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Tripyrrolic prodigiosenes, derivatives of the natural product 
prodigiosin, have been produced via multi-step synthesis 
beginning with 2-formyl pyrroles bearing various 
functionalities at the 4-position. Two tin complexes are also 
reported, and these feature a prodigiosene ligand bearing a 
conjugated benzyl-ester. Antimicrobial activities of 
prodigiosenes are evaluated against Gram positive and Gram 
negative bacterial strains, as well as a yeast. 

With the discovery of original classes of antibiotics being 
extremely rare over the last four decades,1 our modern search 
for antibiotics to fight resistant and multi-resistant strains has 
never been more important. Indeed the majority of known 
antibacterial classes were discovered between the 1940’s and 
1960’s and only five new classes have been introduced for 
human use since 1989.2-4 As such, most contemporary 
antibiotics are structural variations of established antibacterial 
classes, or sub-classes of antibacterial drugs: for example 
carbapenems, cephalosporins and monobactams are subclasses 
of the beta-lactam/penicillin class.5, 6 Resistant and multi-
resistant organisms7, 8 arise from the pressure exerted by the use 
of antibiotics and are at the origin of nosocomial and community-
acquired infection.9 Methicillin-resistant Staphylococcus aureus 
(MRSA),10 vancomycin-resistant enterococci (VRE)11 and 
penicillin-resistant Streptococcus pneumoniae (PRSP)12 are the 
most importunate, and efforts have focused on finding new 
treatments or combination therapies against these pathogens.13, 

14 However, with the release of new antibiotic drugs in decline,3 
the quest to find authentic antibacterial classes is unwaveringly 
critical. Nature provides the best source for antibiotics: indeed, of 
the 90 new antibacterial drugs approved by the FDA between 

1981 and 2002, only 19 were totally synthetic drugs – the others 
were natural compounds or modified natural compounds.15 
Continuing in this vein, we herein report our work investigating 
the antimicrobial properties of analogues of prodigiosin, a 
tripyrrolic natural product. 
 Prodigiosin (1) is a naturally occurring red pigment16, 17 
produced by certain strains of Serratia marcescens (Fig. 1).18 
Despite the antibacterial,16, 19-25 antiprotozoal26-28 and antifungal29 
properties of the natural product, its toxicity prevents its use as a 
clinical antibiotic.30 To our knowledge synthetic analogues of 
prodigiosin, termed prodigiosenes,31 have not been evaluated for 
their antimicrobial activities despite the fact that derivatives have 
been assessed for a variety of other biological activities including 
immunosuppressive,32 antimalarial33 and anti-cancer34-38 effects. 
Given the antimicrobial activity of the natural product,16, 19-25 we 
believe that derivatives based on this molecular scaffold have 
potential in the discovery of new drugs with unique antibiotic 
properties. To begin assessing the utility of synthetic 
prodigiosenes as potential antimicrobial agents, we prepared a 
series of analogues modified at the C-ring.37-39 We then screened 
their anti-microbial properties against a panel of Gram-positive 
and Gram-negative bacteria, as well as the yeast Candida 
albicans (C. albicans) to assess the breadth of their activity. The 
results are reported against clinical antimicrobial agents and the 
natural product prodigiosin,40 all used as controls. 
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Fig. 1 Natural product prodigiosin (1), synthetic prodigiosenes (2) and 
prodigiosene tin complexes (3). 

 Cognizant of the various circuitous routes by which total 
syntheses of prodigiosin have been achieved,41-44 our strategy 
originated by incorporating design features to facilitate the 
preparation of a range of analogues via intermediates that are 
both stable and easily accessible. In this regard, our synthetic 
prodigiosenes all bear an extra methyl group at the C-ring cf. the 
natural product, allowing an easier and shorter synthesis (Fig. 1) 
without significant impact upon the core structure.45 This feature 
enables the incorporation of Knorr-type pyrroles into the 
retrosynthetic approach; compounds that are extremely facile to 
prepare on a large scale and through which a wide range of 
functionality, steric effects and electronic characteristics may be 
introduced. Furthermore, the integration of a conjugated carbonyl 
group increases the stability of intermediates throughout the 
synthetic route and opens the door to accessing a wide range of 
functionalized C-ring analogues.37-39, 46  
 For this study, prodigiosenes were selected so as to survey 
the influence of substituents upon the corresponding 
antimicrobial activity. Thus, prodigiosene 2a differs from the 
natural compound 1 by just an extra methyl group at the C-ring. 
Compound 2b features a pendant ethanoate instead of the 
pentyl alkyl chain of the natural product. The influence of 
conjugated stabilizing groups at the C-ring upon antimicrobial 
activity was evaluated with 2c-e. Finally, in order to map the 
importance of the N-H groups of pyrroles, two tin complexes (3a, 
b) of the ester 2e were also evaluated for their antimicrobial 
activity, particularly given their improved toxicity profile compared 
to the natural product 1 (acute systemic toxicity in mice of 4 
mg/kg for prodigiosin 1, yet 200 mg/kg for 3a and 400 mg/kg for 
3b).47 
 Prodigiosenes 2a-e were prepared following literature routes 
that enabled isolation of the five prodigiosenes via a common 
strategy (Scheme 1).37, 39, 45, 48 All syntheses began with the 

preparation of a 2-formyl pyrrole (4), with the appropriate 
functionality pre-installed at the 4-position. Condensation of each 
2-formyl pyrrole (4) and 4-methoxy-3-pyrrolin-2-one (5) provided 
the desired dipyrrinones (6). After triflation or bromination to 
generate an activated dipyrrin, a Pd-catalyzed Suzuki-Miyaura 
coupling reaction using 1-N-Boc-pyrrole-2-boronic acid rendered 
the expected prodigiosenes 2a-e. Tin complexation was 
achieved by reacting methanolic solutions of the prodigiosene 2e 
with either diphenyltin oxide or dibutyltin oxide at reflux 
temperature, furnishing the prodigiosenes complexes 3a and 3b 
in good yields (Scheme 2).47 Complexation with tin was chosen 
as tin-prodigiosene adducts have been demonstrated to exhibit 
considerably improved toxicology profiles over their parent 
ligands.47 
 

	  

Scheme 1 Synthesis of prodigiosenes 2: a) TMSOTf, Et3N, DCM, then HCl, or 
KOH, THF, H2O, 60 °C, then MeOH, H2SO4; b) Tf2O, DCM, 0 °C, or POBr3, 
DCM, R.T.; c) Pd(PPh3)4, LiCl, Na2CO3, DME, 85 °C.  

	  

Scheme 2 Preparation of tin complexes of prodigiosenes: a) Ph2SnO or n-
Bu2SnO, MeOH, 65 °C, 18 h. 

 Using microbroth antibacterial assays prodigiosin (1), 
prodigiosenes 2a-e and the prodigiosene complexes 3a,b were 
screened for their ability to inhibit the growth of three Gram-
positive bacteria [methicillin-resistant Staphylococcus aureus 
(MRSA), Staphylococcus warneri (S. warneri), vancomycin-
resistant Entrococcus faecium (VRE), Fig. 2], two Gram-negative 
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bacteria [Proteus vulgaris (P. vulgaris), Pseudomonas 
aeruginosa (P. aeruginosa)] and the yeast C. albicans (Fig. 3). 
The concentration where half the growth inhibition was observed 
(IC50), as well as the minimal concentrations where complete 
inhibition of growth occurred (MIC), were determined using 
optical density measurements after 22 h incubation at 37 °C. For 
these assays, each of the drugs was tested at twelve different 
concentrations varying from 256 µg/mL to 0.0625 µg/mL. Control 
experiments against each strain were carried out with known 
antimicrobial agents: vancomycin for MRSA and S. warneri; 
rifampicin for VRE; ciproflaxin for P. vulgaris; gentamicin for P. 
aeruginosa; and nystatin for C. albicans. 

 

Fig. 2 Antimicrobial assays. IC50: 50% inhibitory concentration (µM), MIC: 
minimal inhibitory concentration (µM), average of six replicates, bars represent 
standard error; [a] vancomycin, [b] rifampicin, [c] methicillin-resistant 
Staphylococcus aureus; [d] Staphylococcus warneri; [e] Vancomycin-resistant 
Entrococcus faecium. 

 As demonstrated in Figure 2, the natural compound 
prodigiosin 1 exhibits modest activity against Gram-positive 
bacteria (MRSA, S. warneri and VRE). However, prodigiosin 
exhibits almost no activity against Gram-negative bacteria (P. 
vulgaris and P. aeruginosa, Fig. 3) or C. albicans (Fig. 3). This 
selectivity for Gram-positive bacteria is in agreement with 
previous reports.16, 20, 24 

 

	  

Fig. 3 Antimicrobial assays. IC50: 50% inhibitory concentration (µM), MIC: 
minimal inhibitory concentration (µM), average of six replicates, bars represent 
standard error; [a] ciprofloxacin MIC = 0.2 µM, IC50 = nd; [b] gentamycin; [c] 
nystatin; [d] Proteus vulgaris; [e] Pseudomonas aeruginosa; and [f] Candida 
albicans. 

 By consideration of the ≈ three-fold (or more) increase in 
growth inhibition and cell death activity of 2a cf. 1, it appears that 
methylation at the C-ring of prodigiosin improves the antibacterial 
properties of prodigiosenes. Indeed, the analogue 2a exhibits 
significantly better activities against Gram-positive bacteria than 
prodigiosin itself (Fig. 2), with MIC and IC50 values similar to the 
control antibiotics vancomycin and rifampicin (MRSA IC50 = 0.6 
for 2a, 0.7 for vancomycin; S. warneri IC50 = 1.3 for 2a, 0.5 for 
vancomycin; VRE IC50 = 1.7 for 2a, 1.2 for rifampicin). In contrast 
to the natural product, 2a is somewhat active against the Gram-
negative bacteria P. vulgaris (Fig. 3). Compound 2a also 
exhibited interesting activity against the yeast C. albicans. 
 Although 2b and 2c exhibited modest antimicrobial activity, 
compounds 2d and 2e exhibited increased activity against Gram-
positive bacteria compared to the natural compound (Fig. 2). 
These results show that the presence of neither a conjugated 
carbonyl moiety nor a pendant carboxylate group, courtesy of the 
C-ring in our prodigiosenes, is detrimental to activity agsinst 
Gram-positive bacteria. Interestingly compound 2c, bearing 
merely a longer alkyl chain (n = 8) cf. compound 2d (n = 2), 
exhibited almost no activity against the three Gram-positive 
strains studied, indicating that increased lipophilicity decreases 
the antibacterial properties of prodigiosenes. The tin complexes 
3a and 3b exhibited much lower activity compared to the parent 
ligand 2e. This suggests that the pyrrolic N–H moieties of the 
prodigiosenes play an important role in the prodigiosene 
mechanism of action against Gram-positive bacteria. 
Compounds 2b-e did not exhibit significant activity against the 
Gram-negative bacteria evaluated, nor the fungal agent (Fig. 3). 
 We then evaluated the toxicity of our prodigiosenes and tin 
complexes against human keratinocyte and fibroblast cells (Fig. 
4), so as to gain a sense of the utility of our best compounds: for 
clinical use, a good therapeutic window would effect excellent 
antimicrobial activity at a dosage that did not result in significant 
damage to human cells. Via IC50 and MIC values, the activity of 
our prodigiosenes and tin complexes, as well as the natural 
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product prodigiosin, was compared to that of zinc pyrithione, a 
FDA-approved antibacterial agent that is used ubiquitously in 
anti-dandruff shampoo but is toxic by ingestion.49 The methylated 
analogue 2a that previously showed broad-spectrum Gram-
positive antibiotic activity, as well as a significant inhibition of C. 
albicans, exhibited also a detrimental activity against 
keratinocytes and fibroblasts with lower MIC and IC50 values than 
prodigiosin itself. However, analogues 2d and 2e that also 
demonstrated interesting activity against Gram-positive bacteria 
(Fig. 2), look more promising: 2d exhibited almost no activity 
against keratinocytes and thus heralds potential for topical 
application; 2e also exhibited a promising therapeutic window 
with a selectivity index of 11.7 when looking at keratinocytes, and 
4.8 when looking at fibroblasts (2e MIC = 9.1 µM for MRSA, 
S.warneri and VRE; SI = cell IC50/pathogen MIC). 

 

Fig. 4. Cytotoxicity assays. IC50: 50% inhibitory concentration (µM), MIC: 
minimal inhibitory concentration (µM), average of three replicates, bars 
represent standard error; [a] zinc pyrithione. 

Conclusions 

This is, to our knowledge, the first report of the antibacterial 
activity of prodigiosenes. This preliminary study demonstrates 
the importance of the N–H functionality of the pyrrolic rings of 
prodigiosene in order to obtain consequent antibacterial activity 
against Gram-positive bacteria. Lipophilicity seems also to be a 
prejudicial parameter. Prodigiosenes 2a, 2d and 2e showed 
good activity against Gram-positive bacteria at low 
concentration. The methylated analogue of prodigiosin 2a, 
because of its residual toxicity against the keratinocyte and 
fibroblast human cells, cannot be considered as a promising 
antibiotic drug. However, compounds 2d and 2e, both 
incorporating a carbonyl group in lieu of the pentyl chain of the 
natural product, exhibit an interesting therapeutic window for 
potential use as antibiotics. These findings would be critical for 
our future design of prodigiosin-like antimicrobial agents. 
 

Acknowledgements 

Estelle Marchal is supported by a trainee award from The 
Beatrice Hunter Cancer Research Institute with funds provided 
by Cancer Care Nova Scotia as part of The Terry Fox 
Foundation Strategic Health Research Training Program in 
Cancer Research at CIHR; the UPEI group wishes to thank the 
Canada Research Chair program and NSERC for financial 
support. 
 
Notes and references 
Electronic Supplementary Information (ESI) available: Procedures for 
biological assays and data for microbroth antimicrobial assays. See 
DOI: 10.1039/c000000x/ 
 
1 H. Brötz-Oesterhelt and P. Sass, Future Microbiol., 2010, 5, 1553-

1579. 
2 F. von Nussbaum, M. Brands, B. Hinzen, S. Weigand and D. Häbich, 

Angew. Chem. Int. Ed., 2006, 45, 5072-5129. 
3 J. H. Powers, Clin. Microbiol. Infect., 2004, 10 (Suppl 4), 23-31. 
4 K. Outterson, J. B. Samora and K. Keller-Cuda, Lancet Infect. Dis., 

2007, 7, 559-566. 
5 J. A. Bazan, S. I. Martin and K. M. Kaye, Med. Clin. N. Am., 2011, 

95, 743-760. 
6 V. Gupta, Indian J. Med. Res., 2007, 126, 417-427. 
7 J. Davies, Science 1994, 264, 375-382. 
8 A. J. Alanis, Arch. Med. Res., 2005, 36, 697-705. 
9 E. A. Eady and J. H. Cove, Curr. Opin. Infect. Dis., 2003, 16, 103-

124. 
10 J. F. Barrett, Expert. Opin. Ther. Targets, 2004, 8, 515-519. 
11 R. Metzger, H. Bonatti and R. Sawyer, Drugs Today, 2009, 45, 33-

45. 
12 B. C. Lund, E. J. Ernst and M. E. Klepser, Am. J. Health-Syst. 

Pharm., 1998, 55, 1987-1994. 
13 C. A. Loffler and C. MacDougall, Expert Rev Anti-Infe. , 2007, 5, 

961-981. 
14 C. A. Arias and B. E. Murray, New Engl. J. Med., 2009, 360, 439-

443. 
15 D. J. Newman, G. M. Cragg and K. M. Snader, J. Nat. Prod., 2003, 

66, 1022-1037. 
16 N. N. Gerber, CRC Crit. Rev. Microbiol., 1975, 3, 469-485. 
17 J. W. Bennett and R. Bentley, Adv. Appl. Microbiol., 2000, 47, 1-32. 
18 N. R. Williamson, P. C. Fineran, F. J. Leeper and G. P. C. Salmond, 

Nat. Rev. Microbiol., 2006, 4, 887-899. 
19 L. Mangione, M. E. Scoglio and V. Alonzo, Atti Soc. Peloritana Sci. 

Fis., Mat. Nat., 1976, 22, 149-160. 
20 H. Okamoto, Z. Sato, M. Sato, Y. Koiso, S. Iwasaki and M. Isaka, 

Ann. Phytopathol. Soc. Jap. , 1998, 64, 294-298. 
21 T. Nakashima, M. Kurachi, Y. Kato, K. Yamaguchi and T. Oda, 

Microbiol. Immunol., 2005, 49, 407-415. 
22 F. Alihosseini, K.-S. Ju, J. Lango, B. D. Hammock and G. Sun, 

Biotechnol. Prog., 2008, 24, 742-747. 
23 J. S. Lee, Y.-S. Kim, S. Park, J. Kim, S.-J. Kang, M.-H. Lee, S. Ryu, 

J. M. Choi, T.-K. Oh and J.-H. Yoon, Appl. Environ. Microbiol., 
2011, 77, 4967-4973. 



Journal	  Name	   COMMUNICATION	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  2012	   J.	  Name.,	  2012,	  00,	  1-‐3	  |	  5 	  

24 C. Gulani, S. Bhattacharya and A. Das, Malays. J. Microbiol., 2012, 
8, 116-122. 

25 D. H. Ostrow and D. L. Lynch, Microbios Lett., 1976, 3, 123-130. 
26 A. J. Castro, Nature, 1967, 213, 903-904. 
27 N. N. Gerber, J. Antibiot., 1975, 28, 194-199. 
28 K. Papireddy, M. Smilkstein, J. X. Kelly, Shweta, S. M. Salem, M. 

Alhamadsheh, S. W. Haynes, G. L. Challis and K. A. Reynolds, J. 
Med. Chem., 2011, 54, 5296-5306. 

29 C. Kalbe, P. Marten and G. Berg, Microbiol. Res., 1996, 151, 433-
439. 

30 R. H. Wier, R. O. Egeberg, A. R. Lack and G. Leiby, Am. J. Med. 
Sci., 1952, 224, 70-76. 

31 W. R. Hearn, M. K. Elson, R. H. Williams and J. Medina-Castro, J. 
Org. Chem., 1970, 35, 142-146. 

32 R. D'Alessio, A. Bargiotti, O. Carlini, F. Colotta, M. Ferrari, P. 
Gnocchi, A. M. Isetta, N. Mongelli, P. Motta, A. Rossi, M. Rossi, M. 
Tibolla and E. Vanotti, J. Med. Chem., 2000, 43, 2557-2565. 

33 K. Papireddy, M. Smilkstein, J. X. Kelly, S. M. Salem, M. 
Alhamadsheh, S. W. Haynes, G. L. Challis and K. A. Reynolds, J. 
Med. Chem., 2011, 54, 5296-5306. 

34 R. A. Manderville, Curr. Med. Chem.: Anti-Cancer Agents, 2001, 1, 
195-218. 

35 R. Pérez-Tomas, Curr. Med. Chem., 2006, 13, 1859-1876. 
36 R. Pérez-Tomas, B. Montaner, E. Llagostera and V. Soto-Cerrato, 

Biochem. Pharmacol., 2003, 66, 1447-1452. 
37 J. Regourd, A. A.-S. Ali and A. Thompson, J. Med. Chem., 2007, 50, 

1528-1536. 
38 D. R. I. Saez, S. M. Bennett and A. Thompson, ChemMedChem, 

2009, 4, 742-745. 
39 M. I. Uddin, S. Thirumalairajan, S. M. Crawford, T. S. Cameron and 

A. Thompson, Synlett, 2010, 17, 2561-2564. 
40 A. V. Giri, N. Anandkumar, G. Muthukumaran and G. Pennathur, 

BMC Microbiol., 2004, 4, 11. 
41 D. L. Boger and M. Patel, Tetrahedron Lett., 1987, 28, 2499-2502. 
42 D. L. Boger and M. Patel, J. Org. Chem., 1988, 53, 1405-1415. 
43 H. H. Wasserman and L. J. Lombardo, Tetrahedron Lett., 1989, 30, 

1725-1728. 
44 H. H. Wasserman, A. K. Petersen, M. Xia and J. Wang, Tetrahedron 

Lett., 1999, 40, 7587-7589. 
45 S. Rastogi, E. Marchal, I. Uddin, B. Groves, J. Colpitts, S. A. 

McFarland, J. T. Davis and A. Thompson, Org. Biomol. Chem., 2013, 
11, 3834-3845. 

46 D. R. I. Saez, J. Regourd, P. V. Santacroce, J. T. Davis, D. L. 
Jakeman and A. Thompson, Chem. Commun., 2007, 2701-2703. 

47 S. M. Crawford, A. A. Al-Sheikh, T. S. Cameron and A. Thompson, 
Inorg. Chem., 2011, 50, 8207-8213. 

48 D. A. Smithen, A. M. Forrester, D. P. Corkery, G. Dellaire, J. 
Colpitts, S. A. McFarland, J. N. Berman and A. Thompson, Org. 
Biomol. Chem., 2013, 11, 62-68. 

49 E. W. Brauer, D. L. Opdyke and C. M. Burnett, J. Invest. Dermatol., 
1966, 47, 174-175. 

 
 


