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ABSTRACT: Diarylethene photochromes show promise for use in
advanced organic electronic and photonic materials with burgeoning 0s
considerations for biological applications; however, these compounds
typically require UV light for photoswitching in at least one direction, thus
limiting their appeal. We here introduce a naphthoquinone-based
diarylethene that switches between open and closed forms with visible
light. The synthesis of this quinone diarylethene relies on Suzuki
methodology, allowing for the inclusion of functional groups not otherwise

accessible with current synthetic routes.

D iarylethenes (DAEs, Scheme 1) have enjoyed sustained

investigation as p-type "> photochromes with applications

Scheme 1. (Left) Photoisomerization of a Quintessential
Diarylethene; (Right) the Structure of Various qDAEs Shown
in the Ring Open Form
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in optlcal data storage devices,’ photoresponsive quantum

dots, hotomechanical constructs, 7 charge transport sys-
tems,” " vehicles for drug delivery,"" photodynamic therapg
agents, »13 and as linkers in metal— organic frameworks."

Many of these systems are the result of work focusing on
hexafluorocyclopentene scaffolds'®™*' and require ultraviolet
light (UV) to achieve ring closure (Scheme 1). Given the
limitations inherent to the use of UV for photoswitching,
research has moved toward developing DAEs that photo-
isomerize exclusively with visible light.**~**

Quinone-based diarylethenes (qDAEs, compound 1la as an
example), in contrast to their hexafluorocyclopentene ana-
logues, have received minuscule attention. The limited
contributions to the literature, however, have suggested that
quinone-based DAEs could exhibit near-ideal visible light
facilitated switching.”>*® When one considers that quinones
have great biological 1rnp0rtance27 28 and rich redox chemistry,
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appropriately functionalized gDAEs could open the door to
photochromes that are biologically*”*° and electrochemically
relavent.*’**

Katsumura™ synthesized a series of qDAEs but did not
examine their optical properties. Subsequently, Deng and
Liebeskind®® demonstrated that complete photoconversion
from ring-open to ring-closed isomers was not possible with a
similar set of gDAEs (for example, 1a—1c). Near-complete ring
closure was, however, realized in the presence of strong Lew15
acids. Most recently, both the groups of Tsuda’ and Konig™
showed that the ring-open and ring-closed forms of qDAEs
exhibited stark differences in redox behavior, while the work of
Konig™ further showed that gDAEs are capable of influencing
biological systems.

Thus far, all reported synthetic approaches toward qDAEs
involve Stille coupling conditions. These Stille routes require the
use oflithiation and stannylation steps, thus limiting the scope of
functional groups that can survive to the final photochrome
product. As examples, these functional groups include esters
(1d), carboxylic acids, phosphonates, and phosphonic acids,"’
which are easily accessible in non-qDAE systems. The
limitations on functional groups, in turn, limit the possible
applications of gDAEs. We seek to enter into the literature
gDAEs that can switch in both directions with visible light and
that contain otherwise synthetically inaccessible functional
groups using current methods. These functional groups (our
targets were thienyl esters, carboxylic acids, and halides),

Received: September 27, 2019
Published: January 3, 2020

https://dx.doi.org/10.1021/acs.joc.9b02632
J. Org. Chem. 2020, 85, 2646—2653


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dinesh+G.+Patel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Travis+B.+Mitchell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shea+D.+Myers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dorothy+A.+Carter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+A.+Novak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.9b02632&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?fig=sch1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b02632?ref=pdf
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

Scheme 2. Selected Arylated Quinones Obtained by Suzuki, Direct Arylation, and Meerwein Coupling Reactions
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additionally, are capable of further modification to allow for their
potential use in biological systems®"*>* and main chain
photochromic polymers,”*™** both of which have received
much attention.

Given that borylation, unlike stannylation, can be accom-
plished without the need for a lithiation step, we supposed that
Suzuki methodology would allow access to qDAEs with
increasingly diverse functional groups.39 To date, Suzuki
reactions have been employed for the synthesis of DAEs
containing hexafluoro- and perhydro-cyclopentene components
in addition to some benzothiophene examples.**™*" Suzuki
methodology, curiously, has seen negligible use in the synthesis
of gDAEs. Previous reports have suggested that decomposition
of the halogenated quinone coupling partner prevents the
reaction.””*

According to the literature, several nonphotochromic
monoaryl® and tetraaryl quinone compounds have been
synthesized by a Suzuki approach, but 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) was needed as a final step
before the desired products were obtained.***” When not
employed, it is assumed that oxidation by atmospheric oxygen
during the work up and purification helped achieve the same
results as DDQ.*® Direct arylation using boronic acids has also
been explored, but the resulting quinones were only
monosubstituted, and FeCl; was required to reoxidize the
product mixture, which contained a reduced side product™ just
as in the reports by Langer and co-workers.***” The Meerwein
arylation® has also been explored but afforded products in low
yield. In all of these reports (Scheme 2), only benzene-derived
boronic acids or azides were used and thus gave non-
photochromic qDAEs. We have found no instances of thiophene
boronic acids or thiophene boronic acid esters®" participating in
coupling reactions, thus affording photochromic qDAEs.

We sought conditions that would obviate the need for DDQ
or other oxidants. Anhydrous Suzuki conditions, we hypothe-
sized, would give products without any needed postsynthetic
oxidation and would avoid decomposition of the halogenated
quinone precursors. Experiments using thallium carbonate®” in
the absence of water have been examined previously; however,
we turned to fluoride as the activating base.™

Ester containing compound 1d served as our initial target,
owing to the ease with which the necessary S-methyl-2-
thiophene carboxylic acid (2) can be protected as the methyl
ester (3a, Scheme 3).”* We proceeded with the assumption that
protection would prevent side reactions and that deprotection
would give the desired carboxylic acid functional group.
Unfortunately, attempts at deprotection of 1d using standard
methods™* either led to decomposition or returned only the
starting material.

Scheme 3. Synthesis of Required Boronic Acid §
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With consideration to the difficulty encountered in hydro-
lyzing the methyl ester, we turned our attention to the synthesis
of the more labile t-butyl analogue (Scheme 3). Startlng with
compound 2, we employed the method of erght to protect
the acid functlonahty to glve t-butyl ester 3b. Using the methods
of Hartwig®” and Tatsuo,*® the 4-position was borylated to give
compound 4b. While Hartwig has shown that boronic acids can
be obtained by treating pinacol esters with sodium periodate and
aqueous hydrochloric acid, we were concerned that these
conditions would lead to unwanted deprotection of the t-butyl
ester. To our delight, the use of a weaker acid, oxalic acid, in
place of hydrochloric acid gave desired compound Sb with the t-
butyl protecting group intact. The corresponding methyl ester
compounds 4a and Sa are obtained using the same procedures as
their t-butyl analogues.

To access our desired gDAEs (compounds 7—9; Scheme 4),
we started by treating 2,3-dibromo-1,4-naphthoquinone (6)°’
with compound $b, cesium fluoride, and catalytic PEPPSI-IPr*
in anhydrous dioxane. Compound 1d is obtained in a similar
fashion. While several traditional methods for deprotection of
the t-butyl group exist, we found that heating 7 in diphenyl ether

Scheme 4. Synthetic Route to the Ester, Carboxylic Acid, and
Halogen Functionalized Photochromic gDAEs in This Study
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(bp =259 °C) for 2 h afforded dicarboxylic acid 8. Treatment of
8 with tetrabutylammonium tribromide®" affords dibromide 9.
Both 8 and 9 can undergo further synthetic manipulation at
either the carboxylate or aryl-bromide positions. It is worth
noting that compound 9 has previously been obtained by
brominating 1a, which is available through a Stille coupling.”’
We first examined 1d, 7, 8, and 9 by 'H NMR spectroscopy.
All show the expected number of and multiplicity for peaks in
the open forms. Using 1d as a model compound, irradiation of
an NMR sample with short-wavelength visible light (405—410
nm) gave ~22% of the ring-closed form (Supporting
Information). This result is similar to the work of Deng and
Liebeskind,”® and no attempt was made to force ring closure
using strong Lewis acids. Interestingly, the thienyl proton on 1d,
which appears as a broad singlet centered at 7.42 ppm in the
open form, shifts to 8.29 ppm, now as a sharp singlet, in the
closed form. The downfield shift is expected as the conjugation
imparted by cyclization allows for effective electron withdrawal
by the quinone ring. Similarly, both the ester methyl group and
thienyl methyl group experience downfield shifts, though much
less pronounced. Compounds 1d and 7 have nearly identical
spectra; only the ester alkyl groups have different chemical shifts.
UV—vis spectroscopy of compounds 7 and 8 showed distinct
spectra between ring-open and ring-closed forms. The open
form of 7 (Figure 1) has a peak absorption at 412 nm and an
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Figure 1. Absorption spectrum of 7 in acetone (5.7 X 107° M) before
and after irradiation with 405—410 nm light.

onset of absorption at ~500 nm, longer than most previously
reported qDAEs. Upon irradiation, a new absorption band
appears. The closed form of compound 7 exhibits a long-
wavelength absorption band centered at 612 nm; a second
absorption band at 441 nm is due to the presence of both the
ring-open and ring-closed forms given that complete ring closure
was not observed by "H NMR. The onset of absorption for the
closed form of 7 occurs at ~762 nm. Compound 8, upon ring
closure, exhibits significant broadening of the long-wavelength
absorption band (Supporting Information), presumably due to
hydrogen bonding in solution as this broadening is not observed
in the spectrum of 7 in the closed form.

2648

The absorption spectrum for brominated compound 9, in
contrast to that of 7 and 8, shows only minor changes upon
irradiation (see Supporting Information); the reason for this
diminished response is not immediately apparent though it may
be due to some deactivation pathway available to the excited
state as a consequence of the heavy atom effect. The long-
wavelength absorption due to the closed form has a maximum
near 560 nm, much shorter than that for compounds 7 and 8.
This hypsochromic shift informs that the electron-withdrawing
nature of the thienyl substituents greatly impacts the absorption
spectrum and electronics of the closed form qDAE. Bromine is
not as strong an electron-withdrawing group when compared to
ester or carboxylic acid functionalities. Given this structure—
property relationship, we theorize that even stronger electron-
withdrawing groups would lead to more prominent changes in
absorption spectra between open and closed forms, while also
shifting the long-wavelength closed form absorption band
further into the near IR.

Single crystals of compound 8 were obtained by slow
evaporation of chromatographic fractions leading to the
formation of two different morphologies: the photoinactive
form as orange prisms (8a, Figure 2) and the photoactive form as
yellow plates (8b, Figure 3). A suitable crystal from each
morphology was analyzed by X-ray diffraction.

a b

3.5336(5) A ;’J

Figure 2. (a) Molecular structure of qDAE 8a. Aromatic and alkyl
hydrogen atoms are omitted for clarity. (b) Face-to-face 7---7 stacking
viewed down [1 1 0]. (c) Hydrogen bonding between -7 stacked
dimers viewed down [1 1 0].

The orange prisms of 8a crystallize in the centrosymmetric
space group P1 with one gDAE molecule in the asymmetric unit.
The crystal structure of 8a assumes the parallel conformation
leading to photoinactivity in the solid state.”>*® Dimers of this
qDAE form parallel to the [1 1 0] through face-to-face 77
stacking between the quinoid and benzenoid rings separated by
a distance of 3.5336(5) A (Figure 2b). Each dimer hydrogen
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a

Figure 3. (a) Molecular structure of gDAE 8b. Aromatic and alkyl
hydrogen atoms are omitted for clarity. (b) Electrostatic interaction
between quinoidal oxygen and carboxyl carbon. (c) Infinite chain
imposed by hydrogen bonds between carboxylic acids on adjacent
gDAE molecules.

bonds to four neighboring dimers through the carboxylic acid
groups forming 2D sheets (Figure 2c, Table S1) that possess
solvent-accessible pores parallel to [1 1 0]. Attempts to model
the electron density within the pores, presumably arising from
highly disordered solvent molecules, were unsuccessful. The
electron density was subsequently removed using the
SQUEEZE routine in PLATON.®*

The yellow plates of 8b crystallize in the noncentrosymmetric
space group Pna2, with one gDAE molecule in the asymmetric
unit. The crystal structure of 8b assumes the antiparallel
conformation with a C—C separation distance of 3.284(6) A for
the carbon atoms involved in photocyclization; this value is
characteristic of photoactive DAEs in the solid state.” The
solid-state photochromism of 8b will be examined in future
work. Each gDAE molecule parallel to the n-glide plane (or
molecule parallel to [0 1/2 1/2]) undergoes an electrostatic
interaction between the carbonyl carbon adjacent to the
thiophene ring of one molecule and the quinoidal oxygen on
the backbone of a neighboring molecule (Figure 3b, C14 -- O1'
=3.048(6) A, (i) = 1/2—x, —1/2—y, 1/2+2).°° In addition, each
8b gqDAE molecule hydrogen bonds with adjacent gDAE
molecules through the carboxylic acid groups forming infinite
chains with 2-fold helical symmetry along the crystallographic a-
axis (Figure 3¢, Table $2).%

In conclusion, we have demonstrated the use of the Suzuki
coupling methodology to obtain photochromic quinone-based
diarylethenes with previously inaccessible functional groups.
These compounds show ideal visible-light absorption character-
istics and photoswitchability and are amenable to further
synthetic modification. Crystal structure data on a carboxylic
acid-terminated JDAE show extensive hydrogen bonding and
that potentially photoactive crystals can be obtained. Future
work will focus on computations, photocrystallography, and the
realization of qDAE based polymers and metal—organic
frameworks.
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B EXPERIMENTAL SECTION

All reagents were obtained from commercial sources and used as
received unless otherwise noted in the text. Flash column
chromatography was accomplished using silica gel purchased from
Fisher Scientific (230—400 mesh, grade 60, catalog number $825-212).
Polyester-backed TLC silica plates (grade 60 with UV indicator) were
obtained from EMD Millipore (catalog number 1.05735.0001). NMR
spectra were obtained on a Bruker AVIII-500 spectrometer operating at
500 MHz for "H NMR spectra and 125 MHz for *C NMR spectra or
on a Bruker DRX-400 spectrometer operating at 400 MHz for "H NMR
spectra and 100 MHz for "*C NMR spectra; the 'H NMR spectrum for
1d after irradiation (Supporting Information) was acquired on a Varian
Inova spectrometer operating at S00 MHz. NMR peaks are referenced
to residual solvent signals68 in either CDCl; (7.26 ppm for 'H, 77.0
ppm for "*C) or acetone-dg (2.05 ppm for 'H, 29.84 for *C). Solution
UV—vis experiments were preformed in methylene chloride or acetone
using a Shimadzu UV-1800 spectrometer. Solvents for these experi-
ments were used as received and not degassed prior to use. Mass
spectrometric analyses were performed at the Pennsylvania State
University Proteomics and Mass Spectrometry Core Facility,
University Park, PA, with high-resolution mass spectra (HRMS)
obtained on a Waters Q-TOF quadrupole time-of-flight mass
spectrometer. Data were obtained in either positive or negative
mode, as denoted in each compound’s characterization. X-ray
diffraction data were collected on either a home source or a synchrotron
source, as described in the Supporting Information.

5-Methyl-2-thiophene Carboxylic Acid Methyl Ester (3a). The
procedure by Riickle®* was followed; to a 500 mL round-bottom flask
was added methanol (250 mL). Concentrated sulfuric acid (11 mL, 18
M) was added slowly and with vigorous stirring. The heat was evolved
during the addition; without cooling, 5-methyl-2-thiophene carboxylic
acid (9.300 g, 65.42 mmol) was added in a single portion followed by
reflux for 24 h. Upon cooling to room temperature, neutralization was
achieved by the addition of small portions of sodium carbonate. Some
solids were present after complete neutralization and were removed by
suction filtration. The filtrate was concentrated to approximately 30 mL
and then diluted with water (200 mL), and the product was extracted
with hexanes (3 X 100 mL). The combined hexane phases were dried
over magnesium sulfate and filtered, and the solvent was removed under
reduced pressure to afford a faint yellow oil (8.910 g, 87%): 'H NMR
(400 MHz, chloroform-d) § 7.59 (d, 1H, ] = 3.8 Hz), 6.74 (d, 1H, ] =
3.3 Hz), 3.83 (s, 3H), 2.49 (s, 3H); “C{'H} NMR (100 MHz,
chloroform-d) & 162.6, 147.8, 133.8, 130.8, 126.3, 51.8, 15.6; HRMS
(ESI-TOF) m/z [M + H]' caled for C,Hy0,S 157.0323, found
157.0318.

5-Methyl-2-thiophene Carboxylic Acid t-Butyl Ester (3b).
This compound has been previously reported,” obtained by a different
route than presented here, and has not been fully characterized; based
on the procedure by Wright and co-workers,*® a 500 mL round-bottom
flask was charged with magnesium sulfate (42.33 g, 351.7 mmol),
methylene chloride (200 mL), and concentrated sulfuric acid (6.90 g,
3.75 mL, 70.3 mmol). After stirring the suspension for S min, S-methyl-
2-thiophene carboxylic acid (2, 10.000 g, 70.33 mmol) was added in a
single portion and immediately followed by the addition of t-butanol
(20.85 g, 28 mL, 281.3 mmol). The reaction was allowed to stir, tightly
capped (a rubber septum was used), for 48 h. At this point, the
magnesium sulfate was removed by suction filtration, and the filter cake
was washed with hexanes (150 mL). Owing to the small particulate size
of the magnesium sulfate resulting from stirring for 48 h, the filtration
process took several hours. The washings and filtrate were combined
and then washed with aqueous sodium hydroxide (1 M, 2 X 40 mL).
Upon drying the remaining organic phase over magnesium sulfate and
filtration, the solvent was removed under reduced pressure. The
resulting oil was chromatographed on silica eluting with 100% hexanes
to 10% ethyl acetate (EtOAc) in hexanes. Removal of the solvent
afforded a clear, faint yellow oil (9.348 g, 67%): '"H NMR (500 MHz,
CDCly) 6 7.52 (d, 1H, ] = 3.7 Hz), 6.72 (d, 1H, ] = 3.7 Hz), 2.49 (s,
3H), 1.55 (s, 9H); *C{'H} NMR (125 MHz, CDCl,) § 161.5, 147.0,
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133.1,133.0,126.0, 81.2,28.1, 15.6; HRMS (ESI-TOF) m/z [M + Na]*
caled for C,;H,,0,SNa 221.0612, found 221.0602.

Methyl 5-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)thiophene-2-carboxylate (4a). As in the procedure by
Sawamura and co-workers,”’ a 250 mL Schlenk tube was charged
with compound 3a (7.000 g, 44.81 mmol), bis(pinacolato)diboron
(B,pin,, 6.828 g, 26.89 mmol), and 4,4'-di-tert-butylbipyridine (dtbpy,
0.024 g,0.09 mmol). Heptane (40 mL) was added, and the solution was
subjected to three freeze—pump—thaw cycles followed by a nitrogen
backfill. Upon warming to room temperature, (1,5-cyclooctadiene)-
(methoxy)iridium(I) dimer ([Ir(COD)(OMe)],, 0.030 g, 0.04 mmol)
was added under a stream of nitrogen. After approximately 1—2 min,
the initially yellow solution turned dark brown; heating at 100 °C was
carried out for 24 h. Upon cooling, a white precipitate was visible. The
reaction was transferred to a separatory funnel, and a 1:1 solution of
hexanes/methylene chloride was added. This organic phase was washed
with potassium acetate (0.10 M aqueous, 2 X 50 mL) and brine (50
mL). The remaining organic phase was passed through a short plug of
silica eluting with 1:1 hexanes/methylene chloride. A white solid was
obtained upon removal of the solvent (12.356 g, 98%); spectral data
matched that in the literature:”® "H NMR (400 MHz, CDCl;) § 7.95 (s,
1H), 3.86 (s, 3H), 2.72 (s, 3H), 1.34 (s, 12H); *C{'H} NMR (100
MHz, CDCl,) 6 162.7,159.7,140.4, 130.1, 129.1, 83.6, 51.9, 24.9, 16.3;
HRMS (ESI-TOF) m/z [M + H]" caled for C,3H,,BO,S 283.1178,
found 283.1167.

tert-Butyl 5-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)thiophene-2-carboxylate (4b). Following a previously
reported procedure,””*® in a 250 mL Schlenk flask was combined
compound 3b (5.000 g, 25.21 mmol), B,pin, (3.665 g, 0.57 mmol),
dtbpy (0.010 g, 0.04 mmol), and heptane (50 mL). The solution was
degassed by three freeze—pump—thaw cycles and then backfilled with
nitrogen. Under a stream of nitrogen, [Ir(COD)OMe], (0.012 g, 0.02
mmol) was added quickly and the reaction heated to 100 °C and
followed until TLC (silica, 5% EtOAc in hexanes) showed that no
starting material remained. The reaction solution was passed through a
short silica column followed by elution with 100% hexanes to 5%
EtOAc in hexanes. The fractions containing the product were collected,
affording a white solid upon removal of the solvent (6.743 g, 82%): 'H
NMR (500 MHz, CDCl,) & 7.80 (s, 1H), 2.67 (s, 3H), 1.5 (s, 9H),
1.32 (s, 12 H); BC{'H} NMR (125 MHz, CDCl;) § 161.6, 159.1,
139.1,132.7, 128.7, 83.4, 81.2, 28.2, 24.8, 16.3; HRMS (ESL-TOF) m/z
[M + Na]* caled for C,4H,sBO,SNa 347.1464, found 347.1437.

(5-(Methoxycarbonyl)-2-methylthiophen-3-yl)boronic Acid
(5a). A modification of the procedure by Hartwig and co-workers
was followed.>” A 250 mL flask was charged with compound 4b (7.000
g, 24.81 mmol), oxalic acid dihydrate (6.253 g, 49.62 mmol), water (30
mL), and acetonitrile (150 mL). After stirring for 1 min, NalO, (7.960,
37.21 mmol) was added in a single portion and the resulting mixture
stirred for 2 h. During this time, the reaction increased in cloudiness; a
solid mass was apparent when pouring the reaction into a separatory
funnel. The material in the separatory funnel was diluted with water
(150 mL) and extracted with diethyl ether (S X 100 mL). A white
precipitate remained at the aqueous/organic interface during the
extraction process. The combined organic phases were washed with
brine (100 mL), dried over magnesium sulfate, filtered, and the solvent
removed under reduced pressure. The obtained solid was suspended
inhexanes, and then collected by suction filtration as a white solid
(4.280 g, 86%): 'H NMR (500 MHz, acetone-d¢) 6 7.97 (s, 1H), 7.22
(br s, 2H), 3.80 (s, 3H), 2.71 (s, 3H); C{'H} NMR (125 MHz,
acetone-dg) 6 163.0, 159.9, 158.6, 141.1, 130.0, 52.1, 16.4; HRMS (ESL-
TOF) m/z [M — H]™ caled for C,HgBO,S 199.0238, found 199.0229.

(5-(tert-Butoxycarbonyl)-2-methylthiophen-3-yl)boronic
Acid (5b). A modification of the procedure by Hartwig and co-workers
was followed.*” To a 100 mL round-bottom flask was added compound
4b (3.00 g, 9.25 mmol), oxalic acid dihydrate (2.332 g, 18.50 mmol),
acetonitrile (50 mL), and water (10 mL). After stirring for 1 min,
NalO, (2.968 g, 13.88 mmol) was added in a single portion. After
stirring at room temperature for 7 h, TLC (silica, 1:1 hexanes/EtOAc)
showed a new spot of low Ry (~0.1—0.2) and some starting material;
stirring was continued for an additional 9 h, at which point TLC showed
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no starting material. Upon dilution with water (50 mL), the product
was extracted with diethyl ether (3 X 50 mL). The ether phases were
washed with brine (50 mL) and dried over MgSO,; upon removal of the
solvent, a white solid was obtained. This solid was washed with hexanes
and water and dried under a vacuum (1.880 g, 84%): '"H NMR (500
MHz, acetone-dg) 6 7.90 (s, 1H), 7.19 (s, 2H), 2.69 (s, 3H), 1.53 (s,
9H); C{'H} NMR (125 MHz, CDCl;) § 162.0, 158.0, 140.4, 132.3,
81.4, 28.4, 164; HRMS (ESL.TOF) m/z [M — H]~ caled for
C,oH,,BO,S [M — H]™ 241.0708, found 241.0698.
2,3-Dibromonaphthalene-1,4-dione (6). According to the
slightly modified procedure by Anuratha and co-workers,”" a 250 mL
round-bottom flask was charged with 1,4-naphthoquinone (5.000 g,
31.62 mmol) and sodium acetate (26.934 g, 316.15S mmol). After
holding under a high vacuum for 30 min and then backfilling with
nitrogen, acetic acid (AcOH, 125 mL) was added. With vigorous
stirring, bromine (15.157 g, 4.88 mL, 94.85 mmol) was introduced in
portions over 2—3 min. After the complete addition of bromine, the
reaction was refluxed for 2 h, followed by cooling to room temperature
overnight. The resulting orange suspension was poured into water (300
mL), and the solids were collected by suction filtration. The resulting
filter cake was collected and suspended in a § wt % sodium thiosulfate
solution with gentle swirling; the solids were again collected and
suspended, with stirring, in hot ethanol. Upon cooling to room
temperature, a bright yellow solid was collected by suction filtration and
dried under a vacuum (6.656 g, 67%): 'H NMR (500 MHz, CDCL,) §
8.19 (dd, 2H, J = 5.7 Hz, 3.3 Hz), 7.79 (dd, 2H, 5.8 Hz, 3.3 Hz);
BC{'H} NMR (125 MHz, CDCl,) 6 175.8, 142.6, 134.5, 130.8, 128.2;
HRMS (ESI-TOF) m/z [M]~ caled for C,,H,Br,0, 313.8578, found
313.8615.
4,4’-(1,4-Dioxo-naphthalene-2,3-diyl)bis(5-methylthio-
phene-2-carboxylic acid tert-butyl ester) (7). To a S0 mL Schlenk
tube was added compound 6 (0.746 g, 2.36 mmol), compound Sb
(1.200 g, 4.96 mmol), cesium fluoride (1.510 g, 9.91 mmol), and 1,4-
dioxane (10 mL). The yellow mixture was subjected to three freeze—
pump—thaw cycles and then backfilled with nitrogen. PEPPSI-IPr
(0.064 g,0.09 mmol) was quickly added under a stream of nitrogen, and
the reaction was refluxed for 15 h and then cooled to room temperature.
After dilution with EtOAc (200 mL), the organic phase was washed
with water (3 X 50 mL), followed by brine (50 mL). The remaining
organic phase was dried over MgSO, and then adsorbed onto silica
followed by chromatography on silica eluting with 100% hexanes to
25% EtOAc in hexanes. The pure fractions were collected; upon
removal of the solvent under reduced pressure, a dark green solid was
obtained (0.954 g, 72%): '"H NMR (500 MHz, CDCl,) 6 8.18 (dd, 2H,
J=S5.7Hz, 3.3 Hz), 7.81 (dd, 2H, ] = 5.7 Hz, 3.3 Hz), 7.30 (br s, 2H),
2.08 (s,6H), 1.53 (s, 18H); *C{'"H} NMR (125 MHz, CDCl,) 6 183.6,
161.0, 145.9, 141.8, 134.9, 134.1, 132.1, 132.0, 130.6, 126.8, 81.7, 28.2,
15.2; HRMS (ESI-TOF) m/z [M + Na]* caled for CyiH;,04S,Na
573.1376, found 573.1355.
4,4’-(1,4-Dioxonaphthalene-2,3-diyl)bis(5-methylthio-
phene-2-carboxylic acid) (8). To a 50 mL flask with a reflux
condenser were added diphenyl ether (15 mL) and compound 7 (0.800
g, 1.45 mmol). The dark green solution was refluxed (259 °C) for 2 h.
After cooling, the product was precipitated by the slow addition of the
reaction solution to stirring hexanes. The resulting solid was collected
by suction filtration, dissolved in acetone, and then adsorbed onto silica
followed by chromatography on silica eluting with 1:1 hexanes/EtOAc
to 100% EtOAc to 5% AcOH in EtOAc. The photochromic fractions
were collected; upon removal of the solvent under reduced pressure, a
dark green solid was obtained (0.362 g, 57%): '"H NMR (400 MHz,
acetone-dg) 5 8.15 (dd, 2H, J = 5.7 Hz, 3.3 Hz), 7.92 (dd, 2H, ] = 5.7 Hz,
3.3Hz),7.54 (s,2H), 2.24 (s, 6H); *C{'H} NMR (100 MHz, acetone-
dg) 5184.3,162.8,147.3,142.8,137.1,134.8,133.2, 132.7,130.8, 127.1,
15.1; HRMS (ESI-TOF) m/z [M + H]" caled for C,,H;sO¢S,
439.0310, found 439.0281.
2,3-Bis(5-bromo-2-methylthiophen-3-yl)naphthalene-1,4-
dione (9). To a 35 mL pressure tube were added 8 (0.100 g 023
mmol), anhydrous K;PO, (0.102 g, 0.48 mmol), and tetrabutylammo-
nium tribromide (0.231 g, 0.48 mmol). Acetonitrile (S mL) was added,
and the capped tube was heated to 100 °C. During the first few minutes,
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the reaction clarified slightly and went from a white-green mixture to
orange. After stirring for 24 h, the reaction was cooled to room
temperature and diluted with methylene chloride (50 mL). The cloudy
mixture was then washed with water (2 X 30 mL), saturated aqueous
NaHCOj; (30 mL), sodium thiosulfate (10%, 30 mL), and finally with
brine (30 mL). The remaining organic phase was dried over magnesium
sulfate, filtered, and adsorbed onto silica, followed by chromatography
on silica eluting with 100% hexanes to 20% EtOAc in hexanes. The
yellow band was collected; those fractions deemed pure were
combined, and the solvent was removed to give a brown solid with a
metallic luster (0.043 g, 37%): '"H NMR (400 MHz, CDCl,) 6 8.17 (dd,
2H, ] = 5.8 Hz, 3.3 Hz), 7.80 (dd, 2H, ] = 5.8 Hz, 3.3 Hz,), 6.64 (s, 2H),
2.02 (s, 6H); *C{'"H} NMR (100 MHz, CDCl,) § 183.6, 141.5, 140.9,
134.1, 132.0, 131.5, 130.4, 126.8, 108.0, 14.8; HRMS (ESL-TOF) m/z
[M + Na]* caled for C,3H,,Br,0,S,Na 528.8543, found 528.8516.

4,4’-(1,4-Dioxo-naphthalene-2,3-diyl)bis(5-methylthio-
phene-2-carboxylate methyl ester) (1d). Compounds 6 (0.376 g,
1.19 mmol) and 5a (0.500 g, 2.50 mmol) were combined in a 100 mL
Schlenk tube followed by the addition of cesium fluoride (0.759 g, 5.00
mmol) and 1,2-dimethoxyethane (10 mL). The mixture was degassed
by three freeze—pump—thaw cycles and then backfilled with nitrogen.
Upon warming to room temperature, and under a stream of nitrogen,
PEPPSI-IPr (0.016 g, 0.02 mmol) was quickly added. After refluxing for
18 h, TLC (silica, 10% EtOAc in hexanes) showed a photochromic spot
of a low R; Removal of the solvent led to a brown solid that was
adsorbed onto silica and chromatographed on silica eluting with 100%
hexanes to 30% EtOAc in hexanes. The photochromic spots were
collected, and solvent was removed to afford a yellow powdery solid
that was pure by '"H NMR (0.514 g, 57%). Alternatively, purification
can be achieved by passing the crude product (after aqueous workup
extracting with chloroform) through a short plug of silica eluting with
chloroform. The solid obtained after removal of the solvent is heated in
methanol until boiling. After storing cold overnight, the remaining
solids can be collected by suction filtration, washed with cold methanol,
and dried under a high vacuum. In this case, a greenish solid is obtained
in a lower yield (36% yield) than achieved by chromatography but at
the same level of purity: "H NMR (500 MHz, CDCL) § 8.17 (dd, 2H, J
=5.7,3.3 Hz), 7.81 (dd, 2H, ] = 5.8, 3.3 Hz), 7.42 (br s, 2H), 3.84 (s,
6H), 2.09 (s, 6H); *C{'H} NMR (125 MHz, CDCl,) § 183.5, 162.1,
146.6,141.6, 135.6, 134.2, 131.9, 130.8, 129.8, 126.8, 52.1, 15.3; HRMS
(ESI-TOF) m/z [M + Na]" calcd for C,,H,;04S,Na 489.0443, found
489.0436.

B ASSOCIATED CONTENT

® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632.
Crystal structure of 8b (CIF)
Crystal structure of 8a (CIF)
'H and "*C NMR data for all compounds, UV—vis data for
compounds 8 and 9, hydrogen bonding tables for 8a and
8b, and additional experimental information (PDF)

B AUTHOR INFORMATION

Corresponding Author
Dinesh G. Patel — The Pennsylvania State University at
Hazleton, Hazleton, Pennsylvania; ® orcid.org/0000-
0003-0733-5383; Email: dgpl5@psu.edu

Other Authors
Travis B. Mitchell — The State University of New York at
Buffalo, Buffalo, New York
Shea D. Myers — The Pennsylvania State University at
Hazleton, Hazleton, Pennsylvania
Dorothy A. Carter — The Pennsylvania State University at
Hazleton, Hazleton, Pennsylvania

2651

Frank A. Novak — The Pennsylvania State University at
Hazleton, Hazleton, Pennsylvania

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.9b02632

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

D.G.P. acknowledges support from Penn State Hazleton in the
form of a research development grant. Work by T.B.M. was
supported by the National Science Foundation under grant no.
DMR-1455039. Access to NSF’s ChemMatCARS Sector 15 is
supported by the Divisions of Chemistry (CHE) and Materials
Research (DMR), National Science Foundation, under grant
number NSF/CHE-1834750. Use of the Advanced Photon
Source, an Office of Science User Facility operated for the U.S.
Department of Energy (DOE) Office of Science by Argonne
National Laboratory, was supported by the U.S. DOE under
contract no. DE-AC02-06CH11357. The authors thank Dr.
Tatiana Laremore for help with sample preparation, data
interpretation, and providing access to the Pennsylvania State
University mass spectrometry facility. Dr. Carlos Pacheco is
acknowledged for assistance in the acquisition of NMR data, and
Professor Jason Benedict is acknowledged for providing advice
on the crystal structure analyses. Dr. Yu-Sheng Chen and Dr.
SuYin Grass Wang of NSF’s ChemMatCARS are also thanked
for their time, expertise, and discussions with regards to the
acquired beamline data.

B REFERENCES

(1) Diirr, H.; Bouas-Laurent, H. Photochromism: molecules and systems;
Elsevier: Amsterdam, 2003.

(2) Kobatake, S.; Terakawa, Y. Acid-induced photochromic system
switching of diarylethene derivatives between P- and T-types. Chem.
Commun. 2007, No. 17, 1698—1700.

(3) Corredor, C. C.; Huang, Z. L.; Belfield, K. D. Two-Photon 3D
Optical Data Storage via Fluorescence Modulation of an Efficient
Fluorene Dye by a Photochromic Diarylethene. Adv. Mater. 2006, 18
(21), 2910—2914.

(4) Diaz, S. A; Gillanders, F.; Jares-Erijman, E. A; Jovin, T. M.
Photoswitchable semiconductor nanocrystals with self-regulating
photochromic Forster resonance energy transfer acceptors. Nat.
Commun. 20185, 6, 6036.

(5) Diaz, S. A.; Menéndez, G. O.; Etchehon, M. H.; Giordano, L.;
Jovin, T. M,; Jares-Erijman, E. A. Photoswitchable Water-Soluble
Quantum Dots: pcFRET Based on Amphiphilic Photochromic
Polymer Coating. ACS Nano 2011, S (4), 2795—2805.

(6) Morimoto, M.; Irie, M. A Diarylethene Cocrystal that Converts
Light into Mechanical Work. J. Am. Chem. Soc. 2010, 132 (40), 14172—
14178.

(7) Toccafondi, C.; Occhi, L.; Cavalleri, O.; Penco, A.; Castagna, R.;
Bianco, A.; Bertarelli, C.; Comoretto, D.; Canepa, M. Photochromic
and photomechanical responses of an amorphous diarylethene-based
polymer: a spectroscopic ellipsometry investigation of ultrathin films. J.
Mater. Chem. C 2014, 2 (23), 4692—4698.

(8) Kim, Y.; Hellmuth, T. J.; Sysoiev, D.; Pauly, F.; Pietsch, T.; Wolf,
J.; Erbe, A;; Huhn, T.; Groth, U,; Steiner, U. E.; Scheer, E. Charge
Transport Characteristics of Diarylethene Photoswitching Single-
Molecule Junctions. Nano Lett. 2012, 12 (7), 3736—3742.

(9) Wang, Q.; Diez-Cabanes, V.; Dell’Elce, S.; Liscio, A.; Kobin, B.; Li,
H.; Brédas, J.-L.; Hecht, S.; Palermo, V.; List-Kratochvil, E. J. W,;
Cornil, J.; Koch, N.; Ligorio, G. Dynamically Switching the Electronic
and Electrostatic Properties of Indium—Tin Oxide Electrodes with

https://dx.doi.org/10.1021/acs.joc.9b02632
J. Org. Chem. 2020, 85, 2646—2653


https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b02632/suppl_file/jo9b02632_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b02632/suppl_file/jo9b02632_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b02632/suppl_file/jo9b02632_si_003.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dinesh+G.+Patel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0733-5383
http://orcid.org/0000-0003-0733-5383
mailto:dgp15@psu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Travis+B.+Mitchell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shea+D.+Myers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dorothy+A.+Carter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+A.+Novak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b02632?ref=pdf
https://dx.doi.org/10.1039/b700177k
https://dx.doi.org/10.1039/b700177k
https://dx.doi.org/10.1002/adma.200600826
https://dx.doi.org/10.1002/adma.200600826
https://dx.doi.org/10.1002/adma.200600826
https://dx.doi.org/10.1038/ncomms7036
https://dx.doi.org/10.1038/ncomms7036
https://dx.doi.org/10.1021/nn103243c
https://dx.doi.org/10.1021/nn103243c
https://dx.doi.org/10.1021/nn103243c
https://dx.doi.org/10.1021/ja105356w
https://dx.doi.org/10.1021/ja105356w
https://dx.doi.org/10.1039/C4TC00371C
https://dx.doi.org/10.1039/C4TC00371C
https://dx.doi.org/10.1039/C4TC00371C
https://dx.doi.org/10.1021/nl3015523
https://dx.doi.org/10.1021/nl3015523
https://dx.doi.org/10.1021/nl3015523
https://dx.doi.org/10.1021/acsanm.9b00094
https://dx.doi.org/10.1021/acsanm.9b00094
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b02632?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

Photochromic Monolayers: Toward Photoswitchable Optoelectronic
Devices. ACS Appl. Nano Mater. 2019, 2 (2), 1102—1110.

(10) Wang, Q.; Ligorio, G.; Diez-Cabanes, V.; Cornil, D.; Kobin, B.;
Hildebrandt, J.; Nardi, M. V.; Timpel, M.; Hecht, S.; Cornil, J.; List-
Kratochvil, E. J. W.; Koch, N. Dynamic Photoswitching of Electron
Energy Levels at Hybrid ZnO/Organic Photochromic Molecule
Junctions. Adv. Funct. Mater. 2018, 28 (28), 1800716.

(11) Al-Atar, U.; Fernandes, R.; Johnsen, B.; Baillie, D.; Branda, N. R.
A Photocontrolled Molecular Switch Regulates Paralysis in a Living
Organism. J. Am. Chem. Soc. 2009, 131 (44), 15966—15967.

(12) Hou, L;; Zhang, X,; Pijper, T. C.; Browne, W. R.; Feringa, B. L.
Reversible Photochemical Control of Singlet Oxygen Generation Using
Diarylethene Photochromic Switches. J. Am. Chem. Soc. 2014, 136 (3),
910—-913.

(13) Okuda, J.-y.; Tanaka, Y.; Kodama, R.; Sumaru, K.; Morishita, K;
Kanamori, T.; Yamazoe, S.; Hyodo, K.; Yamazaki, S.; Miyatake, T.;
Yokojima, S.; Nakamura, S.; Uchida, K. Photoinduced cytotoxicity of a
photochromic diarylethene via caspase cascade activation. Chem.
Commun. 2015, S1 (54), 10957—10960.

(14) Luo, F; Fan, C. B,; Luo, M. B.,; Wy, X. L,; Zhu, Y,; Py, S. Z.; Xu,
W.-Y,; Guo, G.-C. Photoswitching CO2 Capture and Release in a
Photochromic Diarylethene Metal—Organic Framework. Angew.
Chem., Int. Ed. 2014, 53 (35), 9298—9301.

(15) Furlong, B.].; Katz, M. ]. Bistable Dithienylethene-Based Metal—
Organic Framework Illustrating Optically Induced Changes in
Chemical Separations. J. Am. Chem. Soc. 2017, 139 (38), 13280—
13283.

(16) Patel, D. G.; Walton, I. M.; Cox, J. M.; Gleason, C. J.; Butzer, D.
R.; Benedict, J. B. Photoresponsive porous materials: the design and
synthesis of photochromic diarylethene-based linkers and a metal—
organic framework. Chem. Commun. 2014, S0 (20), 2653—2656.

(17) Walton, L. M.; Cox, J. M.; Coppin, J. A.; Linderman, C. M.; Patel,
D. G.; Benedict, J. B. Photo-responsive MOFs: light-induced switching
of porous single crystals containing a photochromic diarylethene. Chem.
Commun. 2013, 49 (73), 8012—8014.

(18) Gilat, S. L.; Kawai, S. H.; Lehn, J.-M. Light-triggered electrical
and optical switching devices. J. Chem. Soc, Chem. Commun. 1993,
No. 18, 1439—1442.

(19) Hanazawa, M.; Sumiya, R.; Horikawa, Y.; Irie, M. Thermally
irreversible photochromic systems. Reversible photocyclization of 1,2-
bis (2-methylbenzo[b]thiophen-3-yl)perfluorocyclocoalkene deriva-
tives. J. Chem. Soc., Chem. Commun. 1992, No. 3, 206—207.

(20) Irie, M.; Sakemura, K.; Okinaka, M.; Uchida, K. Photochromism
of Dithienylethenes with Electron-Donating Substituents. J. Org. Chem.
1995, 60 (25), 8305—8309.

(21) Kawai, S. H.; Gilat, S. L.; Ponsinet, R.; Lehn, J.-M. A Dual-Mode
Molecular Switching Device: Bisphenolic Diarylethenes with Inte-
grated Photochromic and Electrochromic Properties. Chem. - Eur. J.
1995, 1 (S), 285—-293.

(22) Fukaminato, T.; Hirose, T.; Doi, T.; Hazama, M.; Matsuda, K.;
Irie, M. Molecular Design Strategy toward Diarylethenes That
Photoswitch with Visible Light. J. Am. Chem. Soc. 2014, 136 (49),
17145—17154.

(23) Sumi, T; Kaburagi, T.; Morimoto, M.; Une, K.; Sotome, H.; Ito,
S.; Miyasaka, H.; Irie, M. Fluorescent Photochromic Diarylethene That
Turns on with Visible Light. Org. Lett. 2015, 17 (19), 4802—4805.

(24) Xu,J.; Volfova, H.; Mulder, R. J.; Goerigk, L.; Bryant, G.; Riedle,
E.; Ritchie, C. Visible-Light-Driven “On”/“Off” Photochromism of a
Polyoxometalate Diarylethene Coordination Complex. J. Am. Chem.
Soc. 2018, 140 (33), 10482—10487.

(25) Deng, X; Liebeskind, L. S. A Contribution to the Design of
Molecular Switches: Novel Acid-Mediated Ring-Closing—Photo-
chemical Ring-Opening of 2,3-Bis(heteroaryl)quinones (Heteroaryl =
Thienyl, Furanyl, Pyrrolyl). J. Am. Chem. Soc. 2001, 123 (31), 7703—
7704.

(26) Saito, E.; Ako, T.; Kobori, Y.; Tsuda, A. Switching of the 7-
electronic conjugations in the reduction of a dithienylethene-fused p-
benzoquinone. RSC Adv. 2017, 7 (5), 2403—2406.

2652

(27) Kumagai, Y.; Shinkai, Y.; Miura, T.; Cho, A. K. The Chemical
Biology of Naphthoquinones and Its Environmental Implications.
Annu. Rev. Pharmacol. Toxicol. 2012, 52 (1), 221—247.

(28) Decosterd, L. A.; Parsons, I. C.; Gustafson, K. R.; Cardellina, J.
H.; McMabhon, J. B.; Cragg, G. M.; Murata, Y.; Pannell, L. K,; Steiner, J.
R. HIV inhibitory natural products. 11. Structure, absolute stereo-
chemistry, and synthesis of conocurvone, a potent, novel HIV-
inhibitory naphthoquinone trimer from a Conospermum sp. J. Am.
Chem. Soc. 1993, 115 (15), 6673—6679.

(29) Simeth, N. A; Kneuttinger, A. C.; Sterner, R; Konig, B.
Photochromic coenzyme Q derivatives: switching redox potentials with
light. Chem. Sci. 2017, 8 (9), 6474—6483.

(30) Wilson, D.; Branda, N. R. Turning “On” and “Off” a Pyridoxal 5'-
Phosphate Mimic Using Light. Angew. Chem., Int. Ed. 2012, S1 (22),
5431-5434.

(31) Liu, Z.; Wang, H. L; Narita, A.; Chen, Q.; Mics, Z.; Turchinovich,
D.; Klaui, M.; Bonn, M.; Millen, K. Photoswitchable Micro-
Supercapacitor Based on a Diarylethene-Graphene Composite Film.
J. Am. Chem. Soc. 2017, 139 (28), 9443—9446.

(32) Xie, N; Chen, Y. Combination of fluorescent switch and
electrochemical switch based on a photochromic diarylethene. New J.
Chem. 2006, 30 (11), 1595—1598.

(33) Yoshida, S.; Kubo, H.; Saika, T.; Katsumura, S. Synthesis of 2,3-
Diarylquinone by Palladium Catalyzed Cross-Coupling of Dibromo-
quinones with Heteroarylstannanes. Chem. Lett. 1996, 25 (2), 139—
140.

(34) Roubinet, B.; Weber, M.; Shojaei, H.; Bates, M.; Bossi, M. L,;
Belov, V. N.; Irie, M.; Hell, S. W. Fluorescent Photoswitchable
Diarylethenes for Biolabeling and Single-Molecule Localization
Microscopies with Optical Superresolution. J. Am. Chem. Soc. 2017,
139 (19), 6611—6620.

(35) Roubinet, B.; Bossi, M. L.; Alt, P.; Leutenegger, M.; Shojaei, H.;
Schnorrenberg, S.; Nizamov, S.; Irie, M.; Belov, V. N.; Hell, S. W.
Carboxylated Photoswitchable Diarylethenes for Biolabeling and
Super-Resolution RESOLFT Microscopy. Angew. Chem., Int. Ed.
2016, 55 (49), 15429—15433.

(36) Harvey, C. P.; Tovar, J. D. Main-chain photochromic conducting
polymers. Polym. Chem. 2011, 2 (12), 2699—2706.

(37) Peters, G. M.; Tovar, J. D. Pendant Photochromic Conjugated
Polymers Incorporating a Highly Functionalizable Thieno[3,4-b]-
thiophene Switching Motif. J. Am. Chem. Soc. 2019, 141 (7), 3146—
3152.

(38) Choi, H.; Lee, H; Kang, Y.,; Kim, E; Kang, S. O.; Ko, J.
Photochromism and Electrical Transport Characteristics of a Dyad and
a Polymer with Diarylethene and Quinoline Units. J. Org. Chem. 2005,
70 (21), 8291-8297.

(39) Best, W. M.; Sims, C. G.; Winslade, M. Palladium-Catalysed
Cross Coupling of Arylboronic Acids with 2-Chloro-1,4-naphthoqui-
nones: the Synthesis of 2-Aryl- and 2,3-Bisaryl-1,4-naphthoquinones.
Aust. J. Chem. 2001, 54 (6), 401—404.

(40) Hiroto, S.; Suzuki, K,; Kamiya, H.; Shinokubo, H. Synthetic
protocol for diarylethenes through Suzuki-Miyaura coupling. Chem.
Commun. 2011, 47 (25), 7149—7151.

(41) Herder, M.; Eisenreich, F.; Bonasera, A.; Grafl, A.; Grubert, L.;
Pitzel, M.; Schwarz, J; Hecht, S. Light-Controlled Reversible
Modulation of Frontier Molecular Orbital Energy Levels in
Trifluoromethylated Diarylethenes. Chem. - Eur. J. 2017, 23 (15),
3743—-3754.

(42) Wang, S.; Zhou, Y.; Zhu, L.; Zhang, J.; Zou, Q.; Zeng, T.; Chen,
W. A photochromic prototype based on difurylperhydrocyclopentene
with remarkable photoswitching behavior and in vivo application.
Chem. Commun. 2017, 53 (69), 9570—9573.

(43) Fukumoto, S.; Nakashima, T.; Kawai, T. Photon-Quantitative
Reaction of a Dithiazolylarylene in Solution. Angew. Chem., Int. Ed.
2011, 50 (7), 1565—1568.

(44) Jeong, Y.-C.; Gao, C.; Lee, I. S.; Yang, S. L; Ahn, K.-H. The
considerable photostability improvement of photochromic terarylene
by sulfone group. Tetrahedron Lett. 2009, S0 (37), 5288—5290.

https://dx.doi.org/10.1021/acs.joc.9b02632
J. Org. Chem. 2020, 85, 2646—2653


https://dx.doi.org/10.1021/acsanm.9b00094
https://dx.doi.org/10.1021/acsanm.9b00094
https://dx.doi.org/10.1002/adfm.201800716
https://dx.doi.org/10.1002/adfm.201800716
https://dx.doi.org/10.1002/adfm.201800716
https://dx.doi.org/10.1021/ja903070u
https://dx.doi.org/10.1021/ja903070u
https://dx.doi.org/10.1021/ja4122473
https://dx.doi.org/10.1021/ja4122473
https://dx.doi.org/10.1039/C5CC02200B
https://dx.doi.org/10.1039/C5CC02200B
https://dx.doi.org/10.1002/anie.201311124
https://dx.doi.org/10.1002/anie.201311124
https://dx.doi.org/10.1021/jacs.7b07856
https://dx.doi.org/10.1021/jacs.7b07856
https://dx.doi.org/10.1021/jacs.7b07856
https://dx.doi.org/10.1039/C3CC49666J
https://dx.doi.org/10.1039/C3CC49666J
https://dx.doi.org/10.1039/C3CC49666J
https://dx.doi.org/10.1039/c3cc44119a
https://dx.doi.org/10.1039/c3cc44119a
https://dx.doi.org/10.1039/c39930001439
https://dx.doi.org/10.1039/c39930001439
https://dx.doi.org/10.1039/c39920000206
https://dx.doi.org/10.1039/c39920000206
https://dx.doi.org/10.1039/c39920000206
https://dx.doi.org/10.1039/c39920000206
https://dx.doi.org/10.1021/jo00130a035
https://dx.doi.org/10.1021/jo00130a035
https://dx.doi.org/10.1002/chem.19950010505
https://dx.doi.org/10.1002/chem.19950010505
https://dx.doi.org/10.1002/chem.19950010505
https://dx.doi.org/10.1021/ja5090749
https://dx.doi.org/10.1021/ja5090749
https://dx.doi.org/10.1021/acs.orglett.5b02361
https://dx.doi.org/10.1021/acs.orglett.5b02361
https://dx.doi.org/10.1021/jacs.8b04900
https://dx.doi.org/10.1021/jacs.8b04900
https://dx.doi.org/10.1021/ja0106220
https://dx.doi.org/10.1021/ja0106220
https://dx.doi.org/10.1021/ja0106220
https://dx.doi.org/10.1021/ja0106220
https://dx.doi.org/10.1039/C6RA27001H
https://dx.doi.org/10.1039/C6RA27001H
https://dx.doi.org/10.1039/C6RA27001H
https://dx.doi.org/10.1146/annurev-pharmtox-010611-134517
https://dx.doi.org/10.1146/annurev-pharmtox-010611-134517
https://dx.doi.org/10.1021/ja00068a026
https://dx.doi.org/10.1021/ja00068a026
https://dx.doi.org/10.1021/ja00068a026
https://dx.doi.org/10.1039/C7SC00781G
https://dx.doi.org/10.1039/C7SC00781G
https://dx.doi.org/10.1002/anie.201201447
https://dx.doi.org/10.1002/anie.201201447
https://dx.doi.org/10.1021/jacs.7b04491
https://dx.doi.org/10.1021/jacs.7b04491
https://dx.doi.org/10.1039/b609156c
https://dx.doi.org/10.1039/b609156c
https://dx.doi.org/10.1246/cl.1996.139
https://dx.doi.org/10.1246/cl.1996.139
https://dx.doi.org/10.1246/cl.1996.139
https://dx.doi.org/10.1021/jacs.7b00274
https://dx.doi.org/10.1021/jacs.7b00274
https://dx.doi.org/10.1021/jacs.7b00274
https://dx.doi.org/10.1002/anie.201607940
https://dx.doi.org/10.1002/anie.201607940
https://dx.doi.org/10.1039/c1py00304f
https://dx.doi.org/10.1039/c1py00304f
https://dx.doi.org/10.1021/jacs.8b12617
https://dx.doi.org/10.1021/jacs.8b12617
https://dx.doi.org/10.1021/jacs.8b12617
https://dx.doi.org/10.1021/jo050710t
https://dx.doi.org/10.1021/jo050710t
https://dx.doi.org/10.1071/CH01024
https://dx.doi.org/10.1071/CH01024
https://dx.doi.org/10.1071/CH01024
https://dx.doi.org/10.1039/c1cc12020d
https://dx.doi.org/10.1039/c1cc12020d
https://dx.doi.org/10.1002/chem.201605511
https://dx.doi.org/10.1002/chem.201605511
https://dx.doi.org/10.1002/chem.201605511
https://dx.doi.org/10.1039/C7CC05773C
https://dx.doi.org/10.1039/C7CC05773C
https://dx.doi.org/10.1002/anie.201006844
https://dx.doi.org/10.1002/anie.201006844
https://dx.doi.org/10.1016/j.tetlet.2009.07.028
https://dx.doi.org/10.1016/j.tetlet.2009.07.028
https://dx.doi.org/10.1016/j.tetlet.2009.07.028
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b02632?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

(4S) Tamayo, N.; Echavarren, A. M.; Paredes, M. C. Palladium-
catalyzed coupling of 2-bromonaphthoquinones with stannanes: a
concise synthesis of antibiotics WS 5995 A and C and related
compounds. J. Org. Chem. 1991, 56 (23), 6488—6491.

(46) Hassan, Z.; Ullah, L; Alj, I; Khera, R. A,; Knepper, L; Ali, A;
Patonay, T.; Villinger, A.; Langer, P. Synthesis of tetraaryl-p-
benzoquinones and 2,3-diaryl-1,4-naphthoquinones via Suzuki—
Miyaura cross-coupling reactions. Tetrahedron 2013, 69 (2), 460—469.

(47) Ullah, 1; Khera, R. A;; Hussain, M.; Villinger, A.; Langer, P.
Synthesis of tetraaryl-p-benzoquinones by Suzuki—Miyaura cross-
coupling reactions of tetrabromo-p-benzoquinone. Tetrahedron Lett.
2009, 50 (32), 4651—4653.

(48) Ye, Q; Zhang, Z.; Png, Z. M.; Neo, W. T.; Lin, T.; Zeng, H.; Xu,
H,; Xu, J. Cyclization of Tetraaryl-Substituted Benzoquinones and
Hydroquinones through the Scholl Reaction. J. Org. Chem. 2016, 81
(19), 9219-9226.

(49) Molina, M. T.; Navarro, C.; Moreno, A.; Csaky, A. G. Arylation of
Benzo-Fused 1,4-Quinones by the Addition of Boronic Acids under
Dicationic Pd(II)-Catalysis. Org. Lett. 2009, 11 (21), 4938—4941.

(50) Takahashi, I; Takeyama, N.; Mori, H.; Tamamoto, M,
Nishimura, H.; Kitajima, H. Studies on the Selective Preparation of
2-Aryl and 2,3-Diaryl Naphthalene-1,4-diones by Means of Meerwein
Arylation. Chem. Express 1992, 7 (9), 709—712.

(51) No reaction was observed when pinacol boronic acid esters were
used regardless of the reaction conditions employed.

(52) Hoshino, Y.; Miyaura, N.; Suzuki, A. Novel Synthesis of
Isoflavones by the Palladium-Catalyzed Cross-Coupling Reaction of 3-
Bromochromones with Arylboronic Acids or Its Esters. Bull. Chem. Soc.
Jpn. 1988, 61 (8), 3008—3010.

(53) Brookins, R. N.; Schanze, K. S.; Reynolds, J. R. Base-Free Suzuki
Polymerization for the Synthesis of Polyfluorenes Functionalized with
Carboxylic Acids. Macromolecules 2007, 40 (10), 3524—3526.

(54) Riickle, T.; Biamonte, M.; Grippi-Vallotton, T.; Arkinstall, S.;
Cambet, Y.; Camps, M.; Chabert, C.; Church, D. J.; Halazy, S.; Jiang,
X.; Martinou, L; Nichols, A.; Sauer, W.; Gotteland, J.-P. Design,
Synthesis, and Biological Activity of Novel, Potent, and Selective
(Benzoylaminomethyl)thiophene Sulfonamide Inhibitors of c-Jun-N-
Terminal Kinase. J. Med. Chem. 2004, 47 (27), 6921—6934.

(55) Wats, P. G. M.; Greene, T. W. Greene’s protective groups in organic
synthesis, Sth ed.; John Wiley & Sons, Inc.: Hoboken, NJ, 2014.

(56) Wright, S. W.; Hageman, D. L.; Wright, A. S.; McClure, L. D.
Convenient preparations of t-butyl esters and ethers from t-butanol.
Tetrahedron Lett. 1997, 38 (42), 7345—7348.

(57) Murphy, J. M; Tzschucke, C. C.; Hartwig, ]J. F. One-Pot
Synthesis of Arylboronic Acids and Aryl Trifluoroborates by Ir-
Catalyzed Borylation of Arenes. Org. Lett. 2007, 9 (S), 757—760.

(58) Sasaki, L; Taguchi, J.; Hiraki, S.; Ito, H.; Ishiyama, T. Catalyst-
Controlled Regiodivergent C-H Borylation of Multifunctionalized
Heteroarenes by Using Iridium Complexes. Chem. - Eur. J. 2015, 21
(25), 9236—9241.

(59) Jia, Y;; Xu, Y.; Nie, R; Chen, F.; Zhu, Z; Wang, J.; Jing, H.
Atrtificial photosynthesis of methanol from carbon dioxide and water via
a Nile red-embedded TiO2 photocathode. J. Mater. Chem. A 2017, §
(11), 5495—5501.

(60) O’Brien, C. J.; Kantchev, E. A. B.; Valente, C.; Hadei, N.; Chass,
G. A,; Lough, A.; Hopkinson, A. C.; Organ, M. G. Easily Prepared Air-
and Moisture-Stable PdA—NHC (NHC=N-Heterocyclic Carbene)
Complexes: A Reliable, User-Friendly, Highly Active Palladium
Precatalyst for the Suzuki—Miyaura Reaction. Chem. - Eur. ]. 2006,
12 (18), 4743—4748.

(61) Quibell, Jacob M.; Perry, G. J. P.; Cannas, D. M.; Larrosa, L
Transition-metal-free decarboxylative bromination of aromatic carbox-
ylic acids. Chem. Sci. 2018, 9 (15), 3860—386S.

(62) Walton, I. M.; Cox, J. M.; Benson, C. A,; Patel, D. G.; Chen, Y.-S.;
Benedict, J. B. The role of atropisomers on the photo-reactivity and
fatigue of diarylethene-based metal—organic frameworks. New J. Chem.
2016, 40 (1), 101-106.

2653

(63) Walko, M.; Feringa, B. L. The isolation and photochemistry of
individual atropisomers of photochromic diarylethenes. Chem.
Commun. 2007, No. 17, 1745—1747.

(64) Spek, A. Structure validation in chemical crystallography. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 2009, 65 (2), 148—1S55.

(65) Kobatake, S.; Uchida, K.; Tsuchida, E.; Irie, M. Single-crystalline
photochromism of diarylethenes: reactivity—structure relationship.
Chem. Commun. 2002, No. 23, 2804—2805.

(66) Sahariah, B.; Sarma, B. K. Relative orientation of the carbonyl
groups determines the nature of orbital interactions in carbonyl—
carbonyl short contacts. Chem. Sci. 2019, 10 (3), 909—917.

(67) Yamamoto, S.; Matsuda, K; Irie, M. Photochromism of
Diarylethenes Linked by Hydrogen Bonds in the Single-Crystalline
Phase. Chem. - Eur. . 2003, 9 (20), 4878—4886.

(68) Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NMR Chemical Shifts
of Common Laboratory Solvents as Trace Impurities. . Org. Chem.
1997, 62 (21), 7512—7515.

(69) Chen, T.; Ning, M.; Ye, Y.; Wang, K; Leng, Y.; Shen, J. Design,
synthesis and structure—activity relationship studies of GPR40 agonists
containing amide linker. Eur. J. Med. Chem. 2018, 152, 175—194.

(70) Kawamorita, S.; Ohmiya, H.; Sawamura, M. Ester-Directed
Regioselective Borylation of Heteroarenes Catalyzed by a Silica-
Supported Iridium Complex. J. Org. Chem. 2010, 75 (11), 3855—3858.

(71) Anuratha, M.; Jawahar, A.; Umadevi, M.; Sathe, V. G.; Vanelle,
P.; Terme, T.; Meenakumari, V.; Milton Franklin Benial, A. SERS
investigations of 2,3-dibromo-1,4-naphthoquinone on silver nano-
particles. Spectrochim. Acta, Part A 2013, 105, 218—222.

https://dx.doi.org/10.1021/acs.joc.9b02632
J. Org. Chem. 2020, 85, 2646—2653


https://dx.doi.org/10.1021/jo00023a004
https://dx.doi.org/10.1021/jo00023a004
https://dx.doi.org/10.1021/jo00023a004
https://dx.doi.org/10.1021/jo00023a004
https://dx.doi.org/10.1016/j.tet.2012.11.040
https://dx.doi.org/10.1016/j.tet.2012.11.040
https://dx.doi.org/10.1016/j.tet.2012.11.040
https://dx.doi.org/10.1016/j.tetlet.2009.05.115
https://dx.doi.org/10.1016/j.tetlet.2009.05.115
https://dx.doi.org/10.1021/acs.joc.6b01785
https://dx.doi.org/10.1021/acs.joc.6b01785
https://dx.doi.org/10.1021/ol902084g
https://dx.doi.org/10.1021/ol902084g
https://dx.doi.org/10.1021/ol902084g
https://dx.doi.org/10.1246/bcsj.61.3008
https://dx.doi.org/10.1246/bcsj.61.3008
https://dx.doi.org/10.1246/bcsj.61.3008
https://dx.doi.org/10.1021/ma070070r
https://dx.doi.org/10.1021/ma070070r
https://dx.doi.org/10.1021/ma070070r
https://dx.doi.org/10.1021/jm031112e
https://dx.doi.org/10.1021/jm031112e
https://dx.doi.org/10.1021/jm031112e
https://dx.doi.org/10.1021/jm031112e
https://dx.doi.org/10.1016/S0040-4039(97)01792-9
https://dx.doi.org/10.1021/ol062903o
https://dx.doi.org/10.1021/ol062903o
https://dx.doi.org/10.1021/ol062903o
https://dx.doi.org/10.1002/chem.201500658
https://dx.doi.org/10.1002/chem.201500658
https://dx.doi.org/10.1002/chem.201500658
https://dx.doi.org/10.1039/C6TA10231J
https://dx.doi.org/10.1039/C6TA10231J
https://dx.doi.org/10.1002/chem.200600251
https://dx.doi.org/10.1002/chem.200600251
https://dx.doi.org/10.1002/chem.200600251
https://dx.doi.org/10.1002/chem.200600251
https://dx.doi.org/10.1039/C8SC01016A
https://dx.doi.org/10.1039/C8SC01016A
https://dx.doi.org/10.1039/C5NJ01718A
https://dx.doi.org/10.1039/C5NJ01718A
https://dx.doi.org/10.1039/b702264f
https://dx.doi.org/10.1039/b702264f
https://dx.doi.org/10.1107/S090744490804362X
https://dx.doi.org/10.1039/B208419H
https://dx.doi.org/10.1039/B208419H
https://dx.doi.org/10.1039/C8SC04221G
https://dx.doi.org/10.1039/C8SC04221G
https://dx.doi.org/10.1039/C8SC04221G
https://dx.doi.org/10.1002/chem.200304947
https://dx.doi.org/10.1002/chem.200304947
https://dx.doi.org/10.1002/chem.200304947
https://dx.doi.org/10.1021/jo971176v
https://dx.doi.org/10.1021/jo971176v
https://dx.doi.org/10.1016/j.ejmech.2018.04.023
https://dx.doi.org/10.1016/j.ejmech.2018.04.023
https://dx.doi.org/10.1016/j.ejmech.2018.04.023
https://dx.doi.org/10.1021/jo100352b
https://dx.doi.org/10.1021/jo100352b
https://dx.doi.org/10.1021/jo100352b
https://dx.doi.org/10.1016/j.saa.2012.12.028
https://dx.doi.org/10.1016/j.saa.2012.12.028
https://dx.doi.org/10.1016/j.saa.2012.12.028
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b02632?ref=pdf

