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Chapter 5 

 

Design, Synthesis, and Antibacterial Evaluation of 

Rifampicin-Siderophore Conjugates 

 

 

 

Abstract 

The growing concern over antibiotic resistance has sparked increased attention toward 

developing new antibiotic strategies. One promising approach, known as the “Trojan 

horse” strategy, involves the use of siderophores to hijack bacteria’s iron transport 

systems as a way of delivering antibiotics inside the bacterial cell. This method is 

particularly promising in tackling Gram-negative bacteria, which have an outer 

membrane that many antibiotics cannot penetrate. One such antibiotic is rifampicin, a 

drug used to treat tuberculosis and infections caused by Gram-positive bacteria. Although 

rifampicin binds to a highly conserved bacterial RNA subunit, its activity is generally 

poor against Gram-negative bacteria due to their outer membrane. Aiming to expand 

rifampicin’s efficacy, we here report the design and synthesis of several rifampicin-

siderophore conjugates that exhibit enhanced activity against Gram-negative pathogens. 

Our findings indicate that the structural features of both the linker and catechol are crucial 

for the activity of conjugates with compound 33, wherein rifampicin is connected to 

chlorocatechol via a short ester linker, showing an up to 32-fold improvement in activity. 
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Introduction 

The rapid emergence and global spread of multidrug-resistant (MDR) bacteria represent 

a significant public health crisis and pose substantial challenges to modern medicine.1-3 

Of particular concern are MDR Gram-negative pathogens, including Escherichia coli, 

Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa, which 

are associated with severe and often life-threatening infections such as sepsis, pneumonia, 

and urinary tract infections.4 Due to their impermeable outer membrane (OM) and 

efficient efflux pumps, Gram-negative bacteria have generally proven to be more 

challenging to treat with antibiotics than Gram-positive pathogens.5-7 The growing threat 

posed by infections due to MDR Gram-negative bacteria underscores the need for novel 

antibiotics that can overcome both their intrinsic and acquired resistance mechanisms. 

In this study, we describe approaches to expanding the therapeutic utility of rifampicin by 

making it more active towards Gram-negative bacteria. Rifampicin (Figure 1A) is a 

potent inhibitor of bacterial RNA polymerase and is a cornerstone antibiotic for treating 

Mycobacterium tuberculosis infections and other diseases caused by Gram-positive 

bacteria.8-11 While rifampicin exhibits similar inhibitory activity against RNA polymerase 

from both Gram-positive and Gram-negative bacteria, its clinical efficacy against Gram-

negative bacteria is severely limited due to poor outer membrane permeability.12,13 

Despite these limitations, rifampicin’s well-characterized mechanism of action makes it 

an attractive candidate for modifications aimed at overcoming its lack of OM 

permeability against Gram-negative pathogens. Furthermore, recent studies have shown 

that when used together with agents capable of inducing OM disruption, the antimicrobial 

activity of rifampicin is improved, likely due to increased access to its intracellular 

target.14,15 

To enable rifampicin to breach the OM of Gram-negative bacteria as a means of 

enhancing its antibiotic efficacy, we opted to explore the so-called “Trojan horse” 

strategy. This approach involves exploiting the bacterial iron acquisition pathway, which 

is critical for bacterial growth and pathogenicity.16-18 To acquire iron from environments 

where this critical resource is scarce, such as in mammalian hosts, bacteria synthesize and 

secrete siderophores that tightly bind exogenous iron and facilitate its uptake through 

specific outer membrane transporters.19-21 Enterobactin (Figure 1A) is the preeminent 

naturally produced siderophore. Enterobactin’s highly efficient iron binding is driven by 

the specific shape of its macrocycle and the positioning of the catechol rings, which 

induce the formation of a stable ferric complex.22,23 The underlying idea of the “Trojan 

horse” strategy is to covalently link a siderophore-like moiety with an antibiotic that has 

poor OM permeability. This then allows for hijacking of the bacterial iron uptake system 

to transport the siderophore-antibiotic conjugate across the OM with subsequent release 

inside the cell.17,24,25 Previous studies have shown that some rifamycin-siderophore 

conjugates bearing cleavable linkers can be transported inside bacteria, after which the 

rifamycin payload is released.26 Also of note, analogues of rifampicin, such as rifabutin, 
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were also found to overcome the membrane permeability issue by hijacking an iron 

transporter to get inside the bacteria.27-30 These findings suggest that rifampicin and its 

analogues may be particularly well suited to Trojan horse strategies as a means of 

enhancing their activity against Gram-negative bacteria. 

A prime example of an antibiotic that exploits the “Trojan horse” approach is the FDA-

approved drug – cefiderocol, which consists of a β-lactam core conjugated to a 

chlorocatechol moiety (Figure 1A). The chlorocatechol group significantly enhances the 

activity of cefiderocol compared to other β-lactam antibiotics and positions it as one of 

the few options for treating multidrug-resistant Gram-negative pathogens.31-33 Building 

from this concept, we envisioned conjugating rifampicin to a similar chlorocatechol unit 

(Figure 1B) as a means of enhancing antibacterial activity against Gram-negative 

bacteria. Previous reports have identified the piperazine ring of rifampicin as an 

exploitable site for chemical modification, given that it is not directly involved in binding 

to the RNA polymerase active site.34,35 This is an important consideration given the need 

to ensure that the conjugate preserves rifampicin’s inhibitory function while permitting 

structural modifications that facilitate siderophore-mediated uptake. Here, we report the 

synthesis and evaluation of a series of rifampicin-siderophore conjugates incorporating 

linkers with different properties and lengths. By optimizing the linker, we successfully 

identified a subset of conjugates with enhanced antibacterial activity and assessed the 

contribution of the bacterial iron uptake system to this activity. 

 

Figure 1. A) Structures of rifampicin, enterobactin and cefiderocol. B) Prototype rifampicin-siderophore 

conjugate (1). 
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Results and discussion 

In designing a prototype conjugate of rifampicin and the chlorocatechol unit derived from 

cefiderocol, we elected to first apply an azide-alkyne “click-chemistry” ligation strategy 

to provide convenient access to conjugate 1 via well-described methods.36-39 The key 

building blocks needed for our strategy were the previously reported rifampicin alkyne 

2,39,40 and catechol-azide 7 (Scheme 1). In doing so, azido amine 4 was first generated by 

azide displacement of the corresponding 3-chloro propylamine. Carboxylic acid 6 was 

then prepared via the BBr3-mediated demethylation of commercially available 5 and 

coupled to 4 to yield catechol-azide 7. Conventional click-chemistry conditions were then 

used to ligate alkyne 2 (made as illustrated in Scheme S1) and azide 7, yielding conjugate 

1. In addition to conjugate 1, compounds 8-12 were also prepared as a series of controls 

to allow for the assessment of the contributions of the triazole and chlorocatechol moieties 

(Scheme S2) relative to unmodified rifampicin.  

 

Scheme 1. Synthesis of the conjugates using the click-chemistry approach. 

The activity of conjugate 1 was then assessed against a panel of Gram-negative bacteria 

(Table 1). Minimum inhibitory concentration (MIC) values were determined using 

standard broth dilution assays and compared to those measured for authentic rifampicin. 

Given that the impact of siderophore-mediated transport is most effective at low iron 

concentrations,41 the MIC assays were run using iron-depleted, cation-adjusted Mueller-

Hinton broth (ID-CAMHB) as the growth medium. Rather unexpectedly, the results of 

these MIC assays showed that the antibacterial activity of conjugate 1 was consistently 

lower than that of unmodified rifampicin. Activity was reduced 8-fold against E. coli 

ATCC 25922 and 16-fold against A. baumannii ATCC 19606. Furthermore, 1 showed no 

measurable activity against K. pneumoniae ATCC 13883 and P. aeruginosa ATCC 10145. 

Only against E. coli BW 25113 was the activity of compound 1 equivalent to that of 

rifampicin.  
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Table 1. MICs of compounds 1, 33-39, and rifampicin in CAMHB (iron-rich medium) and ID-CAMHB (iron-

poor medium) against a panel of Gram-negative bacteria. 

Strain 

MIC (µg/mL) 

1*   Rif 

33 

n = 1 

X = O 

34 

n = 3 

X = O 

35 

n = 5 

X = O 

39 

n = 1 

X = NH 

36 

n = 1 

37 

n = 3 

38 

n = 5 

Iron-rich medium 

E. coli 

BW 25113 
>64 2 4 64 8 16 >64 >64 8 

E. coli JW 3594 

ΔrfaD 
4 1 2 8 4 4 4 4 0.25 

E. coli BW 

25113 ΔbamB 

ΔtolC 

2 1 2 8 2 4 4 32 1 

Iron-poor medium 

E. coli 

BW 25113 
32 1 2 4 2 8 64 64 8 

E. coli 

ATCC 25922 
8 2 4 8 16 8 32 >64 8 

A. baumannii 

ATCC 19606 
32 0.5 1 2 4 4 4 >64 2 

K. Pneumoniae 

ATCC 13883 
>64 2 2 >64 8 64 >64 >64 32 

P. aeruginosa 

ATCC 10145 
>64 1 >64 >64 32 >64 >64 >64 16 

*For the structure of conjugate 1 see Figure 1. 

Given these findings, we proceeded to test compound 1 against two well-characterized 

OM-disrupted E. coli mutants: E. coli JW 3594 ΔrfaD (with the gene responsible for LPS 

biosynthesis knocked out) and E. coli BW 25113 ΔbamB ΔtolC (with deletions of the 

BamB gene alongside knockout of the TolC porin gene).42,43 These assays were conducted 

to assess whether 1 shows activity against hypersensitive strains in which the OM is 

compromised. We also included compound 2 to assess whether the alkyne substituent has 

any effect on rifampicin’s activity (Table 2). As expected, we found that rifampicin 

exhibits activity against the membrane-disrupted strains. Conversely, we observed that 

conjugate 1 again displayed reduced activity against both strains, with the largest 

reduction (8-fold) against the ΔrfaD strain. In comparison, compound 2 was found to have 

similar MIC values to rifampicin, with no significant reduction in activity. These findings 

suggested that the triazole-based linker strategy used in conjugate 1 may result in reduced 

binding to the target RNA polymerase. To investigate whether the introduction of the 

triazole was the key factor in the conjugate’s diminished antimicrobial potency, we 
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therefore prepared and tested a series of triazole-modified rifampicin analogues 

terminating in amine, alcohol, amide, ester, or ether moieties (compounds 8-12, Scheme 

1) to estimate a possibility of modifying rifampicin via a click-chemistry conjugation 

approach without affecting its activity. These compounds were tested against wild-type 

E. coli BW 25113, membrane-disrupted E. coli JW 3594 ΔrfaD, and E. coli BW 25113 

ΔbamB ΔtolC. In all cases, the activities of the triazole-bearing compounds were reduced 

relative to rifampicin (Table 2), further indicating that triazole-based linkers, which 

include the use of building block 2, negatively impact antibacterial potency. 

Table 2. MICs of compounds 2, 8-12, 21-23 compared to rifampicin against wild-type E. coli and membrane-

deficient ΔrfaD and ΔbamB ΔtolC strains in CAMHB (iron-rich medium). 

Strain 

MIC (µg/mL) 

2*  
 Rif 

8 

NH2 

9 

NHAc 

10 

OH 

11 

OAc 

12 

OMe 

21 

n = 1 

22 

n = 3 

23 

n = 5 

E. coli 

BW 25113 
16 >64 >64 >64 64 32 8 16 16 8 

E. coli 

JW 3594 

ΔrfaD 

0.25 8 ˃8 1 2 0.5 0.5 0.5 0.5 
0.2

5 

E. coli BW 

25113 ΔbamB 

ΔtolC 

2 2 4 4 4 4 2 2 2 1 

*For the structure of compound 2 see Scheme 1. 

In light of these findings, we proceeded to explore alternative linking strategies not 

dependent on alkyne-azide ligation. To this end, we designed a series of ester-linked 

conjugates wherein the rifampicin piperazine was substituted with an alkyl linker, 

terminating with an alcohol group to which the catechol carboxylic acid would be 

coupled. To accommodate variations in the linker, we designed a synthetic route that 

would allow for the most divergent approach (Scheme 2). Starting from Boc-protected 

piperazine 13, reaction with tert-butyl nitrite yielded N-nitroso compound 14 

quantitatively. Reduction using zinc with NH4Cl afforded hydrazine 15, which was 

subsequently protected with a Cbz group, resulting in piperazine 16. Treatment with TFA 

in DCM, followed by evaporation and trituration, afforded compound 17 as a TFA salt in 

multigram quantities. Protected piperazine 17 was then alkylated with three different 

bromo alcohols of varying lengths to give building blocks 18-20 in good yields. 

Following the removal of the Cbz group by hydrogenation, the piperazines were 

condensed with the commercially available rifaldehyde to yield compounds 21-23. 

Before coupling 21-23 with the catechol carboxylic acid, we tested their activities against 

a panel of bacteria to assess the impact of the linkers. The results of these assays were 

encouraging, with substituted rifampicin building blocks 21-23 showing activity similar 
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to that of the parent antibiotic (Table 2). Encouraged by these findings, we proceeded to 

generate the corresponding rifampicin-siderophore conjugates connected by an ester 

linkage.  

Two different catechol fragments were chosen as building blocks for the ester-linked 

rifampicin conjugates: the chlorocatechol featured in compound 1 (derived from the 

structure of cefiderocol) and a simpler nonchlorinated variant inspired by the catechol 

unit of enterobactin. In doing so, we generated a set of six rifampicin-siderophore 

conjugates consisting of alkyl linkers of three different lengths and two different catechol 

moieties (Scheme 3). The protected catechol building blocks required for our synthetic 

strategy were prepared from compounds 6 and 24 via reaction with benzyl bromide in 

acetone, followed by aqueous basic hydrolysis to obtain the benzoic acid derivatives 25 

and 26. Using DIC/DMAP activation, 25 and 26 were then coupled to the previously 

obtained Cbz-protected aminopiperazine-based alcohols 18-20 to give the protected ester 

intermediates. Following the work-up, the protected ester products were directly treated 

with Pd/C under a hydrogen atmosphere to simultaneously remove the Cbz and benzyl 

groups. This gave building blocks 27-32, which were then condensed with rifaldehyde to 

yield rifampicin-siderophore conjugates 33-38. The antibacterial activities of 33-38 were 

then evaluated against the same panel of strains previously used for compound 1 and 

again in iron-poor medium (Table 1). 

 

Scheme 2. Synthesis of the rifampicins modified with different alcohol-containing linkers. 

We were pleased to find that some of the ester-linked conjugates demonstrated an 

antimicrobial profile equivalent to or better than that of rifampicin itself, with compound 

33, bearing the three-carbon linker and chlorocatechol moiety, being the most potent 

overall. Conjugates 33-38 were also found to be non-hemolytic, indicating that the 

enhanced antibacterial activities observed are not due to nonspecific membrane disruption 

(Figure S1). Additionally, in MIC assays using membrane-deficient strains, 33 showed 
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activity comparable to that of rifampicin (Table 1). This finding suggests that the ester 

linkage does not interfere with target binding as much as the triazole-based linker used in 

the initial design of conjugate 1. The most considerable increase in potency observed for 

compound 33 relative to rifampicin (16-fold) was found against strains of K. pneumoniae 

and P. aeruginosa, whose proliferation was interestingly not at all affected by treatment 

with compound 1 (Table 1). Upon comparing the activity of the rifampicin-siderophore 

conjugates, we noticed a number of interesting correlations. First, conjugates derived 

from chlorocatechol 6 appeared more potent than those derived from catechol 24. For 

example, when comparing compound 36 to compound 33, which differ only in the 

substitution pattern on the bisphenol ring, we noticed a 4- to 64-fold difference in the 

MICs, suggesting that the chloro-containing catechol derived from cefiderocol has a 

beneficial effect on the activity compared to the simpler catechol derived from 

enterobactin. A similar trend, favoring the activity of chloro-substituted conjugates, was 

observed for other compounds with longer linkers. Additionally, we found that the 

distance between the rifampicin core and the catechol portion has an impact on the 

antimicrobial potency. The data summarized in Table 1 show that analogue 33 is more 

potent than 34, which in turn is more active than 35. This trend, also shared by conjugates 

36-38, incorporating the catechol derived from enterobactin, suggests a preference for the 

shorter linker.  

 

Scheme 3. Synthesis of the rifampicin-siderophore conjugates. 

Given that conjugate 33 contains an ester linkage between rifampicin and the 

chlorocatechol moiety, we elected to also synthesize the corresponding amide analogue 

39 to assess whether the more stable and synthetically convenient amide-linked variant is 

also more active than rifampicin. The synthesis of 39 was carried out following the same 

route depicted in Scheme 3, but employing the amide-linked intermediate S12 in the final 

condensation with rifaldehyde (S12 was prepared in five steps from Cbz-protected N-

aminopyperazine 17, as illustrated in Scheme S3). Interestingly, when tested against the 

same panel of Gram-negative bacteria, conjugate 39 was found to have consistently 

reduced antibacterial activity relative to both ester-linked 33 and rifampicin. This finding 
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may provide insights into the working mechanism of these conjugates. In the case of 33, 

siderophore-mediated entry into the bacterial cell might be followed by the hydrolysis of 

the ester linkage to release active compound 21 (Table 2). In contrast, the same pathway 

is less likely with 39, due to the greater hydrolytic stability of the amide linkage. However, 

based on the data presented, it cannot be conclusively stated that the decreased potency 

observed for 39 is due to linker stability. Other possible effects, such as reduced uptake 

of 39 by outer membrane transporters or decreased binding to the target RNA polymerase, 

could also explain the reduced activity observed. 

Given the strongly enhanced activity of conjugate 33 relative to rifampicin when tested 

against strains used in the preliminary screen, the compound was further evaluated against 

a broader panel of clinical isolates with different resistance mechanisms (Table 3). Again, 

33 displayed enhanced activity against almost all strains compared to rifampicin. While 

testing against a panel of different E. coli strains, the activity enhancement over 

rifampicin was from 4- to 32-fold, with the biggest increase of activity against the E. coli 

2018-022 (VIM-2) strain. Meanwhile, good activity, with MICs ranging from 0.5 to 2 

μg/mL, was also observed for a number of A. baumannii strains, including multidrug-

resistant isolates, which are among the most clinically challenging classes of Gram-

negative pathogens.44,45 These MIC values correspond to a 2- to 8-fold improved activity 

over rifampicin, depending on the strain. Compound 33 also demonstrated enhanced 

potency against multiple-resistant K. pneumoniae strains, resulting in 4- to 16-fold lower 

MIC values compared to those measured for rifampicin. On the other hand, a number of 

the P. aeruginosa strains tested were not found to be more sensitive to conjugate 33, 

showing similar MIC values as those of rifampicin, with the exception of P. aeruginosa 

NRZ-03961, where we observed a 16-fold increase in potency, similar to our findings 

with P. aeruginosa ATCC 10145 in the initial screen. The activity of conjugate 33 was 

also improved relative to rifampicin against highly colistin-resistant strains of E. coli 

pRIVM_C029515_2 and K. pneumoniae RIVM_C019741 acquired from hospitals in the 

Netherlands.46 Interestingly, the E. coli RC0089 and K. pneumoniae NCTC 13443 strains, 

both bearing NDM-1 resistance, were found to be resistant to both rifampicin and 

conjugate 33. This is possibly related to the finding that plasmids that harbor the NDM-1 

gene are often associated with other resistance markers, including those conferring 

rifampicin resistance.47 
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Table 3. MICs of conjugate 33 and rifampicin in ID-CAMHB (iron-poor medium) against multiple bacterial 

strains, including drug-resistant clinical isolates. 

Strain 
MIC (µg/mL) 

33 Rifampicin 

E. coli BW 25113 1 8 

E. coli ATCC 25922 2 8 

E. coli NTCT 13846 (MDR) 2 16 

E. coli MVAST0072 (MDR) 4 16 

E. coli EQAS 2016 (mcr-1) 4 16 

E. coli pRIVM_C029515_2 (mcr-1) 4 16 

E. coli 2018-022 (VIM-2) 1 32 

E. coli RC0089 (NDM-1) >32 >64 

A. baumannii ATCC 19606 0.5 2 

A. baumannii ATCC 17978 1 8 

A. baumannii NRZ-00687 (NDM-2) 1 4 

A. baumannii RUH-134 (MDR) 2 8 

A. baumannii 2018-006 (NDM/OXA-023/OXA-051) 2 4 

A. baumannii KML-11668 (MDR) 1 2 

K. pneumoniae ATCC 13883 2 32 

K. pneumoniae NR-48977 (MDR) 4 64 

K. pneumoniae NR-48978 (MDR) 4 64 

K. pneumoniae RIVM_C019741 (colistin-resistant) 8 64 

K. pneumoniae 1124 (VIM-1) 8 32 

K. pneumoniae NCTC 13443 (NDM-1) >32 >64 

P. aeruginosa ATCC 10145 1 16 

P. aeruginosa ATCC 27853 8 16 

P. aeruginosa PAO1 16 16 

P. aeruginosa NRZ-08418 (NDM-1) 16 16 

P. aeruginosa 1427 (VIM-2) 8 8 

P. aeruginosa NRZ-03961 (IMP-1) 0.5 8 

The role of available iron and iron transport on the activity of the rifampicin-siderophore 

conjugates was further investigated. In doing so, we directly compared the antibacterial 

activities of 33-39 in iron-rich and iron-depleted media (Table 1). In all cases, the MIC 

values measured for our conjugates were heightened when tested in iron-rich media, 

suggesting that compounds are iron-dependent antibiotics, unlike rifampicin, which 

showed the same MIC values in both iron-rich and iron-depleted media. To further 

investigate the contribution of the siderophore moiety and its role in exploiting the 

bacterial iron uptake system, we assessed the activity of 33 in the presence and absence 
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of the natural siderophore enterobactin (prepared following a previously published 

procedure with slight modifications, as illustrated in Scheme S4).48-51 Under these 

conditions, we tested several E. coli strains, including wild-type BW 25113 as well as 

knockout strains ΔentA (impaired enterobactin biosynthesis), ΔentC (impaired 

enterobactin biosynthesis), and ΔfepA (impaired enterobactin import), and a standard A. 

baumannii ATCC 19606 strain (Table 4). In all cases, enterobactin supplementation 

reduced the activity of compound 33. These results are in line with similar competition 

experiments performed for other siderophore conjugates and suggest that the uptake is 

likely mediated via a siderophore uptake route.52-54 In the presence of enterobactin, 

conjugate 33 showed up to a 16-fold decrease in activity, while the potency of rifampicin 

remained unaffected. Taken together, these findings suggest that conjugate 33 operates by 

hijacking the bacterial cell’s iron transport system to gain entry to the cell, after which the 

rifampicin moiety can engage with its target, eliciting its antibacterial effect. We also 

attempted to identify the specific transporter related to the increased activity of conjugate 

33. To do so, we tested 33 alongside rifampicin against a number of single knockout E. 

coli mutants, with impaired enterobactin (catecholate-type siderophore) transport (ΔfepA, 

ΔfepB, ΔfepD) or impaired ferrichrome (hydroxamate-type siderophore) transport (ΔfhuA, 

ΔfhuB, ΔfhuC, ΔfhuD, ΔfhuE, ΔfhuF).55,56 The data obtained (Table S1) show no change 

in MIC for either compound 33 or rifampicin, when compared to the data against wild-

type E. coli, suggesting that none of the transporters here assessed is singularly 

responsible for the increased activity of the conjugate 33. 

Table 4. MICs of compound 33 and rifampicin in ID-CAMHB (iron-poor medium) with and without 

enterobactin supplementation. 

Strain 

MIC (µg/mL) 

33 Rifampicin 

without 

enterobactin 

+ 8 µg/mL 

enterobactin 

without 

enterobactin 

+ 8 µg/mL 

enterobactin 

E. coli BW 25113 2 16 8 8 

E. coli ΔentA  2 16 8 8 

E. coli ΔentC  1 16 8 8 

E. coli ΔfepA  2 8 8 8 

A. baumannii ATCC 19606 0.5 4 2 2 

Conclusions 

In conclusion, we here report the development of a series of rifampicin-siderophore 

conjugates with activity against Gram-negative bacteria, which are normally impervious 

to the parent antibiotic. Our findings demonstrate that the activity of the conjugates is 

heavily dependent on the nature and length of the linkers used in conjugating rifampicin 

with established catechol-based iron-binding moieties. Notably, while the application of 

alkyne/azide click-chemistry successfully enabled the construction of a first-generation 
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rifampicin-siderophore conjugate, it was found to be devoid of activity, an effect 

subsequently attributed to the presence of the resulting triazole moiety.  As an alternative, 

we found that rifampicin analogues prepared via ester conjugation showed improved 

activity compared to the parent antibiotic. Control experiments carried out with the 

natural siderophore enterobactin, as well as with iron-poor and iron-rich media, suggest 

that these conjugates exploit the bacterial cell’s iron transport system to penetrate the OM. 

These findings serve to further inform the design of antibiotics aimed at leveraging 

bacteria’s dependence on iron uptake pathways. Moreover, the synthetic routes developed 

for the preparation of rifampicin conjugates may open new avenues for further modifying 

the structure of this important antibiotic. Collectively, the results presented here 

contribute to the ongoing search for innovative antibacterial strategies in the fight against 

multidrug-resistant pathogens. 
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Materials and methods 

General information 

Extended supporting information, which includes NMR and HPLC figures, is available 

free of charge at https://doi.org/10.1021/acsinfecdis.5c00311. 

Reagents 

All reagents employed were of American Chemical Society (ACS) grade or higher and 

were used without further purification unless otherwise stated.  

HRMS 

High-resolution mass spectra (HRMS) analyses were 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 10 min, 15:85 to 0:100 (A/B) over 1 min, 0:100 (A/B) for 4 min, then 

reversion back to 95:5 (A/B) for 3 min. This system was connected to a Shimadzu 9030 

QTOF mass spectrometer (ESI ionization), calibrated internally with Agilent’s API-TOF 

reference mass solution kit (5.0 mM purine, 100.0 mM ammonium trifluoroacetate, and 
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2.5 mM hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted to achieve a mass 

count of 10000. 

Analytical HPLC 

HPLC analyses were performed on 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 and 254 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: 100:0 (A/B) for 

3 min, 100:0 to 0:100 (A/B) over 47 min, 0:100 (A/B) for 4 min, then reversion back to 

100:0 (A/B) over 1 min, 100:0 (A/B) for 5 min. 

Preparative HPLC 

Method A 

The compounds were purified using a BESTA-Technik system with a Dr. Maisch Reprosil 

Gold 120 C18 column (25 × 250 mm, 10 µm) and equipped with an ECOM Flash UV 

detector monitoring at 214 nm. At a flow rate of 12 mL/min, the following solvent system 

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: 100:0 (A/B) for 3 min, 100:0 to 

40:60 (A/B) over 47 min, 40:60 to 0:100 (A/B) over 1 min, 0:100 (A/B) for 4 min, then 

reversion back to 100:0 (A/B) over 1 min, 100:0 (A/B) for 4 min. The fractions were 

analyzed, combined, and lyophilized to obtain purified compounds. 

Method B 

The compounds were purified using a BESTA-Technik system with a Dr. Maisch Reprosil 

Gold 120 C18 column (25 × 250 mm, 10 µm) and equipped with an ECOM Flash UV 

detector monitoring at 214 nm. At a flow rate of 12 mL/min, the following solvent system 

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: 80:20 (A/B) for 3 min, 80:20 to 

0:100 (A/B) over 47 min, 0:100 (A/B) for 5 min, then reversion back to 80:20 (A/B) over 

1 min, 80:20 (A/B) for 4 min. The fractions were analyzed, combined, and lyophilized to 

obtain purified compounds. 

NMR 

1H and 13C NMR spectra were recorded on Bruker AV 400 MHz (at 400 (1H), and 101 

(13C) MHz), AV 600 MHz (at 600 (1H), and 151 (13C) MHz). The temperature of the NMR 

experiments was 298K unless stated otherwise. Chemical shifts are reported in ppm (δ) 

and were calibrated using residual deuterated solvent as an internal reference. (δ 1H NMR: 

CDCl3 7.26; DMSO 2.50; δ 13C NMR: CDCl3 77.16; DMSO 39.52). The NMR data are 

processed as follows: chemical shift, multiplicity (br s = broad singlet, s = singlet, d = 

doublet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, q = quartet, tt = triplet 
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of triplets, m = multiplet), integration, coupling constants (J, reported in Hz) and a number 

of nuclei. NMR spectra were analyzed and processed using MestreNova version 14.2.0. 

Antibacterial assay against Gram-negative and Gram-positive bacteria 

From glycerol stocks, bacterial strains were cultured on blood agar plates and incubated 

overnight at 37 °C. Following incubation, 3 mL of tryptic soy broth (TSB) was inoculated 

with an individual colony. The cultures were grown to exponential phase (OD600nm = 0.5) 

at 37 °C. The bacterial suspensions were then diluted 100-fold in CAMHB or ID-

CAMHB to reach a bacterial cell density of 106 CFU mL−1. In polypropylene 96-well 

microtiter plates, test compounds in assay media (e.g., CAMHB or ID-CAMHB) were 

added in triplicate and two-fold serially diluted to achieve a final volume of 50 µL per 

well. An equal volume of bacterial suspension (50 µL, 106 CFU mL−1) was added to the 

wells. The plates were sealed with breathable membranes and incubated at 37 °C for 18-

22 h with constant shaking (600 rpm). The MICs were determined by visual inspection 

as the median of a minimum of triplicates. 

ID-CAMHB was prepared as follows: one liter of autoclaved MHB was incubated with 

100 g of cation-binding resin Chelex 100 to remove cations, including iron, from the 

medium and filtered, and the pH was adjusted to 7.3 with hydrochloric acid. The medium 

was filtered again and supplemented with 20 to 25 mg/L of Ca2+ and 10 to 12.5 mg/L of 

Mg2+, according to CLSI recommendations.  

Hemolysis Assay 

The hemolytic activity of compounds was assessed in triplicate. Red blood cells from 

defibrillated sheep blood obtained from Thermo Fisher were centrifuged (400 g for 15 

min at 4 °C) and washed with phosphate-buffered saline (PBS) containing 0.002% 

Tween20 (buffer) five times. Then, the red blood cells were normalized to obtain a 

positive control read-out of 2.5 at 415 nm to stay within the linear range with the 

maximum sensitivity. A serial dilution of the compounds (64 to 2 µg/mL, 75 µL) was 

prepared in a 96-well plate. The outer border of the plate was filled with 75 µL buffer, the 

plate also 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 h while shaking at 500 rpm. A flat-

bottom polystyrene plate with 100 µL of buffer in each well was prepared. After 

incubation, the plate was centrifuged (800 g for 5 min at RT), and 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 expressed as 

a percentage relative to the positive control (0.1% Triton-X). 
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Synthesis methods and analytical data 

Rifampicin alkyne 2 was synthesized following previously published methods with minor 

changes. Spectral data obtained for all intermediates and rifampicin alkyne itself are in 

agreement with those reported in the literature.39,40 

 

Scheme S1. Synthesis of Rifampicin alkyne 2 

1-nitrosopiperazine (S1). Piperazine (5.16 g, 60 mmol) was dissolved in 6 M 

HCl (36 mL) and cooled to -10 °C. A solution of NaNO2 (4.14 g, 60 mmol) in 

H2O (72 mL) was added slowly by an addition funnel over 2 hours. The reaction 

mixture was adjusted to pH 10 with 3 M NaOH and extracted with DCM (3 × 

100 mL). The combined organic extracts were dried over anhydrous Na2SO4, 

concentrated in vacuo, and purified by flash column chromatography (SiO2, 5% MeOH 

in DCM) to yield the compound S1 as a yellow oil (1.98 g, 28%). 

1-nitroso-4-propargylpiperazine (S2). 1-Nitrosopiperazine (S1) (1.2 g, 

10.42 mmol) and propargyl bromide (1.16 mL of 80% solution in toluene, 

10.42 mmol) were dissolved in dry MeCN (30 mL) and Et3N (2.91 mL, 20.85 

mmol). The reaction mixture was stirred at 75 °C for 3 hours and concentrated 

in vacuo. The crude was then dissolved in 10% NaOH (100 mL) and extracted 

with DCM (3 × 60 mL). The organic phase was dried over anhydrous Na2SO4, 

concentrated in vacuo, and purified by column chromatography (SiO2, EtOAc/PE= 2:1) 

to yield the compound S2 as an orange oil (900 mg, 57%). 
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1-amino-4-propargylpiperazine (S3). 1-Nitroso-4-propargylpiperazine (S2) 

was dissolved in dry THF and cooled to 0 °C. LiAlH4 (1 M in THF, 6.00 mL, 

2.94 mmol) was added slowly and was stirred at 35 °C for 2 hours. The 

reaction mixture was then cooled, quenched with 2 M HCl (5 mL), and filtered 

through celite. The celite was subsequently washed with 2 M HCl (3 × 10 mL), 

and the filtrate was adjusted to pH 10 with 10% aq. NaOH. The aqueous phase 

was extracted with 3:1 CHCl3/i-PrOH (4 × 350 mL), and the organic phase dried over 

anhydrous Na2SO4 and concentrated in vacuo. The crude product was purified by column 

chromatography (SiO2, 10% MeOH in DCM) to yield the alkyne S3 as an off-white solid 

(107 mg, 26%). 1H NMR (400 MHz, CDCl3) δ 3.30 (d, J = 2.5 Hz, 2H), 3.02 (s, 2H), 

2.65 (s, 6H), 2.25 (t, J = 2.4 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 78.7, 73.4, 

59.3, 51.8, 46.6. 

Rifampicin alkyne (2). Rifaldehyde (130 

mg, 0.18 mmol) and 1-amino-4-

propargylpiperazine (S3) (30 mg, 0.21 

mmol) were dissolved in dry THF (3 mL), 

and the mixture was stirred vigorously for 2 

hours. The mixture was then diluted with 

DCM (8 mL) and washed with 8 mL of a 

solution of ascorbic acid (2 g) in 3:1 

H2O/brine (40 mL). The aqueous phase was then extracted with DCM (2 × 8 mL), and 

the combined DCM extracts were dried over anhydrous Na2SO4 and concentrated in 

vacuo to yield rifampicin alkyne 2 as a red solid (136 mg, 89%). 1H NMR (400 MHz, 

CDCl3) δ 12.04 (s, 1H), 8.30 (s, 1H), 6.64 – 6.52 (m, 1H), 6.39 (d, J = 11.1 Hz, 1H), 6.21 

(dd, J = 12.7, 1.1 Hz, 1H), 5.94 (dd, J = 15.5, 5.0 Hz, 1H), 5.10 (dd, J = 12.7, 6.8 Hz, 1H), 

4.94 (d, J = 10.6 Hz, 1H), 3.78 (s, 1H), 3.61 (d, J = 4.9 Hz, 1H), 3.51 – 3.44 (m, 2H), 3.42 

(s, 1H), 3.23 (s, 1H), 3.14 (s, 1H), 3.04 (s, 3H), 3.03 – 2.99 (m, 1H), 2.77 (s, 2H), 2.38 (d, 

J = 7.0 Hz, 1H), 2.32 (s, 1H), 2.23 (s, 3H), 2.07 (d, J = 7.5 Hz, 6H), 1.80 (s, 3H), 1.74 – 

1.68 (m, 1H), 1.59 – 1.50 (m, 1H), 1.41 – 1.31 (m, 1H), 1.02 (d, J = 7.0 Hz, 3H), 0.89 (d, 

J = 7.0 Hz, 3H), 0.60 (d, J = 6.9 Hz, 3H), -0.31 (d, J = 6.9 Hz, 3H). HRMS (ESI) m/z: 

[M+H]+ calcd for C45H58N4O12+H+: 847.4124; found: 847.4134. 

Synthesis of azide-containing building blocks 

2-chloro-3,4-dihydroxybenzoic acid (6). Into a solution of 2-chloro-

3,4-dimethoxybenzoic acid (5) (2 g, 9.23 mmol) in DCM (30 mL) 

was added a 1 M solution of BBr3 in DCM (36.93 mL, 36.93 mmol) 

over 10 min at 0°C under Ar. After that, the reaction mixture was 

allowed to warm up to RT and was left stirring for an additional 3 h before it was poured 

into cold 2 M HCl (100 mL) and then extracted with EtOAc (2 × 100 mL). The organic 

layers were combined and washed with H2O (100 mL), brine (50 mL), dried over Na2SO4, 

and concentrated in vacuo to give compound 6 (1.63 g, 94% yield). 1H NMR (400 MHz, 

DMSO-d6) δ 12.65 (br s, 1H), 10.41 (s, 1H), 9.31 (br s, 1H), 7.23 (d, J = 8.5 Hz, 1H), 
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6.76 (d, J = 8.5 Hz, 1H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 166.6, 149.6, 142.6, 

122.5, 121.6, 120.3, 112.8. HRMS (ESI) m/z: [M-H]- calcd for C7H5ClO4-H+: 186.9803; 

found: 186.9805. 

CAUTION! Azides with a high Nitrogen/Carbon ratio can be explosive. 

3-azidopropan-1-amine (4). To a solution of 3-chloropropan-1-amine 

hydrochloride salt (3) (3 g, 23.1 mmol) in water (15 mL) was added 

NaN3 (4.5 g, 69.3 mmol), and the reaction was heated at 80 °C for 15 h. The solution was 

then basified with KOH (3.24 g, 57.8 mmol) and extracted with Et2O (3 × 30 mL). The 

combined organic layers were dried over anhydrous Na2SO4, filtered, and the solvent was 

removed in vacuo at 25°C to give compound 4 (1.8 g, 78% yield) as a colorless oil. 1H 

NMR (400 MHz, CDCl3) δ 3.38 (t, J = 6.7 Hz, 1H), 2.82 (t, J = 6.8 Hz, 1H), 1.74 (p, J = 

6.8 Hz, 1H), 1.26 (br. s, 2H). Spectral data are in agreement with those reported in the 

literature.57-59 

N-(3-azidopropyl)-2-chloro-3,4-dihydroxybenzamide 

(7). Into a solution of 3-azidopropan-1-amine (4) (265 mg, 

2.65 mmol) in DCM (10 mL) and DMF (5 mL) were added 

HOBt (447.1 mg, 2.92 mmol), DIPEA (810 µL, 4.64 mmol), 

2-chloro-3,4-dihydroxybenzoic acid (6) (250 mg, 1.33 mmol) and EDC*HCl (559.8 mg, 

2.92 mmol), respectively, at RT. After stirring for 4 h, the reaction mixture was diluted 

with EtOAc (50 mL) and washed with sat. NH4Cl (10 mL) and brine. The organic phase 

was dried over Na2SO4 and concentrated in vacuo to obtain the crude, which was purified 

using the HPLC method B to afford compound 7 (248 mg, 69% yield) as a colorless oil. 
1H NMR (400 MHz, DMSO-d6) δ 9.89 (br s, 1H), 9.37 (br s, 1H), 8.21 (t, J = 5.7 Hz, 

1H), 6.76 – 6.70 (m, 2H), 3.41 (t, J = 6.8 Hz, 2H), 3.23 (q, J = 6.4 Hz, 2H), 1.73 (p, J = 

6.8 Hz, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 166.9, 147.3, 142.1, 128.8, 118.8, 

117.8, 113.1, 48.6, 36.4, 28.4. HRMS (ESI) m/z: [M+H]+ calcd for C10H11ClN4O3+H+: 

271.0593; found: 271.0595. 
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Scheme S2. Synthesis of the azide derivatives for the click-chemistry reaction with compound 2. 

N-(3-azidopropyl)acetamide (S4). 3-Azidopropan-1-amine (4) 

(100 mg, 1 mmol) was dissolved in DCM (3 mL), and then DIPEA 

(174 µL, 1 mmol) was added, followed by Ac2O (94.5 µL, 1 mmol), 

and the reaction was left stirring overnight under an Ar atmosphere. The next day, the 

solution was diluted with 1 M HCl (5 mL) and extracted with DCM (5 mL). The organic 

layer was washed with 1 M NaHCO3 (5 mL), water (5 mL), and brine (5 mL), then dried 

over Na2SO4 and concentrated in vacuo at 25°C to obtain compound S4 (81 mg, 57% 

yield) that was used as a substrate in the click-chemistry reaction without further 

purification. 1H NMR (400 MHz, CDCl3) δ 5.74 (br s, 1H), 3.40 – 3.28 (m, 4H), 1.98 (s, 

3H), 1.85 – 1.70 (m, 2H). Spectral data are in agreement with those reported in the 

literature.60,61 

3-azidopropan-1-ol (S6). To a solution of 3-bromopropan-1-ol (S5) (3 

g, 21.6 mmol) in water (15 mL) was added NaN3 (4.21 g, 64.7 mmol), 

and the reaction was heated at 80 °C for 15 h. The reaction mixture was then extracted 

with Et2O (3 × 30 mL). The combined organic layers were dried over anhydrous Na2SO4, 

filtered, and the solvent was removed in vacuo at 25°C to give compound S6 (2.2 g, 99% 

yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 3.76 (t, J = 6.0 Hz, 2H), 3.46 (t, J = 

6.6 Hz, 2H), 1.84 (p, J = 6.4 Hz, 2H), 1.61 (s, 1H). Spectral data are in agreement with 

those reported in the literature.62-64 

3-azidopropyl acetate (S7). 3-Azidopropan-1-ol (S6) (100 mg, 0.99 

mmol) was dissolved in DCM (3 mL), and then DIPEA (172.3 µL, 

0.99 mmol) was added, followed by Ac2O (93.5 µL, 0.99 mmol), and 

the reaction was left stirring overnight under an Ar atmosphere. The next day, the solution 

was diluted with 1 M HCl (5 mL) and extracted with DCM (5 mL). The organic layer was 

washed with 1 M NaHCO3 (5 mL), water (5 mL), and brine (5 mL), then dried over 

Na2SO4 and concentrated in vacuo at 25°C to obtain compound S7 (104 mg, 73% yield) 

that was used as a substrate in the click-chemistry reaction without further purification. 
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1H NMR (400 MHz, CDCl3) δ 4.15 (t, J = 6.2 Hz, 2H), 3.39 (t, J = 6.7 Hz, 2H), 2.06 (s, 

3H), 1.90 (p, J = 6.5 Hz, 2H). Spectral data are in agreement with those reported in the 

literature.65 

1-azido-3-methoxypropane (S8). 3-Azidopropan-1-ol (S6) (200 mg, 

1.98 mmol) in THF (1 mL) was added dropwise to NaH (60% 

dispersion in mineral oil, 119 mg, 2.97 mmol) in DMF (3 mL) at 0 °C, and the reaction 

mixture was stirred for 30 min. After that, MeI (148 µL, 2.37 mmol) was added dropwise. 

The reaction mixture was allowed to warm to RT and then left stirring for an additional 3 

h. The reaction was quenched by pouring into water (10 mL) and extracted with Et2O (20 

mL). The organic layer was washed with water (3 × 10 mL) and brine (10 mL), dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo at 25°C to obtain the compound 

S8 (115 mg, 50% yield), which was used as a substrate in the click-chemistry reaction 

without further purification. 1H NMR (400 MHz, CDCl3) δ 3.45 (t, J = 6.0 Hz, 2H), 3.38 

(t, J = 6.7 Hz, 2H), 3.33 (s, 3H), 1.83 (p, J = 6.6 Hz, 2H). Spectral data are in agreement 

with those reported in the literature.66,67 

Synthesis of triazole-linked conjugates 1, 8-12 

General Procedure A (conditions for the conjugation using click-chemistry 

approach). The azide (0.04 mmol) and rifampicin alkyne (2) (0.02 mmol) were dissolved 

in 1:1 H2O/tBuOH (650 μL). Freshly prepared aqueous solutions of ascorbic acid (500 

mM, 85 μL, 0.04 mmol) and CuSO4·5H2O (100 mM, 100 μL, 0.01 mmol) were added, 

and the mixture was stirred at 50 °C for 2 h. After that, the reaction mixture was spiked 

with ascorbic acid (500 mM, 85 μL, 0.04 mmol), and then it was directly purified using 

the preparative HPLC method B. The fractions containing the pure product, as judged by 

HPLC, were combined and lyophilized to yield the corresponding triazole conjugates. 

Conjugate 1. The compound was 

prepared according to General 

Procedure A, starting from 

rifampicin alkyne 2 (16.9 mg, 0.02 

mmol) and azide 7 (110.8 mg, 0.04 

mmol). Yield: 9 mg, 40%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C55H69ClN8O15+H+: 1117.4644; found: 1117.4633. 

Conjugate 8. The compound was 

prepared according to General Procedure 

A, starting from rifampicin alkyne 2 (5 

mg, 0.0059 mmol) and azide 4 (1.2 mg, 

0.0118 mmol). Yield: 2.3 mg, 41%, 

orange powder. 
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HRMS (ESI) m/z: [M+H]+ calcd for C48H66N8O12+H+: 947.4873; found: 947.4864. 

Conjugate 9. The compound was 

prepared according to General 

Procedure A, starting from rifampicin 

alkyne 2 (5 mg, 0.0059 mmol) and azide 

S4 (1.7 mg, 0.0118 mmol). Yield: 2.5 

mg, 43%, orange powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C50H68N8O13+H+: 989.4979; found: 989.4972. 

Conjugate 10. The compound was 

prepared according to General Procedure 

A, starting from rifampicin alkyne 2 (5 

mg, 0.0059 mmol) and azide S6 (1.2 mg, 

0.0118 mmol). Yield: 2.6 mg, 47%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C48H65N7O13+H+: 948.4713; found: 948.4708. 

Conjugate 11. The compound was 

prepared according to General 

Procedure A, starting from rifampicin 

alkyne 2 (5 mg, 0.0059 mmol) and azide 

S7 (1.7 mg, 0.0118 mmol). Yield: 2.3 

mg, 39%, orange powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C50H67N7O14+H+: 990.4819; found: 990.4813. 

Conjugate 12. The compound was 

prepared according to General Procedure 

A, starting from rifampicin alkyne 2 (5 

mg, 0.0059 mmol) and azide S8 (1.4 mg, 

0.0118 mmol). Yield: 2.4 mg, 42%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C49H67N7O13+H+: 962.4870; found: 962.4869. 
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Synthesis of benzyl-protected catechols 

3,4-bis(benzyloxy)-2-chlorobenzoic acid (25). To a solution of 2-

chloro-3,4-dihydroxybenzoic acid (6) (1.57 g, 8.33 mmol) and 

benzyl bromide (4.98 g, 29.1 mmol) in DMF (20 mL) was added 

pulverized K2CO3 (5.75 g, 41.6 mmol). After being stirred for 16 h, 

the reaction was quenched with 100 mL of distilled water and extracted with EtOAc (2 × 

70 mL). The combined organic layers were washed with sat. NH4Cl (70 mL), water (2 × 

70 mL), and brine (50 mL), dried over anhydrous Na2SO4 and concentrated in vacuo. The 

obtained crude was then dissolved in the mixture of MeOH (30 mL), THF (10 mL), and 

6 M aq. NaOH (10 mL) and was left stirring for 15 h at RT. After that, MeOH was 

evaporated, and the mixture was diluted with water (50 mL), washed with Et2O (2 × 60 

mL), and acidified with aq. HCl to form a white precipitate, which was filtered, washed 

with water (2 x 10 mL), petroleum ether (2 x 15 mL), and then dried to obtain compound 

25 (2.85 g, 93% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 13.09 (s, 1H), 

7.65 (d, J = 8.8 Hz, 1H), 7.54 – 7.47 (m, 2H), 7.46 – 7.29 (m, 8H), 7.24 (d, J = 8.9 Hz, 

1H), 5.26 (s, 2H), 4.97 (s, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 166.1, 155.1, 

144.3, 136.8, 136.2, 128.6, 128.5, 128.3, 128.2, 128.2, 128.0, 127.7, 127.2, 123.7, 112.0, 

74.2, 70.4. HRMS (ESI) m/z: [M+H]+ calcd for C21H17ClO4+H+: 369.0888; found: 

369.0892. 

2,3-bis(benzyloxy)benzoic acid (26). To a solution of 2,3-

dihydroxybenzoic acid (24) (5 g, 32.4 mmol) and benzyl bromide 

(19.4 g, 113.4 mmol) in DMF (40 mL), pulverized K2CO3 (22.4 g, 

162 mmol) was added. After being stirred for 16 h, the reaction was 

quenched with 200 mL of water and extracted with EtOAc (2 × 150 mL). The combined 

organic layers were washed with sat. NH4Cl (150 mL), water (2 × 150 mL), and brine 

(100 mL), dried over anhydrous Na2SO4 and concentrated in vacuo. The obtained crude 

was then dissolved in the mixture of MeOH (150 mL), THF (20 mL), and 6 M aq. NaOH 

(30 mL) and was left stirring for 15 h at RT. After that, MeOH was evaporated, and the 

mixture was diluted with water (100 mL), washed with Et2O (2 × 60 mL), and acidified 

with aq. HCl to form a white precipitate, which was filtered, washed with water (2 × 20 

mL), petroleum ether (2 × 30 mL), and then dried to obtain compound 26 (10.2 g, 94% 

yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.95 (br s, 1H), 7.53 – 7.46 

(m, 2H), 7.44 – 7.25 (m, 9H), 7.25 – 7.11 (m, 2H), 5.19 (s, 2H), 5.00 (s, 2H). 13C{1H} 

NMR (101 MHz, DMSO-d6) δ 167.5, 152.3, 146.6, 137.5, 136.8, 128.5, 128.2, 128.1, 

128.0, 127.8, 127.8, 124.2, 121.5, 117.0, 74.7, 70.2. HRMS (ESI) m/z: [M+H]+ calcd for 

C21H18O4+H+: 335.1278; found: 335.1282. 
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Synthesis of piperazine-containing building blocks 

tert-butyl 4-nitrosopiperazine-1-carboxylate (14). tert-Butyl piperazine-1-

carboxylate (13) (10 g, 53.69 mmol) and tert-butyl nitrite (13.84 g, 134.23 

mmol) were mixed together in a round-bottom flask, and the mixture was left 

stirring at 50°C under an Ar atmosphere for 24 h. After that, the excess of tert-

butyl nitrite was evaporated under reduced pressure to obtain compound 14 

(11.56 g, quantitative yield) as yellow crystals. 1H NMR (400 MHz, CDCl3) δ 4.28 – 4.21 

(m, 2H), 3.83 – 3.76 (m, 2H), 3.70 – 3.63 (m, 2H), 3.47 – 3.40 (m, 2H), 1.47 (s, 9H). 
13C{1H} NMR (101 MHz, CDCl3) δ 154.4, 81.0, 49.4, 39.8, 28.4. HRMS (ESI) m/z: 

[M+H]+ calcd for C9H17N3O3+H+: 216.1343; found: 216.1346. Spectral data are in 

agreement with those reported in the literature.68 

tert-butyl 4-aminopiperazine-1-carboxylate (15). To a stirred solution of tert-

butyl 4-nitrosopiperazine-1-carboxylate (14) (16 g, 74.33 mmol) in THF/H2O 

(1:1, 500 mL), NH4Cl (64 g, 1.19 mol) was added, followed by portion-wise 

addition of Zn dust (39 g, 0.59 mol). After the addition was completed, the 

reaction mixture was left stirring at RT overnight. After that, the reaction 

mixture was filtered, and the filtrate was extracted with MTBE (2 × 300 mL). Organic 

layers were combined, washed with brine (100 mL), dried over anhydrous Na2SO4, and 

concentrated under reduced pressure to obtain compound 15 (7.18 g, 48% yield) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 3.46 (br s, 4H), 3.05 (br s, 2H), 2.55 (br s, 

4H), 1.44 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3) δ 154.7, 80.0, 59.2, 46.0, 28.5. 

HRMS (ESI) m/z: [M+H]+ calcd for C9H19N3O2+H+: 202.1550; found: 202.1553. 

tert-butyl 4-(((benzyloxy)carbonyl)amino)piperazine-1-carboxylate (16). 

To a stirred solution of tert-butyl 4-aminopiperazine-1-carboxylate (15) (6.34 

g, 31.5 mmol) in THF (120 mL) was added Et3N (8.78 mL, 63 mmol), 

followed by dropwise addition of CbzCl (4.5 mL, 31.5 mmol). After the 

addition was completed, the reaction mixture was left stirring at RT 

overnight. After that, the reaction mixture was diluted with water (100 mL) and extracted 

with MTBE (200 mL). The organic layer was separated, washed with water (100 mL) and 

brine (50 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure. 

The residue was triturated with petroleum ether (50 mL) and filtered. The precipitate was 

washed with petroleum ether (2 × 30 mL) and dried to obtain compound 16 (9.17 g, 87% 

yield) as white crystals. 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 5.74 (br s, 

1H), 5.13 (s, 2H), 3.57 – 3.50 (m, 4H), 2.79 – 2.72 (m, 4H), 1.45 (s, 9H). 13C{1H} NMR 

(101 MHz, CDCl3) δ 154.6, 136.2, 128.7, 128.4, 80.2, 67.2, 56.0, 55.7, 43.3, 28.5. HRMS 

(ESI) m/z: [M+H]+ calcd for C17H25N3O4+H+: 336.1918; found: 336.1930. 

benzyl piperazin-1-ylcarbamate (17). TFA (15 mL) was added to a stirred 

solution of tert-butyl 4-(((benzyloxy)carbonyl)amino)piperazine-1-

carboxylate (16) (9.1 g, 27.13 mmol) in DCM (15 mL), and the mixture was 

left stirring for 1 h. The volatile solvents were evaporated, and the residue 
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was triturated with MTBE (30 mL) to obtain the precipitate, which was filtered, washed 

with MTBE (2 × 30 mL), and dried to give the compound 17 (3.32 g, 52% yield, 

calculated for 2 × TFA counterions) as a white powder. 1H NMR (400 MHz, DMSO-d6) 

δ 9.03 (br s, 2H), 8.90 (br s, 1H), 7.41 – 7.27 (m, 5H), 5.03 (s, 2H), 3.19 – 3.12 (m, 4H), 

3.01 – 2.89 (m, 4H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 154.8, 136.9, 128.5, 128.0, 

127.9, 65.5, 51.3, 42.8. HRMS (ESI) m/z: [M+H]+ calcd for C12H17N3O2+H+: 236.1394; 

found: 236.1399. 

General Procedure B (alkylation of piperazines). Bromoalcohol (4.32 mmol) was 

added to a stirred suspension of piperazine 17 (1 g, 2.16 mmol) and K2CO3 (1.5 g, 10.79 

mmol) in MeCN (15 mL), and the mixture was left stirring at 80°C overnight. The next 

day, the solvent was evaporated, and the residue was redissolved in water (30 mL), 

followed by extraction with EtOAc (2 × 30 mL). The combined organic layers were 

washed with brine (15 mL), dried over anhydrous Na2SO4, and concentrated under 

reduced pressure. The residue was triturated with petroleum ether (10 mL) and filtered. 

The precipitate was washed with petroleum ether (2 × 10 mL) and dried to obtain the 

product. 

benzyl (4-(3-hydroxypropyl)piperazin-1-yl)carbamate (18). The 

compound was prepared according to General Procedure B, starting from 

piperazine 17 (1 g, 2.16 mmol) and 3-bromo-1-propanol (0.6 g, 4.32 mmol). 

Yield: 0.42 g, 66%, white powder. For analytical purposes, the compound was 

purified via the preparative HPLC method A. NMR data are provided for the 

TFA salt. 1H NMR (400 MHz, DMSO-d6) δ 9.75 (br s, 1H), 8.89 (br s, 1H), 

7.42 – 7.27 (m, 5H), 5.04 (s, 2H), 3.46 (t, J = 5.9 Hz, 4H), 3.16 – 2.90 (m, 

8H), 1.82 – 1.71 (m, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 154.7, 136.8, 128.4, 

128.0, 127.9, 65.5, 58.0, 53.6, 51.2, 50.8, 26.7. HRMS (ESI) m/z: [M+H]+ calcd for 

C15H23N3O3+H+: 294.1812; found: 294.1826. 

benzyl (4-(5-hydroxypentyl)piperazin-1-yl)carbamate (19). The 

compound was prepared according to General Procedure B, starting from 

piperazine 17 (1 g, 2.16 mmol) and 5-bromo-1-pentanol (0.72 g, 4.32 

mmol). Yield: 0.48 g, 69%, white powder. For analytical purposes, the 

compound was purified via the preparative HPLC method A. NMR data 

are provided for the TFA salt. 1H NMR (400 MHz, DMSO-d6) δ 9.63 (br 

s, 1H), 8.89 (br s, 1H), 7.42 – 7.27 (m, 5H), 5.04 (s, 2H), 3.46 (d, J = 11.5 

Hz, 2H), 3.39 (t, J = 6.3 Hz, 2H), 3.15 – 2.90 (m, 8H), 1.67 – 1.54 (m, 

2H), 1.48 – 1.37 (m, 2H), 1.37 – 1.23 (m, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 

154.8, 136.8, 128.4, 128.0, 127.9, 65.5, 60.3, 55.4, 51.1, 50.7, 31.8, 23.2, 22.6.  

HRMS (ESI) m/z: [M+H]+ calcd for C17H27N3O3+H+: 322.2125; found: 322.2134. 
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benzyl (4-(7-hydroxyheptyl)piperazin-1-yl)carbamate (20). The 

compound was prepared according to General Procedure B, starting 

from piperazine 17 (1 g, 2.16 mmol) and 7-bromo-1-heptanol (0.95 g, 

4.32 mmol). Yield: 0.867 g, 79%, white powder. For analytical 

purposes, the compound was purified via the preparative HPLC method 

A. NMR data are provided for the TFA salt. 1H NMR (400 MHz, 

DMSO-d6) δ 9.75 (br s, 1H), 8.89 (br s, 1H), 7.42 – 7.27 (m, 5H), 5.04 

(s, 2H), 3.46 (d, J = 11.5 Hz, 2H), 3.37 (t, J = 6.5 Hz, 2H), 3.16 – 2.89 

(m, 8H), 1.64 – 1.54 (m, 2H), 1.44 – 1.36 (m, 2H), 1.34 – 1.22 (m, 6H). 
13C{1H} NMR (101 MHz, DMSO-d6) δ 154.8, 136.8, 128.4, 128.0, 127.9, 65.5, 60.6, 

55.3, 51.2, 50.7, 32.4, 28.4, 26.0, 25.3, 23.3. HRMS (ESI) m/z: [M+H]+ calcd for 

C19H31N3O3+H+: 350.2438; found: 350.2457. 

General Procedure C (esterification of catecholates with piperazine-containing 

alcohols). The alcohol (0.343 mmol) and the protected catechol (0.343 mmol) were mixed 

together in dry DCM prior to the addition of DIC (161 µL, 1.02 mmol) and DMAP (4.2 

mg, 0.034 mmol). The obtained mixture was left stirring under an Ar atmosphere 

overnight. The following day, the solvent was evaporated, and the residue was extracted 

with water (10 mL) and MTBE (20 mL). The organic layer was separated, washed with 

sat. NaHCO3 (10 mL), water (10 mL), brine (5 mL), dried over anhydrous Na2SO4, and 

concentrated under reduced pressure. The obtained crude was dissolved in THF (10 mL), 

followed by the addition of Pd/C (25 mg). The reaction mixture was left stirring overnight 

under an H2 atmosphere (1 bar, balloon). The next day, the suspension was filtered, and 

the filtrate was concentrated in vacuo to obtain the desired product. 

3-(4-aminopiperazin-1-yl)propyl 2-chloro-3,4-dihydroxy-

benzoate (27). The compound was prepared according to 

General Procedure C, starting from alcohol 18 (100 mg, 0.343 

mmol) and catechol 25 (126 mg, 0.343 mmol). Yield: 52 mg, 

46%, white powder. For analytical purposes, the compound was 

purified via the preparative HPLC method A. NMR data are 

provided for the TFA salt. 1H NMR (400 MHz, DMSO-d6) δ 

10.81 (br s, 1H), 9.84 (br s, 3H), 9.45 (br s, 1H), 7.29 (d, J = 8.5 

Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H), 4.25 (t, J = 5.9 Hz, 3H), 3.85 – 2.80 (m, 10H), 2.12 – 

2.00 (m, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 164.8, 150.3, 142.8, 122.8, 120.3, 

120.1, 112.9, 61.8, 52.8, 50.4, 50.2, 23.2. HRMS (ESI) m/z: [M+H]+ calcd for 

C14H20ClN3O4+H+: 330.1215; found: 330.1218. 
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5-(4-aminopiperazin-1-yl)pentyl 2-chloro-3,4-dihydroxy-

benzoate (28). The compound was prepared according to 

General Procedure C, starting from alcohol 19 (110 mg, 0.343 

mmol) and catechol 25 (126 mg, 0.343 mmol). Yield: 61 mg, 

50%, white powder. For analytical purposes, the compound 

was purified via the preparative HPLC method A. NMR data 

are provided for the TFA salt. 1H NMR (400 MHz, DMSO-

d6) δ 10.76 (br s, 1H), 9.89 (br s, 3H), 9.44 (s, 1H), 7.22 (d, J 

= 8.5 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H), 4.19 (t, J = 6.3 Hz, 

2H), 3.59 (br s, 2H), 3.32 (br s, 2H), 3.20 – 3.01 (m, 4H), 2.96 (s, 2H), 1.76 – 1.60 (m, 

4H), 1.40 (p, J = 7.6 Hz, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 165.1, 150.1, 142.8, 

122.4, 120.7, 120.1, 112.9, 64.1, 55.1, 50.2, 50.0, 27.6, 22.9, 22.6. HRMS (ESI) m/z: 

[M+H]+ calcd for C16H24ClN3O4+H+: 358.1528; found: 358.1537. 

7-(4-aminopiperazin-1-yl)heptyl 2-chloro-3,4-di-

hydroxybenzoate (29). The compound was prepared 

according to General Procedure C, starting from alcohol 20 

(120 mg, 0.343 mmol) and catechol 25 (126 mg, 0.343 

mmol). Yield: 53 mg, 40%, white powder. For analytical 

purposes, the compound was purified via the preparative 

HPLC method A. NMR data are provided for the TFA salt. 
1H NMR (400 MHz, DMSO-d6) δ 10.71 (br s, 1H), 9.85 

(br s, 3H), 9.43 (br s, 1H), 7.20 (d, J = 8.5 Hz, 1H), 6.81 

(d, J = 8.5 Hz, 1H), 4.18 (t, J = 6.5 Hz, 2H), 3.55 (br s, 2H), 

3.32 (br s, 2H), 3.19 – 3.00 (m, 4H), 2.95 (br s, 2H), 1.72 

– 1.53 (m, 4H), 1.44 – 1.20 (m, 6H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 165.2, 150.0, 

142.7, 122.3, 120.8, 120.1, 112.9, 64.5, 55.2, 50.2, 50.0, 28.1, 28.0, 25.9, 25.3, 23.2. 

HRMS (ESI) m/z: [M+H]+ calcd for C18H28ClN3O4+H+: 386.1841; found: 386.1853. 

3-(4-aminopiperazin-1-yl)propyl 2,3-dihydroxybenzoate 

(30). The compound was prepared according to General 

Procedure C, starting from alcohol 18 (100 mg, 0.343 mmol) 

and catechol 26 (126 mg, 0.343 mmol). Yield: 14 mg, 14%, 

white powder. For analytical purposes, the compound was 

purified via the preparative HPLC method A. NMR data are 

provided for the TFA salt. 1H NMR (400 MHz, DMSO-d6) δ 

10.33 (s, 1H), 9.98 (br s, 1H), 9.65 (br s, 2H), 9.53 (br s, 1H), 

7.27 (dd, J = 8.0, 1.6 Hz, 1H), 7.04 (dd, J = 7.8, 1.6 Hz, 1H), 6.75 (t, J = 7.9 Hz, 1H), 

4.36 (t, J = 5.9 Hz, 2H), 3.41 – 3.04 (m, 8H), 2.92 (br s, 2H), 2.18 – 2.01 (m, 2H). 13C{1H} 

NMR (101 MHz, DMSO-d6) δ 169.2, 149.4, 146.1, 120.7, 119.8, 118.9, 113.3, 62.4, 52.7, 

50.2, 23.1. HRMS (ESI) m/z: [M+H]+ calcd for C14H21N3O4+H+: 296.1605; found: 

296.1612. 
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5-(4-aminopiperazin-1-yl)pentyl 2,3-dihydroxybenzoate 

(31). The compound was prepared according to General 

Procedure C, starting from alcohol 19 (110 mg, 0.343 mmol) 

and catechol 26 (114 mg, 0.343 mmol). Yield: 64 mg, 58%, 

white powder. For analytical purposes, the compound was 

purified via the preparative HPLC method A. NMR data are 

provided for the TFA salt. 1H NMR (400 MHz, DMSO-d6) δ 

10.46 (s, 1H), 9.92 (br s, 3H), 9.57 (br s, 1H), 7.23 (dd, J = 

8.0, 1.6 Hz, 1H), 7.04 (dd, J = 7.8, 1.6 Hz, 1H), 6.74 (t, J = 

7.9 Hz, 1H), 4.30 (t, J = 6.4 Hz, 2H), 3.58 (br s, 2H), 3.33 (br s, 2H), 3.2 – 3.05 (m, 4H), 

2.96 (br s, 2H), 1.79 – 1.61 (m, 4H), 1.41 (p, J = 7.6 Hz, 2H). 13C{1H} NMR (101 MHz, 

DMSO-d6) δ 169.6, 149.6, 146.2, 120.8, 119.5, 119.0, 113.2, 64.7, 55.1, 50.2, 50.0, 27.5, 

22.9, 22.5. HRMS (ESI) m/z: [M+H]+ calcd for C16H25N3O4+H+: 324.1918; found: 

324.1928. 

7-(4-aminopiperazin-1-yl)heptyl 2,3-dihydroxy-

benzoate (32). The compound was prepared according to 

General Procedure C, starting from alcohol 20 (120 mg, 

0.343 mmol) and catechol 26 (114 mg, 0.343 mmol). Yield: 

49 mg, 41%, white powder. For analytical purposes, the 

compound was purified via the preparative HPLC method 

A. NMR data are provided for the TFA salt. 1H NMR (400 

MHz, DMSO-d6) δ 10.48 (s, 1H), 9.86 (s, 3H), 9.52 (s, 1H), 

7.22 (dd, J = 8.0, 1.6 Hz, 1H), 7.04 (dd, J = 7.8, 1.5 Hz, 

1H), 6.75 (t, J = 7.9 Hz, 1H), 4.30 (t, J = 6.5 Hz, 2H), 3.57 

(br s, 2H), 3.39 – 3.21 (m, 2H), 3.18 – 3.00 (m, 4H), 2.95 

(br s, 2H), 1.71 (p, J = 6.6 Hz, 2H), 1.66 – 1.56 (m, 2H), 1.44 – 1.23 (m, 6H).  
13C{1H} NMR (101 MHz, DMSO-d6) δ 169.6, 149.6, 146.2, 120.8, 119.4, 119.0, 113.1, 

65.1, 55.2, 50.2, 50.0, 28.1, 27.9, 25.8, 25.2, 23.2. HRMS (ESI) m/z: [M+H]+ calcd for 

C18H29N3O4+H+: 352.2231; found: 352.2242. 
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Synthesis of amide S12 

 

Scheme S3. Synthesis of the amide S12. 

benzyl (4-(3-((tert-butoxycarbonyl)amino)propyl)piperazin-1-yl)-

carbamate (S9). tert-Butyl (3-bromopropyl)carbamate (284 mg, 1.19 

mmol) was added to a stirred suspension of piperazine 17 (500 mg, 1.08 

mmol) and K2CO3 (750 mg, 5.40 mmol) in MeCN (10 mL), and the 

mixture was left stirring at 80°C overnight. The next day, the solvent was 

evaporated, and the residue was redissolved in water (20 mL), followed 

by extraction with MTBE (2 × 25 mL). The combined organic layers 

were washed with brine (15 mL), dried over anhydrous Na2SO4, and concentrated under 

reduced pressure. The residue was purified via column chromatography (SiO2, 

DCM/MeOH/Et3N = 99:1:0.1, Rf = 0.3) to afford compound S9 (386 mg, 91% yield) as 

a white powder. 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.27 (m, 5H), 5.64 (br s, 1H), 5.26 

(br s, 1H), 5.12 (s, 2H), 3.17 (q, J = 6.0 Hz, 2H), 2.83 (br s, 4H), 2.58 (br s, 4H), 2.42 (t, 

J = 6.8 Hz, 2H), 1.63 (p, J = 6.7 Hz, 2H), 1.42 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3) 

δ 156.2, 136.3, 128.7, 128.4, 67.1, 56.3, 56.1, 52.4, 39.8, 28.6, 26.7. HRMS (ESI) m/z: 

[M+H]+ calcd for C20H32N4O4+H+: 393.2497; found: 393.2512. 

benzyl (4-(3-aminopropyl)piperazin-1-yl)carbamate (S10). TFA (5 mL) 

was poured into the solution of compound S9 (386 mg, 0.985 mmol) in 

DCM (5 mL), and the reaction was left stirring at RT for 1 h. After that, the 

mixture was evaporated, and the residue was triturated with THF (5 mL) to 

obtain the precipitate, which was filtered and washed with MTBE (2 × 5 

mL) to afford TFA salt of the compound S10 (267 mg, 52% yield, calcd for 

2×TFA salt) as a white powder. 1H NMR (400 MHz, DMSO-d6) δ 10.13 (br 

s, 1H), 8.91 (br s, 1H), 8.01 (s, 3H), 7.42 – 7.27 (m, 5H), 5.04 (s, 2H), 3.54 – 3.34 (m, 

2H), 3.22 – 2.77 (m, 10H), 1.92 (p, J = 8.3 Hz, 2H). 13C{1H} NMR (101 MHz, DMSO-
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d6) δ 154.8, 136.8, 128.4, 128.0, 127.9, 65.5, 52.6, 51.2, 50.8, 36.3, 21.8. HRMS (ESI) 

m/z: [M+H]+ calcd for C15H24N4O2+H+: 293.1972; found: 293.1982. 

benzyl (4-(3-(3,4-bis(benzyloxy)-2-chlorobenzamido)-

propyl)piperazin-1-yl)carbamate (S11). The amine S10 (262 

mg, 0.503 mmol), the protected catechol 25 (186 mg, 0.503 

mmol), and DIPEA (880 µl, 5.03 mmol) were mixed together 

in dry DCM prior to the addition of HATU (191 mg, 0.503 

mmol). The obtained mixture was left stirring under an Ar 

atmosphere overnight. The following day, the solvent was 

evaporated, and the residue was diluted with water (10 mL) and 

MTBE (10 mL) to form the precipitate, which was filtered, washed with MTBE (10 mL), 

PE (10 mL), and dried to afford compound S11 (281 mg, 87% yield) as an off-yellow 

powder. 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.28 (m, 17H), 6.93 (d, J = 8.7 Hz, 1H), 

5.52 (br s, 1H), 5.15 (s, 2H), 5.10 (s, 2H), 5.03 (s, 2H), 3.53 (q, J = 5.9 Hz, 2H), 2.88 – 

2.54 (m, 8H), 2.51 (t, J = 6.3 Hz, 2H), 1.76 (p, J = 6.2 Hz, 2H). 13C{1H} NMR (101 MHz, 

CDCl3) δ 166.3, 154.3, 144.9, 136.9, 136.1, 129.4, 128.8, 128.7, 128.7, 128.5, 128.4, 

128.4, 127.6, 126.2, 125.4, 112.3, 75.1, 71.1, 67.0, 56.8, 56.0, 52.4, 39.8, 25.5. HRMS 

(ESI) m/z: [M+H]+ calcd for C36H39ClN4O5+H+: 643.2682; found: 643.2702. 

N-(3-(4-aminopiperazin-1-yl)propyl)-2-chloro-3,4-di-

hydroxbenzamide (S12). The amide S11 (281 mg, 0.437 mmol) 

was dissolved in THF (20 mL), followed by the addition of Pd/C 

(50 mg). The reaction mixture was left stirring for 2 days under 

an H2 atmosphere (1 bar, balloon). The next day, the suspension 

was filtered, and the filtrate was concentrated in vacuo to obtain 

compound S12 (142 mg, 99% yield, unpurified) as a white 

powder that was used in the next step without further 

purification. HRMS (ESI) m/z: [M+H]+ calcd for C14H21ClN4O3+H+: 329.1375; found: 

329.1378. 

Synthesis of alcohols 21-23, ester-linked conjugates 33-38, and amide 39 

General Procedure D (conjugation of piperazine-containing alcohols with 

rifaldehyde. The alcohol (0.028 mmol) was dissolved in THF (5 mL), followed by the 

addition of Pd/C (10 mg). The reaction mixture was left stirring overnight under an H2 

atmosphere (1 bar, balloon). The next day, the suspension was filtered, and the filtrate 

was concentrated and directly dissolved in THF (5 mL). Rifaldehyde (10 mg, 0.014 

mmol) was added, and the resulting solution was left stirring for 2 h. After that, the 

reaction mixture was evaporated and then directly purified using the preparative HPLC 

method B. The fractions containing the pure product, as judged by HPLC, were combined 

and lyophilized to yield the desired product. 
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Compound 21. The compound was 

prepared according to General Procedure 

D, starting from alcohol 18 (4.5 mg, 0.028 

mmol) and rifaldehyde (10 mg, 0.014 

mmol). Yield: 3.4 mg, 28%, orange 

powder.  

HRMS (ESI) m/z: [M+H]+ calcd for C45H62N4O13+H+: 867.4387; found: 867.4404. 

Compound 22. The compound was 

prepared according to General Procedure 

D, starting from alcohol 19 (5.3 mg, 0.028 

mmol) and rifaldehyde (10 mg, 0.014 

mmol). Yield: 4.4 mg, 35%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C47H66N4O13+H+: 895.4699; found: 895.4715. 

Compound 23. The compound was 

prepared according to General Procedure 

D, starting from alcohol 20 (6.1 mg, 

0.028 mmol) and rifaldehyde (10 mg, 

0.014 mmol). Yield: 4.4 mg, 34%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C49H70N4O13+H+: 923.5012; found: 923.5012. 

General Procedure E (conjugation of piperazine-catechols with rifaldehyde). 

Rifaldehyde (10 mg, 0.014 mmol) and piperazine-catechol (0.028 mmol) were dissolved 

in dry THF (1 mL), and the resulting solution was left stirring for 2 h. After that, the 

reaction mixture was evaporated and then directly purified using the preparative HPLC 

method B. The fractions containing the pure product, as judged by HPLC, were combined 

and lyophilized to yield the desired conjugate. 

Conjugate 33. The compound was 

prepared according to General 

Procedure E, starting from 

piperazine-catechol 27 (9.2 mg, 

0.028 mmol) and rifaldehyde (10 mg, 

0.014 mmol). Yield: 7.6 mg, 52%, 

orange powder. 

1H NMR (600 MHz, DMSO-d6) δ 12.38 (br s, 1H), 10.59 (br s, 1H), 10.17 (br s, 1H), 

9.60 (br s, 1H), 9.43 (br s, 1H), 8.15 (s, 1H), 7.29 (d, J = 8.5 Hz, 1H), 6.98 – 6.88 (m, 

1H), 6.81 (d, J = 8.5 Hz, 1H), 6.35 (d, J = 10.8 Hz, 1H), 6.26 (d, J = 12.7 Hz, 1H), 5.94 

(dd, J = 15.8, 6.2 Hz, 1H), 5.05 (d, J = 10.9 Hz, 1H), 4.95 (dd, J = 12.8, 8.2 Hz, 1H), 4.27 
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(t, J = 6.1 Hz, 2H), 3.76 – 3.72 (m, 1H), 3.70 – 3.55 (m, 8H), 3.30 – 3.24 (m, 3H), 2.97 – 

2.84 (m, 2H), 2.90 (s, 3H), 2.88 – 2.82 (m, 1H), 2.26 – 2.17 (m, 1H), 2.14 – 2.06 (m, 2H), 

2.00 (s, 3H), 1.98 (s, 3H), 1.95 (s, 3H), 1.68 (s, 3H), 1.60 – 1.54 (m, 1H), 1.34 – 1.26 (m, 

1H), 1.04 – 0.96 (m, 1H), 0.89 (d, J = 7.0 Hz, 3H), 0.82 (d, J = 6.9 Hz, 3H), 0.45 (d, J = 

6.8 Hz, 3H), -0.33 (d, J = 6.7 Hz, 3H). 13C{1H} NMR (151 MHz, DMSO-d6) δ 172.5, 

169.5, 167.2, 164.8, 150.2, 146.2, 143.0, 142.8, 137.3, 133.1, 131.0, 122.8, 120.4, 120.2, 

118.3, 117.2, 117.1, 116.5, 115.2, 115.1, 113.7, 112.8, 108.8, 103.2, 102.8, 76.2, 76.0, 

73.4, 71.5, 61.8, 55.7, 52.9, 49.9, 49.3, 48.6, 47.6, 47.4, 40.1, 38.4, 38.0, 34.4, 32.8, 23.1, 

21.9, 20.7, 20.4, 17.6, 11.2, 8.8, 8.6, 7.5. HRMS (ESI) m/z: [M+H]+ calcd for 

C52H65ClN4O16+H+: 1037.4121; found: 1037.4161. 

Conjugate 34. The compound was 

prepared according to General 

Procedure E, starting from 

piperazine-catechol 28 (10 mg, 0.028 

mmol) and rifaldehyde (10 mg, 0.014 

mmol). Yield: 6.8 mg, 46%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C54H69ClN4O16+H+: 1065.4470; found: 1065.4470. 

Conjugate 35. The compound was 

prepared according to General 

Procedure E, starting from 

piperazine-catechol 29 (10.8 mg, 

0.028 mmol) and rifaldehyde (10 

mg, 0.014 mmol). Yield: 5.8 mg, 

38%, orange powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C56H73ClN4O16+H+: 1093.4783; found: 1093.4780. 

Conjugate 36. The compound was 

prepared according to General Procedure 

E, starting from piperazine-catechol 30 

(8.2 mg, 0.028 mmol) and rifaldehyde 

(10 mg, 0.014 mmol). Yield: 5.1 mg, 

36%, orange powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C52H66N4O16+H+: 1003.4547; found: 1003.4556. 
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Conjugate 37. The compound was 

prepared according to General 

Procedure E, starting from 

piperazine-catechol 31 (9 mg, 0.028 

mmol) and rifaldehyde (10 mg, 0.014 

mmol). Yield: 4.7 mg, 33%, orange 

powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C54H70N4O16+H+: 1031.4860; found: 1031.4866. 

Conjugate 38. The compound was 

prepared according to General 

Procedure E, starting from 

piperazine-catechol 32 (9.8 mg, 

0.028 mmol) and rifaldehyde (10 

mg, 0.014 mmol). Yield: 4.4 mg, 

30%, orange powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C56H74N4O16+H+: 1059.5173; found: 1059.5181. 

Conjugate 39. The compound was 

prepared according to General 

Procedure E, starting from 

piperazine-catechol S12 (9.2 mg, 

0.028 mmol) and rifaldehyde (10 mg, 

0.014 mmol). Yield: 7.2 mg, 50%, 

orange powder. 

HRMS (ESI) m/z: [M+H]+ calcd for C52H66ClN5O15+H+: 1036.4317; found: 1036.4310. 
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Synthesis of enterobactin 

Enterobactin was synthesized following previously published methods with minor 

changes. Spectral data for all intermediates and enterobactin itself were in agreement with 

those reported in the literature.48-51 

 

Scheme S4. Synthesis of enterobactin 

2,2-dibutyl-1,3,2-dioxastannolane (S14). Ethylene glycol 

(11.23 mL, 200 mmol) was added to a solution of 

dibutylstannanone (S13) (10 g, 40.2 mmol) in toluene (50 mL) at 

25 °C. The reaction mixture was stirred at reflux for 5 hours. After gradually cooling from 

110 °C to 20 °C, the precipitate was formed, filtered, washed with toluene, and dried at 

40 °C under vacuum to give compound S14 (9.9 g, 84% yield). 

Methyl trityl-L-serinate (S16). To a suspension of L-Serine methyl 

ester hydrochloride (S15) (5 g, 32.2 mmol) in 50 mL of DCM at 0 °C, 

triethylamine (9 mL, 64.4 mmol) was added dropwise, followed by 

triphenylmethyl chloride (8.96 g, 32.2 mmol) in 20 mL of DCM. After 

stirring at RT for 15 h, the white precipitate formed was filtered off, and the filtrate 

evaporated in vacuo to yield a white solid, which was dissolved in EtOAc (200 mL) and 

washed with 10% citric acid (2 × 100 mL), saturated NaHCO3 (100 mL), and water (2 × 

100 mL). The separated organic layer was dried over Na2SO4, filtered, and concentrated 

in vacuo. The crude product was recrystallized from hexane to give compound S16 (10.0 

g, 86% yield) as a white solid.  
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(3S,7S,11S)-3,7,11-tris(tritylamino)-1,5,9-trioxacyclodo-

decane-2,6,10-trione (S17). Molecular sieves (20 g) and 2,2-

dibutyl-1,3,2-dioxastannolane (S14) (0.41 g, 1.4 mmol) were 

added to a solution of methyl trityl-L-serinate (S16) in 150 mL 

of dry toluene, and the mixture was stirred at reflux for 60 h. 

Then, toluene was evaporated, and the residue was dissolved 

in xylene and stirred overnight at reflux. The resulting mixture was cooled to RT, filtered 

through a pad of Celite, and washed with 100 mL of toluene. Then, the filtrate was 

discarded, and the celite was washed with warm DCM (5 × 150 mL). The filtrate was 

evaporated, and the crude was diluted with MTBE (25 mL). The precipitate was formed, 

filtered, and washed with MTBE (10 mL) to obtain compound S17 (2.2 g, 48% yield). 

(3S,7S,11S)-3,7,11-triamino-1,5,9-trioxacyclododecane-

2,6,10-trione trihydrochloride (S18). A dry solution of HCl 

was prepared by the reaction of acetyl chloride (0.35 mL, 4.86 

mmol) with dry ethanol (30 mL). Then, a solution of the 

(3S,7S,11S)-3,7,11-tris(tritylamino)-1,5,9-trioxacyclododeca-

ne-2,6,10-trione (S17) (1.2 g, 1.21 mmol) in dry ethanol (10 

mL) was added to the HCl solution and then refluxed for 30 minutes. The resulting 

mixture was concentrated to 15 mL under vacuum and cooled in an ice bath. The resulting 

solid was filtered, washed with cold, dry ethanol (5 mL), CHCl3 (15 mL), and then Et2O 

(2 × 15 mL), and dried to obtain compound S18 (0.39 g, 87% yield) as a beige powder. 

N,N’,N’’-((3S,7S,11S)-2,6,10-trioxo-1,5,9-

trioxacyclododecane-3,7,11-triyl)-tris(2,3-

bis(benzyloxy)-benzamide) (S19). 

(3S,7S,11S)-3,7,11-triamino-1,5,9-trioxacyclo-

dodecane-2,6,10-trione tris hydrochloride 

(S18) (0.38 g, 1.03 mmol) was suspended in 

anhydrous DCM (12 mL) and treated with dry 

triethylamine (0.5 mL, 4.61 mmol) under Ar. 

The reaction mixture was stirred at RT for 10 

min. Then, in a separate round-bottom flask, a mixture of 2,3-bis(benzyloxy)benzoic acid 

(26) (1.2 g, 3.59 mmol) and HOBt × H2O (0.785 g, 5.13 mmol) was dissolved in 

anhydrous DCM (20 mL), followed by addition of DIC (0.65 g, 5.13 mmol) and stirred 

at RT for 20 min under Ar. Then, the solution of triseryl amine was added to the activated 

benzoic acid and stirred overnight at RT. The mixture was diluted with 20 mL of DCM 

and 50 mL of water. After extraction, the organic layer was separated, washed with 1 M 

HCl solution (25 mL), saturated NaHCO3 solution (25 mL), water (25 mL), and brine (15 

mL), then dried over Na2SO4 and concentrated in vacuo. The resulting residue was 

purified by silica gel column chromatography (SiO2, EtOAc/PE) to afford compound S19 

(0.8 g, 65% yield) as a colorless liquid. 
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Enterobactin. N,N’,N’’-((3S,7S,11S)-2,6,10-

trioxo-1,5,9-trioxacyclododecane-3,7,11-triyl)-

tris(2,3-bis(benzyloxy)benzamide) (S19) (0.75 g, 

0.62 mmol) was dissolved in a mixture of EtOH 

(5 mL) and EtOAc (5 mL) and hydrogenated in a 

round-bottom flask under balloon of hydrogen (1 

bar) in presence of 10 % Pd/C (75 mg) overnight. 

The catalyst was filtered off, and the solvents 

were removed in vacuo to give the crude, which 

was purified by HPLC using method B to yield enterobactin (278 mg, 67% yield). 1H 

NMR (400 MHz, DMSO-d6) δ 11.62 (s, 3H), 9.44 (br s, 3H), 9.11 (d, J = 6.9 Hz, 3H), 

7.33 (dd, J = 8.2, 1.4 Hz, 3H), 6.96 (dd, J = 7.8, 1.4 Hz, 3H), 6.73 (t, J = 8.0 Hz, 3H), 4.89 

(ddd, J = 9.2, 6.9, 4.7 Hz, 3H), 4.68 – 4.59 (m, 3H), 4.39 (dd, J = 10.9, 4.5 Hz, 3H).  
13C{1H} NMR (101 MHz, DMSO-d6) δ 169.5, 169.0, 148.6, 146.2, 119.3, 118.5, 118.3, 

115.29, 63.5, 51.3. HRMS (ESI) m/z: [M+H]+ calcd for C30H27N3O15+H+: 670.1515; 

found: 670.1520. 
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Supplementary information 

Table S1. Activity of conjugate 33 and rifampicin in ID-CAMHB (iron-poor medium) against multiple wild-

type E. coli BW 25113 strain and strains with different knockouts. 

Strain 
MIC (µg/mL) 

33 Rifampicin 

E. coli BW 25113 1 8 

E. coli ΔtolC 1 4 

E. coli ΔfepA 2 8 

E. coli ΔfepB 1 4 

E. coli ΔfepD 1 4 

E. coli ΔfhuA 1 8 

E. coli ΔfhuB 1 8 

E. coli ΔfhuC 1 8 

E. coli ΔfhuD 1 8 

E. coli ΔfhuE 1 8 

E. coli ΔfhuF 1 8 

E. coli ΔentA 2 8 

E. coli ΔentC 1 8 

 

 

Figure S1. Hemolysis data (in %) for compounds 33-39 and rifampicin at a concentration of 64 µg/mL after 1 

hour, compared to Triton X-100 (100%). The obtained values were used as the average of n = 3 technical 

replicates. 
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