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1. Introduction 
Antimicrobial resistance (AMR) is on the rise. In the 5 year period between 2014 and 2019, 
annual deaths worldwide due to AMR rose from 700k to 1.27 million.1–4 The rightly coined 
“overlooked pandemic” requires attention, not only by controlling and reducing the use 
of antibiotics, but also by developing new antibiotics to revive the dried-up pipeline.2,3,5 
In addition to developing new antibiotics, another strategy for addressing the threat of 
AMR is by examining the potential for repurposing approved drugs as antimicrobial 
agents.5–8 

Pentamidine (1, Figure 1) is a simple bis-amidine, was first synthesized in the 
1930s, and is an effective antiparasitic drug. Pentamidine is on the WHO’s list of essential 
medicines and it freely distributed in developing countries where parasitic diseases are 
endemic.9,10 Beyond its antiparasitic activity, pentamidine has also been investigated as 
an anti-cancer agent and shows inhibition of Escherichia coli and Staphylococcus aureus 
growth, exhibiting moderate antimicrobial activity against Gram-positive bacteria.11–
18,10,19–24 Its adverse side-effects are also well-documented and include nephrotoxicity, 
tachycardia, hypotension, hypoglycaemia, and local reactions to the injection.9,10,25,26 
Efforts are being made to reduce the nephrotoxicity of pentamidine, such as employing 
nanotechnology.27 Pentamidine is seen as a promising repurposing candidate as 
exemplified by the wide range of therapeutical applications proposed and/or approved.27 

Recently, the possibility to repurpose pentamidine as a potentiator of Gram-
positive antibiotics against Gram-negative bacteria was reported by Brown and 
coworkers.11 Compelling in vivo data from systemic murine models with colistin-sensitive 
and -resistant Acinetobacter baumannii strains showed pentamidine to be highly 
effective in enhancing the antibacterial activity of novobiocin.11 The results of this study 
highlight the potential of repurposing pentamidine as a combination treatment against 
Gram-negative bacteria.5–8,11 In addition, this study explored the structure-activity 
relationship (SAR) of pentamidine and commercially available analogues.11 Building on this 
work, our group recently conducted a follow-up SAR study wherein a number of novel 
bis-amidines inspired by pentamidine (Figure 1) were synthesized and assessed for 
antibiotic synergy (see Chapter 2 of this thesis).12  

A number of the bis-amidines prepared in our earlier study showed strong 
potentiation of several Gram-positive analogues.12 Disruption of the Gram-negative outer 
membrane (OM) was established as the mode of potentiation for these compounds and 
for this reason the selectivity of membrane disruption was also explored by means of a 
hemolysis assay.11,12 Several analogues proved to be hemolytic when tested under 
stringent conditions including high concentrations and long incubation times (20 
hours).12 From these studies however, compounds 3 and 4 emerged as having potent OM 
disrupting ability and low hemolytic activity (Figure 1).12 Still, a question remained, while 
compounds 3 and 4 showed the highest OM disruption, compounds 6-9 displayed lower 
OM disruption (data not shown), but potentiated the activity of antibiotics even 
stronger.12 This finding prompted us to also perform a preliminary screen of these 
analogues for inherent antibacterial activity against a selected S. aureus strain.  
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In literature several SAR studies of pentamidine analogues against S. aureus have 
been reported.21,28–30 As mentioned before, the development of new antibiotics is key in 
combating AMR.3,31 A systematic analysis of the AMR numbers of 2019 revealed that of the 
Gram-positive bacteria S. aureus and Streptococcus pneumoniae were each responsible 
for more than 250.000 deaths in 2019, while deaths associated with AMR Enterococcus 
faecium lay between 100.000 and 250.000 deaths.1 According to the WHO’s priority list, 
vancomycin-resistant E. faecium and methicillin- and vancomycin-resistant S. aureus are 
classified as priority 2 “high”, while S. pneumoniae is classified as priority 3 “medium”.31 
The work described in this chapter work aimed to assess and improve the inherent 
activity of our new pentamidine analogues towards Gram-positive bacteria, specifically 
S. aureus and E. faecium.  
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Figure 1. Overview of pentamidine (1) and the bis-amidines described as potentiators by the group 
of Brown (2)11 and from our previous publication (1b, 1c, and 3-9) (see Chapter 2).12   
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2. Results and Discussion 
The inherent antibacterial activity of the pentamidine-inspired bis-amidines from our 
previous study (Figure 1),12 were establish by determining the minimum inhibitory 
concentration (MIC) of each compound against S. aureus (ATCC 29213) grown in lysogeny 
broth (LB). Table 1 provides a summary of the MIC values thus obtained, along with the 
FICI values for each compound (based on the synergy observed when combined with 
erythromycin and tested against E. coli) as well as the hemolytic activity determined for 
each compound. 
 

Table 1. Overview of the antimicrobial and hemolytic activity of the previously described bis-
amidines. The minimal inhibitory concentration (MIC) is determined against S. aureus ATCC 29213 
(μg/mL). The hemolytic activity is determined at 128 μg/mL after 20 hours of incubation. The 
hemolytic activity is normalized to the positive control (0.1% Triton X-100) and a value of <10% is 
considered non-hemolytic.32 

 MIC (μg/mL) FICI % Hemolysis 

Pentamidine (1) 8-16 0.500 0.0 

1b 16 ≤0.375 0.0 

1c >128 >0.5a 0.0 

2 2 ≤0.063 6.6 

3 16 ≤0.125 0.0 

3b 32 ≤0.313 0.5 

3c >128 >0.5a 0.0 

4 16 ≤0.094 0.0 

4b 4 ≤0.250 0.9 

4c 128 >0.5a 0.2 

5 8 ≤0.313 0.5 

5b 8 ≤0.250 0.3 

5c 128 >0.5a 0.1 

6 4 ≤0.063 13 

7 1 ≤0.047 10 

8 1 ≤0.094 14 

9 1 ≤0.078 78 

Vancomycin 1 - <5%33 
aThe fractional inhibitory concentration index (FICI) values were taken from Table 1 of the previous 
SAR study with bis-amidines (See Chapter 2).12 These values were calculated from checkerboard 
assays with erythromycin against E. coli BW25113 in LB.12 
 

The effect of the bis-amidine geometries on inherent activity roughly reflected 
the trends observed for their synergistic activity.12 For example, when the amidine 
moieities are located at the ortho position as 1c, 3c, 4c, and 5c, a significant reduction of 
inherent activity results is noted relative to the corresponding para-amidine analogues 
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1, 3, 4, and 5. Similarly, these ortho analogues were found to also been largely devoid of 
synergistic potential with a fractional inhibitory concentration index (FICI) above 0.5.12 
Conversely, in the case of the meta-amidine analogues prepared (1b, 3b, 4b and 5b), the 
antibacterial activities measured where found to be similar to para-substituted 
compounds. Notably, the compound with the most potent in vitro antibacterial activity 
among the ortho-, meta-, para- series of analogues prepared was meta analogue 4b which 
was found to exhibit a 2- to 4-fold enhancement compared to pentamidine (Table 1).  

Overall, the lowest MICs were observed for the bis-amidines 7-9 (Table 1), which 
showed a significant 16-fold improvement compared to pentamidine. Notable in this 
regard are a previously reported SAR studies that yielded pentamidine analogues which 
in some cases showed enhanced activity against MRSA strains.21 A closer look at these 
reports revealed the use of Mueller-Hinton broth (MHB) as medium.28 MHB is a medium 
that is normally adjusted with cations, Mg2+ and Ca2+, and the absence of cations could 
hypothetically improve MIC values of positively charged bis-amidines. Re-evaluation of a 
selection of our analogues in MHB and cation-adjusted MHB (CAMHB) resulted in lower 
MIC for a majority of the analogues (Table 2). For instance, the MIC of pentamidine, 
originally 8-16 μg/mL in LB, dropped to 2 μg/mL in MHB and 4 μg/mL in CAMHB. By 
comparison, the MICs of the most potent compounds 7 and 9 dropped to 0.5 μg/mL in 
MHB, while for 8 the MIC did not change when screening in different media.  

 
Table 2. The effect of different media on the antimicrobial activity of bis-amidines 1-4 and 6-9. The 
minimal inhibitory concentration (MIC) is determined against S. aureus ATCC29213 (μg/mL).  

 LB MHB CAMHB 

Pentamidine (1) 8-16 2 4 

2 2 1 1 

3 16 4 8 

4 16 4 8 

6 4 1 1 

7 1 0.5 0.5 

8 1 1 1 

9 1 0.5 1 

Vancomycin 1 0.5 1 

 

Analogues 7-9 exhibited the most potent antibacterial activity and were not 
impacted by the use of different growth media conditions. However, assessment of 
hemolytic activity clearly reveals bis-amidines 6-9 to be hemolytic (Table 1). As 
mentioned in our previous SAR study (Chapter 2), an increase in lipophilicity is often 
associated with an increase in hemolysis.12 However, lipophilicity alone does not explain 
the high difference in hemolytic activity between 7 and 9 (10% and 78%, respectively, 
Table 1) with our data clearly showing that the geometry of the aromatic linker plays a 
role. To further explore this effect, the meta-oriented bis-amidine analogues 6b, 7b, 8b, 
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and 9b were synthesized (Scheme 1). The synthetic routes used in their preparation were 
largely based on the reported syntheses of analogues 6, 7, 8, and 9 as described in Chapter 
3.12 In the case of 6b and 7b compound 11 served as a common intermediate.12,34,35 In the 
subsequent Williamson ether synthesis, however, 3-cyanophenol instead of 4-
cyanophenol was used to yield 12.12,36 Transformation to the bis-amidine products was 
then performed as for 6 and 7 as described in Chapter 2.12 Likewise, the first three steps 
in the synthesis of 8b and 9b were identical to their parent compounds 8 and 9 with the 
only difference being the use the 4-cyanophenol for 3-cyanophenol.12,37 As for bis-
amidine 8, the use of LHMDS resulted in the loss of the bromo-group in bis-amidine 8b.12 
Therefore, the same three-step reaction used to obtain 8 was employed and yielded 
8b.12,38 The aforementioned Suzuki coupling was performed on bis-nitrile 16 as for bis-
nitrile 12.39–41 Bis-amidine 9b was obtained from 16 using LHMDS as described before.12 

The newly obtained analogues 6b, 7b, 8b, and 9b were then screened for 
antimicrobial activity against S. aureus (ATCC 29213) and their hemolytic activity also 
assessed. The compounds were compared to their parent compounds 6, 7, 8, 9 (Table 3). 
Bis-amidine 2 was also included, due to its relatively low MIC values in all media (see 
Table 2) and its low hemolytic activity. Based on the values thus obtained for antibacterial 
and hemolytic activity, an estimate for the therapeutic window of the compounds was 
calculated (Table 3). The calculate therapeutic wind was based on the difference between 
MIC and the concentration at which the hemolytic activity was below 10% (see caption 
Table 3). It should be noted that these estimated therapeutic window values should only 
be see as indicative given that they are based on in vitro assays. Nonetheless, such an 
analysis can provide an indication of selectivity of the compounds for bacterial cells vs 
erythrocytes. 

 
Table 3. MIC values of pentamidine analogues 2 and 6-9b in LB broth for S. aureus ATCC 29213. The 
therapeutic window is calculated from the highest non-hemolytic concentration divided by the MIC 
(μg/ml). If the compound is still hemolytic at 32 μg/ml, the value ≤16 μg/ml was used in the 
calculation. The MIC values, the percentage of hemolysis at different concentrations, and the 
therapeutic window for the other bis-amidines can be found in the Supplementary data, Table S1. 

 
MIC 

(μg/ml) 
% Hemolysis 

(128 μg/ml) 
% Hemolysis 

(64 μg/ml) 
% Hemolysis 

(32 μg/ml) 
Therapeutic 

window 
2 2 6.6 0.6 0.0 64 

6 4 13 1.8 0.0 16 

6b 1 4.2 0.6 0.0 128 

7 1 10 3.6 2.3 64 

7b 0.5 84 49 11 ≤32 

8 1 14 3.4 0.7 64 

8b 1 4.8 0.8 0.0 128 

9 1 78 54 22 ≤16 

9b 4 61 44 21 ≤4 

 
 
 



252 
 

 

 
Scheme 1. Reagents and conditions: (a) (i) DIBALH, DCM, 0 °C, 1 h; (ii) Rochelle salt (quench), rt, 
overnight (96%); (b) PPh3, CBr4, DCM, rt, 2 h (55-74%); (c) 4-cyanophenol, NaH, DMF, 80 °C, 1 h 
(quant.); (d) phenylboronic acid, Pd(dppf)Cl2·DCM, THF/Na2CO3(aq) (1:1), 65 °C, 18 h (81-83%); (e) (i) 
LHMDS, THF, rt, 48 h; (ii) HCl (dioxane), 0 °C-rt, overnight (21-93%); (f) (i) LAH, ZnCl2, THF, rt, 6 h; 
(ii) Rochelle salt (quench), rt, overnight (95%); (g) (i) NH2OH·HCl, DIPEA, EtOH, 85 °C, 6 h; (ii) Ac2O, 
AcOH, rt, 4 h; (iii) Zn powder, AcOH, 35 °C, 6 h (10%). 
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Interestingly, the newly synthesized compounds 6b, 7b, 8b, and 9b exhibit both 
a greater range of hemolytic activity (4.2-84%) and antibacterial activity (0.5 – 4 μg/mL) 
compared to the para-amidine analogues 6, 7, 8, and 9 (Table 3). Again, the relation 
between hemolytic activity and antibacterial activity doesn’t seem to be directly 
correlated: 6b and 8b are non-hemolytic and have MIC values of 1 μg/mL, whereas 9b is 
hemolytic and has a MIC of 4 μg/mL. In contrast, the more potent analogue, 7b, with an 
MIC of 0.5 μg/mL also exhibits the highest hemolytic activity. The therapeutic window 
calculations here provide a convenient means of comparing all analogues revealing 6b 
and 8b as the most selective. 

In addition to S. aureus ATCC 29213, several other strains of S. aureus and E. 
faecium were selected for MIC assays to establish the range of activity of the bis-amidines 
(Table 4). The selected strains include vancomycin-resistant strains (S. aureus LIM2 
(intermediate-resistant) and VRS3b and E. faecium E155 and 7314) and methicillin-
resistant S. aureus (MRSA) strains (COL and USA300) to further establish the activity of 
bis-amidines against drug resistant oragnisms. The MIC values shown in Table 4 were 
obtained using LB broth as growth media. The same assays were also run in MHB and 
CAMHB (Supplementary data, Table S3-4). In the case of E. faecium strains, TSB was also 
employed as medium for the MIC assays (Supplementary data Table S5). Based on the 
therapeutic window of the bis-amidines (Table 3), a selection of the bis-amidines is 
displayed in Table 4 (therapeutic window ≥ 64). 
 

Table 4. MIC values (μg/ml) of pentamidine (1) and bis-amidines with a therapeutic window ≥ 64 (2, 
6b, 7, 8, and 8b) in LB broth for S. aureus and E. faecium strains. The maximum concentration tested 
for pentamidine (1) was 64 μg/ml and for vancomycin 128 μg/ml. Results of the other bis-amidines 
is located in Supplementary data, Table S2. 

 S. aureus E. faecium 

 ATCC 29213 LIM2 VRS3b COL USA300 E155 7314 

1 8-16 >64 8 8 16 >64 64 

2 2 32 2 2 4 16 16 

6b 1 16 0.5 0.5 2 32 16 

7 1 4 0.25 0.5 1 4 16 

8 1 16 1 1 2 16 16 

8b 1 32 2 4 8 32 32 

Vancomycin 1 4 128 2 <2 >128 128 

 

Of this selection, bis-amidine 7 clearly displays the most potent overall 
antibacterial activity (Table 4). Only against the E. faecium strains and S. aureus LIM2, 
were MIC values for 7 above 4 μg/ml. This compound was assessed as beingh borderline 
hemolytic at 128 μg/ml (10%, Table 3). The most selective bis-amidines 6b and 8b, based 
on the therapeutic window as determined for S. aureus ATCC 29213, display even less 
activity against E. faecium and S. aureus LIM2 (≤16 μg/ml, Table 4). However, against the 
other strains, 6b displays similar MIC values (maximum a 2-fold difference) to those 
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measured for 7. Given that these values were obtained in LB, the effects of other growth 
media on the MIC values of bis-amidines 6b and 7 were assessed. To this end, the 
activities of 6b and 7 were established against S. aureus strains in LB, MHB, and CAMHB 
and for E. faecium also in TSB (Table 5). Interestingly, in the other growth media, the S. 
aureus LIM2 and E. faecium 7314 strains aooeared to more susceptible to bis-amidine 7. 
While for 6b no such enhancement of activity was observed. There was, however, an 
improvement seen for 6b in CAMHB against the E. faecium strain E155. In some cases 6b 
even shows 2-fold lower MIC values in MHB and CAMHB compared to 7. Still, overall, bis-
amidine 7 is clearly the more potent compound.  

A final detail that does require some attention is the overall trend seen for S. 
aureus LIM2 and E. faecium E155 and 7314: in general these strains seem less susceptible 
to pentamidine and bis-amidine analogues compared to the other strains tested (Table 4 
and 5, See supplementary data, Table S2-S5). In the case of S. aureus LIM2 this could be 
the results of a thickened cell wall, often seen for vancomycin intermediate-resistant S. 
aureus strains.42–44 E. faecium E155 and 7314 carry the VanA and VanB resistance gene 
responsible for their vancomycin-resistance, similar to S. aureus VRS3b, which is 
susceptible to the bis-amidines. 

Possibly, the E. faecium strains are harder to target because of other factors 
contributing to their inherent insensitivity to the bis-amidines. In terms of resistance, in 
the literature there is mention of MDR efflux pumps that result in increased resistance 
to pentamidine45–48. The chromosomally-encoded NorA or the plasmid-encoded QacA 
and QacB are most commonly reported for S. aureus, but a QacA/B plasmid has also been 
found in an isolated E. faecium strain.45–55 Given that there is no literature reporting the 
presence of this gene or plasmids in the aforementioned strains, we cannot draw a firm 
conclusion as of yet. Still, future studies to address this point could include strains with 
either the QacA, QacB, and QacC plasmid or with the NorA gene.47,50,51,55 

 

  



255 
 

 

 

 

 

 

Table 5. MIC values (μg/ml) of bis-amidines 6b and 7 for S. aureus and E. faecium strains in different 
broths. The maximum concentration tested for vancomycin was 128 μg/ml. Results of the other bis-
amidines is located in Supplementary data, Table S2-S5. 

 S. aureus E. faecium 

 ATCC 29213 LIM2 VRS3b COL USA300 E155 7314 

LB 

6b 1 16 0.5 0.5 2 32 16 

7 1 4 0.25 0.5 1 4 16 

Vancomycin 1 4 128 2 <2 >128 128 

MHB 

6b 0.5 8 0.5 0.125 0.5 8 8 

7 0.5 2 0.25 0.25 1 2 2 

Vancomycin 0.5 4 128 2 1 >128 >128 

CAMHB 

6b 0.5 16 0.5 0.25 0.5 2 16 

7 0.5 4 0.5 0.5 1 2 2 

Vancomycin 1 4 128 2 1 >128 >128 

TSB 

6b - - - - - 32 16 

7 - - - - - 4 4 

Vancomycin - - - - - 64 128 
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3. Conclusion 
In this study we examined the inherent antibacterial activity of the bis-amidines 
previously investigated as antibiotic synergists (see Chapter 2). This revealed bis-amidine 
7 to have potent antibacterial activity against S. aureus and E. faecium strains (majority of 
the MIC values ≤2 μg/ml). An estimation of the selectivity of 7 and the other bis-amdine 
studied was achieved by comparing the concentrations at which they exhibit hemolytic 
activity versus their MIC values. This revealed compound 7 to have relatively large 
therapeutic window (64-fold difference between hemolytic activity concentration and 
MIC against S. aureus ATCC 29213 screened in LB).  

A focused SAR study also revealed the optimal positioning of the amidine group 
to be para and meta-in terms of antibacterial activity, while the ortho-amidine analogues 
displayed little-to-no activity. In addition, increasing the linker hydrophobicity, 
increased both the inherent activity and hemolytic activity. However, the positioning of 
the linker relative to the amidines clearly also plays a role given that a direct correlation 
of lipophilicity to hemolytic activity couldn’t be made when comparing bis-amidines 6-
9b. These trends are similar to the trends observed for the synergistic potential of the 
same bis-amidines in the previous SAR study focused on potentiation of Gram-positive 
antibiotics against Gram-negative bacteria.11,12  

Based on the results from the SAR study reported in Chapter 2, it appeared that 
the bis-amidines studied might have a secondary mode of action that contributed to their 
synergistic activity; the disruption of the OM alone, could not explain the trends seen in 
the FICI.12 The trends observed for the inherent in vitro activity of the bis-amidines 
towards Gram-positive bacteria suggest that this is indeed the case, especially since 
Gram-positive bacteria don’t have an OM. 

  



257 
 

4. Materials and methods 

General procedures. All reagents employed were of American Chemical Society (ACS) grade or finer 
and were used without further purification unless otherwise stated. For compound characterization, 
1H NMR spectra were recorded at 400 MHz with chemical shifts reported in parts per million (ppm) 
downfield relative to CHCl3 (7.26) or DMSO (δ 2.50). 1H NMR data are reported in the following order: 
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet and m, multiplet), coupling constant (J) in hertz 
(Hz) and the number of protons. Where appropriate, the multiplicity is preceded by br, indicating 
that the signal was broad. 13C NMR spectra were recorded at 101 MHz with chemical shifts reported 
relative to CDCl3 (δ 77.16) or DMSO (δ 39.52). HRMS analysis was performed on a Shimadzu Nexera 
X2 UHPLC system with a Waters Acquity HSS C18 column (2.1 × 100 mm, 1.8 μm) at 30 °C and 
equipped with a diode array detector. The following solvent system, at a flow rate of 0.5 mL/min, 
was used: solvent A, 0.1 % formic acid in water; solvent B, 0.1 % formic acid in acetonitrile. Gradient 
elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 15:85 to 0:100 (A/B) over 
1 min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B) for 3 min. This system was connected 
to a Shimadzu 9030 QTOF mass spectrometer (ESI ionisation) calibrated internally with Agilent’s 
API-TOF reference mass solution kit (5.0 mM purine, 100.0 mM ammonium trifluoroacetate and 2.5 
mM hexakis(1H,1H,3Htetrafluoropropoxy) phosphazine) diluted to achieve a mass count of 10000. 
Purity of the final compounds 6b, 7b, 8b, and 9b was confirmed to be ≥ 95% by analytical RPHPLC 
using a Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 120 C18 column 
(4.6 × 250 mm, 5 μm) at 30 °C and equipped with a UV detector monitoring at 214 nm. The following 
solvent system, at a flow rate of 1 mL/min, was used: solvent A, 0.1 % TFA in water/acetonitrile, 
95/5; solvent B, 0.1 % TFA in water/acetonitrile, 5/95. Gradient elution was as follows: 95:5 (A/B) 
for 2 min, 95:5 to 0:100 (A/B) over 30 min, 0:100 (A/B) for 1 min, then reversion back to 95:5 (A/B) 
over 1 min, 95:5 (A/B) for 3 min. The compounds were purified via preparative HPLC using a BESTA-
Technik system with a Dr. Maisch Reprosil Gold 120 C18 column (25 × 250 mm, 10 μm) and equipped 
with a ECOM Flash UV detector monitoring at 214 nm. The following solvent system, at a flow rate 
of 12 mL/min, was used: solvent A, 0.1 % TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in 
water/acetonitrile 5/95. Unless stated otherwise in the protocol, the gradient elution was as 
follows: 70:30 (A/B) to 0:100 (A/B) over 25 min, 0:100 (A/B) for 3 min, then reversion back to 70:30 
(A/B) over 1 min, 70:30 (A/B) for 1 min.  

 

4.1. Synthesis 

 (5-bromo-1,3-phenylene)dimethanol (10) Protocol as described in literature.34 Dimethyl 5-
bromoisophthalate (2.3 g, 8.3 mmol) was dissolved in dry DCM (25 mL) under argon 
atmosphere. The solution was then cooled to 0 °C using an ice bath and DIBALH 
(40 mL, 1 M hexane solution, 4.8 eq.) was added dropwise. The mixture was stirred 

from 0 °C to room temperature for 1 hour. The reaction was quenched with Rochelle salt (60 mL, 
sat. aq.) and the biphasic mixture was stirred at room temperature overnight. The layers were 
separated and the aqueous layer was two times extracted with diethyl ether. The organic layers were 
combined, washed with water and brine, dried over Na2SO4 and concentrated in vacuo. The crude 
product was purified using column chromatography (DCM/EtOAc = 1:1) and afforded compound 18 
(1.8 g, 96%). 1H NMR (400 MHz, MeOD) δ 7.42 (s, 2H), 7.28 (s, 1H), 4.58 (s, 4H), 3.35 (s, 2H). 13C NMR (101 
MHz, MeOD) δ 145.51, 129.42, 124.82, 123.31, 64.29. 

1-bromo-3,5-bis(bromomethyl)benzene (11) Protocol as described in literature.56 To a solution of 
compound 10 (1.0 g, 4.6 mmol) in dry DCM (50 mL) was added PPh3 (2.5 g, 9.7 mmol, 
2.1 eq.) and CBr4 (3.2 g, 9.7 mmol, 2.1 eq.) and the mixture was stirred at room 
temperature for two hours under argon atmosphere. The reaction was quenched 
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with water (30 mL) and the product was extracted from the aqueous layer with DCM three times. 
The combined organic layers were washed with water and brine, dried over Na2SO4 and 
concentrated in vacuo. The crude product was purified by column chromatography (petroleum 
ether 100%) to give compound 19 (0.87 g, 55%). 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.45 (m, 2H), 7.34 
(s, 1H), 4.53 (d, J = 4.0 Hz, 1H), 4.41 (d, J = 4.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 140.42, 140.11, 132.11, 
132.09, 131.64, 128.40, 127.90, 122.83, 44.89, 31.64, 31.59. 

3,3'-(((5-bromo-1,3-phenylene)bis(methylene))bis(oxy))dibenzonitrile (12) These conditions were 
based on literature protocols.36 3-cyanophenol (0.49 g, 4.1 mmol, 
2.4 eq.) was suspended in dry DMF (6 mL) under argon 
atmosphere. The suspension was cooled to 0 °C using an ice bath 
and NaH (160 mg, 60% dispersion in mineral oil, 2.4 eq.) was slowly 

added. The reaction was stirred for 30 minutes, the ice bath was removed and compound 11 (0.59 g, 
1.7 mmol) was added. The reaction mixture was heated to 80 °C, stirred for 1 hour, and then cooled 
to room temperature. Water (18 mL) was added to the mixture to obtain precipitation and give 
compound 12 (0.72 g, quant.). 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.54 (m, 2H), 7.43 – 7.37 (m, 3H), 7.29 
(dt, J = 7.6, 1.2 Hz, 2H), 7.21 – 7.17 (m, 4H), 5.07 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 158.45, 138.79, 130.69, 
130.23, 125.33, 124.61, 123.34, 120.16, 118.68, 117.88, 113.54, 69.27. 

3,3'-(([1,1'-biphenyl]-3,5-diylbis(methylene))bis(oxy))dibenzonitrile (13) Conditions were based on 
protocols described in literature.40,41 Dibenzonitrile intermediate 
12 (0.15 g, 0.36 mmol) was dissolved in a 3:1 mixture of THF and 2 
M Na2CO3 (aq.) of 4 mL, respectively. Phenylboronic acid (65 mg, 
0.54 mmol, 1.5 eq.) and Pd(dppf)Cl2·DCM (26 mg, 0.03 mmol, 0.1 eq.) 
were added. The reaction mixture was heated to 65 °C for 18 hours 
and then partitioned between DCM and NaHCO3 (sat. aq.). The 

aqueous layer was three times extracted with DCM, the organic layers were combined and dried 
over Na2SO4. The solvent was evaporated under reduced pressure and the crude product was 
purified using column chromatography (petroleum ether/EtOAc = 4:1) to obtain compound 13 (0.12 
g, 83%). 1H NMR (400 MHz, CDCl3) δ 7.70 – 7.61 (m, 4H), 7.54 – 7.48 (m, 3H), 7.47 – 7.40 (m, 3H), 7.34 – 
7.24 (m, 6H), 5.21 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 158.77, 142.63, 140.34, 137.22, 130.63, 129.07, 128.01, 
127.38, 126.33, 125.23, 125.14, 120.25, 118.79, 117.96, 113.47, 70.22.  

3,3'-(((5-bromo-1,3-phenylene)bis(methylene))bis(oxy))dibenzimidamide (6b) This protocol was 
based on the synthesis of structurally similar amidine 
containing compounds previously described in literature.12,57–

60 Compound 12 (100 mg, 0.24 mmol) was dissolved in a 
solution of LHMDS (2.0 mL, 1 M THF solution, 8.0 eq.)under 

argon atmosphere. The reaction was stirred at room temperature for 48 hours or longer until 
complete conversion to the bis-amidine (monitored by LCMS). The solution was cooled to 0 °C and 
quenched with HCl (3.6 mL, 4 M dioxane solution, 60 eq.). The mixture was stirred at room 
temperature for 30 minutes, then diluted with diethyl ether and filtered. The precipitate was purified 
by preparative HPLC with the gradient 30-100% in 30 minutes to give compound 6b (23 mg, 21%). 1H 
NMR (400 MHz, DMSO) δ 9.28 (s, 4H), 9.16 (s, 4H), 7.62 (d, J = 1.4 Hz, 2H), 7.56 – 7.48 (m, 3H), 7.43 (t, J 
= 2.1 Hz, 2H), 7.39 – 7.29 (m, 4H), 5.18 (s, 4H). 13C NMR (101 MHz, DMSO) δ 165.26, 158.15, 139.57, 130.51, 
129.92, 129.52, 125.78, 121.87, 120.64, 119.92, 114.66, 68.65. HRMS (ESI): calculated for C22H21BrN4O2 
[M+H]+ 453.0926, found 453.0921. 
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3,3'-(([1,1'-biphenyl]-3,5-diylbis(methylene))bis(oxy))dibenzimidamide (7b) Following the 
procedure as described above for compound 6b, using 
compound 13 (110 mg, 0.26 mmol), LHMDS (2.5 mL, 1 M THF 
solution, 9.4 eq.) and HCl (4.5 mL, 4 M dioxane solution, 68 eq.), 
afforded the crude product. The crude product was purified 
using HPLC with a 30-100% gradient for 30 minutes to obtain 
the pure compound 7b (112 mg, 93%). 1H NMR (400 MHz, 

DMSO) δ 9.36 (s, 4H), 9.28 (s, 4H), 7.68 (d, J = 1.6 Hz, 2H), 7.64 – 7.58 (m, 2H), 7.52 – 7.39 (m, 7H), 7.38 – 
7.31 (m, 5H), 5.22 (s, 4H). 13C NMR (101 MHz, DMSO) δ 165.46, 158.42, 140.80, 139.61, 137.69, 130.49, 
129.56, 129.15, 127.93, 126.84, 126.12, 125.93, 120.49, 120.06, 114.57, 69.59. HRMS (ESI): calculated for 
C28H26N4O2 [M+H]+ 451.2135, found 451.2129. 

 (4-bromo-1,2-phenylene)dimethanol (14) Conditions were based on protocol reported in 
literature.61 LAH (15 mL, 1 M THF solution, 2 eq.) and ZnCl2 (0.61 g, 4.5 mmol, 0.6 eq.) 
were suspended in dry THF (30 mL) and cooled to 0 °C, then 4-bromophthalic 

anhydride (1.7 g, 7.5 mmol) was slowly added. The mixture was stirred at room temperature for 6 
hours under argon atmosphere. The mixture was cooled to 0 C and quenched with Rochelle salt 
(30 mL, sat. aq.) and the biphasic mixture was stirred at room temperature overnight. The layers 
were separated and the aqueous layer was extracted with diethyl ether two times and the combined 
organic layers were washed with water and brine, dried over Na2SO4 and concentrated in vacuo. 
The crude product was purified by column chromatography (DCM/EtOAc = 1:1) to give compound 
24 (1.5 g, 95%). 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 2.1 Hz, 1H), 7.42 (dd, J = 8.0, 2.1 Hz, 1H), 7.18 (d, 
J = 8.0 Hz, 1H), 4.62 (d, J = 2.6 Hz, 4H), 3.20 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 141.49, 138.18, 129.88, 
128.77, 127.92, 122.30, 64.53, 64.40, 64.31, 63.49, 63.47, 31.08, 23.80. 

4-bromo-1,2-bis(bromomethyl)benzene (15) Following the procedure described for compound 11, 
using compound 14 (1.5 g, 7.0 mmol) as starting material, afforded compound 40 (1.8 
g, 74%). 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.1 Hz, 1H), 7.43 (dd, J = 8.2, 2.1 Hz, 1H), 

7.24 (d, J = 8.2 Hz, 1H), 4.59 (s, 2H), 4.58 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 138.65, 135.67, 134.02, 
132.69, 132.58, 131.24, 129.60, 123.17, 66.00, 42.46, 42.32, 30.14, 29.32, 29.12, 29.00, 28.83, 15.43. 

3,3'-(((4-bromo-1,2-phenylene)bis(methylene))bis(oxy))dibenzonitrile (16) Following the procedure 
as described above for compound 13, using compound 15 (0.84 g, 2.4 mmol), 
afforded compound 16 as a crude product. After the precipitation, the weight of 
the precipitate was too high. The precipitate was then dissolved in DMF, water 
was added, and the precipitated compound 16 was collected (1.2 g, quant.). 1H 
NMR (400 MHz, CDCl3) δ 7.68 (d, J = 2.1 Hz, 1H), 7.55 (dd, J = 8.1, 2.1 Hz, 1H), 7.44 – 
7.34 (m, 4H), 7.31 – 7.25 (m, 3H), 7.20 – 7.14 (m, 2H), 5.12 (d, J = 6.6 Hz, 4H). 13C NMR 

(101 MHz, CDCl3) δ 158.38, 136.48, 132.95, 132.13, 132.07, 131.07, 130.77, 130.75, 129.53, 129.21, 125.50, 
125.44, 123.21, 120.12, 120.11, 118.60, 117.71, 117.70, 113.60, 113.58, 67.95, 67.62. 

3,3'-(([1,1'-biphenyl]-3,4-diylbis(methylene))bis(oxy))dibenzonitrile (17) Following the procedure as 
described above for compound 13, using compound 16 (150 mg, 0.36 mmol) 
afforded compound 17 (0.12 g, 81%). 1H NMR (400 MHz, CDCl3) δ 7.80 (s, 1H), 
7.73 – 7.63 (m, 3H), 7.59 – 7.42 (m, 5H), 7.37 – 7.32 (m, 3H), 7.30 – 7.22 (m, 4H), 
5.37 – 5.22 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 158.65, 142.30, 140.16, 134.77, 
134.27, 133.08, 130.70, 130.66, 130.17, 129.54, 129.21, 129.07, 128.36, 127.99, 127.78, 
127.30, 125.28, 125.25, 125.21, 120.20, 120.16, 118.71, 117.78, 117.75, 113.52, 77.48, 

77.16, 76.84, 68.63, 68.55, 68.37. 
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3,3'-(((4-bromo-1,2-phenylene)bis(methylene))bis(oxy))dibenzimidamide (8b) Conditions were 
based on literature.38 To a suspension of compound 16 (130 mg, 0.31 mmol) 
and DIPEA (0.28 mL, 1.6 mmol, 5 eq.) in EtOH (5.0 mL) was added NH2OH·HCl 
(104 mg, 1.5 mmol, 4.8 eq.). The reaction mixture was stirred at 85 °C overnight. 
The mixture was concentrated in vacuo and the residue was dissolved in 
AcOH (3.0 mL) and Ac2O (0.14 mL, 1.5 mmol, 4.8 eq.) was added. The reaction 
was stirred overnight and then concentrated in vacuo. The residue was co-
evaporated with toluene three times and then suspended in AcOH (4.0 mL) 

under argon atmosphere. Zinc powder (30 mg, 0.92 mmol, 1.5 eq.) was added and the mixture was 
stirred at 35 °C for 6 hours. Upon completion, the reaction mixture was filtered through Celite®, 
the Celite® was rinsed with acetone and all collected fractions were concentrated in vacuo. The 
crude product purified by preparative HPLC (gradient 30-100%, 30 minutes) to afford the final 
compound 8b (14.7 mg, 10%). 1H NMR (400 MHz, DMSO) δ 9.25 (s, 4H), 8.99 (s, 4H), 7.72 (d, J = 2.1 Hz, 
1H), 7.62 – 7.40 (m, 6H), 7.40 – 7.32 (m, 4H), 5.28 (d, J = 10.6 Hz, 4H). HRMS (ESI): calculated for 
C22H21BrN4O2 [M+H]+ 453.0926, found 453.0919. 

3,3'-(([1,1'-biphenyl]-3,4-diylbis(methylene))bis(oxy))dibenzimidamide (9b) Following the 
procedure as described above for compound 6b, using compound 17 (110 
mg, 0.26 mmol), LHMDS (2.5 mL, 1 M THF solution, 9.4 eq.) and HCl (4.6 mL, 
4 M dioxane solution, 68 eq.), afforded the crude product. The crude 
product was purified using HPLC with a 30-100% gradient for 30 minutes 
to obtain the pure compound 9b (64 mg, 53%). 1H NMR (400 MHz, DMSO) 
δ 9.27 (dd, J = 15.0, 2.7 Hz, 8H), 7.80 (d, J = 1.9 Hz, 1H), 7.68 – 7.54 (m, 4H), 7.49 
– 7.38 (m, 6H), 7.37 – 7.28 (m, 5H), 5.32 (d, J = 9.1 Hz, 4H). 13C NMR (101 MHz, 

DMSO) δ 165.42, 165.39, 158.28, 140.24, 139.43, 135.39, 134.01, 130.45, 129.51, 129.11, 127.87, 127.28, 126.77, 
126.64, 120.52, 119.99, 114.78, 114.68, 67.67, 67.31. HRMS (ESI): calculated for C28H26N4O2 [M+H]+ 
451.2135, found 451.2128. 

 

4.2. Antimicrobial assays 
All compounds were screened for antimicrobial activity against S. aureus ATCC29213. A select group 
of the pentamidine analogues was further tested against S. aureus LIM2, S. aureus VRS3b, S. aureus 
MRSA Col, S. aureus USA300, E. faecium E155, and E. faecium 7314. The antimicrobial assay was 
performed according to CLSI guidelines. Bacteria were plated out directly from their glycerol stocks 
on blood agar plates, incubated overnight at 37 °C, and then kept in the fridge. The blood agar plates 
were only used for 2 weeks and then replaced. 

4.3. Minimal inhibitory concentration (MIC) assay using Lysogeny Broth (LB) 
A single colony from a blood agar plate was inoculated in LB at 37 °C until a 0.5 optical density at 
600nm (OD600) was reached (compared to the sterility control of LB). The bacterial suspension was 
diluted in fresh LB to 2.0 x 106 CFU/mL. The serial dilutions were prepared in polypropylene 
microtiter plates: a stock of the test compounds was prepared with a 2x final concentration in LB. 
100 µl of the stock was added to the wells of the top row of which 50 µl was used for the serial 
dilution. The bottom row of each plate was used as the positive (50 µl of LB) and negative controls 
(100 µl of LB) (6 wells each). 50 µl of the 2.0 x 106 CFU/mL bacterial stock was added to each well 
except for the negative controls, adding up to a total volume of 100 µl per well. The plates were 
sealed with a breathable seal and incubated for 20 hours at 37 °C and 600 rpm. The MIC was visually 
determined after centrifuging the plates for 2 minutes at 3000 rpm.  
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4.4. MIC using Mueller Hinton Broth (MHB), cation-adjusted MHB (CAMHB), and tryptic soy broth 
(TSB).  
Protocol identical to the MIC assays with LB except for the use of TSB as broth for the inoculation 
and the use of MHB, CAMHB, or TSB for the bacterial suspensions and serial dilutions. 
 

4.5. Hemolysis assays. 
The hemolytic activity of each analogue was assessed in triplicate. Red blood cells from defibrinated 
sheep blood obtained from Thermo Fisher were centrifuged (400 g for 15 minutes at 4°C) and washed 
with Phosphate-Buffered Saline (PBS) containing 0.002% Tween20 (buffer) for five times. Then, the 
red blood cells were normalized to obtain a positive control read-out between 2.5 and 3.0 at 415 nm 
to stay within the linear range with the maximum sensitivity. A serial dilution of the compounds (128 
– 4 µg/mL, 75 µL) was prepared in a 96-well plate. The outer border of the plate was filled with 75 
µL buffer. Each plate contained a positive control (0.1% Triton-X final concentration, 75 µL) and a 
negative control (buffer, 75 µL) in triplicate. The normalized blood cells (75 µL) were added and the 
plates were incubated at 37 °C for 1 hour or 20 hours while shaking at 500 rpm. After incubation, the 
plates were centrifuged (800 g for 5 minutes at room temperature). A flat-bottom plate of 
polystyrene with 100 µL buffer in each well was prepared. To this plate 25 µL of the supernatant was 
transferred to their respective wells in the flat-bottom plate. The values obtained from a read-out 
at 415 nm were corrected for background (negative control) and transformed to a percentage 
relative to the positive control. 
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Supplementary data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Hemolytic activity of all compounds after 20 hours of incubation. Concentration tested: 
A) 128 μg/mL; B) 64 μg/mL; C) 32 μg/mL. The hemolysis assay was performed as described in 
materials and methods. Values below 10% were defined as non-hemolytic.32 Error bars represent the 
standard deviation based on n=3 technical replicates.  
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Table S1. MIC values (μg/ml) of pentamidine analogues in LB broth for S. aureus ATCC29213. 
Hemolytic activity of all compounds (128-32 μg/mL). The hemolysis assay was performed as 
described in materials and methods. Values below 10% were defined as non-hemolytic (see gray 
background for ≥ 10%).32 Values are the average of on n=3 technical replicates. The therapeutic 
window is calculated by dividing the highest non-hemolytic concentration by the MIC. 

 MIC 
(μg/ml) 

% Hemolysis 

(128 μg/ml) 
% Hemolysis 

(64 μg/ml) 
% Hemolysis 

(32 μg/ml) 
Therapeutic 

window 
1 8-16 0.0 0.0 0.0 16-8 

1b 16 0.0 0.0 0.0 8 

1c >128 0.0 0.0 0.0 - 

2 2 6.6 0.6 0.0 64 

3 16 0.0 0.0 0.0 8 

3b 32 0.5 0.1 0.0 4 

3c >128 0.0 0.0 0.0 - 

4 16 0.0 0.0 0.0 8 

4b 4 0.9 0.0 0.0 32 

4c 128 0.2 0.0 0.0 1 

5 8 0.5 0.0 0.1 16 

5b 8 0.3 0.1 0.0 16 

5c 128 0.1 0.1 0.0 1 

6 4 13 1.8 0.0 16 

6b 1 4.2 0.6 0.0 128 

7 1 10 3.6 2.3 64 

7b 0.5 84 49 11 ≤32 

8 1 14 3.4 0.7 64 

8b 1 4.8 0.8 0.0 128 

9 1 78 54 22 ≤16 

9b 4 61 44 21 ≤4 
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Table S2. MIC values (μg/ml) of pentamidine analogues 1-4 and 6-9b in LB broth for S. aureus and 
E. faecium strains. The maximum concentration tested for the bis-amidines was 32 μg/ml and 
vancomycin 128 μg/ml. 

 S. aureus E. faecium 

 ATCC 29213 LIM2 VRS3b COL USA300 E155 7314 

1 8-16 >64 8 8 16 >64 64 

2 2 32 2 2 4 16 16 

3 16 >32 8 8 16 >32 >32 

4 16 >32 16 16 16 16 32 

6 4 16 2 2 2 16 32 

6b 1 16 0.5 0.5 2 32 16 

7 1 4 0.25 0.5 1 4 16 

7b 0.5 4 0.125 0.25 1 8 8 

8 1 16 1 1 2 16 16 

8b 1 32 2 4 8 32 32 

9 1 4 0.25 <0.5 1 2 4 

9b 4 8 1 0.5 <2 4 8 

Vancomycin 1 4 128 2 <2 >128 128 
 

 

Table S3. MIC values (μg/ml) of pentamidine analogues 1-4 and 6-9b in MHB broth for S. aureus and 
E. faecium strains. The maximum concentration tested for the pentamidine analogues was 32 μg/ml 
and vancomycin 128 μg/ml. 

 S. aureus E. faecium 

 ATCC 29213 LIM2 VRS3b COL USA300 E155 7314 

1 2 >32 8 4 8 32 32 

2 1 16 2 0.5 1 8 16 

3 4 >32 4 4 8 >32 >32 

4 4 32 4 4 8 8 >32 

6 1 4 0.5 0.5 1 2 8 

6b 0.5 8 0.5 0.125 0.5 8 8 

7 0.5 2 0.25 0.25 1 2 2 

7b 0.5 2 0.25 0.125 0.5 2 2 

8 1 4 0.25 0.5 1 4 8 

8b 0.5 2 0.5 0.25 1 2 4 

9 0.5 2 0.5 0.5 1 1 1 

9b 1 8 1 1 2 16 16 

Vancomycin 0.5 4 128 2 1 >128 >128 
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Table S4. MIC values (μg/ml) of pentamidine analogues 1-4 and 6-9b in CAMHB broth for S. aureus 
and E. faecium strains. The maximum concentration tested for the bis-amidines was 32 μg/ml 
(except for pentamidine with the E. faecium strains) and vancomycin 128 μg/ml. 

 S. aureus E. faecium 

 ATCC 29213 LIM2 VRS3b MRSA Col USA300 E155 7314 

1 4 >32 8 4 8 >64 64 

2 1 32 1 1 2 16 32 

3 8 >32 8 4 8 32 32 

4 8 >32 4 4 8 32 32 

6 1 8 1 1 1 >32 16 

6b 0.5 16 0.5 0.25 0.5 2 16 

7 0.5 4 0.5 0.5 1 2 2 

7b 0.5 4 0.25 0.5 1 2 4 

8 1 16 0.5 0.25 1 8 8 

8b 1 32 1 1 2 2 16 

9 1 4 0.5 0.5 1 2 2 

9b 0.5 4 0.5 0.5 2 1 4 

Vancomycin 1 4 128 2 1 >128 >128 
 

 

Table S5. MIC values (μg/ml) of pentamidine analogues 1-4 and 6-9b in TSB broth for E. faecium 
E155 and 7314. The maximum concentration tested for the bis-amidines was 128 μg/ml and 
vancomycin 128 μg/ml. 

 

 

 E. faecium 

 E155 7314 

1 128 128 

2 >2 >2 

3 >128 >128 

4 64 128 

6 16 32 

6b 32 16 

7 4 4 

7b 4 8 

8 16 16 

8b 8 8 

9 <2 <2 

9b 64 32 

Vancomycin 64 128 
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