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Dithienylmaleimides
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1.1 Introduction

Photochromism has #@acted great attention in materials scierldeand as a tool in
molecular biology?! A variety of applications are found in molecular optoelectrdfiics
and optical data storagés®! In the field of life sciences, molecular switches have been
used to catrol enzyme activity/1% WatsonCrick base pairing!*3 the regulation of
neuronal activity by photochromic ligands for ion channels and recepto?d antibiotic
effectd?-2?l and even the agility of a living organigfhby light. This broad@plicability is

one of the reasons why photopharmacology has evolved into a vibrant field of red&érch.
Various photochromic molecules, like azobenze@@spiropyran&®l, spirooxazine&®!
fulgided?”l and diarylethene’8®2° have been developed. All these photoswitches can be
reversible toggled between two isomers using light. The well investigated
dithienylethenes (DTEs), including dithienylmaleimides, are characterized by a nearly
guantitative photochemical conversion betee the photoisomers, which are often
thermally stable. Irradiation with light of a specific wavelength switches the DTESs between
their open and closed photoisomer, which differ in conformational flexibility and

electronic conjugation (Figure 1). Many DEEsw high fatigue resistand#!

open closed

Figure 1.Reversible photochemical isomerization oflithienylmaleimide between th@pen and closed
photoisomer by irradiation with light of different wavelength.

Despite their outstandig photophysical properties the synthesis of DTES, in particular of
non-symmetric derivatives, is laboriolfs. 3% Different synthetic routes for the
preparation of dithienylmaleimides were established. Starting from - 3,4
dibromomaleimides and 3;diiodomaleimides, respectively, both thiophene moieties can
be attached by palladium catalyzed Suzuki coupfhifl However, only nitrogen
protected maleimides can be used and the synthesis of-syanmetric compounds is
challenging. Another route uses the réiaa of a dithienylmaleic anhydride with amines
to the corresponding maleimidé*3¢! The synthesis of diarylmaleimides by intramolecular

Perkin condensation of two independently prepared precursors gives selective access to
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non-symmetric diarylmaleimide® 3738 Compared to diarylperfluorocyclopentenes and
diarylcyclopentenes, diarylmaleimides are more hydrophilic and better water soluble,
which is valuable for applications in biology and pharmacy. The absorption maxima of
diarylmaleimides are shiftetb higher wavelengths and thus the photoisomerization can
be induced by light with lower energy reducing potential cell dani&@#oreover, the
biocompatibility of diarylmaleimides is known from bisindolylmaleimides, for instance
arcyriarubins and arcyaflavins with antibiotic activities, several other potent protein
kinase and sirtuin inhibitord% 3243l However, a better synthetic access to functionalized
photochromic dithienylmaleimides is desirable in order to extend their applications.
Herein, ve discuss the synthesis of functionalized dithienylmaleimides substituted on

each thiophene moiety and the maleimide nitrogen atom.

1.2 Results and Discussion

1.2.1 Synthesis

Functionalization of the maleimidaitrogen atom

The transformation of diarylmaleenhydrides into their corresponding diarylmaleimides
provides an easy access to compounds with a functionalized maleimide nitroger?&tom.
Complex functionalities or protecting groups can be introduced at the maleimide nitrogen
by reaction with amines ohydrazires. We used the adapted synthetic approach of

Scandolat al.l38l for the synthesis of anhydridéas precursor (Scheme 1).

CI g g~ Cl
1 2R=M
E3R=Ke

Scheme 1Synthesis of dithienylmaleic anhydride
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Methyl ester2 was converted to its potassium s&@liand condensed in a Perkin reaction
with carboxylic acidl yielding the photochromic maleic anhydride The anhydride

moiety allows the subsequeminctionalization with hydrazis or amines (Scheme 2).

0=~ _0
]\ ]\
4

N,N'-dimethylhydrazine
hydrazine- dihydrochloride
Coz Lys-OH, hydrate, PEG400
(82%) AcOH (86%)
° (72%)
O o}
e o I |
o HN<,, 0N 0 o=N_o0
/\ / \ / \ / \ / \ |\ / \ / \
Cl S s~ Cl Cl S S Cl Cl s s Cl Cl s s~ Cl
6 7 8 9

Scheme 2 Synthesis of the functionalized photochromic dithienylmaleimi@e starting from maleic
anhydride4.

Therefore, maleic anhydridd was treated witha-Cbz protected dglutamic acidg
hydrazidé* (5) and a-Cbz protected dysine to give amino acidé and 7 with a
photochromic dithienylmaleimide on each sidechain. Photochromic tripeptides forming
hydrogels with different aggregation modes mainly depending on the switch moiety were
recently reported? Thereaction of hydrazine hydrate in acetic acid as solvent and 1,2
dimethylhydrazine dihydrochloride, respectively, with maleic anhydddsforded the
maleimide nitrogen protected dithienylmaleimidésand 9 in good yields (Scheme 2).
Remarkably, the form&in of any maleic hydrazide or other tautomers was not observed.
The protected maleimide8 and 9 could be used for further functionalizations on the
thiophene moieties by palladiuroatalyzed cross coupling reactions or other reactions

using the reactivityf the heteroaryl chlorides.

Functionalization as photochromic amino acid

Recently, DTBased nomnatural amino acids were synthesized and successfully
introduced into small peptided8! However, their watessolubility is limited due to the
diarylperflorocyclopentene core and therefore, we developed a more polar

dithienylmaleimide amino acid. Compound8a and 13b were prepared by a Perkin
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condensatioft® 3738l of the thiophene precursoré0and 11 bearing a protected primary

amino or carboxyl groupespectively (Scheme 3).

O NH2 _O

AIIocHNﬂO ©o I\ O

S S
0]

10 1"

BBrs3, Lil,
CHCl; acetone
(47% 13a) (35% 13b)

(20% 13b)

13aR = H
13b R = Alloc

Scheme 3.Perkin condensation of thiophene$0 and 11 yielding dithienylmaleimidel2 and after
deprotection13aand13b.

The Alloc group was chosen as a suitable protection for the amine as it is stable during the
synthesis of compound2. Diester thiophene€ll provides in 4position the carboxylic
ester giving the maleimide core in the Perkin condensation. The estepastzon will

serve as carboxylate of the amino acid. Both carboxylic acids were protected as methyl
ester. Alloc group and methyl ester G2 were cleaved simultaneously with boron
tribromide giving amino acid3ain 47% yield, accompanied by 20% of the @lmino
acid13bas byproduct. A selective ndrydrolytic deprotection of the methyl ester 42

is possible in low yield using lithium iodide in a polar aprotic sol¢&fi. A large excess

of lithium iodide and reflux were necessary to achieve conearseveral solvents were
tested with best yitds in acetone (see Supportingfdrmation, Table S1). Standard basic
hydrolytic conditions for the deprotection of the methyl ester afforded the deprotected
maleic anhydride (see Supportitlgormation, Schem&2). The synthesis of thiopheh@

is depicted in Scheme 4.
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1. LAH,
Et,0
NBS, CuCN, 2. Alloc-Cl,

O\ HCIO, /O\ _DMF /@\ _ THF AIIocHN\/@\
“(84%) (88%) NC~“g (66%) S
16

17

cu)J\,rO\ AICI,  NHLOH,
(49%) AllocHN T(92%) . AllocHN

Scheme 4Synthesis of thiophen#O.

Brominatior*¥ of 2-methyl thiophene {4) and subsequent Rosenmuiwdn Braun
reactior®® giving nitrile 16 were performed according to literature procedures. The
reduction of nitrile16 with lithium aluminum hydride followed by immediate protection
with allyl chloroformate afforded carbamate’ in good yield. Using Fmoc chloride instead
led to the respective Fot derivative in lower yields and caused the formation of side
products in the subsequent Fried€rafts acylation. The yield of glyoxylesi&tin the
FriedelCrafts acylation depends critically on the sequence of the reagent addition. Best
results were dtained by mixind.7 and methyl chlorooxoacetate before adding aluminum
chloride in small portions. Quenching the reaction with saturated sodium hydrogen
carbonate solution avoids the addition of hydrochloric acid to the allyl double bond.
Aminolysis withagueous ammonia converted the glyoxyleste8 in high yield into

compoundl10. The overall yield fat0 after six steps is 22%.

Thiophenell was prepared by esterificatiért! of methyl thiophene acidl9 in the
presence of thionyl chloride followed by FradeCrafts acylation and finally a thallium
trinitrate (TTN) mediated oxidative rearrangem&ft(Scheme 5)All intermediates were
isolated in goodo excellent yields with an overall yield of 68% for three steps. Initial
moderate yields for the Fried&rafts acylation of around 40% significantly increased to

77% after rigorous removal of stabilizers from the solvent chloroform.

MeOH, TTN, HCIO,,
_S0Cl, AICI3 CHCI3  MeOH
97% (77% (90%

Scheme 5Synthesis of thiopheng&l.
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Functionalization by Suzuki coupling

Dithienylmaleimides are conveniently synthesized by the Pdyjga condensation. The
reaction of two precursors yields the maleimide core without the need for prateobf

the maleimide nitrogen. Scheme 6 shows the intermolecular Perkin condensation of the

two chlorosubstituted precursord2 and23.

S s
22 23
KO1tBu,
THF
(63%)

H
o=N_o0
/A /A

cl g s~ ~cl
24

Scheme 6Perkin condensation df2 and23yielding dithienylmaleimid@4.

Both precursors can be differently functionalized by Suzuki coupling before used in the

Perkin condensation yielding neaymmetric dithienylmaleimides.

Precursor 1:

o— boronic acid, o—
Pd,(dba)s, XPhos
K3POy4
MO 1,4-dioxane MO
1
Cl s R S
22 25 R'= phenyl (52%)

26 R'= 4-tBu-phenyl (55%)
27 R'= 3-biphenyl (72%)

Precursor 2:

boronic acid
~ Pda(dba)s,XPhos A P Q. NH:
K3PO4 NH,OH
_ td-dioxane N © THF N ©
_mF s
R2 g R™ s

29 R2= pheny! (63%) 32 R3= pheny! (80%)
30 R?= 4-tBu-phenyl (48%) 33 R®= 4-tBu-pheny! (84%)
31 R2= 3-biphenyl (70%) 34 R®= 3-biphenyl (94%)

Scheme 7Synthesis of functionalized precurs@%27 and 32-34.

Recently,we described the synthesis of symmetric diarylmaleimides, with thiophene
moieties functionalized by palladivcatalysis prior to the condensation reactiBf.
Based on this strategy we prepared a small series ofgyommetric diarylmaleimides

(Schemer). The Perkin condensation to the maleimide core was performed under basic
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conditions combining the different thiophenes. Scheme 8 summarizes the synthesis of the

non-symmetric photoswitche85-37.

0O— HN O
c O)ﬁl
[C g

26 R'= 4-tBu-phenyl 23 R2=C|

27 R'= 3-biphenyl 33 R2= 4-tBu-phenyl
KOtBu,
THF
H
o=N_o
7\ 7\
R’ 2
S s~ R

35 R'= 4-tBu-phenyl, R?= Cl (28%)
36 R"= 3-biphenyl, R?= CI (27%)
37 R'= 3-biphenyl, R%= 4-tBu-phenyl (33%)

Scheme 8Synthesis of nosymmetric substituted dithienylethene&s-37 by Perkin condensation.

1.2.2 Photochromic Properties

The dithienylmaleimide core structure can be toggled reversibly between apag and
ring-closed photoisomer (Figure 1). The photochemical properties of photochromic

compound#, 6-9, 12, 13a 13b, 24 and 35-37 were investigated by UVis spectroscopy.

700

A/ nm

Figure 2 Changes of the UVis absorption spectra of dithienylmaleimide amino at2d50uM in MeOH)
upon light irradiation with 312m; arrows indicate the changes of the absorption maxima oves 42
irradiation in periods of & (Herolab, &V); the avettes show thecolor of the solution before and after
irradiation.
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Despite of reports that diarylmaleimides are not able to undergo photoisomerization in
polar solvents due to a twisted intramolecular charge transfer (T%€%F),we could
observe revesible photoisomerization of the dithienylmaleimidé<9, 12, 13a 13b, 24
and35-37in methanol or dimethyl sulfoxide, respectively. Figure 2 shows the changes of
the U\AVis spectra of compount upon irradiation with light of 312m (Herolab, 6/).

Upon irradiating a methanol solution of the rhogen form of compound 2 with UV light
(312nm), the absorption band at 25@m immediately decreases. Simultaneously, new
absorption maxima at 23@m, 378 nm and 550m arise (Figur@) causing the color
change of the sample from slightly yellow to purple. The isosbestic points indicate a clean
conversion between two components. Compared to typical -Dyidfopentenes the
absorption maxima are red shifte@he photostationary state was reached aftt s of
irradiation (Herolab, 318m, 6W) and the open form can be regained by irradiation with
visible light (> 42@m) for 5 min. The photoswitchable amino atRis stable over at least

seven closing/openingycles (Figure 3).

0.8

o
o

normalized Abs
554 nm
o
'

o
o

0.0

cycle number

Figure 3 Cycle performance of the dithienylmaleimide amino at@l (50uM in MeOH). Changes in
absorption at 554m were measured during alternate irradiation with light of 318 (Herolab, 6V) for
60s and 530m (CREEKP green, TmA) for 5min.

The absorption maxima and their corresponding extinction coefficients for the open and

closed form of all synthesized photochromic compounds are summarized in Table 1.
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Table 1. U\-Vis spectroscopic data of the open and closed (PSS) dbtime synthesized photochromic
compounds¥

Entry Comp. Solvent EOI\;;]C ' | maxopen € | maxclosed €)

1 4 MeOH 100 242 (26.0),298 (9.5) 359 (16.0), 523 (3.7)
2 6 DMSO 50 387 (4.6) 359 (17.4), 510 (3.2)
3 7 DMSO 50 381 (5.0) 355 (20.8), 500(4.1)
4 8 DMSO 50 386 (6.0) 359 (22.7), 508 (4.3)
5 9 DMSO 50 380 (3.3) 351 (12.9), 498 (2.7)

232 (16.2), 378 (13.6)
6 12 MeOH 50 250 (18.5) 550 (3.9)

231 (11.3), 375 (10.0)
7 13a MeOH 50 252 (13.0) 537 (2.7)

232 (12.6), 378 (10.3)
8 13b MeOH 50 250 (14.3) 549 (2.8)

234 (20.6), 352 (13.8)
9 24  MeOH 50 240 (20.2), 370 (4.5) 497 (2.5)

10 35 MeOH 100 264 (18.5),292 (17.1) 369 (9.7), 543 (3.0)

255 (28.8), 294
(14.3)

12 37 MeOH 100 262 (26.1),297 (20.7) 391 (11.5)586 (5.7)

Al UW-Vis spectroscopic data are reported for solutions af@5and reported in nmi ) and 18 cnt M2
(e). The PSS were obtained by irradiation of solutions of the open isomer with light ein3{Berolab,
6 W). [l Shoulder.

11 36  MeOH 100 369 (10.1), 540 (3.7)

Interestingly, the long wavelength absorption maximum of compoi8dis blue shifted

to 537nm compared to photoswitcheks2 and 13b, which may indicate an interaction of
the Alloc group with the dithienylmaleimide core. In contrast, the selective removal of the
methyl ester has almost no influence on the photochromic properties. In comparison to
bischloro dithienylmaleimide 24 the functionalized maleimides35-37 show a
bathochromic shift in their absorption maxima of the closed photoisomer. The enlarged

p-system of the substituted thiophenes can explain this shift to higher wavelengths.
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1.3 Conclusion

In summary, we have prepared severdlopochromic dithienylmaleimides. Maleimide
nitrogen atom functionalized derivatives were obtained by the reaction of dithienylmaleic
anhydride with dfferent hydrazires and amines. Using a Perkyippe condensation non
symmetric dithienylmaleimides were syresized including a photochromic amino acid
and dithienylmaleimides with different aromatic substituents on each thiophene moiety.
Reversible photoisomerization in dimethyl sulfoxide and methanol was observed for all

synthesized photochromic compounds.

1.4 Experimental

1.4.1 General Information

Commercial reagents and starting materials were purchased from Acros Organics, Alpha
Aesar, Fluka, Sigma Aldrich or VWR and used without further purification. Solvents were
used in p.a. quality and dried according to comnpoacedures, if necessary. To purify the
chloroform for FriedelCrafts acylations, it wasashed with sulfuric acid (¥), dried over
calcium chloride, filtered through silica, subsequently refluxed with phosphorous
pentoxide (510g L") and distilled unde nitrogen atmosphereCompoundsi©], 2[10]

51441 15491 16501 2051, 220101 25101 28101 29110 and 3211% were prepared according to
previously reported procedured-lash column chromatography was performed on a
Biotage Isolera One automated flash purification system with UV/Vis detector using Sigma
Aldrich MN silica gel 60 M (4B pm, 238400 mesh for normal phase or prpacked
Biotage SNAP cartridges (KR8HS) 6r reversed phase chromatography. Reaction
monitoringvia TLC was performed on alumina plates coated with silica gel (Merck silica
gel 60 Bs4, 0.2mm). Melting points were determined using a Stanford Research Systems
OptiMelt MPA100. NMR spectra were remed on Bruker Avance 308H 300 MHz,

13C. 75MHz) Bruker Avance 400'{: 400 MHz,**C 101 MHz)and Avance Il 600

(*H: 600MHz, 13C:151MH?2) instrument. The spectra are referenced against the NMR
solvent, chemical shiftare reported in ppm and cqling constants] are given in Hz.
Resonance multiplicity is abbreviated as: s (singlet), d (doublet), t (triplet), m (multiplet)
FYR 06 O0NRBIRO® /FNDB2y baw airadaylrfta | NBE NBLEZN
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secondary and (q) for quaternary carbomfe assignment resulted from DEPT, HSQC and
HMBC experimentdass spectra were recorded afinnigan MAT95 (BMS), Agilent ©

TOF 6540 UHD (H885, APGMS), Finnigan MAT SSQ 710 AME] GMS) or
ThermoQuest Finnigan TSQ 7000-ME5 APGMS) spectometer. UV/Vis absorption
spectroscopy was performed using a Varian Cary BIO 50 UV/Vis/INIR spectrometer. IR
spectra were recorded with a Specac Golden Gate Diamond Single Reflection ATR System
in a BieRad FAIRSpectrometer Excalibur FTS 3000 and pealtipns are reported in
wavenumbers (crm). Standard handheld lampswere used for visualizing TLC plates and

to carry out the ringclosure reactions at 312 n(rlerolab, 312 nm, 8Y). The ringopening
reactions were performed with the light of a 200twhgsten light bulb which was passed
through a 420 nm cuoff filter to eliminate higher energy light or the light of a green LED
(CREXP green, 536m, 700mA). The power of the light is given based on the
specifications supplied by the company when thmps were purchased. A light detector

was not used to measure the intensity during the irradiation experiments.

1.4.2 Synthesis and Characterization of Compounds

3,4-Bis(5chloro-2-methylthiophen-3-yl)furan-2,5-dione (4)

To obtain the potassium s&df the ester2 was dissolved in EtOH (2rd_/mmol) and KOH
(1.0eq) was added. After stirring overnight, the solvent was removed and the crude
product 3 was used without further purification. A mixture of the acld(984mg,
5.16mmol), the potassium saB (1.25g, 5.16mmol) and acetic anhydridél5mL) was
heated to 20 °C for5 h. The reaction was cooled toom temperatureand quenched by
adding water(20mL). The aqueouphase was extracted with EtOAcX35mL). The
combined or@nicphases were driedver MgS@ filtered and the solvent was removed
under reduced pressurelThe crude product was purifiedy automated flash column
chromatography (PEYHCb: 30-60%CHCEb) to yield the makic anhydride4 (1.07g, 58%)
asgray solid; R 0.45 (PE/Ci€b: 1/1); m.p.: 205°C;H-NMR (300MHz, DMS@Qe): d =
1.94 (s, 6H, thiophen€Hs), 7.03 (s, 2H, thiophenrld); *GNMR (75 MHz, DMS®): d =
14.1 (+), 125.2 (q), 125.3 (q), 127.2 (+), 134.5 (q), 141.4 (q), 164.5 (q); IR{ae3008,
2922, 1843, 17661629, 1539, 1460, 1252, 1047, 1177, 990, 919MIRESI): calcd. for
Ci14HoCbOsS (M+HY 358.9365; found 358.9362.
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N2-((Benzyloxy)carbonyiN°-(3,4-bis(5-chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)-L-glutamine (6)

Maleic anhydride4 (40mg, 0.11mmol) was added to a solution of acid hydrazigle
(30mg, 0.10mmol) in THF (L) in a crimp top vial. After heating to 85 for 16h the
reaction was quenched with ¥ aqueous HCI solution (@L) and water (InL). The
agueous phase was &acted with EtOAc (5 mL). The combined organic phases were
dried over MgS®and the solvent was removed under reduced pressure. Purification by
automated reversed phase flash column chromatography (Me@DiMith 0.05% TFA:
10-95% MeCN) yielded compod® (40 mg, 63%) as orange solid; B.01 (EtOAc); Ip.:
103°C;H-NMR (300 MHz, DMS®®): d = 1.74¢ 1.88 (m, 1H, CQH)>-CH), 1.92 (s, 6H,
thiophene ), 2.062.10 (m, 1H, CQOH2).-CH), 2.38.48 (m, 2H, CQOH.)>-CH), 4.03

(dt, J=9.0, 4.8Hz, 1HCH-CHNH), 5.05 (s, 2H,-CHo-Ph), 7.03 (s, 2H, thiophe#d), 7.3%

7.40 (m, 5H, Phi), 7.68 (dJ=8.0Hz, 1H, CHIH-CO), 10.63 (s, 1H;NH-CO), 12.70 (bs,

1H, CO@); 3GNMR (75 MHz, DMS@):dI' Mn ®H O6b0X Hc ®M ObLOI HPDM
125.0 (q), 125.8 (q), 127.6 (+), 127.6 (+), 127.7 (+), 128.3 (+), 131.2 (q), 136.8 (q), 140.6
(q), 156.1 (q), 166.9 (q), 170.8 (q), 173.4 (q); IR (meas) 3250, 2924, 1789, 1727, 1522,
1462, 1434, 125, 1175, 990; HRIS (ESI): calcd. fopAE24CbN:OrS (M+H) 636.0427;

found 636.0428.

(9-2-(((Benzyloxy)carbonyl)amine§-(3,4-bis(5-chloro-2-methylthiophen-3-yl)-2,5
dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoic acid (7)

Triethylamine (131L, 0.95mmol) was added to a suspension of maleic anhydrde
(97 mg, 0.27mmol) and CbtysOH (83mg, 0.30mmol) in THF (&L) in a crimp top vial.
After heating to 85 C for 1eh the reaction was quenched withM aqueous HCI solution
(3mL) and water (8nL). The ageous phase was extracted with EtOAx @@ mL). The
combined organic phases were dried over Mg&@d the solvent was removed under
reduced pressure. Purification by automated reversed phase flash column
chromatography (MeCNA® with 0.05% TFA: 8ID0% MEN) yielded compound
(138mg, 82%) as orange solid; B.09 (PE/EtOA&/1); m.p.: 88°C;*H-NMR (400 MHz,
DMSQdg): d = 1.291.43 (m, 2H, GH{QHy)s-CH), 1.591.65 (m, 3H, GH{QHy)s-CH), 1.67
1.79 (m, 1H, GHCH)s-CH), 1.91 (s, 6H, thiophei@k), 3.49 (t,J=7.1Hz, 2H, NoH-
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(CH)s), 3.93 (dt,J=7.9, 4.6Hz, 1H, NHH-CH), 5.02 (s, 2H, @H-Ph), 7.00 (s, 2H,
thiopheneH), 7.287.37 (m, 5H, PH), 7.57 (dJ=8.0Hz, 1H, COIH-CH), 12.55 (s, 1H,

CO®); °GNMR (101 MHz, DMS®):d=14.16 b0 X HH DY O6bLbO0OX HT DN 66b
po®dp Oo0bU0Z cpPdPo O0LOZ MHRNDPc Olj0Z MHcd®n OljuvZ
136.9 (g), 139.8 (q), 169.6 (), 173.8 (q); IR (neaty 3351, 3095, 2932, 2870, 1698,

1526, 1438, 1404, 121989; HRVS (ESI): calcd. fopsBh7CbN20sS (M+H) 621.0682;

found 621.0684.

N-(3,4-Bis(5chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)acetamide (8)

Hydrazine hydrate (3AL, 0.81mmol) was added to a solution of maleic anhydridie
(97mg, 0.27mmol) in acetic acid (3.mL). The reaction mixture was heated to T@for
20h and then water (10nL) was addedThe aqueous phase was extracted with EtOAc
(3x10mL). The combined organic phases were dried over M@8@ the solvent was
evaporatedin vacuo Purification by atomated phase flash column chromatography
(PE/EtOAC15-50% EtOA¢g yielded compound (81 mg, 72%) as orangseolid R: 0.23
(PE/EtOAQ/1); mp.. 131°C; HNMR (400 MHz, DMS®): d=1.96 (s, 6H,
thiopheneQHs), 204 (s, 3H, GQHs), 7.01 (s, 2H, thiophenrld), 10.58 (s, 1H, M); 3G
NMR (101 MHz, DMS®): d = 14.2 (+), 20.0 (+), 125.0 (q), 125.8 (q), 127.6 (+), 131.3 (q),
140.6 (q), 166.9 (q), 168.5(q); IR (nem)x 3328, 3088, 2924, 2359, 1717, 1702, 1510,
1429, 1255, 1193, 988; H®&S (ESI): calcd. foreBisCbN20sS (M+H) 414.9739; found
414.9741.

3,4-Bis(5chloro-2-methylthiophen-3-yl)-1-methyl-1H-pyrrole-2,5-dione (9)

Maleic anhydride4 (54mg, 0.15mmol) and 1,Zimethylhydrazine dihydrochloride
(60mg, 0.45mmol) were heated to 160C for 1zh in PEG400 (&L) in a crimp top vial.
Then water (195nL) was added and the aqueous phase was extracted with EtOAc
(3x15mL). The combined organic phases were washed with brinen(§0 dried over
MgSQ and thesolvent was removed under reduced pressure. Purification by automated
phase flash column chromatography (PE/EtOAG0% EtOAc) yielded compourtd
(48mg, 86%) as orange foam; B.32 (PE/EtOA&9/1); *H-NMR (300 MHz, CREId=
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1.93 (s, 6H, thiophenéHs), 3.13 (s, 3H, ¥0Hs), 6.89 (s, 2H, thiopherld); *GNMR
(75MHz, CDG): d= 14.9 (+), 24.4 (+), 126.0 (q), 127.2 (+), 127.2 (q), 132.7 (q), 140.2 (q),
170.2 (q); IR (neathmax 3098, 2924, 2851, 1765, 1697, 1435, 1386, 1250, 1174, 980; HR
MS (ESlxalcd. for @Hi2CbNG:S (M+H) 373.9649; found 373.9652.

Allyl ((4-(2-amino-2-oxoacetyl}5-methylthiophen-2-yl)methyl) carbamate (10)

To a solution of oxoacetat&8 (282mg, 0.95mmol) in THF (&L) was added a NBH
solution (32% in ¥D) (1.18mL, 9. mmol) at 0°C. The reaction was stirred for 80n at
room temperature and then quenched with water (®L). The aqueous phase was
extracted with EtOAc (810 mL). The combined organic phases were dried over MgSO
and the solvent was removed under reddceressure. Compountio (253mg, 94%) was
obtained as yellow solid and used without further purification; R21 (PE/EtOA&/1);
m.p.: 108°CIH-NMR (400 MHz, CREH = 2.70 (s, 3H, thiopher@Hs), 4.44 (d,)=6.1Hz,

2H, thiopheneCH:NH), 4.59 (d)=5.1Hz, 2H, C#CHELO), 5.21 (dd)J=10.4, 0.5Hz, 1H,
(H;=CHCJ), 5.245.43 (m, 2H, B;=CHCHand NH), 5.90 (ddtJ=16.2, 10.7, 5.5iz, 1H,
CH=CHCH), 6.05 (bs, 1H, ), 7.06 (bs, 1H, ), 7.86 (s, 1H, thiophenrl); 13 GNMR
(101 MHz, CDgldI’ Mc ®T O6bU I opdy OLUOI cpdPP OLOI MMT
137.0 (), 155.7 (q), 156.1 (q), 164.4 (g), 182.1 (q); IR (neat)3402, 3301, 3167, 2962,
1750, 1686, 1649, 1535, 1460, 1254, 1047, 796M3IR(ESI): calcd. forBhsNsOsS
(M+NH)*300.1013; found 300.1012.

Methyl 4-(2-methoxy-2-oxoethyl)-5-methylthiophene-2-carboxylate (11)

Thallium trinitrate (850ng, 1.91mmol) and 70% HCIQ0.30mL) were added to a
suspension 021(316mg, 1.59mmol) in MeOH (3nL) atroom temperature After stirring

for 24 h the mixture was concentrated under vacuum and diluted with waten(5§. The
agueous phase was extracted with EtOAg $3nL) and the combined organic layers were
dried over MgS®@ The solvent was evaporated and purification of the crude product by
automated flash column chromatography (PE/EtOAT5% EtOAc) yielded compouhi
(331mg, 91%) as colorless oil; R34 (PE/EtOA&/1); *H-NMR (300MHz, CDG). d = 2.43

(s, 3H, thipheneCHs), 3.54 (s, 2H, thiopher@C(O)OCE), 3.70 (s, 3H, thiophere
CHC(0)O&s), 3.85 (s, 3H, C(O)&4), 7.61 (s, 1H, thiopher); *GNMR (75MHz,
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CDG):dI' Mody O0bU0UIX 00dy OLOIX pHPA O0bOI pHOM O
162.6(q), 170.9 (q); IR (Neatya: 2997, 2953, 2845, 1736, 1704, 1535, 1457, 1392, 1331,

1291, 1250, 1194, 1132, 1063, 1006, 927, 874, 785, 75MMFRAPCI): calcd. for
CioH120sS (M+H)229.0529; found 229.0531.

Methyl 4-(4-(5-((((allyloxy)carbonyl)amino)mthyl)-2-methyl-thiophen-3-yl)-2,5-dioxo-
2,5-dihydro-1H-pyrrol-3-yl)-5-methylthiophene-2-carboxylate (12)

KQGBu (1 M in THF, 0.88L, 0.88nmol) was added to a solution of glyoxylamiti@é
(206 mg, 0.73mmol) in dry THF (&L) at 0°C under nitrogen atmosphe. After stirring

for 90min at 0°C, diesterl1 (200mg, 0.88mmol) in THF (&1L) was added at T@C and
stirred for 3d atroom temperature Then the reaction was quenched wittMLaqueous

HCI solution (3nL) and diluted with EtOAc (10L). The organicliase was washed with
water (2x10mL), brine (10nL) and dried over MgGOThe solvent was removed under
reduced pressure and purification of the crude product by automated flash column
chromatography (PE/EtOAc:-B9% EtOAcC) yieldet? (148mg, 44%) as yellow foami R
0.20 (PE/EtOA&/1); IH-NMR (400 MHz, CBEId = 1.90 (s, 3H, thiopher@Hs); 1.98 (s,

3H, thiopheneQ), 3.87 (s, 1H, @), 4.45 (dJ=6.0Hz, 2H, thiophen€H.NH), 4.60 (d,
J=4.9Hz, 2H, CHCHELO), 5.135.27 (n, 2H, EL,=CHCHKHand CHNHCO), 5.31 (dd,
J=17.2, 1.2Hz, 1H, B,=CHCH), 5.92 (ddt,)=16.2, 10.8, 5.5z, 1H, CEHCHCH), 6.90 (s,

1H, thiopheneH), 7.74 (s, 1H, thiopherld), 8.30 (bs, 1H, CILO);13GNMR (101 MHz,
CDG):d=15.0 (+), 153 (+), 3. 0b 0SS pO®O > OHM@E Pdprpddy 61j 0 =
127.5 (q), 130.9 (q), 132.7 (+), 134.8 (q), 1834)9139.4 (q), 142.(), 148.6q), 156.0

(9), 162.1 (q), 170.0 (9), 170@); IR (neatnmax 3289, 3070, 2952, 1703, 1540, 1458,
1339, 1248994, 909, 727; HRIS (ESI): calcd. fopi81N0sS (M+HY 461.0838; found
461.0836.
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4-(4-(5-(Aminomethyl}2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-
5-methylthiophene-2-carboxylicacid (13a)

and 4-(4-(5-((((Allyloxy)carbonyl)amino)methytR-methylthiophen-3-yl)-2,5-dioxo-2,5
dihydro-1H-pyrrol-3-yl)-5-methylthiophene-2-carboxylic acid (13b)

A solution of BBr(1M in CHCb) (2.0mL, 2.00mmol) was added to a solution of
compound12(92mg, 0.20mmol) in dry CECh (6 mL) in a crimp top vial. The mixture was
heated to 40°C for 5h. Then water (4nL) was addedlia syringe and the suspension was
stirred at 40°C for additional 3@nin. After cooling taoom temperaturethe solvent was
removed at the rotary evaporator. Purification by automated reversed phase flash column
chromatography (MeCNA® with 0.05% TFA:-B00% MeCN) yielded compouriBa
(34mg, 47%) as yellow solid and compour&b (18 mg, 20%) as another yellow solid.

Analyticd data of13a R: 0.02 (PE/EtOA&/1); m.p.: 173°C;*H-NMR (600 MHz, MeOD):
d= 2.00 (s, 3H, thiopher@), 2.08 (s, 3H, thiopher@k), 4.27 (s, 2H, thiophere
CH:NH), 7.18 (s, 1H, thiopherd), 7.64 (s, 1H, thiophenld); 3GNMR (15IMHz, MeOD):

di' Mn®tT 6bVI MpdPo ObLULI oy®dp O0LOI MHYy®DPp OG0T |
135.7 (q), 136.3 (+), 144.6 (q), 149.7 (q), 164.6 (q), 172.4 (q), 172.6 (9); IR{pea008,

2924, 1766, 1712, 1681, 1545, 1463, 1344, 1188, 1137, B39] 799, 756, 723; HRS

(ESI): calcd. fori@hsN20sS (M+H) 363.0469; found 363.0468.

Analytical data ofl3b: R: 0.04 (PE/EtOA&/1); m.p.: 94°C;'H-NMR (300 MHz, GDN):

d= 1.93 (s, 3H, thiopher@H), 1.97 (s, 3H, thiopheréHs), 4.33 (d,J = 63Hz, 2H,
thiopheneGHzNH), 4.52 (dJ= 5.3Hz, 2H, CHCHELO), 5.18 (ddJ=10.5, 1.4Hz, 1H,
(H,=CHCH), 5.27 (ddJ= 17.3, 1.6Hz, 1H, B,=CHCl}, 5.746.05 (m, 1H, G#CHCH),

6.14 (bs, 1H, GNHCO), 6.79 (s, 1H, thiophei#, 7.60 (s, 1HhiopheneH), 8.80 (bs, 1H,

CO®); 3GNMR (78VIHz, CBCN):dl' Mn ®T O6b0X MpdmM O0bOZ nndn
127.2(q), 127.4 (+), 129.0 (q), 131.3 (q), 134.0 (q), 134.3 (+), 136.0 (+), 136.1 (q), 141.1

(q), 141.7 (g), 149.5 (q), 157.0 (q), 16@)B 171.5 (q); IR (neathnas 2926, 1981, 1769,

1709, 1544, 1459, 1344, 1246, 1185, 1150, 1049, 991, 849, 764SHESI): calcd. for
CooH1sN20sS (M+HY 447.0679; found 447.0676.

Alternative procedure to obtaih3b: Compoundl2 (40mg, 0.09mmol) was disslived in
acetone (10mL) and Lil (35fhg, 2.60mmol) was added. The mixture was heated to
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100°C overnight. After cooling tmom temperatureit was quenched with M aqueous
HCI solution (3nL) and diluted with CGi€b (5mL). The phases were separated dhd
aqueous phase was extracted with H (3x 5mL). The combined organic phases were
dried over NaSQ and the solvent was removed at the rotary evaporator. Automated
reversed phase flash column chromatography (MeCRN/Hvith 0.05% TFA:-B0%
MeCN) yelded compoundL3b (14 mg, 35%) as yellow solid.

Allyl ((5methylthiophen-2-yl)methyl)carbamate (17)

LAH (2.78, 73.2mmol) was added in portions to a solution of nitriles (3.019,
24.4mmol) in dry EO (250mL) at 0°C under nitrogen atmosphere. After stirring foh4

at room temperaturethe reaction was quenched with water (8iL) and saturated
aqueous NaHColution (50mL) at O°C. The suspension was filtered and the aqueous
phase was extracted WitEtO (3x 80 mL). The combined organic phases were dried over
MgSQ and concentratedn vacuo Then the residue was dissolved in dry THF (ADp
and pyridine (2.4ML, 30.50nmol) was added at €C. Within Inh allyl chloroformate
(4.02mL, 37.82nmol) n dry THF (51L) was dropped to the solutionaa syringe pump

at 0°C. After stirring for 14 atroom temperaturethe reaction was quenched cautiously
with water (50mL) and extracted with EtOAcX30mL). The combined organic phases
were dried over MSQ and the solvent was removed under reduced pressure.
Purification of the crude product by automated flash column chromatography (PE/EtOAC:
8-15% EtOAc) yieldeti7 (3.40g, 66%) as yellow oil;:R.20 (PE/EtOA&/1); 'H-NMR
(400MHz, CDG): d= 2.44 (s, 3H, thiophendts), 4.44 (d,J = 5.7Hz, 2H,
thiopheneGHNH), 4.59 (dJ=5.3Hz, 2H, CHCHELO), 5.05 (bs, 1H, Hy, 5.21 (dd,
J=10.4, 0.3Hz, 1H, B,=CHC}), 5.30 (ddJ=17.1, 1.2Hz, 1H, B,=CHCH}, 5.92 (ddt,
J=16.4, 10.8, 5.Hz, 1H, CH#HCH), 6.57 (ddJ=3.1, 1.0Hz, 1H, 4hiopheneH), 6.74

(d, J=3.1Hz, 1H, 3hiopheneH); 3GNMR (10IMHz, CDG):dI' mp ®n O6bO S nn dm
ObLbUXI MMT ¢, 126.8 (0)X1328H+), ®3B.8 (q), 139.9 (), 155.9 (9); IR treat)
3335,3073, 2922, 1695, 1514, 1426, 1236, 982, 799MIRESI): calcd. foidBisaNOS
(M+H) 212.0740; found 212.0740.
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Methyl 2-(5-((((allyloxy)carbonyl)amino)methytp-methylthiophen-3-yl)-2-oxoacetate

(18)

Carbamatel7 (169mg, 0.80mmol) and methyl chloroxoacetate (83juL, 0.88mmol)

were dissolved in dry GHb (6 mL) under nitrogen atmosphere. Then AlIGI27mag,

3.20mmol) was added in portions at°@ and the suspension was stirred forr2@troom

temperature The reaction was quenched with saturategli@aous NaHCs3olution (1mL)

at 0°C and diluted with water (B1L). The aqueous phase was extracted withQBH

(3x5mL), the combined organic layers were washed with brinenflLp and dried over

MgSQ. After evaporation of the solvent the crude produggs purified by automated

flash column chromatography (PE/EtOAc:4086 EtOAC) to obtaih8 (117mg, 49%) as

brown oil; R 0.22 (PE/EtOA8/1); 'H-NMR (400MHz, CD@): d= 2.70 (s, 3H, thiophere

QHs) 3.91 (s, 3H, O®), 4.42 (d)=6.1Hz, 2H, thiophee-O,NH), 4.58 (dJ=5.3Hz, 2H,
CH=CHELO), 5.165.34 (m, 3H, B.=CHCkland NH), 5.90 (ddt,)=16.3, 10.8, 5.6z, 1H,

CH=CHCH), 7.32 (s, 1H, thiophenl); 13*GNMR (10IMHz, CDG):d=mc ®0 O0bU I o0 PDT
pH®Y O0bBUI cpdPdh O0LUVI mMmy dPn i, 452.8 (@)H168MP(Q),0 bL X MC
164.0 (q), 180.0 (q); IR (neat)ax 3395, 2954, 1726, 1670, 1517, 1434, 1242, 1200, 1112,

984, 757; HRVS (ESI): calcd. for#hieNGS(M+H) 298.0744; found 298.0744.

Methyl 4-acetyt5-methylthiophene-2-carboxylate (21)

Thiophene 20 (800mg, 5.12mmol) and acetyl chloride (554, 7.68mmol) were
dissolved in purified anhydrous CEIQIOmL) under nitrogen atmosphere. After cooling
to 0 °C AIGI(2.05g, 15.4mmol) was added in small portions. The yellow suspension was
heated to 45°C overnight upon turning bright red, then the reaction was quenched with
ice/water and the aqueous phase was extracted with EtOAc1(BmL). The combined
organic phases were washed with a saturated aqueous solution of NafC@L) and
brine (10mL). The organic phase was dried over Mg&@ the solvent was evaporated.
The crude product was purified by automated flash column chromatography (PE/EtOAc:
5-25% EtOAc) and compourid (781 mg, 77%) was obtained as colorless solid0R1
(PE/EtOA/1); mp.: 84°C;*HNMR (300 MHz, CREId = 2.52 (s, 3H, thiopher@H),

2.76 (s, 3H, acetylHs), 3.88 (s, 3H, @), 8.03 (s, 1H, thiopher); *GNMR (75 MH,
CDG): d= 16.8 (+), 29.6 (+), 52.3 (+),128.5 (q), 185)0136.3 (q), 155.8 (q), 162.0 (q),
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193.7 (q); IR (neabmax 3007, 2957, 1717, 1678, 1539, 1457, 1439, 1254, 1233, 1074,
1021, 745; HRIS (APCI): calcd. foshEo0sS (M+H)199.0423; found 199.0424.

General procedure A: Suzuki coupling:

To a suspension of Hdba) (5mol%), XPhos (1@0l%), the appropriate boronic acid
(1.5eq.) and KPQ (1.5eq.) in 1,4dioxane (0.9M) the appropriate ester (1.69.) was
added. The restihg mixture was heated to 100C and stirred overnight. After cooling to
room temperaturethe reaction mixture was diluted with EtOAc and the organic phase
was washed two times with water. The organic phase was dried over M@B&ed and

the solvent vas removed under reduced pressure.

General procedure B: Aminolysis

An NHOH solution (25% in2B) (10.0eq.) was added to a solution of the appropriate
oxoacetate (1.@q.) in THF (0.®81) at 0°C. The reaction was stirred forhlat room
temperature and then quenched with water. The aqueous phase was extracted with
EtOAc. The combined organic phases were dried over M @8€red and the solvent was

removed under reduced pressure.

General procedure C: Perkin condensation

KQBu (1M in THF) (1.29.) wasadded to a solution of the appropriate amide (2Q) in

THF (0.21) at 0°C. After 90min stirring at °C the appropriate ester (1dl}.) was added

at 0°C and stirred overnight @abom temperature The reaction was quenched withvL

HCI and diluted wit EtOAc. The organic phase was washed three times with water and
brine. The organic phase was dried over MgSiered and the solvent was removed

under reduced pressure.

2-(5-Chloro-2-methylthiophen-3-yl)-2-oxoacetamide (23

Compound3was prepared fom 28 (800mg, 3.66mmol) according to general procedure

B. The amid23(640mg,85%) was obtained as light yellow solid and used without further
purification.m.p.: 183°C;*H-NMR (300 MHz, DMS@): d= 2.64 (s, 3H, thiopher@Hs),

7.49 (s, 1HthiopheneH), 7.94 (bs, 1H, M), 8.25 (bs, 1H, ); **GNMR (75 MHz, DMSO

ds): d= 15.2 (+), 123.9 (q), 128.4 (+), 131.4 (q), 150.9 (q), 166.1 (q), 184.2 (q); IR (neat)
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Nmac 3446, 3252, 1996, 1670, 1618, 1296, 1221, 1153:MSR(ESI): calcd. for
CHLCINGZS (M+NH)* 221.0146; found 221.0144.

3,4-Bis(5chloro-2-methylthiophen-3-yl)-1H-pyrrole-2,5-dione (24)

Compound24 was prepared from amid23 (600mg, 2.95mmol) and este22 (720mg,
3.54mmol) according to general procedure C. Purification by automated flash column
chromatography (heptane/EtOAc: 5/1) yield2d (660mg, 63%) as orange solid: 18
(heptane/EtOAC5/1); m.p.: 237°C.*H-NMR (400 MHz, DMS@): d= 1.87 (s,6H,
thiopheneGHk), 6.97 (s, 2H, thiophenld), 11.25 (bs, 1H,H); *GNMR (101 MHz, DMSO

de): d= 14.6 (+), 125.0 (q), 127.0 (q), 128.4 (+), 133.6 (q), 140.0 (q), 171.4 (q); IR (neat)
Nmax 3381, 2939, 2818, 1653, 1437, 1002:MRK (ESI): calcd. foi810:CbNGS (M+HY
357.9525; found 357.9523.

Methyl 2-(5-(4-(tert-butyl)phenyl)}-2-methylthiophen-3-yl)acetate (26)

Compound®6was prepared fron22(200mg, 0.98mmol) according to general procedure

A. Purification by automated flash column chromatogragR¥/EtOAC: 25% EtOAC)

yielded 26 (163mg, 55%) as yellow liquids:®.63 (PE/EtOA&/1); *H-NMR (300 MHz,

CDG): d= 1.33 (s, 9HiBu), 2.41 (s, 3H, thiopher@), 3.55 (s, 2H, thiophere

CH.C(O)OCH), 3.71 (s, 3H, thiopher€RC(0O)O&:), 7.08 (s, 1HhiopheneH), 7.327.40

(m, 2H, Ph), 7.43.52 (m, 2H, Ph}3GNMR (75 MHz, CDEIAI' Mo do0 6 b0 X omMPo O b
34.6 (q), 52.1 (+), 124.7 (+), 125.2 (+), 125.7 (+), 130.1 (q), 131.6 (q), 134.8 (q), 140.1 (q),

150.2 (q), 171.6 (9); IR (ne@bax 2961, 1736, 1609, 1520, 1435, 1364, 1239, 1018, 825;

HRMS (ESI): calcd. foigeh3:0,S (M+H)303.1413; found 303.1418.

Methyl 2-(5-([1,1-biphenyl]-3-yl)-2-methylthiophen-3-yl)acetate (27)
Compound®7was prepared fron22 (500mg, 2.44mmol) according tgeneral procedure
A. Purification by automated flash column chromatography (PE/EtOABY0 EtOAC)
yielded 27 (569mg, 72%) as yellow liquids: ®.50 (PE/EtOA&/1); *H-NMR (300 MHz,
CDQ@):d= 2.44 (s, 3H, thiopheréHs), 3.58 (s, 2H, thiopher@+LC(QOCH), 3.72 (s, 3H,
thiopheneCHC(O)0O&s), 7.19 (s, 1H, thiophenrd), 7.37#7.45 (m, 3H, Ph), 7.4654 (m,
3H, Ph), 7.59.66 (m, 2H, Ph), 7.7476 (m, 1H, Ph{3GNMR (75 MHz, CDEId=2.44 (s,
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3H, thiopheneCH), 3.58 (s, 2H, thiopher@H.C(O)OCk), 3.72 (s, 3H, thiophenre
CHC(O)O&s), 7.19 (s, 1H, thiophenrd), 7.377.42 (m, 1H, Ph), 7.4847 (m, 3H, Ph),

7.487.54 (m, 2H, Ph), 7.6065 (m, 2H, Ph), 7.7476 (m, 1H, Ph}3GNMR (75 MHz,
CDG):d=mo®o0 O6bBUVZ ondm 6L 0(T), 1PSBPHY 126.6 () 12M2H(H),Po0 O 1
127.5 (+), 128.8 (+), 129.2 (+), 130.3 (q), 134.8 (g), 135.5 (q), 139.9 (q), 140.9 (q), 141.9

(@), 171.5 (q); IR (neatyax 1707, 1597, 1449, 1262, 1174, 755, 696:MHR(EI): calcd.

for GoHhs0:S (M) 322.1028found 322.1032.

Methyl 2-(5-(4-(tert-butyl)phenyl)-2-methylthiophen-3-yl)-2-oxoacetate (30)
Compound3Owas prepared fron28(500mg, 2.29mmol) according to general procedure

A. Purification by automated flash column chromatography (PE/EtOABY®0 EtOAC
yielded 30 (350mg, 48%) as dark yellow liquids: ®.67 (PE/EtOA&/1); H-NMR
(300MHz, CDG): d=1.34 (s, 9HBuU), 2.78 (s, 3H, thiopher@), 3.96 (s, 3H, thiophere
CHC(0)0&s), 7.397.44 (m, 2H, Ph), 7.4651 (m, 2H, Ph), 7.63 (s, 1H, thiopkeH); G

NMR (75 MHz, CDEId =16.3 (+), 31.3 (+) 34.7 (q), 52.8 (+), 124.2 (+), 125.6 (+), 126.0 (+),
130.3(q), 132.2 (q), 140.5 (g), 151.3 (), 153.5(q), 164.1 (q), 180.2 (q); IR{read61,

2866, 1732, 1676, 1456, 1191, 1127, 993, 753MIR(EI): calcd. fori£Ho0sS (MT)
316.1133; found 316.1139.

Methyl 2-(5-([1,1"-biphenyl]-3-yl)-2-methylthiophen-3-yl)-2-oxoacetate (31)
Compound3lwas prepared fron28(500mg, 2.29mmol) according to general procedure
A. Purification by automated flastolumn chromatography (PE/EtOAc15% EtOAc)
yielded31(537mg, 70%) as yellow oil;:R.40 (PE/EtOAS&/1); *H-NMR (300 MHz, CREI
d=2.81 (s, 3H, thiopher@Hs), 3.98 (s, 3H, thiopher€HC(O)O8s), 7.367.43 (m, 1H,
Ph), 7.457.49 (m, 2H, PhY,.50-7.57 (m, 3H, Ph), 7.6D.65 (m, 2H, 4, Ph), 7.7&.76 (m,
2H, Ph, thiophendd); BGNMR (75 MHz, CDEld = 16.4 (+), 52.9 (+), 124.6 (+), 124.7 (+),
124.8 (+), 126.9 (+), 127.2 (+), 127.7 (+), 128.9 (+), 129.5 (+), 132.3 (q), 133.5 (q), 140.2 (q),
140.6 (), 142.2 (q), 154.0 (q), 164.0 (), 180.1 (q); IR (meat)3028, 1724, 1668, 1598,
1464, 1197, 1132, 1000, 748, 695;-MB (ESI): calcd. for#is0.S (M+H0  10) 0O |
319.0787; found 319.0787.
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2-(5-(4-(tert-Butyl)phenyl)}2-methylthiophen-3-yl)-2-oxoacetamide (33)

Compound3was prepared fron30(312mg, 0.99mmol) according to general procedure
B. The amid83(250mg, 84%) was obtained as light yellow solid and used without further
purification.m.p.: 202°C;*H-NMR (300 MHz, DMS@): d = 129 (s, 9HtBu), 2.71 (s, 3H,
thiophene(Hs), 7.367.48 (m, 2H, Ph), 7.5.59 (m, 2H, Ph), 7.74 (s, 1H, thiophéje
7.91 (s, 1H, N), 8.26 (s, 1H, N); ®°GNMR (75 MHz, DMS@): d = 15.4 (+), 30.9 (+), 34.3
(q), 124.4 (+), 125.0 (+), 126.0 (+), 128)7133.0 (q), 138.9 (), 150.5 (q), 150.6 (q), 167.0
(q), 185.5 (q); IR (neathax 3395, 2955, 1712, 1651, 1454, 1191, 575MER(ESI): calcd.
for G7HoNOS (M+H) 303.1240; found 303.1240.

2-(5-([1,1-Biphenyl}3-yl)-2-methylthiophen-3-yl)-2-oxoacetamide (34)

Compound34was prepared fron31(250mg, 0.74mmol) according to general procedure

B. The amid84(224mg, 94%) was obtained as light yellow solid and used without further
purification. m.p.: 151°C;*H-NMR (300 MHz, DMS@): d = 2.73 (s, 3H, thiopher@Hs),
7.397.44 (m, 1H, Ph), 7.47.56 (m, 3H, Ph), 7.5B66 (m, 2H, Ph), 7.7.75 (m, 2H, Ph),
7.837.85 (m, 1H, N), 7.93 (bs, 2H, Ph, thiophei®, 8.28 (bs, 1H, M; 3GNMR (75 Miz,
DMSQde): d= 15.4 (+), 123.4 (+), 124.4 (+), 125.5 (+), 126.4 (+), 126.8 (+), 127.7 (+), 128.9
(+), 129.9+), 133.1 (q), 133.2 (q), 138.7 (9), 139.5(q), 141.1 (), 151.1 (q), 166.9 (), 185.6
(9); IR (neathmax 3393, 3302, 3184, 1721, 1652, 159456, 1352, 1196, 747, 689, 608;
HRMS (ESI): calcd. fordhsNO:S (M+H) 322.0896; found 322.0893.

3-(5-(4-(tert-Butyl)phenyl}2-methylthiophen-3-yl)-4-(5-chloro-2-methylthiophen-3-yl)-
1H-pyrrole-2,5-dione (35)

Compound35 was prepared from amid23 (100 mg, 0.49mmol) and este6 (178mg,
0.59mmol) according to general procedure C. Purification by automated flash column
chromatography (PE/EtOAG25% EtOAC) yielde®b (62 mg, 28%) as dark green solig. R

0.47 (PE/EtOA&/1); mp.: 145°C;*H-NMR (300 MHz, DMS@s): d = 1.28 (s, 9H,BuU),

1.88 (s, 3H, thiophen€Hs), 1.99 (s, 3H, thiopher€Hs), 7.02 (s, 1H, thiopherld), 7.28

(s, 1H,thiopheneH), 7.467.49 (m, 4H, Ph), 11.27 (s, 1HH)NSGNMR (75 MHz, DMSO

de): d=14.0 (+), 14.2 (+), 30.9 (8%.2 (q), 124.0 (+), 124.3 (q), 124.7 (+), 125.9 (+), 126.7
(9), 127.8 (q), 127.9 (+), 130.2 (q), 132.7 (q), 134.1 (), 139.3 (q), 139.5 (q), 139.8 (), 150.3
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(9), 171.0 (g), 171.1 (q); IR (neakjax 3055, 2961, 1707, 1459, 1338, 1181, 1018, 987,
825;HRMS (ESI): calcd. fopdheCING,S (M+NHy)* 473.1119; found 473.1116.

3-(5-([1,1-Biphenyl}3-yl)-2-methylthiophen-3-yl)-4-(5-chloro-2-methylthiophen-3-yl)-
1H-pyrrole-2,5-dione (36)

Compound36 was prepared from amid23 (100mg, 0.49mmol) and este27 (160mg,
0.49mmol) according to general procedure C. Purification by automated flash column
chromatography (PE/EtOAc:25% EtOAC) yielde8b (63mg, 27%) as dark red solid: R
0.16 (PE/EtOA&/1); mp.: 137°C; HNMR (300 MHz, DMS@): d= 1.91 (s, 3H,
thiophene (), 2.01 (s, 3H, thiopher@Hs), 7.03 (s, 1H, thiophenrd), 7.377.44 (m, 1H,

Ph), 7.467.56 (m, 5H, thiophenél, Ph), 7.587.63 (m, 1H, Ph), 7.6B.75 (m, 2H, Ph), 7.77
7.79 (m, 1H, Ph), 11.30 (s, 1H)NSGNMR (75 MHz, DMS®): d= 14.1 (+), 14.2 (+),
123.2 (+), 124.1 (+), 124.3 (q), 125.1 (+), 126.1 (+), 126.6 (q)(3P6L27.7 (+), 127.9 (+),
128.0 (q), 128.9 (+), 129.8 (+), 132.8 (q), 133.6 (q), 134.0 (q), 139.4 (q), 139.5 (q), 139.6
(9), 140.2 (q), 141.1 (q), 171.0 (q), 171g); IR (neat)max 2736, 1705, 1338, 1022, 1006,
756, 700; HRMS (ESI): calcd. fopdE2CINOS (M+NH;)™ 493.0806; found 493.0804.

3-(5-([1,1-Biphenyl}3-yl)-2-methylthiophen-3-yl)-4-(5-(4-(tert-butyl)phenyl)-2-
methylthiophen-3-yl)-1H-pyrrole-2,5-dione (37)

Compound37 was prepared from amid83 (260mg, 0.86mmol) and este27 (277mg,
0.86mmol) according to general procedure C. Purification by automated flash column
chromatography (PE/EtOAc:16% EtOACc) yielde87 (155mg, 33%) as purple solig.:

0.13 (PE/EtOA&/1); mp.: 145°C;1H-NMR (300 MHz, DMS®): d= 1.27 (s, 9HBu),

2.02 (s, 6H, thiophen€Hs, thiophene(OH), 7.31 (s, 1H, thiopherd), 7.387.43 (m, 3H,

Ph), 7.447.50 (m, 5H, thiophenél, Ph), 7.567.52 (m, 1H, Ph), 7.5456(m, 1H, Ph), 7.58

7.61 (m,1H, Ph), 7.69.71 (m, 2H, Ph), 7.7678 (m, 1H, Ph), 11.27 (&, NH); B.GNMR

(75 MHz, DMS@g): d = 14.3 (+), 31.0 (+), 34.3 (q), 123.2 (+), 124.1 (+), 124.2 (+), 124.8
(+), 125.4 (+), 126.0 (+), 126.1 (+), 126.8 (+), ¥2J,128.2 (q), 128.3 (), 128.9 (+), 129.9
(+), 130.3 (q), 133.7 (q), 133.9 (), 134.0 (g), 139.4 (g), 139.5 (q), 139.6 (q), 139.8 (q), 140.1
(q), 141.1 (q), 150.3 (q), 171.6 (q), 171.7 (q); IR (mea) 2921, 2851, 1707, 1334, 831,
756; HRMS (ESI):atcd. for GsHsNO:S (M+HY 576.1879; found 576.1875.
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Non-hydrolytic methyl ester deprotection of 12

Table S1Non-hydrolytic methyl ester deprotection df2.

Supporting Informatio

Entry Lil [eq] Solvent T [°C] Isolated yield?
1 3.0 EtOAC RT --
2 3.0 EtOAc reflux --
3 30 EtOAc reflux 26%
4 3.0 acetone reflux --
5 30 acetone reflux 35%
6 30 MeCN reflux --
7 30 DMSO 100°C --
[@l If conversion was too loythe product13bwas not isolated.
Synthesis of compounds 11S, 12S, 13S and 21S
0 N o)

(8% 128) s S

_KOfBu, THE —
AllocHN (14% 12) AllocHN_ // \ / \_ OR
o

10

12 R=Me
128 R = Et

Scheme SIPerkin condensation df0 and 11Syielding dithienylmaleimidd2and12S

NaOH
MeOH/H,O/THF

12R =Me
12S R = Et

138

Scheme SZHydrolytic ester cleavage yielding maleic anhyddgs

O

o,

I\ o _ACkCHCL _ I\ o
S S (71%) S

208 218

Scheme S3Synthesis of ethyl esteérlS

TTN, HCIO,,

MeOH O J

(82%) S
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Ethyl 4(2-methoxy-2-oxoethyl)}-5-methylthiophene-2-carboxylate (11S)

Thallium trinitrate (2.2@, 4.94mmol) and 70% HCIQ2 mL) were added to a suspension

of 21S(875mg, 4.12mmol) in MeOH (10nL) at RT. After sting for 24h the mixture was
concentrated under reduced pressure and diluted with waterrfil). The aqueous phase

was extracted with CHE{3x 15mL) and the combined organic layers were dried over
MgSQ. The solvent was evaporated and purificatiortte# crude product by automated

flash column chromatography (PE/EtOAd53%6 EtOAC) yielded compoutadS(816mg,

82%) as yellowish oil.;:R0.23 (PE/EtOA&/1); 'TH-NMR (400MHz, CDG): d= 1.35 (t,

J=7.11 1T = o | XH)h 4L (s, 3H, thiopher@k) = o0 ®p n HAGOY 3.70I(SE  / b/
ol = / BehHI(gI=7.11 T I HHEH)HH60 (s, 1H, thiopherl); 3GNMR
(101MHz, CD@:dI' Mo ®dy O0b0X mMndn O0bOUI oody OSLOZ pi
135.4 (+), 143.8 (q), 162.2 (q), 171e); IR (neathmax 3081, 2987, 2922, 1730, 1705,

1460, 1254, 1201, 1172, 1061; NS (ESI): calcd. fornEi4NaQS (M+Na)265.0505;

found 265.0502.

Methyl/Ethyl 4-(4-(5-((((allyloxy)carbonyl)amino)methytp-methyl-thiophen-3-yl)-2,5
dioxo-2,5-dihydro-1H-pyrrol-3-yl)-5-methylthiophene-2-carboxylate (12/12S)

KGBu (1M in THF, 1.3#L, 1.34nmol) was added to a solution df0 (316mg,
1.12mmol) in anhydrous THF (BL) at 0°C under nitrogen atmosphere. After stirring for
90 min at 0°C, diestef1S(326mg, 1.34mmol) was added and stirred for tbat RT. Then
the reaction was heated to 6C for 1h, quenched with M HCI solution (4nL) and
diluted with EtOAc (1L). The organic phase was washed with watet§3nL), brine
(5mL) and dried over MgSOThe solvent was removed under reduced pressure and
purification of the crude product by automated reversed phase flash column
chromatography (BO/EtOH: 2045% EtOH) yieldeti2S(40mg, 8%) as orange foarh?
(74mg, 14%) as yellow foam and a mixed fractd both (65mg).Analytical data ofl2S

R: 0.25 (PE/EtOA&/1); 'H-NMR (400MHz, CD@:d=1.36 (tJ=7.11 1 = o I:H)h b/ |
1.91 (s, 3H, thiophenéHs), 1.97 (s, 3H, thiopher@Hs), 4.33 (q,J=7.1Hz, 2H,

h bHbLCH), 4.45 (dJ=5.9Hz, 2H/ bH:LNH), 4.60 (d)=4.81 T = HHECH)hS:14
5.26 (M, 2H, Bl / | tp &ntl CEHLNHLCO), 5.31 (dd]=17.2, 1.1Hz, 1H, & / | )/ |
5.92 (ddt,J=16.3, 10.8, 5.61z, 1H, C#0HLCHY), 6.90 (s, 1H, thiopherd), 7.75 (s, 1H,
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thiopheneH), 7.97 (bs, 1H, h tHbCO):*GNMR (10IMHz, CDG): d= 14.3 (+), 15.0 (+),

Mp®o O0bUXZ odpdPPph 6LVLXZ cmMPdPn ObLLXI cpPP OLUVI MMT
132.7 (+), 132.8 (q), 134.7 (+), 139.4 (q), 142.1 (q), 148.4 (q), 156.0 (q), 161.7 (q), 170.0
(9),170.1 (q); IR (neathnax 3288, 3071, 2980, 1710, 1541, 1458, 1252, 995, 916, 760; HR

MS (ESI): calcd. foppsN.0sS (M+H)Y 475.0993; found 475.0992; UV/Vis @M in

MeOH): open isomet:max=250nm; closed isomet: max=232nm, 378nm, 554nm.

4-(4-(5-((((Allyloxy)carbonyl)amino)methykp-methylthiophen-3-yl)-2,5-dioxo-2,5
dihydrofuran-3-yl)-5-methylthiophene-2-carboxylic acid (13S)

A mixture ofl2and12S(62mg) in 10mL of HO/MeOH/THF (2:5:3, v/v/v) was stirred for

20h with NaOH (781g, 1.% mmol) at RT. After addition of water (18L) the reaction
mixture was washed with EtOAcX20mL) and then acidified with conc. HCI to pH'he
aqueous phase was extracted with EtOA& {® mL) and the combined organic phases
were dried over MgS£Evaporation of the solvent and purification of the crude product

by automated reversed phase flash column chromatograpbh@{MeCN: 2665% MeCN)
yielded 13S (29mg)* as green solid. fR0.02 (PE/EtOA&/1); mp: 84°C; 'H-NMR
(400MHz, DMS@&s): d = 1.90 (s3H, thiophenelHs), 1.96 (s, 3H, thiopheréHs), 4.28 (d,
J=6.1Hz, 2H, thiophen€H,NH), 4.49 (d)J=5.3Hz, 2H, C#CHELO), 5.17 (ddJ=10.5,

1.4Hz, 1H, 8,=CHC}), 5.27 (ddJ=17.2, 1.5Hz, 1H, B,=CHC}J, 5.90 (ddt,JJ=17.2,

10.6, 5.3Hz,1H, CH=CHCH), 6.86 (s, 1H, thiophenrld), 7.65 (s, 1H, thiophenr), 7.92 (t,
J=6.0Hz, 1H, CHNHCO), 13.30 (bs, 1H, CBORGNMR (10IMHz, DMS@l): d = 14.1
obvXZ Mnod®p O6bbUVLX oydPy O0LUVXZ cndn O6bLUVXEZ 3BmMc PP O b
(+), 133.9 (q), 134.1 (+), 135.6 (q), 140.8 (q), 141.4 (q), 148.6 (q), 155.9 (), 162.2 (q), 164.9
(q), 164.9 (q); IR (neathax 3327, 3164, 3020, 2925, 1764, 1702, 1541, 1458, 1254, 931,
750; HRMS (ESI): calcd. fordhsNO'S (M+H)Y 448.0519; foud 448.0516; UV/Vis

(50puM in MeOH): open isomelmax=246nm; closed isomel: max=384nm, 568nm.

Ethyl 4acetyt5-methylthiophene-2-carboxylate (21S)
A solution of acetyl chloride (128., 1.80mmol) in anhydrous CHGPR mL) was added to
AIC} (480mg, 3.60mmol) at RT under nitrogen atmosphere. After stirring fomii@ a

AYield could not be determined because the ratid@fo 12Sin the mixture was not calculated.
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solution of 20S (204mg, 1.20mmol) in anhydrous CHC{2 mL) was dropped to the
suspension. The mixture was heated to°&for %, then the reaction was quenched with
ice/water and the aqueous phase was extracted with GHZx30mL). The combined
organic phases were washed with saturated aqueous solution of NafBD@L) and
brine (50mL). The organic phase was dried over Mg&@ the solvent was evaporated.
The crude producwas purified by automated flash column chromatography (PE/EtOAC:
8-30% EtOAc) and®1S (180mg, 71%) was obtained as colorless solig. R15
(PE/EtOA®/1); mp: 103°C; HNMR (400MHz, CD@): d= 1.37 (t,J=7.1Hz, 3H,

h b /:HOHs), 2.52 (s, 3HhiopheneGHg), 2.75 (s, 3H, acetdHs), 4.34 (qJ=7.1Hz, 2H,

h 5 HbLCH), 8.02 (s, 1H, thiopherld); 3 GNMR (10IMHz, CDG): d= 14.3 (+), 16.8 (+),
HpdPc ObLX cmMdn ObLUVLX MHGPDPA OljLX MondT ObBOLZ
Nmax 3008, 2985, 2944, 1713, 1670, 1540, 1452, 1250, 1236, 1082, 1021, ™B (HSI):
calcd. for @H130sS (M+H)213.0580; found 213.0581
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'H- and 13 GNMR spectra
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'H-NMR (300MHz, DMS@is) for compoundb:
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32
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'HNMR (400MHz, DMS@is) for compounds:
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'H-NMR(300MHz, CDG) for compound®:
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'H-NMR (400MIHz, CDG) for compoundLO:
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Functionalization dPhotochromic Dithienylmaleimad

'H-NMR (400MIHz, CDG) for compoundl1S
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Supporting Informatio

'H-NMR(400MHz, CDG) for compoundL2:
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Functionalization dPhotochromic Dithienylmaleimad

'H-NMR (400MIHz, CDG) for compoundl2S
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'H-NMR (60GVIHz, MeOD) for compounti3a

Supporting Informatio
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Functionalization dPhotochromic Dithienylmaleimad

HNMR (300MHz, CBCN) for compound 3hb:
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Supporting Informatio

'HNMR (3@ MHz, DMS@s) for compoundl3S
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Functionalization dPhotochromic Dithienylmaleimad

'H-NMR (400MiHz, CDG) for compoundL7:
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'H-NMR(400MHz, CDG) for compoundl8:
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Functionalization dPhotochromic Dithienylmaleimad

'H-NMR (30GMIHz, CDG) for compound21:
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Supporting Informatio

'H-NMR (400MHz, CDG) for compound21S
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Functionalization dPhotochromic Dithienylmaleimad

'HNMR (30GMHz, DMS@is) for compound23;
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'HNMR(400MHz, DMS@is) for compound24:

Supporting Informatio

4 5 B
— o —
| |
H
o=N_0
7\ 7\
CI g g~ Cl
24
I
1 |
8 8 g
llI.S ll‘.D 10‘.5 ID‘.D 9.‘5 QjD B.‘S 8;0 7.‘5 7jD 6.‘5 G.ID 515 S.ID 4.‘5 4.‘0 3.‘5 3.‘0 2.‘5 ZjD 1.‘5 ljD DjS DjD
f1 (ppm)
13GNMR (10IMHz, DMS&s) for compound?4:
g g © R8s 8
o] = [ s o
| | N/ ]
1
léD 1;’0 I 1("30 15;0 1“40 1;0 léU I 11‘0 IDID QID ?‘D ‘ EID SID 4‘0 EIU 2‘0 ‘ l‘D DI

f1 (ppm)




Functionalization dPhotochromic Dithienylmaleimad

'H-NMR (300MIHz, CDG) for compound26:
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'H-NMR (30GMIHz, CDG) for compound27:
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Functionalization dPhotochromic Dithienylmaleimad

'H-NMR (30GMIHz, CDG) for compound30:
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'H-NMR(300MHz, CDG) for compound31:
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Functionalization dPhotochromic Dithienylmaleimad

'HNMR (30GMHz, DMS@is) for compound33;
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'HNMR (30GMHz, DMS@is) for compound34:
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Functionalization dPhotochromic Dithienylmaleimad

'HNMR (300MHz, DMS@is) for compound35:
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'HNMR(300MHz, DMS@is) for compound36:
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Functionalization dPhotochromic Dithienylmaleimad

'HNMR (30GMHz, DMS@is) for compound37:
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2.1 Introduction

Photopharmacology has recently become a vibrant field of research providing tools for
the investigation of cellular processes and pathogeneséfeisciences? In contrast to
optogenetics it aims at the artificial control of biological processes with synthetic
photoswitches by lightt! Light as an orthogonal control element towards most cellular
processes can be applied in very high p®er in regard to dose, energy, time and
spacelf! By now various biological targets and functions could be triggered in a reversible
manner with light, for instance enzyme activity) bacterial growthi222 neuronal
activity 329 the agility of iving organism&-33 oligonucleotided3+39 the restoration of
visior®”> 38 and lipids>*4 Numerous photochromic scaffolds like azobenzelffés,
spiropyrans as well as spirooxazitfEsfulgides/fulgimide&4 and diarylethene$® have

been developed. All these photoswitches can reversibly be interconverted between their

photoisomers by light.

Cancer and other human diseases are linked to an abnormal expression and/or function
of histone deacetylasd®’ Therefore, this family of enzymes becamn interesting target

in anticancer research as well as in the field of epigenetics due to their function as
epigenetic regulators. These enzymes can be found in various organisms and catalyze
among others the removal of acetyl groups from acetylatethysesidues of various
protein substrates. The 18 HDACs identified in humans are subdivided in two families: the
zinc dependent metalloproteins, composed of classes | (HE3%®d 8), lla (HDAC4, 5, 7
and 9), llb (HDAC6 and 10) and IV; and the nicotiraradenine dinucleotide (NAD
dependent class Il (sirtuin8)l Besides, HDAC inhibitors (HDACI) showed also
antiproliferative and antiparasitic activities on major human parasitic diseases such as
leishmaniasis, malaria, schistosomiasis, toxoplasmosisg trypanosomiasis by
addressing the HDACs of the parasitésThis new approach was further developed
against schistosomiasis to overcome the reduced efficiency of praziquantel or even the
resistance of first schistosome flatworm laboratory strafffsPraziquantel is still the only
drug for mass treatment against schistosomiasis. In particular, the HD/AStBistosoma
mansoni (SMHDACS8), which is one of the main species of medical relevance, was
successfully identified as potential therapeutic targhkte to its high abundance and

expression at all lifeycle stages of the parasi: 1 A dose dependent mortality of
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schistosome larvae and adult worms could be evoked by treating them with generic HDAC
inhibitors® The HDAC inhibitors for eukaryotiinc dependent HDACs are classified by
their moiety interacting with the zinc cation at the polar bottom of the catalytic pocket:

Hydroxamic acidsshortchain fatty acids, cyclic tetrapeptides and benzamiées?

Different studies on azobenzene basphotochromic HDAC inhibitors bearing aliphatic
hydroxamic acids or benzamides, respectively, have been published reefl§s
However, one major drawback of azobenzenes, which are widely used in biological
applications, can be their thermagversibility and possible incomplete photoconversion
due to an substantial overlap of the absorption maxima of both photoisoférin
contrast, DTEs as well as fulgides/fulgimides generally feature high photostationary states
(PSS) with both photoisomgibeing thermally stablé® 58 Both photochromic scaffolds

can be interconverted with light of specific wavelengths between their open and closed
photoisomers, which differ in conformational flexibility and electronic conjugation

(Scheme 1

% N—R"

o
fulgimide closed

fulgimide open

Schemel. Photochemical ringllosure and the reverse, rirgpening of a DTE and fulgimide scaffold. The
required 1,3,5hexatriene system is highlighted in blue.

We have chosen these two photoswitchable structures to functionalizentiveith
aromatic hydroxamic acids which should allow light controllable inhibitory effects of zinc
dependent HDACs.Aromatic hydroxamic acids have been selected to address the
individual pockets observed in HDAC isoforms. Based on available structuresof
hHDAC6hHDACS8 andmHDACS in complex with aromatic hydroxamic acids it is known
that this class of compounds can be substituted to get isoselective HDAC inhfSitors.
These photochromic inhibitors could be used as a tool to further investigate the biological

activity and molecular mechanism of HDACs. The comparison of the inhibitory effect of
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the more flexible open photoisomer with the rigid and planar closed photoisaheuld

also allow to draw conclusions about the flexibility of the binding pocket of the particular
HDAC in solution. Furthermore, fulgides and fulgimides are well known for applications in
optical switching and data storal§&53 but only few examplesf their use in a biological
context are known so fdf* 3 Their outstanding photochromic properties in polar

agueous systems recommend them as a perfect chromophore for such applications.

2.2 Results and Discussion

2.2.1 Synthesis of DTE Derivatives

-—
=]
2
_|
g
o
o
N
-

/A / \\ OH HOo_ // \ / \\ OH

Cl
S S S S
2 o) o 4
(80%) (98%)
1) SOCI, |2) H,NOH, NaOH SOCl,
CH,Cl, | THF / MeOH MeOH

(26%) (66%)

H,NOH, NaOH
THF / MeOH

o N S ) Reon

S S
o} 6 o}
(61%)

Scheme2. Synthesis of photochromic monand bishydroxamic acid dithienylcyclopenteng8sand6.

In a first and straightforward design the zinc chelating hydroxamic acid moiety was

directly attached at the thiophene group of DTHischlorodithienylethenel was
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synthesized according to the method described in literatfffédepending on the reaction
conditions the chlorine/lithium exchange can be controlled to occur selectively on one or
both thiophenes, respectivel® 61 The further reaction with gaseous carbon dioxide
afforded the required carboxylic acid moieties in very good yidltie. moneacid2 was
further functionalized by activation with thionyl chloride aimdsitureaction with aqueous
hydroxylamine yielding target hydroxamic a@din only 26%. A twastep synthesis
improved this functionalization step for the symmetric -berboxylic acid4. After
converting the carboxylic acids into methyl esters, they were ethavith agueous
hydroxylamine yielding photoswitc in overall 40%. An overview of the synthesis is

depicted inScheme2.

O\
(0]
H,NOH, NaOH Mel, K,CO4
THF / MeOH acetone
H
oN_0
N
~OH
10 o) 1
(75%) (76%)
H,NOH, NaOH
THF / MeOH
(I)H
o=N_o
I\ 7\ R

12 R=NHOH (50%)
13 R=OMe (26%)

Scheme3. Synthesis of dithienylmaleimidd®, 12 and13.
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In a second approach we attempted to utilize the higher water solubility of
dithienylmaleimides compared to dithienylcyclopentenes. Therefore, PTEvas
synthesized by a Perkin type condensatfrom known precursorg and8 (Scheme RI¢8]

A subsequent exchange of the ester moiety with the desired hydroxamic acid afforded
dithienylmaleimide 10 in good yield. Unfortunately, all attempts to synthesize a
symmetric dithienylmaleimide with a free NH group bearing a methyl ester on each
thiophene were not successful. The maleimide of D'M&as subsequently methylated
yielding a protected precursdrl for further functionalization. However, all approaches
to convert the chlorine ofL1 into a carboxylic acid or methyl ester by various methods
failed. In addition, the methyl ester dfl could also not selectively be transformed into
the corresponding hy@xamic acid without an undesired side reaction on the maleimide
core. Depending on the reaction conditions we could isolate eit®or 13 as main
product indicating that the methylated maleimide shows a higher intrinsic reactivity with

hydroxylamine tha the methyl ester on the thiophene.

2.2.2 Photochromic Properties of the DTEs

The DTEs are a wdéhown class of photochromic scaffolds. In general, they are
characterized by their excellent photochromic properties like almost quantitative
photochemical convesion, high fatigue resistance and thermal stability of both
photoisomers®! All these properties are beneficial for photochromic enzyme inhibitors.
As dimethyl sulfoxide is a standard solvent for stock solutions in inhibitor screening it was
used as sobnt for the investigations of the photoisomerization of the prepared DTEs by
UV-Vis absorption spectroscopy. Solutions (100 uM3,&f 10, 12and 13 were irradiated

with UV light of 306hm or 312nm, respectively. In contrast to reports in literature tha
dithienylmaleimides cannot undergo photoisomerization in polar solvents like DMSO due
to a twisted intramolecular charge transfer (TI€TJY we could detect reversible
photochromism ofL0. During irradiationl(= 300nm), a rapid color change fromlooless

to deep violet was observed. This resulted in new absorption bankdgaat 369nm and
535nm. The isosbestic point3dble ) indicate a clean, tweomponent switching (see
Supporting InformationFigure S1). Due to a substantial overlap of th&ogption maxima

of the open and closed isomers a maximum PSS of only 57%iatdition { = 300nm)
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could be reached. Repetitive cycle measurements of compd@drghowed good fatigue
resistance (se&upporting InformationFigure Si). However, compoundk2 and 13 did

not show photochromic switching properties in DMSO at all. Compdiihdias also
dissolved in a less polar toluene/THF mixture and irradiated 812nm). Hardly any
reversible photoisomerization was detected (s8eppating Information Figure S2).
Therefore, we suppose that a hydroxyl substitution of the maleimide nitrogen negatively
affects the photophysical properties in general. In accordance with a recent report in
literaturel’? we also could not photocyclize ditmylmaleimidel0by U\Vtexposure to the
closed isomer in aqueous solution. In contrast, the closed photoisomer could be opened
in aqueous solution by irradiation with visible light £ 530nm). The solution was
prepared by dissolving a DMSO stock soluttbrthe closed photoisomer into aqueous
PBS.

The photochromic properties of the synthesized dithienylcyclopentéhasd 6 differed

from them of dithienylmaleimidel0. Upon irradiation I( = 312nm) of 3 a quick color
change from colorless to orange was ebsd because of an arising new maximum at

I max=488nm. However, the lack of distinct isosbestic points in the spectral evolution as
well as a fast degradation & at repetitive switching cycle measurements indicate an
irreversible side reaction (se®pporting Information Figure S3). Further investigations
by continuous UNfradiation { = 312nm) supposed the undesired, irreversible formation

of a byproduct $cheme %

312 nm
H _—
I N\~ N\ N-on 530 nm

ZT

§°/ S “OH

(0] 0 0
3 open 3 closed 3 byproduct

Scheme 4lrreversible formation of the byproduct &upon continuous U¥fradiation.

The phenomenon of this annulated isomer has been reported previously, but the
mechanism of the byproduct formation which has to be related to the substitution pattern
of the DTE$s not yet fully understood>" Following the photoisomerization by WWis

absorption spectroscopy upon continuous irradiation, a decrease of the evolving

maximum atl max= 488nm was observed. HPLC traces show that, upon reaching the PSS
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after 45 sat which the highest amount of the closed isomer (40%) is generated, 23% of
the byproduct has already formed and the nearly quantitative formation of it is completed
after 220 s of irradiation (se&upporting Information Figure S4 and Figure S5).
Nevertheless, the undesired byproduct was also used in the biological assays although its
formation is irreversible and it cannot be reconverted to the open isomer.
Dithienylcyclopentene6 showed slightly different photochromic properties. Upon
irradiation { = 3l12nm) a quick color change from colorless to purple was observed.
Compound6é had a much higher fatigue resistance than compoGrahd upon reaching

the PSS (80% closed isomer) after 60 seconds of irradiation only traces of the
corresponding byproduct haldeen formed. However, the byproduct could be formed by
further continuous irradiation with UMght requiring a much longer irradiation time of
640s compared to DTB (see Supporting Information Figure S6). The symmetric
substitution of3 and consequenyl a symmetric electron distribution in the DTE seems to
prevent a quick formation of the byproduct. All photophysical properties of the BE:S

and10are summarized iTable 1

Table 1 Photochromic properties of DTBs6, and10 (100 pM in DMSO).

Enry Compound ! m;;;?en ! T:]anss plszstge[)r?:lnﬁ PS3%]J*
1 3 - 488 - 40:37:23
2 6 - 348, 523 368, 426 80:17:3
3 10 367 369,535 301, 394, 415 57:43:0

* determined by HPLC measurements (closed isomer:open isomer:byproduct).

2.2.3 Enzymenhibition

Next, the inhibitory effect of compound3(open and byproduct)s (open and PSS)0
(open and PSS)2 and 13 against several HDACs was determined using two different
assays. On the one hand, a homogenous histone deacetylase assay estdhliShadet

al. was used fohHDAC1 andHDACSG. The enzymatic conversion was quantified by using
(9-[5-acetylaminel-(4-methyl2-oxo-2H-chromen7-ylcarbamoyBpentyl]-carbamic acid
benzyl ester also termed ZM& as fluorescent substrate for deacetylatidollowed by

a tryptic digestion stey”! On the other hand, the commercially available Fluor de Lys

HDACS8 Fluorometric Drug Discovery Assay Kit of EnzoLifeScience was used in a modified
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way forhHHDAC8 andmHDACS. Stock solutions (M) of compounds3, 6 and 10 in
DMSO were irradiated with UNght to generate the corresponding closed isomer or
byproduct prior to the biological assays, respectivalgble 2summarizes an initial

screening of inhibitory effects at two fixed inhibitor concentrations.

TaHde 2 Inhibitory effects of the respective isomers of compourd]$, 10, 12 and 13 againsthHDAC1,
hHDAC6hHDACS8 andmHDACS.

Conc. hHDAC1 hHDAC6 hHDAC8 smHDACS

Entry  Compound

[uM] [%] [%] [%] [%]
1 3open 50 69 97 92 75
2 3 byprod. 50 59 83 94 71
3 3open 10 25 90 87 65
4 3 byprod. 10 14 63 89 61
5 6 open 50 86 100 98 73
6 6 PSS 50 84 99 98 82
7 6 open 10 53 99 97 73
8 6 PSS 10 60 97 99 89
9 10open 50 81 97 100 95
10 10 PSS 50 90 97 100 96
11 10open 10 50 92 89 84
12 10 PSS 10 59 87 99 89
13 12 50 64 84 99 91
14 12 10 19 59 95 75
15 13 50 n.i. 35 23 n.i.
16 13 10 n.i. 9 11 n.i.

n.i.: no inhibition

These preliminaryesults show strong inhibition for most compound species especially
for (HDAC6 anthHDACS8. As expected, compouh8 exhibits only low or no inhibition
effects on all tested zinc dependent HDACs due to the lack of the zinc chelating
hydroxamic acid moiety. The hydroxylated maleimide does also not bind efficiently to the

zinc cation because of the restricted size of HIBAC binding pocket. Subsequently, the
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IGo values of the most promising photochromic inhibitd@sand 6 were determined

(Table3).

In general, very potent inhibition &fHDAC6 andHDACS is observed for both isomers of
compound 6 as well as a preferenceoif the human over the S. mansonisotype is
registered. The activity omHDAC1 is in the lower micromolar range which can be
explained by the narrow binding pocket which does not allow a favorable coordination of
the hydroxamic acigjyroup to the zinc ionGenerally, the difference in the observeddC

values of all compounds is too small to perform assays with direct irradiation.

Table 3 1Gso values of the respective isomers of DBEsd 6 against different HDACSs.

Entry Compound hHDAC1 hHDACG6 hHDACS smHDACS
[uM] [HM] [HM] [HM]
1 3open 15+1.2 1.8+0.2 1.6+0.6 58+1.1
2 3 byprod. 26+2.5 3.9+0.2 2.7+09 22+39
ratio < 2fold 2-fold < 2fold 4-fold
3 6 open 4.2 +0.7 0.213 £ 0.018 0.248 + 0.029 18+2.1
4 6 PSS 51+0.8 0.297 £0.041 0.262+0.036 4.5+0.8
ratio no difference no difference no difference 4-fold

2.2.4 Synthesis of the Fulgimide Derivatives

Due to the moderate photochromic properties and small difference in their biological
inhibitory effects between the isomers of th@repared DTEs we changed the
photochromic scaffold to fulgimides. They can be prepared by the reaction of the
anhydride moiety of a fulgide with amines. The synthesis of our fulgimide based
photochromic HDAC inhibitors is depictedSoheme 5Fulgidel6 was prepared by an
optimized procedurg® via Stobbé®8! condensation from precursors furah4 and
diethylsuccinatel5in 20% yield. Further reaction with two different amines under basic
conditions and CDI as coupling reagent to form the bisimide, hwisiche crucial step,
afforded fulgimidesl7 and 19. Interestingly, the reaction with aniline worked best with
potassium carbonate as base, the reaction of the primary amine with triethylamine. In a

last step the hydroxamic acid moiety was introduced i®ating estersl7 and 19 with
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aqueous hydroxylamine solution, respectively. Due to the high nucleophilicity of

hydroxylamine in basic media a lot of side reactions occurred in this step and the desired

target compound4d.8and 20 could only be isolated iroWw yields.

(0]
© o}
0 O
14 15

Stobbe \

condensation

\O o)
o]
o)
K,COj, CDI Et;N, CDI
HoN HoN
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Q /
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THF / MeOH THF / MeOH
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18 20
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Scheme 5Preparation of fulgimide48 and 20.

2.2.5Photochromic Properties of the Fulgimides

The photochromism of fulgides and fulgimides has its origin in a concerted

electrocyclization and occurs very fast. Therefore they are widely used in materials
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science and optical data stora§é. By introducing a bulky substituent on the 1,3,5
hexatrienesystem, like an isopropyl group in our case, the undesiretighVinducedd Z
isomerization from the operefulgimide isomer to the closed-isomer is suppressed

(Scheme Bl

O
9
(6]
4 N-R
O
o
Z-fulgimide open E-fulgimide open fulgimide closed

Scheme 6 Reversible photochemical isomerization of a fulgimide between Eapen and closed
photoisomer by irradiation with light of different wavelength. The photochemical isomerization from the
openEisomer to the operZ-isomer is suppressed by the stericalgmanding isopropyl group.

Only the openkEisomer can undergo a photocyclization to the closed isomer which is
thermally stable. First, we investigated the photochromic properties of compoi8ds
and 20 in DMSO (100 uM). Upon irradiatioh € 365nm) a quck color change from
colorless to pink was observed, resulting in a new broad absorption band with a maximum
around 520nm for each compound. The photochromic properties of fulgimit&and 20

are summarized iMTable 4 The PSS of both fulgimides exce88% which is beneficial

and advantageous for photochromic enzyme inhibitors as the interaction with the enzyme

can be assigned to mainly one photoisomer.

Table 4 Photochromic properties of fulgimidds8 and20(100 uM in DMSO).

| max open | max PSS Isosbestic

Entr Compound . PSS%J*
y P [nm] [nm] points [nm] )
1 18 335 (shoulder) 519 280, 380 98
2 20 333 (shoulder) 518 293, 312, 388 96

* Determined by HPLC measurements.

By way of exampleFigure 4 illustrates the spectral evolution (marked with arrows) of
compound20 upon irradiation [ = 365nm). The isosbestic point3gble 4 indicate a
clear twocomponent switching. After 30 s of irradiation the PSS was reached and 96% of

the open isomer wereconverted to the closed photoisomer. The repetitive cycle
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performance with light of = 365nm for closing antl = 530nm for opening shows a high

fatigue resistance over seven cyclegyire b).

In addition, the photochromic properties of fulgimid&8 and 20 were also investigated

in aqueous PBS (pH = 7.4) with 1% of DMSO as solvent. Both compounds showed a similar

reversible photochromic performance like in DMSO with slightly bathochromically shifted

maxima. Only at the repetition of the photoisomerimat a slightly reduced fatigue

resistance was observed

(s&upporting Information Figure S8 and Figure S9). In

summary, the outstanding photochromic properties of the prepared fulgimides in polar

as well as aqueous systems make them perfect candidatesu$e in biological

environment.
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Figure 1 a) Changes in absorption spectra of fulgimig(100puM in DMSO) upon continuous irradiation
for 0, 5, 10, 15, 20, 25, and 30 s with light of 365nm until the PSS is reached. The cuvettes show the
color of the solution before and after irradiation. b) Cycle performance of the fulgi2@d@00uM in
DMSO). Changes in absorption at 5ib8 were measured during alternate irradiation with ligHft365nm

for 30s and 5301m for 5min.
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2.2.6 Enzyme Inhibition

Analogous to the DTE inhibitors, thesd@alues of fulgimide4d.8 and 20 for hHHDAC1,
hHDACG6hHDACS as well aHDACS8 were quantified &ble 3.

For compoundl8 low micromolar Ig values are obseed for (HDAC6hHDACS and
smHDACS8 and there is only little or no difference between thg V&lues of the two
isomers. Compoung0displays nanomolar affinity fatHDACG6 but again with a very small
difference between the two different isomers. As aboiee the DTE derivatives, the

difference of 16 values did not provide a basis to perform assays under irradiation.

Table 5 IGo values of the respective isomers of fulgimidésand 20 against different HDACs.

Entry Comp. hHDAC1 hHDACG6 hHDACS smHDACS8
[uM] [1M] [1M] [HM]

1 18 open 28.5+10.9 1.8+0.5 1.1+0.2 1.1+0.2

2 18 PSS 87.7 +£53.0 6.1+1.7 0.88+0.07 1.1+0.1
ratio 3-fold 3-fold no difference no difference

3 200pen 6.4+1.0 0.047£0.032 5.6+1.3 89+3.1

4 20PSS 50+1.0 0.075+ 0.047 3.6+1.0 5.7+20
ratio no difference < 2fold < 2fold < 2fold

2.2.7 Molecular Docking

In order to rationalize the experimental biological data all the prepared compounds were
docked to the different enzymes. The available crystal structurdstH&fAC1hHDACSE,
hHDAC8 and smHDAC8 show the typical fold of zdependent histone
deacetylase®1-82 The catalytic zinc ion is bound by two aspartate and one histidine
residue. The middle part of the acetykine binding pocket is formed by two conserved
phenylalanine residues whereas the rim of the pocked is composed by flexible loops that
are different in the various HDAC isoforms. As consequence the shape of the binding
pocket of individual HDAC isoforms is rather different which enabled the development of
isoform selective inhibitor83 HDACs have been cocrystallized with sevieyadiroxamic
acidsthat showed a bidental chelating of the zinc ion. In caseHIDACG6 the recently

reported structure$* &1 showed a slightly different binding mode ljdroxamic acids
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Here, a water molecule is bridging the interaction of the terminal hydroxy groupeo th

zinc ion.

The hHDAC1 binding pocket is rather narrow and the docking of the bulky DTEs and
fulgimides resulted generally in less favorable docking complexes. Due to the narrow
pocket the distances between thigydroxamic acid¢arbony and hydroxy group arabove

3A. In addition, the docking scores for all compounds are rather weakSspporting
Information, Table S1). For compouBdyproductno docking pose that showed a binding

of the hydroxamic acichearby the zinc ion was obtained.

Docking of the DH inhibitors tohHDAC6 anttHDACS8 binding pockets showed that the
hydroxamic acidare showing the favorable coordination to the zinc ion as observed for
the cocrystallized inhibitors. The methylthiophene ring attached tohiydroxamic acids
embedded bewveen two conserved phenylalanine residues of the HDAC binding pocket
(F152 and F208 inHDACS, F620 and F680hiHDACS6). In case bHDAC6 anttHDACS

the secondchydroxamic acidjroups of6 openand 6 closedare making a hydrogen bond

to S568 IGHDAC6) an®101 HHDACS) that are located on a flexible loop of the enzyme
(Figure 2. S568 ofhHDACSG is interacting with the carbonyl group, whereas D101 of
hHDACS is interacting with the NH group of thalroxamic acidThese hydrogen bonds
might explain the goodnhibitory activity for both isoforms. The hydrogen bonds were
observed for the open and the closed form. In case 3ofopen the lipophilic
chlorothiophene is adopting a different conformation and is sticking out of the pocket
(seeSupporting InformationFgure S10). The less favorable interaction is also supported
by the weaker docking scores compared @oopen and 6 closed (see Supporting
Information, Table S2 and Table S3). The bulky compd&imyproduct could not be
docked into thenHDACS crystal structure used for the other inhibitors. However, docking
into the hHDACS8 crystal structure complexed with an amino acid derivative (PDB ID
3SFA® was resulting in a docking pose that showed coordination between the
hydroxamic acicand thezinc ion. Due to the observed switch of Y306 in HHOACS
crystal structure the binding pocket becomes wider and accessible for the Bulky
byproduct EnzymesmHDCS8 shows a different form of the binding pocket due to the
flipping of one of the conservephenylalanine residues (F151). Therefore, the favorable

binding of the methylthiophene between two conserved phenylalanine (likeHBAC6



Photochromic Histone Deacetylase Inhibitors based on Dithienylethenes and FulgifiZ2n

and hHDACS) is not possible resulting in lower inhibitory activities. In addition, D100
(which corresponds to D10& hHDACS) is not able to form a hydrogen bond to the NH of
the secondhydroxamic acidyroup of6 openand6 closed(seeSupporting Information
Figure S11)The docking of the open form & gave an unfavorable interaction of the
hydroxamic acidwvith the znc ion (distance G@n 3.30 A). Due to D100 the second
thiophenehydroxamic acidcannot adopt a similar conformation as observed for the
docking pose ahHDACS (se8upporting InformationFigure S10b and Figure 8LIFor
compound3 byproductno dockingpose that showed a binding of tHeydroxamic acid

nearby the zinc ion was obtained (s8apporting InformationTableS4).
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Figure 2 Docking poses of DTEHor hHDACG64, b) andhHDAC8(, d) (6 opencolored dark greers closed

(R,R colored cyan ané closed (S,$ colored brown). Only the interacting residues of the binding pockets
are displayed. The zinc ion is shown as brown ball, the water molecule bridging the coordination to the zinc
ion for hHDACS6 iaandb is shown as red ball. Distances of thetal coordination and hydrogen bonds are
given in A and are shown as lines colored in magenta.



Results and Discuss

Docking of the fulgimides thHDAC1 showed that8 openand 18 closed(results not
shown) are not able to coordinate to the zinc ion whereas in ca6 openand20 closed

(see Supporting Information Figure S12) the additional methylene group and the
movement of the bulky fulgimide group from meta to the para position of the
benadhydroxanic acidis resulting in more favorable docking solutions (Sagporting
Information, Table S1). The fulgimide part 18 openand 18 closedis interacting with
L271. Since the fulgimide part is located at the open part of the binding pocket it is obvious

that both open and closed forms are tolerated by the enzyme.

In case ohHDACG6 the two compound®® openand 20 closedshowed the best docking
scores and the best shape complimentdRigure 3-d). The interaction of the highly
active compounds is comparable to the reported and crystalliaeldAC6 inhibitor
Nexturastat &% which has a reported kg of 5nM (Figure &). The fulgimide part is
located in the so called side pocket and interacts with H500, F620 and L749 at the rim of
the pocket. In addition, a hydrogen bond to S568 is observed for both fori28. @&lso

here, both forms show favorable interactions with the enzyme (s8epporting
Information, Table S2). For the more rigid compourddsopenand 18 closedthe L749

side chain is hindering an optimal interaction of the campds with the zinc ion
(Figure3f) resulting n less favorable docking scores and a significantly lower inhibitory

activity.

Docking of the fulgimides tatHDAC8 showed a comparable binding mode as observed for
hHDACG6 (seS&upporting Information Figure S13). However, due to the substitution of
L749 hHDACG6) to M27hHDACS) the side pocket is larger and the fulgimide side chain
of 18 openand 18 closedcan be nicely accommodated (s&ipporting Information
Figure S18). In case oR0 openand 20 closedthe sidechain of D100 is restricting the
size of the pocket for the parsubstituted benmhydroxamic acid(see Supporting
Information, Figure S3a-c). Similar observations and docking poses were obtained for
SmMHDACS (results not shown).

In general, the doking poses derived for the individual HDAC isoforms show a good
agreement with the biological data. For example the strong inhibitidmHidAC6 by both
isomers of fulgimide0 could be supported by the observed shape complimentary and

the calculated dockig scores.
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Figure 3 Docking poses of the fulgimide20( opencolored greena andc; 20 closed(S colored blue and

20 closed (R colored light greyb and d; 18 opencolored yellow,f) for \HDAC6 in comparison to the
cocrystallized inhibitor Nexturastat A (colored cyah, The zinc ion is shown as brown ball and the water
molecule bridging the coordination to the zinc ion is shown as red ball. Distances of the metal coordination
and hydrogerbonds are given in A and are shown as lines colored in magenta. The molecular surface of the
hHDACG6 binding pocket mand d are colored according to the hydrophobicity (hydrophobic region are
colored green, polar region are colored magenta).



80| Conclusio

2.3 Conclusion

In summary, we functionalized the two established photochromic scaffolds of DTEs and
fulgimides with hydroxamic acid moieties to obtain photoswitchable inhibitors for zinc
dependent HDACs. The two different classes of prepared DTESs, dithienylcyclopentenes
and dithienylmaleimides, showed only moderate photochromic properties in DMSO and
agueous media. In contrast, the fulgimides provided excellent reversible photochromic
performance in DMSO as well as aqueous PBS with very high photostationary states.
These properties recommend them as perfect photochromic groups for biological
applications. All target compounds showed an inhibitory effect of the tesitdDACI,
hHDAC6hHDACS8 angmHDACS with I§ values in the range of 5GM to 90uM. We
achieved a maximunofir-fold difference in inhibitory ability between two corresponding
photoisomers. This provides a good basis for the development of more efficient
photochromic inhibitors with higher difference in activity triggered by lighhich is
necessary to benefiaily utilize photopharmacology for HDACs. Tieitro activities of

our photochromic inhibitors were rationalized by molecular dockings showing that while
potency could be explained well, the lack of selectivity between the open and closed
forms was hardo predict. This might probably be due to the flexibility of HDACs that is
documented by different crystal structures showing the plasticity of the binding pocket
but is difficult to use in prospective analysis of photoswitchable HDAC inhibitors. $ill, ve

potent HDAC inhibitors with new scaffolds especiallyhifdDAC6 could be realized.

2.4 Experimental

2.4.1 Chemistry

Compounds1,66l 2,167 466] 768 g68 1478 and 1978 were prepared according to
previously reported procedures. Commercial reagents atarting materials were
purchased from Acros Organics, Affasar, Fisher Scientific, Sigma Aldrich or VWR and
used without any further purification. Solvents were used in p.a. quality and dried
according to common procedures, if necessary. Dry nitroges used as inert gas
atmosphere. Automated flash column chromatography was performed on a Biotage

Isolera flash purification system with UV/Vis detector using Sigma Aldrich MN silica gel 60
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M (40-63 um, 233400 mesh) for normal phase or ppacked BiotageNAP cartridges (KP

C18 HS) for reversed phase chromatography. Reaction monitoring via TLC was performed
on alumina plates coated with silica gel (Merck silica gel 60 F25hm)2Melting points

were determined using a Stanford Research Systems OptiM8&®A MOO and are
uncorrected. NMR spectra were measured on Bruker Avance B03J0.13VIHz, 13C
75.48MHz), Bruker Avance 408H 400.13VIHz,13C 100.6MMHz), Bruker Avance IIl 600

(*H 600.29MHz, 3C 150.99VMHz) and Bruker Avance 800H( 800.20MHz, 3C
201.21MHz) instruments. The spectra are referenced against the dbi=ent (CDGI

dn= 7.26ppm, dc= 77.16 ppm, DMS@s: dv = 2.50ppm, dc= 39.520pm) and chemical
shifts d are reported in ppm. Resonance multiplicity is abbreviated as: s (singlet), d
(doublet), t (triplet), quint (quintet), sept (septet) and m (multiplet). Carbon NMR signals
are reported using DEPT 135d#tH¥ | { v/ &ALISOUGNF S6AGK o6b0O F2N
secondary and (q) for quaternary carbons. Mass spectra were recorded Agikent Q

TOF 6540 UHD (H88) instrument. UV/Vis absorption spectroscopy was performed using

a Varian Cary BIO 50 UV/Vis spectrometer imb® quartz cuvettes. HRRpectra were
measured with an Agilent Cary 630-IRT spectrometer and the peak positioase
reported in wavenumbers (ch). Analytical HPLC measurements were performed on an
Agilent 1290 series UHRMS system (column: Phenomenex Luna C18(@M3100A,

150 x 2.00mm; flow: 0.3mL/min at 25°C or 4C0C; solvent A: MilliQ water with
0.059wt. % TFA; solvent B: MeCN) and an Agilent 1220 Infinity LC (column: Phenomenex
Luna 3uM C18(2) 10@, 150 x 2.06nm; flow: 0.3mL/min at 30°C; solvent A: MilliQ water

with 0.05%vol. TFA; solvent B: MeCN). The ratios in the PSSs were determined at the
isosbestic points. An Agilent 1260 system (column: Phenomenex Lup¥ 1018(2)

100A, 250 x 21.2nm; flow: 22.0mL/min; solvent A: MilliQ water with 0.0%vol. TFA;
solvent B: MeCN) was used for preparative HPLC purification. Light sources for irradiation:
| =300nm (NIKKISO UV LED, 198, 25mW),| = 312nm (Herolab handheld lamp UV

6 M, 6W),l = 365nm (Herolab handheld lamp UV L, 6W),| = 470nm (OSRAM Oslon

SSL 80 LED, 76\, 1.12W),| =530nm (CREKXP green LED, 700 mA, ¥/J. The power

of the light is given based on the specifications supplied by the company when the lamps
g SNB LIzZNDKIF SR ''ff GSadSR FAYyIlf O2YLRdzyRa

measurements with detection at 22@m or 254nm, respectively.



Experimentz

4-[2-(5-Chloro-2-methylthiophen-3-yl)-cyclopentl1-en-1-yl]-N-hydroxy-5-methylthio-
phene-2-carboxamide (3)

To a stirred solution o2 (100mg, 0.28mmol, 10eq.) in CkCh (3 mL) SO&(64.2uL,
0.85mmol, 3.0 eq.) was added slowly at 0°C. After complete addition the solutsn w
stirred at 40°C for 3 h. The mixture was cooled to room temperature and concentrated in
vacua The residue was dissolved in THF/MeOH (1:1, 5 mL). Afterwards a solution of NaOH
(90mg, 2.24mmol, 8.0 eq.) in an aqueous hydroxylamine solution (50 wt.#2,L) was

added dropwise to the mixture at 0°C. The resulting solution was stirred at room
temperature overnight. The reaction was quenched with AcOH (50 and
concentrated in vacuo Purification by automated flash column chromatography
(CHCb/MeOH,5%- 10% MeOH) and subsequent preparative HPLC (@&8% MeCN in

10 min, tz= 7.3min) yielded3 (28 mg, 26%) as colorless solid0R9 (PE/EtOAc 1:1); m.p.

128 °CH-NMR (400MHz, DMS@ls) d = 11.05 (s, 1H), 9.01 (s, 1H), 7.35 (s, 1H), 6.83 (s,
1H), 2.73 (tJ= 7.5 Hz, 4H), 2.031.92 (m, 5H), 1.79 (s, 3HJGNMR (15IMHz, DMSO

de) d = 159.4 ¢), 138.6 (q), 135.9 (q), 134.9 (q), 134.4 (q), 133.9 (q), 133.0 (q, 2C) 128.4
(+),127.3(+),12Bc o0ljuv X oydn O0bLULXZ oT®dPY ObLULI HH®DPH ObLULZ
CGieHisCINQS (M-HY m/z = 352.0238; found: 352.0251.

Dimethyl-n Z-f@y@lopentl-ene-1,2-diyl)bis(5methylthiophene-2-carboxylate) (5)

SOG (0.52mL, 7.20nmol, 10.0eq.) wasadded dropwise to a solution ef (250mg,
0.72mmol, 1.0eq.) in anhydrous MeOH (15 mL) at 0°C under nitrogen atmosphere and
stirred for 5 h at 65°C. The mixture was cooled to room temperature and concentrated in
vacua The residue was suspended in EtQ¥e mL) and washed with water (3 x i)

and brine (10mL). The organic layer was dried over8ia, filtered and the solvent was
removed under reduced pressure. Purification by automated flash column
chromatography (PE/EtOAc, 5%0% EtOAc) yieldesl(180mg, 66%) as colorless solid.
R0.72 (PE/EtOAC 1:1); m.p. 163%&NMR (400MHz, CDG)d = 7.50 (s, 2H), 3.84 (s, 6H),
2.78 (t,J= 7.5Hz, 4H), 2.06 (quinf= 7.5Hz, 2H) 1.90 (s, 6H}GNMR (10IMHz, CDG)
d=162.7(q), 142.9(q),136.7mp n ®cp O0lj v X mMon®dc ObLULI MHOPN &I
14.9 (+); HRMS (ESI) calcd. foHEOS (M+H) m/z = 377.0880; found: 377.0876.
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N-Hydroxy-4-(2-[5-(hydroxycarbamoyB2-methylthiophen-3-yllcyclopent1-en-1-yl)-5-
methylthiophene-2-carboxamde (6)

NaOH (13%ng, 3.38mmol, 8.0eq.) was dissolved in an aqueous hydroxylamine solution
(50wt. %, 1.1 mL). The solution was added dropwise to a solutio® ¢£60mg,
0.42mmol, 1.0eq.) in THF/MeOH (1:1, 7 mL) at 0°C. The resulting solution waslstirr
overnight at room temperature. The reaction was quenched with AcOHn{lL)5and
concentrated in vacuo Purification by automated reversed phase flash column
chromatography (ED/MeOH, 5% 100% MeOH) andubsequent preparative HPLC
(20%- 98% MeCN ii2min, k= 6.8min) yielded6 (100 mg, 61%) as colorless solid. R
0.05 (PE/EtOAc 1:1); m.p. 182 B&NMR (400MHz, DMS@ls) d = 11.04 (s, 2H), 9.01 (s,
2H), 7.35 (s, 2H), 2.74 {t= 7.4 Hz, 4H), 2.00 (quidts 7.4 Hz, 2H), 1.87 (s, 6FGNMR

(101 MHz, DMS@ls) d = 159.4 (), 138.5 (), 135.9 (q), 134.2 (), 132.9 (q), 128.4 (+), 38.0
OLbUOE HH®O O0bLUZ MN O WHOLBS M+HNE £ 378.0685; founddF £ OR @
379.0640.

Methyl-4-[4-(5-chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl]-5-
methylthiophene-2-carboxylate (9)

KQBu (1M in THF, 1.4&L, 1.45mmol, 1.2eq.) was added to a solution of amide
(277mg, 1.21 mmol, 1.eq.) in anhydrous THF (6 mL) at 0°C under nitrogen atmosphere.
After stirring for 90 min esr 8 (296 mg, 1.45mmol, 1.2eq.) was added at 0°C and the
mixture was stirred overnight at room temperature. The reaction was quenched with
agueous HCI solution (@, 15mL) and diluted with EtOAc (18L). The organic phase was
separated, washed with watg3 x 15mL), brine (1 x 3fL) and dried over MgSOThe
solvent was removed under reduced pressure. Purification of the crude product was
performed by automated flash column chromatography (PE/EtOAc; 3986 EtOAC)
yielding9 (210 mg, 45%) as yellowlgb R 0.68 (PE/EtOAc 1:1); m.p. 183 *GNMR
(400MHz, DMS@s) d = 11.29 (s, 1H), 7.70 (s, 1H), 6.99 (s, 1H), 3.81 (s, 3H), 2.00 (s, 3H),
1.85 (s, 3H)'3GNMR (10IMHz, DMSé&s) d= 171.0 (qg), 171.0 (q), 161.3 (qg), 148.0 (q),
139.6 (q), 135.2 (+), 334 (q), 133.1 (q), 129.3 (q), 128.0 (q), 127.9 (+), 126.6 (q), 124.6
(@), 52.3 (+), 14.6 (+), 14.1 (+); HRMS (ESI) calcgsHps@NQS (M+H)Y m/z = 381.9969;
found: 381.9978.



Experimentz

4-[4-(5-Chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl]-N-
hydroxy-5-methylthiophene-2-carboxamide (10)

NaOH (75ng, 1.88mmol, 8.0eq.) was dissolved in an aqueous hydroxylamine solution
(50wt. %, 0.60mL). This solution was added dropwise to a solution9of90mg,
0.24mmol, 1.0 eq.) in THF/Ma®(1:1, 5 mL) at20°C. The resulting solution was stirred
for 20 min at- 20°C and was then warmed 1@°C in 20 min. The reaction was quenched
with AcOH (1.5 mL) and concentratedvacuo Purification by automated flash column
chromatography (CiCb/MeOH, 5% 10% MeOH) andubsequent preparative HPLC
(30%- 70% MeCN in 15 mink £ 9.4 min) yielded 0 (68 mg, 76%) as orange solid.0R25
(PE/EtOAC 1:1); m.p. 176;'H-NMR (400MHz, DMS@s) d = 11.27 (s, 2H), 9.09 (s, 1H),
7.51 (s, 1H), 6.99 (s, 1100 (s, 3H), 1.84 (s, 3FGNMR (10IMHz, DMS@ls) d = 171.1

(9), 158.9 (q), 144.6 (g), 139.5 (q), 134.1 (q), 133.5(q), 133.3 (q), 128.9 (), 128.9 (+), 128.0
(+), 127.4 (q), 126.6 (q), 124.5 (q), 14.5 (+), 14.1 (+); HRMS (ESI) caleth ONELS
(M+H) m/z = 382.9922; found: 382.9925.

Methyl-4-[4-(5-chloro-2-methylthiophen-3-yl)-1-methyl-2,5-dioxo-2,5 -dihydro-1H-
pyrrol-3-yl]-5-methylthiophene-2-carboxylate (11)

Methyl iodide (13uL, 0.2Immol, 2.0eq.) was added dropwise to a solution of
dithienylmaleimide9 (40mg, 0.11mmol, 1.0 eq.) in anhydrous DMF (6 mL) at 0°C under
nitrogen atmosphere. The solution was stirred overnight at room temperature and then
diluted with water (5 mL) and EtOAc (5 mL). The agueous phase was extracted with EtOAc
(3x 5mL). The combined organic phases were dried over Mg#@red and the solvent

was removed under reduced pressure. Dithienylmaleihtie/as obtained as yellow solid
(30mg, 76%) and was used without further purification.0R8 (PE/EtOAc 1:1); m.
187°C;H-NMR (400MHz, CD@Jd = 7.75 (s, 1H), 6.88 (s, 1H), 3.88 (s, 3H), 3.14 (s, 3H),
2.04 (s, 3H), 1.88 (s, 3HJCNMR (20IMHz, CDG) d = 170.3 (q), 170.2 (q), 162.2 (q),
148.5 (q), 140.3 (q), 135.0 (+), 133.3 (q), 132.8 (g), 131.1 (q), @7 B7.5 (q), 127.2

(+), 126.1 (q), 52.4 (+), 24.6 (+), 15.5 (+), 15.0 (+); HRMS (ESI) calgtHii6INDS
(M+HY, m/z = 396.0126; found: 396.0131.
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4-[4-(5-Chloro-2-methylthiophen3-yl)-1-hydroxy-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl] -
N-hydroxy-5-methylthiophene-2-carboxamide (12)

NaOH (32ng, 0.81mmol, 8.0eq.) was dissolved in an aqueous hydroxylamine solution
(50wt. %, 0.26nL). The solution was added dropwise to a solutionladf(40mg,
0.10mmol, 1.0eq.) in THF/MeOH (1:1, 5 mlt)@&C. The resulting solution was stirred
overnight at room temperature. The reaction was quenched with AcOHn{lL)5and
concentrated in vacuo Purification by automated reversed phase flash column
chromatography (ED/MeOH, 5% 100% MeOH) andubsequentpreparative HPLC
(25%- 80% MeCN in 1&in, t=9.1min) yielded32 (21 mg, 50%) as yellow solid 005
(PE/EtOAc 1:1); m.p. 140 E:NMR (400MHz, DMS@is) d = 11.29 (s, 1H), 10.69 (s, 1H),
9.11 (s, 1H), 7.52 (s, 1H), 7.01 (s, 1H), 2.00 (s, 3H)5138%)13GNMR (10IMHz, DMSO

ds) d=166.3 (q), 166.3 (q), 158.8 (q), 145.1 (qg), 140.1 (q), 134.3 (), 130.2 (q), 130.0 (q),
128.7 (+), 127.8 (+), 127.1 (q), 126.2 (q), 124.7 (q), 14.5 (+), 14.1 (+); HRMS (ESI) calcd. for
CisHioCINGS (M-H), m/z = 36.9725; found: 396.9732.

Methyl-4-[4-(5-chloro-2-methylthiophen-3-yl)-1-hydroxy-2,5-dioxo-2,5-dihydro-1H-
pyrrol-3-yl]-5-methylthiophene-2-carboxylate (13)

NaOH (25.6ng, 0.63mmol, 8.0eq.) was dissolved in an aqueous hydroxylamine solution
(50wt. %, 0.20mL). The solution was added dropwise to a solutionldf(30mg,
0.08mmol, 1.0eq.) in THF/MeOH (1:1, 3 mL)-&0°C. The resulting solution was stirred

for 10min at-20°C and was warmed t08°C in 10nin afterwards. The reaction was
guenched with AcOH (1r8L) and concentrated wmacua Purification by automated flash
column chromatography (GBb/MeOH, 5% 10% MeOH) and subsequent preparative
HPLCG0%- 98% MeCN in 10 ming £ 6.5 min) yielded.3 (8 mg, 26%) as yellow solid.

R 0.31 (PE/EtOAC 1:1); m.p. 193 B&NMR (600MHz, DMS@le) d = 10.73 (s, 1H), 7.71

(s, 1H), 7.01 (s, 1H), 3.82 (s, 3H), 2.01 (s, 3 H), 1.86 (SGMYR (15IMHz, DMS@Qls)
d=166.3 (q), 166.3 (q), 161.3 (q), 148.4 (), 140.2 (q), 135.1 (+), 130.1 (q), 129.9 (q), 129.5
(q), 127.8 (+), 127.7 (q), 126.2 (q), 124.8 (), 52.4 (+), 14.7 (+), 14.1 (+); HRMS (ESI) calcd.
for GeH1:CINQS (M+H) m/z = 397.9918; found: 397.9929.



86 Experimentz

(B)-3-(1-(2,5dimethylfuran-3-yl)-2-methylpropylidene}4-(propan-2-ylidene)  dihydro
furan-2,5-dione (16)

A solution of succinatd5 (2.55g, 11.91mmol, 1.0eq.) in anhydrous THF (bfL) was
cooled t0-105°C under Natmosphere and a freshly preparediston of LDA by adding

a solution ofnBuLi (1.6M in hexane, 7.4nL, 11.9Immol, 1.0eq.,) to a solution of
diisopropylamine (1.7L, 11.9Immol, 1.0eq.) in anhydrous THF f6L) at-78°C under
No-atmosphere was added dropwise a05°C. After stirring fo30min a precooled
solution of furanl14 (1.98g, 11.92mmol, 1.0eq.) in anhydrous THF 3L) was added
dropwise. The reaction mixture was warmed to room temperature und stirred overnight.
The solution was acidified with aqueous HOM)2and the aqueoufayer was extracted
with EtOAc (X50mL). The combined organic layers were washed with brine 1fil0Q
dried over MgS@ and the solvent was evaporated under reduced pressure. The residue
was dissolved in EtOH (6fL) and a saturated aqueous solutiork@dH (5nL) was added.
After stirring at 70°C for 24, the reaction mixture was poured onto ice and acidified with
aqueous HCI (®). The aqueous layer was extracted with EtOAgRF3@mL), and the
combined organic layers were washed with brine (btl0,dried over MgS@ and the
solvent was removeth vacuo The darkorown residue was dissolved in acetyl chloride
(20mL) and the mixture was heated to 40°C overnight. The solvent was evaporated under
reduced pressure and the crude product was purified byomated flash column
chromatography (PE/EtOAc, 5% EtOACc) to obtain fullpd688mg, 20%) as a pink solid.

The analytical data were in accordance with data from literat(fte.

Methyl (B-3-(3-(1-(2,5-dimethylfuran-3-yl)-2-methylpropylidene)2,5-dioxo-4-(propan
2-ylidene)pyrrolidin-1-yl)benzoate (17)

A suspension of fulgides (98 mg, 0.34mmol, 1.0eq.), methyl 3aminobenzoate (154ng,
1.02mmol, 3.0eq.) and KCQ (235mg, 1.70mmol, 50 eq.) in anhydrous G&b (5 mL)

was refluxed for 3 d. After filtration CDI (88, 0.51Immol, 1.5eq.) was added and the
mixture was stirred at room temperature for 1 d. The reaction mixture was acidified with
aqueous HCI (M) and the aqueous layer wasxtracted with CBECh (3x10mL). The
combined organic layers were washed with brine 1@dl0), dried over MgSQCand the
solvent was evaporated under reduced pressure. Purification by automated flash column

chromatography (PE/EtOAc, 3%W56% EtOAc) affordeéulgimide 17 (17mg, 12%) as
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orange oil. R0.30 (PE/EtOAc 9:1%4+-NMR (400MHz, CDGJd = 8.08 (t,J= 1.9 Hz, 1H),

8.05 (dt,J= 7.6, 1.5 Hz, 1H), 7.61 (dt 8.0, 1.6 Hz, 1H), 7.55 & 7.8 Hz, 1H), 5.96 (s,

1H), 4.48 (sept)= 7.0 Hz, 1H), 32(s, 3H), 2.29 (s, 3H), 2.27 (s, 3H), 1.95 (s, 3H), 1.41 (s,
3H), 1.33 (dJ= 7.1 Hz, 3H), 0.87 (d= 6.8 Hz, 3H}3GNMR (10IMHz, CDG)Jd= 167.2

(q), 167.1 (q), 166.4 (q), 154.1 (q), 150.2 (q), 149.6 (q), 146.9 (q), 132.5 (q), 131.6 (+), 131.1
(q), 129.2 (+), 129.0 (+), 128.3 (+), 123.2 (), 123.1 (g), 119.8 (q), 106.4 (+), 52.4 (+), 30.2
(+), 27.4 (+), 23.2 (+), 22.2 (+), 20.8 (+), 13.5 (+), 13.1 (+); IR(Re2dB7, 2960, 1703,

1588, 1491, 1446, 1368, 1275, 1167, 1133, 958, 910, 850, 80%g&3n!; HRMS (ESI)

calcd. for @HzsNGs (M+H)Y m/z = 422.1962; found 422.1969.

(B-3-(3-(1-(2,5-Dimethylfuran-3-yl)-2-methylpropylidene)2,5-dioxo-4-(propan-2-
ylidene)pyrrolidin-1-yl)-N-hydroxybenzamide (18)

A solution of NaOH (429, 1.04mmol, 8.0 g.) in aqueous hydroxyl amine (8. %,

335puL) was added dropwise to a solution of fulgimid&(55mg, 0.13mmol, 1.0eq.) in
MeOH/THF (1:1, &L) at¢ 15 °C. Then the mixture was stirred for 20 min &6 °C. The
reaction was quenched with AcOH (744) and concentratedh vacuo Purification by
preparative HPLC (50988% MeCN in 2tin, k= 15.0min) yielded18 (10mg, 18%) as
slightly pink solid. #0.51 (CHCbH/MeOH 9:1); m.p. 93 °CH-NMR (400MHz, DMS&s)
d=11.29 (s, 1H), 9.11 (s, 1H), 768B70 (M, 2H), 7.64 7.46 (m, 2H), 6.17 (s, 1H), 4.42
(sept,J= 7.0 Hz, 1H), 2.25 (s, 3H), 2.22 (s, 3H), 1.93 (s, 3H), 1.36 (s, 3H),JE291(dz,

3H), 0.82 (dJ= 6.9Hz, 3H)}3GNMR (15IMHz, DMS@aJs) d = 166.4 (q), 166.4 (q), 163.3

(q), 152.1 (q), 149.8 (q), 148.1 (q), 146.5 (q), 133.3 (), 132.3 (q), 130.4 (+), 128.8 (+), 126.3
(+), 126.3 (+), 122.9 (), 122.8 (q), 119.2 (q), 106.3 (+), 29.2 (+), 26.7 (+), 22.8 (+), 21.4 (+),
20.5 (+), 13.0 (+), 12.5 (HR (neath = 3258, 2926, 2855, 1752, 1700, 1584, 1525, 1484,
1439, 1368, 1282, 1170, 1129, 1088, 995, 801, 693 &RMS (ESI) calcd. foibN.Os

(M+H) m/z = 423.1914; found 423.1920.

Methyl (B-4-((3-(1-(2,5-dimethylfuran-3-yl)-2-methylpropylidene)-2,5-dioxo-4-(propan

-2-ylidene)pyrrolidin-1-yl)methyl)benzoate (19)

A solution of fulgidel6 (98 mg, 0.34mmol, 1.0eq.), methyl 4aminomethyl)benzoate
hydrochloride (274ng, 1.36mmol, 4.0eq.) and triethylamine (18QAL, 1.3@nmol,
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4.0eq.) in anhydros CHCb (2mL) was refluxed for 3 d. Then CDI (87§ 1.70mmol,
5.0eq.) was added and the mixture was refluxed for 1 d. The reaction mixture was
acidified with agueous HCI ) and the aqueous layer was extracted with EtOAc
(3x10mL). The combinedrganic layers were washed with brine (@MW), dried over
MgSQ and the solvent was evaporated under reduced pressure. Purification by
automated flash column chromatography (PE/EtOAc; 3%86 EtOAc) afforded fulgimide

19 (70mg, 47%) as orange oik (31 (PE/EtOAc 9:1}H-NMR (400MHz, CDG)d = 7.98
(d,J= 8.3 Hz, 2H), 7.45 (d= 8.2 Hz, 2H), 5.92 (s, 1H), 4.7l 8.5 Hz, 2H), 4.48 (sept,
J=7.0 Hz, 1H), 3.89 (s, 3H), 2.24 (s, 6H), 1.84 (s, 3H), 1.33 (s, 3H),J=2BYdz, 3H),
0.83 (d,J= 6.8 Hz, 3H}3GNMR (10IMHz, CDG)d = 168.1 (q), 168.0 (q), 167.0 (g), 153.1
(q), 150.1 (q), 148.7 (q), 146.9 (q), 142.0 (q), 130.1 (+), 129.6 (), 128.5 (+), 123.5 (q), 123.4
(@), 119.7 (g), 106.5 (+), 52.2 (+), 43)130.0 (+), 27.2 (+), 23.1 (+), 22.1 (+), 20.8 (+), 13.5
(+), 12.9 (})IR (neath = 3422, 2960, 2874, 1692, 1633, 1435, 1387, 1342, 1275, 1219,
1178, 1100, 1021, 958, 924, 872, 835, 805, 757, 708 fRMS (ESI) calcd. feskBoNGs
(M+H) m/z = 436.2118; found 436.2120.

(B)-4-((3-(1-(2,5-Dimethylfuran-3-yl)-2-methylpropylidene)-2,5-dioxo-4-(propan-2-
ylidene)pyrrolidin-1-yl)methyl)-N-hydroxybenzamide (20)

A solution of NaOH (3ng, 0.91mmol, 8.0 eq.) in aqueous hydroxyl amine (&0 %,

309uL) was added dropwise to a solution of fulgimid(50mg, 0.11mmol, 1.0eq.) n
MeOH/THF (1:1, L) at 0°C. Then the mixture was stirred for 25 min at@ The
reaction was quenched with AcOH (52) and concentrateih vacuo Purification by
preparative HPLC (50987% MeCN in 26in, tr= 15.6min) afforded20 (13mg, 27%) as
slightly pink solid. £0.59 (CHCbH/MeOH 9:1); m.p. 92 °CH-NMR (60MHz, DMS&Qs)
d=11.16 (s, 1H), 9.01 (s, 1H), 7.70)&l8.3 Hz, 2H), 7.29 (3= 8.4 Hz, 2H), 6.14 (s, 1H),

4.71 (d,J= 2.5 Hz, 2H), 4.44 (sept 7.1 Hz, 1H), 2.23 (s, 3H12(s, 3H), 1.82 (s, 3H),

1.30 (s, 3H), 1.25 (d= 7.3 Hz, 3H), 0.77 (@ 6.9 Hz, 3H’GNMR (15IMHz, DMSQs)
d=167.2 (q), 167.2 (q), 163.9 (g, HMBC), 151.5 (q), 149.8 (q), 147.7 (q), 146.3 (q), 139.9
(a), 131.9 (q), 127.2 (+), 123.0(9), 128y 0 =2 MM pPM O6ljv X mMncdn O0bUL X
(+), 22.6 (+), 21.3 (+), 20.5 (+), 13.0 (+), 12.4 (+); IR (ne3958, 2960, 2930, 2874, 1744,
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1688, 1632, 1498, 1424, 1387, 1342, 1167, 1133, 1100, 962, 924, 902, 80HRMS
(ESI) calcd. for€HoN2Cs (M+H)Y m/z = 437.2071; found 437.2072.

2.4.2 Biological Investigations

Compounds3 (I = 312nm, 36.5min),6 (I = 312nm, 11min), 10 ( = 365nm, 7.5 min,
resulting PSS: 30948 (I = 365nm, 11min) and20 (I = 365nm, 11min) were irradiated
in a 10mM stock solution in DMSO to form the closed or byproduct isomers prior to the

biological assays, respectively.vitroassays were performed as previously describ&d.

2.4.3Molecular Docking

Crystal structures diHDAC1 (PDB ID 51G%N)nHDACG6 (PDB ID 5G8é#HhHDACS (PDB ID
2V5X¥8 and smHDACS8 (PDB 5FU#)were downloaded from the Protein Data Bank
PDB®J Protein preparation was done using Schrodinger's Protein Preparation \W%zard
by adding hydrogentams, assigning protonation states and minimizing the protein.
Ligands were prepared in MOE from smiles in neutral form. Multiple low energy
starting conformations were generated with MOE within an energy windowkeb&mol.
Molecular docking was pfarmed using the program Glide. The same protocol was
applied successfully in previous studi®sWater molecules were removed from the
protein structures beside one water molecule in HDACSG6 that is bridging the interaction of
the hydroxamate and the zinon in PDB 5G0Il. Compoun8sdyproduct 6 closed 18
closedand 20 closedwere generated in the possible stereoisomeric forms and were

docked in the neutral form.

In our previous study we found that rescoring the docking poses by using -&BIgA
protocol resulted in a significant correlation between calculated interaction energies and
in vitroinhibition data. Therefore, the same protocol was applied to the compsumder

study. To calculate the binding free energy, we used the AMBER12EHT force field
implemented in the MOE program together with the continuum solvation model GB/SA.
The experimentally observed geometries of the Zigdroxamate complexes were best
reproduced using this setup. Partial charges were fixed using the MOE Protonate3D tool

according to the used forekeld followed by a short minimization. To estimate the



binding free energy a minimizing of the protdigand complexes derived from the
docking was carried out. During complex minimization the heavy atoms of the protein
were tethered with a deviation of 0.4 (force constant (3/2) kT / (0.5)?). The complex
showing the lowest binding free energy was chosen for each inhibitor and HDAC isoform.
Usng this docking and rescoring protocol the experimentally derived structures of the

cocrystallized inhibitors oiHDAC6 (PDB ID 5G0iIHDAC8 (PDB 2V5X) asiddHDACS

Supporting Informatio

(PDB ID 5FUE) could be reproduced with an RMSD value belo.1.00

2.5 Supporting Information

Photochemical data
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Figure Sla)Changes in absorption spectra of DIE100uM in DMSO) upon continuous irradiation for O,
30, 60, 100 and 14€ with light ofl = 300nm until the PSS is reachdul). Cycle performance of DTID
(100uM in DMSO). Changén absorption at 536m were measured during alternate irradiation with light

of 300nm

Figure S2Absorption spectra of DTE2 (100uM in toluene/THF) open, after irradiation with= 312nm
for 60s and subsequent irchation withl =530nm for 60s.
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Figure S3a) Changes in absorption spectra of DSIE00uUM in DMSQO) upon continuous irradiation for 0,
6, 12, 18, 24, 36 and 48with light ofl = 312nm until the PSS is reachdn).Cycle performance of DTE
(100uM in DMSO). Changes in absorption at 488were measured during alternate irradiation with light
of 312nm for 48s and 470m for 1min.

a) b)
e R 45s @ 312 nm 4= open
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110s @ 312 nm
08} ——130s @ 312 nm 08}
160 s @ 312 nm
——190s @ 312 nm
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04 N\ 04
0.2F 0.2
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300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
A/ nm Al nm

Figure S4a) Changes in absorption spectra of BIBOOUM in DMSO) upon continuous irradiation for 48,
60, 92, 112, 132, 162, 192, 202 and 224&ith light ofl = 312nm until the byproduct is completely formed.
b) Comparison of the absorption spectra of the three occurring states/isomef open (blzk), PSS
(orange) and byproduct (red).
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Figure SSHPLEMS traces recorded at 2#8m of the three different states/isomers &f (tr Open isomer:
15.05min, m/z=354.1;&closed isomer: 13.4&in, m/z=353.9;#byproduct: 13.02min, m/z=354.0; black:

open isomer without irradiation; orange: PSS after si®f irradiation; red: byproduct after 220 of
irradiation). Upon reaching the PSS (orange) approximately 23% of the byproduct has already formed and
its formation is completed after 229 (red).
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Figure 8. a) Changes in absorption spectra of DBFE00UM in DMSQO) upon continuous irradiation for 0,
30, 60 (PSS), 80, 120, 300, 480 andss@yproduct) with light of = 312nm. b) Cycle performance of DTE
6 (100uM in DMSO). Changes in absorption at B2Bwere measured during alternate irradiation with
light of 312nm for 60s and 530Wm for 3min.
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a) b)
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Figure S7a) Changes in absorption spectra of fulgimit&(100uM in DMSO) upon continuous irradiation
for 0, 5, 10, 15, 20, 25, 30 and 8%vith light ofl = 365nm until the PSS is reachdwg).Cycle performance

of fulgimide 18 (100puM in DMSO). Changes in absorption at &&® were measured during alternate
irradiation with light of 3651m for 35s and 530hm for 5min.
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Figure S8a) Changes in absorption spectra of fulgim@(100uM in PBS with 1% of DMSO, pH=7.4) upon
continuous irradiation for 0, 5, 10, 15, 20 and22&ith light offi = 365nm until the PSS is reachds).Cycle
performance of fulgimid€0 (100uM in in PBS with% of DMSO, pH=7.4). Changes in absorption ahB82
were measured during alternate irradiation with light of 3&® for 25s and 530Wm for 10min.
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Figure S9a) Changes in absorption spectra of fulgimiB(100uM in PBS with 1% of DMSO, pH=7.4) upon
continuous irradiation for 0, 5, 10, 15, 20 and2®ith light offl = 365nm until the PSS is reachdy).Cycle
performance of fulgimidé8(100uM in in PBS with 1% of DMSO, pH=7.4). Changes in absorpfig@rat
were measured during alternate irradiation with light of 3@&® for 25s and 53tm for 10min.

Docking results and additional docking poses

Table S1Docking scores calculated fo{DAC1 (PDB ID 5ICN).

Entry Compound IGohHDACIuM]  plGohHDAC1 [kEa(I;}riiﬁ
1 3open 15+1 .2 4.82 -38.54
2 3 byproduct (R,R 26 £ 2.5 4.59 -

3 3 byproduct(S,$ 26 £2.5 4.59 -

4 6 open 4.2 +0.7 5.38 -35.05
5 6 closed(R,R 51+0.8 5.29 -37.25
6 6 closed(S,$ 51+0.8 5.29 -37.05
7 18 open 28.5+10.9 4.55 -37.48
8 18 closedR) 87.5 + 53.0 4.06 -29.52
9 18 closedS 87.5+53.0 4.06 -31.83
10 20 open 6.4+1.0 5.19 -41.57
11 20 closedR 5010 5.30 -42.80
12 20 closedS 50+1.0 5.30 -44.16
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Table S2Docking scores calculated floDAC6 (PDB ID 5G0lI).

Entry Compound |1Gso hHHDAG [pM]  plGohHDA® [kEa(IB/riiﬁ
1 3open 1.8 +0.2 5.74 -41.90
2 3 byproduct (R,R 3.9+0.2 5.41 -30.82
3 3 byproduct(S,$ 3.9+0.2 5.41 -30.12
4 6 open 0.213+ 0.018 6.67 -45.20
5 6 closed(R,R 0.297+ 0.041 6.53 -47.75
6 6 closed(S,$ 0.297+ 0.041 6.53 -47.86
7 18 open 1.8+0.5 5.74 -40.08
8 18 closedR) 6.1+1.7 5.21 -40.48
9 18 closedS 6.1+ 1.7 5.21 -41.77
10 20 open 0.047+ 0.032 7.33 -73.55
11 20 closedR 0.075+ 0.047 7.12 -72.90
12 20 closedS 0.075+ 0.047 7.12 -71.91
Table S3Docking scores calculated fofDACS8 (PDB ID 2V5X).
Entry Compound |1Go hHDA® [uM]  plGohHDA® [kiaﬁriiﬁ

1 3open 16 +0.6 5.80 -60.59
2 3 byproduct (R,R 2.7%+0.9 5.57 -

3 3 byproduct(S,$ 27+0.9 5.57 -

4 6 open 0.248+ 0.29 6.61 -67.62
5 6 closed(R,R 0.262+ 0.36 6.58 -65.18
6 6 closed(S,$ 0.262+ 0.36 6.58 -65.47
7 18 open 11+0.2 5.96 -63.56
8 18 closedR) 0.88+ 0.07 6.06 -63.49
9 18 closedS 0.88+ 0.07 6.06 -63.13
10 20 open 56+1.3 5.25 -58.40
11 20 closedR) 3.6+ 1.0 5.44 -60.62
12 20 closedS 36+1.0 5.44 -60.26
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Table S4Docking scores calculated femHDACS (PDB ID 5FUE).

Entry Compound IGo SMHDAG [uM]  plGosmHDAG [kiaﬁriiﬁ
1 3 open 1.6 £0.6 5.80 -60.59
2  3byproduct(R,R 2.7+0.9 5.57 -

3 3 byproduct(S,$ 27x0.9 5.57 -

4 6 open 0.248+ 0.29 6.61 -67.62
5 6 closed(R,R 0.262+ 0.36 6.58 -65.18
6 6 closed(S,$ 0.262+ 0.36 6.58 -65.47
7 18 open 11+0.2 5.96 -63.56
8 18 closedR) 0.88+ 0.07 6.06 -63.49
9 18 closedS 0.88+ 0.07 6.06 -63.13
10 20 open 56+1.3 5.25 -58.40
11 20 closedR 36+1.0 5.44 -60.62
12 20 closedS 36+1.0 5.44 -60.26

b) \

Figure S10Docking poses of DTEopenfor (HDAC64) andhHDACS8K). Only the interacting residues of

the binding pocket are displayed. The zinc ion is shown as brown ball. The water molecule bridging the
coordination to the zinc ion ia) is shown aged ball. Distances of the metal coordination and hydrogen
bonds are given in A and are shown as lines colored in magenta.
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P293

'\
D186 .

Figure S11Docking poses of DTEs ®HDACS8a) 6 opencolored dark greenb) 6 closed(R,R colored

cyan and6 closed(S,$ colored brown,c) 3 opencolored magenta. Only the interacting residues of the
binding pocket are displayed. The zinc ion is shown as brown ball. Distances of the metal coordination and
hydrogen bonds are given in A and are shown as lines colored imtaage
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Figure S12Docking poses of the fulgimi@®for h(HDAC1a) 20 opencolored greenb) 20 closedR) colored
blue and20 closed (S colored light grey The zinc ion is shown as brown ball. Distances of the metal
coordination and hydrogen bonds agéven in A and are shown as lines colored in magenta.
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Figure S13Docking poses of the fulgimide20(opencolored green20 closed(R) colored blue20 closed

(S colored light grey18 opencolored yellow18 closedR) colored cyan and8 closedS colored salmon)

for LHDACS. The zinc ion is shown as brown ball and the water molecule bridging the coordination to the
zinc ion is shown as red ball. Distances of the metal coordination and hydrogen bonds are given in A and are
shown as lines colored imagenta. The molecular surface of thelIDAC8 binding pocket i) andf) is

colored according to the hydrophobicity (hydrophobic regions are colored green, polar regions are colored
magenta).
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