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Synthesis and biological evaluation of potential small
molecule inhibitors of Tumor Necrosis Factor
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Evangelos Ntougkos®, Katerina Tsiliouka’, Anna Maranti’, Fotini Liepouri’,
Alexandros Strongilos’, Anthi Mettou®®, Elias Couladouros®, Elias Eliopoulos®,
Eleni Douni®®, George Kollias® and George Kontopidis*®*

Inhibition of Tumor Necrosis Factor (TNF) production or function by small molecules has
become a major focus in the pharmaceutical industry for the treatment of Rheumatoid Arthritis.
In this study, a series of 39 novel SPD-304 analogs were designed, synthesized and evaluated
as TNF inhibitors. Our results show that small structural changes produce ligands with similar
binding affinities (Kq) for TNF, but significantly different potencies in a L929 cell-based
assay. In addition, contrary to the high affinity of compounds 4e, 8c and 10e for TNF in vitro,
the potency of these compounds was determined to be low. We propose that these differences
can partly be explained by the physicochemical characteristics of the synthesized SPD-304
analogs. Our findings were supplemented by molecular docking studies on the TNF dimer.

These synthesized analogs may serve as a starting point for developing novel TNF inhibitors.

Introduction

Rheumatoid arthritis (RA) is a chronic disease characterized by
synovial inflammation, as well as degeneration of cartilage and
erosion of juxta-articular bone. RA affects about 0.5-1% of the
general population causing increased morbidity and mortality mainly
due to accelerated atherosclerosis.” 2 The inhibition of cytokines,
particularly Tumor Necrosis Factor (TNF) that plays a pivotal role in
regulating the inflammatory response in RA, has been successful in
the treatment of RA.

The synthetic therapeutic antibodies etanercept (Enbrel),
infliximab (Remicade), and adalimumab Humira), bind to TNF
directly, inhibiting the interaction between TNF and the tumor
necrosis factor receptor (TNFR).* These agents have produced
significant advances in RA treatment and validated the extracellular
inhibition of this pro-inflammatory cytokine as an effective therapy.®
The major disadvantages of these drugs are that they cannot be taken
orally; they are expensive and could cause immunogenicity. This has
stimulated the development of alternative small molecule-based
therapies as inhibitors of TNF with improved efficacy, better
tolerability, and oral administration.> An orally administered, small
molecule that regulates TNF biology could either replace the
injectable ones, or provide better disease control when used alone or
in conjunction with existing therapies.®> In addition, it is expected
that rationally designed small molecule drugs based on scientific
advancements and biotechnological improvements may reach, or
even exceed the efficacy of protein drugs.’ Thus, new therapeutic
alternatives could be presented, with an improved outcome in the
care of rheumatic patients.®

This journal is © The Royal Society of Chemistry 2013

Up to the present time, only a small number of TNF inhibitors
have been identified so far, and none of them have reached clinical
trials.” Most of the small molecule inhibitors reported in the
literature target TNF indirectly, by down-regulating the expression
of TNF.%'2 |n 2010, Bandgar et al.'® reported the synthesis and
evaluation of a series of 2-hydroxy-g chlorovinyl-chalcones as
inhibitors of TNF expression. In 2011, Wu et al.** reported the
inhibition of TNF production from 6 chalcone derivatives, after
screening 54 new synthetic chalcone compounds. In contrast, direct
inhibition of TNF/TNFR interaction, by disrupting the active TNF
trimer, has been an important strategy in the design and screening for
small-molecule based TNF inhibitors.'® However, only a few small
molecules have been reported to directly disrupt TNF/TNFR
interaction such as the polysulfonated naphthylurea, suramin and its
analogs.'® Furthermore the low potency and poor selectivity of
suramin coupled with its tendency to cause adverse side effects
renders it unsuitable for anti-TNF therapies.’” In 2005, He et al.’®
reported a novel compound, SPD-304, which inhibited TNF activity
by first promoting subunit disassembly of this trimeric cytokine and
then binding to the resulting dimer. This mechanism was further
confirmed by an X-ray structure of a single compound in complex
with the TNF dimer. SPD-304 contains though the toxic 3-
alkylindole moiety, which was found to be metabolized by
cytochrome P450 enzymes through a dehydrogenation pathway
similar to that of the potent pneumotoxin 3-methylindole, producing
reactive electrophilic iminium species capable of reacting with
protein and DNA targets.® In 2010, Chan et al.?> ?* identified two
small molecule TNF inhibitors, quinuclidine and quinolizine, from a
natural product and natural-product-like chemical library using a
structure-based virtual screening. Interestingly, quinolizidine was
found to be more potent against TNF compared to SPD-304, while
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quinuclidine displayed a comparable activity to SPD-304. Moreover,
Kumar et al.? reported the synthesis of a series of iso-indolo [2,1-
aJquinazoline derivatives as potent TNF inhibitors. In addition, the
first metal-based direct inhibitor of TNF based on airidium (I11)
biquinoline complex has been reported.?® Leung and co-workers®
discovered two direct TNF inhibitors, Darifenacin (Enablex) and
ezetimibe (Zetia), from a database of 3,000 US Food and Drug
Administration (FDA)-approved drugs by applying structure-based
virtual screening methods. Recently, Shen and co-workers’
identified a new direct inhibitor of TNF with higher inhibition
activity than SPD-304 in a cell based-assay, by performing a virtual
screen on the SPECS database for molecules that TNF dimer
structure.

To date, crystallographic structures of TNF with bound inhibitors
have been reported only for SPD-304,"® which is also one of the
most active small molecule inhibitors. Therefore, SPD-304 is the
more appropriate choice for structure-based design of TNF
inhibitors. Recently, we have reported the synthesis of less toxic
SPD-304 derivatives, by eliminating the 6’-methyl group of the 4-
chromone moiety, and by incorporating electron- withdrawing
substituents at the indole moiety.?® In this study, we report the design
and synthesis of 39 new SPD-304 analogs and their in vitro and cell-
based evaluation against TNF provided valuable structure-activity
relationships.

Results and discussion

Chemistry

Following our previous results®, we have attempted to modify
SPD-304 (Scheme 1) in 4 domains: i) modification of the chromone
moiety (elimination of 6’-CHj or both methyl groups or substitution
of the chromone moiety with other aromatic groups); ii)
modification of the aromatic ring on the indole moiety; iii)
conversion of the diamine to diamide; iv) coupling of the diamine
bridge.

Diamine can be
converted to diamide

Needed for activity

" Can be linked

Modification of
chromone

Modification of
aromatic ring

Scheme 1 Structural modifications of SPD-304

In this work, we describe the synthesis of 39 novel SPD-304
analogs that derived from the above mentioned modifications and
are organized in 5 series (Tables 1-5).
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Structure Activity Relationship Studies

The inhibitory effect of the synthesized compounds was initially
examined in terms of their affinity for TNF by utilizing an in vitro
fluorescence ligand-binding assay (Experimental ~Section).?®
Specifically, the change of fluorescence signal of three tyrosine
residues located at the ligand-binding interface (Tyr59, Tyrl19,
Tyrl51) is monitored upon titration of the ligands.?® Fluorescence
titration of TNF with the parent compound 1 (SPD-304; Fig. 1)
yielded a Kq value of 5.36 + 0.21 uM.?® Titration of TNF with the
SPD-304 analogs gave hyperbolic plots (Supporting Fig. S1), while
Scatchard plot analysis gave linear plots indicating a single binding
site (data not shown).

Our biological screening strategy was based on testing the
capacity of the compounds to inhibit TNF functionality by
employing the most widely used assay of TNF bioactivity.?’ The
latter utilizes the ability of TNF to induce death in the murine
fibrosarcoma cell line L929 following sensitization by the
transcription inhibitor actinomycin D. If the compounds obstruct
TNF activity at a functional level, they should prevent it from being
cytotoxic in this setting. Initially, all compounds were tested using
this assay at a concentration of 20 pM. Compounds showing at least
a 25% inhibition of TNF-induced cell death were further tested to
determine their 1Cs, values using the same assay in a dose-response
way. It should be mentioned that as the basis of our screening is the
protection from TNF-induced death, any compound that exhibited
pronounced toxicity would not have passed our first line of testing.
Having established that a selection of the compounds can obstruct
TNF functioning, and given that TNF exerts its functions primarily
through interacting with the TNF-R1? receptor, an ELISA-based
test was devised to test their effects on this interaction.

A major problem experienced during this work was that a
significant fraction of the tested compounds exhibited low aqueous
solubility. This issue was overcome during binding affinity
evaluation, by the addition of a co-solvent (either DMSO or
PEG3350) in the reaction mixture, at a final concentration of 50,2
In addition, we employed a solubilisation protocol for this assay as
previously described by our group. It should be noted that TNF can
tolerate both DMSO and PEG3350 up to 10% in the binding assay.
However, those two co-solvents could not be used at this
concentration in our cell-based assay, because they cause
interference. As a result, many tested compounds may not have
reached the desirable concentration for inhibition in this assay.

Fig. 1 summarizes the structures of the first series of compounds
(2a-2e, 3a-3d and 4a-4f) where we investigated the effect of the
diamine cyclization of the lead compound 1. Synthesis of these
analogs was based on our previous docking studies.”® The predicted
conformation of these potential inhibitors, as derived from the
docking studies, revealed that substitution by the more rigid
piperazine ring results to a non-bound ligand conformation very
similar to the bound one. Thus, compounds containing a coupled
diamine bridge (transformation to piperazine) exhibit less variability
with lower entropic cost due to the fixed conformation of the
piperazine ring. Based on this observation, our initial point of
modification was to reduce the binding energy of the parent
compound 1 (SPD-304) by coupling the diamine bridge, leading to
the compound 2a and by elimination of 7°-CH; of the chromone
moiety, without or with coupling of diamine bridge, in compounds
2b and 2c respectively (Fig. 1).

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 Structures of SPD-304 derivatives 2a-e, 3a-d and 4a-f

The evaluation of the first series of compounds is presented in
Table 1 where it can be seen that, although compounds 2a and 2b
showed lower binding affinity compared to SPD-304, compound 2¢
showed a Ky value close to that of SPD-304 (Table 1). Based on our
previous results® we have also transformed the diamine parent
compound to diamide analogs (2d, 2e, Fig. 1), with the aim to
eliminate the toxic effect of the methylene group. Even though
compound 2d® exhibited approximately two-fold gain in affinity
with respect to the parent compound 1, it was approximately 5 times
less potent. Compound 2e displayed a comparable binding activity to
SPD-304; however it was completely inactive in the cell-based assay
(Table 1), probably due to its low solubility (data shown). It must be
noted that assay conditions in binding determination, due to the
presence of the organic solvent, allows the inhibitors to reach higher
concentrations, thus the maximum inhibition could be observed.

Subsequently, the effect of variations of the substituents in the
indole moiety of the parent compound 1 was investigated.
Compounds 3a-3d and 4a-4f (Fig. 1) were synthesized in order to
explore the effect of different substitutions of m-
trifluoromethylphenyl moiety of the carbonylated derivatives of lead
compound 1, in combination with demethylation of the chromone
moiety. For each substituted compound the effect of the piperazine
ring was also investigated. Initially, the trifluoromethyl group or the
aromatic ring was substituted with either a nitro (3a, 3b) or an amino
group (3c, 3d). In addition, the m-trifluoromethylphenyl moiety was
substituted by the more electron-withdrawing phenylsulfonyl group
in 4a% and 4b or with m-nitrophenylsulfonyl group in 4c and 4d or
with an m-aminophenylsufonyl group in 4e and 4f (Fig. 1).
Conversion of the diamine parent compound 1 to the diamide 3a-3d
and 4a-4f and substitution of m-trifluoromethylphenyl with more
electron withdrawing groups, led to a significant decrease of
lipophilicity (Table 1). As outlined in Table 1, substitution of the
trifluoromethyl group with either nitro (compounds 3a and 3b) or
amino group (compounds 3c and 3d) resulted in a 2.5 to 7-fold
decrease in binding affinity. Compounds 3a-3c were completely
inactive while compound 3d revealed a two-fold loss in potency

This journal is © The Royal Society of Chemistry 2012
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compare to initial lead 1. Compounds 4a-4f containing the m-
substituent phenylsulfonyl group regained a fraction of the potency.
Binding affinity results (K4 values) of 4a-4f revealed that coupling
of the diamine bridge had a negative impact. In addition, the Ky
values of 4c-4g indicate that the presence of an amino group
promotes the binding affinity to TNF, while a nitro group is not a
favorable substitution. Noticeably, the optimal binding affinity was
shown by compound 4e (K= 0.95 uM) which features a m-
aminophenylsulfonyl group at the indole moiety (Table 1). We
hypothesize that the markedly reduced activity of 4e in the cell-
based assay could be explained by its low bioavailability resulting
from: i) poor cellular uptake and/or low solubility of this compound
(data not shown) or ii) metabolic degradation of this compound.
Overall, the affinity values of compounds 3b, 3d, 4b, 4d and 4f
suggest that introduction of the piperazine ring had a negative effect
on their potency.

Table 1. Evaluation of the binding affinity and potency of the synthesized
SPD-304 derivatives 2a-e, 3a-d and 4a-f

TNF binding _Inhibition of T",‘\,hF"}’F,'\,OF”F%O]:
affinity®™ TNF activity™ interaction'®

ID clogP®  (Kg, uM)™ (ICso, uM)™ (ICs0, pM)™
1M 8.0 536+0.21 50+1.5 50+1.5
2a 7.9 10.12+0.67 10£1.9 150+ 1.4
2b 75 18.64 +£0.92 30+22 10+£1.5
2c 7.4 478 £0.45 30+3.1 15+£1.2
2dM 5.9 2.51+0.16 20+0.6 >60
2e 5.7 5.12+0.61 Inact nd
3a 3.9 12.22+0.85 inact nd
3b 3.8 25.36 £1.25 Inact nd
3c 31 3523+1.92 Inact nd
3d 31 14.12 £ 0.69 10+1.3 20+1.8
430" 3.3 7.00 £ 0.44 >60 >60
4b 3.6 12.81 £0.78 15+1.7 40+3.1
4c 31 3.16+0.21 20+1.6 40+29
4d 3.0 16.82 +£0.51 20+2.1 40+4.5
4e 25 0.95+0.06 25+1.8 20+1.3
4f 24 545+0.62 20+1.9 40+1.9

[a] Calculated using ChemDraw [b] Determination of binding affinity to
TNF by fluorescence assay.
experiments); p<0.05. [d] Quantification of inhibition of TNF-induced
death in L929 cells. [e] Quantification by TNF/TNFR1 ELISA. [f] data

[c] Mean + SE (n=3

from?. “Inact”=inactive; “n.d.”=not determined.

independents

For the second series of compounds (5a-5g and 6a-6¢; Fig. 2) we
substituted the chromone moiety with other aromatic groups, in
order to investigate the effect of both shape and hydrophobicity on
their binding affinity and potency. In compounds 5a-5g, m-
trifluoromethylphenyl has been replaced by the more electron-
withdrawing phenylsulfonyl group (Fig. 2). The evaluation of the 2™
series of SPD-304 derivatives is summarized in Table 2. As it can be
seen, replacement of the chromone moiety with naphthalene in the
secondary and tertiary amines 5a and 5b resulted in a decrease of
lipophilicity (cLogP 5.3 and 5.1, respectively). Introduction of the

J. Name., 2012, 00, 1-3 | 3
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naphthalene group resulted in a 7- and 5- fold decrease in the affinity
of 5a and 5b with an increase in the Ky values compared to parent

compound.
O /7 9 o ,— P
N N N N4
“x R / R
\ \
N N
A
0=8=0
Sa-g 6a-c
5a: R = napthyl, X=H, H 6a: R = napthyl
5b: R = napthyl, X = CH3, CH3 6b: R = 1H-imidazole
5c: R =Ph, X=CH,, CH,3 6¢c: R =Ph

5d: R = 1H-imidazole, X = CH3, CH,
5e: R = 2-FPh, X = CHj, CH3

5f: R = 2-thiophene, X = CH3, CH3
5g: R = napthyl, X=\__/

Fig. 2 Structures of SPD-304 derivatives 5a-g and 6a-c

Substitution of the chromone moiety with a phenyl group in 5c¢
(cLogP=5.0) had also a negative impact on its binding affinity.
Substitution of the chromone moiety with 1H-imidazole and o-
fluorobenzene in compounds 5d and 5e resulted in a significant
reduction of their binding affinity. The presence of the smaller, but
less hydrophobic, thiophene ring in 5f led to a slight decrease (1.6-
fold) in the binding affinity compared to 1. Introduction of napthyl in
59 resulted in a complete loss of binding affinity for TNF.

Table 2. Evaluation of the binding affinity and potency of the
synthesized SPD-304 derivatives 5a-g, and 6a-c

in 6¢ resulted in a 3-fold decrease in binding affinity (Kg=15.17 pM)
with respect to the parent compound. Most notably, compounds 5a-g
and 6a-6¢ lost their activity in the cell based-assay, indicating that
the chromone moiety is essential to achieve TNF inhibition (Table
2).

Subsequently, the third series of compounds (7a-7b, 8a-8d and
9a-9b; Fig. 3) was designed in order to investigate whether the
introduction of a nitro- or an amino- group at the 5’- position of the
indole moiety could improve the ligands’ binding affinity and
potency for TNF.

9 . 0 Q P2
O,N N N Ry N\_/qu
R R.
y X 3 3
N N
Ta-c 8a-c

7a: R = 3-(4-chromone), X= CH3, CH4
7b: R = 3-(4-chromone), X=\__/
7c: R=2-FPh, X = CHj, CHy

o — 0
O,N N N
N/ R
\
N
9a: R =2-FPh

9a-b 9b: R = 2-thiophene

8a: Ry= NH,, R, = NH,, Ry = 3-(4-chromone)
8b: Ry= NH,, R; = NH,, Ry = 3-(chroman-4-one)
8c: Ry =NO,, R; = NO,, Ry= 3-(4-chromone)

Fig. 3 Structures of SPD-304 derivatives 7a-c, 8a-c and 9a-b.

In the first three members of this series (7a-7c), m-
trifluoromethylphenyl remained intact, while the H-bond
acceptor nitro group has been introduced in the 5’- position of
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the indole moiety.

Table 3. Evaluation of the binding affinity and potency of the

Inhibition of

TNF binding Inhibition of TNF/TNFR1

affinity™ TNF activity™ interaction

ID  cLogP®™  (Kg puM)M (ICso, pM)™ (ICso, pM)™
5a 53 >35 Inact nd
5b 5.1 25.03 +1.88 inact nd
5¢c 5.0 17.27+1.26 Inact nd
5d 2.8 Inact Inact nd
5e 42 Inact Inact nd
5f 31 8.22+0.45 Inact nd
59 3.9 Inact inact n.d
6a 6.8 Inact Inact nd
6b 43 >35 Inact nd
6c 5.6 15.17 £ 1.34 Inact nd

[a] Calculated using ChemDraw. [b] Determination of binding affinity
to TNF by fluorescence assay. [c] Mean + SE (n=3 independent
experiments); p<0.05. [d] Quantification of inhibition of TNF-induced
death in L929 cells. [e] Quantification by TNF/TNFR1 ELISA.
“Inact”=inactive; “n.d.” =not determined.

To further explore the importance of the chromone moiety on
binding affinity and potency, we kept the m-trifluoromethylphenyl
moiety in the last three members of this series, with concurrent
coupling of the diamide bridge (Fig. 2). Substitution of the
chromone moiety with naphalene in 6a and imidazole in 6b resulted
in complete loss of affinity for TNF. Finally, introduction of benzene

4| J. Name., 2012, 00, 1-3

synthesized SPD-304 derivatives 7a-c, 8a-c and 9a-b

Inhibition of
TNF binding Inhibition of TNF/TNFR1
affinity™ TNF activity™ interaction ©
ID  cLogP®™  (Kg,uM)®  (ICs, pM)™ (ICs0, M)
Ta 4.8 13.28 £ 1.15 Inact n.d
b 4.8 Inact Inact n.d
7c 5.7 10.33 £ 1.16 Inact n.d
8a 2.1 15.61 +1.46 40+3.8 40+3.1
8b 33 Inact Inact n.d
8c 3.6 0.74 £0.07 15+1.4 20+1.9
9a 25 17.85+1.28 Inact n.d
9b 2.0 10.74 £1.32 Inact n.d

[a] Calculated using ChemDraw. [b] Determination of binding affinity
to TNF by fluorescence assay. [c] Mean + SE (n=3 independent
experiments); p<0.05. [d] Quantification of inhibition of TNF-induced
death in L929 cells. [e] Quantification by TNF/TNFR1 ELISA.
“Inact”=inactive; “n.d.” =not determined.

The results of 7a, in which the chromone group has also
remained intact, revealed a decrease in binding affinity,

This journal is © The Royal Society of Chemistry 2012
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compared to 1 (Table 3). Coupling of the diamine bridge in 7b
resulted in a complete loss of binding affinity, while
replacement of the chromone moiety with o-fluorobenzene in
7c displayed an increased Kq value (Table 3). Replacement of
the  m-trifluoromethylphenyl by  m-aminobenzene and
introduction of an amino group at the 5" position of the indole
ring in 8a (the chromone moiety remained intact) and in 8b (the
chromone has been replaced by chroman-4-one) caused a
significant decrease in both binding affinity and potency.
Interestingly, substitution of the trifluoromethylene by the nitro
group in 8c resulted in a significant increase of affinity (Kgy
=0.74 uM) without any gain in potency, compared to SPD-304.
This suggests that electron-withdrawing groups could enhance
binding affinity, which is not directly linked to enhanced
potency for TNF inhibition. Complete elimination of the m-
trifluoromethylphenyl moiety in compounds 9a and 9b, in
combination with substitution of the chromone moiety with o-
flurobenzene and 2-thiophene, respectively, resulted in a
predicted reduction of their lipophilicity (cLogP =2.5 and 2.0,
respectively), followed by a large decrease of their binding
affinity (Table 3). This supports our previous findings that
larger substituents, such as chromone and naphthalene, are
necessary to achieve significant inhibition.

In the fourth series of compounds (10a-10e; Fig. 4) we
further investigated the importance of substitution in the 5'-
position of the indole moiety. For this, derivatives containing or
lacking a nitro group at this position were synthesized. In this
series of compounds, the diamine bridge was cyclized to
piperazine, and the amine conjugated to the chromone moiety
of the initial lead was transformed to amide.

— (o] (o] o
Ri NN A
o
N :S;‘O
t CF; @
10a-e 11a-c

11a: R = 3-(4-chromone), n=1
11b: R = napthyl, n=2
11c: R =Ph, n=1

10a: R, = H, R,= 3-(4-chromone)
10b: Ry = NO;, Ry= 3-(4-chromone)
10c: R, = H, Ry= napthyl

10d: R, = NO,, Rp= napthyl

10e: R;=H, Ry=Ph

Fig. 4 Structures of SPD-304 derivatives 10a-e and 11a-c

Compound 10a that lacks the 5’-nitro substituent showed a
significant increase in binding affinity (Kq=1.6 uM), but a 2-
fold decrease in potency compared to SPD-304 (Table 4).
However, introduction of the electron-withdrawing nitro group
in the 5°-position of the indole moiety in 10b resulted in
complete loss of potency. The influence of the 5-substitution is
also reflected on compounds 10c and 10d, in which the
chromone moiety has been replaced by naphthalene.
Specifically, compound 10c lacking substitution in the 5°-
position showed a 1.5-fold decrease in affinity and a 4-fold
decrease in potency, while compound 10d containing the 5°-
nitro group was inactive. The latter supports the observation
that both binding affinity and TNF activity can be altered
dramatically by adjusting the electronic nature of the indole
substituent. Interestingly, substitution of chromone by the

This journal is © The Royal Society of Chemistry 2012
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smaller benzene ring in 10e resulted in a 3-fold increase in
binding affinity compared to 10c that contains the naphthalene
ring.

Table 4. Evaluation of the binding affinity and potency of the synthesized
SPD-304 derivatives 10a-e

Inhibition of
TNF binding Inhibition of TNF/TNFR1
affinity™  TNF activity™ interaction ©
ID  cLogP® (Kg, pM)® (ICso, pM) (ICs0, uM)®
10a 5.9 1.61+0.15 10+0.9 20+2.2
10b 7.4 Inact Inact n.d
10c 7.7 7.82+1.06 20+ 1.8 40+3.2
10d 75 Inact Inact n.d
10e 6.6 2.14+0.16 15+1.1 20+1.7

[a] Calculated using ChemDraw. [b] Determination of binding affinity to
TNF by fluorescence assay. [c] Mean + SE (n=3 independent experiments);
p<0.05. [d] Quantification of inhibition of TNF-induced death in L929 cells.
[e] Quantification by TNF/TNFR1 ELISA. “Inact”=inactive; n.d. =not
determined.

For the compounds of series 5 (11a-11c, Fig. 4), we have
introduced three changes compared to SPD-304: i) the m-
trifluoromethylphenyl substituent of the indole moiety was
replaced by a phenylsulfonyl group, ii) the size of the diamine
linker was modified, and iii) the chromone moiety was either
maintained in 11a, or was replaced by naphthalene in 11b and
benzene in 11c. No change in binding affinity was observed
when m-trifluoromethylphenyl was replaced by phenylsulfonyl
group in 11a, while this compound was significantly less potent
than the lead compound 1. However, compounds 11b and 11c,
lacking the chromone moiety, were completely inactive. These
examples further support the observation that activity can be
significantly altered by changes in the size of the substituent.

Table 5. Evaluation of the binding affinity and potency of the
synthesized SPD-304 derivatives 11a-c

TNF Inhibition of
binding Inhibition of TNF/TNFR1
affinity™ TNF activity interaction
ID  cLogP (Kg, pM)™ (ICsp, uM)™ (ICs0, pM)™!
1la 4.6 5.2+0.65 20+1.9 40+2.8
11b 5.4 18.75+1.87 Inact n.d
11c 4.3 Inact Inact n.d

[a] Calculated using ChemDraw. [b] Determination of binding affinity to
TNF by fluorescence assay. [c] Mean + SE (n=3 independent
experiments); p<0.05. [d] Quantification of inhibition of TNF-induced
death in L929 cells. [e] Quantification by TNF/TNFR1 ELISA.
“Inact”=inactive; “n.d.”=not determined.

Molecular Docking

In an effort to gain a better understanding of the structure-
activity relationships of the synthesized compounds we
employed in silico molecular docking calculations using the X-
ray crystal structure of SPD-304 complex with a dimer of TNF
subunits.'® This structure revealed that the inhibitor binds in a
shallow pocket within the subunit interfaces,

J. Name., 2012, 00, 1-3 | 5
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A. SPD-304
7 Tyr119

.\,

Tyr59

¥

Fig. 5 Predicted conformations of the most active compounds in comparison with SPD-304 shown at exactly the same orientation. (A) The
major interacting residues of the SPD-304 binding site that are colored with bright orange or cyan carbons for each TNF monomer,
respectively. All other atoms are colored with blue for nitrogen, red for oxygen and green for fluorine. (C)—(F) Predicted conformations of

the most active compounds 2d (B), 10e (C), 11a (D), 4c (E), and 8c (F).

an interaction that is largely hydrophobic and shape-driven
without any intermolecular hydrogen bonds or salt bridges.*®
The compound adopts a compact conformation, with the
trifluoromethyphenyl indole and the dimethyl chromone
moieties in a parallel arrangement, and the diamine linker
exposed towards the bulk solvent (Fig. 5A and Fig. S2A of
Supporting Information).

With the aim to provide structure-activity relationships
between the synthesized analogs, we employed docking
calculations at the ligand binding pocket of the TNF dimer,
initially by performing re-docking of SPD-304. However, its
crystallographic configuration proved to be highly problematic
for molecular docking, exhibiting a large number of distinct
conformational clusters with large deviations from the X-ray
pose.? These results were considerably improved by using a
more limited search space in combination with SMILES-
generated initial coordinates for the inhibitor (see Experimental
Section).

Docking of the synthesized analogs within the SPD-304 binding
pocket revealed an equally high number of distinct conformational
clusters, except for compounds bearing the more conformationally
restricted piperazine linker. However, the top-ranked conformational
clusters overestimated the binding affinity systematically
(Supporting Table S1), as in the case of SPD-304. Considering that
SPD-304 promotes disassembly of the TNF trimer mainly through a
shape-driven interaction, we have also considered higher energy and
less-populated  conformational  clusters that match  the

This journal is © The Royal Society of Chemistry 2013

crystallographic pose of SPD-304 as much as possible. These
conformations are designated as best-matched (Supporting Table S1)
and exhibit a significantly better agreement between the estimated
and the experimental dissociation constants of the most active
analogs (i.e. K¢™® < 5.4 uM). With a few exceptions, their interaction
at the ligand-binding pocket of the TNF dimer is governed by
hydrophobic and aromatic contacts, as in the case of SPD-304. A
striking example is the best-matched conformation of 2d (Fig. 5B)
that displayed a two-fold improvement in the binding affinity with
respect to the parent compound, and which could be attributed to the
transformation of the diamine linker to the more rigid diamide
analog. On the other hand, this modification imposes a change in the
putative arrangement of the trifluoromethyphenyl indole and the
dimethyl chromone moieties with respect to SPD-304, which is
predicted to result in loss of interactions with the two Leu57 residues
from each TNF monomer. In the same way, compounds 2e and 2c,
which are even more conformationally restrained by the piperazine
linker, display equipotent affinity with respect to SPD-304.
Examination of the predicted conformations that match the X-ray
pose of SPD-304 reveal that either the dimethyl chromone in the
case of 2e, or the trifluoromethylphenyl ring in the case of 2c might
not be accommodated inside the ligand-binding pocket, which
results in diminished interactions with Tyr151" and Leu57/57",
respectively (Supporting Figs. S2B and S2C). It is thus possible that
the expected energetic gain from the more rigid diamide and
piperazine linkers is counterbalanced by a loss of hydrophobic
interactions as a result of such conformational restriction. The
significance of shape complementarity is demonstrated by
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compound 10e (Ky= 2.1 uM), which is the only potent inhibitor that
lacks the chromone ring. In its place, the less bulky phenyl ring
allows the ligand to be completely buried inside the pocket, albeit
displaying fewer hydrophobic interactions (Fig. 5C). In contrast, the
three-fold gain in the binding affinity of 10a (Ky= 1.6 uM), that is
not entirely buried inside the SPD-304 binding pocket, could be
attributed to a potential hydrogen bond between the chromone keto
group and the side chain of Tyr119 (Supporting Fig. S2D).

With the aim to increase the potential hydrogen bonding
interactions of the synthesized analogs, we have introduced a
sulfonyl group between the indole moiety and its phenyl substituent,
which comprise polar nitro and amine groups as well. Among the
potent inhibitors of TNF trimerization, compound 11a is predicted to
bind inside the binding pocket in a very similar configuration with
respect to SPD-304 (Fig. 5D). Such a conformation may account for
their equal binding affinities (~ 5 pM), since the polar amide and
sulfonyl groups of 1la are not engaged in any hydrogen bonding
interactions. In contrast, the bulkier nitrobenzene ring of 4c is
predicted to force the indole moiety out of the binding pocket, so
that a potential hydrogen bond might be formed between its sulfonyl
group and the phenolic group of Tyr151 (Fig. 5E). Conversion of the
3-nitro group of 4c to the corresponding amine in 4e results in a 3-
fold gain in binding affinity, which could be attributed to the better
accommodation of the indole ring inside the binding pocket, in
addition to the potential hydrogen bonding interaction between one
of the two amide carbonyl groups of the linker and the side chain of
Tyr119 (Supporting Fig. S2E). On the other hand, cyclization of the
linker moiety to piperazine in the closely related analogue 4f has a
negative effect on the binding affinity, probably due to loss of
hydrophobic interactions as in the case of 2e (Supporting Fig. S2F).
Finally, the lowest dissociation constant was displayed by the TNF
inhibitor 8c (Ky=0.74 uM) that comprises two nitro substituents on
the phenyl indole moiety and a piperazine diamide linker, a
combination that probably renders it too bulky to adopt the compact
conformation of SPD-304 inside the binding pocket. Most
importantly the experimental Ky value of 0.74 uM for compound 8c
is good in agreement with the predicted value of 0.32 uM
(Supporting Table S1).As shown by the selected docked
conformation of 8c (Fig. 5F), its chromone ring could be stacked
over the phenolic ring of Tyr59, while the 5-nitroindole moiety
occupies the position of the dimethylchromone moiety of SPD-304.
In such a configuration two potential hydrogen bonds with both
Tyr151/151°, in addition to the hydrophobic and aromatic
interactions with Tyr119/119°, Tyr59 and Leu57 may account for the
high affinity of 8c for the TNF dimer.

Although experimental data from X-ray crystallography are
required to gain insight into more detailed structure-activity
relationships of the synthesized compounds, our docking
calculations suggest that a fine tuning of shape
complementarity with the SPD-304 binding pocket and
incorporation of polar groups at the appropriate positions could
furnish more potent TNF inhibitors. More specifically,
conversion of the diamine linker of SPD-304 to the
corresponding diamide has a considerable contribution in the
binding affinity of the analogs that combine a properly
substituted phenylsulfonyl group on the indole moiety, such as
4e. Similarly, incorporation of the more rigid piperazine linker
may result in loss of the compact conformation as displayed by
the X-ray structure of SPD-304, which could be compensated
by additional polar groups that mediate hydrogen bonding
interactions as in the case of 8c. Considering that SPD-304 has

This journal is © The Royal Society of Chemistry 2012
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been suggested to access the buried interior of the intact
biologically active TNF trimer to form an intermediate complex
that undergoes subunit dissociation, it is plausible that a number
of the synthesized analogs are inactive inhibitors due to their
inability to be properly accommodated at the interior of the
TNF trimeric form, which further complicates the structure-
based design process. In contrast, substitutions that result in
bulkier ligands (that could not tolerate any adjustment in the
binding pocket) will have such a profound effect on activity and
report as inactive. Ky values higher than 40uM would be
reported as inactive since that was the upper limit of the
particular assay.

Conclusions

In this study we report the design, synthesis and biological
evaluation of 39 novel SPD-304 analogs. Their binding affinity for
TNF was determined using a fluorescence binding assay, and all
compounds were also screened using a L929 cell-based assay at 20
uM concentration. Compounds that displayed at least 25% inhibition
of TNF-induced cell death were subsequently tested using the same
assay in a dose-response way to determine their ICs, values.
Compounds 2a, 3b, 4b, 4c, 4d, 4f, 8c, 9a and 9e that exhibited I1Cs
values in the range of 10-20 uM were also tested in an ELISA-based
assay. Taken together, the data from both assays indicated
compound 2a as having the most favorable profile with IC5;=10 uM
in the L929 assay and 1Cs5,=15 mM in the ELISA assay. To assist
interpretation of our findings, a molecular docking study of this new
class of ligands with TNF dimer was performed. Our results suggest
that there is a correlation between shape complementarity of the
strongest inhibitors within the SPD-304 binding pocked and their
activity. Furthermore, substitution of m-trifluoromethylphenyl with
the more electron- withdrawing m-amino-phenylsulfonyl (compound
4e) or with m-nitrophenyl (compound 8c) group at the indole moiety
resulted in a considerable increase of their binding affinity.
Therefore, incorporation of electron-withdrawing moieties can
further improve the inhibitory activity of the SPD-304 derivatives.

Experimental

Chemistry

Unless otherwise stated, all reagents and solvents were obtained
from commercial sources and used without further purification. Air
sensitive chemistries were performed in dry and inert conditions
under an atmosphere of argon. All reactions were routinely checked
by TLC on Silica gel Merck 60 Fys4 and compounds were purified by
column chromatography on silica gel using the appropriate solvent
systems or by preparative HPLC. The purity of the tested
compounds was determined by an analytical HPLC method and was
found to be greater than or equal to 90% for all compounds unless
otherwise stated. The purity analysis was performed on a HPLC
Shimadzu 2010EV, equipped with a SPD-20A UV/Vis detector.
Characterization of compounds was established by a combination of
MS and NMR spectrometry techniques.'H and *C NMR spectra
were recorded on a Bruker Avance DRX spectrometer (500 MHz).
Chemical shifts were presented in ppm (8) with internal TMS
standard. MS were obtained by the mass detector of the already
mentioned HPLC Shimadzu 2010EV.

SPD-304 derivatives bearing the methylene moieties were
prepared by reductive amination (route A, Scheme 2) of in the
presence of a reducing agent. Different reported methods were

J. Name., 2012, 00, 1-3 | 7



MedChemComm

applied: A1) NaBH(OACc)z/MeOH or/and DCE with or without pH
adjustment with AcOH? ¥, and A2) TMOF, NaBH,CN.3-% The
reductive amination reactions were complicated due to the likely
formation of symmetrical byproducts from the reaction of aldehydes
with diamines, as well as the extended reaction times and the
difficulty in isolating and purifying the final products.

For the synthesis of the derivatives bearing the carbonyl groups
the following typical amide coupling reactions (reaction B, Scheme
2) were applied: B1) N,N’-Carbonyldiimidazole-Mediated Amide
Coupling in THF® and B2) Acyl-chloride formation from the
corresponding acid with catalytic amount of DMF in THF (in certain
cases the chloride was commercially available), followed by the
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coupling reaction in the presence of pyridine or thiethylamine in
THE. 34,35

For the reduction of the nitro-substituent present in certain
synthesized compounds the following methods were used depending
on the substrate: C1) H,, cat. Pd/C, EtOH/EtOAc, room temperature
(rt), C2) SnCl,.2H,0, DMF, rt.%

Starting materials (substituted indole-3-aldehydes as well as 3-
formyl-chromones) were synthesized according to reported
procedures when not commercially available (data not included). It
should be noted though that their acids were obtained by an
oxidation reaction utilizing NaClO, / sulfamic acid in t-BuOH/H,0O
and Jone’s reagent in acetone respectively.?®

ROUTE A: REDUCTIVE AMINATION

,—(—\ n /_(‘\
By N )NH . N i\ln
\ , \ ,
_— _——
method Aq.2 [Tj method A4 N
|
.R2 ® " "
(i) diamines (iii) 2a-c

indole-3-carbaldehyde analogues

intermediate amines

ROUTE B: AMIDES FORMATION

O
& OH
Lon Ar-COOH
TR \H orAr-coc! Ar-COClI f
'Il . Rs”l method B, method B,
R
. (ii) R R
(iv) diamines (v) 2d-e, 3a-d, 4a-f, 5a-g, 6a-c
indole-3-carboxylic acid analogues intermediate amides 7a-c, 8a-c, 9a-b, 11a-c
MIXED ANALOGUES
OH n Ar-COOH
¢« N NH orArcoCl Ar-CcOClI '
A R; % method A4 method Bz
R
b5 (ii) ", "
(i) diamines (iii) 10a-d

indole-3-carbaldehyde analogues

intermediate amines

Reagents and conditions. Route A: A1) NaBH(OAc)3/MeOH or DCE with or without pH adjustment with AcOH and A,) TMOF,

NaBH3;CN or NaBHy ;

Route B: B;) CDI/THF and By) i

. (COCI),, DMF/THF, ii. pyridine or Et;N/THF

Scheme 2 General synthetic routes applied for the synthesis of key intermediates and target SPD-304 analogs

General procedures for the reductive amination reactions (Route
A):

Method Al. Substituted indole-3-carbaldehyde (1 mmol) and
access of the diamine ii (10 mmol) were mixed in MeOH (2.5
mL). The reaction pH was 6-7 and was carefully adjusted to
pH=4-5 by addition of AcOH. The resulting mixture was stirred
at rt for 24-48h and azeotropic removal of water was applied

8 | J. Name., 2012, 00, 1-3

occasionally. MeOH was removed under reduced pressure and
always under inert conditions, replaced with dichloroethane
(2.5 mL) and treated with sodium triacetoxyborohydride (1.5
mmol). The reaction mixture was stirred until the limiting
reactants were consumed or no further conversion was detected
by TLC or IR. The solvent was concentrated in vacuo and the
residue was purified by flash chromatography (gradient system:
2-10% MeOH/DCM) to provide the intermediate amines iii.

This journal is © The Royal Society of Chemistry 2012
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The latter intermediate amines iii (1 mmol) and the appropriate
aromatic aldehyde (ex. 3-formyl-chromone) (1 mmol) were
mixed in MeOH (2.5mL). Similar experimental procedure as
above was applied and the target amine derivatives 2a and 2c
were obtained.

2a. 6,7-dimethyl-3-((4-((1-(3-(trifluoromethyl)phenyl)-1H-
indol-3-yl)methyl)piperazin-1-yl)methyl)-4H-chromen-4-one.
Yield 40%. *H NMR (500 MHz, CDCl; ) = 7.95 (s, 1H), 7.80-7.78
(m, 2H), 7.73-7.71 (m, 1H), 7.68-7.61 (m, 2H), 7.55 (d, J=8.1Hz,
1H), 7.39-7.36 (m, 2H), 7.31-7.28 (m, 2H), 7.25-7.21 (m, 1H), 3.85
(s, 2H), 3.56 (s, 2H), 2.7 (br s, 8H), 2.40 (s, 3H), 2.37 (s, 3H); ESI-
MS (m/z) calcd. for Cs,HaF3N3;O," [M+H] " 546.24, found 546.01.

2¢. 6-methyl-3-((4-((1-(3-(trifluoromethyl)phenyl)-1H-indol-3-
yl)methyl)piperazin-1-yl)methyl)-4H-chromen-4-one (2c). Yield
24%, Purity 84%. *H NMR (500 MHz, CDCIl3) 6= 8.02 (s, 1H),
7.82-7.79 (m, 2H), 7.73-7.71 (m, 1H), 7.68-7.61 (m, 2H), 7.55 (d,
J=7.84Hz, 1H), 7.48 (d, J=8.19Hz, 1H), 7.39-7.37 (m, 3H), 7.30-
7.28 (m, 1H), 7.25-7.23 (m, 1H), 3.86 (s, 2H), 3.57 (s, 2H), 2.6 (br s,
8H), 2.47 (s, 3H) ; ESI-MS (m/z) calcd. for C3HygF3N3O," [M+H]*
532.22, found 532.00.

Method A2. To the substituted indole-3-carbaldehyde i (1 mmol)
dissolved in trimethyl orthoformate (20 mL) under argon was added
access of the diamine ii (2 mmol) and the solution was allowed to
stir at room temperature for 5h. Sodium cyanoborohydride (1 mmol)
was added and the solution was stirred for 24-48h. Water (0.5 mL)
and MeOH (0.5 mL) were added and the solvent was then
concentrated in vacuo. The residue was purified by flash
chromatography (gradient system: 0-20% MeOH/DCM, followed by
a mixture of 20% MeOH/DCM+5% NH,OH) to provide the
intermediate amines iii.

The latter intermediate amines iii (1 mmol) and the appropriate
aromatic aldehyde (ex. 3-formyl-chromone) (1 mmol) were mixed in
trimethyl orthoformate (20 mL). Similar experimental procedure as
above was applied and the target amine derivative 2b was obtained.

2b. 6-methyl-3-((methyl(2-(methyl((1-(3-trifluoromethyl)
phenyl)-1H-indol-3-yl)methyl)amino)ethyl)amino)methyl)-4H-
chromen-4-one. Yield 35 %. *H NMR (500 MHz, CDCl3) ¢= 8.02
(s, 1H), 7.79-7.65 (m, 7H), 7.53-7.51 (m, 2H), 7.41 (d, J=7.98 Hz,
1H), 7.04-6.98 (m, 2H), 4.61 (br s, 2H), 4.21 (br s, 2H), 3.47 (br s,
4H), 2.98 (s, 3H), 2.39 (s, 3H), 2.28 (s, 3H); ESI-MS (m/z) calcd. for
CaH3FsN3O," [M+H] 534.24, found 533.75 .

General Procedures for the amide coupling reactions (Route B):

Method B1. A mixture of substituted indole-3-carboxylic acid
analogs iv (1 mmol) and N,N'-carbonyldiimidazole (CDI) (1.1
mmol) were dissolved in dry THF (12 mL) and stirred for 3-5h and
at that time access of the diamine ii (10 mmol) was added at one
portion. The reaction was left under stirring at room temperature for
20-24h, the volatiles were removed under reduced pressure and the
residue was subjected to purification with flash chromatography
(gradient system: 0-30% MeOH/DCM) to provide the intermediate
amides v.

Method B2. To a solution of chromone-3-carboxylic acid or other
appropriate carboxylic acid analogue (1 mmol) in dry THF (10 mL)
was added an excess of oxalyl chloride (10 mmol), followed by
DMF (0. 1 mL). The resulting mixture was stirred at room
temperature for 1h and at that time the solvent was evaporated in
vacuum and co-evaporated three times. The residue was dried under
high vacuum for 10 min giving the respective acid chloride as a
solid. In certain cases the acid chlorides used were commercially
available.

This journal is © The Royal Society of Chemistry 2012
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The previously synthesized acid chloride or commercially
available one (1 mmol) was dissolved in THF (10 mL) and pyridine
(3.55 mmol) as well as the intermediate amides v (1 mmol) were
added. The mixture was stirred for 20-24h and removal of the
solvent gave a viscous residue, which was dissolved in ether (20 mL)
and washed with saturated NaHCO; (2x10 mL) , water (1x10 mL),
IN HCI (2x10 mL), water (1x10 mL) and brine (1x 10mL). The
organic portions were combined and dried over Na,SO,. Removal of
the solvents produced a residue, which was subjected to flash
chromatography (gradient system: 0-10% MeOH/DCM) to provide
the target amide derivatives 2e, 3a-b, 4b-d, 5a-g, 6a-c, 7a-c, 8¢, 9a-
b and 11a-c.

2e. 6,7-dimethyl-3-(4-(1-(3-(trifluoromethyl)phenyl)-1H-indole-
3-carbonyl)piperazine-1-carbonyl)-4H-chromen-4-one. Yield
77%. *H NMR (500 MHz, CDCl; ) 6=8.16 (s, 1H), 7.94 (s, 1H),
7.79 (s, 1H), 7.78 — 7.74 (m, 1H), 7.76 — 7.64 (m, 3H), 7.49 (d, J =
5.0 Hz, 1H), 7.31 (d, J = 7.3 Hz, 3H), 7.17 (d, J = 6.8 Hz, 1H), 3.90
(s, 4H), 3.86 (s, 2H), 3.43 (s, 2H), 2.40 (s, 3H), 2.36 (s,3H); **C
NMR (125.5 MHz, CDCl3) ¢ 173.97, 166.54, 163.73, 157.03,
154.75, 145.40, 139.26, 135.77, 130.75, 130.17, 127.94, 126.56,
125.75, 124.34, 124.07, 122.53, 122.05, 121.61, 120.88, 118.46,
112.99, 110.86, 47.78, 42.84, 20.56, 19.46; ESI-MS (m/z) calcd. for
CaH,7F3N30,* [M+H]* 573.19, found 573.63.

3a. N-methyl-N-(2-(N-methyl-4-oxo0-4H-chromene-3-
carboxamido)ethyl)-1-(3-nitrophenyl)-1H-indole-3-carboxamide.
Yield 92%. *H NMR (500 MHz, CDCl) 8= 8.47 (s, 1H), 8.22 (dd, J
=26.1, 7.8 Hz, 2H), 8.01 — 7.82 (m, 3H), 7.79 — 7.59 (m, 3H), 7.53
(t, J=8.1Hz, 1H), 7.44 (dd, J = 15.6, 8.0 Hz, 2H), 7.32 (d, J = 3.6
Hz, 2H), 4.02 — 3.74 (m, 4H), 3.38 (s, 3H), 3.08 (s, 3H); *C NMR
(125.5 MHz, CDCly) 8 173.73, 167.19, 165.26, 156.10, 149.15,
139.98, 135.45, 134.29, 130.96, 130.80, 130.18, 129.09, 126.02,
125.87, 124.26, 124.18, 124.08, 122.55, 122.47, 121.91, 121.80,
121.74,119.32, 119.20, 118.35, 118.28, 110.27, 37.23, 33.57; ESI-
MS (m/z) calcd. for CogH,sN4Og" [M+H]*524.17, found 524.36.

3b. 3-(4-(1-(3-nitrophenyl)-1H-indole-3-carbonyl)piperazine-
1-carbonyl)-4H-chromen-4-one. Yield 52%. *H NMR (500 MHz,
CDCl;) 6= 8.42 (s, 1H), 8.29 (d, J = 8.0 Hz, 1H), 8.23 (s, 1H), 7.88
(d, J=7.5Hz, 1H), 7.80-7.68 (m, 4H), 7.52 (t, J = 8.3 Hz, 2H), 7.47
(t, 3 = 7.3 Hz, 2H), 7.37 — 7.31 (m, 2H), 3.91 (s, 8H); **C NMR
(125.5 MHz, CDCl3) & 173.97, 165.94, 163.21, 157.26, 156.18,
149.29, 139.92, 135.61, 134.54, 131.04, 130.23, 129.55, 126.87,
126.29, 126.17, 124.35, 122.75, 122.60, 122.08, 121.13, 119.46,
118.42, 114.07, 110.70, 47.75, 42.80; ESI-MS (m/z) calcd. for
CaoH23N4Og" [M+H]+ 523.16, found 522.75.

4b. 3-(4-(1-(phenylsulfonyl)-1H-indole-3-carbonyl)piperazine-
1-carbonyl)-4H-chromen-4-one. Yield 67%. *H NMR (500 MHz,
CDCls) 6=8.21 (s, 2H), 7.98 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 7.8 Hz,
2H), 7.79 (s, 1H), 7.72 (t, = 7.7 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H),
7.56 (t, J = 7.4 Hz, 1H), 7.52 — 7.41 (m, 4H), 7.36 (t, J = 7.7 Hz,
1H), 7.29 (t, J = 7.5 Hz, 1H), 3.80 (s, 6H), 3.39 (s, 2H) ; ESI-MS
(m/z) calcd. for CogH»4N306S* [M+H] " 542.14, found 541.65.

4c. N-methyl-N-(2-(N-methyl-4-ox0-4H-chromene-3-
carboxamido)ethyl)-1-(3-nitrophenylsulfonyl)-1H-indole-3-
carboxamide.Yield 35%. *H NMR (500 MHz, CDCl;) 6 = 8.32 (s,
1H), 7.90 — 7.60 (m, 3H), 7.59 (m, 1H), 7.54 (d, J = 8.3 Hz, 1H),
7.38 —7.03 (m, 3H), 7.01 - 6.86 (m, 3H), 6.84 (s, 1H), 6.77 (s, 1H),
4.41 (brs, 4H), 2.79 (s, 3H), 2.56 (s, 3H); *C NMR (125.5 MHz,
CDCly) 6 173.85, 165.63, 165.40, 156.18, 155.88, 148.35, 139.78,
134.49, 134.40, 132.46, 131.27, 131.13, 129.06, 128.81, 128.64,
126.72,126.18, 126.14, 126.10, 124.84, 124.36, 122.36, 121.95,
118.48, 118.38, 113.37, 45.34, 38.51, 37.37; ESI-MS (m/z) calcd.
for CyoHsN,0gS™ [M+H]*589.14, found 588.79.

4d. 3-(4-(1-(3-nitrophenylsulfonyl)-1H-indole-3-carbonyl)
piperazine-1-carbonyl)-4H-chromen-4-one. Yield 94%.'H NMR
(500 MHz, CDCl,) 6 = 8.27 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.78 —
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7.65 (m, 3H), 7.52 (d, J = 8.1 Hz, 1H), 7.29 (s, 1H), 7.26 — 7.15 (m,
2H), 7.16 (d, J = 7.8 Hz, 1H), 7.05 — 6.89 (m, 3H), 6.86 (t, J=7.4
Hz, 1H), 3.33 (s, 4H), 2.97 — 2.82 (m, 4H); °C NMR (125.5 MHz,
CDCly) 8 174.00, 163.98, 163.23, 162.14, 157.42, 156.18, 148.47,
139.72, 134.59, 134.39, 132.35, 131.26, 128.86, 128.55, 126.40,
126.30, 126.22, 126.07, 124.99, 124.34, 122.45, 122.37, 121.45,
118.43, 118.25, 113.51, 47.60, 42.64; ESI-MS (m/z) calcd. for
Ca9H23N40gS™ [M+H]" 587.12, found 586.65 .

5a. N-(2-(2-naphthamido)ethyl)-1-(phenylsulfonyl)-1H-indole-
3-carboxamide. Yield 20%. *H NMR (500 MHz, CDCl;) 6= 8.38 (s,
1H), 8.11 (s, 1H), 8.08 (d, J = 7.9 Hz, 2H), 7.99 — 7.91 (m, 2H), 7.91
— 7.85 (m, 4H), 7.60 — 7.46 (m, 3H), 7.39 — 7.28 (m, 3H), 6.99 (s,
1H), 3.80 (s, 4H), 3.66 (s, 2H) ; ESI-MS (m/z) calcd. for
C2H24N30,S* [M+H]" 498.15, found 497.65.

5b. N-methyl-N-(2-(N-methyl-2-naphthamido)ethyl)-1-
(phenylsulfonyl)-1H-indole-3-carboxamide. Yield 49%. *H NMR
(500 MHz, CDCls) 6=7.99 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.6 Hz,
3H), 7.88 (d, J = 6.3 Hz, 3H), 7.79 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H),
7.56 (dd, J = 10.4, 6.5 Hz, 3H), 7.48 (dd, J = 14.6, 7.4 Hz, 3H), 7.38
(t,J=7.7 Hz, 1H), 7.31 (t,J = 7.4 Hz, 1H), 3.74 (br s, 10H); ESI-
MS (m/z) calcd. for C3oH,gN30,S™ [M+H]*526.18, found 525.75 .

5¢. N-methyl-N-(2-(N-methylbenzamido)ethyl)-1-
(phenylsulfonyl)-1H-indole-3-carboxamide. Yield 39%. 'H NMR
(500 MHz, CDCls) 6= 7.98 (d, J = 8.2 Hz, 1H), 7.93 — 7.69 (m, 4H),
7.53 (t, J = 8.7 Hz, 1H), 7.42 — 7.29 (m, 9H), 3.90 (br s, 3H), 3.34 —
3.17 (m, 4H), 3.06 (br s, 3H); ESI-MS (m/z) calcd. for
CasH26N30,S* [M+H]" 476.16, found 475.79.

5d. N-methyl-N-(2-(N-methyl-1H-imidazole-1-carboxamido)
ethyl)-1-(phenylsulfonyl)-1H-indole-3-carboxamide. Yield 75%.
'H NMR (500 MHz, CDCl3) 6=7.99 (d, J = 8.4 Hz, 1H), 7.86 (d, J =
7.1 Hz, 2H), 7.66 (t, J = 8.2 Hz, 2H), 7.60 (d, J = 8.1 Hz, 1H), 7.55 —
7.49 (m, 2H), 7.47 (s, 1H), 7.42 — 7.34 (m, 2H), 7.31 (d, J = 7.7 Hz,
2H), 3.94 (br s, 3H), 3.65 (br s, 2H), 3.24 (s, 3H), 3.20 (s, 2H); ESI-
MS (m/z) calcd. for C,3H,4N50,S™ [M+H]" 466.15, found 465.79.

5e. N-(2-(2-fluoro-N-methylbenzamido)ethyl)-N-methyl-1-
(phenylsulfonyl)-1H-indole-3-carboxamide. Yield 45%. '*H NMR
(500 MHz, CDCly) § = 7.98 (d, J=8.10Hz, 1H), 7.88 (d, J=6.81Hz,
2H), 7.81-7.78 (m, 1H), 7.75-7.72 (m, 1H), 7.55-7.51 (m, 1H), 7.43-
7.30 (m, 4H), 7.28-7.20 (m, 2H), 7.12-7.02 (m, 2H), 3.88 (br s, 3H),
3.51 (br s, 1H), 3.24 (s, 3H), 2.97 (s, 2H), 2.87 (s, 1H) ; ESI-MS
(m/z) calcd. for CogHp5FN30,S™ [M+H]*494.15, found 493.75.

5f. N-methyl-N-(2-(N-methylthiophene-2-carboxamido)ethyl)-
1-(phenylsulfonyl)-1H-indole-3-carboxamide. ~ Yield 58%. H
NMR (500 MHz, CDCls) 6= 7.94 (d, J=7.85Hz, 1H), 7.86-7.83 (m,
2H), 7.69-7.67 (m, 1H), 7.62 (d, J=7.03Hz, 1H), 7.52 (d, J=6.59Hz,
1H), 7.43-7.40 (m, 3H), 7.35-7.29 (m, 2H), 7.23 (d, J=8.49Hz, 1H),
6.98 (br s, 1H), 3.87 (br s, 3H), 3.35 (br s, 4H), 3.17 (br s, 3H); ESI-
MS (m/z) calcd. for C,4H,4N30,S," [M+H]* 482.12, found 481.78.

59.  (4-(2-naphthoyl)piperazin-1-yl)(1-(phenylsulfonyl)-1H-
indol-3-yl)methanone (5g), Yield 62%. 'H NMR (500 MHz,
CDCl,) 6= 7.99 (d, J = 8.1 Hz, 1H), 7.94-7.91 (m, 3H), 7.89-7.85
(m, 3H), 7.80 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.59-7.52 (m, 3H),
7.47 (9, J = 17.4,9.3 Hz, 3H), 7.37 (t, J = 7.6 Hz, 1H), 7.30 (t, J =
7.4 Hz, 1H), 3.73 (br s, 8H); *C NMR (125.5 MHz, CDCly) &
170.93, 164.68, 137.92, 134.62, 134.07, 132.89, 132.52, 129.77,
128.78, 128.65, 128.43, 128.06, 127.58, 127.39, 127.20, 127.13,
126.79, 125.91, 124.47, 124.31, 121.15, 116.87, 113.82, 66.04,
29.90, 15.48; ESI-MS (m/z) calcd. for CaoHyN3O,S* [M+H]*
524.16, found 523.76.

6a. (4-(2-naphthoyl)piperazin-1-yl)(1-(3-
(trifluoromethyl)phenyl)-1H-indol-3-yl)methanone. Yield 88%
'H NMR (500 MHz, CDCls) §=7.96 — 7.84 (m, 5H), 7.82 — 7.71 (m,
2H), 7.69 (d, J = 8.0 Hz, 2H), 7.63 (d, J=6.98, 1H), 7.59 — 7.46 (m,
5H), 7.33 — 7.29 (m, 1H), 3.83 (br s, 8H); ESI-MS (m/z) calcd. for
C31H25F3N302+ [M+H]+ 528.19, found 527.75.

6b. (4-(1H-imidazole-1-carbonyl)piperazin-1-yl)(1-(3-
(trifluoromethyl)phenyl)-1H-indol-3-yl)methanone. Yield 87%.
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'H NMR (500 MHz, CDCl3) 6 = 7.83 (s, 1H), 7.71 (s, 1H), 7.64 (dd,
J=13.2,7.7Hz,4H),7.43(d,J =83 Hz, 1H), 7.24 (t, J = 7.4 Hz,
2H), 7.16 (d, J = 19.2 Hz, 2H), 7.04 (s, 1H), 3.83 — 3.76 (m, 4H),
3.66 —3.58 (m, 4H); ESI-MS (m/z) calcd. for C,sHpF3NsO,"
[M+H]" 468.16, found 467.79

6c.  (4-benzoylpiperazin-1-yl)(1-(3-(trifluoromethyl)phenyl)-
1H-indol-3-yl)methanone. Yield 76%. *H NMR (500 MHz, CDCls)
0=17.79 (s, 1H), 7.76-7.67 (m, 5H), 7.62 (d, J = 6.6 Hz, 1H), 7.50 (d,
J = 6.8 Hz, 1H), 7.45-7.39 (m, 4H), 7.33 — 7.29 (m, 2H), 3.81 (br s,
8H); ESI-MS (m/z) calcd. for C,7H,3FsN3O," [M+H]* 478.17, found
477.79 .

7aN-methyl-N-(2-(N-methyl-4-oxo-4H-chromene-3-
carboxamido)ethyl)-5-nitro-1-(3-(trifluoromethyl)phenyl)-1H-
indole-3-carboxamide.Yield 50%. 'H NMR (500 MHz, CDCl3) 6 =
8.97 (s, 1H), 8.18 (dd, J = 15.4, 8.6 Hz, 2H), 8.01 (s, 1H), 7.85 —
7.63 (m, 5H), 7.53 — 7.39 (m, 4H), 3.97 (s, 2H), 3.92 (s, 2H), 3.40 (s,
3H), 3.10 (s, 3H); ESI-MS (m/z) calcd. for CsoH»4F3N4Og" [M+H]*
592.16, found 592.53.

7b. 3-(4-(5-nitro-1-(3-(trifluoromethyl)phenyl)-1H-indole-3-
carbonyl)piperazine-1-carbonyl)-4H-chromen-4-one. Yield 41%.
'H NMR (500 MHz, CDCly) 6 = 8.77 (s, 1H), 8.29 — 8.16 (m, 3H),
7.81—7.69 (m, 4H), 7.56 — 7.41 (m, 5H), 3.93 (s, 4H), 3.89 (s, 2H),
3.49 (s, 2H) ; ESI-MS (m/z) calcd. for CgoHpF3N,Og" [M+H]"
591.15, found 590.79.

c. N-(2-(2-fluoro-N-methylbenzamido)ethyl)-N-methyl-5-
nitro-1-(3-(trifluoromethyl)phenyl)-1H-indole-3-carboxamide.
Yield 41%. *H NMR (500 MHz, CDCl,) ¢ = 8.97 (s, 1H), 8.20 (d, J
= 6.9 Hz, 1H), 7.77-7.68 (m, 4H), 7.56 — 7.41 (m, 2H), 7.41 — 7.28
(m, 1H), 7.14 — 7.01 (m, 2H), 6.97 (d, J = 5.4 Hz, 1H), 3.99 (br s,
4H), 3.39 (s, 3H), 3.04 (s, 3H); ESI-MS (m/z) calcd. for
Ca7H23FsN4O4" [M+H]" 543.16, found 542.79 .

8c. 3-(4-(5-nitro-1-(3-nitrophenyl)-1H-indole-3-carbonyl)
piperazine-1-carbonyl)-4H-chromen-4-one. Yield 66%. *H NMR
(500 MHz, CDCl;) 6= 8.21 (s, 1H), 7.86 — 7.79 (m, 2H), 7.70 (s,
1H), 7.66 (d, J = 11.0 Hz, 2H), 7.31 (dd, J = 20.7, 8.0 Hz, 2H), 7.21
—7.13 (m, 1H), 7.01 — 6.94 (m, 2H), 6.93 — 6.88 (m, 1H), 6.71 (s,
1H), 3.37 (s, 6H), 2.90 (s, 2H); ESI-MS (m/z) calcd. for
C29H22N50g" [M+H]"568.15, found 567.75.

9a. 4-(2-fluorobenzoyl)piperazin-1-yl)(5-nitro-1H-indol-3-
yl)methanone. Yield 25%, Purity 87%. *H NMR (500 MHz, CDCly)
0=8.77 (s, 1H), 8.02 (t, J = 6.4 Hz, 1H), 7.70 (s, 1H), 7.58 (s, 2H),
7.53 -7.33 (m, 4H), 3.95 - 3.64 (m, 8H) ; ESI-MS (m/z) calcd. for
C0H1gFN4O4" [M+H]" 397.13, found 397.00.

9b. (5-nitro-1H-indol-3-yl)(4-(thiophene-2-carbonyl)
piperazin-1-yl)methanone. Yield 43%. *H NMR (500 MHz,
CDCly) 6 =8.91 (s, 1H), 8.73 (s, 1H), 8.19 (d, J = 8.9 Hz, 1H), 7.69
(s, 1H), 7.49 (s, 2H), 7.34 (s, 1H), 7.07 (d, J = 3.5 Hz, 1H), 3.84 (d, J
= 8.8 Hz, 8H) ; ESI-MS (m/z) calcd. for CygH;7N,0,S" [M+H]*
385.10, found 385.00.

11a. N-(3-(4-oxo0-4H-chromene-3-carboxamido)propyl)-1-
(phenylsulfonyl)-1H-indole-3-carboxamide. Yield 95%. 'H NMR
(500 MHz, CDCls) 6 =9.10 (s, 1H), 8.56 (s, 1H), 7.82 — 7.74 (m,
2H), 7.73 - 7.67 (m, 1H), 7.48 — 7.40 (m, 2H), 7.28 (t, J = 8.6 Hz,
1H), 7.16 — 6.98 (m, 4H), 6.96 (t, J = 7.8 Hz, 2H), 6.85 — 6.80 (m,
2H), 6.77 (s, 1H), 3.13 (dd, J = 12.2, 6.3 Hz, 2H), 3.04 (dd, J = 11.9,
6.0 Hz, 2H), 1.41 (dd, J = 11.9, 6.1 Hz, 2H) ; ESI-MS (m/z) calcd.
for CogH,4N306S* [M+H]* 530,14 , found 529.75.

11b. N-(4-(2-naphthamido)butyl)-1-(phenylsulfonyl)-1H-
indole-3-carboxamide. Yield 54%. "H NMR (500 MHz, CDCl3) 6
=7.92 (s, 1H), 7.81 (s, 1H), 7.64 (d, J = 7.7 Hz, 1H), 7.51 — 7.34 (m,
6H), 7.10 — 6.98 (m, 3H), 6.93 — 6.75 (m, 5H), 6.51 (s, 1H), 6.30 (s,
1H), 3.15 - 3.05 (m, 4H), 1.36 — 1.23 (m, 4H); ESI-MS (m/z) calcd.
for C30H28N304S+ [M+H]+ 526.18, found 525.75.

11c. N-(3-benzamidopropyl)-1-(phenylsulfonyl)-1H-indole-3-
carboxamide. Yield 85%. *H NMR (500 MHz, CDCl;) 6= 8.20 (s,
1H), 8.13 (d, J = 7.4 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.90 (dd, J =
21.8,7.4 Hz, 4H), 7.55 (t, J = 7.5 Hz, 1H), 7.50 (t, J=7.6 Hz, 1H),
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7.47-7.40 (m, 3H), 7.39 — 7.31 (m, 2H), 7.25 — 7.17 (m, 1H), 3.62 —
3.51 (m, 4H), 1.88 — 1.80 (m, 2H), 1.70 (s, 1H), 1.25 (s, 1H) ; ESI-
MS (m/z) calcd. for C,5H,4N30,S™ [M+H] " 462.15, found 461.75.

General procedures for the synthesis of the mixed analogs 10a-e:

Compounds 10a-e bearing both the amine and the amide moieties
were synthesized according to method Al for the formation of the
intermediate amines iii and method B2 for the amide coupling.

10a. 3-(4-((1-(3-(trifluoromethyl)phenyl)-1H-indol-3-yI)
methyl)piperazine-1-carbonyl)-4H-chromen-4-one. Yield 79%
'H NMR (500 MHz, CDCl;) § =8.22 (d, J = 9.1 Hz, 1H), 8.16 (s,
1H), 7.82 (d, J = 7.8 Hz, 1H), 7.76 (s, 1H), 7.72 — 7.56 (m, 4H), 7.54
—7.41 (m, 3H), 7.33 — 7.17 (m, 3H), 3.83 (br s, 4H), 3.41 (br s, 2H),
2.65 (d, J = 24.4 Hz, 5H); ESI-MS (m/z) calcd. for CagHysF3N305°
[M+H]"532.18, found 531.75.

10b.  3-(4-((5-nitro-1-(3-(trifluoromethyl)phenyl)-1H-indol-3-
yl)methyl)piperazine-1-carbonyl)-4H-chromen-4-one. Yield 47%.
'H NMR (500 MHz, CDCl3) 6 = 8.80 (s, 1H), 8.21 (d, J = 7.9 Hz,
1H), 8.16-8.14 (m, 2H), 7.74-7.70 (m, 5H), 7.49 (d, J = 8.7 Hz, 2H),
7.44 (t, J = 7.5 Hz, 2H), 3.84 (br s, 4H), 3.42 (br s, 2H), 2.65 (br s,
4H); ESI-MS (m/z) calcd. for C3oHp4F3N,Os” [M+H]" 577.17, found
576.78.

10c. naphthalen-2-yl(4-((1-(3-(trifluoromethyl)phenyl)-1H-
indol-3-yl)methyl)piperazin-1-yl)methanone. Yield 43%. 'H NMR
(500 MHz, CDCl3) ¢ = 7.91 (s, 1H), 7.88 — 7.80 (m, 4H), 7.76 (s,
1H), 7.70 (d, J = 7.8 Hz, 1H), 7.62 (dd, J = 16.5, 7.7 Hz, 2H), 7.51
(dd, J=14.6, 8.1 Hz, 4H), 7.32 — 7.19 (m, 3H), 3.88 (br s, 2H), 3.82
(s, 2H), 3.52 (br s, 2H), 2.60 (d, J = 82.7 Hz, 4H); ESI-MS (m/z)
calcd. for C4Hy7F3N3O [M+H]*514.21, found 514.00.

10d. naphthalen-2-yl(4-((5-nitro-1-(3- (trifluoromethyl)
phenyl)-1H-indol-3-yl)methyl)piperazin-1-yl)methanone.  Yield
=63%. 'H NMR (500 MHz, CDCl;) ¢ = 8.81 (s, 1H), 8.16 (d, J =
10.5 Hz, 1H), 7.95 — 7.78 (m, 4H), 7.73-7.70 (m, 4H), 7.56 — 7.38
(m, 5H), 4.00 — 3.39 (m, 6H), 2.64 (d, J = 116.7 Hz, 4H); ESI-MS
(m/z) calcd. for C4Hy6F3N,O5" [M+H]*559.20, found 559.02.

10e. phenyl(4-((1-(3-(trifluoromethyl)phenyl)-1H-indol-3-
yl)methyl)piperazin-1-yl)methanone. Yield =86%. *H NMR (500
MHz, CDCl3) 6 = 7.81 (d, J = 7.7 Hz, 1H), 7.75 (s, 1H), 7.71-
7.69(m, 1H), 7.67 — 7.57 (m, 2H), 7.53 (d, J = 8.2 Hz, 1H), 7.40-7.37
(m, 5H), 7.31 - 7.17 (m, 3H), 3.80 (br s, 4H), 3.44 (s, 2H), 2.56 (d, J
= 79.9 Hz, 4H); ESI-MS (m/z) calcd. for CyHsF3N3O* [M+H]*
464.19, found 464.05 .

General reduction procedures for the synthesis of 3c-d, 4e-f and
8a-b:

Method C1. To solution of the nitro-compound 3b (0.04 mmol) in
absolute ethanol (0.5 mL) and EtOAc (0.5 mL) was slowly added
10% palladium on charcoal (20 mg). The reaction mixture was
degassed with vacuum and set under argon. Then argon was
removed with vacuum and the reaction mixture was hydrogenated at
atmospheric pressure at room temperature until the starting material
disappeared according to LC-MS analysis. The reaction mixture was
shaken with air and filtered through Celite, and evaporated under
reduced pressure. The residue was purified by flash chromatography
(gradient system: 1-3% MeOH/DCM) to provide the amine
compound 3d.

3d. 3-(4-(1-(3-aminophenyl)-1H-indole-3-carbonyl)piperazine-
1-carbonyl)-4H-chromen-4-one. Yield 96%. 'H NMR (500 MHz,
CDCl,) 6= 8.22 (s, 1H), 7.81 — 7.68 (m, 2H), 7.65 (s, 1H), 7.59 —
7.38 (m, 3H), 7.34 — 7.15 (m, 4H), 6.87 (d, J = 7.6 Hz, 1H), 6.79 (s,
1H), 6.72 (d, J = 7.9 Hz, 1H), 5.33 (s, 2H), 3.90 (s, 4H), 3.85 (s, 2H),
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3.44 (s, 2H); C NMR (125.5 MHz, CDCly) & 174.00, 163.98,
163.23, 162.14, 157.42, 156.18, 148.47, 139.72, 134.59, 134.39,
132.35, 131.26, 128.86, 128.55, 126.40, 126.30, 126.22, 126.07,
124.99, 124.34, 122.45, 122,37, 121.45, 118.43, 118.25, 113.51,
47.60, 42.64; ESI-MS (m/z) calcd. for CyqH,sN,O," [M+H]™ 493.19,
found 492.75.

Method C2. The nitro-compound 3a, 4c or 4d respectively (0.03
mmol) and Tin(I1) chloride dehydrate SnCl,2H,0 1M in DMF (1ml)
were mixed and stirred at room temperature for 24h. At that time
Tin(ll) chloride dehydrate SnCl,2H,0 1M in DMF (1 mL) was
additionally added and the reaction was stirred for another 24h at
room temperature. DCM (20 mL) was added and the organic phase
was treated with IN NaOH (1x10 mL), H,O (2x 10 mL) and brine
(Ix 10 mL). The organic phase was then dried over Na,SO,,
filtrated, and the filtrate was concentrated under reduced pressure.
The crude residue was purified by flash chromatography (gradient
system: 1-10% MeOH/DCM) to provide the amine compounds 3c,
4e and 4f.

3c. 1-(3-aminophenyl)-N-methyl-N-(2-(N-methyl-4-oxo0-4H-
chromene-3-carboxamido)ethyl)-1H-indole-3-carboxamide.
Yield 74%. 'H NMR (500 MHz, CDCl;) &= 8.16 (d, J = 7.1 Hz,
1H), 8.01 — 7.83 (m, 2H), 7.80 — 7.56 (m, 2H), 7.56 — 7.33 (m, 5H),
7.20 (s, 2H), 7.06 (s, 1H), 6.99 (s, 1H), 4.02 — 3.70 (m, 4H), 3.53 (br
s, 2H), 3.34 (s, 3H), 3.07 (s, 3H) ; ESI-MS (m/z) calcd. for
CaoH27N4O," [M+H]" 495.20, found 494.95.

4e. 1-(3-aminophenylsulfonyl)-N-methyl-N-(2-(N-methyl-4-
0x0-4H-chromene-3-carboxamido)ethyl)-1H-indole-3-
carboxamide. Yield 65%. 'H NMR (500 MHz, CDCl,) &= § 8.30 —
8.14 (m, 1H), 7.94 (s, 2H), 7.76 — 7.64 (m, 2H), 7.58 — 7.49 (m, 1H),
7.43 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 7.6 Hz, 3H), 7.13 (s, 1H), 6.97
(d, J = 8.3 Hz, 1H), 6.68 (s, 1H), 4.31 (br s, 2H), 3.92 (br s, 4H),
3.30 (s, 3H), 3.05 (s, 3H); ESI-MS (m/z) calcd. for CygH,7N,06S*
[M+H]*559.16, found 558.65.

4f. 3-(4-(1-(3-aminophenylsulfonyl)-1H-indole-3-carbonyl)
piperazine-1-carbonyl)-4H-chromen-4-one. Yield 76%. '*H NMR
(500 MHz, CDClg) 6 = 7.71 (s, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.23 -
7.17 (m, 1H), 7.12 (d, J = 4.8 Hz, 1H), 7.03 — 6.92 (m, 3H), 6.84 (t,J
=7.7 Hz, 1H), 6.79 (d, J = 7.4 Hz, 1H), 6.74 (s, 2H), 6.68 (, J = 7.9
Hz, 1H), 6.60 (s, 1H), 6.27 (d, J = 7.9 Hz, 1H), 3.42 (s, 2H), 3.31 (s,
6H), 2.88 (s, 2H) ; ESI-MS (m/z) calcd. for CygHp5N406S* [M+H]*
557.15, found 556.85.

Method C3. To solution of the nitro-compound 8c (1 mmol) in
absolute ethanol (3 mL) and EtOAc (3 mL) was added PtO; (15 mg).
The reaction mixture was degassed with vacuum and set under
argon. Then argon was removed with vacuum and the reaction
mixture was hydrogenated at atmospheric pressure at room
temperature until the starting material disappeared according to LC-
MS analysis. The reaction mixture was shaken with air and filtered
through Celite, and evaporated under reduced pressure. The crude
residue was purified by flash chromatography (gradient system: 1-
10% MeOH/DCM) to provide the target amine compound 8a and 8b
as a side product.

8a. 3-(4-(5-amino-1-(3-aminophenyl)-1H-indole-3-carbonyl)

piperazine-1-carbonyl)-4H-chromen-4-one. Yield 39%. 'H NMR
(500 MHz, CDCl3) ¢ = 8.23 (d, J = 10.2 Hz, 2H), 7.73 (t, J = 10.0
Hz, 1H), 7.57 — 7.49 (m, 2H), 7.49 — 7.43 (m, 1H), 7.36 (d, J = 8.7
Hz, 1H), 7.04 (s, 1H), 6.97 (d, J = 9.0 Hz, 1H), 6.84 (d, J = 9.4 Hz,
1H), 6.75 (s, 1H), 6.72 — 6.63 (m, 2H), 3.89 (s, 4H), 3.85 (s, 2H),
3.64 (s, 2H), 3.42 (s, 2H); ESI-MS (m/z) calcd. for CygHpeN50,"
[M+H]" 508.20, found 507.89.
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8b. 3-(4-(5-amino-1-(3-aminophenyl)-1H-indole-3-carbonyl)
piperazine-1-carbonyl)chroman-4-one. Yield 31%. *H NMR (500
MHz, CDCl,) 6= 7.89 (d, J = 8.0 Hz, 1H), 7.54-7.51(m, 2H), 7.36
(d, J=8.6 Hz, 1H), 7.09-7.01 (m, 4H), 6.84 (d, J = 7.0 Hz, 2H), 6.76
(s, 2H), 6.69-6.65 (m, 3H), 4.21 — 3.99 (m, 6H), 3.86 (s, 2H), 3.65
(br's, 2H), 3.41 (br s, 2H); ESI-MS (m/z) calcd. for CygHygN50,"
[M+H]* 510.21, found 509.85.

Binding affinity and toxicity assay

Expression and purification of TNF

The extracellular domain of TNF was expressed in BL21(DE3)
pLysS strain of E. coli as a GST-fusion protein as previously
described.*” GST-TNF was purified as previously described > while
separation of TNF from its GST fusion partner was accomplished by
proteolytic cleavage with the type-14 human rhinovirus 3C protease
(America Pharmacia Biotech). The concentration of protein in the
samples was determined by the Bradford method® using bovine
albumin as standard.

Fluorescence binding assay and determination of dissociation
constant (Kg)

Fluorescence intensity was measured with a Hitachi F-2500
fluorescence spectrophotometer in 1.0 x 4.5 cm quartz cuvettes at 25
°C as previously described.?® A detailed analysis of the development
of the fluorescence ligand-binding assay is given in ref.?®
Differences in fluorescence intensity at 302 nm between the complex
(TNF/ligand) and free protein (excitation at 274 nm) were analyzed
as previously described® in order to determine the dissociation
constant (Ky) of TNF with various ligands. Experiments were
performed in 10 mM citrate- phosphate (pH 6.5) containing either
5% DMSO or 5% PEG3350. The slits were set at 5 and 20 nm in the
excitation and emission respectively. In order to determine dilution
effect of TNF (due to ligand addition) and any fluorescence effect by
unbound ligand, a blank sample containing Tyr with the same
fluorescence signal, was titrated with sequential ligand additions.?®
The sample absorbance was kept below 0.1 to minimize the inner
filter effect. Data were analyzed using Prism V.5
(GraphPadSoftware, San Diego, CA).

TNF-induced death assay in L929 cells

L929 cells were seeded onto a 96-well plate (3x104 cells/well). On
the following day, cells were treated with 0.25 ng/mL human TNF
(PeproTech, NJ) and 2 mg/mL actinomycin D (Sigma—Aldrich,
MO). To test inhibition by synthesized compounds, TNF was pre-
incubated for 30 min at room temperature with the compounds prior
to addition to cells. An actinomycin D treated-only control was
included to measure background death. After 18-24 h, dead cells
were removed by washing with PBS. The remaining live cells were
fixed with methanol, stained with crystal violet and quantified
spectrophotometrically at 570nm after solubilization of the stain
using acetic acid. Cytotoxicity is expressed relative to the
background death control as well as to the compounds’ toxicity. All
experiments were performed in triplicate.

TNF/TNF-R1 ELISA assay

Ninety-six-well plates were coated with 0.1mg/mL recombinant
soluble human TNR-R1 (PeproTech) in PBS overnight at 4°C.
Following four washes with PBS containing 0.05% Tween-
20,blocking was carried out using 1% BSA in PBS. 0.025mg/mL
recombinant human TNF (PeproTech) in PBS was added and the
plates were incubated for 1 h at room temperature. After another
round of washes, plates were incubated with a 1:5000 dilution of a
rabbit anti-human-TNF antibody (provided by Prof. W. A. Buurman,
University of Maastricht) for 1 h at room temperature. Following
another round of washes, plates were incubated with a 1:5000
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dilution of an anti-rabbit secondary antibody conjugated with HRP
(Vector Laboratories, CA) for 1 h at room temperature. After a final
round of washes, the signal was developed using the TMB Substrate
Kit (Thermo Scientific, IL) and measured spectrophotometrically at
450 nm. All experiments were performed in triplicate.

Molecular Docking

The crystallographic structure of TNF dimer was retrieved from the
Protein Data Bank (accession code 2AZ5). The protein atoms
comprising chains A and B were extracted from the PDB file and
were used without any further modification for the docking
calculations. The initial conformations of the designed scaffolds
were generated from SMILES representations using the program
Omega v2.3 (OpenEye Scientific Software, Santa Fe, NM.
http://www.eyesopen.com) with default parameters.®* For protein
and ligands, only polar hydrogen atoms were added and Gasteiger
charges were applied using AutoDockTools v1.5.6. The search space
was defined by a grid box centered on the ligand and comprised of
55 x 55 x 41 grid points of 0.375 A spacing. For each complex, 100
docking rounds were calculated with AutoDock v4.2.3 using the
Lamarckian Z%enetic algorithm with the default parameters from
AutoDock 3. ** The maximum number of energy evaluations was
set to 10 million and the results were clustered using a tolerance of
2.0 A. Visual inspection of the resulting complexes and rendering of
figures were carried out using VMD v1.9.1.%?
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