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Abstract 
 
Isocombretastatins are the not isomerizable 1,1-diarylethene isomers of 

combretastatins. Both families of antimitotics are poorly soluble and new analogs with 

improved water solubility are needed. The ubiquitous 3,4,5-trimethoxyphenyl ring and 

most of its replacements contribute to the solubility problem. 39 new compounds 

belonging to two series of isocombretastatin analogs with 2-chloro-6-methylsulfanyl-4-

pyridinyl or 2,6-bis(methylsulfanyl)-4-pyridinyl moieties replacing the 3,4,5-

trimethoxyphenyl have been synthesized and their antimitotic activity and aqueous 

solubility have been studied. We show here that 2-chloro-6-methylsulfanylpyridines are 

more successful replacements than 2,6-bis(methylsulfanyl)pyridines, giving highly potent 

tubulin inhibitors and cytotoxic compounds with improved water solubilities. The optimal 

combination is with indole rings carrying polar substitutions at the three position. The 

resulting diheteroaryl isocombretastatin analogs showed potent cytotoxic activity against 

human cancer cell lines caused by tubulin inhibition, as shown by in vitro tubulin 

polymerization inhibitory assays, cell cycle analysis, and confocal microscopy studies. 

Cell cycle analysis also showed apoptotic responses following G2/M arrest after 

treatment. Conformational analysis and docking studies were applied to propose binding 

modes of the compounds at the colchicine site of tubulin and were in good agreement 

with the observed SAR. 2-Chloro-6-methylsulfanylpyridines represent a new and 

successful trimethoxyphenyl ring substitution for the development of improved colchicine 

site ligands.   
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1. INTRODUCTION 

The microtubules of the eukaryotic cells are hollow dynamic tubes formed by polymerization and 

depolymerization of αβ-tubulin heterodimers, referred to as tubulin. This dynamic equilibrium is 

essential for their functioning and the aim of microtubule-targeting agents or MTAs, acting as 

anti-tumor and anti-parasitic drugs.[1] MTAs bind to tubulin in at least seven structurally 

characterized binding sites, some of them favoring (microtubule-stabilizing agents or MSAs) and 

some of them opposing polymerization (microtubule destabilizing agents or MDAs).[2] The 

combretastatins are a family of natural products that bind to the colchicine domain of tubulin, 

located at the interface between the αβ-tubulin heterodimers. Binding of combretastatins to the 

colchicine site hampers the curved to straight transition of tubulin dimers necessary for 

polymerization, and therefore they behave as MDAs.[3] MDAs inhibition of tubulin 

polymerization is especially patent in the highly dynamic mitotic microtubules and, therefore, 

they arrest cells at the metaphase to anaphase transition, which results in an enhanced 

population of cells in the G2/M phases of the cell cycle, and a late apoptosis onset of cancer 

cells.[4] Furthermore, combretastatins act as vascular disrupting agents or VDAs, causing a 

rapid collapse of the tumor neo-vasculature in vivo and tumor death.[5] The phosphate prodrug 

of combretastatin A-4 (CA4P, fosbretabulin) as fosbretabulin tromethamine (Fig. 1) has been 

granted the orphan drug designation for the treatment of ovarian adenocarcinoma, 

gastroenteropancreatic and neuroendocrine cancers, and anaplastic thyroid cancer, and the 

combretastatin A-1 diphosphate prodrug Oxi4503 (Fig. 1) for the treatment of relapsed/refractory 

Acute Myeloid Leukemia (AML) in combination with cytarabine.[6] 

 

Despite their clinical success, the combretastatins present several properties that limit their 

therapeutic potential and have therefore been the aim of many medicinal chemistry programs: 

they are highly hydrophobic compounds with low aqueous solubility, the double bond linking the 

two aromatic rings is configurationally unstable, they are inactivated in vivo by phase I and II 



 

metabolic transformations, and their vascular disrupting activity which causes tumor necrosis 

leaves a peripheral rim of undamaged cancer cells that rapidly regenerates the tumor mass.[7-

15] The solubility problem has been tackled by the formation of highly soluble prodrugs such as 

phosphates on the hydroxyl groups.[16] However, the hydroxyl group is also involved in phase 

II metabolic transformations leading to resistance.[17] The double bond isomerization problem 

has been solved by the inclusion of the bridge in different cycles,[10, 11, 18] by the replacement 

of the double bond by configurationally stable bridges of different lengths[19] or by bridges 

preferentially adopting cisoid conformations, such as the sulfonamides,[20] and has even been 

turned into an advantageous feature for photodynamic therapy.[21] A very successful strategy 

has been the reduction of the two - atom bridge of combretastatins to one - atom bridges as in 

benzophenones (phenstatins),[22] oximes,[23] diarylamines,[24, 25] 1,1-diarylethanes,[26] and 

1,1-diarylethenes (isocombretastatins, the regioisomers of combretastatins).[27-29] Avoidance 

of the metabolic transformations has been pursued by modifications on the bridge[17] and the 

aromatic rings,[30] and combination therapy and increased cytotoxic potency have been 

proposed to escape the resistance to VDAs.[8] However, many of these improvements are often 

achieved at the expense of others (e.g. replacement of the guaiacol ring to avoid metabolic 

transformation reduces the solubility).  

The B ring of combretastatins and isocombretastatins has been the subject of multiple 

replacements showing a permissive SAR requirement in this region.[15] However, few of them 

have addressed the increase in hydrophobicity associated with its replacement by naphthalene, 

indole, or differently substituted phenyl rings. The substitution of the hydroxyl group by amino 

substituents,[31] the replacement of the phenyl by pyridine rings,[25, 32, 33] and the introduction 

of polar groups on otherwise lipophilic moieties such as the indole rings [34, 35] are 

representative examples of such attempts. We have shown that the efficiency of these promising 

modifications is highly dependent on the structural context in which they are introduced,[34-36], 

and therefore needs to be ascertained in every structural context.  
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The 3,4,5-trimethoxyphenyl ring of combretastatin A-4 (A ring) due to its large size and 

hydrophobic nature is the target of metabolic transformations of combretastatins[14] and 

isocombretastatins,[13] and also represents a highly desirable target for solubility 

improvements. However, SAR studies have firmly established its importance for high cytotoxic 

potency.[15] Recently, successful replacements of the trimethoxyphenyl ring by quinolines[37, 

38] and quinazolines[39] and related heterocycles have been described.[25, 40, 41] These 

potent benzo-fused heterocyclic compounds however unwillingly increase the hydrophobic area 

and the ring count.[42, 43] Successful replacements with smaller pyridine or related 

heterocycles have been less frequent and require hydrophobic substituents to compensate for 

the size reduction.[38, 44, 45] We have recently shown that replacement of the trimethoxyphenyl 

ring by pyridines can be favorably achieved with methylsulfanyl and methoxy substituents and 

that the encountered difficulties in the direct replacement of the phenyl ring of the 

trimetoxyphenyl ring by similarly substituted pyridines are due to unfavorable conformational 

preferences.[46] Furthermore, docking experiments showed optimal adjustment to complexes 

of tubulin with a chloro-furopyrimidine,[41] thus suggesting a region for further improvement 

devoid of the mentioned conformational issues. In all these instances, the polar interaction with 

the sidechain of Cys241of β-tubulin is preserved through the pyridine nitrogen. 

 



 

 

Figure 1. Chemical structure of combretastatins and one-atom bridged analogs, and design 

rationale for the compounds described in this work. 

 

A long-term goal of the design of new combretastatin and related analogs involves the 

replacement of the 3,4,5-trimethoxyphenyl ring (A ring) with polar moieties with higher intrinsic 

water solubility, thus allowing the removal of the troublesome solubilizing hydroxyl substituent 

of the B ring. The aim is to piece a piece enhance the overall polarity of the compounds in a way 

tolerated by the highly hydrophobic colchicine domain such that a solubility increase is 

accompanied by potent tubulin inhibition. We have combined two previous successful strategies 

of structural modification, the first one affecting and consisting in the replacement of ring A with 

substituted pyridines and the second involving modifications of ring B that remove the 

troublesome groups while allowing additional polarity enhancements. On the pyridine A ring we 

have further explored the methylsulfanyl groups that have less conformational penalties than 

the methoxy groups to partially compensate for the size reduction associated with the removal 

of the central methoxy group, and based on previous docking results we have also combined 

them with chlorine substituents. We have done so in the context of 1,2-ethenylene 

(combretastatin) and 1,1-ethenylidene (isocombretastatin), carbonyl (phenstatin), and ketoxime 

bridges that avoid the undesired isomerization of the bridge. Substantial solubility improvements 



 

were accomplished, and highly potent tubulin inhibitors were found. Potencies higher than the 

reference combretastatin A-4 in tubulin inhibition were attained, along with cytotoxic potencies 

in the mid nanomolar range in a more consistent way than with previous pyridine-based series 

against sensitive HeLa human cervix epithelioid carcinoma and HL-60 human acute myeloid 

leukemia cell lines. Submicromolar antiproliferative activity against the combretastatin A-4-

resistant colon adenocarcinoma (HT-29) cell line was also achieved.[12, 17, 30, 47] Treatment 

with the most potent compounds at concentrations of 100 nM resulted after 24 hours in the 

accumulation of cells in the G2/M phases of the cell cycle, followed by significant increases of 

the sub-G0/G1 cell populations 48 hours post-treatment. The effects of the compounds on the 

cytoskeleton were confirmed by immunofluorescence studies. Conformational analysis 

combined with docking studies suggest binding at the colchicine site with association energies 

dependent on the conformational preferences of the pyridine substituents. These results show 

that pyridine A rings can be a favorable modification in colchicine site ligands with improved 

water solubility and potent cytotoxic activity through tubulin polymerization inhibition for the 

development of new antimitotic drugs. 

 

2. RESULTS AND DISCUSSION 

2.1. Chemistry 

2.1.1. Chemical synthesis 

Nucleophilic additions of aryl-lithium derivatives to disubstituted pyridinecarboxylic acids 

prepared from citrazinic acid (scheme 1) were applied for the synthesis of the key intermediate 

diarylketones (schemes 2 and 3). Diarylketones were, in turn, converted into the 1,1-

diarylethenes by Wittig reactions and into the oximes by treatment with hydroxylamine 

hydrochloride. The combretastatin analogs were synthesized using Wittig reactions with 

pyridinemethylphosponium salts. 



 

Citrazinic acid was converted in neat phosphorous oxychloride to 2,6-dichloroisonicotinic acid 

(1),[48] which was the key intermediate for aromatic nucleophilic substitutions with sodium 

methanethiolate to give the mono- and disubstituted acids 2 and 3 (Scheme 1). Reduction of 3 

with LAH to the benzylic alcohol 4, nucleophilic substitution with HBr to benzylic bromide 5, and 

then with triphenylphosphine gave triphenylphosphonium salt 6, used for the Wittig reactions in 

the synthesis of the combretastatins (scheme 3).  

 

Scheme 1. Reagents and conditions: a) Me4NBr, POCl3, 90 - 140 ºC, 24 h; b) 1.5 eq NaSMe, 
DMF, reflux, 24-48 h; c) excess NaSMe, DMF, reflux, 24-48 h; d) LAH, THF, 0 ºC - r.t., 24 h; e) 
HBr, AcOH, 0 ºC - r.t., 24 h; f) PPh3, Toluene, 24h, r.t.; g) MeI, NaOH, Bu4NHSO4, CH2Cl2, r.t., 
24 h. 

 

Diarylketones (phenstatins) 9, 10, 16, 17, 33, 36, 39, and 40 were synthesized (schemes 2 and 

3) by nucleophilic additions of aryl-lithium reagents, prepared by treatment of the corresponding 

aryl bromides with nBuLi, to isonicotinic acids 2 and 3. 1,1-Diarylethenes (isocombretastatins) 

11, 12, 18, 19, 34, 37, and 41 were prepared by Wittig reaction of the diarylketones with 

methyltriphenylphosphonium iodide, while treatment with hydroxylamine rendered the mixtures 

of E and Z oximes 13, 14, 22, 23, 24, 35, 38, and 42. Hydrogenation of 12 yielded diarylethane 

15. The introduction of substituents at position 3 of the indole rings to obtain more polar analogs 

is shown in scheme 2. 3-Formylindoles 20, 21, 25, and 26 were prepared under Vilsmeier – 

Haack conditions. Formyl indoles were converted into the oximes by treatment with 

hydroxylamine and then to the 3-cyanoindoles 24, 29, and 30 by acetylation followed by thermal 

elimination. Indoleamides 31 and 32 were prepared from the unsubstituted indoles by reaction 



 

with CSI and indole carboxylic acids 27 and 28 by aromatic electrophilic substitution with 

phosgene followed by hydrolysis. 

 

Scheme 2. Synthesis of p-methoxyphenyl and N-methyl-1H-indolyl analogs. Reagents and 
conditions: (a) i) nBuLi, dry THF, -40 ºC, 1 h; ii) 2 or 3, dry THF, -40 ºC - r.t., 24 h; (b) i) 
CH3PPh3Br, nBuLi, dry THF, -40 ºC, 1 h; ii) 9, 10, 16 or 17, dry THF, -40 ºC - r.t., 24 h; (c) H2, 

Pd(C), r.t., 24-48 h; (d) NH2OH·HCl, MeOH, pyridine, reflux, 24 h; (e) i) POCl3, dry DMF, 0 ºC, 
30 min; ii) 16 or 17 and heat to 60 ºC 2 h, or 18 or 19 and heat to room temperature 2 h; (f) 

Phosgene, CH2Cl2, room temperature, 24-48 h; (g) i) NH2OH·HCl, MeOH, pyridine, reflux, 24 h; 
ii) Ac2O, pyridine, 130 ºC, 24-48 h; (h) CSI, 1,2-dichloroethane, r.t., 24 h; (i) 10% NaOH, MeOH, 
r.t., 72 h. 

 

Wittig reactions between the phosphonium ylide formed by treatment of 6 with nBuLi and N-

methylindole-5-carbaldehyde 11 (scheme 1) or p-anisaldehyde gave the combretastatins A (1,2-

diarylethenes) 43 and 44 (scheme 3), whose E and Z isomers were chromatographically 

separated.  



 

 

Scheme 3. Synthesis of analogs 33 - 44. Reagents and conditions: (a) i) ArBr, nBuLi, dry THF, 
-40 ºC, 1 h, then 3; ii) room temperature, 24 h; (b) i) CH3-PPh3I, nBuLi, dry THF, -40 ºC, 1 h; ii) 
33, 36 or 40, r.t., 24 h; (c) NH2OH·HCl, MeOH, pyridine, reflux, 24 h; (d) i) 6, dry THF, nBuLi, -
40 ºC, 1 h; ii) p-methoxybenzaldehyde or 8, dry THF, -40 ºC - r.t., 24 h.  

 

Different B ring modifications and bridges have been combined with methylsulfanylpyridine rings 

and thus provide a significative sample of the potential of the new pyridine analogs as cytotoxic 

and tubulin polymerization inhibitory agents, which were subsequently used in the biological 

assays.  

 

2.1.2. Aqueous solubility 

Colchicine site ligands are highly lipophilic due to the mainly hydrophobic nature of the 

colchicine domain, which results in low water solubilities. The established solution has been the 

formation of prodrugs that increase the aqueous solubility, but the anchor points are the 

substrate for metabolism and loss of activity, and alternative strategies are needed. Replacing 

highly hydrophobic phenyl rings by heterocycles of higher polarity, such as the pyridines here 

described, should improve water solubility. The solubility of representative compounds (Table 

1) was determined by shaking the compounds in phosphate buffer at pH 7.0 until equilibration, 



 

microfiltration, and quantification of the dissolved compound by UV absorbance. Most of the 

compounds show solubilities higher than the 1 µg/mL of combretastatin A-4, but the increase is 

in many cases modest although improvements of more than ten-fold are also observed. There 

is no clear SAR in the solubility values, as evidenced by a comparison of matched pairs. There 

is not a great difference in solubility between methylsulfanyl groups and chlorine atoms as 

pyridine substituents (e.g. compare the pairs 11 vs 12, 25 vs 26, but 29 vs 30), or between the 

bridges, despite their different polarity and hydrogen bonding capabilities (e.g. compare 33-35, 

36-38, 11 vs 13, 18 vs 22 or 24 vs 29). For the B rings, the p-methoxyphenyl seems somewhat 

more favorable, and in some instances, substitutions at the indole 3 position result in good 

solubilities (e.g. 21, 28, 30), but unpredictably, possibly due to complex solvation interactions. 

 

Table 1. Solubility of representative compounds in phosphate buffer at pH 7.0 

 

 
Comp X Z Ar R 

Solubility 
(µg/mL) 

TPSA 
(Å²)[49] 

 CA-4 - - - - 1.04[50] 57  

 10 SMe O 4-MeO-Ph H 1.5 90 

 11 Cl CH2 4-MeO-Ph H 48.9 47 

 12 SMe CH2 4-MeO-Ph H 35.7 73 

 13 Cl NOH 4-MeO-Ph H 41.7 80 

 18 Cl CH2 NMeIND H 12.3 43 

 21 SMe O NMeIND CHO 230.2 103 

 22 Cl NOH NMeIND H 14.8 76 

 24 Cl NOH NMeIND CN 5.1 125 

 25 Cl CH2 NMeIND CHO 6.3 60 

 26 SMe CH2 NMeIND CHO 7.6 85 

 28 SMe CH2 NMeIND COOH 102.7 106 

 29 Cl CH2 NMeIND CN 3.2 67 

 30 SMe CH2 NMeIND CN 46.3 92 

 33 SMe O 4-NMe2Ph H 1.0 84 

 34 SMe CH2 4-NMe2Ph H 6.9 67 

 35 SMe NOH 4-NMe2Ph H 1.1 99 

 36 SMe O 3-NMe2Ph H 1.3 84 

 37 SMe CH2 3-NMe2Ph H 2,4 67 

 38 SMe NOH 3-NMe2Ph H 14.7 99 

 39 SMe O 6-NMe2-pyr-3-yl H 47.1 103 

 41 SMe CH2 2-Naphthyl H 1.9 63 

 



 

 

2.2. Biology.  

2.2.1. Cell proliferation inhibitory activity 

The cell proliferation inhibitory activity of the synthesized compounds against three human 

cancer cell lines has been assayed by measuring cell viability with the XTT method (Table 2).[51] 

The three selected cell lines show different sensitivities to treatment with combretastatin A-4:[52] 

HeLa (human cervix epithelioid carcinoma) and HL-60 (human acute myeloid leukemia) are 

sensitive, whereas HT-29 (human colon adenocarcinoma) are resistant.[12, 17, 30, 47] Most of 

the synthesized diarylmethane derivatives show anti-proliferative activity against the sensitive 

cell lines with sub-micromolar potencies, and many also against HT-29, although with reduced 

potencies. A handful of the compounds inhibit proliferation with IC50 values in the double-digit 

nanomolar range, with values 3−20 times higher than those of combretastatin A-4, but lower 

than ABT-751 (Table 2), an oral antimitotic drug that binds to the colchicine site and has reached 

clinical trials. These results confirm that the selected diarylmethane skeleton is a good scaffold 

for anti-proliferative activity and that the trimethoxyphenyl ring can be successfully substituted 

by the pyridine moieties here considered. Computational prediction of the sites of metabolism 

for the most potent compounds suggest that oxidation of the methylsulfanyl is the most likely 

point of metabolic transformation in this series (Supplemmentary figure 1). 

Concerning the bridges between the two aryl groups, there is no big difference in anti-

proliferative activity for ethenes (isocombretastatins) or ketone oximes, with the ketones 

(phenstatins) showing lower potencies for the methoxyphenyl ring B series (e.g. compare the 

triplets 9 vs 11 vs 13, 10 vs 12 vs 14, or 33 vs 34 vs 35) and more similar in the indoles (e.g. 

compare the triplets 16 vs 18 vs 22, or 17 vs 19 vs 23). The oximes are stable in aqueous 

solution for more than 72 hours (data not shown) and computational prediction of the sites of 

metabolism do not point at them as significant transformation points (Supplementary figure 1) 



 

and therefore their potency is not apparently due to hydrolysis to the ketones, which are in fact 

less potent. The combretastatins 43 and 44 did not consistently reach sub-micromolar 

potencies. 

Among the B rings, which were selected because they had been previously shown to give 

active analogs, 4-methoxyphenyl,[27, 28] 3-substituted and unsubstituted N-methyl-5-

indolyl,[34, 35] and 4-dimethylaminophenyl[36] containing analogs led to sub-micromolar 

inhibitors, whereas 3-dimethylaminophenyl[32] and 2-naphthyl[27, 53] rings were inactive. 

Similar potencies are observed for the 4-methoxyphenyl, 4-dimethylaminophenyl and the 

unsubstituted N-methylindole series (e.g. compare 12 vs 34 vs 19 or 14 vs 35 vs 23 

respectively), while the substituted indoles showed slightly improved potencies only when 

combined with 2-chloro-6-methylsulfanylpyridines as A ring (e.g. compare 18 vs 25, 29, and 31 

for 2-chloro-6-methylsulfanylpyridines and 19 vs 26, 30, and 32 for 2,6-

bis(methylsulfanyl)pyridines).  

 
Table 2. Tubulin Polymerization Inhibitory Activity and Cytotoxic Activity against Human 

Cancer Cell Lines.  
 

 

N X Z Ar R 
IC50 TPI 
(µM)a 

IC50 

Hela 
(nM)b 

IC50  
HL-60 
(nM)b 

IC50  
HT-29 
(nM)b 

9 Cl >C=O 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

9a Cl >C(OH)AcOH 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

10 SMe >C=O 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

11 Cl >C=CH2 4-MeO-Ph H 1.5 628 ± 256 464 ± 142 485 ± 103 

12 SMe >C=CH2 4-MeO-Ph H 2.0 399 ± 122 306 ± 114 550 ± 261 

13 Cl >C=NOH 4-MeO-Ph H 4.6 518 ± 49 613 ± 207 ≥103 

14 SMe >C=NOH 4-MeO-Ph H 3.0 457 ± 94 299 ± 106 292 ± 54 

15 SMe >C(H)CH3 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

16 Cl >C=O NMeIND H 2.4 388 ± 168 490 ± 106 ≥103 

17 SMe >C=O NMeIND H 1.7 233 ± 81 222 ± 64 549 ± 79 

17b SMe >C-OH (NMeIND)2 H >5 ≥103 ≥103 ≥103 

18 Cl >C=CH2 NMeIND H 0.3 176 ± 28 416 ±159 511 ± 201 

19 SMe >C=CH2 NMeIND H 1.1 520 ± 141 717 ± 107 249 ± 103 

20 Cl >C=O NMeIND CHO >5 ≥103 ≥103 ≥103 

21 SMe >C=O NMeIND CHO >5 ≥103 ≥103 ≥103 

22 Cl >C=NOH NMeIND H >5 365 ± 71 257 ± 39 ≥103 

23 SMe >C=NOH NMeIND H 1.0 590 ± 235 240 ± 74 745 ± 102 

24 Cl >C=NOH NMeIND CN 0.2 57 ± 18 93 ± 9 195 ± 23 

25 Cl >C=CH2 NMeIND CHO 1.6 72 ± 15 38 ± 18 876 ± 45 



 

26 SMe >C=CH2 NMeIND CHO 1.2 64 ± 16 303 ± 60 573 ± 104 

27 Cl >C=CH2 NMeIND COOH >5 ≥103 ≥103 ≥103 

28 SMe >C=CH2 NMeIND COOH 4.7 ≥103 ≥103 ≥103 

29 Cl >C=CH2 NMeIND CN 0.6 158 ± 58 74 ± 21 278 ± 106 

30 SMe >C=CH2 NMeIND CN 0.4 579 ± 96 604 ± 143 587 ± 203 

31 Cl >C=CH2 NMeIND CONH2 2.3 82 ± 33 44 ± 15 38 ± 8 

32 SMe >C=CH2 NMeIND CONH2 2.4 601 ± 210 223 ± 44 276 ± 68 

33 SMe >C=O 4-NMe2Ph H >5 652 ± 24 435 ± 198 787 ± 38 

33b SMe >C-OH (4-NMe2Ph)2  >5 ≥103 ≥103 ≥103 

34 SMe >C=CH2 4-NMe2Ph H 3.8 328 ± 82 486 ± 215 928 ± 59 

35 SMe >C=NOH 4-NMe2Ph H 2.1 269 ± 36 213 ± 71 781 ± 112 

36 SMe >C=O 3-NMe2Ph H >5 ≥103 ≥103 ≥103 

37 SMe >C=CH2 3-NMe2Ph H >5 ≥103 ≥103 ≥103 

38 SMe >C=NOH 3-NMe2Ph H >5 ≥103 ≥103 ≥103 

39 SMe >C=O 6-NMe2-pyr-3-yl H >5 ≥103 ≥103 ≥103 

39a SMe >C-OH 2(6-NMe2-pyr) H >5 ≥103 ≥103 ≥103 

40 SMe >C=O 2-Naphth H >5 ≥103 ≥103 ≥103 

41 SMe >C=CH2 2-Naphth H >5 ≥103 ≥103 ≥103 

42 SMe >C=NOH 2-Naphth H >5 ≥103 ≥103 ≥103 

43 SMe -CH=CH- 4-MeO-Ph H 3.8 ≥103 ≥103 ≥103 

44 SMe -CH=CH- NMeIND H >5 ≥103 ≥103 633 ± 211 

CA-4 - - - - 2.8 3 13 305 

ABT-751 - - - - 4000 388 - 514 

 
a Concentration inhibiting 50% (IC50) the polymerization of microtubular protein (TPI) in vitro. b 

IC50 values were calculated from concentration-response curves using the XTT assay as 

described in the Experimental Section. Data correspond to the mean values of three 

experiments performed in triplicate.  

 

There is not a big difference in anti-proliferative potency when the pyridine A ring has two 

methylsulfanyl substituents or one chlorine and one methylsulfanyl (e.g. compare the pairs 9 vs 

10, 11 vs 12, 13 vs 14, 16 vs 17, 18 vs 19, and 22 vs 23) except for the 3-substituted indoles, 

which experience a potency boost when combined with the 2-chloro-6-methylsulfanylpyridines 

but not with the 2,6-bis(methylsulfanyl)pyridines (e.g. compare the pairs 25 vs 26, 29 vs 30, and 

31 vs 32). Therefore, the combination of 3-substituted indoles with 2-chloro-6-

methylsulfanylpyridines in the isocombretastatin (i.e. compounds 25, 29, and 31) or ketoxime 

series (i.e. compound 24) results in two of the most potent compounds. These results are in 

good agreement with previous studies showing that 3-substituted indoles make good B 

rings,[35] but that their effect is dependent on the structural context they are found in.[32, 34, 

46] These favorable indole 3-substituents are aldehydes, amides, and nitrile groups, with similar 



 

effects on the potency (e.g. compare 25, 29, and 31), whereas carboxylic acids result in the loss 

of the potency, probably due to their ionized state in solution.  

In summary, 2-chloro-6-methylsulfanylpyridine isocombretastatins or oximes with 3-formyl-, 3-

carbamoyl- or 3-cyano- indoles are highly potent inhibitors of cell proliferation in the double-digit 

nanomolar range, comparable to reference compounds, even if devoid of the trimethoxyphenyl 

A ring.  

 

2.2.2. Tubulin polymerization inhibition 

To confirm the proposed effect on tubulin we have studied the in vitro inhibitory activity of the 

synthesized compounds on the polymerization of microtubular protein isolated from calf brain. 

The amounts of polymer mass formed in the presence and the absence (control) of the 

compounds were measured by turbidimetry, and the percentage of reduction was taken as the 

tubulin polymerization inhibitory activity. The compounds were initially tested at a concentration 

of 5 μM, and for those inhibiting more than 50%, we have determined the IC50 values (Table 2). 

Sixteen of the synthesized compounds have TPI IC50 values lower than 3 µM, comparable to 

reference compounds such as combretastatin A-4 or ABT-751, with TPI IC50 values of 2 μM and 

4 μM respectively (Table 2). Remarkably, 4 compounds (18, 24, 29, and 30) are highly potent 

sub-micromolar inhibitors and additionally, 6 more have TPI IC50 values lower than 2 μM (11, 

17, 19, 23, 25, and 26). 

The TPI and the antiproliferative activity are strongly correlated, as almost all the compounds 

with TPI IC50 values lower than 5 μM show antiproliferative activity at sub-micromolar 

concentrations, thus indicating that interference with tubulin polymerization is their mechanism 

of action. However, there is not a strict correlation between the two values, with compounds with 

highly potent TPI in the sub-micromolar range (e.g. 18, 29, 30, and 24) showing significant 

differences in anti-proliferative potency, and compounds with not so high TPI potencies (i.e. 25 

or 31) amongst the more potent inhibitors of cell proliferation. This discrepancy has been 



 

previously noted and justified by the fact that antiproliferative activity is dependent on the 

inhibition of polymerization dynamics at low (nanomolar) compound concentrations and not so 

much to polymer mass change at high protein and compound (micromolar) concentration. As a 

result of these differences, the observed SAR for TPI is slightly different from the anti-

proliferative SAR previously discussed. 

Concerning the bridge, more differences than in antiproliferative activity are found, with 

isocombretastatins (1,1-diarylethenes) being more potent than the ketone oximes that are in 

turn usually more potent than phenstatins (ketones) (e.g. compare 9 vs 11 vs 13, 10 vs 12 vs 

14, 16 vs 18 vs 22, 17 vs 19 vs 23), with combretastatin 43 showing TPI activity. Similarly, more 

differences are observed for the B rings in TPI activity than in anti-proliferative activity, with the 

indolic analogs showing higher potencies than compounds with 4-methoxyphenyl or 4-

dimethylaminophenyl moieties (e.g. compare 10 vs 17 vs 33, 11 vs 18, 12 vs 19 vs 34, and 14 

vs 23 vs 35). On the other hand, less differences are observed between 2-chloro-6-

methylsulfanylpyridines and bis(methylsulfanyl)pyridines (e.g. compare 9 vs 10, 11 vs 12, 13 vs 

14, , 16 vs 17, and 18 vs 19, but 22 vs 23), especially in the case of compounds carrying 3-

substituted indoles (e.g. compare 20 vs 21, 25 vs 26, 27 vs 28, 29 vs 30, and 31 vs 32). 

Replacement of the trimethoxyphenyl A ring with 2-chloro-6-methylsulfanylpyridines or 2,6-

bis(methylsulfanyl)pyridines results in highly potent inhibitors of tubulin polymerization for 

isocombretastatins or ketone oximes with 3-formyl-, 3-carbamoyl- or 3-cyanoindoles as B rings, 

even more potent than combretastatin A-4.  

 

2.2.3. Effects on cellular microtubules 

To confirm that the actions of the compounds in cells are based on their effects on tubulin, we 

have studied the effect of representative compounds on the microtubule network in HeLa cells. 

To this end, we have selected compounds 24 and 25, which showed the lowest anti-proliferative 

IC50 values and were highly potent inhibitors of tubulin polymerization in vitro. 



 

Immunofluorescence confocal microscopy studies with the labeling of α-tubulin and nuclei 

showed that treatment with 24 and 25 promoted a drastic and severe disruption of the 

microtubule network (Figure 2) as assessed by immunofluorescence confocal microscopy 

(Figure 2), thus supporting that the above disrupting effects on microtube network were due to 

interaction of compounds 24 and 25 with tubulin.  

 
Figure 2. Effects of the treatment with compounds 24 and 25 on the microtubule network in 

HeLa cells. Cells were incubated in the absence (Control) or the presence of 1 µM of compounds 

24 and 25 for 24 h, and then fixed and processed to analyze microtubules (red fluorescence) 

and nuclei (blue fluorescence) by confocal microscopy as described in the Experimental Section. 

Bar: 75 µm. The photomicrographs are representative of three independent experiments. 

 

2.2.4 Effects on the cell cycle and induction of apoptosis 

The effect of the most potent antiproliferative compounds (Table 2), 24 and 25, on the cell cycle 

at different concentrations and times post-treatment was assessed by flow cytometry. Treatment 

of HeLa cells with 24 or 25 led to cell cycle arrest at G2/M followed by the induction of apoptosis, 

as assessed by the appearance of cells with sub-G0/G1 DNA content (Figure 3). Treatment of 

HT-29 cells with 24 led also to a potent cell cycle arrest at G2/M, similar to the response 

observed in HeLa cells, albeit with a lower apoptotic response (Figure 3). However, compound 

25 failed to promote a potent cell cycle arrest in HT-29 cells after 24 h treatment, and the overall 

response was lower than in HeLa cells (Figure 3). This is in agreement with our previous 



 

observation that HL-60 and HeLa cells were more sensitive than HT-29 to compound 25 (Table 

2). 

 

 

Figure 3. Dose-response of the effects of compounds 24 and 25 on cell cycle in HeLa and HT-

29 cells. Cells were incubated with different concentrations of 24 and 25 for 24 h, and their DNA 

content was analyzed by fluorescence flow cytometry. The positions of the G0/G1 and G2/M 

peaks are indicated by arrows, and the proportion of cells in each phase of the cell cycle was 

quantified by flow cytometry. The cell population in the sub-G0/G1 region represents cells with 

hypodiploid DNA content, an indicator of apoptosis. Untreated control cells were run in parallel. 

Data shown are representative of three independent experiments. 

 

Next, we carried out a dose-response (at concentrations of 1 nM, 10 nM, 100 nM, 1 µM, and 10 

µM) and time-course (at 24, 48, and 72 h post-treatment) analyses of the effects on the cell 

cycle of 24 and 25 in HL-60, HeLa and HT-29 cells (Figure 4).  



 

At a concentration of 1 nM of 24 and 25, the populations of cells at the different phases of the 

cell cycle (sub-G0/G1, G0/G1, S, and G2/M) for the three cell lines at the three time points did not 

show differences with the untreated controls (data not shown) and can be used as references.  

 

Incubation with compound 24 at only 100 nM (Figures 3 and  4) arrested most of the HL-60 and 

HT-29 cells at the G2/M phase after 24 h (77.4% for HL-60 and 84.4% for HT-29). At the same 

time point and concentration, 73.2% of HeLa cells were arrested at the G2/M phase and 

significant apoptosis induction was evidenced by a substantial number of cells at the sub-G0/G1 

region (15.7%), with the sum of sub-G0/G1 and G2/M accounting for a total of 88.9%. At later 

time points (48 h and 72 h), the percentage of cells at the sub-G0/G1 region progressively 

increased (22.7% at 48 h and 33.1% at 72 h for HL-60, 35.9% at 48 h and 83.3% at 72 h for 

HeLa, and 28.1% at 48h and 64.7% at 72 h for HT-29 cells) at the expense of the cells arrested 

at G2/M phase (39.7% at 48 h and 23.3% at 72 h for HL-60, 46.9% at 48 h and 4.6% at 72 h for 

HeLa, and 54.9% at 48 h and 4.7% at 72 h for HT-29 cells), with the accumulated total of the 

two phases remaining roughly constant (62.4% at 48 h and 56.3% at 72 h for HL-60, 88.9% at 

48 h and 82.8% at 72 h for HeLa, and 82.9% at 48h and 69.4% at 72 h for HT-29 cells). 

Interestingly, compound 24 at the low 10 nM concentration showed delayed apoptosis after 48h 

and 72 h in the more resistant HT-29 cell line. At micromolar concentrations (1 µM and 10 µM), 

the onset of apoptosis in HL-60 and HeLa cells occurs earlier, being already patent at 24 h, but 

the pattern of cell cycle phases distribution remains. For HT-29 the earlier apoptosis onset is not 

so apparent, and a significant reduction of the sum of the sub-G0/G1 and G2/M populations is 

evident at 72 h (the sum equals 91.1% at 1 µM and 92.1% at 10 µM for the 48 h time point and 

39.1 at 1 µM and 40.7% at 10 µM for the 72 h time point), as a result of a significative reduction 

in the G2/M population. 

 



 

Incubation with compound 25 at 100 nM (Figure 4) arrested most of the HL-60 cells at the G2/M 

phase after 24 h (80.1%). At the same time point and concentration, 56.9% of HeLa cells were 

arrested at the G2/M phase and significant apoptosis induction was evidenced by a substantial 

number of cells (25.2%) at the sub-G0/G1 region, with the sum of sub-G0/G1 and G2/M accounting 

for a total of 82.0%. Under these conditions, HT-29 cells did not show effects on the distribution 

of the cell cycle phases. At later time points (48 h and 72 h), the percentage of HL-60 and HeLa 

cells at the sub-G0/G1 region progressively increased (20.9% at 48 h and 32.6% at 72 h for HL-

60 and 47.6% at 48 h and 59.1% at 72 h for HeLa cells) at the expense of the cells arrested at 

G2/M phase (40.5% at 48 h and 22.0% at 72 h for HL-60 and 30.4% at 48 h and 7.9% at 72 h 

for HeLa cells), with the accumulated total of the two phases remaining roughly constant (61.4% 

at 48 h and 54.6% at 72 h for HL-60 and 82.0% at 48 h and 78.0% at 72 h for HeLa cells). Under 

these experimental conditions (100 nM, 48 h, and 72 h incubation), HT-29 cells started to show 

increasing delayed apoptotic response (11.8% at 48 h and 15.1% at 72 h) in the absence of 

apparent G2/M arrest. At higher drug concentrations (Figure 4), HL-60 and HeLa cells show cell 

cycle distribution patterns like those observed at 100 nM, and HT-29 cells showed augmented 

sub-G0/G1 regions. 
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Figure 4. Time course of the effect of compounds 24 and 25 on the sub-G0/G1 and G2/M cell 

cycle phases in HL-60, HeLa, and HT-29 cells. Compounds were incubated for 24, 48, and 72 

h, and then their DNA content was analyzed by flow cytometry as described in the Experimental 

Section. The different cell cycle phases were quantified and represented in concentric hollow 

circles (24h inner, 48h center, and 72h outer) to easily visualize the evolution in time of the G2/M 

arrest ( ■ ) and apoptotic responses ( ■ sub-G0/G1). Untreated control cells were run in parallel, 

and the percentage of untreated cells in the sub-G0/G1 region was less than 3% in all the cell 

lines assayed. Data shown are representative of at least three independent experiments. 

 

The cell cycle distribution patterns for HL-60 and HeLa cells after treatment with 24 and 25 are 

very similar to each other, with mitotic arrest followed by an apoptotic response. These data 

suggest that the disruption of microtubule polymerization by 24 and 25 induce a potent mitotic 

arrest that eventually triggers an apoptotic response, thus rendering a substantial cell demise in 

the drug-treated population. On the other hand, HT-29 cells display quite a different cell cycle 

distribution profiles in response to the two compounds. With 24, the observed pattern is like 



 

those of HL-60 and HeLa cells, with arrest in the G2/M arrest followed by the accumulation of 

apoptotic cells in the sub-G0/G1 region. However, after treatment with 25, HT-29 cells undergo 

apoptotic response in the absence of patent G2/M arrest. This different behavior is in accord 

with the observed difference in tubulin polymerization inhibitory potency of the two compounds 

(Table 2). Similar experiments on the non – tumorigenic embryonic kidney cell line HEK-293 

show a similar mitotic arrest, but no apoptotic induction was observed after 24 h treatment 

(Supplementary Figure 2), thus suggesting a potential selectivity to induce apoptosis in human 

tumor cells. 

In order to further support the above effects of compounds 24 and 25 on cell cycle arrest and 

apoptosis induction, we analyzed the expression of proteins related to these processes. Thus, 

we used the anti-mitotic proteins antibody MPM-2 that recognizes a phosphorylated epitope 

(S/T)P found in several phosphoproteins that result phosphorylated at the onset of mitosis. Our 

Western blot results shown in Figure 5 indicate a significant increase in the number of 

phosphoproteins recognized by MPM-2, simultaneously to the mitotic arrest observed at 24 h in 

the above cell cycle distribution studies. The lower intensity of the bands after 48 h treatment 

might likely be due to the onset of apoptosis. In this regard, we analyzed the cleavage of PARP 

(poly (ADP-ribose) polymerase), a typical caspase-3 substrate, as an early marker of apoptosis. 

The anti-PARP C2.10 monoclonal antibody detected the full length 116 kDa intact form as well 

as the 89 kDa cleaved form of PARP. Alongside with the observed sequential increase in the 

sub-G0/G1 population, we found an increase in the levels of cleaved PARP after treatment with 

24 and 25, in good agreement with an apoptotic response induced by the sustained mitotic 

arrest. 

Taken together, flow cytometry and biochemical evidences strongly indicate that compounds 24 

and 25 behaved as anti-mitotic agents leading to M arrest and subsequent induction of 

apoptosis. 

 



 

 

 

Figure 5. Effect of compounds 24 and 25, and the reference compounds combretastatin A-4 

(CA-4) and ABT-751 (ABT) on MPM-2 expression and PARP cleavage in HeLa cells after 24 

and 48 h treatment. Lane 1: untreated HeLa (control Ctl). Lane 2: HeLa treated for 24h with 1 

µM 25. Lane 3: HeLa treated for 48h with 1 µM 25. Lane 4: HeLa treated for 24 h with 1 µM 24. 

Lane 5: HeLa treated for 48h with 1 µM 24. Lane 6: HeLa treated for 24 h with 1 µM 

combretastatin A-4. Lane 7: HeLa treated for 48h with 1 µM combretastatin A-4. Lane 8: HeLa 

treated for 24 h with 1 µM ABT-751. Lane 9: HeLa treated for 48h with 1 µM ABT-751. β-Actin 

was used as a loading control. The migration positions of full-length PARP (p116) and its 

cleavage product p89 are indicated. Molecular weights areindicated in kDa. Western blot images 

are representative of three independent experiments.  

 

2.3. Computational studies  

 

Flexible docking studies of compounds 9 - 44 on the colchicine site of tubulin were carried out 

to establish the ligands’ binding modes (Figure 7). The protein conformational space was 

sampled by using protein structures with 54 different pocket dispositions. 49 came from available 

X-ray crystal structures of complexes of tubulin with different colchicine site ligands.[46] 5 

additional structures came from a molecular dynamics simulation of tubulin in complex with a 3-

substituted indole containing ligand, as previously described.[35, 54] The docking poses were 

generated and scored by PLANTS[55] and AutoDock 4.2[56], two frequently used docking 
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programs with very different scoring functions. The docking scores of the two programs were 

combined to select the binding mode for each ligand (Table S1 of the supplementary material). 

The assignment of the occupancy of the ligands to zones of the colchicine domain (zones A, B, 

C, as previously described, and a deeper extension in β tubulin of zone C called zone D) of the 

binding site was performed in a fully automated way. The most favorable binding poses for all 

the compounds occupy zones A and B of the colchicine domain (corresponding to the pockets 

for the trimethoxyphenyl ring and the 3-hydroxy-4-methoxyphenyl ring of combretastatin A-4, 

respectively), probably reflecting a good steric fit of the bent diaryls to these pockets.[54, 57] In 

all instances, the substituted pyridines occupy the A zone and the other aromatic ring the zone 

B. This arrangement places the pyridine nitrogen in contact distance with the sulfur atom of 

Cys241β (Figure 7), a polar interaction deemed important for the binding of colchicine site 

ligands, while the rest of the moiety is contacting the hydrophobic sidechains of Leu239β, 

Leu245β, Ala247β, Leu252β, Ala315β, Lys352β, and Ala354β conforming the A site. The other 

aromatic ring stacks between the polar sidechain of Asn255β on helix H8 and those of Ala316β 

of sheet S8 and Lys352β of sheet S9 forming the floor of the site, and Met259β, Thr314β, and 

Val181α, also conforming zone B. 



 

 

Figure 6. Comparison of the geometries of the trimethoxyphenyl ring taken as a reference A 

ring and the different conformers found for the 2-chloro-6-methylsulfanyl-4-pyridines and the 

2,6-dimethylsulfanyl-4-pyridines. The results shown here are for the benzophenones, but similar 

results were obtained for oximes and isocombretastatins. The substituents on the pyridine are 

depicted in the 2D representation in the same dispositions as the 3D structures underneath. The 

green triangles indicate the dimensions of the A rings. The relative energies are in kcal/mol 

above the most stable, indicated as 0 kcal/mol. The calculated dipole moments for every 

conformer are also indicated. 
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The binding of the methylsulfanylpyridines to the A site always occurs with a rotation of the 

methylsulfanyl to place one of the sulfur lone pairs side by side to the pyridine nitrogen lone pair 

(CSCN dihedral angle of 180º, Figures 6 and 7). We have previously shown that this rotation is 

less unfavorable in methylsulfanyl than in methoxy groups.[46] We have performed DFT 

calculations to evaluate the energy penalty if any, of rotating the methylsulfanyl group to the 

observed rotamer in the docking studies (Figure 6) and the geometrical effects of such rotations. 

In water, the most favorable conformation places the pyridine and the sulfur lone pairs in the 

same direction (CSCN dihedral angle of 180º, Figure 6), thus increasing the molecule polarity 

and favoring interactions with water molecules. This should result in more favorable solvation, 

although solubility is not as high as expected (Table 1). In apolar media, represented by vacuum, 

the preferred rotamers place the methyl group of the methylsulfanyl close to the pyridine lone 

pair (CSCN dihedral angle of 0º, Figure 6). This would result in a larger size along the pyridine 

1-4 axis and a masking of the nitrogen lone pair (Figure 6), but binding to the A zone as observed 

in the docking studies (Figure 7) requires a rotation to the polar conformer to reduce the steric 

demand along the pyridine long axis and to allow a polar interaction between the pyridine lone 

pair and the thiol group of Cys241β. Two identical methylsulfanyl groups provide an entropic 

advantage for the rotation, whereas the presence of one methylsulfanyl and one chlorine atom 

reduces the steric congestion in the long axis of the pyridine (Figure 6). 

 



 

A 

 

B 

 

 
Figure 7. 2D structures of the compounds depicted in A and B. Proposed binding modes for 

compound 24 (carbons in orange) and 25 (carbons in aegean), superposed onto the X-ray 

structure of combretastatin A-4 (carbons in green) in their complexes with tubulin. The colchicine 

binding domain is depicted in lime (pdb ID 5LYJ), and the distances of the pyridine nitrogen to 

the sulfur atom of the sidechain of Cys241β and of the indole 3-substituent acceptor atom to the 

hydroxyl group of the sidechain of Ser178α is indicated in green. 

 

The substituents at the 3 position of the indole ring enhance the antiproliferative potency of 

the 2-chloro-6-methylsulfanylpyridine derivatives. The docking models show that these polar 

groups hydrogen bond to the hydroxyl group of the sidechain of Ser178a (Figure 7), thus 

explaining the observed potency improvement. The preference of 2-chloro- versus 2-

methylsulfanyl in the isocombretastatin and ketoxime series can be accounted for by the 

disposition of the methyl group towards the pyridine nitrogen (data not shown) due to 

conformational preferences and to a need of reducing the transversal size at the A zone (Figure 

6) caused by steric hindrance of the site’s walls, thus blocking the favorable polar interaction 

with the thiol group of Cys241β, which is maintained in the chloro derivatives. The unfavorable 

effect of the same substitution in the ketone (phenstatin) series is due to the higher conjugation 

of the bridge with the aromatic rings that results in flatter structures that collide with the site ’s 

walls when extended by substituents.[35] The combination of conformational and docking 

studies, therefore, provide a good rationale for the observed SAR of these new family of pyridine-

based colchicine site ligands.  
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3. CONCLUSIONS 

The successful replacement of the 3,4,5-trimethoxyphenyl ring by methylsulfanyl substituted 

pyridine rings in colchicine site ligands is reported. 2-Chloro-6-methylsulfanyl-4-pyridine and 2,6-

dimethylsulfanyl-4-pyridines are polar entities that moderately improve the aqueous solubility to 

the compounds bearing them with respect to the trimethoxyphenyl analogues. The combination 

of methylsulfanyl substituted pyridine moieties with indole B rings gives diheteroaryl 

isocombretastatins, phenstatins, and ketone oximes which are potent inhibitors of tubulin 

polymerization and cytotoxic agents against several human cancer cell lines. The substitution 

of the indole at the 3 position with amides, nitriles, or formyl groups in the 2-chloro-6-

methylsulfanyl-4-pyridine series further increases the polarity and provides optimal potency in 

the TPI and cytotoxicity assays. The most potent compound, the 3-cyanoindole 2-chloro-6-

methylsulfanyl-4-pyridine oxime 24 disrupted the microtubule network of treated cells and 

arrested the cell cycle at the G2/M phase after 24 h, followed by a high apoptosis-like cell 

response. The 3-formylindole 2-chloro-6-methylsulfanyl-4-pyridine isocombretastatin 25, 

showed similar effects as 24 in the more sensitive HeLa and HL60 cells, wheres in the more 

resistant HT-29 cells a weak apoptotic response in the absence of G2/M arrest is observed after 

24 hours, which suggests that it might activate an additional cell death response to the 

microtubule effect by unknown mechanisms. Binding at the colchicine site is supported by 

docking studies that allocate the pyridine ring at the sub-pocket of the trimethoxyphenyl rings in 

the colchicine domain. Docking results combined with conformational studies suggest that 

binding to the thiol group of Cys241b is more favorable in 2-chloro-6-methylsulfanyl-4-pyridines 

than in 2,6-dimethylsulfanyl-4-pyridines, thus providing a rationale for their better activity profile. 

The synthesized compounds have improved aqueous solubility and good anti-mitotic potency 

and therefore the structural modifications here described could be applied in the design of new 

colchicine site ligands.  



 

 

4. EXPERIMENTAL SECTION 

 

4.1. Chemistry 

4.1.1. General chemical techniques  

Reagents were used as purchased without further purification. Solvents (THF, DMF, 

dichloromethane, and toluene) were dried and freshly distilled before use according to 

procedures described in the literature. TLC was performed on pre-coated silica gel polyester 

plates (0.25 mm thickness) with a UV fluorescence indicator 254 (Polychrome SI F254). 

Chromatographic separations were performed on silica gel columns by flash (Kieselgel 40, 

0.040-0.063; Merck) or gravity (Kieselgel 60, 0.063-0.200 mm; Merck) chromatography. Melting 

points were determined on a Büchi 510 apparatus and are uncorrected. 1H NMR and 13C NMR 

spectra were recorded in CDCl3 on a Bruker WP 200-SY spectrometer at 200/50 MHz or on a 

Bruker SY spectrometer at 400/100 MHz. Chemical shifts (δ) are given in ppm downfield from 

tetramethylsilane and coupling constants (J values) are in Hertz. IR spectra were run on a 

Nicolet Impact 410 Spectrophotometer. For FABHRMS analyses, a VG-TS250 apparatus (70 

eV) was used. HPLCs were run on Waters X-Terra® MS C18 (5 mm, 4.6x150 mm) or C8 (5 mm, 

4.6x150 mm) with acetonitrile/water solvent gradients. All the compounds described here were 

obtained with at least 95% of purity by quantitative HPLC and/or elemental analysis, unless 

otherwise stated.  

 

4.1.2. Chemical synthesis 

General synthetic procedure for the preparation of diarylketones (Procedure 1) 

1 equivalent of nBuLi (1.6 M in hexane) was added at -40 ºC onto a solution of the aromatic 

bromoderivative in dry THF. One hour later, 0.4 equivalents of the carboxylic acid in dry THF 

was added and the mixture was allowed to reach room temperature. After 24 h, the reaction was 



 

poured onto ethyl formate, and then ethyl acetate and water were added. The mixture was 

partially evaporated, washed with brine, dried over anhydrous Na2SO4, filtered, and evaporated 

to dryness. The products obtained were purified by flash chromatography. 

 

General synthetic procedure for the preparation of isocombretastatins (Procedure 2) 

0.67 equivalents of nBuLi (1.6 M in hexane) were added to a slurry of the phosphonium salt in 

dry THF at -40 ºC and, after one-hour stirring, 0.33 equivalents of the diaryl ketone in dry THF 

was added and then the mixture was allowed to warm to room temperature and react for 24 

hours. The mixture was poured onto a 5% solution of NH4Cl at 0 ºC, ethyl acetate was added 

and the mixture was partially evaporated under vacuum. The organic layers were washed with 

brine, dried over anhydrous Na2SO4, filtered, and evaporated to dryness. The products were 

purified by flash chromatography. 

 

General synthetic procedure for the preparation of oximes (Procedure 3) 

A solution of the carbonyl compound in methanol, 10 equivalents of hydroxylamine 

hydrochloride, and 4 drops of pyridine were refluxed for 24 h. The crude was evaporated to 

dryness, dissolved in dichloromethane, and washed with brine. The organic phases were dried 

over anhydrous Na2SO4, filtered, and evaporated. The products were purified by flash 

chromatography giving a mixture of oximes (E and Z). Oximes were obtained as roughly 1:1 

mixtures of the two isomers (proportions can significantly change depending on solvent 

composition), which readily interconvert in solution. Crystallization of one of the isomers is 

sometimes possible, but it readily regenerates the mixture in solution. 

 

General indole formylation procedure (Procedure 4) 

6 mmol of phosphorus oxychloride per mmol of indole derivative were added at 0 ºC onto dry 

DMF and stirred for 30 minutes. Then, the indole derivative was added and heated to 60 ºC for 

2-24 h for benzophenones or kept 2 hours at room temperature for 1,1-diarylethenes. The 

solution was poured onto a large volume of ice water saturated with sodium acetate. After 24 h 

at 4 ºC, the precipitate was filtered, dissolved in dichloromethane, dried over anhydrous Na2SO4, 

filtered, and evaporated to dryness. The products were purified by flash chromatography 

 



 

General synthetic procedure for the preparation of carbonitriles (Procedure 5) 

A solution of the aldehyde in methanol and 4 drops of pyridine, and 10 equivalents of 

hydroxylamine hydrochloride was refluxed for 24 hours. The solvent was removed, and the 

product was dissolved in dichloromethane. The organic layer was washed with 2N HCl, brine 

until neutral pH, dried over anhydrous Na2SO4, filtered, and concentrated under vacuum. The 

crude was dissolved in pyridine and an excess of acetic anhydride and stirred for 24-48 hours 

at 130 ºC. The reaction was poured onto ice and extracted with dichloromethane, washed with 

2N HCl, 5% NaHCO3, brine until neutral pH, dried over anhydrous Na2SO4, filtered, and 

evaporated to dryness. The products were purified by flash chromatography. 

 

2,6-Dichloropyridine-4-carboxylic acid (1) 

45.1 g of citrazinic acid (291 mmol) and 31 g of tetramethylammonium chloride (282.8 mmol) in 

POCl3 (80 mL) was heated to 90 °C until complete dissolution. Then, the temperature was 

gradually increased to 140 ºC. After 24 h, the mixture was cooled to room temperature and 

poured onto ice. The precipitate was filtered, washed with water and dried under vacuum. The 

solid was suspended in ethyl acetate, stirred for 15 min, and filtered to remove insoluble 

citrazinic acid. The filtrate was dried over anhydrous Na2SO4 and evaporated to obtain 42 g 

(218.8 mmol, 75.2%) of a brown solid corresponding to 1. M.p. 203-204 ºC. IR (KBr): 2600-

3300, 1724, 1596, 1547 cm-1. 1H NMR (200 MHz, DMSO-D6): 7.83 (2H, s). 13C NMR (50 MHz, 

CD3OD): 124.0 (2) (CH), 145.4 (C), 152.2 (2) (C), 165.0 (C). 

 

2-Chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) 

3.84 g (54.8 mmol) of sodium methanethiolate in 50 mL of dry DMF and 4 g of KOH were added 

onto a solution of 7 g (36.5 mmol) of 2,6-dichloropyridine-4-carboxylic acid (1) in 100 mL of dry 

DMF and the mixture was refluxed for 24 h. The reaction was cooled to room temperature, 

poured onto brine, and extracted with ethyl acetate. The organic phase was washed with 2N 

HCl and brine until neutral pH, dried over anhydrous Na2SO4, filtered and evaporated, obtaining 

6.71 g (32.9 mmol, 90.1%) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2). IR (film): 

3100, 1706, 1588, 1545 cm-1. 1H NMR (200 MHz, CD3OD): 2.46 (3H, s), 7.40 (1H, d, J = 1), 

7.54 (1H, d, J = 1). 13C NMR (50 MHz, CD3OD): 13.7 (CH3), 119.4 (CH), 120.3 (CH), 142.2 (C), 

152.6 (C), 163.7 (C), 166.2 (C).  

 



 

2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) 

390 mg (1.92 mmol) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) and a 10 mol 

excess of sodium methanethiolate in 5 mL of dry DMF was refluxed for 72 h under N2 

atmosphere. The reaction was cooled down to room temperature, poured onto 2N HCl, and 

extracted with ethyl acetate. The organic phase was washed with brine until neutral pH, dried 

over anhydrous Na2SO4, filtered and evaporated, obtaining 216 mg (1.01 mmol, 53%) of 2,6-

bis(methylsulfanyl)pyridine-4-carboxylic acid (3). 1H NMR (200 MHz, CD3OD): 2.48 (6H, s), 7.25 

(2H, s). 13C NMR (50 MHz, CD3OD): 13.4 (2) (CH3), 116.5 (2) (CH), 139.5 (C), 162.2 (2) (C), 

167.5 (C).  

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)methanol (4) 

290 mg (7.64 mmol) of LAH were slowly added to a cooled solution of 1.098 g (5.10 mmol) of 

2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in dry THF. After 1h, the mixture was 

poured onto cooled ethyl acetate. The organic phase was dried over anhydrous Na2SO4, filtered, 

and chromatographed using Hexane/Ethyl acetate 9/1 to yield 590 mg (2.9 mmol; 58%) of (2,6-

bis(methylsulfanyl)pyridin-4-yl)methanol (4). 1H NMR (200 MHz, CDCl3): 2.57 (6H, s); 4.58 (2H, 

s); 6.84 (2H, s). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 63.0 (CH2), 113.8 (2) (CH), 150.3 

(C), 159.5 (2) (C). IR (film): 1539, 1581, 3351 cm-1. 

 

4-(bromomethyl)-2,6-bis(methylsulfanyl)pyridine (5) 

361 mg (1.8 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)methanol (4) were dissolved in 5 mL 

of a 32% solution of HBr in acetic acid at 0 ºC and stirred for 6h. The reaction was poured onto 

ice and extracted with EtOAc. The organic layer was washed with 5% NaHCO3 and brine, dried 

over anhydrous Na2SO4, filtered an evaporated to yield 405 mg (1.5 mmol; 86%) of 4-

(bromomethyl)-2,6-bis(methylsulfanyl)pyridine (5). 1H NMR (200 MHz, CDCl3): 2.59 (6H, s), 4.24 

(2H, s); 6.87 (2H, s). 13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 30.5 (CH2), 116.4 (2) (CH), 

146.0 (C), 156.0 (2) (C). IR (film): 1431, 1540, 1581, 1742 cm-1. 

 

((2,6-bis(methylsulfanyl)pyridin-4-yl)methyl)triphenylphosphonium bromide (6) 

408 mg (1.6 mmol) of triphenylphosphine was added to a solution of 355 mg (1.34 mmol) of 4-

(bromomethyl)-2,6-bis(methylsulfanyl)pyridine (5) in toluene. After 24 hours the White solid 



 

formed was filtered to yield 323 mg (0.6 mmol; 46%) of ((2,6-bis(methylsulfanyl)pyridin-4-

yl)methyl)triphenylphosphonium bromide (6). 1H NMR (200 MHz, CDCl3): 2.39 (6H, s), 5.65 (2H, 

s), 6.72 (2H, s), 7.80 (15H, m). IR (film): 1435, 1535, 1574 cm-1. 

 

1-Methyl-1H-indole-5-carbaldehyde (8) 

1.04 g (26 mmol) of NaOH and 20 mg of n-Bu4NHSO4 were added to a stirred solution of 1H-

indole-5-carbaldehyde (2.0 g, 13.8 mmol) in 40 mL of dry dichloromethane. After 1 h at room 

temperature 3 mL (40.2 mmol) of methyl iodide were added and the reaction was heated at 50 

ºC. After 48 h, the reaction mixture was concentrated, re-dissolved in dichloromethane, washed 

with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuum to obtain 1.10 g 

(50.1%) of 1-methyl-1H-indole-5-carbaldehyde (11): M.p. 85-86 ºC (diethylether). 1H NMR (200 

MHz, CDCl3)3.76 (3H, s), 6.55 (1H, d, J = 3.3), 7.10 (1H, d, J = 3.3), 7.41(1H, d, J = 8.8), 7.80 

(1H, dd, J = 8.8  and 1.9), 8.05 (1H, d, J = 1.9), 9.92 (1H, s). 13C NMR (50 MHz, CDCl3): 32.6 

(CH3), 103.1 (CH), 109.8 (CH), 121.4 (CH), 126.1 (CH), 128.2(C), 129.1 (C), 130.9 (CH), 139.8 

(C), 192.3 (CH). 

 

(2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (9) 

Following procedure 1, 11.5 ml (18.4 mmol) of nBuLi 1.6 M in hexanes were slowly added at -

40 ºC to a solution of 2.33 ml (18.4 mmol) of 4-bromoanisole in 40 mL of dry THF. After 45 

minutes, 1.5 g (7.37 mmol) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) dissolved 

in 15 mL of dry THF was added. Flash chromatography using Hexane/AcOEt (95/5) yielded 509 

mg (1.73 mmol; 24%) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone 

(9) and 864 mg (2.35 mmol; 32%) of ethyl 3-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)-3-hydroxy-

3-(4-methoxyphenyl)propanoate (9a). 

(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (9): 1H NMR (200 MHz, 

CDCl3)2.55 (3H, s), 3.88 (3H, s), 6.95 (2H, d, J = 8.9), 7.16 (1H, d, J = 0.7), 7.26 (1H, d, J = 

0.7), 7.77  (2H, d, J = 8.6). 13C NMR (50 MHz, CDCl3): 13.6 (CH3), 55.7 (CH3), 114.1 (2) (CH), 

118.2 (CH), 119.0 (CH), 128.1 (C), 132.7 (2) (CH), 147.9 (C), 151.3 (C), 161.9 (C), 164.3 (C), 

191.9 (C). IR (film): 1420, 1459, 1528, 1577, 1597, 1660 cm-1. HRMS (C14H13ClNO2S): 

calculated (M+H+) 294.0350, found 294.0335. 



 

Ethyl 3-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)-3-hydroxy-3-(4-methoxyphenyl)propanoate 

(9a). 1H NMR (200 MHz, CDCl3)1.20 (3H, t, J = 7.1), 2.54 (3H, s), 3.09 (1H, d, J = 16.5), 3.12 

(1H, dd, J = 16.4),  3.77 (3H, s), 4.12 (2H, c, J = 7.1),  6.85 (2H, d, J = 8.9), 7.03 (1H, d, J = 1.4), 

7.17 (1H, d, J = 1.4), 7.30  (2H, d, J = 8.9). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 14.0 (CH3), 

44.6 (CH2),  55.3 (CH3), 61.4 (CH2), 75.3 (C), 114.0 (2) (CH), 116.5 (CH), 116.7 (CH), 126.7 (2) 

(CH), 135.9 (C), 151.2 (C), 158.1 (C), 159.1 (C), 161.1 (C), 172.3 (C). IR (film): 1514, 1533, 

1582, 1606, 1714, 3450 cm-1. HRMS (C18H20ClNO4S): calculated (M+H+) 382.0874, found 

382.0888. 

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (10) 

Following procedure 1, 7.2 ml (11.6 mmol) of nBuLi 1.6 M in hexanes were slowly added at -40 

ºC to a solution of 1.45 ml (11.6 mmol) of 4-bromoanisole in 40 mL of dry THF. After 45 minutes, 

1g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) dissolved in 15 mL of dry 

THF was added. Flash chromatography using Hexane/AcOEt (95/5) yielded 626 mg (2.1 mmol; 

45.7%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (10). M.p. 

(Hex/CH2Cl2): 103 ºC. 1H NMR (200 MHz, CDCl3)2.61 (6H, s), 3.89 (3H, s), 6.96 (2H, d, J = 

8.8), 7.05 (2H, s), 7.80 (2H, d, J = 8.8). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.6 (CH3), 

113.9 (2) (CH), 115.6 (2) (CH), 128.6 (C), 132.6 (2) (CH), 145.3 (C), 160.2 (2) (C), 164.0 (C), 

193,2 (C). IR (KBr): 1544, 1592, 1655 cm-1. HRMS (C15H16NO2S2): calculated (M+H+) 306.0617, 

found 306.0612. 

 

2-chloro-4-(1-(4-methoxyphenyl)vinyl)-6-(methylsulfanyl)pyridine (11) 

Following procedure 2, 0.8 ml (1.3 mmol) of nBuLi 1.6 M in hexanes were slowly added at -40 

ºC to a solution of 790 mg (1.96 mmol) of methyltriphenylphosphonium iodide in 10 mL of dry 

THF. After 1 hour, 192 mg (0.65 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (9) dissolved in 10 mL of dry THF was added. Flash 

chromatography using Hexane/EtOAc (99/1) yielded 65 mg (0.22 mmol; 34%) of 2-chloro-4-(1-

(4-methoxyphenyl)vinyl)-6-(methylsulfanyl)pyridine (11). 1H NMR (200 MHz, CDCl3)2.56 (3H, 

s), 3.84 (3H, s), 5.47 (1H, s), 5.53 (1H, s), 6.88 (2H, d, J = 8.6), 6.95 (1H, s), 7.03 (1H, s), 7.20 

(2H, d, J = 8.6). 13C NMR (50 MHz, CDCl3): 13.6 (CH3), 55.4 (CH3), 114.0 (2) (CH), 116.4 (CH2), 

118.6 (CH), 119.1 (CH), 129.3 (2) (CH), 113. 6 (C), 146.3 (C), 151.1 (C), 152.1 (C), 159.9 (C), 



 

160.9 (C). IR (film): 1417, 1457, 1518, 1602 cm-1. HRMS (C15H14ClNOS): Calculated (M+H+) 

292.0557 found 292.0572. 

 

4-(1-(4-methoxyphenyl)vinyl)-2,6-bis(methylsulfanyl)pyridine (12) 

Following procedure 2, 1.4 ml (2.2 mmol) of nBuLi 1.6 M in hexanes were slowly added at -40 

ºC to a solution of 1.32 g (3.27 mmol) of methyltriphenylphosphonium iodide in 10 mL of dry 

THF. After 1 hour, 333 mg (1.09 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (10) dissolved in 10 mL of dry THF was added. Flash 

chromatography using Hexane/EtOAc (97/3) yielded 309 mg (1.02 mmol; 94 %) of 4-(1-(4-

methoxyphenyl)vinyl)-2,6-bis(methylsulfanyl)pyridine (12). 1H NMR (200 MHz, CDCl3)2.59 

(6H, s), 3.83 (3H, s), 5.42 (1H, d, J = 1.1), 5.47 (1H, d, J = 1.1), 6.82 (2H, s), 6.86 (2H, d, J = 

8.6), 7.21 (2H, d, J = 8.6). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 55.4 (CH3), 113.8 (2) (CH), 

115.4 (CH2), 116.3 (2) (CH), 129.3 (2) (CH), 132.1 (C), 147.1 (C), 149.4 (C), 159.3 (2) (C), 159.7 

(C). IR (película): 1523, 1593, 1654 cm-1. HRMS (C16H17NOS2): calculated (M+H+) 304.0824, 

found 304.0835. 

 

(E/Z)-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone oxime (13) 

 

Following procedure 3, 229 mg (3.30 mmol) of hydroxylamine hydrochloride was added to a 

solution of 97 mg (0.33 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (9) in 15 mL of MeOH to yield 91 mg (0.29 mmol, 89%). The oximes 

crystalize in hexane/CH2Cl2 as a mixture of the oximes (E/Z)-(2-chloro-6-(methylsulfanyl)pyridin-

4-yl)(4-methoxyphenyl)methanone oxime (13). M.p. (Hex/CH2Cl2): 100-105 ºC. 1H NMR (200 

MHz, CDCl3)2.55 (3H, s), 2.58 (3H, s), 3.83 (3H, s), 3.87 (3H, s), 6.87 (2H, d, J = 8.9), 6.98 

(1H, d, J = 1.1), 6.99 (2H, d, J = 8.9), 7.05 (1H, d, J = 1.1), 7.09 (1H, d, J = 1.2), 7.14 (1H, d, J 

= 1.2), 7.33 (2H, d, J = 8.9), 7.37 (2H, d, J = 8.9). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 55.3 

(CH3), 113.9 (CH), 114.0 (2) (CH), 118.9 (CH), 119.6 (CH), 126.5 (C), 128.8 (2) (CH), 130.8 

(CH), 143.4 (C), 151.2 (C), 154.4 (C), 160.5 (C), 161.2 (C), 161.4 (C). IR (KBr): 1412, 1446, 

1524, 1573, 1603, 3177 cm-1. HRMS (C14H13ClN2O2S): Calculated (M+H+) 309.0459, found 

309.0438. 

 



 

(E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-methoxyphenyl)methanone oxime (14) 

Following procedure 3, 403 mg (5.8 mmol) of hydroxylamine hydrochloride was added to a 

solution of 177 mg (0.58 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (10) in 15 mL of MeOH. The resulting product was chromatographed 

with hexane/EtOAc (9:1) to give 13 mg (0.04 mmol; 7%) of one oxime, and 141,2 mg (0,44 

mmol; 76%) of the mixture of the two oximes (E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-

methoxyphenyl)methanone oxime (14), that crystalize in Hex/CH2Cl2. M.p. (Hex/CH2Cl2): 125 – 

127 ºC. 1H NMR (200 MHz, CDCl3)2.56 (6H, s), 3.86 (3H, s), 6.93 (2H, s), 6.98 (2H, d, J = 8.9), 

7.36 (2H, d, J = 8.9). 1H NMR (200 MHz, CDCl3)2.60 (6H, s), 3.81 (3H, s), 6.85 (2H, d, J = 8.9), 

6.85 (2H, s), 7.36 (2H, d, J=8.9). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.4 (CH3), 113.8 

(2) (CH), 115.5 (2) (CH), 122.8 (C), 131.2 (2) (CH), 144.1 (C), 155.6 (C), 159.9 (2) (C), 160.6 

(C). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.4 (CH3), 114.1 (2) (CH), 116.3 (2) (CH), 126.7 

(C), 129.0 (2) (CH), 140.9 (C), 155.3 (C), 159.9 (2) (C), 161.2 (C). IR (KBr): 1417, 1456, 1518, 

1573, 1605, 3434 cm-1. HRMS (C15H16N2O2S2): calculated (M+Na+) 343.0545, found 343.0562. 

 

4-(1-(4-methoxyphenyl)ethyl)-2,6-bis(methylsulfanyl)pyridine (15) 

16 mg (0.05 mmol) of 4-(1-(4-methoxyphenyl)vinyl)-2,6-bis(methylsulfanyl)pyridine (12) in 10 ml 

of AcOEt/EtOH (95/5) was vigorously stirred under H2 atmosphere with Pd(C) catalysis for 24h. 

The reaction was filtered through celite©, evaporated and chromatographed by preparative thin 

layer chromatography with Hexane/EtOAc (98/2) to yield 7 mg (0.02 mmol; 45%) of 4-(1-(4-

methoxyphenyl)ethyl)-2,6-bis(methylsulfanyl)pyridine (15). 1H NMR (200 MHz, CDCl3) 1.55 

(3H, d, J = 7.2), 2.56 (6H, s), 3.79 (3H, s), 3.90 (1H, c, J = 7.2), 6.71 (2H, s), 6,83 (2H, d, J = 

8.8), 7,06 (2H, d, J = 8.8). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 21.2 (CH3), 43.3 (CH), 

55.4 (CH3), 113.9 (2) (CH), 114.0 (C), 116.3 (2) (CH), 128.6 (2) (CH), 136.3 (2) (C), 155.5 (C), 

159.0 (C).  IR (film): 1456, 1513, 1533, 1575, 1610 cm-1. HRMS (C16H19NOS2): calculated 

(M+H+) 306.0981, found 306.0987. 

 

(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone (16) 



 

Following procedure 1, 15.4 ml (24.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 5.16 g (24.6 mmol) of 5-bromo-N-methyl-1H-indol (7) in dry THF at -40 ºC. After 45 

minutes, 2 g (9.8 mmol) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) in 10 mL of 

dry THF was added. The reaction product was flash chromatographed using Hexane/EtOAc 

(9/1) toyield 1.09 g (3.44 mmol, 35%) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-

indol-5-yl)methanone (16) as white needles. M.p. (Hex/AcOEt): 116-123 ºC. 1H NMR (200 MHz, 

CDCl3) 2.60 (3H, s), 3.86 (3H, s), 6.63 (1H, d, J = 2.8), 7,16 (1H, d, J = 2.8), 7.25 (1H, s), 7.33 

(1H, s), 7.40 (1H, bd, J = 8.9), 7.79 (1H, bd, J = 8,6), 8.06 (1H, s). 13C NMR (50 MHz, CDCl3): 

13.7 (CH3), 33.2 (CH3), 103.5 (CH), 109.7 (CH), 118.5 (CH), 119.2 (CH), 123.4 (CH), 125.9 

(CH), 127.3 (C), 127.9 (C), 131.0 (CH), 139.6 (C), 149.0 (C), 151.3 (C), 161.8 (C), 193.8 (C).     

IR (KBr): 1446, 1530, 1565, 1601, 1645 cm-1. HRMS (C16H13ClN2OS): calculated (M+Na+) 

339.0329, found 339.0316. 

 

(2,6-Bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone (17) 

Following procedure 1, 7.2 ml (11.5 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 2.44 g (11.5 mmol) of 5-bromo-N-methyl-1H-indol (7) in dry THF at -40 ºC. After 45 

minutes, 1 g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry 

THF was added. The reaction product was flash chromatographed using Hexane/EtOAc (9/1) 

to yield 412 mg (1.25 mmol; 27%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-

yl)methanone (17). 1H NMR (200 MHz, CDCl3): 2.62 (6H, s), 3.85 (3H, s), 6.60 (1H, d, J = 3.2), 

7.10 (2H, s), 7.15 (1H, d, J = 3.2), 7.38 (1H, bd, J = 8.8), 7.80 (1H, dd, J = 1.8, J = 8.8), 8.07 

(1H, d, J = 1.8). 13C NMR (50 MHz, CDCl3): 13.5 (2) (CH3), 33.2 (CH3), 103.4 (CH), 109.6 (CH), 

115.9 (2) (CH), 123.5 (CH), 125.8 (CH), 127.7 (C), 127.9 (C), 130.9 (CH), 139.5 (C), 146.4 (C), 

160.1 (2) (C), 195.1 (C). IR (KBr): 1526, 1565, 1603, 1652 cm-1
. HRMS (C17H16N2OS2): 

calculated (M+H+) 329.0777, found 329.0761. 

 

5-(1-(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (18) 

Following procedure 2, 3.4 ml (5.4 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 3.251 g (8.07 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 852 mg (2.69 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-

yl)(1-methyl-1H-indol-5-yl)methanone (16) was added. Flash chromatography with 



 

Hexane/EtOAc (98/2) yielded 194 mg (0.62 mmol; 23 %) of 5-(1-(2-chloro-6-

(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (18). 1H NMR (200 MHz, CDCl3)  2.60 

(3H, s), 3.82 (3H, s), 5.53 (1H, s), 5.61 (1H, s), 6.50 (1H, s), 7.01 (1H, s), 7.10 (2H, s), 7.14 (1H, 

bd, J = 8,6), 7.33 (1H, bd, J = 8.6), 7.54 (1H, s). 13C NMR (50 MHz, CDCl3): 13.7 (CH3), 33.0 

(CH3), 101.6 (CH), 109.4 (CH), 116.4 (CH2), 118.9 (CH), 119.3 (CH), 120.9 (CH), 122.0 (CH), 

128.5 (C), 129.9 (CH), 130.7 (C), 136.7 (C), 147.9 (C), 151.1 (C), 153.0 (C), 160.8 (C). IR (film): 

1422, 1442, 1492, 1519, 1576 cm-1. HRMS (C17H15ClN2S): calculated (M+H+) 315.0717, found 

315.0723. 

 

5-(1-(2,6-Bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (19) 

Following procedure 2, 1.1 ml (1.76 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.07 g (2.65 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 290 mg (0.88 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-

methyl-1H-indol-5-yl)methanone (17) was added. Flash chromatography with 95/5 

Hexane/EtOAc yielded 134 mg (0.41 mmol; 47 %) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-

yl)vinyl)-1-methyl-1H-indole (19). 1H NMR (200 MHz, CDCl3): 2.63 (6H, s), 3.81 (3H, s), 5.51 

(1H, d, J = 1.1), 5.59 (1H, d, J = 1.1), 6.50 (1H, d, J = 3.2), 6.94 (2H, s), 7.09 (1H, d, J = 3.2), 

7.20 (1H, dd, J = 1.8, J = 8.8), 7.31 (1H, bd, J = 8.8), 7.58 (1H, d, J = 1.8). 13C NMR (50 MHz, 

CDCl3): 13.4 (2) (CH3), 33.0 (CH3), 101.5 (CH), 109.2 (CH), 115.4 (CH2), 116.5 (2) (CH), 120.9 

(CH), 122.1 (CH), 128.4 (C), 129.7 (CH), 131.2 (C), 136.6 (C), 148.7 (C), 150.3 (C), 159.2 (2) 

(C). IR (film): 1517, 1571, 1607 cm-1. HRMS (C18H18N2S2): Calculated (M+H+) 327.0984, found 

329.1031. 

 

5-(2-Chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (20)  

Following procedure 4, 0.35 ml (3.7 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 200 mg (0.63 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-

indol-5-yl)methanone (16) was added and the mixture heated to 60 ºC. After precipitation, the 

filtrate was flash chromatographed with Hexane/EtOAc (1/1) to yield 140 mg (0.41 mmol, 64%) 

of 5-(2-chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (20). 1H 

NMR (200 MHz, CDCl3) 2.59 (3H, s), 3.95 (3H, s), 7.22 (1H, s), 7.31 (1H, s), 7.46 (1H, d, J = 

8.6), 7.81 (1H, s), 7.85 (1H, dd, J = 8.6; J = 1.4), 8.66 (1H, s), 9.99 (1H, s). 13C NMR (50 MHz, 



 

CDCl3): 13.7 (CH3), 34.1 (CH3), 110.5 (CH), 118.4 (CH), 119.1 (CH), 122.4 (C), 124.8 (C), 125.7 

(CH), 125.9 (CH), 130.5 (C), 140.7 (CH), 148.0 (C), 151.4 (C), 162.1 (C), 184.2 (CH), 193.6 (C). 

IR (film): 1466, 1530, 1607, 1658 cm-1. HRMS (C17H13ClN2O2S): calculated (M+H+) 345.0459, 

found 345.0444. 

 

5-(2,6-bis(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (21) 

Following procedure 4, 0.15 ml (1.6 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 96 mg (0.29 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-

5-yl)methanone (17) was added and the mixture heated to 60 ºC for 2 hours. After precipitation, 

the filtrate was flash chromatographed with 1/1 Hexane/EtOAc to yield 45 mg (0.13 mmol; 44%) 

of 5-(2,6-bis(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (21). 1H NMR 

(200 MHz, CDCl3): 2.62 (6H, s), 3.94 (3H, s), 7.10 (2H, s), 7.44 (1H, bd, J = 8.4), 7.79 (1H, s), 

7.88 (1H, dd, J = 1.8, J = 8.4), 8.69 (1H, d, J = 1.8), 10.02 (1H, s).  13C NMR (50 MHz, CDCl3): 

13.4 (2) (CH3), 33.9 (CH3), 110.2 (CH), 115.8 (2) (CH), 119.1 (C), 124.7 (C), 125.6 (CH), 125.7 

(CH), 130.9 (C), 140.2 (CH), 145.3 (C), 160.3 (2) (C), 184.1 (CH), 194.9 (C). IR: (film): 1457, 

1529, 1568, 1610, 1658 cm-1. HRMS (C18H15N2NaO2S2): calculated (M+H+) 357.0731, found 

357.0742. 

 

 (2-Chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone oxime (22) 

Following procedure 3, 305 mg (4.39 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 139 mg (0.43 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-

yl)methanone (16) in 20 mL of MeOH. 105 mg (0.32 mmol, 74%) of the mixture of oximes was 

crystalized in Hexane/CH2Cl2 from the reaction. (E/Z)-(2-chloro-6-(methylsulfanyl)pyridin-4-

yl)(1-methyl-1H-indol-5-yl)methanone oxime (22). 1H NMR (200 MHz, CDCl3) 2.55 (3H, s), 2.60 

(3H, s), 3.79 (3H, s), 3.83 (3H, s), 6.48 (1H, d, J = 3.0), 6.56 (1H, d, J = 3.0), 7.00 – 7.59 (2H, 

m), 7.71 (1H, s). 13C NMR (50 MHz, CDCl3): 13.7 (CH3), 33.1 (CH3), 102.0 (CH), 102.1 (CH), 

109.4 (CH), 109.8 (CH), 118.1 (CH), 118.7 (CH), 119.4 (CH), 119.9 (CH), 120.6 (CH), 121.5 

(CH), 122.6 (CH), 124.3 (C), 125.5 (C), 128.2 (CH), 130.1 (CH), 137.1 (C), 137.6 (C), 144.5 (C), 

147.7 (C), 151.2 (C), 155.8 (C), 156.2 (C), 161.3 (C), 161.5 (C). IR (film): 1441, 1524, 1577 cm-

1. HRMS (C16H14N3OSCl): calculated (M+H+) 332.0619, found 332.0610. 

 



 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone oxime (23) 

Following procedure 3, 284 mg (4.08 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 134 mg (0.41 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-

yl)methanone (17) in 20 mL of MeOH. The mixture of oximes was chromatographed with 9/1 

Hexane/EtOAc to yield 48 mg (0.14 mmol; 34%) of one isomer, 21 mg (0.06 mmol; 15%) of the 

other, and 52 mg (0.15 mmol; 37%) of the mixture of (E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-

yl)(1-methyl-1H-indol-5-yl)methanone oximes (23). 1H NMR (200 MHz, CDCl3), major isomer: 

2.56 (6H, s), 3.84 (3H, s), 6.54 (1H, d, J = 3.2), 6.98 (2H, s), 7.12 (1H, d, J = 3.2), 7.24 (1H, dd, 

J = 1.8, J = 8.6), 7.40 (1H, bd, J = 8.6), 7.68 (1H, d, J = 1.8). 1H NMR (200 MHz, CDCl3), minor 

isomer: 2.61 (6H, s), 3.80 (3H, s), 6.46 (1H, d, J = 3.2), 6.90 (2H, s), 7.06 (1H, d, J = 3.2), 7.29 

(1H, bd, J = 8.6), 7.47 (1H, d, J = 1.8), 7.51 (1H, dd, J = 1.8, J = 8.6). 13C NMR (50 MHz, CDCl3): 

13.3 (2) (CH3), 32.9 (CH3), 102.0 (CH), 109.4 (CH), 116.5 (2) (CH), 120.6 (CH), 121.6 (CH), 

125.5 (C), 128.1 (C), 129.8 (CH), 137.5 (C), 141.5 (C), 156.9 (C), 159.7 (2) (C). IR: (film): 1435, 

1517, 1571, 3214 cm-1. HRMS (C17H17N3OS2): calculated (M+H+) 344.0886, found 344.0870. 

 

(E/Z)-5-((2-chloro-6-(methylsulfanyl)pyridin-4-yl)(hydroxyimino)methyl)-1-methyl-1H-

indole-3-carbonitrile (24) 

Following procedure 3, 282 mg (4.06 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 140 mg (0.41 mmol) of 5-(2-chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-

indole-3-carbaldehyde (20) in 20 mL of MeOH, yielding 129 mg (0.34 mmol; 84%)  of a mixture 

of oximes. The oximes were dissolved in 1 mL of pyridine and 0.5 mL of acetic anhydride, 

following procedure 5 to yield 103 mg (0.26 mmol; 76%) of (E/Z)-5-((2-chloro-6-

(methylsulfanyl)pyridin-4-yl)(acetoxyimino)methyl)-1-methyl-1H-indole-3-carbonitrile, that was 

dissolved in 3 mL of MeOH and 1 mL of 10% NaOH  and stirred for 72 hours at room 

temperature. The mixture was poured onto CH2Cl2 and the organic layer was washed with brine 

until neutral pH, dried over anhydrous Na2SO4, filtered and evaporated to dryness, yielding 89 

mg. Column chromatography using 95/5 CH2Cl2/EtOAc gave 45 mg (0.13 mmol; 50%) of (E/Z)-

5-((2-chloro-6-(methylsulfanyl)pyridin-4-yl)(hydroxyimino)methyl)-1-methyl-1H-indole-3-

carbonitrile (24) as light yellow needles (CH2Cl2/Hexane). 1H NMR (200 MHz, CDCl3) 2.46 (3H, 

s), 2.52 (3H, s), 3.80 (3H, s), 3.84 (3H, s), 6.93 (1H, s), 6.99 (1H, s), 7.01 (1H, s), 7.04 (1H, s), 

7.18 (1H, d, J = 1,6), 7.22 (1H, d, J = 8.6), 7.30 (1H, d, J = 8.6), 7.43 (1H, d, J = 8.6), 7.53 (1H, 

s), 7.58 (1H, s), 7.63 (1H, s), 7.71 (1H, s). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 33.8 (CH3), 



 

110.7 (CH), 115.3 (C), 117.4 (CH), 118.3 (CH), 119.0 (C), 119.7 (CH), 121.0 (CH), 123.1 (C), 

124.5 (CH), 127.6 (C), 136.2 (C), 136.7 (CH), 146.6 (C), 151.2 (C), 155.1 (C), 161.6 (C), 175.8 

(C). IR (film): 1428, 1448, 1527, 1574, 2219, 3316, 3338 cm-1. HRMS (C17H13ClN4OS): 

calculated (M+Na+) 379.0391, found 379.0389.   

 

5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde 

(25) 

Following procedure 4, 0.16 ml (1.7 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 89 mg (0.28 mmol) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-

methyl-1H-indole (18) was added stirred for 2 hours at room temperature. After precipitation, the 

filtrate was flash chromatographed with Hexane/EtOAc (4/6) to yield 67 mg (0.20 mmol; 70%) 

of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde (25). 

1H NMR (200 MHz, CDCl3) 2.56 (3H, s), 3.92 (3H, s), 5.62 (1H, s), 5.65 (1H, s), 6.94 (1H, d, J 

= 1.4), 7.03 (1H, d, J = 1.4), 7.17 (1H, dd, J = 1.8; J = 8.2), 7.34 (1H, bd, J = 8.2), 7.73 (1H, s), 

8.29 (1H, d, J = 1.8), 10.0 (1H, s). 13C NMR (50 MHz, CDCl3): 13.6 (CH3), 33.9 (CH3), 110.0 

(CH), 118.0 (CH2), 118.3 (C), 118.5 (CH), 119.0 (CH), 121.8 (CH), 124.5 (CH), 125.4 (C), 134.5 

(C), 137.8 (C), 140.2 (CH), 147.2 (C), 151.1 (C), 152.3 (C), 160.9 (C), 184.4 (CHO). IR (film): 

1528, 1577, 1657 cm-1. HRMS (C18H15ClN2OS): calculated (M+H+) 343.0666, found 343.0666. 

 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde (26) 

Following procedure 4, 309 µl (3.38 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 184 mg (0.56 mmol) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-

methyl-1H-indole (19) was added and the mixture stirred for 2 hours at room temperature. After 

precipitation, the filtrate was flash chromatographed with 6/4 Hexane/EtOAc to yield 183 mg 

(0.51 mmol; 92%) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-

carbaldehyde (26) 1H NMR (200 MHz, CDCl3): 2.57 (6H, s), 3.88 (3H, s), 5.56 (1H, s), 5.60 (1H, 

s), 6.82 (2H, s), 7.17 (1H, bd, J = 8.6), 7.32 (1H, bd, J = 8.6), 7.70 (1H, s), 8.29 (1H, s), 9.98 

(1H, s). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 33.8 (CH3), 109.9 (CH), 116.1 (2) (CH), 116.9 

(CH2), 118.2 (C), 121.6 (CH), 124.5 (CH), 125.3 (C), 134.9 (C), 137.7 (C), 140.2 (CH), 148.0 

(C), 149.5 (C), 159.3 (2) (C), 184.3 (CH). IR (film): 1456, 1481, 1524, 1572, 1652, 2918 cm-1. 

HRMS (C19H18N2OS2): calculated (M+H+) 355.0933, found 355.0939. 



 

 

5-(1-(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid 

(27) 

393 μl (0.74 mmol) of phosgene was added to a solution of 85 mg (0.27 mmol) of 5-(1-(2-chloro-

6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde (25) in 20 mL of dry 

CH2Cl2 at 0 ºC. After stirring 72 hours at room temperature the reaction is poured onto iced 

water and extracted with EtOAc. The organic layer were washed with 4% NaOH and brine until 

neutral pH, dried over anhydrous Na2SO4, filtered and evaporated to dryness, yielding 66 mg 

(0.19 mmol; 71%) of 5-(2-chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-

carbaldehyde (20). The basic waters were acidified with 2N HCl and extracted with EtOAc. The 

organic layer was washed with brine until neutral pH, dried over anhydrous Na2SO4, filtered and 

evaporated to dryness, yielding 13 mg (0.04 mmol; 13%) of 5-(1-(2-chloro-6-

(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (27). 1H NMR (200 MHz, 

CDCl3) 2.48 (3H, s), 3.81 (3H, s), 5.55 (1H, s), 5.58 (1H, s), 6.89 (1H, d, J = 1.1), 6.97 (1H, d, 

J = 1.1), 7.05 (1H, bd, J = 8.5), 7.26 (1H, bd, J = 8.5), 7.83 (1H, s), 8.12 (1H, s). IR (film): 1465, 

1532, 1577, 1610, 1662 cm-1. HRMS (C18H15ClN2O2S): calculated (M+Na+) 381.0435, found 

381.0453. 

 

5-(1-(2,6-Bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (28) 

125 μl (0.24 mol) of phosgene was added to a solution of 79 mg (0.24 mmol) of 5-(1-(2,6-

bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (19) in 20 mL of dry CH2Cl2 at 0 ºC. 

After stirring 72 hours at room temperature the reaction is poured onto iced water, basified with 

4% NaOH and extracted with CH2Cl2. The basic aqueous layer was acidified with HCl 2N and 

extracted with CH2Cl2. The organic layer was washed with and brine until neutral pH, dried over 

anhydrous Na2SO4, filtered and evaporated to dryness, yielding 22 mg (0.06 mmol; 25%) of 5-

(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (28). 1H NMR 

(200 MHz, CDCl3): 2.58 (6H, s), 3.88 (3H, s), 5.58 (1H, s), 5.61 (1H, s), 6.84 (2H, s), 7.12 (1H, 

bd, J = 8.9), 7.31 (1H, bd, J = 8.9), 7.90 (1H, s), 8.22 (1H, s). 13C NMR (50 MHz, DMSO-D6): 

12.7 (2) (CH3), 33.1 (CH3), 106.5 (C), 110.9 (CH), 115.3 (2) (CH), 117.1 (CH2), 120.2 (CH), 

122.4 (CH), 126.4 (C), 132.7 (C), 136.9 (CH), 147.4 (C), 149.6 (C), 159.2 (2) (C), 165.5 (C). IR 

(KBr): 1422, 1482, 1523, 1573, 1615, 1656 cm-1. HRMS (C19H18N2O2S2): calculated (M+H+) 

371.0882, found 371.0886. 



 

 

5-(1-(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbonitrile (29) 

Following procedure 3, 324 mg (4.67 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 160 mg (0.46 mmol) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-

1H-indole-3-carbaldehyde (25) in 20 mL of MeOH, yielding 149 mg (0.42 mmol; 90%)  of a 

mixture of oximes. The oximes were dissolved in 1 mL of pyridine and 0.5 mL of acetic 

anhydride, following procedure 5. Column chromatography using 7/3 Hexane/EtOAc gave 106 

mg (0.31 mmol; 74%) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-

3-carbonitrile (29). 1H NMR (200 MHz, CDCl3) 2.56 (3H, s), 3.88 (3H, s), 5.62 (1H, s), 5.63 (1H, 

s), 6.93 (1H, s, J = 1.2), 7.02 (1H, s, J = 1.2), 7.20 (1H, dd, J = 1.6, J = 8.6), 7.37 (1H, bd, J = 

8.6), 7.61 (1H, s), 7.70 (1H, s). 13C NMR (50 MHz, CDCl3) 13.5 (CH3), 33.8 (CH3), 110.4 (CH), 

115.6 (C), 117.9 (CH2), 118.4 (CH), 119.0 (CH), 119.5 (CH), 124.3 (CH), 127.9 (C), 133.8 (C), 

135.9 (C), 136.3 (CH), 146.8 (C), 151.1 (C), 151.9 (C), 161.0 (C). IR (film): 1526, 1576, 2218 

cm-1. HRMS (C18H14ClN3S): calculated (M+H+) 340.0670, found 340.0673. 

 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbonitrile (30) 

Following procedure 3, 271 mg (3.89 mmol)  of hydroxylamine hydrochloride was added onto a 

solution of 138 mg (0.39 mmol) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-

indole-3-carbaldehyde (26) in 20 mL of MeOH, yielding 138 mg (0.37 mmol; 95%) of 5-(1-(2,6-

bis(methylthio)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde oxime. The oximes were 

dissolved in 1 mL of pyridine and 0.5 mL of acetic anhydride, following procedure 5. Column 

chromatography using 3/1 Hexane/EtOAc gave 51 mg (0.15 mmol; 39%) of 5-(1-(2,6-

bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbonitrile (30). 1H NMR (200 MHz, 

CDCl3): 2.55 (6H, s), 3.77 (3H, s), 5.48 (1H, s), 5.49 (1H, s), 6.72 (2H, s), 7.13 (1H, bd, J = 8.8), 

7.26 (1H, bd, J = 8.8), 7.50 (1H, s), 7.60 (1H, s). 13C NMR (50 MHz, CDCl3): 13.6 (2) (CH3), 34.2 

(CH3), 110.7 (CH), 116.1 (C), 116.5 (2) (CH), 117.3 (CH2), 119.8 (CH), 124.8 (CH), 128.2 (C), 

134.7 (C), 136.2 (C), 136.6 (CH), 148.0 (C), 159.6 (C), 159.7 (2) (C). IR (film): 1484, 1527, 1573, 

1714, 2218 cm-1. HRMS (C19H17N3S2): calculated (M+H+) 352.0937, found 352.0939. 

 

5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxamide 

(31) 



 

12 ul (0.14 mmol) of chlorosulfonylisocyanide was added to a solution of 29 mg (0.09 mmol) of 

5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (18) in 2 mL of 1,2-

dichloroethane and the mixture stirred 24 hours at room temperature under N2. The mixture was 

poured onto ice and extracted with CH2Cl2. The organic layer was washed with brine until neutral 

pH, dried over anhydrous Na2SO4, filtered, evaporated to dryness, and subjected to preparative 

thin layer chromatography, yielding 12 mg (0.03 mmol; 31%) of 5-(1-(2-chloro-6-

(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (27) and 10 mg (0.03 

mmol; 31%) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-

carboxamide (31). 1H NMR (200 MHz, CDCl3) 2.55 (3H, s); 3.86 (3H, s); 5.56 (2H, s); 5.60 (1H, 

s); 5.62 (1H, s); 6.95 (1H, d, J = 1.2); 7.03 (1H, d, J = 1.2); 7.13 (1H, dd, J = 1.7; J = 8.6); 7.33 

(1H, bd, J = 8.6); 7.68 (1H, s); 7.95 (1H, d, J = 1.7). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 33.5 

(CH3), 110.0 (CH), 110.2 (C), 117.6 (CH), 118.5 (CH), 119.0 (CH), 120.4 (CH2), 123.3 (CH), 

125.9 (C), 133.3 (CH), 137.1 (C), 147.4 (C), 151.1 (C), 152.3 (C), 159.5 (C), 166.6 (C). IR: (film): 

1519, 1574, 1651, 2925, 3342 cm-1. HRMS (C18H16ClN3OS): calculated (M+H+) 358.0775, found 

358.0780.  

 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxamide (32) 

29 ul (0.32 mmol) of chlorosulfonylisocyanide was added to a solution of 70 mg (0.21 mmol)  of 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (19) in 2 mL of 1,2-

dichloroethane and the mixture stirred 24 hours at room temperature under N2. The mixture was 

poured onto ice and extracted with CH2Cl2. The organic layer was washed with brine until neutral 

pH, dried over anhydrous Na2SO4, filtered, evaporated to dryness, and chromatographed with 

99:1 CH2Cl2/MeOH to yield 24 mg (0.06 mmol; 31%) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-

yl)vinyl)-1-methyl-1H-indole-3-carboxamide (32). 1H NMR (200 MHz, CDCl3): 2.51 (6H, s), 3.78 

(3H, s), 5.50 (1H, s), 5.51 (1H, s), 5.66 (2H, s), 6.76 (2H, s), 7.08 (1H, dd, J = 1.6, J = 8.6), 7.24 

(1H, bd, J = 8.6), 7.63 (1H, s), 7.86 (1H, d, J = 1.6). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 

33.5 (CH3), 110.0 (CH), 110.1 (C), 116.2 (2) (CH), 120.1 (CH2), 123.4 (CH), 125.6 (CH), 133.6 

(C), 133.8 (CH), 137.1 (C), 148.1 (C), 149.5 (C), 159.2 (2) (C), 166.7 (C). IR (film): 1462, 1519, 

1573, 1651, 2924, 3341cm-1. HRMS (C19H19N3OS2): calculated (M+H+) 370.1042, found 

370.1051. 

 

 (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone (33) 



 

Following procedure 1, 7.3 ml (11.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 2.32 g (11.6 mmol) of 4-bromo-N,N-dimethylaniline in dry THF at -40 ºC. After 45 

minutes, 1 g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry 

THF was added. The reaction product was flash chromatographed using 98/2 Hexane/EtOAc to 

yield 81 mg (0.18 mmol; 4%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)bis(4-

(dimethylamino)phenyl)methanol and 669 mg (2.1 mmol; 46%) of (2,6-

bis(methylsulfanyl)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone (33). M.p. (Hex/EtOAc): 

103 - 105 ºC. 1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 3.09 (6H, s), 6.67 (2H, d, J = 9.2), 7.04 

(2H, s), 7.75 (2H, d, J = 9.2). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 40.1 (2) (CH3), 110.7 

(2) (CH), 115.6 (2) (CH), 123.4 (C), 132.6 (2) (CH), 146.5 (C), 153.7 (C), 159.8 (2) (C), 192.6 

(C). IR (KBr): 1435, 1523, 1591, 1639 cm-1. HRMS (C16H18N2OS2): calculated (M+H+) 319.0933, 

found 319.1221. (2,6-bis(methylsulfanyl)pyridin-4-yl)bis(4-(dimethylamino)phenyl)methanol:  1H 

NMR (200 MHz, CDCl3): 2.55 (6H, s), 2.94 (12H, s), 6.66 (4H, d, J = 8.8), 6.91 (2H, s), 7.09 (4H, 

d, J = 8.8). 13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 40.4 (4) (CH3), 80.7 (C), 111.7 (4) (CH), 

115.9 (2) (CH), 128.6 (4) (CH), 133.6 (2) (C), 149.7 (2) (C), 156.5 (C), 158.6 (2) (C). IR (KBr): 

1522, 1576, 1608, 2921, 3432 cm-1. HRMS (C24H29N3OS2): calculated (M+H+) 440.1825, found 

440.1838. 

 

4-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-N,N-dimethylaniline (34) 

Following procedure 2, 1.5 ml (2.4 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.33 g (3.3 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 302 mg (0.95 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

(dimethylamino)phenyl)methanone (33) was added. Flash chromatography with 97/3 

Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) of 4-(1-(2,6-bis(methylsulfanyl)pyridin-4-

yl)vinyl)-N,N-dimethylaniline (34). 1H NMR (200 MHz, CDCl3): 2.59 (6H, s); 2.99 (6H, s); 5.31 

(1H, d, J = 1.0); 5.45 (1H, d, J = 1.0); 6.69 (2H, d, J = 9.2); 6.86 (2H, s); 7.18 (2H, d, J = 9.2). 

13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 40.4 (2) (CH3), 111.7 (2) (CH), 113.5 (CH2), 116.4 

(2) (CH), 127.5 (C), 128.8 (2) (CH), 147.3 (C), 149.9 (C), 150.3 (C), 159.0 (2) (C). IR (film): 1519, 

1572, 1606 cm-1. HRMS (C17H20N2S2): calculated (M+H+) 317.1141, found 317.1142. 

 

(E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone oximes (35). 



 

Following procedure 3, 432 mg (6.22 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 198 mg (0.62 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

(dimethylamino)phenyl)methanone (33) in 20 mL of MeOH. The mixture of oximes was 

chromatographed with 9/1 Hexane/EtOAc to yield 141 mg (0.42 mmol; 69%) of the mixture of 

(E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone oximes (35). Major 

isomer: 1H NMR (200 MHz, CDCl3): 2.59 (6H, s), 2.99 (6H, s), 6.62 (2H, d, J = 9.0), 6.83 (2H, 

s), 7.30 (2H, d, J = 9.0). 13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 40.2 (2) (CH3), 111.7 (2) 

(CH), 116.4 (2) (CH), 128.4 (C), 128.4 (2) (CH), 137.8 (C), 151.3 (C), 155.7 (C), 159.6 (2) (C). 

IR (KBr): 1524, 1574, 1605, 3246, 3273 cm-1. HRMS (C16H20N3OS2): calculated (M+Na+) 

356.0867, found 356.1157. Minor isomer: 1H NMR (200 MHz, CDCl3): 2.57 (6H, s), 3.02 (6H, s), 

6.72 (2H, d, J = 8.9), 6.96 (2H, s), 7.36 (2H, d, J = 8.9). 13C NMR (50 MHz, CDCl3): 13.3 (2) 

(CH3), 40.1 (2) (CH3), 111.2 (2) (CH), 115.9 (2) (CH), 118.0 (C), 121.7 (C), 131.1 (2) (CH), 150.9 

(C), 155.6 (C), 159.5 (2) (C). 

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(3-(dimethylamino)phenyl)methanone (36) 

Following procedure 1, 7.3 ml (11.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 1.29 ml (8.75 mmol) of 3-bromo-N,N-dimethylaniline in dry THF at -40 ºC. After 45 

minutes, 754 mg (3.5 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of 

dry THF was added. The reaction product was flash chromatographed using 95/5 

Hexane/EtOAc to yield 590 mg (1.85 mmol; 53%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(3-

(dimethylamino)phenyl)methanone (36). M.p. (Hex/CH2Cl2): 114 – 116 ºC. 1H NMR (200 MHz, 

CDCl3): 2.61 (6H, s), 3.00 (6H, s), 6.96 (1H, dd, J = 1.7, J = 8.6), 7.02 (1H, dd, J = 7.6), 7.15 

(2H, s), 7.16 (1H, d, J = 1.7), 7.31(1H, t, J = 7.9). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 

40.5 (2) (CH3), 112.6 (CH), 115.4 (2) (CH), 117.3 (CH), 118.7 (CH), 129.0 (CH), 136.6 (C), 144.9 

(C), 150.4 (C), 160.1 (2) (C), 195.5 (C). IR (KBr): 1525, 1568, 1596, 1656 cm-1. HRMS 

(C16H18N2OS2): calculated (M+H) 319.0939, found 319.0938. 

 

3-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-N,N-dimethylaniline (37) 

Following procedure 2, 1.22 ml (1.95 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.18 g (2.93 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 312 mg (0.98 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(3-



 

(dimethylamino)phenyl)methanone (36) was added. Flash chromatography with 97/3 

Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) of 112 mg (0.35 mmol; 36 %) of 3-(1-(2,6-

bis(methylsulfanyl)pyridin-4-yl)vinyl)-N,N-dimethylaniline (37). 1H NMR (200 MHz, CDCl3): 2.59 

(6H, s), 2.94 (6H, s), 5.52 (1H, d, J = 1.2), 5.54 (1H, d, J = 1.2), 6.62 (1H, dd, J = 6.7), 6.64 (1H, 

s), 6.73 (1H, dd, J = 6.7), 6.85 (2H, s), 7.21 (1H, t, J = 8.1). 13C NMR (50 MHz, CDCl3): 13.4 (2) 

(CH3), 40.7 (2) (CH3), 112.4 (CH), 112.5 (CH), 116.3 (2) (CH), 116.5 (CH2), 116.8 (CH), 129.1 

(CH), 140.6 (C), 148.4 (C), 149.2 (C), 150.5 (C), 159.2 (2) (C). IR (film): 1517, 1571, 1596 cm-

1. HRMS (C17H20N2S2): calculated (M+Na+) 339.0960, found 339.0959. 

 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(3-(dimethylamino)phenyl)methanone oxime 

(38) 

Following procedure 3, 465 mg (6.69 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 213 mg (0.67 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(3-

(dimethylamino)phenyl)methanone (36) in 20 mL of MeOH. The mixture of oximes was 

chromatographed with 9/1 Hexane/EtOAc to yield 182 mg (0.55 mmol; 82%) of the mixture of 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(3-(dimethylamino)phenyl)methanone oximes (38). 

Major isomer: 1H NMR (200 MHz, CDCl3): 2.57 (6H, s), 2.96 (6H, s), 6.59 (1H, m), 6.61 (1H, bd, 

J = 8.2), 6.80 (1H, bd, J = 8.2), 6.98 (2H, s), 7.33 (1H, t, J = 8.2). 13C NMR (50 MHz, CDCl3): 

13.4 (2) (CH3), 40.5 (2) (CH3), 112.3 (CH), 113.5 (CH), 115.1 (2) (CH), 116.6 (CH), 129.3 (CH), 

131.7 (C), 143.7 (C), 150.4 (C), 156.9 (C), 159.6 (2) (C). IR (film): 1521, 1572, 1597, 2921, 3265 

cm-1. HRMS (C16H19N3OS2): calculated (M+H+) 334.1042, found 334.1042. Minor isomer: 1H 

NMR (200 MHz, CDCl3): 2.59 (6H, s), 2.92 (6H, s), 6.61 (1H, d, J = 7.9), 6.63 (1H, m), 6.78 (1H, 

bd, J = 7.9), 6.87 (2H, s), 7.18 (1H, t, J = 7.9). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 40.7 

(2) (CH3), 111.2 (CH), 112.6 (CH), 114.5 (CH), 116.5 (2) (CH), 129.3 (CH), 135.2 (C), 141.0 (C), 

150.5 (C), 156.2 (C), 159.7 (2) (C).  

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(6-(dimethylamino)pyridin-3-yl)methanone (39) 

7.3 ml (11.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a solution of 1.167 g (5.80 

mmol) of 5-bromo-N,N-dimethylpyridin-2-amine in dry THF at -40 ºC and stirred for 1 hour. 215 

mg (8,96 mmol) of NaH was added to a solution of 1 g (4.6 mmol) of 2,6-

bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry THF and stirred for 1 hour at 0 



 

ºC. The first solution was slowly added onto the second and stirred for 24 hours. 2 mL of ethyl 

formate was added and the miture was poured onto 5% NH4Cl and EtOAc. The mixture was 

partially evaporated and the organic layer was washed with 2N HCl, 5% NaHCO3, and brine, 

dried over anhydrous Na2SO4, filtered and evaporated. The reaction product was flash 

chromatographed using 8/2 Hexane/EtOAc to yield 71 mg (0.16 mmol; 3%) of (2,6-

bis(methylsulfanyl)pyridin-4-yl)bis(6-(dimethylamino)pyridin-3-yl)methanol and 97 mg (0.30 

mmol; 5%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(6-(dimethylamino)pyridin-3-yl)methanone 

(39). 1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 3.21 (6H, s), 6.55 (1H, bd, J = 9.2), 7.04 (2H, s), 

7.98 (1H, dd, J = 2.2, J = 9.2), 8.57 (1H, d, J = 2.2). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 

38.1 (2) (CH3), 105.3 (CH), 115.5 (2) (CH), 119.9 (C), 138.3 (CH), 145.5 (C), 153.1 (CH), 160.2 

(2) (C), 160.7 (C), 191.8 (C). IR (KBr): 1524, 1593, 1645 cm-1. HRMS (C15H17N3OS2): calculated 

(M+H+) 320.0886, found 320.0901. (2,6-bis(methylsulfanyl)pyridin-4-yl)bis(6-

(dimethylamino)pyridin-3-yl)methanol: M.p. (Hex/CH2Cl2): 175 – 177 ºC. 1H NMR (200 MHz, 

CDCl3): 2.55 (6H, s), 3.09 (12H, s), 6.45 (2H, bd, J = 8.8), 6.86 (2H, s), 7.36 (2H, dd, J = 2.4, J 

= 8.8), 7,95 (2H, d, J = 2.4). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 38.2 (4) (CH3), 78.2 (C), 

105.5 (2) (CH), 115.6 (2) (CH), 128.1 (2) (C), 137.2 (2) (CH), 146.9 (2) (CH), 155.3 (C), 158.4 

(2) (C), 159.2 (2) (C). IR (KBr): 1515, 1568, 1605, 2924 cm-1. HRMS (C22H27N5OS2): calculated 

(M+H+) 442.1730, found 442.1722. 

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone (40) 

Following procedure 1, 7.2 ml (11.5 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 2.41 g (11.5 mmol) of 2-bromonaphthalene in dry THF at -40 ºC. After 45 minutes, 1 

g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry THF was 

added. The reaction product was flash chromatographed using 95/5 Hexane/EtOAc to yield 709 

mg (2.18 mmol; 47%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone (40). 

1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 7.17 (2H, s), 7.4 - 8.3 (7H, m). 13C NMR (50 MHz, 

CDCl3): 13.5 (2) (CH3), 116.2 (2) (CH), 124.3 (CH), 125.5 (CH), 126.8 (CH), 128.0 (CH), 128.6 

(CH), 129.5 (CH), 132.9 (CH), 130.8 (C), 133.8 (C), 134.1 (C), 145.1 (C), 160.8 (2) (C), 196.4 

(C). IR (film): 1529, 1570, 1665 cm-1. 

 

2,6-bis(methylsulfanyl)-4-(1-(naphthalen-2-yl)vinyl)pyridine (41) 



 

Following procedure 2, 1.91 ml (3.06 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.85 g (5.49 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 497 mg (1.53 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-

yl)(naphthalen-2-yl)methanone (40) was added. Flash chromatography with 97/3 

Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) of 293 mg (0.91 mmol; 59 %) of 2,6-

bis(methylsulfanyl)-4-(1-(naphthalen-2-yl)vinyl)pyridine (41). 1H NMR (200 MHz, CDCl3): 2.56 

(6H, s), 5.53 (1H, d, J = 1.1), 6.08 (1H, d, J = 1.1), 6.81 (2H, s), 7.2 – 7.7 (7H, m). 13C NMR (50 

MHz, CDCl3): 13.4 (2) (CH3), 114.7 (2) (CH), 120.0 (CH2), 125.5 (CH), 126.1 (2) (CH), 126.4 

(CH), 127.6 (CH), 128.5 (CH), 128.7 (CH), 131.6 (C), 133.8 (C), 138.0 (C), 146.2 (C), 148.5 (C), 

159.6 (2) (C). IR (film): 1519, 1570 cm-1. HRMS (C19H17NS2): calculated (M+H+) 324.0875, found 

324.0893. 

 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone oxime (42) 

Following procedure 3, 199 mg (0.29 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 93 mg (0.29 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-

yl)methanone (40) in 20 mL of MeOH. The mixture of oximes was chromatographed with 9/1 

Hexane/EtOAc to yield 188 mg (0.26 mmol; 89%) of the mixture of (E/Z)-(2,6-

bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone oxime (43). Major isomer: 1H NMR 

(200 MHz, CDCl3): 2.53 (6H, s), 6.95 (2H, s), 7.2 - 8.0 (7H, m). 13C NMR (50 MHz, CDCl3): 13.4 

(2) (CH3), 114.4 (2) (CH), 125.4 (2) (CH), 126.3 (CH), 126.5 (CH), 127.0 (CH), 127.3 (C),128.7 

(CH), 129.8 (CH), 130.2 (C), 133.6 (C), 143.3 (C), 155.6 (C), 159.9 (2) (C). IR: (película): 1435, 

1522, 1571, 3271, 3295 cm-1. HRMS (C18H16N2OS2): calculated (M+H+) 341.0777, found 

341.0792. Minor isomer: 1H NMR (200 MHz, CDCl3): 2.55 (6H, s), 7.01 (2H, s), 7.4 – 8.0 (7H, 

m). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 114.4 (CH), 116.8 (CH), 125.4 (2) (CH), 126.5 

(CH), 127.0 (CH), 128.5 (CH), 129.7 (CH), 130.2 (CH), 131.5 (C), 133.9 (C), 140.6 (C), 143.4 

(C), 154.8 (C), 155.5 (C), 159.8 (2) (C). 

 

(Z)-4-(4-methoxystyryl)-2,6-bis(methylsulfanyl)pyridine (43) 

Following procedure 2, 0.25 ml (0.40 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 189 mg (0.36 mmol) of ((2,6-bis(methylthio)pyridin-4-

yl)methyl)triphenylphosphonium bromide (6) in 50 mL of dry THF at -40 ºC. After 45 minutes, a 



 

solution of 0.13 ml (1.10 mmol) of 4-methoxybenzaldehyde in 5 mL of dry THF was added over 

30 minutes. Flash chromatography with 97/3 Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) 

of 59 mg (0.19 mmol; 54%) of (E)-4-(4-methoxystyryl)-2,6-bis(methylsulfanyl)pyridine (43E) and 

19 mg (0.06 mmol; 17%) of (Z)-4-(4-methoxystyryl)-2,6-bis(methylsulfanyl)pyridine (43). 1H 

NMR (200 MHz, CDCl3): 2.49 (6H, s), 3.79 (3H, s), 6.25 (1H, d, J = 12), 6.65 (1H, d, J = 12), 

6.73 (2H, s), 6.78 (2H, d, J = 8.2), 7.16 (2H, d, J = 8.2). 13C NMR (50 MHz, CDCl3): 13.3 (2) 

(CH3), 55.3 (CH3), 113.8 (2) (CH), 116.3 (2) (CH), 125.5 (CH), 128.4 (C), 130.3 (2) (CH), 132.8 

(C), 133.6 (CH), 145.5 (C), 159.4 (2) (C). IR (KBr): 1512, 1566, 1604 cm-1. HRMS (C16H17NOS2): 

calculated (M+H+) 304.0824, found 304.0823. (E)-4-(4-methoxystyryl)-2,6-

bis(methylsulfanyl)pyridine (43E): 1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 3.84 (3H, s), 6.73 

(1H, d, J = 16), 6.91 (2H, d, J = 8.6), 6.94 (2H, s), 7.18 (1H, d, J = 16), 7.45 (2H, d, J = 8.6). 13C 

NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.4 (CH3), 114.0 (2) (CH), 114.3 (2) (CH), 123.3 (CH), 

128.4 (2) (CH), 128.9 (C), 132.8 (C), 132.9 (CH), 159.4 (2) (C). Falta un C. IR (KBr): 1517, 1571, 

1604, 1635 cm-1. HRMS (C16H18NOS2): calculated (M+H+) 304.0830, found 304.0823. 

 

(Z)-5-(2-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (44) 

Following procedure 2, 0.4 ml (0.64 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 139 mg (0.26 mmol) of ((2,6-bis(methylthio)pyridin-4-

yl)methyl)triphenylphosphonium bromide (6) in 50 mL of dry THF at -40 ºC. After 45 minutes, a 

solution of 252 mg (1.58 mmol) of N-methyl-1H-indole-5-carbaldehyde in 5 mL of dry THF was 

added over 30 minutes. Flash chromatography with 98/2 Hexane/EtOAc yielded 22 mg (0.07 

mmol; 26%) of (E)-5-(2-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (44E) and 

12 mg (0.04 mmol; 14%) of (Z)-5-(2-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-

indole (44). 1H NMR (200 MHz, CDCl3): 2.45 (6H, s), 3.77 (3H, s), 6.26 (1H, d, J = 12), 6.43 (1H, 

d, J = 3.2), 6.78 (2H, s), 6.86 (1H, d, J = 12), 7.03 (1H, d, J = 3.2), 7.12 (1H, bd, J = 8.6), 7.12 

(1H, bd, J = 8.6), 7.52 (1H, s). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3),33.1 (CH3), 101.7 (CH), 

109.7 (CH), 114.0 (2) (CH), 120.5 (CH), 120.8 (CH), 122.5 (CH), 124.7 (C), 127.8 (C), 128.8 

(C), 129.8 (CH), 134.9 (CH), 145.5 (C), 159.3 (2) (C). IR (film): 1521, 1571, 1608, 1626 cm-1. 

HRMS (C18H18N2S2): calculated (M+H+) 327.0984, found 327.1001. 

 
 
4.1.3. Determination of Aqueous Solubility.  



 

The aqueous solubility was determined by the shaking-flask method. Roughly 2 mg of the 

compound was shaken in 0.3 mL of pH 7.0 phosphate buffer for 72 h at room temperature. The 

saturated supernatant was passed through a 45 µm filter and the absorbance of the filtrate 

measured at the maximum UV absorbance wavelength for every compound in a Helios Alfa 

Spectrophotometer. The aqueous solubility was calculated by comparison with a calibration 

curve. 

 

4.2. Biology  

4.2.1. Inhibition of tubulin polymerization.  

Bovine brain tubulin was isolated as previously described.[35] Tubulin polymerization assays 

were carried out with 1.5 mg/mL protein at pH 6.7 in assay buffer containing 0.1 M MES buffer, 

1.5 mM GTP, 1 mM EGTA, 1 mM β-ME, 1 mM MgCl2, and the required ligand concentration. 

Samples were incubated 30 min at 20 °C, followed by cooling on ice for 10 min. Tubulin 

polymerization was assessed by the UV absorbance increase at 450 nm due to the turbidity 

caused by a temperature shift from 4 ºC to 37 ºC. When a stable plateau was reached and 

maintained for at least 20 minutes, the temperature was switched back to 4 ºC to ascertain the 

return to the initial absorption values, to confirm the reversibility of the process. The degree of 

tubulin assembly for each experiment was calculated as the difference in amplitude between the 

stable plateau and the initial baseline of the curves. Control experiments in identical conditions 

but the absence of ligand were taken as 100% tubulin polymerization. In a first screening, all the 

compounds were assayed at 5 µM in at least two independent measurements. For those 

compounds with TPI values higher than 40% on average, the IC50 values of tubulin 

polymerization were determined by measuring the tubulin polymerization inhibitory activity at 

different ligand concentrations. The obtained values of the mole ratio of total ligand to total 

tubulin in solution were fitted to mono-exponential curves and the IC50 values of tubulin 

polymerization inhibition calculated from the best-fitting curves.  



 

 

4.2.2. Cell culture.  

HL-60 (human acute myeloid leukemia) and HT-29 (human colon carcinoma) cell lines were 

grown at 37 °C in humidified 95% air and 5% CO2 in RPMI-1640 culture medium containing 10% 

(v/v) heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 2 mM L-glutamine. HeLa (human cervical carcinoma) cell line was grown at 37 °C in 

humidified 95% air and 5% CO2 in DMEM culture medium containing 10% (v/v) heat-inactivated 

fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. 

Cells were periodically tested for Mycoplasma infection and found to be negative. 

 

4.2.3. Cell Growth Inhibition Assay.  

The effect of the compounds on the proliferation of human tumor cell lines (cytostatic activity) 

was determined using the XTT (sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-

methoxy-6-nitro)-benzenesulfonic acid hydrate) cell proliferation kit (Roche Molecular 

Biochemicals, Mannheim, Germany) according to the manufacturer’s instructions as previously 

described.[51] Cells (5 × 103 HL-60, 1.5 × 103 HeLa, or 3 × 103 HT-29 in 100 μL) were incubated 

for 72 h in 96-well flat-bottomed microtiter plates at 37 °C in a humidified atmosphere of air/CO2 

(19/1) in culture medium containing 10% heat-inactivated FBS in the absence (control) and the 

presence of the indicated compounds at concentrations ranging from 10−5 to 10−13 M. After 

incubation, the XTT assay was performed. Each experiment was repeated three times and 

measurements were performed in triplicate. The IC50 (50% inhibitory concentration) value, 

defined as the drug concentration required to cause 50% inhibition in cellular proliferation with 

respect to the untreated controls, was determined for each compound by nonlinear curve fitting 

of the experimental data. 

 

4.2.4. Cell Cycle Analysis.  



 

For cell cycle analyses, untreated and drug-treated cells (2−4 × 105) were centrifuged and fixed 

overnight in 70% ethanol at 4 °C. Then cells were washed three times with PBS, incubated for 

1 h with 1 mg/mL RNase A and 20 μg/mL propidium iodide at room temperature, and analyzed 

with a Becton Dickinson fluorescence-activated cell sorter (FACSCalibur) flow cytometer (San 

Jose, CA) as previously described.[58, 59] Quantification of apoptotic cells was calculated as 

the percentage of cells in the sub-G0/G1 region in cell cycle analysis.[58, 59]  

 

4.2.5. Confocal Microscopy.  

HeLa cells were grown on 0.01% poly-L-lysine coated coverslips, and after drug treatment, the 

coverslips were washed three times with HPEM buffer (25 mM HEPES, 60 mM PIPES, 10 mM 

EGTA, 3 mM MgCl2, pH 6.6), fixed with 4% formaldehyde in HPEM buffer for 20 min, and 

permeabilized with 0.5% Triton X-100 as previously described.[53] Coverslips were incubated 

with a specific Ab-1 anti-α-tubulin mouse monoclonal antibody (diluted 1:150 in PBS) 

(Calbiochem, San Diego, CA) for 1 h, washed four times with PBS, and then incubated with 

CY3-conjugated sheep anti-mouse IgG (diluted 1:100 in PBS) (Jackson ImmunoResearch, West 

Grove, PA) for 1 h at 4 °C. After four washes with PBS, a drop of SlowFade light antifading 

reagent (Molecular Probes, Eugene, OR), with DAPI (Sigma, St. Louis, MO) to stain cell nuclei, 

was added to preserve fluorescence. The samples were analyzed by confocal microscopy using 

a ZeissLSM 310 laser scan confocal microscope. Negative controls, lacking the primary 

antibody or using an irrelevant antibody, showed no staining. 

 

4.2.6.Western Blot Analysis.  

About 5 x 106 cells were pelleted by centrifugation, washed with PBS, lysed, and subjected to 

Western blot analysis as described previously.[58] Proteins (15 µg) were separated through 8% 

sodium dodecyl sulfate-polyacrylamide gels under reducing conditions, transferred to 

nitrocellulose filters, blocked with 5% nonfat dry milk, and incubated overnight with the 



 

corresponding antibodies (anti-mitotic proteins mouse monoclonal antibody MPM-2, Abcam; 

C2.10 anti-PARP mouse monoclonal antibody, Cell Signaling). Signals were developed using 

an enhanced chemiluminescence (ECL) detection kit (Amersham). Immunoblotting with the 

mouse monoclonal anti-β-actin antibody AC15 (Sigma) was used as an internal loading control, 

revealing equivalent amounts of protein in each lane of the gel. 

 

4.3. Computational studies 

4.3.1. Chemical Structure.  

Calculations were performed consecutively using the Spartan 08 software package at the 

molecular mechanics (MMFF94s), semiempirical (AM1), and B3LYP 6-31+G* DFT levels. 

Conformational analyses were performed by systematically rotating the bonds between the rings 

in 18° steps with AM1 and the substituents on the pyridine ring were subjected to final 

unrestrained energy minimization until convergence at the B3LYP/6-31+G* DFT level of theory.  

 

4.3.2. Docking Experiments.  

The coordinates of the tubulin – colchicine site ligands complexes available were retrieved from 

the pdb [60] and chains C−E were removed. Five representative structures selected from 

previous studies of energy minimization and molecular dynamics simulations at 300 K on 

1SA1.pdb using AMBER14[61], initially with a restrained backbone and later 200 ns 

unrestrained were also used.[54] The ligands were built with Spartan 08[62] and prepared with 

AutodockTools. Docking experiments were run with PLANTS[55] using default settings and 10 

runs per ligand and AutoDock 4.2 [56, 63], by running the Lamarckian genetic algorithm (LGA) 

100−300 times with a maximum of 2.5 × 106 energy evaluations, 150 individuals in the 

population, and a maximum of 27000 generations. The occupancy of the colchicine site sub-

pockets by the obtained binding poses was automatically determined, and the results tabulated 

using in-house KNIME pipelines. The binding energies were converted to z-scores and used for 



 

comparison across programs. The results were analyzed with Chimera,[64] AutoDockTools,[56, 

63] Marvin,[65] OpenEye[66] and with JADOPPT.[67] The selection of the docking poses was 

done by searching for automatically determined similar docking poses coming from the two 

docking programs and scored in the two first quartiles and by comparing them to the alternative 

binding modes based on the combined z scoring. 
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Abstract 
 
Isocombretastatins are the not isomerizable 1,1-diarylethene isomers of 

combretastatins. Both families of antimitotics are poorly soluble and new analogs with 

improved water solubility are needed. The ubiquitous 3,4,5-trimethoxyphenyl ring and 

most of its replacements contribute to the solubility problem. 39 new compounds 

belonging to two series of isocombretastatin analogs with 2-chloro-6-methylsulfanyl-4-

pyridinyl or 2,6-bis(methylsulfanyl)-4-pyridinyl moieties replacing the 3,4,5-

trimethoxyphenyl have been synthesized and their antimitotic activity and aqueous 

solubility have been studied. We show here that 2-chloro-6-methylsulfanylpyridines are 

more successful replacements than 2,6-bis(methylsulfanyl)pyridines, giving highly potent 

tubulin inhibitors and cytotoxic compounds with improved water solubilities. The optimal 

combination is with indole rings carrying polar substitutions at the three position. The 

resulting diheteroaryl isocombretastatin analogs showed potent cytotoxic activity against 

human cancer cell lines caused by tubulin inhibition, as shown by in vitro tubulin 

polymerization inhibitory assays, cell cycle analysis, and confocal microscopy studies. 

Cell cycle analysis also showed apoptotic responses following G2/M arrest after 

treatment. Conformational analysis and docking studies were applied to propose binding 

modes of the compounds at the colchicine site of tubulin and were in good agreement 

with the observed SAR. 2-Chloro-6-methylsulfanylpyridines represent a new and 

successful trimethoxyphenyl ring substitution for the development of improved colchicine 

site ligands.   
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1. INTRODUCTION 

The microtubules of the eukaryotic cells are hollow dynamic tubes formed by polymerization and 

depolymerization of αβ-tubulin heterodimers, referred to as tubulin. This dynamic equilibrium is 

essential for their functioning and the aim of microtubule-targeting agents or MTAs, acting as 

anti-tumor and anti-parasitic drugs.[1] MTAs bind to tubulin in at least seven structurally 

characterized binding sites, some of them favoring (microtubule-stabilizing agents or MSAs) and 

some of them opposing polymerization (microtubule destabilizing agents or MDAs).[2] The 

combretastatins are a family of natural products that bind to the colchicine domain of tubulin, 

located at the interface between the αβ-tubulin heterodimers. Binding of combretastatins to the 

colchicine site hampers the curved to straight transition of tubulin dimers necessary for 

polymerization, and therefore they behave as MDAs.[3] MDAs inhibition of tubulin 

polymerization is especially patent in the highly dynamic mitotic microtubules and, therefore, 

they arrest cells at the metaphase to anaphase transition, which results in an enhanced 

population of cells in the G2/M phases of the cell cycle, and a late apoptosis onset of cancer 

cells.[4] Furthermore, combretastatins act as vascular disrupting agents or VDAs, causing a 

rapid collapse of the tumor neo-vasculature in vivo and tumor death.[5] The phosphate prodrug 

of combretastatin A-4 (CA4P, fosbretabulin) as fosbretabulin tromethamine (Fig. 1) has been 

granted the orphan drug designation for the treatment of ovarian adenocarcinoma, 

gastroenteropancreatic and neuroendocrine cancers, and anaplastic thyroid cancer, and the 

combretastatin A-1 diphosphate prodrug Oxi4503 (Fig. 1) for the treatment of relapsed/refractory 

Acute Myeloid Leukemia (AML) in combination with cytarabine.[6] 

 

Despite their clinical success, the combretastatins present several properties that limit their 

therapeutic potential and have therefore been the aim of many medicinal chemistry programs: 

they are highly hydrophobic compounds with low aqueous solubility, the double bond linking the 

two aromatic rings is configurationally unstable, they are inactivated in vivo by phase I and II 



 

metabolic transformations, and their vascular disrupting activity which causes tumor necrosis 

leaves a peripheral rim of undamaged cancer cells that rapidly regenerates the tumor mass.[7-

15] The solubility problem has been tackled by the formation of highly soluble prodrugs such as 

phosphates on the hydroxyl groups.[16] However, the hydroxyl group is also involved in phase 

II metabolic transformations leading to resistance.[17] The double bond isomerization problem 

has been solved by the inclusion of the bridge in different cycles,[10, 11, 18] by the replacement 

of the double bond by configurationally stable bridges of different lengths[19] or by bridges 

preferentially adopting cisoid conformations, such as the sulfonamides,[20] and has even been 

turned into an advantageous feature for photodynamic therapy.[21] A very successful strategy 

has been the reduction of the two - atom bridge of combretastatins to one - atom bridges as in 

benzophenones (phenstatins),[22] oximes,[23] diarylamines,[24, 25] 1,1-diarylethanes,[26] and 

1,1-diarylethenes (isocombretastatins, the regioisomers of combretastatins).[27-29] Avoidance 

of the metabolic transformations has been pursued by modifications on the bridge[17] and the 

aromatic rings,[30] and combination therapy and increased cytotoxic potency have been 

proposed to escape the resistance to VDAs.[8] However, many of these improvements are often 

achieved at the expense of others (e.g. replacement of the guaiacol ring to avoid metabolic 

transformation reduces the solubility).  

The B ring of combretastatins and isocombretastatins has been the subject of multiple 

replacements showing a permissive SAR requirement in this region.[15] However, few of them 

have addressed the increase in hydrophobicity associated with its replacement by naphthalene, 

indole, or differently substituted phenyl rings. The substitution of the hydroxyl group by amino 

substituents,[31] the replacement of the phenyl by pyridine rings,[25, 32, 33] and the introduction 

of polar groups on otherwise lipophilic moieties such as the indole rings [34, 35] are 

representative examples of such attempts. We have shown that the efficiency of these promising 

modifications is highly dependent on the structural context in which they are introduced,[34-36], 

and therefore needs to be ascertained in every structural context.  



 

 

The 3,4,5-trimethoxyphenyl ring of combretastatin A-4 (A ring) due to its large size and 

hydrophobic nature is the target of metabolic transformations of combretastatins[14] and 

isocombretastatins,[13] and also represents a highly desirable target for solubility 

improvements. However, SAR studies have firmly established its importance for high cytotoxic 

potency.[15] Recently, successful replacements of the trimethoxyphenyl ring by quinolines[37, 

38] and quinazolines[39] and related heterocycles have been described.[25, 40, 41] These 

potent benzo-fused heterocyclic compounds however unwillingly increase the hydrophobic area 

and the ring count.[42, 43] Successful replacements with smaller pyridine or related 

heterocycles have been less frequent and require hydrophobic substituents to compensate for 

the size reduction.[38, 44, 45] We have recently shown that replacement of the trimethoxyphenyl 

ring by pyridines can be favorably achieved with methylsulfanyl and methoxy substituents and 

that the encountered difficulties in the direct replacement of the phenyl ring of the 

trimetoxyphenyl ring by similarly substituted pyridines are due to unfavorable conformational 

preferences.[46] Furthermore, docking experiments showed optimal adjustment to complexes 

of tubulin with a chloro-furopyrimidine,[41] thus suggesting a region for further improvement 

devoid of the mentioned conformational issues. In all these instances, the polar interaction with 

the sidechain of Cys241of β-tubulin is preserved through the pyridine nitrogen. 

 



 

 

Figure 1. Chemical structure of combretastatins and one-atom bridged analogs, and design 

rationale for the compounds described in this work. 

 

A long-term goal of the design of new combretastatin and related analogs involves the 

replacement of the 3,4,5-trimethoxyphenyl ring (A ring) with polar moieties with higher intrinsic 

water solubility, thus allowing the removal of the troublesome solubilizing hydroxyl substituent 

of the B ring. The aim is to piece a piece enhance the overall polarity of the compounds in a way 

tolerated by the highly hydrophobic colchicine domain such that a solubility increase is 

accompanied by potent tubulin inhibition. We have combined two previous successful strategies 

of structural modification, the first one affecting and consisting in the replacement of ring A with 

substituted pyridines and the second involving modifications of ring B that remove the 

troublesome groups while allowing additional polarity enhancements. On the pyridine A ring we 

have further explored the methylsulfanyl groups that have less conformational penalties than 

the methoxy groups to partially compensate for the size reduction associated with the removal 

of the central methoxy group, and based on previous docking results we have also combined 

them with chlorine substituents. We have done so in the context of 1,2-ethenylene 

(combretastatin) and 1,1-ethenylidene (isocombretastatin), carbonyl (phenstatin), and ketoxime 

bridges that avoid the undesired isomerization of the bridge. Substantial solubility improvements 



 

were accomplished, and highly potent tubulin inhibitors were found. Potencies higher than the 

reference combretastatin A-4 in tubulin inhibition were attained, along with cytotoxic potencies 

in the mid nanomolar range in a more consistent way than with previous pyridine-based series 

against sensitive HeLa human cervix epithelioid carcinoma and HL-60 human acute myeloid 

leukemia cell lines. Submicromolar antiproliferative activity against the combretastatin A-4-

resistant colon adenocarcinoma (HT-29) cell line was also achieved.[12, 17, 30, 47] Treatment 

with the most potent compounds at concentrations of 100 nM resulted after 24 hours in the 

accumulation of cells in the G2/M phases of the cell cycle, followed by significant increases of 

the sub-G0/G1 cell populations 48 hours post-treatment. The effects of the compounds on the 

cytoskeleton were confirmed by immunofluorescence studies. Conformational analysis 

combined with docking studies suggest binding at the colchicine site with association energies 

dependent on the conformational preferences of the pyridine substituents. These results show 

that pyridine A rings can be a favorable modification in colchicine site ligands with improved 

water solubility and potent cytotoxic activity through tubulin polymerization inhibition for the 

development of new antimitotic drugs. 

 

2. RESULTS AND DISCUSSION 

2.1. Chemistry 

2.1.1. Chemical synthesis 

Nucleophilic additions of aryl-lithium derivatives to disubstituted pyridinecarboxylic acids 

prepared from citrazinic acid (scheme 1) were applied for the synthesis of the key intermediate 

diarylketones (schemes 2 and 3). Diarylketones were, in turn, converted into the 1,1-

diarylethenes by Wittig reactions and into the oximes by treatment with hydroxylamine 

hydrochloride. The combretastatin analogs were synthesized using Wittig reactions with 

pyridinemethylphosponium salts. 



 

Citrazinic acid was converted in neat phosphorous oxychloride to 2,6-dichloroisonicotinic acid 

(1),[48] which was the key intermediate for aromatic nucleophilic substitutions with sodium 

methanethiolate to give the mono- and disubstituted acids 2 and 3 (Scheme 1). Reduction of 3 

with LAH to the benzylic alcohol 4, nucleophilic substitution with HBr to benzylic bromide 5, and 

then with triphenylphosphine gave triphenylphosphonium salt 6, used for the Wittig reactions in 

the synthesis of the combretastatins (scheme 3).  

 

Scheme 1. Reagents and conditions: a) Me4NBr, POCl3, 90 - 140 ºC, 24 h; b) 1.5 eq NaSMe, 
DMF, reflux, 24-48 h; c) excess NaSMe, DMF, reflux, 24-48 h; d) LAH, THF, 0 ºC - r.t., 24 h; e) 
HBr, AcOH, 0 ºC - r.t., 24 h; f) PPh3, Toluene, 24h, r.t.; g) MeI, NaOH, Bu4NHSO4, CH2Cl2, r.t., 
24 h. 

 

Diarylketones (phenstatins) 9, 10, 16, 17, 33, 36, 39, and 40 were synthesized (schemes 2 and 

3) by nucleophilic additions of aryl-lithium reagents, prepared by treatment of the corresponding 

aryl bromides with nBuLi, to isonicotinic acids 2 and 3. 1,1-Diarylethenes (isocombretastatins) 

11, 12, 18, 19, 34, 37, and 41 were prepared by Wittig reaction of the diarylketones with 

methyltriphenylphosphonium iodide, while treatment with hydroxylamine rendered the mixtures 

of E and Z oximes 13, 14, 22, 23, 24, 35, 38, and 42. Hydrogenation of 12 yielded diarylethane 

15. The introduction of substituents at position 3 of the indole rings to obtain more polar analogs 

is shown in scheme 2. 3-Formylindoles 20, 21, 25, and 26 were prepared under Vilsmeier – 

Haack conditions. Formyl indoles were converted into the oximes by treatment with 

hydroxylamine and then to the 3-cyanoindoles 24, 29, and 30 by acetylation followed by thermal 

elimination. Indoleamides 31 and 32 were prepared from the unsubstituted indoles by reaction 



 

with CSI and indole carboxylic acids 27 and 28 by aromatic electrophilic substitution with 

phosgene followed by hydrolysis. 

 

Scheme 2. Synthesis of p-methoxyphenyl and N-methyl-1H-indolyl analogs. Reagents and 
conditions: (a) i) nBuLi, dry THF, -40 ºC, 1 h; ii) 2 or 3, dry THF, -40 ºC - r.t., 24 h; (b) i) 
CH3PPh3Br, nBuLi, dry THF, -40 ºC, 1 h; ii) 9, 10, 16 or 17, dry THF, -40 ºC - r.t., 24 h; (c) H2, 

Pd(C), r.t., 24-48 h; (d) NH2OH·HCl, MeOH, pyridine, reflux, 24 h; (e) i) POCl3, dry DMF, 0 ºC, 
30 min; ii) 16 or 17 and heat to 60 ºC 2 h, or 18 or 19 and heat to room temperature 2 h; (f) 

Phosgene, CH2Cl2, room temperature, 24-48 h; (g) i) NH2OH·HCl, MeOH, pyridine, reflux, 24 h; 
ii) Ac2O, pyridine, 130 ºC, 24-48 h; (h) CSI, 1,2-dichloroethane, r.t., 24 h; (i) 10% NaOH, MeOH, 
r.t., 72 h. 

 

Wittig reactions between the phosphonium ylide formed by treatment of 6 with nBuLi and N-

methylindole-5-carbaldehyde 11 (scheme 1) or p-anisaldehyde gave the combretastatins A (1,2-

diarylethenes) 43 and 44 (scheme 3), whose E and Z isomers were chromatographically 

separated.  



 

 

Scheme 3. Synthesis of analogs 33 - 44. Reagents and conditions: (a) i) ArBr, nBuLi, dry THF, 
-40 ºC, 1 h, then 3; ii) room temperature, 24 h; (b) i) CH3-PPh3I, nBuLi, dry THF, -40 ºC, 1 h; ii) 
33, 36 or 40, r.t., 24 h; (c) NH2OH·HCl, MeOH, pyridine, reflux, 24 h; (d) i) 6, dry THF, nBuLi, -
40 ºC, 1 h; ii) p-methoxybenzaldehyde or 8, dry THF, -40 ºC - r.t., 24 h.  

 

Different B ring modifications and bridges have been combined with methylsulfanylpyridine rings 

and thus provide a significative sample of the potential of the new pyridine analogs as cytotoxic 

and tubulin polymerization inhibitory agents, which were subsequently used in the biological 

assays.  

 

2.1.2. Aqueous solubility 

Colchicine site ligands are highly lipophilic due to the mainly hydrophobic nature of the 

colchicine domain, which results in low water solubilities. The established solution has been the 

formation of prodrugs that increase the aqueous solubility, but the anchor points are the 

substrate for metabolism and loss of activity, and alternative strategies are needed. Replacing 

highly hydrophobic phenyl rings by heterocycles of higher polarity, such as the pyridines here 

described, should improve water solubility. The solubility of representative compounds (Table 

1) was determined by shaking the compounds in phosphate buffer at pH 7.0 until equilibration, 



 

microfiltration, and quantification of the dissolved compound by UV absorbance. Most of the 

compounds show solubilities higher than the 1 µg/mL of combretastatin A-4, but the increase is 

in many cases modest although improvements of more than ten-fold are also observed. There 

is no clear SAR in the solubility values, as evidenced by a comparison of matched pairs. There 

is not a great difference in solubility between methylsulfanyl groups and chlorine atoms as 

pyridine substituents (e.g. compare the pairs 11 vs 12, 25 vs 26, but 29 vs 30), or between the 

bridges, despite their different polarity and hydrogen bonding capabilities (e.g. compare 33-35, 

36-38, 11 vs 13, 18 vs 22 or 24 vs 29). For the B rings, the p-methoxyphenyl seems somewhat 

more favorable, and in some instances, substitutions at the indole 3 position result in good 

solubilities (e.g. 21, 28, 30), but unpredictably, possibly due to complex solvation interactions. 

 

Table 1. Solubility of representative compounds in phosphate buffer at pH 7.0 

 

 
Comp X Z Ar R 

Solubility 
(µg/mL) 

TPSA 
(Å²)[49] 

 CA-4 - - - - 1.04[50] 57  

 10 SMe O 4-MeO-Ph H 1.5 90 

 11 Cl CH2 4-MeO-Ph H 48.9 47 

 12 SMe CH2 4-MeO-Ph H 35.7 73 

 13 Cl NOH 4-MeO-Ph H 41.7 80 

 18 Cl CH2 NMeIND H 12.3 43 

 21 SMe O NMeIND CHO 230.2 103 

 22 Cl NOH NMeIND H 14.8 76 

 24 Cl NOH NMeIND CN 5.1 125 

 25 Cl CH2 NMeIND CHO 6.3 60 

 26 SMe CH2 NMeIND CHO 7.6 85 

 28 SMe CH2 NMeIND COOH 102.7 106 

 29 Cl CH2 NMeIND CN 3.2 67 

 30 SMe CH2 NMeIND CN 46.3 92 

 33 SMe O 4-NMe2Ph H 1.0 84 

 34 SMe CH2 4-NMe2Ph H 6.9 67 

 35 SMe NOH 4-NMe2Ph H 1.1 99 

 36 SMe O 3-NMe2Ph H 1.3 84 

 37 SMe CH2 3-NMe2Ph H 2,4 67 

 38 SMe NOH 3-NMe2Ph H 14.7 99 

 39 SMe O 6-NMe2-pyr-3-yl H 47.1 103 

 41 SMe CH2 2-Naphthyl H 1.9 63 

 



 

 

2.2. Biology.  

2.2.1. Cell proliferation inhibitory activity 

The cell proliferation inhibitory activity of the synthesized compounds against three human 

cancer cell lines has been assayed by measuring cell viability with the XTT method (Table 2).[51] 

The three selected cell lines show different sensitivities to treatment with combretastatin A-4:[52] 

HeLa (human cervix epithelioid carcinoma) and HL-60 (human acute myeloid leukemia) are 

sensitive, whereas HT-29 (human colon adenocarcinoma) are resistant.[12, 17, 30, 47] Most of 

the synthesized diarylmethane derivatives show anti-proliferative activity against the sensitive 

cell lines with sub-micromolar potencies, and many also against HT-29, although with reduced 

potencies. A handful of the compounds inhibit proliferation with IC50 values in the double-digit 

nanomolar range, with values 3−20 times higher than those of combretastatin A-4, but lower 

than ABT-751 (Table 2), an oral antimitotic drug that binds to the colchicine site and has reached 

clinical trials. These results confirm that the selected diarylmethane skeleton is a good scaffold 

for anti-proliferative activity and that the trimethoxyphenyl ring can be successfully substituted 

by the pyridine moieties here considered. Computational prediction of the sites of metabolism 

for the most potent compounds suggest that oxidation of the methylsulfanyl is the most likely 

point of metabolic transformation in this series (Supplemmentary figure 1). 

Concerning the bridges between the two aryl groups, there is no big difference in anti-

proliferative activity for ethenes (isocombretastatins) or ketone oximes, with the ketones 

(phenstatins) showing lower potencies for the methoxyphenyl ring B series (e.g. compare the 

triplets 9 vs 11 vs 13, 10 vs 12 vs 14, or 33 vs 34 vs 35) and more similar in the indoles (e.g. 

compare the triplets 16 vs 18 vs 22, or 17 vs 19 vs 23). The oximes are stable in aqueous 

solution for more than 72 hours (data not shown) and computational prediction of the sites of 

metabolism do not point at them as significant transformation points (Supplementary figure 1) 
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and therefore their potency is not apparently due to hydrolysis to the ketones, which are in fact 

less potent. The combretastatins 43 and 44 did not consistently reach sub-micromolar 

potencies. 

Among the B rings, which were selected because they had been previously shown to give 

active analogs, 4-methoxyphenyl,[27, 28] 3-substituted and unsubstituted N-methyl-5-

indolyl,[34, 35] and 4-dimethylaminophenyl[36] containing analogs led to sub-micromolar 

inhibitors, whereas 3-dimethylaminophenyl[32] and 2-naphthyl[27, 53] rings were inactive. 

Similar potencies are observed for the 4-methoxyphenyl, 4-dimethylaminophenyl and the 

unsubstituted N-methylindole series (e.g. compare 12 vs 34 vs 19 or 14 vs 35 vs 23 

respectively), while the substituted indoles showed slightly improved potencies only when 

combined with 2-chloro-6-methylsulfanylpyridines as A ring (e.g. compare 18 vs 25, 29, and 31 

for 2-chloro-6-methylsulfanylpyridines and 19 vs 26, 30, and 32 for 2,6-

bis(methylsulfanyl)pyridines).  

 
Table 2. Tubulin Polymerization Inhibitory Activity and Cytotoxic Activity against Human 

Cancer Cell Lines.  
 

 

N X Z Ar R 
IC50 TPI 
(µM)a 

IC50 

Hela 
(nM)b 

IC50  
HL-60 
(nM)b 

IC50  
HT-29 
(nM)b 

9 Cl >C=O 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

9a Cl >C(OH)AcOH 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

10 SMe >C=O 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

11 Cl >C=CH2 4-MeO-Ph H 1.5 628 ± 256 464 ± 142 485 ± 103 

12 SMe >C=CH2 4-MeO-Ph H 2.0 399 ± 122 306 ± 114 550 ± 261 

13 Cl >C=NOH 4-MeO-Ph H 4.6 518 ± 49 613 ± 207 ≥103 

14 SMe >C=NOH 4-MeO-Ph H 3.0 457 ± 94 299 ± 106 292 ± 54 

15 SMe >C(H)CH3 4-MeO-Ph H >5 ≥103 ≥103 ≥103 

16 Cl >C=O NMeIND H 2.4 388 ± 168 490 ± 106 ≥103 

17 SMe >C=O NMeIND H 1.7 233 ± 81 222 ± 64 549 ± 79 

17b SMe >C-OH (NMeIND)2 H >5 ≥103 ≥103 ≥103 

18 Cl >C=CH2 NMeIND H 0.3 176 ± 28 416 ±159 511 ± 201 

19 SMe >C=CH2 NMeIND H 1.1 520 ± 141 717 ± 107 249 ± 103 

20 Cl >C=O NMeIND CHO >5 ≥103 ≥103 ≥103 

21 SMe >C=O NMeIND CHO >5 ≥103 ≥103 ≥103 

22 Cl >C=NOH NMeIND H >5 365 ± 71 257 ± 39 ≥103 

23 SMe >C=NOH NMeIND H 1.0 590 ± 235 240 ± 74 745 ± 102 

24 Cl >C=NOH NMeIND CN 0.2 57 ± 18 93 ± 9 195 ± 23 

25 Cl >C=CH2 NMeIND CHO 1.6 72 ± 15 38 ± 18 876 ± 45 
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26 SMe >C=CH2 NMeIND CHO 1.2 64 ± 16 303 ± 60 573 ± 104 

27 Cl >C=CH2 NMeIND COOH >5 ≥103 ≥103 ≥103 

28 SMe >C=CH2 NMeIND COOH 4.7 ≥103 ≥103 ≥103 

29 Cl >C=CH2 NMeIND CN 0.6 158 ± 58 74 ± 21 278 ± 106 

30 SMe >C=CH2 NMeIND CN 0.4 579 ± 96 604 ± 143 587 ± 203 

31 Cl >C=CH2 NMeIND CONH2 2.3 82 ± 33 44 ± 15 38 ± 8 

32 SMe >C=CH2 NMeIND CONH2 2.4 601 ± 210 223 ± 44 276 ± 68 

33 SMe >C=O 4-NMe2Ph H >5 652 ± 24 435 ± 198 787 ± 38 

33b SMe >C-OH (4-NMe2Ph)2  >5 ≥103 ≥103 ≥103 

34 SMe >C=CH2 4-NMe2Ph H 3.8 328 ± 82 486 ± 215 928 ± 59 

35 SMe >C=NOH 4-NMe2Ph H 2.1 269 ± 36 213 ± 71 781 ± 112 

36 SMe >C=O 3-NMe2Ph H >5 ≥103 ≥103 ≥103 

37 SMe >C=CH2 3-NMe2Ph H >5 ≥103 ≥103 ≥103 

38 SMe >C=NOH 3-NMe2Ph H >5 ≥103 ≥103 ≥103 

39 SMe >C=O 6-NMe2-pyr-3-yl H >5 ≥103 ≥103 ≥103 

39a SMe >C-OH 2(6-NMe2-pyr) H >5 ≥103 ≥103 ≥103 

40 SMe >C=O 2-Naphth H >5 ≥103 ≥103 ≥103 

41 SMe >C=CH2 2-Naphth H >5 ≥103 ≥103 ≥103 

42 SMe >C=NOH 2-Naphth H >5 ≥103 ≥103 ≥103 

43 SMe -CH=CH- 4-MeO-Ph H 3.8 ≥103 ≥103 ≥103 

44 SMe -CH=CH- NMeIND H >5 ≥103 ≥103 633 ± 211 

CA-4 - - - - 2.8 3 13 305 

ABT-751 - - - - 4000 388 - 514 

 
a Concentration inhibiting 50% (IC50) the polymerization of microtubular protein (TPI) in vitro. b 

IC50 values were calculated from concentration-response curves using the XTT assay as 

described in the Experimental Section. Data correspond to the mean values of three 

experiments performed in triplicate.  

 

There is not a big difference in anti-proliferative potency when the pyridine A ring has two 

methylsulfanyl substituents or one chlorine and one methylsulfanyl (e.g. compare the pairs 9 vs 

10, 11 vs 12, 13 vs 14, 16 vs 17, 18 vs 19, and 22 vs 23) except for the 3-substituted indoles, 

which experience a potency boost when combined with the 2-chloro-6-methylsulfanylpyridines 

but not with the 2,6-bis(methylsulfanyl)pyridines (e.g. compare the pairs 25 vs 26, 29 vs 30, and 

31 vs 32). Therefore, the combination of 3-substituted indoles with 2-chloro-6-

methylsulfanylpyridines in the isocombretastatin (i.e. compounds 25, 29, and 31) or ketoxime 

series (i.e. compound 24) results in two of the most potent compounds. These results are in 

good agreement with previous studies showing that 3-substituted indoles make good B 

rings,[35] but that their effect is dependent on the structural context they are found in.[32, 34, 

46] These favorable indole 3-substituents are aldehydes, amides, and nitrile groups, with similar 
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effects on the potency (e.g. compare 25, 29, and 31), whereas carboxylic acids result in the loss 

of the potency, probably due to their ionized state in solution.  

In summary, 2-chloro-6-methylsulfanylpyridine isocombretastatins or oximes with 3-formyl-, 3-

carbamoyl- or 3-cyano- indoles are highly potent inhibitors of cell proliferation in the double-digit 

nanomolar range, comparable to reference compounds, even if devoid of the trimethoxyphenyl 

A ring.  

 

2.2.2. Tubulin polymerization inhibition 

To confirm the proposed effect on tubulin we have studied the in vitro inhibitory activity of the 

synthesized compounds on the polymerization of microtubular protein isolated from calf brain. 

The amounts of polymer mass formed in the presence and the absence (control) of the 

compounds were measured by turbidimetry, and the percentage of reduction was taken as the 

tubulin polymerization inhibitory activity. The compounds were initially tested at a concentration 

of 5 μM, and for those inhibiting more than 50%, we have determined the IC50 values (Table 2). 

Sixteen of the synthesized compounds have TPI IC50 values lower than 3 µM, comparable to 

reference compounds such as combretastatin A-4 or ABT-751, with TPI IC50 values of 2 μM and 

4 μM respectively (Table 2). Remarkably, 4 compounds (18, 24, 29, and 30) are highly potent 

sub-micromolar inhibitors and additionally, 6 more have TPI IC50 values lower than 2 μM (11, 

17, 19, 23, 25, and 26). 

The TPI and the antiproliferative activity are strongly correlated, as almost all the compounds 

with TPI IC50 values lower than 5 μM show antiproliferative activity at sub-micromolar 

concentrations, thus indicating that interference with tubulin polymerization is their mechanism 

of action. However, there is not a strict correlation between the two values, with compounds with 

highly potent TPI in the sub-micromolar range (e.g. 18, 29, 30, and 24) showing significant 

differences in anti-proliferative potency, and compounds with not so high TPI potencies (i.e. 25 

or 31) amongst the more potent inhibitors of cell proliferation. This discrepancy has been 



 

previously noted and justified by the fact that antiproliferative activity is dependent on the 

inhibition of polymerization dynamics at low (nanomolar) compound concentrations and not so 

much to polymer mass change at high protein and compound (micromolar) concentration. As a 

result of these differences, the observed SAR for TPI is slightly different from the anti-

proliferative SAR previously discussed. 

Concerning the bridge, more differences than in antiproliferative activity are found, with 

isocombretastatins (1,1-diarylethenes) being more potent than the ketone oximes that are in 

turn usually more potent than phenstatins (ketones) (e.g. compare 9 vs 11 vs 13, 10 vs 12 vs 

14, 16 vs 18 vs 22, 17 vs 19 vs 23), with combretastatin 43 showing TPI activity. Similarly, more 

differences are observed for the B rings in TPI activity than in anti-proliferative activity, with the 

indolic analogs showing higher potencies than compounds with 4-methoxyphenyl or 4-

dimethylaminophenyl moieties (e.g. compare 10 vs 17 vs 33, 11 vs 18, 12 vs 19 vs 34, and 14 

vs 23 vs 35). On the other hand, less differences are observed between 2-chloro-6-

methylsulfanylpyridines and bis(methylsulfanyl)pyridines (e.g. compare 9 vs 10, 11 vs 12, 13 vs 

14, , 16 vs 17, and 18 vs 19, but 22 vs 23), especially in the case of compounds carrying 3-

substituted indoles (e.g. compare 20 vs 21, 25 vs 26, 27 vs 28, 29 vs 30, and 31 vs 32). 

Replacement of the trimethoxyphenyl A ring with 2-chloro-6-methylsulfanylpyridines or 2,6-

bis(methylsulfanyl)pyridines results in highly potent inhibitors of tubulin polymerization for 

isocombretastatins or ketone oximes with 3-formyl-, 3-carbamoyl- or 3-cyanoindoles as B rings, 

even more potent than combretastatin A-4.  

 

2.2.3. Effects on cellular microtubules 

To confirm that the actions of the compounds in cells are based on their effects on tubulin, we 

have studied the effect of representative compounds on the microtubule network in HeLa cells. 

To this end, we have selected compounds 24 and 25, which showed the lowest anti-proliferative 

IC50 values and were highly potent inhibitors of tubulin polymerization in vitro. 



 

Immunofluorescence confocal microscopy studies with the labeling of α-tubulin and nuclei 

showed that treatment with 24 and 25 promoted a drastic and severe disruption of the 

microtubule network (Figure 2) as assessed by immunofluorescence confocal microscopy 

(Figure 2), thus supporting that the above disrupting effects on microtube network were due to 

interaction of compounds 24 and 25 with tubulin.  

 
Figure 2. Effects of the treatment with compounds 24 and 25 on the microtubule network in 

HeLa cells. Cells were incubated in the absence (Control) or the presence of 1 µM of compounds 

24 and 25 for 24 h, and then fixed and processed to analyze microtubules (red fluorescence) 

and nuclei (blue fluorescence) by confocal microscopy as described in the Experimental Section. 

Bar: 75 µm. The photomicrographs are representative of three independent experiments. 

 

2.2.4 Effects on the cell cycle and induction of apoptosis 

The effect of the most potent antiproliferative compounds (Table 2), 24 and 25, on the cell cycle 

at different concentrations and times post-treatment was assessed by flow cytometry. Treatment 

of HeLa cells with 24 or 25 led to cell cycle arrest at G2/M followed by the induction of apoptosis, 

as assessed by the appearance of cells with sub-G0/G1 DNA content (Figure 3). Treatment of 

HT-29 cells with 24 led also to a potent cell cycle arrest at G2/M, similar to the response 

observed in HeLa cells, albeit with a lower apoptotic response (Figure 3). However, compound 

25 failed to promote a potent cell cycle arrest in HT-29 cells after 24 h treatment, and the overall 

response was lower than in HeLa cells (Figure 3). This is in agreement with our previous 



 

observation that HL-60 and HeLa cells were more sensitive than HT-29 to compound 25 (Table 

2). 

 

 

Figure 3. Dose-response of the effects of compounds 24 and 25 on cell cycle in HeLa and HT-

29 cells. Cells were incubated with different concentrations of 24 and 25 for 24 h, and their DNA 

content was analyzed by fluorescence flow cytometry. The positions of the G0/G1 and G2/M 

peaks are indicated by arrows, and the proportion of cells in each phase of the cell cycle was 

quantified by flow cytometry. The cell population in the sub-G0/G1 region represents cells with 

hypodiploid DNA content, an indicator of apoptosis. Untreated control cells were run in parallel. 

Data shown are representative of three independent experiments. 

 

Next, we carried out a dose-response (at concentrations of 1 nM, 10 nM, 100 nM, 1 µM, and 10 

µM) and time-course (at 24, 48, and 72 h post-treatment) analyses of the effects on the cell 

cycle of 24 and 25 in HL-60, HeLa and HT-29 cells (Figure 4).  



 

At a concentration of 1 nM of 24 and 25, the populations of cells at the different phases of the 

cell cycle (sub-G0/G1, G0/G1, S, and G2/M) for the three cell lines at the three time points did not 

show differences with the untreated controls (data not shown) and can be used as references.  

 

Incubation with compound 24 at only 100 nM (Figures 3 and  4) arrested most of the HL-60 and 

HT-29 cells at the G2/M phase after 24 h (77.4% for HL-60 and 84.4% for HT-29). At the same 

time point and concentration, 73.2% of HeLa cells were arrested at the G2/M phase and 

significant apoptosis induction was evidenced by a substantial number of cells at the sub-G0/G1 

region (15.7%), with the sum of sub-G0/G1 and G2/M accounting for a total of 88.9%. At later 

time points (48 h and 72 h), the percentage of cells at the sub-G0/G1 region progressively 

increased (22.7% at 48 h and 33.1% at 72 h for HL-60, 35.9% at 48 h and 83.3% at 72 h for 

HeLa, and 28.1% at 48h and 64.7% at 72 h for HT-29 cells) at the expense of the cells arrested 

at G2/M phase (39.7% at 48 h and 23.3% at 72 h for HL-60, 46.9% at 48 h and 4.6% at 72 h for 

HeLa, and 54.9% at 48 h and 4.7% at 72 h for HT-29 cells), with the accumulated total of the 

two phases remaining roughly constant (62.4% at 48 h and 56.3% at 72 h for HL-60, 88.9% at 

48 h and 82.8% at 72 h for HeLa, and 82.9% at 48h and 69.4% at 72 h for HT-29 cells). 

Interestingly, compound 24 at the low 10 nM concentration showed delayed apoptosis after 48h 

and 72 h in the more resistant HT-29 cell line. At micromolar concentrations (1 µM and 10 µM), 

the onset of apoptosis in HL-60 and HeLa cells occurs earlier, being already patent at 24 h, but 

the pattern of cell cycle phases distribution remains. For HT-29 the earlier apoptosis onset is not 

so apparent, and a significant reduction of the sum of the sub-G0/G1 and G2/M populations is 

evident at 72 h (the sum equals 91.1% at 1 µM and 92.1% at 10 µM for the 48 h time point and 

39.1 at 1 µM and 40.7% at 10 µM for the 72 h time point), as a result of a significative reduction 

in the G2/M population. 

 



 

Incubation with compound 25 at 100 nM (Figure 4) arrested most of the HL-60 cells at the G2/M 

phase after 24 h (80.1%). At the same time point and concentration, 56.9% of HeLa cells were 

arrested at the G2/M phase and significant apoptosis induction was evidenced by a substantial 

number of cells (25.2%) at the sub-G0/G1 region, with the sum of sub-G0/G1 and G2/M accounting 

for a total of 82.0%. Under these conditions, HT-29 cells did not show effects on the distribution 

of the cell cycle phases. At later time points (48 h and 72 h), the percentage of HL-60 and HeLa 

cells at the sub-G0/G1 region progressively increased (20.9% at 48 h and 32.6% at 72 h for HL-

60 and 47.6% at 48 h and 59.1% at 72 h for HeLa cells) at the expense of the cells arrested at 

G2/M phase (40.5% at 48 h and 22.0% at 72 h for HL-60 and 30.4% at 48 h and 7.9% at 72 h 

for HeLa cells), with the accumulated total of the two phases remaining roughly constant (61.4% 

at 48 h and 54.6% at 72 h for HL-60 and 82.0% at 48 h and 78.0% at 72 h for HeLa cells). Under 

these experimental conditions (100 nM, 48 h, and 72 h incubation), HT-29 cells started to show 

increasing delayed apoptotic response (11.8% at 48 h and 15.1% at 72 h) in the absence of 

apparent G2/M arrest. At higher drug concentrations (Figure 4), HL-60 and HeLa cells show cell 

cycle distribution patterns like those observed at 100 nM, and HT-29 cells showed augmented 

sub-G0/G1 regions. 
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Figure 4. Time course of the effect of compounds 24 and 25 on the sub-G0/G1 and G2/M cell 

cycle phases in HL-60, HeLa, and HT-29 cells. Compounds were incubated for 24, 48, and 72 

h, and then their DNA content was analyzed by flow cytometry as described in the Experimental 

Section. The different cell cycle phases were quantified and represented in concentric hollow 

circles (24h inner, 48h center, and 72h outer) to easily visualize the evolution in time of the G2/M 

arrest ( ■ ) and apoptotic responses ( ■ sub-G0/G1). Untreated control cells were run in parallel, 

and the percentage of untreated cells in the sub-G0/G1 region was less than 3% in all the cell 

lines assayed. Data shown are representative of at least three independent experiments. 

 

The cell cycle distribution patterns for HL-60 and HeLa cells after treatment with 24 and 25 are 

very similar to each other, with mitotic arrest followed by an apoptotic response. These data 

suggest that the disruption of microtubule polymerization by 24 and 25 induce a potent mitotic 

arrest that eventually triggers an apoptotic response, thus rendering a substantial cell demise in 

the drug-treated population. On the other hand, HT-29 cells display quite a different cell cycle 

distribution profiles in response to the two compounds. With 24, the observed pattern is like 



 

those of HL-60 and HeLa cells, with arrest in the G2/M arrest followed by the accumulation of 

apoptotic cells in the sub-G0/G1 region. However, after treatment with 25, HT-29 cells undergo 

apoptotic response in the absence of patent G2/M arrest. This different behavior is in accord 

with the observed difference in tubulin polymerization inhibitory potency of the two compounds 

(Table 2). Similar experiments on the non – tumorigenic embryonic kidney cell line HEK-293 

show a similar mitotic arrest, but no apoptotic induction was observed after 24 h treatment 

(Supplementary Figure 2), thus suggesting a potential selectivity to induce apoptosis in human 

tumor cells. 

In order to further support the above effects of compounds 24 and 25 on cell cycle arrest and 

apoptosis induction, we analyzed the expression of proteins related to these processes. Thus, 

we used the anti-mitotic proteins antibody MPM-2 that recognizes a phosphorylated epitope 

(S/T)P found in several phosphoproteins that result phosphorylated at the onset of mitosis. Our 

Western blot results shown in Figure 5 indicate a significant increase in the number of 

phosphoproteins recognized by MPM-2, simultaneously to the mitotic arrest observed at 24 h in 

the above cell cycle distribution studies. The lower intensity of the bands after 48 h treatment 

might likely be due to the onset of apoptosis. In this regard, we analyzed the cleavage of PARP 

(poly (ADP-ribose) polymerase), a typical caspase-3 substrate, as an early marker of apoptosis. 

The anti-PARP C2.10 monoclonal antibody detected the full length 116 kDa intact form as well 

as the 89 kDa cleaved form of PARP. Alongside with the observed sequential increase in the 

sub-G0/G1 population, we found an increase in the levels of cleaved PARP after treatment with 

24 and 25, in good agreement with an apoptotic response induced by the sustained mitotic 

arrest. 

Taken together, flow cytometry and biochemical evidences strongly indicate that compounds 24 

and 25 behaved as anti-mitotic agents leading to M arrest and subsequent induction of 

apoptosis. 

 

Formatted: Not Highlight

Formatted: Not Highlight



 

 

 

Figure 5. Effect of compounds 24 and 25, and the reference compounds combretastatin A-4 

(CA-4) and ABT-751 (ABT) on MPM-2 expression and PARP cleavage in HeLa cells after 24 

and 48 h treatment. Lane 1: untreated HeLa (control Ctl). Lane 2: HeLa treated for 24h with 1 

µM 25. Lane 3: HeLa treated for 48h with 1 µM 25. Lane 4: HeLa treated for 24 h with 1 µM 24. 

Lane 5: HeLa treated for 48h with 1 µM 24. Lane 6: HeLa treated for 24 h with 1 µM 

combretastatin A-4. Lane 7: HeLa treated for 48h with 1 µM combretastatin A-4. Lane 8: HeLa 

treated for 24 h with 1 µM ABT-751. Lane 9: HeLa treated for 48h with 1 µM ABT-751. β-Actin 

was used as a loading control. The migration positions of full-length PARP (p116) and its 

cleavage product p89 are indicated. Molecular weights areindicated in kDa. Western blot images 

are representative of three independent experiments.  

 

2.3. Computational studies  

 

Flexible docking studies of compounds 9 - 44 on the colchicine site of tubulin were carried out 

to establish the ligands’ binding modes (Figure 7). The protein conformational space was 

sampled by using protein structures with 54 different pocket dispositions. 49 came from available 

X-ray crystal structures of complexes of tubulin with different colchicine site ligands.[46] 5 

additional structures came from a molecular dynamics simulation of tubulin in complex with a 3-

substituted indole containing ligand, as previously described.[35, 54] The docking poses were 

generated and scored by PLANTS[55] and AutoDock 4.2[56], two frequently used docking 
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programs with very different scoring functions. The docking scores of the two programs were 

combined to select the binding mode for each ligand (Table S1 of the supplementary material). 

The assignment of the occupancy of the ligands to zones of the colchicine domain (zones A, B, 

C, as previously described, and a deeper extension in β tubulin of zone C called zone D) of the 

binding site was performed in a fully automated way. The most favorable binding poses for all 

the compounds occupy zones A and B of the colchicine domain (corresponding to the pockets 

for the trimethoxyphenyl ring and the 3-hydroxy-4-methoxyphenyl ring of combretastatin A-4, 

respectively), probably reflecting a good steric fit of the bent diaryls to these pockets.[54, 57] In 

all instances, the substituted pyridines occupy the A zone and the other aromatic ring the zone 

B. This arrangement places the pyridine nitrogen in contact distance with the sulfur atom of 

Cys241β (Figure 7), a polar interaction deemed important for the binding of colchicine site 

ligands, while the rest of the moiety is contacting the hydrophobic sidechains of Leu239β, 

Leu245β, Ala247β, Leu252β, Ala315β, Lys352β, and Ala354β conforming the A site. The other 

aromatic ring stacks between the polar sidechain of Asn255β on helix H8 and those of Ala316β 

of sheet S8 and Lys352β of sheet S9 forming the floor of the site, and Met259β, Thr314β, and 

Val181α, also conforming zone B. 



 

 

Figure 6. Comparison of the geometries of the trimethoxyphenyl ring taken as a reference A 

ring and the different conformers found for the 2-chloro-6-methylsulfanyl-4-pyridines and the 

2,6-dimethylsulfanyl-4-pyridines. The results shown here are for the benzophenones, but similar 

results were obtained for oximes and isocombretastatins. The substituents on the pyridine are 

depicted in the 2D representation in the same dispositions as the 3D structures underneath. The 

green triangles indicate the dimensions of the A rings. The relative energies are in kcal/mol 

above the most stable, indicated as 0 kcal/mol. The calculated dipole moments for every 

conformer are also indicated. 

 



 

The binding of the methylsulfanylpyridines to the A site always occurs with a rotation of the 

methylsulfanyl to place one of the sulfur lone pairs side by side to the pyridine nitrogen lone pair 

(CSCN dihedral angle of 180º, Figures 6 and 7). We have previously shown that this rotation is 

less unfavorable in methylsulfanyl than in methoxy groups.[46] We have performed DFT 

calculations to evaluate the energy penalty if any, of rotating the methylsulfanyl group to the 

observed rotamer in the docking studies (Figure 6) and the geometrical effects of such rotations. 

In water, the most favorable conformation places the pyridine and the sulfur lone pairs in the 

same direction (CSCN dihedral angle of 180º, Figure 6), thus increasing the molecule polarity 

and favoring interactions with water molecules. This should result in more favorable solvation, 

although solubility is not as high as expected (Table 1). In apolar media, represented by vacuum, 

the preferred rotamers place the methyl group of the methylsulfanyl close to the pyridine lone 

pair (CSCN dihedral angle of 0º, Figure 6). This would result in a larger size along the pyridine 

1-4 axis and a masking of the nitrogen lone pair (Figure 6), but binding to the A zone as observed 

in the docking studies (Figure 7) requires a rotation to the polar conformer to reduce the steric 

demand along the pyridine long axis and to allow a polar interaction between the pyridine lone 

pair and the thiol group of Cys241β. Two identical methylsulfanyl groups provide an entropic 

advantage for the rotation, whereas the presence of one methylsulfanyl and one chlorine atom 

reduces the steric congestion in the long axis of the pyridine (Figure 6). 

 



 

A 

 

B 

 

 
Figure 7. 2D structures of the compounds depicted in A and B. Proposed binding modes for 

compound 24 (carbons in orange) and 25 (carbons in aegean), superposed onto the X-ray 

structure of combretastatin A-4 (carbons in green) in their complexes with tubulin. The colchicine 

binding domain is depicted in lime (pdb ID 5LYJ), and the distances of the pyridine nitrogen to 

the sulfur atom of the sidechain of Cys241β and of the indole 3-substituent acceptor atom to the 

hydroxyl group of the sidechain of Ser178α is indicated in green. 

 

The substituents at the 3 position of the indole ring enhance the antiproliferative potency of 

the 2-chloro-6-methylsulfanylpyridine derivatives. The docking models show that these polar 

groups hydrogen bond to the hydroxyl group of the sidechain of Ser178a (Figure 7), thus 

explaining the observed potency improvement. The preference of 2-chloro- versus 2-

methylsulfanyl in the isocombretastatin and ketoxime series can be accounted for by the 

disposition of the methyl group towards the pyridine nitrogen (data not shown) due to 

conformational preferences and to a need of reducing the transversal size at the A zone (Figure 

6) caused by steric hindrance of the site’s walls, thus blocking the favorable polar interaction 

with the thiol group of Cys241β, which is maintained in the chloro derivatives. The unfavorable 

effect of the same substitution in the ketone (phenstatin) series is due to the higher conjugation 

of the bridge with the aromatic rings that results in flatter structures that collide with the site ’s 

walls when extended by substituents.[35] The combination of conformational and docking 

studies, therefore, provide a good rationale for the observed SAR of these new family of pyridine-

based colchicine site ligands.  



 

 

3. CONCLUSIONS 

The successful replacement of the 3,4,5-trimethoxyphenyl ring by methylsulfanyl substituted 

pyridine rings in colchicine site ligands is reported. 2-Chloro-6-methylsulfanyl-4-pyridine and 2,6-

dimethylsulfanyl-4-pyridines are polar entities that moderately improve the aqueous solubility to 

the compounds bearing them with respect to the trimethoxyphenyl analogues. The combination 

of methylsulfanyl substituted pyridine moieties with indole B rings gives diheteroaryl 

isocombretastatins, phenstatins, and ketone oximes which are potent inhibitors of tubulin 

polymerization and cytotoxic agents against several human cancer cell lines. The substitution 

of the indole at the 3 position with amides, nitriles, or formyl groups in the 2-chloro-6-

methylsulfanyl-4-pyridine series further increases the polarity and provides optimal potency in 

the TPI and cytotoxicity assays. The most potent compound, the 3-cyanoindole 2-chloro-6-

methylsulfanyl-4-pyridine oxime 24 disrupted the microtubule network of treated cells and 

arrested the cell cycle at the G2/M phase after 24 h, followed by a high apoptosis-like cell 

response. The 3-formylindole 2-chloro-6-methylsulfanyl-4-pyridine isocombretastatin 25, 

showed similar effects as 24 in the more sensitive HeLa and HL60 cells, wheres in the more 

resistant HT-29 cells a weak apoptotic response in the absence of G2/M arrest is observed after 

24 hours, which suggests that it might activate an additional cell death response to the 

microtubule effect by unknown mechanisms. Binding at the colchicine site is supported by 

docking studies that allocate the pyridine ring at the sub-pocket of the trimethoxyphenyl rings in 

the colchicine domain. Docking results combined with conformational studies suggest that 

binding to the thiol group of Cys241b is more favorable in 2-chloro-6-methylsulfanyl-4-pyridines 

than in 2,6-dimethylsulfanyl-4-pyridines, thus providing a rationale for their better activity profile. 

The synthesized compounds have improved aqueous solubility and good anti-mitotic potency 

and therefore the structural modifications here described could be applied in the design of new 

colchicine site ligands.  



 

 

4. EXPERIMENTAL SECTION 

 

4.1. Chemistry 

4.1.1. General chemical techniques  

Reagents were used as purchased without further purification. Solvents (THF, DMF, 

dichloromethane, and toluene) were dried and freshly distilled before use according to 

procedures described in the literature. TLC was performed on pre-coated silica gel polyester 

plates (0.25 mm thickness) with a UV fluorescence indicator 254 (Polychrome SI F254). 

Chromatographic separations were performed on silica gel columns by flash (Kieselgel 40, 

0.040-0.063; Merck) or gravity (Kieselgel 60, 0.063-0.200 mm; Merck) chromatography. Melting 

points were determined on a Büchi 510 apparatus and are uncorrected. 1H NMR and 13C NMR 

spectra were recorded in CDCl3 on a Bruker WP 200-SY spectrometer at 200/50 MHz or on a 

Bruker SY spectrometer at 400/100 MHz. Chemical shifts (δ) are given in ppm downfield from 

tetramethylsilane and coupling constants (J values) are in Hertz. IR spectra were run on a 

Nicolet Impact 410 Spectrophotometer. For FABHRMS analyses, a VG-TS250 apparatus (70 

eV) was used. HPLCs were run on Waters X-Terra® MS C18 (5 mm, 4.6x150 mm) or C8 (5 mm, 

4.6x150 mm) with acetonitrile/water solvent gradients. All the compounds described here were 

obtained with at least 95% of purity by quantitative HPLC and/or elemental analysis, unless 

otherwise stated.  

 

4.1.2. Chemical synthesis 

General synthetic procedure for the preparation of diarylketones (Procedure 1) 

1 equivalent of nBuLi (1.6 M in hexane) was added at -40 ºC onto a solution of the aromatic 

bromoderivative in dry THF. One hour later, 0.4 equivalents of the carboxylic acid in dry THF 

was added and the mixture was allowed to reach room temperature. After 24 h, the reaction was 



 

poured onto ethyl formate, and then ethyl acetate and water were added. The mixture was 

partially evaporated, washed with brine, dried over anhydrous Na2SO4, filtered, and evaporated 

to dryness. The products obtained were purified by flash chromatography. 

 

General synthetic procedure for the preparation of isocombretastatins (Procedure 2) 

0.67 equivalents of nBuLi (1.6 M in hexane) were added to a slurry of the phosphonium salt in 

dry THF at -40 ºC and, after one-hour stirring, 0.33 equivalents of the diaryl ketone in dry THF 

was added and then the mixture was allowed to warm to room temperature and react for 24 

hours. The mixture was poured onto a 5% solution of NH4Cl at 0 ºC, ethyl acetate was added 

and the mixture was partially evaporated under vacuum. The organic layers were washed with 

brine, dried over anhydrous Na2SO4, filtered, and evaporated to dryness. The products were 

purified by flash chromatography. 

 

General synthetic procedure for the preparation of oximes (Procedure 3) 

A solution of the carbonyl compound in methanol, 10 equivalents of hydroxylamine 

hydrochloride, and 4 drops of pyridine were refluxed for 24 h. The crude was evaporated to 

dryness, dissolved in dichloromethane, and washed with brine. The organic phases were dried 

over anhydrous Na2SO4, filtered, and evaporated. The products were purified by flash 

chromatography giving a mixture of oximes (E and Z). Oximes were obtained as roughly 1:1 

mixtures of the two isomers (proportions can significantly change depending on solvent 

composition), which readily interconvert in solution. Crystallization of one of the isomers is 

sometimes possible, but it readily regenerates the mixture in solution. 

 

General indole formylation procedure (Procedure 4) 

6 mmol of phosphorus oxychloride per mmol of indole derivative were added at 0 ºC onto dry 

DMF and stirred for 30 minutes. Then, the indole derivative was added and heated to 60 ºC for 

2-24 h for benzophenones or kept 2 hours at room temperature for 1,1-diarylethenes. The 

solution was poured onto a large volume of ice water saturated with sodium acetate. After 24 h 

at 4 ºC, the precipitate was filtered, dissolved in dichloromethane, dried over anhydrous Na2SO4, 

filtered, and evaporated to dryness. The products were purified by flash chromatography 
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General synthetic procedure for the preparation of carbonitriles (Procedure 5) 

A solution of the aldehyde in methanol and 4 drops of pyridine, and 10 equivalents of 

hydroxylamine hydrochloride was refluxed for 24 hours. The solvent was removed, and the 

product was dissolved in dichloromethane. The organic layer was washed with 2N HCl, brine 

until neutral pH, dried over anhydrous Na2SO4, filtered, and concentrated under vacuum. The 

crude was dissolved in pyridine and an excess of acetic anhydride and stirred for 24-48 hours 

at 130 ºC. The reaction was poured onto ice and extracted with dichloromethane, washed with 

2N HCl, 5% NaHCO3, brine until neutral pH, dried over anhydrous Na2SO4, filtered, and 

evaporated to dryness. The products were purified by flash chromatography. 

 

2,6-Dichloropyridine-4-carboxylic acid (1) 

45.1 g of citrazinic acid (291 mmol) and 31 g of tetramethylammonium chloride (282.8 mmol) in 

POCl3 (80 mL) was heated to 90 °C until complete dissolution. Then, the temperature was 

gradually increased to 140 ºC. After 24 h, the mixture was cooled to room temperature and 

poured onto ice. The precipitate was filtered, washed with water and dried under vacuum. The 

solid was suspended in ethyl acetate, stirred for 15 min, and filtered to remove insoluble 

citrazinic acid. The filtrate was dried over anhydrous Na2SO4 and evaporated to obtain 42 g 

(218.8 mmol, 75.2%) of a brown solid corresponding to 1. M.p. 203-204 ºC. IR (KBr): 2600-

3300, 1724, 1596, 1547 cm-1. 1H NMR (200 MHz, DMSO-D6): 7.83 (2H, s). 13C NMR (50 MHz, 

CD3OD): 124.0 (2) (CH), 145.4 (C), 152.2 (2) (C), 165.0 (C). 

 

2-Chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) 

3.84 g (54.8 mmol) of sodium methanethiolate in 50 mL of dry DMF and 4 g of KOH were added 

onto a solution of 7 g (36.5 mmol) of 2,6-dichloropyridine-4-carboxylic acid (1) in 100 mL of dry 

DMF and the mixture was refluxed for 24 h. The reaction was cooled to room temperature, 

poured onto brine, and extracted with ethyl acetate. The organic phase was washed with 2N 

HCl and brine until neutral pH, dried over anhydrous Na2SO4, filtered and evaporated, obtaining 

6.71 g (32.9 mmol, 90.1%) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2). IR (film): 

3100, 1706, 1588, 1545 cm-1. 1H NMR (200 MHz, CD3OD): 2.46 (3H, s), 7.40 (1H, d, J = 1), 

7.54 (1H, d, J = 1). 13C NMR (50 MHz, CD3OD): 13.7 (CH3), 119.4 (CH), 120.3 (CH), 142.2 (C), 

152.6 (C), 163.7 (C), 166.2 (C).  

 



 

2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) 

390 mg (1.92 mmol) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) and a 10 mol 

excess of sodium methanethiolate in 5 mL of dry DMF was refluxed for 72 h under N2 

atmosphere. The reaction was cooled down to room temperature, poured onto 2N HCl, and 

extracted with ethyl acetate. The organic phase was washed with brine until neutral pH, dried 

over anhydrous Na2SO4, filtered and evaporated, obtaining 216 mg (1.01 mmol, 53%) of 2,6-

bis(methylsulfanyl)pyridine-4-carboxylic acid (3). 1H NMR (200 MHz, CD3OD): 2.48 (6H, s), 7.25 

(2H, s). 13C NMR (50 MHz, CD3OD): 13.4 (2) (CH3), 116.5 (2) (CH), 139.5 (C), 162.2 (2) (C), 

167.5 (C).  

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)methanol (4) 

290 mg (7.64 mmol) of LAH were slowly added to a cooled solution of 1.098 g (5.10 mmol) of 

2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in dry THF. After 1h, the mixture was 

poured onto cooled ethyl acetate. The organic phase was dried over anhydrous Na2SO4, filtered, 

and chromatographed using Hexane/Ethyl acetate 9/1 to yield 590 mg (2.9 mmol; 58%) of (2,6-

bis(methylsulfanyl)pyridin-4-yl)methanol (4). 1H NMR (200 MHz, CDCl3): 2.57 (6H, s); 4.58 (2H, 

s); 6.84 (2H, s). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 63.0 (CH2), 113.8 (2) (CH), 150.3 

(C), 159.5 (2) (C). IR (film): 1539, 1581, 3351 cm-1. 

 

4-(bromomethyl)-2,6-bis(methylsulfanyl)pyridine (5) 

361 mg (1.8 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)methanol (4) were dissolved in 5 mL 

of a 32% solution of HBr in acetic acid at 0 ºC and stirred for 6h. The reaction was poured onto 

ice and extracted with EtOAc. The organic layer was washed with 5% NaHCO3 and brine, dried 

over anhydrous Na2SO4, filtered an evaporated to yield 405 mg (1.5 mmol; 86%) of 4-

(bromomethyl)-2,6-bis(methylsulfanyl)pyridine (5). 1H NMR (200 MHz, CDCl3): 2.59 (6H, s), 4.24 

(2H, s); 6.87 (2H, s). 13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 30.5 (CH2), 116.4 (2) (CH), 

146.0 (C), 156.0 (2) (C). IR (film): 1431, 1540, 1581, 1742 cm-1. 

 

((2,6-bis(methylsulfanyl)pyridin-4-yl)methyl)triphenylphosphonium bromide (6) 

408 mg (1.6 mmol) of triphenylphosphine was added to a solution of 355 mg (1.34 mmol) of 4-

(bromomethyl)-2,6-bis(methylsulfanyl)pyridine (5) in toluene. After 24 hours the White solid 



 

formed was filtered to yield 323 mg (0.6 mmol; 46%) of ((2,6-bis(methylsulfanyl)pyridin-4-

yl)methyl)triphenylphosphonium bromide (6). 1H NMR (200 MHz, CDCl3): 2.39 (6H, s), 5.65 (2H, 

s), 6.72 (2H, s), 7.80 (15H, m). IR (film): 1435, 1535, 1574 cm-1. 

 

1-Methyl-1H-indole-5-carbaldehyde (8) 

1.04 g (26 mmol) of NaOH and 20 mg of n-Bu4NHSO4 were added to a stirred solution of 1H-

indole-5-carbaldehyde (2.0 g, 13.8 mmol) in 40 mL of dry dichloromethane. After 1 h at room 

temperature 3 mL (40.2 mmol) of methyl iodide were added and the reaction was heated at 50 

ºC. After 48 h, the reaction mixture was concentrated, re-dissolved in dichloromethane, washed 

with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuum to obtain 1.10 g 

(50.1%) of 1-methyl-1H-indole-5-carbaldehyde (11): M.p. 85-86 ºC (diethylether). 1H NMR (200 

MHz, CDCl3)3.76 (3H, s), 6.55 (1H, d, J = 3.3), 7.10 (1H, d, J = 3.3), 7.41(1H, d, J = 8.8), 7.80 

(1H, dd, J = 8.8  and 1.9), 8.05 (1H, d, J = 1.9), 9.92 (1H, s). 13C NMR (50 MHz, CDCl3): 32.6 

(CH3), 103.1 (CH), 109.8 (CH), 121.4 (CH), 126.1 (CH), 128.2(C), 129.1 (C), 130.9 (CH), 139.8 

(C), 192.3 (CH). 

 

(2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (9) 

Following procedure 1, 11.5 ml (18.4 mmol) of nBuLi 1.6 M in hexanes were slowly added at -

40 ºC to a solution of 2.33 ml (18.4 mmol) of 4-bromoanisole in 40 mL of dry THF. After 45 

minutes, 1.5 g (7.37 mmol) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) dissolved 

in 15 mL of dry THF was added. Flash chromatography using Hexane/AcOEt (95/5) yielded 509 

mg (1.73 mmol; 24%) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone 

(9) and 864 mg (2.35 mmol; 32%) of ethyl 3-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)-3-hydroxy-

3-(4-methoxyphenyl)propanoate (9a). 

(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (9): 1H NMR (200 MHz, 

CDCl3)2.55 (3H, s), 3.88 (3H, s), 6.95 (2H, d, J = 8.9), 7.16 (1H, d, J = 0.7), 7.26 (1H, d, J = 

0.7), 7.77  (2H, d, J = 8.6). 13C NMR (50 MHz, CDCl3): 13.6 (CH3), 55.7 (CH3), 114.1 (2) (CH), 

118.2 (CH), 119.0 (CH), 128.1 (C), 132.7 (2) (CH), 147.9 (C), 151.3 (C), 161.9 (C), 164.3 (C), 

191.9 (C). IR (film): 1420, 1459, 1528, 1577, 1597, 1660 cm-1. HRMS (C14H13ClNO2S): 

calculated (M+H+) 294.0350, found 294.0335. 



 

Ethyl 3-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)-3-hydroxy-3-(4-methoxyphenyl)propanoate 

(9a). 1H NMR (200 MHz, CDCl3)1.20 (3H, t, J = 7.1), 2.54 (3H, s), 3.09 (1H, d, J = 16.5), 3.12 

(1H, dd, J = 16.4),  3.77 (3H, s), 4.12 (2H, c, J = 7.1),  6.85 (2H, d, J = 8.9), 7.03 (1H, d, J = 1.4), 

7.17 (1H, d, J = 1.4), 7.30  (2H, d, J = 8.9). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 14.0 (CH3), 

44.6 (CH2),  55.3 (CH3), 61.4 (CH2), 75.3 (C), 114.0 (2) (CH), 116.5 (CH), 116.7 (CH), 126.7 (2) 

(CH), 135.9 (C), 151.2 (C), 158.1 (C), 159.1 (C), 161.1 (C), 172.3 (C). IR (film): 1514, 1533, 

1582, 1606, 1714, 3450 cm-1. HRMS (C18H20ClNO4S): calculated (M+H+) 382.0874, found 

382.0888. 

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (10) 

Following procedure 1, 7.2 ml (11.6 mmol) of nBuLi 1.6 M in hexanes were slowly added at -40 

ºC to a solution of 1.45 ml (11.6 mmol) of 4-bromoanisole in 40 mL of dry THF. After 45 minutes, 

1g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) dissolved in 15 mL of dry 

THF was added. Flash chromatography using Hexane/AcOEt (95/5) yielded 626 mg (2.1 mmol; 

45.7%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone (10). M.p. 

(Hex/CH2Cl2): 103 ºC. 1H NMR (200 MHz, CDCl3)2.61 (6H, s), 3.89 (3H, s), 6.96 (2H, d, J = 

8.8), 7.05 (2H, s), 7.80 (2H, d, J = 8.8). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.6 (CH3), 

113.9 (2) (CH), 115.6 (2) (CH), 128.6 (C), 132.6 (2) (CH), 145.3 (C), 160.2 (2) (C), 164.0 (C), 

193,2 (C). IR (KBr): 1544, 1592, 1655 cm-1. HRMS (C15H16NO2S2): calculated (M+H+) 306.0617, 

found 306.0612. 

 

2-chloro-4-(1-(4-methoxyphenyl)vinyl)-6-(methylsulfanyl)pyridine (11) 

Following procedure 2, 0.8 ml (1.3 mmol) of nBuLi 1.6 M in hexanes were slowly added at -40 

ºC to a solution of 790 mg (1.96 mmol) of methyltriphenylphosphonium iodide in 10 mL of dry 

THF. After 1 hour, 192 mg (0.65 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (9) dissolved in 10 mL of dry THF was added. Flash 

chromatography using Hexane/EtOAc (99/1) yielded 65 mg (0.22 mmol; 34%) of 2-chloro-4-(1-

(4-methoxyphenyl)vinyl)-6-(methylsulfanyl)pyridine (11). 1H NMR (200 MHz, CDCl3)2.56 (3H, 

s), 3.84 (3H, s), 5.47 (1H, s), 5.53 (1H, s), 6.88 (2H, d, J = 8.6), 6.95 (1H, s), 7.03 (1H, s), 7.20 

(2H, d, J = 8.6). 13C NMR (50 MHz, CDCl3): 13.6 (CH3), 55.4 (CH3), 114.0 (2) (CH), 116.4 (CH2), 

118.6 (CH), 119.1 (CH), 129.3 (2) (CH), 113. 6 (C), 146.3 (C), 151.1 (C), 152.1 (C), 159.9 (C), 



 

160.9 (C). IR (film): 1417, 1457, 1518, 1602 cm-1. HRMS (C15H14ClNOS): Calculated (M+H+) 

292.0557 found 292.0572. 

 

4-(1-(4-methoxyphenyl)vinyl)-2,6-bis(methylsulfanyl)pyridine (12) 

Following procedure 2, 1.4 ml (2.2 mmol) of nBuLi 1.6 M in hexanes were slowly added at -40 

ºC to a solution of 1.32 g (3.27 mmol) of methyltriphenylphosphonium iodide in 10 mL of dry 

THF. After 1 hour, 333 mg (1.09 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (10) dissolved in 10 mL of dry THF was added. Flash 

chromatography using Hexane/EtOAc (97/3) yielded 309 mg (1.02 mmol; 94 %) of 4-(1-(4-

methoxyphenyl)vinyl)-2,6-bis(methylsulfanyl)pyridine (12). 1H NMR (200 MHz, CDCl3)2.59 

(6H, s), 3.83 (3H, s), 5.42 (1H, d, J = 1.1), 5.47 (1H, d, J = 1.1), 6.82 (2H, s), 6.86 (2H, d, J = 

8.6), 7.21 (2H, d, J = 8.6). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 55.4 (CH3), 113.8 (2) (CH), 

115.4 (CH2), 116.3 (2) (CH), 129.3 (2) (CH), 132.1 (C), 147.1 (C), 149.4 (C), 159.3 (2) (C), 159.7 

(C). IR (película): 1523, 1593, 1654 cm-1. HRMS (C16H17NOS2): calculated (M+H+) 304.0824, 

found 304.0835. 

 

(E/Z)-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-methoxyphenyl)methanone oxime (13) 

 

Following procedure 3, 229 mg (3.30 mmol) of hydroxylamine hydrochloride was added to a 

solution of 97 mg (0.33 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (9) in 15 mL of MeOH to yield 91 mg (0.29 mmol, 89%). The oximes 

crystalize in hexane/CH2Cl2 as a mixture of the oximes (E/Z)-(2-chloro-6-(methylsulfanyl)pyridin-

4-yl)(4-methoxyphenyl)methanone oxime (13). M.p. (Hex/CH2Cl2): 100-105 ºC. 1H NMR (200 

MHz, CDCl3)2.55 (3H, s), 2.58 (3H, s), 3.83 (3H, s), 3.87 (3H, s), 6.87 (2H, d, J = 8.9), 6.98 

(1H, d, J = 1.1), 6.99 (2H, d, J = 8.9), 7.05 (1H, d, J = 1.1), 7.09 (1H, d, J = 1.2), 7.14 (1H, d, J 

= 1.2), 7.33 (2H, d, J = 8.9), 7.37 (2H, d, J = 8.9). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 55.3 

(CH3), 113.9 (CH), 114.0 (2) (CH), 118.9 (CH), 119.6 (CH), 126.5 (C), 128.8 (2) (CH), 130.8 

(CH), 143.4 (C), 151.2 (C), 154.4 (C), 160.5 (C), 161.2 (C), 161.4 (C). IR (KBr): 1412, 1446, 

1524, 1573, 1603, 3177 cm-1. HRMS (C14H13ClN2O2S): Calculated (M+H+) 309.0459, found 

309.0438. 

 



 

(E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-methoxyphenyl)methanone oxime (14) 

Following procedure 3, 403 mg (5.8 mmol) of hydroxylamine hydrochloride was added to a 

solution of 177 mg (0.58 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

methoxyphenyl)methanone (10) in 15 mL of MeOH. The resulting product was chromatographed 

with hexane/EtOAc (9:1) to give 13 mg (0.04 mmol; 7%) of one oxime, and 141,2 mg (0,44 

mmol; 76%) of the mixture of the two oximes (E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-

methoxyphenyl)methanone oxime (14), that crystalize in Hex/CH2Cl2. M.p. (Hex/CH2Cl2): 125 – 

127 ºC. 1H NMR (200 MHz, CDCl3)2.56 (6H, s), 3.86 (3H, s), 6.93 (2H, s), 6.98 (2H, d, J = 8.9), 

7.36 (2H, d, J = 8.9). 1H NMR (200 MHz, CDCl3)2.60 (6H, s), 3.81 (3H, s), 6.85 (2H, d, J = 8.9), 

6.85 (2H, s), 7.36 (2H, d, J=8.9). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.4 (CH3), 113.8 

(2) (CH), 115.5 (2) (CH), 122.8 (C), 131.2 (2) (CH), 144.1 (C), 155.6 (C), 159.9 (2) (C), 160.6 

(C). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.4 (CH3), 114.1 (2) (CH), 116.3 (2) (CH), 126.7 

(C), 129.0 (2) (CH), 140.9 (C), 155.3 (C), 159.9 (2) (C), 161.2 (C). IR (KBr): 1417, 1456, 1518, 

1573, 1605, 3434 cm-1. HRMS (C15H16N2O2S2): calculated (M+Na+) 343.0545, found 343.0562. 

 

4-(1-(4-methoxyphenyl)ethyl)-2,6-bis(methylsulfanyl)pyridine (15) 

16 mg (0.05 mmol) of 4-(1-(4-methoxyphenyl)vinyl)-2,6-bis(methylsulfanyl)pyridine (12) in 10 ml 

of AcOEt/EtOH (95/5) was vigorously stirred under H2 atmosphere with Pd(C) catalysis for 24h. 

The reaction was filtered through celite©, evaporated and chromatographed by preparative thin 

layer chromatography with Hexane/EtOAc (98/2) to yield 7 mg (0.02 mmol; 45%) of 4-(1-(4-

methoxyphenyl)ethyl)-2,6-bis(methylsulfanyl)pyridine (15). 1H NMR (200 MHz, CDCl3) 1.55 

(3H, d, J = 7.2), 2.56 (6H, s), 3.79 (3H, s), 3.90 (1H, c, J = 7.2), 6.71 (2H, s), 6,83 (2H, d, J = 

8.8), 7,06 (2H, d, J = 8.8). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 21.2 (CH3), 43.3 (CH), 

55.4 (CH3), 113.9 (2) (CH), 114.0 (C), 116.3 (2) (CH), 128.6 (2) (CH), 136.3 (2) (C), 155.5 (C), 

159.0 (C).  IR (film): 1456, 1513, 1533, 1575, 1610 cm-1. HRMS (C16H19NOS2): calculated 

(M+H+) 306.0981, found 306.0987. 

 

(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone (16) 



 

Following procedure 1, 15.4 ml (24.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 5.16 g (24.6 mmol) of 5-bromo-N-methyl-1H-indol (7) in dry THF at -40 ºC. After 45 

minutes, 2 g (9.8 mmol) of 2-chloro-6-methylsulfanylpyridine-4-carboxylic acid (2) in 10 mL of 

dry THF was added. The reaction product was flash chromatographed using Hexane/EtOAc 

(9/1) toyield 1.09 g (3.44 mmol, 35%) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-

indol-5-yl)methanone (16) as white needles. M.p. (Hex/AcOEt): 116-123 ºC. 1H NMR (200 MHz, 

CDCl3) 2.60 (3H, s), 3.86 (3H, s), 6.63 (1H, d, J = 2.8), 7,16 (1H, d, J = 2.8), 7.25 (1H, s), 7.33 

(1H, s), 7.40 (1H, bd, J = 8.9), 7.79 (1H, bd, J = 8,6), 8.06 (1H, s). 13C NMR (50 MHz, CDCl3): 

13.7 (CH3), 33.2 (CH3), 103.5 (CH), 109.7 (CH), 118.5 (CH), 119.2 (CH), 123.4 (CH), 125.9 

(CH), 127.3 (C), 127.9 (C), 131.0 (CH), 139.6 (C), 149.0 (C), 151.3 (C), 161.8 (C), 193.8 (C).     

IR (KBr): 1446, 1530, 1565, 1601, 1645 cm-1. HRMS (C16H13ClN2OS): calculated (M+Na+) 

339.0329, found 339.0316. 

 

(2,6-Bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone (17) 

Following procedure 1, 7.2 ml (11.5 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 2.44 g (11.5 mmol) of 5-bromo-N-methyl-1H-indol (7) in dry THF at -40 ºC. After 45 

minutes, 1 g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry 

THF was added. The reaction product was flash chromatographed using Hexane/EtOAc (9/1) 

to yield 412 mg (1.25 mmol; 27%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-

yl)methanone (17). 1H NMR (200 MHz, CDCl3): 2.62 (6H, s), 3.85 (3H, s), 6.60 (1H, d, J = 3.2), 

7.10 (2H, s), 7.15 (1H, d, J = 3.2), 7.38 (1H, bd, J = 8.8), 7.80 (1H, dd, J = 1.8, J = 8.8), 8.07 

(1H, d, J = 1.8). 13C NMR (50 MHz, CDCl3): 13.5 (2) (CH3), 33.2 (CH3), 103.4 (CH), 109.6 (CH), 

115.9 (2) (CH), 123.5 (CH), 125.8 (CH), 127.7 (C), 127.9 (C), 130.9 (CH), 139.5 (C), 146.4 (C), 

160.1 (2) (C), 195.1 (C). IR (KBr): 1526, 1565, 1603, 1652 cm-1
. HRMS (C17H16N2OS2): 

calculated (M+H+) 329.0777, found 329.0761. 

 

5-(1-(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (18) 

Following procedure 2, 3.4 ml (5.4 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 3.251 g (8.07 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 852 mg (2.69 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-

yl)(1-methyl-1H-indol-5-yl)methanone (16) was added. Flash chromatography with 



 

Hexane/EtOAc (98/2) yielded 194 mg (0.62 mmol; 23 %) of 5-(1-(2-chloro-6-

(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (18). 1H NMR (200 MHz, CDCl3)  2.60 

(3H, s), 3.82 (3H, s), 5.53 (1H, s), 5.61 (1H, s), 6.50 (1H, s), 7.01 (1H, s), 7.10 (2H, s), 7.14 (1H, 

bd, J = 8,6), 7.33 (1H, bd, J = 8.6), 7.54 (1H, s). 13C NMR (50 MHz, CDCl3): 13.7 (CH3), 33.0 

(CH3), 101.6 (CH), 109.4 (CH), 116.4 (CH2), 118.9 (CH), 119.3 (CH), 120.9 (CH), 122.0 (CH), 

128.5 (C), 129.9 (CH), 130.7 (C), 136.7 (C), 147.9 (C), 151.1 (C), 153.0 (C), 160.8 (C). IR (film): 

1422, 1442, 1492, 1519, 1576 cm-1. HRMS (C17H15ClN2S): calculated (M+H+) 315.0717, found 

315.0723. 

 

5-(1-(2,6-Bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (19) 

Following procedure 2, 1.1 ml (1.76 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.07 g (2.65 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 290 mg (0.88 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-

methyl-1H-indol-5-yl)methanone (17) was added. Flash chromatography with 95/5 

Hexane/EtOAc yielded 134 mg (0.41 mmol; 47 %) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-

yl)vinyl)-1-methyl-1H-indole (19). 1H NMR (200 MHz, CDCl3): 2.63 (6H, s), 3.81 (3H, s), 5.51 

(1H, d, J = 1.1), 5.59 (1H, d, J = 1.1), 6.50 (1H, d, J = 3.2), 6.94 (2H, s), 7.09 (1H, d, J = 3.2), 

7.20 (1H, dd, J = 1.8, J = 8.8), 7.31 (1H, bd, J = 8.8), 7.58 (1H, d, J = 1.8). 13C NMR (50 MHz, 

CDCl3): 13.4 (2) (CH3), 33.0 (CH3), 101.5 (CH), 109.2 (CH), 115.4 (CH2), 116.5 (2) (CH), 120.9 

(CH), 122.1 (CH), 128.4 (C), 129.7 (CH), 131.2 (C), 136.6 (C), 148.7 (C), 150.3 (C), 159.2 (2) 

(C). IR (film): 1517, 1571, 1607 cm-1. HRMS (C18H18N2S2): Calculated (M+H+) 327.0984, found 

329.1031. 

 

5-(2-Chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (20)  

Following procedure 4, 0.35 ml (3.7 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 200 mg (0.63 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-

indol-5-yl)methanone (16) was added and the mixture heated to 60 ºC. After precipitation, the 

filtrate was flash chromatographed with Hexane/EtOAc (1/1) to yield 140 mg (0.41 mmol, 64%) 

of 5-(2-chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (20). 1H 

NMR (200 MHz, CDCl3) 2.59 (3H, s), 3.95 (3H, s), 7.22 (1H, s), 7.31 (1H, s), 7.46 (1H, d, J = 

8.6), 7.81 (1H, s), 7.85 (1H, dd, J = 8.6; J = 1.4), 8.66 (1H, s), 9.99 (1H, s). 13C NMR (50 MHz, 



 

CDCl3): 13.7 (CH3), 34.1 (CH3), 110.5 (CH), 118.4 (CH), 119.1 (CH), 122.4 (C), 124.8 (C), 125.7 

(CH), 125.9 (CH), 130.5 (C), 140.7 (CH), 148.0 (C), 151.4 (C), 162.1 (C), 184.2 (CH), 193.6 (C). 

IR (film): 1466, 1530, 1607, 1658 cm-1. HRMS (C17H13ClN2O2S): calculated (M+H+) 345.0459, 

found 345.0444. 

 

5-(2,6-bis(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (21) 

Following procedure 4, 0.15 ml (1.6 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 96 mg (0.29 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-

5-yl)methanone (17) was added and the mixture heated to 60 ºC for 2 hours. After precipitation, 

the filtrate was flash chromatographed with 1/1 Hexane/EtOAc to yield 45 mg (0.13 mmol; 44%) 

of 5-(2,6-bis(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-carbaldehyde (21). 1H NMR 

(200 MHz, CDCl3): 2.62 (6H, s), 3.94 (3H, s), 7.10 (2H, s), 7.44 (1H, bd, J = 8.4), 7.79 (1H, s), 

7.88 (1H, dd, J = 1.8, J = 8.4), 8.69 (1H, d, J = 1.8), 10.02 (1H, s).  13C NMR (50 MHz, CDCl3): 

13.4 (2) (CH3), 33.9 (CH3), 110.2 (CH), 115.8 (2) (CH), 119.1 (C), 124.7 (C), 125.6 (CH), 125.7 

(CH), 130.9 (C), 140.2 (CH), 145.3 (C), 160.3 (2) (C), 184.1 (CH), 194.9 (C). IR: (film): 1457, 

1529, 1568, 1610, 1658 cm-1. HRMS (C18H15N2NaO2S2): calculated (M+H+) 357.0731, found 

357.0742. 

 

 (2-Chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone oxime (22) 

Following procedure 3, 305 mg (4.39 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 139 mg (0.43 mmol) of (2-chloro-6-(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-

yl)methanone (16) in 20 mL of MeOH. 105 mg (0.32 mmol, 74%) of the mixture of oximes was 

crystalized in Hexane/CH2Cl2 from the reaction. (E/Z)-(2-chloro-6-(methylsulfanyl)pyridin-4-

yl)(1-methyl-1H-indol-5-yl)methanone oxime (22). 1H NMR (200 MHz, CDCl3) 2.55 (3H, s), 2.60 

(3H, s), 3.79 (3H, s), 3.83 (3H, s), 6.48 (1H, d, J = 3.0), 6.56 (1H, d, J = 3.0), 7.00 – 7.59 (2H, 

m), 7.71 (1H, s). 13C NMR (50 MHz, CDCl3): 13.7 (CH3), 33.1 (CH3), 102.0 (CH), 102.1 (CH), 

109.4 (CH), 109.8 (CH), 118.1 (CH), 118.7 (CH), 119.4 (CH), 119.9 (CH), 120.6 (CH), 121.5 

(CH), 122.6 (CH), 124.3 (C), 125.5 (C), 128.2 (CH), 130.1 (CH), 137.1 (C), 137.6 (C), 144.5 (C), 

147.7 (C), 151.2 (C), 155.8 (C), 156.2 (C), 161.3 (C), 161.5 (C). IR (film): 1441, 1524, 1577 cm-

1. HRMS (C16H14N3OSCl): calculated (M+H+) 332.0619, found 332.0610. 

 



 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-yl)methanone oxime (23) 

Following procedure 3, 284 mg (4.08 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 134 mg (0.41 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(1-methyl-1H-indol-5-

yl)methanone (17) in 20 mL of MeOH. The mixture of oximes was chromatographed with 9/1 

Hexane/EtOAc to yield 48 mg (0.14 mmol; 34%) of one isomer, 21 mg (0.06 mmol; 15%) of the 

other, and 52 mg (0.15 mmol; 37%) of the mixture of (E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-

yl)(1-methyl-1H-indol-5-yl)methanone oximes (23). 1H NMR (200 MHz, CDCl3), major isomer: 

2.56 (6H, s), 3.84 (3H, s), 6.54 (1H, d, J = 3.2), 6.98 (2H, s), 7.12 (1H, d, J = 3.2), 7.24 (1H, dd, 

J = 1.8, J = 8.6), 7.40 (1H, bd, J = 8.6), 7.68 (1H, d, J = 1.8). 1H NMR (200 MHz, CDCl3), minor 

isomer: 2.61 (6H, s), 3.80 (3H, s), 6.46 (1H, d, J = 3.2), 6.90 (2H, s), 7.06 (1H, d, J = 3.2), 7.29 

(1H, bd, J = 8.6), 7.47 (1H, d, J = 1.8), 7.51 (1H, dd, J = 1.8, J = 8.6). 13C NMR (50 MHz, CDCl3): 

13.3 (2) (CH3), 32.9 (CH3), 102.0 (CH), 109.4 (CH), 116.5 (2) (CH), 120.6 (CH), 121.6 (CH), 

125.5 (C), 128.1 (C), 129.8 (CH), 137.5 (C), 141.5 (C), 156.9 (C), 159.7 (2) (C). IR: (film): 1435, 

1517, 1571, 3214 cm-1. HRMS (C17H17N3OS2): calculated (M+H+) 344.0886, found 344.0870. 

 

(E/Z)-5-((2-chloro-6-(methylsulfanyl)pyridin-4-yl)(hydroxyimino)methyl)-1-methyl-1H-

indole-3-carbonitrile (24) 

Following procedure 3, 282 mg (4.06 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 140 mg (0.41 mmol) of 5-(2-chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-

indole-3-carbaldehyde (20) in 20 mL of MeOH, yielding 129 mg (0.34 mmol; 84%)  of a mixture 

of oximes. The oximes were dissolved in 1 mL of pyridine and 0.5 mL of acetic anhydride, 

following procedure 5 to yield 103 mg (0.26 mmol; 76%) of (E/Z)-5-((2-chloro-6-

(methylsulfanyl)pyridin-4-yl)(acetoxyimino)methyl)-1-methyl-1H-indole-3-carbonitrile, that was 

dissolved in 3 mL of MeOH and 1 mL of 10% NaOH  and stirred for 72 hours at room 

temperature. The mixture was poured onto CH2Cl2 and the organic layer was washed with brine 

until neutral pH, dried over anhydrous Na2SO4, filtered and evaporated to dryness, yielding 89 

mg. Column chromatography using 95/5 CH2Cl2/EtOAc gave 45 mg (0.13 mmol; 50%) of (E/Z)-

5-((2-chloro-6-(methylsulfanyl)pyridin-4-yl)(hydroxyimino)methyl)-1-methyl-1H-indole-3-

carbonitrile (24) as light yellow needles (CH2Cl2/Hexane). 1H NMR (200 MHz, CDCl3) 2.46 (3H, 

s), 2.52 (3H, s), 3.80 (3H, s), 3.84 (3H, s), 6.93 (1H, s), 6.99 (1H, s), 7.01 (1H, s), 7.04 (1H, s), 

7.18 (1H, d, J = 1,6), 7.22 (1H, d, J = 8.6), 7.30 (1H, d, J = 8.6), 7.43 (1H, d, J = 8.6), 7.53 (1H, 

s), 7.58 (1H, s), 7.63 (1H, s), 7.71 (1H, s). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 33.8 (CH3), 



 

110.7 (CH), 115.3 (C), 117.4 (CH), 118.3 (CH), 119.0 (C), 119.7 (CH), 121.0 (CH), 123.1 (C), 

124.5 (CH), 127.6 (C), 136.2 (C), 136.7 (CH), 146.6 (C), 151.2 (C), 155.1 (C), 161.6 (C), 175.8 

(C). IR (film): 1428, 1448, 1527, 1574, 2219, 3316, 3338 cm-1. HRMS (C17H13ClN4OS): 

calculated (M+Na+) 379.0391, found 379.0389.   

 

5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde 

(25) 

Following procedure 4, 0.16 ml (1.7 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 89 mg (0.28 mmol) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-

methyl-1H-indole (18) was added stirred for 2 hours at room temperature. After precipitation, the 

filtrate was flash chromatographed with Hexane/EtOAc (4/6) to yield 67 mg (0.20 mmol; 70%) 

of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde (25). 

1H NMR (200 MHz, CDCl3) 2.56 (3H, s), 3.92 (3H, s), 5.62 (1H, s), 5.65 (1H, s), 6.94 (1H, d, J 

= 1.4), 7.03 (1H, d, J = 1.4), 7.17 (1H, dd, J = 1.8; J = 8.2), 7.34 (1H, bd, J = 8.2), 7.73 (1H, s), 

8.29 (1H, d, J = 1.8), 10.0 (1H, s). 13C NMR (50 MHz, CDCl3): 13.6 (CH3), 33.9 (CH3), 110.0 

(CH), 118.0 (CH2), 118.3 (C), 118.5 (CH), 119.0 (CH), 121.8 (CH), 124.5 (CH), 125.4 (C), 134.5 

(C), 137.8 (C), 140.2 (CH), 147.2 (C), 151.1 (C), 152.3 (C), 160.9 (C), 184.4 (CHO). IR (film): 

1528, 1577, 1657 cm-1. HRMS (C18H15ClN2OS): calculated (M+H+) 343.0666, found 343.0666. 

 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde (26) 

Following procedure 4, 309 µl (3.38 mmol) of POCl3 was added to 2 mL of dry DMF at 0 ºC. 

After 30 minutes, 184 mg (0.56 mmol) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-

methyl-1H-indole (19) was added and the mixture stirred for 2 hours at room temperature. After 

precipitation, the filtrate was flash chromatographed with 6/4 Hexane/EtOAc to yield 183 mg 

(0.51 mmol; 92%) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-

carbaldehyde (26) 1H NMR (200 MHz, CDCl3): 2.57 (6H, s), 3.88 (3H, s), 5.56 (1H, s), 5.60 (1H, 

s), 6.82 (2H, s), 7.17 (1H, bd, J = 8.6), 7.32 (1H, bd, J = 8.6), 7.70 (1H, s), 8.29 (1H, s), 9.98 

(1H, s). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 33.8 (CH3), 109.9 (CH), 116.1 (2) (CH), 116.9 

(CH2), 118.2 (C), 121.6 (CH), 124.5 (CH), 125.3 (C), 134.9 (C), 137.7 (C), 140.2 (CH), 148.0 

(C), 149.5 (C), 159.3 (2) (C), 184.3 (CH). IR (film): 1456, 1481, 1524, 1572, 1652, 2918 cm-1. 

HRMS (C19H18N2OS2): calculated (M+H+) 355.0933, found 355.0939. 



 

 

5-(1-(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid 

(27) 

393 μl (0.74 mmol) of phosgene was added to a solution of 85 mg (0.27 mmol) of 5-(1-(2-chloro-

6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde (25) in 20 mL of dry 

CH2Cl2 at 0 ºC. After stirring 72 hours at room temperature the reaction is poured onto iced 

water and extracted with EtOAc. The organic layer were washed with 4% NaOH and brine until 

neutral pH, dried over anhydrous Na2SO4, filtered and evaporated to dryness, yielding 66 mg 

(0.19 mmol; 71%) of 5-(2-chloro-6-(methylsulfanyl)isonicotinoyl)-1-methyl-1H-indole-3-

carbaldehyde (20). The basic waters were acidified with 2N HCl and extracted with EtOAc. The 

organic layer was washed with brine until neutral pH, dried over anhydrous Na2SO4, filtered and 

evaporated to dryness, yielding 13 mg (0.04 mmol; 13%) of 5-(1-(2-chloro-6-

(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (27). 1H NMR (200 MHz, 

CDCl3) 2.48 (3H, s), 3.81 (3H, s), 5.55 (1H, s), 5.58 (1H, s), 6.89 (1H, d, J = 1.1), 6.97 (1H, d, 

J = 1.1), 7.05 (1H, bd, J = 8.5), 7.26 (1H, bd, J = 8.5), 7.83 (1H, s), 8.12 (1H, s). IR (film): 1465, 

1532, 1577, 1610, 1662 cm-1. HRMS (C18H15ClN2O2S): calculated (M+Na+) 381.0435, found 

381.0453. 

 

5-(1-(2,6-Bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (28) 

125 μl (0.24 mol) of phosgene was added to a solution of 79 mg (0.24 mmol) of 5-(1-(2,6-

bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (19) in 20 mL of dry CH2Cl2 at 0 ºC. 

After stirring 72 hours at room temperature the reaction is poured onto iced water, basified with 

4% NaOH and extracted with CH2Cl2. The basic aqueous layer was acidified with HCl 2N and 

extracted with CH2Cl2. The organic layer was washed with and brine until neutral pH, dried over 

anhydrous Na2SO4, filtered and evaporated to dryness, yielding 22 mg (0.06 mmol; 25%) of 5-

(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (28). 1H NMR 

(200 MHz, CDCl3): 2.58 (6H, s), 3.88 (3H, s), 5.58 (1H, s), 5.61 (1H, s), 6.84 (2H, s), 7.12 (1H, 

bd, J = 8.9), 7.31 (1H, bd, J = 8.9), 7.90 (1H, s), 8.22 (1H, s). 13C NMR (50 MHz, DMSO-D6): 

12.7 (2) (CH3), 33.1 (CH3), 106.5 (C), 110.9 (CH), 115.3 (2) (CH), 117.1 (CH2), 120.2 (CH), 

122.4 (CH), 126.4 (C), 132.7 (C), 136.9 (CH), 147.4 (C), 149.6 (C), 159.2 (2) (C), 165.5 (C). IR 

(KBr): 1422, 1482, 1523, 1573, 1615, 1656 cm-1. HRMS (C19H18N2O2S2): calculated (M+H+) 

371.0882, found 371.0886. 



 

 

5-(1-(2-Chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbonitrile (29) 

Following procedure 3, 324 mg (4.67 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 160 mg (0.46 mmol) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-

1H-indole-3-carbaldehyde (25) in 20 mL of MeOH, yielding 149 mg (0.42 mmol; 90%)  of a 

mixture of oximes. The oximes were dissolved in 1 mL of pyridine and 0.5 mL of acetic 

anhydride, following procedure 5. Column chromatography using 7/3 Hexane/EtOAc gave 106 

mg (0.31 mmol; 74%) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-

3-carbonitrile (29). 1H NMR (200 MHz, CDCl3) 2.56 (3H, s), 3.88 (3H, s), 5.62 (1H, s), 5.63 (1H, 

s), 6.93 (1H, s, J = 1.2), 7.02 (1H, s, J = 1.2), 7.20 (1H, dd, J = 1.6, J = 8.6), 7.37 (1H, bd, J = 

8.6), 7.61 (1H, s), 7.70 (1H, s). 13C NMR (50 MHz, CDCl3) 13.5 (CH3), 33.8 (CH3), 110.4 (CH), 

115.6 (C), 117.9 (CH2), 118.4 (CH), 119.0 (CH), 119.5 (CH), 124.3 (CH), 127.9 (C), 133.8 (C), 

135.9 (C), 136.3 (CH), 146.8 (C), 151.1 (C), 151.9 (C), 161.0 (C). IR (film): 1526, 1576, 2218 

cm-1. HRMS (C18H14ClN3S): calculated (M+H+) 340.0670, found 340.0673. 

 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbonitrile (30) 

Following procedure 3, 271 mg (3.89 mmol)  of hydroxylamine hydrochloride was added onto a 

solution of 138 mg (0.39 mmol) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-

indole-3-carbaldehyde (26) in 20 mL of MeOH, yielding 138 mg (0.37 mmol; 95%) of 5-(1-(2,6-

bis(methylthio)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbaldehyde oxime. The oximes were 

dissolved in 1 mL of pyridine and 0.5 mL of acetic anhydride, following procedure 5. Column 

chromatography using 3/1 Hexane/EtOAc gave 51 mg (0.15 mmol; 39%) of 5-(1-(2,6-

bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carbonitrile (30). 1H NMR (200 MHz, 

CDCl3): 2.55 (6H, s), 3.77 (3H, s), 5.48 (1H, s), 5.49 (1H, s), 6.72 (2H, s), 7.13 (1H, bd, J = 8.8), 

7.26 (1H, bd, J = 8.8), 7.50 (1H, s), 7.60 (1H, s). 13C NMR (50 MHz, CDCl3): 13.6 (2) (CH3), 34.2 

(CH3), 110.7 (CH), 116.1 (C), 116.5 (2) (CH), 117.3 (CH2), 119.8 (CH), 124.8 (CH), 128.2 (C), 

134.7 (C), 136.2 (C), 136.6 (CH), 148.0 (C), 159.6 (C), 159.7 (2) (C). IR (film): 1484, 1527, 1573, 

1714, 2218 cm-1. HRMS (C19H17N3S2): calculated (M+H+) 352.0937, found 352.0939. 

 

5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxamide 

(31) 



 

12 ul (0.14 mmol) of chlorosulfonylisocyanide was added to a solution of 29 mg (0.09 mmol) of 

5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (18) in 2 mL of 1,2-

dichloroethane and the mixture stirred 24 hours at room temperature under N2. The mixture was 

poured onto ice and extracted with CH2Cl2. The organic layer was washed with brine until neutral 

pH, dried over anhydrous Na2SO4, filtered, evaporated to dryness, and subjected to preparative 

thin layer chromatography, yielding 12 mg (0.03 mmol; 31%) of 5-(1-(2-chloro-6-

(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxylic acid (27) and 10 mg (0.03 

mmol; 31%) of 5-(1-(2-chloro-6-(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-

carboxamide (31). 1H NMR (200 MHz, CDCl3) 2.55 (3H, s); 3.86 (3H, s); 5.56 (2H, s); 5.60 (1H, 

s); 5.62 (1H, s); 6.95 (1H, d, J = 1.2); 7.03 (1H, d, J = 1.2); 7.13 (1H, dd, J = 1.7; J = 8.6); 7.33 

(1H, bd, J = 8.6); 7.68 (1H, s); 7.95 (1H, d, J = 1.7). 13C NMR (50 MHz, CDCl3): 13.5 (CH3), 33.5 

(CH3), 110.0 (CH), 110.2 (C), 117.6 (CH), 118.5 (CH), 119.0 (CH), 120.4 (CH2), 123.3 (CH), 

125.9 (C), 133.3 (CH), 137.1 (C), 147.4 (C), 151.1 (C), 152.3 (C), 159.5 (C), 166.6 (C). IR: (film): 

1519, 1574, 1651, 2925, 3342 cm-1. HRMS (C18H16ClN3OS): calculated (M+H+) 358.0775, found 

358.0780.  

 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole-3-carboxamide (32) 

29 ul (0.32 mmol) of chlorosulfonylisocyanide was added to a solution of 70 mg (0.21 mmol)  of 

5-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (19) in 2 mL of 1,2-

dichloroethane and the mixture stirred 24 hours at room temperature under N2. The mixture was 

poured onto ice and extracted with CH2Cl2. The organic layer was washed with brine until neutral 

pH, dried over anhydrous Na2SO4, filtered, evaporated to dryness, and chromatographed with 

99:1 CH2Cl2/MeOH to yield 24 mg (0.06 mmol; 31%) of 5-(1-(2,6-bis(methylsulfanyl)pyridin-4-

yl)vinyl)-1-methyl-1H-indole-3-carboxamide (32). 1H NMR (200 MHz, CDCl3): 2.51 (6H, s), 3.78 

(3H, s), 5.50 (1H, s), 5.51 (1H, s), 5.66 (2H, s), 6.76 (2H, s), 7.08 (1H, dd, J = 1.6, J = 8.6), 7.24 

(1H, bd, J = 8.6), 7.63 (1H, s), 7.86 (1H, d, J = 1.6). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 

33.5 (CH3), 110.0 (CH), 110.1 (C), 116.2 (2) (CH), 120.1 (CH2), 123.4 (CH), 125.6 (CH), 133.6 

(C), 133.8 (CH), 137.1 (C), 148.1 (C), 149.5 (C), 159.2 (2) (C), 166.7 (C). IR (film): 1462, 1519, 

1573, 1651, 2924, 3341cm-1. HRMS (C19H19N3OS2): calculated (M+H+) 370.1042, found 

370.1051. 

 

 (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone (33) 



 

Following procedure 1, 7.3 ml (11.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 2.32 g (11.6 mmol) of 4-bromo-N,N-dimethylaniline in dry THF at -40 ºC. After 45 

minutes, 1 g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry 

THF was added. The reaction product was flash chromatographed using 98/2 Hexane/EtOAc to 

yield 81 mg (0.18 mmol; 4%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)bis(4-

(dimethylamino)phenyl)methanol and 669 mg (2.1 mmol; 46%) of (2,6-

bis(methylsulfanyl)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone (33). M.p. (Hex/EtOAc): 

103 - 105 ºC. 1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 3.09 (6H, s), 6.67 (2H, d, J = 9.2), 7.04 

(2H, s), 7.75 (2H, d, J = 9.2). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 40.1 (2) (CH3), 110.7 

(2) (CH), 115.6 (2) (CH), 123.4 (C), 132.6 (2) (CH), 146.5 (C), 153.7 (C), 159.8 (2) (C), 192.6 

(C). IR (KBr): 1435, 1523, 1591, 1639 cm-1. HRMS (C16H18N2OS2): calculated (M+H+) 319.0933, 

found 319.1221. (2,6-bis(methylsulfanyl)pyridin-4-yl)bis(4-(dimethylamino)phenyl)methanol:  1H 

NMR (200 MHz, CDCl3): 2.55 (6H, s), 2.94 (12H, s), 6.66 (4H, d, J = 8.8), 6.91 (2H, s), 7.09 (4H, 

d, J = 8.8). 13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 40.4 (4) (CH3), 80.7 (C), 111.7 (4) (CH), 

115.9 (2) (CH), 128.6 (4) (CH), 133.6 (2) (C), 149.7 (2) (C), 156.5 (C), 158.6 (2) (C). IR (KBr): 

1522, 1576, 1608, 2921, 3432 cm-1. HRMS (C24H29N3OS2): calculated (M+H+) 440.1825, found 

440.1838. 

 

4-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-N,N-dimethylaniline (34) 

Following procedure 2, 1.5 ml (2.4 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.33 g (3.3 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 302 mg (0.95 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

(dimethylamino)phenyl)methanone (33) was added. Flash chromatography with 97/3 

Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) of 4-(1-(2,6-bis(methylsulfanyl)pyridin-4-

yl)vinyl)-N,N-dimethylaniline (34). 1H NMR (200 MHz, CDCl3): 2.59 (6H, s); 2.99 (6H, s); 5.31 

(1H, d, J = 1.0); 5.45 (1H, d, J = 1.0); 6.69 (2H, d, J = 9.2); 6.86 (2H, s); 7.18 (2H, d, J = 9.2). 

13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 40.4 (2) (CH3), 111.7 (2) (CH), 113.5 (CH2), 116.4 

(2) (CH), 127.5 (C), 128.8 (2) (CH), 147.3 (C), 149.9 (C), 150.3 (C), 159.0 (2) (C). IR (film): 1519, 

1572, 1606 cm-1. HRMS (C17H20N2S2): calculated (M+H+) 317.1141, found 317.1142. 

 

(E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone oximes (35). 



 

Following procedure 3, 432 mg (6.22 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 198 mg (0.62 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(4-

(dimethylamino)phenyl)methanone (33) in 20 mL of MeOH. The mixture of oximes was 

chromatographed with 9/1 Hexane/EtOAc to yield 141 mg (0.42 mmol; 69%) of the mixture of 

(E/Z)-(2,6-bis(methylthio)pyridin-4-yl)(4-(dimethylamino)phenyl)methanone oximes (35). Major 

isomer: 1H NMR (200 MHz, CDCl3): 2.59 (6H, s), 2.99 (6H, s), 6.62 (2H, d, J = 9.0), 6.83 (2H, 

s), 7.30 (2H, d, J = 9.0). 13C NMR (50 MHz, CDCl3): 13.2 (2) (CH3), 40.2 (2) (CH3), 111.7 (2) 

(CH), 116.4 (2) (CH), 128.4 (C), 128.4 (2) (CH), 137.8 (C), 151.3 (C), 155.7 (C), 159.6 (2) (C). 

IR (KBr): 1524, 1574, 1605, 3246, 3273 cm-1. HRMS (C16H20N3OS2): calculated (M+Na+) 

356.0867, found 356.1157. Minor isomer: 1H NMR (200 MHz, CDCl3): 2.57 (6H, s), 3.02 (6H, s), 

6.72 (2H, d, J = 8.9), 6.96 (2H, s), 7.36 (2H, d, J = 8.9). 13C NMR (50 MHz, CDCl3): 13.3 (2) 

(CH3), 40.1 (2) (CH3), 111.2 (2) (CH), 115.9 (2) (CH), 118.0 (C), 121.7 (C), 131.1 (2) (CH), 150.9 

(C), 155.6 (C), 159.5 (2) (C). 

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(3-(dimethylamino)phenyl)methanone (36) 

Following procedure 1, 7.3 ml (11.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 1.29 ml (8.75 mmol) of 3-bromo-N,N-dimethylaniline in dry THF at -40 ºC. After 45 

minutes, 754 mg (3.5 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of 

dry THF was added. The reaction product was flash chromatographed using 95/5 

Hexane/EtOAc to yield 590 mg (1.85 mmol; 53%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(3-

(dimethylamino)phenyl)methanone (36). M.p. (Hex/CH2Cl2): 114 – 116 ºC. 1H NMR (200 MHz, 

CDCl3): 2.61 (6H, s), 3.00 (6H, s), 6.96 (1H, dd, J = 1.7, J = 8.6), 7.02 (1H, dd, J = 7.6), 7.15 

(2H, s), 7.16 (1H, d, J = 1.7), 7.31(1H, t, J = 7.9). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 

40.5 (2) (CH3), 112.6 (CH), 115.4 (2) (CH), 117.3 (CH), 118.7 (CH), 129.0 (CH), 136.6 (C), 144.9 

(C), 150.4 (C), 160.1 (2) (C), 195.5 (C). IR (KBr): 1525, 1568, 1596, 1656 cm-1. HRMS 

(C16H18N2OS2): calculated (M+H) 319.0939, found 319.0938. 

 

3-(1-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-N,N-dimethylaniline (37) 

Following procedure 2, 1.22 ml (1.95 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.18 g (2.93 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 312 mg (0.98 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(3-



 

(dimethylamino)phenyl)methanone (36) was added. Flash chromatography with 97/3 

Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) of 112 mg (0.35 mmol; 36 %) of 3-(1-(2,6-

bis(methylsulfanyl)pyridin-4-yl)vinyl)-N,N-dimethylaniline (37). 1H NMR (200 MHz, CDCl3): 2.59 

(6H, s), 2.94 (6H, s), 5.52 (1H, d, J = 1.2), 5.54 (1H, d, J = 1.2), 6.62 (1H, dd, J = 6.7), 6.64 (1H, 

s), 6.73 (1H, dd, J = 6.7), 6.85 (2H, s), 7.21 (1H, t, J = 8.1). 13C NMR (50 MHz, CDCl3): 13.4 (2) 

(CH3), 40.7 (2) (CH3), 112.4 (CH), 112.5 (CH), 116.3 (2) (CH), 116.5 (CH2), 116.8 (CH), 129.1 

(CH), 140.6 (C), 148.4 (C), 149.2 (C), 150.5 (C), 159.2 (2) (C). IR (film): 1517, 1571, 1596 cm-

1. HRMS (C17H20N2S2): calculated (M+Na+) 339.0960, found 339.0959. 

 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(3-(dimethylamino)phenyl)methanone oxime 

(38) 

Following procedure 3, 465 mg (6.69 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 213 mg (0.67 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(3-

(dimethylamino)phenyl)methanone (36) in 20 mL of MeOH. The mixture of oximes was 

chromatographed with 9/1 Hexane/EtOAc to yield 182 mg (0.55 mmol; 82%) of the mixture of 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(3-(dimethylamino)phenyl)methanone oximes (38). 

Major isomer: 1H NMR (200 MHz, CDCl3): 2.57 (6H, s), 2.96 (6H, s), 6.59 (1H, m), 6.61 (1H, bd, 

J = 8.2), 6.80 (1H, bd, J = 8.2), 6.98 (2H, s), 7.33 (1H, t, J = 8.2). 13C NMR (50 MHz, CDCl3): 

13.4 (2) (CH3), 40.5 (2) (CH3), 112.3 (CH), 113.5 (CH), 115.1 (2) (CH), 116.6 (CH), 129.3 (CH), 

131.7 (C), 143.7 (C), 150.4 (C), 156.9 (C), 159.6 (2) (C). IR (film): 1521, 1572, 1597, 2921, 3265 

cm-1. HRMS (C16H19N3OS2): calculated (M+H+) 334.1042, found 334.1042. Minor isomer: 1H 

NMR (200 MHz, CDCl3): 2.59 (6H, s), 2.92 (6H, s), 6.61 (1H, d, J = 7.9), 6.63 (1H, m), 6.78 (1H, 

bd, J = 7.9), 6.87 (2H, s), 7.18 (1H, t, J = 7.9). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 40.7 

(2) (CH3), 111.2 (CH), 112.6 (CH), 114.5 (CH), 116.5 (2) (CH), 129.3 (CH), 135.2 (C), 141.0 (C), 

150.5 (C), 156.2 (C), 159.7 (2) (C).  

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(6-(dimethylamino)pyridin-3-yl)methanone (39) 

7.3 ml (11.6 mmol) of nBuLi 1.6 M in hexanes was slowly added to a solution of 1.167 g (5.80 

mmol) of 5-bromo-N,N-dimethylpyridin-2-amine in dry THF at -40 ºC and stirred for 1 hour. 215 

mg (8,96 mmol) of NaH was added to a solution of 1 g (4.6 mmol) of 2,6-

bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry THF and stirred for 1 hour at 0 



 

ºC. The first solution was slowly added onto the second and stirred for 24 hours. 2 mL of ethyl 

formate was added and the miture was poured onto 5% NH4Cl and EtOAc. The mixture was 

partially evaporated and the organic layer was washed with 2N HCl, 5% NaHCO3, and brine, 

dried over anhydrous Na2SO4, filtered and evaporated. The reaction product was flash 

chromatographed using 8/2 Hexane/EtOAc to yield 71 mg (0.16 mmol; 3%) of (2,6-

bis(methylsulfanyl)pyridin-4-yl)bis(6-(dimethylamino)pyridin-3-yl)methanol and 97 mg (0.30 

mmol; 5%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(6-(dimethylamino)pyridin-3-yl)methanone 

(39). 1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 3.21 (6H, s), 6.55 (1H, bd, J = 9.2), 7.04 (2H, s), 

7.98 (1H, dd, J = 2.2, J = 9.2), 8.57 (1H, d, J = 2.2). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 

38.1 (2) (CH3), 105.3 (CH), 115.5 (2) (CH), 119.9 (C), 138.3 (CH), 145.5 (C), 153.1 (CH), 160.2 

(2) (C), 160.7 (C), 191.8 (C). IR (KBr): 1524, 1593, 1645 cm-1. HRMS (C15H17N3OS2): calculated 

(M+H+) 320.0886, found 320.0901. (2,6-bis(methylsulfanyl)pyridin-4-yl)bis(6-

(dimethylamino)pyridin-3-yl)methanol: M.p. (Hex/CH2Cl2): 175 – 177 ºC. 1H NMR (200 MHz, 

CDCl3): 2.55 (6H, s), 3.09 (12H, s), 6.45 (2H, bd, J = 8.8), 6.86 (2H, s), 7.36 (2H, dd, J = 2.4, J 

= 8.8), 7,95 (2H, d, J = 2.4). 13C NMR (50 MHz, CDCl3): 13.3 (2) (CH3), 38.2 (4) (CH3), 78.2 (C), 

105.5 (2) (CH), 115.6 (2) (CH), 128.1 (2) (C), 137.2 (2) (CH), 146.9 (2) (CH), 155.3 (C), 158.4 

(2) (C), 159.2 (2) (C). IR (KBr): 1515, 1568, 1605, 2924 cm-1. HRMS (C22H27N5OS2): calculated 

(M+H+) 442.1730, found 442.1722. 

 

(2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone (40) 

Following procedure 1, 7.2 ml (11.5 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

solution of 2.41 g (11.5 mmol) of 2-bromonaphthalene in dry THF at -40 ºC. After 45 minutes, 1 

g (4.6 mmol) of 2,6-bis(methylsulfanyl)pyridine-4-carboxylic acid (3) in 10 mL of dry THF was 

added. The reaction product was flash chromatographed using 95/5 Hexane/EtOAc to yield 709 

mg (2.18 mmol; 47%) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone (40). 

1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 7.17 (2H, s), 7.4 - 8.3 (7H, m). 13C NMR (50 MHz, 

CDCl3): 13.5 (2) (CH3), 116.2 (2) (CH), 124.3 (CH), 125.5 (CH), 126.8 (CH), 128.0 (CH), 128.6 

(CH), 129.5 (CH), 132.9 (CH), 130.8 (C), 133.8 (C), 134.1 (C), 145.1 (C), 160.8 (2) (C), 196.4 

(C). IR (film): 1529, 1570, 1665 cm-1. 

 

2,6-bis(methylsulfanyl)-4-(1-(naphthalen-2-yl)vinyl)pyridine (41) 



 

Following procedure 2, 1.91 ml (3.06 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 1.85 g (5.49 mmol) of methyltriphenylphosphonium iodide in 50 mL of dry 

THF at -40 ºC. After 45 minutes, 497 mg (1.53 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-

yl)(naphthalen-2-yl)methanone (40) was added. Flash chromatography with 97/3 

Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) of 293 mg (0.91 mmol; 59 %) of 2,6-

bis(methylsulfanyl)-4-(1-(naphthalen-2-yl)vinyl)pyridine (41). 1H NMR (200 MHz, CDCl3): 2.56 

(6H, s), 5.53 (1H, d, J = 1.1), 6.08 (1H, d, J = 1.1), 6.81 (2H, s), 7.2 – 7.7 (7H, m). 13C NMR (50 

MHz, CDCl3): 13.4 (2) (CH3), 114.7 (2) (CH), 120.0 (CH2), 125.5 (CH), 126.1 (2) (CH), 126.4 

(CH), 127.6 (CH), 128.5 (CH), 128.7 (CH), 131.6 (C), 133.8 (C), 138.0 (C), 146.2 (C), 148.5 (C), 

159.6 (2) (C). IR (film): 1519, 1570 cm-1. HRMS (C19H17NS2): calculated (M+H+) 324.0875, found 

324.0893. 

 

(E/Z)-(2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone oxime (42) 

Following procedure 3, 199 mg (0.29 mmol) of hydroxylamine hydrochloride was added onto a 

solution of 93 mg (0.29 mmol) of (2,6-bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-

yl)methanone (40) in 20 mL of MeOH. The mixture of oximes was chromatographed with 9/1 

Hexane/EtOAc to yield 188 mg (0.26 mmol; 89%) of the mixture of (E/Z)-(2,6-

bis(methylsulfanyl)pyridin-4-yl)(naphthalen-2-yl)methanone oxime (43). Major isomer: 1H NMR 

(200 MHz, CDCl3): 2.53 (6H, s), 6.95 (2H, s), 7.2 - 8.0 (7H, m). 13C NMR (50 MHz, CDCl3): 13.4 

(2) (CH3), 114.4 (2) (CH), 125.4 (2) (CH), 126.3 (CH), 126.5 (CH), 127.0 (CH), 127.3 (C),128.7 

(CH), 129.8 (CH), 130.2 (C), 133.6 (C), 143.3 (C), 155.6 (C), 159.9 (2) (C). IR: (película): 1435, 

1522, 1571, 3271, 3295 cm-1. HRMS (C18H16N2OS2): calculated (M+H+) 341.0777, found 

341.0792. Minor isomer: 1H NMR (200 MHz, CDCl3): 2.55 (6H, s), 7.01 (2H, s), 7.4 – 8.0 (7H, 

m). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 114.4 (CH), 116.8 (CH), 125.4 (2) (CH), 126.5 

(CH), 127.0 (CH), 128.5 (CH), 129.7 (CH), 130.2 (CH), 131.5 (C), 133.9 (C), 140.6 (C), 143.4 

(C), 154.8 (C), 155.5 (C), 159.8 (2) (C). 

 

(Z)-4-(4-methoxystyryl)-2,6-bis(methylsulfanyl)pyridine (43) 

Following procedure 2, 0.25 ml (0.40 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 189 mg (0.36 mmol) of ((2,6-bis(methylthio)pyridin-4-

yl)methyl)triphenylphosphonium bromide (6) in 50 mL of dry THF at -40 ºC. After 45 minutes, a 



 

solution of 0.13 ml (1.10 mmol) of 4-methoxybenzaldehyde in 5 mL of dry THF was added over 

30 minutes. Flash chromatography with 97/3 Hexane/EtOAc yielded 118 mg (0.37 mmol; 39 %) 

of 59 mg (0.19 mmol; 54%) of (E)-4-(4-methoxystyryl)-2,6-bis(methylsulfanyl)pyridine (43E) and 

19 mg (0.06 mmol; 17%) of (Z)-4-(4-methoxystyryl)-2,6-bis(methylsulfanyl)pyridine (43). 1H 

NMR (200 MHz, CDCl3): 2.49 (6H, s), 3.79 (3H, s), 6.25 (1H, d, J = 12), 6.65 (1H, d, J = 12), 

6.73 (2H, s), 6.78 (2H, d, J = 8.2), 7.16 (2H, d, J = 8.2). 13C NMR (50 MHz, CDCl3): 13.3 (2) 

(CH3), 55.3 (CH3), 113.8 (2) (CH), 116.3 (2) (CH), 125.5 (CH), 128.4 (C), 130.3 (2) (CH), 132.8 

(C), 133.6 (CH), 145.5 (C), 159.4 (2) (C). IR (KBr): 1512, 1566, 1604 cm-1. HRMS (C16H17NOS2): 

calculated (M+H+) 304.0824, found 304.0823. (E)-4-(4-methoxystyryl)-2,6-

bis(methylsulfanyl)pyridine (43E): 1H NMR (200 MHz, CDCl3): 2.61 (6H, s), 3.84 (3H, s), 6.73 

(1H, d, J = 16), 6.91 (2H, d, J = 8.6), 6.94 (2H, s), 7.18 (1H, d, J = 16), 7.45 (2H, d, J = 8.6). 13C 

NMR (50 MHz, CDCl3): 13.4 (2) (CH3), 55.4 (CH3), 114.0 (2) (CH), 114.3 (2) (CH), 123.3 (CH), 

128.4 (2) (CH), 128.9 (C), 132.8 (C), 132.9 (CH), 159.4 (2) (C). Falta un C. IR (KBr): 1517, 1571, 

1604, 1635 cm-1. HRMS (C16H18NOS2): calculated (M+H+) 304.0830, found 304.0823. 

 

(Z)-5-(2-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (44) 

Following procedure 2, 0.4 ml (0.64 mmol) of nBuLi 1.6 M in hexanes was slowly added to a 

stirred suspension of 139 mg (0.26 mmol) of ((2,6-bis(methylthio)pyridin-4-

yl)methyl)triphenylphosphonium bromide (6) in 50 mL of dry THF at -40 ºC. After 45 minutes, a 

solution of 252 mg (1.58 mmol) of N-methyl-1H-indole-5-carbaldehyde in 5 mL of dry THF was 

added over 30 minutes. Flash chromatography with 98/2 Hexane/EtOAc yielded 22 mg (0.07 

mmol; 26%) of (E)-5-(2-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-indole (44E) and 

12 mg (0.04 mmol; 14%) of (Z)-5-(2-(2,6-bis(methylsulfanyl)pyridin-4-yl)vinyl)-1-methyl-1H-

indole (44). 1H NMR (200 MHz, CDCl3): 2.45 (6H, s), 3.77 (3H, s), 6.26 (1H, d, J = 12), 6.43 (1H, 

d, J = 3.2), 6.78 (2H, s), 6.86 (1H, d, J = 12), 7.03 (1H, d, J = 3.2), 7.12 (1H, bd, J = 8.6), 7.12 

(1H, bd, J = 8.6), 7.52 (1H, s). 13C NMR (50 MHz, CDCl3): 13.4 (2) (CH3),33.1 (CH3), 101.7 (CH), 

109.7 (CH), 114.0 (2) (CH), 120.5 (CH), 120.8 (CH), 122.5 (CH), 124.7 (C), 127.8 (C), 128.8 

(C), 129.8 (CH), 134.9 (CH), 145.5 (C), 159.3 (2) (C). IR (film): 1521, 1571, 1608, 1626 cm-1. 

HRMS (C18H18N2S2): calculated (M+H+) 327.0984, found 327.1001. 

 
 
4.1.3. Determination of Aqueous Solubility.  



 

The aqueous solubility was determined by the shaking-flask method. Roughly 2 mg of the 

compound was shaken in 0.3 mL of pH 7.0 phosphate buffer for 72 h at room temperature. The 

saturated supernatant was passed through a 45 µm filter and the absorbance of the filtrate 

measured at the maximum UV absorbance wavelength for every compound in a Helios Alfa 

Spectrophotometer. The aqueous solubility was calculated by comparison with a calibration 

curve. 

 

4.2. Biology  

4.2.1. Inhibition of tubulin polymerization.  

Bovine brain tubulin was isolated as previously described.[35] Tubulin polymerization assays 

were carried out with 1.5 mg/mL protein at pH 6.7 in assay buffer containing 0.1 M MES buffer, 

1.5 mM GTP, 1 mM EGTA, 1 mM β-ME, 1 mM MgCl2, and the required ligand concentration. 

Samples were incubated 30 min at 20 °C, followed by cooling on ice for 10 min. Tubulin 

polymerization was assessed by the UV absorbance increase at 450 nm due to the turbidity 

caused by a temperature shift from 4 ºC to 37 ºC. When a stable plateau was reached and 

maintained for at least 20 minutes, the temperature was switched back to 4 ºC to ascertain the 

return to the initial absorption values, to confirm the reversibility of the process. The degree of 

tubulin assembly for each experiment was calculated as the difference in amplitude between the 

stable plateau and the initial baseline of the curves. Control experiments in identical conditions 

but the absence of ligand were taken as 100% tubulin polymerization. In a first screening, all the 

compounds were assayed at 5 µM in at least two independent measurements. For those 

compounds with TPI values higher than 40% on average, the IC50 values of tubulin 

polymerization were determined by measuring the tubulin polymerization inhibitory activity at 

different ligand concentrations. The obtained values of the mole ratio of total ligand to total 

tubulin in solution were fitted to mono-exponential curves and the IC50 values of tubulin 

polymerization inhibition calculated from the best-fitting curves.  



 

 

4.2.2. Cell culture.  

HL-60 (human acute myeloid leukemia) and HT-29 (human colon carcinoma) cell lines were 

grown at 37 °C in humidified 95% air and 5% CO2 in RPMI-1640 culture medium containing 10% 

(v/v) heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 2 mM L-glutamine. HeLa (human cervical carcinoma) cell line was grown at 37 °C in 

humidified 95% air and 5% CO2 in DMEM culture medium containing 10% (v/v) heat-inactivated 

fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. 

Cells were periodically tested for Mycoplasma infection and found to be negative. 

 

4.2.3. Cell Growth Inhibition Assay.  

The effect of the compounds on the proliferation of human tumor cell lines (cytostatic activity) 

was determined using the XTT (sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-

methoxy-6-nitro)-benzenesulfonic acid hydrate) cell proliferation kit (Roche Molecular 

Biochemicals, Mannheim, Germany) according to the manufacturer’s instructions as previously 

described.[51] Cells (5 × 103 HL-60, 1.5 × 103 HeLa, or 3 × 103 HT-29 in 100 μL) were incubated 

for 72 h in 96-well flat-bottomed microtiter plates at 37 °C in a humidified atmosphere of air/CO2 

(19/1) in culture medium containing 10% heat-inactivated FBS in the absence (control) and the 

presence of the indicated compounds at concentrations ranging from 10−5 to 10−13 M. After 

incubation, the XTT assay was performed. Each experiment was repeated three times and 

measurements were performed in triplicate. The IC50 (50% inhibitory concentration) value, 

defined as the drug concentration required to cause 50% inhibition in cellular proliferation with 

respect to the untreated controls, was determined for each compound by nonlinear curve fitting 

of the experimental data. 

 

4.2.4. Cell Cycle Analysis.  



 

For cell cycle analyses, untreated and drug-treated cells (2−4 × 105) were centrifuged and fixed 

overnight in 70% ethanol at 4 °C. Then cells were washed three times with PBS, incubated for 

1 h with 1 mg/mL RNase A and 20 μg/mL propidium iodide at room temperature, and analyzed 

with a Becton Dickinson fluorescence-activated cell sorter (FACSCalibur) flow cytometer (San 

Jose, CA) as previously described.[58, 59] Quantification of apoptotic cells was calculated as 

the percentage of cells in the sub-G0/G1 region in cell cycle analysis.[58, 59]  

 

4.2.5. Confocal Microscopy.  

HeLa cells were grown on 0.01% poly-L-lysine coated coverslips, and after drug treatment, the 

coverslips were washed three times with HPEM buffer (25 mM HEPES, 60 mM PIPES, 10 mM 

EGTA, 3 mM MgCl2, pH 6.6), fixed with 4% formaldehyde in HPEM buffer for 20 min, and 

permeabilized with 0.5% Triton X-100 as previously described.[53] Coverslips were incubated 

with a specific Ab-1 anti-α-tubulin mouse monoclonal antibody (diluted 1:150 in PBS) 

(Calbiochem, San Diego, CA) for 1 h, washed four times with PBS, and then incubated with 

CY3-conjugated sheep anti-mouse IgG (diluted 1:100 in PBS) (Jackson ImmunoResearch, West 

Grove, PA) for 1 h at 4 °C. After four washes with PBS, a drop of SlowFade light antifading 

reagent (Molecular Probes, Eugene, OR), with DAPI (Sigma, St. Louis, MO) to stain cell nuclei, 

was added to preserve fluorescence. The samples were analyzed by confocal microscopy using 

a ZeissLSM 310 laser scan confocal microscope. Negative controls, lacking the primary 

antibody or using an irrelevant antibody, showed no staining. 

 

4.2.6.Western Blot Analysis.  

About 5 x 106 cells were pelleted by centrifugation, washed with PBS, lysed, and subjected to 

Western blot analysis as described previously.[58] Proteins (15 µg) were separated through 8% 

sodium dodecyl sulfate-polyacrylamide gels under reducing conditions, transferred to 

nitrocellulose filters, blocked with 5% nonfat dry milk, and incubated overnight with the 



 

corresponding antibodies (anti-mitotic proteins mouse monoclonal antibody MPM-2, Abcam; 

C2.10 anti-PARP mouse monoclonal antibody, Cell Signaling). Signals were developed using 

an enhanced chemiluminescence (ECL) detection kit (Amersham). Immunoblotting with the 

mouse monoclonal anti-β-actin antibody AC15 (Sigma) was used as an internal loading control, 

revealing equivalent amounts of protein in each lane of the gel. 

 

4.3. Computational studies 

4.3.1. Chemical Structure.  

Calculations were performed consecutively using the Spartan 08 software package at the 

molecular mechanics (MMFF94s), semiempirical (AM1), and B3LYP 6-31+G* DFT levels. 

Conformational analyses were performed by systematically rotating the bonds between the rings 

in 18° steps with AM1 and the substituents on the pyridine ring were subjected to final 

unrestrained energy minimization until convergence at the B3LYP/6-31+G* DFT level of theory.  

 

4.3.2. Docking Experiments.  

The coordinates of the tubulin – colchicine site ligands complexes available were retrieved from 

the pdb [60] and chains C−E were removed. Five representative structures selected from 

previous studies of energy minimization and molecular dynamics simulations at 300 K on 

1SA1.pdb using AMBER14[61], initially with a restrained backbone and later 200 ns 

unrestrained were also used.[54] The ligands were built with Spartan 08[62] and prepared with 

AutodockTools. Docking experiments were run with PLANTS[55] using default settings and 10 

runs per ligand and AutoDock 4.2 [56, 63], by running the Lamarckian genetic algorithm (LGA) 

100−300 times with a maximum of 2.5 × 106 energy evaluations, 150 individuals in the 

population, and a maximum of 27000 generations. The occupancy of the colchicine site sub-

pockets by the obtained binding poses was automatically determined, and the results tabulated 

using in-house KNIME pipelines. The binding energies were converted to z-scores and used for 



 

comparison across programs. The results were analyzed with Chimera,[64] AutoDockTools,[56, 

63] Marvin,[65] OpenEye[66] and with JADOPPT.[67] The selection of the docking poses was 

done by searching for automatically determined similar docking poses coming from the two 

docking programs and scored in the two first quartiles and by comparing them to the alternative 

binding modes based on the combined z scoring. 
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