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Abstract

The phosphatase PTP4A3 is an attractive anticancer target, but knowledge of its exact role in cells 

remains incomplete. A potent, structurally novel inhibitor of the PTP4A family was obtained by 

photooxygenation of a less active, electron-rich thienopyridone (1). Iminothienopyridinedione 13 

displays increased solution stability and is readily obtained by two new synthetic routes that 

converge in the preparation of 1. The late-stage photooxygenation of 1 to give 13 in high yield 

highlights the potential of this reaction to modify the structure and properties of a biological lead 

compound and generate value for expanding the scope of an SAR investigation. Analog 13 should 

become a valuable tool for further exploration of the role of PTP4A3 in tumor progression.

Graphical Abstract

Small molecule modulators of protein function provide an indispensable tool for studying 

signalling pathways and disease pathology, and serve as lead structures in the design and 

development of new therapeutic agents.1 Phosphatases and kinases represent an essential 

class of proteins that govern reversible phosphorylations of the hydroxylated moieties on 

serine, threonine, and tyrosine residues. Phosphate group transfer is a key mechanism used 

by eukaryotic cells to regulate enzymatic activity, respond to extracellular signals, and 

sustain intracellular signal transduction.2 While the development of kinase inhibitors has 

resulted in numerous marketed drugs,3 phosphatases remain largely underexplored due to a 

perceived lack of druggability of these proteins.4,5 As a continuation of our interests in 
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phosphatases as therapeutic targets,6 we now report on the development of new small 

molecule inhibitors of the protein-tyrosine phosphatase 4A3 (PTP4A3).5,7

PTP4A3, along with PTP4A1 and PTP4A2, is member of a family of prenylated dual-

specificity phosphatases, also known as phosphatases of regenerating liver (PRL).5,7 

Sequence identity between the PTP4A isoforms is high; notably, a C49 residue (C46 in 

PTP4A2), a WPD loop, a C(X)5R active site phosphatase domain, and a terminal CAAX 

box are conserved. This family of phosphatases was found to be overexpressed in many 

cancer cell lines and has been shown to play a role in regulating cell cycles and tumor cell 

proliferation. PTP4A3 has a higher rate of overexpression in some cancer cells than other 

phosphatases, including PTP4A1 and PTP4A2. Comparison of gene expression profiles in 

colon cancers which metastasized to the liver showed that, among the 144 upregulated 

genes, only PTP4A3 was overexpressed in all colon cancer metastases studied.8 

Additionally, PTP4A3 is overexpressed in breast, lung, cervical, ovarian, and gastric cancers. 

Finally, poor patient prognosis and increased tumor invasiveness are commonly observed in 

many different malignancies expressing high levels of PTP4A3.9

PTP4A3 has been validated as an anticancer target in vivo, in conjunction with tumor driven 

angiogenesis, VEGF-dependent endothelial cell motility, and vascular permeability.10 

Knockdown studies with PTP4A siRNA resulted in abrogation of tumor cell motility and 

ability to metastasize in a mouse model. A number of downstream signalling pathways have 

been suggested, including ERK1/2,11 PI3K/AKT,12 Rho GTPases,13 and Src.14 The 

development of a small molecule inhibitor will enable the detailed exploration of PTP4A3’s 

role in tumorigenesis and metastasis.15

Several potential PTP4A3 inhibitors have been identified, but most suffer from structural 

features that may promote promiscuous bioactivity or metabolic liability.5 Two of these 

compounds, thienopyridone 1 and BR-1 (2), are shown in Fig 1. Structure-activity 

relationship (SAR) studies of rhodanine inhibitors of PTP4A3 identified 2 as a lead 

compound with an IC50 of about 1 µM.16 PTP4A3 was confirmed as target of 2 by the 

recovery of phosphorylated ezrin and cytokeratin 8, two putative PTP4A3 substrates. 

Selectivity of 2 towards PTP4A3 was demonstrated against 10 other phosphatases. For a 

mechanism of action, it was suggested that the NH in the rhodanine is deprotonated and the 

resulting negative charge is stabilized by the positive charge of the Arg residue in the active 

site. This observation was further supported by the lack of activity observed with an N-

methylated derivative of 2. Furthermore, SAR studies on 2 revealed that the thione in the 

rhodanine ring is necessary for activity, since replacing the sulfur with an oxygen atom 

resulted in a significant decrease in activity. Overall, however, rhodanine-containing 

compounds are often associated with off-target effects.17,18

Thienopyridone 1 is the most potent known inhibitor of PTP4A3 to date and was shown to 

be selective for the PTP4A family over 11 other phosphatases.19 Significant inhibition of 

tumor cell anchorage-independent growth, induction of p130Cas cleavage, and apoptosis 

that is not related to increased levels of p53 were observed. The main concern with this 

compound is the potential for hydroquinone/quinone type redox activity resulting from the 

high electron density of the fused thiophene and aniline-like amino substituent on the 
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pyridinone ring. Quinones and quinone-imines, derived from phenols and anilines, have 

been shown to be bioactivation metabolites responsible for idiosyncratic toxicity in marketed 

drugs.20 Given this compound’s potency and selectivity, however, we became interested in 

its further chemical and biological development.

In order to establish a route suitable for SAR studies, we investigated several synthetic 

approaches to 1. A Suzuki cross-coupling of phenyl boronic acid with brominated thiophene 

3 provided aldehyde 4 in 95% yield (Scheme 1). Regioselective bromination of 4 led to 

trisubstituted thiophene 5 in high yield. The bromine substituent was envisioned to offer a 

handle for further functionalizations. Knoevenagel condensation of 5 with malonic acid gave 

an 88% yield of acid 6 which was subjected to acid chloride formation and substitution with 

sodium azide to give acyl azide 7 in 44% yield over two steps. Curtius rearrangement and 

concomitant cyclization required high temperatures and produced thienopyridone 8 in 52% 

yield. Finally, nitration followed by hydrogenation gave 1 in 9% yield over two steps.

Forming the thienopyridone bicyclic system via a tandem Curtius rearrangement-cyclization 

is a well-known strategy,21 but this process requires high temperatures in part to isomerize 

the trans-double bond to allow the cyclization to take place. In agreement with literature 

reports, we experienced difficulties with reproducing yields and reaction scale-up was 

challenging, limiting the scope of our SAR studies. To overcome this bottleneck, we 

developed a second-generation synthesis, where we envisaged accessing a dihydro-bicyclic 

ring system, avoiding the alkene isomerization step (Scheme 2). Additionally, by directly 

introducing an isocyanate moiety, we could eliminate the need for a thermal acyl azide 

rearrangement. Starting with the primary amine 9, the isocyanate was formed with 

triphosgene. The biphasic reaction conditions were chosen to prevent side reactions of the 

amino group in 9 with the isocyanate. Friedel-Crafts cyclization was completed with FeCl3 

acting as a Lewis acid to form lactam 10. Bromination of 10 succeeded in 75% yield and the 

resulting thiophene 11 was subjected to a Suzuki cross-coupling with phenyl boronic acid 

followed by aromatization with DDQ to yield thienopyridone 12 in 48% yield over two 

steps. Analogous to the previous route, nitration and then hydrogenation completed the 

synthesis of 1.

In order to decrease the electron-density and potential redox-liability in the heterocyclic 

scaffold of 1, we studied photooxygenation conditions and the possibility to selectively 

introduce oxygen atoms on the thienopyridone (Table 1). Photooxygenation is a useful 

synthetic strategy to diversify electron-rich heterocycles and arenes. While currently still 

underutilized, it offers a convenient method to introduce novel structural motifs.22 For 

example, Cossy and Belotti used a photooxygenation for the preparation of quinoline-5,8-

quinones,23 and Prisinzano et al. generated salvidivin A from salvinorin A by exposure to 

sun light.24 The reaction of 1 under ambient laboratory light generated the novel 7-

iminothieno[3,2-c]pyridine-4,6(5H,7H)-dione 13, but the conversion was incomplete with a 

significant amount of 1 left after 2 days (entry 1). The photooxygenation was also attempted 

in a halogenated solvent by replacing MeOH with hexafluoroisopropanol (HFIP), but only a 

trace conversion of 1 to 13 was observed (entry 2). Conversely, placing a 23-W compact 

fluorescent lamp (CFL) at a distance of 15 cm away from the reaction mixture in a 
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borosilicate or Pyrex flask completed this transformation in 18 h (entry 3), and a yield of 

85% was obtained after 23 h (entry 4).

Due to its poor solubility in MeOH, 13 started to precipitate out of solution within a few 

hours. It is worth noting that this transformation was accomplished without the use of any 

additives, and the product isolation required a simple filtration for purification. Compound 

13 was acquired as an amorphous brown powder from MeOH in an average yield of 81% 

(Table 1, entries 4–5). Larger scale synthesis required longer reaction times, presumably due 

to poor light penetration of the larger solvent volume. We are currently also exploring 

alternate methods for this photochemical process.25 Crystalline 13 was obtained by slow 

evaporation from a solution in acetonitrile, and the structural assignment was confirmed by 

X-ray crystallography (Fig. 2).

To the best of our knowledge, the oxidized thiophene-containing scaffold of 13 has not 

previously been reported. Two literature studies of related imino-isoquinolinediones are 

shown in Fig. 3.26,27,28 The Otomasu group prepared compound 15 by a hydrogenation of 

nitrosodione 14 to the amine, which underwent a spontaneous oxidation to 15.27 The Henry 

group found that 4-amino-2-methyl-1-isoquinolone (16), in contrast to an analogous 5- or 7- 

amino derivative, was converted in situ to pyridazine 17, which they postulated to result 

from a condensation of 16 and air-oxidized 15.26

In a side-by-side LCMS/UV stability study of 1 and 13 at a concentration of 0.1 mg/mL in 

DMSO/H2O (5:1) with an internal standard (0.01 mg/mL vanillin), we observed significant 

(>80%) decomposition of 1 within 24 h whereas 13 remained >95% unchanged after 3 days; 

thus suggesting a considerable structural stabilization in the photooxygenation product 13 
that should translate into improved biological tractability.

For a further expansion of the SAR of 1 and 13, we envisioned pyrimidinediones as a 

related, synthetically readily accessible heterocyclic ring system (Scheme 3). 

Pyrimidinediones resemble a hybrid construct of 1, 2, and 13. The pyrimidinedione 21 
mimics the carbonyl functionalities in 13 as well as the rhodanine ring in 2. For an even 

closer structural match with 2, we introduced a thione functionality in 23 and 24, similar to 

the thione group in the rhodanine. Analogs 21 and 23 also incorporate the 2-

phenylthiophene moiety of 1 and 13.

The synthesis of pyrimidinediones started with a Gewald reaction of phenyl acetaldehyde 

(18) and cyano malonate 19 in the presence of elemental sulphur (Scheme 3). 

Aminothiophene 20 was obtained in excellent yield and subjected to chlorosulfonyl 

isocyanate to generate the urea. A one-pot sequence of cyclization, hydrolysis, and acid-

quench yielded the desired thienopyrimidinedione 21 in 57% yield over two steps. 

Analogously, the thiourea derivatives were synthesized from 20 and 22 with ammonium 

thiocyanate in the presence of benzoyl chloride followed by a one-pot cyclization, 

hydrolysis, and an acid-quench to yield analogs 23 and 24 in good yields.

The in vitro biochemical evaluation of all compounds was carried out using recombinant 

human PTP4A3, overexpressed as a His6-tag fusion protein in E. coli and purified on a metal 
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affinity column. Assays were performed using 6,8-difluoro-4-methylumbelliferyl phosphate 

(DiFMUP) as an artificial substrate at 25 °C for 30 min in 40 mM Tris-HCl (pH 7.0), 75 mM 

NaCl, 2 mM EDTA, and 4 mM DTT buffer. The reaction was carried out in 45 µL total 

volume per well of a black 384-well plate and initiated upon addition of DiFMUP at a final 

concentration of 12 µM (3× the Km of PTP4A3 for DiFMUP, to ensure that the reaction 

velocity remained constant throughout the assay) to each well containing 1 µg of full-length 

protein. The fluorescence was measured using a SpectraMax M5 plate reader at 358 nm 

excitation and 455 nm emission. Fluorescence values were used to calculate the percent 

inhibition of enzyme activity relative to maximal activity, PTP4A3 in the absence of 

inhibitor, and maximal inhibition, PTP4A3 in the presence of 2 mM Na3VO4.

Consistent with previous reports,19 1 had an IC50 of 132 nM against PTP4A3. The 

desaminothienopyridone 12 was remarkably less active than 1, highlighting the essential role 

of the 7-amino substitution. The novel imino-pyridinedione 13, in contrast, exhibited a 

greatly improved IC50 of 18 nM, making it the most potent PTP4A3 inhibitor reported to 

date. Moreover, 13 was ca. 3× more potent against PTP4A3 vs PTP4A1 and PTP4A2, which 

showed IC50 values of 50 and 52 nM, respectively, in our assay. We observed no significant 

inhibition of the enzymatic activity of another protein tyrosine phosphatase, PTP1B, with 

concentrations of 13 as high as 80 µM. Importantly, under the assay conditions (90 min, in 

the presence or absence of DTT), we did not detect quantifiable (>5%) spontaneous 

conversion of 1 to 13. The importance of the 7-nitrogen substitution in 13 was supported by 

the complete lack of PTP4A3 inhibition with analogs 21, 23 and 24. However, these 

compounds should be useful inactive controls for further pharmacological studies.

 Conclusions

This work establishes the first literature record of scalable routes to thienopyridone 1, a 

moderately potent inhibitor of PTP4A3. Furthermore, we employed a facile 

photooxygenation reaction to generate a novel 7-iminothieno[3,2-c]pyridine-4,6(5H,7H)-

dione, 13. Interestingly, 13 proved to be almost 10-fold more potent than 1 as well as much 

more stable in solution. While photoxygenation is currently still significantly less popular 

than the late-stage fluorination of bioactive scaffolds,29 we suggest that this strikingly 

straightforward “reagent-free” method to modify the structure and properties of heterocyclic 

building blocks has great value for expanding the scope of SAR investigations. Our 

synthesis enables access to a low-nanomolar small molecule inhibitor that should prove to be 

a valuable tool for a further exploration of PTP4A3’s role in tumor progression. Since 

thienopyridone 1 does not have any short-term cytotoxicity in cells, the higher potency of 13 
might overcome this limitation.7b Compound 13 is also noteworthy in comparison to 1 by 

the improvement in the drug-score of the lead structure to 0.87 from 0.79.30 The unique 

scaffold of 13 and the SAR information obtained with 12, 21, 23 and 24 will guide our 

future medicinal chemistry studies and the development of clinically useful potent and 

selective inhibitors of PTP4A3.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Structures of PTP4A3 inhibitors thienopyridone 1 and rhodanine BR-1 (2).
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Fig 2. 
X-ray structure of 13 resulting from photooxygenation of 1 (CCDC 1476250)
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Fig 3. 
Previously reported oxidations of structurally related compounds, analogous to the 

transformation of 1 to 13.
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Scheme 1. 
Synthesis of thienopyridone 1. Reagents and conditions: (i) Pd(PPh3)4, PhB(OH)2, Na2CO3, 

dioxane/H2O, µW 90 °C, 2 h, 95% (ii) Br2, CHCl3/AcOH, room temperature, 20 h, 98%; 

(iii) malonic acid, pyridine, piperidine, reflux, 5.5 h, 88%; (iv) SOCl2, DMF, toluene, reflux, 

2.5 h; (v) NaN3, toluene/H2O, 0 °C to room temperature, 1.5 h, 44% (2 steps); (vi) Ph2O, 

µW 250 °C, 30 min, 52%; (vii) HNO3, H2SO4, 1 h, 80 °C; (viii) H-cube (1 atm), 10% Pd/C, 

50 °C, 1 h, 9% (2 steps).
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Scheme 2. 
Second generation synthesis of thienopyridone 1. Reagents and conditions: (i) CO(OCCl3)2, 

NaHCO3, CH2Cl2/H2O, 0 °C, 5 h; (ii) FeCl3, CH2Cl2, 50 °C, 40 min, 71% (2 steps); (iii) 

Br2, AcOH, room temperature, 12 h, 75%; (iv) Pd(PPh3)4, PhB(OH)2, Na2CO3, dioxane/

H2O, 90 °C, 24 h; (v) DDQ, dioxane, 101 °C, 2.5 d, 48% (2 steps); (vi) HNO3, AcOH, room 

temperature, 15.5 h; (vii) 10% Pd/C (17 mol%), H2 (1 atm), EtOH, room temperature, 5 h, 

19% (2 steps).
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Scheme 3. 
Synthesis of thieno[2,3-d]pyrimidine-2,4(1H,3H)-dione and 2-thioxo-2,3-dihydrothieno[2,3-

d]pyrimidin-4(1H)-one analogs. Reagents and conditions: (i) S8, Et3N, DMF, room 

temperature, 21 h, 90%; (ii) ClSO2NCO, CH2Cl2, −78 °C to room temperature, 40 min; (iii) 

[a] dioxane/H2O, room temperature to 85 °C, 45 min; [b] aqueous NaOH, 85 °C, 30 min; [c] 

aqueous HCl, room temperature, 57% (2 steps); (iv) BzCl, NH4NCS, CH3CN, reflux, 6 h, 

69% (R = Ph), 67% (R = H); (v) [a] KOH, EtOH, reflux, 14–19 h; [b] aqueous HCl, room 

temperature, 49% (23), 57% (24).
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Table 1

Photooxygenation of 1 to 13.

Entry Solvent Light Source Conversion Timea
(isolated yield of 13)

1 MeOHb ambient light > 2 d (nd)

2 HFIPb ambient light 1 d (trace)

3 MeOHb 23 W CFLc 18 h (>80%)

4 MeOHd 23 W CFLc 23 h (85%)

5 MeOHe 23 W CFLc 2.5 d (77%)

a
Monitored by HR LC/MS for disappearance of 1;

b
On a 7–8 mg scale of 1 at 1–1.1 mg/mL conc.;

c
Compact fluorescent lamp at a distance of 15 cm;

d
6.0 mg of 1 in 5.5 mL of MeOH;

e
32.5 mg of 1 in 30 mL of MeOH;

nd = not determined
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Table 2

In vitro evaluation of inhibition of PTP4A3 activity.

Entry Compound IC50 [µM±S.D.]a

1 1 0.132 ± 0.003

2 12 >80

3 13 0.018 ± 0.014

4 21 >240

5 23 >100

6 24 >100

a
n=3; for inhibition curves see ESI.

Org Biomol Chem. Author manuscript; available in PMC 2017 July 06.


	Abstract
	Graphical Abstract
	Conclusions
	References
	Fig 1
	Fig 2
	Fig 3
	Scheme 1
	Scheme 2
	Scheme 3
	Table 1
	Table 2

