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DNMT: DNA Methyl Transferase; HAT: Histone Acetyl Transferase; HDAC: Histone Deacetylase; HDM: Histone 
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dinucleotide; SAH: S-Adenosyl Homocysteine (AdoHcy); SAHA: Suberoylanilide Hydroxamic Acid; SAM: S-
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ABSTRACT:  

A SAR study has been carried out around a modified scaffold of the natural product psammaplin 

A obtained by replacing the o-bromophenol unit by an indole ring. A series of indole-

psammaplin A constructs were generated in a short synthetic sequence that starts with the 

functionalization of the C3 indole position with in situ generated nitrosoacrylate and this is 

followed by protection of the β-indole-α-oximinoesters, saponification, condensation with 

symmetrical diamines and deprotection. Biochemical and cellular characterization using U937 

and MCF-7 cells confirmed that many of these analogs displayed more potent actitivies than the 

parent natural product.  Moreover, in addition to the reported HDAC and DNMT dual epigenetic 

inhibitory profile of the parent compound, some analogs, notably 4a (UVI5008) also inhibited 

the NAD+-dependent SIRT deacetylase enzymes. The SAR study provides structural insights 

into the mechanism of action of these multiple epigenetic ligands and paves the way for 

additional structural exploration to optimize their pharmacological profile. Because of their 

multi-(epi)-target features and their action in ex-vivo samples, the indole-based psammaplin A 

derivatives are attractive molecules for the modulation of epigenetic disorders. 

 

KEYWORDS  

Psammaplin A, epigenetics, enzyme inhibitors, total synthesis, SAR studies 

 

INTRODUCTION 

In addition to its structural role in shaping the degree of DNA compaction, chromatin is 

considered the signal transduction interpreter that regulates all genome functions.1 The basic unit 

of chromatin is the nucleosome, the 146 base-pair stretch of DNA wrapped 1.7 times around an 

octameric protein core containing two molecules each of histones H2A, H2B, H3 and H4. The 

flexible and highly conserved basic tail regions of the histones can be post-translationally 

modified primarily by acetylation, methylation, ADP-ribosylation, phosphorylation, 

sumoylation, and ubiquitylation.2, 3 The covalent modifications of DNA and histone proteins, the 

majority of which are reversible,4,5 control the degree of compaction or relaxation of chromatin 

and act as recognition sites for regulatory factors/machineries. Ultimately, these events result in 

the regulation of fundamental cellular processes (such as replication, chromatin remodelling, 

repair and transcription) through recognition, recruitment and assembly of supramolecular 
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structures (histone-histone and histone-DNA).6 As the alterations on gene expression are induced 

by mechanisms other than changes in DNA sequence, they are termed “epigenetic”. The 

enzymes responsible for the most important covalent modifications of DNA and histones with 

small chemical marks are DNA methyltransferases (DNMTs), histone acetyltransferases (HATs), 

histone deacetylases (HDACs), histone methyltransferases (HMTs), and histone demethylases 

(HDMs).7 

Emerging evidence suggests that the disruption of the balance of epigenetic networks, and its 

interaction with the genome and the environment, contribute to several major pathologies.8-14 

During onset and/or progression of disease, alterations can occur of both the effectors of 

chromatin changes (e.g., histone and DNA modifiers)15 and upstream signalling pathways.16-18  

DNA methylation at the cytosine C-5 position within CpG dinucleotide-rich regions (CpG 

islands)19 is promoted by the DNMT protein family,20-22 which includes in mammals the 

maintenance DNMT1, and the de novo methyl transferases DNMT2 and DNMT3 (a,b and L).23 

The aberrant expression of DNMT1 induces site-specific hypermethylation and global 

hypomethylation of CpG islands, which are biological signatures of cancer.9, 24-29 Methylation of 

CpG-islands in the promoter regions of tumour suppressor genes is associated with a silencing 

state.30, 31,28 Hypermethylation of DNA promoter and coding sequences is a major epigenetic 

mechanism that contributes to cancer progression by causing the inactivation of a number of 

tumor suppressor genes in a wide range of tumor types,32 which is the most common molecular 

lesion of cancer cells.12 

Post-translational reversible acetylation of histone lysine residues regulates gene expression and 

cell cycle progression. Many non-histone proteins also undergo acetylation,33 and this 

modification alters, among other functions, DNA-binding activity, microtubule stabilization, 

protein-protein interactions and small-molecule action. At the chromatin level, acetylation is 

controlled by the opposite activities of histone acetyltransferases (HATs) and histone 

deacetylases (HDACs).  

Eighteen mammalian deacetylase enzymes comprise the superfamily of HDACs, which is 

conveniently divided in two families that differ in the overall mechanism of lysine deacetylation:  

the Zn2+-dependent hydrolases (11 members, class I: HDAC1,2,3 and 8; class IIa: HDAC4 and 

10; class IIb: HDAC5,6,7 and 9; class IV: HDAC11) and the NAD+-dependent deacetylases or 

sirtuins (7 members: SIRT1-7).34-36  
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The Zn2+-dependent HDAC hydrolases deacetylate the ε-acetylamido lysine by a nucleophilic 

attack of bound water to the Zn2+-activated carbonyl group, creating a tetrahedral zinc alkoxide 

intermediate stabilized by enzyme residues which releases the acetyl group and the lysine 

product. Class I/II/IV HDAC inhibitors37-39 contain three regions: a Zn2+-chelating head group40  

(hydroxamates, benzamides, short-chain fatty acids, and thiolates, among others, are part of the 

metal-binding structure38, 39), a linker/spacer that occupies the binding pocket of the native 

lysine, and a highly variable cap group that extends along the rim of the pocket. Sirtuins regulate 

a variety of cellular functions such as conservation of the genome, longevity and metabolism of 

organisms ranging from bacteria to eukaryotes.36, 41-45 An increasing number of reports indicates 

the implication of multiple epigenetic enzymes in the onset or progression of cancer,13 among 

them the sirtuins.43 

The modulation of epigenetic enzymes by small molecules has been correlated with the 

induction of differentiation, cell cycle and growth arrest, and apoptosis in cancer cells.46, 47 

Chromatin regulators (“epi-drugs”)19, 48, 49 thus represent novel promising anti-cancer drugs.8, 13, 

50-52 Indeed, two DNMT inhibitors (DNMTis; 5-aza-cytidine, Vidaza, 5-aza-deoxycytidine, 

Dacogen)21, 53 have been approved for the treatment of myelodisplastic syndrome (MDS),54 and 

two HDACis, namely SAHA (suberoylanilide hydroxamic acid, vorinostat) and FK-228 1 

(depsipeptide) have also been marketed for the treatment of cutaneous T cell lymphoma (CTCL).  

Depsipeptide 1 is a natural product isolated from Chromobacterium violaceum No. 968.55 Its 

approval for therapy demonstrates that natural products continue to be a source of new medicines 

or the inspiration for the discovery of new drug leads.56-60 It has been demonstrated that the 

disulfide bond of FK228 1 (for other depsipeptides with disulfide bonds in bicyclic structures, 

such as the spiruchostatins and FR901375, see58) becomes reduced in cells by the activity of 

glutathione to afford a thiolate termed redFK, which then would interact with the Zn2+ ion in the 

active site of HDAC.61  

A disulfide bond is also present in the dimeric natural product psammaplin A (2, Figure 1), a 

representative member of the symmetrical bromotyrosine-cysteine modified tetrapeptides. 

Isolated in 1987 from an unidentified sponge62-64 and later, together with 3, from Verongid 

sponges (65, 66 and references cited therein), psammaplin A was shown to display antibacterial 

and antitumor activities.67 In particular, 2 exhibited significant cytotoxicity against human lung 

(A549), ovarian (SKOV- 3), skin (SK-MEL-2), CNS (XF498), and colon (HCT15) cancer cell 

lines.66 The dual inhibition of histone deacetylase (HDAC) and DNA methyl transferase 

(DNMT) enzymes reported for 265 – note that DNMT inhibition by psammaplin A has been 
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debated, being reported in 68-70, but not observed in a recent SAR study71- captured our interest72 

given the promising results of ongoing clinical trials with combination therapies using HDACi 

and DNMTi.20, 73  

 

Figure 1. Disulfide-containing natural HDACis. 

 

Inspired by the structure and likely mechanism of action of psammaplin A (2) we recently 

reported the synthesis and characterization of 4a (Figure 2)74 which, in addition to displaying a 

more potent inhibition of HDAC and DNMT than parent 1 it targets also at least one other family 

of epigenetic enzymes (SIRT). Here we report on the development of 4a and SAR studies on this 

family of epigenetic modulators.   

 

Design and synthesis 

The structure of psammaplin A 2 contains a symmetrical tetrapeptide formed by condensation of 

two modified 2-bromotyrosine and cystamine units. It was considered that other amide moieties 

derived from heteroaryl-containing aminoacids incorporated to the scaffold could improve the 

reported HDAC and DNMT inhibitory profile of the parent compound. This assumption was 

supported by the discovery of highly potent HDACis with the indole-amide hydroxamic acid 

structure.75, 76  

Our purpose to undertake SAR studies called for a synthetic approach to these modified 

tetrapeptides that could yield analogs (general structure I, Figure 2) at the various positions by 
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 6 

slight modifications of the sequence. Initial exploratory studies focused on the variations of the 

substituents at the indole ring including the group at N, the oxime functionality, and the size of 

the chain connecting the amide to the disulfide. Addressing some of these structural 

modifications we expected to additionally get further insights into the mechanism of action of 4a 

in its epigenetic inhibitory activities, and for this purpose the terminal group was also chemically 

modified.    

 

Figure 2. General structure of the indole derivatives prepared in the SAR study leading to the 

discovery of 4a.   

 

The synthesis of 4a (Scheme 1) is representative of the preparation of the entire collection of 

indole-psammaplins. It started with the attachment of the functionalized oxime-ester side chain 

to indole derivative 5a to provide 9a using the method described by Gilchrist.77 This entails 

reaction of 5a with nitrosoacrylate 6,77 generated in situ from oxime 7, itself prepared by the 

reaction of ethyl bromopyruvate 8 with hydroxylamine hydrochloride. Either an inverse electron-

demand hetero-Diels-Alder cycloaddition or a Friedel-Crafts reaction followed by indole 

aromatization are fully compatible with the outcome of the condensation of 5a and 6. Other 

analogs 9b-e were similarly obtained (Scheme 1, Table 1) starting from commercial and non-

commercial bromoindoles. The latter were synthesized by application of the Leimgruber-Batcho 

methodology78 or by the Bartoli procedure.79 N-substituted indoles 5k and 5l were instead 

synthesized using the protocol described by Stadlwieser.80 

Minor amounts of the cycloadducts 10 resulting from two-fold condensation at the C3-position 

of indole and 7 were isolated and characterized in the case of X = 5-Br (10a, 4%) and X = H 

(10b, 7%). X-Ray analysis of compounds 9b and 10b confirmed the E geometry of the oxime 

and for 10b the cis-fusion of the indole and oxazine rings (S.I.).  The amount of 10 could be 

minimized using excess of indole derivative (2 equiv) and base (5.5 equiv) relative to oxime 7.  
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 7 

 

Scheme 1. Reagents and conditions: (i) MeI or 4-BrC6H4CH2Br, KOH, DMF, 0 ºC, 30 min (5k, 91%; 5l, 53%) (ii) 

8, CHCl3, NH2OH·HCl, MeOH/H2O (1:1), 25 ºC, 22 h (86%). (iii) K2CO3, CH2Cl2, 25 ºC, 20 h (9a-l, Table 1).  

 

Initial attempts to couple the oxime indole derivatives 9a with amines using a variety of reaction 

conditions (DCC, HOBt,81, 82 PyBOP, ClCO2Et83 …) were either unsuccessful or produced the 

product in low yields (<50% with DCC, N-hydroxyphtalimide)84. Therefore, protection of the 

oxime of 9a (Scheme 2, Table 1) as trityl derivative 11a was required before saponification (to 

produce acid 12a) and condensation with cystamine 13a via activation as the N-succinimidyl 

ester, a sequence that produced disulfides 14.85 Cleavage of the trityl protecting group85 afforded 

compound 4a (Table 1).  

Following identical sequence, indoles 9b-l were transformed into disulfides 4b-l using either 

cystamine 13a or amines 13b-g (Scheme 2, Table 1), some of which were synthesized using the 

general methodology described by Pfammatter.86 Deprotection of the silyl ether of 14r took 

place concomitantly with trityl deprotection. On the other hand, methyl sulfide 4s was obtained 

by reduction of disulfide 4a with NaBH4 and methylation with MeI (Scheme 2).87 

The same sequence provided the benzyl88 and methyl89 oximes (15b and 15a, respectively, 

Scheme 2) following benzylation and methylation of 9a, and along similar steps analogs 17a,b 

were obtained from these intermediates.  
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 8 

 

Scheme 2. Reagents and conditions: (i) K2CO3, CH2Cl2, TrCl, 25 ºC, 20 h. (ii) LiOH·H2O, THF/H2O (1:1), 25 ºC, 

20 h (12a-l, Table 1, combined yield for the two steps); 16a, 84%; 16b, 99%). (iii) i. EDC, NHS, dioxane, 25 ºC, 2 

h. ii. Cystamine 13a, Et3N, MeOH, dioxane, 25 ºC, 15 h (17a, 80%; 17b, 84%) or amines 13b-f, Et3N, MeOH, 

dioxane, 25 ºC, 15 h. (iv) 1M HCl in Et2O, CH2Cl2, 25 ºC, 2 h (4a-r, Table 1, combined yield for the two steps). (v) 

i. NaBH4, NaOH, EtOH, 25 ºC, 0.5 h. ii. MeI, 25 ºC, 16 h (4s, 80%). (vi) MeI, Ag2O, acetone, 25 ºC, 14 h or BnBr, 

KOtBu, DME, 25 ºC, 12 h (15a, 42%; 15b, 72%). 

 

Analogs 20a and 20b, which lack the oxime function, were synthesized by a similar sequence 

using a ZrCl4-catalyzed90
 Friedel–Crafts type alkylation of 5-bromoindoles 5a and 5k with 

methyl acrylate followed by hydrolysis and condensation of acids 19a and 19b with cystamine 

13a via activation as the N-hydroxysuccinimidyl ester. 
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Scheme 3. Reagents and conditions: (i) methyl acrylate, ZrCl4, CH2Cl2, 25 ºC, 5 h. (ii) LiOH·H2O, THF/H2O (1:1), 

25 ºC, 20 h (19a, 57%; 19b, 75%; combined yield). (iii) i. EDC, NHS, dioxane, 25 ºC, 2 h. ii. Cystamine 13a, Et3N, 

MeOH, dioxane, 25 ºC, 15 h (20a, 65%; 20b, 42%). 

 

Table 1. Yields (%) for the compounds of the synthetic sequence of indole-psammaplins. 

9, 12 Yield 9  12 4 Yield 

a, X = 5-Br, R = H 60 73 a, X = 5-Br, R = H, Y = S-)2, n = 1 70 

b, X = H, R = H 67 87 b, X = H, R = H, Y = S-)2, n = 1 50 

c, X = 5-F, R = H 87 71 c, X = 5-F, R = H, Y = S-)2, n = 1 38 

d, X = 5-Cl, R = H 42 73 d, X = 5-Cl, R = H, Y = S-)2, n = 1 30 

e, X = 5-I, R = H 82 77 e, X = 5-I, R = H, Y = S-)2, n = 1 13 

f, X = 5-OMe, R = H 51 64 f, X = 5-OMe, R = H, Y = S-)2, n = 1 4 

g, X = 5-OBn, R = H 75 59 g, X = 5-OBn, R = H, Y = S-)2, n = 1 20 

h, X = 4-Br, R = H 65 61 h, X = 4-Br, R = H, Y = S-)2, n = 1 54 

i, X = 6-Br, R = H 43 49 i, X = 6-Br, R = H, Y = S-)2, n = 1 41 

j, X = 7-Br, R = H 43 37 j, X = 7-Br, R = H, Y = S-)2, n = 1 30 

k, X = 5-Br, R = Me 68 60 k, X = 5-Br, R = Me, Y = S-)2, n = 1 71 

l, X = 5-Br, R = 4-BrBn 68 45 l, X = 5-Br, R = 4-BrBn, Y = S-)2, n = 1 32 

   m, X = 5-Br, R = H, Y = S-)2, n = 2 19 
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   n, X = 5-Br, R = H, Y = S-)2, n = 3 42 

   o, X = 5-Br, R = H, Y = S-)2, n = 4 38 

   p, X = 5-Br, R = H, Y = CH2-)2, n = 2 82 

   q, X = 5-Br, R = H, Y = OMe, n = 1 37 

   r, X = 5-Br, R = H, Y = OH, n = 1 37 

   s, X = 5-Br, R = H, Y = SMe, n = 1 80 

 

Biological effects of psammaplin A derivatives in cellular cancer models 

Following the confirmation of the epigenetic activities of psammaplin A 2 using in vitro assays 

on isolated enzymes and cellular experiments,72 we undertook the search for a more potent 

analogs, with a focus on the β-indole-α-oximinoamido scaffold. The series of indole derivatives 

synthesized (Schemes 2-3) aimed at understanding the role of structural elements and functional 

groups in the modulation of different epigenetic enzymes and at the identification of the 

pharmacophore(s) of these inhibitors. We also addressed whether (i) the dimeric structure or just 

the monomer are necessary for their biological activity, (ii) if the disulphide bridge is 

dispensable, and (iii) if an uncleavable dimeric compound displays similar activities.  

Using the U937 acute myeloid leukemia (AML) cell line, the activity readouts systematically 

investigated were cell cycle arrest and p21WAF1/CIP1 induction, induction of differentiation, 

acetylation of histone H3 and, for HDAC6 inhibition, the levels of α-tubulin acetylation. 

As shown in Figure 3B, after 24 h stimulation with the analogs at 5 µM, derivatives 4a and 4n 

showed a greater induction of cell death than psammaplin A 2 (Figure 3D). To confirm these 

biological activities, cell cycle analyses were performed after 24 h of induction with psammaplin 

A 2 and its derivatives (Figure 3A and C). The pro-apoptotic activities of psammaplin A 2 and 

analogs 4a and 4n were also validated in the solid cancer cell lines derived from breast (ZR75.1, 

data not shown) and prostate (LnCap; data not shown) tumors. Cell death was observed for 

compounds 4i, 4j, 4k, 20a, 4c-4g (see Figure 3 D and 3F), but lower number of cells underwent 

apoptosis compared to 4n. Some compounds induced changes in the relative percentage of cells 

in the different phases of the cell cycle (Figure 3C and 3E). 
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Figure 3. Analysis of the effects of cell cycle and apoptosis of U937 cells treated with indole-

based psammaplin A analogs. A,C,E. Cytofluorimetric cell cycle analysis after treatment with 

the compounds at 5 µM for 24 h. B,D,F. Apoptosis analysis after treatment with the compounds 

at 5 µM for 30 h. MS-275 and SAHA (5 µM) were used as controls. Error bars represent 

standard deviation (SD) of biological triplicates. 

 

The parent compound formally derived from tryptophan (4b) displayed lower pro-apoptotic 

activity than the C5-bromo-indole derivative (4a), but changing the substitution from C5 to C6 

(4i) or C7 (4j) had only a minor effect on cell cycle arrest and apoptosis (Figure 3A and 3B), and 

rather increased the induction of differentiation measured by expression of the CD11c marker 

(Figure 4A). 
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Figure 4. A-C. Analysis of cell differentiation (A-C) and Western blot analysis (D-G) of 

functional readouts of indole-based psammaplin A analogs. A-C. Effects on granulocytic 

differentiation by cytofluorimetric analysis of CD11c expression after treatment of U937 acute 

myeloid leukemia cells with indole-based psammaplin A analogs at 5 µM for 30 h; SAHA and 

MS-275 (5 µM) were used as positive control. The data represent the average value of 

independent triplicates. Error bars represent standard deviation (SD) of biological triplicates. D-

G. Western Blot analysis of p21, histone H3 acetylation and α-tubulin acetylation in U937 cells 

after treatment with the indicated compounds at 5 µM for 24 h. Total ERKs were used to 

normalise for equal loading of total protein extraction; total H4 or Ponceau red staining was used 

to normalise for equal loading of histone extracts. SAHA and MS-275 (5 µM) were used as 

controls.  

 

Figure 4A-C shows that most compounds (4n, 4i, 4j, 4s, 4k, 4f, 4g and 4m) derived from 4a and 

4b induced the expression of CD11c (pro-differentiation surface marker), which is indicative of 

the differentiation of U937 cells to granulocytes. 

Cell-based assays confirmed that the presence of one or two sulphur atoms, and/or the disulphide 

bridge and/or the in cell cleavage thiols derived from 2 and 4a are required for cell cycle arrest, 

induction of apoptosis and differentiation. Interestingly however, the methylthioether 4s is 

inactive at inducing apoptosis (Figure 3B) and G2M phase accumulation but it induces cell arrest 

at G1 (Figure 3A) and the corresponding enhanced expression of p21WAF1/CIP1, as shown in 

Figure 4A and 4E. Further studies will be necessary to define the molecular pathways that are 

apparently differently affected by 4a and 4s. 

Indole psammaplin A derivatives induced α-tubulin acetylation (a marker of HDAC6 inhibition), 

in some cases at levels similar to psammaplin A (2) as shown by Western Blot analysis (Figure 

4D-G). Moreover, the majority of compounds increased histone H3 acetylation levels, with 4a 

being clearly more efficient (Figure 4D). Note that despite its action on α-tubulin acetylation, 4n 

did not show hyperacetylation of histone H3, suggesting a different mechanism of action. 

A correlation between hyperacetylation of histone H3 and expression of p21 protein exists. 

Indeed, as shown in Figure 4D-G, compounds for which H3ac level is greater (4b, 4a, 4i, 4j, 4s, 

4k, 20a, 4c-g), showed also a stronger induction of p21 and the greatest percentage of cell death.  

With regard to the effect of other substituents at the C5-indole ring position (OMe, 4f; OBn, 4g), 

including other halogens (F, 4c; Cl, 4d; I, 4e), the biological evaluation indicates that the original 

scaffold is quite lenient at that position, since most of the C5-substituted indole derivatives 
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showed the ability to induce p21, histone H3 and α-tubulin acetylation levels (Figure 4G) and, 

with the exception of 4c, also p16 (see Figure 7, below). 

Finally, the N-methyl derivative 4k was found to induce apoptosis, change the cell cycle 

distribution, induce the acetylation of histone H3 and α-tubulin, and overexpress p21 (at levels 

comparable to 4a), but the larger N-p-bromobenzyl analog 4l is quite inactive in these biological 

assays, showing a weak induction of p21 after 24 h of treatment of U937 cells (Figure 3C and D; 

Figure 4B and F). 

Indole psammaplin A derivatives induce apoptosis in AML patient's blasts 

The intriguing anticancer potential of these indole-based psammaplin A derivatives prompted us 

to test their activity in ex vivo AML patient blasts. As shown in Figure 5 B, 4a induced cell cycle 

block and apoptosis measured by FACS in AML #102 ex vivo blasts, similarly to psammaplin A 

2. Known HDACis such as MS-275 (Entinostat) and SAHA (Vorinostat) displayed activities 

similar to 4a. To verify the action of the selected derivatives on AML patient blasts, the activity 

of compounds 4a, 4i, 4j and 4s was tested at 5 µM. As shown in Figure 5A and C, all these 

derivatives showed pro-apoptotic activity in two different samples of AML patient's blasts (# 108 

and #109). Methylthioether 4s showed a weak induction of apoptosis confirming data obtained 

with the U937 cell line. 
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Figure 5. A-C. Cell cycle analysis of ex–vivo patient's blasts treated with selected indole-

based psammaplin A analogs. Analysis of cell cycle and apoptosis carried out with selected 

compounds at 5 µM in different AML patient blasts (indicated as numbers). SAHA and MS-275 

(5 µM) were used as controls. Error bars represent standard deviation (SD) of biological 

triplicates. 

 

Inhibition of epigenetic enzymes by indole-psammaplin A derivatives 
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Having established the activity of the indole psammaplin A analogs in biological assays, the 

active compounds were also tested in vitro (on enzyme-based assays). Because acetylation levels 

of many targets were found modified after the treatment with selected compounds (see Figure 

4D-G), those leading to the expression of p21, acetylation of histone H3 and acetylation of α-

tubulin were tested (at 5 µM) as inhibitors of HDAC1 and HDAC4 enzymes. 

As shown in Figure 6A, compounds 4a, 4i and 4j showed inhibitory activities (around 60-80%) 

against HDAC1. The same compounds were also active against HDAC4 (see black and grey bars 

in Figure 6A) although with lower potency (40-60% for compounds 4a and 4j). Other analogs 

followed the same trend (better inhibitors of HDAC1 than HDAC4) but were less effective 

inhibitors of both enzymes, with percentages of inhibition ranging from 20% (HDAC4) to 40% 

(HDAC1).  

Compounds 4n and 4o were instead rather inactive against HDAC1, but acted as inhibitors of 

HDAC4 (in particular compound 4n, for which the percentage of inhibition of HDAC4 is around 

60%). Compounds 4k and 20a (see cell-based data in Figures 3C, 3D, 4B and 4F), showed 

inhibition of HDAC4 (Figure 6B) and to a lesser extent of HDAC1 (4k).  

The series of halogen and ether analogs at C5 (4c-4g) reduced the activity of HDAC1 and 

HDAC4 in a variable way (different for each derivative) but in general showed a greater activity 

against HDAC1 than HDAC4 (Figure 6C). The inhibition induced by the methyloxime 17a 

(Figure 6C) was similar to that of 4g.  

Likewise, the activity of mechanistically relevant analogs on other epigenetic enzymes was 

analyzed, in particular as inhibitors of DNMTs and SIRTs, in order to relate structure and 

activities. Using recombinant DNMT1 enzyme and labeled S-adenosymethionine, the cofactor 

for methyl transfer (Figure 6D), it was shown that the desoximino compound (20a) was inactive, 

but the methylated oxime (17a) was as active as 4a, and the 5-OBn derivative (4g) exhibited 

even greater activity than 4a and also than the known DNMT1 inhibitor RG-108.  

As shown in Figure 6 E, 4a displayed the greatest potency of the series on SIRT1 inhibition, with 

the presence of C5-Br being less important (4b) than other modifications. Whereas the N-Me-

indole derivative 4k proved inactive, the N-p-bromobenzyl derivative 4l and the analog with the 

all carbon connector between the amides (4p) showed weak activity. No SIRTi activity was 

noted for the corresponding monomers (4s, 4r, 4q). 
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Figure 6. Modulation of epigenetic enzymes by indole-based psammaplin A analogs. A-C. 

U937 cell-based HDAC1 and HDAC4 assay carried out with the indicated compounds at 5 µM. 
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D. In vitro DNMTs assay carried out in U937 extracts treated with the indicated compounds at 5 

µM. E. In vitro human recombinant SIRT1 assays with the indicated compounds at 5 µM. 

SAHA and RG-108 (5 µM) were used as controls. Error bars represent standard deviation (SD) 

of biological triplicates. 

 

Indole psammaplin A analogs induce changes of acetylation and expression levels of 

epigenetic targets 

Compounds that showed inhibitory activity on DNMT1 and SIRT1 enzymes were also tested in 

cell-based assays in order to confirm (by Western Blot) if the in vitro activities correlated with 

changes of acetylation and expression states of selected epigenetic targets. 

In Figure 7, the reactivation of p16 expression was evaluated after treatment of U937 cells for 

24h with selected compounds at two different concentrations (5 and 0.5 µM). Analogs 4a, 17a, 

4n, 4p and 4s proved to be most active since at 0.5 µM they induced the expression of p16 

(which is causally linked to DNMT1 inhibition74, 91). The level of DNMT1 protein remained 

roughly unchanged (Figure 7, panel A). Compounds 4a, 4g, 4r and 4k only induced p16 

reactivation at 5 µM. 
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Figure 7 Panel A: Western Blot analysis of p16 and DNMT1 levels after treatment of U937 

cells with the indicated compounds at 5 and 0.5 µM for 24 h. Total ERKs were used to normalise 

for equal loading of total protein extraction; SAHA, RG108 (5 µM) SGI1027 (5 µM) and ALX 

(1 µM) were used as controls. Panel B: Western Blot analysis of p53 acetylation on lysine 382  

after treatment of MCF7 cells with the indicated compounds at 5 and 0.5 µM for 24 h. Total 

ERKs were used to normalise for equal loading of total protein extraction. SAHA, RG108 (5 

µM) SGI1027 (5 µM) and ALX (1 µM) were used as controls. 

 

When compared to the data shown in Figure 6D, Figure 7 indicates a strong correlation between 

in vivo and cell-based assays for compounds 4a, 4n, 17a and 4g. Surprisingly compounds 4p, 4s 

and 4k were inactive on in vitro DNMT1 assay (Figure 6, Panel D) but induced p16 reactivation 

(see Figure 7A). 

The level of acetylation of SIRT1 epi-targets (as readout for SIRT inhibition) was also 

determined by treatment of U937 and MCF7 cells with indole psammaplin A derivatives at two 

concentrations. Figure 7B shows increased acetylation of p53 on residue K382 (a well-known 

SIRT1 target92, 93) after treatment with selected compounds. Whereas some of those showed a 

dose-response trend (4k, 4r, 4g and 20a), others (4s, 4a and 4b) were active only at the highest 

concentration (5 µM). Note that 4n is the only compound of the series (Figure 6E) that neither 

increased p53K382ac levels nor inhibited SIRT in cell-based assays. 

The reactivation of other reported SIRT1 targets (acetylation of H3K994, 95 and H3K5696) was 

tested with the indole psammaplin A derivatives. Figure 8A,B shows that in general a correlation 

exists between concentration and level of acetylation of H3K9ac (Figure 8A) for the surveyed 

compounds. Compounds 4r and 4q, which lack the disulfide bond, did not show SIRT1 

inhibition as demonstrated by their effects on H3K9 (Figure 8A) or H3K56 acetylation (Figure 

8B), whereas the other analogs showed an effective pro-acetylation action, in particular 4k, 4n, 

4p, 4s, 4l. 
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Figure 8: Western Blot analysis of H3 acetylation on lysine K9 (panel A) and lysine K56 (panel 

B) after treatment of U937 cells with the indicated compounds at 5 and 0.5 µM for 24 h. Total 

H4 was used to normalise for equal loading of histone extracts. SAHA, RG108 (5 µM) SGI1027 

(5 µM) and ALX (1 µM) were used as controls. 
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SAR studies on indole psammaplin A derivatives 

The biological results indicate that the indole derivatives of 274 are more potent modulators of 

epigenetic enzymes than the natural product.72. The 5-bromoindole analog 4a has been shown to 

highly efficiently induce cancer cell-selective death in a variety of models, and these activities 

were also demonstrated in several human tumor xenografts and genetic mouse models of human 

breast cancer in vivo.74 Mechanistic studies proved that the anticancer activity of 4a involves 

activation of death receptors and ROS production in a mutually independent manner. 

Importantly, cell death is efficiently induced in cells mutated or deficient for p53, Bcl-2 

modifying factor, BMF, and/or TNF-related apoptosis inducing ligand, TRAIL.74  

From the biochemical and cellular characterization of the analogs, it was concluded that 

positional isomers at the bromoindole ring such as 4i and 4j still showed cell cycle block, 

apoptosis induction (although to a lesser extent than 4a), and CD11c differentiation of U937 

cells (Figures 3A and B, 4A and E). These derivatives increased α-tubulin acetylation and 

induced p21 expression similarly to 4a and psammaplin A (2). On the contrary, protection of the 

oxime function either as a trityl (14a) or benzyl derivative (17b) abolished activity (Figure 3A-D 

and Figure 4A, B, E, F). Furthermore 4p (Figure 3A and 3B; Figure 4A and 4E) with a 

hydrocarbon linker was inactive, suggesting that the activity of these analogs must reside on the 

thiolate formed upon disulfide cleavage. Finally, incorporation of an alcohol functional group in 

place of the putative thiol as in 4r (Figure 3A and B; Figure 4A and E) afforded a biologically 

inactive compound that kept a residual ability to induce α-tubulin acetylation. All together, the 

results confirm that the series of tetrapeptide disulfide dimers are pro-drugs that get activated by 

reduction to afford the thiols, which is the functional group required for biological activity. 

Capping the thiol as the methyl sulfide 4s afforded a derivative with a distinct biological profile, 

since it blocked the cell cycle in G1 and induced p21 expression without increasing the 

differentiation of U937 cells. We note that its apoptogenic activity was only occurring in primary 

leukemic cells from AML patients but not in established U937 cells in culture. It will be 

interesting to study 4s and other active compounds of this series in genetic mouse models for 

different types of (solid) human cancers, as reported for 4a.74 

HDAC1 and HDAC4 enzymatic inhibition studies revealed that the C5-Br could be replaced by 

other halogens (F, Cl, I) or oxygen substituents (OMe, OBn), since these analogs show roughly 

equal potency, but the absence of a substituent was detrimental. Positional isomers of the 

bromoindole (4i-4j) showed reduced potency as HDAC inhibitors in enzymatic assays, as did the 

indole-N-methyl derivative (4k), in particular of HDAC4 (Figure 6A-C). Derivatization of the 
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oxime as an alkyl derivative was tolerated for the small methyl group (17a), but not for the O-

benzyl (17b) or O-trityl (14a) analogs (data not shown). The oxime group is dispensable (20a) if 

the indole N-H group is present, as the N-Me derivative (20b) lacks the activity (as confirmed by 

in vivo assays). Figure 9 summarizes the SAR study described in this work. 

 

Figure 9. Summary of SAR studies on indole-psammaplin A scaffold for HDAC inhibition.  

 

Regarding DNMT inhibition, Figure 6D shows the beneficial effect of the methylated oxime 

(17a) relative to 4a and, more importantly, the presence of a O-Bn group in place of the bromine 

(4g). The data also concludes that the dimeric structure is required for efficient inhibition, as 

monomeric analogs were inactive on DNMT1. We surmise that the disulfide could react with the 

enzyme after ocupation of the SAM binding pocket, perhaps undergoing capture by the invariant 

Cys81 active site residue97 in a disulfide exchange reaction that might be reversible in vivo and 

therefore transient. Compounds that inhibited DNMT1 (4a, 4g, 17a) showed the ability to 

reactivate p16, an effect that was also shown by other analogs (4n, 4p, 4s; Figure 7A) but less 

efficiently (with the exception of 4b).   

We also studied the structural requirements for the inhibition of the SIRT NAD+-dependent 

deacetylases by compound 4a.74 None of the analogs of 4a assayed with SIRT1 showed 

equipotency to the parent compound (except 4b and 4l, Figure 6E), but the negative result 

appears also to suggest that the dimeric structure is required for the activity of 4a, since the 

corresponding monomers (4s, 4r, 4q) proved inactive in our assay system, and both the N-p-

bromobenzyl derivative 4l and the analog with the all carbon connector between the amides (4p) 

showed weak SIRT1 inhibitory activity. The modulation of SIRT1 targets (acetylation of p53 

K382, H3K9 and H3K56, the latter also linked to HDAC inhibition) was clearly consistent with 
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the enzymatic assays for 4a. The same correlation was noted for compounds 4p, 4q and 4r, for 

which the very weak inhibitory enzymatic activity (Figure 6E) is consistent with low levels of 

acetylation of H3K9 and H3K56 (Figure 8A). Complex readouts on the expression levels of the 

different SIRT1 targets hindered further SAR studies although the disulfide bond appears to also 

be necessary for SIRT1 inhibition. 

The entire data set suggests that the series of tetrapeptide disulfide dimers show greater activity 

in cell than in vitro assays (see Figure 6D and 6C, cf. Figures 7 and 8), perhaps due to their pro-

drug nature. The inhibition of SIRT and DNMT enzymes is clearly indicated by the analysis of 

the levels of acetylation of sirtuin targets (p53 K382, H3K9 and H3K56) or by the reactivation of 

methylated genes (p16), respectively. The discrepancy between data from in vitro and in cell-

based assays could be understood and justified by the role of disulfide group present in the 

molecular scaffold, which can be reduced (or undergo disulfide exchange, for example with 

glutathione) upon cell uptake. This assumption is consistent with the weak activity displayed in 

both settings by alcohol 4r. Other thiol-disguised pro-drugs, such as the disulfide FK228 1 and 

octanoyl derivative largazole, have also shown contrasting enzymatic potencies when compared 

to the corresponding reduced forms.98, 99  

Given their different enzymatic mechanism, sirtuins are not modulated by the inhibitors of Class 

I, II and IV HDACs, such as suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA) 

which have Zn2+ chelating groups. It is tempting to structurally relate the SIRT inhibition 

displayed by 4a to the haloindole motif, which is found in related cyclic indole derivatives 

(EX243, GW5074, kenpaullones) that act as adenosine mimetics.59 

 

Mechanistic insights into the multiple epigenetic activities of the indole-based psammaplin 

A derivatives 

With the data obtained thus far and the precedents on other sulfur containing inhibitors,59 we 

surmise that the HDAC inhibition exhibited by these compounds is a consequence of disulfide 

reduction to the corresponding thiol-capped butene moiety, which likely binds the active site 

Zn2+. Thiols such as 21 derived from the potent analog 4a (Scheme 4) feature the tripartite 

structure characteristic of most effective HDAC inhibitors, as it contains an HDAC rim-

recognition element attached to an active site binding/inactivating group via a linker. The 

increased levels of native disulfide reductants (i.e., glutathione, thioredoxin and thioredoxin 

reductase) found in  many cancer cells likely render such cells particularly susceptible to the 

action of 4a and analogs. Their cleavage would occur only following cellular entry after 
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encountering a high glutathione concentration (typically 15 mM intracellular compared to 15 µM 

extracellular).100  

Molecular Modeling of 21 into the active site of HDAC8 shows the expected pose with the 

chelation of the thiol group to the Zn2+ ion, and the additional stabilization by formation of a 

hydrogen bond between the indole N-H and Asp101. This model is also consistent with the 

inhibitory activities of the C5-indole analog series and with the lack of activity of monomers 

lacking the thiol-chelating unit (Figure 10). 

 

 

Figure 10. Proposed docking pose for 4a-derived thiol 21 in HDAC8.101 The Cα trace of the 

enzyme is displayed as a ribbon, colored in green. The side chains of His142, His143, Asp178, 

Asp267, His180, Met274, Tyr306 are shown as sticks, with carbon atoms colored in green. The 

Zn2+ at the catalytic site is shown as a magenta sphere. The inhibitor is displayed also as sticks, 

but with carbon atoms colored in gray and the bromine atom colored in brown. The ab initio 

calculated structure of 4a-derived thiol 21 was docked into the structure of human HDAC8101 

after removal of the trichostatin A (TSA)  ligand. The highest scores using an automated docking 

method for the interaction with the Zn2+ ion in the active site was validated by the GRID maps. 

In these solutions, the thiolate group chelates the metal, the linker domain occupies the channel 

and the bromoindole is stabilized through interaction with Tyr100 and Phe152 at the rim of the 

active site entrance. This positioning facilitates the formation of a hydrogen bond between the 

indole N-H and Asp101. The complex was refined using energy minimization and its dynamic 

behaviour was simulated using unrestrained MD (see S.I.). 
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In support of the mechanism of action of these indole-based psammaplin A analogs, 

pharmacokinetic studies on lead compound 4a74 led to the detection by HPLC/MS of the mixed 

disulfide 22, a glutathione adduct presumably formed by in-cell modification of the scissile 

disulphide bond as indicated in Scheme 4.  

 

 

Scheme 4. In vivo conjugation of 4a to glutathione. 

 

In addition to the disulfide present in other depsipeptides such as FK228 (1),55 and in 

psammaplin A (2)58 and to the octanoyl thiol ester of depsipeptide largazole,102 the S-acetyl,103 S-

isobutyryl104 and S-2-methyl-3-phenylpropanoyl105 thiol esters have also been developed as thiol 

surrogates in HDACis. Mixed disulfides have been used in lieu of the symmetrical dimeric 

structures.106 All the above ligands are considered as prodrugs107 that most likely release the 

thiolate group upon reaction with thioesterases or by thiol-disulfide exchange108 induced by the 

addition of sulfhydryl groups of compounds present in the reductive environment of the cell such 

as glutathione. In addition, other sulfur-containing functional groups employed as head group of 

HDACis have been described, among them trithiocarbonates,109 mercaptoacetamides,110 

mercaptoketones111 and methylsulfoxides.112 The broad variety of functional groups further 

attests to the efficient and energetically favorable chelation of Zn+2 ion by sulfur-containing 

functional groups.40 

 

Conclusion 

To summarize, the scaffold of the psammaplin A natural product is amenable to synthetic 

reengineering without loss of epigenetic modulatory activity. In particular the o-bromophenol 

unit of psammaplin A 2 has been replaced by the more chemically robust and drug-friendly 
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indole fragment. A series of indole-psammaplin A constructs have been generated in a short 

synthetic sequence and their biological evaluation has led to a better understanding of the 

structure-activity relationship of these epigenetic inhibitors (see Table 2 for a summary of 

enzymatic and cellular activities). Notably, the incorporation of the 5-bromoindole unit in 4a 

replacing the o-bromophenol of 2 not only improved the potency of the parent compound with 

regard to the already reported HDAC and DNMT dual epigenetic inhibitory profile, but 

interestingly added another activity, the inhibition of the NAD+-dependent SIRT deacetylase 

enzymes.74 In vivo pharmacokinetics revealed that this compound is a pro-drug that gets rapidly 

transformed into the glutathione conjugate.74 In keeping with the concept of targeting several 

pathways, it is encouraging that a large number of phase I/II clinical trials are currently exploring 

the combination of an HDAC together with the DNA methyltransferase inhibitor 5-aza-2’-

deoxycytidine (Decitabine) (http://clinicaltrials.gov). Indeed, the simultaneous block of at least 

three epigenetic targets offers a valid alternative to combination treatments as well as a unique 

strength to ensure delivery of an ‘all in one’ drug to the cells.59  
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Table 2: Summary table of compounds activities. Black boxes show, for each molecule, positive 

response to the tests. Column entries from left to right indicate: variations in cell cycle 

distribution (Cell cycle); induction of cell death (Death); induction of granulocytic 

differentiation (CD11c); variation of the acetylated state of proteins (Acetylation); expression of 

key and/or silenced proteins (Expression); in vitro activity against HDAC1/4 (HDACs); in vitro 

activity against SIRT1 (SIRT1); and in vitro modulation of DNMT1 activity (DNMT1). The 

experimental details are reported in the Materials and Methods section and the numerical values 

in Figures 3-8.  

A major consequence of 4a-mediated anti-cancer effects involves activation of different 

pathways of apoptosis in the cancer cells due to synergism between these inhibitory activities.74 

A balanced modulation of several epigenetic targets makes designed multiple ligands (DMLs)113 

a promising class of anticancer drugs with unanticipated therapeutic potential.59 The fact that 4a 
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seem to be well tolerable in experimental mice models and that the maximal tolerable dose is 

higher than that of well known HDAC inhibitors represents another important argument for its 

further development and use against cancer.  The entire data set suggests that further 

investigation on the role of indole psammaplin A derivatives in controlling some biological 

processes, such as celular death and regulation of epigenetic effectors/regulators is warranted, 

particularly given their action on some hematological samples (Figure 5A-C) in which, 

compared to other epi-drugs, selected compounds were able to efficiently induce cell death.  
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EXPERIMENTAL SECTION 

General. Solvents were dried according to published methods and distilled before use. HPLC 

grade solvents were used for HPLC purification. All other reagents were commercial compounds 

of the highest purity available. All reactions were carried out under argon atmosphere, and those 

not involving aqueous reagents were carried out in oven-dried glassware. Analytical thin layer 

chromatography (TLC) was performed on aluminium plates with Merck Kieselgel 60F254 and 

visualized by UV irradiation (254 nm) or by staining with a solution of phosphomolibdic acid. 

Flash column chromatography was carried out using Merck Kieselgel 60 (230-400 mesh) under 

pressure. Infrared spectra were obtained on a JASCO FTIR 4200 spectrophotometer, from a thin 

film deposited onto a NaCl glass. 1H-NMR spectra were recorded in CDCl3, CD3OD, DMSO-d6 

and (CD3)2CO at ambient temperature on a Bruker AMX-400 spectrometer at 400 MHz with 

residual protic solvent as the internal reference (CDCl3, δH = 7.26 ppm; (CD3)2CO, δH = 2.05 

ppm; CD3OD, δH = 3.31; DMSO-d6, δH = 2.50); chemical shifts (δ) are given in parts per million 

(ppm), and coupling constants (J) are given in Hertz (Hz). The proton spectra are reported as 
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follows: δ (multiplicity, coupling constant J, number of protons, assignment). 13C-NMR spectra 

were recorded in CDCl3 CD3OD, DMSO-d6 and (CD3)2CO at ambient temperature on the same 

spectrometer at 100 MHz, with the central peak of CDCl3 (δC = 77.0 ppm) CD3OD (δC = 49.0 

ppm), DMSO-d6 (δC = 39.4 ppm) or (CD3)2CO (δC = 30.8 ppm) as the internal reference. 

DEPT135 sequence was used to aid in the assignment of signals in the 13C NMR spectra. 

Melting points were determined on a Stuart SMP10 apparatus. Elemental analyses were 

determined on a Carlo Erba EA 1108 analyzer. Crystallographic information was obtained from 

the corresponding single crystals analysed by X-ray diffraction. Crystallographic data were 

collected on a single crystal Bruker SMART CCD6000 FR591 diffractometer equipped with 

Charge-Coupled-Device (CCD) detector at 20 ºC using graphite monochromated MoKα 

radiation (λ = 0.71073 Å), and were corrected for Lorentz and polarisation effects. 

Mass Spectrometry. Experiments were performed on an APEX III FT-ICR MS (Bruker 

Daltonics, Billerica, MA), equipped with a 7T actively shielded magnet. Ions were generated 

using an Apollo API electrospray ionization (ESI) source, with a voltage between 1800 and 2200 

V (to optimize ionisation efficiency) applied to the needle, and a counter voltage of 450 V 

applied to the capillary. Samples were prepared by adding a spray solution of 70:29.9:0.1 (v/v/v) 

CH3OH/water/formic acid to a solution of the sample at a v/v ratio of 1 to 5% to give the best 

signal-to-noise ratio. 

Data acquisition and data processing were performed using the XMASS software, version 6.1.2 

(Bruker Daltonics). FAB Experiments were performed on a VG AutoSpec instrument, using 3-

nitrobenzylalcohol or glycerol as matrices. 

The purity of the compounds was established in most cases by elemental analysis and, for those 

that did not gave suitable crystals, by HPLC, and found to be greater than 95%. 

 

General procedure for the reaction of indoles with ethylbromopyruvate-2-oxime: Oxime 7 

(1.0 mmol) was dissolved in anhydrous dichloromethane (3 mL) with an excess of substrate (2.0 

mmol). Anhydrous sodium carbonate (5.5 mmol) was then added and the suspension was stirred 

for 24 h at room temperature. After filtering through silica gel, the solvent was removed and the 

residue was purified by column chromatography on silica gel as indicated. 

General procedure for the protection of oximes with TrCl: Tritylchloride (2.0 mmol) was 

added to a stirred suspension of the indole 9 (1.0 mmol) and Na2CO3 (2.0 mmol) in CH2Cl2 (10 

mL) and THF (1.5 mL). The mixture was stirred at room temperature for 16 h, filtered through a 
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pad of silica gel saturated with Et3N and the filtrate was concentrated. The residue was subjected 

to chromatography as indicated to afford 11. 

General procedure for hydrolysis of esters: LiOH·H2O (15 mmol) was added to a solution of 

the ester 11 (1.0 mmol) in a 1:1 THF/H2O mixture (3.5 mL). After stirring for 16 h at room 

temperature, water was added, and the solution was neutralized by addition of 10% HCl. 

Extraction with ethyl acetate and crystallization from hexane/CHCl3 afforded the corresponding 

acid 12. 

General procedure for the coupling of acids with amines: To a solution of acid 12 (1.0 mmol) 

in dioxane (4 mL) was added EDC (1.9 mmol) and N-hydroxysuccinimide (1.7 mmol), and the 

resulting solution was stirred for 2 h at 25 ºC. Then a solution of amine 13 (0.5 mmol or 1.0 

mmol) and Et3N (5.5 mmol) in dioxane (4 mL) and MeOH (4 mL) was added. After the mixture 

had been stirred for 16 h at room temperature, water was added and the mixture extracted with 

ethyl acetate. The solvent was removed in vacuo and the residue was subjected to column 

chromatography on silica gel as indicated. Some of those compounds 14 could not be fully 

characterized due to their instability upon attempted additional purification on silica gel. 

General procedure for the cleavage of the trityl protecting group: The corresponding indole 

(1.0 mmol) was dissolved in a 20:1 CH2Cl2/MeOH mixture (6 mL), placed in a pressure flask 

and anhydrous HCl (7.3 mmol of a 1.0 M solution in ether) was added. The solution was then 

stirred at 25 ºC for 2h. The reaction was diluted with water and MeOH, washed with hexane, and 

the MeOH was evaporated in vacuo. EtOAc was then added, and the aqueous layer was extracted 

with EtOAc (3x). The combined organic extracts were dried over Na2SO4, filtered and the 

solvent was evaporated in vacuo. The residue was subjected to column chromatography on silica 

gel (95:5 CH2Cl2/MeOH). 

(E)-Ethyl 3-(5-Bromo-1H-indol-3-yl)-2-(hydroxyimino)propanoate (9a). Following the 

general procedure described for the reaction of indoles with ethyl bromopyruvate-2-oxime, 

indole 5a (1.00 g, 5.10 mmol) gave, after purification by column chromatography (SiO2, 35:65 

EtOAc/hexane), oxime 9a (0.50 g, 60%) as a white solid, m.p.: 175-176 ºC (CHCl3/hexane), and 

oxazine 10a (0.03 g, 4%) as a yellow solid, m.p.: 161-162 ºC (CHCl3/hexane). Data for (E)-

Ethyl 3-(5-Bromo-1H-indol-3-yl)-2-(hydroxyimino)propanoate (9a). 1H-NMR (CD3COCD3, 

400.13 MHz): δ 10.24 (br, 1H, NH), 7.92 (d, J = 1.7 Hz, 1H, H4’), 7.33 (d, J = 8.5 Hz, 1H, 

H7’), 7.27 (d, J = 2.3 Hz, 1H, H2’), 7.20 (dd, J = 8.5, 1.7 Hz, 1H, H6’), 4.19 (q, J = 7.1 Hz, 2H, 

CO2CH2CH3), 4.05 (s, 2H, 2H3), 1.22 (t, J = 7.1 Hz, 3H, CO2CH2CH3) ppm. 13C-NMR 

(CD3COCD3, 100.62 MHz): δ 165.6 (s), 152.9 (s), 136.9 (s), 131.1 (s), 127.4 (d), 125.7 (d), 
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123.3 (d), 114.9 (d), 113.5 (s), 111.0 (s), 62.6 (t), 21.6 (t), 15.3 (q) ppm. IR: ν 3500-3100 (br, N-

H and O-H), 2983 (w, C-H), 1705 (s, C=O and C=N), 1426 (w), 1096 (w), 1014 (m), 864 (w) 

cm-1. MS (FAB+): m/z (%) 327 ([M+1]+ [81Br], 61), 326 ([M]+ [81Br], 34), 325 ([M+1]+ [79Br], 

67), 324 ([M]+ [79Br], 26) 311 (62), 310 (35), 309 (84), 308 (25), 307 (26), 235 (22), 210 (99), 

208 (100), 156 (24). HRMS (FAB+) calcd. for C13H13
81BrN2O3 and C13H13

79BrN2O3 ([M]+), 
326.0089 and 324.0110; found: 326.0100 and 324.0112. Elem. Anal. Calcd. for C13H13BrN2O3 

C, 48.02; H, 4.03; N, 8.62; found: C, 48.02; H, 4.03; N, 8.65. Data for (4aR*,9aR*,E)-Ethyl 6-

Bromo-4a-[3-ethoxy-2-(hydroxyimino)-3-oxopropyl]-4,4a,9,9a-tetrahydro-[1,2]oxazino[6,5-

b]indole-3-carboxylate (10a). 1H-NMR (CDCl3, 400.13 MHz): δ 10.02 (br, 1H, NH), 7.10 (s, 

2H, ArH), 6.42 (d, J = 8.5 Hz, 1H, ArH), 5.66 (s, 1H), 5.14 (s, 1H), 4.4-4.1 (m, 4H, 2x 

CO2CH2CH3), 3.3-3.1 (m, 3H), 2.60 (d, J = 15.8 Hz, 1H, H4A), 1.3-1.2 (m, 6H, 2x 

CO2CH2CH3) ppm. 13C-NMR (CDCl3, 100.62 MHz):  δ 163.6 (s), 162.0 (s), 159.3 (s), 148.9 (s), 

147.3 (s), 131.7 (d), 131.3 (s), 126.5 (d), 110.9 (s), 110.4 (d), 94.8 (d), 62.4 (t), 62.3 (t), 50.6 (s), 

32.9 (t), 27.8 (t), 13.9 (q, 2x) ppm. IR: ν 3500-3100 (br, N-H and O-H), 2986 (m, C-H), 1721 (s, 

C=O and C=N), 1606 (m), 1476 (m), 1435 (m), 1279 (s), 1167 (m), 1017 (m), 757 (s) cm-1. 

HRMS (ESI+) calcd. for C18H20
81BrN3O6Na and C18H20

79BrN3O6Na ([M+Na]+), 478.0407 and 

476.0428; found: 478.0410 and 476.0428. Elem. Anal. Calcd. for C18H20BrN3O6 C, 47.59; H, 

4.44; N, 9.25; found: C, 47.38; H, 4.44; N, 9.28. 

 (E)-Ethyl 3-(5-Bromo-1H-indol-3-yl)-2-(trityloxyimino)propanoate (11a). In accordance 

with the general procedure described for the protection of oximes, indole 9a (0.70 g, 2.10 mmol) 

afforded, after purification by column chromatography (SiO2, 72:25:3 hexane/EtOAc/Et3N), the 

protected oxime 11a (0.90 g, 74%) as a white solid, m.p.: 166-167 ºC (CHCl3/hexane). 1H-NMR 

(CD3COCD3, 400.13 MHz):  δ 10.26 (br, 1H, NH), 7.90 (d, J = 1.4 Hz, 1H, H4’), 7.4-7.2 (m, 

16H, ArH), 7.21 (dd, J = 8.6, 1.8 Hz, 1H, H6’), 7.18 (d, J = 2.0 Hz, 1H, H2’), 4.22 (s, 2H, 2H3), 

4.11 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 1.15 (t, J = 7.1 Hz, 3H, CO2CH2CH3) ppm. 13C-NMR 

(CD3COCD3, 100.62 MHz):  δ 165.1 (s), 153.0 (s), 145.8 (s, 3x), 136.9 (s), 131.0 (d, 6x), 129.5 

(d, 6x), 129.3 (d, 3x), 127.3 (d), 125.9 (d), 123.3 (d), 115.0 (d), 113.7 (s), 110.5 (s), 94.6 (s), 62.9 

(t), 23.3 (t), 15.3 (q) ppm. IR:  ν 3500-3300 (br, N-H), 3059 (w, C-H), 3028 (w, C-H), 2983 (w, 

C-H), 1716 (s, C=O and C=N), 1597 (w), 1450 (s), 1323 (m), 1195 (s), 754 (s) cm-1. HRMS 

(ESI+) calcd. for C32H27
81BrN2O3Na and C32H27

79BrN2O3Na ([M+Na]+), 591.1077 and 

589.1097; found, 591.1063 and 589.1082. Elem. Anal. Calcd. for C32H27BrN2O3 C, 67.73; H, 

4.80; N, 4.94; found C, 67.82; H, 4.81; N, 4.98. 
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 (E)-3-(5-Bromo-1H-indol-3-yl)-2-(trityloxyimino)propanoic Acid (12a). According to the 

general procedure described for the hydrolysis of esters, 11a (0.70 g, 1.20 mmol) gave, after 

crystallization, acid 12a (0.65 g, 99%) as a white solid, m.p.: 171-172 ºC (dec) (hexane/CHCl3). 
1H-NMR (CD3COCD3, 400.13 MHz): δ 10.23 (br, 1H, NH), 7.92 (d, J = 1.7 Hz, 1H, H4’), 7.4-

7.2 (m, 16H, ArH), 7.19 (dd, J = 8.6, 1.7 Hz, 1H, H6’), 7.15 (s, 1H, H2’), 4.21 (s, 2H, 2H1) 

ppm. 13C-NMR (CD3COCD3, 100.62 MHz):  δ 166.5 (s), 153.7 (s), 145.9 (s, 3x), 137.0 (s), 

131.1 (s), 131.0 (d, 6x), 129.5 (d, 6x), 129.2 (d, 3x), 127.3 (d), 125.9 (d), 123.3 (d), 115.0 (d), 

113.7 (s), 110.7 (s), 94.5 (s), 23.0 (t) ppm. IR: ν 3500-3200 (br, N-H and O-H), 3059 (w, C-H), 

1756 (m, C=O), 1702 (m, C=N), 1597 (w), 1447 (s), 1216 (s), 972 (s), 757 (s), 700 (s) cm-1. 

HRMS (ESI+) calcd. for C30H23
81BrN2O3Na and C30H23

79BrN2O3Na ([M+Na]+), 563.0764 and 

561.0784; found: 563.0755 and 561.0776. Elem. Anal. Calcd. for C30H23BrN2O3·1/2H2O C, 

65.70; H, 4.41; N, 5.11; found: C, 65.57; H, 4.50; N, 4.99. 

 (2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-bromo-1H-indol-3-yl)-2-

(trityloxyimino)propanamide] (14a). Following the general procedure described for the 

coupling of acids with amines, 12a (0.60 g, 1.11 mmol) afforded, after purification by column 

chromatography (SiO2, gradient from 47:50:3 hexane/EtOAc/Et3N to 100% EtOAc), disulfide 

14a (0.56 g, 84%) as a white solid, m.p.: 172-173 ºC (hexane/CHCl3). 1H-NMR (CD3COCD3, 

400.13 MHz) (data for monomer): δ 10.24 (br, 1H, NH), 7.96 (s, 1H, ArH), 7.4-7.1 (m, 17H, 

ArH), 6.97 (s, 1H, ArH), 4.20 (s, 2H, 2H3), 3.4-3.2 (m, 2H, 2H1’’), 2.87 (s, 1H, CONH), 2.60 (t, 

J = 6.3 Hz, 2H, 2H2’’) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for monomer): δ 164.4 

(s), 154.5 (s), 145.8 (s, 3x), 136.9 (s), 131.1 (s), 130.8 (d, 6x), 129.6 (d, 6x), 129.2 (d, 3x), 127.5 

(d), 125.8 (d), 123.5 (d), 114.9 (d), 113.7 (s), 110.7 (s), 94.3 (s), 39.9 (t), 39.1 (t), 21.8 (t) ppm. 

IR: ν 3500-3200 (br, N-H), 3059 (w, C-H), 3022 (w, C-H), 1669 (s, C=O and C=N), 1520 (s), 

1448 (s), 1217 (m), 971 (m), 755 (s), 701 (s) cm-1. HRMS (ESI+) calcd. for 

C64H54
81Br2N6O4S2Na, C64H54

79Br81BrN6O4S2Na and C64H54
79Br2N6O4S2Na ([M+Na]+), 

1219.1866, 1217.1886 and 1215.1907; found: 1219.1852, 1217.1855 and 1215.1877. Elem. 

Anal. Calcd. for C64H54Br2N6O4S2·2H2O C, 62.44; H, 4.75; N, 6.83; S, 5.21; found: C, 62.50; H, 

4.97; N, 6.32; S, 4.67. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)bis(3-(5-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4a). In accordance with the general procedure described for the 

cleavage of the trityl group, 14a (0.09 g, 0.08 mmol) gave, after purification by column 

chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 4a (0.04 g, 81%) as a yellowish solid, 

m.p.: 179-180 ºC (hexane/EtOAc). 1H-NMR (CD3OD, 400.13 MHz) (data for monomer): δ 7.83 
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(d, J = 1.8 Hz, 1H, H4’), 7.15 (d, J = 8.5 Hz, 1H, H7’), 7.10 (dd, J = 8.5, 1.8 Hz, 1H, H6’), 7.09 

(s, 1H, H1’), 3.97 (s, 2H, 2H3), 3.40 (t, J = 6.7 Hz, 2H, 2H1’’), 2.65 (t, J = 6.7 Hz, 2H, 2H2’’) 

ppm. 13C-NMR (CD3OD, 100.62 MHz) (data for monomer): δ 166.2 (s), 153.6 (s), 136.3 (s), 

130.4 (s), 126.5 (d), 124.9 (d), 122.6 (d), 113.7 (d), 112.9 (s), 110.2 (s), 39.6 (t), 38.4 (t), 19.7 (t) 

ppm. IR: ν 3500-3100 (br, N-H and OH), 3061 (w, C-H), 2925 (w, C-H), 1705 (m), 1662 (s, 

C=O and C=N), 1526 (s), 1448 (s), 1360 (m), 1226 (m), 793 (w) cm-1. HRMS (ESI+) calcd. for 

C26H27
81Br2N6O4S2, C26H27

79Br81BrN6O4S2 and C26H27
79Br2N6O4S2 ([M+H]+), 712.9855, 

710.9876 and 708.9896; found: 712.9831, 710.9851 and 708.9879. Elem. Anal. Calcd. for 

C26H26Br2N6O4S2 C, 43.95; H, 3.69; N, 11.83; S, 9.03; found: C, 44.40; H, 3.94; N, 11.62; S, 

9.21. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[2-(hydroxyimino)-3-(1H-indol-3-

yl)propanamide] (4b). In accordance with the general procedure for the cleavage of trityl 

groups, 14b (0.08 g, 0.07 mmol) gave, after purification by column chromatography (SiO2, 95:5 

CH2Cl2/MeOH), disulfide 4b (0.04 g, 78%) as a yellow oil. 1H-NMR (CD3OD, 400.13 

MHz) (data for monomer): δ 7.64 (d, J = 7.9 Hz, 1H, ArH), 7.21 (d, J = 8.1 Hz, 1H, ArH), 7.01 

(s, 1H, H2’), 6.98 (t, J = 7.5 Hz, 1H, ArH), 6.91 (t, J = 7.4 Hz, 1H, ArH), 3.98 (s, 2H, 2H3), 

3.36 (t, J = 6.7 Hz, 2H, 2H1’’), 3.27 (br, 1H, CONH), 2.60 (t, J = 6.7 Hz, 2H, 2H2’’) ppm. 13C-

NMR (CD3OD, 100.62 MHz) (data for monomer): δ 166.3 (s), 154.0 (s), 137.7 (s), 128.5 (s), 

124.7 (d), 122.2 (d), 119.9 (d), 119.5 (d), 112.0 (d), 110.2 (s), 39.4 (t), 38.3 (t), 19.8 (t) ppm. IR: 

ν 3500-3000 (br, N-H and O-H), 3057 (w, C-H), 2925 (m, C-H), 2855 (w, C-H), 1702 (w, C=O), 

1660 (s, C=N), 1527 (s), 1457 (s), 1423 (s), 1356 (m), 1227 (m), 1009 (m), 744 (s) cm-1. HRMS 

(ESI+) calcd. for C26H28N6O4S2Na ([M+Na]+), 575.1506;  found: 575.1492. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-fluoro-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4c). In accordance with the general procedure for the cleavage 

of trityl groups, 14c (0.30 g, 0.28 mmol) gave, after purification by column chromatography, 

disulfide 4c (0.11 g, 38% in two steps) as a yellow oil. 1H-NMR (CD3COCD3, 400.13 MHz) 

(data for monomer): δ 10.13 (br, 1H, NH), 7.60 (t, J = 5.2 Hz, 1H, CONH), 7.50 (dd, 3JH-F = 

10.2 Hz, JH-H = 2.1 Hz, 1H, H4’), 7.32 (dd, JH-H = 8.8 Hz, 4JH-F = 4.5 Hz, 1H, H7’), 7.27 (s, 1H, 

H2’), 6.85 (td, 3JH-F = JH-H = 9.2 Hz, JH-H = 2.3 Hz, 1H, H6’), 4.02 (s, 2H, 2H3), 3.53 (q, J = 6.5 

Hz, 2H, NHCH2), 2.81 (t, J = 6.5 Hz, 2H, CH2S) ppm. 13C-NMR (CD3COCD3, 100.62 MHz 

MHz) (data for monomer): δ 165.4 (s), 159.2 (s, JC-F = 231.2 Hz), 154.7 (s), 134.8 (s), 129.7 (s, 
3JC-F = 10.3 Hz), 128.1 (d), 113.8 (d, 3JC-F = 9.8 Hz), 111.6 (s, 4JC-F = 4.6 Hz), 111.0 (d, 2JC-F = 

26.6 Hz), 105.6 (d, 2JC-F = 23.9 Hz), 40.1 (t), 39.3 (t), 20.5 (t) ppm. IR: ν 3500-3000 (br, N-H 
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and O-H), 2925 (w, C-H), 1698 (m, C=O), 1658 (s, C=N), 1527 (s), 1482 (m), 1430 (s), 1356 

(m), 1220 (s), 1011 (s), 854 (m), 791 (s), 713 (m) cm-1. HRMS (ESI)+ calcd. for 

C26H27F2N6O4S2 ([M+H]+), 589.1498, found 589.1470. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-chloro-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4d). In accordance with the general procedure for the cleavage 

of trityl groups, 14d (0.13 g, 0.12 mmol) gave, after purification by column chromatography, 

disulfide 4d (0.05 g, 30% in two steps) as a yellow oil. 1H-NMR (CD3COCD3, 400 MHz) (data 

for monomer): δ 11.06 (br, 1H, OH), 10.20 (br, 1H, NH), 7.81 (d, J = 1.8 Hz, 1H, H4’), 7.58 (t, J 

= 5.7 Hz, 1H, CONH), 7.34 (d, J = 8.6 Hz, 1H, H7’), 7.27 (s, 1H, H2’), 7.04 (dd, J = 8.6, 2.0 

Hz, 1H, H6’), 4.03 (s, 2H, 2H3), 3.54 (q, J = 6.6 Hz, 2H, NHCH2), 2.83 (t, J = 6.6 Hz, 2H, 

CH2S) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for monomer): δ 165.3 (s), 154.7 (s), 

136.7 (s), 130.6 (s), 127.8 (d), 125.8 (s), 123.0 (d), 120.4 (d), 114.4 (d), 111.4 (s), 40.1 (t), 39.4 

(t), 20.4 (t) ppm. IR: ν 3500-3000 (br, N-H and O-H), 3063 (w, C-H), 2920 (m, C-H), 1702 (s, 

C=O), 1658 (s, C=N), 1525 (s), 1461 (s), 1423 (s), 1359 (s), 1226 (s), 1011 (m), 980 (m), 900 

(m), 794 (s) cm-1. HRMS (ESI)+ calcd for C26H27
37Cl2N6O4S2, C26H27

37Cl35ClN6O4S2 and 

C26H27
35Cl2N6O4S2 ([M+H]+), 625.0808, 623.0845 and 621.0880; found, 625.0862, 623.0882 

and 621.0907. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[2-(hydroxyimino)-3-(5-iodo-1H-

indol-3-yl)propanamide] (4e). In accordance with the general procedure for the cleavage of 

trityl groups, 14e (0.15 g, 0.11 mmol) gave, after purification by column chromatography, 

disulfide 4e (0.05 g, 13% in two steps) as a yellow oil. 1H-NMR (CD3COCD3, 400 MHz) (data 

for monomer): δ 10.23 (br, 1H, NH), 8.16 (br, 1H, H2’), 7.60 (t, J = 5.7 Hz, 1H, CONH), 7.33 

(dd, J = 8.5, 1.5 Hz, 1H, H6’), 7.21 (d, J = 8.3 Hz, 1H, H7’), 7.20 (d, J = 1.2 Hz, 1H, H2’), 4.01 

(s, 2H, 2H3), 3.53 (q, J = 6.6 Hz, 2H, NHCH2), 2.84 (t, J = 6.6 Hz, 2H, CH2S) ppm. 13C-NMR 

(CD3COCD3, 100.62 MHz)  (data for monomer): δ 165.3 (s), 154.7 (s), 137.3 (s), 132.1 (s), 

131.1 (d), 130.0 (d), 127.2 (d), 115.4 (d), 111.0 (s), 83.6 (s), 40.2 (t), 39.4 (t), 20.4 (t) ppm. IR: ν 

3500-3000 (br, N-H and O-H), 3064 (w, C-H), 2923 (w, C-H), 1690 (s, C=O), 1662 (s, C=N), 

1529 (s), 1451 (s), 1253 (s), 1015 (m), 794 (m) cm-1. HRMS (ESI)+ calcd for C26H27I2N6O4S2 

([M+H]+), 804.9619, found 804.9582. 

(2E,2'E)-N,N'-[2,2'-disulfanediylbis(ethane-2,1-diyl)]bis[2-(hydroxyimino)-3-(5-methoxy-

1H-indol-3-yl)propanamide] (4f). In accordance with the general procedure for the cleavage of 

trityl groups, 14f (0.04 g, 0.04 mmol) gave, after purification by column chromatography, 

disulfide 4f (0.02 g, 4% in two steps) as a yellow oil. 1H-NMR (CD3COCD3, 400 MHz) (data for 
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monomer): δ 9.86 (br, 1H, NH), 7.52 (t, J = 5.3Hz, 1H, CONH), 7.32 (d, J = 2.1 Hz, 1H, H4’), 

7.21 (d, J = 8.8 Hz, 1H, H7’), 7.13 (s, 1H, H2’), 6.71 (dd, J = 8.8, 2.3 Hz, 1H, H6’), 4.01 (s, 2H, 

2H3) , 3.78 (s, 3H, OCH3), 3.52 (q, J = 6.5 Hz, 2H, NHCH2), 2.83 (t, J = 6.6 Hz, 2H, CH2S) 

ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for monomer): δ 165.4 (s), 155.6 (s), 155.1 (s), 

133.4 (s), 129.9 (d), 126.5 (d), 113.5 (d), 113.2 (d), 111.1 (s), 102.8 (d), 56.7 (q), 40.1 (t), 39.4 

(t), 20.5 (t) ppm.IR: ν 3500-3100 (br, N-H and O-H), 2429 (s, C-H), 2818 (w, C-H), 1658 (s, 

C=O and C=N), 1526 (s), 1484 (s), 1216 (s), 1051 (m), 739 (m) cm-1. HRMS (ESI+) calcd for 

C28H32N6NaO6S2 ([M+H]+), 635.1722, found 635.1717. 

(2E,2'E)-N,N'-[2,2'-disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-(benzyloxy)-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4g). In accordance with the general procedure for the cleavage 

of trityl groups, 14g (0.10 g, 0.08 mmol) gave, after purification by column chromatography, 

disulfide 4g (0.02 g, 20% in two steps) as a yellow oil. 1H-NMR  (CD3COCD3, 400.13 MHz) 

(data for monomer): δ 10.95 (s, 1H, OH), 9.83 (br, 1H, NH), 7.52 (d, J = 6.6 Hz, 1H), 7.51 (d, J 

= 7.4 Hz, 2H, ArH), 7.45 (d, J = 2.3 Hz, 1H, H4’), 7.38 (t, J = 7.4 Hz, 2H, ArH), 7.30 (t, J = 7.4 

Hz, 1H, ArH), 7.22 (d, J = 8.7 Hz, 1H, H7’), 7.14 (d, J = 2.1 Hz, 1H, H2’), 6.80 (dd, J = 8.7, 2.4 

Hz, 1H, H6’), 5.09 (s, 2H, CH2Ph), 4.02 (s, 2H, 2H3), 3.52 (q, J = 6.6 Hz, 2H, NHCH2), 2.81 (t, 

J = 6.6 Hz, 2H, CH2S) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data of monomer): δ 165.4 

(s), 155.1 (s), 154.7 (s), 140.2 (s), 133.7 (s), 130.2 (d, 2x), 129.9 (s), 129.5 (d, 2x), 129.4 (d), 

126.7 (d), 113.8 (d), 113.6 (d), 111.2 (s), 104.5 (d), 72.1 (t), 40.1 (t), 39.4 (t), 20.6 (t) ppm. IR: ν 

3500-3000 (br, N-H and O-H), 3058 (w, C-H), 2926 (s, C-H), 2864 (w, C-H), 1660 (s, C=O and 

C=N), 1527 (s), 1477 (s), 1456 (s), 1213 (s), 1016 (s), 796 (m), 753 (s), 703 (m) cm-1. HRMS 

(ESI+) calcd for C40H41N6O6S2 ([M+H]+), 765.2523, found 765.2498. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(4-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4h). In accordance with the general procedure for the cleavage 

of trityl groups, 14h (0.09 g, 0.08 mmol) gave, after purification by column chromatography 

(SiO2, 95:5 CH2Cl2/MeOH), disulfide 4h (0.04 g, 81%) as a brown oil. 1H-NMR (CD3COCD3, 

400.13 MHz) (data for monomer): δ 10.95 (br, 1H), 10.29 (br, 1H), 7.74 (s, 1H, ArH), 7.34 (dd, 

J = 7.9, 3.9 Hz, 1H, ArH), 7.19 (dd, J = 7.2, 3.9 Hz, 1H, ArH), 7.0-6.9 (m, 2H, ArH), 4.43 (s, 

2H, 2H3), 3.7-3.5 (m, 2H, 2H1’’), 3.0-2.8 (m, 2H, 2H2’’) ppm. 13C-NMR (CD3COCD3, 100.62 

MHz) (data for monomer): δ 165.5 (s), 155.1 (s), 140.0 (s), 127.1 (s), 125.7 (d), 124.9 (d), 124.1 

(d), 115.4 (s), 112.9 (d), 112.1 (s), 40.2 (t), 39.6 (t), 22.9 (t) ppm. IR: ν 3500-3100 (br, N-H and 

O-H), 3020 (m, C-H), 2927 (w, C-H), 1709 (m, C=O), 1663 (s, C=N), 1528 (s), 1426 (s), 1361 

(m), 1218 (s), 760 (s) cm-1. HRMS (ESI+) calcd. for C26H27
81Br2N6O4S2, C26H27

79Br81BrN6O4S2 
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and C26H27
79Br2N6O4S2 ([M+H]+), 712.9855, 710.9876 and 708.9896; found: 712.9845, 

710.9864 and 708.9884. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(6-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4i). In accordance with the general procedure for the cleavage 

of trityl groups, 14i (0.10 g, 0.08 mmol) gave, after purification by column chromatography 

(SiO2, 95:5 CH2Cl2/MeOH), disulfide 4i (0.03 g, 54%) as a brown oil. 1H-NMR (CD3COCD3, 

400.13 MHz) (data for monomer): δ 11.02 (br s, 1H), 10.18 (br s, 1H), 7.73 (d, J = 8.5 Hz, 1H, 

H4’), 7.55 (d, J = 1.8 Hz, 1H, H7’), 7.23 (s, 1H, H2’), 7.14 (dd, J = 8.5, 1.8 Hz, 1H, H5’), 4.05 

(s, 2H, 2H3), 3.55 (q, J = 6.5 Hz, 2H, 2H1’’), 2.85 (t, J = 6.7 Hz, 2H, 2H2’’) ppm. 13C-NMR 

(CD3COCD3, 100.62 MHz) (data for monomer): δ 165.3 (s), 154.7 (s), 139.1 (s), 128.5 (s), 127.0 

(d), 123.4 (d), 122.6 (d), 116.2 (s), 115.8 (d), 111.8 (s), 40.1 (t), 39.4 (t), 20.3 (t) ppm. IR: ν 

3500-3100 (br, N-H and OH), 3065 (w, C-H), 2925 (w, C-H), 1703 (s, C=O), 1661 (s, C=N), 

1528 (s), 1454 (s), 1361 (m), 1226 (m), 1048 (m), 807 (m) cm-1. HRMS (ESI+) calcd. for 

C26H27
81Br2N6O4S2, C26H27

79Br81BrN6O4S2 and C26H27
79Br2N6O4S2 ([M+H]+), 712.9855, 

710.9876 and 708.9896; found: 712.9852, 710.9870 and 708.9890. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(7-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4j). In accordance with the general procedure for the cleavage 

of trityl groups, 14j (0.07 g, 0.06 mmol) gave, after purification by column chromatography 

(SiO2, 95:5 CH2Cl2/MeOH), disulfide 4j (0.02 g, 60%) as a brown oil.  1H-NMR (CD3COCD3, 

400.13 MHz) (data for monomer): δ 10.92 (br, 1H), 10.08 (br, 1H), 7.70 (d, J = 7.8 Hz, 1H, 

ArH), 7.47 (t, J = 5.7 Hz, 1H, CONH), 7.19 (s, 1H, ArH), 7.18 (d, J = 7.8 Hz, 1H, ArH), 6.85 (t, 

J = 7.8 Hz, 1H, H5’), 3.96 (s, 2H, 2H3), 3.45 (q, J = 6.5 Hz, 2H, 2H1’’), 2.74 (t, J = 6.8 Hz, 2H, 

2H2’’) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for monomer): δ 165.3 (s), 154.7 (s), 

136.5 (s), 131.1 (s), 127.1 (d), 125.6 (d), 121.8 (d), 120.6 (d), 113.0 (s), 105.9 (s), 40.1 (t), 39.5 

(t), 20.6 (t) ppm. IR: ν 3500-3100 (br, N-H and OH), 3063 (w, C-H), 2933 (m, C-H), 2860 (w, 

C-H), 1661 (s, C=O and C=N), 1528 (s), 1433 (s), 1340 (m), 1203 (m), 1015 (m), 837 (m), 787 

(m) cm-1. HRMS (ESI+) calcd. for C26H27
81Br2N6O4S2, C26H27

79Br81BrN6O4S2 and 

C26H27
79Br2N6O4S2 ([M+H]+), 712.9855, 710.9876 and 708.9896; found: 712.9839, 710.9860 

and 708.9882. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-bromo-1-methyl-1H-indol-3-

yl)-2-(hydroxyimino)propanamide] (4k). In accordance with the general procedure described 

for the cleavage of trityl groups, 14k (0.12 g, 0.10 mmol) gave, after purification by column 

chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 4k (0.07 g, 91%) as a white solid. 1H-
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NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 11.04 (s, 1H, NOH), 7.94 (d, J = 1.7 

Hz, 1H, H4’), 7.55 (t, J = 5.3 Hz, 1H, CONH), 7.26 (d, J = 8.7 Hz, 1H, H6’), 7.21 (dd, J = 8.7, 

1.7 Hz, 1H, H7’), 7.12 (s, 1H, H2’), 3.98 (s, 2H, 2H3), 3.53 (q, J = 6.6 Hz, 2H, 2H1’’), 2.84 (s, 

3H, NCH3), 2.84 (t, J = 6.6 Hz, 2H, 2H2’’) ppm. 13C-NMR (CD3COCD3, 100.61 MHz) (data for 

monomer): δ 165.2 (s), 154.6 (s), 137.4 (s), 131.9 (d), 131.5 (s), 125.5 (d), 123.8 (d), 113.5 (s), 

112.9 (d), 110.4 (s), 40.1 (t), 39.4 (t), 33.8 (q), 20.2 (t) ppm. IR: ν 3500-3100 (br, O-H), 2924 

(w, C-H), 1658 (s, C=N and C=O), 1527 (s), 1475 (s), 1422 (m), 1218 (s), 772 (s) cm-1. HRMS 

(ESI+) calcd. for C28H30
81Br2N6O4S2Na, C28H30

81Br79BrN6O4S2Na and C28H30
79Br2N6O4S2Na 

([M+Na]+) 762.9988, 761.0008 and 759.0029; found: 762.9994, 761.0016 and 759.0042. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-bromo-1-[4-bromobenzyl]-

1H-indol-3-yl)-2-(hydroxyimino)propanamide] (4l). In accordance with the general procedure 

described for the cleavage of trityl groups, 14l (0.14 g, 0.10 mmol) gave, after purification by 

column chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 4l (0.06 g, 59%) as a white foam. 
1H-NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 7.97 (d, J = 1.8 Hz, 1H, H4’), 7.59 

(t, J = 5.9 Hz, 1H, CONH), 7.45 (d, J = 8.5 Hz, 2H, ArH), 7.30 (s, 1H, H2’), 7.26 (d, J = 8.7 Hz, 

1H, H7’), 7.17 (dd, J = 8.7, 1.9 Hz, 1H, H6’), 7.08 (d, J = 8.5 Hz, 2H, ArH), 5.34 (s, 2H, 

NCH2Ar), 4.01 (s, 2H, 2H3), 3.53 (q, J = 6.6 Hz, 2H, 2H1’’), 2.87 (s, 1H, NOH), 2.82 (t, J = 6.6 

Hz, 2H, 2H2’’) ppm. 13C-NMR (CD3COCD3, 100.61 MHz) (data for monomer): δ 165.2 (s), 

154.4 (s), 139.4 (s), 136.8 (s), 133.5 (d, 2x), 131.9 (s), 131.4 (d), 130.8 (d, 2x), 125.8 (d), 124.0 

(d), 122.7 (s), 113.9 (s), 113.5 (d), 111.3 (s), 50.6 (t), 40.1 (t), 39.3 (t), 20.2 (t) ppm. IR: ν 3500-

3100 (br, O-H), 2922 (w, C-H), 1656 (s, C=N and C=O), 1525 (s), 1463 (m), 1010 (s), 786 (s), 

717 (s) cm-1. HRMS (ESI+) calcd. for C40H36
81Br4N6O4S2Na, C40H36

81Br2
79Br2N6O4S2Na and 

C40H36
79Br4N6O4S2Na ([M+Na]+) 1072.8813, 1070.8829 and 1068.8849; found: 1072.8812, 

1070.8828 and 1068.8846. 

(2E,2'E)-N,N'-[3,3'-Disulfanediylbis(propane-3,1-diyl)]bis[3-(5-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4m). In accordance with the general procedure described for the 

cleavage of the trityl group, 14m (0.07 g, 0.05 mmol) gave, after purification by column 

chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 4m (0.01 g, 19% two steps) as a yellow 

oil. 1H-NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 10.28 (br, 1H, OH), 7.96 (s, J = 

1.8 Hz, 1H, H4’), 7.51 (t, J = 4.9 Hz, 1H, NH), 7.31 (d, J = 8.6 Hz, 1H, H7’), 7.25 (s, 1H, H2’), 

7.16 (dd, J = 8.6, 1.8 Hz, 1H, H6’), 4.03 (s, 2H, 2H3), 3.34 (q, J = 7.0 Hz, 2H, 2H1’’), 2.63 (t, J 

= 7.0 Hz, 2H, 2H3’’), 1.85 (quint, J = 7.0 Hz, 2H, 2H2’’) ppm. 13C-NMR (CD3COCD3, 100.62 

MHz) (data for monomer): δ 165.4 (s), 155.0 (s), 137.0 (s), 131.3 (s), 127.6 (d), 125.6 (d), 123.6 
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(d), 114.9 (d), 113.5 (s), 111.4 (s), 39.6 (t), 37.5 (t), 31.1 (t), 20.4 (t) ppm. IR: ν 3500-3100 (br, 

N-H and O-H), 3060 (w, C-H), 2927 (w, C-H), 1701 (m, C=O), 1656 (s, C=N), 1626 (m, C=N), 

1530 (s), 1446 (s), 1423 (s), 1363 (m), 1207 (m), 1094 (w), 1039 (w), 987 (m), 881 (s), 792 (s) 

cm-1. HRMS (ESI+) calcd. for C28H30
81Br2N6O4S2, C28H30

81Br79BrN6O4S2 and 

C28H30
79Br2N6O4S2 ([M+Na]+) 762.9992, 761.0010, 759.0029; found: 762.9985, 761.0031 and 

759.0007. 

(2E,2'E)-N,N'-[4,4'-Disulfanediylbis(butane-4,1-diyl)]bis[3-(5-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4n). In accordance with the general procedure described for 

cleavage of the trityl group, 14n (0.09 g, 0.08 mmol) gave, after purification by column 

chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 4n (0.03 g, 42% two steps) as a yellow 

oil. 1H-NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 10.22 (br, 1H, OH), 7.93 (d, J = 

1.8 Hz, 1H, H4’), 7.40 (br, 1H, NH), 7.27 (d, J = 8.6 Hz, 1H, H7’), 7.21 (d, J = 1.3 Hz, 1H, 

H2’), 7.11 (dd, J = 8.6, 1.8 Hz, 1H, H6’), 4.00 (s, 2H, 2H3), 3.23 (q, J = 6.4 Hz, 2H, 2H1’’), 

2.59 (t, J = 6.4 Hz, 2H, 2H4’’), 1.6-1.5 (m, 4H, 2H2’’ + 2H3’’) ppm. 13C-NMR (CD3COCD3, 

100.62 MHz) (data for monomer): δ 165.3 (s), 155.0 (s), 136.9 (s), 131.3 (s), 127.7 (d), 125.6 

(d), 123.6 (d), 114.8 (d), 113.5 (s), 111.4 (s), 40.2 (t), 39.9 (t), 30.1 (t), 28.1 (t), 20.4 (t) ppm. IR: 

ν 3500-3100 (br, N-H and O-H), 3058 (w, C-H), 2930 (w, C-H), 1702 (m, C=O), 1656 (s, C=N), 

1626 (m, C=N), 1530 (s), 1448 (s), 1423 (s), 1362 (m), 1226 (m), 1205 (m),  993 (s), 881 (s), 

792 (s) cm-1. HRMS (ESI+) calcd. for C30H34
81Br2N6O4S2, C30H34

81Br79BrN6O4S2 and 

C30H34
79Br2N6O4S2 ([M+H]+) 791.0306, 789.0323 and 787.0342; found: 791.0255, 789.0318 and 

787.0346. 

(2E,2'E)-N,N'-[5,5'-Disulfanediylbis(pentane-5,1-diyl)]bis[3-(5-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4o). In accordance with the general procedure described for 

cleavage of the trityl group, 14o (0.08 g, 0.07 mmol) gave, after purification by column 

chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 4o (0.03 g, 38% two steps) as a yellow 

oil. 1H-NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 10.27 (br, 1H, OH), 7.97 (s, 1H, 

H4’), 7.38 (t, J = 5.4 Hz, 1H, NH), 7.31 (d, J = 8.6 Hz, 1H, H7’), 7.25 (s, 1H, H2’), 7.17 (dd, J 

= 8.6, 1.6 Hz, 1H, H6’), 4.03 (s, 2H, 2H3), 3.24 (q, J = 6.6 Hz, 2H, 2H1’’), 2.63 (t, J = 7.2 Hz, 

2H, 2H5’’), 1.63 (quint., J = 7.2 Hz, 2H, -CH2), 1.50 (quint., J = 7.2 Hz, 2H, -CH2), 1.34 (quint., 

J = 7.2 Hz, 2H, -CH2) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for monomer):  δ 165.2 

(s), 155.0 (s), 136.9 (s), 131.3 (s), 127.7 (d), 125.6 (d), 123.6 (d), 114.8 (d), 113.5 (s), 111.4 (s), 

40.6 (t), 40.1 (t), 30.9 (t), 30.4 (t), 27.3 (t), 20.4 (t) ppm. IR: ν 3500-3100 (br, N-H and O-H), 

2929 (w, C-H), 2858 (w, C-H), 1703 (s, C=O), 1656 (s, C=N), 1627 (m, C=N), 1531 (s), 1456 
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(s), 1423 (s), 1362 (s), 1227 (s), 1092 (m), 1040 (m), 992 (s), 881 (s), 792 (s) cm-1. HRMS 

(ESI+) calcd. for C32H39
81Br2N6O4S2, C32H39

81Br79BrN6O4S2 and C32H39
79Br2N6O4S2 ([M+H]+) 

797.0801, 795.0817 and 793.0835; found: 797.0746, 795.0812 and 793.0800. 

(2E,2'E)-N,N'-(Hexane-1,6-diyl)bis[3-(5-bromo-1H-indol-3-yl)-2-

(hydroxyimino)propanamide] (4p). In accordance with the general procedure described for the 

cleavage of trityl groups, 14p (0.10 g, 0.09 mmol) gave, after purification by column 

chromatography (SiO2, 97:3 CH2Cl2/MeOH), disulfide 4p (0.06 g, 98%) as a yellow solid, m.p.: 

240-214 (dec.) (MeOH/EtOAc). 1H-NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 

10.96 (br s, 1H), 10.25 (br, 1H), 7.95 (br, 1H, ArH), 7.29 (dd, J = 8.6, 1.9 Hz, 1H, H6’), 7.24 (br, 

1H, ArH), 7.16 (d, J = 8.6 Hz, 1H, H7’), 4.04 (s, 2H, 2H3), 3.3-3.2 (m, 2H, 2H1’’), 1.3-1.2 (m, 

2H), 1.2-1.1 (m, 2H) ppm. 13C-NMR (DMSO-d6, 100.62 MHz): δ 163.3 (s), 152.5 (s), 134.5 (s), 

128.8 (s), 125.5 (d), 123.2 (d), 121.0 (d), 113.2 (d), 110.9 (s), 108.7 (s), 38.5 (t), 28.9 (t), 25.9 (t), 

18.8 (t) ppm. IR: ν 3500-3000 (br, N-H and O-H), 2930 (m, C-H), 2858 (w, C-H), 1668 (s, C=O 

and C=N), 1539 (m), 1456 (m), 1206 (s), 1143 (m), 799 (w) cm-1. HRMS (ESI+) calcd. for 

C28H30
81Br2N6O4Na, C28H30

79Br81BrN6O4Na and C28H30
79Br2N6O4Na ([M+Na]+), 699.0552, 

697.0573 and 695.0593; found: 699.0556, 697.0568 and 695.0584. 

 (E)-3-(5-Bromo-1H-indol-3-yl)-2-(hydroxyimino)-N-(2-methoxyethyl)propanamide (4q). In 

accordance with the general procedure described for the cleavage of trityl groups, 14q (0.05 g, 

0.09 mmol) gave, after purification by column chromatography (SiO2, 97:3 CH2Cl2/MeOH), 

disulfide 4q (0.02 g, 71%) as a colourless oil. 1H-NMR (CD3OD, 400.13 MHz): δ 7.85 (d, J = 

1.8 Hz, 1H, H4’), 7.20 (d, J = 8.6 Hz, 1H, H7’), 7.13 (dd, J = 8.6, 1.8 Hz, 1H, H6’), 7.11 (s, 1H, 

H2’), 3.98 (s, 2H, 2H3), 3.4-3.3 (m, 4H, 2H1’’+ 2H2’’), 3.27 (s, 3H, OCH3) ppm. 13C-RMN 

(CD3OD, 100.62 MHz): δ 166.2 (s), 153.6 (s), 136.4 (s), 130.4 (s), 126.5 (d), 124.9 (d), 122.7 

(d), 113.7 (d), 112.9 (s), 110.3 (s), 71.9 (t), 58.9 (q), 40.0 (t), 19.7 (t) ppm. IR: ν 3500-3100 (br, 

N-H and O-H), 3057 (w, C-H), 2928 (w, C-H), 2877 (w, C-H), 1659 (s, C=O and C=N), 1533 

(s), 1453 (m), 1200 (m), 1097 (m), 994 (m), 876 (m) cm-1. MS (FAB+): m/z (%) 357 ([M+1]+ 

[81Br], 19), 356 ([M]+ [81Br], 90), 355 ([M+1]+ [79Br], 33), 354 ([M]+ [79Br], 100) 338 (24), 233 

(31), 210 (24), 208 (24). HRMS (FAB+) calcd. for C14H17
81BrN3O3 and C14H19

79BrN3O3 

([M+1]+), 356.0433 and 354.0453; found: 356.0442 and 354.0461. 

(E)-3-(5-Bromo-1H-indol-3-yl)-N-(2-hydroxyethyl)-2-(hydroxyimino)propanamide (4r). A 

solution of 14r (0.06 g, 0.09 mmol) in a 6:3:1 THF/HCO2H/H2O mixture was stirred for 19 h. 

Water was added and the reaction mixture was extracted with EtOAc. The organic extracts were 

washed with brine and dried over Na2SO4. The solvent was removed in vacuo to yield a yellow 
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oil. The residue was dissolved in a 20:1 CH2Cl2/MeOH mixture (0.6 mL), placed in a Schlenk 

flask and anhydrous HCl (0.63 mmol of a 1.0 M ether solution) was added. The solution was 

then stirred at 25 ºC for 1h. The reaction was diluted with 1:1 MeOH/H2O mixture and washed 

with hexane. The MeOH was removed in vacuo and the aqueous layer was extracted with 

EtOAc. The combined organic extracts were dried over Na2SO4 and filtered, and the solvent was 

removed in vacuo. The residue was subjected to column chromatography (SiO2, 95:5 

CH2Cl2/MeOH) to afford amide 4r (0.02 g, 59%) as a colourless oil. 1H-NMR (CD3COCD3, 

400.13 MHz): δ 11.02 (s, 1H), 10.17 (br, 1H), 7.79 (d, J = 7.9 Hz, 1H, ArH), 7.57 (t, J = 5.3 Hz, 

1H, CONH), 7.28 (s, 1H, ArH), 7.27 (d, J = 7.4 Hz, 1H, ArH), 6.95 (t, J = 7.8 Hz, 1H, ArH), 

4.05 (s, 2H), 3.54 (q, J = 6.5 Hz, 2H, 2H2’’), 2.84 (t, J = 6.7 Hz, 2H, 2H1’’) ppm. 13C-NMR 

(CD3COCD3, 100.62 MHz): δ 165.3 (s), 154.7 (s), 136.9 (s), 131.3 (s), 127.7 (d), 125.6 (d), 

123.6 (d), 114.8 (d), 113.4 (s), 111.4 (s), 62.6 (t), 43.6 (t), 20.2 (t) ppm. IR: ν 3500-3100 (br, N-

H and O-H), 3069 (w, C-H), 2931 (w, C-H), 2884 (w, C-H), 1702 (m, C=O or C=N), 1657 (s, 

C=O or C=N), 1534 (s), 1459 (s), 1227 (m), 1064 (m), 1041 (m), 883 (w), 794 (m) cm-1. MS 

(FAB+): m/z (%) 342 ([M+1]+ [81Br], 87), 341 ([M]+ [81Br], 55), 340 ([M+1]+ [79Br], 100), 339 

([M]+ [79Br], 40), 257 (23), 255 (23), 237 (30), 236 (38), 235 (36), 234 (35), 210 (44), 208 (46), 

173 (41), 159 (25), 157 (24), 156 (33), 155 (30), 154 (33). HRMS (FAB+) calcd. for 

C13H14
81BrN3O3 and C13H14

79BrN3O3 ([M]+), 341.0198 and 339.0219; found: 341.0214 and 

339.0218. 

(E)-3-(5-Bromo-1H-indol-3-yl)-2-(hydroxyimino)-N-[2-(methylthio)ethyl]propanamide (4s). 

NaBH4 (2 mg, 0.06 mmol) was added to a solution of 4a (0.01 g, 0.01 mmol) and NaOH (2 mg, 

0.05 mmol) in dry MeOH (0.1 mL) at room temperature. The reaction mixture was stirred for 0.5 

h and then MeI (0.01 mL, 0.11 mmol) was added. After 16 h, the methanol was evaporated and 

the residue dissolved in CH2Cl2, washed with water, and dried with Na2SO4. The solvent was 

removed in vacuo and the residue was purified by column chromatography (SiO2, 97:3 

CH2Cl2/MeOH), to afford 8 mg (80%) of 4s as a yellow oil. 1H-NMR (CD3COCD3, 400.13 

MHz): δ 11.00 (br, 1H), 10.22 (br, 1H), 7.97 (d, J = 1.8 Hz, 1H, H4’), 7.48 (br, 1H, CONH), 

7.31 (d, J = 8.6 Hz, 1H, H7’), 7.25 (d, J = 2.2 Hz, 1H, H2’), 7.17 (dd, J = 8.6, 1.8 Hz, 1H, H6’), 

4.02 (s, 2H, 2H3), 3.45 (q, J = 6.4 Hz, 2H, 2H1’’), 2.61 (t, J = 7.0  Hz, 2H, 2H2’’), 2.06 (s, 3H, 

SCH3) ppm. 13C-NMR (CD3COCD3, 100.62 MHz): δ 165.0 (s), 154.7 (s), 136.9 (s), 131.3 (s), 

127.7 (d), 125.5 (d), 123.6 (d), 114.8 (d), 113.4 (s), 111.4 (s), 39.9 (t), 34.9 (t), 20.3 (t), 15.9 (q) 

ppm. IR: ν 3500-3100 (br, N-H and O-H), 3064 (w, C-H), 2921 (m, C-H), 1661 (s, C=O and 

C=N), 1529 (s), 1453 (s), 1225 (m), 1036 (m), 998 (m), 793 (m) cm-1. MS (FAB+): m/z (%) 372 
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([M+1]+ [81Br], 92), 371 ([M]+ [81Br], 62), 370 ([M+1]+ [79Br], 100), 369 ([M]+ [79Br], 43), 322 

(39), 236 (31), 235 (23), 234 (30), 210 (33), 208 (34), 165 (29), 161 (30), 159 (32), 155 (45), 154 

(79). HRMS (FAB+) calcd. for C14H16
81BrN3O2S and C14H16

79BrN3O2S ([M]+), 371.0126 and 

369.0147; found: 371.0125 and 369.0150. 

(E)-Ethyl 3-(5-Bromo-1H-indol-3-yl)-2-(methoxyimino)propanoate (15a). Silver (I) oxide 

(0.04 g, 0.17 mmol) and iodomethane (0.15 mL, 2.40 mmol) were added to a solution of ester 9a 

(0.05 g, 0.15 mmol) in acetone (0.5 mL). After stirring at room temperature for 14h, the solution 

was filtered through a pad of Celite® and the solvent was evaporated. The residue was purified 

by column chromatography (SiO2, 75:25 hexane/EtOAc), to afford indole 15a (0.02 g, 42%) as a 

colourless oil. 1H-NMR (CD3COCD3, 400.13 MHz): δ 10.28 (br, 1H, NH), 7.81 (d, J = 1.9 Hz, 

1H, H4’), 7.34 (d, J = 8.6 Hz, 1H, H7’), 7.23 (d, J = 2.4 Hz, 1H, H2’), 7.20 (dd, J = 8.6, 1.9 Hz, 

1H, H6’), 4.20 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 4.08 (s, 3H, NOCH3), 3.98 (s, 2H, 2H3), 1.24 

(t, J = 7.1 Hz, 3H, CO2CH2CH3) ppm. 13C-NMR (CD3COCD3, 100.62 MHz): δ 165.1 (s), 152.7 

(s), 137.0 (s), 131.0 (s), 127.5 (d), 125.8 (d), 123.2 (d), 115.0 (d), 113.6 (s), 110.6 (s), 64.3 (q), 

63.0 (t), 22.4 (t), 15.4 (q) ppm. IR: ν 3500-3100 (br, NH), 2980 (w, C-H), 2938 (w, C-H), 1719 

(s, C=O and C=N), 1458 (m), 1323 (m), 1205 (m), 1116 (m), 1046 (s), 793 (m) cm-1. MS 

(FAB+): m/z (%) 341 ([M+1]+ [81Br], 92), 340 ([M]+ [81Br], 96), 339 ([M+1]+ [79Br], 100), 338 

([M]+ [79Br], 84), 238 (17), 236 (28), 235 (29), 233 (26), 210 (82), 209 (16), 208 (81). HRMS 

(FAB+) calcd. for C14H15
81BrN2O3 and C14H15

79BrN2O3 ([M]+), 340.0246 and 338.0266; found: 

340.0277 and 338.0277. 

(E)-Ethyl 2-(Benzyloxyimino)-3-(5-bromo-1H-indol-3-yl)propanoate (15b). To a solution of 

oxime 9a (0.10 g, 0.31 mmol) and potassium tert-butoxide (0.04 g, 0.38 mmol) in 1,2-

dimethoxyethane (DME) (6 mL) was added a solution of benzyl bromide (0.05 mL, 0.43 mmol) 

in DME (2 mL). The mixture was stirred for 15 h at room temperature and the solvent was 

removed under reduced pressure. A solution of the residue in CH2Cl2 was washed successively 

with 10% HCl and brine, and subsequently dried over Na2SO4. The residue was subjected to 

column chromatography (SiO2, 70:30 hexane/EtOAc) to give the O-benzyl oxime 15b (0.09 g, 

72%) as a yellow oil. 1H-NMR (CDCl3, 400.13 MHz): δ 8.07 (br, 1H, NH), 7.83 (s, 1H, ArH), 

7.5-7.3 (m, 5H, ArH), 7.3-7.2 (m, 1H, ArH), 7.17 (d, J = 8.5 Hz, 1H, ArH), 7.02 (s, 1H, ArH), 

5.36 (s, 2H, OCH2Ph), 4.28 (q, J = 7.0 Hz, 2H, CO2CH2CH3), 4.01 (s, 2H, 2H3), 1.31 (t, J = 7.1 

Hz, 3H, CO2CH2CH3) ppm. 13C-NMR (CDCl3, 100.62 MHz): δ 163.4 (s), 151.0 (s), 136.2 (s), 

134.4 (s), 128.9 (s), 128.7 (d, 2x), 128.6 (d, 2x), 128.3 (d), 124.8 (d), 124.6 (d), 121.9 (d), 112.8 

(s), 112.4 (d), 109.5 (s), 77.9 (t), 61.9 (t), 21.1 (t), 14.1 (q) ppm. IR: ν 3500-3100 (br, N-H), 
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3031 (w, C-H), 2982 (w, C-H), 2935 (w, C-H), 1718 (s, C=O and C=N), 1454 (s), 1323 (m), 

1199 (s), 1012 (s), 772 (s) cm-1. MS (FAB+): m/z (%) 417 ([M+1]+ [81Br], 95), 416 ([M]+ [81Br], 

90), 415 ([M+1]+ [79Br], 100), 414 ([M]+ [79Br], 72), 325 (24), 323 (24), 309 (26), 307 (34), 210 

(46), 208 (46), 155 (23), 154 (63). HRMS (FAB+) calcd. for C20H19
81BrN2O3 and 

C20H19
79BrN2O3 ([M]+), 416.0559 and 414.0579; found: 416.0569 and 414.0575. 

(E)-3-(5-Bromo-1H-indol-3-yl)-2-(methoxyimino)propanoic Acid (16a). According the 

general procedure described for the hydrolysis of esters, indole 15a (0.15 g, 0.44 mmol) gave, 

after crystallization, acid 16a (0.11 g, 84%) as a yellow solid, m.p.: 154-155 ºC 

(hexane/CH2Cl2/MeOH). 1H-NMR (CD3COCD3, 400.13 MHz): δ 10.28 (br, 1H, NH), 7.84 (d, J 

= 1.9 Hz, 1H, H4’), 7.34 (d, J = 8.6 Hz, 1H, H7’), 7.23 (d, J = 1.9 Hz, 1H, H2’), 7.20 (dd, J = 

8.6, 1.9 Hz, 1H, H6’), 4.08 (s, 3H, NOCH3), 3.97 (s, 2H, 2H3) ppm. 13C-NMR (CD3COCD3, 

100.62 MHz): δ 165.6 (s), 152.5 (s), 137.0 (s), 131.1 (s), 127.5 (d), 125.8 (d), 123.3 (d), 115.0 

(d), 113.6 (s), 110.6 (s), 64.4 (q), 22.0 (t) ppm. IR: ν 3500-3100 (br, OH) 3410 (s, NH), 2985 (w, 

C-H), 2933 (w, C-H), 1711 (s, C=O and C=N), 1429 (m), 1211 (w), 1044 (s), 785 (m). MS 

(FAB+): m/z (%) 313 ([M+1]+ [81Br], 61), 312 ([M]+ [81Br], 59), 311 ([M+1]+ [79Br], 62), 310 

([M]+ [79Br], 51), 281 (24), 210 (100), 208 (99), 185 (22), 156 (21). HRMS (FAB+) calcd. for 

C12H11
81BrN2O3 and C12H11

79BrN2O3 ([M]+), 311.9933 and 309.9953; found: 311.9957 and 

309.9966. 

(E)-2-(Benzyloxyimino)-3-(5-bromo-1H-indol-3-yl)propanoic Acid (16b). According to the 

general procedure described for the hydrolysis of esters, indole 15b (0.07 g, 0.17 mmol) gave, 

after crystallization, acid (0.65 g, 99%) as a white solid. 1H-NMR (CD3COCD3, 400.13 MHz): δ 

10.26 (br, 1H), 7.90 (s, 1H), 7.45 (d, J = 7.0 Hz, 2H), 7.4-7.3 (m, 5H), 7.24 (s, 1H), 7.22 (d, J = 

8.6 Hz, 1H), 5.35 (s, 2H, OCH2Ph), 4.06 (s, 2H, 2H3) ppm. 13C-NMR (CD3COCD3, 100.62 

MHz): δ 165.5 (s), 152.7 (s), 138.6 (s), 136.8 (s), 130.9 (s), 130.2 (d, 2x), 130.1 (d, 2x), 129.9 

(d), 127.5 (d), 125.7 (d), 123.1 (d), 114.9 (d), 113.6 (s), 110.3 (s), 79.1 (t), 22.1 (t) ppm. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-bromo-1H-indol-3-yl)-2-

(methoxyimino)propanamide] (17a). Following the general procedure described for the 

coupling of acids with amines, acid 16a (0.11 g, 0.35 mmol) afforded, after purification by 

column chromatography (SiO2, 95:5 CH2Cl2/MeOH), disulfide 17a (0.10 g, 77%) as a colourless 

oil. 1H-NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 10.22 (br, 1H, NH), 7.87 (d, J = 

1.8 Hz, 1H, H4’’), 7.68 (t, J = 5.2 Hz, 1H, CONH), 7.31 (d, J = 8.6 Hz, 1H, H7’’), 7.21 (d, J = 

2.1 Hz, 1H, H2’’), 7.17 (dd, J = 8.6, 1.8 Hz, 1H, H6’’), 3.98 (s, 3H, NOCH3), 3.97 (s, 2H, 2H3’), 

3.55 (q, J = 6.8 Hz, 2H, 2H1), 2.85 (t, J = 6.8 Hz, 2H, 2H2) ppm. 13C-NMR (CD3COCD3, 
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100.62 MHz) (data for monomer): δ 164.6 (s), 154.4 (s), 137.0 (s), 131.2 (s), 127.6 (d), 125.7 

(d), 123.5 (d), 114.9 (d), 113.5 (s), 110.9 (s), 64.0 (q), 40.4 (t), 39.3 (t), 21.1 (t) ppm. IR: ν 3500-

3100 (br, NH), 3008 (w, C-H), 2976 (w, C-H), 2936 (w, C-H), 1664 (s, C=O and C=N), 1523 

(s), 1458 (m), 1218 (m), 1047 (s), 760 (s) cm-1. MS (FAB+): m/z (%) 741 ([M+1]+ [81Br], 42), 

740 ([M]+ [81Br], 42), 739 ([M+1]+ [81Br] [79Br], 71), 738 ([M+2]+ [79Br], 40), 737 ([M+1]+ 

[79Br], 39), 708 (12), 707 (19), 664 (42), 663 (100), 662 (60), 648 (28), 647 (57). HRMS (FAB+) 

calcd. for C28H31
81Br2N6O4S2, C28H31

81Br79BrN6O4S2 and C28H31
79Br2N6O4S2 ([M+1]+), 

741.0174, 739.0194 and 737.0215; found: 741.0184, 739.0203 and 737.0237. 

(2E,2'E)-N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[2-(benzyloxyimino)-3-(5-bromo-

1H-indol-3-yl)propanamide] (17b). Following the general procedure described for the coupling 

of acids with amines, indole 16b (0.18 g, 0.46 mmol) gave, after purification by column 

chromatography (SiO2, 50:50 hexane/EtOAc), disulfide 17b (0.16 g, 80%) as a yellow oil. 1H-

NMR (CD3COCD3, 400.13 MHz) (data for monomer): δ 10.23 (br, 1H, NH), 7.88 (d, J = 1.6 

Hz, 1H, H4’), 7.71 (t, J = 5.4 Hz, 1H, CONH), 7.4-7.3 (m, 6H, ArH), 7.19 (d, J = 2.2 Hz, 1H, 

H2’), 7.17 (dd, J = 8.6, 1.9 Hz, 1H, H6’), 5.23 (s, 2H, OCH2Ph), 4.01 (s, 2H, 2H3), 3.54 (t, J = 

6.5 Hz, 2H, 2H1’’), 2.9-2.8 (m, 2H, 2H2’’) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for 

monomer): δ 164.6 (s), 154.8 (s), 139.0 (s), 136.9 (s), 131.2 (s), 130.3 (d, 2x), 130.2 (d, 2x), 

129.9 (d), 127.7 (d), 125.7 (d), 123.5 (d), 114.9 (d), 113.6 (s), 110.7 (s), 78.8 (t), 40.4 (t), 39.3 

(t), 21.3 (t) ppm. IR: ν 3500-3100 (br, N-H), 3032 (w, C-H), 2930 (w, C-H), 1666 (s, C=O and 

C=N), 1521 (s), 1455 (s), 1362 (m), 1226 (m), 1207 (m), 1013 (s), 793 (m) cm-1. HRMS (ESI+) 

calcd. for C40H38
81Br2N6O4S2, C40H38

79Br81BrN6O4S2 and C40H38
79Br2N6O4S2 ([M]+), 893.0794, 

891.0815 and 889.0835; found: 893.0811, 891.0836 and 889.0841. 

Methyl 3-(5-Bromo-1H-indol-3-yl)propanoate (18a). Methyl acrylate (0.88 g, 10.20 mmol) 

and ZrCl4 (0.15 mL, 2.40 mmol) were added to a solution of 5-bromo-1H-indole 5a (1.00 g, 5.10 

mmol) in CH2Cl2 (0.5 mL). After stirring at room temperature for 5h, water was added and the 

solution was extracted with EtOAc (3x). The combined organic extracts were dried over Na2SO4, 

filtered, evaporated and the residue was purified by column chromatography (SiO2, 70:30 

hexane/EtOAc) to afford 0.83 g (58%) of ester 18a as a white solid and 0.07 g (7%) of starting 5-

bromo-1H-indole. 1H-NMR (CD3COCD3, 400.13 MHz): δ 10.18 (br, 1H, NH), 7.75 (d, J = 2.0 

Hz, 1H, H4’), 7.35 (d, J = 8.4 Hz, 1H, H7’), 7.21 (s, 1H, H2’), 7.20 (dd, J = 8.4, 2.0 Hz, H6’), 

3.61 (s, 3H, CO2CH3), 3.04 (t, J = 7.5 Hz, 2H), 2.69 (t, J = 7.5 Hz, 2H) ppm. 13C-NMR 

(CD3COCD3, 100.62 MHz): δ 174.8 (s), 137.3 (s), 131.1 (s), 125.7 (d), 125.6 (s), 122.7 (d), 

115.8 (s), 115.0 (d), 113.4 (s), 52.6 (q), 39.3 (t), 22.0 (t) ppm. IR: ν 3335 (s, NH), 2950 (w, C-
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H), 2917 (w, C-H), 2855 (w, C-H) 1712 (s, C=O), 1438 (m), 1382 (m), 1302 (m), 1193 (s), 1170 

(s), 981 (m), 882 (m), 791 (s) cm-1. MS (FAB+): m/z (%) 284 ([M+1]+ [81Br], 37), 283 ([M]+ 

[81Br], 94), 282 ([M+1]+ [79Br], 52), 281 ([M]+ [79Br], 100), 280 (14), 224 (13), 223 (12), 222 

(12), 221 (12), 211 (11), 210 (82), 209 (13), 208 (86), 207 (12), 203 (13). HRMS (FAB+) calcd. 

for C12H12
81BrNO2 and C12H12

79BrNO2 ([M]+), 283.0031 and 281.0051; found: 283.0024 and 

281.0056. 

Methyl 3-(5-Bromo-1-methyl-1H-indol-3-yl)propanoate (18b). Following the general 

procedure, indole 5k (0.50 g, 2.39 mmol) afforded, after purification by column chromatography 

(SiO2, 85:15 hexane/EtOAc), ester 18b (0.56 g, 79%) as a colourless oil. 1H-NMR (CD3COCD3, 

400.13 MHz): δ 7.74 (s, 1H, ArH), 7.26 (s, 2H, ArH), 7.06 (s, 1H, ArH), 3.73 (s, 3H, OCH3), 

3.61 (s, 3H, NCH3), 3.01 (t, J = 7.5 Hz, 2H, CH2), 2.66 (t, J = 7.5 Hz, 2H, CH2) ppm. 13C-NMR 

(CD3COCD3, 100.61 MHz): δ 174.1 (s), 137.6 (s), 131.2 (s), 130.0 (d), 125.6 (d), 122.8 (d), 

114.8 (s), 113.4 (s), 113.0 (d), 52.6 (q), 36.3 (t), 33.8 (q), 21.8 (t) ppm. IR: ν 2949 (w, C-H), 

1732 (s, C=O), 1476 (s), 1425 (w), 1422 (w), 1245 (m), 1198 (m), 1155 (s), 1047 (w), 790 (s) 

cm-1. MS (ESI+): m/z (%) 298 ([M+H]+ [81Br], 98), 297 ([M]+ [81Br] [79Br], 25), 296 ([M+H]+ 

[79Br], 100), 223 (31), 221 (30). HRMS (ESI+) calcd. for C13H15
81BrNO2, C13H15

79BrNO2 

([M+H]+) 298.0261, 296.0281; found: 298.0254 and 296.0273. 

3-(5-Bromo-1H-indol-3-yl)propanoic Acid (19a). According to the general procedure 

described for the hydrolysis of esters, 18a (0.06 g, 0.20 mmol) gave, after crystallization, acid 

19a (0.05 g, 98%) as a white solid, m.p.: 86-87 ºC (hexane/CH2Cl2/MeOH). 1H-NMR (CD3OD, 

400.13 MHz): δ 7.66 (d, J = 1.7 Hz, 1H, H4’), 7.24 (d, J = 8.6 Hz, 1H, H7’), 7.16 (dd, J = 8.6, 

1.7 Hz, 1H, H7’), 7.08 (s, 1H, H2’), 3.00 (t, J = 7.5 Hz, 2H, CH2), 2.65 (t, J = 7.5 Hz, 2H, CH2) 

ppm. 13C-NMR (CD3OD, 100.62 MHz): δ 177.4 (s), 136.7 (s), 130.3 (s), 125.0 (d), 124.6 (d), 

121.8 (d), 114.8 (s), 113.9 (d), 112.7 (s), 36.0 (t), 21.7 (t) ppm. IR: ν 3500-3100 (br, OH and 

NH), 2923 (w, C-H), 2851 (w, C-H), 1706 (s, C=O), 1623 (s), 1566 (m), 1541 (m), 1450 (s), 

1212 (m), 822 (s), 801 (s), 785 (s), 680 (s) cm-1. MS (FAB+): m/z (%) 270 ([M+1]+ [81Br], 61), 

269 ([M]+ [81Br], 100), 268 ([M+1]+ [79Br], 70), 267 ([M]+ [79Br], 92), 210 (34), 208 (34). HRMS 

(FAB+) calcd. for C11H11
81BrNO2 and C11H11

79BrNO2 ([M+1]+), 268.9874 and 266.9895; found: 

268.9872 and 266.9886.  

3-(5-Bromo-1-methyl-1H-indol-3-yl)propanoic Acid (19b). According to the general 

procedure described for the hydrolysis of esters, 18b (0.20 g, 0.68 mmol) gave, after 

crystallization, 19b (0.18 g, 95%) as a brown solid, m.p.: 157-160 ºC (hexane/CHCl3). 1H-NMR 

(CD3OD, 400.13 MHz): δ 7.65 (s, 1H, ArH), 7.20 (d, J = 8.6 Hz, 1H, ArH), 7.18 (d, J = 8.6 Hz, 
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1H, ArH), 6.97 (s, 1H, ArH), 3.69 (s, 3H, NCH3), 2.98 (t, J = 7.4 Hz, 2H, CH2), 2.62 (t, J = 7.4 

Hz, 2H, CH2) ppm. 13C-NMR (CD3OD, 100.61 MHz): δ 177.0 (s), 137.3 (s), 130.8 (s), 129.1 (d), 

125.2 (d), 122.1 (d), 114.5 (s), 113.0 (s), 111.9 (d), 36.0 (t), 32.8 (q), 21.4 (t) ppm. IR: ν 3500-

2500 (br, O-H), 1700 (s, C=O), 1481 (m), 1433 (m), 1402 (m), 1368 (w), 1310 (s), 1201 (s), 907 

(m), 788 (s) cm-1. MS (EI+): m/z (%) 284 ([M+1]+ [81Br], 3), 283 ([M]+ [81Br], 24), 281 ([M]+ 

[79Br], 20), 225 ([M–CH3–CO2+1]+ [81Br]+, 10), 224 ([M–CH3–CO2]+ [81Br]+,100), 223 ([M–

CH3–CO2+1]+ [79Br]+,12), 222 ([M–CH3–CO2]+ [79Br]+,99), 203 ([M–Br+1]+, 16), 157 (17), 144 

(57), 143 (44), 142 (10). HRMS (EI+) calcd. for C12H12
81BrNO2, C12H12

79BrNO2 [M]+, 283.0031 

and 281.0051; found: 283.0028 and 281.0048. Elem. Anal. Calcd. for C12H12BrNO2 C, 51.09; H, 

4.29; N, 4.96; found: C, 50.92; H, 4.29; N, 4.96. 

N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-bromo-1H-indol-3-yl)propanamide] 

(20a). Following the general procedure described for the coupling of acids with amines, 19a 

(0.05 g, 0.20 mmol) afforded, after purification by column chromatography (SiO2, 95:5 

CH2Cl2/MeOH), disulfide 20a (0.04 g, 65%) as a colourless oil.  1H-NMR (CD3COCD3, 400.13 

MHz) (data for monomer): δ 10.19 (br, 1H, NH), 7.73 (s, 1H, H4’’), 7.47 (br, 1H, CONH), 7.32 

(d, J = 8.6 Hz, 1H, H7’’), 7.18 (d, J = 2.1 Hz, 1H), 7.17 (d, J = 2.1 Hz, 1H), 3.43 (t, J = 6.6 Hz, 

2H, CH2), 3.04 (t, J = 7.4 Hz, 2H, CH2), 2.73 (t, J = 6.6 Hz, 2H, CH2), 2.56 (t, J = 7.4 Hz, 2H, 

CH2) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data for monomer): δ 174.1 (s), 137.2 (s), 

131.2 (s), 125.7 (d), 125.5 (d), 122.8 (d), 116.2 (s), 114.8 (d), 113.2 (s), 40.1 (t), 39.5 (t), 38.5 (t), 

22.7 (t) ppm. IR: ν 3500-3100 (br, NH), 2920 (m, C-H), 1623 (s, C=O), 1539 (s), 1453 (s), 1212 

(m), 1098 (m), 881 (m), 794 (s), 753 (s) cm-1. MS (FAB+): m/z (%) 655 ([M]+ [81Br], 59), 654 

([M+2]+ [81Br] [79Br], 40), 653 ([M]+ [81Br] [79Br], 100), 652 ([M+2]+ [79Br], 31), 651 ([M+1]+ 

[79Br], 54), 327 (88), 325 (77). HRMS (FAB+) calcd. for C26H29
81Br2N4O2S2, 

C26H29
81Br79BrN4O2S2 and C26H29

79Br2N4O2S2 ([M+1]+), 655.0058, 653.0078 and 651.0099; 

found: 655.0072, 653.0081 and 651.0084. 

N,N'-[2,2'-Disulfanediylbis(ethane-2,1-diyl)]bis[3-(5-bromo-1-methyl-1H-indol-3-

yl)propanamide] (20b). Following the general procedure described for the coupling of acids 

with amines, 19b (0.06 g, 0.21 mmol) afforded, after purification by column chromatography 

(SiO2, 95:5 CH2Cl2/MeOH), disulfide 20b (0.05 g, 42%) as a white foam. 1H-NMR 

(CD3COCD3, 400.13 MHz) (data for monomer): δ 7.71 (d, J = 1.7 Hz, 1H, H4’’), 7.48 (br, 

CONH), 7.28 (d, J = 8.6 Hz, 1H, H7’’), 7.22 (dd, J = 8.6, 1.7 Hz, 1H, H6’’), 7.04 (s, 1H, H2’’), 

3.73 (s, 3H, NCH3), 3.42 (q, J = 6.6 Hz, 2H, CH2), 3.00 (t, J = 7.4 Hz, 2H, CH2), 2.73 (t, J = 6.6 

Hz, 2H, CH2), 2.54 (t, J = 7.4 Hz, 2H, CH2) ppm. 13C-NMR (CD3COCD3, 100.62 MHz) (data 
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for monomer): δ 174.1 (s), 137.8 (s), 131.5 (s), 130.2 (d), 125.5 (d), 123.1 (d), 115.5 (s), 113.3 

(s), 113.0 (d), 40.1 (t), 39.6 (t), 38.7 (t), 33.8 (q), 22.7 (t) ppm. IR: ν 3300 (m, NH), 2918 (w, C-

H), 1634 (s, C=O), 1549 (s), 1478 (m), 1266 (w), 810 (w) cm-1. MS (FAB+): m/z (%) 683 

([M+1]+ [81Br], 38), 679 ([M+1]+ [79Br], 38), 561 (15), 559 (15), 342 (18), 341 (22), 340 (21), 

225 (14), 224 (97), 222 (100). HRMS (FAB+) calcd. for C28H33
81Br2N4O2S2 ([M+1]+), 

C28H33
79Br2N4O2S2 ([M+1]+), 683.0371 and 679.0412; found: 683.0400 and 679.0394. 

 

Biology 

Cell Culture. U937 (human leukemic monocyte lymphoma cell line-ATCC) were grown in 

RPMI 1640 medium (Euroclone) supplemented with 10% heat-inactivated FBS (Euroclone), 1% 

glutamin (Lonza), 1% penicillin/streptomycin (Euroclone) and 0.1% gentamycin (Lonza), at 

37°C in air and 5% CO2. MCF7 (human breast cancer cell line-ATCC) were cultured in 

Dulbecco's modified Eagle's medium (DMEM-Euroclone) supplemented with 10% FCS 

(Sigma), 50 mg/mL penicillin-streptomycin (Gibco) and 2 mM glutamine (Gibco). Cell lines 

were maintained at 37 °C in a humidified atmosphere of 95% air, 5% CO2 as previously 

reported. 

Ligands and materials. SAHA (Alexis), MS-275 (a kind gift of Schering AG), SGI1027 and 

indole-derived Psammaplin A analogs were dissolved in DMSO (Sigma-Aldrich) and used at 5 

µM or 0.5 µM. RG108 was dissolved in ethanol and used at 5 µM. ALX (Alexis) was dissolved 

in DMSO and used at a final concentration of 1 µM. 

Cell cycle analysis  

2.5 x 105 U937 cells were collected by centrifugation after 24 h stimulation with reference or 

testing compounds at 5 µM. The cells were resuspended in 500 µL of hypotonic buffer (0.1% 

NP-40, 0.1% sodium citrate, 50 µg/mL PI, RNAse A) and incubated in the dark for 30 min. The 

analysis was performed by FACS-Calibur (Becton Dickinson) using the Cell Quest Pro software 

(Becton Dickinson) and ModFit LT version 3 software (Verity). The experiment was performed 

in triplicate. 

Granulocytic differentiation analysis 

2.5 x 105 U937 cells were collected by centrifugation after 30 h stimulation with reference 

compound MS-275 at 5 µM concentration or Indole derivatives at 5 µM. The cells were washed 

with PBS and incubated in the dark at 4 °C for 30 min with 10 µL of PE-conjugated anti-CD11c 

surface antigen antibody or with 10 µL of PE-conjugated IgG, in order to define the background 
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signal. At the end of the incubation the samples were washed again and resuspended in 500 µL 

of PBS containing 0.25 µg/mL PI. The analysis was performed by FACS-Calibur (Becton 

Dickinson) using the Cell Quest Pro software (Becton Dickinson). The experiment was 

performed in triplicate and PI positive cells were excluded from the analysis.  

Histone Extraction 

After stimulation with compounds, the cells were collected by centrifugation and washed two 

times with PBS. Then the samples were resuspended in Triton extraction buffer (PBS containing 

0.5% Triton X 100 (v/v), 2 mM PMSF, 0.02% (w/v) NaN3), and the lysis was performed for 10 

min at 4 °C. Next, the samples were centrifuged at 2000 rpm for 10 min at 4 °C, and the pellets 

were washed in TEB (half the volume). After a new centrifugation under the same conditions, 

the samples were resuspended in 0.2 N HCl and the acid histone extraction was carried out 

overnight at 4 °C. The supernatant was recovered by centrifugation and the protein content was 

ensured by BCA Protein Assay (Pierce). 

Total protein extraction 

U937 cells were harvested and washed once with cold PBS and lysed in a lysis buffer containing 

50mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 10 mM NaF, 1 mM PMSF (phenyl-

methylsulphonylfluoride) and protease inhibitor cocktail (Roche). The lysates were centrifuged 

at 14000 r.p.m. x 30 min at 4 °C. Protein concentrations were estimated by Bradford assay (Bio-

Rad).  
Western blot analyses  

50 mg of total protein and 10 mg of histone extract were denaturated by boiling samples in 

buffer (0.25 M Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 5% 2-mercaptoethanol, 0.05% 

bromophenol blue) for 3 min before electrophoresis. Proteins were subjected to SDS–PAGE 

(8%-10%-15% polyacrylamide) in Tris-glycine-SDS (25 mM Tris, 192 mM glycine, 0.1% SDS). 

After electrophoresis, proteins were transferred to nitrocellulose membranes (Schleicher-Schuell, 

Germany) in a buffer containing Tris-glycine (25 mM Tris, 192 mM glycine) (Bio-Rad, Italy) 

and 20% MeOH. The complete transfer was assessed using Ponceau Red (Sigma Aldrich, USA) 

staining. After blocking with 5% non-fat dry milk in TBS 1x/Tween 0.1% (10 mM Tris-HCl pH 

8.0, 150 mM NaCl, 0.1% Tween-20), the membrane was incubated with the primary antibody 

overnight at 4 °C. After washing with TBS 1x/Tween 0.1%, membranes were incubated with the 

horseradish peroxidase-conjugated secondary antibody (1:5000) for 60 min at room temperature 

and the reaction was detected with a chemoluminescence detection system (Amersham 

Biosciences, UK).  The antibodies used were p21 (BD), p16 (Santa Cruz), acetyl-tubulin (Sigma) 

and H3ac (Diagenode), H3K9ac (Abcam), DNMT1 (Abcam), p53K382ac (Abcam) and 

Page 49 of 60

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 50 

H3K56ac. Total ERKs (Santa Cruz) were used to normalise for equal loading of total protein 

extraction; H4 (Cell Signalling) or Ponceau red staining were used to normalise for equal loading 

of histone extracts. 

 

HDACs fluorimetric assay 

HDACs assays were performed in the presence of 3 mM HDAC buffer (16.7 mM Tris-HCl pH 

8, 45.7 mM NaCl, 0.9 mM KCl, 0.3 mM MgCl2) and 5 µg of BSA. For these experiments 0.25 

µg of HDAC1 (BPS Bioscience) or 2.5 ng of HDAC4 (BPS Bioscience) were added to the 

reaction mix and after a pre-incubation of 15 minutes at 37 °C was also added the specific 

substrate at 5 µM. The reaction was carried out for 2 h at 37 °C in gentle shaking and in the end 

fluorescence was quantified with a TECAN Infinite M200 station.   

 

DNMT1 assay 

DNMT1 Immunoprecipitation 

The U937 cells were lysed in TAP buffer pH 7-7.5 (50 mM Tris pH 7.0, 180 mM NaCl, 0.15% 

NP40 v/v, 10% glycerol v/v, 1.5 mM MgCl2, 1 mM NaMnO4, 0.5 mM NaF, 1 mM DTT, 0.2 mM 

PMSF and protease inhibitor cocktail) for 10 minutes in ice and centrifuged at 13000 rpm for 30 

min. 650 µg of extracts were diluted in TAP buffer up to 1 mL and pre-cleared by incubating 

with 20 µL A/G plus Agarose (Santa Cruz) for 1 h on a rocking table at 4 °C. The supernatant 

was transferred to a new tube and 3.25 µg of antibody against DNMT1 (Abcam) was added and 

IP was allowed to proceed overnight at 4 °C on a rocking table. As negative control the same 

amount of protein extracts was immunoprecipitated with purified rabbit IgG (Santa Cruz). The 

following day 50 µL A/G and Agarose were added and incubation was continued for 2 hours. 

The beads were recovered by brief centrifugation and washed with cold TAP buffer several 

times. At this point the resin was resuspended in 10 µL of DNMT buffer (5 mM EDTA, 0.2 mM 

DTT, 26 mM NaCl, 20 mM Tris HCl pH 7.4) in order to proceed with the radioactive assay. 

 DNMT1 radioactive assay 

DNMT1 assays were performed in the presence of the analogs at 5 µM plus a reaction mixture 

composed of 10 µL of DNMT1-bound resin, 5 µCi of S-adenosyl-L-[methyl-3H]methionine 

(radioactive methyl donor; 12-18 Ci/mmol), 0.1 µg of poly dI-dC (methyl acceptor), and DNMT 

buffer. The reaction was carried out for 2 h at 37 °C with gently stirring and the experiment was 

performed in duplicate. Subsequently each sample was spread on Whatman DE-81 paper (in 

quadruplicate) and the papers were washed three times with 5% Na2HPO4 and once with distilled 
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water. The papers were then transferred to the scintillation vials containing 5 mL of scintillation 

fluid (Perkin Elmer) in order to read the DPM values. 

SIRT assay 

Dilution of the enzyme (#BML-SE239) from 5U/µL to 0.2U/µL in SIRT1 assay buffer (#KI-

286: 50 mM Tris-HCl pH8, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, BSA 1mg/mL) was 

followed by the preparation of a combined 2X solution by diluting the Fluor de Lys (substrate 

KI-177, 50 mM stock solution) and NAD+ (#KI-282, 10 mM stock solution) to 500 µM and 1 

mM, respectively, in SIRT1 assay buffer. The plate was  prepared as shown below: 

 

 

  

 

 

 

 

 

The reaction was carried out for 1.5 h at 37 °C in gentle shaking table, then 50 µL/well of 

developer solution (39 µL Trypsin buffer (Tris-HCl pH8 50 mM, NaCl 100 mM), 3 µL 

nicotinamide (diluted at 50 mM in assay buffer from a 120 mM stock solution in DMSO), 8 µL 

trypsin (6 mg/mL)) was added. After incubation for 30 minutes, the fluorescence was quantified 

with a TECAN Infinity 200 station at 360 nm excitation, 460 nm emission 

 

Molecular Modeling  

a. Quantum Mechanics Calculations. The geometry of 4a-derived thiol 21 was optimized 

using the ab initio quantum chemistry program Gaussian 03114 and the HF/3-21G* basis set. A 

set of atom-centered RHF 6-31G*//3-21G* charges was then obtained by using the RESP 

methodology115 as implemented in the AMBER suite of programs (http://amber.scripps.edu/). 

Covalent and nonbonded parameters for the inhibitor atoms were assigned, by analogy or 

through interpolation, from those already present in the AMBER force field116 (parm99) or 

consistently derived, as explained in more detail elsewhere.117 

b. Molecular Docking. The genetic algorithm118 implemented in AutoDock119 and the HDAC8 

(PDB code 1t64)101 as the target protein upon removal of trichostatin A was used to generate 

wells Assay buffer SIRT1 (0.2U/µL) 2X solution compounds    

Control 20µL 5µL 25µL  

+ Inhibitor 15µL 5µL 25µL 5µL 

blank 25µL  25µL  
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different HDAC-Zn-bound 4a-derived thiol 21 conformers by randomly changing torsion angles 

and overall orientation of the molecule. A volume for exploration was defined in the shape of a 

three-dimensional cubic grid with a spacing of 0.3 Å that enclosed the residues that are known to 

make up the inhibitors binding pocket. At each grid point, the receptor's atomic affinity 

potentials for carbon, oxygen, nitrogen, sulfur, bromine and hydrogen atoms present in the ligand 

were precalculated for rapid intra- and intermolecular energy evaluation of the docking solution.  

To obtain additional validation of the proposed binding mode for the ligands, the program GRID 

(http://www.moldiscovery.com/ 120 was also used to search for sites on the enzyme that could be 

complementary to the functional groups present in this inhibitor. For the GRID calculations, a 

18Å × 21Å × 21Å lattice of points spaced at 0.5 Å was established at the binding site. The 

probes used were C1= (aromatic carbon), N1 (neutral flat NH, eg amide), N:# (sp nitrogen with 

lone pair), O (sp2 carbonyl oxygen) and Br (bromine). The dielectric constants chosen were 4.0 

for the macromolecule and 80.0 for the bulk water. 

c. Molecular Dynamics Simulations. Ternary complexes (HDAC8-Zn2+-thiol 21) representative 

of the most populated solutions were then refined using the second generation AMBER force 

field and 3000 steps of steepest descent energy minimization and 6000 steps of conjugate 

gradient of only side chain of the protein and those atoms belonging to the bound ligand. This 

procedure allowed readjustment of covalent bonds and van der Waals contacts without changing 

the overall conformation of the complex. The HDAC-21 complex was then neutralized by 

addition of 8 sodium ions121 that were placed in electrostatically favored positions and immersed 

in rectangular boxes each containing about 450 TIP3P water molecules122 that extended 8Å away 

from any solute atom. The cutoff distance for the nonbonded interactions was 9Å, and periodic 

boundary conditions were applied. Electrostatic interactions were represented using the smooth 

particle mesh Ewald method with a grid spacing of ~1 Å. Unrestrained molecular dynamics 

(MD) simulations at 300 K and 1 atm were then run for 6 ns using the SANDER module in 

AMBER 8.123 The coupling constants for the temperature and pressure baths were 1.0 and 0.2 ps, 

respectively. SHAKE124 was applied to all bonds involving hydrogens, and an integration step of 

2 fs was used throughout. The nonbonded pair list was updated every 10 steps. The simulation 

protocol involving a series of progressive energy minimizations followed by a 20 ps heating 

phase and a 70 ps equilibration period before data collection. System coordinates were saved 

every 2 ps for further analysis. 

d. Analysis of the Molecular Dynamics Trajectories. Three-dimensional structures and 

trajectories were visually inspected using the computer graphics program InsightII. Root-mean-

Page 52 of 60

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 53 

square (rms) deviations from both the initial and the average structures, interatomic distances, 

and snapshot geometries were obtained using the PTRAJ module in AMBER. Intermolecular van 

der Waals energies for individual residues were calculated with the ANAL module, whereas the 

solvent-corrected residue-based electrostatic interaction energies were calculated with DelPhi, 

following the procedure described.124 

All calculations were performed on the SGI R14000 Origin 3800 at CIEMAT (Madrid), on the 

SGI 1.5 GHz Itanium2 at CESGA (Santiago de Compostela) and locally on SGI R12000 Octane 

workstations. 

 

Supporting Information available: Experimental procedures, Molecular Modeling, 

crystalographic data for compounds 9b and 10b, and copies of NMR spectra. This material is 

available free of charge via the Internet at http://pubs.acs.org. 
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