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ABSTRACT: Epigenetic modi ers of the histone deacetylase

(HDAC) family contribute to autoimmunity, cancer, HIV | : R i |
infection, in ammation, and neurodegeneration. Hence, p
histone deacetylase inhibitors (HDACI), which alter protein
acetylation, gene expression patterns, and cell fate decisions,
represent promising new drugs for the therapy of these
diseases. Whereas pan-HDACI inhibit all 11 Zn**-dependent
histone deacetylases (HDACSs) and cause a broad spectrum of
side e ects, speci ¢ inhibitors of histone deacetylase 6
(HDACSi) are supposed to have less side e ects. We present
the synthesis and biological evaluation of Marbostats, novel
HDACS6:i that contain the hydroxamic acid moiety linked to tetrahydro- -carboline derivatives. Our lead compound Marbostat-
100 is a more potent and more selective HDACGi than previously established well-characterized compounds in vitro as well as in
cells. Moreover, Marbostat-100 is well tolerated by mice and e ective against collagen type 1l induced arthritis. Thus, Marbostat-
100 represents a most selective known HDACS6i and the possibility for clinical evaluation of a HDAC isoform-speci ¢ drug.

Marbostat-100

INTRODUCTION Vivo activity against histones.*® Targets of HDAC6 are HSP90,
tubulin, and other proteins that contribute to cancer develop-
ment and progression.*® Hence, agents that selectively target
HDAC6 could be valuable anticancer drugs.* Moreover,
HDACSGi inhibitors are assumed as a promising therapeutic
strategy in the treatment of neurodegenerative diseases.”®
Histone deacetylase inhibitors (HDACI) modulate protein
acetylation and thereby gene expression patterns, protein
stability, intracellular targeting of proteins, and other protein

Acetylation and deacetylation of histones signi cantly contrib-
ute to the packing of chromatin and thereby to the control of
gene expression. Acetylation/deacetylation cycles additionally
regulate physiologically important functions of non-histone
proteins.” * Acetylation of proteins is controlled by two types
of enzymes: Histone acetyltransferases (HAT) attach acetyl
groups to lysine residues of histone and non-histone proteins,
and histone deacetylases (HDACSs) catalyze the removal of

those acetyl groups."** functions. .

HDACs can be divided into four classes (I 1V): While class Due to the target structure, the classical pharmacophore
I, I, and 1V are zinc dependent, class IIl deacetylases need model for HDACi, exempli ed by SAHA (1) (Figure 1)
NAD" as a cofactor. Class 1l is further subdivided into two consists of (i) a zinc-binding group (ZBG) which chelates the

subgroups, lla (HDAC4, -5, -7, -9) and IIb (HDAC6 and central zing ion .and thus .inhibits the enzymatic activ'ity. of
-10).%2*5 HDACS belongs to class I1b and is mainly distributed HDACs, (ii) a linker passing through the hydrophobic ion
in the cytoplasm due to its nuclear export signal.” HDACS6 is
the only enzyme of the HDAC family that has two catalytically Received: November 8, 2017
active domains. It further became clear that HDAC6 has no in Published: March 28, 2018
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Figure 1. Schematic segmentation of the common pharmacophore of HDACI. (A) Typical pharmacophore of HDACI (left) which is designed
according to acetylated lysine, i.e., the biological substrate. The cap group (red) binds at the entrance of the HDAC catalytic cleft, a linker interacts
with the cleft, and the polar ZBG group (blue) chelates the catalytically active zinc ion in the HDAC pocket.” These structures are exempli ed by the
FDA approved HDACi SAHA (1), tubacin(2), or tubastatin (3). (B) Structures and general structures of compounds investigated (4 15). To
obtain isoenzyme selectivity, di erent tetracyclic bulky head groups were investigated. Modi cations of head 2 were performed in the following.

channel, and (iii) a surface recognition region (head group)
interacting with amino acid residues at the substrate binding
site.**'° Clinical problems that arose with pan-HDACi, which
inhibit all Zn**-dependent HDACs, were due to an associated
broad spectrum of side e ects.™ In contrast, HDACSi are
supposed to have less side e ects® because HDAC6 knockout
mice are fully viable and healthy throughout their lives.*” The

rst selective HDACSi reported was tubacin 2,** but it has a
non-drug-like structure with a high lipophilicity (CLOGP =
6.36 ) and a high molecular mass. However, as a research tool
it contributed to information about structure activity-relation-
ships (SARs) for the generation of better HDACG6-selective
compounds.”*® Due to the fact that HDAC6 has the largest
active binding site within the HDAC family, selectivity for
HDACS6 can arise from interactions between a bulky head
group and sgeci ¢ amino acid residues within the substrate
binding site."”** Butler, Kalin et al.** rst synthesized tubastatin
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A (3), and they characterized further HDACG6-selective
compounds with a tetrahydro- - or tetrahydro- -carboline
structure, showing a very good activity and a high selectivity
for HDAC6 (over 1000-fold versus HDAC1).***

Most of the currently available HDACGi co-inhibit other
HDAC:s and cause lethal e ects instead of a genuine inhibition
of HDACSG. The co-inhibition of other HDAC-family members
has led to misinterpretations regarding the biological roles of
HDAC6 (e.g., see ref 18), and cytotoxic events prevent the
interpretation of HDACG6 functions in vital cells. While several
agents target HDACG6 in the nanomolar range in vitro,
biological e ects are often only described for micromolar and
even higher doses, which may additionally block other HDACs
(e.g., refs 19 22). However, promising e ects against
pancreatic cancer cells have been achieved with drugs targeting
HDAC6 and HDACS3 in the nanomolar range.® One has to
consider the caveat that recently developed drugs that may
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Scheme 1. Synthesis of 5a f by Modi cation of Head Group 22
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@Reagents and conditions: (a) MeCN, EtN(isopropyl),, 2,5-dioxopyrrolidin-1-yl methylcarbamate (18), rt, 16 h; (b) dioxane, Cs,COs, 110 °C, 2 h;

(c) (i) DMF, NaH, 0 °C, 15 min; (ii) rt, 1 h; (d) Pd/C, H,; (¢) 2-butanone, 4-(2-chloroethyl)morpholine hydrochloride (23),
rt. Following in principle the same synthetic pathway, compound 10, bearing head group 4, was

30 min; (g) DMF, rt, 2 3 h; (h) MeOH, HCI
prepared.

aq.)

,4d; () TFA 1t

speci cally impair HDAC6 have often not been tested against
all other Zn?*-dependent HDACs.

We developed present novel, highly selective, and very active
inhibitors of HDAC6. These are based on a modi ed
tetrahydro- -carboline function, incorporating a hydantoin
increment as the elementary part of the head group. We
attached this group to a hydroxamic acid by di erent benzyl
linkers. Our new inhibitors are genuine HDACGi that re ect
the benign phenotype of HDAC6 knockout mice. Furthermore,
they act very fast, in the nM range, and more potently and, to
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the best of our knowledge, more selective than most previously
established agents targeting HDAC6.">*

HDACI are also able to ameliorate in ammatory processes
and conditions in vitro and in vivo. Various studies show the
possibility of treating in ammatory conditions, like arthritis,
with HDACI. Often, bene cial e ects are based on reduced
cytokine responses that are derived from human peripheral
blood mononuclear cells under inhibition of multiple
HDACs,** class | HDACs” HDAC3*° and HDACS.*’
Other cell types that are relevant for the pathogenesis of RA,

DOI: 10.1021/acs.jmedchem.7b01593
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Scheme 2. Synthesis of -Marbostat-100 11 Bearing an Angular Fused Hydantoin Increment®

28

#Reagents and conditions: (a) DMF, NaH, tert-butyl 4-(bromomethyl)benzoate (21); (b) NH,OAc, CH3NO,; (¢) CHCI;, iProp, NaBH,, SiO,; (d)
(i) HOAc, Zn, (i) NH,OH, (iii) THF, HCI; (e) MeOH, SiO,, ethyl glyoxalate; (f) (i) MeCN, EtN(iProp),, 25-dioxopyrrolidin-1-yl

methylcarbamate (18), rt, 16 h, (ii) Cs,CO;, dioxane,

; (g) CFCOOH; (h) DMF, BOP (25), NH,OTHP (26), 1t, 2 3 h; (i) MeOH, HCl,g,, rt.

like broblast-like synoviocytes (FLS)?® and chondrocytes,>
display decreased in ammatory responses under unspeci ¢
HDAC inhibition by trichostatin A or givinostat as well.
However, pan-HDACi may also cause undesired e ects due to
a feedback loop, in which the proin ammatory cytokines TNF
and IL-1 downregulate HDACS5 expression in RA-FLS.*

Of note, emerging evidence suggests bene cial e ects of
HDACG6i for the treatment of chronic immune and
in ammatory disorders. As demonstrated with the HDACGi
tubastatin A (3) in a mouse model, anti-in ammatory and
antirheumatic e ects can be obtained by modulation of
HDACG6 activity, at least in part, by modulating IL-6
expression.”* However, tubastatin A (3) was recently described
to inhibit HDAC10,"® making an interpretation of HDACS as a
drug target in arthritis animal models di cult. A caveat of this
study?" is that tubastatin A (3) also inactivates other HDACs at
the high doses that were used to collect the data.

Here we present novel HDACG6i with superior pharmaco-
logical and toxicological properties in vitro, in cells, and in an
animal model of rheumatoid arthritis.
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RESULTS

Chemistry. The general synthetic strategy to obtain
derivatives bearing head group 2 and derivatives thereof and
head group 4, which contains an additional benzene ring, is
shown in Scheme 1. The methyl 2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-4-carboxylate hydrochlorides 16a d**
and 17 were accessible according to literature procedures
(see also Supporting Information Schemes S4 and S7).3* %

The six-membered D-ring can be obtained by reaction of
16a d with 2,5-dioxopyrrolidin-1-yl methylcarbamate (18) and
subsequent cyclization of the methyl 2-(methylcarbamoyl)-
2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-4-carboxylates 19a
d to yield 20a d.

As shown in Scheme 1, introduction of the benzyl spacer
bearing a hydroxamic acid as a Zn?*-chelating function was
performed in four steps: Alkylation of the indole nitrogen using
tert-butyl 4-(bromomethyl)benzoate (21)* led to 22a d. The
benzyloxy derivative 22¢ was further modi ed to give 22e and
22f. Acidic removal of the tert-butyl protecting group to form
24a f, BOP 25 catalyzed amidation with NH,OTHP 26, and
acidic cleavage of the resulting acetals 27a f nally led to the
target compounds 5a f.

DOI: 10.1021/acs.jmedchem.7b01593
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Scheme 3. Synthesis of 12, an Inhibitor Based on the Basic Structure 4-Methyl-4,5,6,11-tetrahydro-2,6-
methano[1,3]diazocino[5,6-b]indole-3(1H)-one®
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CF;COOH, CH,Cl,, 35 h, 1t; (f) THF, BOP, NH,OTHP, t, 2 3 h; (g) MeOH, HClipqp, It.

Scheme 4. Synthesis of Inhibitors Based on the 4-Methyl-3,4,6,11-tetrahydro-2,6-methano[1,3]diazocino[5,6-b]indole-5(1H)-
one, with Basic Structure Exempli ed by Compounds 14a and 14b®
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®Reagents and conditions: (a) (CH,0), CH;0H, 70 °C, 2 h; (b) NaH, THF, rt, 30 min; (¢) NH,OH, CH,OH, KOH, 0 °C.

The structure of 5a, hereafter named Marbostat-100, was
con rmed by X-ray structure analysis, in addition to character-
ization by *H and 3C NMR spectroscopic data.

In principle by the same way the fusion of the 4-methylen-N-
hydroxybenzamide element taken from tubastatin A (3) and
head groups 1 4 was performed (Figure 1, n = 0). For head

groups 2 and 3 an elongation of the spacer was investigated in
addition (n = 1). Moreover, we introduced the hydantoin
increment at the tetrahydro- -carboline structure (head group
5, -Marbostat, 11) to compare this system with tubastatin A
(3) and Marbostat-100 (5a). Because of tautomerism of the
hydantoin ring system followed by alkylation of the oxygen of

DOI: 10.1021/acs.jmedchem.7b01593
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Scheme 5. Synthesis of 16, the Thiourea Derivative of Marbostat-100 (5a)*
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Scheme 6. Synthesis of 13, a Thioamide Derivative of Marbostat-100 (5a)
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the amide group, we modi ed the synthetic route as shown in
Scheme 2.

In the enzymatic as well as in the cellular assays Marbostat-
100 (5a) exhibited the most potent and selective HDAC6
inhibitory activity. Therefore, to investigate the pharmacophore
requirements for compounds based on this lead structure in
more detail, derivatives by modi cation of the D-ring system
were prepared. Hereby we focused on the in uence of the
carbonyl functions, structural elements that are lacking in the
original parental structure of tubastatin A (3). To obtain
derivative 12, lacking the amide carbonyl group as well as
derivatives 14a and 14b without the urea carbonyl group
(Figure 3), the synthetic routes were slightly modi ed as shown
in Schemes 3 and 4.

To obtain 12, in the rst step methyl 2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-4-carboxylate (16a) was transformed to
the amide 37a by treatment with methylamine in methanolic
solution (Scheme 3). In the same way 37b as an intermediate
was obtained. 37a was reduced using LiAIH,, and the urea

3459

structure in 39 was formed by CDI. The benzylic linking
element was introduced by alkylation with tert-butyl 4-
(bromomethyl)benzoate (21).%° After acidic cleavage of the
tert-butyl benzoate 40 the hydroxamic acid was introduced in
two steps as shown.

To obtain derivatives without the urea carbonyl group
(Scheme 4), the amides 37a and 37b were treated with
formaldehyde 43 to form the methylene bridged D-ring system
(44a, 44b). After alkylation with methyl 4-(bromomethyl)-
benzoate 45 the hydroxamic acids (14a, 14b) were formed
from the methyl esters 46a and 46b using hydroxylamine in
alkaline solution.

The thiourea analog of Marbostat-100 (5a), compound 15
(Figure 3), can be obtained by alkaline cleavage of the ester
164, reaction of the resulting 2,3,4,9-tetrahydro-1H-pyrido[3,4-
blindole-4-carboxylic acid (47) with methyl isothiocyanate,”
and ring closure by use of CDI,*® followed by the steps used for
the synthesis of Marbostat-100 (5a) (Scheme 5).

DOI: 10.1021/acs.jmedchem.7b01593
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Scheme 7. (A) Enantioselective Synthesis of (R)- and (S)-Marbostat-100 and (B, C) Structures of 62a and 62b®

A O
-\
BALFa 1 g O @ + O)/{ﬂ o ghOn  BAMFas
. N — "
N3 N H NO, NS N
H 57a 58 H
= =
59a 59b
BAI’4F24- =
tetrakis[3,5-bis(trifluoromethyl)
1) \ ﬁ phenyl]borate
o 0P 0.0 o
-, H H /\o
H NO2 )
2-steps 2-steps NO
N -~ N L o =2 H
H 60a:R/S H x HCI N x HCI N
>995:05 60b: S/R
H
62a: R/S 62b: S/R >995:05
>98:2 >08:2
¢ 6-steps

H 0 ¢ 6-steps
” N~
Q0

(R)-Marbostat-100 (R-5a)

o}

o
_ JH

e
o%ibfp

(S)-Marbostat-100 (S-5a)

3The enantiomeric excess was determined by HPLC analysis. To con rm the stereochemistry, structures of (R)-ethyl 2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-4-carboxylate (62a) crystallized with ( )-di-p-toluolyl-L-tartaric acid from MeOH (B) and of (S)-ethyl 2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-4-carboxylate (62b) as a hydrobromide (C) respectively were determined by X-ray di raction analysis.

Moreover, thioamide derivative 13 (Scheme 6) was prepared
by reaction of 20a with Lawesson’s reagent, and the resulting 4-
methyl-3-thioxo-3,4,6,11-tetrahydro-2,6-methanoindeno[2,1-¢]-
[1,3]diazocin-5(1H)-one (53) was transformed to the nal test
compound 13 in four steps.

To investigate the in uence of the stereochemistry of head
group 2 on the biological activity, a stereoselective synthesis of
Marbostat-100 (5a) by chiral catalysis®® was developed. By use
of 1.5 equiv of indole (57a) and an enhanced catalyst loading of
25 mol % of the respective catalyst 59b prepared in situ, the
reported enantiomeric excess of 95% for the formation of (S)-
ethyl 2-(1H-indol-3-yl)-3-nitropropanoate (60b)*° by coupling
of 57a with 58 was optimized to an enantioselectivity of 99%.
Following the same protocol, also the enantiomeric R-derivative
60a was obtained in a yield of 50% and an ee of 99%. On the
basis of the synthetic route shown in Scheme 7, the synthesis of
(R)- and (S)-Marbostat-100 (R-5a and S-5a) was performed
from 60a and 60b in the following as shown in the Supporting
Information Scheme 8. To avoid racemization at least in part at
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the CH acidic stereocenter, the reaction conditions were
modi ed.

HDAC6 Inhibition and Selectivity of Marbostat-100
and Derivatives. We synthesized a series of hydroxamic acids
bearing tetrahydrocarbolines as parts of di erent tetracyclic
head groups and investigated whether di erent linker groups
enhance HDACS selectivity which was derived from K; values
of HDAC6, HDAC2, and HDACS inhibition measured in
assays using recombinant puri ed human HDAC proteins.

All compounds inhibit HDAC6 preferentially (Table 1).
Compound 4 (Figure 1), featuring a methylene-bridged
tetrahydro- -carboline in conjunction with a benzyl linker,
has an HDAC6 K; value of 6.51 nM with approximately 940-
fold selectivity for HDAC6 over HDAC2. Modi cation of the
D-ring system and introduction of a hydantoin increment
(Figure 3) combined with the addition of a benzyl linker led to
Marbostat-100 (5a) with a K; of 0.7 nM for HDAC6 and
conserved selectivity for HDACG (Table 1). S-5a represents the
eutomer (K;, 0.7 nM), but the eudismic ratio amounts to only
0.35 (K; of R-5a is 2.01 nM) (Table 1).

DOI: 10.1021/acs.jmedchem.7b01593
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Table 1. K; Values [nM] for HDAC Subtypes HDAC2, HDAC6, and HDAC8 Compared to the Pan-HDACI Trichostatin A
(TSA) (Enzymatic Inhibitory Activities)®

Head group 1 Spacer Cpd. No. HDAC2 HDAC6 HDACS

Q@ K@\(n 4 6097 6.51 1540
N “OH

z
7

/
N ~
>=Q
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N H
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o
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N o
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Tubastatin A >1130 7.56 1697

2Compounds were tested in a 10-dose 1Cs, mode with 3-fold serial dilution starting from 100 M solutions for HDAC2 and HDACS and starting
from 1 M solutions for HDACS. I1C5, values were extracted by curve- tting of the dose/response slopes, and K; values were calculated from the
respective 1Cs, values, determined in duplicate, according to the Cheng Pruso equation®® as given in the Supporting Information. TSA was used as
an internal standard. ND: not determined. Assays were performed by Reaction Biology Corporation, USA.
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Table 2. In uence of the Stereochemistry and of Modi cations of Head Group 2 in the Enzymatic Fluorescence Assay on
Inhibition of HDAC Subtypes HDAC2, HDACS6, and HDACS (K; [nM])?

Modifications of head group 2 Cpd. No. HDAC2 HDAC6 HDACS
/
x—N{
Y
7 N
ki N
R ] N
o]
NHOH
R X Y
8-OCHj; C=0 Cc=0 5b 310 0.15 124
8-0-Bz C=0 Cc=0 5¢ ND 0.08 ND
8-OH C=0 Cc=0 Se ND 0.42 ND
8-(2-morpholinoethoxy) c=0 =0 sf 313 048 71
x HCI
9-OCH; C=0 Cc=0 5d 70.8 0.32 93.3
H CH, Cc=0 12 484 0.51 528
H C=0 CH, 14a 1356 0.23 427
8-OCHj; C=0 CH, 14b 370 0.16 299
H C=s Cc=0 13 943 0.88 701
H C=0 C=S 15 469 0.45 40.4

#Compounds were tested in a 10-dose 1Cs, mode with 3-fold serial dilution starting from 100 M solutions for HDAC2 and HDACS and starting
from 1 M solutions for HDACS. IC5, values were extracted by curve- tting of the dose/response slopes, and K; values were calculated from the
respective 1Cs, values, determined in duplicate, according to the Cheng Pruso equation®® as given in the Supporting Information. TSA was used as
an internal standard. ND: not determined. Assays were performed by Reaction Biology Corporation, USA.

Table 3. Enzyme Inhibition Data (K; [nM]) for Marbostat-100 HDAC Subtypes HDAC1, HDAC2, HDAC3, HDAC4, HDACS,
HDACS6, HDAC7, HDACS8, HDAC10, and HDAC11 Compared to the Pan-HDACIi TSA and the Highly Potent, Selective and
Cell-Permeable Class 1la HDAC Inhibitor TMP 269,*" as Reference Compounds®

HDAC subtype

compd 1 2 3 4 5 6 7 8 10 11
Marbostat-100 (5a) 358 774 306 1821 701 0.7 442 173 452 495
TSA 0.64 355 0.84 ND ND 0.58 ND 145 476 401
TMP 269 ND ND ND 90.5 86.9 ND 46.3 2706 ND ND

#Compounds were tested in a 10-dose 1C5, mode with 3-fold serial dilution starting from 100 M solutions for all HDAC subtypes and starting from
1 M solutions for HDACS. I1Cg, values were extracted by curve- tting the dose/response slopes, and K; values were calculated from the respective
IC5, values, determined in duplicate, according to the Cheng Pruso equation“’ as given in the Supporting Information. TSA and TMP 269 were
used as an internal standard. ND: not determined. Assays were performed by Reaction Biology Corporation USA.

Connecting the tetracylic head group 2 with a para- or ortho- preference for HDACS6. Elongation of the linker possibly
substituded cinnamic acid N-hydroxamide (compounds 6 and compensates steric hindrance due to the head group and allows
7, Table 1) signi cantly reduces HDACG6 inhibition and better penetration into the catalytic channel rim. As expected,
selectivity. The angular fused D-ring system in compounds 8 the carboxylic acid 24a (Scheme 1), the analogue of Marbostat-
and 9 lowers activity compared to the bridged tetracylic system 100 (5a) lacking the hydroxamic acid as Zn?*-chelating group,
of Marbostat-100 (5a), probably because of steric hindrance. showed no activity on HDAC2 and HDACS6 and a signi cantly
Reduced activity can also be observed for compound 10, where reduced potency on HDACS.
an additionally fused E-ring might hinder penetration of the Marbostat-100 (5a), the most potent compound in this
drug to the channel rim. The para-substituded cinnamic acid N- series, served as lead for further modi cations of head group 2.
hydroxamide in the case of 9 enhances activity at HDAC2, The introduction of a methoxy group at C-8 enhances activity

HDACS6, and HDAC8 compared to 8, but there is still a toward HDACSG in the enzymatic assay (5b, 14b) (Table 2).
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Figure 2. Probable binding mode of Marbostat-100 at CD Il of human HDACS. Detailed interactions of (A) (R)-Marbostat-100 and (B) (S)-
Marbostat-100 with HDACS. Shown are all amino acids within 3.5 A around the inhibitor; atom colors: N, blue; O, red; Zn%*, magenta; C and polar

H of Marbostat-100, gray; of HDACS, cyan; backbone of the binding site, light cyan ( -helices and

-strands, ribbons, loops, tubes); w, water

molecules; hydrogen bonds, red dashed lines. (C) Binding site represented by the lipophilic potential mapped onto a MOLCAD Connolly surface
(hydrophabic areas, brown; polar areas, green and blue), (R)- and (S)-Marbostat-100, ball and stick models (for clarity, the phenylhydroxamic acid

moiety of (S)-Marbostat-100 is not shown).

Substitution at C-8 by OH (5e) and by bulkier benzyloxy (5¢)
or 2-morpholinoethoxy (5f) groups is also tolerated as well as a
methoxy substituent at C-9 (5d). Replacing one of the carbonyl
moieties by a sulfocarbonyl or a CH, group does not
signi cantly a ect HDACS inhibition (13, 14a, 14b, 15).

To further validate the selectivity of this series of
compounds, Marbostat-100 (5a) was pro led against a broader
panel of isoenzymes. As shown by the data in Table 3,
Marbostat-100 (5a) exhibited signi cant selectivity for HDAC6
over all nine Zn?*dependent HDAC isoenzymes investigated,
ranging from about 250-fold vs HDAC8 to 2600-fold vs
HDAC4. The HDACS selectivity of tubastatin A (3), the most
selective inhibitor to date, in contrast is about 150-fold (vs
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HDACS) with respect to the K; values determined in our test
system.

Binding Mode of Marbostat-100 (5a). Recently,
Christianson et al.*** released 18 crystal structures of
HDACS6 (one human catalytic domain (CD) I, one zebra sh
CD 1, 16 zebra sh CD II), mostly in complex with an inhibitor
or a substrate analogue, in the Brookhaven Protein Databank
(PDB). The ultrahigh resolution structure of zebra sh HDACG6
CD Il (PDB code 5WGK) in complex with N-hydroxy-4-[[(2-
hydroxyethyl) (phenylacetyl)amino]methyl]benzamide is most
suited for docking approaches, since CD Il is the major
functional catalytic domain of HDAC6** and since the hinding
mode of the phenylhydroxamic acid moiety is provided.**
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Figure 3. Structure activity relationship of 5a and derivatives. The urea carbonyl function (magenta; compounds 12 and 13) is essential for cellular
activity. Compounds 14a and 14b exhibit a methylene group, respectively, and 15 exhibits a sulfur instead; they lack activity on the cellular level.

Although the sequence identity of human and zebra sh
HDACS6 amounts to only 40%, the latter species isoform may
be used for docking of Marbostat-100 because of 100%
identical binding sites and a root-mean-square deviation of the
backbone of 13 amino acids within 3.5 A around Marbostat-100
of only 0.27 A.

Considering that the K; values of (R)- and (S)-Marbostat-100
di er by a factor not greater than 2.9 (Table 1), both
enantiomers were manually docked in energy minimum
conformations close to the X-ray structure (Supporting
Information) retaining the binding mode of the phenyl-
hydroxamic acid moiety present in the PDB structure
5WGK.** The detailed binding modes are shown in Figure 2
(amino acid numbers correspond to human HDACG). Both
isomers do not di er with respect to the docking mode of the
hydroxamic acid moiety and the benzyl linker. The former
binds in a rather unusual monodentate hydroxamate-Zn?*
coordination mode.**** The Zn?* ion is coordinated with
D649, H651, and D742 (Zn?*-O/N distances of 2.0 A), with
a catalytic water molecule and with the hydroxylamine oxygen
of Marbostat-100 (5a) (distance 2.0 A). The hydroxylamine
oxygen forms a hydrogen bond with the hydroxy group of
Y782. Furthermore, the catalytic water molecule links H610,
H611, and the amide oxygen of the hydroxamate group via
hydrogen bonds. The benzyl linker penetrates a partially
hydrophobic channel (Figure 2) and contacts the side chains of
F620, F680, and Y782 as well as G619.

The “surface recognizing cap group” of both isomers,
represented by the 4-methyl-6,11-dihydro-2,6-methano[1,3]-
diazocino[5,6-b]indole-3,5(1H,4H)-dione moiety, is optimally
tted onto the entrance of the binding pocket. Figure 2C shows
an extended hydrophobic surface region, mainly formed by
P501 and L749, and a small hydrophobic cavity with F679 at
the bottom. In the case of the (R)-isomer, the 4-methyl group
ts between P501 and L749, and the diazocino moiety contacts
P501 and F620. The phenyl plane covers the cavity forming van

3464

der Waals contacts with H651 and F680. The (S)-isomer binds
in a laterally reversed position. The phenyl plane faces P501,
L749, and F620. The edge of the diazocino moiety contacts the
phenyl planes of F679 and F680, and the 4-methyl group ts
between the side chains of F679 and L749. Both carbonyl
groups may be involved in water-mediated hydrogen bonds
with the imidazolyl NH of H651 and the backbone O of L749
on one hand and with the backbone O of P748 on the other
hand. Possibly, these additional interactions account for the
slightly higher a nity of the (S)-isomer (eutomer). Both
binding modes correspond to the structure activity relation-
ships of Marbostat-100 derivatives substituted at the phenyl
moiety (Table 1), since the substituents may project into the
solvent, leading to only small variations of the a nity.
Moreover, at least one diazocino carbonyl group may be
exchanged by a thiocarbonyl moiety or by CH, without
signi cant e ects on interactions.

Characterization of the Novel HDACi in Cellular
Systems. Having assessed the activities of Marbostat-100
(5a) and further derivatives in vitro (Tables 1 and 2), we tested
these compounds for biological activities. HDAC6 has a
number of di erent cytosolic substrates, such as -tubulin,
HSP90,*> -catenin,® and Akt*” A reliable marker for the
inhibition of HDACS is hyperacetylation of tubulin, as tubulin
is a bona de target of the cytoplasmic HDACS in cells.* We
assessed this parameter by Western blot. Due to the high
relevance of HDACS in hematopoietic cells,* we used such cells
for our assays.

To de ne structural requirements for a potent inhibition of
HDACS in vivo, we analyzed Marbostat-100 (5a) and some
derivatives thereof (5b f, 12, 13, 14a, 14b, and 15). We
applied these agents to exponentially growing human MV4-11
cells, which are derived from an acute myeloid leukemia case.*®
In contrast to the enzymatic in vitro test, a signi cant structural
dependency on the modi cations of head group 2 can be
observed in cellular assays (Table 1). We found that the urea
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Figure 4. Potency of Marbostat-100 (5a). (A) MV4-11 cells were treated with 5, 20, 50, 100, 250, 500, and 1000 nM Marbostat-100 or 5 M MS-
275 (24 h). (B) Densitometric analysis of ac-tubulin/HSP90, ac-tubulin, acetylated tubulin. (C) MV4-11 cells were treated with 0.05, 0.5, 1, 2, 4, 5,
and 10 M Marbostat-100 or 5 M MS-275 (24 h). (D) Densitometry of ac-Tubulin/HSP90. (E) MV4-11 cells were treated 10 30 min, 1, 2, 16,
24, and 48 h with 50 nM Marbostat-100 or 24 h with 5 M MS-275. (F) Densitometry of ac-tubulin/HSP90. (G) HEK293T cells were transfected
with pcDNA3-HDAC6-FLAG or pcDNA3.L. Cells were incubated with 500 nM Marbostat-100 (48 h). Immunoblot was done as indicated.
HDACG6* is a higher exposure for the detection of HDAC6. (H) MV4-11 cells were treated with 50 nM Marbostat-100, LBH589, or tubastatin A as
indicated. (I) MV4-11 cells were treated with 50 nM, 500 nM, and 1 M Marbostat-100, 5 M tubastatin A, 5 M MS-275, 30 nM or 50 nM
LBH589 for 24 h. Cells were stained with propidium iodide and analyzed by ow cytometry. (J) Male DBA/1J mice were treated with 0.6 mg
Marbostat-100 for 2.5 h. Organs were stored at 80 °C. Livers and kidneys were analyzed by imunoblot. All gures shown are representative for at

least two independent experiments.

carbonyl function in the D-ring system (Figure 3) is essential to
block HDAC6, as shown by the induction of tubulin
hyperacetylation mediated by compounds 5b, 5d, 12, and 13.
Compounds 14a, 14b, and 15 lack this structural element
(Figure 3) and fail to inhibit HDAC6 (Figure S1A).
Compounds 12 and 13, which possess one urea carbonyl
function, exhibit slightly reduced activity in comparison to
Marbostat-100 (5a) and its derivatives 5b and 5d with two
carbonyl groups. The 8-(morpholineethoxy) derivative 5f with
enhanced solubility as well exhibits conserved selectivity and
conserved potency.
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To ascertain the selectivity of Marbostat-100 (5a) for
HDACS6, we probed for histone hyperacetylation. HDAC6-
speci ¢ drugs should not induce this posttranslational
modi cation because HDACG6 does not recognize histones as
substrates in vivo.*® Since class | HDACs catalyze the removal
of the acetyl group from histones,* we included the benzamide
HDACI MS-275 (entinostat) as test compound. MS-275 only
inhibits class | HDACs and can be used as a positive control for
histone hyperacetylation.”®>* Potent accumulation of hyper-
acetylated tubulin and a lack of histone hyperacetylation are
observed for both enantiomers of Marbostat-100 (5a) (Figure
S1b).
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Figure 5. Clinical, histological, and radiological e ects of Marbostat-100 treatment in collagen-induced arthritis (CIA). (A C) Clinical arthritis score
(A), paw thickness (B), and body weight (C) of mice treated with vehicle or Marbostat-100 (5a) (n = 15 per group, mean =+ standard error).
Asterisks indicate signi cance (p < 0.05, two-way ANOVA). (D) Histological arthritis score of mice in (A) (n = 6 per group analyzed). Box plots
demonstrate 10th (whisker), 25th, 50th (median), 75th, and 90th (whisker) percentile. Every dot represents the mean of replicate determinations in
one animal. Mann Whitney test was used to compare groups. (E J) Representative DMMB staining of joints in mice from (A). Magni cation
x100. Arrowheads indicate synovial in ammation and cellular invasion, abd arrows indicate degradation/erosion of cartilage/bone, exemplarily
shown for vehicle. (K) Clinical arthritis score of mice treated with vehicleor compound 5f (n = 10 per group). Stars indicate signi cance (p < 0.05,
two-way ANOVA). (L) Ratio BS/BV as an indicator of bone erosion in hind paws from mice in (K). Every dot represents the value of one paw.
Outliers beyond group mean + 2.0SD were excluded. Mann Whitney test was used to compare groups. (M P) Representative microcomputed
tomography images from treated and control mice. Abbreviations: p.i., postimmunization; BS, bone surface; BV, bone volume; DMMB, 1,9-
dimethylmethylene blue; n.s., not signi cant.
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Since the data above illustrate that Marbostat-100 is the most
e ective new HDACSGi in enzymatic tests and in cells, we
focused our following analyses on this compound. We treated
MV4-11 cells with5 nM to 1 M Marbostat-100 (5a) for 24 h.
Western blot analyses revealed that 50 nM Marbostat-100 (5a)
evoked the accumulation of hyperacetylated tubulin potently
(Figure 4A,B). These in vivo ndings con rm the in vitro data
from the biochemical uorescence assays (Table 1), which
identify Marbostat-100 (5a) as potent HDACG6i. The roughly
10-fold di erence between the e cacy of Marbostat-100 in
vitro and in cells positions Marbostat-100 as a highly potent
new HDACSi. Such di erences between drug activity in vitro
and in cells are typically also seen with highly potent tyrosine
kinase inhibitors.

Next, we determined the e ects of Marbostat-100 (5a) in
higher dose ranges. We treated MV4-11 cells with doses from
50 nM to 10 M Marbostat-100 (5a). Lysates of these cells
were tested for hyperacetylated tubulin (Figure 4C,D). While
all doses cause an accumulation of hyperacetylated tubulin,
even high doses of Marbostat-100 (5a) do not trigger a
hyperacetylation of histones, which veri es Marbostat-100 as a
very speci ¢ HDACSGi (Figure 4C). Only a concentration of 10

M leads to a degradation of HDACS; this e ect is not linked
to a further increase in the acetylation of tubulin (Figure 4C).
In contrast, MS-275 induces hyperacetylated H3 in MV4-11
cells (Figure 4A).

To exclude cell-type dependent e ects, we additionally tested
Marbostat-100 (5a) in the human leukemia cell lines Jurkat,
HEL, and BV173 and in the human embryonic kidney cell line
HEK293T. Results collected in these systems con rm that
Marbostat-100 (5a) is an inhibitor of HDAC6 at nanomolar
concentrations (Supporting Information Figure S2A F).

Subsequently, we analyzed the kinetics of tubulin hyper-
acetylation in Marbostat-100 (5a) treated MV4-11 cells. These
were incubated with 50 nM Marbostat-100 (5a) for 10 min up
to 48 h. Already after 30 min, Marbostat-100 (5a) causes an
accumulation of hyperacetylated tubulin in MV4-11 cells
(Figure 4E,F). To con rm these results, the same tests were
performed in BV173 cells and yielded similar observations
(Supporting Information, Figure S2G,H).

To further ascertain the speci city of Marbostat-100 (5a), we
used a HEK293T cell overexpression model using HDAC6-
FLAG and pcDNA3.1 as empty vector control. When we
treated these cells with increasing doses of Marbostat-100 (5a),
we noted that no further increase in tubulin acetylation could
be detected with concentrations above 500 nM Marbostat-100
(5a) (Supporting Information, Figure S2I). We therefore
treated the transfected HEK293T cells with 500 nM Marbostat-
100 (5a). As expected,” the overexpression of HDAC6 reduces
the levels of endogenous tubulin acetylation (Figure 4G).
Treatment of HEK293T cells expressing pcDNA3.1 or
HDAC6-FLAG with Marbostat-100 (5a) augments the
acetylation of tubulin (Figure 4G). These data con rm that
Marbostat-100 (5a) can antagonize HDACG6-dependent e ects
in vivo.

Tubastatin A (3) (Figure 1) is currently one of the most
frequently used drugs to inhibit HDAC6." Therefore, we
compared Marbostat-100 (5a) with tubastatin A (3) and with
LBH589 (panobinostat). The hydroxamic acid and pan-HDACI
LBH589 is currently tested in several clinical trials and one of
the most potent pan-HDACi.** Remarkably, at equimolar
doses, Marbostat-100 (5a) is superior to tubastatin A (3)
regarding both the strength and the duration of tubulin

3467

hyperacetylation in MV4-11 cells (Figure 4H). Tubastatin A
(3) only leads to a similar hyperacetylation of tubulin as
Marbostat-100 (5a) when used in100-fold higher concen-
trations than Marbostat-100 (5a) (50 nM Marbostat-100 (5a)
vs 5 M tubastatinA (3)) (Supporting Information, Figure
S2J). Thus, Marbostat-100 (5a) is superior over tubastatin A
(3). In comparison to LBH589, one of the most potent pan
HDACi that is also highly active against HDAC6,°>*
Marbostat-100 (5a) evokes the hyperacetylation of tubulin
more rapidly and e ciently. In addition, the treatment with
LBH589 induces acetylated histone H3 and a degradation of
HDACG6 after 24 h (Figure 4H). An equimolar dose of
Marbostat-100 does not produce this proteolytic e ect (Figure
4H).

On the basis of these ndings, we tested if Marbostat-100
(5a), tubastatin A (3), LBH589, and MS-275 lead to cell cycle
alterations and cell death. As presented in Figure 41, Marbostat-
100 (5a), in contrast to LBH589 and MS-275, did not cause
such e ects. LBH589 and MS-275 led to changes in cell cycle
distribution and higher amounts of cells with fragmented DNA
(sub-G1 fraction; Figure 41).

To corroborate these data, we treated further cell lines and
normal peripheral blood mononuclear cells (PBMCs) with
Marbostat-100 (5a) and investigated them for cell cycle
alterations and cell death. Again, we used Marbostat-100 (5a)
in a dose-escalating manner and compared its e ects with those
induced by MS-275. While MS-275 dysregulates the cell cycle
and triggers apoptosis in these cells, Marbostat-100 (5a) turns
out to be a noncytotoxic, genuine inhibitor of HDAC6 (Figure
41 and Supporting Information Figure S2A,B).

For further drug assessment, we treated male DBA/1J mice
with 0.6 mg of Marbostat-100 (5a) for 15 days. Livers and
kidneys from treated and control mice were examined for
hyperacetylated tubulin by Western Blot. Figure 4J shows that
tubulin is hyperacetylated in mice that received the inhibitor.
Hence, Marbostat-100 (5a) also impairs HDACS6 activity in
whole animals. These results encouraged us to test Marbostat-
100 (5a) in a murine in ammation model.

Characterization of the novel HDACi Marbostat-100
(5a) in the Collagen-Induced Arthritis (CIA) Model.
Treatment of CIA with Marbostat-100 (5a) (30 mg/kg) was
compared against vehicle. First clinical arthritis symptoms
appeared at day 20 postimmunization in all groups, which
corresponds to 2 days prior to rst treatment. Treatment with
Marbostat-100 (5a) (30 mg/kg) signi cantly ameliorated
disease severity, displayed by a reduced clinical score (Figure
5A), reduced paw thickness (Figure 5B), and reduced loss of
body weight (Figure 5C). These e ects rst appeared 1 week
after the beginning of treatment (Figure 5A, B) and, at least in
case of the clinical score, lasted until the end of the experiment
(Figure 5A).

Histological assessment of arthritic paws revealed signi -
cantly weaker signs of synovial in ammation, cellular invasion,
degradation of cartilage, and bone erosion in joints of mice
treated with Marbostat-100 (5a) (30 mg/kg, p = 0.004) (Figure
5D J). In a second experiment (Figure 5K N,P, treatment of
CIA with equimolar compound 5f (42.3 mg/kg) was compared
against vehicle. Similar to the rst experiment and 6 days after
beginning of treatment, signi cantly lower clinical arthritis
scores were observed in the 5f-treated group (p < 0.05, Figure
5K). Evaluating erosions in articular bone of arthritic hind paws
by assessing the ratio of bone surface to bone volume (relative
bone surface BS/BV, measured by CT; see Figure 5L)
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revealed signi cantly lower BS/BV ratios in samples from mice
treated with compound 5f (p = 0.049) compared to vehicle
(Figure 5L). Hind paws obtained from age-matched healthy
control mice displayed no visible erosions (Figure 5M) and a
small variance of the BS/BV ratio (Figure 5L). Visible erosions
were present in all arthritic groups; however, rate and extent
were lower in the Marbostat-100 (5a) and compound 5f
treated groups (Figure 5N P).

Concerning toxic e ects, analyses of red blood cell count,
hemoglobin concentration, and white blood cell count were
performed. Neither Marbostat-100 (5a) (30 mg/kg) nor
compound 5f (42.3 mg/kg) was toxic in this respect when
compared with vehicle control. All measured values were in
normal ranges of typical mouse hematogram data (see
Supporting Information Figure S3).

In summary, Marbostat-100 (5a) and compound 5f show
signi cant preclinical, histological, and radiological e ects
without major safety concerns when treating CIA.

DISCUSSION

Crystal structures of di erent HDACs and the recent structures
of HDAC6® reveal that the active sites are highly conserved
among HDACs. The “cap domain” in contrast di ers greatly in
terms of shape and properties between isoforms. Moreover, the
HDACSG6 channel appears to be wider and shallower than that of
HDACY, suggesting that large and more rigid cap groups might
lead to HDACEG selectivity. In our approach for full inhibitory
potency and selectivity on the enzymatic level, a benzylic linker
connected with a hydroxamic acid as Zn?*-chelating group,
combined with a linearly fused tetracylic ring system as cap
group, is necessary. On the more complex cellular level, a
hydantoin increment additionally is essential for potent
HDACS inhibition.

Sequence and 3D-structure comparisons enable speculation
about reasons for the high selectivity of Marbostat-100 (5a) for
HDAC6. The K; values for 10 HDAC species (Table 3)
indicate that Marbostat-100 has an unique binding mode at
HDACS. The catalytic sites of HDAC2, HDAC6, HDACY7, and
HDACS are highly similar, providing no obvious indication for
signi cantly di erent docking modes.>® Structure-based align-
ments of the Marbostat-100 binding site (Figure 2) with
corresponding amino acids of HDAC2 (PDB code 4LXZ%?),
HDAC7 (PDB code 3C0z*), and HDAC8 (PDB code
1W22°%) result in root-mean-square deviations of backbone
atoms of 0.43, 0.69, and 0.63 A, respectively. Only one to two
amino acids di er among the four species. Structure activity
relationships (Table 1) suggest that the outstanding selectivity
for HDAC6 versus HDAC2 (observed also in the case of
tubastatin A) is mainly due to the benzylic linker. Probably the
speci ¢ monodentate hydroxamate-Zn** coordination mode*?
allows an optimal t of the linker into HDAC6 which cannot be
achieved in the case of other HDACs because of di ering
binding modes of the hydroxamic acid moiety. These binding
modes, in turn, may interfere with an optimal alignment of the
surface recognizing cap group. Moreover, a tyrosine replaces
HDACG6 F679 in HDAC2. The side chain hydroxyl possibly
displaces the 4-methyl group of (S)-Marbostat-100 (5a) and/or
weakens hydrophobic interactions of both isomers present in
the case of HDAC6. HDAC7 contains a histidine in the
position of HDACG6 Y782. The conformation of this histidine in
HDACY structures does not enable a hydrogen bond replacing
that between Y782 and the hydroxylamine oxygen of
Marbostat-100 (5a). Furthermore, HDAC7 contains a short
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helix between P807 and G811 two amino acids longer than the
corresponding HDACS6 loop around L749. The course of this
helix with two prolines may displace the diazocino moieties of
both isomers from their positions in HDACS6. The hydrophobic
contacts of the phenyl planes and the 4-methyl groups of (R)-
and (S)-Marbostat-100 with HDAC6 L749 cannot be
reproduced in an optimal way in the case of the conformation
of M274 replacing that leucine in HDACS. Additionally, both
isomers cannot interact with a hydrophobic amino acid of
HDACS as with P501 in HDACS6 due to a far distant position
of the short loop between HDACS8 L31 and K33 from the
much longer HDACS6 loop between C493 and E502.

Biology. We demonstrate that Marbostat-100 (5a) is a
selective, potent, and rapid inhibitor of HDACS in various cell
types. We see clear hyperacetylation of the HDAC6 target
protein tubulin but no accumulation of acetylated histones,
which are targets of class | HDACs.* Regarding potency, we
show that Marbostat-100 (5a) is superior over tubastatin A (3).
Moreover, in contrast to the pan-HDACi LBH589, Marbostat-
100 (5a) does not evoke a destruction of HDACG6 at longer
treatment periods. An exception are unnecessarily high doses of
Marbostat-100 that do not evoke any additional e ect on
tubulin acetylation. A comparison with the literature shows that
Marbostat-100 (5a) is also more potent than other drugs that
preferentially target HDACSG. For example, the HDAC6i HPB
has to be applied in the M dose range to evoke tubulin
hyperacetylation in cells,® and ACY-1215 has some preference
for HDACG6 but also blocks other HDACs at e ective dose
ranges impairing HDAC6.

A potent inhibition of pancreatic cancer cell growth could be
achieved with agents that target HDAC3 and HDAC6.”
Additional work is required to dissect whether an inhibition of
solely HDACS6 can reduce the growth of such cells that stem
from a most aggressive and incurable cancer trait. Our
previously collected data rather suggest that class 1 HDACs
are pharmacologically relevant drug targets in pancreatic
cancer.>**°

The rapid induction of tubulin hyperacetylation may rely on
the preference of HDAC6 for unpolymerized, free tubulin.*®
The hyperacetylation of tubulin and the lack of e ects on H3
acetylation in the presence of Marbostat-100 (5a) are not due
to gross cellular alterations or cytotoxic e ects. Therefore,
Marbostat-100 (5a) can be regarded as a selective HDAC6i and
as a true modulator of posttranslational protein modi cations
that depend on HDACS6. Due to its noncytotoxic e ects,
Marbostat-100 (5a) is equally a valid tool to mirror the biology
of HDACG6 knockout animals, which are viable and show no
abnormalities.*? Apparently, HDAC6 can be targeted safely,
without adverse e ects on normal cells.

In Vivo Activity of Marbostat-100 (5a) in the CIA
Model. In rodent models of arthritis, protective e ects have
been shown by rather unspeci c¢ inhibition of HDACs in rats
with adjuvant induced arthritis (AIA)®" *° and in SKG mice
which spontaneously develop autoimmune arthritis.®° In
collagen-induced (CIA) and in collagen antibody-induced
(CAIA) arthritis models, unspeci ¢ HDAC inhibition®®®* 3
and speci ¢ HDAC1°*® or speci ¢ HDACS6 inhibition-®°
have shown anti-in ammatory e ects; the latter is consistent
with our results. Others have demonstrated that HDACG6
inhibition blocks the activation of macrophages, which was
dependent on e ects on cell adhesion and microtubule
acetylation.®” In arthritis, this would imply an immunosup-
pressive e ect. Moreover, HDACS is a transcriptional activator
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of IL-10 gene expression in antigen presenting cells.®® This
would imply that an inhibitor of HDACS is also an inhibitor of
IL-10, which was not tested in this study. However, others
demonstrated that HDAC inhibitors can support regulatory T
cells and 1L-10 secretion in experimental stroke,°® which was
supported by others with a speci ¢ HDAC-6 inhibitor in a
lipopolysaccharide challenge of mice in vivo.”® These latter two
studies support a role for HDAC-induced IL-10 as a possible
bene cial e ector, which might have played a role also in
arthritis.

It should also be mentioned that cellular knockdown of
HDACS6 results in the in ammasome activation and IL-1
secretion.”* This work was supported by a publication that
demonstrated that HDACG inhibition prevents TNF-induced
caspase 3 activation in lung endothelial cell and maintains cell
cell junctions.” In addition, overexpression of HDACS induces
many other proin ammatory events in macrophages’® so that
HDACG6 inhibition should lead to opposite e ects. If
Marbostat100 would exert a similar e ect, the proin ammatory
pathway through the in ammasome, IL-1 , and others can be
blocked in clinical arthritis. These particular pathways might be
good targets in a future investigation.

Lee et al.°® report a signi cant reduction of clinical scores by
daily application of 100 mg/kg tubastatin A (3) but not at 10
mg/kg or 50 mg/kg.®® In order to investigate our newly
developed HDACS inhibitor Marbostat-100 (5a) in CIA, we
used Marbostat-100 (5a) at a dose of 30 mg/kg.

Our data suggest a signi cant reduction of clinical arthritis
scores of about 25% and histological scores of about 50% for
Marbostat-100 (5a) treatment. Importantly, we also observed
signi cant e ects regarding the clinical arthritis score and
relative bone surface BS/BV for treating CIA with equimolar
compound 5f (42.3 mg/kg). Regarding safety pro les, no
signi cant changes in main blood parameters like red or white
blood cell count and total hemoglobin were identi ed for all
treatments (Marbostat-100 (5a), compound 5f) as all values
were within expected ranges for mice.”* Thus, Marbostat-100
(5a) might also be a safe drug for clinical applications.

CONCLUSION

The data shown above demonstrate that Marbostat-100 (5a) is
a highly selective and potent inhibitor of HDACS, being
superior over the established HDACI tubastatin A (3) and LBH
589 in this respect. Hence, Marbostat-100 and its derivatives
represent a novel class of precise tools for molecular and
biochemical analyses of HDACS6 and its functions in vivo.

Moreover, Marbostat-100 (5a) demonstrates in vivo anti-
in ammatory activity in CIA. Despite impressive in vitro data of
various HDACi and the e ectivity of givinostat for treatment of
juvenile idiopathic arthritis,”® as reviewed by Dinarello et al.,”
achieving clinical success with HDACi in RA needs further
research since diverse in ammatory pathways are involved
which might be controlled by di erent speci ¢ HATSs and their
corresponding speci ¢ HDACs. Nevertheless, inhibition of
HDAC6 and other HDAC subtypes with small molecules
remains a promising future alternative to escalating treatment
of RA with biologicals.

EXPERIMENTAL SECTION

Chemistry. General Information. The solvents and reagents
were of analytical grade, purchased from commercial suppliers and
used without further puri cation. Acetonitrile for HPLC (gradient
grade) was from Merck (Darmstadt, Germany). Millipore water was
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used throughout for HPLC eluents (Astacus Membrane Pure,
MembraPure GmbH, Bodenheim, Germany). Thin layer chromatog-
raphy was performed on Merck silica gel 60 Fy5, TLC aluminum
plates. Geduran 60 (0.063 0.200 mm, Merck) was used for column
chromatography. *H NMR and *C NMR spectra were measured with
a Bruker Avance 300 instrument (7.05 T; tH, 300 MHz; 3C, 75 MHz)
and a Bruker Avance 400 instrument (9.4 T; 'H, 400 MHz; *C, 101
MHz) (Bruker, Karlsruhe, Germany), using the respective solvent as
an internal standard. Speci ¢ NMR assignments if listed were
determined by multidimensional NMR (*H/®C HMBC, NOSY, and
COSY) or decoupling experiments. The multiplicity of carbon atoms
(*C NMR) were determined by DEPT 135 and DEPT 90
(distortionless enhancement by polarization transfer): “+”, primary
and tertiary carbon atom (positive DEPT 135 signal); “ ", secondary
carbon atom (negative DEPT 135 signal); “quat”, quaternary carbon
atom.

IR spectra (KBr) were reported with a Bruker Tensor 27
spectrometer. Melting points were determined with a Buchi B-545
instrument and are uncorrected. Low-resolution mass spectrometry
(MS) was measured with a Finnigen Thermo Quest TSQ 7000
instrument (Thermo Finnigan, San Jose, USA) with electrospray
ionization (ESI) coupled to an Agilent 1100 series HPLC (Agilent
Technologies, Santa Clara, USA) or a Finnigan MAT SSQ 710 A with
electron ionization (EI). High resolution mass spectrometry (HRMS)
was performed on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/
MS system with electrospray ionization.

All reactions were carried out under nitrogen. Elemental analyses
were performed by the Analytical Laboratory of the University of
Regensburg. The X-ray structures were measured by the Crystallog-
raphy Laboratory of the University of Regensburg. Chemical names
were created using ChemDraw Professional 15.0.0.107. Analytical
HPLC analysis was performed with a system from Merck (Darmstadt,
Germany) consisting of a L-5000 controller, a 655A-12 pump, a 655A-
40 autosampler, and a L-4250 UV vis detector on a Eurospher-100
C18 column (250 mm x 4 mm, 5 m, Knauer, Berlin, Germany) at a

ow rate of 0.8 mL/min. Mixtures of MeCN or 0.1% TFA in MeCN
and 0.1% aq TFA were used as mobile phase. Helium degassing was
used throughout. Compound purities were determined by elemental
analysis or HPLC methods as given and calculated as the percentage
peak area of the analyzed compound by UV detection at 220 nm. All
compounds were con rmed to be of 95% purity.

For experimental and analytical details of further prepared
intermediates see Supporting Information.

Synthesis of the Hydroxamates by Cleavage of the
Tetrahydropyranyl-Protecting Group. The corresponding starting
material (0.30 mmol) was dissolved in 10.0 mL of MeOH, optionally
with gentle heating. Carefully 0.6 M aqueous HCI was added dropwise
until a slight turbidity can be observed. Stirring at rt was continued
until complete reaction is indicated by TLC control. The
crystallization of the hydroxamic acid was completed by further
addition of 0.6 M HCI. The crystalline product was Itered 0 and
dried in vacuo.

10-(4-(Hydroxycarbamoyl)benzyl)-1,2,3,4,5,10-hexahydro-
2,5-methanoazepino[3,4-blindol-2-ium 2,2,2-Tri uoroacetate
(4). According to GP3 from 75, the crude intermediate 4-((4,5-
dihydro-1H-2,5-methanoazepino[3,4-b]indol-10(3H)-yl) methyl)-N-
((tetrahydro-2H-pyran-2-yl)oxy)benzamide (76) (0.11 g; 0.25 mmol,
20%) was obtained as a colorless oil after cc (CH,Cl,/MeOH/NH,
10:1:0,1) (see Supporting Information). In the following 76 was
directly converted as described above. Yield 0.02 g (0.05 mmol, 20%)
colorless crystals after preparative HPLC with 0.10% TFA/MeCN
(80:20) gradient to  0.10% TFA/MeCN (20:80). Mp: 210.3-211.0
°C (H,0). IR (KBr): 1734 cm . *H NMR (600 MHz, MeOD): H
NMR (600 MHz, MeOD) 7.68 (d,J=8.3 Hz, 2H), 763 (d, J=7.8
Hz, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.21 7.16 (m, 1H), 7.15 7.12 (m,
1H), 7.09 (d, J = 8.3 Hz, 2H), 544 (d, J = 17.3 Hz, 1H), 533 (d, ] =
17.3 Hz, 1H), 481 (d, J = 155 Hz, 1H), 449 (d, J = 15.3 Hz, 1H),
395 3.86 (m, 2H), 3.66 (d, J = 10.2 Hz, 1H), 3.61 (dd, J = 10.2, 3.1
Hz, 1H), 344 336 (m, 1H), 254 243 (m, 1H), 240 231 (m,J=
11.3, 9.0 Hz, 1H). ¥C NMR (151 MHz, DMSO-dg):  163.74 (quat
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CO), 157.87 (quat CO (TFA)), 140.67 (quat Ar-C), 136.64 (quat Ar-
C), 131.87 (quat Ar-C), 127.25 (+, (Ar-CH),), 126.57 (+, (Ar-CH),),
126.29 (CF;), 125.40 (quat Ar-C), 124.10 (quat Ar-C), 121.79 (+, Ar-
CH), 119.67 (+, Ar-CH), 117.97 (+, Ar-CH), 113.86 (quat Ar-C),
110.18 (+, Ar-CH), 57.02 ( , NCH,CH), 53.29 ( , NCH,CHy,),
53.03 ( , NCHAr), 4619 ( , NCH,Ar (benzyl)), 3506 ( ,
NCH,CH,), 30.88 (+, NCH,CH). ESI-MS m/z (%): 348 [MH"]
(100). HRMS (ESI-MS m/z): calcd, 348.1709; found, 348.1707. RP-
HPLC (220 nm): 97.9% (gradient: 0 30 min, MeCN/0.1% aq TFA
20/80 to 95/5; 31 40 min, 95/5, ty = 11.7 min).

N-Hydroxy-4-((4-methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-
methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-
benzamide (Marbostat-100, 5a). As described above from 4-((4-
methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-
b]indol-11(1H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)-
benzamide (27a) (0.16 g; 0.33 mmol). Yield 0.06 g (0.148 mmol;
46%) colorless crystals after crystallization from CH,Cl,/n-heptane.
Mp: 199.4 201.0 °C. IR (KBr): 1727, 1684 cm . H NMR (400
MHz, DMSO-dg):  11.17 (s, 1H, NHOH), 9.02 (s, 1H, NHOH),
7.68 (d,J =83 Hz, 2H, Ar-H), 7.57 751 (m, 1H, Ar-H), 741 (d, ] =
7.2 Hz, 1H, Ar-H), 7.14 (d, ) = 8.3 Hz, 2H, Ar-H), 7.13 7.03 (m, 2H,
Ar-H), 541 (s, 2H, NCH,Ar (benzyl)), 4.87 (d, J = 16,6 Hz, 1H,
NCHaHgAr), 458 (d, J = 16.6 Hz, 1H, NCHHgAr), 3.95 3.83 (m,
2H, NCH,HgCH), 3.46 (d, J = 10.8 Hz, 1H, NCH,HgCH), 2.91 (5,
3H, NCH3). ¥C NMR (101 MHz, DMSO-dg):  173.57 (quat CO),
164.29 (quat CO), 161.32 (quat CO), 141.17 (quat Ar-C), 136.40
(quat Ar-C), 134.72 (quat Ar-C), 132.37 (quat Ar-C), 127.72 (+, (Ar-
CH),), 127.09 (+, (Ar-CH),), 126.19 (quat Ar-C), 122.25 (+, Ar-
CH), 120.31 (+, Ar-CH), 11832 (+, Ar-CH), 110.79 (+, Ar-CH),
105.82 (quat Ar-C), 49.41 ( , NCH,Ar), 46.70 ( , NCH,CH), 46.47
(. NCH,Ar (benzyl)), 36.50 (+, NCH,CH), 27.89 (+, NCHj). ESI-
MS m/z (%): 422 [MNH,*] (80), 405 [MH*] (100). Anal. Calcd for
C,,H,N,Os: C 65.34; H 4.98; N 13.85. Found: C 65.05; H 5.12; N
13.48.

N-Hydroxy-4-(((6R)-4-methyl-3,5-diox0-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-b]lindol-11(1H)-yl)methyl)-
benzamide (R-5a). 4-(((6R)-4-Methyl-3,5-dioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-b]indol-11(1H)-yl)methyl)-N-((tetra-
hydro-2H-pyran-2-yl)oxy)benzamide (R-27a) (40 mg; 82 mol) was
dissolved in a mixture of MeOH/THF (10 mL; 1:1). A catalytic
amount of Amberlyst 15 was added and the mixture stirred for 24 h at
room temperature. The Amberlyst was Itered o , the solvent
removed under reduced pressure, the remaining solid dried in vacuo.
Yield 0.2 g (0.5 mmol; 52%) colorless crystals after crystallization from
diethyl ether. Mp: 145.4 146.1 °C. IR (KBr): 1727, 1683 cm 1'H
NMR (400 MHz, DMSO-dg):  11.15 (s, 1H), 7.66 (d, J = 8.3 Hz,
2H), 7.53 (dd, ) = 6.8, 1.7 Hz, 1H), 7.41 (d, ) = 7.3 Hz, 1H), 7.13 (d, J
=82 Hz, 2H),7.12 7.05 (m, 2H), 5.41 (s, 2H), 4.86 (d, J = 16.6 Hz,
1H), 4,57 (d, J = 16.5 Hz, 1H), 3.90 (d, J = 14.0 Hz, 2H), 3.46 (dd, ] =
12.9, 1.9 Hz, 1H), 2.90 (s, 3H). °C NMR (101 MHz, DMSO-dg)
173.59, 161.33, 164.32, 141.19, 136.40, 134.75, 132.38, 127.72, 127.10,
126.19, 122.26, 120.32, 118.33, 110.81, 105.82, 49.41, 46.70, 46.47,
36.49, 27.89. [ ] 136.190 (¢ 0.1; MeOH). Anal. Calcd for
CyHxN,Os: C 65.34;H 4.98; N 13,85. Found: C 65.15; H 4.99; N
13.71.

N-Hydroxy-4-(((69-4-methyl-3,5-dioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-
benzamide (S5a). Preparation as described above for the R-
enantiomer R-5a by use of 4-(((6S)-4-methyl-3,5-dioxo-3,4,5,6-
tetrahydro-2,6-methano[1,3]diazocino[5,6-b]indol-11(1H)-yl)-
methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide (S-27a). Yield
0.12 g (0.3 mmol; 60%) colorless crystals after recrystallization from
diethyl ether. Mp: 146.0 147.2 °C. IR (KBr): 1727, 1681 cm % H
NMR (300 MHz, DMSO-dg):  11.17 (s, 1H), 9.03 (s, 1H), 7.66 (d, J
= 8.2 Hz, 2H), 752 (dd, J = 6.4, 2.3 Hz, 1H), 7.41 (dd, 1H), 7.15
7.11 (m, 2H), 7.07 (dt, J = 7.1, 4.0 Hz, 2H), 5.41 (s, 2H), 4.86 (d, J =
16.6 Hz, 1H), 457 (d, J = 16.5 Hz, 1H), 3.90 (d, J = 12.9 Hz, 2H),
3.46 (d, J = 11.2 Hz, 1H), 2.89 (s, 3H). °C NMR (101 MHz, DMSO)

17359 (s), 164.30, 161.34 (s), 141.19 (s), 136.40 (s), 134.75 (s),
127.72 (s), 127.10 (s), 126.19 (s), 122.26 (5), 120.32 (s), 118.33 (5),
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110.81 (s), 105.82 (s), 49.41 (s), 46.69 (s), 46.47 (5, J = 22.6 Hz),
36.49 (s), 27.89 (5). [ 1% g 136.193 (¢ 0.1; MeOH). Anal. Calcd for
CxHyN,4Os: C 65.34; H 4.98; N 13,85. Found: C 65.27; H 5.02; N
13.62.
N-Hydroxy-4-((8-methoxy-4-methyl-3,5-dioxo-3,4,5,6-tetra-
hydro-2,6-methano[1,3]diazocino[5,6-b]indol-11(1H)-yl)-
methyl)benzamide (5b). As described above from 4-((8-methoxy-4-
methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-
blindol-11(1H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)-
benzamide (27b) (0.10 g; 0.20 mmol). Yield 0.02 g (0.05 mmol; 25%)
colorless crystals after crystallization from water/MeOH. Mp: 178.5
179.4 °C. IR (KBr): 1716 cm . *H NMR (400 MHz, MeOD):  7.65
(d,J=83Hz, 2H), 7.17 (d, ) = 8.9 Hz, 1H), 7.12 (d, ] = 2.4 Hz, 1H),
7.06 (d, ) =8.3 Hz, 2H), 6.77 (dd, ] = 8.9, 2.4 Hz, 1H), 5.37 5.25 (m,
2H), 481 (d, ) = 16.5 Hz, 1H), 4.48 (d, ) = 16.3 Hz, 1H), 3.93 (d,J =
13.2 Hz, 1H), 3.84 (s, 1H), 3.82 (s, 3H), 3.44 (dd, J = 13.2, 2.2 Hz,
1H), 3.01 (s, 3H). *C NMR (101 MHz, DMSO-dg):  173.58 (quat
CO), 164.27 (quat CO), 161.31 (quat CO), 154.46 (quat Ar-C),
141.28 (quat Ar-C), 135.17 (quat Ar-C), 132.33 (quat Ar-C), 131.49
(quat Ar-C), 127.68 (+, (Ar-CH),), 127.02 (+, (Ar-CH),), 126.64
(quat Ar-C), 111.94 (+, Ar-CH), 111.64 (+, Ar-CH), 105.39 (quat Ar-
C), 100.32 (+, Ar-CH), 55.87 (+, OCH,), 49.44 ( , NCH,Ar), 46.72
(. NCH,Ar (benzyl)), 46.54 ( , NCH,CH), 36.47 (+, NCH,CH),
27.86 (+, NCHs). ESI-MS m/z (%): 435 [MH*-CsHgO] (100), 519
(11.65). RP-HPLC (220 nm): 98.4% (gradient: 0 30 min: MeCN/
0.1% aq TFA 20/80 95/5, 31 40 min: 95/5, tg = 13.3 min). HRMS
(ESI) m/z: calcd 519.2238, found 519.2235.
4-((8-(Benzyloxy)-4-methyl-3,5-dioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-N-
hydroxybenzamide (5c). As described above from 4-((8-(benzyl-
oxy)-4-methyl-3,5-dioxo-3,4,5,6-tetrahydro-2.6-methano[1,3]-
diazocino[5,6-b]indol-11(1H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-
yl)oxy)benzamide (27c).Yield 0.15g (0.29 mmol; 44%). Colorless
crystals. Mp: 140.3 155.4 °C. IR (KBr): 1729, 1684, 1576 cm *. 'H
NMR (300 MHz, DMSO-dg):  11.16 (s, 1H), 9.02 (s, 1H), 7.65 (d, J
= 8.3 Hz, 2H), 748 (d, ) = 6.8 Hz, 2H), 7.42 7.29 (m, 5H), 7.14
7.07 (m, 4H), 6.83 (dd, J = 8.9, 2.4 Hz, 1H), 5.36 (s, 2H), 5.08 (s,
2H), 4.83 (d, ) = 16.7 Hz, 1H), 454 (d, ) = 16.2 Hz, 1H), 3.89 (d,J =
12.9 Hz, 3H), 345 (d, ] = 11.2 Hz, 1H), 2.90 (s, 3H). *C NMR (101
MHz, DMSO-dg) 17356, 164.54, 161.48, 153.53, 141.27, 137.96,
135.34, 132.43, 131.70, 128.84, 128.17, 128.14, 127.71, 127.06, 126.66,
111.64, 105.41, 102.02, 70.35, 49.39, 46.73, 46.52, 36.50, 27.88. ESI-
MS m/z (%): 523.23 [MH*] (100), 1067.44 [2MNa*] (3.37). Anal.
Calced for CyqH»6N,05:0.5H,0: C, 67.04; H, 5.24; N, 10.78. Found: C
67.37; H 5.40; N 10.47.
N-Hydroxy-4-((9-methoxy-4-methyl-3,5-dioxo-3,4,5,6-tetra-
hydro-2,6-methano([1,3]diazocino[5,6-b]indol-11(1H)-yl)-
methyl)benzamide (5d). As described above from 4-((9-methoxy-4-
methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-
blindol-11(1H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)-
benzamide (27d) (0.50 g; 0.97 mmol). Yield 0.18 g (0.41 mmol; 42%)
colorless crystals after crystallization from 0.5 N HCl,,/MeOH. Mp:
169.4 173.1 °C. IR (KBr): 1725 ¢cm . *H NMR (300 MHz DMSO-
ds): 11.07 (s, 1H), 7.85 (s, 1H), 7.68 (d, ) = 8.3 Hz, 2H), 7.39 (d, ) =
8.6 Hz, 1H), 7.14 (d, J = 8.3 Hz, 2H), 7.00 (d, J = 2.1 Hz, 1H), 6.73
(dt, J = 6.6, 3.3 Hz, 1H), 540 (d, J = 17.5 Hz, 1H), 5.34 (d, ) = 17.6
Hz, 1H), 4.79 (d, ) = 16.2 Hz, 1H), 449 (d, ) = 16.2 Hz, 1H), 3.86 (d,]
=131 Hz, 1H), 3.79 (d, J = 18.6 Hz, 1H), 3.71 (s, 3H), 341 (dd, J =
13.0, 1.9 Hz, 1H), 2.89 (s, 3H). *C NMR (75 MHz, DMSO-dg)
173.10, 166.91, 163.71, 160.80, 155.90, 140.55, 136.64, 132.60, 131.68,
129.61, 127.14, 126.55, 119.67, 118.35, 109.28, 105.23, 94.17, 55.32,
48.83, 46.14, 45.80, 35.82, 27.24. ESI-MS m/z (%): 435 [MH*] (100).
Anal. Calcd for Cy3H,,N,O5: C 63.59; H 5.10; N 12.90. Found: 63.25;
H 5.07; N 12.75.
N-Hydroxy-4-((8-hydroxy-4-methyl-3.5-dioxo-3.4.5.6-tetra-
hydro-2.6-methano[1,3]diazocino[5.6-blindol-11(1H)-yl)-
methyl)benzamide (5e). As described above from 4-((8-hydroxy-4-
methyl-3.5-dioxo-3.4.5.6-tetrahydro-2.6-methano[1,3]diazocino[5.6-
blindol-11(1H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)-
benzamide (27e). Yield 0.10 g (0.24 mmol; 38%) colorless crystals.
Mp: 259.8 261.0 °C. IR (KBr): 2959, 1727, 1679, 1642, 1571 cm .
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'H NMR (300 MHz, DMSO-dg):  11.17 (s, 1H), 9.02 (s, 1H), 8.89
(s, 1H), 7.65 (d, ) = 8.2 Hz, 2H), 7.18 (d, ) = 8.8 Hz, 1H), 7.11 (d, ) =
8.2 Hz, 2H), 6.86 (d, J = 2.2 Hz, 1H), 6.58 (dd, J = 8.7, 2.3 Hz, 1H),
5.31 (s, 2H), 4.81 (d, J = 16.5 Hz, 1H), 452 (d, ] = 16.5 Hz, 1H), 3.87
(d, J=129 Hz, 1H), 3.75 (s, 1H), 3.43 (d, ] = 13.2 Hz, 1H), 2.89 (5,
3H). C NMR (101 MHz, DMSO-d;)  173.67, 164.31, 161.38,
151.97, 141.43, 134.87, 132.30, 130.82, 127.67, 127.08, 126.99, 112.20,
111.30, 104.76, 102.47, 49.48, 46.79, 46.49, 36.60, 27.87. ESI-MS m/z
(%): 421.15 [MH*] (100), 841.29 [2M + H*] (27.57). Anal. Calcd for
C,,H,N,05:0.33H,0: C 61.98; H 4.85; N 13.15. Found: 61.85; H
5.27; N 12.85.

4-(2-((11-(4-(Hydroxycarbamoyl)benzyl)-4-methyl-3,5-
dioxo-1,3,4,5,6,11-hexahydro-2,6-methano[1,3]diazocino[5,6-
blindol-8-yl)oxy)ethyl)morpholin-4-ium Chloride (5f). To a
stirred solution of 4-((4-methyl-8-(2-morpholinoethoxy)-3,5-dioxo-
3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-b]indol-11(1H)-yl)-
methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide (27f) (1.15 g,
1.86 mmol) in CH,Cl, (40.0 mL) HCI in isopropanol (1.50 mL, 5
6N) was added dropwise. After 2 h stirring was stopped, the resulting
solid allowed to precipitate, the solvent decanted, and the solid
dissolved in the necessary amount of MeOH. The solution obtained
was added dropwise to a mixture of light petrol/Et,O while stirring,
the precipitating solid removed by lItration, and the slightly wet solid
dried in vacuo. Yield 0.80 g (1.40 mmol, 75%) pale yellow solid. Mp:
1584 162.0 °C. IR (KBr): 3433, 1671, 1468 cm 1 H NMR (300
MHz, DMSO-dg) 11.19 (s, 1H), 10.75 (s, 1H), 9.03 (s, 1H), 7.66 (d,
J =82 Hz, 2H), 7.35 (d, ) = 8.9 Hz, 1H), 7.09 (dd, ) = 7.8, 5.3 Hz,
3H), 6.83 (dd, J = 8.9, 2.3 Hz, 1H), 5.38 (s, 2H), 4.84 (d, J = 16.7 Hz,
1H), 4.56 (d, ) = 16.5 Hz, 1H), 4.37 (s, 2H), 402 3.72 (m, 6H), 3.50
(m, 5H), 3.28 3.15 (m, 2H), 2.90 (s, 3H). ©*C NMR (101 MHz,
DMSO-dg) 17357 (s), 161.31 (5), 152.68 (5), 141.21 (5), 135.62 (5),
132.34 (s), 131.99 (5), 127.72 (s), 127.03 (5), 126.61 (5), 112.22 (5),
111.75 (s), 10550 (s), 102.20 (s), 63.63 (s), 63.37 (5), 55.58 (5),
52.14 (s), 49.44 (s), 46.63 (d, J = 13.9 Hz), 36.49 (5), 27.88 (5). ESI-
MS m/z (%): 534.24 [MH*] (100). Anal. Calcd for C,gH3,CIN5Og:
1.75H,0: C 55.90; H 5.95; N 11.64. Found: C 55.99; H 5.84; N 11.26.

(B-N-Hydroxy-3-(4-((4-Methyl-3,5-dioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-
phenyl)acrylamide (6). As described above from (E)-3-(4-((4-
methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-
b]indol-11(1H)-yl)methyl)phenyl)-N-((tetrahydro-2H-pyran-2-yl)-
oxy)acrylamide (86). Yield 0.30 g (0.70 mmol; 72%) colorless crystals.
Mp: 238.1 239.3 °C. IR (KBr): 3245, 1727, 1653 cm 1. 'H NMR
(300 MHz, DMSO-dg):  10.71 (s, 1H), 9.07 (s, 1H), 7.61 7.34 (m,
5H), 7.16 6.96 (m, 4H), 6.40 (d, J = 15.8 Hz, 1H), 5.37 (s, 2H), 4.86
(d, J=16.6 Hz, 1H), 457 (d, J = 16.5 Hz, 1H), 3.90 (d, ] = 13.1 Hz,
2H), 3.45 (d, J = 11.3 Hz, 1H), 2.89 (s, 3H). *C NMR (75 MHz,
DMSO-dg) 173.05, 162.62, 160.77, 138.82, 137.76, 135.85, 134.13,
133.90, 127.74, 127.17, 125.60, 121.69, 119.73, 118.96, 117.75, 110.24,
105.20, 48.85, 46.14, 45.95, 3592, 27.34. ESI-MS m/z (%): 431
[MH*] (100). Anal. Calcd for C,H,N,0,-2/5H,0: C 65.15; H 5.32;
N 12.66. Found: C 64.94; H 5.24; N 12.50.

(B-N-Hydroxy-3-(3-((4-methyl-3,5-dioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-b]lindol-11(1H)-yl)methyl)-
phenyl)acrylamide (7). As described above from (E)-3-(3-((4-
methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-
b]indol-11(1H)-yl)methyl)phenyl)-N-((tetrahydro-2H-pyran-2-yl)-
oxy)acrylamide (87) (0.95 g; 1.84 mmol). Yield 0.25 g (0.56 mmol;
52%) colorless crystals. Mp: 218.1 219.0 °C. IR (KBr): 1727, 1684
cm L 1H NMR (300 MHz, DMSO-dg):  10.77 (s, 1H), 9.06 (s, 1H),
756 7.25 (m, 6H), 7.17 6.98 (m, 3H), 6.41 (d, J = 15.8 Hz, 1H),
5.37 (s, 2H), 4.89 (d, ) = 16.6 Hz, 1H), 4.61 (d, ] = 16.5 Hz, 1H), 3.91
(d, = 13.5 Hz, 2H), 3.48 (d, J = 11.2 Hz, 1H), 3.05 (dd, J = 13.1, 6.0
Hz, 1H), 2.90 (s, 3H). *C NMR (75 MHz, DMSO-d;)  173.06,
162.45, 160.80, 138.27, 135.82, 135.09, 134.20, 129.22, 127.67, 126.19,
126.06, 125.61, 121.69, 119.72, 119.40, 117.75, 110.27, 105.19, 48.90,
46.12, 45.34, 35.92, 27.32. ESI-MS m/z (%): 431 [MH*] (100). Anal.
Caled for C,H,,N,04-H,0: C 64.28; H 5.39; N 12.49. Found: C
64.60; H 5.58; N 12.37.
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N-Hydroxy-4-((4-oxo-1,3,4,6,7,12b-hexahydroindolo[2,3-a]-
quinolizin-12(2H)-yl)methyl)benzamide (8). As described above
from 4-((4-o0x0-1,3,4,6,7,12b-hexahydroindolo[2,3-a]quinolizin-
12(2H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide 92.
Yield 0.03 g (0.06 mmol, 64%) colorless crystals after crystallization
from MeOH/0.5 N aq HCI. Mp: 150.2 1519 °C. IR (KBr): 2921,
1611 cm . *H NMR (300 MHz, acetone-dg):  10.91 (s, 1H), 8.45 (s,
1H), 7.77 (d, J = 8.3 Hz, 2H), 758 7.50 (m, 1H), 7.23 7.03 (m,
5H), 5.66 (d, J = 18.0 Hz, 1H), 5.49 (d, J = 18.0 Hz, 1H), 5.14 5.01
(m, 1H),4.96 4.83 (m, 1H),2.79 2.61 (m, 3H), 255 2.20 (m, 3H),
185 172 (m, 2H), 162 145 (m, 1H). C NMR (101 MHz,
DMSO-dg): 169.05 (quat CO), 168.01 (quat CO), 141.83 (quat Ar-
C), 137.83 (quat Ar-C), 136.06 (quat Ar-C), 132.09 (quat Ar-C),
12767 (+, (Ar-CH),), 126.73 (quat Ar-C), 126.27 (+, (Ar-CH),),
122.07 (+, Ar-CH), 119.84 (+, Ar-CH), 118.60 (+, Ar-CH), 110.57 (+,
Ar-CH), 110.07 (quat Ar-C), 54.24 (+, NCHCH,CH,CH,CO), 47.33
( . NCH,Ar), 39.73 ( , NCH,CH,Ar), 32.11 ( ,
NCHCH,CH,CH,CO), 30.27 ( , NCHCH,CH,CH,CO), 21.69
( , NCHCH,CH,CH,CO), 19.28 ( , NCH, CH,Ar). ESI-MS m/z
(%): 390 [MH*] (100). RP-HPLC (220 nm): 98.1% (gradient, 0 30
min, MeCN/0.1% aq TFA 20/80 to 95/5; 31 40 min, 95/5, t = 15.1
min). HRMS (ESI) m/z: calcd 390.1812, found 390.1814.

(E)-N-Hydroxy-3-(4-((4-oxo-1,3,4,6,7,12b-hexahydroindolo-
[2,3-a]quinolizin-12(2H)-yl)methyl)phenyl)acrylamide (9). As
described above from (E)-3-(4-((4-ox0-1,3,4,6,7,12b-hexahydroindolo-
[2,3-a]quinalizin-12(2H)-yl)methyl)phenyl)-N-((tetrahydro-2H-
pyran-2-yl)oxy)acrylamide (93). Yield 0.05 g (0.11 mmol; 60%)
colorless crystals after crystallization from MeOH/0.5 N ag HCI. Mp:
185.0 188.0 °C. IR (KBr): 1703, 1652 ¢cm % 'H NMR (300 MHz,
MeOD): 758 7.43 (m, 4H), 719 6.96 (m, 5H), 6.41 (d, J = 15.8
Hz, 1H), 553 (d, J = 18.0 Hz, 1H), 5.38 (d, J = 18.0 Hz, 1H), 5.12
498 (m, 1H), 485 4.79 (m, 1H), 2.87 2.62 (m, 3H), 256 2.28 (m,
3H), 1.86 1.63 (m, 2H), 1.60 1.41 (m, 1H). *H NMR (400 MHz,
acetone-dg): 7.61 7.48 (m, 4H), 7.22 7.17 (m, 1H), 7.13 7.03 (m,
4H), 6.54 (d, J = 15.8 Hz, 1H), 554 (m, 2H), 513 5.04 (m, 1H),
484 494 (m, 1H), 2.85 2.64 (m, 3H), 258 2.48 (m, 1H), 247
237 (m, 1H), 2.37 225 (m, 1H), 1.85 1.73 (m, 2H), 1.62 1.48 (m,
1H). 3C NMR (101 MHz, DMSO-d¢):  169.05 (quat CO), 163.14
(quat CO), 140.07 (quat Ar-C), 138.31 (quat Ar-C), 137.88 (+, Ar-
CH CHCO), 136.05 (quat Ar-C), 128.68 (quat Ar-C), 128.24 (+,
(Ar-CH),), 126.87 (+, (Ar-CH),), 126.70 (quat Ar-C), 125.48 (+, Ar-
CH), 122.06 (+, Ar-CH), 119.81 (+, Ar-CH CHCO, + , Ar-CH),
11857 (+, Ar-CH), 110.58 (+, Ar-CH), 110.03 (quat Ar-C), 54.26 (+,
NCHCH,CH,CH,CO), 47.38 ( , NCH,Ar), 39.77 ( ,
NCH,CH,Ar), 32.12 ( , NCHCH,CH,CH,CO), 30.28 ( ,
NCHCH,CH,CH,CO), 21.70 ( , NCHCH,CH,CH,CO), 19.29
( , NCH,CH,Ar). ESI-MS m/z (%):416 [MH*] (100). Anal. Calcd
for CysH,5N3053-MeOH-H,0: C 67.08; H 6.71; N 9.03. Found: C
67.48; H 6.04; N 9.40.

N-Hydroxy-4-((9-methyl-8,10-diox0-7,9,10,12-tetrahydro-
7,11-methanobenzo[g][1,3]diazocino[5,6-b]indol-13(8H)-yl)-
methyl)benzamide (10). According to GP3 from 4-((9-methyl-8,10-
dioxo-7,9,10,12-tetrahydro-7,11-methanobenzo([g][1,3]diazocino[5,6-
blindol-13(8H)-yl)methyl)benzoic acid (102). The intermediate 4-
((9-methyl-8,10-dioxo-7,9,10,12-tetrahydro-7,11-methanobenzo[g]-
[1,3]diazocino[5,6-b]indol-13(8H)-yl)methyl)-N-((tetrahydro-2H-
pyran-2-yl)oxy)benzamide was obtained in a yield of 0.45 g; 0.84
mmol (78%) as a colorless foam after silica gel chromatography with
CH,CI,/EtOAc (1:1%). This crude product was used in the next step
without further puri cation as described above. Yield 0.23 g; 0.51
mmol (61%) light beige crystals after crystallization from MeOH. Mp:
193.4 1944 °C (dec). IR (KBr): 3420, 1729, 1681 cm . *H NMR
(300 MHz, DMSO-dg):  11.13 (s, 1H), 9.00 (s, 1H), 8.14 8.05 (m,
1H), 7.97 7.89 (m, 1H), 7.72 (d, J = 8.6 Hz, 1H), 7.68 7.56 (m,
3H), 7.38 7.30 (m, 2H), 7.03 (d, J = 8.0 Hz, 2H), 5.85 (s, 2H), 4.90
(d, J = 16.4 Hz, 1H), 467 (d, J = 16.3 Hz, 1H), 4.04 (s, 1H), 401
3.93 (m, 1H), 3.62 3.49 (m, 1H), 2.93 (s, 3H). °C NMR (75 MHz,
DMSO-dg) 173.15, 163.81, 160.80, 140.67, 133.69, 131.76, 130.80,
128.98, 128.64, 127.37, 125.54, 123.35, 122.90, 121.85, 121.49, 120.47,
117.92, 106.88, 48.90, 48.88, 46.18, 35.83, 27.40. ESI-MS m/z (%):
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455 [MH*] (100). Anal. Calcd for C,gH,N,0,-H,0-MeOH: C 64.27;
H 5.59; N 11.10. Found: C 63.71; H 5.22; N 11.35.
N-Hydroxy-4-((2-methyl-1,3-dioxo-2,3,5,6-tetrahydro-1H-
imidazo[1 ,5 :1,2]pyrido[4,3-b]indol-7(11cH)-yl)methyl)-
benzamide (11). As described above from 4-((2-methyl-1,3-dioxo-
2,3,5,6-tetrahydro-1H-imidazo[1 ,5 :1,2]pyrido[4,3-b]indol-7(11cH)-
yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide (36). Yield
0.32 g (0.79 mmol; 79%). Mp: 248.1 251.7 °C. IR (KBr): 3251, 1769,
1690, 1650 cm % *H NMR (300 MHz, DMSO-dg):  11.14 (s, 1H),
9.02 (s, 1H), 7.91 (dd, J = 6.6, 2.0 Hz, 1H), 7.65 (d, J = 8.2 Hz, 2H),
743 (d,J = 7.2 Hz, 1H), 7.20 6.98 (m, 4H), 552 (s, 1H), 5.42 (s,
2H), 4.33 (dd, J = 135, 5.0 Hz, 1H), 3.28 3.19 (m, 1H), 2.87 (s, 3H),
2.77 (d, ] = 16.3 Hz, 2H). *C NMR (101 MHz, DMSO-ds) 171.93,
164.41, 157.17, 141,53, 136.77, 134.41, 132.36, 127.76, 126.96, 124.85,
122,01, 120.44, 120.01, 110.28, 103.24, 57.27, 45.96, 37.09, 25.03,
21.76. HRMS (ESI-MS) m/z: calcd 405.1557 [MH*], found 405.1558
[MH*]. Anal. Calcd for C,H,N,0,-05H,0: C 63.91; H 5.12; N
13.55. Found: C 64.10; H 5.13; N 13.19.
N-Hydroxy-4-((4-methyl-3-o0x0-3,4,5,6-tetrahydro-2,6-
methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-
benzamide (12). An amount of 0.20 g (0.42 mmol) of 42 was
dissolved in 20 mL of MeOH, treated with 5 drops of 5 N HCl in
isopropanol, and stirred at rt for 16 h. The solvent was removed under
reduced pressure and the residue crystallized from MeOH. Yield 0.12 g
(0.31 mmol, 74%) colorless powder. Mp: 245 °C. IR (KBr): 3454,
2838, 1623 cm L. 'H NMR (300 MHz, DMSO-dg):  11.14 (s, 1H),
9.02 (s, 1H), 7.69 7.60 (m, 2H), 758 7.51 (m, 1H), 742 7.33 (m,
1H), 7.17 6.98 (m, 4H), 5.44 5.24 (m, 2H), 4.68 (d, ] = 16.5 Hz,
1H), 417 4.08 (m, 1H), 3.78 3.66 (m, 1H), 345 3.38 (m, 2H),
329 311 (m, 2H), 2.71 (s, 3H). °C NMR (75 MHz, DMSO)
163.77, 162.92, 141.00, 136.20, 134.83, 131.69, 127.10, 126.56, 125.91,
121.06, 119.13, 117.60, 110.19, 109.97, 55.55, 48.87, 48.27, 45.77,
34.96, 25.86. ESI-MS m/z (%): 391 [MH]* (100). Anal. Calcd for
C,,H,,N,05:0.5 CH;0OH: C 66.49; H 5.95; N 13.78. Found: C 66.51;
H 5.85; N 13.74.
N-Hydroxy-4-((4-methyl-3-oxo-5-thioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-b]lindol-11(1H)-yl)methyl)-
benzamide (13). As described above from 4-((4-methyl-3-ox0-5-
thioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-b]indol-
11(1H)-yl)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide
(56) (0.19 g; 0.38 mmol). Yield 0.10 g (0.23 mmol, 60%) colorless
crystals from 0.5 N HCl,,/MeOH. Mp: 169.2 170.7 °C. IR (KBr):
3252, 1702 cm . 'H NMR (300 MHz, DMSO-dg):  11.17 (s, 1H),
9.03 (s, 1H), 7.72 7.61 (m, 3H), 7.41 (dd, J = 6.5, 2.2 Hz, 1H), 7.22
7.02 (m, 4H), 556 5.30 (m, 2H), 4.94 (dd, J = 165, 5.3 Hz, 1H),
461 (d, ) =16.4 Hz, 1H), 4.44 (s, 1H), 3.91 (d, ] = 12.8 Hz, 1H), 3.50
(dd, J=13.1, 2.1 Hz, 1H), 3.30 (s, 3H). **C NMR (101 MHz, DMSO-
dg): 210.18 (quat CS), 164.26 (quat CO), 158.69 (quat CO), 141.13
(quat Ar-C), 136.46 (quat Ar-C), 134.56 (quat Ar-C), 132.37 (quat
Ar-C), 127.70 (+, (Ar-CH),), 127.15 (+, (Ar-CH),), 126.23 (quat Ar-
C), 12219 (+, Ar-CH), 120.29 (+, Ar-CH), 119.09 (+, Ar-CH),
110.82 (+, Ar-CH), 107.22 (quat Ar-C), 50.23 ( , NCH,Ar), 4761
( , NCH,CH), 46.35 ( , NCH,Ar (benzyl)), 35.05 ( , NCH,CH),
32.16 (+, NCH,). ESI-MS m/z (%): 421 [MH*] (100). RP-HPLC
(220 nm): 99.5% (gradient, 0 30 min, MeCN/0.1% aq TFA 20/80 to
95/5; 31 40 min, 95/5, ty = 21.1 min). HRMS (ESI) m/z: calcd
4211329, found 421.1334.
N-Hydroxy-4-((4-methyl-5-0x0-3,4,5,6-tetrahydro-2,6-
methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-
benzamide (14a). According to Saiga et al.”” an amount of 2.15 g
(31.00 mmol) of hydroxylamine hydrochloride was dissolved in 11.0
mL of MeOH by heating. A solution of 2.58 g (46.00 mmol) of KOH
in 7 mL of MeOH was added, and the mixture was stirred for 30 min
at rt. The precipitate formed was Itered o , and an amount of 1.58 g
(4:05 mmol) of 46a was dissolved in the Itrate. After 2 days of
stirring at rt the solution was adjusted to pH 6 7 with acetic acid and
the solvent removed in vacuo. The residue was puri ed by cc on a
short column (SiO,, EtOAc/MeOH 2:1). When distilling o the
solvent, precipitation of a colorless solid occurred. It was Itered o ,
washed with MeOH, and dried. 1.18 g (3.02 mmol; 75%) colorless
crystals. Mp: 190 °C (dec). IR (KBr): 3188, 2921, 1626 cm *. H
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NMR (300 MHz, DMSO-dg):  11.15 (s, 1H), 9.02 (s, 1H), 7.70
7.62 (m, 2H), 7.57 7.48 (m, 1H), 7.38 7.31 (m, 1H), 7.13 6.97 (m,
4H), 5.47 520 (m, 2H), 453 (d, J = 12.0 Hz, 1H), 438 (d, J = 17.9
Hz, 1H), 420 4.11 (m, 2H), 357 3.44 (m, 2H), 3.12 (d, J = 12.7
Hz, 1H), 2.58 (s, 3H). *C NMR (75 MHz, DMSO)  169.39, 163.85,
141.00, 135.83, 134.11, 131.71, 127.18, 126.40, 125.58, 120.87, 119.09,
117.98, 110.65, 109.61, 72.39, 50.67, 48.31, 45.75, 35.03, 29.64. ESI-
MS m/z (%): 391 [MH]* (100). Anal. Calcd for C,,H,,N,Os
1.25CH;0OH: C 64.87; H 6.32; N 13.01. Found: C 64.67; H 6.15; N
13.15.

N-Hydroxy-4-((8-methoxy-4-methyl-5-oxo0-3,4,5,6-tetrahy-
dro-2,6-methano[1,3]diazocino[5,6-bJindol-11(1H)-yl)methyl)-
benzamide (14b). An amount of 182 g (26.4 mmol) of
hydroxylamine hydrochloride was dissolved in 10 mL of MeOH by
heating. A solution of 2.19 (39.0 mmol) KOH in 6 mL of MeOH was
added and the mixture stirred for 30 min at rt. The precipitate was

Itered 0 , and an amount of 1.44 g (3:43 mmol) of 46b was dissolved
in the Itrate. After 2 days of stirring at rt the solution was adjusted to
pH 6 7 with acetic acid and the solvent removed in vacuo. When
distilling o the solvent, precipitation of a colorless solid occurred. It
was Itered o , washed with MeOH, and dried. Crystallization from
MeOH yielded 0.85 g (2.17 mmol; 63%) colorless crystals. Mp: 162
°C (dec). IR (KBr): 3202, 2940, 1631 cm % 'H NMR (300 MHz,
DMSO-dg): 11.16 (s, 1H), 9.03 (s, 1H), 7.65 (d, J = 8.0 Hz, 2H),
7.23 (d, ) = 8.8 Hz, 1H), 7.06 (d, J = 8.0 Hz, 2H), 7.00 (d, J = 2.4 Hz,
1H), 6.67 (dd, J = 8.7, 2.4 Hz, 1H), 5.42 515 (m, 2H), 452 (d, ] =
12.0 Hz, 1H), 435 (d, J = 17.9 Hz, 1H), 419 4.07 (m, 2H), 3.75 (s,
3H), 3.51 (d, ) = 12.7 Hz, 1H), 3.45 (s, 1H), 3.10 (d, J = 12.9 Hz, 1H),
259 (s, 3H). B¥C NMR (75 MHz, DMSO-d;)  169.51, 163.90,
15356, 141.12, 134.66, 131.65, 130.99, 127.16, 126.33, 125.98, 110.35,
100.19, 72.36, 55.27, 50.72, 48.35, 45.81, 35.00, 29.62. ESI-MS m/z
(%): 421 [MH]* (100). Anal. Calcd for C,3H,,N,0,-1.5CH;OH: C
62.81; H 6.45; N 11.96. Found: C 62.58; H 6.20; N 11.83.

N-Hydroxy-4-((4-methyl-5-oxo-3-thioxo-3,4,5,6-tetrahydro-
2,6-methano[1,3]diazocino[5,6-blindol-11(1H)-yl)methyl)-
benzamide (15). As described above from 4-((4-methyl-5-0x0-3-
thioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-b]indol-
11(1H)-y)methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide
(52) (0.42 g; 0.83 mmol). Yield 0.31 g (0.73 mmol; 88%) slightly
yellow crystals after crystallization from 0.5 N HCl,,/MeOH. Mp:
176.4 178.1 °C. IR (KBr): 1718, 1653 ¢cm % 'H NMR (300 MHz,
DMSO-dg):  11.17 (s, 1H), 9.01 (s, 1H), 7.65 (d, J = 8.2 Hz, 2H),
760 7.44 (m, 1H), 743 7.36 (m, 1H), 7.18 (d, J = 8.2 Hz, 2H),
7.14 6.92 (m, 2H), 556 (d, J = 16.1 Hz, 1H), 5.44 (d, J = 14.6 Hz,
2H), 5.06 (d, J = 16.0 Hz, 1H), 4.08 (d, J = 12.6 Hz, 1H), 3.98 (s, 1H),
3.78 (dd, J = 12.8, 1.9 Hz, 1H), 3.23 (s, 3H). *C NMR (101 MHz,
DMSO-dg):  193.01 (quat CS), 170.39 (quat CO), 164.23 (quat
CO), 154.53 (quat COCHj3), 141.06 (quat Ar-C), 135.71 (quat Ar-C),
13231 (quat Ar-C), 131.44 (quat Ar-C), 127.61 (+, (Ar-CH),),
127.17 (+, (Ar-CH),), 126.59 (quat Ar-C), 111.95 (+, Ar-CH), 111.74
(+, Ar-CH), 103.96 (quat Ar-C), 100.23 (+, Ar-CH), 55.88 (+,
COCH,), 49.07 ( , NCH,Ar), 4845 ( , NCH,CH), 46.65 ( ,
NCH,Ar (benzyl)), 36.48 (+, NCH,CH), 33.64 (+, NCHy). ESI-MS
m/z (%): 421 [MH*] (100). Anal. Calcd for Cp,H,,N,Os-*/;H,0: C
61.96; H 4.88, N 13.14, S 7.52. Found: C 61.92; H 4.90; N 13.00, S
7.43.

Methyl 2,3,4,9-Tetrahydro-1H-pyrido[3,4-bJindole-4-carbox-
ylate Hydrochloride (16a).”” Methyl 3-amino-2-(1H-indol-3-yl)-
propanoate hydrochloride (79a)®** (2.54 g; 10.00 mmol) and
formaldehyde (43) (12.00 mmol; 1.06 mL 35% in H,O) were
dissolved in MeOH and heated to 60 °C for 1 h. The solution was
cooled to rt and stirred overnight. After addition of Et,0 (20.0 mL)
the colorless product was Itered o , washed with Et,O, and dried.
Yield 2.29 g (86%) colorless crystals. Mp: 245.3 245.4 °C. IR (KBr):
3166, 1729 cm L *H NMR (300 MHz, DMSO-dg):  11.28 (s, 1H),
9.38 (s, 2H), 7.52 (d, J = 7.7 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.12
(dd, J=11.0, 4.1 Hz, 1H), 7.05 (dd, J = 10.9, 4.0 Hz, 1H), 443 4.27
(m, 2H), 4.24 (t, ) = 48 Hz, 1H), 3.71 (dd, 1H, ) = 12.9, 4.6 Hz, 1H),
3.70 (s, 3H), 353 (dd, J = 12.9, 5.3 Hz, 1H). ESI-MS m/z (%): 272
[MH* + CH,CN] (100), 231 [MH*] (65).
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Methyl 2-(Methylcarbamoyl)-2,3,4,9-tetrahydro-1H-pyrido-
[3,4-blindole-4-carboxylate (19a). Methyl 2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-4-carboxylate hydrochloride (16a) (0.67 g; 2.50
mmol) was suspended in MeCN (13.4 mL). With stirring
diisopropylethylamine (25 mL) was added. After addition of N-
succinimidyl-N-methyl-carbamate (18) (0.52 g; 3.00 mmol) stirring
was continued for 16 h atrt. The mixture was poured into water, and
the crude product was extracted with EtOAc (3 x 50 mL). The
combined organic layers were dried (Na,SO,) and evaporated.
Crystallization from EtOAc yielded 0.66 g (2.30 mmol; 92%) colorless
crystals. Mp: 202.5 203.1 °C. IR (KBr): 3380, 3275, 2945, 1716 cm 1,
'H NMR (300 MHz, DMSO-dg):  11.06 (s, 1H), 7.33 (d, J = 8.0 Hz,
2H), 7.10 7.01 (m, 1H), 7.00 6.89 (m, 1H), 6.65 (g, J = 4.0 Hz,
1H), 461 (d, J = 16.4 Hz, 1H), 451 (d, J = 16.2 Hz, 1H), 4.03 3.87
(m, 2H), 3.73 (dd, J = 12.7, 3.9 Hz, 1H), 3.64 (s, 3H), 2.61 (d, J = 4.3
Hz, 3H). C NMR (101 MHz, DMSO):  173.35, 158.53, 136.39,
13348, 126.57, 12131, 119.28, 118.29, 111.60, 105.28, 52.16, 44.56,
41.96, 39.00, 27.74. ESI-MS m/z (%): 575 [2M + H*] (100), 288
[MH*] (35). Anal. Calcd for C,5H,,N;O5: C 62.71; H 5.96; N 14.63.
Found: C 62.39; H 6.26; N 14.62.

4-Methyl-6,11-dihydro-2,6-methano[1,3]diazocino[5,6-b]-
indole-3,5(1H,4H)-dione (20a). To a solution of methyl 2-
(methylcarbamoyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-4-car-
boxylate (19a) (0.48 g; 1.67 mmol) in dioxane (50 mL) was added
Cs,CO; (1.20 equ., 0.65 g; 2.00 mol) under nitrogen atmosphere.
After being stirred for 4 h under re ux, the mixture was Itered. The
clear solution was charged with silica gel (5 10 mL), and the solvent
was removed under reduced pressure. Silica gel chromatography by
“dry load method” a orded the desired product. Yield 0.31 g (1.21
mmol; 72%) colorless crystals after cc (SiO,; CH,Cl,, EtOAc; 1:1)
from EtOAc. Mp: 248.7 249.0 °C. IR (KBr): 3357, 1717, 1687 cm %,
'H NMR (300 MHz DMSO-dg):  11.14 (s, 1H), 7.48 (d, ) = 7.4 Hz,
1H), 7.34 (d, ) = 7.4 Hz, 1H), 7.00 7.11 (m, 2H), 4.67 (s, 2H), 3.89
(dd, J = 131, 1.2 Hz, 1H), 3.82 (5, 1H), 3.44 (dd, J = 13.1, 2.3 Hgz,
1H), 2.89 (s, 3H). °C NMR (101 MHz, DMSO-dg):  173.74 (quat
CO), 16151 (quat CO), 136.01 (quat Ar-C), 133,57 (quat Ar-C),
126.24 (quat Ar-C), 121.89 (+, Ar-CH), 119.75 (+, Ar-CH), 117.93
(+, Ar-CH), 112.04 (+, Ar-CH), 105.33 (quat Ar-C), 50.10 ( ,
NCH,Ar), 4697 ( , NCH,CH), 36,53 (+, NCH,CH), 27.82 (+,
NCH,). ESI-MS m/z (%): 297 [MH* + CH,CN] (100), 256 [MH*]
(7). Anal. Calcd for C;4H;3N30,: C 65.87; H 5.13; N 16.46. Found: C
65.69; H 5.28; N 16.32.

General Procedure 1. Modi cation a (GP1a). Under nitrogen a
solution of the carboline derivative (2.00 mmol) in DMF (10.0 mL)
was cooled to 0 °C. After addition of NaH (220 mmol; 60% in
para n) the mixture was stirred for 10 min. The alkylating agent (2.20
mmol) was added, and stirring at rt continued until completion of the
reaction (TLC). The mixture was poured into water. The crude
product was isolated by lItration or extraction of the aqueous phase
with CH,CI, (4 x 50.0 mL). In both cases silica gel chromatography
a orded the desired product.

tert-Butyl 4-((4-Methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-
methano[1,3]diazocino[5,6-bJindol-11(1H)-yl)methyl)benzoate
(22a). According to GPla from 4-methyl-6,11-dihydro-2,6-methano-
[1,3]diazocino[5,6-b]indole-3,5-(1H,4H)-dione (20a) (0.51 g; 2.00
mmol) and tert-butyl 4-(bromomethyl)benzoate (21).”® Yield 0.65 g
(146 mmol; 73%) colorless crystals after recrystallization from
CH,Cl,/n-heptane. Mp: 1915 1919 °C. IR (KBr): 1714, 1687
cm L *H NMR (300 MHz DMSO-dg):  7.82 (d,J = 8.3 Hz, 2H), 7.53
(dd, ) =62, 25 Hz, 1H), 7.41 (dd, ) = 6.5, 2.1 Hz, 1H), 7.16 (d, ] =
85 Hz, 2H), 7.12 6.95 (m, 2H), 5.45 (s, 2H), 4.83 (d, J = 16.6 Hz,
1H), 4.54 (d, ) = 16.6 Hz, 1H), 3.90 (d, ) = 12.1 Hz, 2H), 3.45 (dd, J =
13.6, 2.6 Hz, 1H), 2.89 (s, 3H), 151 (s, 9H). *C NMR (101 MHz,
DMSO-dg): 173.58, 165.07, 161.32, 143.10, 136.46, 134.74, 130.92,
129.89, 127.25, 126.19, 122.29, 120.33, 118.33, 110.75, 105.94, 81.17,
49.37, 46.68, 46.50, 36.48, 28.21, 27.89. ESI-MS m/z (%): 463
[MNH,"] (70), 446 [MH*] (100). Anal. Calcd from C,sH»N;O,: C
70.09; H 6.11; N 9.43. Found: C 70.02; H 6.02; N 9.35.

General Procedure 2 (GP2). Deprotection of tert-butyl
carbamates. A solution of the tert-butyl carbamate (0.50 mmol) in
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tri uoroacetic acid (5.0 mL) was stirred for 15 min at rt. After
completion of the reaction (TLC monitoring) the mixture was poured
into water. The carboxylic acid was collected by Itration and dried. If
the molecule contains an amino group, the excess of tri uoroacetic
acid was removed under reduced pressure and the product was
obtained as its tri uoroacetic acid salt.

4-((4-Methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methanol[1,3]-
diazocino[5,6-b]indol-11(1H)-yl)methyl)benzoic Acid (24a).
According to GP2 from tert-butyl 4-((4-methyl-3,5-dioxo-3,4,5,6-
tetrahydro-2,6-methano[1,3]diazocino[5,6-b]indol-11(1H)-yl)-
methyl)benzoate (22a) (0.50 g; 1.12 mmol). Yield 0.44 g (1.11 mmol;
99%) colorless crystals. Mp: 285.1 286.0 °C. IR (KBr): 1726, 1684
cm LIH NMR (300 MHz, DMSO-dg):  12.93 (s, 1H), 7.86 (d, ] =
8.3 Hz, 2H), 7.53 (dd, J = 6.4, 2.3 Hz, 1H), 7.42 (dd, ) = 6.7, 1.9 Hz,
1H), 7.16 (d, ] = 8.3 Hz, 2H), 7.13 6.98 (m, 2H), 5.45 (s, 2H), 4.83
(d, J =16.6 Hz, 1H), 455 (d, J = 16.5 Hz, 1H), 3.90 (d, J = 11.9 Hz,
2H), 3.45 (dd, J = 13.4, 25 Hz, 1H), 2.89 (s, 3H). *C NMR (101
MHz, DMSO-dg) 17358, 167.44, 161.31, 143.08, 136.48, 134.76,
130.35, 130.27, 127.21, 126.17, 122.31), 120.34, 118.34, 110.76,
105.92, 49.36, 46.59, 36.48, 27.88. ESI-MS m/z (%): 431 [MH" +
CH;CN] (80), 390 [MH*] (100). Anal. Calcd for
C,,H1sN;0,-Y/,H,0: C 67.08; H 4.99; N 10.67. Found: C 67.03; H
497; N 10.34.

General Procedure 3 (GP3). The carboxylic acid (0.50 mmol)
was dissolved in DMF (5.00 mL). After addition of benzotriazol-1-
yloxy-tris(dimethylamino)phosphonium hexa uorophosphate (25,
BOP) (0.50 mmol), triethylamine (1.50 mmol), and O-(tetrahydro-
2H-pyran-2-y)hydroxylamine (26) (2.00 mmol) the mixture was
stirred at rt until the reaction was completed (TLC monitoring). If the
product crystallized, it was Itered o and dried in vacuo. Alternatively,
the mixture was extracted with CH,Cl, (4 x 25.0 mL), and the
combined organic phases were washed with brine (25.0 mL) and dried
over Na,SO,. The solvent was removed and the residue dried in vacuo.
Puri cation by chromatography on silica gel using (CH,Cl,, EtOAc
(1:2)) or the indicated eluent.

4-((4-Methyl-3,5-diox0-3,4,5,6-tetrahydro-2,6-methano[1,3]-
diazocino[5,6-b]indol-11(1H)-yl)methyl)-N-((tetrahydro-2H-
pyran-2-yl)oxy)benzamide (27a). According to GP3 from 4-((4-
methyl-3,5-dioxo-3,4,5,6-tetrahydro-2,6-methano[1,3]diazocino[5,6-
blindol-11(1H)-yl)methyl)benzoic acid (24a) (0.45 g; 1.16 mmol).
Yield 0.37 g (0.76 mmol; 65%) colorless crystals from CH,Cl, by
addition of heptane. Mp: 197.7 198.5 °C. IR (KBr): 2952, 1727, 1680
cm % *H NMR (300 MHz, DMSO-dg):  11.59 (s, 1H), 7.68 (d, J =
8.3 Hz, 2H), 7.52 (dd, J = 6.3, 2.4 Hz, 1H), 7.41 (dd, ) = 6.6, 2.0 Hz,
1H), 7.15 (d, ] = 8.3 Hz, 2H), 7.12 6.99 (m, 2H), 5.42 (s, 1H), 4.96
(s, 1H), 4.86 (d, J = 16.6 Hz, 1H), 456 (d, J = 16.5 Hz, 1H), 4.07
3.96 (m, 1H), 3.90 (d, J = 12.8 Hz, 2H), 3.47 (t, ) = 11.4 Hz, 2H), 2.90
(s, 3H), 1.70 (s, 3H), 1.53 (s, 3H). *C NMR (101 MHz, DMSO-dg)
173.59 (s), 161.33 (s), 142.10 140.90 (m), 136.42 (s), 134.75 (s),
132.15 131.76 (m), 128.09 (s), 127.13 (s), 126.19 (s), 122.27 (5),
120.32 (s), 118.33 (s), 110.80 (s), 105.86 (5), 101.44 (s), 61.85 (9),
49.42 (s), 46.70 (s), 46.49 (s), 36.49 (s), 28.33 (5), 27.90 (5), 25.17
(s), 18.76 (s). ESI-MS m/z (%): 506 [MNH,*] (38), 489 [MH"]
(100). Anal. Caled for C,;H,gN4Os: C, 66.38; H, 5.78; N, 11.47.
Found: C, 65,57, H, 5.97, N, 11.16.

Cell Culture and Treatment Conditions. MV4-11, HEL, Jurkat
and BV173 cells were maintained in Roswell Park Memorial Institute
(RPMI) medium containing 10% fetal calf serum (Gibco) and 1%
penicillin/streptomycin  (Sigma). HEK293T cells were grown in
Dulbecco’s modi ed Eagle’s medium (DMEM) (Sigma) containing
the same additives. All cells were cultured at 37 °C and 5% CO,
atmosphere. For further details see Supporting Information.

Western Blot and Antibodies. For details see Supporting
Information.

Molecular Modeling. Models were generated with the modeling
suite SYBYL-X 2.0 (Certara, L.P., St. Louis, USA). Docking
approaches were based on the crystal structure of zebra sh HDAC6
CD Il in complex with N-hydroxy-4-[[(2-hydroxyethyl)-
(phenylacetyl)amino]methyl]benzamide (PDB 5WGK).** Both enan-
tiomers of Marbostat-100 (5a) were manually docked retaining the
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binding mode of the phenylhydroxamic acid moiety of the
cocrystallized inhibitor. Models were prepared as follows: Hydrogens
were added, and charges were assigned (proteins and water molecules,
AMBER_FF99; ligands, Gasteiger Hueckel; Zn?* ion, formal charge
of 2). Complexes were re ned in two steps: rst, minimization with
xed inhibitor using the AMBER_FF99 force eld;’® second, subset
minimization of Marbostat-100 and the surrounding (distance up to 6
R) protein residues (Tripos force eld®®). In both minimization steps,
the Powell conjugate gradient method with termination at a root-
mean-square force of 0.05 kcal mol * A ! was applied. Molecular
surfaces and lipophilic potentials (protein variant with the new
Crippen parameter table)®® were calculated and visualized by the
program MOLCAD (MOLCAD, Darmstadt, Germany) contained
within SYBYL.

Animals. Male DBA/1J) mice (6 8 weeks old) were purchased
from Janvier (France). They were housed in a speci ¢ pathogen-free
environment with unrestricted access to chow and water. Five animals
lived in one cage, and they were acclimated to the environment during
1 week before the experiments. The Government of Unterfranken,
Germany, approved all experiments according to institutional and
governmental regulations for animal use (Az. 55.2 DMS-2532-2-124).

Induction, Assessment of Arthritis, and Scoring. Arthritis was
induced by a single injection of 100 g of bovine type Il collagen (MD
Bioproducts, Zurich, Switzerland) emulsi ed in an equal volume of
complete Freund adjuvant (Sigma, Deisenhofen, Germany) intra-
dermally at the base of the tail. After immunization, animals were
inspected daily for signs of joint swelling in front and hind limbs.®* For
further details of assessment and scoring see Supporting Information.

Treatment. Sterile and freshly prepared equimolar solutions of
Marbostat-100 (5a) or 5f were injected intraperitoneally every
morning at a concentration of 30 mg/kg or (equimolar) 42.3 mg/
kg, respectively. Treatment was initiated for each mouse after a clinical
arthritis score of 8 or higher was reached (therapeutic treatment
approach) and was continued for 12 14 consecutive days until all
mice were Kkilled. Injection of vehicle (sterile solution of PBS,
Cremophor, 1-methyl-2-pyrrolidinone, and DMSO, all Sigma) alone
served as control.

Blood Count and Removal of Organs. Immediately after killing
the mice, whole blood was obtained by cardiac puncture and
transferred into EDTA coated tubes (Sarstedt, Germany) for blood
count analysis. Hemoglobin, erythrocytes, and leukocytes were
determined with a full automatic counter, which is also used for
patient blood sampling (University Hospital Regensburg, Department
of Clinical Chemistry and Laboratory Medicine). Organs were
removed immediately, packed in vials, and snap frozen in liquid
nitrogen.

Statistical Analysis. If not stated otherwise, results are presented
as box plots with the 10th, 25th, 50th (median), 75th, and 90th
percentile (in the animal experiments for scoring results). The
nonparametric Mann Whitney test was used to compare two groups.
A two-way ANOVA test using the Holm Sidak method was used to
compare groups (Sigma Plot, version 11, Systat Software GmbH,
Erkrath, Germany). We considered p-values below 0.05 as statistically
signi cant. Data from ow cytometry were analyzed with FACS Diva
software (version 7.0, BD Biosciences GmbH, Heidelberg, Germany).
Image Studio Lite (version 4.0, LI-COR Biosciences Inc., Lincoln,
USA) was used to analyze the data from Western blot. The graphs
were illustrated using Prism 6 (Graph Pad Inc., La Jolla, USA).
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benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexa-
uorophosphate; CAIA, collagen antibody-induced arthritis;
cc, column chromatography; CD, catalytic domain; CDI, 1,1 -
carbonyldiimidazole; CIA, collagen type Il, induced arthritis;
DMFDMA, N,N-dimethylformamide dimethylacetal; EDTA,
ethylenediaminetetraacetic acid; ELISA, enzyme linked immu-
nosorbent assay; FLS, broblast-like synoviocyte; HDACI,
histone deacetylase inhibitor; IL-6, interleukin 6; IgG,
immunoglobulin G; NH,OTHP, O-(tetrahydro-2H-pyran-4-
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yDhydroxylamine; PBS, phosphate bu ered solution; RA,
rheumatoid arthritis; rt, room temperature; TLC, thin layer
chromatography
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