °C, compounds 4a-f possess half-
lives between 5-9 h and amino-substituted compounds 4g-i possess
half-lives between 0.3-2 h (see Table S1 in the Supporting Infor-
mation for details).

Photoswitch 4d was investigated in greater detail as a representa-
tive example. The quantum yield for the photoisomerization of Z-4d
to E-4d with 405 nm light was measured to be 0.13. In 1:1
DMSO:phosphate buffer, 10 um reduced glutathione and 5 um TCEP,
no detectable reduction of 4d was observed over a six-hour period.
This reduction pathway is a well-established obstacle for the introduc-
tion of azobenzene chromophores in certain biological applications.’
Additionally, 4d displayed no discernible signs of photobleaching in
CH,Cl, over 20 irradiation cycles using 460 nm and 590 nm light;
more electron rich photoswitches such as 4g-i displayed loss of ab-
sorbance between 1-5% per cycle. Quantitative photoisomerization of
4d could also be observed in solvents with a wide range of dielectric
constants (e.g. >97% in both directions for CCl; and MeCN). While
switching was effective in isopropanol, photoswitching in aqueous
media was less selective (see Table S2 in the Supporting Information
for details).

In conclusion, the combined redshifting from an intramolecular hy-
drogen bond, electron-rich heterocycle, and extension of the m-system
with an electron-rich arene allow for photoisomerization within the
optimal window for therapeutic applications (660-740 nm). The use
of isomer-selective hydrogen bonding to create large bathochromic
shifts and thus quantitative isomerization may have utility in other
contexts. The properties of these photoswitches: quantitative pho-
toisomerization, red and near-infrared absorbance, and resistance to
photo- and biodegradation suggest that these photoswitches may serve
as tools for the construction of light-controlled systems in biological
tissues, and numerous other applications.
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584 nm (F)

99% E [460 nm]
Q7% 71623 nml

Y% E [460 nm]
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Figure 3. a) Properites of substituted arylpyrrole hemithioindigos. b)

UV/Vis spectra. (ca. 30 uM in CH,Cl,) Solid lines = Z-isomers. Dashed
lines = E-isomers.
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