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2. Introduction 

2.1 Malaria 

Infectious diseases are recognized to be one of the leading cause of death in third-world countries, especially 

among young children.1 In these countries, malaria still poses a serious threat to human life and is considered 

one of the most severe and life-threatening diseases, threatening nearly half of the world's population (Figure 1). 

The World Malaria Report 2022 documented 247 million malaria cases worldwide, with 619,000 deaths.2 In the 

same year, Africa alone carried the highest share of malaria burden, with 95% of all malaria cases. Furthermore, 

in areas of continuous malaria transmission, children under five years of age and pregnant women represent the 

highest morbidity and mortality rates.2  

 

Figure 1: Malaria threats map 2021 WHO.3 

2.1.1 The Parasite 

Malaria is a life-threatening mosquito-borne disease caused by protozoan parasites of the genus Plasmodium. 

Six parasite species cause malaria in humans: (1) Plasmodium falciparum, which causes malaria tropica; 

(2) Plasmodium malaria, which causes malaria quartan; (3) Plasmodium ovale, which causes malaria tertian; 

(4) Plasmodium vivax which causes malaria tertian; (5) Plasmodium knowles; and (6) Plasmodium cyonomolgi.4–

11 

(1) P. falciparum: the most prevalent species in sub-Saharan Africa and can also be found in other malarious 

tropical areas worldwide. Most of the malaria-related morbidity and mortality are associated with P. falciparum 

infection. Approximately 1,200 African children <5 years of age died each day after P. falciparum infection. 

P. falciparum is commonly associated with severe malaria as well as complications related to malaria during 

pregnancy.12,13 
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(2) P. vivax: the second most significant species and accounts for most malaria cases in Southeast Asia and Latin 

America.14,15 P. vivax can form hypnozoites (a dormant liver stage) in infected patients, leading to relapse of 

clinical symptoms months or years after initial infection.14 

(3) P. ovale: found in West Africa and Asia. Two genetically different sub-species exist, P.o. Curtis and 

P.o. wallikeri. P. ovale bears the added complication of a dormant liver stage, leading to clinical symptoms 

months or even years after the initial infection.16  

(4) P. malariae: can be found all over the world, but it is particularly common in West Africa. It represents only 

a small percentage of mild infections. However, chronic infection with P. malariae may result in splenomegaly or 

renal damage.5,17 

(5) P. knowlesi: was initially considered a parasite of non-human primates. However, it was discovered that it 

could cause malaria in humans, which leads to severe and fatal malaria complications. The reasons for the 

emergence and mode of transmission of P. knowlesi in humans remain unclear.18–21 

(6) P. cynomolgi: is found throughout Southeast Asia, where it circulates among various macaque monkey 

species. P. cynomolgi, a simian malaria parasite, possesses biological and genetic characteristics similar to those 

of P. vivax. Although the infection of humans with P. cynomolgi was considered exceedingly rare, many natural 

human infections have been documented in recent years.9–11 

Mixed infections between Plasmodium spp. were reported in people living in disease-endemic areas. For 

example, mixed disease between P. falciparum and P. vivax represents up to 10-30% of the cases in areas where 

both parasites are prevalent. Co-infections with other species, such as P. ovale and P. malariae, were also 

observed. These co-infections pose additional complications for parasite elimination.22 

2.1.2 The plasmodium life cycle 

Malaria is a hematoprotozoan parasitic infection caused by a unicellular eukaryotic organism that cannot survive 

outside host(s) and belongs to the Apicomplexa phylum.23 Malaria has a complex life cycle that involves two 

hosts: humans, where asexual multiplication occurs, and female Anopheles mosquitoes, where sexual 

reproduction of the parasite occurs (Figure 2). A malaria-infected female Anopheles mosquito transmits the 

sporozoites of the Plasmodium spp. parasite to the bloodstream of malaria's next victim during a blood meal. 

These sporozoites rapidly invade liver cells, where they mature into schizonts, from which several thousand 

merozoites develop. Following this initial replication in the liver (exoerythrocytic schizogony), the infected liver 

cell bursts, releasing the merozoites into the bloodstream, where they undergo asexual multiplication in the 

erythrocytes (erythrocytic schizogony). Blood-stage parasites are responsible for the clinical symptoms of the 

disease, which develop 4-8 days after the initial invasion. Since the merozoite replication cycle within the red 

blood cells lasts 36-72 hours, frequent episodes of fever occur in time intervals of 36-72 hours when the infected 

red blood cells lyse, releasing endotoxins.24–26 The trigger is unknown, but some merozoites differentiate into 

sexual male and female gametocytes. The male microgametocytes and female macrogametocytes are 

concentrated on skin capillaries and taken up by the mosquito during another blood meal. The process by which 

parasites multiply inside a mosquito is called the sporogonic cycle. In the mosquito's gut, the male and 
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female gametocytes fuse, generating diploid zygotes, which become motile and elongate into ookinetes. The 

ookinetes invade the midgut wall of the mosquito, where they develop into oocysts. Oocysts undergo cycles of 

meiotic division and form sporozoites, which move from the mosquito's abdomen to its salivary glands. 

Inoculating the sporozoites into a new human host perpetuates the malaria life cycle. In both P. vivax and P. ovale 

species of malaria, the invasion of red blood cells by the merozoites can be delayed for several months or even 

years after the initial infection. This delay can cause a relapse if the dormant form of the parasite, known as 

hypnozoites, is not effectively treated.27,28 

 

 

Figure 2: The plasmodium spp. Life cycle. (Medicines for Malaria Venture (MMV)).27 

 

To evade immune system recognition, several Plasmodium species utilize variations on the surface of the 

infected red blood cells (RBCs).29 After P. falciparum infection, overexpression of the var genes, which encode 

the erythrocyte membrane protein 1 (PfEMP1), occurs (Figure 3). PfEMP1 is thought to play a vital role in the 

virulence associated with P. falciparum infection. RBCs carrying PfEMP1 on their surface stick to capillary walls, 

facilitating further binding with uninfected cells, helping the parasite spread to other RBCs, and bringing about 

the fatal symptoms of P. falciparum malaria. In addition, infected RBCs are prevented from circulating through 

the spleen, where they would be subjected to host immune cell attack and removal from circulation.30  
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Figure 3: Red  blood cell infected with plasmodium falciparum taken from BORST et al.30 Reproduced with permission from Springer 

Nature, Nature 2006, 439 (7079), 926–927. 

2.1.3 Clinical presentation 

The clinical presentation of Plasmodium spp. infection can vary substantially depending on the species and host 

factors. The level of host protective immunity acquired through past parasite exposure can help decrease 

symptoms severity and reduce the risk of severe malaria.31–33 Malaria infection can be categorized 

as uncomplicated or severe (complicated). Uncomplicated malaria infection is an acute febrile illness with typical 

initial symptoms, including high fever, chills, headache, myalgias, and arthralgias. In children, digestive symptoms 

like vomiting and diarrhea are usually common. These symptoms manifest suddenly after the hemolysis of 

invaded red blood cells. P. falciparum infections are the most likely to progress to severe (complicated infection) 

potentially fatal forms if not treated in 24 hours. Complicated malaria, though less frequent, can also be caused 

by Plasmodium vivax or Plasmodium knowlesi infections. Severe infection is characterized by severe anemia and 

various multi-organ damage manifestations, including cerebral malaria, neurological abnormalities, acute renal 

failure, or acute respiratory distress. Severe malaria complications are due to capillaries' obstruction caused by 

infected red blood cells.28,34  

2.1.4 Diagnosis and prevention 

2.1.4.1 Diagnosis 

The WHO considers fever and the presence of parasites in the patient blood as diagnostic criteria 

for Plasmodium spp infection.35 A microscopic examination of Giemsa-stained blood smears remains the gold 

standard for malaria infection diagnosis. However, parasite infection can also be identified by (1) Fluorescence 

microscopy of parasite nuclei stained with acridine orange,36,37 (2) Rapid diagnostic test (RDT),35 in which various 

test kits are used to detect malaria parasite antigens and (3) Polymerase chain reaction (PCR) based assay.35,38 

2.1.4.2 Prevention 

Preventing Plasmodium infection relies mainly on mosquito vector control and the development of effective 

vaccines.35 

https://www.cdc.gov/malaria/about/disease.html#uncomplicated
https://www.cdc.gov/malaria/about/disease.html#severe
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2.1.4.2.1 Mosquito (vector) control 

Methods used to control malarial parasite vectors include the following: 

1. The widespread use of insecticides against mosquitoes, such as dichlorodiphenyltrichloroethane (DDT), 

larvicides, and endectocides such as ivermectin.39 

2. Using insecticide-impregnated bed nets to prevent parasite contact with humans. 39 

3. Disruption of mosquito breeding grounds. 

2.1.4.2.2 Vaccines 

An effective malaria vaccine would be an efficient tool to encounter the enormous socioeconomic burden caused 

by malaria. Unlike viruses and bacteria, Plasmodium spp is a large-genome microorganism with a very complex 

life cycle in which different sets of parasite antigens are exposed to the immune system during various stages of 

parasite invasion. Therefore, developing an effective malaria vaccine is very challenging.40 However, the fact that 

adults living in high-transmission malarious areas could acquire partial protective immunity after frequent 

re-exposure "concomitant immunity" indicates that vaccination is possible.  

Various malaria vaccine candidates were developed (Figure 4),41–43 these vaccines target mainly three stages in 

the malaria parasite life cycle: (i) pre-erythrocytic stage (sporozoite/hepatic), (ii) erythrocytic stage (asexual), 

(iii) sexual stage (transmission-blocking). An ideal malaria vaccine would ultimately prevent the first stages of 

parasite development, blocking further stages from developing and preventing transmission. 

On 6 October 2021, the WHO recommended RTS,S/AS01 (Mosquirix), a vaccine developed by GlaxoSmithKline 

(GSK), as the first approved malaria vaccine for preventing P. falciparum malaria in children aged between 

6 weeks and 17 months living in regions with moderate to high transmission.35,44 The RTS,S is a pre-erythrocytic 

vaccine designed to stimulate the immune system to prevent the parasite infection of liver cells, where it can 

multiply, reenter the bloodstream, and infect red blood cells, causing the disease symptoms. Data from the 

pilot studies showed that RTS,S/AS01 has a favorable safety profile and can significantly reduce severe, 

life-threatening malaria with 30-40% efficacy.44,45 

R21/Matrix-M™ vaccine (R21/MM), manufactured by Oxford University, has shown high efficacy against malaria, 

with an initial clinical trial showing a 77% efficacy rate.46 The R21/MM vaccine is the first to meet the WHO's goal 

of at least 75% efficacy against malaria.47 Based on the efficacy and safety profile of the R21/MM vaccine in the 

phase IIb trials, in April 2023, Ghana's Food and Drugs Authority was the first to approve the R21 vaccine for 

young children. Following Ghana's decision, Nigeria has also approved the R21 vaccine. However, the safety and 

effectiveness of the R21/MM are still under assessment by the WHO for final approval.43 

https://en.wikipedia.org/wiki/Ghana
https://en.wikipedia.org/wiki/Food_and_Drugs_Authority_(Ghana)
https://en.wikipedia.org/wiki/Nigeria
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Figure 4: Current state and different stages of development of human malaria vaccines. Used without modifications from 

SIDDIQUI et al.43 

2.1.5 Prophylaxis and treatment of malarial infection 

2.1.5.1 Antimalarial drugs 

Most currently used antimalarial drugs target the erythrocytic stage of malaria infection, which causes the 

symptoms. Antimalarial drugs are grouped into four main classes: quinoline derivatives, antifolate, artemisinin 

derivatives, and antimicrobials. Some of the well-known antimalarial chemical classes, their mode of action, and 

side effects are presented in Table 1.34,48–50 
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Table 1: Some well-known anti-malarial chemical classes. 
 

Class Category Drug (Year of 
Development) 

Therapeutic Use Side Effect Mechanism of 
action 

Quinoline 
derivatives 

 

Cinchona alkaloid Quinine! 
(1820) 

Treatment of 
P. falciparum infection 
and severe malaria, 
usually combined with 
other medications to 
shorten the course of 
treatment and minimize 
adverse effects. 

Hypoglycemia, 
Cinchonism, and 
hypotension 

These drugs 
interfere with 
hemoglobin 
digestion by 
accumulating in 
the plasmodium 
parasite's food 
vacuole (FV). 
Additionally, 
they prevent 
the subsequent 
polymerization 
of hem to non-
toxic haemozoin 
by forming 
drug-haemozoin 
complexes 
and/or by 
adhering to the 
crystals' 
developing 
faces.51 

4-aminoquinoline Chloroquine 
(1940) 

non-falciparum malaria 
because of the 
emergence of 
chloroquine 
resistance P. falciparum 
strains. 

Accumulate in 
retinal and 
melanin, 
resulting in rash, 
itching, hair loss, 
headache, 
and GIT 
disturbances. 

Amodiaquine! 
(1948) 

As a partner drug in ACT 
to treat some cases of 
chloroquine 
resistance P. falciparum 
strains. 

Hepatitis and 
myelotoxicity. It 
was withdrawn 
from therapeutic 
use because of 
its side effects. 

Piperaquine! 
(1960) 

Resistance has 
diminished its usage as 
monotherapy. Used as 
partner drug with 
dihydroartemisinin in 
ACT. 

Headache, 
dizziness, 
and GIT 
disturbances.  

8-Aminoquinoline Primaquine 
(1950) 

Prophylaxis and radical 
cure of P. vivax and 
P. ovale. gametocytocidal 
for P. falciparum. 

Hemolytic 
anemia in G6PD 
deficiency 

Tafenoquine 
(1978) 

Prophylaxis and radical 
cure of P. vivax and 
P. ovale. gametocytocidal 
for P. falciparum. 

Hemolytic 
anemia in G6PD 
deficiency 

Aryl 
aminoalcohol 

Mefloquine*! 

(1970) 
Prophylaxis and partner 
drug in ACT to treat 
P. falciparum. Its usage is 
limited because of the 
severe side effects. 

Depression, 
psychosis, 
nightmares 

Lumefantrine! 
(1976) 

Combined with 
artemether in ACT. 

Headache, 
anorexia, 
dizziness.  

Halofantrine* 
(1980) 

Due to its cardiotoxicity, 
its use has decreased 
over time. It is now only 
used to cure severe and 
resistant forms of 
malaria, but only in 
patients who are known 
to be free from heart 
disease. 

Cardiac toxicity 
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Table 1: Continued 

Class Category Drug (Year of 
Development) 

Therapeutic Use Side Effect Mechanism of 
action 

Artemisinin 
 

Sesquiterpene 
lactone 
endoperoxides 

Artemether ACT; treatment of 
severe malaria, 
chloroquine resistant 
malaria, and 
complicated 
P. falciparum.  

Have an excellent 
safety profile. 
Long-term use 
may cause 
nausea, vomiting, 
abdominal pain, 
itching, and fever. 

The Endoperoxide 
bridge in its 
molecule appears to 
interact with heme 
iron in the parasite 
and generates 
oxygen radicals. The 
resulting free 
radical selectively 
binds to membrane 
proteins, causes 
lipid peroxidation, 
damages the 
endoplasmic 
reticulum, inhibits 
protein synthesis, 
and ultimately 
results in the lysis of 
the parasite.52 

Artesunate 
 

Dihydroartemisinin 

Antifolate Diaminopyrimidine Pyrimethamine*! 
(1950) 

Used only in 
combination with other 
drugs for the treatment 
of falciparum malaria. 
Pyrimethamine use 
decreased due to 
resistance. 

Nausea, rashes, 
megaloblastic 
anemia, and 
granulocytopenia 

Block the folate 

biosynthetic 

pathway in the 

parasite.53 

Pyrimethamine and 

proguanil inhibit 

dhfr enzyme. 

Atovaquone: 
Interferes with 
electron flow in 
aerobic respiration, 
which results in the 
collapse of the 
mitochondrial 
membrane and, 
finally, cell 
apoptosis.54,55 

Sulfonamides 
 

Sulfadoxine! 
(1960) 

Sulfadoxine is no longer 
used alone as an 
antimalarial drug.  

Exfoliative 
dermatitis, 
Stevens-Johnson 
syndrome. 
Because of its 
side effects  

Biguanide Proguanil! 
(1945) 

Combined with 
artesunate as ACT for 
treatment of 
chloroquine-resistant 
parasite strains. 
Proguanil is combined 
with Atovaquone 
(1991) to treat 
P. falciparum 

Alopecia, 
aphthous 
ulceration, 
nausea, 
and gastric 
irritation 
 
Atovaquone side 
effects: diarrhea, 
vomiting, GIT 
disturbances, 
headache, 
rashes, and fever. 

Antimicrobial 
 

Tetracycline 
 

Doxycycline! And 
tetracycline! 

Slow-acting 
antimalarials combined 
with quinine to treat 
uncomplicated 
P. falciparum resistance 
to quinine. 
Doxycycline is used as 
chemoprophylaxis. 

GIT disturbances. Inhibit DNA 
replication and 
protein synthesis 
inside the 
apicoplast of 
Plasmodium 
species.56 

Lincisamide 
 

Clindamycin!  

*Drugs rendered ineffective due to the development of resistant strains or the emergence of undesirable side effects. 
! Drugs used only in combination with other agents.  
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2.1.5.2 Chemoprevention and chemoprophylaxis 

2.1.5.2.1 Chemoprevention 

Seasonal malaria chemoprevention campaigns are an effective strategy commonly used to reduce malaria in 

regions of a seasonal malaria epidemic.35,57 The objective is to prevent malarial illness in children and pregnant 

women by intermittent administration of preventive treatment courses to maintain the antimalarial drug 

concentrations in the blood during the malaria season.35,58 WHO recommends a combination of sulfadoxine, 

pyrimethamine, and amodiaquine as a chemopreventive combination in areas with highly seasonal malaria 

transmission. Also, a 3-day course of artemisinin-based combination (ACTs, dihydroartemisinin (DHA), and 

piperaquine) was found to be effective in preventing malaria in high-risk groups (Figure 5).59,60  

 

Figure 5: Structure of chemopreventive drugs. 

2.1.5.2.2 Chemoprophylaxis 

Chemoprophylaxis is an alternative strategy in which antimalaria medicines, given at prophylactic doses, are 

temporarily used to protect subjects entering an endemic area. In order to avoid the potential emergence of 

drug resistance, the WHO emphasizes, when possible, that drugs used for chemophylaxis or chemoprotection 

should differ from the first-line treatment used in the same region.35,58 Also, the used drugs need an excellent 

safety profile as they are given to healthy people. The WHO recommends three 'gold-standard' drugs for 

chemoprotection: a daily dose of atovaquone-proguanil, doxycycline, and a weekly dose of mefloquine.  49,61 The 

Atovaquone/proguanil combination was first approved for medical use in the United States in 2000. Since 2011, 

it has been sold under the brand name Malarone®, among others, and is mainly used to prevent malaria.62 

Although it is not typically used to treat malaria, it is used in some countries to treat uncomplicated malaria 

infections. The use of mefloquine is now limited because it is associated with severe side effects. Moreover, 

mefloquine should be avoided in neuropsychiatric patients (Figure 6).49  
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Figure 6: Structure of chemoprotective agents. 

2.1.5.3 Treatment 

Because of the sophistication within the life cycle of Plasmodium parasite, there is no single drug that can fully 

eradicate all species of malaria parasites or effectively treat the various manifestations of the disease that occur 

in different patient populations. Thus, a combination of drugs is frequently given simultaneously to efficiently 

combat malarial infection and to make resistance development difficult. Antimalarial dosing must be tailored to 

every condition based on the geographic location of the infection, the Plasmodium species, and the disease 

severity (Figure 7).35,63 The drug choice is usually guided more by drug resistance frequencies than species 

differences. During pregnancy, the therapeutic options are limited to the drugs known to be safe for both the 

mother and the fetus, and different regimens are needed.  

 

Figure 7: Malaria treatment options. 

2.1.5.3.1 Treatment of uncomplicated malaria as recommended by the WHO  

▪ Treatment of P. falciparum infections 

The WHO recommends six different ACTs 64,65 (Figure 8) to treat uncomplicated P. falciparum infections.35,66 

Owing to its high lipophilicity, artemisinin itself could not be used in the approved combination. Instead, 

semisynthetic derivatives are used, namely, dihydroartemisinin (DHA), artesunate, or artemether. One of the 

most well-known combinations is artemether and lumefantrine, which is sold under different brand names, of 
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which Coartem® is the most recognized. Coartem® tablets came into medical use in 1992 and are indicated for 

treating acute uncomplicated P. falciparum infections not treatable with chloroquine.67,68 The artesunate–

pyronaridine combination (Pyramax®) is used for the treatment of uncomplicated P. falciparum and P. 

vivax infections when other combinations fail.66 The combination is generally well tolerated; however, it is not 

recommended for patients suffering from severe liver or kidney diseases.69 Also, Pyramax® is not generally 

recommended in early pregnancy.69 Eurartesim® is the brand name of the piperaquine/dihydroartemisinin 

combination. Eurartesim® is used to treat uncomplicated P. falciparum and P.vivax malaria infections. The 

combination was approved in 2011 for medical use in Europe.70 In addition to the ACTs, a single dose of 

primaquine should be added to the antimalarial regimen in low transmission areas to reduce infection 

transmission.35,71 

 

Figure 8: Artemisinin-based combination therapies (ACTs). Trade names are colored blue. * Other trade names are available. 

  

https://en.wikipedia.org/wiki/Chloroquine
https://en.wikipedia.org/wiki/P._falciparum
https://en.wikipedia.org/wiki/P._vivax
https://en.wikipedia.org/wiki/P._vivax
https://en.wikipedia.org/wiki/Pregnancy
https://en.wikipedia.org/wiki/P._falciparum
https://en.wikipedia.org/wiki/P._vivax
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▪ Treatment of P. vivax infections 

Chloroquine (CQ) resistant P. vivax is becoming increasingly widespread, particularly in Asia. P. vivax infections 

in these areas should be treated with an ACT. Relapses of P. vivax malaria present a challenge in malaria control, 

so primaquine or tafenoquine is added to the treatment protocol to prevent relapses that could occur years after 

primary infection. However, the used primaquine dose and administration frequency should be guided by the 

patient's glucose-6-phosphate dehydrogenase (G6PD) enzyme activity to avoid complications. 35,71 

2.1.5.3.2 Treatment of severe malaria 

In severe malaria, parenteral administration of an artemisinin derivative is used for at least 24 hours. When 

parenteral artesunate and artemether are unavailable, intramuscular quinine should be used. This is then 

followed by a complete 3-day course of an oral ACT once the patient can tolerate oral medicines. This 

combination is used to ensure a complete cure and prevent the development of resistance to the artemisinin 

derivatives. Children under six years of age with severe malaria should receive rectal artesunate if injectable 

treatment cannot be provided.35,71 

2.1.6 Resistance to antimalarial drugs  

Parasite resistance is the ability of the parasite to survive and multiply despite the administration of an adequate 

dose of appropriate treatment. Over the years, most antimalarial drugs have lost efficacy. Resistance against 

chloroquine (CQ), the mainstay of malaria chemotherapy for many years, is widely reported and has resulted in 

limiting its therapeutic efficacy.48,72 Also, antifolates proved ineffective in many endemic areas. Declining clinical 

efficacy has also affected many other antimalarial drugs, including sulfadoxine-pyrimethamine (SP),48,73,74 

quinine, and mefloquine. Artemisinin and ACT partial resistance (defined as a prolonged time for parasite 

clearance from blood after an adequate dose administration) was recently confirmed.75,76 Cross-resistance 

profiles between several treatment classes were reported as well.77 

Present knowledge indicates that several genetic events are correlated with the molecular mechanisms that 

strengthen resistance to antimalarial drugs (Table 2).71,78,79 These genetic alterations are mutations or changes in 

a copy number of genes encoding or relating to the drug's parasite target or influx/efflux pumps that affect the 

intraparasitic concentration of the drugs.80 For example, resistance to aryl amino alcohols (e.g., mefloquine) in 

P. falciparum resulted from amplification in the Pfmdr (Pf multidrug resistance) gene, which encodes an ATP-

dependent p-glycoprotein pump (Pgh) chargeable for the transport of hydrophobic substances.81,82 In addition, 

single point mutations within the gene cytB, coding for cytochrome b, confer resistance to atovaquone 82,83 or 

the gene encoding dihydrofolate reductase (dhfr),82 resulted in pyrimethamine resistance, were reported. 

In P. falciparum, a mutation in the P. falciparum dihydropteroate synthase (Pfdhps) and P. falciparum 

dihydropteroate reductase (Pfdhfr) genes is involved in the reduced drug susceptibility to sulfadoxine and 

pyrimethamine, respectively.82,84,85 Whole-genome sequencing of the artemisinin-resistant parasite revealed 

mutation within the Kelch 13 (K13) propeller protein related to the artemisinin resistance in clinical and field 

isolates.78,86 
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Pre-prediction of the emergence and spread of resistance against current antimalarials and newly introduced 

compounds enable the research and medical communities to plan malaria control strategies that may delay the 

emergence of resistance. The worldwide database on antiprotozoal efficacy and resistance was initiated in 2000 

to facilitate reporting on the status of antiprotozoal effectiveness in malaria-endemic countries. This database 

contains extracted information from reports of therapeutic efficacy studies (TES) and surveys of molecular 

markers on antiprotozoal resistance conducted by several research institutes and governmental and 

non-governmental organizations.78 

Table 2: P. falciparum drug resistance markers 

Drug P. falciparum resistance marker 1.1.1.1.1. Protein function 

Artemisinin 

derivatives 

k13, Kelch protein K13 Scaffold protein that may be involved in maintaining 

phosphatidylinositol-3-phosphate levels 

Amodiaquine crt,chloroquine-resistance transporter 

and mdr1 

and  

Drug metabolite transporter super-family of 

electrochemical potential-driven transporters 

Mefloquine mdr1 Drug metabolite transporter superfamily of 

electrochemical potential-driven transporters 

 

2.1.7 The drug discovery and development pipeline 

Considering the persistently high annual malaria deaths and the rapid emergence of resistance against almost all 

available antimalarial drugs, continuing efforts toward discovering a more efficient antimalarial chemotherapy is 

necessary.78 In 1999, the most extensive, non-profitable, antimalarial discovery project, the Medicines for 

Malaria Venture (MMV), was established in Switzerland to partner with universities and pharmaceutical 

companies in the fight against malaria.87 Figure 9 shows MMV's global portfolio of new antimalarial drugs, 

including the most promising candidates to be used in malaria therapy.87 Promising compounds are identified 

mainly through four approaches: design of alternative analogs to available drugs, target-based screening, rational 

drug design, and phenotypic screening.88 

To date, phenotypic screening is the most successful approach to delivering preclinical candidates. The potential 

for the identified compounds to act as new antimalarial drug candidates is defined by the MMV Target Product 

Profiles (TPP) and Target Candidate Profiles (TCP) to be (i) their novel modes of action, which enhances their 

ability to overcome known resistant mechanisms; (ii) being effective in a single dose against severe 

malaria;(iii) possess activity against multiple life cycle stages of P. vivax and P. ovale to prevent relapse; and (iv) 

have prophylactic activity, preventing initial infection by killing the sporozoites and exo-erythrocytic schizonts 

and blocking transmission either by targeting gametocytes or the insect vector (endectocides). The compounds 

should also pose good safety profile, especially for small children and pregnant women.89–91 
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Figure 9: The global portfolio of new antimalarial medicines organized by (MMV, May 2022).87 

As shown in Figure 9, several artemisinin derivatives were approved for the treatment of uncomplicated or 

severe P. falciparum infections, either alone or in combination with other known antimalarial drug classes. Also, 

in recent years, new candidates with a new mechanism of action have reached clinical trials either alone or in 

combination with other drugs (Figure 10). These substances include OZ439 (artefenomel),92–97 KAF156 

(Ganaplacide),87,98–101 KAE609 (cipargamin),87,102–105 DSM265,87,106–109 MMV (390048),110–112 SJ733,87,113–115 

P218,87,116–118 and DDD107498 (DDD-498).119 

OZ439 (artefenomel) is an orally active, fully synthetic peroxide that possesses fast-acting, curative, and 

transmission-blocking ability and is active against artemisinin-resistant P. falciparum parasites.92,93 The precise 

mode of action (MoA) for OZ439 has yet to be discovered, but it's believed that oxidative stress plays a significant 

role. Artefenomel is investigated as a single-dose cure in combination with either DSM265, piperaquine, or 

ferroquine as a possible non-ACT combination.94 Artefenomel with ferroquine, a new 4-aminoquinoline without 

cross-resistance with known 4-aminoquinoline, is processing in phase IIa clinical trial.94–96 OZ439 and ferroquine 

principally target the asexual blood-stage parasites. Phase I and II trials of OZ439/DSM265 combination in 

P. falciparum infected healthy volunteers showed satisfactory safety, tolerability, and promising antimalarial 

activity.97 

Ganaplacide (KAF156) is a novel imidazolopiperazine that targets both asexual and sexual blood stages as well as 

the liver stages of the parasite.98–100 Ganaplacide is active against most Plasmodium species, including 

drug-resistant parasites. Phase II study of ganaplacide with lumefantrine in adults with acute P. vivax or 

P. falciparum malaria showed the ability of this combination to clear parasite infections superior to all currently 

available antimalarial drugs without evident safety concerns.87,100 In 2023, Novartis and MMV have decided to 

start a large Phase III trial to compare the efficacy of ganaplacide/lumefantrine to the efficacy of the 

artemether/lumefantrine combination in treating patients with acute uncomplicated P. falciparum infection.101 

https://www.medchemexpress.com/Targets/Parasite.html
https://www.medchemexpress.com/Targets/Parasite/plasmodium.html
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Cipargamin (KAE609) is poised to begin phase IIb investigations.87,102 KAE609, developed by Novartis in 

collaboration with MMV, is a highly potent, fast-acting, schizonticidal, synthetic spiroindolone that is safe and 

well-tolerated.104 KAE609 is a novel compound that acts through the inhibition of PfATP4. PfATP4 is a transporter 

found on the parasite's plasma membrane that plays a crucial role in regulating the levels of Na+ and H+ ions 

within the parasite. Inhibition of this channel increases Na+ levels and pH, leading to swelling, rigidity, and fragility 

of the parasite, thereby contributing to parasite clearance and intrinsic parasite killing.105 Studies showed that 

Cipargamin is equally effective as artesunate against P. falciparum and P. vivax isolates.102,103 

DSM265 is a novel triazolopyrimidine that shows efficacy against both blood and liver stages of P. falciparum and 

drug-resistant parasite isolates.106,107 DMS265 is a selective inhibitor of the P. falciparum pyrimidine biosynthetic 

enzyme P. falciparum dihydroorotate dehydrogenase (Pfdhodh).108,109 DSM265 showed the ability to maintain its 

serum concentration at a level higher than its minimum parasiticidal concentration in humans for eight days. It 

also showed efficacy as a treatment and chemoprotective agent in phase IIa clinical trials.87,106,107  

The 2-aminopyridine MMV390048 possesses the potential to act as a transmission-blocking drug and possesses 

excellent prophylactic activity against Plasmodium cynomolgi in vivo.110,111 MMV 390048 inhibits the Plasmodium 

falciparum Phosphatidylinositol 4-Kinase (PfPI4K). This inhibition affects the asexual liver, blood, and 

sexual gametocyte stages. MMV390048 is currently in phase IIa clinical trials in Ethiopia.87,112 

SJ733 is a dihydroisoquinoline that potently suppressed parasitemia in both P. berghei and P. falciparum mouse 

models.113 This molecule, like KAE609, arrests parasite motility and blocks intracellular parasite replication by 

inhibiting the P. falciparum cation transporting ATPase, PfATP4. This elucidation of its MoA, along with high oral 

bioavailability and good safety profile with no cytotoxicity, supports the continued development of this molecule 

as a possible new therapy for malaria.87,114,115 

P218 is evaluated in controlled human malaria infection cohorts in phase I testing.116 P218 (Figure 10) is an 

antifolate drug identified by examining the co-crystal structures of Pfdhfr and their substrates. The novel 

mechanism of binding to Pfdhfr allows P218 to beat the resistance that has emerged from the utilization of 

pyrimethamine. P218 also showed significant selectivity for binding to malarial dihydrofolate reductase (dhfr) 

over human dhfr. P218 demonstrated potent in vitro antiplasmodial and in vivo antimalarial activity. The 

preclinical assessment of P218 displayed satisfactory safety profiles and suitable pharmacological and metabolic 

profiles to warrant further consideration for clinical development.87,117,118 

DDD107498 (DDD-498) inhibits P. falciparum elongation factor 2, thereby blocking protein synthesis. 

DDD107498 (DDD-498) exhibits remarkable effectiveness against all stages of the parasite's life cycle.119 In March 

2023, Merck started a phase II trial of DDD107498 to treat acute malarial infection. 
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Figure 10: Structures of the clinical candidates and related compounds. 
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Abstract: To address the continued rise of multi-drug-resistant microorganisms, the development of 

novel drugs with new modes of action is urgently required. While humans biosynthesize the essential 

isoprenoid precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) via 

the established mevalonate pathway, pathogenic protozoa and certain pathogenic eubacteria use the 

less well-known methylerythritol phosphate pathway for this purpose. Important pathogens using 

the MEP pathway are, for example, Plasmodium falciparum, Mycobacterium tuberculosis, Pseudomonas 

aeruginosa and Escherichia coli. The enzymes of that pathway are targets for antiinfective drugs that are 

exempt from target-related toxicity. 2C-Methyl-D-erythritol 4-phosphate (MEP), the second enzyme 

of the non-mevalonate pathway, has been established as the molecular target of fosmidomycin, an 

antibiotic that has so far failed to be approved as an anti-infective drug. This review describes the 

development and anti-infective properties of a wide range of fosmidomycin derivatives synthesized 

over the last four decades. Here we discuss the DXR inhibitor pharmacophore, which comprises a 

metal-binding group, a phosphate or phosphonate moiety and a connecting linker. Furthermore, non-

fosmidomycin-based DXRi, bisubstrate inhibitors and several prodrug concepts are described. A 

comprehensive structure–activity relationship (SAR) of nearly all inhibitor types is presented and 

some novel opportunities for further drug development of DXR inhibitors are discussed. 

 
Keywords: DXR/IspC inhibitor; fosmidomycin; malaria; Plasmodium falciparum; Mycobacterium 

tuberculosis; PfDXR 

 

 

1. Introduction 

The rapid spread of multi-drug-resistant (MDR) strains of pathogenic bacteria and 
parasites poses a global threat to human health. Thus, new drugs addressing unique 
therapeutic targets are urgently needed. Since its discovery in the early 1990s [1] by 

Rohmer et al., the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway is accepted as an 

attractive, and for the treatment of malaria validated, target for the development of new anti- 
infective drugs. The MEP pathway is essential in several clinically relevant pathogens such 

as Mycobacterium tuberculosis, Escherichia coli (E. coli) and apicomplexan parasites including 

Plasmodium spp., and Toxoplasma spp., but is absent in mammals, fungi, archaebacteria and 

most Gram-positive bacteria such as Streptococci and some Staphylococci [1–6]. Over the 

course of seven enzymatic reactions, the MEP pathway leads to isopentenyl diphosphate 
(IPP) and dimethylallyl diphosphate (DMAPP), precursors to the isoprenoids. Since the 
enzymes of the MEP pathway have no human orthologs, target-related toxicity is not 
to be expected [7,8]. However, no MEP inhibitor has so far been approved as an 
anti-infective drug.

https://www.mdpi.com/journal/pharmaceuticals
mailto:thomas.kurz@hhu.de
https://doi.org/10.3390/ph15121553
https://doi.org/10.3390/ph15121553
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Fosmidomycin (1) and FR9000098 (2) were first described in 1978 as antibiotics and 

herbicides (Figure 1) [9–11]. Twenty years later, they were identified as inhibitors of 1-

deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), the second and rate-limiting 

enzyme of the MEP pathway [12–14]. 

 

Figure 1. Structural formula of the natural product fosmidomycin (1) and its acetyl analog 

FR900098 (2). 

The phosphono-hydroxamic acids 1 and 2 possess potent antibacterial and antipara- 

sitic properties. Unfortunately, the main shortcoming of both lead structures 1 and 2 are 

their unfavorable pharmacokinetic properties, mainly insufficient membrane permeability 

due to the charged phosphonate and the polar hydroxamate moiety and the short half-life 

time [15,16]. 

Over more than 40 years, significant efforts to improve the anti-infective properties 

have led to hundreds of novel DXR inhibitors based on the lead structures fosmidomycin (1) 

and FR900098 (2). In this review, we outline the physicochemical, pharmacokinetic and 

anti-infective properties of the parent compounds 1 and 2 as well as their efficacy spectra 

against various bacterial and parasitic pathogens. A short section of this review is dedicated 

to recent results of fosmidomycin (1) in human clinical trials.  In addition, an overview 

of both the historical and recent development of novel DXR inhibitors with a particular 

focus on their activity against various pathogenic organisms and their structure–activity 

relationships (SARs) are also included. 

2. Discovery and Evaluation of Fosmidomycin (1) and Related Natural Products 

In 1978, fosmidomycin (1, FR-31564) and FR900098 (2) were first described as a 

new class of antibiotics isolated from Streptomyces lavendulae and Streptomyces rubellomuri- 

nus [9,17]. The biosynthesis of FR900098 (2) has been completely elucidated, whereas, for 

fosmidomycin (1), only the biosynthesis of the putative precursor FR32863 (IV, Figure 2) is 
known [18–20]. Over the past four decades, the antiparasitic and antibacterial activities 
of 1 and 2 were determined, analyzed, and improved by various research groups. Along- 
side 1 and 2, additional phosphono-hydroxamic acids were discovered by the Fujisawa 
Pharmaceutical Co., Ltd. (Figure 2) [21]. 

 

Figure 2. Additional phosphono-hydroxamic acids published by the Fujisawa Pharmaceutical Co., 

Ltd. [21]. 
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In a 1978 patent, Fujisawa Pharmaceutical Co., Ltd. described the first synthesis of 

both 1 and 2 as shown in Scheme 1 [10]. The four-step synthesis consists of the alkylation of 

an N,O-diprotected hydroxylamine (VI) with 1,3-dibromopropane, followed by a Michaelis- 

Becker reaction of propyl bromide VII with dibutyl phosphonate to give the protected 
phosphonic ester (VIII). After the removal of the protecting groups, the free hydroxylamine 

(IX) was formylated and acetylated producing the natural compounds (1) and (2). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1. (i) 1. Na, EtOH, 70 ◦C, 1.5 h, 2. 1,3-dibromopropane, 2 h, rt to reflux, (ii) 1. NaH, benzene, 

dibutyl phosphonate, reflux, 3.5 h, 2. VII, reflux, 5.6 h (iii) 6 N HCl, acetic acid, 20 h, reflux (iva) 

1. formic acid, acetic anhydride, 1.1 h, 0 to 5 ◦C, 2. NH3 (28 % aq. sol.), (ivb) acetic anhydride, water, 

rt, 1.5 h, Ts = tosyl, PMB = p-methoxybenzyl. 
 

In 1989, Shigi identified fosmidomycin as an antibiotic inhibiting isoprenoid biosyn- 
thesis [22]. Towards the end of the millennium, in 1998, fosmidomycin (1) and FR900098 (2) 

were identified as selective inhibitors of EcDXR by Kuzuyama et al. [12]. Additionally, in a 

Science publication in 1999 Jomaa and coworkers described fosmidomycin (1) as a Pf DXR 

inhibitor, inhibiting the growth of P. falciparum and also possessing curative properties in 

mice infected with Plasmodium vinckei [13]. In 2002, Kremsner and coworkers conducted a 
small-scale clinical trial of fosmidomycin for the treatment of uncomplicated malaria in 
adults, laying the foundation for further clinical trials [23]. 

2.1. Anti-Infective Activity of Fosmidomycin 

Fosmidomycin inhibits a broad spectrum of pathogens which rely on the MEP pathway 
for the biosynthesis of DMAPP IPP. These pathogens include the apicomplexans P. falci- 

parum (Pf ) and Toxoplasma gondii (Tg) as well as bacteria [24]. The majority of pathogens 

use the MEP pathway, which includes Gram-negative bacteria such as E. coli (Ec) [25], 

Acinetobacter baumannii [26], Klebsiella pneumonia [26], Pseudomonas aeruginosa [27] and 

Gram-positive bacteria, including certain species of Staphylococcus [28]. Some bacteria use 
both, the MEP and the mevalonate pathway, for the synthesis of DMAPP and IPP, with 
the mevalonate pathway being a more recent addition to some species [29]. Pathogens 
that feature both pathways include Listeria monocytogenes and some species of Strepto- 

myces [28]. In contrast, examples of pathogenic bacteria that exclusively use the mevalonate 

pathway includes Gram-positive genus of Streptococcus and the Gram-negative genus of 

Borrelia [28,30]. The application of fosmidomycin is limited to species that solely rely on the 
non-mevalonate pathway for isoprenoid synthesis. 

To date, the DXRs of P. falciparum, E. coli and M. tuberculosis (Mt) are the best-studied 

enzymes. As a result, most synthesized fosmidomycin analogs have been tested against at 
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least one of these enzymes, in addition to cellular assays. Additional information about the 

efficacies of 1 and 2 against these pathogens can be found in the Supplementary Materials 

(Table S1). 

Although the enzyme catalytic sites are highly conserved across pathogens [31,32], 
whole-cell activities for inhibitors differ greatly due to significant distinctions among the 
organisms as a whole, including different localization of the DXR enzymes. In bacteria, the 
enzyme resides in the cytosol, whereas the homologs in parasites are located in the api- 
coplast, a plastid-like cell organelle accommodating a variety of biosynthetic pathways [24]. 

Uptake mechanisms of fosmidomycin also differ among pathogens. In E. coli, a cAMP- 

dependent glycerol 3-phosphate transporter facilitates an effective drug uptake resulting in 
bacterial death. 

In contrast, M. tuberculosis lacks a similar transporter, making the bacteria intrinsically 
resistant to fosmidomycin as the inhibitor cannot penetrate the cell wall via passive diffu- 

sion [33]. Additionally, the cell wall of Mt contains highly lipophilic mycolic acids, which 

prevent cell wall penetration of polar drugs, including fosmidomycin, in typically used 

concentrations [33]. For human erythrocytes infected with Pf, a parasite-induced pathway 

known as the new permeability pathway was proposed to be most likely responsible for 

drug uptake [15]. Treatment of Pf with fosmidomycin resulted in reduced amounts of MEP 

pathways metabolites and their resulting isoprenoids [34]. Parasite growth is inhibited in 
the first cell cycle after haemoglobin digestion and DNA replication has been initiated [35]. 

2.1.1. Parasites 

In vitro and in vivo, the Pf parasites infect human erythrocytes for asexual reproduc- 

tion. Besides the erythrocyte membrane, the parasitophorous vacuole membrane (PVM) 

and the plasmodium cell membrane must also be overcome. Inside the Plasmodium para- 

site, DXR is localized in the apicoplast which contains additional four membrane layers 
(Figure 3) [36]. 

 

Figure 3. Passage of DXR inhibitors across seven membranes in Plasmodium-infected erythrocytes. 

Adapted with permission from J. Med. Chem. 2015, 58, 4, 2025–2035 [37]. Copyright 2022 American 

Chemical Society. 

Fosmidomycin is able to kill Pf pathogens (IC50 = 0.81 µM) [37], but not Toxoplasma 

gondii. In both pathogens, the DXR enzyme is located in the Apicoplast. Nevertheless, 
fosmidomycin seems to be unable to penetrate the membranes of T. gondii while penetration 
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through Pf membranes is possible [15]. A likely cause for fosmidomycin’s inability to act 

upon T. gondii is the lack of the glycerol-3-phosphate transporter (GlpT), which is known to 

be responsible for fosmidomycin uptake in E. coli and other pathogens [34]. Interestingly, 

strains of T. gondii engineered to express GlpT are susceptible to fosmidomycin. Enzyme 

assays performed on T. gondii DXR have shown, that both fosmidomycin (Ki = 90 nM) and 
FR900098 (Ki = 48 nM) are potent inhibitors [34], paving the way for fosmidomycin-based 
treatments if the permeability issues can be overcome by structural modification [15]. 

Babesia orientalis is a tick-borne apicomplexan parasite and the cause of water buffalo 

babesiosis. While humans are not affected by this pathogen, its eradication is of interest 
as it causes considerable economic loss, especially in China. Fosmidomycin was able to 

limit the growth of B. orientalis, with the treatment of the pathogen leading to a significant 

reduction in relative growth [38]. Similar results were reported in B. bigemina and B. 

bovis, with clearance achievable in 3 days and 4 days, respectively. Both parasite species 

were incapable of growth after in vitro treatment with fosmidomycin, suggesting that 
fosmidomycin may be an effective drug for the treatment of bovine babesiosis [39]. 

Eimeria tenella causes eimeriosis in poultry and poses a major threat to food security. 
Impairment of parasitic growth required higher concentrations of fosmidomycin compared 

to P. falciparum to be statistically significant [40]. The poor efficacy of fosmidomycin was 
attributed to different factors, including inactivation of the active drug, poor permeability, 

and/or efflux of the drug. Taking similar results from T. gondii and the absence of the MEP 

pathway in the Cryptosporidium genus altogether into consideration these findings imply 
heterogeneity among apicomplexan parasites [40]. 

2.1.2. Gram-Positive Bacteria 

The Staphylococcus genus is unique in that it features species that rely on either 

pathway for isoprenoid synthesis. Fosmidomycin inhibited the growth of S. schleiferi 

(MIC = 0.5–8 µg/mL) and S. pseudintermedius (MIC = 0.5–1 µg/mL) which are associated 

with household animal infections and both possess all enzymes of the non-mevalonate 
pathway. However, fosmidomycin could not cure infections with S. aureus, S. epidermidis 
and S. lugdenensis, which lack the dxr gene [28,41]. These findings contradicted earlier 

reports of fosmidomycin and FR900098 having shown activity against S. aureus [42]. A 
recent publication by Edwards et al. showed that fosmidomycin is indeed inactive against 
S. aureus. Edwards et al. also laid out a resistance mechanism towards fosmidomycin in 

S. schleiferi and S. peudintermedius, mediated by mutations lowering the function of GlpT 

and leading to decreased drug uptake into the aforementioned pathogens [43]. 

2.1.3. Gram-Negative   Bacteria 

The Gram-negative bacterium E. coli is often considered to be a model organism for 

anti-bacterial drug research, but a survey conducted on clinical isolates in 2018 showed 

that 58% of samples were resistant to current treatment options [44]. Fosmidomycin is a 

moderate agent against the K12 strain of E. coli (MIC = 12.5 µM) [45]. While fosmidomycin 

showed potent enzyme inhibitory activity against the wild type of EcDXR (IC50 = 0.03 µM), 

several mutations have been observed that decreased activity by up to 10-fold [25]. A 

fosmidomycin resistance gene (fsr) was also originally discovered in Ec, most likely encod- 

ing for an efflux pump that increased resistance by more than 30-fold. This efflux pump 

seems to be specific for fosmidomycin and does not act upon other antibiotics apart from 

trimethoprim [46,47]. It could be shown that E. coli can grow even after the deletion of the 

genes encoding for DXS and DXR. Rodríguez-Concepción and coworkers described that in 

the case of dxs deletion, mutations in the ribB and aceE genes lead to enzymes capable of 

supplying DXP. A mechanism for survival of DXR deletion has yet to be postulated and is 

of great interest to elucidate a new possible way of fosmidomycin resistance [48,49]. 

Strains of the Burkholderia genus, pathogens related to opportunistic infections of the 
respiratory tract in cystic fibrosis patients, were mostly resistant to both fosmidomycin and 

FR900098 as well as other conventional antibiotics [50]. Resistance was mostly attributed to 
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insufficient retention of inhibitors within bacterial cells, caused by the upregulation of fsr. 

This resistance could be partially circumvented by the addition of glucose-6-phosphate to 
the medium, prompting an increase of genes related to glycerol-3-phosphate uptake into 
bacterial cells, thus facilitating FR900098 (2) uptake [50]. A combination of fosmidomycin 

and colistin reduced the MIC of colistin by up to 64-fold in clinical isolates of B. multivorans, 

an effect that could be attributed to increased membrane permeability [51]. 

Francisella tularensis is a Gram-negative bacterium and the cause of tularemia, a 
zoonotic disease transmitted by rodents and lagomorphs [52]. Jawaid et al. showed that 
fosmidomycin reduced in vitro growth of F. tularensis subspecies novicida by inhibition of F. 

tularensis DXR (MIC = 136 µM) [53]. Clinical isolates of Francisella were resistant to β-lactam 

antibiotics due to the expression of β-lactamases and spontaneously occurring resistance to 
fosmidomycin has also been described. Similar to S. schleiferi and S. pseudintermedius, this 
resistance was mediated by mutations in the GlpT gene [52]. 

The causative agent of the plague, Yersinia pestis, garnered attention over its potential 

applications for bioterrorism [54] and the 2017 plague outbreak in Madagascar [55]. The 

disease mostly manifests in two forms: the bubonic and pneumonic plague [55]. Both 

fosmidomycin (IC50 = 0.71 µM) and FR900098 (IC50 = 0.23 µM) showed submicromolar 

inhibitory activity [56]. Both agents lacked the ability to inhibit the growth of Y. pestis, even 

though uptake of fosmidomycin was likely mediated by a transport protein homologous to 

the E. coli GlpT transporter [57]. 

Acinetobacter baumannii is a Gram-negative bacterium and the cause of a plethora of 
nosocomial infections, including soft-tissue infections, pneumonia, septicemia, and urinary 

tract infections [58]. Treatment of emerging multidrug-resistant A. baumannii infections 
often requires reserve antibiotics such as carbapenems in combination with colistin or 
an aminoglycoside. Fosmidomycin (IC50 = 47 nM) and FR900098 (IC50 = 24 nM) both 

exhibited nanomolar activity against AbDXR but only FR900098 showed activity against 

selected A. baumannii strains in a whole-cell assay [26]. Resistance to fosmidomycin and 

FR900098 in certain A. baumannii strains was theorized to be based on a lack of GlpT uptake 
or poor permeability. 

The Gram-negative bacterium Klebsiella pneumoniae naturally resides on the skin as 

well as in the nasopharyngeal and intestinal tracts of both humans and mammals. K. 

pneumoniae is opportunistically pathogenic and a leading cause of nosocomial infections. 

The pathogen is not inherently resistant to antibiotics but is known for its ability to acquire 
multidrug resistance plastids [59]. Both fosmidomycin (IC50 = 20 nM) and FR900098 
(IC50 = 23 nM) showed equal nanomolar activity in an enzyme assay, with fosmidomycin 
also exhibiting weak activity in a whole-cell assay (MIC = 64–128 mg/L). The superior 
activity of fosmidomycin over its acetyl derivate (MIC = 256 mg/L) may be attributed to a 
more facile uptake via the GlpT [26]. 

In addition to the above-listed pathogens, fosmidomycin and FR900098 have been 
tested against other bacteria listed in Table S1 of the Supplementary Materials. Information 

on those pathogens is limited, though noteworthy examples include Bacillus anthracis and 

Pseudomonas aeruginosa. 

2.2. Pharmacokinetic Profile of Fosmidomycin 

Fosmidomycin and FR900098 both contain a phosphonic acid group, which is con- 

nected via a propyl linker to N-formylated (1) or N-acetylated (2) hydroxylamine moieties, 

leading to highly polar, water-soluble and stable compounds. Due to its dianionic struc- 
ture in a physiological medium, the phosphonate group (pKa1 = 2.2, pKa2 = 6.7) [60], is 
mainly responsible for the excellent aqueous solubility of both compounds. The high water 
solubility on the other hand results in unfavorable permeability [61,62], as well as a com- 
paratively short plasma half-life of approximately 1.87 h due to rapid renal excretion [63]. 
The absorption half-life of fosmidomycin via a one-compartment model was determined at 

0.4 to 1.1 h [64]. No metabolites of 1 are known and the active agent is excreted renally [65]. 

An advantageous trait of 1 and 2 is their low cytotoxicity as determined in a mouse model. 
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In addition to these early findings more recent clinical trials have confirmed the generally 

low toxicity of fosmidomycin paving the way for further clinical trials in humans [66,67]. 
In vivo studies in humans best fit with a one-compartment model and first-order 

absorption and elimination of fosmidomycin [67]. Plasma protein binding is typically low 

for a hydrophilic therapeutic agent at about 1% [67]. No mutagenic potential has been 

reported for fosmidomycin, although the formation of an N-substituted hydroxylamine 

upon hydrolysis is theoretically possible [68]. Hydroxylamines have been reported to 
have mutagenic potential [69]. Fosmidomycin is typically administered two to four times 

per day with an upper daily dose of 3600 mg per day [67]. Expectedly, the fluctuation of 
fosmidomycin’s plasma concentrations is lower if smaller doses are administered more 

frequently compared to larger doses over a larger interval. More frequent applications of 
smaller doses also result in higher minimum plasma concentrations at a steady state. The 
mode of action of fosmidomycin seems to be time-dependent rather than concentration- 

dependent [64]. This finding suggests more frequent applications are required to maintain 
consistently high plasma concentrations of the drug. 

2.3. Clinical Trials from 1985 to 2018 

Since its discovery, fosmidomycin has been the subject of several clinical trials, both 

as a standalone therapeutic and in combination with other approved antimalarials or an- 

tibiotics. In 1985, fosmidomycin phase I and phase II clinical trials for the treatment of 

urinary tract infections were conducted [70,71]. However, the study was discontinued for 

unknown reasons. In their third edition of the guidelines of malaria treatment, the WHO 

classifies treatments with a cure rate of 90% as acceptable [72]. A 2015 meta-analysis by 

Fernandes et al. pooled the data of ten clinical trials studying fosmidomycin, of which six 

were pediatric studies and the remaining four were involving adults [73]. Trials employing 

1 as a single therapeutic agent failed to produce acceptable cure rates by the WHO’s stan- 

dards [73]. More recent trials are focused on fosmidomycin combinations, for example with 

the antibiotic clindamycin for which Wiesner et al. showed a synergistic effect [66]. While 

most studies involved this combination, an approach that made use of artesunate instead 

of clindamycin is also included [73]. The meta-analysis showed that the combination of 

fosmidomycin with a second antimalarial led to a cure rate of 85% (95% CI: 71–98%) on 

day 28 in children and 70% (95% CI: 40–100%) respectively in adults. 1 proved to be a 

safe antimalarial, with adverse events mainly limited to gastrointestinal disturbance [73]. 

However, isolated cases of haematological changes such as neutropenia have been reported 

by Borrmann et al. [74]. A temporary hiatus in the clinical evaluation of fosmidomycin may 

be attributed to a 2012 trial by Lanaspa et al. that only produced a 43% cure rate on day 28 

(95% CI: 27–59%) for children under the age of three [75]. In 2018; Mombo-Ngoma et al. 

published the results of a Gambon-based study involving fosmidomycin in combination 

with piperaquine [76]. The aim of this phase II study was to demonstrate the efficacy, tolera- 

bility and safety of the combination as a treatment of P. falciparum infections in both children 

and adults. The cure rate on day 28 across all age groups was reported to be 83.8% (95% CI: 

75.1–90.5%). In addition to adverse effects concerning the gastrointestinal and respiratory 

tract, two out of the 100 enrolled patients showed a prolonged QT interval of >500 msec [76]. 

None of the completed trials produced cure rates that can be considered acceptable by 

the WHO’s standards, although the cure rate of 85% in children as determined in the 

meta-analysis by Fernandes et al. comes close [73]. Because the dosage of fosmidomycin 

is already high, further increasing the dose for fosmidomycin alone may not be feasible 

and may not result in better cure rates. In vitro, a decrease in Vγ9/Vδ2 T cell response, 

which can detect (E)-4-hydroxy-3-methylbut-2-enyl pyrophosphate (HMB-PP) as a key 

intermediary of the MEP pathway, has been observed. The significance of this observation 

has not yet been assessed in vivo [77]. Fosmidomycin’s shortfall in efficacy underlines the 

necessity of either inclusion of an additional antimalarial into existing fosmidomycin-based 

combination therapies or the introduction of structural modifications to fosmidomycin to 

improve cure rates. 
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As of February 2022, there are no ongoing fosmidomycin clinical trials listed on 

ClinicalTrial.gov, though the Deutsche Malaria GmbH recently announced a trial of triple 

therapy using fosmidomycin, clindamycin and artesunate. The trial will be supported by 

the EU Malaria Fund and aims to enroll more than 5000 patients, making it the largest 

single trial of fosmidomycin in humans [78]. No timeline or further updates regarding this 

study have been published. 

3. 1 Targeting the Deoxy-D-xylulose-5-phosphate Reductoisomerase (DXR) 

The MEP pathway begins with the synthesis of 1-deoxy-D-xylulose 5-phosphate (DXP) 

from two glycolytic intermediates, pyruvate (X) and glyceraldehyde 3-phosphate (XI) 

catalyzed by DXP synthase (DXS), concluding with the production of IPP and DMAPP 

after six catalytic steps (Figure 4) [79]. 

 

Figure 4. The MEP pathway leading to the isoprenoid precursors isopentenyl diphosphate (XVII, 

IPP) and dimethylallyl diphosphate (XIX, DMAPP) via an IspC/DXR-catalysed conversion of 1- 

deoxy-D-xylulose 5-phosphate (XII, DXP) to 2-C-methyl-D-erythritol 4-phosphate (XIII, MEP). 

In the second step 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR/IspC), a 

homodimer catalyzes the intramolecular rearrangement and reduction of DXP (XII) to MEP 

(XIII) [80]. The complex conversion of DXP to MEP requires the presence of the cofactor 

NADPH and a bivalent metal ion, e.g., Mg2+ or Mn2+ [81]. 

At least two possible reaction mechanisms (Figure 5) have been proposed for the DXR- 

catalyzed isomerization of XII to 2-C-methyl-D-erythrose 4-phosphate (XII c). One reaction 

mechanism for the formation of intermediate XIIc is based on an α-ketol-rearrangement, in 

which the C3 hydroxyl group of XII is deprotonated, followed by a subsequent 1,2-alkyl 

shift. The C3-C4 carbon-carbon bond is cleaved in a way that C4 can thereafter attack the 

carbonyl C2. The 1-hydroxy 2-ethyl phosphate translocates to the C2 position, forming 

XIIc [82,83]. 
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An alternative approach is a stepwise retro-aldol/aldol-mechanism [82–84]. In the 

retro-aldol step, the oxidation of the C4 carbon atom of XII causes a C-C bond break between 

C3 and C4, whereby a hydroxyacetone enolate XIIa and an aldehyde phosphate XIIb are 

formed as intermediates [85,86]. In the following aldolization step, the hydroxyacetone 

enolate XIIa attacks the aldehyde phosphate XIIb, forming XIIc in an electrophilic attack. 

A new bond is formed between the C2 carbon atom of the enolate and the C1 atom of the 

aldehyde phosphate XIIb. In the last step, XIIc is reduced to MEP XIII by NADPH. 

MEP is the substrate of IspD, which catalyzes the reaction with cytidine 5′-triphosphate 

(CTP) to give methylerythritol cytidyl diphosphate (XIV). Subsequently, the C2 hydroxyl 

group of XIV is phosphorylated by IspE using ATP as a phosphate donor. The resulting 

phosphate ester 4-diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate (XV) is then cy- 

clized by IspF to 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (XVI). In the following step, 

IspG catalyzes the reductive dehydratisation and ring opening to yield 4-hydroxy-3-methyl- 

butenyl 1-diphosphate (XVII). Finally, the reductive dehydroxylation of XVII provides both 

isopentenyl diphosphate (IPP, XVIII) and dimethylallyl diphosphate (DMAPP, XIX) [79]. 

 

Figure 5. Two conceivable mechanisms for the enzymatic mode of action of DXR involving a divalent 

metal cation M2+ (grey sphere) and NADPH [87]. Used with permission of EUREKA SCIENCE, from 

Targeting the MethylErythritol Phosphate(MEP) Pathway for Novel Antimalarial, Antibacterial and 

Herbicidal Drug Discovery: Inhibition of 1-Deoxy-D-Xylulose-5-Phosphate Reductoisomerase (DXR) 

Enzyme, Nidhi Singh, Volume 13, Issue 11, 2007; permission conveyed through Copyright Clearance 

Center, Inc. 

 
3.1. Crystal Structures of DXR 

1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) is present in more than 400-
annotated (Swiss-Prot) entries in the Uniprot database. These entries consist primarily of 
bacteria with some examples of eucaryota. The length of the amino acid (aa) sequence varies 

from 356 aa in Campylobacter jejuni to 488 in Plasmodium falciparum (Figure 6A) [88]. 

Presently, the DXR structures of E. coli (EcDXR), P. falciparum (Pf DXR), and M. tuberculosis 

(MtDXR) have been more thoroughly characterized and studied [89,90]. 
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Figure 6. Cont. 
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Figure 6. (A): Amino acid sequence alignment of bacterial and parasitic DXRs. Residues involved in 

phosphate/phosphonate-, linker-, and metal and hydroxamate-binding are highlighted in blue, green, 

and red, respectively. The colored ribbons above the sequence alignment represent the respective 

domains in Pf DXR: the NADPH-binding (blue), catalytic (green), and C-terminal (red) domains. The 

linker region and flexible loop in the catalytic domain are colored yellow and orange, respectively. 

The pink bars and cyan arrows represent the secondary structure elements, namely, α-helices and β- 

strands, respectively; (B): The overall structure of the quaternary (enzyme-NADPH-metal-inhibitor) 

complex of Pf DXR (PDB 3AU9) [91]. Three domains, a linker region, and a flexible loop in the 

catalytic domain of one subunit are colored as in (A). The other subunit is colored grey. The bound 

fosmidomycin (FOS) and NADPH molecules are shown as ball-and-stick (cyan) and stick (grey) 

models, respectively. The bound magnesium ions are shown as sphere models (pink). 
 

DXRs are homodimers. The subunit of DXR consists of two large domains separated 

by a cleft containing a deep pocket, a linker region, and a C-terminal domain (Figure 6B). 

One of the large domains is the N-terminal NADPH binding domain and the other is the 

catalytic domain which provides the groups necessary for catalysis (metal and substrate 

binding). The N-terminal NADPH-binding domain is connected to a catalytic domain. The 

N-terminal domain (NTD) comprises the first 150 amino acids. The structural organization 

of the NTD resembles the Rossman fold, which is found in proteins showing interactions 

with dinucleotides. This region shows high similarity among orthologues EcDXR, MtDXR 

and Pf DXR. 
The central catalytic domain comprises 125 amino acids and due to the metal-based 

mechanism of catalysis, acidic amino acids responsible for the binding of the divalent metal 

are found in this domain (Figure 6A). Another important characteristic of the substrate- 

binding site is the flexibility of the domains, a feature necessary for the complex enzymatic 

process involving both a divalent cation and NADPH. In DXR crystals, the relative position 

of the NADPH-binding and catalytic domains exhibits different conformations depending 

on the presence of co-crystallized ligands, cofactors, and substrates. These conformations 

are highly dependent on the position of a flexible loop located at the entrance of the 

substrate-binding site, causing the catalytic site to be in a closed, open, or super-open 
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state [31,91,92]. The connection between the catalytic domain and the C-terminal domain is 

made via a sequence of around 30 amino acids known as the linker region. In the crystal 

structures of DXR, the linker region as well as a β-strand of the catalytic domain from each 

subunit are involved in the dimer interface. The C-terminal domain of DXR is formed by a 

four-helix bundle motif, showing a high degree of flexibility and no interface of contact 

between the dimer subunits [31,92,93]. 

An analysis of the similarity between the orthologues EcDXR, MtDXR, and Pf DXR 

using BLAST revealed that EcDXR shares 40% amino acid sequence identity with MtDXR 

and 37% with Pf DXR, while MtDXR and Pf DXR share 34% identity [89]. Despite the 
sequence identity of the proteins ranging from 34% to 40%, the overall three-dimensional 
arrangement of the enzymes co-crystalized with both cofactors is similar [31]. The major 

part of the dissimilar regions occupies solvent-exposed areas. 

The first EcDXR crystal structure was independently determined in 2002 by the Stubbs 

group (PDB 1K5H) [31] and the Ohsawa group (PDB 1JVS) [94]. The structure of MtDXR 

was first solved in 2006 [95] and Pf DXR in 2011 [91]. Since then, solid efforts by several 
groups led to the obtention of crystal structures of DXR from different organisms. Currently, 
77 DXR crystal structures from twelve organisms, with or without cofactors and/or sub- 

strates/inhibitors, are deposited in the Protein Data Bank (PDB) (Table S2, Supplementary 

Materials). The crystal structures of DXR co-crystallized with inhibitors in the catalytic 

site provided key information on both the active site architecture and the binding mode of 

NADPH, DXP, and inhibitors. 

Active Site 

Since DXR from P. falciparum is an attractive target for inhibitor design, we have used 
it for our analysis of both the active site and binding mode of fosmidomycin (1, Figure 6B). 
However, due to the N-terminal insertion of ca. 70 amino acids in Pf DXR (Figure 6A), 

the residue number of Pf DXR significantly differs from other DXRs. So, in the following 

description, EcDXR numbering is shown in parentheses. 

The substrate-binding cavity of DXR is highly conserved in all organisms and consists 

mainly of three regions: a positively charged phosphate/phosphonate binding pocket, 
a hydrophobic region around the linker backbone, and a metal binding pocket [31,32]. 

Note that the residues involved in inhibitor binding described below are conserved among 
DXRs (Figure 6A). The substrate and substrate-analogous inhibitors bind to the cleft of the 
catalytic domain and induce a conformational change that tether the N-terminal and the 

catalytic domains in the closed conformation. Concomitantly with the movement of the 
catalytic domain, the C-terminal domain also shows a closed conformation. In addition, 

the flexible loop (residues 291–299 in Pf DXR, colored orange in Figure 6) in the catalytic 

domain adopts a conformation that allows it to function as a lid over the active site. The 
highly conserved residues Trp296 (212), Met298 (214), and Met360 (276) form a barrier 
between the active site and the solvent. The indole ring of Trp296 (212) provides the 

key hydrophobic interaction with the alkyl chain of the substrate and the backbone of 
fosmidomycin, which lies parallel within a distance of 4 Å. The acidic residues Asp231 

(150), Glu233 (152), and Glu315 (231) are conserved at the active site and coordinate the 
divalent metal cation essential for enzyme activity. Met298 (214), Met360 (276), and the 
nicotinamide ring of NADPH also contribute to the formation of the hydrophobic binding 

pocket. The phosphonic acid moiety of fosmidomycin is bound similarly to the phosphate 

group of DXP in EcDXR, forming hydrogen bonds with Ser270 (186) and Asn311 (227). 

The phosphonate group also forms a hydrogen bond with His293 (209). The hydroxamic 

acid moiety of fosmidomycin coordinates the divalent metal cation that is bound by the 
side chains of Asp231 (150), Glu233 (152), and Glu315 (231). The hydroxamate group also 
interacts with Ser232 (151) and Asn311 (227) (Figure 7). 
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Figure 7. The binding mode of fosmidomycin in the active site of Pf DXR. Residues involved in the 

inhibitor binding are colored as in Figure 6A. The number in the parentheses indicates the residue 

number for the equivalent residue of EcDXR. 

The hydroxamic acid moiety of fosmidomycin (1) mimics the hydroxyl ketone structure 

and the phosphonic acid the monoalkyl phosphonate structure of DXP (XII, Figure 8A). 

Therefore, the substrate analog fosmidomycin binds in the active site with a comparable 

binding mode. Fosmidomycin acts as a slow, tight-binding competitive inhibitor with the 

substrate while acting uncompetitively towards the cofactor NADPH [84]. Based on the 

structure and interaction of fosmidomycin and its analogs with the binding site of DXR, 

this class of inhibitors can be described by a pharmacophore model presented in Figure 8B. 
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Figure 8. (A) Binding of 1 and natural substrate DXP (III) to a metal ion, represented by a grey 

sphere. (B) Simplified pharmacophore model of fosmidomycin-based DXR inhibitors MGB: Metal- 

binding group. 

4. Structural Modifications of Fosmidomycin and FR900098 

Based on the pharmacophore model defined in the previous section (Figure 8B), 

modifications of fosmidomycin and FR900098 will be discussed. These structural changes 

to both lead structures were introduced to overcome their poor pharmacokinetic properties 

and to especially improve the permeability. To assess structure–activity relationships (SAR), 

a wide array of structural modifications will be presented as well as their impact on the anti-

infective activity. Docking studies and co-crystal structures are included to further illustrate 

this SAR. 

4.1. Modifications of the Retro-Hydroxamate Moiety 

Chemically, fosmidomycin is often described as a retro-hydroxamate. More specifically, 

with respect to the hydroxamate moiety, fosmidomycin is an N-substituted formohydrox- 

amic acid. Regarding fosmidomycin analogs, the term reverse fosmidomycin derivative is 
commonly used for analogs, where the carbonyl group of the reversed hydroxamic acid is 
attached to the propyl linker and not to the nitrogen. The hydroxamic acid (HA) function- 
ality is a common bidentate metal binding group (MBG) capable of chelating metal cations 

such as Zn2+, Fe2+, Fe3+, Mg2+ and Mn2+ in the active sites of metalloenzymes [96]. The 
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chelation of the catalytically essential metal cation (Mg2+ or Mn2+) in the active site of DXR 
by the retro-hydroxamate group of fosmidomycin is essential to its anti-infective effects. 

4.1.1. Inversion of the Retro-Hydroxamate Moiety 

The concept of reversing the orientation of the hydroxamate moiety was pioneered 

by the Rohmer group which synthesized compounds 3 and 4 (Figure 9) as analogs of fos- 

midomycin and FR900098. Both reverse analogs exhibited inhibitory activity comparable 

to that of fosmidomycin against EcDXR with IC50 values of 0.17 (3) and 0.05 µM (4), respec- 

tively [97]. One year later, Woo et al. showed that compound 3 is a slower Synechocystis 
DXR binder in comparison to fosmidomycin [98]. In 2010, Zinglé et al. demonstrated that 

the superior EcDXR inhibition of 4 was attributed to the hydrophobic interaction between 

the N-methyl group and the indole of Trp212 of EcDXR [99]. Homolog 5 with an ethyl 

residue showed two orders of magnitude decrease in activity compared to 4 [99]. 
 

Figure 9. Structures, antibacterial, and antiplasmodial activities of the reverse fosmidomycin 

analogs 3–6. 

In parallel, reverse fosmidomycin analogs with a phenyl substituent in the α-position 

of the propyl linker were reported by Kurz and co-workers (6a–d, Figure 9). α-Phenyl 

analog (6a) served as a lead compound for the reverse inhibitor type. Furthermore, the 

compounds were decorated with small alkyl substituents (Me, Et, iPr) at the hydroxamic 

acid nitrogen. The N-methylated carba analog 6b was the most active inhibitor in the first 

reverse series, outperforming fosmidomycin and FR900098 in EcDXR and Pf DXR inhibition 

with IC50 values of 0.24 µM and 3 nM, respectively. Enzyme inhibition data demonstrated 

that the strength of EcDXR and Pf DXR inhibition decreased as the size of the substituent 

on the hydroxamic acid nitrogen increased. While the N-methyl-substituted DXR inhibitor 

6b is a potent Pf growth inhibitor, the N-ethyl substituted derivative 6c already showed a 5-

fold reduction in cellular antiplasmodial activity against Pf -K1. The bulkier N-isopropyl 

group of compound 6d led to a loss of inhibitory activity against the Pf DXR and EcDXR 

enzymes and Pf -K1 [100,101]. 

4.1.2. Alteration of the Acyl Moiety and Replacement of the Hydroxamic Acid Moiety 

In order to create beneficial hydrophobic interactions in the hydrophobic sub-pockets 

of Ec and Pf DXR, Giessmann et al. [102] and Ortmann et al. [103] replaced the formyl 

group of fosmidomycin with aliphatic and aromatic acyl residues (7, 8, Figure 10). Within 

these series, the pentafluoro benzoyl derivative (7c) and the 4-phenoxybutanamide analog 

(8b) were the most active representatives with IC50 values of 1.3 (7c) and 1.0 µM (8b) 

against EcDXR [102,103]. Flexible docking studies suggested that the acyl residues of 

compounds 7a–e prevented the formation of the preferred geometry of the hydroxamate- 

metal complex [103]. 
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Figure 10. Structures and biological activities of compounds 7–9 with modified MBGs. 
 

Andaloussi et al. developed the N-hydroxypyridone 9 (Figure 10) as an MBG [104], 
which only showed very weak MtDXR enzyme inhibition with an IC50 value of 53 µM and 

no in vitro growth inhibition of Mt [104]. 

To confirm the importance of the hydroxamic acid functionality, the hydroxamic acid 
MBG was replaced with various amide moieties (10a–e, Figure 11) [102,105]. The IC50 

values of amides 10a–e against EcDXR was > 30 µM. This was also demonstrated for 

fosmidomycin and FR900098 by Woo et al.  who replaced the N-hydroxyl group of the 
retro-hydroxamate moiety with a methyl group in compounds 11a, b (Figure 11) resulting 
in a complete loss of inhibitory activity against Synechocystis DXR [98]. Chofor et al. 

reported a series of ortho-substituted arylamide derivatives (12a–c, Figure 11) [16]. These 

ortho-substituents were expected to contribute to the chelation of the active site metal 

cation. However, none of the synthesized derivatives 12a–c inhibited EcDXR and MtDXR 

at a concentration of 100 µM nor the growth of Pf -K1 parasites in human erythrocytes. 

According to Chofor et al., the low flexibility of the amide bond might be responsible for 
the lack of metal-binding and, therefore, inhibitory activity [16]. 

 

Figure 11. Structures and biological activities of analogs 10–29 with alternative chelating functionalities. 
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Kaye and colleagues studied the replacement of the hydroxamate MBG with a variety 

of N-arylalkyl substituted amides (13a, b, Figure 11), in which the benzyl group was 

intended to occupy the hydrophobic sub-pocket of the substrate binding site. However, 

the synthesized analogs 13a, b were completely inactive against the Pf DXR enzyme [106]. 

Secondly, they introduced aryl and heteroaryl carboxamide groups (14a–c,  Figure 11) 
in addition to shortening the propyl linker, but these modifications also led to inactive 
analogs [107,108]. 

Further work on replacing the hydroxamate MBG with different nitrogen-containing 

metal chelating moieties such as hydroxyureas (15a–c), hydrazide (16), O-methylated 

hydroxamate (17, 18), dithiocarbamate (19) or hydantoin (20) functionalities (Figure 11) 
was performed [109]. For the hydroxyureas (15a–c) results regarding antiplasmodial or 
antibacterial activity have not been published [109]. Furthermore, the potential metal 

chelators 16–20 did not display any inhibitory activity towards EcDXR. The authors sug- 

gested that the protonation of the hydrazide group of 16 under the assay’s conditions 
(pH = 7.5) could explain the loss of its chelation capability. In the case of 19, the authors 
reported decomposition of the dithiocarbamate moiety under the conditions of the enzyme 

assay [110]. The negligible MtDXR inhibition of 20 is not surprising given that the hy- 

dantoin moiety of derivative 20 is not an established MBG [104]. Mercklé et al. showed 
that, as expected, the removal of the hydroxamic acid MBG as in the propyl phosphonic 
acid 21 and the aminopropyl phosphonic acid 22 (Figure 11) resulted in a complete loss 

of activity towards EcDXR [105]. Mancini reported a chemically interesting derivative 

with a boronic acid unit as a potential MBG (23, Figure 11), though it was inactive in the 

EcDXR enzyme assay. Prodrug 24 (Figure 11) to boronic acid 23 showed negligible activity 

towards E. coli [111]. Additionally, phosphinic acids with an aryl (25) or heteroaryl residues 
(26) were synthesized, but not evaluated against DXR (Figure 11) [112]. Furthermore, the 

bisphosphonic acid (27) was also inactive against DXR of Ec, Pf and Mt (Figure 11) [93]. 

The two catechol derivatives with a 3,4-catechol (28) and 2,3-catechol moiety (29) stood in 

contrast to the previously mentioned inactive derivatives (Figure 11). Compound 28 was 

at least weakly active against MtDXR (IC50 = 41 µM) but no in vitro growth inhibition of 

Mt was observed. Interestingly, when tested against EcDXR, the 2,3-catechol derivative 29 

(IC50 = 25 µM) was weaker than the 3,4-catechol analog 28 (IC50 = 4.5 µM). These results 

confirmed the importance of the position of the two catechol hydroxyl groups for sufficient 

metal coordination [110,113]. 
So far, all attempts to replace the hydroxamate group with alternative chelating groups 

greatly reduced or resulted in a complete loss of inhibitory activity. The above-summarized 

results illustrate the predominant role of the hydroxamic acid MBG in DXR inhibitors. 

4.1.3. Development of Bisubstrate Inhibitors 

Since the adenosine-binding pocket of the cofactor NADPH returned a good score on 

a druggability test conducted by Hirsch and coworkers [114], a new bisubstrate inhibitor 

approach has been explored, aimed at simultaneously targeting the substrate and cofactor 

binding sites of DXR. 

Guided by an MtDXR fosmidomycin co-crystal structure, the Dowd group was the first 
to develop a series of fosmidomycin analogs aimed to occupy both binding pockets. Two 
series of compounds, fosmidomycin-like hydroxamic acids with large acyl residues (30a–d, 

Figure 12) and arylalkoxyamides (31a–d, termed O-linked bisubstrate inhibitors, Figure 12), 
were synthesized as potential bisubstrate inhibitors. While none of the derivatives was 

more active than fosmidomycin against MtDXR, compounds 30a and 30b showed at least 

weak IC50 values of 18 and 27 µM. Docking experiments suggested that compound 30a 

could interact with MtDXR via an alternative non-bisubstrate mode of binding. So far, the 
Dowd group concluded that the hydroxamic acids 30a, b are more potent MtDXR inhibitors 
than the arylalkoxyamide derivatives (31a, b) [41,115]. Later on, compound 30a was tested 
for its ability to inhibit the Pf DXR enzyme, but the compound showed only moderate 

activity with an IC50 of 1.34 µM [115,116]. 
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Figure 12. Biological activities of the potential bisubstrate inhibitors 30–37. Values marked with 

* indicate the percentage of inhibition at 100 µM. 

To improve the antibacterial activity and confirm that both hydroxamic acid and ary- 

lalkyloxyamide analogs can act as DXR bisubstrate inhibitors a larger series of hydroxamic 

acids (30c, d, Figure 12) and arylalkyloxyamides (31c, d, Figure 12) was developed by San 

Jose et al. [41]. When tested against MtDXR, the most active compound was the arylalky- 

loxyamide 31c with an IC50 value of 1.5 µM. However, 31c and 31d required concentrations 

of 200 µg/mL to be effective against Mt, while compound 31d inhibited the growth of 

Mt at 25–50 µg/mL [41]. With an IC50 value of 0.33 µM against YpDXR, compound 31c 

was the most potent analog. Therefore, the authors suggested that a free hydroxamic acid 

functionality to strongly chelate the metal cation is not necessary for YpDXR inhibition in 

the case of these potential bisubstrate inhibitors [41]. To assess whether 30c and 31c are 

bisubstrate inhibitors, Lineweaver-Burk analysis of 30c and 31c, tested against MtDXR and 

YpDXR, respectively, indicated that both compounds competitively inhibit NADPH and 

DXP. In 2021 Girma et al. tested alkoxyamides 31c, d for their activity against Pf DXR. 31d 

showed superior activity to 31c with an IC50 of 0.80 to 3.36 µM, respectively. To determine 

the mechanism of inhibition of 31d, Lineweaver-Burk analysis against Pf DXR enzyme was 

also performed. 31d showed the lowest inhibition constant (Ki) with respect to both the 

substrate DXP and the cofactor NADPH. This finding demonstrated that 31d is a bisubstrate 

inhibitor of Pf DXR [116]. 
The retro-hydroxamate 32 (Figure 12) showed submicromolar inhibitory activity to- 

wards MtDXR (IC50 = 0.32 µM) in addition to potent in vitro growth inhibition in a Pf 

parasite assay (IC50 = 0.04 µM). A co-crystal structure of 32 in complex with MtDXR in the 

presence of NADPH (PDB 3ZHY) showed that the terminal phenyl ring binds close to the 
NADPH binding site at a distance of 3.5–3.7 Å of the NADPH nicotinamide ring. In this 

position, the terminal phenyl ring can also interact with Met267. Inspired by the crystal  

structure, additional substituents were introduced at different positions on the phenyl 

ring, aimed at reaching the cofactor-binding pocket (32–34, Figure 12). The presence of 

methyl (32) or 1,2,4-triazole (33) substituents in the ortho-position of the phenyl moiety 

did not improve the inhibition. Isomers 35 and 36 (Figure 12) featuring the 1,2,4-triazole 

substituent in the meta- and para-position displayed enhanced inhibitory activity against 

MtDXR compared to 34, with IC50 values of 0.14 µM (35) and 1.2 µM (36). 
In contrast, the introduction of the phenol ester substituent in compound 37 (Figure 12) 

resulted in a complete loss of activity towards MtDXR. The strong in vitro growth inhi- 

bition of compounds 35 and 36 in a Pf growth assay and their potent MtDXR inhibition 

suggested that the terminal triazole moiety might be involved in specific interactions with 
the DXR binding site [117]. Current efforts to develop DXR bisubstrate inhibitors provided 
novel compounds with heterogenous biological activities, with some inhibitors (32, 35) 

showing very promising MtDXR inhibition and antiplasmodial in vitro activity. Analog 37 

showed that larger residues within the NADPH binding site are tolerated. This provides an 
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interesting starting point for the development of further inhibitors of this class. To further 

elucidate the binding modes of potential bisubstrate inhibitors, co-crystallization with an 

occupied NADPH binding site is required. 

4.2. Modifications of the Propyl Linker 

Earlier studies already highlighted the importance of the phosphonic acid and hydrox- 

amate groups and a well-defined linker length between both pharmacophores. In contrast, 

the linker modifications provided a wide spectrum of options for further improvements 

of anti-infective activity against various microorganisms.   The synthesized derivatives 

are structurally diverse. These modifications encompass alterations of the linker length (38–

41), insertion of a double bond (42–46) or hetero atoms (47–54), restriction of the linker 

flexibility (55–60) and substitution of the linker in the α-, β- and γ-position. 

4.2.1. Linker Length Variation 

In an initial effort to determine the ideal linker length, the Fujisawa Pharmaceutical 
Co., Ltd. was the first to explore modifications of the carbon backbone. However, the short- 

ened ethylene analogs 38 did not show any antibacterial activity against, e.g., P. aeruginosa 
(Figure 13) [118]. The Dowd group synthesized a series of FR900098 analogs with two to five 
methylene units separating the MBG and phosphonic acid moiety (39a–c, Figure 13) [119]. 
The results showed that compounds with chain lengths of two, four or five methylene 

groups weakly inhibited MtDXR at 100 µM (74-86%) [119]. Later, Zinglé et al. prepared 

reverse fosmidomycin (3) and reverse FR900098 (4) homologs bearing a shortened ethylene 
(40a, 41a, Figure 13) or extended butylene linker (40b, 41b, Figure 13). The derivatives with 

an ethylene linker were weakly active (41a) or lacked activity (40a) against EcDXR, while 

the reduction was less drastic for the butylene homologs (40b, 41b), with IC50 values of 

0.27 and 0.11 µM, respectively [99]. 
 

Figure 13. Biological activities of analogs 38–41. Values marked with * indicate the percentage of 

inhibition at 100 µM. 

4.2.2. α,β-Unsaturated Propenyl Linker 

FR32863 (IV), a natural antibiotic isolated from Streptomyces lavendulae in 1980, is the 

dehydro-congener of fosmidomycin (1). FR32863 and its acetylated analog 42 showed 

activity similar to 1 and 2 against a panel of Gram-negative bacteria including P. aerugi- 
nosa [21,118]. Biological evaluation showed that FR32863 is an excellent inhibitor of Pf DXR 

(IC50 = 9 nM) that also potently inhibits the growth of Pf 3D7 with an IC50 of 19 nM. Com- 

pound 42 was further active against MtDXR with an IC50 of 1.1 µM. Based on these results, 

Devreux synthesized Z- (43a–e, 44d) and E-configured (44a–c, Figure 13) α,β-unsaturated 

DXR inhibitors with additional substituents in the α-position and tested them against 

EcDXR [119]. The Z-configured α-bromo derivative 44d was the most active compound, 

displaying a submicromolar IC50 value of 0.45 µM. Furthermore, the E-configured. 

Analogs (44a–c) were active in the micromolar range (IC50 = 5.5–16 µM), while the Z- 

configured derivatives 43a–e were inactive. This suggested that the relative trans-conformation 
of the phosphonic acid and hydroxamate moiety towards each other is essential for activity. 

However, the combination of an α-substituent and an α, β-unsaturated linker constrained 
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the rotational freedom, thus leading to reduced activity against EcDXR [120]. The Dowd 
group also designed and synthesized a series of FR32863 (IV) analogs 45 and 46a–d 
(Figure 14). Although, none of the derivatives exceeded the activity of FR32863 against 

Pf DXR, compounds 45 and 46a–c showed moderate inhibitory activity in vitro with IC50 of 

2.1–14 µM [121]. 

 
 

 

 

 
 
 
 

  

  
 

 
 

 

 

 

 

 

 

 

 

Figure 14. Biological activity of the fosmidomycin and FR900098 derivatives (42–46) with an α,β- 

unsaturated linker. * Ammonium salts were prepared. a Values in parentheses are the percent remaining 

enzyme activity at 100 µM. 

4.2.3. Oxa Analogs 

Fosfoxacin (47, Figure 15), the naturally occurring phosphate congener and α-oxa ana- 
log of fosmidomycin as well as fosfoxacin’s acetyl analog (48), are more potent inhibitors of 

Synechocystis DXR compared to fosmidomycin [122]. These results encouraged Haemers 

et al. to synthesize a series of β- and γ-oxa-isosteres (49–54, Figure 15) as the electronegative 
oxygen might increase the acidity of the phosphonic acid and hydroxamic acid moiety. 

While compounds 49 and 50 are β-oxa-isosteres of fosmidomycin and FR900098, respec- 
tively, analogs 51–54 are reverse derivatives. The results showed that the β-oxa analogs 

49–52 are more active EcDXR inhibitors than the γ-counterparts (hydroxycarbamates) 53 
and 54. The β-oxa isosteres 50 and 52 were almost as potent as FR900098 displaying IC50 

values of 87 nM (50) and 72 nM (52) against EcDXR and submicromolar activity against 

strain Pf 3D7 [123]. 

 

 

Figure 15. Structure and biological activity of the oxa analogs 47–54. 

4.2.4. Conformationally Restricted Analogs 

In 2006, the Van Calenbergh group incorporated a cyclopropyl (55–57, Figure 16) [124] 

and cyclopentyl (58–59, Figure 16) [125] ring into the linker to restrict rotational freedom. 

The racemic trans-cyclopropyl N-acetyl analog 55 resulted in submicromolar inhibition 

of EcDXR with an IC50 of 0.16 µM, while the enantiomerically pure (1R,2S)-55 showed 

enhanced activity (IC50 = 50 nM) that was comparable to fosmidomycin. Additionally, 

(1R,2S)-55 was similarly active compared to fosmidomycin (IC50 = 0.32 µM) in an in vitro 

Pf 3D7 assay. The replacement of the acetyl moiety of (1R,2S)-55 by a formyl moiety (56) 

reduced the activity against EcDXR and Pf 3D7 by approximately 6-fold. 
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Figure 16. Biological activity of conformationally restricted analogs 55–60. 

The racemic mixture of an α-phenyl substituted cis-cyclopropyl derivative (57) was 

inactive towards EcDXR. Unfortunately, it is not clear whether the loss of activity was 

caused by the bulky α-phenyl moiety or by the cis-conformation of the phosphonic acid 
and hydroxamate moieties [124]. Haemers et al. gave some insights regarding the pre- 
ferred configuration of restricted analogs as they synthesized the cis- and trans-cyclopentyl 

derivatives of fosmidomycin (1) and FR900098 (2). The cis isomers of 58 and 59 (IC50 values 

of 0.20 and 2.3 µM, respectively) were more active than their trans-isomers (IC50 values of 

2.3 and 12 µM, respectively). 
One year later, the synthesis and antiplasmodial activity of three conformationally 

restrained aromatic analogs 60a–c (Figure 16) were reported by Walter and colleagues. 

The analogs 60a–c were tested as bis(pivaloyloxymethyl) (POM) ester prodrugs and the 

POM prodrugs of 1 and 2 were prepared for direct comparison. While the POM-prodrugs 

of 1 and 2 were moderately active against Pf 3D7 (IC50 = 0.4–2.1 µM), the activity of the 

corresponding rigidized analogs (60a–c) was very weak [126]. 

4.3. α-, β- and γ-Substituted Fosmidomycin Analogs 

4.3.1. α-Phenyl and α-Biaryl-Substituted Analogs 

To date, most attempts to improve the anti-infective properties of fosmidomycin 

are related to the substitution and modification of the α-position of the propyl linker 

(Figure 17) [45,125,127–131]. The first chain-substituted derivatives were decorated with 

an α-phenyl-substituent and were synthesized and patented in 2005 by Kurz et al. [132]. 

The diethanolammonium salt of α-phenyl-fosmidomycin (61, Figure 17) was the first 

inhibitor to exceed the antiplasmodial activity of FR900098 (61 IC50 = 0.4 µM and FR900098 

IC50 = 0.8 µM) against Pf Dd2. 
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Figure 17. Antibacterial and antiplasmodial activities of α-phenyl derivatives (61–76). a Diethanolam- 

monium salt was prepared. b Ammonium salts were prepared. 
 

In 2006 and 2007, Van Calenbergh and coworkers presented a comprehensive series 
of α-phenyl substituted analogs with electron-rich and electron-deficient substituents at 
the phenyl moiety (62–74, Figure 17) [130]. The authors aimed to investigate the influence 
of lipophilicity and electronic properties with respect to their inhibitory activity against 

EcDXR and the Pf Dd2 strain [45]. Whereas several α-phenyl-substituted compounds of 

this series showed slightly lower inhibitory activity than lead structures fosmidomycin (1) 

and FR900098 (2) against EcDXR, the inhibition of Pf growth (Dd2 and 3D7 strains) was 

consistently superior. The authors suggested the 3,4-dichlorophenyl unit of the derivatives 

63 and 69 increased the lipophilicity and facilitated entry into P. falciparum cells and/or 

enabled more selective interactions with Pf DXR. The α-3,4-dichlorophenyl substituted 

analog 63 was a milestone in lead optimization, as it was the first inhibitor which exceeded 

the potency of 2, with an IC50 value of 59 nM against EcDXR. In addition, 63 exhibited 

potent in vitro activity with IC50 values of 28 and 90 nM against Pf Dd2 and Pf 3D7 strains, 

respectively. Unfortunately, Pf DXR inhibition was not reported [45]. 
In accordance with previous studies [45], the potency of the most active N-acetyl- 

(4-cyano)phenyl analog 73 was exceeded by its N-formyl analog 64. Furthermore, both 
compounds exceeded 1 and 2 in an antiplasmodial growth assay (IC50 = 0.27 µM) using 

intraerythrocytic stages of the Pf D2d strain [130]. A 2-thienyl and 3-thienyl analog (75–76, 
Figure 17) exhibited submicromolar activity (IC50 = 0.48–0.60 µM) as well, which confirmed 

that thiophene can be used in this case as a phenyl bioisoster [130]. 
Achieving whole-cell activity for fosmidomycin-like DXR inhibitors against M. tuber- 

culosis is particularly challenging as Mt lacks the GlpT-type transporters, responsible for 
inhibitor uptake in other bacteria. 

In 2011, FR900098 (2) was first tested against MtDXR by the Karlén group [128]. Al- 

though significant MtDXR inhibition was observed, no antimycobacterial activity was 
detected. In response, the Karlén group developed more lipophilic inhibitors based on the 
work of Van Calenbergh and Kurz [120,130,131,133]. Both research groups demonstrated 
that α-phenyl substituents increased the activity of Pf and EcDXR inhibitors. Employing the 

same strategy, the Karlén group synthesized several α-phenyl derivatives with different sub- 

stituents in the ortho-position of the phenyl moiety, α-biaryl derivatives, and inhibitors with 

bicyclic ring systems in the α-position (77–91, Figure 18) [128,129]. The ortho-substitution 

of the α-phenyl moiety completely reduced the activities of the inhibitors against MtDXR. 
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Docking experiments proposed possible clashes between the ortho-substituents and the 

enzyme, which could explain the loss of activity. Furthermore, none of the derivatives (77–

91, Figure 18) inhibited the growth of Mt H37Rv. The inhibitors with bulky moieties in the 

α-position (84–88) inhibited MtDXR with IC50 values between 1.5 and 27 µM. The α-4- 

(pyridine-3-yl)phenyl analog (89) exhibited the best activity against MtDXR (IC50 = 0.8 µM), 

which is comparable to the α-3,4-dichlorophenyl derivate (90, IC50 = 0.7 µM). No correlation 

between calculated logP and IC50 values of this compound series (77–91) was found. Dock- 

ing experiments of 89 with MtDXR suggested that the biaryl moiety of 89 interacts with the 

flexible loop formed by Gly198-Met208 (Figure 19). This possible interaction provided the 

basis for further inhibitor optimizations. 
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Figure 18. Structure–activity relationship of α-substituted FR900098 analogs 77–90, the N-formyl 

analog 91 and their activity against MtDXR. 

 

Figure 19. Compound 89 (turquoise carbon atoms) docked in the X-ray structure of MtDXR in 

complex with 3 orange carbon atoms (PDB code 2Y1G) [128]. The Gly198-Met208 flap (colored in pink) 

from the 2JVC structure representing MtDXR bound to fosmidomycin (1). Reprinted with permission 

from J. Org. Chem. 2011, 76, 21, 8986–8998 [129]. Copyright 2022 American Chemical Society. 
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4.3.2. α-Halogenated Phosphonic Acid Derivatives 

Verbrugghen et al. [127] tried to mimic the acidity of the phosphate group of fosfoxacin 

(47, Section 4.2.3) with α-chloro (92) and α-fluoro (93) phosphonic acid moieties (Figure 20). 

Additionally, the group conducted P31-NMR-titrations of FR900098 and its α-chloro and 
fluoro analogs (92, 93). This experiment revealed that the decreased pKa2 value of the 

phosphonic acid moiety of both analogs (pKa2 ~ 6 vs. pKa2 ~ 7.35 for 2) is isoacidic to 
a monoalkyl phosphate group. The corresponding SAR data led to the conclusion that 
DXR inhibitors with a dianionic phosphonate group are more potent inhibitors than the 

corresponding monoprotonated phosphonate anions (further explanations are discussed in 
Section 5) [98,104,127,134]. 

 

IC50 Pf-K1 IC50 EcDXR 

 
 

Figure 20. Biological activities of α-halogenated phosphonic acid derivatives (92–96). * Ammonium 

salts were prepared. 
 

Furthermore, the Van Calenbergh group synthesized the α-fluoro analog (94) of the 

reverse FR900098 [127]. The three racemic compounds (92–94) were screened for their 

activity against asexual blood stages of Pf and found to inhibit their growth with IC50 

values in the micromolar range (IC50 = 0.29–0.31 µM), surpassing the activity of FR900098 

(IC50 = 0.42 µM). Both fluorinated analogs (93–94) were further evaluated in the Plasmodium 
berghei (GFP ANKA strain) mouse model by intraperitoneal (i.p.) application of high doses 

(50 mg/kg) for 5 consecutive days. Chloroquine (CQ) eradicated parasitemia after 4 days 

post-infection, while FR900098 only led to 93% suppression of parasitemia. Compared 

to the reference substances CQ and FR9800098, the in vivo activity of 93 (88%) and 94 

(85%) was slightly weaker on day 4. In summary, 93 and 94 exhibited significant in vivo 

antimalarial activity at day 4 after i.p. application, but none of the monohalogenated DXR 

inhibitors (93–94) demonstrated curative antimalarial activity [127]. This was an important 

outcome and provided a starting point to investigate inhibitors with further substitutions 

at the α-methylene group. 
Recently, Dreneau et al. extended the mono α-halogenation into difluorination synthe- 

sizing the α,α-difluorophosphonic acid derivatives of fosmidomycin and FR9000098 (95a, b, 

Figure 20) as well as their reverse analogs (96a, b, Figure 20). The difluorinated analogs 

were tested for their inhibitory activity against EcDXR and a fosmidomycin-resistant E. coli 

(FosR) strain [135]. Against EcDXR, the N-acylated and N-methylated derivatives (95b, 

96b) showed excellent IC50 values of 9 and 17 nM, respectively. Therefore, the potency 
of 95b and 96b is in the same range as fosmidomycin and FR900098. In contrast, the non-
methylated difluoromethylene compound 96a was significantly less efficient than 
its N-methylated congener 96a (IC50 = 4.6 µM) against EcDXR. The same observation 

was made in the E. coli growth inhibition assay paper determined with the disc diffusion 

method, where 96a was inactive, while 95b and 96b effectively inhibited bacterial growth. 

Moreover, no spontaneous resistance to these compounds occurred in E. coli as was ob- 

served for fosmidomycin [136]. This increase in activity was attributed to the formation 
of phosphonate dianions under test conditions. The isoacidic nature and the isosteric 
geometry of the fluorinated phosphonic moiety, together with improved electrostatic and 
van der Waals interactions, are possible explanations for the pronounced activity. None 

of the derivatives could prevent the growth of the fosmidomycin-resistant E. coli strain 

FosR, in which the GlpT transporter is dysfunctional and did not facilitate the uptake of 
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these inhibitors. This suggested that uptake of inhibitors 95a, b and 96a, b relied on an 
active transport mechanism by intact and functioning GlpT transporters. In summary, 

the introduction of two fluorine atoms in the α-position of the linker improved EcDXR 

inhibition significantly and enhanced the antimicrobial activity compared to phosphate 

analogs (47, 48) or non-fluorinated lead structures in E. coli (1–4, Figure 9). 

4.3.3. Structurally Diverse Substituents in the α-Position 

The promising results obtained with the α-phenyl substituted DXR inhibitors 

(Section 4.3.1), encouraged the Van Calenbergh group to extend the scope of α-substituents 

to benzamido (97), a phenylurea moiety (98), methoxy (99), phenoxy (100), substituted 

1,2,3-triazolyl groups (101a–c), azido (102) and a hydroxyl group (103, all Figure 21) [137]. 

Of the structurally diverse inhibitors, only the α-azido derivative (102) and the α-hydroxy 

derivative (103) showed pronounced EcDXR inhibition. The electron-rich α-triazole deriva- 

tives (101a–c) did not inhibit EcDXR and only moderately suppressed the growth of Pf -K1. 

This behavior was postulated by the authors to be caused by the inability of the triazole 

ring to form π–π interactions with Trp211. Later, a reverse analog (104, Figure 21) was syn- 

thesized and showed weak inhibition of Pf and EcDXR with IC50 values of 9–11 µM [138]. 

 

 

Figure 21. Biological data of structurally diverse α-substituted analogs 97–104. 
 

The α-pyridinyl-substituted fosmidomycin analogs (105a, b and 106a, b, Figure 22) 
were designed by Xue et al. [139] and assessed with respect to their inhibitory potential 

against EcDXR, Pf DXR, Pf Dd2 and Pf 3D7 (data of the latter not shown). The pyridine- 
containing derivatives 105a, b and 106a, b showed similar IC50 values to fosmidomycin 

when tested against EcDXR (IC50 = 35–87 nM vs. IC50 (1) = 34 nM), while being 2-fold 

more active than fosmidomycin towards Pf DXR (IC50 = 2-13 nM vs. IC50 (1) = 21 nM). The 
antiplasmodial activity of the four compounds was stronger compared to fosmidomycin. 
Similar to fosmidomycin, the four pyridine derivatives (105a, b and 106a, b) exhibited no 

cytotoxicity against human noncancerous fibroblast WI-38 cells (>300 µM) resulting in 

extraordinarily high selectivity indices of >1700. 

 

Figure 22. Rational design of α-pyridinyl DXR-inhibitors 105a, b and 106a, b. Ki values are given 

in µM (black) or nM (blue) against EcDXR, Pf DXR and Pf Dd2. 

To elucidate the interactions between 106b and Pf DXR, the crystal structure in complex 

with NADPH and Mn2+ was solved and analyzed (Figure 23). In the crystal structure, 
the backbone of 106b showed similar interactions to previously analyzed DXR inhibitors 
with α-phenyl substituents (e.g., 66, Figure 17) [32,94,140,141]. In addition, the pyridine 
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nitrogen atom formed a hydrogen bond with the thiol group of Cys338. This interaction is 

not possible for the unsubstituted phenyl analog 66 and is thus a conceivable explanation 

for the weaker activity of 66 compared to 106b. 
 

Figure 23. (A) overall structure of Pf DXR in complex with Mn2+ (brown sphere), 106b (green) and 

NADPH. (B) Close-up view of the active site of Pf DXR:106b. Reproduced from Xue et al. (PDB: 

4GAE [139]. 

4.3.4. α-Substituted Reverse Carba Analogs 

Focusing on reverse fosmidomycin analogs, Kurz and coworkers broadly investigated 
the effects of the substitution at the α-position of the propyl linker [93,100,101]. The 
comprehensive biological data of α-substituted reverse analogs (107–111) are summarized 
in Figure 24. Several reverse carba analogs (107b, 108a, 109 and 110a, b, 111b) inhibited 

Pf DXR with IC50 values in the low nanomolar range and outperformed fosmidomycin. 

The IC50 values against EcDXR are 1–3 orders of magnitude higher than the corresponding 

IC50 values for Pf DXR, but comparable to fosmidomycin. This finding is of significant 

importance since EcDXR was initially used as a surrogate for Pf DXR inhibition due to its 

difficult production and handling [100]. Kurz and coworkers concluded based on this series 

that α-phenyl derivatives with a free or N-methylated hydroxamic acid (107a, b) moiety 

are very promising derivatives for further drug development [93,100,101]. Introduction 
of electron-withdrawing chloro- and fluoro-substituents (109, 110a, b) led to excellent 

inhibitors of Pf DXR (IC50 = 3–4 nM), while electron-donating groups (111) decreased 

activity (Figure 24). Derivative 110b was furthermore a potent inhibitor of Pf Dd2 in vitro 

(IC50 = 40 nM). 
Interestingly, the in vivo efficacy of the difluorophenyl derivative 110a (application 

of 80 mg/kg i.p. for 5 days) in a P. berghei ANKA mouse model at day 5 post-infection 

was almost similar to fosmidomycin. Compounds 110a and 110b reduced the percentage 
of infected erythrocytes significantly (89% and 78%, respectively), but the effect on mice 
survival was less pronounced, and no curative antimalarial activity was observed [100]. 



Pharmaceuticals 2022, 15, 1553 
 

43 
 

O 

O 

OH 

 
 
 
 

 
 
 
 

O 

HO  P 

HO 
R

 

 
 
 
 
 

EcDXR 

N PfDXR 

H MtDXR 

Pf-K1 

PfDd2 

Pf3D7 

 
 
 

107a 

 
0.59 μM 

12 nM 

14 μM 

 
3.9 μM 

0.57 μM 

0.4 μM 

 
 
 
 

108a 

 
7.4 μM 

37nM 

 
 

2.4 μM 

Cl F 

Cl F 

110a 

 
0.21 μM 

3 nM 

3.4 μM 

 
0.38 μM 

65 nM 

75 nM 

 

OMe 

111a 

 
1.5 μM 

0.13 μM 

> 50 μM 

 
 

8.1 μM 

6.8 μM 

OMe 

 
 
 
 

O 

HO  P 
N 

OH 

HO   
R

 
 

 

 
 
 
 

Figure 24. Biological data of α-substituted reverse fosmidomycin analogs (105–109). 

Moreover, the X-ray crystal structure of EcDXR in complex with fosmidomycin and 

Mn2+ (Figure 25) revealed that fosmidomycin fits perfectly into the closed conformation 
of the catalytic site, whereas the difluorophenyl ring of 110b would clash with the flexible 
loop region and therefore binds to the open conformation of the catalytic site. 

 

Figure 25. Schematic overview between 110b (green) and the active site of EcDXR. Intramolecular 

van der Waals interactions (light blue) between the N-methyl group with the difluorophenyl ring 

and the linker atoms of 110b. Distances are in Å [100]. Reprinted with permission from J. Med. Chem. 

2011, 54, 6796–6802 [100]. Copyright 2022 American Chemical Society. 
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4.3.5. Reverse α-Substituted Oxa, Thia and Aza Analogs 

Based on the promising α-phenyl-substituted reverse carba analogs, Kurz and 

coworkers developed bioisosteric α-substituted β-thia and β-oxa analogs (112–115, 

Figure 26) [93,138,142,143]. Compounds 112–115 were tested against Pf, Mt and EcDXR 

enzymes as well as in antiplasmodial growth assays towards Pf Dd2 and Pf 3D7. The β-

oxa analogs with an unsubstituted hydroxamic acid group (113) were at least 2 orders of 

magnitude less potent than their N-methylated analogs 112a–h in all DXR enzymes and 

Pf growth assays. Derivatives 112a–h were good to excellent inhibitors of Pf DXR (IC50 = 

12–65 nM), but were less efficient in Pf growth assays (IC50 = 0.2 µM–1.3 µM). These results 

indicated that the N-methylation of the hydroxamic acid moiety is often beneficial for 

potent antiplasmodial in vitro activity of α-phenyl-substituted reverse analogs. The 

positive impact of N-methyl substitution was later confirmed for the β-thia-analogs (115a–h) 

as the non-methylated derivatives 114a–f were in general less efficient compared to the N- 

methyl-substituted analogs. Analysis of the crystal structures of N-methylated derivatives 

showed, that the methyl group forms beneficial van der Waals interactions [100,138]. 

 

Figure 26. Antibacterial and antiplasmodial activity of thia (112+113), oxa (114+115), sulfone (116) 

and aza (117) analogs. 

Furthermore, carba, oxa and thia analogs showed potent inhibitory activity towards 

the DXRs of E. coli, P. falciparum and M. tuberculosis (Figures 17 and 26). The thia-analogs 

115a–h were more active against EcDXR and MtDXR than the carba analogs (107b–111b, 

Figure 24) while the carba derivatives displayed the strongest activity against Pf DXR. The 
oxa analogs (112a–h, 113) demonstrated the weakest inhibitory activity against all tested 
DXR enzymes. 

The higher activity of the thia analogs was explained by the interaction of the large 

polarizable sulfur atom with the highly conserved Met298 of the flexible loop. In oxa 

analogs, the considerably smaller electronegative oxygen atom would lead to a repulsive 

effect, while the carbon atom does not interact with the enzyme [138]. Kunfermann et al. 

identified the remarkable enantioselectivity of thia analog 115a towards Pf DXR [138]. The 

highly active S-(+)-enantiomer of 115a gave a IC50 of 9 nM, whereas the R-( ) enantiomer 

was virtually inactive with an IC50 of >10 µM. This was confirmed by the co-crystallization 

of the S-(+)-isomer of 115a with Pf DXR. In addition, the α-3,4-dichlorophenyl-substituted 

derivative 115d showed excellent inhibition of all tested DXR enzymes (Ec, Mt, Pf ) with 

excellent IC50 values of 5-10 nM. In a later publication, the thioethers were oxidized 
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to their corresponding sulfones with the general structure 116 (Figure 26). The sulfone 
derivatives were 2–3 orders of magnitude weaker inhibitors than their corresponding 
thioethers in respect to the three enzyme orthologs. The majority of the sulfone derivatives 

showed no significant inhibition of Pf 3D7 growth in vitro. One exception is the α-3,5- 

dimethoxy substituted sulfone derivative (structure not shown), which displayed at least 
moderate antiplasmodial in vitro activity [143]. Adeyemi et al. recently synthesized a 
series of α-benzyl analogs (117a–c, Figure 26), where the benzyl residues were attached to a 

nitrogen atom instead of the sp3-hybridized α-carbon atom of the propyl linker, resulting in 

phosphoramidate analogs of reverse FR900098. The α-benzyl derivatives (117a–c) were non- 

cytotoxic to the mammalian cells, but only weakly active or inactive against P. falciparum. 

Docking studies suggested that the benzyl substituent would not fit into the substrate 

binding site of Pf DXR due to its size and conformational constraint [144]. 

4.3.6. β- and γ-Substituted Analogs 

Compared to α-substituted DXR inhibitors, there are fewer β- and γ-substituted DXR 

inhibitors available due to their more difficult synthetic accessibility. Earlier in the develop- 

ment of fosmidomycin analogs, Geffken and coworkers synthesized some moderately to 

weakly active POM-prodrugs of 1 and 2 with γ-methyl and γ-phenyl substitution (118–119, 

Figure 27) [133]. While the POM-prodrug of 1 inhibited 100% growth of the Pf 3D7 strain at 

100 µM, the activity for γ-methyl (118a, b) and γ-phenyl (119a, b) derivatives dropped to 

or below 60% growth inhibition. The weak antiplasmodial activity was attributed to the 

γ-methyl and γ-phenyl residues which could interfere with the interaction between the 

hydroxamic acid moiety and the divalent cation in the active site of DXR [133]. 

 

Figure 27. Antiplasmodial activity of β- and γ-substituted analogs (118–121). 

Van Calenbergh and coworkers [145] introduced aryl (120a–e, Figure 27), alkyl (120f), 

and aryl alkyl substituents (121a–d) at the β-position of lead structure 4 (Figure 9). 

If a β-aryl moiety (120a–e) is directly attached to the carbon linker, the derivatives 

are weak to poor inhibitors of Ec, Pf  and MtDXR. The reduction in inhibitory activity 
was lower in the β-methyl substituted analog (120f), but still significant. A small activity 
improvement was observed for inhibitors with arylalkyl residues in the β-position (121a–d). 

For example, compound 121c with a phenyl-propyl residue inhibited EcDXR and Pf DXR 

with IC50 values of 0.8 and 0.1 µM, respectively. In contrast, the β-phenyl-butyl derivative 

121d was more active against Pf DXR with an IC50 of 69 nM, surpassing the inhibitory 
activity of fosmidomycin. However, 121d was less active towards EcDXR and inactive 

against MtDXR. 

X-ray structures of 121c and 121d in complex with Pf DXR revealed that the longer, 

more flexible phenyl alkyl residues led to different flap structures in the case of Pf DXR. 
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The β-phenyl residues of these compounds are in a boomerang shape and able to interact 

with their own N-methylated hydroxamic acid moiety as well as with Trp296 through 

an acyl-group-to-ring interaction. Additionally, the X-ray structures revealed that the R-
enantiomer is primarily bound to the enzyme. 

Expanding their prior work, van Calenbergh and coworkers synthesized a series of β- 
arylpropyl derivatives (121e–g, Figure 27) bearing various substituted phenyl moieties [146]. 
The introduction of a methyl group in the 3-position in the case of 121e improved inhibitory 
activity to 50 nM against EcDXR compared to the unsubstituted phenyl ring (121c). An 

improvement of Pf -K1 inhibition was realized by the introduction of a methyl group in the 

4-position of the phenyl ring (121f), leading to an IC50 value of 1.4 µM. The replacement of 

the phenyl moiety with a biphenyl substituent (121g) slightly decreased inhibitory activity 

against Pf DXR (IC50 = 1.6 µM) while significantly reducing inhibitory activity against Pf -K1 

(IC50 > 64 µM). X-ray structure analysis of 121e and other members of this series revealed 

that upon inhibitor binding the flap covering the active site was disordered resulting in key 

interactions of Trp296 with 1 and 2 being no longer possible. 

5. Phosphonic Acid Isosteres and Bioisosteres 

Fosfoxacin (47), first isolated from P. fluorescens in 1990 [122], is the phosphate bioisoster 
of fosmidomycin (Figure 15). In 2006, fosfoxacin (47) and its acetylated congener 48 
(Figure 15) were first synthesized by Woo et al. and identified as more potent inhibitors 

of Synechocystis DXR than 1 (Ki 47 = 19 nM and Ki 48 = 2 nM vs. Ki 1 = 57 nM, data 

not shown in Figure 28) [98]. Munier et al. [147] continued investigating the replacement 
of the phosphonic acid moiety of 1–4 (Figure 9) by a phosphate moiety and evaluated 

the antibacterial efficacy of bioisosteres 47–48 and 122–123 against DXRs of E. coli and M. 

smegmatis (Figure 28, data for M. smegmatis not presented). The organic phosphates 123 

(IC50 = 46 nM) and 48 (IC50 = 77 nM) inhibited EcDXR in a similar range as fosmidomycin 

(IC50 = 42 nM) but are still 12–20-fold weaker inhibitors than 2 (IC50 = 4 nM, Figure 1). 
Surprisingly, the formyl analog 47 and the non-methylated hydroxamic acid analog 122 

are only moderate to weak inhibitors of EcDXR (IC50 = 0.34 µM and 2.6 µM, respectively). 

Furthermore, 47–48 and 122–123 were tested in bacterial growth assays but were less 

effective than 1 and 2 (Figure 1) in Ec and a fosmidomycin-resistant Ec strain (FosR). In 

general, it was unexpected that all phosphonic acid derivatives were more potent than 
their phosphate analogs because phosphate derivatives should fit better into the phosphate- 
binding site of DXR [147,148]. 

Fujisawa Pharmaceutical Co., Ltd., performed one of the earliest attempts to replace 

the phosphonic acid with a phosphinic acid group (124–125, Figure 28). However, both 

phosphinic acid analogs (124–125) were less active against selected Gram-negative bacteria 

than 1 and 2 [118]. 

Perruchon et al. [134] retained the phosphonic acid group and synthesized biolog- 

ically stable monoalkyl phosphonates (126–133, Figure 28) that are not rapidly cleaved 

by phosphatases [149,150]. To further investigate the possible presence of an extended 

binding region, compounds (131–133, Figure 28) were synthesized [134]. Indeed, the ac- 

tivity against EcDXR increased with the chain length of the alkyl residue (IC50 = 50 µM 

for 126 with methyl group vs. IC50 = 2.1 µM for 130 with isopentyl group), suggesting 

the presence of the proposed lipophilic binding region. However, the alkyl monoesters 
showed no measurable antiplasmodial activity (IC50 > 10 µM) with the exception of the 

arylethyl monoesters (131–133), which showed weak inhibitory activities against Pf Dd2 

strains (IC50 = 5–6 µM). In summary, it was demonstrated that both hydroxy groups of the 

phosphonic acid moiety are mandatory for potent inhibitory activity and all synthesized 
derivatives displayed low in vitro inhibitory activity against Pf Dd2 and EcDXR. 
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Figure 28. Biological data of phosphonic acid isosteres. Light blue: hydroxamate moiety. Grey: 

hydroxamic acid moiety. a: R = H. b: R = methyl. n.d. = not determined. Fosmidomycin (1) as a 

reference compound. 

Furthermore, different research groups replaced the phosphonic acid group with 
isosteric groups, which are summarized in the second half of Figure 28. Derivatives with a 

carboxylic acid moiety (136–138, Figure 28) were inactive against Synechocystis, Ec or Mt 

DXR [98,99,151]. A possible explanation for the loss of inhibitory activity resulting from the 
phosphonic acid replacement is the planar geometry of a carboxylic acid moiety compared 
to the pyramidal geometry of the phosphonic acid group. 

In 2011, Andaloussi et al. [104] tried to identify less polar MtDXR inhibitors, which 
can penetrate the highly lipophilic cell wall by replacing the phosphonate with carboxylic 
acid bioisosters (139–141, Figure 28). Only the isoxazole carboxylic acid analog (140) 

showed negligible MtDXR inhibition with an IC50 of 150 µM (IC50 1 = 0.08 µM), while the 

hydantoin (139) and C-substituted tetrazoles (141) showed no inhibition [104]. Nguyen- 
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Trung et al. [152] developed analogous C- and N-substituted tetrazole derivatives (142–144, 

Figure 28), which demonstrated no inhibitory activity towards EcDXR. The loss of activity 

was explained by the planar rigid structure of the tetrazole, which could disrupt several 
potential interactions between the heterocycle and various amino acids in the active site of 
DXR. The authors hypothesized that 142–144 were unable to occupy the hydroxamate and 
phosphonic acid binding sites simultaneously. 

In addition, several working groups studied the importance of the phosphonic acid 
pharmacophore by replacing this moiety with charged and uncharged sulfur-containing 

functional groups. 

The mono alkyl sulfate analogs (145–146), sulfonic acid (147) and sulfamate analog 148 

(Figure 28) were weak or inactive against EcDXR [98,99,151], likely due to their different 

abilities to form hydrogen-bond interactions compared to the phosphonic acid moiety [153]. 
Perruchon et al. [134] synthesized derivatives with polar, but uncharged, sulfone or sulfon- 
amide moieties (149–151, Figure 28). Both groups contain two oxygen atoms which could 
act as hydrogen bond acceptors and form hydrogen-bond networks with Ser186, Ser222, 
Asn227 and Lys228, akin to the interactions of the phosphonic acid group. Furthermore, 
Perruchon et al. analyzed the surface of the phosphonic acid binding site and identified 
a small sub-pocket that eventually permits the attachment of small additional residues. 
The sulfone derivatives with small alkyl (149) and arylalkyl moieties (150) can only act 
as hydrogen bond acceptors, while the N-H moiety of the sulfonamide (150) might form 
hydrogen bonds with Ser186 and Ser222 due to their side-chain flexibility, which allows 
rotational and conformational changes. However, no derivative showed inhibitory activity 

against EcDXR (Figure 28). In 2015, Gadakh et al. [154] continued the efforts regarding pos- 

sible replacements for the phosphonic acid pharmacophore by modifying the unsubstituted 

sulfonamide moiety. The authors synthesized four N-acylated sulfonamides with methyl, 

phenyl, benzyl and phenylethyl residues (151, Figure 28). Even though molecular mod- 
elling results indicated the occupation of a larger hydrophobic pocket like for the arylethyl 

esters (131–133), the compounds with an N-acyl sulfonamide moiety (152, Figure 28) were 

completely inactive against EcDXR. At least, 29% inhibition of MtDXR was observed for the 

N-(methylsulfonyl)amide (153, Figure 28) at a concentration of 100 µM. A possible explana- 

tion for the lack of activity of compounds 151–153 could be the strong delocalization of the 
negative charge weakening the hydrogen bond network in the phosphate-binding site. 

In summary, derivatives with sulfamate or N-substituted tetrazole derivatives as neu- 

tral molecules, as well as carboxylic acid, sulfonate and C-substituted tetrazole derivatives 

as monoprotonic acids and mono- and diesters of the phosphonic acid moiety do not inhibit 
DXR enzymes. 

The data presented underscore the importance of two negatively charged groups 
which are present in the (monoalkyl)phosphate and the phosphonate moiety. However, 
differences between phosphonate and phosphate-based inhibitors (47–48 and 122–123) 
observed in antimicrobial growth assays could be related to the cell wall and/or membrane 
penetration and chemical/metabolic stability. Interestingly, the fact that phosphate-based 

derivatives (47–48) inhibited Ec growth indicated that highly hydrophilic phosphates can 

penetrate into cells, likely via the glycerol 3-phosphate transporter (GlpT) and/or the hexose 
6-phosphate (UhpT) transporter [155–157]. This hypothesis is supported by the lack of 

inhibition observed in a fosmidomycin-resistant Ec strain in which GlpT/UhpT transporters 

are not active [158]. Besides this, the metabolic instability of organic phosphates due to 
their cleavage and inactivation by phosphatases is well described and can contribute to the 
different activities of phosphates compared to the phosphonic acid-based inhibitors [98]. 
Consequently, further investigation by several groups concentrated on the synthesis of 
phosphonic acid prodrugs and derivatives. 

6. Conclusions Regarding Structure–Activity Relationship 

The hydroxamate and retro-hydroxamate moiety are thus far the only suitable MBGs 
that result in potent DXR inhibitory activity. Inhibitors with hydroxamate and retro- 
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hydroxamate MBGs showed comparable activity and no enhanced selectivity for specific 
bacteria or parasites. All analogs with (bio)isosteric replacements for these groups were 
only weakly active or inactive (Figure 29). The tight structure–activity relationship was also 
demonstrated for the phosphonic acid moiety. Only the naturally occurring monoalkylphos- 
phate fosfoxacin (47) and the phosphate analogs 48, and 122–123 (Figure 15) showed com- 
parable or slightly superior activity against DXRs compared with fosmidomycin. All other 
tested di- and monoprotonic acids (carboxylates, sulfonates, phosphonic acids) as well as 

non-dissociating moieties (sulfamates, N-substituted tetrazoles) showed no DXR inhibition. 

Furthermore, it has been demonstrated that both hydroxy groups of the phosphonic acid 
moiety are essential for potent inhibitory activity. 

 

Figure 29. Structure–activity relationship (SAR) of fosmidomycin derivatives. EW = electron with- 

drawing, ED = electron donating, o = ortho, MBG = metal binding group. 

To optimize the linker, several structurally diverse inhibitors were synthesized: The 

optimal linker consists of three atoms being classified as α-, β- and γ-atoms, which in most 

inhibitors are carbon atoms. Nitrogen atoms in the α-position and oxygen atoms in the 

γ-position were not tolerated, while β-oxa analogs were partly tolerated. However, a sulfur 

atom in the β-position of the linker (115, Figure 26), led to the most potent known inhibitors 

and showed increased selectivity for MtDXR. The majority of conformationally restricted 

linkers were not tolerated. Two exceptions are a trans-configured cyclopropyl linker (55, 

Figure 16), which displayed similar activity as fosmidomycin (1), and an unsaturated 

propenyl linker as in FR32863 (IV, Figure 2), which was active in the nanomolar range. 
In the α position electron-withdrawing chlorine and fluorine atoms increased activity 

and the acidity of the phosphonate moiety. Furthermore, α-phenyl substituents, especially 

with electron-withdrawing residues in para- and meta-position such as fluorine (110a, b, 

Figure 24 and 114c, 115c, Figure 26), were beneficial. β- and γ- substituted analogs are 
scarce and these types of modifications are mostly not well tolerated. 

Despite the promising anti-infective activity of DXR inhibitors in vitro, to date, none 

of the inhibitors exhibited significant curative antimalarial in vivo activity in infectious 
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mouse models. However, among emerging diverse inhibitors, some derivatives showed 

excellent DXR enzyme inhibition in the low nanomolar range. 

7. Prodrugs of Fosmidomycin and Its Analogs 

Phosphonic acid groups in drugs and drug candidates are often associated with 

unfavorable and challenging physicochemical and ADME properties. Despite their stability 

towards phosphatases, the membrane permeability and subsequent cellular uptake of small 

molecules containing phosphonic acid groups are often insufficient [159–161]. The poor 

membrane permeability of phosphonic acids is due to their anionic nature at physiological 

pH. To mask the anionic structure and to overcome the limitation described above, various 

types of phosphonic acid prodrugs were and are still under development. The overall goal 

of this prodrug concept is to enable efficient oral administration of phosphonic acid-based 

small molecules. 

Particularly challenging organisms include Mt due to its highly lipophilic mycolic 
acid-containing cell wall, and parasites with apicoplasts, in which the DXR enzyme is 

located. In Pf erythrocyte models, prodrugs need to pass seven membranes and the exact 
compartment of bioactivation is not known [36]. To date, all in vivo studies with DXR 

inhibitors have been conducted with mice infected with Plasmodia. 

To mask the highly polar phosphonic acid moiety of fosmidomycin and its analogs and 

to achieve in vivo efficacy against malaria, established prodrug concepts commonly used 

for antiviral drugs were employed. These concepts include lipophilic phosphonate esters, 

e.g., tenofovir disoproxil (Viread, 2001) [162] containing a bis-POC (isopropyloxycarbony- 

loxymethyl) moiety and adefovir dipivoxil (Hepsera, 2002) [163] with a bis-POM (pivaloy- 

loxymethyl) moiety, aryloxyphosphoramidate (e.g., remdesivir, sofosbuvir) [161,164–167], 

aryloxyphosphonamidate prodrugs (e.g., tenofovir alafenamide) [162,168,169] phospho- 

bisamidates [170], cyclic esters and monoalkylphosphonates [163]. 

7.1. Lipophilic Phosphonic Acid Esters 

Aiming to overcome the poor permeability and absorption as well as the relatively 

short half-life time of fosmidomycin and FR900098 (Figure 1) [61,62], several groups devel- 

oped phosphonic acid prodrugs to increase oral bioavailability and in vivo efficacy. Most 

prodrug moieties increase the lipophilicity of the phosphonic acid group. The different 

structure types of lipophilic prodrugs presented in the following chapters are summarized 

in Figure 30. 

 
 
 
 
 
 
 
 

 
Figure 30. Lipophilic phosphonate prodrugs used for fosmidomycin and its analogs. 

 
7.1.1. Ester Prodrugs of Fosmidomycin and FR900098 

In 2001, the first in vivo studies with FR900098 (2, Figure 1) and its diaryl ester pro- 

drugs were conducted by Wiesner et al. (154a–c, Figure 31). While a significant increase in 

the in vivo antimalarial efficacy for the bis(4-methoxyphenyl) diester prodrug (154c) was 

observed, no curative properties have been detected [171]. 
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Figure 31. Results of in vivo studies of lipophilic FR900098 (2) esters. Blue indicates improvement 

and grey reduction of efficacy/plasma concentration of the prodrug compared to parent compound 2. 

p.o. = per os, p.i. = postinfection. 
 

Due to toxicity concerns for the liberated phenols upon bioconversion, alternative 

lipophilic phosphonic acid derivatives such as acyloxyalkyl and alkoxycarbonyloxyethyl 

esters (Figure 30) of FR900098 (2) have been synthesized by the Schlitzer group. These 

derivatives were designed to reduce toxicity while increasing bioavailability and anti- 

malarial in vivo activity [172–174]. Initial investigations documented an improved in vitro 

antiplasmodial activity of the FR900098-prodrug 155 against Pf 3D7 and Dd2 strains as 

well as increased oral bioavailability. To prove the bioconversion of 155 and verify oral 

bioavailability, 40 mg/kg of ester prodrug 155 and 2 were orally administered to mice. 

2 showed a plasma concentration of 1.2 µM after 30 min while application of 155 led to 

an improved plasma concentration of 3 µM of 2 after cleavage of the prodrug moiety by 

plasma esterases. The plasma levels of 155 and 2 were below the detection limit 2 h after 

application underlining the poor pharmacokinetic properties of 2 and its prodrugs [173]. 
Following up on this concept, the Schlitzer group synthesized further bis[(acyloxy)alkyl] 

(157–159, 162–166, Figure 31) and bis[(alkoxycarbonyloxy) ethyl] ester (160–161) prodrugs 

of 2 and tested them in a P. vinckei mouse model over 6 to 11 days. Even though the prodrug 

158 was more active than its parent compound 2, the formation of formaldehyde from the 
dioxymethylene group was classified as unfavorable. In contrast, prodrugs containing a 1,1-
dioxyethylene group (157, 159–161, 163–165) released less problematic acetaldehyde 
during bioactivation. 
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The most promising derivative 157 was tested in vivo and compared with FR900098. 

10 mg/kg of 157 showed the same activity as 40 mg/kg of FR900098, while higher dosages 

up to 40 mg/kg of 157 exceeded the efficacy of FR900098 after 8 days [174]. Although 

the in vivo efficacy of 2 has been improved through the development of prodrugs, further 

improvements are necessary in order to provide candidates with curative properties. 

In 2017, Courtens et al. [175] described acyloxybenzyl and alkoxyalkyl phosphonate ester 
prodrugs of the reverse FR900098 (167–168, Figure 32). The acyloxybenzyl prodrugs 167a–e 

surpassed the inhibitory activity of fosmidomycin against Pf -K1 (IC50 (1) = 1.7 µM) and Mt 

H37Ra strains (IC50 (1) > 64 µM). Among the tested compounds, the acetyl ester 167a was 
the weakest inhibitor, while 167c and 167e were highly active derivatives (IC50 = 0.4 µM) 

against Mt. However, prodrugs 167a–e showed cytotoxic effects in the MRC-5 fibroblast 
cell line.  In contrast to alkyloxymethyl prodrugs, acyloxybenzyl prodrugs release the 
reactive electrophile quinone methide during bioactivation, which could be the reason for 
the observed cytotoxicity [175]. The synthesized monoalkoxyalkyl phosphonates (168a–d) 

were not active against Mt, but the antiplasmodial activity of dodecyl 168c and hexadecyl 

analog 168d exceeded the efficacy of fosmidomycin. The authors hypothesized that the long 
alkyl chains could improve passive diffusion. The Dowd group elucidated the activity of 

phosphonate ester as potential prodrugs of 2 against a panel of Gram-positive (B. anthracis, 

E. faecalis, S. aureus (MSSA and MRSA)) and Gram-negative bacteria (Acinetobacter and 

E. coli) as well as Mt (Figure 33) [42]. Consistent with previous results with dialkyl ester 

prodrugs, the prodrugs 169, 173 and 175 showed weak or reduced activity against these 
bacteria (for results of all tested bacteria, see Uh et al. [42]), which was expected due to 
insufficient bioactivation of small aliphatic dialkylphosphonates. 

 

Figure 32. Antiplasmodial and antimycobacterial activity of acyloxybenzyl (157) and alkoxyalkyl 

phosphonate ester prodrugs (158). 

 

Figure 33. Inhibitory activity of different FR900098 prodrugs (169–177) against M. tuberculosis H37Rv 

in growth assay. 
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The bis-POM ester (176) (MIC = 50–100 µg/mL) and the bis-[benzoyloxymethyl] 

ester (177) (MIC = 25–100 µg/mL) were moderately active against Mt H37Rv. In general, 

the antimycobacterial activity increases with the size of the prodrug moiety [42]. In Mt, 
the uptake of hydrophilic DXR inhibitors does not occur via the GlpT transporter due 

to its absence. Consequently, the effectiveness of the prodrugs 176 and 177 mainly relies 

on their lipophilicity, which enables penetration of the membranes by passive diffusion. 

Moreover, it was hypothesized that prodrugs 176 and 177 circumvent resistance caused 

by glpT mutations observed in bacteria where uptake of DXR inhibitors is reliant on the 

GlpT. The second observation made in this study is that ester prodrugs of primary alcohols 

(176, 177) are more active than esters prodrugs of secondary alcohols (170, 172, 174). It 

was hypothesized that cellular esterases are unable or only partially able to hydrolyze 

substrates with a substituted acyl moiety [42,176]. 
In 2012, Ponaire et al. reported further acyloxymethyl phosphonate prodrugs of 3 

and 4 (178–180, Figure 34) and tested their activity in an M. smegmatis growth assay using 

a paper disc diffusion method with a concentration of 400 nmol/disk. (Figure 34) [177]. 

The phosphonic acids 1 and 2 inhibited the growth of M. smegmatis, whereas the prodrugs 

178a–c showed no growth inhibition. Prodrugs of N-methylated DXR inhibitors (180a–c) 

moderately inhibited mycobacterial growth. The n-propionyloxymethyl prodrug 180a was 

more active than the lipophilic POM (180b) and benzoyloxymethyl (180c) prodrugs [178]. 
This suggested that the uptake of bulky and rigid prodrugs might be restricted. As the most 

active prodrug 180a contained an n-propionyloxymethyl moiety, the n-propionyloxymethyl 

prodrugs of 1 and 2 were prepared (179a, b). However, 179a, b demonstrated no growth 
inhibitory effects. 

 

Figure 34. Antimycobacterial activity of prodrugs (178–180) against M. smegmatis determined by 

paper disc diffusion method. 

 
7.1.2. Ester Prodrugs of Fosmidomycin Analogs 

Haemers et al. synthesized the β-oxa isostere of 4 (54, Figure 15) and the corresponding 
POM-prodrug (181, Figure 35), which showed a 4-fold improvement in in vitro efficacy 

against Pf 3D7 compared to the parent compound 54 [123]. The Dowd group designed 

and synthesized POM prodrugs (182a, b) of the natural product FR32863 (IV) and the 
acetylated analog 42 (Figure 35). Both prodrugs (182a, b) Prodrug 182a was identified as a 

potent inhibitor of Pf growth with an IC50 of 13 nM [179]. 

 

 

Figure 35. Structure and antiplasmodial activity of prodrugs 181 and 182. 
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The POM prodrug 182a was further evaluated for in vivo efficacy in a P. berghei- 
infected mouse model of malaria, where groups of mice were infected with luciferase-based 

blood-stage P. berghei ANKA (PbA). Prodrug 182a reduced parasitemia in the mice treated 
with a dose of 20 mg/kg for 5 days. Moreover, 182a was well tolerated and showed no 
evidence of cytotoxicity in vitro [121]. The POM-prodrug 182b was only tested in vitro in 

an Mt growth assay and compared to parent compound 45 (Figure 14) increased the MIC 

from >200 µg/mL to 9.4 µg/mL [119]. 

In 2006, Schlüter et al. published a series of α-benzylated POM-prodrugs shown in 
Figure 36. These prodrugs contain benzyl (183), 2,5-dimethyl-benzyl (184), 3,4-dichlorobenzyl 

(185), 4-methoxybenzyl (186) and (5,6,7,8)tetrahydronaphthalen-eylmethyl (THN) (187–188) 

substituents in the α-position of the propyl linker (Figure 36). While the prodrugs with a 3,4- 

dichlorobenzyl (185) moiety retained most of their antiplasmodial activity (59% inhibition at 

1 µM) compared to 1 and 2 (32% and 71% at 1 µM), all other bulky substituents at the phenyl 

moiety drastically reduced antiplasmodial potency [131]. Schlüter et al. expanded the 

SAR analysis of the substitution pattern in the α-position by comparing the antiplasmodial 

activities of a number of α-alkyl-substituted (methyl, dimethyl, ethyl, n-propyl and i-propyl) 

inhibitors (189, 191–194) with POM-prodrugs of 1 and 2 (Figure 36) [131] The α-methyl- 

substituted prodrugs (189a, b) exerted significant antiplasmodial activity (IC50 = 0.7 µM), 

while longer alkyl chains led to a considerable loss of antimalarial activity (less than 50% Pf 
growth inhibition at 25 µM, data and structures not shown). The α-phenyl derivatives 

(190a, b) exhibited similar antiplasmodial activity to (189a, b). Extending this concept, the 

N-acetylated and N-formylated derivatives with α-hydroxymethyl (195a, b) and fluorinated 

α-phenyl substituents (196–198) were prepared and evaluated. The α-hydroxymethyl 

moiety compromised the inhibitory effects and reduced activities of inhibitors with IC50 

values of 6.7 µM for 195a and 3.7 µM for 195b. The presence of the α-2,6-dimethyl-phenyl 

group in 198a led to reduced activity. In contrast, the introduction of an α-3,4-difluoro 

phenyl substituent (196a) increased the potency towards Pf compared to the analog bearing 

an unsubstituted phenyl ring (43.7% inhibition @ 0.5 µM for 196a vs. 39% for 190a with an 

α-phenyl substituent) [133]. 

 

Figure 36. Antiplasmodial activity of α-benzyl and α-alkyl analogs  183–198. Derivatives were 

screened for their inhibition of P. falciparum 3D7 growth at 0.5, 1 and 25 µM. 
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The Kurz group also synthesized phosphonate ester prodrugs of reverse β-oxa and 

carba analogs with a 3,4-difluorophenyl substituent in the α-position of the linker (110a, 
110b and 114b, Figure 37). The phosphonic acid group of the inhibitors 110a, 110b and 

114b was masked with n-butyloxycarbonyloxymethyl (A), POC (B) and POM (C) prodrug 
moieties (Figure 37). All prodrugs of this series (199–205, Figure 37) were excellent to potent 

inhibitors of Pf 3D7 and Dd2 with IC50 values between 8 and 49 nM and were more potent 

than their respective parent compounds (IC50 = 0.075–0.54 µM) [37]. Significant growth 

inhibition was achieved by the introduction of the POM prodrug moiety unit into the β-oxa 

analog 205 with an IC50 value of 13 nM against Pf 3D7. 205 was more than 40-fold more 

active than the parent compound 114b (IC50 value of 0.54 µM). The antiplasmodial activity 

of 114b was further surpassed by the carba analog 203 with an excellent IC50 value of 8 nM. 

The inhibitors with an n-butyloxycarbonyloxymethyl prodrug unit (A) outperformed the 
inhibitors with a POC prodrug unit (B), which could be due to less steric hindrance during 

enzymatic or chemical cleavage. Notably, the n-butyloxycarbonyloxymethyl (199, 200, 201) 
and POM (205) prodrugs exhibited the same antiplasmodial potency (IC50 = 13–39 nM) in 

a whole-cell assay as their parent phosphonic acids 110a, b and 114b in a Pf DXR enzyme 
assay. Finally, it should be mentioned that, to date, no prodrugs of the highly active reverse 

thia analogs were synthesized, which could be an interesting strategy, especially for Mt 
drug research. 

 

Figure 37. Antiplasmodial activity of parent compounds (110a, 110b, 114b) and prodrugs (199–205) 

against Pf 3D7. 

Faísca Phillips et al. [180] combined several concepts that increased antiplasmodial ac- 
tivity and synthesized the rigidized 1-hydroxy-piperidin-2-one analogs 206 and 1-hydroxy- 
azepan-2-one 207 (Figure 38). In accordance with the design, the cyclic POM-prodrug 208 
surpassed the activity of fosmidomycin, FR900098, and its POM-prodrug (IC50 = 72 nM) 

against Pf Dd2. 

An interesting example of an intramolecular cyclic phosphonate is the potential pro- 

drug 208 synthesized by Andaloussi et al. (Figure 38) [128]. While the parent compound 
with a free phosphonic acid (83, Figure 18) showed 36% growth inhibition of MtDXR at 

100 µM, the cyclic ester was 3-fold less active and showed little activity. Both compounds 

lacked activity against Mt H37Ra. 
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Figure 38. Inhibitory activity of rigidized prodrugs 206–208 against Pf Dd2 or Mt H37Ra. 
 

7.2. Double Prodrugs 

In 2012 and 2015 Kurz and collaborators also published the first double ester pro- 

drugs of the reverse α-3,4-difluorophenyl-substituted DXR inhibitors (108b and 112b, see 

Section 4.3.5) containing acyloxymethyl or alkoxycarbonyloxymethyl phosphonate pro- 

drug moieties. [127] Since the penetration of several membranes is necessary to reach the 

target DXR in the plasmodial apicoplast, the hydroxy group of the hydroxamic acid moiety 

was also masked by acetate, pivalate, carbonate and carbamate (Figure 39) [37]. By masking 

the phosphonic acid and hydroxamate structures concurrently, the calculated log p values 

increased significantly (log p = −2.5 for 1 vs. log p > 2.5 for all double prodrugs) [37]. 

 

Figure 39. Schematic overview of reverse α-3,4-difluorophenyl-substituted β-oxa and carba analogs. 

As expected, none of the double prodrugs inhibited Pf DXR. Surprisingly, despite 

the nanomolar antiplasmodial in vitro activity against Pf Dd2 (IC50 = 4–70 nM) and 3D7 

(IC50 = 8–20 nM) no significant in vivo antimalarial activity in a P. berghei and a humanized 

SCID P. falciparum mouse model was observed. 

By combining the concept of POM-phosphonate prodrugs with different hydrox- 
amic acid prodrugs such as carboxylic acid esters, carbonates and carbamates, the Van 
Calenbergh group synthesized novel double prodrugs (209–219, Figure 40). The biological 

evaluation of this series was performed via whole-cell assays against Pf -K1 and Mt H37Rv 

or H37Ra [181]. Although, the majority of compounds (209–214, 217–219) did not inhibit Mt 
growth, prodrugs with a 2-nitrofuran (215) and 2-nitrothiophene (216) moiety were weak 

Mt H37Rv inhibitors with MIC of 12.5 µM. The authors hypothesized that 215 and 216 are 

bioreductive prodrugs. Unfortunately, significant cytotoxicity of 215 and 216 against MRC- 

5 fibroblasts was observed, diminishing their selectivity indices to approximately 2. The 
carbonate prodrug 219 and the nonanoyloxybenzyl ester prodrug 218 showed low activity 

against Pf-K1, while the ester prodrugs 210–212 were equipotent to fosmidomycin. The N-
benzyl substituted carbamate prodrug 209 was the only retro-hydroxamate to surpass 
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the activity of its parent compound 180b (IC50 of 209 = 0.64 µM vs. IC50 of 180b = 0.73 µM). 

To date, no in vivo data of these double prodrugs have been published. 

 

Figure 40. Antiplasmodial activity of double prodrugs 209–219 against asexual blood stages of Pf -K1 

(IC50 in µM) and Mt H37Rv (MIC in µM). 

In conclusion, while the bioconversion of the POC- and POM-prodrug is well studied, 

further studies regarding the bioactivation of hydroxamate prodrugs in vitro and in vivo 

are required. 

7.3. Amino Acid Esters and Phosphonamidate Prodrugs 

A third prodrug strategy, that is already well-studied and applied to improve phar- 

macokinetic properties in hepatitis and HIV therapies is the phosphonoamidate prodrug 

concept. Aryloxyphosphoramidate prodrugs that are currently in clinical use are sofosbuvir 

(Sovaldi, 2013) [166,167] and remdesivir (Veklury, 2020) [161] while tenofovir alafenamide 

(Vemlidy, 2015) [168] is the only aryloxyphosphonamidate in clinical use. 

The Calenbergh group published two series of amino acid-based reverse N-methyl- 

fosmidomycin derivatives (220–223) and their in vitro inhibitory activity was tested against 

Mt H37Rv and asexual blood stages of Pf -K1 (Figure 41) [182,183]. In the first series, they 
focused solely on the conversion of the phosphonate moiety into bis-phosphonamidate 
prodrugs. These modifications were performed by varying amino acid residues (220a–f). 

Only the L-lysine-based bis-phosphonamidate prodrug (220e) showed submicromolar 

activity against Pf (IC50 = 0.96 µM), while the other derivatives showed activity simi- 

lar to fosmidomycin. The L-tyrosine 222a (IC50 = 0.23 µM) and N-acetyl-tyrosine 222b 

(IC50 = 0.31 µM) prodrugs showed improved inhibition of Pf -K1 growth in comparison 

with fosmidomycin (IC50 = 1.73 µM). According to the authors, the likely protonation of 
222a at physiological pH did not appear to affect the uptake into red blood cells. Against 
the H37Rv wild-type strain of Mt, only the L-leucine 221b and L-alanine 220f based pro- 

drugs exhibited weak activity with MIC values of 50 and 20 µM, respectively. The other 

derivatives did not show activity, which might be attributed to a lack of uptake. Further- 

more, 220e and 222b were evaluated in a P. berghei malaria mouse model with a dose of 

50 mg/kg applied intraperitoneally for 5 consecutive days. Compound 220e failed to show 

a reduction of parasitemia post-infection, probably due to chemical/metabolic stability 

or insufficient bioactivation, while 222b was able to initially reduce parasitaemia at day 4 

(82% suppression). However, the in vivo activity was reduced stepwise after 7 days (66%) 

and reached 50% of suppression after 14 days. 
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Figure 41. Biological data of amino acid-based prodrugs 220a–f, 221a–f, 222a–b, and 223a–f against 

asexual blood stages of Pf -K1 (IC50 in µM) and Mt H37Rv (MIC in µM). AAS = Amino acid side chain. 

The α-3,4-dichlorophenyl substitution of reverse fosmidomycin derivatives is a key 
structural element responsible for potent DXR inhibition and anti-infective in vitro activ- 

ity [100]. Based on this successful modification, the L-alanine ethyl ester and N-acetyl L-

tyrosine ethyl ester prodrugs (structures not shown) have been synthesized. Both deriva- 
tives lacked antiplasmodial activity, while the parent α-3,4-dichlorophenyl compound (109) 
exhibited nanomolar activity [37]. 

The Dowd group recently published arylalkyloxyamide analogs of 2 which potentially 

act as bisubstrate inhibitors for the natural substrate DXP and the NADPH cofactor [41]. 

Van Calenbergh and coworkers combined these findings with their phosphodiamidate 

prodrug strategy and developed prodrugs with improved penetration capabilities due 

to increased lipophilicity [183]. The promising whole-cell antimycobacterial activity of 

L-leucine ethyl ester phosphondiamidate (221b) was used as a starting point for further 

modification combined with different N-alkoxy residues (223a–g, Figure 41). All tested 

derivatives were less active against Pf -K1 (IC50 = 4.2–8.9 µM) compared to fosmidomycin 

(IC50 = 1.73 µM) and less active than 220f against the nonvirulent Mt H37Ra strain. These 

derivatives were inactive against H37Rv Mt, but cytotoxicity against MRC-5 fibroblasts 

was significant. 
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In summary, the phosphobisamidate prodrug 220f exhibited moderate in vitro activ- 

ity against Mt H37Hv strains, whereas fosmidomycin was inactive, suggesting that this 

prodrug strategy may allow permeation through the highly lipophilic Mt cell wall. The 
combination of a phosphodiamidate prodrug and arylalkyloxyamide moieties (223a–g) was 
unsuccessful. In Pf, the tyrosine ester strategy was more promising than the phosphodiami- 

date strategy as N-acetyl- and L-tyrosine esters (222a, b) were the most active compounds. 
In 2019, Munier et al. synthesized aryl phosphoramidate prodrugs of fosfoxacin (47) 

and its N-methylated analog 48 bearing an L-alanine methyl ester and a 4-methoxyphenyl 

moiety (Figure 42) [184]. 
 

Figure 42. Structures of aryl phosphoramidate prodrugs of fosmidomycin (224) and FR900098 (225). 

Both compounds (224–225) did not inhibit the growth of E. coli and M. smegmatis at 

the highest concentration of 400 nmol/disc in a paper disc diffusion assay. The authors 
demonstrated that 225 was not stable in the buffer used during the 48 h assay. Furthermore, 

the bioconversion into fosfoxacin was determined via incubation with carboxypeptidase 
Y (CPY), which catalyzes the hydrolyses of the carboxylic acid ester as the first step in 
bioactivation. While the results are not meaningful for 225 due to its instability in the buffer, 

224 was completely converted to the amino acyl phosphoramidate intermediate with a 
half-life time of 20 h [184]. This new prodrug strategy for DXRi is interesting and should be 

used for phosphonic acid analogs, as this moiety is more stable compared to the phosphate 
moiety of the fosfoxacin analogs. 

In summary, the Van Calenbergh group successfully implemented the synthesis of a 

new prodrug type for DXR inhibitor discovery. However, significant in vivo activity was 

not achieved. To date, none of the applied prodrugs concepts presented in this chapter led 

to curative properties of the parent DXR inhibitors. However, the opportunities are not 

yet exhausted, and a combination with other concepts and the development of bisubstrate 

inhibitors may help accomplish the desired curative in vivo activity. 

8. Fosmidomycin Conjugates and Hybrids 

Sparr et al. addressed the poor permeability of fosmidomycin analogs by facili- 

tating cellular uptake via a carrier. Cell-penetrating peptides (CPPs), e.g., polycationic 

oligoarginins are able to transport physiologically active compounds across membranes 

and act as a carrier or delivery vehicle [185–188]. The authors synthesized a salt of fos- 

midomycin and 6-carboxyfluorescein (FAM) labeled octaarginine amide in a 4-to-1 ratio 

(226, Figure 43). For the second target molecule, octaarginine was attached to the retro- 

hydroxamate group of diethyl phosphonate ester of FR900098 using a glutaric acid linker 

(227, Figure 43). First, the activity against asexual blood-stage Pf 3D7 in comparison to 

fosmidomycin was determined. While the covalent conjugate 227 was less active than 

fosmidomycin, the salt 226 was 40-fold more active (IC50 = 4 nM). It was demonstrated 

that the FAM-octaarginine alone is no plasmodial growth inhibitor at concentrations up to 

100 µM, suggesting the improved activity of 226 is caused by enhanced uptake rather than 

synergistic effects. In contrast, neither fosmidomycin nor salt 226 inhibited the growth of 

T. gondii (strain RH) in infected human foreskin fibroblasts (HFF). The authors demonstrated 
that this is due to the inability of both compounds to cross the parasite’s membranes. 
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Figure 43. Structure and antiplasmodial activity of fosmidomycin (226) and FR900098 (227) octaargi- 

nine conjugates. 

It has been demonstrated that artemisinin–spermidine conjugates were up to 10-fold 

more active against the chloroquine-sensitive Pf3D7 strain [189]. This inspired Palla et al. 

to synthesize fosmidomycin conjugates and hybrids using the following fragments: the 
diethyl phosphonate ester of fosmidomycin (blue), a propyl carboxylic acid linker (grey) 
attached to the fosmidomycin hydroxamate nitrogen, a second linker (black), and the 
second pharmacophore (green). The artemisinin (ART) conjugates used the polyamines 
spermidine (228) or homospermidine (229) as a second linker, while the desalkylchloroquin 
(DCQ) hybrids were connected via an ethylenediamine (230) or piperazine (231) linker 
(Figure 44). 

 

Figure 44. Antiplasmodial activities of artemisinin (ART)-conjugates 228–229 and desalkylchloroquin 

(DCQ) hybrids (230–231) against chloroquine-resistant P. falciparum FcB1 strain with ART and CQ 

as references. 

Compared to the diethyl phosphonate ester of fosmidomycin (structure not shown), 

which was completely inactive towards P. falciparum FcB1, the artemisinin conjugates 

228 and 229 exhibited potent activity with IC50 values of 0.36 and 0.65 µM, respectively. 

However, these values are one order of magnitude higher than the IC50 value of artemisinin 

(IC50 = 55 nM). Compared to 228 and 229, the DCQ hybrids 230 and 231 were active in the 
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low micromolar range, but are still less active than the parent compound chloroquine. As 

demonstrated in this and previous studies, the phosphonic acid moiety of fosmidomycin 

is crucial for activity against DXR and its alkyl esters are not cleaved by plasma esterases. 

This suggests that the fosmidomycin pharmacophore of the reported conjugates is also 

inactive against DXR. Consequently, the potency of 228–231 in the conducted plasmodial 

growth assay is likely caused by the pharmacological effect of the second drug (ART, DCQ). 

To compensate for the poor physicochemical properties of fosmidomycin, the novel 

concepts of covalent and noncovalent attachment to drug delivery vehicles as well as 

drugs-conjugates and hybrid molecules have been demonstrated to be sufficient, but not 

well examined for DXR inhibitors. These first explorative studies were auspicious and 

provide opportunities for further improvement, e.g., application of more labile linker units 

for drug delivery vehicles for complete drug release or the use of DXR inhibitors bearing a 

free phosphonic acid moiety or proven ester prodrugs instead of stable dialkyl phosphonate 

esters. Furthermore, DXR assays must be conducted to elucidate if the inhibitory effect 

of the drug-drug and hybrid conjugates can be attributed to DXR inhibition and/or other 

target-based effects. 

9. DXR-Inhibitors Not Based on Fosmidomycin 

Non-fosmidomycin-based DXR inhibitors are herein defined as molecules that inhibit 

the isolated enzyme but do not follow the classical pharmacophore of fosmidomycin and 

reverse analogs. The number and success of these inhibitors have so far been limited. Due 

to the similarity of nitrogen-containing bisphosphonates to DMAPP and its antimalarial 

activity, Yajima et al. screened a library of bisphosphonic acid derivatives and identified 

compounds 232 and 233 as moderate DXR inhibitors with IC50 values of 4 and 7 µM, respec- 

tively (Figure 45). Interestingly, the crystal structures of 232 showed that the bisphosphonic 

acid group acts as the metal chelator and does not occupy the phosphonic acid pocket [190]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 45. Structure and biological data of non-fosmidomycin-based DXR inhibitors 232–240. 

 

Aiming to increase the lipophilicity of bisphosphonic acid-based inhibitor 232, 
Deng et al. tested phenyl and benzyl derivatives containing different cyclic metal-binding 
moieties against EcDXR, including inhibitor 234 (Figure 45). Among the tested com- 

pounds, 1-hydroxypyridin-2(1H)-one 234 inhibited EcDXR at low micromolar concentra- 

tions (IC50 = 1.4 µM) [113]. To expand on the concept that an increase in lipophilicity is 
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beneficial to the design of DXR inhibitors, the authors synthesized a series of arylphosphates 

containing electron-deficient aromatic moieties. Compounds containing pyridine rings 

(236 and 237, Figure 45) were active in micromolar concentrations, while compound 235 

(Figure 45) inhibited the enzyme at submicromolar concentrations (235 IC50 = 0.8 µM) [191]. 

The EcDXR cocrystal structure demonstrated that the phosphonic acid group of 235 oc- 

cupied the phosphate binding site of DXP and is not interacting with the catalytic metal 

(Figure 46). 
 

Figure 46. Superposition of fosmidomycin (green) PDB 1ONP, compound 235 (blue) PDB 3ANM and 

compound 232 (pink) PDB 1T1R in the structure of EcDXR (salmon) PDB 1ONP. 

To design a molecule that can interact with the catalytic metal ion and occupy the 

NADPH binding site, Zinglé et al. synthesized catechol-rhodanine-based DXR inhibitors. 

The compounds were found to be promiscuous inhibitors due to the formation of aggregates. 

With the inclusion of a detergent in the assay media, compounds 238 and 239 (Figure 45) 

showed inhibition at micromolar concentrations (238 IC50 = 6.1 µM and 239 IC50 = 4.4 µM). 

Alteration of NADPH concentration in the assay did not alter the inhibition of 238 and 

239, suggesting that the compounds indeed did not interact with the NADPH recognition 

site [192]. 

More recently, in silico studies identified N-substituted phosphoramidate derivatives 
with a free phosphonic acid as potential DXR inhibitors. However, only the corresponding 

phosphonic acid esters were tested against the enzyme and compound 240 (Figure 45) was 

the most active compound of this series [193]. 

Theaflavins have been found to be non-competitive inhibitors of DXR. Theaflavin- 

3,3′-digallate (241, Figure 47) showed IC50 of 14.9 µM [194]. Docking studies suggested 

the compounds interact with the entrance of the substrate-binding site, supporting its 
non-orthosteric inhibition. A recent high throughput screening (HTS) campaign to identify 

inhibitors of the MEP pathway focusing on IspC and IspD used LOPAC (Library of Phar- 

macologically Active Compounds), a mixed library of 1280 commercial compounds, and 

150 natural products [195]. The result of this work was the identification of novel chem- 

ical scaffolds as DXR inhibitors 241–246 shown in Figure 47. However, no experimental 

validation of these scaffolds has been conducted. 
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Figure 47. Structures of natural products (241–246) that potentially act as DXR inhibitors. Lead 

structures for the design of DXRi identified via HTS by Haymond et al. [195]. 

10. Summary 

The importance of the MEP pathway for the development of anti-infective drugs has 
been demonstrated by target- and cell-based assays in animal models and clinical trials 
with fosmidomycin. The majority of DXR inhibitor development focused on the structural 
optimization of the natural products fosmidomycin (1) and FR900098 (2). Both natural 
compounds potently inhibited the DXR enzymes of a panel of pathogenic bacteria and 

parasites such as E. coli, M. tuberculosis, and P. falciparum. 

Different design strategies have been employed to optimize the inhibitor profile 
and thereby pharmacokinetic (PK) and pharmacodynamic (PD) properties of 1 and 2. 
The most promising analogs reported are α-phenyl and α-fluoro-substituted derivatives, 

which exhibited low nanomolar activity towards the DXR enzymes of P. falciparum and 

M. tuberculosis. However, this success was only in part transferred to whole-cell activity, 
and the in vivo efficacy of fosmidomycin has never been exceeded by an analog. The main 

shortcomings of 1 and 2 are their insufficient membrane permeability due to the charged 

phosphonic acid group and the short half-life as demonstrated by several unsatisfactory 

clinical trials. 

To enhance the permeability of 1, 2, and their analogs, which are present as phospho- 

nate anions at physiological pH of 7.4, several phosphonate prodrug concepts were applied, 

including lipophilic ester and phosphonamidate prodrugs. Some mono and double pro- 

drugs showed significantly improved antiparasitic and antibacterial activity compared to 

their parent compounds. However, even nanomolar in vitro activity could not be translated 

into potent or, at best, curative in vivo properties. 

Recent results suggest that addressing the hydrophobic subpocket within the substrate 

binding site or the NADPH binding site (e.g., the adenosine-binding pocket) are promising 

strategies toward more lipophilic and druglike DXR inhibitors. However, so far, the 

postulated bisubstrate inhibitors have not been validated by co-crystal structures with DXR 

enzymes. Bisubstrate inhibitors are recent developments in the field of DXR inhibitors, and 

thus their potential may not have been fully explored. 

In more than 40 years of fosmidomycin drug research, no new highly active structure 

types have been developed based on numerous DXR crystal structures or discovered in 

drug screening approaches. A few examples of innovative drug design concepts have 

been used, including the conjugation of fosmidomycin to cell-penetrating-peptides (CPP) 

or fragments of other antimalarials. These concepts have so far not yielded improved 

anti-infectives, leaving room for further optimization. Since competitive catalytic site 



Pharmaceuticals 2022, 15, 1553 
 

64 
 

 

 
inhibitors of the phosphonohydroxamic acid type have not shown the expected in vivo 

efficacy, possible strategies include the development of small molecules with more druglike 

properties such as allosteric DXR inhibitors or DXR dimerization inhibitors. It remains to 

be seen whether the application of novel prodrug concepts from the field of antivirals will 

be more successful than the concepts used to date. 

Despite the widespread distribution of the MEP pathway, significant antiparasitic 

activity has only been achieved against Plasmodia, but even here, no inhibitors with cu- 

rative properties in animal models have been developed. Various studies revealed that 
the antiplasmodial properties of DXR inhibitors are more pronounced than their antibac- 
terial effects, although several bacterial DXRs are inhibited with nanomolar IC50 values. 

Among the bacterial pathogens, studies with M. tuberculosis dominate, while studies with 

Gram-negative bacteria are underrepresented. To improve the antibacterial properties of fos- 
midomycin analogs, the design of siderophore conjugates to target resistant Gram-negative 
bacteria is another promising opportunity as demonstrated by the recently approved 
antibiotic Cefiderocol (Fetroja, 2020). 

In conclusion, since no further clinical studies with fosmidomycin as an antibiotic have 

been carried out since 1985, it cannot currently be assessed whether fosmidomycin could 

gain importance as a reserve antibiotic against certain bacteria. Current data provide hardly 

any arguments for the suitability of fosmidomycin for this purpose. Although approval 

for the treatment of Malaria could not be achieved so far, fosmidomycin in combination 

with approved antimalarials showed promising in vivo activity in humans with curative 

potential. On the other hand, the required repeat application of high doses of fosmidomycin 

and unimprovable cure rates as a standalone antimalarial are both unsatisfactory. As 

novel clinical studies with fosmidomycin in combination with clindamycin and artesunate 

are set to begin in 2022, fosmidomycin-based combination therapy for malaria is still 

possible. In our view, the DXR enzyme and the MEP pathway remain viable targets for 

anti-infective drug research, not only because of the vital importance of isoprenoids for 

the survival of pathogens, but also due to the pathway’s widespread prevalence and its  

absence in mammals. 
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3.Previous work on developing potent DXR inhibitors 

With the spread of multidrug-resistant Plasmodium species, the need for new, improved therapeutics to reduce 

malaria deaths and the discovery of new drug targets remain an urgent research goal. The isoprenoid precursors 

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are essential in several human pathogens 

like Plasmodium falciparum (P. falciparum), Mycobacterium tuberculosis (M. tuberculosis) and Escherichia coli 

(E. coli), where they are synthesized through the methyl-D-erythritol phosphate (MEP) pathway known 

as non-mevalonate pathway.120–123 Humans use the long-known mevalonate pathway to synthesize the same 

isoprenoid precursors.124,125 The absence of MEP in humans makes it an attractive pathway for discovering novel 

anti-infective drug candidates.126  

The enzyme 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) catalyzes the isomerization and reduction 

of 1-deoxy-D-xylulose-5-phosphate (DOXP) to 2-C-methyl-D-erythritol-4-phosphate (MEP). This reaction is 

considered rate-limiting in isoprenoid synthesis by the MEP pathway. DXR requires NADPH and a divalent metal 

cation for its enzymatic activity.127,128 and is considered a clinically validated drug target in anti-infective drug 

discovery.127,128  

Fosmidomycin (1) is structurally similar to the DXR's natural substrate (DOXP) and acts as a potent inhibitor of the 

PfDXR enzyme.127 1 also showed potent in vitro and in vivo antiplasmodial activity.127 Unfortunately, 

fosmidomycin (1) does not fit fully as a novel antimalarial drug because of its unfavorable pharmacokinetic 

properties (e.g., short plasma half-life) and physicochemical properties (high hydrophilicity). For example, 

fosmidomycin deprotonation at physiological pH is responsible for its insufficient membrane permeability, which 

is a common reason for low oral bioavailability.129,130 Thus, novel analogs with enhanced activity and 

pharmacokinetic profiles are needed. Considerable efforts were made to improve the efficacy of fosmidomycin 

by modifying either the phosphonate group, which mimics the monophosphate group in DOXP (A), the 

hydroxamate group, which chelates the bivalent metal ion (B), or the linker (C) connecting them (Figure 11). Since 

SAR studies on fosmidomycin highlighted the importance of these groups for both appropriate binding and good 

inhibition of DXR enzyme (Section 2.2), new approaches are needed to develop potent DXR inhibitors. One 

approach to improve the anti-infective capabilities of fosmidomycin is by increasing the binding affinity of 

the new analogs by targeting novel binding pockets in the DXR enzyme. 

                           

Figure 11: Structure and binding interactions of fosmidomycin (1) in EcDXR enzyme PDB: 1ONP.131 

The first attempt was made by KURZ et al., who examined the impact of introducing substitution at the α-position 

of the propyl linker on DXR inhibition. α-Phenyl-fosmidomycin (2, Figure 12) was the first chain-substituted 
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DXR inhibitor to show improved antiplasmodial activity against PfDd2 strains (IC50 = 0.4 µM) compared to 

fosmidomycin.132 Next, the promising results obtained with α-phenyl-fosmidomycin and its analogs encouraged 

KURZ and co-workers to study the effect of introducing α-substituents on the linker of reverse fosmidomycin 

analogs. The results showed that various reverse carba analogs with decorated α-phenyl-substituents are potent 

PfDXR inhibitors (3a,b-5a,b) with IC50 values in the low nanomolar range (Figure 12). This strengthened the 

positive impact of the introduction of α-substituents on DXR inhibition activity.133,134 

 

Figure 12: Structures, antiplasmodial, and PfDXR inhibitory activity of compounds 2, 3a,b, 4a,b, and 5a,b. *Diethanolam- 

monium salt was prepared. In pink, the hydroxamate metal binding group is highlighted. In red, the reverse hydroxamate 

metal binding group is highlighted. 

Crystal structure of 4b in PfDXR (PDB: 3WQR, Figure 13a) indicates that 4b is located in the active site cavity and 

has comparable molecular interactions, metal coordination abilities, and potential hydrogen-bond networks as 

observed for fosmidomycin in the fosmidomycin-PfDXR complex (Figure 13b). The co-crystal structure showed 

that the α-MeO-Ph group is accommodated in a hydrophobic sub-pocket. Furthermore, the α-MeO-Ph group of 

4b destabilizes the active site flap, residues 291-299, resulting in a relatively open conformation. This unique 

conformation allowed the formation of additional space around the hydroxamic acid nitrogen, which was not 

present in the fosmidomycin structure (PDB: 3AU9).135 Despite this open conformation, strong binding of 4b to 

PfDXR was enhanced by novel van der Waals interactions between the α-MeO-Ph group and the core of the 

active site sup-pocket. Moreover, the N-methyl group also enhanced the binding by forming an intramolecular 

interaction with the α-MeO-Ph ring and through the interaction with the side chain of Met360. These interactions 

opened up possibilities for designing potent DXR inhibitors by addressing other binding pockets in the DRX 

substrate binding site.133 
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Figure 13: Schematic overview of the interactions of 4b (a) and fosmidomycin (b) in the active site of PfDXR. Intra- and 

intermolecular van der Waals contacts are shown as thin and thick gray arcs, respectively. Reprinted with permission from 

J. Med. Chem. 2014, 57, 8827−8838. Copyright 2023 American Chemical Society.133 

 

The Kurz group also investigated the effect of introducing alkyl substituents in the hydroxamic acid nitrogen of 

the α-phenyl analogs 6a-d as a second possibility to enhance the binding affinity to the substrate binding pocket. 

They have demonstrated that increasing the size of the alkyl substituents from methyl to ethyl group reduced 

both cellular and enzymatic activity (Figure 14). The bulkier N-isopropyl group even led to a loss of inhibitory 

activity against the PfDXR enzyme and Pf-K1 strain.134,136 The N-methyl substituted reverse analog 6b showed the 

most potent PfDXR inhibitory with IC50 of 3 nM, outperforming fosmidomycin (IC50 = 0.14 µM). 

 

Figure 14: Structures and PfDXR inhibition of 6a-d. In red, the reverse hydroxamate metal binding functionality is highlighted. 

Encouraged by the α-substituted analogs, the VAN CALENBERGH.137 group conducted a study on the effects of 

introducing various substituents at the β-position of N-methyl-substituted reverse fosmidomycin analog 

(Figure 15). From the synthesized series, inhibitors with arylalkyl residues in the β-position showed the most 

potent activity (7a-c). Compound 7c, for example, showed the strongest inhibition against PfDXR with an 

IC50 of 69 nM. Crystallographic studies of 7b and 7c on the PfDXR enzyme revealed novel binding modes to the 

enzyme. The phenylalkyl residues resulted in different flap structures in PfDXR. The rearrangement of the flap 

produced favorable interactions between the phenyl ring of the inhibitors and the tryptophan residue (W296) 

of the active site flap. The enhanced activity of 7b and 7c is likely due to these binding site interactions 

(Figure 16).137 
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Figure 15: Structures, antiplasmodial, and PfDXR inhibition of 7a-c. In red, the hydroxamate metal binding functionality is 

highlighted; in blue, the arylalkyl residue is highlighted. 

 

Figure 16: Crystal structure of PfDxr bound to 7b and 7c. Reprinted with permission from J. Med. Chem. 2015, 58, 7, 

2988-3001. Copyright 2023 American Chemical Society.137 

DXR enzyme comprises three distinct domains: the N-terminal domain, catalytic domain, and C-terminal domain. 

The N-terminal domain includes the NADPH binding site; the connector domain houses the enzymatic reaction; 

the C-terminal domain plays a crucial role in maintaining the highly conserved active site structure 

(Figure 17A).138 In DXR, the nicotinamide-binding pocket of the cofactor NADPH is located adjacent to the 

substrate binding site (Figure 17B).139 Moreover, the NADPH binding pocket gave a good score in the druggability 

studies performed by MASINI et al.140  

 

Figure 17: A) Representation of the DXR monomer structure. The N-terminal domain (colored blue), the catalytic domain 

(colored green), and the C-terminal domain (colored gold) are labeled. Reprinted with permission from Journal of Computer-

Aided Molecular Design (2019) 33:927–940 Copyright 2023 Springer Nature.138 B) NADPH and fosmidomycin/DOXP binding 

sites. Crystal structure of PfDXR in a ternary complex with fosmidomycin and NADPH PDB: 3AU9.135 
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Based on these facts, the DOWD group was the first to develop a series of fosmidomycin analogs with different 

arylalkyl substituents on the N-hydroxy oxygen atom (arylalkoxyamide type, 9) or the carbonyl carbon atom of 

the hydroxamate moiety (N-acyl type, 8) to act as bisubstrate inhibitors of DXR enzyme.141 These analogs were 

designed to simultaneously occupy the fosmidomycin/DOXP and NADPH binding pockets. Surprisingly, whereas 

these analogs bear large substituents on the hydroxamic acid group, they exhibited moderate to weak inhibitory 

activity against PfDXR.141,142 Inhibitors 8 and 9 were the most active analogs 

in the synthesized series. 8 and 9 inhibited PfDXR with an IC50 of 1.34 and 3.36 µM, respectively (Figure 18). To 

assess whether 8 and 9 are bisubstrate inhibitors, Lineweaver-Burk analysis of 8 and 9 against PfDXR was 

performed. The assay indicated that 9 had a competitive mode of inhibition relative to both the substrate and 

NADPH-binding sites, indicating a possible bisubstrate mode of inhibition. On the other hand, compound 8 

showed a competitive mode of inhibition relative to the substrate and an uncompetitive mode of inhibition 

relative to NADPH. These results indicated that 8 had a non-bisubtrate binding mode. However, the hypothesized 

binding modes of 8 and 9 could not be supported by crystallographic evidence.  

 

Figure 18: Structures and PfDXR inhibitory activity of 8 and 9. In pink, the hydroxamate metal binding functionality is 

highlighted; in blue, the groups targeting the NADPH site are highlighted. 

JANSSON et al. also attempted to address the NADPH binding site by using compound 10a as a lead compound 

(Figure 19).143 10a showed potent in vitro growth inhibition in a P. falciparum parasite assay (IC50 = 0.04 μM). To 

further enhance the possibility of addressing the co-factor binding site, additional substituents were introduced 

at different positions on the phenyl ring of 10a. Of the new series compound 10b (Figure 19), bearing a 

1,2,4-triazole substituent in the meta position, was the most active analog. However, 10b displayed a five times 

reduction in antiplasmodial activity (IC50 = 0.19 μM) than 10a. Despite their antiplasmodial activity, 10a and 10b 

were not evaluated against the PfDXR enzyme. Furthermore, the bisubstrate binding mode was not confirmed 

with a co-crystal structure with PfDXR enzyme.143 
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Figure 19: Structures, P. falciparum inhibitionof 10a, 10b. In pink, the hydroxamate metal binding functionality is highlighted; 

in blue, the groups targeting the NADPH site are highlighted. 
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4. Aim of work 

Based on the previous attempts to improve the DXR inhibitory activity by targeting new binding pockets in DXR 

enzyme, the current study aimed to design and synthesize high-affinity PfDXR inhibitors while considering the 

need for increased lipophilicity. The compounds were designed to address new hydrophobic pockets in the 

substrate binding site or even to target the NADPH binding site in the N-terminal domain of the DXR enzyme. 

The potent PfDXR inhibitor 6b (IC50 = 3 nM, Figure 14, Section 3) was selected as the lead compound.136 Since, up 

to our knowledge, the exact mode of binding of the previously reported potential bisubstrate inhibitors is 

unknown, determining the synthesized analogs' binding mode by co-crystal structures with PfDXR enzyme was 

also planned in collaboration with the group of Prof. NOBUTADA TANAKA. For this purpose, different strategies were 

employed.  

1- Amide and arylalkoxyamide analogs 

The Dowd group doubted the importance of the free hydroxamate OH functionality.141,142 They showed that the 

arylalkoxyamide 9 (Figure 18, Section 3) could moderately inhibit PfDXR enzyme with IC50 of 3.36 µM. 

Lineweaver-Burk analysis of 9 against PfDXR revealed a competitive mode of inhibition relative to both the 

substrate and NADPH-binding sites.141,142 Encouraged by these results, the first part of this project aimed to 

investigate the feasibility of developing non-hydroxamate inhibitors by replacing the hydroxamate group of 

6b with alternative moieties like amide and alkoxyamide functionality (Figure 20). Different arylalkyl groups were 

introduced at the nitrogen atom of the amide group or the oxygen atom of the hydroxamic acid moiety 

(arylalkoxyamid analogs). The arylalkyl-substituted amide and arylalkoxyamide analogs were designed to enable 

the binding to either the NADPH binding site or the novel binding pockets but not to coordinate the divalent 

cation.  

 

Figure 20: Design strategy of the amides and arylalkoxyamides compound library. 
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2- N-substituted hydroxamic acid analogs 

The crystal structure of compound 4b (Figure 13, Section 3) revealed the formation of a unique space around the 

nitrogen atom of the hydroxamic acid group, which was not present in the fosmidomycin PfDXR co-crystal 

structure. This discovery prompted further investigation into the possibility of incorporating large substituents 

on the nitrogen atom of the hydroxamic acid group to fill the newly formed space. The objective of this part was 

to determine the impact of large substituents on DXR inhibitory activity. To explore this, various N-substituted 

hydroxamic acid analogs were proposed using 6b as the lead structure. To ensure the divalent metal cation's 

coordination ability, the hydroxamic acid group of 6b was retained unchanged. Included in this part, the optimum 

length of the alkyl chain needed to approach the hydrophobic sub-pockets in the substrate binding site was 

planned to be tested. (Figure 21).  

  

Figure 21: Design strategy of the N-substituted hydroxamic acids compound library. 

3- Optimization of the most active inhibitor type  

In order to gain new insights regarding the structure-activity relationships (SAR), iterative cycles of structural 

modifications to the most active inhibitor type were planned as the next optimization step.  

4- Phosphonate prodrugs of representative inhibitors 

The prodrug strategy has proven successful in improving permeation across biological membranes, thereby 

increasing the activity against intact pathogen cells and the in vivo activity. Indeed, BRÜCHER et al. showed that 

the in vitro efficacy of reverse fosmidomycin derivatives against asexual blood stages of P. falciparum could be 

enhanced by more than an order of magnitude by conversion of the hydrophilic phosphonate moiety into 

acyloxymethyl and alkoxycarbonyloxymethyl prodrugs.144 As a final structural modification, we aimed to mask 

the polar phosphonic acid group as lipophilic ester prodrugs. Toward this goal, pivaloyloxymethyl (POM) 

phosphonate esters of selected N-substituted hydroxamic acid were designed (Figure 22).  
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Figure 22: Design strategy of the POM esters. 

5- Research strategy and collaboration partners 

The synthesized phosphonic acids should first be tested in a target-based enzymatic assay to test their ability to 

inhibit PfDXR as our primary intention. Still, isozymes from other species were also considered. This evaluation 

was planned to be implemented in collaboration with the working group of Prof. FISCHER at the University of 

Hamburg. Also, evaluation of the compounds and the POM esters in phenotypic cell-based screening to assess 

their antiplasmodial activity against asexual blood stages of the malaria parasite by the working group of Dr. JANA 

HELD, Institute of Tropical Medicine, University of Tübingen was planned. Two Plasmodium falciparum strains 

were intended to be used, the chloroquine-sensitive Pf3D7 and the multidrug resistance PfDd2 strains.  

To elucidate the exact binding mode of the compounds, co-crystal structures of the PfDXR enzyme with the most 

active analogs in the presence and absence of the cofactor (NADPH) were planned. The crystal structure studies 

were intended to be performed by Prof. NOBUTADA TANAKA, School of Pharmacy, Kitasato University (Figure 23). 

The information obtained from the PfDXR inhibition assay and co-crystal structure studies served as a crucial 

benchmark for further structural optimization in subsequent cycles of structural modifications. 

 

Figure 23: Collaboration partners and project structure 
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5. Results  

5.1 DXR inhibitor synthesis  

5.1.1 Synthesis of the starting materials 

5.1.1.1 Synthesis of carboxylic acid 15  

The key intermediate carboxylic acid 15, required for the synthesis of all inhibitor types, was synthesized 

according to the procedures reported by BEHRENDT et al.136 Diethyl benzyl phosphonate 11 was chosen as the 

starting material. C-Alkylation of 11 with [2-(1,3-dioxolan-2-yl)ethyl]bromide (12) in the presence of 

n-butyllithium provided 1,3-dioxolane 13 in 93% yield. Acidic hydrolysis of compound 13 furnished the 

aldehyde 14, which was oxidized to the corresponding carboxylic acid 15 by treatment with SeO2 and H2O2 

(Scheme 1). 

 

Scheme 1: Synthesis of the reverse carba analog 15. 

5.1.1.2 Synthesis of the O-substituted hydroxylamines  

The O-substituted hydroxylamines needed for arylakoxyamide synthesis were obtained via a modified GABRIEL 

amine two-step synthesis strategy. For the synthesis of hydroxylamines 22a,b, the oxazole 19a and the thiazole 

19b intermediates were first prepared using the procedure of ZHAO et al. (Scheme 2).145  

 

Scheme 2: Synthesis of heterocycles 19a and 19b. 

The reaction is analogous to HANTZSCH-thiazole synthesis in which condensation of 1,3-dichloroacetone (18) with 

benzamide (16) or thiobenzamide (17) afforded the intermediates IIa,b. In the next step, cyclization of IVa,b 

produced the chloromethyl-substituted oxazole 19a and thiazole 19b in moderate yields.145 The reaction 

mechanism is shown in Scheme 3.  
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Scheme 3: HANTZSCH-thiazole reaction mechanism. 

The phthaloyl-protected hydroxylamines 21a-h were synthesized through the nucleophilic substitution of the 

chloromethyl-substituted oxazole 19a, thiazole 19b, and commercially available arylalkyl halides 19c-h on 

N-hydroxyphthalimide (NHPI, 20) using the literature procedure reported by ASFAHA et al.146 Subsequently; the 

deprotection was performed through hydrazinolysis yielding the O-substituted hydroxylamines 22a-h 

(Scheme 4).146  

 

Scheme 4: Synthesis of the O-substituted hydroxylamines 22a-h. 

5.1.1.3 Synthesis of the N-substituted-O-benzyl-protected hydroxylamines 

In order to synthesize N-substituted hydroxamic acids and to determine the optimal length to approach the new 

binding site, known 26a and new 26b-e O-benzyl-protected hydroxylamines with varying lengths of the alkyl 

chain and different aromatic groups were synthesized. The synthesis of the known 

O-benzylhydroxylamine (22h) was performed as shown in Scheme 4. Boc protection of 22h was performed using 

Boc-anhydride in ethanol. The N-alkylation of 23 with arylalkyl halides 24a-e in the presence of sodium hydride 

provided N-substituted benzyloxycarbamates 25a-e. Finally, the removal of the Boc-protecting group was 

performed by using either 4 M HCl in dioxane to yield the N-substituted-O-Bn-protected hydroxylamines 26a,b 

or 1:1 TFA/DCM mixture to yield the N-substituted-O-Bn-protected hydroxylamines 26c-e (Scheme 5).147 
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Scheme 5: Synthesis of the N-substituted-O-benzyl protected hydroxylamines 26a-e. 

5.1.2 Synthesis of amides, arylalkoxyamides, and N-substituted hydroxamic acid 

analogs  

5.1.2.1 HATU coupling reaction 

Coupling reactions were conducted using HATU (VIII) (Hexafluorophosphate Azabenzotriazole Tetramethyl 

Uronium) as an amide coupling reagent. The reaction mechanism of carboxylic acid activation by HATU and 

subsequent amide bond formation is summarized in Scheme 6. In the first step, the carboxylate anion IX, formed 

by deprotonation by an organic base (not shown), attacks HATU (VIII) to form the 

unstable O-acyl(tetramethyl)isouronium salt (X), and the 1-hydroxy-7-azabenzotriazole (OAt anion XI). The OAt 

anion (XI) rapidly attacks the isouronium salt X, affording the OAt-active ester (XII) and liberating a stoichiometric 

quantity of tetramethylurea. The addition of a nucleophile, such as an amine, to the OAt-active ester afforded 

the acylated product XIII. HATU is used along with N,N-diisopropylethylamine (DIPEA), also known as Hünig's 

bases, or triethylamine (TEA) to form amide bonds.148 Typically, DMF is used as a solvent, although other polar 

aprotic solvents can also be used.149 Coupling of the carboxylic acid 15 with the synthesized O-substituted 

hydroxylamines 22a-g, N-substituted-O-benzyl protected hydroxylamines 26a-e, and different commercially 

available amines 27a-c was performed using adapted procedure from literature.149 The reactions were 

performed using DMF as a solvent and DIPEA as a base (Scheme 7). Target compounds were then purified using 

flash chromatography (on a prepacked silica cartridge) using DCM:30% methanol/DCM (100:0→70:30) as eluent. 

The purity of compounds 28a-g, 29a-e, and 30a-c were determined by HPLC and was found to be >95%.  
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Scheme 6: HATU coupling reaction mechanism. 

 

Scheme 7: Synthesis of compounds 28a-g, 29a-e, and 30a-c. 

The structures of the synthesized derivatives 28a-g, 29a-e, and 30a-c were confirmed by 1H-NMR and 13C-NMR. 

An example of the 1H-NMR spectrum is displayed in Figure 24 for compound 29b. In the 1H-NMR (300 MHz, 

DMSO), the signals of the aromatic hydrogen atoms for compound 29b are between 7.39 – 7.23 ppm (10H) and 

7.21 – 7.10 ppm (5H). The methylene group hydrogens of the benzyl group (CH2Ph, signal 15 in spectrum, 

Figure 24) appear as a multiplet at 4.69 – 4.54 ppm. The methylene groups of the diethyl phosphonate ester 

functionality (CH2CH3) appear as two multiplets, each with 2 protons between 4.07 – 3.90 ppm and 

3.88 – 3.65 ppm. An additional multiplet with 2H between 3.88 – 3.65 ppm belongs to one methylene group of 

the phenylpropyl moiety (CH2CH2CH2Ph). Signal 7, generated by the hydrogen atom on the methine carbon atom 

(PCH), appears at 3.28 – 3.12 ppm and shows the splitting pattern of a doublet of doublets of doublets (ddd). The 

methylene hydrogens adjacent to the asymmetric center show a long-distance coupling with 31P and appear as 
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two multiplet at 2.33 – 2.14 ppm (3H) and 2.08 – 1.90 ppm (1H). The two other methylene groups, which belong 

to the propyl linker of the phenylpropyl moiety, appears as one multiplet (CH2CH2CH2Ph) at 2.57 – 2.50 ppm and 

a pentet (CH2CH2CH2Ph) at 1.78 (J = 7.3 Hz). Finally, the methyl groups of the ethyl ester moiety (CH2CH3) appear 

as two triplets with J coupling of 7.0 at 1.19 and 1.01 ppm. 13C-NMR (75 MHz, MeOD) spectrum of 29b (Figure 25) 

revealed the presence of signals at δ 175.30 (C=O), 142.64, 136.40 (d, JC-P = 6.9 Hz), 135.64, 130.62 (d, JC-P = 6.8 Hz), 

130.49, 129.90, 129.79 (d, JC-P = 2.6 Hz), 129.59, 129.40, 128.66 (d, JC-P = 3.2 Hz), 126.96, 77.04 (CH2, Bn group), 

64.02 (d, JC-P = 7.2 Hz, CH2CH3), 63.51 (d, JC-P = 7.4 Hz, CH2CH3), 45.66, 44.23 (d, JC-P = 138.1 Hz, PCH), 33.89, 30.99 

(d, JC-P = 16.2 Hz), 29.57, 25.64, 16.72 (d, JC-P = 6.0 Hz, CH2CH3), and 16.53 (d, JC-P = 5.8 Hz, CH2CH3) ppm confirming 

the structure. 

 

 
Figure 24: 1H-NMR spectrum of compound 29b. 1H-NMR signals of the diethyl phosphonate group marked red. The 

methylene group hydrogens of the benzyl group are marked purple. 
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Figure 25: 13C-NMR spectrum of compound 29b. 13C-NMR signals of the diethyl phosphonate group marked red. The 

methylene group hydrogens of the benzyl group are marked purple. 

5.1.2.2 Conversion of the phosphonate esters to phosphonic acids 

The trimethylsilyl bromide (TMSBr) mediated deprotection of the phosphonic acid diethyl ester moiety is the 

final step of the synthetic route in the case of the amide and arylalkoxyamide derivatives.150 TMSBr has been 

widely used as a mild and efficient reagent for the conversion of ethyl phosphonates into phosphonic acids.150 

MCKENNA postulated a multistep dealkylation mechanism similar to the ARBUZOV reaction (Scheme 8).151 This 

mechanism was then supported by kinetic studies by CONIBEAR.152 Initially, rapid activation of the phosphonate 

ester by silylation is followed by dealkylation, where two ethyl groups are replaced by two trimethylsilyl groups 

(transesterification) to yield bis(trimethylsilyl)phosphonates. This is followed by hydrolysis of the 

bis(trimethylsilyl)phosphonates with water to obtain the phosphonic acids.153 

 

Scheme 8: Mechanism of phosphonate ester cleavage by TMSBr. 

The deprotection of the phosphonic acid diethyl esters 28a-g, 29a-e, and 30a-c was performed using microwave-

assisted phosphonate ester cleavage.154 TMSBr (2.00 eq) and a reaction time of 2 hours were required to drive 
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the reaction to completion. Due to the sensitivity of TMSBr to hydrolysis, the reaction must be carried out in dry 

solvents and under inert gas. The corresponding silyl esters were obtained after 2 h. Water was then added to 

liberate the free phosphonic acid (Scheme 9). Compounds 31e, 31g, and 32a-e were then purified using reverse-

phase chromatography water:acetonitrile (90:10→70:30)), whereas compounds 31c, 31d, 31f, and 33a-c were 

purified by the formation of the corresponding disodium salt. After purification, all compounds showed a purity 

of >95% in HPLC. 

  

Scheme 9: Synthesis of arylalkoxyamide analogs 31a-g, benzyl-protected N-substituted hydroxamic acid analogs 32a-e, and 

amide analogs 33a-c. * The compounds were prepared as disodium salt. 

Surprisingly, the TMSBr treatment of the 28a and 28b provided carboxylic acid 15 and alkoxyamines 22a and 22b. 

Spectral and analytical data confirmed the formation of compounds 31a-g, 32a-e, and 33a-c. For example, 

1H-NMR spectrum of compound 32b showed the disappearance of the two multiplets of the methylene groups 

of the diethyl phosphonate ester functionality (CH2CH3) between 4.07 – 3.90 ppm and 3.88 – 3.65 ppm and the 

two triplets of the methyl groups of the ethyl ester moiety (CH2CH3) at 1.19 and 1.01 ppm (Figure 26).13C-NMR 

also confirmed the disappearance of diethyl phosphonate ester functionality (Figure 27) 
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Figure 26: 1H-NMR spectrum of compound 32b. Red rectangles marked the normal region of the diethyl phosphonate group 

compared to Figure 24. 
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Figure 27: 13C-NMR spectrum of compound 32b. Red rectangles marked the normal region of the diethyl phosphonate 

group signals compared to Figure 25. 

5.1.2.3 Removal of the benzyl-protecting group 

As a final step for synthesizing the N-substituted hydroxamic acid analogs 34a-e, the O-benzyl-protected 

compounds were deprotected by catalytic hydrogenation using Pd/C and H2 under atmospheric pressure, as 

shown in Scheme 10. The crude products were purified by reverse phase flash chromatography (on a prepacked 

silica cartridge), using water:acetonitrile (90:10→80:20) as eluent. Compounds 34a-e were obtained in a yield 

ranging from 80-99%. The purity of the N-substituted hydroxamic acid analogs 34a-e were determined using 

HPLC and met the requirement for the planned biological testing >95.0%. 

 

Scheme 10: Synthesis of the N-substituted hydroxamic acid analogs 34a-e. 

1H-NMR spectrum of compound 34b (Figure 28) revealed the disappearance of the methylene group hydrogens 

of the benzyl group at 4.69 – 4.54 ppm (CH2Ph) and the disappearance of the signals of five aromatic hydrogen 

atoms between 7.39 – 7.23 ppm. Multiplicities of other 1H-NMR signals of compound 34b remain unchanged 
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compared to the phosphonic acid diethyl ester 29b (Figure 24).13C-NMR (Figure 29) also confirmed the structure 

with the disappearance of the signal at 77.04 ppm (CH2, Bn group).  

 

Figure 28: 1H-NMR spectrum of compound 34b. Purple rectangles marked the normal region of the methylene group 

hydrogens of the benzyl group compared to Figure 24 
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Figure 29: 13C-NMR spectrum of compound 34b. Purple rectangles marked the normal region of the methylene group 

carbon of the benzyl group compared to Figure 25. 

To ensure the 1H-NMR signal assignment for compound 34b, 1H, 1H-COSY experiment was carried out, the result 

of which is given in Figure 30. Because of the coupling of the neighboring protons, which produce the resonance 

signals 7 and 9, the assignment made for signals 7 and 9 proves to be correct. The COSY NMR revealed that no 

pronounced coupling takes place between protons of signals 7 and 10. Moreover, the COSY spectrum also 

confirmed the coupling between the methylene protons (signal 16) and protons of two methylene groups, 15 

and 17, thereby confirming the assignment of all aliphatic protons.  
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Figure 30: 1H, 1H-COSY NMR of compound 34b. Point pointing to coupling between protons of the methylene signal 16 and 

methylene group 17 circled pink. Point pointing to coupling between protons of the methylene signal 16 and methylene group 

15 circled orange. Point pointing to the coupling between protons of the methylene signal 17 and methylene group 15 

circled gray. Point pointing to the coupling between the proton of the methine carbon (signal 7) and the methylene signal 9. 

5.1.3 Synthesis of the nicotine amide analogs 

Compounds bearing a nicotine amide moiety have been designed to mimic the 1,4-dihydropyridine group of the 

cofactor (NADPH). In addition, the nicotine amide group might increase the possibility of H-bonding interactions 

with the NADPH binding site (Figure 31). 

 

Figure 31: Schematic presentation of the nicotine amide mimics. 

5.1.3.1 Synthesis of the 6-((aminoalkyl)amino)nicotinamides (37a,b) 

The first step in the preparation of the nicotine amide analogs was the synthesis of the 

6-((aminoalkyl)amino)nicotinamides (37a,b). The amination of the pyridine moiety via an aromatic nucleophilic 

substitution reaction of 6-chloronicotinamide (35) and different alkylene diamines 36a,b (Scheme 11) was 
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performed using various test procedures (Table 3). The tested procedures showed that the synthesis could only 

be achieved using the microwave irradiation of 35 and the diamine in the presence of sodium bicarbonate as a 

base and isoamyl alcohol as a solvent. 

 

Scheme 11: Synthesis of the 6-((aminoalkyl)amino)nicotinamides 37a,b. 

Table 3: Reaction optimization conditions for synthesizing compounds 37a,b.  

Reaction Base Solvent Temperature Time Yield 

a) 2.0 eq. TEA THF r.t. 16 h - 

b) 2.0 eq. TEA THF 60 ˚C 16 h - 

c) 5.0 eq. KOH THF 60 ˚C 16 h - 

d) 5.0 eq. KOH THF Reflux 8 h - 

e) 1.2 eq. Na2CO3 DMF 100 ˚C 96 h - 

f) 1.2 eq. Na2CO3 Isoamyl alcohol MW at 130 ˚C 2 h 45% 

5.1.3.2 Synthesis of nicotine amide analogs 39a,b 

After the successful synthesis of 37a,b, they were then used for the synthesis of 39a and 39b (Scheme 12).136 The 

synthesis started with a HATU coupling reaction of the carboxylic acid 15 and the nicotine amides 37a,b as 

described before (Section 5.1.2.1) to yield the corresponding diethyl phosphonate 38a,b. Finally, ester cleavage 

was achieved using the procedure reported by BEHENDERT et al. (Scheme 12).136 The diethyl phosphonates 38a,b 

were reacted with 10.00 eq. of TMSBr in DCM. The corresponding silyl esters were hydrolyzed with water after 

1 h of stirring at r.t. to liberate the corresponding phosphonic acids. 39a,b were purified by reverse phase flash 

chromatography (on a prepacked silica cartridge), using water:acetonitrile (90:10→80:20) as eluent, and 

obtained with a purity of > 95.0%. 
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Scheme 12: Synthesis of the nicotine amide analogs 39a,b. 
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5.1.4 Biological evaluation 

5.1.4.1  Determination of DXR inhibition  

To prove the mode of action and to evaluate the enzyme inhibition activity, the synthesized compounds and 

fosmidomycin (as reference compound) were screened first against DXR from P. falciparum (PfDXR) using an 

enzyme assay reported previously by BEHRENDT et al..134 For compounds that showed submicromolar PfDXR 

inhibitory activity, they were further screened against Escherichia coli (EcDXR) and Mycobacterium tuberculosis 

(MtbDXR) DXR orthologs. The enzyme assays are based on the photometric determination of NADPH 

consumption, which is associated with the DXR-catalyzed reaction described earlier.134 IC50 values were 

determined by nonlinear regression analysis using the program package Dynafit.155 The curve shapes were closely 

similar in all cases.  

Table 4 summarizes the DXR inhibition activity of the synthesized compounds. Replacing the metal-binding 

hydroxamic acid group with the amide or alkoxyamide groups led to the complete loss of inhibitory activity. This 

finding is attributed to the inability of these derivatives to chelate the divalent metal cation required for DXR 

catalytic activity. The N-substituted hydroxamic acid analogs displayed potent to moderate activity 

against PfDXR enzyme with IC50 between 0.030 and 1.3 µM. Of the N-substituted hydroxamic acids, compounds 

34a (IC50 = 0.064 µM) and 34b (IC50 = 0.030 µM) were the most potent PfDXR inhibitors, with an activity 

surpassing that of fosmidomycin (1, IC50 = 0.16 µM). Compound 34c (4-iPrBn) displayed decreased but still 

significant inhibition of the enzyme with an IC50 value of 0.40 μM. Notably, the more rigid biphenyl and naphthyl 

analogs showed only weak enzyme inhibition activity. Based on their PfDXR activity, 34a, 34b, and 34c were 

chosen for further investigation and tested against MtbDXR and EcDXR. Whereas 34a and 34c were more active 

against PfDXR than against EcDXR, 34b was almost equipotent against both PfDXR and EcDXR with IC50 0.030 and 

0.035 µM, respectively. It is worth noting that the compounds 34a-c were 100-fold less potent against MtbDXR 

when compared with their PfDXR inhibition.  
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Table 4: DXR inhibition of arylalkoxyamides (31c-g), amides (33a-c), N-substituted hydroxamic acid analogs (34a-e) and, 
nicotine amide analogs 39a,b. 

 

Cpd.no. Structure DXR IC50 (µM) a 

R1 R2 R3 Pf Ec Mtb 

31c H 

 

Na n.d. n.d. n.d. 

31d H 

 

Na 52 ± 5 n.d. n.d. 

31e H 

 

H 27.66 ±6.33 n.d. n.d. 

31f H 

 

Na n.d. n.d. n.d. 

31g H 

 

H n.d. n.d. n.d. 

33a H 

 

Na > 500 n.d. n.d. 

33b H 

 

Na n.d. n.d. n.d. 

33c H 

 

Na n.d. n.d. n.d. 

34a 

 

OH 

 

H 0.064  
± 0.011 

0.48 ± 
0.06 

27 ± 4 

34b  OH 

 

H 0.030  
± 0.007 

0.035 
 ± 0.004 

3.0 ± 0.2 

34c 

 

OH 

 

H 0.40 
 ± 0.09 

0.61  
± 0.07 

67 ± 1.0 

34d 

 

OH 

 

H 1.3  
± 0.2 

9.7 ± 
0.3 

166 ± 16 
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34e OH 

 

H 0.50 ± 0.03 7.9 ± 
0.8 

118 ± 20 

39a H 

 

H >500 n.d. n.d. 

39b H 

 

H >500 n.d. n.d. 

Fosmidomycin    0.16 n.d. n.d. 

a Enzyme assay: values were calculated from eight or more data points. In general, two or three independent determinations were 

performed.151 n.d., not determined. The purity of all tested compounds was >95%. 

5.1.4.2 Determination of the antiplasmodial activity and cytotoxicity 

The growth inhibitory effect of the compounds against asexual stage P. falciparum malaria parasites was 

measured. Specifically, chloroquine-sensitive (Pf3D7) and multidrug-resistant (PfDd2) P. falciparum strains were 

used. Parasite growth was monitored by measuring the expression of P. falciparum histidine-rich protein 2 by 

enzyme-linked immunosorbent assay as described previously by NOEDL et al.156  

As shown in Table 4 and Table 5, good agreement was observed between the antiproliferative activity against 

the P. falciparum 3D7 and Dd2 strains and the inhibition of PfDXR enzyme. Again, the arylalkoxyamides 31c-g 

and the amides 33a-c were also unable to inhibit the proliferation of the tested P. falciparum parasites. In 

accordance with the DRX inhibition, the N-substituted hydroxamic acid analogs compounds 34a 

(Pf3D7 IC50 = 0.78 µM, PfDd2 IC50 = 0.73 µM) and 34b (Pf3D7 IC50 = 0.55 µM, PfDd2 IC50 = 0.94 µM) were the most 

active representatives and exhibited antiplasmodial activity comparable to that of fosmidomycin 

(Pf3D7 IC50 = 0.88 µM, PfDd2 IC50 = 0.81 µM). 

Finally, to ensure their parasite selectivity, inhibition of HepG2 cells were performed, and selectivity indices (ratio 

of the antiparasitic activity to the human cell toxicity), were calculated. As shown in Table 6, the hydroxamic acid 

analogs 34a-c showed no cytotoxicity against HepG2 cell lines, with IC50 values > 1 mM. Thus, these compounds 

possess good in vitro parasite selectivity toward P. falciparum. 
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Table 5: In vitro antiplasmodial activity of arylalkoxyamides 31c-g, amides 33a-c  N-substituted hydroxamic acid analogs 

34a-e and, nicotine amide analogs 39a,b.  

 

Cpd.no. Structure Antiplasmodial activity a 

 R1 R2 R3 Pf3D7 

IC50 (µM) 

PfDd2 

IC50 (µM) 

31c H 

 

Na >27.78 >27.78 

31d H 

 

Na >27.78 >27.78 

31e H 

 

H >27.78 >27.78 

31f H 

 

Na >27.78 >27.78 

31g H 

 

H >27.78 >27.78 

33a H 

 

Na >27.78 >27.78 

33b H 

 

Na >27.78 >27.78 

33c H 

 

Na >27.78 >27.78 

34a 

 

OH 

 

H 0.78 
 ±0.06 

0.73 
 ±0.01 

34b  OH 

 

H 0.55 
 ±0.03 

0.94  
±0.16 

34c 

 

OH 

 

H 11.21 
± 0.74 

9.16  
±10.07 
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34d 

 

OH 

 

H >27.78 >27.78 

34e OH 

 

H >27.78 >27.78 

39a H 

 

H >27.78 >27.78 

39b H 

 

H >27.78 >27.78 

Fosmidomycin    0.88c 0.81c 

a In vitro assay 155,157 values are the mean of at least two duplicate determinations. b Enzyme assay: values were calculated 

from eight or more data points. In general, two or three independent determinations were performed. c IC50 value according 

to ref 158.158 n.d., not determined. The purity of all tested compounds was >95%. 

 

Table 6: Cytotoxicity and selectivity indices of compounds 34a-c. 

Compound HepG-2 

IC50 (µM) a 

Pf3D7 

selectivity 

index b 

PfDd2 

selectivity 

index b 

34a >1000 >1277 >1366 

34b >1000 >1818 >1063 

34c >1000 >89 >109 

a Cytotoxicity test with HepG-2 cells: values are the mean of two duplicate determinations. b Selectivity indices were calculated 

as the HepG-2 cell IC50/Pf3D7 or PfDd2 IC50; larger values indicate greater selectivity toward parasite activity. 
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5.2 Optimization of the N-phenylpropyl substituted hydroxamic acid 

34b 

5.2.1 Strategy 

In this project's first part, the synthesis and biological evaluation of different amide, arylalkoxyamide, 

and N-substituted hydroxamic acid analogs were described. Evaluation of the synthesized prototypes in target-

based enzyme assay against PfDXR enzyme revealed that the synthesized arylalkoxyamides and amides might no 

longer be able to chelate the divalent metal cation, resulting in decreased DXR inhibitory activity. However, all 

the N-substituted hydroxamic acids inhibited the PfDXR enzyme, with compounds 34a and 34b being the most 

active analogs with IC50 in a 2-digit nanomolar range (Figure 32). This observation was also confirmed by testing 

the ability of 34a and 34b to inhibit the proliferation of asexual blood stages of P. falciparum parasites 

(Pf3D7 IC50 = 0.73 and 0.55, PfDd2 IC50 = 0.78 and 0.94 µM, respectively). These results, in our hands, concede the 

importance of a free hydroxamic acid group for potent DXR inhibition. 

 

Figure 32: Structure of the most active N-substituted hydroxamic acid analogs 34a and 34b. 

Based on the results obtained from this project's first part, we intended to go further with the understanding of 

the structure-activity relationship (SAR) by designing a new series of N-substituted hydroxamic acid analogs. 

Compound 34b was chosen to serve as the lead for the second series (Figure 33).  

Comparing the PfDXR inhibitory activity of compounds 34a and 34b, the length of the alkyl chain between the 

nitrogen atom of the reverse hydroxamate functionality and the phenyl ring was found to be directly related to 

the DXR inhibitory activity of the compounds. Therefore, as a first modification on the structure of 34b, new 

derivatives with a longer alkyl chain were synthesized to determine the optimal length that promotes appropriate 

interaction with the hydrophobic sub-pocket (Section 6).  

The beneficial impact of the replacement of the α-phenyl ring of the linker with a more lipophilic electron-

deficient 3,4-difluorophenyl moiety was demonstrated by our research group.134 Accordingly, the introduction 

of the α-3,4-difluorophenyl group was also tested in this chapter. This modification was suggested to increase 

lipophilicity and enhance the hydrophobic interactions with the PfDXR and EcDXR enzymes. In the 

α-3,4-difluorophenyl analogs, the optimum length of the alkyl chain required to approach the hydrophobic sub-

pocket was also explored. 
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Finally, the phenyl ring of the phenylpropyl moiety of 34b was decorated with different substituents to determine 

the influence of lipophilicity, electronic, and steric properties on DXR inhibition.  

 

Figure 33: Design strategy of the second project compounds library. 

5.2.2 Synthesis of N-substituted phenylbutyl and phenylpentyl hydroxamic 

acids 46a and 46b 

The new derivatives 46a with phenylbutyl and 46b with phenylpentyl substituents on the nitrogen atom of the 

hydroxamic acid functionality were synthesized to determine the optimal length that promotes appropriate 

interaction with the druggable or hydrophobic pockets. The synthesis started with preparing the required 

O-benzyl-protected hydroxylamines 43a,b. The preparation started with the synthesis of the commercially 

unavailable phenylalkyl chlorides 41a,b. Compounds 41a,b were synthesized via chlorination of corresponding 

alcohols 40a,b using Appel reaction, adapted from literature (Scheme 13).159  

  

Scheme 13: Synthesis of N-substituted and O-Bn-protected hydroxylamines 43a,b. 

The Appel reaction begins with the halophilic substitution between triphenylphosphine (XIV) and carbon 

tetrachloride (XV), leading to the formation of phosphonium salt XVI. Deprotonation of the alcohol by the 

trichloromethyl anion XVII yields the alkoxide XVIII. The alkoxide's nucleophilic displacement of the chloride 

yields intermediate XIX. The halide reacts in an SN2 process, forming the alkyl halide XX and triphenylphosphine 

oxide XXI, as shown in Scheme 14.160 

https://en.wikipedia.org/wiki/Phosphonium
https://en.wikipedia.org/wiki/Deprotonation
https://en.wikipedia.org/wiki/Triphenylphosphine_oxide
https://en.wikipedia.org/wiki/Triphenylphosphine_oxide
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Scheme 14: Appel reaction mechanism. 

The N-alkylation of tert-butyl (benzyloxy)carbamate 23 (detailed synthesis Scheme 5) with 41a,b in the presence 

of sodium hydride provided the N-substituted benzyloxycarbamates 42a,b. Finally, the removal of the 

Boc-protecting group using 4 M HCl in dioxane yielded the N-substituted O-benzyl-protected 

hydroxylamines 43a,b (Scheme 13). The O-benzyl-protected hydroxylamines 43a,b were then coupled with 

carboxylic acid 15 using HATU and DIPEA in DMF to provide the benzyl-protected compounds 44a,b. Treatment 

of the phosphonic acid diethyl esters 44a,b with trimethylsilyl bromide (TMSBr) followed by hydrolysis with 

water provided the corresponding phosphonic acids 45a,b. Finally, the benzyl-protecting groups were removed 

using Pd/C catalyzed hydrogenation, yielding the hydroxamic acids 46a,b (Scheme 15). The details of this step 

are shown in section 5.1.2.3 in part 1 (Scheme 10). Compounds 46a,b were purified by reverse phase flash 

chromatography (on a prepacked silica cartridge), using water:acetonitrile (90:10→80:20) as eluent and 

obtained in the required purity for biological testing >95%.  

  

Scheme 15: Synthesis of compounds 46a,b. 

5.2.3 Synthesis of N-substituted hydroxamic acids with α-3,4-difluorophenyl 

substituent 55a-d 

The Michaelis–Arbuzov reaction is one of the most useful approaches for forming a C-P bond.161 The reaction is 

a bimolecular nucleophilic substitution (SN2) process between a trialkyl phosphite XXII and an alkyl halide XXIII 

(Scheme 16), promoted by heat, to form a pentavalent phosphorus species XXIV. The transformation is initiated 
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by the reaction of the nucleophilic trialkyl phosphite XXII with the electrophilic alkyl halide XXIII to give a 

phosphonium intermediate XXIV and a halide anion. A second reaction of the displaced halide anion with the 

phosphonium intermediate XXIV affords the phosphonate ester XXV along with an alkyl halide XXVI.162 

 

Scheme 16: Michaelis–Arbuzov reaction mechanism. 

The Michaelis–Arbuzov reaction was used to synthesize the diethyl (3,4-difluorobenzyl)phosphonate (49). 49 was 

synthesized from triethyl phosphite (47), and 4-(bromomethyl)-1,2-difluorobenzene (48) using the procedure 

reported by LION et al.163 49 was then used as starting material for the synthesis of the carboxylic acid 52 using 

the procedures reported by BEHRENDET et al. (Scheme 17).134 52 was coupled with the synthesized 

hydroxylamines 26a,b and 43a,b and yielded compounds 53a-d in a good yield (70-85%). Surprisingly, the 

reaction sequence utilized in Scheme 15 to obtain hydroxamic acids 46a,b through phosphonic acid ester 

cleavage followed by catalytic hydrogenation was ineffective for the synthesis of phosphonic acids 55a-d. Thus, 

to synthesize phosphonic acids 55a-d, the benzyl-protecting group was initially eliminated through 

Pd/C-catalyzed hydrogenation, producing compounds 54a-d with a good yield. Subsequently, the phosphonic 

acid ester groups of 54a-d were cleaved using the method described by Behrendt et al., leading to the formation 

of phosphonic acids 55a-d in 82-87% yield.134 55a-d were purified by reverse phase flash chromatography (on a 

prepacked silica cartridge), using water:acetonitrile (90:10→80:20) as eluent and obtained with a purity of 

>95.0%. 
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Scheme 17: Synthesis of the α-3,4-difluorophenyl analogs 55a-d 

5.2.4 Synthesis of α-phenyl analogs with substituents on the phenyl ring of the 

phenylpropyl group 63a-d and 66 

The arylalkyl chlorides 58a-e and their corresponding alcohols 57a-e were not commercially available and, as 

such, were required to be synthesized. Therefore, as a first step for the preparation of 58a-e, carboxylic acids 

56a-e were reduced to the corresponding primary alcohols 57a-e using the procedure reported by PATEL et al. 164 

Then the alcohols 57a-e were converted to the phenylalkyl chlorides 58a-e through the Apple reaction procedure 

described before.159,165 An initial attempt to synthesize 58a according to the method reported by Soo et al. 

failed.166 The formed phenylalkyl chlorides were then used as starting material for the synthesis of the 

N-substituted O-benzyl-protected hydroxylamines 60a-e (Scheme 18) as described before in Scheme 5 

(Section 5.1.1.3).  
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Scheme 18: Synthesis of the N-substituted O-benzyl-protected hydroxylamines 60a-e. 

The synthesized N-substituted O-benzyl-protected hydroxylamines 60a-e were then coupled with carboxylic acid 

15 to yield N-substituted benzyloxyamides 61a-d (Scheme 19) and 64 (Scheme 20) in a good yield (70-85%). 

Synthesis of the N-substituted hydroxamic acids (63a-d, Scheme 19) was successful using the same deprotection 

sequence as used for the synthesis of 34a-e (Scheme 10) and 46a,b (Scheme 15).136  

 

Scheme 19: Synthesis of the N-substituted hydroxamic acid analogs 63a-d  

The synthesis of the 3,5-diflurophenylpropyl analog 66 was achieved by starting with the benzyl-deprotection of 

64 using Pd/C-catalyzed hydrogenation to yield compound 65 in a good yield. Finally, cleavage of the phosphonic 

acid ester moiety of 65 afforded the N-substituted hydroxylamine 66 (Scheme 20).136 
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Scheme 20: Synthesis of the N-substituted hydroxamic acid analog 66. 

5.2.5 Biological evaluation 

5.2.5.1 Determination of DXR inhibition  

The phosphonohydroxamic acids 46a,b, 55a-d, 63a-d, and 66 were evaluated as inhibitors of DXR from 

P. falciparum (PfDXR) as our primary target, Escherichia coli (EcDXR), and Mycobacterium tuberculosis (MtbDXR) 

using a photometric assay that was described in section 5.1.4. The results are shown in Table 7.  

Of the new compounds, compounds 46a,b, 55b,d, 63a,c,d, and 66 showed approximately equal potency against 

EcDXR (IC50 = 0.013-0.069 µM) and PfDXR (IC50 = 0.018-0.044 µM) orthologs, whereas the compounds showed 

weaker activity against MtbDXR ortholog (IC50 = 2.9-20 µM). The α-3,4-diflurphenyl compounds 55c and 55d 

were the most potent analogs in this series against PfDXR IC50 = 0.017 (55c) and 0.018 µM (55d). Compound 55c 

showed the most potent activity against EcDXR with IC50 of 0.001 µM. 

PfDXR inhibitory data (Table 7) of the α-phenyl analogs showed that by extending the alkyl chain length as in 

phenylbutyl analog 46a (IC50 = 0.035 µM) and phenylpentyl analog 46b (IC50 = 0.029 µM), the PfDXR inhibition 

remains unaffected compared with the phenylpropyl analog 34b (IC50 = 0.030 µM). However, a slight 

improvement in the PfDXR inhibition was observed by extending the alkyl chain length in α-3,4-diflurphenyl 

phenylpropyl analog 55c (IC50 = 0.017 µM) and α-3,4-diflurphenyl phenylpentyl analog 55d (IC50 = 0.018 µM) 

when compared with α-3,4-diflurphenyl phenylpropyl analog 55b (IC50 = 0.028 µM).  

Further consideration of the enzyme inhibitory activity, the α-3,4-diflurphenyl compounds 55b-d showed an 

improvement in EcDXR inhibitory activity (IC50 = 0.013-0.001 µM) compared with the α-phenyl analogs 34b 

(IC50 = 0.035µM), (Table 5, section 5.1.4), 46a (IC50 = 0.069µM), and 46b (IC50 = 0.041 µM).  

The influence of electronic and steric effects in DXR inhibition is tested with compounds 63a-d and 66. Comparing 

an electron-withdrawing group at the p-position (F, 63a; CF3, 63b) and electron-donating group (CH3, 63c; 

OCH3, 63d) with the lead compound 34b showed that electronic and steric effects on the phenyl ring do not 
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largely influence PfDXR inhibition (IC50 = 0.019-0.044 µM) and EcDXR inhibition (IC50 = 0.019-0.045 µM). The same 

observation was also noticed with the 3,5-diflurophenyl analog 66 PfDXR IC50 = 0.030 µM, EcDXR IC50 = 0.036 µM, 

and this strengthens the observation that substitution pattern on the phenyl ring of the phenylpropyl group does 

not largely influence the PfDXR and EcDXR inhibition. The effectiveness of MtbDXR inhibition was found to 

depend on the type of substituents present. Small substituents at the p-position, such as F (63a) or CH3 (63c), did 

not affect MtbDXR inhibition. However, more bulky substituents at the p-position, such as CF3 (63b) or OCH3 

(63d), resulted in a fourfold decrease in MtbDXR inhibition compared to 34b. 

Table 7: DXR inhibition of compounds 46a,b, 55a-d, 63a-d, and 66. 

 

Cpd. 
no. 

Structure DXR IC50 (µM) a 

R1 R2 Pf Ec Mtb 

46a Ph 

 

0.035  
± 0.003 

0.069 
 ± 0.004 

11 
 ± 1.0 

46b Ph 

 

0.029  
± 0.001 

0.041 
 ± 0.014 

19  
± 1.0 

55a 3,4-F-Ph 

 

0.020  
± 0.003 

0.13 
 ± 0.02 

4.8  
± 0.05 

55b 3,4-F-Ph 

 

0.028 
 ± 0.002 

0.013 
 ± 0.002 

4.4  
± 0.1 

55c 3,4-F-Ph 

 

0.017  
± 0.002 

0.001  
       ± 0.0001 

1.5  
± 0.20 

55d 3,4-F-Ph 

 

0.018 
± 0.002 

0.013  
±-0.002 

4.8 
 ± 0.35 

63a Ph 

 

0.019  
±0.003 

0.019  
± 0.002 

2.9  
± 0.2 

63b Ph 

 

0.041  
± 0.003 

0.13  
± 0.02 

12.5  
± 1.0 

63c Ph 

 

0.044  
± 0.004 

0.022  
± 0.003 

3.8  
± 0.01 

63d Ph 

 

0.024 
 ± 0.004 

0.045  
± 0.001 

11 
 ± 1.0 
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66 Ph 

 

0.030  
± 0.003 

0.036  
± 0.005 

20  
± 2.0 

34b Ph 

 

0.030  
± 0.007 

0.035  
± 0.004 

3.0 
 ± 0.2 

a Enzyme assay: values were calculated from eight or more data points. In general, two or three independent determinations 

were performed. 

5.2.5.2 Determination of the antiplasmodial activity and cytotoxicity 

The antiproliferative potential of the study compounds 46a,b, 55a-d, 63a-d, and 66 against asexual stage 

P. falciparum malaria parasites was also measured as described in part 1 section 5.1.4.2.  

For compounds 55a, 55b, 63a, 63c, and 66, the antiplasmodial activity displayed a good correlation with the 

PfDXR inhibition activity. Besides, the antiplasmodial activity confirmed the conclusion that most of the induced 

modification on the structure of 34b, except increasing the length of the alkyl chain, did not result in a significant 

variation of the antiproliferative activity against the Pf3D7and PfDd2 strains (Table 8).  

A slight drop in antiplasmodial activity took place with the extension of the alkyl chain length (at the hydroxamic 

acid nitrogen) of the α-phenyl analogs 46a (Pf3D7 IC50 = 3.70, PfDd2 IC50 = 3.53 µM) and 46b (Pf3D7 IC50 = 5.59, 

PfDd2 IC50 = 3.95 µM) compared with 34b (Pf3D7 IC50 = 0.55, PfDd2 IC50 = 0.94 µM). This outcome was also 

observed with the α-3,4-difluorophenyl analogs 55c (Pf3D7 IC50 = 4.02, PfDd2 IC50 = 3.52) and 55d 

(Pf3D7 IC50 = 4.60, PfDd2 IC50 = 4.56 µM) compared with 55b (Pf3D7 IC50 = 1.25, PfDd2 IC50 = 0.99 µM). 

The replacement of the α-phenyl ring with the more electron deficient 3,4-diflurophenyl group did not show any 

significant effect on the antiplasmodial activity compared with the α-phenyl analogs (34a,b, and 46a,b). 

Compounds 55a-d displayed good to moderate activity against the tested P. falciparum strains (Pf3D7 

IC50 = 1.25-4.60, PfDd2 IC50 = 0.99-4.56 µM). 

The introduction of different substituents on either the p-position of the phenyl ring of the phenylpropyl moiety, 

compounds 63a, 63c, and 63d, or at the 3,5 positions, compound 66, did not result in a significant change in the 

antiplasmodial activity (Table 8). However, the antiplasmodial activity of compound 63b was drastically weaker 

(Pf3D7 IC50 = 16.71, PfDd2 IC50 = 25.74 µM).  

Finally, to ensure their selectivity, inhibition of HepG2 were performed, and selectivity indices (ratio of the 

antiparasitic activity to the human cell toxicity), were calculated. The compounds showed no cytotoxicity against 

HepG2 cell lines, with IC50 values >1 mM. Thus, these compounds possess good selectivity indices against 

P. falciparum. 
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Table 8: In Vitro antiplasmodial activity, cytotoxicity against HepG-2 cells and SI of compounds 46a,b, 55a-d, 63a-d, and 66 

 

Cpd. 
no. 

Structure Antiplasmodial Activity a Cytotoxicity 

 R1 R2 Pf3D7 

IC50 (µM) 

PfDd2 

IC50 (µM) 

HepG-2 

IC50 (µM) 

Pf3D7 

SI b 

46a Ph 

 

3.70 
± 1.94 

3.53 
± 0.49 

601.13 162.47 

46b Ph 

 

5.59 
± 0.85 

3.95 
± 0.23 

>1000 >179 

55a 3,4-F-Ph 

 

1.55 
± 0.05 

1.76 
± 0.05 

>1000 >645 

55b 3,4-F-Ph 

 

1.25 
± 0.08 

0.99 
± 0.16 

>1000 >800 

55c 3,4-F-Ph 

 

4.02 
± 0.06 

3.52 
± 0.05 

>1000 >250 

55d 3,4-F-Ph 

 

4.60 
± 0.16 

4.56 
± 0.23 

>1000 >217 

63a Ph 

 

1.73 
± 0.09 

3.67 
± 0.14 

>1000 >578 

63b Ph 

 

16.71 
± 1.05 

25.74 
± 0.31 

>1000 >60 

63c Ph 

 

2.88 
± 1.21 

2.88 
± 1.90 

>1000 >347 

63d Ph 

 

4.00 
± 1.47 

1.81 
± 0.23 

>1000 >250 

66 Ph 

 

1.69 
± 0.18 

2.62 
± 0.04 

>1000 >591 

34b Ph 

 

0.55  
±0.03 

0.94  
±0.16 

>1000 >1800 

aIn vitro assay: values are the mean of two duplicate determinations. b Selectivity Index (SI) shown as 

HepG-2 IC50/ Pf3D7 IC50. values larger than 1 indicate greater parasite selectivity. 
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5.3 Phosphonic acid prodrugs of selected inhibitors 

5.3.1 Phosphonic acid ester prodrugs  

Phosphonic acid groups in drugs and drug candidates are often responsible for insufficient membrane 

permeability and, subsequently, for poor cellular uptake.167–169 The poor membrane permeability of phosphonic 

acids is due to their anionic nature at physiological pH. Masking the polar phosphonic acid group with lipophilic 

ester promoieties has proven successful in improving diffusion across biological membranes, thereby increasing 

the activity against intact pathogen cells and the in vivo activity. Particularly challenging are parasites with 

apicoplasts, which compartmentalize the DXR enzyme. Although the exact compartment of bioactivation is 

unknown,170,171 hydrolysis of the promoiety by esterases inside the cell releases the active inhibitor (Figure 34).144 

 

 

Figure 34: a) Passage and activation of a POM prodrug in Plasmodium-infected red blood cells modified from Brücher et al.144 

b) Bioactivation mechanism of POM prodrugs. 

With the aim to improve penetration of the numerous biomembranes that the inhibitors must pass before 

reaching their target protein inside the apicoplast, the phosphonic acid motif of selected N-substituted 

hydroxamic acid analogs were modified using the bis-pivaloyloxymethyl (POM) ester moiety. The acyloxymethyl 

prodrugs, such as bis-pivaloyloxymethyl (POM), are among the most explored phosphonate promoieties.171 

Indeed, in 2015, Brücher et al. showed that the conversion of the phosphonate moiety into acyloxymethyl groups 

resulted in a pronounced improvement in the in vitro activity against asexual blood stages of P. falciparum, with 

IC50 values in the low nanomolar range.144,171 
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5.3.2  Synthesis of POM prodrugs 68a-d and 72 

Scheme 21 shows the synthetic route to obtain the bis-pivaloyloxymethyl (POM) prodrugs 68a-d. As starting 

materials, we selected phosphonic acids 32a-d. The conversion into POM esters 68 a-d was accomplished by 

treatment of 32a-d with chloromethyl pivalate in the presence of triethylamine (TEA). After column 

chromatography with diethyl ether as eluent, all intermediates 67a-d were obtained in good purity (96-99%). 

Catalytic hydrogenation of O-benzyl-protected precursors 67a-d afforded the corresponding hydroxamic acids 

68a-d in 95-96% yield.144  

 

Scheme 21: Synthesis of the bis-pivaloyloxymethyl prodrugs (68a-d). 

To use their antiplasmodial activity for comparison, the known POM prodrug 72 and its parent phosphonic acid 

71 were synthesized starting from phosphonic acid 69 according to the procedure reported by BEHRENDT et al. 

(Scheme 22).144,172 

  

Scheme 22: Synthesis of the N-methyl hydroxamic acid 71 and POM prodrugs 72. 
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5.3.3 Biological evaluation 

5.3.3.1 Determination of antiplasmodial activity 

The synthesized prodrugs 68a-d were assayed for antiplasmodial activity against the chloroquine-sensitive 

(Pf3D7) and multidrug resistance (PfDd2) strains, as shown in section 5.1.4.2. Unexpectedly, except for prodrug 

68d, the prodrugs possessed weaker antiplasmodial activity (Pf3D7 IC50 = 3.04-28.11 and 

PfDd2 IC50 = 3.44 - 18.48 µM) against the tested P. falciparum strains than their parent phosphonic acids 

(Table 9).  

Intending to understand the reason for the reduced antiplasmodial activity of the POM prodrugs, whether this is 

structurally related or related to the assay or the used parasitic cells, compound 72 and its parent phosphonic 

acid 71 were tested, and the results were used for comparison. 

Testing compound 72 for its antiplasmodial activity showed a three times reduction of activity against the Pf3D7 

strain than the phosphonic acid 71 (Pf3D7 IC50 = 1.01 and 0.33 µM, respectively). By contrast, the phosphonic 

acid 71 (PfDd2 IC50 = 0.27 µM) and the prodrug 72 (PfDd2 IC50 = 0.18 µM) showed approximately the same activity 

against the PfDd2 parasites. It is worth noting that the POM prodrug 72 was successful previously to induce a 

threefold improvement in antiplasmodial activity compared to its parent phosphonic acid 71 when tested against 

PfK1 strain (PfK1 IC50 = 0.17 and 0.48 µM, respectively). 

 

Although the reason for this weaker activity is unknown, a possible explanation may be the lack of adequate 

activation of the POM prodrugs inside the cells to their corresponding phosphonic acids. Further evaluation of 

this hypothesis by performing a liquid chromatography–mass spectrometry (LC-MS), described recently by 

MIKATI et al., is still required.173 This assay is used to quantify the POM prodrug activation inside the cells.  

  



Results 

115 

 

Table 9: In vitro antiplasmodial activity of DXR inhibitors 34a-d, and 71 and prodrugs 68a-d, and 72. 

 

Cpd. no. R Pf3D7 
IC50 (µM) 

PfDd2 
IC50 (µM) 

R1 R2 

34a 

 

OH 0.78 
 ± 0.06 

0.73 
 ± 0.05 

34b 

 

OH 0.55  
± 0.03 

0.94 
± 0.16 

34c 

 

OH 11.20 
 ± 0.74 

9.20 
 ± 0.17 

34d 

 

OH >27.78 >27.78 

71 CH3 OH 0.33 
 ± 0.08 

0.27 
 ± 0.02 

 

68a 
 

 

OCH2OCOtBu 23.35 
 ± 0.92 

11.25 
 ± 2.54 

68b 

 

OCH2OCOtBu 3.04  
± 0.34 

3.44 
 ± 0.11 

68c 
 

 

OCH2OCOtBu 19.00  
± 4.72 

12.60 
 ± 1.03 

68d 
 

 

OCH2OCOtBu 28.11  
± 4.86 

 

18.48  
± 0.46 

 

72 CH3 OCH2OCOtBu 1.01  
± 0.19 

0.184  
± 0.04 

Values are the mean of at least two duplicate determinations.155,157
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6. Crystal structure analysis of 34b in PfDXR 

To determine the synthesized compounds' binding modes, the group of Prof. NOBUTADA TANAKA conducted a 

co-crystallization study of several N-substituted hydroxamic acids in the PfDXR enzyme. The study revealed so 

far the successful co-crystalization of the most active compound, 34b, in both quaternary and ternary complexes.  

Co-crystallization of PfDXR in quaternary complex, with NADPH, Mn2+, and 34b (Figure 35A), and ternary 

complex, with Mn2+ and 34b (Figure 35B) afforded crystals with a resolution of 1.44 and 1.60 Å, respectively. The 

present crystal structures are the first quaternary and ternary complexes of PfDXR with reverse fosmidomycin 

analogs bearing large substituents on the nitrogen atom of the reverse hydroxamic acid group. The high-

resolution crystal structure analyses revealed that PfDXR selectively bound the S-enantiomer compound 34b. 

The X-ray structure analyses showed that the active site structures of both complexes are similar. In contrast, 

conformational differences are observed between the binding sites for the adenine moiety of NADPH between 

the quaternary and the ternary complexes. The active site structure of the quaternary complex showed no 

differences from those previously reported quaternary complexes of PfDXR.133 A structural overlay of the ternary 

complex with the quaternary complex (Figure 35C) documents the consistency of the ligand binding mode. Only 

the flexible loop, colored violet (residues 291−299), is slightly disordered. In both complexes, 34b binds to the 

active site cavity. The molecular interaction between the core of 34b (Phosphonic acid group, alkyl linker, and 

hydroxamic acid moiety) and PfDXR is similar to the interaction between the α-p-CH3-Phenyl substituted reverse 

fosmidomycin analog and PfDXR, reported by KONZUCH et al.133 The N-linked phenylpropyl moiety pointed toward 

a previously overlooked inhibitor binding site, not the nicotinamide binding site, of PfDXR. In addition, an 

intramolecular interaction was observed between the first methylene group of the propyl linker and the α-phenyl 

ring. The propyl linker's second and third methylene groups are surrounded by the side chains of Trp296 and 

Met360 and the α-phenyl ring. Furthermore, the phenyl ring of the phenylpropyl moiety has contact with the 

binding site through van der Waals interactions with the side chain of Ser232, His341, and Pro358. These 

intramolecular and binding site interactions of the phenylpropyl moiety are thought to stabilize the binding of 

34b in the binding pocket.  
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Figure 35: A) Close-up view of the active site of the quaternary complex of PfDXR with bound 34b in blue, Mn2+ in cyan, 

NADPH in yellow, and NADPH binding site highlighted in blue. (B) Close-up view of the active site of the ternary complex of 

PfDXR with bound 34b in pink Mn2+ in cyan. C) An overlay of quaternary and ternary complexes showed consistency of the 

ligand binding mode, whereas the flexible loop-colored violet (residues 291−299) is slightly disordered, NADPH binding site 

highlighted blue. The figure is created using the MOE software. 

To examine the differences in binding interactions, a comparison of a possible hydrogen-bond network of the 

34b quaternary complex and the quaternary complex of PfDXR complexed with α-p-CH3-Ph was performed.133 

The phosphonate group of both 34b and the α-p-CH3-Ph analog forms a tight hydrogen-bond network with the 

main chain NH and side chain OH of Ser270, the side chain NH of Ser296, the side chain NH of Lys 312, the side 

chain NH of Asn311, the side chain OH of Ser306, and two water molecules (Figure 36). The reverse-

hydroxamate group of the α-p-CH3-Ph analog and 34b coordinate the Mg2+ and Mn2+ ion, respectively, that is 

bound by residues Asp231, Glu233, and Glu315. Thus, the Mg2+ ion has a distorted trigonal 

bipyramidal geometry. The hydrogen-bond network of the reverse hydroxamic acid group with surrounding 

residues is essentially equivalent in both crystal structures. The α-phenyl ring of 34b has van der Waals contacts 

with the side chains of Ser270 and Cys338, and similar interactions have been observed for the α-p-CH3-Ph 

analog. The flexible loop region (residues291−299) in the 34b complex also adopts the same open conformation 

as the α-p-CH3-Ph analog. 
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Figure 36: A structural comparison of the binding mode of α-p-CH3-Ph analog (PDB: 3WQQ)174 and that of 34b. The bound 

inhibitor molecules are shown as ball-and-stick models. A) Schematic overview of the interactions of α-p-CH3-Ph analog in 

dark green in the active site of PfDXR Metal coordination and possible hydrogen bonds are shown as green dashed lines. 

Intra- and intermolecular and van der Waals contacts are shown as blue dashed lines. B) Schematic overview of the 

interactions of 34b in blue, the active site of PfDXR. Metal coordination and possible hydrogen bonds are shown as green 

dashed lines. Intra- and intermolecular contacts are shown as blue dashed lines. C) an overlay of the binding modes of 

α-p-CH3-Ph and 34b showed consistency of the binding behavior. The figure is created using the MOE software. 

 

To conclude, from both crystal structures, with and without the NADPH cofactor, it is confirmed that 34b did not 

act as bisubstrate inhibitors or interfere with the binding of the NADPH cofactor. In contrast, a new binding mode 

was identified that might help in designing more potent inhibitors.  
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7. Summary 

Against the growing demand for new drugs to combat malaria, the enzyme 1-deoxy-D-xylulose-5-phosphate 

reductoisomerase (DXR) has emerged as a promising drug target. In most apicomplexan parasites (including 

Plasmodium species), most gram-negative and some gram-positive bacteria, DXR catalyzes the second step of 

IPP and DMAPP synthesis via the non-mevalonate pathway, which is absent in humans. Inhibitors of DXR can, 

therefore, be anticipated to exhibit activity against various protozoan and bacterial pathogens.  

This thesis describes efforts to introduce new reverse fosmidomycin analogs as DXR inhibitors with new binding 

modes and potent antiplasmodial activity. Considering the reported attempts to target new binding pockets in 

DXR enzyme and the prevailing SAR covered in section 2.2,171 the new compounds were designed to occupy 

hydrophobic pocket in DXR's substrate binding site or NADPH domains. Synthetic routes to these analogs were 

elaborated, and the compounds were evaluated in the working group of Prof. Dr. MARKUS FISCHER for their ability 

to inhibit Pf, Ec, and Mtb DXR orthologs. In addition, the antiproliferative potential of the synthesized compounds 

against two P. falciparum strains, PfDd2 and Pf3D7, was tested by the group of Dr. JANA HELD. Finally, the 

compounds were tested for their cytotoxicity against human HepG-2 cells to ensure parasite selectivity.  

The project's initial phase studied the feasibility of synthesizing non-hydroxamic acid DXR inhibitors. 

Furthermore, this project was dedicated to the successful attempts to study the effect of the introduction of 

large substituents on the nitrogen atom of the hydroxamic acid group of compound 6b on DXR inhibitory activity. 

The prepared arylalkoxyamides (31c-g) and amides (33a-c) were inferior in both DXR inhibition and 

antiplasmodial activity when compared to the N-substituted hydroxamic acid analogs (34a-e). These results 

reinforce the view that an intact hydroxamate or reverse-hydroxamate group is essential for ligating the divalent 

metal ion in DXR. From this series, compound 34b was the most potent inhibitor. 34b showed equal potency 

against PfDXR and EcDXR enzymes with IC50 in the subnanomolar range (PfDXR IC50 = 0.030 µM, and EcDXR 

IC50 = 0.035 µM). Furthermore, compound 34b showed comparable activity to that of fosmidomycin against the 

tested P. falciparum strains (Figure 37). 

  

Figure 37: Structure, PfDXR inhibition, and antiplasmodial activity of fosmidomycin, structure and PfDXR inhibition of 6b, 

and structure, DXR inhibition, and antiplasmodial activity of 34b. 

The work covered in the second part constitutes part of the efforts to optimize the structure of 34b. A summary 

of the performed structural modifications is shown in Figure 38.  
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Figure 38: Structural optimization strategies of 34b. 

At first, the optimum length of the alkyl chain required to reach the new binding site was tested. Two compounds 

with phenylbutyl (46a) and phenylpentyl (46b) substituents at the hydroxamic acid nitrogen were synthesized. 

The PfDXR inhibitory activity of 46a (IC50 = 0.035 µM) and 46b (IC50 = 0.029 µM) showed equal potency to that of 

34b (IC50 = 0.035 µM). On the other hand, the antiplasmodial activity of compounds 46a (Pf3D7 IC50 = 3.70 and 

PfDd2 IC50 = 5.59 µM) and 46b (Pf3D7 IC50 = 3.53 and PfDd2 IC50 =3.95 µM), revealed that with increasing the 

length of the alkyl chain, partial loss of antiplasmodial activity took place when compared with 34b (Figure 39).  

 

Figure 39: Structure, PfDXR, and antiplasmodial activity of 46a and 46b. 

Then, the phenyl ring in the α-position of the phosphonic acid group was replaced with a 3,4-diflurophenyl group 

(55a-d). This modification is known to increase the acidity of the phosphonic acid moiety, thereby leading to a 

stronger interaction with the phosphate binding site of DXR.134 In the synthesized compounds 55b-d, the 

introduction of α-3,4-difluorophenyl ring resulted in a slight improvement in PfDXR inhibition compared with the 

α-phenyl analogs 34b and 46a,b. From the α-3,4-diflurphenyl compounds, 55c and 55d were the most potent 

analogs in this project against PfDXR IC50 = 0.017 and 0.018 µM, respectively. Compound 55b exhibited 

comparable PfDXR inhibition IC50 = 0.028 µM to that of 34b IC50 = 0.03 µM. Additionally, 55b exhibited strong 

antiplasmodial activity against Pf3D7 IC50 = 1.25 µM and PfDd2 IC50 = 0.99 µM. This finding confirms the 

three-carbon spacer as the optimum alkyl chain length for the compound to display potency against both PfDXR 
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and antiplasmodial activity (Figure 40). Compounds 55b-d demonstrated superior EcDXR inhibition with 

IC50 ranging from 0.001 to 0.013 µM when compared to α-phenyl analogs 34b and 46a,b (IC50 = 0.035-0.069 µM). 

Compound 55c was this project's most potent EcDXR inhibitor (IC50 of 0.001 µM). 

 

Figure 40: Structure, PfDXR, and antiplasmodial activity of d 55a-d. 

Finally, with the aim to explore the influence of lipophilicity, electronic and steric properties on DXR inhibition, 

compounds 63a-d with p-substituted phenylpropyl groups and 66 with a 3,5-difluorosubstituted 

phenylpropyl group were prepared. Evaluation of these derivatives indicated that it is not trivial to increase 

either the affinity for PfDXR (IC50 range of 0.019-0.044 µM) or the antiplasmodial activity (Pf3D7 IC50 range of 

1.73-4.00 µM; PfDd2 IC50 range of 2.06-3.67 µM) by substituting the phenyl ring anticipated to occupy the new 

binding site (Figure 41). While this observation proved true for EcDXR inhibition, MtbDXR inhibition varied widely 

depending on the substituent type.  

 

Figure 41: Structure, PfDXR, and antiplasmodial activity of 63a, 63c, 63d, and 66. 

The development of the pivaloyloxymethyl (POM) prodrugs 68a-d to improve the cellular activity of selected 

analogs by masking the ionic nature of the phosphonic acid function at physiological pH was attempted in section 

5.3. Unfortunately, the POM prodrugs were less active than their parent phosphonic acids. For example, 

compound 68b showed a three-fold reduction in antiplasmodial activity against Pf3D7 strain (IC50 = 3.04 µM) and 

a seven-fold reduction against PfDd2 strain (IC50 = 3.44 µM) when compared with 34b (Figure 42). Further 

evaluation of this discrepancy is needed for justification.  
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Figure 42: Structure and antiplasmodial activity of 68a-d. 

The group of Prof. Nobutada Tanaka executed crystallographic studies of the PfDXR with several N-substituted 

hydroxamic acid analogs. These studies resulted in the successful crystallization of compound 34b both in ternary 

and quaternary complexes (section 6). 

The novel X-ray structures of 34b in PfDXR showed that the active sites of both quaternary complex, with NADPH, 

Mn2+, and 34b, and ternary complex, with Mn2+ and 34b, are similar. Additionally, the active site of the 

quaternary complex showed no deviations from the quaternary complexes of PfDXR reported earlier.133 In both 

complexes, 34b binds to the active site cavity, and consistency of the binding mode was observed (Figure 43). 

The binding of compound 34b phosphonic and hydroxamic acid moieties in PfDXR is similar to the previously 

reported interaction between the α-p-CH3-Phenyl substituted reverse fosmidomycin analog and PfDXR. The 

N-linked phenylpropyl moiety showed a new inhibitor binding mode in previously overlooked hydrophobic 

sup-pocket in PfDXR. It is believed that the N-linked phenylpropyl moiety plays a crucial role in stabilizing the 

binding of 34b throw intramolecular interaction between the first methylene group of the propyl linker and the 

α-phenyl ring and the binding site van der Waals interaction of the side chain of Ser232, His341, and Pro358 with 

the phenyl ring. The crystal structures with and without the NADPH cofactor showed that 34b adopted a new 

binding mode not observed before with known DXR inhibitors. 
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Figure 43: Binding interaction of 34b in quaternary complex (A), ternary complex (B), and the overlay of both complexes (C). 

The figure is created using the MOE software. 

 

The first outcome of this thesis offered the following conclusions for the SAR regarding PfDXR inhibition and 

antiplasmodial activity against Pf3D7 and PfDd2, summarized in Figure 44. 

1- The reverse N-substituted hydroxamic acid functionality is crucial for DXR inhibition, and the attempts 

to replace it with either the amide or alkoxyamide functionalities resulted in the loss of DXR inhibition 

and, therefore, the antiplasmodial activity. 

2- A three-carbon alkyl chain between the nitrogen atom of the hydroxamic acid group and the phenyl ring 

is the optimum length for potent PfDXR inhibition in connection with potent antiplasmodial activity. 

3- The substitution of the phenyl ring of the phenylpropyl group with either an electron-withdrawing group 

(F, at the p-position, 63a, or F at 3,5 positions, 66) or an electron-donating group (OCH3, 63d, CH3, 63c, 

at the p-position) did not significantly impact both DXR inhibition and antiplasmodial activity. However, 

compound 63b with (CF3 at the p-position) showed weaker antiplasmodial activity when compared with 

compounds 63a, 63c, 63d, and 66. 

4- Derivatives with phenyl ring (34a,b, and 46a,d) or 3,4-difluorophenyl ring (55a-d) in α-position relative 

to the phosphonic acid function showed equal antiplasmodial activity. However, a slight improvement 

in the PfDXR inhibition with the α-3,4-difluorophenyl analogs (55a-d) was observed. 

5- The pivaloyloxymethyl (POM) prodrugs showed lower antiplasmodial activity than their parent 

phosphonic acids. 
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Figure 44: Summary of the Structure-Activity Relationship (SAR). EW: electron-withdrawing, ED: electron-donating. 

 

An additional conclusion of this work regarding DXR inhibition is that the synthesized compounds exhibited 

weaker inhibition to MtbDXR compared to PfDXR and EcDXR. 
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8. Experimental 

8.1 General Information  

8.1.1 Reaction, monitoring, and purification  

Chemicals and solvents were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics, TCI, 

Fluorochem ABCR, Alfa Aesar, J&K, Carbolution) and used without further purification. Dry solvents were 

obtained from Acros Organics. Ambient or room temperature corresponds to 22°C. The reaction progression was 

monitored using thin-layer-chromatography plates by Macherey Nagel (ALUGRAM Xtra SIL g/UV254). 

Visualization was achieved with ultraviolet irradiation (254 nm) or by staining with a KMnO4-solution (9 g KMnO4, 

60 g K2CO3, 15 mL of a 5% aqueous NaOH-solution, and 900 mL demineralized water). Purification was either 

performed with a prepacked Silica cartridges (Acros, RediSep® Rf Normal Phase Silica) or (Acros, RediSep® Silver 

C18 Reversed Phase Silica) for flash column chromatography (Combi Flash Rf 200, TeleDyneIsco). Different eluent 

mixtures of solvents (n-hexane and EtOAc or DCM and methanol) served as the mobile phase for flash column 

chromatography and are stated in the experimental procedure. The microwave reactions were carried out in the 

Discover microwave reactor from CEM gmbH. A 10 mL thick-walled microwave tube sealed with a snap-on lid 

was used as the reaction vessel. 

8.1.2 Analytics 

An NMR-Spectrometer by Bruker (Bruker Avance III – 300 or Bruker Avance III - 600) were used to perform 1H-, 

13C-NMR, and 31P-NMR experiments. Chemical shifts are given in parts per million (ppm), relative to residual 

non-deuterated solvent peak (1H-NMR: DMSO-d6 (2.50), MeOD-d4 (3.31); 13C-NMR: DMSO-d6 (39.52), MeOD-d4 

(49.15). Signal patterns are indicated as: singlet (s), doublet (d), doublet of doublets (dd), triplet (t), triplet of 

triplets (tt), quartet (q), doublet of quartets (dq), heptet (h), pentet (p) or multiplet (m). Coupling constants, J, 

are quoted to the nearest 0.1 Hz and are presented as observed. ESI-MS and ESI-HRMS were carried out using 

Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics) under electrospray ionization (ESI). LC-MS were carried 

out using Bruker Compass Data Analysis 4.2 under electrospray ionization (ESI). The characterizations mentioned 

above were carried out by the HHU Center of Molecular and Structural Analytics at Heinrich Heine University 

Düsseldorf (http://www.chemie.hhu.de/en/analytics-center-hhucemsa.html). Melting points were determined 

using a Büchi M-565 melting point apparatus. High-Performance Liquid Chromatography (HPLC)measurements 

were carried out on Varian ProStar 210 combined with the UV detector Varian ProStar 330 in the 220-254 nm 

range from Varian Inc. The stationary phase was the chromatography column Phenomenex Luna C-18 (2) particle 

size 5 μm (250 x 4.6 mm) with an upstream Phenomenex Security guard C-18 (4.0 mm x 3.0 mm). The 

measurements were carried out using the eluent gradient shown below (Table 10). Three methods were used 

for HPLC analysis:  
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Method A: flow rate: 1.00 mL/min; Eluent A: water + 0.1% TFA; Eluent B: acetonitrile + 0.1% TFA and UV 

absorption of 254 nm. 

Method B: flow rate: 1.00 mL/min; Eluent A: water; Eluent B: acetonitrile and UV absorption of 254 nm. 

Method C: flow rate: 1.00 mL/min; Eluent A: water + 0.1% TFA; Eluent B: acetonitrile + 0.1% TFA and UV 

absorption of 220 nm. The purity of all final compounds was 95% or higher. 

Table 10: The solvent gradient for HPLC analysis. 

Time/min Water or Water + 0.1% TFA ACN or ACN 0.1% TFA 

0-0.50 90 10 

0.5-20.0 90         0 10         100 

20-30.0 0 100 
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8.2 Overview of target compounds 

 

Arylalkoxyamide analogs 

 

Amide analogs 

 

α-phenyl N-substituted hydroxamic acid analogs 

 

 

Nicotinamide analogs 

 

α-3,4-difluorophenyl N-substituted hydroxamic acid 

analogs 

 

α-phenyl analogs with substituents on phenyl ring of 

the phenylpropyl group 

 

Pivaloyloxymethyl (POM) prodrugs 
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8.3 Synthesis procedures 

8.3.1 Synthesis of starting materials 

Synthesis of diethyl (3-(1,3-dioxolan-2-yl)-1-phenylpropyl)phosphonate (13) 

 

Dioxolane 13 was synthesized according to the procedure reported by BEHRENDT et al.136 

All spectroscopic data are in agreement with published data.136 

Diethyl (4-oxo-1-phenylbutyl)phosphonate (14) 

 

Aldehyde 14 was synthesized according to the procedure reported by BEHRENDT et al.136  

All spectroscopic data are in agreement with published data.136 

Synthesis of 4-(diethoxyphosphoryl)-4-phenylbutanoic acid (15) 

 

Carboxylic acid 15 was synthesized according to the procedure reported by BEHRENDT et al.136  

All spectroscopic data are in agreement with published data.136 

4-(Chloromethyl)-2-phenyloxazole (19a)  

 

19a was synthesized according to the procedure reported by ZHAO et al.145 

All spectroscopic data are in agreement with published data.146,175 
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4-(Chloromethyl)-2-phenylthiazole (19b) 

 

19b was synthesized according to the procedure reported by ZHAO et al.145 

All spectroscopic data are in agreement with published data.146,175 

2-((2-Phenyloxazol-4-yl)methoxy)isoindoline-1,3-dione (21a) 

 

21a was synthesized from 4-(chloromethyl)-2-phenyloxazole (19a) according to the procedure reported by 

ASFAHA et al. 146  

All spectroscopic data were in agreement with literature.146 

2-((2-Phenylthiazol-4-yl)methoxy)isoindoline-1,3-dione (21b)  

 

21b was synthesized from 4-(chloromethyl)-2-phenylthiazole (19b) according to the procedure reported by 

ASFAHA et al. 146  

All spectroscopic data were in agreement with literature 146 

2-Phenethoxyisoindoline-1,3-dione (21c)  

 

21c was synthesized from (2-bromoethyl)benzene (19c) according to the procedure reported by ASFAHA et al.146  

All spectroscopic data were in agreement with literature.146,176 
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2-(3-Phenylpropoxy)isoindoline-1,3-dione (21d)  

 

21d was synthesized from (3-bromopropyl)benzene (19d), according to the procedure reported by KIM et al.177  

All spectroscopic data were in agreement with literature.177  

2-((4-Isopropylbenzyl)oxy)isoindoline-1,3-dione (21e) 

 

4-Isopropylbenzyl chloride (19e) (1.00 eq., 4.15 mmol, 0.70 g, 0.46 mL), N-hydroxyphthalimide (1.20 eq, 

5.00 mmol, 0.815 g), and TEA (2.00 eq., 8.40 mmol, 0.84 g, 1.16 mL) were dissolved in 20 mL of acetonitrile and 

refluxed. After 16 h, the reaction mixture was poured into 100 mL of ice water. The obtained precipitate was 

separated by filtration and repeatedly washed with a saturated NaHCO3 solution until the filtrate became 

colorless. The residue was recrystallized from ethanol to afford 0.9 g of 21e (62%) as a white powder.  

1H-NMR (300 MHz, DMSO-d6) δ 7.85 (s, 4H), 7.47 – 7.38 (m, 2H), 7.31 – 7.23 (m, 2H), 5.12 (s, 2H), 2.89 (hept, 

J = 6.9 Hz, 1H), 1.19 (d, J = 6.9 Hz, 6H). 

HPLC (Method C): Rt = 16.79 min, purity > 99.0% 

mp.: 115.2 °C. 

2-([1,1'-Biphenyl]-4-ylmethoxy)isoindoline-1,3-dione (21f) 

 

21f was synthesized from 4-(bromomethyl)-1,1'-biphenyl (19f) according to the procedure reported by 

ASFAHA et al. 146  

All spectroscopic data were in agreement with literature.146,176 
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2-(Naphthalen-2-ylmethoxy)isoindoline-1,3-dione (21g). 

 

2-(Bromomethyl)naphthalene (19g) (1.00 eq., 4.16 mmol, 0.92 g), N-hydroxyphthalimide (1.20 eq, 5.00 mmol, 

0.82 g) and TEA (2.00 eq., 8.32 mmol, 0.84 g, 1.16 mL) were dissolved in 20 mL of acetonitrile and refluxed. After 

16 h, the reaction mixture was poured into 100 mL of ice water. The obtained precipitate was separated by 

filtration and repeatedly washed with a saturated NaHCO3 solution until the filtrate became colorless. The 

residue was recrystallized from ethanol to afford 1.00 g of 21g (89%) as a white powder.  

All spectroscopic data are in agreement with published data. 176,178 

1H-NMR (300 MHz, DMSO-d6) δ 8.02 (d, J = 1.7 Hz, 1H), 8.00 – 7.91 (m, 3H), 7.85 (s, 4H), 7.68 (dd, J = 8.4, 1.7 Hz, 

1H), 7.59 – 7.50 (m, 2H), 5.33 (s, 2H).176,178 

HPLC (Method A): Rt = 15.22 min, purity = 97.60%. 

mp.: 188.7 °C. 

2-(Benzyloxy)isoindoline-1,3-dione (21h) 

 

Benzyl chloride (19h) (1.00 eq., 16.6 mmol, 2.10 g, 1.91 mL), N-hydroxyphthalimide (1.20 eq, 19.92 mmol, 

3.27 g), and TEA (2.00 eq., 33.2 mmol, 3.35 g, 4.61 mL) were dissolved in 70 mL of acetonitrile and refluxed. After 

16 h, the reaction mixture was poured into 300 mL of ice water. The obtained precipitate was separated by 

filtration and repeatedly washed with a saturated NaHCO3 solution until the filtrate became colorless. The 

residue was recrystallized from ethanol to afford 3.0 g of 21h (60%) as a white powder. 

All spectroscopic data are in agreement with published data.179 

 1H-NMR (300 MHz, DMSO-d6) δ 7.85 (s, 4H), 7.55 – 7.48 (m, 2H), 7.44 – 7.36 (m, 3H), 5.17 (s, 2H).179 

HPLC (Method A): Rt = 13.68 min, purity > 99.0%. 

mp.: 146.4 °C, Lit.: 144.0 - 146.0 °C.180 
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O-((2-Phenyloxazol-4-yl)methyl)hydroxylamine (22a) 

 

22a was synthesized from 2-((2-phenyloxazol-4-yl)methoxy)isoindoline-1,3-dione (21a) according to the 

procedure reported by ASFAHA et al. 146  

All spectroscopic data were in agreement with literature.146 

O-((2-Phenylthiazol-4-yl)methyl)hydroxylamine (22b) 

 

22b was synthesized from 2-((2-phenylthiazol-4-yl)methoxy)isoindoline-1,3-dione (21b) according to the 

procedure reported by ASFAHA et al. 146  

All spectroscopic data were in agreement with literature. 146 

O-Phenethylhydroxylamine (22c) 

 

22c was synthesized from 2-phenethoxyisoindoline-1,3-dione (21c) according to the procedure reported by 

ASFAHA et al. 146  

All spectroscopic data were in agreement with literature.146,176 

O-(3-Phenylpropyl)hydroxylamine (22d) 

 

22d was synthesized from 2-(3-phenylpropoxy)isoindoline-1,3-dione (21d) according to the procedure reported 

by KIM et al.177  

All spectroscopic data were in agreement with literature.177 
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O-(4-Isopropylbenzyl)hydroxylamine (22e)  

 

To a solution of 2-((4-isopropylbenzyl)oxy)isoindoline-1,3-dione (21e) (1.00 eq., 2.00 mmol, 0.59 g) in DCM 

(20 mL), hydrazine monohydrate (2.00 eq., 4.00 mmol, 0.20 g, 0.19 mL) was added. The mixture was stirred at 

r.t. for 16 h. After reaction completion, the mixture was filtered, and the filtrate was washed three times with a 

saturated solution of NaHCO3 (3 x 10 mL) and two times with brine (2 x 10 mL). The organic phase was dried over 

Na2SO4, filtered, and the solvent evaporated under reduced pressure. The crude product was purified by flash 

chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→70:30) as eluent to afford 0.26 g 

of 22e (79%) as a colorless oil. 

All spectroscopic data are in agreement with published data.181  

1H-NMR (300 MHz, DMSO-d6) δ 7.28 – 7.15 (m, 4H), 6.00 (s, 2H), 4.52 (s, 2H), 2.87 (hept, J = 6.9 Hz, 1H), 1.19 

(d, J = 6.9 Hz, 6H).181 

HPLC (Method A): Rt = 8.16 min, purity = 97.4% 

O-([1,1'-Biphenyl]-4-ylmethyl)hydroxylamine (22f)  

 

22f was synthesized from 2-([1,1'-biphenyl]-4-ylmethoxy)isoindoline-1,3-dione (21f) according to the procedure 

reported by ASFAHA et al. 146  

All spectroscopic data were in agreement with literature.146,176 

O-(Naphthalen-2-ylmethyl)hydroxylamine (22g) 

 

To a solution of 2-(naphthalen-2-ylmethoxy)isoindoline-1,3-dione (21g) (1.00 eq., 2.65 mmol, 0.80 g) in DCM 

(30 mL), hydrazine monohydrate (2.00 eq., 5.30 mmol, 0.27 g, 0.26 mL) was added. The mixture was stirred at 

r.t. for 16 h. After reaction completion, the mixture was filtered, and the filtrate was washed three times with a 

saturated solution of NaHCO3 (3 x 10 mL) and two times with brine (2 x 10 mL). The organic phase was dried over 

Na2SO4, filtered, and the solvent evaporated under reduced pressure. The crude product was purified by flash 

chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→70:30) as eluent to afford 0.41 g 

of 22g (91%) as a white powder. 

All spectroscopic data are in agreement with published data.176,178 
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1H-NMR (600 MHz, DMSO-d6) δ 7.93 – 7.87 (m, 3H), 7.84 (s, 1H), 7.54 – 7.45 (m, 3H), 6.11 (s, 2H), 4.74 (s, 

2H).176,178 

HPLC (Method B): Rt = 10.77 min, purity = 97.6%. 

mp.: 56.3 °C, Lit.: 56.0 - 59.0 °C.178 

O-Benzylhydroxylamine (22h) 

 

To a solution of 2-(benzyloxy)isoindoline- 1,3-dione (21h) (1.00 eq., 12.0 mmol, 3.00 g) in DCM (30 mL), hydrazine 

monohydrate (2.00 eq., 24.0 mmol, 1.20 g, 1.16 mL) was added. The mixture was stirred at r.t. for 16 h. After 

reaction completion, the mixture was filtered, and the filtrate was washed three times with a saturated solution 

of NaHCO3 (3 x 10 mL) and two times with brine (2 x 10 mL). The organic phase was dried over Na2SO4, filtered, 

and the solvent evaporated under reduced pressure. The crude products were purified by flash chromatography 

(on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→70:30) as eluent to afford 2.10 g of 22h (68%) as 

a colorless oil. 

All spectroscopic data are in agreement with published data.182  

1H-NMR (300 MHz, DMSO-d6) δ 7.41 – 7.24 (m, 5H), 6.05 (s, 2H), 4.59 (d, J = 1.5 Hz, 2H).182 

HPLC (Method A): Rt = 4.58 min, purity = 98.7%. 

General procedure 1 for the synthesis of the primary alcohols 57a-e.  

Lithium aluminum hydride 1.00 M in THF (2.00 eq.) was added dropwise to a solution of the corresponding 

carboxylic acid (1.00 eq.) in dry THF (1.00 mL/mmol) at 0°C. The resulting mixture was then refluxed for 2 h. After 

reaction completion, the reaction was cooled to 0°C, and EtOAc was added to the reaction mixture, followed by 

saturated Seignette salt solution to complex aluminum (until phase separation occurs). The mixture was then 

extracted with EtOAc (3 x 10 mL). The EtOAc phase was then washed with brine (1 x 10 mL), collected, dried over 

Na2SO4, filtered, and the solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→65:35) as eluent to afford the 

corresponding product. 
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3-(4-Fluorophenyl)propan-1-ol (57a) 

 

57a was synthesized from 3-(4-fluorophenyl)propanoic acid (56a) (1.00 eq., 20.0 mmol, 3.36 g), and Lithium 

aluminum hydride 1.00 M in THF (2.00 eq., 40.0 mmol, 40.0 mL) in dry THF (20.0 mL) according to general 

procedure 1. 2.00 g of 57a (65%) was obtained as a colorless oil. 

All spectroscopic data are in agreement with published data.183 

1H-NMR (300 MHz, DMSO-d6) δ 7.27 – 7.15 (m, 2H), 7.07 (dd, J = 10.1, 7.7 Hz, 2H), 4.47 (t, J = 5.1 Hz, 1H), 

3.46 – 3.36 (m, 2H), 2.59 (t, J = 8.3 Hz, 2H), 1.76 – 1.61 (m, 2H).183 

13C-NMR (75 MHz, DMSO-d6) δ 160.50 (d, 1JC-F = 240.7 Hz), 138.23 (d, 4JC-F = 3.0 Hz), 129.96 (d, 3JC-F = 7.9 Hz), 

114.84 (d, 2JC-F = 20.9 Hz), 59.92, 34.35, 30.74. 

3-(4-(Trifluoromethyl)phenyl)propan-1-ol (57b) 

 

57b was synthesized from 3-(4-(trifluoromethyl)phenyl)propanoic acid (56b) (1.00 eq., 20.0 mmol, 4.36 g), and 

Lithium aluminum hydride 1.00 M in THF (2.00 eq., 40.0 mmol, 40.0 mL) in dry THF (20.0 mL) according to general 

procedure 1. 3.50 g of 57b (86%) was obtained as a colorless oil. 

All spectroscopic data are in agreement with published data.184,185 

1H-NMR (300 MHz, DMSO-d6) δ 7.62 (d, J = 7.9 Hz, 2H), 7.45 – 7.38 (m, 2H), 4.49 (s, 1H), 3.47 – 3.35 (m, 2H), 

2.78 – 2.62 (m, 2H), 1.81 – 1.63 (m, 2H).184,185 

13C-NMR (75 MHz, DMSO-d6) δ 147.23, 129.12, 126.42 (q, 1JC-F = 271.0 Hz), 125.05 (q, 2JC-F = 3.8 Hz), 122.68, 

59.87, 33.88, 31.43.185 

3-(p-Tolyl)propan-1-ol (57c) 

 

57c was synthesized from 3-(p-tolyl)propanoic acid (56c) (1.00 eq., 30.5 mmol, 5.00 g), and Lithium aluminum 

hydride 1.00 M in THF (2.00 eq., 60.1 mmol, 61.0 mL) in dry THF (30.0 mL) according to general procedure 1. 

3.40 g of 57c (74%) was obtained as a colorless oil. 

All spectroscopic data are in agreement with published data.185 
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1H-NMR (300 MHz, DMSO-d6) δ 7.07 (s, 4H), 4.46 (t, J = 5.1 Hz, 1H), 3.47 – 3.35 (m, 2H), 2.62 – 2.50 (m, 2H), 2.25 

(s, 3H), 1.77 – 1.62 (m, 2H).185 

13C-NMR (75 MHz, MeOD-d4) δ 140.19, 136.17, 129.92, 129.30, 62.26, 35.57, 32.62, 21.05.185 

3-(4-Methoxyphenyl)propan-1-ol (57d) 

 

57d was synthesized from 3-(p-methoxyphenyl)propanoic acid (56d) (1.00 eq., 30.5 mmol, 5.49 g), and Lithium 

aluminum hydride 1.00 M in THF (2.00 eq., 60.1 mmol, 61.0 mL) in dry THF (30.0 mL) according to general 

procedure 1. 4.20 g of 57d (83%) was obtained as a colorless oil.185 

The product 57d was used directly for the following reaction.  

3-(3,5-Difluorophenyl)propan-1-ol (57e) 

 

57e was synthesized from 3-(3,5-difluorophenyl)propanoic acid (56e) (1.00 eq., 24.7 mmol, 4.60 g), and Lithium 

aluminum hydride 1.00 M in THF (2.00 eq., 49.4 mmol, 49.0 mL) in dry THF (25.0 mL) according to general 

procedure 1. 3.10 g of 57e (73%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.07 – 6.85 (m, 3H), 4.51 (t, J = 5.1 Hz, 1H), 3.46 – 3.34 (m, 2H), 2.63 (t, J = 7.0 Hz, 

2H), 1.78 – 1.63 (m, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 162.35 (dd, 1JC-F = 258.8, 3JC-F = 13.4 Hz), 146.99, 111.37 (dd, 2JC-F = 22.4, 

4JC-F = 6.6 Hz), 101.05 (t, 2JC-F = 25.8 Hz), 59.77, 33.55, 31.29. 

Synthesis of phenylalkyl chlorides 41a,b, and 58a-e  

(4-Chlorobutyl)benzene (41a) 

 

41a was synthesized from 4-phenylbutan-1-ol (40a) according to the procedure reported by HATAE et al.186 

All spectroscopic data are in agreement with published data. 186  
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(5-Chloropentyl)benzene (41b) 

 

41b was synthesized from 5-phenylpentan-1-ol (40b) according to the procedure reported by Hatae et al.186 

All spectroscopic data are in agreement with published data.186  

1-(3-Chloropropyl)-4-fluorobenzene (58a) 

 

Triphenylphosphine (1.30 eq., 13.0 mmol, 3.40 g) was added to a solution of 3-(4-fluorophenyl)propan-1-ol (57a) 

(1.00 eq., 10.0 mmol, 1.54 g) in CCl4 (13 mL) at 0 °C under argon atmosphere and then refluxed for 1 h. After 

reaction completion, the mixture was quenched with water and extracted with hexane. The organic phase was 

collected, dried over Na2SO4 filtered, and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→10:90) as 

eluent to afford 0.92 g of 58a (54%) as a colorless oil. 

All spectroscopic data are in agreement with published data.187 

1H-NMR (300 MHz, DMSO-d6) δ 7.69 – 7.60 (m, 2H), 7.49 - 7.41 (m, 2H), 3.62 (t, J = 6.5 Hz, 2H), 2.80 (dd, J = 8.7, 

6.6 Hz, 2H), 2.12 – 1.96 (m, 2H).187 

13C-NMR (75 MHz, DMSO-d6) δ 160.50 (d, 1JC-F = 240.7 Hz), 138.23 (d, 4JC-F = 3.0 Hz), 129.96 (d, 3JC-F = 7.9 Hz), 

114.84 (d, 2JC-F = 20.9 Hz), 59.92, 34.35, 30.74. 

1-(3-Chloropropyl)-4-(trifluoromethyl)benzene (58b) 

 

Triphenylphosphine (1.30 eq., 6.50 mmol, 1.04 g) was added to a solution of 3-(4-fluorophenyl)propan-1-ol (57a) 

(1.00 eq., 5.00 mmol, 0.77 g) in CCl4 (20 mL) at 0 °C under argon atmosphere and then refluxed for 1 h. After 

reaction completion, the mixture was quenched with water and extracted with hexane. The organic phase was 

collected, dried over Na2SO4 filtered, and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→10:90) as 

eluent to afford 0.60 g of 58b (41%) as a colorless oil. 

All spectroscopic data are in agreement with published data.184 

1H-NMR (300 MHz, DMSO-d6) δ 7.69 – 7.60 (m, 1H), 7.49 – 7.41 (m, 1H), 3.62 (t, J = 6.5 Hz, 1H), 2.80 (dd, J = 8.7, 

6.6 Hz, 1H), 2.12 – 1.96 (m, 1H).184 
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13C-NMR (75 MHz, DMSO-d6) δ 145.70, 129.19, 126.63(q, 1JC-F = 271.0 Hz), 125.19 (q, 2JC-F = 3.9 Hz), 122.60, 

44.55, 33.23, 31.98. 

1-(3-Chloropropyl)-4-methylbenzene (58c) 

 

Triphenylphosphine (1.30 eq., 26.0 mmol, 6.80 g) was added to a solution of 3-(p-tolyl)propan-1-ol (57c) 

(1.00 eq., 20.0 mmol, 3.00 g) in CCl4 (26 mL) at 0 °C under argon atmosphere and then refluxed for 1 h. After 

reaction completion, the mixture was quenched with water and extracted with hexane. The organic phase was 

collected, dried over Na2SO4 filtered and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc (100:0→10:90) as 

eluent to afford 2.01 g of 58c (60%) as a colorless oil. 

All spectroscopic data are in agreement with published data. 198 

1H-NMR (300 MHz, DMSO-d6) δ 7.09 (s, 4H), 3.59 (t, J = 6.5 Hz, 2H), 2.65 (dd, J = 8.5, 6.6 Hz, 2H), 2.26 (s, 3H), 

2.05 – 1.90 (m, 2H). 198 

13C-NMR (75 MHz, MeOD-d4) δ 139.00, 136.58, 130.07, 129.41, 44.91, 35.52, 33.27, 21.05.199 

1-(3-Chloropropyl)-4-methoxybenzene (58d) 

 

58d was synthesized from 3-(4-methoxyphenyl)propan-1-ol (57d) according to the procedure reported by 

Fronza et al.165  

All spectroscopic data are in agreement with published data.165 

1-(3-Chloropropyl)-3,5-difluorobenzene (58e) 

 

Triphenylphosphine (1.30 eq.4.00 mmol, 1.04 g) was added to a solution of 3-(3,5-difluorophenyl)propan-1-ol 

(57e) (1.00 eq., 3.04 mmol, 0.52 g, 0.70 mL) in CCl4 (20 mL) at 0 °C under argon atmosphere and then refluxed 

for 1 h. After reaction completion, the mixture was quenched with water and extracted with hexane. The organic 

phase was collected, dried over Na2SO4 filtered and the solvent was removed under reduced pressure. The crude 

product was purified by flash chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc 

(100:0→10:90) as eluent to afford 0.29 g of 58e (50%) as a colorless oil. 
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1H-NMR (300 MHz, DMSO-d6) δ 7.05 – 6.84 (m, 3H), 3.40 (td, J = 6.3, 5.1 Hz, 2H), 2.63 (dd, J = 8.8, 6.7 Hz, 2H), 

1.78 – 1.63 (m, 2H). 

Synthesis of tert-butyl (benzyloxy)carbamate (23)  

 

23 was synthesized from O-Benzylhydroxylamine (22h) according to the procedure reported by SULSKY et al.188187 

All spectroscopic data are in agreement with published data.188,189 

General procedure 2 for the synthesis of N-Boc and O-benzyl protected hydroxylamines 25a-e, 

42a,b, and 59a-e 

To a solution of 23 (1.00 eq.) in dry DMF (1 mL/mmol) was added NaH (1.20 eq., 60% oil dispersion) portion-wise 

at 0˚C. After stirring for 1 h, the respective arylalkyl chloride 24a-e, 41a,b, and 58a-e (1.00 eq.) was added and 

the reaction mixture was stirred for 16 h at r.t.. The reaction was quenched with water (10 mL) and extracted 

with EtOAc (3 x 10 mL). The combined EtOAc phase was washed with H2O (3 x 10 mL) and brine (1 x 10 mL). The 

organic phase was dried over Na2SO4, filtered, and the solvent was evaporated under reduced pressure. The 

crude product was purified by flash chromatography (on a prepacked silica cartridge), using n-hexane/EtOAc 

(100:0-90:10%) as eluent to afford the corresponding product. 

tert-Butyl (benzyloxy)(phenethyl)carbamate (25a) 

 

25a was synthesized from (2-bromoethyl)benzene (24a) (1.00 eq., 10.0 mmol, 1.84 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 10.0 mmol, 2.23 g) and NaH (1.20 eq., 12.00 mmol, 60% oil dispersion, 

0.28 g) in dry DMF (10 mL) according to general procedure 2. 2.58 g of 25a (79%) was obtained as a colorless oil. 

1H-NMR (300 MHz, MeOD-d4) δ 7.38 – 7.05 (m, 10H), 4.03 (s, 2H), 2.90 (t, J = 6.7 Hz, 2H), 2.71 (t, J = 7.1 Hz, 2H), 

1.34 (s, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 157.85, 140.15, 139.93, 130.06, 129.43, 127.34, 82.49, 76.10, 51.46, 35.65, 28.42. 

HPLC (Method B): Rt = 19.39 min, purity > 99.0%. 
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tert-Butyl (benzyloxy)(3-phenylpropyl)carbamate (25b) 

 

25b was synthesized from 3-bromopropyl)benzene (24b) (1.00 eq., 10.0 mmol, 1.99 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 10.0 mmol, 2.23 g) and NaH (1.20 eq., 12.00 mmol, 60% oil dispersion, 

0.28 g) in dry DMF (10 mL) according to general procedure 2. 2.5 g of 25b (73%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.42 – 7.32 (m, 5H), 7.31 – 7.22 (m, 2H), 7.21 – 7.13 (m, 3H), 4.78 (s, 2H), 

3.44 – 3.34 (m, 10H), 2.56 (t, J = 7.6 Hz, 2H), 1.81 (p, J = 7.6 Hz, 2H), 1.41 (s, 9H). 

13C-NMR (75 MHz, DMSO-d6) δ 155.19, 138.68, 138.42, 128.74, 128.70, 128.26, 128.21, 126.10, 80.18, 74.27, 

49.98, 34.00, 32.53, 27.76. 

HPLC (Method c): Rt = 20.99 min, purity > 99.0%. 

tert-Butyl (benzyloxy)(4-isopropylbenzyl)carbamate (25c) 

 

25c was synthesized from 1-(chloromethyl)-4-isopropylbenzene (24c) (1.00 eq., 10.0 mmol, 0.99 mL), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 10.0 mmol, 2.23 g) and NaH (1.20 eq., 12 mmol, 60% oil dispersion, 0.28 g) 

in dry DMF (10 mL) according to general procedure 2. 2.41 g of 25c (68%) was obtained as a colorless oil. 

1H-NMR (300 MHz, MeOD-d4) δ 7.36 – 7.25 (m, 5H), 7.20 (q, J = 8.2 Hz, 4H), 4.71 (s, 2H), 4.50 (s, 2H), 2.88 (p, 

J = 6.9 Hz, 1H), 1.47 (s, 9H), 1.23 (d, J = 6.9 Hz, 6H). 

13C-NMR (75 MHz, MeOD-d4) δ 158.13, 149.52, 136.89, 135.59, 130.61, 129.57, 129.33, 127.38, 82.89, 78.00, 

54.22, 35.08, 28.55, 24.47. 

HPLC (Method B): Rt = 20.30 min, purity = 96.2%. 
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tert-Butyl ([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)carbamate (25d) 

 

25d was synthesized from 4-(bromomethyl)-1,1'-biphenyl (1.00 eq., 10.0 mmol, 2.46 g) (24d), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 10.0 mmol, 2.23 g) and NaH (1.20 eq., 12.00 mmol, 60% oil dispersion, 

0.28 g) in dry DMF (10 mL) according to general procedure 2. 1.79 g of 25d (46%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.95 – 7.86 (m, 4H), 7.78 (d, J = 1.7 Hz, 1H), 7.59 – 7.42 (m, 4H), 7.33 (s, 5H), 4.78 

(s, 2H), 4.76 (s, 2H), 1.43 (d, J = 1.2 Hz, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 158.20, 136.87, 135.73, 134.73, 134.32, 130.62, 129.54, 129.34, 129.15, 128.77, 

128.68, 128.34, 127.31, 127.23, 126.96, 126.65, 83.06, 78.10, 54.74, 28.53. 

tert-Butyl (benzyloxy)(naphthalen-2-ylmethyl)carbamate (25e) 

 

25e was synthesized from 2-(bromomethyl)naphthalene (1.00 eq., 10.0 mmol, 2.20 g) (24e), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 10.0 mmol, 2.23 g) and NaH (1.20 eq., 12.00 mmol, 60% oil dispersion, 

0.28 g) in dry DMF (10 mL) according to general procedure 2. 1.88 g of 25e (52%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.94 – 7.86 (m, 4H), 7.78 (d, J = 1.7 Hz, 1H), 7.53 – 7.48 (m, 2H), 7.45 (dd, J = 8.5, 

1.8 Hz, 1H), 7.33 (s, 4H), 4.78 (s, 2H), 4.76 (s, 2H), 1.43 (s, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 148.72, 127.39, 126.26, 125.26, 124.85, 121.57, 121.14, 120.72, 120.02, 119.86, 

119.68, 119.25, 118.86, 117.80, 117.49, 73.59, 68.62, 45.26, 18.91. 

tert-Butyl (benzyloxy)(4-phenylbutyl)carbamate (42a) 

 

42a was synthesized from (4-chlorobutyl)benzene (41a) (1.00 eq., 13.5 mmol, 2.27 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 13.5 mmol, 3.01 g) and NaH (1.20 eq., 16.2 mmol, 60% oil dispersion, 

0.37 g) in dry DMF (13.5 mL) according to general procedure 2. 2.95 g of 42a (68%) was obtained as a colorless 

oil. 
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1H-NMR (300 MHz, DMSO-d6) δ 7.39 – 7.33 (m, 5H), 7.29 - 7.22 (m, 2H), 7.17 (d, J = 7.2 Hz, 3H), 4.75 (s, 2H), 

3.44 – 3.36 (m, 2H), 2.62 – 2.53 (m, 2H), 1.53 (dt, J = 5.6, 2.4 Hz, 4H), 1.40 (s, 9H). 

13C-NMR (75 MHz, DMSO-d6) δ 155.57, 141.96, 135.60, 129.24, 128.34, 128.26, 128.20, 125.65, 80.27, 75.78, 

48.26, 34.61, 28.05, 27.86, 26.00. 

HPLC (Method A): Rt = 19.98 min, purity = 95.1%. 

tert-Butyl (benzyloxy)(5-phenylpentyl)carbamate (42b) 

 

42b was synthesized from (5-chloropentyl)benzene (41b) (1.00 eq., 11.0 mmol, 2.00 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 11.0 mmol, 2.45 g) and NaH (1.20 eq., 13.2 mmol, 60% oil dispersion, 

0.30 g) in dry DMF (11 mL) according to general procedure 2. 2.50 g of 42b (62%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.40 – 7.34 (m, 5H), 7.28 - 7.22 (m, 2H), 7.16 (d, J = 7.2 Hz, 3H), 4.76 (s, 2H), 3.36 

(t, J = 7.0 Hz, 2H), 2.55 (d, J = 7.6 Hz, 2H), 1.61 – 1.48 (m, 4H), 1.41 (s, 9H), 1.24 (t, J = 7.7 Hz, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 155.50, 142.10, 135.66, 129.22, 128.31, 128.25, 128.22, 128.17, 125.58, 80.22, 

75.72, 48.33, 35.05, 30.57, 27.87, 26.33, 25.71. 

HPLC (Method B): Rt = 21.93 min, purity = 95.0%. 

tert-Butyl (benzyloxy)(3-(4-fluorophenyl)propyl)carbamate (59a) 

 

59a was synthesized from 1-(3-chloropropyl)-4-fluorobenzene (58a) (1.00 eq., 4.00 mmol, 0.69 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 4.00 mmol, 0.89 g) and NaH (1.20 eq., 4.80 mmol, 60% oil dispersion, 

0.11 g) in dry DMF (4.00 mL) according to general procedure 2. 0.95 g of 59a (66%) was obtained as a colorless 

oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.41 – 7.33 (m, 5H), 7.25 – 7.16 (m, 2H), 7.13 – 7.03 (m, 2H), 4.78 (s, 2H), 3.38 

(t, J = 7.1 Hz, 2H), 2.55 (t, J = 7.6 Hz, 2H), 1.80 (p, J = 7.4 Hz, 2H), 1.41 (s, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 162.73 (d, 1JC-F = 242.1 Hz), 158.08, 138.71 (d, 3J = 3.2 Hz), 137.04, 131.04, 130.94, 

130.57, 129.58, 129.42, 115.92 (d, 2J = 21.3 Hz), 82.67, 77.68, 49.78, 32.96, 29.83, 28.56.  
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tert-Butyl (benzyloxy)(3-(4-(trifluoromethyl)phenyl)propyl)carbamate (59b) 

 

59b was synthesized from 1-(3-chloropropyl)-4-(trifluoromethyl)benzene (58b) (1.00 eq., 3.10 mmol, 0.69 g), 

tert-butyl (benzyloxy)carbamate (23) (1.00 eq., 3.10 mmol, 0.69 g) and NaH (1.20 eq., 3.72 mmol, 60% oil 

dispersion, 0.09 g) in dry DMF (4.00 mL) according to general procedure 2. 0.90 g of 59b (70%) was obtained as 

a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.63 (d, J = 8.0 Hz, 2H), 7.46 – 7.30 (m, 7H), 4.79 (s, 2H), 3.39 (t, J = 7.1 Hz, 2H), 

2.66 (t, J = 7.6 Hz, 2H), 1.84 (p, J = 7.4 Hz, 2H), 1.40 (s, 9H). 

tert-Butyl (benzyloxy)(3-(p-tolyl)propyl)carbamate (59c) 

 

59c was synthesized from 1-(3-chloropropyl)-4-methylbenzene (58c) (1.00 eq., 5.00 mmol, 0.84 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 5.00 mmol, 1.11 g) and NaH (1.20 eq., 6.00 mmol, 60% oil dispersion, 

0.14 g) in dry DMF (5.00 mL) according to general procedure 2. 1.30 g of 59c (73%) was obtained as a colorless 

oil. 

1H-NMR (300 MHz, CH3OH+D2O) δ 7.42 – 7.31 (m, 4H), 7.11 – 6.97 (m, 5H), 4.83 – 4.75 (m, 2H), 3.49 – 3.35 (m, 

2H), 2.54 (t, J = 7.5 Hz, 2H), 2.28 (s, 3H), 1.85 (p, J = 7.6 Hz, 2H), 1.52 – 1.36 (m, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 158.08, 139.64, 137.03, 136.34, 130.54, 129.99, 129.54, 129.39, 129.30, 82.60, 

77.66, 33.38, 29.80, 28.57, 21.07. 

tert-Butyl (benzyloxy)(3-(4-methoxyphenyl)propyl)carbamate (59d) 

 

59d was synthesized from 1-(3-chloropropyl)-4-methoxybenzene (58d) (1.00 eq., 9.00 mmol, 1.66 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 9.00 mmol, 2.01 g) and NaH (1.20 eq., 10.8 mmol, 60% oil dispersion, 

0.25 g) in dry DMF (9.00 mL) according to general procedure 2. 2.50 g of 59d (75%) was obtained as a colorless 

oil. 
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1H-NMR (300 MHz, DMSO-d6) δ 7.45 – 7.33 (m, 5H), 7.17 - 7.07 (m, 2H), 6.91 – 6.82 (m, 2H), 4.81 (s, 2H), 3.74 (s, 

3H), 3.40 (t, J = 7.2 Hz, 2H), 2.56 – 2.51 (m, 2H), 1.81 (p, J = 7.4 Hz, 2H), 1.44 (s, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 159.41, 158.12, 137.05, 134.76, 130.57, 130.31, 129.56, 129.41, 114.82, 82.64, 

77.67, 55.63, 49.71, 32.93, 29.95, 28.57. 

tert-Butyl (benzyloxy)(3-(3,5-difluorophenyl)propyl)carbamate (59e) 

 

59e was synthesized from 1-(3-chloropropyl)-3,5-difluorobenzene (58e) (1.00 eq., 3.70 mmol, 0.70 g), tert-butyl 

(benzyloxy)carbamate (23) (1.00 eq., 3.70 mmol, 0.83 g) and NaH (1.20 eq., 4.44 mmol, 60% oil dispersion, 

0.10 g) in dry DMF (13.5 mL) according to general procedure 2. 0.45 g of 59e (32%) was obtained as a colorless 

oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.43 – 7.30 (m, 5H), 7.07 – 6.91 (m, 3H), 4.79 (s, 2H), 3.37 (t, J = 7.1 Hz, 2H), 2.60 

(t, J = 7.5 Hz, 2H), 1.82 (p, J = 7.4 Hz, 2H), 1.41 (s, 9H). 

13C-NMR (75 MHz, MeOD-d4) δ 164.48 (dd, 1JC-F = 246.6, 3JC-F =13.0 Hz), 158.03, 147.45 (t, 3JC-F = 9.1 Hz), 137.02, 

130.61, 129.61, 129.44, 112.35 (d, 2JC-F = 7.6 Hz), 112.12 (d, 2JC-F = 7.5 Hz), 102.06 (t, 2JC-F = 25.8 Hz), 82.77, 77.70, 

33.42, 29.08, 28.55. 

General procedure 3 for the Boc-deprotection to synthesize compounds 26a-e, 43a,b, and 

60a-e 

N-Boc-deprotection was performed using two different experimental procedures: 

Method I: using the procedure reported by SHENDAGE et al.147  

1.00 eq. of the respective Boc-protected hydroxylamine (25c-e) was dissolved in a mixture of TFA/DCM (1:1, 

10 mL/mmol) and stirred for 3 h at r.t.. The solvent was evaporated under reduced pressure. The resulting 

residue was neutralized with 2N KOH and extracted with DCM (3x10 mL). The DCM phase was dried over Na2SO4, 

filtered, and the solvent was evaporated under reduced pressure. The crude products were purified by flash 

chromatography (on a prepacked silica cartridge) using n-hexane/EtOAc (100:0-80:20) as eluent to afford the 

N-substituted O-benzyl protected hydroxylamine (26c-e). 

  



Experimental 

145 

 

O-Benzyl-N-(4-isopropylbenzyl)hydroxylamine (26c) 

 

26c was synthesized from tert-butyl (benzyloxy)(4-isopropylbenzyl)carbamate (25c) (1.00 eq., 6.50 mmol, 2.30 g) 

and TFA/DCM (1:1, 10 mL/mmol, 65 mL) according to general procedure 3 Method I. 0.85 g of 26c (70%) was 

obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.38 – 7.20 (m, 7H), 7.17 (d, J = 8.1 Hz, 2H), 6.85 (t, J = 6.4 Hz, 1H), 4.57 (s, 2H), 

3.89 (d, J = 6.3 Hz, 2H), 2.86 (p, J = 6.9 Hz, 1H), 1.19 (d, J = 7.0 Hz, 6H). 

13C-NMR (151 MHz, DMSO-d6) δ 146.95, 138.37, 135.81, 128.72, 128.06, 127.35, 125.89, 74.91, 55.04, 33.12, 

23.94. 

HPLC (Method A): Rt = 12.47 min, purity = 98.4%. 

N-([1,1'-Biphenyl]-4-ylmethyl)-O-benzylhydroxylamine (26d) 

 

26d was synthesized from tert-butyl ([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)carbamate (25d) (1.00 eq., 

3.70 mmol, 1.40 g) and TFA/DCM (1:1, 10 mL/mmol, 37 mL) according to general procedure 3 Method I. 0.72 g 

of 26d (70%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.68 – 7.58 (m, 4H), 7.49 – 7.41 (m, 4H), 7.39 – 7.23 (m, 6H), 6.98 (t, J = 6.2 Hz, 

1H), 4.59 (s, 2H), 3.98 (d, J = 6.2 Hz, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ 140.05, 138.74, 138.35, 137.92, 129.29, 128.90, 128.09, 128.07, 127.38, 127.27, 

126.56, 126.32, 74.97, 54.92. 

HPLC (Method A): Rt = 13.31 min, purity = 97.3%. 

mp.: 156.9 °C. 
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O-Benzyl-N-(naphthalen-2-ylmethyl)hydroxylamine (26e) 

 

26e was synthesized from tert-butyl (benzyloxy)(naphthalen-2-ylmethyl)carbamate (25e) (1.00 eq., 3.70 mmol, 

1.40 g) and TFA/DCM (1:1, 10 mL/mmol, 37 mL) according to general procedure 3 Method I. 1.12 g of 26e (97%) 

was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) δ 7.91 – 7.82 (m, 4H), 7.54 (dd, J = 8.4, 1.7 Hz, 1H), 7.51 – 7.46 (m, 2H), 7.34 – 7.21 

(m, 5H), 7.07 (t, J = 6.0 Hz, 1H), 4.57 (s, 2H), 4.11 (d, J = 6.0 Hz, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 138.33, 136.34, 132.87, 132.19, 128.07, 128.04, 127.52, 127.49, 127.43, 127.38, 

127.20, 127.08, 125.98, 125.56, 75.03, 55.43. 

HPLC (Method B): Rt = 17.20 min, purity = 98.3%. 

mp.: 162.5 °C. 

Method II:  

1.00 eq. of the respective Boc-protected hydroxylamine (25a,b, 42a,b, and 59a-e) was dissolved in dioxane 

(2.00 mL/mmol), and 4 M HCl/dioxane (10.0 eq.) was added in one portion while stirring. The mixture was stirred 

at r.t for 4 h. The solvent was completely removed by rotary evaporation in vacuo at room temperature. The 

white solid was then washed with dry ether and separated by filtration to afford the N-substituted O-benzyl 

protected hydroxylamine hydrochloride (26a,b, 43a,b, and 60a-e). 

O-Benzyl-N-phenethylhydroxylamine hydrochloride (26a) 

 

26a was synthesized from tert-butyl (benzyloxy)(phenethyl)carbamate (25a) (1.00 eq., 7.00 mmol, 2.30 g) and 

4 M HCl/dioxane (10.0 eq.,70.0 mmol, 17.5 mL) in dioxane (15.0 mL) according to general procedure 3 Method 

II. 1.00 g of 26a (63%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 12.23 (s, 2H), 7.47 – 7.18 (m, 10H), 5.15 (s, 2H), 3.51 – 3.40 (m, 2H),3.07 – 2.95 

(m, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 138.32, 136.33, 132.87, 128.03, 127.52, 127.43, 127.19, 125.97, 75.03, 55.43. 

HPLC (Method B): Rt = 16.66 min, purity = 94.8%. 
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O-Benzyl-N-(3-phenylpropyl)hydroxylamine hydrochloride (26b) 

 

26b was synthesized from tert-butyl (benzyloxy)(3-phenylpropyl)carbamate (25b) (1.00 eq., 7.50 mmol, 2.30 g) 

and 4 M HCl/dioxane (10.0 eq.,75.0 mmol, 18.8 mL) in dioxane (15.0 mL) according to general procedure 3 

Method II. 2.00 g of 26b (95%) was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) δ 12.27 (s, 1H), 7.46 – 7.39 (m, 5H), 7.35 – 7.26 (m, 2H), 7.25 – 7.17 (m, 3H), 5.14 

(s, 2H), 3.28 – 3.12 (m, 2H), 2.69 (t, J = 7.8 Hz, 2H), 2.05 – 1.89 (m, 2H). 

13C-NMR (75 MHz, MeOH-d4) δ 142.36, 134.15, 130.76, 130.68, 129.96, 128.70, 128.62, 77.44, 39.99, 35.36. 

HPLC (Method B): Rt = 16.25 min, purity = 98.1%. 

mp.: 130.1 °C. 

O-Benzyl-N-(4-phenylbutyl)hydroxylamine hydrochloride (43a) 

 

43a was synthesized from tert-butyl (benzyloxy)(4-phenylbutyl)carbamate (42a) (1.00 eq., 7.00 mmol, 2.48 g) 

and 4 M HCl/dioxane (10.0 eq.,70.0 mmol, 17.5 mL) in dioxane (15.0 mL) according to general procedure 3 

Method II. 1.93 g of 43a (62%) was obtained as white crystals. 

1H-NMR (300 MHz, DMSO-d6) δ 12.23 (s, 1H), 7.41 (s, 5H), 7.32 – 7.23 (m, 2H), 7.23 – 7.13 (m, 3H), 5.13 (s, 2H), 

3.22 (d, J = 13.2 Hz, 2H), 2.65 – 2.54 (m, 2H), 1.66 (p, J = 3.5 Hz, 4H). 

13C-NMR (75 MHz, DMSO-d6) δ 141.61, 133.75, 129.22, 129.06, 128.61, 128.32, 128.27, 125.79, 74.47, 48.04, 

34.53, 27.83, 22.90. 

HPLC (Method B): Rt = 17.13 min, purity = 96.8%. 

mp.: 118.0 ˚C. 
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O-Benzyl-N-(5-phenylpentyl)hydroxylamine hydrochloride (43b) 

 

43b was synthesized from tert-butyl (benzyloxy)(5-phenylpentyl)carbamate (42b) (1.00 eq., 8.00 mmol, 2.95 g) 

and 4 M HCl/dioxane (10.0 eq.,80.0 mmol, 20.0 mL) in dioxane (15.0 mL) according to general procedure 3 

Method II. 1.70 g of 43b (67%) was obtained as white crystals. 

1H-NMR (300 MHz, MeOH-d4) δ 7.42 (dq, J = 7.0, 3.6 Hz, 5H), 7.21 (d, J = 2.2 Hz, 2H), 7.19 – 7.09 (m, 3H), 5.13 (s, 

2H), 3.30(d, J = 15.6 Hz, 2H), 2.61 (t, J = 7.5 Hz, 2H), 1.82 – 1.69 (m, 2H), 1.69 – 1.56 (m, 2H), 1.48 – 1.36 (m, 2H). 

13C-NMR (75 MHz, MeOH-d4) δ 143.31, 134.12, 130.79, 130.52, 130.01, 129.42, 129.36, 126.85, 77.31, 50.65, 

36.48, 32.06, 27.05, 24.68. 

mp.: 126.8 ˚C. 

HPLC (Method B): Rt = 11.11 min, purity > 99.0%. 

O-Benzyl-N-(3-(4-fluorophenyl)propyl)hydroxylamine hydrochloride (60a) 

 

60a was synthesized from tert-butyl (benzyloxy)(3-(4-fluorophenyl)propyl)carbamate (59a) (1.00 eq., 2.30 mmol, 

0.83 g) and 4 M HCl/dioxane (10.0 eq., 23.0 mmol, 5.75 mL) in dioxane (5.00 mL) according to general procedure 

3 Method II. 0.62 g of 60a (91%) was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) δ 12.23 (s, 1H), 7.42 (d, J = 1.8 Hz, 5H), 7.32 – 7.18 (m, 2H), 7.18 – 7.04 (m, 2H), 

5.13 (s, 2H), 3.16 (d, J = 7.5 Hz, 2H), 2.68 (t, J = 7.7 Hz, 2H), 1.94 (p, J = 7.7 Hz, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 159.15, 136.19, 134.59, 130.05 (d, 3JC-F = 7.8 Hz), 129.49, 129.16, 128.60, 115.09 

(d, 2JC-F = 21.0 Hz), 74.58, 38.19, 30.93, 28.81. 

mp.: 135.4 ˚C. 

HPLC (Method B): Rt = 10.47 min, purity > 99.0%. 
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O-Benzyl-N-(3-(4-(trifluoromethyl)phenyl)propyl)hydroxylamine hydrochloride (60b) 

 

60b was synthesized from tert-butyl (benzyloxy)(3-(4-fluorophenyl)propyl)carbamate (59b) (1.00 eq., 

2.10 mmol, 0.86 g) and 4 M HCl/dioxane (10.0 eq., 21.0 mmol, 5.25 mL) in dioxane (4.0 mL) according to general 

procedure 3 Method II. 0.59 g of 60b (82%) was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) δ 12.19 (s, 1H), 7.66 (d, J = 8.0 Hz, 2H), 7.50 – 7.36 (m, 7H), 5.12 (s, 2H), 3.26 - 3.15 

(m, 2H), 2.79 (t, J = 7.8 Hz, 2H), 1.98 (p, J = 7.8 Hz, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 145.86, 134.59, 129.49, 129.14, 128.59, 127.19 (q, 1JC-F = 197.8 Hz), 125.29, 

125.24, 74.62, 38.18, 31.56, 28.36. 

mp.: 138.3 ˚C. 

O-Benzyl-N-(3-(p-tolyl)propyl)hydroxylamine hydrochloride (60c) 

 

60c was synthesized from tert-butyl (benzyloxy)(3-(4-methoxyphenyl)propyl)carbamate (59c) (1.00 eq., 

1.70 mmol, 0.60 g) and 4 M HCl/dioxane (10.0 eq.,17.0 mmol, 4.25 mL) in dioxane (3.50 mL) according to general 

procedure 3 Method II. 0.40 g of 60c (82%) was obtained as a white powder. 

1H-NMR (300 MHz, MeOH-d4) δ 7.46 – 7.43 (m, 4H), 7.11 (d, J = 1.2 Hz, 5H), 5.12 (s, 2H), 3.34 (d, J = 5.4 Hz, 2H), 

2.71 (t, J = 7.6 Hz, 3H), 2.30 (s, 4H), 2.13 – 1.97 (m, 2H). 

13C-NMR (75 MHz, MeOH-d4) δ 138.29, 137.11, 134.08, 130.81, 130.52, 130.28, 130.01, 129.29, 77.34, 50.16, 

32.98, 26.60, 21.03. 

mp.: 114.4 ˚C. 

HPLC (Method B): Rt = 10.46 min, purity = 98.7%. 
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O-Benzyl-N-(3-(4-methoxyphenyl)propyl)hydroxylamine hydrochloride (60d) 

 

60d was synthesized from tert-butyl (benzyloxy)(3-(4-methoxyphenyl)propyl)carbamate (59d) (1.00 eq., 

3.30 mmol, 1.22 g) and 4 M HCl/dioxane (10.0 eq.,33.0 mmol, 8.25 mL) in dioxane (7.0 mL) according to general 

procedure 3 Method II. 0.95 g of 60d (94%) was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) δ 12.31 (s, 1H), 7.42 (d, J = 2.2 Hz, 5H), 7.17 – 7.07 (m, 2H), 6.91 – 6.80 (m, 2H), 

5.14 (s, 2H), 3.72 (s, 3H), 3.17 (d, J = 7.6 Hz, 2H), 2.62 (t, J = 7.6 Hz, 2H), 1.92 (p, J = 7.8 Hz, 2H). 

13C-NMR (75 MHz, MeOH-d4) δ 159.81, 134.08, 133.32, 130.79, 130.54, 130.36, 130.00, 115.06, 77.33, 55.67, 

50.14, 32.53, 26.73. 

mp.: 124.1 ˚C. 

HPLC (Method B): Rt = 10.37 min, purity = 97.0%. 

O-Benzyl-N-(3-(3,5-difluorophenyl)propyl)hydroxylamine hydrochloride (60e) 

 

60e was synthesized from tert-butyl (benzyloxy)(3-(4-fluorophenyl)propyl)carbamate (59e) (1.00 eq., 1.06 mmol, 

0.40 g) and 4 M HCl/dioxane (10.0 eq.,10.6 mmol, 2.65 mL) in dioxane (2.12 mL) according to general procedure 

3 Method II. 0.53 g of 60e (60%) was obtained as a white powder. 

1H-NMR (300 MHz, MeOD-d4) δ 7.45 (q, J = 2.1 Hz, 5H), 6.93 – 6.73 (m, 3H), 3.43 – 3.32 (m, 2H), 2.77 (t, J = 7.8 Hz, 

2H), 2.15 – 1.99 (m, 2H). 

mp.: 97.3 ˚C. 

General procedure 4 for the synthesis of compounds 37a,b  

To a solution of 6-chloronicotinamide (35) (1.00 eq., 3.20 mmol, 0.50 g) in isoamyl alcohol (15.0 mL) at r.t. was 

added Na2CO3 (1.20 eq., 3.84 mmol, 0.40 g) followed by the corresponding diamine (1.20 eq.). The mixture was 

heated in MW 150 W at 130 ˚C for 2 h, cooled to r.t., and filtered through a medium glass-fritted filter. The 

resulting filtrate was concentrated under reduced pressure, and the resultant powder was triturated with diethyl 

ether (2 x 10 mL). The crude solid was dried in vacuo to afford the corresponding product. 
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4-((2-Aminoethyl)amino)benzamide (37a) 

 

37a was synthesized from ethane-1,2-diamine (36a) (1.20 eq., 0.34 mL, 0.23 g) according to general procedure 

4. 1.20 g of 37a (70%) was obtained as a yellow powder.  

1H-NMR (300 MHz, DMSO-d6) δ 8.50 (d, J = 2.5 Hz, 1H), 7.79 (dd, J = 8.8, 2.5 Hz, 1H), 7.64 (s, 1H), 7.03 (t, 

J = 5.8 Hz, 2H), 6.44 (d, J = 9.6 Hz, 1H), 3.26 (q, J = 6.4 Hz, 2H), 2.68 (t, J = 6.4 Hz, 2H), 1.55 (s, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 167.03, 160.33, 148.64, 135.84, 117.30, 106.73, 44.40, 41.16. 

HPLC (Method C): Rt = 1.94 min, purity > 99.0%. 

mp.: 153.8 ˚C. 

4-((3-Aminopropyl)amino)benzamide (37b) 

 

37b was synthesized from propane-1,3-diamine (36b) (1.20 eq., 0.32 mL, 0.28 g) according to general procedure 

4. 0.25 g of 37b (44%) was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) δ 8.57 – 8.49 (m, 1H), 7.85 (dd, J = 8.9, 2.4 Hz, 1H), 6.57 – 6.46 (m, 1H), 3.46 – 3.37 

(m, 2H), 2.74 (t, J = 7.1 Hz, 2H), 1.71 (s, 2H). 

13C-NMR (75 MHz, MeOD-d4) δ 171.32, 166.97, 154.84, 137.93, 126.22, 120.25, 41.01, 38.18, 27.17. 

mp.: 194.5 ˚C 

Synthesis of diethyl (3,4-difluorobenzyl)phosphonate (49) 

 

49 was synthesized according to the procedures reported by LION et al.163 

All spectroscopic data are in agreement with published data.163 
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Synthesis of diethyl (1-(3,4-difluorophenyl)-3-(1,3-dioxolan-2-yl)propyl)phosphonate (50) 

 

Dioxolane 50 was synthesized according to the procedure reported by BEHRENDT et al. 134 

All spectroscopic data are in agreement with published data. 134 

Synthesis of diethyl (1-(3,4-difluorophenyl)-4-oxobutyl)phosphonate (51) 

 

Aldehyde 51 was synthesized according to the procedure reported by BEHRENDT et al. 134 

All spectroscopic data were in agreement with literature. 134 

4-(Diethoxyphosphoryl)-4-(3,4-difluorophenyl)butanoic acid (52) 

 

Carboxylic acid was 52 synthesized according to the procedure reported by BEHRENDT et al. 134 

All spectroscopic data are in agreement with published data. 134 
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8.3.2 Synthesis of target compounds 

8.3.2.1 Synthesis of phosphonate ester intermediates 

General procedure 5 for HATU coupling reaction for the synthesis of 28a-g, 29a-e, 30a-c, 

38a,b, 44a,b, 35a-d, 53a-d, 61a-d, and 64. 

To a solution of carboxylic acid 15 or 52 (1.00 eq.) in dry DMF (5 mL/mmol), HATU (1.00 eq.) and DIPEA were 

added (2.00 eq. DIPEA for the O-substituted hydroxylamines 22a-g, amines 27a-c and 37a,b, and the free bases 

of hydroxylamines 26c-e or 3.00 eq. DIPEA for the hydroxylamine hydrochlorides 26a,b, 43a,b, and 60a-e). The 

mixture was allowed to stir for 15 min at r.t., the corresponding benzyl-protected hydroxylamine was added, and 

the reaction mixture was stirred for further 16 h at r.t.. The reaction was quenched with water and extracted 

with EtOAc (3 x 10 mL). The EtOAc phase was then washed with saturated Na2CO3 solution (3 x 10 mL), with 10% 

acetic acid (1 x 10 mL), and with brine (1 x 10 mL). The organic phase was then dried over anhydrous Na2SO4, 

filtered, and the solvent was evaporated under reduced pressure. The crude product was purified using flash 

chromatography (on a prepacked silica cartridge) using DCM:30% methanol/DCM (100:0→70:30) as eluent.  

Diethyl (4-oxo-1-phenyl-4-(((2-phenyloxazol-4-yl)methoxy)amino)butyl)phosphonate (28a) 

 

28a was synthesized from 15 (1.00 eq, 1.80 mmol, 0.54 g), HATU (1.00 eq., 1.80 mmol, 0.68 g), and DIPEA 

(2.00 eq., 3.60 mmol, 0.47 g, 0.63 mL), and O-((2-phenyloxazol-4-yl)methyl)hydroxylamine (22a) (1.00 eq., 

2.00 mmol, 0.34 g) in dry DMF (10 mL) according to general procedure 5. 0.75 g of 28a (88%) was obtained as a 

yellow oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.93 (s, 1H), 7.98 – 7.87 (m, 2H), 7.73 (s, 1H), 7.57 – 7.45 (m, 3H), 7.37 – 7.21 

(m, 5H), 4.89 (s, 2H), 4.04 – 3.90 (m, 2H), 3.86 – 3.62 (m, 2H), 3.21 – 3.07 (m, 1H), 2.31 – 2.15 (m, 1H), 2.09 -1.95 

(m, 1H), 1.84 (t, J = 7.5 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, DMSO-d6) δ 168.63, 167.11, 152.32, 135.86 (d, Jc-p = 6.6 Hz), 132.92, 130.33, 129.18, 128.32 

(d, Jc-p = 2.4 Hz), 126.99 (d, Jc-p = 3.1 Hz), 126.12, 119.66, 71.84, 61.69 (d, Jc-p = 6.9 Hz), 61.33 (d, Jc-p = 6.9 Hz), 

42.35 (d, Jc-p = 136.1 Hz), 29.95 (d, Jc-p = 15.7 Hz), 25.21, 16.27 (d, Jc-p = 5.7 Hz), 16.04 (d, Jc-p = 5.5 Hz). 

HPLC (Method A): Rt = 12.20 min, purity = 95.4%. 
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Diethyl (4-oxo-1-phenyl-4-(((2-phenylthiazol-4-yl)methoxy)amino)butyl)phosphonate (28b) 

 

28b was synthesized from 15 (1.00 eq, 1.70 mmol, 0.51 g), HATU (1 eq., 1.70 mmol, 0.66 g), DIPEA (2.00 eq., 

3.40 mmol, 0.44 g, 0.59 mL) and O-((2-phenylthiazol-4-yl)methyl)hydroxylamine (22b) (1.00 eq., 2.00 mmol, 

0.38 g) in dry DMF (10 mL) according to general procedure 5. 0.57 g of 28b (69%) was obtained as an orange oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.88 (s, 1H), 8.23 (s, 1H), 8.04 – 7.90 (m, 2H), 7.62 – 7.46 (m, 3H), 7.37 – 7.19 

(m, 5H), 4.73 (s, 2H), 4.09 – 3.89 (m, 2H), 3.89 – 3.60 (m, 2H), 3.25 – 3.06 (m, 1H), 2.32 – 1.97 (m, 2H), 1.84 (t, 

J = 7.6 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, DMSO-d6) δ 168.61, 160.75, 139.14, 136.83, 135.88 (d, Jc-p = 6.7 Hz), 130.75, 129.15 (d, 

Jc-p = 5.8 Hz), 128.32 (d, Jc-p = 2.4 Hz), 126.99 (d, Jc-p = 3.0 Hz), 126.76, 125.93, 67.95, 61.70 (d, Jc-p = 6.9 Hz), 61.33 

(d, Jc-p = 6.9 Hz), 42.38 (d, Jc-p = 136.0 Hz), 29.97 (d, Jc-p = 15.6 Hz), 25.21, 16.26 (d, Jc-p = 5.6 Hz), 16.04 (d, 

Jc-p = 5.6 Hz). 

HPLC (Method A): Rt = 11.73 min, purity = 98.0%. 

Diethyl (4-oxo-4-(phenethoxyamino)-1-phenylbutyl)phosphonate (28c) 

 

28c was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (2.00 eq., 

4.00 mmol, 0.52 g, 0.70 mL) and O-phenylethylhydroxylamine (22c) (1.00 eq., 2.00 mmol, 0.27 g) in dry DMF 

(10 mL) according to general procedure 5. 0.66 g of 28c (80%) was obtained as a colorless oil. 

1H-NMR (300 MHz, MeOD-d4) δ 10.86 (s, 1H), 7.40 – 7.08 (m, 10H), 4.06 – 3.61 (m, 6H), 3.26 – 3.07 (m, 1H), 2.83 

(t, J = 6.8 Hz, 2H), 2.33 – 1.90 (m, 2H), 1.84 (t, J = 7.4 Hz, 2H), 1.21 (t, J = 7.0 Hz, 3H), 1.02 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, MeOD-d4) δ 168.49, 138.34, 135.88 (d, Jc-p = 6.6 Hz), 129.15 (d, Jc-p = 6.7 Hz), 128.79, 128.34 

(d, Jc-p = 2.5 Hz), 128.24, 127.00 (d, Jc-p = 3.0 Hz), 126.13, 75.55, 61.69 (d, Jc-p = 6.9 Hz), 61.32 (d, Jc-p = 7.0 Hz), 

42.41 (d, Jc-p = 136.1 Hz), 33.86, 29.97 (d, Jc-p = 15.6 Hz), 25.22, 16.15 (dd, Jc-p = 16.8, 5.6 Hz). 

HPLC (Method B): Rt = 11.90 min, purity = 96.8%. 
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Diethyl (4-oxo-1-phenyl-4-((3-phenylpropoxy)amino)butyl)phosphonate (28d) 

 

28d synthesized from 15 (1.00 eq., 3.00 mmol, 0.90 g), HATU (1.00 eq., 3.00 mmol, 1.14 g), DIPEA (2.00 eq., 

6.00 mmol, 0.78 g, 1.05 mL) and O-(3-phenylpropyl)hydroxylamine (22d) (1.00 eq., 3.00 mmol, 0.45 g) in dry 

DMF (10 mL) according to general procedure 5. 0.70 g of 28d (81%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.80 (s, 1H), 7.41 – 7.08 (m, 10H), 4.03 – 3.90 (m, 2H), 3.87 – 3.63 (m, 4H), 

3.21 – 3.10 (m, 1H), 2.63 (t, J = 7.7 Hz, 2H), 2.28 – 2.15 (m, 1H), 2.08 – 1.94 (m, 1H), 1.89 – 1.64 (m, 4H), 1.20 (t, 

J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (151 MHz1 MHz, DMSO-d6) δ 168.33, 141.58, 135.86 (d, JC-P = 7.0 Hz), 129.14 (d, JC-P = 6.7 Hz), 128.30 (d, 

JC P = 6.3 Hz), 127.00, 125.76, 74.28, 61.68 (d, JC-P = 7.0 Hz), 61.31 (d, JC-P = 6.7 Hz), 42.38 (d, JC-P = 135.7 Hz), 31.34, 

29.95 (d, JC-P = 15.3 Hz), 29.48, 25.22, 16.26 (d, JC-P = 5.5 Hz), 16.04 (d, JC-P = 5.5 Hz). 

HPLC (Method B): Rt = 12.41 min, purity = 97.0%. 

Diethyl (4-(((4-isopropylbenzyl)oxy)amino)-4-oxo-1-phenylbutyl)phosphonate (28e) 

 

28e was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (2.00 eq., 

4.00 mmol, 0.52 g, 0.70 mL) and O-(4-isopropylbenzyl)hydroxylamine (22e) (1.00 eq., 2.00 mmol, 0.33 g) 

according to general procedure 5. 0.60 g of 28e (70%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.83 (s, 1H), 7.38 – 7.19 (m, 9H), 4.69 (s, 2H), 4.04 – 3.94 (m, 2H), 3.86 – 3.65 

(m, 2H), 3.22 – 3.04 (m, 1H), 2.88 (p, J = 6.9 Hz, 1H), 2.30 – 1.99 (m, 2H), 1.81 (t, J = 7.6 Hz, 2H), 1.22 – 1.16 (m, 

9H), 1.02 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, DMSO-d6) δ 168.48, 148.44, 135.85 (d, Jc-p = 6.6 Hz), 133.52, 129.16 (d, Jc-p = 6.7 Hz), 128.89, 

128.32 (d, Jc-p = 2.5 Hz), 126.97 (d, Jc-p = 3.0 Hz), 126.17, 76.49, 61.69 (d, Jc-p = 6.8 Hz), 61.32 (d, Jc-p = 6.9 Hz), 

54.90, 42.34 (d, Jc-p = 136.1 Hz), 33.21, 29.95 (d, Jc-p = 15.6 Hz), 25.23, 23.84, 16.27 (d, Jc-p = 5.6 Hz), 16.04 (d, 

Jc-p = 5.6 Hz). 

31P-NMR (121 MHz, MeOD-d4) δ 28.63. 

HPLC (Method C): Rt = 13.40 min, purity = 98.7%. 

  



Experimental 

156 

 

Diethyl (4-(([1,1'-biphenyl]-4-ylmethoxy)amino)-4-oxo-1-phenylbutyl)phosphonate (28f) 

 

28f was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (3.00 eq., 

6.00 mmol, 0.78 g, 1.05 mL) and O-([1,1'-biphenyl]-4-ylmethyl)hydroxylamine (22f) (1.00 eq., 2.00 mmol, 0.40 g) 

in dry DMF (10 mL) according to general procedure 5. 0.34 g of 28f (32%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.89 (s, 1H), 7.73 – 7.58 (m, 4H), 7.53 – 7.18 (m, 10H), 4.79 (s, 2H), 4.05 – 3.90 

(m, 2H), 3.86 – 3.64 (m, 2H), 3.18 – 3.07 (m, 1H), 2.28 – 2.16 (m, 1H), 1.99 (s, 1H), 1.83 (t, J = 7.5 Hz, 2H), 1.20 (t, 

J = 7.1 Hz, 3H), 1.00 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, MeOD-d4) δ 171.59, 142.80, 141.93, 136.10, 130.83, 130.60 (d, Jc-p = 6.7 Hz), 129.91, 129.75 

(d, Jc-p = 3.0 Hz), 128.59 (d, Jc-p = 4.7 Hz), 128.03 (d, Jc-p = 4.6 Hz), 78.41, 64.14 (d, Jc-p = 7.9 Hz), 63.66 (d, 

Jc-p = 9.2 Hz), 44.20 (d, Jc-p = 138.4 Hz), 31.27 (d, Jc-p = 16.6 Hz), 26.45, 16.74 (d, Jc-p = 7.3 Hz), 16.46 (d, 

Jc-p = 6.8 Hz). 

31P-NMR (121 MHz, MeOD-d4) δ 28.85.  

HPLC (Method C): Rt = 13.76 min, purity > 99.0%. 

Diethyl (4-((naphthalen-2-ylmethoxy)amino)-4-oxo-1-phenylbutyl)phosphonate (28g) 

 

28g was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (3.00 eq., 

6.00 mmol, 0.78 g, 1.05 mL) and O-(naphthalen-2-ylmethyl)hydroxylamine (22g) (1.00 eq., 2.00 mmol, 0.35 g) in 

dry DMF (10 mL) according to general procedure 5. 0.38 g of 28g (42%) was obtained as an orange oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.90 (s, 1H), 8.07 – 7.75 (m, 4H), 7.61 – 7.42 (m, 3H), 7.38 – 7.14 (m, 5H), 4.91 

(s, 2H), 4.04 – 3.88 (m, 2H), 3.88 – 3.63 (m, 2H), 3.16 – 3.03 (m, 1H), 2.02 (s, 3H), 1.82 (t, J = 7.5 Hz, 1H), 1.20 (t, 

J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, DMSO-d6) δ 168.57, 135.83 (d, Jc-p = 6.7 Hz), 133.73, 132.71 (d, Jc-p = 5.8 Hz), 129.14 (d, 

Jc-p = 6.7 Hz), 128.30 (d, Jc-p = 2.4 Hz), 127.85, 127.56, 126.96 (d, Jc-p = 3.1 Hz), 126.61, 126.24, 76.74, 61.67 (d, 

Jc p = 6.8 Hz), 61.32 (d, Jc-p = 7.2 Hz), 42.31 (d, Jc-p = 136.1 Hz), 29.94 (d, Jc-p = 16.1 Hz), 25.21, 16.26 (d, 

Jc-p = 5.6 Hz), 16.04 (d, Jc-p = 5.6 Hz). 

HPLC (Method A): Rt = 12.75 min, purity = 98.6%. 
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Diethyl (4-((benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphonate (29a) 

 

29a was synthesized from 15 (1.00 eq., 2.20 mmol, 0.66 g), HATU (1.00 eq., 2.20 mmol, 0.84 g), DIPEA (3.00 eq., 

6.60 mmol, 0.85 g, 1.15 mL) and O-benzyl-N-phenethylhydroxylamine hydrochloride (26a) (1.00 eq. 2.20 mmol, 

0.50 g) according to general procedure 5. 0.75 g of 29a (67%) was obtained as a yellow oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.45 – 7.09 (m, 15H), 4.72 – 4.47 (m, 2H), 4.12 – 4.00 (m, 2H), 3.94 – 3.83 (m, 

2H), 3.79 – 3.67 (m, 2H), 3.18 – 3.04 (m, 1H), 2.86 (t, J = 7.2 Hz, 2H), 2.34 – 1.89 (m, 4H), 1.29 (t, J = 7.1 Hz, 3H), 

1.11 (t, J = 7.1 Hz, 3H). 

13C-NMR (75 MHz, MeOH-d4) δ 136.46, 132.80, 131.53, 130.69, 130.56 (d, JC-P = 5.6 Hz), 130.04, 129.89, 129.79, 

129.61, 129.47, 128.68, 127.48, 77.08, 64.00 (d, JC-P = 7.2 Hz), 63.56 (d, JC-P = 7.6 Hz), 55.83, 43.79 (d, JC-P = 133.9 Hz), 

18.69, 16.56 (dd, JC-P = 20.6, 7.0 Hz), 13.15. 

HPLC (Method A): Rt = 16.23 min, purity = 96.9%. 

Diethyl (4-((benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphonate (29b) 

 

29b was synthesized from 15 (1.00 eq., 1.50 mmol, 0.45 g), HATU (1.00 eq., 1.50 mmol, 0.57 g), DIPEA (3.00 eq., 

4.50 mmol, 0.60 g, 0.79 mL) and O-benzyl-N-(3-phenylpropyl)hydroxylamine hydrochloride (26b) (1.00 eq., 

1.50 mmol, 0.36 g) according to general procedure 5. 0.73 g of 29b (93%) was obtained as a colorless oil. 

1H-NMR (300 MHz, DMSO-d6) δ 7.39 – 7.23 (m, 10H), 7.21 – 7.10 (m, 5H), 4.69 – 4.54 (m, 2H), 4.07 – 3.90 (m, 

2H), 3.88 – 3.65 (m, 2H), 3.59 (s, 2H), 3.27 – 3.13 (m, 1H), 2.57 – 2.50 (m, 4H), 2.33 – 2.14 (m, 3H), 2.08 – 1.90 (m, 

1H), 1.78 (p, J = 7.3 Hz, 2H), 1.19 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, MeOH-d4) δ 175.30, 142.64, 136.40 (d, JC-P = 6.9 Hz), 135.64, 130.62 (d, JC-P = 6.8 Hz), 130.49, 

129.90, 129.79 (d, JC-P = 2.6 Hz), 129.59, 129.40, 128.66 (d, JC-P = 3.2 Hz), 126.96, 77.04, 64.02 (d, JC-P = 7.2 Hz), 63.51 

(d, JC-P = 7.4 Hz), 45.66, 44.23 (d, JC-P = 138.1 Hz), 33.89, 30.99 (d, JC-P = 16.2 Hz), 29.57, 25.64, 16.72 (d, JC-P = 6.0 Hz), 

16.53 (d, JC-P = 5.8 Hz). 

HPLC (Method A): Rt = 17.01 min, purity = 97.3%. 
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Diethyl (4-((benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphonate (29c) 

 

29c was synthesized from 15 (1.00 eq., 3.50 mmol, 1.05 g), HATU (1.00 eq., 3.50 mmol, 1.33 g), DIPEA (2.00 eq., 

7.0 mmol, 0.90, 1.22 mL) and O-benzyl-N-(4-isopropylbenzyl)hydroxylamine (26c) (1.00 eq., 3.50 mmol, 0.89 g) 

in dry DMF (17.5 mL) according to general procedure 5. 1.69 g of 29c (90%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.37 – 7.24 (m, 9H), 7.19 (d, J = 8.2 Hz, 4H), 7.07 (s, 2H), 4.75 (q, J = 15.4 Hz, 2H), 

4.64 – 4.50 (m, 2H), 4.08 – 4.01 (m, 2H), 3.93 – 3.84 (m, 1H), 3.80 – 3.71 (m, 1H), 3.22 – 3.13 (m, 1H), 2.88 (p, 

J = 6.9 Hz, 1H), 2.43 – 2.34 (m, 1H), 2.33 – 2.29 (m, 2H), 2.21 – 2.10 (m, 1H), 1.28 (t, J = 7.0 Hz, 3H), 1.23 (d, 

J = 6.9 Hz, 6H), 1.09 (t, J = 7.1 Hz, 3H). 

13C-NMR (75 MHz, MeOH-d4) δ 149.69, 136.38 (d, JC-P = 6.9 Hz), 135.70, 135.18, 130.66 (d, JC-P = 6.9 Hz), 130.52, 

129.87, 129.79 (d, JC-P = 2.6 Hz), 129.65, 129.54, 128.65 (d, JC-P = 3.2 Hz), 127.54, 77.44, 64.01 (d, JC-P = 8.1 Hz), 63.62 

(d, JC-P = 9.1 Hz), 58.54, 44.13 (d, JC-P = 138.1 Hz), 38.87, 35.11, 30.95 (d, JC-P = 16.3 Hz), 25.64, 24.44, 16.75 (d, 

JC-P = 5.5 Hz), 16.52 (d, JC-P = 5.8 Hz). 

HPLC (Method A): Rt = 12.95 min, purity = 97.9%. 

Diethyl (4-(([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phosphonate (29d) 

 

29d was synthesized from 15 (1.00 eq., 1.80 mmol, 0.54 g), HATU (1.00 eq., 1.8 mmol, 0.68 g), DIPEA (2.00 eq, 

3.60 mmol, 0.47 g, 0.63 mL) and N-([1,1'-biphenyl]-4-ylmethyl)-O-benzylhydroxylamine (26d) (1.00 eq., 

1.8 mmol, 0.52 g) in dry DMF (9 mL) according to general procedure 5. 0.87 g of 29d (78%) was obtained as a 

colorless oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.66 – 7.53 (m, 4H), 7.45 – 7.22 (m, 13H), 7.18 – 7.03 (m, 2H), 4.83 (d, J = 3.4 Hz, 

2H), 4.73 – 4.53 (m, 2H), 4.14 – 3.96 (m, 2H), 3.96 – 3.65 (m, 2H), 3.25 – 3.11 (m, 1H), 2.49 – 2.29 (m, 3H), 

2.27 – 2.08 (m, 1H), 1.27 (t, J = 7.0 Hz, 3H), 1.08 (t, J = 7.1 Hz, 3H). 

13C-NMR (75 MHz, MeOH-d4) δ 141.95, 136.90, 136.42 (d, JC-P = 6.9 Hz), 135.71, 130.67 (d, JC-P = 6.6 Hz), 130.56, 

130.07, 129.90 (d, JC-P = 2.8 Hz), 129.80 (d, JC-P = 2.6 Hz), 129.59, 128.65, 128.43, 128.12, 127.95, 77.52, 73.13, 

64.02 (d, JC-P = 6.8 Hz), 63.63 (d, JC-P = 8.1 Hz), 44.14 (d, Jc-p = 138.0 Hz), 31.12 (d, JC-P = 15.8 Hz), 25.63, 16.70 (d, 

JC-P = 5.1 Hz), 16.54 (d, JC-P = 5.2 Hz). 
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HPLC (Method A): Rt = 18.01 min, purity = 98.9%. 

Diethyl (4-((benzyloxy)(naphthalen-2-ylmethyl)amino)-4-oxo-1-phenylbutyl)phosphonate (29e) 

 

29e was synthesized from 15 (1.00 eq., 4.00 mmol, 1.20 g), HATU (1.00 eq., 4.00 mmol, 1.52 g), DIPEA (3.00 eq., 

12.00 mmol, 1.56 g, 2.10 mL) and O-benzyl-N-(naphthalen-2-ylmethyl)hydroxylamine hydrochloride (26e) 

(1.00 eq., 4.00 mmol,1.06 g) in dry DMF (10 mL) according to general procedure 5. 1.95 g of 29e (87%) was 

obtained as a yellow oil. 

1H-NMR (600 MHz, DMSO-d6) δ 7.91 – 7.85 (m, 3H), 7.76 (s, 1H), 7.54 – 7.45 (m, 2H), 7.40 – 7.36 (m, 1H), 

7.35 – 7.24 (m, 9H), 7.11 (d, J = 7.0 Hz, 2H), 5.01 – 4.92 (m, 2H), 4.73 – 4.60 (m, 2H), 4.01 – 3.92 (m, 2H), 

3.86 – 3.76 (m, 1H), 3.76 – 3.66 (m, 1H), 3.27 – 3.19 (m, 1H), 2.38 – 2.22 (m, 2H), 2.08 – 1.99 (m, 1H), 1.19 (t, 

J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, MeOH-d4) δ 136.35 (d, JC-P = 6.8 Hz), 135.69, 135.29, 134.75, 134.36, 130.63 (d, JC-P = 6.7 Hz), 

130.54, 129.89, 129.77 (d, JC-P = 2.5 Hz), 129.56, 129.34, 128.84, 128.71, 127.33, 127.10, 77.57, 63.99 (d, 

JC-P = 7.2 Hz), 63.51 (d, JC-P = 7.1 Hz), 55.83, 44.10 (d, JC-P = 138.1 Hz), 30.91 (d, JC-P = 16.0 Hz), 25.65, 16.72 (d, 

JC-P = 5.3 Hz), 16.45 (d, JC-P = 5.5 Hz). 

HPLC (Method A): Rt = 17.13 min, purity = 98.1%. 

Diethyl (4-oxo-1-phenyl-4-((3-phenylpropyl)amino)butyl)phosphonate (30a) 

 

30a was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (2.00 eq., 

4.00 mmol, 0.52 g, 0.70 mL) and 3-phenylpropan-1-amine (27a) (1.00 eq., 2.00 mmol, 0.27 g) in dry DMF (10 mL) 

according to general procedure 5. 0.57 g of 30a (68%) was obtained as an orange oil. 

1H-NMR (300 Hz, DMSO-d6) δ 7.74 (t, J = 5.5 Hz, 1H), 7.35 – 7.23 (m, 6H), 7.24 – 7.10 (m, 3H), 4.06 – 3.87 (m, 2H), 

3.89 – 3.60 (m, 2H), 3.28 – 2.95 (m, 3H), 2.54 (d, J = 7.3 Hz, 2H), 2.32 – 2.12 (m, 1H), 2.10 – 1.87 (m, 3H), 

1.71 – 1.56 (m, 2H), 1.20 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.1 Hz, 3H). 

13C-NMR (75 MHz, DMSO-d6) δ 171.06, 141.73, 136.08 (d, Jc-p = 6.6 Hz), 129.17 (d, Jc-p = 6.7 Hz), 128.28 (d, 

Jc-p = 2.7 Hz), 126.94 (d, Jc-p = 3.0 Hz), 125.71, 61.65 (d, Jc-p = 7.0 Hz), 61.29 (d, Jc-p = 7.0 Hz), 42.53 (d, 

Jc-p = 135.9 Hz), 38.03, 32.95 (d, Jc-p = 15.4 Hz), 32.51, 30.88, 25.52, 16.27 (d, Jc-p = 5.7 Hz), 16.05 (d, Jc-p = 5.5 Hz). 
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HPLC (Method B): Rt = 12.55 min, purity = 95.1%. 

Diethyl (4-oxo-1-phenyl-4-((4-phenylbutyl)amino)butyl)phosphonate (30b) 

 

30b was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (2.00 eq., 

4.00 mmol, 0.52 g, 0.70 mL) and 4-phenylbutan-1-amine (27b) (1.00 eq., 2.00 mmol, 0.32 g) in dry DMF (10 mL) 

according to general procedure 5. 0.84 g of 30b (97%) was obtained as a yellow oil.  

1H-NMR (300 MHz, DMSO-d6) δ 7.68 (t, J = 5.6 Hz, 1H), 7.35 – 7.23 (m, 6H), 7.20 – 7.12 (m, 3H), 3.96 (m, J = 7.8, 

7.0, 1.0 Hz, 2H), 3.88 – 3.59 (m, 2H), 3.23 – 2.88 (m, 3H), 2.54 (t, J = 7.6 Hz, 2H), 2.31 – 1.85 (m, 4H), 1.59 – 1.43 

(m, 2H), 1.42 – 1.28 (m, 2H), 1.20 (t, J = 7.1 Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, DMSO-d6) δ 170.94, 142.13, 136.07 (d, Jc-p = 6.6 Hz), 129.14 (d, Jc-p = 6.7 Hz), 128.25 (t, 

Jc-p = 3.8 Hz), 126.91 (d, Jc-p = 3.2 Hz), 125.62, 61.62 (d, Jc-p = 6.8 Hz), 61.26 (d, Jc-p = 7.3 Hz), 42.49 (d, 

Jc-p = 135.8 Hz), 38.10, 34.77, 32.91 (d, Jc-p = 15.1 Hz), 28.74, 28.36, 25.52, 16.26 (d, Jc-p = 5.6 Hz), 16.04 (d, 

Jc-p = 5.6 Hz). 

HPLC (Method B): Rt = 11.65 min, purity = 97.7%. 

Diethyl (4-((2-(1H-indol-3-yl)ethyl)amino)-4-oxo-1-phenylbutyl)phosphonate (30c) 

 

30c was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (2.00 eq., 

4.00 mmol, 0.52 g, 0.70 mL) and 3-(2-aminoethyl)-1H-indol-6-ylium (27c) (1.00 eq., 2.00 mmol, 0.32 g) in dry 

DMF (10 mL) according to general procedure 5. 0.84 g of 21c (95%) was obtained as an orange oil. 

1H-NMR (300 MHz, DMSO-d6) δ 10.79 (s, 1H), 7.83 (t, J = 5.7 Hz, 1H), 7.49 (d, J = 7.8 Hz, 1H), 7.38 – 7.23 (m, 5H), 

7.14 – 6.89 (m, 3H), 4.05 – 3.91 (m, 2H), 3.90 – 3.63 (m, 2H), 3.30 – 3.02 (m, 3H), 2.82 – 2.72 (m, 2H), 2.32 – 1.84 

(m, 4H), 1.21 (t, J = 7.1 Hz, 3H), 1.02 (t, J = 7.0 Hz, 3H). 

 13C-NMR (75 MHz, DMSO-d6) δ 171.31, 136.24, 136.05 (d, Jc-p = 6.8 Hz), 129.20 (d, Jc-p = 6.7 Hz), 128.34 (d, 

Jc-p = 2.4 Hz), 127.26, 126.98, 122.54, 120.91, 118.22, 111.89, 111.36, 61.69 (d, Jc-p = 6.7 Hz), 61.34 (d, 

Jc-p = 7.2 Hz), 42.70, 42.53 (d, Jc-p = 135.9 Hz), 33.05 (d, Jc-p = 15.7 Hz), 25.52, 25.17, 16.31 (d, Jc-p = 5.8 Hz), 16.08 

(d, Jc-p = 5.6 Hz). 

HPLC (Method C): Rt = 11.68 min, purity = 96.3%. 
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Diethyl (4-((2-((5-carbamoylpyridin-2-yl)amino)ethyl)amino)-4-oxo-1-phenylbutyl)phosphonate (38a) 

 

38a was synthesized from 15 (1.00 eq., 1.00 mmol, 0.30 g), HATU (1.00 eq., 1.00 mmol, 0.38 g), DIPEA (2.00 eq., 

2.00 mmol, 0.26 g, 0.35 mL) and 4-((2-aminoethyl)amino)benzamide (37a) (1.00 eq., 1.00 mmol, 0.18 g) in dry 

DMF (5 mL) according to general procedure 5. 0.20 g of 38a (43%) was obtained as a yellow oil. 

1H-NMR (300 MHz, MeOD-d4) δ 8.56 – 8.44 (m, 1H), 7.91 – 7.75 (m, 1H), 7.35 – 7.18 (m, 5H), 6.50 (dd, J = 8.9, 

0.8 Hz, 1H), 4.13 – 3.96 (m, 2H), 3.96 – 3.64 (m, 2H), 3.43 (t, J = 6.3 Hz, 2H), 3.35 – 3.30 (m, 2H), 3.24 – 3.05 (m, 

1H), 2.47 – 2.28 (m, 1H), 2.28 – 2.02 (m, 3H), 1.31 – 1.20 (m, 3H), 1.06 (dd, J = 7.1, 0.6 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 183.05, 178.83, 170.00, 157.73, 145.59, 144.27 (d, Jc-p = 6.9 Hz), 138.50 (d, 

Jc-p = 6.7 Hz), 137.63 (d, Jc-p = 2.6 Hz), 136.53 (d, Jc-p = 3.1 Hz), 126.67, 126.11, 116.74, 72.01 (d, Jc-p = 7.1 Hz), 71.50 

(d, Jc-p = 7.3 Hz), 52.39 (d, Jc-p = 137.8 Hz), 49.81, 42.53, 42.42, 34.65 (d, Jc-p = 2.5 Hz), 24.67 (d, Jc-p = 5.7 Hz), 24.48 

(d, Jc-p = 5.9 Hz), 8.78. 

31P-NMR (243 MHz, MeOD-d4) δ 28.77. 

HPLC (Method C): Rt = 6.82 min, purity = 97.7%.  

Diethyl (4-((3-((5-carbamoylpyridin-2-yl)amino)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate (38b) 

 

38b was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (2.00 eq., 

4.00 mmol, 0.52 g, 0.70 mL) and 4-((3-aminopropyl)amino)benzamide (37b) (1.00 eq., 2.00 mmol, 0.39 g) in dry 

DMF (10 mL) according to general procedure 5. 0.44 g of 38b (46%) was obtained as a yellow oil. 

1H-NMR (300 MHz, MeOD-d4) δ 8.60 – 8.46 (m, 1H), 7.86 (dd, J = 9.0, 2.4 Hz, 1H), 7.33 – 7.28 (m, 3H), 7.27 – 7.16 

(m, 1H), 6.52 (d, J = 8.1 Hz, 1H), 4.11 – 3.95 (m, 2H), 3.90 – 3.62 (m, 2H), 3.23 – 3.08 (m, 3H), 2.47 – 2.28 (m, 1H), 

2.28 – 1.96 (m, 3H), 1.72 (p, J = 6.8 Hz, 2H), 1.33 (dd, J = 7.0, 3.8 Hz, 2H), 1.29 – 1.19 (m, 3H), 1.05 (t, J = 7.1 Hz, 

3H). 

13CNMR (151 MHz, MeOD-d4) δ 170.56, 148.72, 137.90, 136.29, 130.57 (d, Jc-p = 6.6 Hz), 129.70, 128.60, 118.47, 

64.09, 63.55 (d, Jc-p = 7.4 Hz), 44.48 (d, Jc-p = 137.7 Hz), 39.87, 37.84, 34.56, 34.46, 29.93, 26.75, 16.71 (d, 

Jc-p = 5.8 Hz), 16.52 (d, Jc-p = 6.0 Hz). 

HPLC (Method C): Rt = 6.84 min, purity = 92.8%. 

HRMS (ESI+): calculated. for C23H33N4O5P 477.2271 [M + H]+, found 477.2261. 
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Diethyl (4-((benzyloxy)(4-phenylbutyl)amino)-4-oxo-1-phenylbutyl)phosphonate (44a) 

 

44a was synthesized from 15 (1.00 eq., 3.00 mmol, 0.90 g), HATU (1.00 eq., 3.00 mmol, 1.14 g), DIPEA (3.00 eq., 

9.00 mmol, 1.56 g) and O-benzyl-N-(4-phenylbutyl)hydroxylamine hydrochloride (43a) (1.00 eq., 3.00 mmol, 

0.87 g) in dry DMF (15 mL) according to general procedure 5. 1.10 g of 44a (68%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.36– 7.27 (m, 9H), 7.25 – 7.20 (m, 2H), 7.16 – 7.09 (m, 4H), 4.64 – 4.52 (m, 2H), 

4.12 – 3.99 (m, 2H), 3.93 – 3.84 (m, 1H), 3.82 – 3.71 (m, 1H), 3.70 – 3.65 (m, 2H), 3.23 – 3.16 (m, 1H), 2.60 (t, 

J = 7.2 Hz, 2H), 2.39 – 2.32 (m, 1H), 2.31 – 2.26 (m, 2H), 2.19 – 2.13 (m, 1H), 1.64 – 1.54 (m, 4H), 1.28 (t, J = 7.1 Hz, 

3H), 1.09 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOH-d4) δ 174.81, 143.42, 136.50, 135.81, 130.64 (d, JC-P = 6.7 Hz), 130.43 (d, JC-P = 4.5 Hz), 

129.86, 129.78 (d, JC-P = 2.7 Hz), 129.58, 129.44, 129.32, 128.64 (d, JC-P = 3.4 Hz), 126.78, 77.06, 64.04 (d, 

JC-P = 7.1 Hz), 63.57 (d, JC-P = 7.3 Hz), 52.03, 45.26 (d, JC-P = 130.6 Hz), 43.90, 36.25, 31.03 (d, JC-P = 16.3 Hz), 29.54, 

27.32, 16.69 (d, JC-P = 5.7 Hz), 16.50 (d, JC-P = 5.6 Hz). 

HPLC (Method C): Rt = 17.42 min, purity = 95.4%. 

Diethyl (4-((benzyloxy)(5-phenylpentyl)amino)-4-oxo-1-phenylbutyl)phosphonate (44b) 

 

44b was synthesized from 15 (1.00 eq., 1.50 mmol, 0.45 g), HATU (1.00 eq., 1.50 mmol, 0.57 g), DIPEA (3.00 eq., 

4.50 mmol, 0.59 g, 0.79 m) and O-benzyl-N-(5-phenylpentyl)hydroxylamine hydrochloride (43b) (1.00 eq., 

1.50 mmol, 0.46 g) in dry DMF (10 mL) according to general procedure 5. 0.46 g of 44b (56%) was obtained as a 

colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.40 – 7.27 (m, 9H), 7.25 – 7.20 (m, 2H), 7.13 (m, J = 12.6, 8.6, 1.3 Hz, 4H), 

4.65 – 4.52 (m, 2H), 4.11 – 4.00 (m, 2H), 3.95 – 3.86 (m, 1H), 3.82 – 3.73 (m, 1H), 3.69 – 3.56 (m, 2H), 3.25 – 3.17 

(m, 1H), 2.58 (t, J = 7.6 Hz, 2H), 2.40 – 2.22 (m, 3H), 2.20 – 2.09 (m, 1H), 1.67 – 1.56 (m, 4H), 1.67 – 1.56 (m, 4H), 

1.29 (t, J = 7.0 Hz, 3H), 1.10 (t, J = 6.8 Hz, 3H) 
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13C-NMR (151 MHz, MeOH-d4) δ 175.40, 143.64, 136.52, 135.84, 130.64 (d, JC-P = 6.7 Hz), 130.44, 129.87, 129.79, 

129.59, 129.41, 129.26, 128.66, 126.67, 77.09, 64.05 (d, JC-P = 7.1 Hz), 63.57 (d, JC-P = 7.5 Hz), 45.93, 44.42 (d, 

JC-P = 138.1 Hz), 36.68, 32.05, 31.06 (d, JC-P = 16.1 Hz), 27.64, 27.20, 25.75, 16.70 (d, JC-P = 5.8 Hz), 16.51 (d, 

JC-P = 5.9 Hz). 

HPLC (Method C): Rt = 20.89 min, purity = 95.4%. 

Diethyl (4-((benzyloxy)(phenethyl)amino)-1-(3,4-difluorophenyl)-4-oxobutyl)phosphonate (53a) 

 

53a was synthesized from 52 (1.00 eq, 1.60 mmol, 0.54 g), HATU (1.00 eq., 1.60 mmol, 0.61 g), DIPEA (3.00 eq., 

4.80 mmol, 0.62 g, 0.84 mL) and O-benzyl-N-phenethylhydroxylamine hydrochloride (26a) (1.00 eq., 1.60 mmol, 

0.36 g) in dry DMF (8 mL) according to general procedure 5. 0.49 g of 53a (56%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.32 (d, J = 6.6 Hz, 3H), 7.28 – 7.10 (m, 9H), 7.05 – 7.01 (m, 1H), 4.66 (q, 

J = 10.5 Hz, 2H), 4.11 – 4.02 (m, 2H), 3.99 – 3.80 (m, 4H), 3.17 – 3.08 (m, 1H), 2.91 – 2.79 (m, 2H), 2.28 – 2.13 (m, 

3H), 2.00 – 1.83 (m, 1H), 1.28 (t, J = 7.0 Hz, 3H), 1.15 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.35, 151.98 (dd, JC-F = 74.0, JC-F = 10.9 Hz), 150.35 (dd, JC-F = 78.5, 

JC-F = 12.6 Hz), 139.84, 135.83, 134.17, 130.44, 129.99 (d, JC-P = 19.5 Hz), 129.60, 129.46, 127.49, 127.11 (td, 

JC-F = 6.7, JC-F = 3.4 Hz), 119.30 (dd, JC-F = 17.8, JC-F = 6.5 Hz), 118.43 (dd, JC-F = 17.5, JC-F = 2.5 Hz), 77.06, 64.10 (d, 

JC-P = 7.1 Hz), 63.77 (d, JC-P = 7.3 Hz), 47.51, 43.41 (d, JC-P = 139.2 Hz), 33.90, 30.92, 30.82, 16.71 (d, JC-P = 5.8 Hz), 

16.58 (d, JC-P = 5.6 Hz). 

HPLC (Method A): Rt = 16.50 min, purity = 97.5%. 

Diethyl (4-((benzyloxy)(3-phenylpropyl)amino)-1-(3,4-difluorophenyl)-4-oxobutyl)phosphonate (53b) 

 

53b was synthesized from 52 (1.00 eq, 2.00 mmol, 0.67 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), and DIPEA 

(3.00 eq., 6.00 mmol, 0.78 g, 1.05 mL) and O-benzyl-N-(3-phenylpropyl)hydroxylamine hydrochloride (26b) 

(1.00 eq., 2.00 mmol, 0.55 g) in dry DMF (10 mL) according to general procedure 5. 0.69 g of 53b (62%) was 

obtained as a yellow oil. 
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1H-NMR (600 MHz, MeOH-d4) δ 7.38 – 7.29 (m, 3H), 7.29 – 7.12 (m, 9H), 7.12 – 7.06 (m, 1H), 4.67 (q, J = 10.3 Hz, 

2H), 4.13 – 4.02 (m, 2H), 4.00 – 3.82 (m, 2H), 3.68 (s, 2H), 3.27 – 3.21 (m, 1H), 2.59 (t, J = 7.8 Hz, 2H), 2.38 – 2.21 

(m, 3H), 2.14 – 2.04 (m, 1H), 1.91 (h, J = 7.3 Hz, 2H), 1.28 (t, J = 7.0 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.27, 151.83 (dd, JC-F = 83.3, JC-F = 9.4 Hz), 150.49 (dd, JC-F = 76.5, JC-F = 10.9 Hz), 

142.68, 135.73, 134.17, 130.48, 129.97, 129.62, 129.43 (d, JC-F = 3.2 Hz), 127.19 (d, JC-P = 8.7 Hz), 126.99, 119.35 

(dd, JC-F = 17.9, JC-F = 6.4 Hz), 118.49 (dd, JC-F = 16.0, JC-F = 2.9 Hz), 77.08, 64.16 (d, JC-P = 7.2 Hz), 63.82 (d, JC-P = 7.3 Hz), 

45.64, 43.47 (d, JC-P = 139.4 Hz), 33.94, 31.01, 30.91 (d, JC-P = 15.8 Hz), 29.57, 25.78, 16.69 (d, JC-P = 6.0 Hz), 16.56 (d, 

JC-P = 5.8 Hz). 

31P-NMR (243 MHz, MeOD-d4) δ 27.81. 

HPLC (Method C): Rt = 17.19 min, purity = 98.9%. 

Diethyl (4-((benzyloxy)(4-phenylbutyl)amino)-1-(3,4-difluorophenyl)-4-oxobutyl)phosphonate (53c) 

 

53c was synthesized from 52 (1.00 eq, 1.60 mmol, 0.54 g) HATU (1.00 eq., 1.60 mmol, 0.61 g) and DIPEA 

(3.00 eq., 4.80 mmol, 0.62 g, 0.84 mL) and O-benzyl-N-(4-phenylbutyl)hydroxylamine hydrochloride (43a) 

(1.00 eq., 1.60 mmol, 0.47 g) in dry DMF (10 mL) according to general procedure 5. 0.57 g of 53c (62%) was 

obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.37 – 7.28 (m, 3H), 7.27 – 7.12 (m, 9H), 7.08 – 7.03 (m, 1H), 4.67 (q, J = 10.2 Hz, 

2H), 4.09 – 4.03 (m, 2H), 4.00 – 3.90 (m, 1H), 3.90 – 3.82 (m, 1H), 3.74 – 3.63 (m, 2H), 3.22 (q, J = 11.2 Hz, 1H), 

2.62 (t, J = 7.1 Hz, 2H), 2.39 – 2.19 (m, 3H), 2.07 (s, 1H), 1.69 – 1.49 (m, 4H), 1.28 (t, J = 7.1 Hz, 3H), 1.15 

(t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.24, 151.94 (dd, JC-F = 64.7, JC-F = 5.3 Hz), 150.36 (dd, JC-F = 80.3, JC-F = 6.6 Hz), 

143.43, 135.77, 134.17, 130.45, 129.94, 129.61, 129.46, 129.36, 126.81, 127.17, 119.33 (dd, JC-F = 17.9, 

JC-F = 6.6 Hz), 118.47 (d, JC-F = 17.1 Hz), 77.00, 64.15 (d, JC-P = 7.2 Hz), 63.82 (d, JC-P = 7.4 Hz), 52.11, 45.49, 43.44 

(d, JC-P = 139.4 Hz), 36.25, 30.89 (d, JC-P = 15.6 Hz), 29.61, 27.27, 25.79, 16.70 (d, JC-P = 5.7 Hz), 16.57 (d, 

JC-P = 5.7 Hz). 

HPLC (Method C): Rt = 17.77 min, purity = 95.4%. 
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Diethyl (4-((benzyloxy)(5-phenylpentyl)amino)-1-(3,4-difluorophenyl)-4-oxobutyl)phosphonate (53d) 

 

53d was synthesized from 52 (1.00 eq, 2.00 mmol, 0.67 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (3.00 eq., 

6.00 mmol, 0.78 g, 1.05 mL) and O-benzyl-N-(5-phenylpentyl)hydroxylamine hydrochloride (43b) (1.00 eq., 

2.00 mmol, 0.61 g) in dry DMF (10 mL) according to general procedure 5. 0.79 g of 53d (62%) was obtained as a 

yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.34 – 7.28 (m, 3H), 7.27 – 7.15 (m, 6H), 7.14 – 7.07 (m, 4H), 4.66 (q, J = 10.4 Hz, 

2H), 4.12 – 4.00 (m, 4H), 4.00 – 3.82 (m, 2H), 3.69 – 3.58 (m, 2H), 3.28 – 3.22 (m, 1H), 2.56 (t, J = 7.7 Hz, 2H), 

2.42 – 2.19 (m, 3H), 2.15 – 2.02 (m, 1H), 1.60 (t, J = 7.9 Hz, 4H), 1.26 (t, J = 7.0 Hz, 4H), 1.15 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.07, 152.37 , 151.2, 150.74, 149.7, 143.59, 135.75, 134.21 (d, JC-P = 10.2 Hz), 

129.60, 129.41, 129.26, 127.49 (td, JC-F = 6.7, JC-P = 3.6 Hz), 126.90, 126.68, 119.94 – 119.15 (m), 118.47 (dd, 

JC-F = 17.4, JC-f = 2.5 Hz), 118.22 (dd, JC-F = 17.4, JC-F = 3.2 Hz), 76.99, 64.10 (d, JC-P = 7.2 Hz), 63.76 (d, JC-P = 7.0 Hz), 

45.74, 43.45 (d, JC-P = 139.0 Hz), 36.67, 33.17, 32.25, 32.10, 30.88 (d, JC-P = 15.8 Hz), 27.58, 27.19, 25.74, 16.72 (d, 

JC-P = 5.9 Hz), 16.59 (d, JC-P = 6.1 Hz). 

HPLC (Method A): Rt = 14.46 min, purity = 95.0%. 

Diethyl (4-((benzyloxy)(3-(4-fluorophenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate (61a) 

 

61a was synthesized from 15 (1.00 eq., 1.50 mmol, 0.45 g), HATU (1.00 eq., 1.50 mmol, 0.57 g), DIPEA (3.00 eq., 

4.50 mmol, 0.58 g, 0.79 m) and O-benzyl-N-(3-(4-fluorophenyl)propyl)hydroxylamine hydrochloride (60a) 

(1.00 eq., 1.50 mmol, 0.44 g) in dry DMF (7.5 mL) according to general procedure 5. 0.75 g of 61a (93%) was 

obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.37 – 7.27 (m, 8H), 7.21 – 7.06 (m, 4H), 7.00 – 6.93 (m, 2H), 4.65 – 4.51 (m, 2H), 

4.10 – 4.01 (m, 2H), 3.93 – 3.85 (m, 1H), 3.80 – 3.74 (m, 1H), 3.65 (s, 2H), 3.25 – 3.18 (m, 1H), 2.59 – 2.53 (m, 2H), 

2.40 – 2.24 (m, 3H), 2.21 – 2.12 (m, 1H), 1.87 (t, J = 7.5 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H). 
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13C-NMR (151 MHz, MeOH-d4) δ 175.45, 162.76 (d, JC-F = 242.1 Hz), 138.62, 136.43 (d, JC-P = 6.8 Hz), 135.68, 131.01 

(d, JC-P = 7.7 Hz), 130.66 (d, JC-P = 6.7 Hz), 130.53, 129.94, 129.83 (d, JC-P = 2.6 Hz), 129.62, 128.70 (d, JC-P = 3.2 Hz), 

115.95 (d, JC-F = 21.4 Hz), 77.11, 64.09 (d, JC-P = 7.1 Hz), 63.57 (d, JC-P = 7.2 Hz), 45.55, 44.30 (d, JC-P = 138.5 Hz), 33.04, 

31.04 (d, JC P = 14.9 Hz), 29.65, 25.66, 16.71 (d, JC-P = 5.8 Hz), 16.51 (d, JC-P = 5.8 Hz). 

HPLC (Method c): Rt = 19.92 min, purity > 99.0%. 

Diethyl (4-((benzyloxy)(3-(4-(trifluoromethyl)phenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate (61b) 

 

61b was synthesized from 15 (1.00 eq., 1.60 mmol, 0.48 g), HATU (1.00 eq., 1.60 mmol, 0.61 g), DIPEA (3.00 eq., 

4.80 mmol, 0.62 g, 0.84 mL) and O-benzyl-N-(3-(4-(trifluoromethyl)phenyl)propyl)hydroxylamine hydrochloride 

(60b) (1.00 eq., 1.60 mmol, 0.55 g) in dry DMF (8 mL) according to general procedure 5. 0.80 g of 61b (85%) was 

obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.55 (d, J = 8.0 Hz, 2H), 7.40 – 7.26 (m, 10H), 7.13 (d, J = 7.0 Hz, 2H), 4.60 (dd, 

J = 29.9, 11.4 Hz, 2H), 4.12 – 4.00 (m, 2H), 3.95 – 3.85 (m, 1H), 3.82 – 3.72 (m, 1H), 3.67 (s, 2H), 3.27 – 3.18 (m, 

1H), 2.66 (t, J = 7.8 Hz, 2H), 2.45 – 2.22 (m, 3H), 2.22 – 2.12 (m, 1H), 2.01 – 1.83 (m, 2H), 1.28 (t, J = 7.0 Hz, 3H), 

1.09 (d, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 147.45, 136.44 (d, JC-P = 6.8 Hz), 130.66 (d, JC-P = 6.7 Hz), 130.54, 130.10, 129.96, 

129.83 (d, JC-P = 2.4 Hz), 129.63, 129.21, 128.71 (d, JC-P = 3.3 Hz), 126.79, 126.37 – 126.18 (m), 124.99, 77.17, 

64.09 (d, JC-P = 7.1 Hz), 63.57 (d, JC-P = 7.5 Hz), 45.54, 44.30 (d, JC-P = 138.1 Hz), 33.66, 31.02 (d, JC-P = 16.1 Hz), 

29.20, 25.64, 25.25, 16.70 (d, JC-P = 6.0 Hz), 16.51 (d, JC-P = 5.9 Hz). 

HPLC (Method A): Rt = 17.99 min, purity = 97.1%. 

Diethyl (4-((benzyloxy)(3-(p-tolyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate (61c) 

 

61c was synthesized from 15 (1.00 eq., 2.00 mmol, 0.60 g), HATU (1.00 eq., 2.00 mmol, 0.76 g), DIPEA (3.00 eq., 

6.00 mmol, 0.78 g, 1.05 mL) and O-benzyl-N-(3-(p-tolyl)propyl)hydroxylamine hydrochloride (60c) (1.00 eq., 

2.00 mmol, 0.58 g) in dry DMF (10 mL) according to general procedure 5. 0.90 g of 61c (84%) was obtained as a 

yellow oil. 
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1H-NMR (300 MHz, MeOH-d4) δ 7.36 – 7.28 (m, 9H), 7.18 – 7.01 (m, 5H) , 4.57 (d, J = 13.3 Hz, 2H), 4.12 – 4.03 (m, 

3H), 3.98 – 3.71 (m, 3H), 3.24 – 3.15 (m, 1H), 2.53 (t, J = 7.7 Hz, 2H), 2.45 – 2.31 (m, 2H), 2.28 (s, 3H), 2.26 – 2.16 

(m, 2H), 1.86 (p, J = 7.2 Hz, 2H), 1.29 (d, J = 7.0 Hz, 3H), 1.13 – 1.08 (m, 3H). 

13C-NMR (75 MHz, MeOH-d4) δ 174.79, 139.54, 136.44, 136.38, 130.70, 130.55 (d, JC-P = 9.4 Hz), 130.03, 129.91, 

129.82 (d, JC-P = 2.5 Hz), 129.74 (d, JC-P = 2.6 Hz), 129.60, 129.31, 128.69 (d, JC-P = 3.3 Hz), 77.06, 64.11 (d, 

JC-P = 8.5 Hz), 63.61 (d, JC-P = 7.6 Hz), 52.07, 44.27 (d, JC-P = 138.4 Hz), 33.47, 31.03 (d, JC-P = 15.6 Hz), 29.64, 25.68, 

21.07, 16.67 (d, JC-P = 5.9 Hz), 16.51 (d, JC-P = 5.8 Hz). 

HPLC (Method C): Rt = 13.51 min, purity = 98.8%. 

Diethyl (4-((benzyloxy)(3-(4-methoxyphenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate (61d) 

 

61d was synthesized from 15 (1.00 eq, 3.00 mmol, 0.90 g), HATU (1.00 eq., 3.00 mmol, 1.14 g), DIPEA (3.00 eq., 

9.00 mmol, 1.16 g, 1.57 mL) and O-benzyl-N-(3-(4-methoxyphenyl)propyl)hydroxylamine hydrochloride (60d) 

(1.00 eq., 3.00 mmol, 0.92 g) ) in dry DMF (15 mL) according to general procedure 5. 1.30 g of 61d (79%) was 

obtained as a yellow oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.44 – 7.22 (m, 9H), 7.19 – 6.99 (m, 3H), 6.87 – 6.74 (m, 2H), 4.58 (q, J = 10.2 Hz, 

2H), 4.16 – 3.98 (m, 2H), 3.97 – 3.78 (m, 2H), 3.75 (s, 3H), 3.60 (d, J = 10.8 Hz, 2H), 3.26 – 3.15 (m, 1H), 2.51 (t, 

J = 7.6 Hz, 2H), 2.44 – 2.12 (m, 5H), 1.87 (q, J = 7.3 Hz, 2H), 1.28 (t, J = 7.0 Hz, 3H), 1.10 (t, J = 7.1 Hz, 4H). 

13C-NMR (151 MHz, MeOH-d4) δ 174.72, 159.43, 136.50, 135.75, 134.603, 130.62 (d, JC-P = 6.8 Hz), 130.49 (d, 

JC-P = 7.0 Hz), 130.43 , 130.29, 129.86, 129.76, 129.69, 129.58, 128.63 (d, JC-P = 3.0 Hz), 114.89, 77.11, 64.01 (d, 

JC-P = 7.3 Hz), 63.54 (d, JC-P = 7.5 Hz), 52.02, 45.31 (d, JC-P = 145.5 Hz), 43.91, 32.98, 31.06 (d, JC-P = 16.2 Hz), 29.71, 

26.18, 25.72, 16.70 (d, JC-P = 5.9 Hz), 16.51 (d, 3JC-P = 5.8 Hz). 

HPLC (Method A): Rt = 16.55 min, purity = 95.6%. 

Diethyl (4-((benzyloxy)(3-(3,5-difluorophenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate (64) 

 

64 was synthesized from 15 (1.00 eq, 1.00 mmol, 0.30 g), HATU (1.00 eq., 1.00 mmol, 0.38 g), DIPEA (3.00 eq., 

3.00 mmol, 0.39 g, 0.52 mL) and O-benzyl-N-(3-(3,5-difluorophenyl)propyl)hydroxylamine hydrochloride (60e) 
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(1.00 eq., 1.00 mmol, 0.31 g) in dry DMF (5 mL) according to general procedure 5. 0.43 g of 64 (77%) was 

obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.38 – 7.27 (m, 8H), 7.14 (d, J = 6.8 Hz, 2H), 6.79 (d, J = 7.7 Hz, 2H), 6.74 (tt, 

J = 9.2, 2.3 Hz, 1H), 4.73 – 4.50 (m, 2H), 4.11 – 4.00 (m, 2H), 3.95 – 3.86 (m, 1H), 3.82 – 3.61 (m, 3H), 3.24 – 3.18 

(m, 1H), 2.66 – 2.53 (m, 2H), 2.41 – 2.24 (m, 3H), 2.22 – 2.12 (m, 1H), 1.89 (d, J = 9.0 Hz, 2H), 1.29 (t, J = 7.1 Hz, 

3H), 1.10 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.57, 164.51 (dd, JC-F = 246.9, JC-F = 13.0 Hz), 147.34, 136.52, 135.76, 130.65 

(d, JC-P = 6.8 Hz), 130.50, 129.93, 129.80 (d, JC-P = 3.3 Hz), 129.62, 128.66, 112.23 (dd, JC-F = 19.9, JC-F = 4.9 Hz), 

102.09 (t, JC-F = 26.0 Hz), 77.24, 64.07 (d, JC-P = 7.1 Hz), 63.59 (d, JC-P = 7.3 Hz), 55.90, 44.40 (d, JC-P = 134.9 Hz), 

43.81, 33.55, 31.08 (d, JC-P = 15.4 Hz), 28.92, 25.72, 18.73, 16.68 (d, JC-P = 5.9 Hz), 16.49 (d, JC-P = 5.9 Hz), 13.10. 

HPLC (Method A): Rt = 17.12 min, purity = 96.9%. 

8.3.2.2 Conversion of the diethyl phosphonates to phosphonic acids 

General procedure 6 for the cleavage of the diethyl phosphonates to give phosphonic acids. 

The phosphonic acids were synthesized according to different experimental procedures: 

Method I: using the procedure reported by KUMAR et al. for 31c-g, 32a-e, and 33a-c.154  

To a solution of the phosphonic acid diethyl ester (28a-g, 29a-e, and 30a-c, 1.00 eq.) in dry DCM (5 mL), 

trimethylsilyl bromide (2.00 eq.) was added in a septum-sealed microwave tube. The reaction mixture was 

irradiated in a microwave cavity at 150 W and 50 ˚C for 2 h. After reaction completion, the solvents and the 

volatiles were evaporated at r.t under reduced pressure and then kept for 16 h in vacuo. The residue was then 

dissolved in 10 mL THF and 0.1 mL H2O and stirred at r.t. for 1 h. THF was then evaporated at r.t. under reduced 

pressure, and the product was dried for 16 h in vacuo.  

The sodium salt of compounds 31c, 31d, 31f, and 33a-c was prepared by stirring (1.00 eq.) the residue with 1M 

NaOH (2.00 eq.) for another 16 h. The aqueous phase was then washed with DCM to remove organic impurities. 

Finally, the water was removed by lyophilization, and the crude product was recrystallized from ethanol. 

Compounds 31e, 31g and 32a-e were purified by reverse phase flash chromatography (on a prepacked silica 

cartridge), using water:acetonitrile (90:10→70:30) as eluent. 

Method II: using the procedure reported by BEHRENDT et al. for 39a,b, 46a,b, and 62a-d.136 

To a solution of the appropriate phosphonic acid diethyl ester (1.00 eq.) in dry DCM (10 mL), trimethylsilyl 

bromide (5.00 eq.) was added at 0 °C. After 1 h, the solution was allowed to warm up to r.t. and stirred for further 

24 h. After reaction completion, the solvents and the volatiles were evaporated at r.t. under reduced pressure 

and then kept for 16 h in vacuo. The residue was then dissolved in 10 mL THF and 0.1 mL H2O and stirred at rt for 

1 h. THF was then evaporated at r.t. in vacuo under reduced pressure, and the product was dried for 16 h in 

vacuo. The crude product was purified by reverse phase flash chromatography (on a prepacked silica cartridge), 

using water/acetonitrile (90:10-70:30) as eluent. 
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Sodium (4-oxo-4-(phenethoxyamino)-1-phenylbutyl)phosphonate (31c) 

 

22c was synthesized from diethyl (4-oxo-4-(phenethoxyamino)-1-phenylbutyl)phosphonate (28c) (1.00 eq, 

2.05 mmol, 1.26 g) and trimethylsilyl bromide (2.00 eq., 4.10 mmol, 0.63 g, 0.54 mL) according to general 

procedure 6 Method I. 1.14 g of 31c (93%) was obtained as a white powder. 

1H-NMR (600 MHz, MeOD-d4) δ 7.42 (d, J = 7.5 Hz, 2H), 7.33 – 7.10 (m, 7H), 7.05 (t, J = 6.9 Hz, 1H), 3.94 (t, 

J = 7.5 Hz, 2H), 2.93 (t, J = 7.5 Hz, 2H), 2.75 – 2.66 (m, 1H), 2.46 – 2.41 (m, 1H), 2.17 – 2.08 (m, 1H), 2.01 – 1.88 

(m, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ 168.94, 138.41, 138.08 (d, Jc-p = 6.6 Hz), 129.19 (d, Jc-p = 6.2 Hz), 128.88, 128.33, 

128.10, 126.32, 126.21, 75.61, 44.72 (d, Jc-p = 133.5 Hz), 33.92, 30.56 (d, Jc-p = 13.8 Hz), 25.88. 

31P-NMR (243 MHz, D2O) δ 20.18, 19.95. 

HPLC (Method A): Rt = 8.39 min, purity = 95.6%. 

mp.: 60.0 ˚C. 

Sodium (4-oxo-1-phenyl-4-((3-phenylpropoxy)amino)butyl)phosphonate (31d) 

 

31d was synthesized from diethyl (4-oxo-1-phenyl-4-((3-phenylpropoxy)amino)butyl)phosphonate (28d) 

(1.00 eq., 2.90 mmol, 1.25 g) and trimethylsilyl bromide (2.00 eq., 5.80 mmol, 0.89 g, 0.77 mL) according 

to general procedure 6 Method I. 1.05 g of 31d (86%) was obtained as a white powder. 

1H-NMR (600 MHz, MeOH-d4) δ 7.40 (d, J = 8.1 Hz, 2H), 7.25 (t, J = 7.5 Hz, 2H), 7.22 – 7.11 (m, 6H), 7.06 (t, 

J = 8.2 Hz, 1H), 3.79 (t, J = 6.6 Hz, 2H), 2.74 – 2.67 (m, 3H), 2.47 – 2.40 (m, 1H), 2.18 – 2.09 (m, 1H), 2.07 – 1.95 

(m, 2H), 1.95 – 1.87 (m, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 173.25, 144.53, 143.05, 130.57 (d, JC-P = 5.8 Hz), 129.42, 128.71, 126.84, 125.94, 

75.89, 49.19 (d, JC-P = 124.7 Hz), 33.93 (d, JC-P = 12.6 Hz), 33.00, 31.10, 30.05. 

31P-NMR (243 MHz, MeOD-d4) δ 20.90. 

HPLC (Method A): Rt = 9.23 min, purity = 96.1%. 

LCMS (ESI+): Rt = 3.1 min, m/z = 378.14. 

HRMS (ESI+): calculated for C19H22NNa2O5P = 378.1463 [M -2 Na+ + 3 H]+, found = 378.1465 
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mp.: 70.5 ˚C. 

((4-(((4-Isopropylbenzyl)oxy)amino)-4-oxo-1-phenylbutyl)phosphonic acid(31e) 

 

31e was synthesized from diethyl (4-(((4-isopropylbenzyl)oxy)amino)-4-oxo-1-phenylbutyl)phosphonate (28e) 

(1.00 eq., 2.02 mmol, 0.90 g) and trimethylsilyl bromide (2.00 eq., 4.04 mmol, 0.62 g, 0.53 mL) according 

to general procedure 6 Method I. 0.98 g of 31e (90%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.51 – 7.14 (m, 9H), 5.04 (s, 1H), 4.76 (s, 1H), 3.16 – 3.01 (m, 1H), 2.98 – 2.85 

(m, 1H), 2.47 – 2.37 (m, 1H), 2.28 – 2.16 (m, 2H), 1.96 (s, 1H), 1.24 (t, J = 7.3 Hz, 6H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.14, 151.85, 137.42 (d, Jc-p = 7.0 Hz), 131.71, 130.80, 130.40 (d, Jc-p = 6.9 Hz), 

129.62 (d, Jc-p = 2.6 Hz), 128.29 (d, Jc-p = 3.2 Hz), 127.94, 78.04, 45.53 (d, Jc-p = 136.6 Hz), 35.21, 32.71 (d, 

Jc-p = 16.0 Hz), 26.37, 24.30. 

HPLC (Method c): Rt = 10.16 min, purity = 97.5%. 

Sodium (4-(([1,1'-biphenyl]-4-ylmethoxy)amino)-4-oxo-1-phenylbutyl)phosphonate (31f) 

 

31f was synthesized from diethyl (4-(([1,1'-biphenyl]-4-ylmethoxy)amino)-4-oxo-1-phenylbutyl)phosphonate 

(28f) (1.00 eq., 3.00 mmol, 1.45 g) and trimethylsilyl bromide (2.00 eq., 6.00 mmol, 0.92 g, 0.79 mL) according 

to general procedure 6 Method I. 1.2 g of 31f (94%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.61 – 7.53 (m, 4H), 7.50 – 7.46 (m, 2H), 7.41 (t, J = 7.7 Hz, 4H), 7.34 – 7.28 (m, 

1H), 7.16 (t, J = 7.6 Hz, 2H), 7.02 (t, J = 8.1 Hz, 1H), 4.82 (s, 2H), 2.74 – 2.65 (m, 1H), 2.46 – 2.39 (m, 1H), 

2.18 – 2.03 (m, 1H), 1.91 – 1.77 (m, 2H). 

13C-NMR (151 MHz, D2O) δ 171.41, 168.39, 140.36, 139.75, 137.93, 129.52 (d, Jc-p = 5.5 Hz), 129.15, 128.54, 

127.92, 127.68, 126.91 (d, Jc-p = 5.7 Hz), 73.11, 47.64 (d, Jc-p = 125.3 Hz), 32.48 (d, Jc-p = 15.1 Hz), 28.16, 27.80. 

31P-NMR (243 MHz, D2O) δ 20.30, 20.16. 

HPLC (Method c): Rt = 8.32 min, purity = 98.4%. 

mp.: 68.5 ˚C 
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(4-((Naphthalen-2-ylmethoxy)amino)-4-oxo-1-phenylbutyl)phosphonic acid (31g) 

 

31g was synthesized from diethyl (4-((naphthalen-2-ylmethoxy)amino)-4-oxo-1-phenylbutyl)phosphonate (28g) 

(1.00 eq., 2.78 mmol, 1.26 g) and trimethylsilyl bromide (2.00 eq., 5.56 mmol, 0.85 g, 0.73 mL) according 

to general procedure 6 Method I. 1.0 g of 31g (98%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.95 – 6.89 (m, 12H), 4.84 (d, J = 14.3 Hz, 2H), 3.05 – 2.89 (m, 1H), 2.54 – 2.36 

(m, 2H), 2.21 – 2.12 (m, 1H), 2.00 – 1.89 (m, 1H). 

 13C-NMR (151 MHz, MeOD-d4) δ 173.25, 134.82,134.78, 134.66, 130.61 (d, Jc-p = 5.6 Hz), 130.51 (d, Jc-p = 5.6 Hz), 

129.33, 129.14 (d, Jc-p = 3.1 Hz), 128.87, 128.78, 128.66, 127.73, 127.30, 127.20, 126.39, 78.96, 48.11, 33.44 (d, 

Jc-p = 12.4 Hz), 29.31. 

31P-NMR (243 MHz, DMSO-d6) δ 23.55. 

HPLC (Method A): Rt = 9.37 min, purity = 98.9%. 

(4-((Benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32a) 

 

32a was synthesized from diethyl (4-((benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphonate (29a) 

(1.00 eq., 1.26 mmol, 0.64 g) and trimethylsilyl bromide (2.00 eq., 2.52 mmol, 0.39 g, 0.33 mL) according 

to general procedure 6 Method 1. 0.50 g of 32a (87%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.34 – 7.29 (m, 7H), 7.27 – 7.22 (m, 3H), 7.19 – 7.08 (m, 5H), 4.61 – 4.49 (m, 

2H), 3.94 – 3.73 (m, 2H), 3.03 – 2.98 (m, 1H), 2.84 (d, J = 7.7 Hz, 2H), 2.38 – 2.17 (m, 3H), 2.09 (s, 1H). 

13C-NMR (151 MHz, MeOH-d4) δ 164.85, 138.52, 130.56 (d, JC-P = 9.3 Hz), 129.99, 129.87, 129.59, 129.55 (d, 

JC-P = 2.3 Hz), 129.49, 127.98, 127.48, 77.17, 46.15 (d, JC-P = 135.6 Hz), 38.88, 36.95, 33.99, 31.64 (d, JC-P = 22.5 Hz). 

31P-NMR (243 MHz, MeOD-d4) δ 25.47. 

HPLC (Method B): Rt = 12.10 min, purity = 96.20%. 
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(4-((Benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32b) 

 

32b was synthesized from diethyl (4-((benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphonate 

(29b) (1.00 eq., 1.35 mmol, 0.70 g) and trimethylsilyl bromide (2.00 eq., 2.70 mmol, 0.41 g, 0.36 mL) according 

to general procedure 6 Method I. 0.53 g of 32b (85%) was obtained as a white powder. 

1H-NMR (300 MHz, DMSO-d6) 7.42 – 7.07 (m, 15H), 4.60 (d, J = 3.9 Hz, 2H), 3.58 (t, J = 7.1 Hz, 2H), 2.98 – 2.83 (m, 

1H), 2.54 (s, 2H), 2.26 (d, J = 4.4 Hz, 3H), 1.99 (q, J = 10.3 Hz, 1H), 1.78 (p, J = 7.3 Hz, 2H). 

13C-NMR (75 MHz, DMSO-d6) δ 173.06, 141.41, 138.30 (d, JC-P = 6.5 Hz), 134.49, 129.37, 129.18 (d, JC-P = 6.4 Hz), 

128.67, 128.45, 128.29 (d, JC-P = 4.3 Hz), 128.08 (d, JC-P = 2.2 Hz), 126.25 (d, JC-P = 2.8 Hz), 125.83, 75.44, 44.57 (d, 

JC-P = 133.9 Hz), 44.14, 32.28, 30.09 (d, JC-P = 14.9 Hz), 28.22, 25.07. 

31P-NMR (243 MHz, MeOD-d4) δ 25.57. 

HPLC (Method B): Rt = 12.86 min, purity = 97.7%. 

mp.: 129.0 ˚C. 

(4-((Benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32c) 

 

32c was synthesized from diethyl (4-((benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphonate 

(29c) (1.00 eq., 1.90 mmol, 1.00 g) ) and trimethylsilyl bromide (2.00 eq., 3.80 mmol, 0.58 g, 0.50 mL) according 

to general procedure 6 Method I. 0.75 g of 32c (84%) was obtained as a white powder. 

1H-NMR (600 MHz, MeOH-d4) δ 7.34 – 7.23 (m, 8H), 7.19 (s, 4H), 7.10 – 7.02 (m, 2H), 4.73 (t, J = 14.9 Hz, 2H), 

4.63 – 4.50 (m, 2H), 3.10 – 3.01 (m, 1H), 2.88 (hept, J = 6.9 Hz, 1H), 2.48 – 2.40 (m, 1H), 2.33 (dd, J = 8.5, 6.3 Hz, 

2H), 2.24 – 2.11 (m, 1H), 1.23 (d, J = 6.9 Hz, 6H). 

13C-NMR (151 MHz, MeOH-d4) δ 149.65, 138.17 (d, JC-P = 7.0 Hz), 135.69, 130.59 (d, JC--P = 6.5 Hz), 130.54, 129.86, 

129.61 (d, JC-P = 2.5 Hz), 129.52, 128.09 (d, JC-P = 2.9 Hz), 127.54, 77.49, 45.91 (d, JC-P = 135.9 Hz), 35.12, 31.47 (d, 

JC--P = 18.3 Hz), 26.07, 24.43. 

31P-NMR (243 MHz, MeOD-d4) δ 25.90. 

HPLC (Method C): Rt = 13.81 min, purity = 98.1%. 
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mp.: 153.7 ˚C. 

(4-(([1,1'-Biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32d) 

 

32d was synthesized from diethyl(4-(([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phos-

honate (29d) (1.00 eq., 1.26 mmol, 0.72 g) and trimethylsilyl bromide (2.00 eq., 2.52 mmol, 0.39 eq., 0.33 mL) 

according to general procedure 6 Method I. 0.58 g of 32d (89%) was obtained as a white powder 

1H-NMR (600 MHz, MeOH-d4) δ 7.68 (d, J = 7.9 Hz, 1H), 7.60 – 7.54 (m, 4H), 7.43 (t, J = 7.8 Hz, 2H), 7.39 – 7.24 

(m, 11H), 7.04 (s, 1H), 4.66 – 4.49 (m, 2H), 3.12 – 2.99 (m, 1H), 2.43 (s, 1H), 2.32 (t, J = 7.3 Hz, 2H), 2.18 (s, 1H). 

13C-NMR (151 MHz, MeOH-d4) 168.94, 138.41, 138.08 (d, J = 6.6 Hz), 129.19 (d, J = 6.2 Hz), 128.88, 128.33, 

128.10, 126.32, 126.21, 75.61, 44.72 (d, JC-P = 133.5 Hz), 33.92, 30.56 (d, JC-P = 13.8 Hz), 25.88. 

HPLC (Method C): Rt = 13.95 min, purity = 96.1%. 

mp.: 167.6 ˚C. 

(4-((Benzyloxy)(naphthalen-2-ylmethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32e) 

 

32e was synthesized from diethyl (4-((benzyloxy)(naphthalen-2-ylmethyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (29e) (1.00 eq., 3.10 mmol, 1.70 g) and trimethylsilyl bromide (2.00 eq., 6.20 mmol, 

0.95 g, 0.82 mL) according to general procedure 6 Method I. 1.28 g of 32e (85%) was obtained as a white powder. 

1H-NMR (600 MHz, MeOH-d4) δ 7.85 – 7.79 (m, 3H), 7.73 (s, 1H), 7.51 – 7.43 (m, 2H), 7.43 – 7.38 (m, 1H), 

7.35 – 7.18 (m, 9H), 7.05 (s, 1H), 4.94 (s, 2H), 4.67 – 4.53 (m, 2H), 3.13 – 3.06 (m, 1H), 2.52 – 2.42 (m, 1H), 2.37 

(t, J = 7.3 Hz, 2H), 2.25 – 2.14 (m, 1H). 

13C-NMR (151 MHz, DMSO-d6) δ 176.06, 129.34, 129.12 (d, JC-P = 8.4 Hz), 128.55, 128.41, 128.27, 128.20, 127.37, 

125.79, 81.40, 75.38, 43.02 (d, JC-P = 135.9 Hz), 32.24, 26.44 (t, JC-P = 6.3 Hz). 

31P-NMR (243 MHz, DMSO-d6) δ 28.50. 

HPLC (Method A): Rt = 13.03 min, purity > 99.0%. 

mp.: 151.5 ˚C. 
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Sodium (4-oxo-1-phenyl-4-((3-phenylpropyl)amino)butyl)phosphonate(33a) 

 

33a was synthesized from diethyl (4-oxo-1-phenyl-4-((3-phenylpropyl)amino)butyl)phosphonate (30a) (1.00 eq., 

0.63 mmol, 0.96 g) and trimethylsilyl bromide (2.00 eq., 1.26 mmol, 0.19 g, 0.16 mL) according to general 

procedure 6 Method I. 0.90 g of 33a (96%) was obtained as a yellow powder. 

1H-NMR (600 MHz, MeOD-d4) δ 7.40 (d, J = 8.1 Hz, 2H), 7.25 (t, J = 7.5 Hz, 2H), 7.22 – 7.11 (m, 5H), 7.06 (t, 

J = 8.2 Hz, 1H), 3.79 (t, J = 6.6 Hz, 2H), 2.77 – 2.65 (m, 3H), 2.50 – 2.38 (m, 1H), 2.18 – 2.08 (m, 1H), 2.07 – 1.88 

(m, 4H). 

13C-NMR (75 MHz, MeOD-d4) δ 176.59, 144.07 (d, Jc-p = 5.9 Hz), 143.00, 130.51 (d, Jc-p = 5.8 Hz), 129.34 (d, 

Jc-p = 2.1 Hz), 128.79 (d, Jc-p = 2.1 Hz), 126.81, 126.07, 49.14 (d, Jc-p = 124.3 Hz), 39.96, 34.17, 32.24, 29.65, 24.26. 

31P-NMR (243 MHz, MeOD-d4) δ 19.98. 

HPLC (Method C): Rt = 9.21 min, purity = 96.9%. 

HRMS (ESI+): calculated for C19H22Nna2O4P 362.1514 [M – 2 Na+ + 3 H]+, found 362.1516. 

mp.: 85.1 ˚C. 

Sodium (4-oxo-1-phenyl-4-((4-phenylbutyl)amino)butyl)phosphonate (33b) 

 

33b was synthesized from diethyl (4-oxo-1-phenyl-4-((4-phenylbutyl)amino)butyl)phosphonate (30b) (1.00 eq., 

0.58 mmol, 1.00 g) and trimethylsilyl bromide (2.00 eq., 1.16 mmol, 0.18 g, 0.15 mL) according to general 

procedure 6 Method I. 1.084 g of 33b (80%) was obtained as a yellow powder. 

1H-NMR (600 MHz, MeOD-d4) δ 8.55 (s, 1H), 7.41 – 7.36 (m, 2H), 7.26 – 7.10 (m, 7H), 7.09 – 7.03 (m, 1H), 

3.18 – 3.06 (m, 2H), 2.73 – 2.65 (m, 1H), 2.60 (t, J = 7.6 Hz, 2H), 2.47 – 2.37 (m, 1H), 2.18 – 2.07 (m, 1H), 2.04 (t, 

J = 7.9 Hz, 2H), 1.65 – 1.57 (m, 2H), 1.52 – 1.44 (m, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ 171.32, 142.13, 129.12 (d, Jc-p = 6.6 Hz), 128.24 (d, Jc-p = 8.6 Hz), 127.97, 126.15, 

125.62, 44.80 (d, Jc-p = 133.7 Hz), 38.11, 34.77, 33.60 (d, Jc-p = 14.1 Hz), 28.75, 28.36, 26.10. 

31P-NMR (243 MHz, MeOD-d4) δ 20.18 

HPLC (Method A): Rt = 9.24 min, purity = 96.8%. 

HRMS (ESI+): calculated for C20H24Nna2O4P = 376.1671 [M -2 Na+ + 3 H]+, found 376.1672. 
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mp.: 60.6 ˚C. 

Sodium (4-((2-(1H-indol-3-yl)ethyl)amino)-4-oxo-1 phenylbutyl)phosphonate (33c) 

 

33c was synthesized from diethyl (4-((2-(1H-indol-3-yl)ethyl)amino)-4-oxo-1-phenylbutyl)phosphonate (30c) 

(1.00 eq., 1.25 mmol, 0.55 g) and trimethylsilyl bromide (2.00 eq., 1.50 mmol, 0.23 g, 0.20 mL) according 

to general procedure 6 Method I. 0.43 g of 33c (80%) was obtained as a yellow powder. 

1H-NMR (600 MHz, MeOD-d4) δ 7.52 (dd, J = 7.9, 1.0 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.1 Hz, 1H), 7.19 

(t, J = 7.6 Hz, 2H), 7.10 – 7.03 (m, 3H), 6.99 – 6.94 (m, 1H), 3.46 – 3.37 (m, 2H), 2.93 – 2.87 (m, 2H), 2.73 – 2.64 

(m, 1H), 2.49 – 2.39 (m, 1H), 2.17 – 2.08 (m, 1H), 2.07 – 1.98 (m, 2H). 

13C-NMR (151 MHz, MeOD-d4) δ 176.48, 138.20, 130.57 (d, J = 5.7 Hz), 128.79, 126.05, 123.43, 122.23, 119.50, 

119.23, 113.29, 112.26, 49.67, 41.31, 36.65 (d, J = 13.7 Hz), 29.81, 26.36. 

31P-NMR (121 MHz, MeOD-d4) δ 26.33. 

HPLC (Method A): Rt = 8.54 min, purity = 98.4%. 

mp.: 55.1 ˚C. 

(4-((2-((5-Carbamoylpyridin-2-yl)amino)ethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (39a) 

 

39a was synthesized from diethyl (4-((2-((5-carbamoylpyridin-2-yl)amino)ethyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (38a) (1.00 eq., 0.73 mmol, 0.34 g) and trimethylsilyl bromide (5.00 eq., 3.65 mmol, 

0.56 g, 0.48 mL) according to general procedure 6 Method II. 0.24 g of 39a (81%) was obtained as a colorless oil. 

1H-NMR (300 MHz, MeOD-d4) δ 8.43 (dd, J = 2.2, 0.8 Hz, 1H), 8.39 – 8.26 (m, 1H), 7.39 – 7.20 (m, 5H), 7.15 

(d, J = 9.4 Hz, 1H), 3.54 (t, J = 6.4 Hz, 2H), 3.46 – 3.36 (m, 2H), 3.19 – 3.08 (m, 1H), 2.51 – 2.07 (m, 4H). 

13C-NMR (151 MHz, DMSO-d6) δ 172.40, 163.81, 153.27, 138.07, 129.14 (d, 2Jc-p = 6.5 Hz), 128.07, 126.29, 118.70, 

44.65 (d, 1Jc-p = 133.9 Hz), 41.65, 35.84, 33.61 (d, 2Jc-p = 15.1 Hz), 25.95. 

31P-NMR (243 MHz, DMSO-d6) δ 23.72. 

HPLC (Method B): Rt = 5.32 min, purity = 96.0%. 

MS (ESI+): 407.10 [M + 1 H]+. 
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(4-((3-((5-Carbamoylpyridin-2-yl)amino)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (39b) 

 

39b was synthesized from Diethyl (4-((3-((5-carbamoylpyridin-2-yl)amino)propyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (38b) (1.00 eq., 0.73 mmol, 0.35 g) and trimethylsilyl bromide (5.00 eq., 3.65 mmol, 

0.56 g, 0.48 mL) according to general procedure 6 Method II. 0.29 g of 39b (95%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 8.68 – 8.59 (m, 1H), 8.48 – 8.42 (m, 1H), 7.43 – 7.29 (m, 5H), 7.28 – 7.21 (m, 1H), 

3.58 (q, J = 7.1 Hz, 2H), 3.27 – 3.21 (m, 2H), 3.11 – 3.00 (m, 1H), 2.49 – 2.39 (m, 1H), 2.29 – 2.13 (m, 3H), 

1.91 – 1.81 (m, 2H). 

13C-NMR (151 MHz, MeOD-d4) δ 176.02, 175.13, 164.74, 152.15, 145.22, 144.35, 137.98, 129.53, 130.46 (d, 

2Jc-p = 6.6 Hz), 128.11, 122.30, 114.03, 109.08, 46.15 (d, 1Jc-p = 135.1 Hz), 43.92, 41.91, 35.54 (d, 2Jc-p = 14.5 Hz), 

29.35. 

HPLC (Method B): Rt = 5.25 min, purity = 98.5%. 

MS (ESI+): 421.20 [M + 1 H]+. 

(4-((Benzyloxy)(4-phenylbutyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (45a) 

 

45a was synthesized from diethyl (4-((benzyloxy)(4-phenylbutyl)amino)-4-oxo-1-phenylbutyl)phosphonate (44a) 

(1.00 eq., 1.40 mmol, 0.80 g) and trimethylsilyl bromide (5.00 eq., 7.00 mmol, 1.07 g, 0.92 mL) according 

to general procedure 6 Method II. 0.70 g of 45a (97%) was obtained as a colorless oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.43 (s, 1H), 7.37 – 7.08 (m, 14H), 4.58 (q, J = 10.3 Hz, 2H), 3.75 – 3.70 (m, 2H), 

3.12 – 3.01 (m, 1H), 2.61 (d, J = 7.2 Hz, 1H), 2.48 – 2.35 (m, 1H), 2.34 – 2.16 (m, 3H), 1.90 – 1.85 (m, 2H), 1.59 (s, 

3H). 

13C-NMR (151 MHz, MeOH-d4) δ 173.28, 142.09, 141.78, 139.05, 136.87, 130.50, 129.82, 129.38, 128.33, 128.06, 

127.91, 127.75, 78.62, 52.72, 51.05, 46.62 (d, JC-P = 142.3 Hz), 35.23, 31.75, 27.34, 26.77, 17.50. 

HPLC (Method C): Rt = 13.38 min, purity = 95.3%. 
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(4-((Benzyloxy)(5-phenylpentyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (45b) 

 

45b was synthesized from diethyl (4-((benzyloxy)(5-phenylpentyl)amino)-4-oxo-1-phenylbutyl)phosphonate 

(44b) (1.00 eq., 0.60 mmol, 0.33 g) and trimethylsilyl bromide (5.00 eq., 3.00 mmol, 0.46 g, 0.40 mL) according 

to general procedure 6 Method II. 0.27 g of 45b (90%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.37 – 7.09 (m, 15H), 4.80 (d, J = 4.8 Hz, 1H), 4.61 – 4.47 (m, 1H), 3.64 – 3.54 (m, 

1H), 2.91 (t, J = 7.5 Hz, 2H), 2.64 – 2.38 (m, 3H), 2.29 – 2.14 (m, 2H), 1.63 – 1.54 (m, 4H), 1.41 – 1.19 (m, 3H). 

13C-NMR (151 MHz, MeOH-d4) δ 168.94, 138.41, 138.08, 129.19 (d, JC-P = 6.2 Hz), 128.88, 128.33, 128.10, 126.26, 

75.61, 44.72 (d, JC-P = 133.5 Hz), 33.92, 30.61 (d, JC-P = 14.4 Hz), 25.88. 

HPLC (Method C): Rt = 14.21 min, purity = 95.3%. 

(4-((Benzyloxy)(3-(4-fluorophenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (62a) 

 

62a was synthesized from diethyl (4-((benzyloxy)(3-(4-fluorophenyl)propyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (61a) (1.00 eq., 0.54 mmol, 0.29 g) and trimethylsilyl bromide (5.00 eq., 3.00 mmol, 

0.46 g, 0.40 mL) according to general procedure 6 Method II. 0.20 g of 62a (77%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.34 – 7.29 (m, 7H), 7.24 – 7.20 (m, 1H), 7.19 – 7.09 (m, 4H), 6.98 – 6.94 (m, 2H), 

4.65 – 4.52 (m, 2H), 3.63 (s, 2H), 3.06 – 2.96 (m, 1H), 2.71 – 2.60 (m, 1H), 2.54 (d, J = 7.9 Hz, 2H), 2.48 – 2.41 (m, 

1H), 2.29 (s, 1H), 2.23 – 2.14 (m, 1H), 1.86 (q, J = 6.3 Hz, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 162.75 (d, JC-F = 242.1 Hz), 139.13, 138.62, 131.01 (d, JC-P = 7.8 Hz), 130.58 (d, 

JC-F = 8.9 Hz), 129.89, 129.60, 129.50, 127.81 (d, JC-P = 2.5 Hz), 115.93 (d, JC-F = 21.3 Hz), 77.14, 46.58 (d, 

JC-P = 133.0 Hz), 45.56, 33.02, 31.69 (d, JC-P = 14.1 Hz), 29.66, 26.48. 

HPLC (Method C): Rt = 12.82 min, purity = 97.2%. 
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(4-((Benzyloxy)(3-(4-(trifluoromethyl)phenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (62b) 

 

62b was synthesized from diethyl (4-((benzyloxy)(3-(4-(trifluoromethyl)phenyl)propyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (61b) (1.00 eq., 0.54 mmol, 0.32 g) and trimethylsilyl bromide (5.00 eq., 3.00 mmol, 

0.46 g, 0.40 mL)according to general procedure 6 Method II. 0.15 g of 62b (88%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.55 (dd, J = 8.0, 5.0 Hz, 2H), 7.39 – 7.26 (m, 10H), 7.26 – 7.21 (m, 1H), 7.13 (s, 

1H), 4.73 (s, 1H), 4.66 – 4.51 (m, 1H), 3.66 (s, 1H), 3.09 – 2.99 (m, 1H), 2.97 – 2.91 (m, 1H), 2.74 (t, J = 7.8 Hz, 1H), 

2.66 (s, 1H), 2.44 (s, 1H), 2.30 (s, 1H), 2.19 (s, 1H), 1.96 – 1.83 (m, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 176.51, 147.43, 146.59, 141.20, 130.65, 130.49, 130.07, 129.83, 129.56, 129.23, 

127.15, 126.73 (d, JC-P = 11.0 Hz), 126.54, 126.0, 124.94 (d, JC-P = 11.5 Hz), 77.29, 51.00, 47.39 (d, JC-P = 132.2 Hz), 

40.11, 33.64, 33.29, 32.24, 29.87, 29.24, 27.34. 

HPLC (Method C): Rt = 13.99 min, purity = 97.0%. 

(4-((Benzyloxy)(3-(p-tolyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (62c) 

 

62c was synthesized from diethyl (4-((benzyloxy)(3-(p-tolyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonate 

(61c) (1.00 eq., 0.90 mmol, 0.48 g) and trimethylsilyl bromide (5.00 eq., 4.50 mmol, 0.69 g, 0.59 mL) according 

to general procedure 6 Method II. 0.35 g of 62c (80%) was obtained as a yellow oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.38 – 7.19 (m, 8H), 7.18 – 6.95 (m, 6H), 4.55 (q, J = 10.3 Hz, 2H), 3.72 – 3.47 (m, 

2H), 3.14 – 2.97 (m, 1H), 2.51 (t, J = 7.6 Hz, 2H), 2.43 (s, 1H), 2.28 (s, 3H), 2.27 – 2.03 (m, 3H), 1.85 (p, J = 7.2 Hz, 

2H). 

13C-NMR (75 MHz, MeOH-d4) δ 175.76, 139.52, 138.25 (d, JC-P = 6.8 Hz), 136.40, 135.68, 130.57 (d, JC-P = 5.6 Hz), 

130.01, 129.88, 129.58, 129.32, 128.06, 77.06, 46.97, 45.67, 33.44, 31.62 (d, JC-P = 16.9 Hz), 29.62, 26.16, 21.08. 

HPLC (Method C): Rt = 13.51 min, purity = 98.8%. 
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(4-((Benzyloxy)(3-(4-methoxyphenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (62d) 

 

62d was synthesized from diethyl (4-((benzyloxy)(3-(4-(trifluoromethyl)phenyl)propyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (61d) (1.00 eq., 1.00 mmol, 0.55 g) and trimethylsilyl bromide (5.00 eq., 5.00 mmol, 

0.77 g, 0.66 mL) according to general procedure 6 Method II. 0.31 g of 62d (62%) was obtained as a yellow oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.40 – 7.19 (m, 8H), 7.20 – 7.00 (m, 4H), 6.87 – 6.76 (m, 2H), 4.58 (t, J = 10.1 Hz, 

2H), 3.75 (s, 3H), 3.62 (s, 2H), 3.11 – 2.98 (m, 1H), 2.51 (t, J = 7.6 Hz, 2H), 2.47 – 2.35 (m, 1H), 2.34 – 2.09 (m, 3H), 

1.85 (p, J = 6.5 Hz, 2H). 

13C-NMR (75 MHz, MeOH-d4) δ 159.43, 138.40, 134.63, 130.58 (d, JC-P = 5.4 Hz), 130.34, 129.89, 129.59, 128.08 

(d, JC-P = 3.2 Hz), 114.83, 77.07, 55.65, 46.10 (d, JC-P = 135.6 Hz), 32.97, 31.44 (d, JC-P = 16.2 Hz), 29.75, 26.20. 

HPLC (Method C): Rt = 10.07 min, purity = 99.0%. 

8.3.2.3 Deprotection of the O-Bn-protected hydroxamic acids 

General procedure 7 for the deprotection of the O-Bn-protected hydroxamic acids  

The hydroxamic acids 34a-e, 46a,b, and 63a-d were synthesized according to the procedure reported by 

BEHRENDT et al.136 

The appropriate O-benzyl-protected hydroxamic acid (32a-e, 45a,b, and 62a-d) was dissolved in 10 mL of MeOH, 

and 10 mol% of 10 wt% Pd/C was added to the reaction solution. Catalytic hydrogenation was performed for 

1-3 h, and the reaction solution was filtered through celite®. The solvent was removed under reduced pressure, 

and the product was purified by reverse phase flash chromatography (on a prepacked silica cartridge), using 

water:acetonitrile (90:10→80:20) as eluent. 
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(4-(Hydroxy(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (34a) 

 

34a was synthesized from (4-((benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32a) 

(1.00 eq., 1.25 mmol, 0.57 g) according to general procedure 7. 0.43 g of 34a (94%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.34 (d, J = 7.6 Hz, 2H), 7.30 – 7.24 (m, 4H), 7.19 (dd, J = 14.0, 7.2 Hz, 4H), 

3.80 – 3.70 (m, 2H), 3.00 – 2.93 (m, 1H), 5.9 Hz, 1H), 2.86 (t, J = 7.6 Hz, 2H), 2.44 – 2.25 (m, 3H), 2.22 – 2.13 (m, 

1H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.41, 140.01, 139.52 (d, JC-P = 6.6 Hz), 130.48 (d, JC-P = 6.4 Hz), 129.80, 129.44, 

129.27, 127.54, 127.33, 50.57, 46.90 (d, JC-P = 133.9 Hz), 38.88, 33.83, 31.94 (d, JC-P = 15.2 Hz), 26.88. 

31P-NMR (243 MHz, MeOD-d4) δ 24.31. 

HPLC (Method B): Rt = 8.56 min, purity = 97.3%. 

LCMS (ESI+): Rt = 2.86 min, m/z = 364.14. 

HRMS (ESI-): calculated for C18H22NO5P: 362.1167 [M – H]-, found 362.1163. 

(4-(Hydroxy(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (34b) 

 

34b was synthesized from (4-((benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32b) 

(1.00 eq., 0.65 mmol, 0.30 g) according to general procedure 7. 0.19 g of 34b (80%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.35 (d, J = 7.8 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 7.26 – 7.17 (m, 5H), 7.14 (t, 

J = 7.3 Hz, 1H), 3.65 – 3.52 (m, 2H), 3.07 – 3.00 (m, 1H), 2.58 (t, J = 7.8 Hz, 2H), 2.50 – 2.33 (m, 3H), 2.24 – 2.16 

(m, 1H), 1.88 (p, J = 7.2 Hz, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.58, 142.94, 139.70, 130.51 (d, JC-P = 5.8 Hz), 129.58, 129.36, 129.26, 127.50, 

127.30, 126.85, 51.56, 47.02 (d, JC-P = 132.1 Hz), 33.94, 33.48, 31.98 (d, JC-P = 15.1 Hz), 29.55, 27.13, 26.28. 

HPLC (Method C): Rt = 9.36 min, purity = 95.3%. 

HRMS (ESI-): calculated for C18H22NO5P 376.1312 [M – H]-, found 376.1319. 
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(4-(Hydroxy(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (34c) 

 

34c was synthesized from (4-((benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32c) 

(1.00, 0.65 eq., 0.31 g) according to general procedure 7. 0.24 g of 34c (94%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.24 (d, J = 7.8 Hz, 2H), 7.19 (q, J = 7.9 Hz, 2H), 7.09 (d, J = 16.2 Hz, 5H), 

4.65 – 4.48 (m, 2H), 2.99 – 2.91 (m, 1H), 2.77 (p, J = 6.9 Hz, 1H), 2.41 – 2.25 (m, 3H), 2.16 – 2.06 (m, 1H), 1.12 (d, 

J = 7.0 Hz, 6H), 1.10 (s, 1H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.35, 149.43, 138.86, 135.17, 130.52 (d, JC-P = 6.1 Hz), 129.41 (d, JC-P = 6.7 Hz), 

127.78, 127.47, 52.65, 46.50 (d, JC-P = 137.5 Hz), 35.11, 31.69 (d, JC-P = 15.0 Hz), 26.63, 24.44. 

HPLC (Method c): Rt = 10.37 min, purity = 95.5%. 

HRMS (ESI+): calculated for C18H22NO5P 392.1619 [M + H]+, found 392.1621. 

(4-(([1,1'-Biphenyl]-4-ylmethyl)(hydroxy)amino)-4-oxo-1-phenylbutyl)phosphonic acid (34d) 

 

34d was synthesized from (4-(([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phosphonic 

acid (32d) (1.00 eq., 0.15 mmol, 0.08 g) according to general procedure 7. 0.07 g of 34d (88%) and obtained as 

a white solid. 

1H-NMR (600 MHz, MeOH-d4) δ 7.62 – 7.52 (m, 4H), 7.41 (t, J = 7.6 Hz, 2H), 7.37 – 7.26 (m, 7H), 7.21 (t, J = 7.4 Hz, 

1H), 4.76 (q, J = 15.2 Hz, 2H), 3.11 – 3.02 (m, 1H), 2.52 – 2.41 (m, 3H), 2.30 – 2.15 (m, 1H). 

13C-NMR (151 MHz, MeOH-d4) δ 142.09, 141.78, 139.05, 136.87, 130.51, 129.82, 129.38, 128.33, 128.06, 127.91, 

127.75, 52.72, 46.63 (d, JC-P = 146.5 Hz), 31.75, 26.77. 

HPLC (Method c): Rt = 10.66 min, purity = 96.4%. 

LCMS (ESI+): Rt = 3.6 min, m/z = 426.15. 

HRMS (ESI+): calculated for C18H22NO5P 426.1466 [M + H]+, found 426.1465. 

mp.: 121.4 ˚C. 
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(4-(Hydroxy(naphthalen-2-ylmethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (34e) 

 

34e was synthesized from (4-((benzyloxy)(naphthalen-2-ylmethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid 

(32e) (1.00 eq., 0.10 mmol, 0.05 g) according to general procedure 7. 0.04 g of 34e (98%) was obtained as a 

colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.90 – 7.82 (m, 4H), 7.54 (dd, J = 8.4, 1.7 Hz, 1H), 7.51 – 7.46 (m, 2H), 7.40 – 7.34 

(m, 2H), 7.18 (t, J = 7.8 Hz, 2H), 7.07 (t, J = 7.4 Hz, 1H), 4.97 (s, 2H), 2.78 – 2.70 (m, 1H), 2.50 – 2.40 (m, 1H), 

2.20 – 2.09 (m, 1H), 2.05 – 1.93 (m, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 173.25, 134.82, 134.66, 130.61 (d, JC-P = 5.6 Hz), 130.51 (d, JC-P = 5.6 Hz), 129.33, 

129.14 (d, JC-P = 3.1 Hz), 128.87, 128.78, 128.66, 127.73, 127.30, 127.20, 126.39, 78.96, 48.11, 33.44 (d, 

JC-P = 12.4 Hz), 29.31. 

HPLC (Method C): Rt = 8.57 min, purity = 97.3%. 

HRMS (ESI+): calculated. for C18H22NO5P 400.1307 [M + H]+, found 400.1308. 

4-(Hydroxy(4-phenylbutyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (46a) 

 

46a was synthesized from (4-((benzyloxy)(4-phenylbutyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (45a) 

(1.00 eq., 0.40 mmol, 0.23 g) according to general procedure 7. 0.17 g of 46a (93%) was obtained as a colorless 

oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.34 (dd, J = 7.7, 2.1 Hz, 2H), 7.29 – 7.21 (m, 4H), 7.20 – 7.11 (m, 4H), 3.63 – 3.51 

(m, 1H), 3.05 – 2.84 (m, 2H), 2.67 – 2.58 (m, 2H), 2.46 – 2.29 (m, 2H), 2.26 – 2.14 (m, 1H), 1.74 – 1.52 (m, 5H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.43, 143.56, 142.86, 130.49 (d, JC-P = 6.1 Hz), 129.46, 129.43, 129.30, 127.47, 

127.01, 126.73, 51.96, 47.12 (d, JC-P = 130.3 Hz), 36.40, 36.25, 32.03 (d, JC-P = 15.2 Hz), 29.64, 27.16, 24.18. 

HPLC (Method C): Rt = 10.01 min, purity = 95.6%. 

HRMS (ESI+): calculated for C20H26NO5P 392.1626 [M + H]+, found 392.1621. 
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(4-(Hydroxy(5-phenylpentyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (46b) 

 

46b was synthesized from (4-((benzyloxy)(5-phenylpentyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (45b) 

(1.00 eq., 0.45 mmol, 0.22 g) according to general procedure 7. 0.17 g of 46b (92%) was obtained as a colorless 

oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.35 (d, J = 7.6 Hz, 2H), 7.30 – 7.20 (m, 4H), 7.20 – 7.10 (m, 4H), 3.53 (h, 

J = 6.9 Hz, 2H), 3.02 – 2.88 (m, 1H), 2.65 – 2.56 (m, 2H), 2.45 – 2.29 (m, 2H), 2.24 – 2.12 (m, 1H), 1.68 – 1.49 (m, 

5H), 1.39 – 1.27 (m, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.37, 143.75, 139.72, 130.49 (d, JC-P = 6.0 Hz), 129.41 (d, JC-P = 5.2 Hz), 129.35, 

129.26, 127.51, 126.82, 126.65, 51.98, 47.25 (d, JC-P = 134.4 Hz), 36.77, 32.31, 32.09, 27.47, 27.22, 24.44. 

HPLC (Method C): Rt = 10.77 min, purity = 95.3%. 

HRMS (ESI+): calculated for C21H28NO5P 406.1772 [M + H]+, found = 406.1778. 

(4-((3-(4-Fluorophenyl)propyl)(hydroxy)amino)-4-oxo-1-phenylbutyl)phosphonic acid (63a) 

 

63a was synthesized from (4-((benzyloxy)(3-(4-fluorophenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic 

acid (62a) (1.00 eq., 0.25 mmol, 0.12 g) according to general procedure 7. 0.09 g of 63a (91%) was obtained as a 

colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.40 – 7.29 (m, 2H), 7.26 (t, J = 7.5 Hz, 2H), 7.17 (t, J = 6.9 Hz, 3H), 6.96 (t, 

J = 8.6 Hz, 2H), 3.58 (q, J = 6.5 Hz, 2H), 3.11 – 2.87 (m, 1H), 2.56 (t, J = 7.8 Hz, 2H), 2.52 – 2.31 (m, 3H), 2.27 – 2.08 

(m, 1H), 1.86 (p, J = 7.2 Hz, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.56, 162.69 (d, 1JC-F = 242.0 Hz), 139.86, 138.82, 131.01 (d, JC-P = 7.7 Hz), 

130.55, 129.32, 129.25, 128.24, 127.97, 127.46, 115.94, 115.80, 65.20, 47.48 (d, JC-P = 141.2 Hz), 33.03, 31.82 (d, 

JC-P = 20.1 Hz), 29.66, 27.00. 

19F-NMR (565 MHz, MeOD-d4) δ -119.85 (d, J = 17.2 Hz). 

HPLC (Method C): Rt = 9.54 min, purity = 97.4%. 
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HRMS (ESI+): calculated for C19H23FNO5P 396.1372 [M + H]+, found 396.1371. 

(4-(Hydroxy(3-(4-(trifluoromethyl)phenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (63b) 

 

63b was synthesized from (4-((benzyloxy)(3-(4-(trifluoromethyl)phenyl)propyl)amino)-4-oxo-1-

phenylbutyl)phosphonic acid (62b) (1.00 eq., 0.25 mmol, 0.13 g) according to general procedure 7. 0.10 g of 63b 

(91%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.61 – 7.53 (m, 2H), 7.48 – 7.34 (m, 4H), 7.29 – 7.23 (m, 2H), 7.20 – 7.14 (m, 1H), 

3.68 – 3.51 (m, 2H), 3.00 – 2.92 (m, 1H), 2.70 – 2.60 (m, 2H), 2.54 – 2.35 (m, 3H), 2.19 (s, 1H), 1.92 (q, J = 6.2 Hz, 

2H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.71, 147.68, 146.43, 140.36, 130.52, 130.07 (d, JC-P = 5.5 Hz), 129.22, 

127.46, 127.36, 126.77, 126.61, 126.09, 124.97, 57.48, 49.55, 33.66, 33.03, 31.93, 31.51, 29.37, 29.20, 27.25. 

19F-NMR (282 MHz, MeOD-d4) δ -63.79, -63.91 (d, J = 9.2 Hz). 

HPLC (Method C): Rt = 10.86 min, purity > 99.0%. 

HRMS (ESI+): calculated for C20H23F3NO5P 446.1341 [M + H]+, found 446.1339 [M + H]+. 

(4-(Hydroxy(3-(p-tolyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (63c) 

 

63c was synthesized from (4-((benzyloxy)(3-(p-tolyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (62c) 

(1.00 eq., 0.31 mmol, 0.149 g) according to general procedure 7. 0.12 g of 63c (94%) was obtained as a colorless 

oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.43 – 7.16 (m, 5H), 7.06 (s, 4H), 3.56 (q, J = 4.6 Hz, 2H), 3.13 – 2.97 (m, 1H), 2.54 

(t, J = 7.7 Hz, 2H), 2.39 (s, 2H), 2.28 (s, 3H), 2.26 – 2.04 (m, 2H), 1.85 (p, J = 7.1 Hz, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.38, 143.81, 139.80, 138.84, 136.34, 130.51 (d, JC-P = 6.1 Hz), 129.96, 129.38, 

129.29, 127.80, 47.01 (d, JC-P = 136.8 Hz), 33.50, 31.82 (d, JC-P = 15.6 Hz), 29.61, 26.69, 21.02. 

HPLC (Method C): Rt = 10.09 min, purity = 96.8%. 

LCMS (ESI+): Rt = 3.40 min, , m/z = 392.16. 
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HRMS (ESI+): calculated for C20H26NO5P 392.1624 [M + H]+, found 392.1621 [M + H]+. 

(4-(Hydroxy(3-(4-methoxyphenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (63d) 

 

63d was synthesized from (4-((benzyloxy)(3-(4-methoxyphenyl)propyl)amino)-4-oxo-1-phenylbutyl)phosphonic 

acid (62d) (1.00 eq., 0.37 mmol, 0.18 g) according to general procedure 7. 0.14 g of 63d (89%) was obtained as a 

colorless oil. 

1H-NMR (300 MHz, MeOH-d4) δ 7.39 – 7.17 (m, 5H), 7.09 (d, J = 8.1 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 3.74 (s, 3H), 

3.57 (q, J = 6.6 Hz, 2H), 3.15 – 2.98 (m, 1H), 2.52 (t, J = 7.7 Hz, 2H), 2.39 (q, J = 9.4 Hz, 3H), 2.28 – 2.14 (m, 1H), 

1.84 (p, J = 7.1 Hz, 2H). 

13C-NMR (75 MHz, MeOH-d4) δ 175.23, 159.33, 138.51 (d, JC-P = 7.1 Hz), 134.85, 130.48 (d, JC-P = 6.1 Hz), 130.30, 

129.41, 127.86, 114.76, 55.63, 46.39 (d, JC-P = 127.2 Hz), 32.97, 31.70 (d, JC-P = 15.8 Hz), 29.74, 26.50. 

HPLC (Method C): Rt = 9.17 min, purity = 95.9%. 

LCMS (ESI+): Rt = 3.00 min, m/z = 408.16. 

HRMS (ESI+): calculated for C20H26NO6P 408.1572 [M + H]+, found 408.1571. 

Synthesis of hydroxamic acids 54a-d and 65 

The hydroxamic acids 54a,b, and 65 were synthesized according to general procedure 7 using the procedure 

reported by BEHRENDT et al.136 

Diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(phenethyl)amino)-4-oxobutyl)phosphonate (54a) 

 

54a was synthesized from diethyl (4-((benzyloxy)(phenethyl)amino)-1-(3,4-difluorophenyl)-4-

oxobutyl)phosphonate (53a) (1.00 eq., 0.50 mmol, 0.27 g) according to general procedure 7. 0.20 g of 54a (88%) 

was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.71 – 7.58 (m, 7H), 7.55 – 7.49 (m, 1H), 4.54 – 4.45 (m, 2H), 4.44 – 4.34 (m, 1H), 

4.35 – 4.27 (m, 1H), 4.20 (hept, J = 6.9 Hz, 2H), 3.71 – 3.62 (m, 1H), 3.30 (t, J = 7.4 Hz, 2H), 2.86 – 2.66 (m, 3H), 

2.56 – 2.44 (m, 1H), 1.73 (t, J = 7.1 Hz, 3H), 1.60 (t, J = 7.1 Hz, 3H). 
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13C-NMR (151 MHz, MeOD-d4) δ 174.45, 152.08 (dd, JC-F = 85.8, JC-F = 11.3 Hz), 150.41 (dd, JC-F = 62.5, 

JC-F = 7.8 Hz), 139.91, 134.29, 129.86, 129.45, 127.39, 127.16, 119.28 (dd, JC-F = 18.0, JC-F 6.5 Hz), 118.34 (d, 

JC-F = 17.3 Hz), 64.11 (d, JC-P = 7.1 Hz), 63.78 (d, JC-P = 7.2 Hz), 50.36, 43.49 (d, JC-P = 139.1 Hz), 33.76, 30.84 (d, JC-

P = 15.6 Hz), 25.87, 16.70 (d, JC-P = 5.7 Hz), 16.57 (d, JC-P = 5.7 Hz). 

HPLC (Method C): Rt = 13.19 min, purity = 96.7%. 

Diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(3-phenylpropyl)amino)-4-oxobutyl)phosphonate (54b) 

 

54b was synthesized from diethyl (4-((benzyloxy)(3-phenylpropyl)amino)-1-(3,4-difluorophenyl)-4-

oxobutyl)phosphonate (53b) (1.00 eq., 0.20 mmol, 0.11 g) according to general procedure 7. 0.09 g of 54b (93%) 

was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.31 – 7.22 (m, 4H), 7.18 (d, J = 7.5 Hz, 2H), 7.17 – 7.13 (m, 2H), 4.11 – 4.05 (m, 

2H), 4.00 – 3.93 (m, 1H), 3.94 – 3.86 (m, 1H), 3.58 (t, J = 7.0 Hz, 2H), 3.36 – 3.31 (m, 1H), 2.59 (t, J = 7.8 Hz, 2H), 

2.45 – 2.27 (m, 3H), 2.21 – 2.10 (m, 1H), 1.88 (q, J = 7.4 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.0 Hz, 3H). 

13C-NMR (151 MHz, MeOH-d4) δ 174.56, 152.08 (dd, JC-F = 92.0, JC-F = 10.4 Hz), 150.44 (dd, JC-F = 89.4, JC-F = 9.0 Hz), 

142.87, 134.30, 129.39 (d, JC-F = 4.4 Hz), 127.18 (d, JC-P = 11.8 Hz), 126.91, 119.30 (dd, JC-F = 17.9, JC-F = 6.4 Hz), 

118.37 (d, JC-F = 17.7 Hz), 64.14 (d, JC-P = 7.1 Hz), 63.80 (d, JC-P = 7.2 Hz), 43.55 (d, JC-P = 138.9 Hz), 33.93, 30.93 (d, 

JC-P = 15.5 Hz), 29.57, 25.94, 16.69 (d, JC-P = 5.9 Hz), 16.57 (d, JC-P = 5.6 Hz). 

HPLC (Method A): Rt = 18.52 min, purity = 95.2%. 

Diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(4-phenylbutyl)amino)-4-oxobutyl)phosphonate (54c) 

 

54c was synthesized from diethyl (4-((benzyloxy)(4-phenylbutyl)amino)-1-(3,4-difluorophenyl)-4-

oxobutyl)phosphonate (53c) (1.00 eq., 0.30 mmol, 0.17 g) according to general procedure 7. 0.13 g of 54c (90%) 

was obtained as a yellow oil. 
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1H-NMR (600 MHz, MeOD-d4) δ 7.29 – 7.08 (m, 8H), 4.11 – 4.04 (m, 2H), 3.99 – 3.84 (m, 2H), 3.65 – 3.53 (m, 2H), 

3.30 – 3.21 (m, 1H), 2.62 (t, J = 7.2 Hz, 2H), 2.46 – 2.27 (m, 3H), 2.19 – 2.10 (m, 1H), 1.66 – 1.51 (m, 4H), 1.30 (t, 

J = 7.1 Hz, 4H), 1.16 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 174.40, 151.98 (dd, JC-F = 78.1, JC-F =14.1 Hz), 150.35 (dd, JC-F = 88.7, 

JC-F = 10.4 Hz), 143.54, 134.24 (d, JC-P = 8.6 Hz), 129.41, 129.32, 127.17 (td, JC-P = 6.7, JC-F = 3.4 Hz), 126.76, 119.27 

(dd, JC-F = 17.9, JC-F = 6.5 Hz), 118.35 (dd, JC-F = 17.3, JC-F = 2.6 Hz), 64.12 (d, JC-P = 7.2 Hz), 63.79 (d, JC-P = 7.2 Hz), 

43.50 (d, JC-P = 139.1 Hz), 36.35, 33.17, 30.82 (d, JC-P = 15.5 Hz), 29.61, 27.21, 25.92, 16.70 (d, JC-P = 5.8 Hz), 16.57 

(d, JC-P = 5.6 Hz). 

HPLC (Method C): Rt = 14.08 min, purity = 96.2%. 

Diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(5-phenylpentyl)amino)-4-oxobutyl)phosphonate (54d) 

 

54d was synthesized from diethyl (4-((benzyloxy)(5-phenylpentyl)amino)-1-(3,4-difluorophenyl)-4-

oxobutyl)phosphonate (53d) (1.00 eq., 0.55 mmol, 0.32 g) according to general procedure 7. 0.25 g of 54d (92%) 

was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.31 – 7.20 (m, 4H), 7.18 – 7.10 (m, 4H), 4.15 – 4.02 (m, 2H), 4.02 – 3.85 (m, 2H), 

3.54 (t, J = 7.0 Hz, 2H), 3.36 – 3.32 (m, 1H), 2.60 (t, J = 7.7 Hz, 2H), 2.45 – 2.30 (m, 3H), 2.19 – 2.08 (m, 1H), 1.62 

(dp, J = 14.4, 7.4 Hz, 4H), 1.35 – 1.25 (m, 5H), 1.18 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 174.42, 152.25 (dd, JC-F = 74.0, JC-F = 11.5 Hz), 150.18 (dd, JC-F = 66.3, 

JC-F = 12.1 Hz), 143.74, 134.31, 129.41, 129.27, 127.20, 126.68, 119.33 (d, JC-F = 11.2 Hz), 118.38 (d, JC-F = 17.7 Hz), 

64.15 (d, JC-P = 7.2 Hz), 63.82 (d, JC-P = 7.2 Hz), 49.57, 43.58 (d, JC-P = 139.1 Hz), 36.79, 32.27, 30.90 (d, 

2JC-P = 15.7 Hz), 27.45, 27.21, 25.95, 16.71 (d, JC-P = 6.0 Hz), 16.58 (d, JC-P = 5.7 Hz). 

HPLC (Method C): Rt = 14.84 min, purity = 97.2%. 

Diethyl (4-((3-(3,5-difluorophenyl)propyl)(hydroxy)amino)-4-oxo-1-phenylbutyl)phosphonate (65) 
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65 was synthesized from diethyl (4-((benzyloxy)(3-(3,5-difluorophenyl)propyl)amino)-4-oxo-1-

phenylbutyl)phosphonate (64) (1.00 eq., 0.67 mmol, 0.38 g) according to general procedure 7. 0.30 g of 65 (95%) 

was obtained as a colorless oil. 

1H-NMR (300 MHz, MeOD-d4) δ 7.45 – 7.23 (m, 5H), 6.86 – 6.78 (m, 2H), 6.78 – 6.67 (m, 1H), 4.17 – 4.00 (m, 2H), 

3.96 – 3.67 (m, 2H), 3.58 (t, J = 6.9 Hz, 2H), 3.28 – 3.16 (m, 1H), 2.61 (t, J = 7.7 Hz, 2H), 2.45 – 2.12 (m, 4H), 1.88 

(p, J = 7.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 175.04, 164.51 (dd, JC-F = 246.7, JC-F = 13.2 Hz), 147.58, 136.63, 130.60 (d, 

JC-P = 6.9 Hz), 129.67, 128.55, 112.21 (d, JC-F = 20.7 Hz), 102.01 (t, JC-F = 25.6 Hz), 64.06 (d, JC-P = 7.1 Hz), 63.58 (d, 

JC-P = 7.4 Hz), 55.93, 44.58 (d, JC-P = 141.4 Hz), 43.82, 33.54, 31.12 (d, JC-P = 15.7 Hz), 28.94, 25.99, 18.73, 16.67 (d, 

JC-P = 5.8 Hz), 16.49 (d, JC-P = 5.9 Hz). 

HPLC (Method A): Rt = 13.35 min, purity = 95.7%. 

8.3.2.4 Conversion of the diethyl phosphonates to phosphonic acids 

General procedure 8 for the cleavage of the diethyl phosphonates 54a-d and 65 to give 

phosphonic acids 55a-d and 66. 

The phosphonic acids 55a-d and 66 were synthesized using the procedure reported by BEHRENDT et al.136 

To a solution of the appropriate phosphonic acid diethyl ester (55a-d and 66, 1.00 eq.) in dry DCM (10 mL), 

trimethylsilyl bromide (5.00 eq.) was added at 0 °C. After 1 h, the solution was allowed to warm up to r.t. and 

stirred for further 24 h. After reaction completion, the solvents and the volatiles were evaporated at r.t. under 

reduced pressure and then kept for 16 h in vacuo. The residue was then dissolved in 10 mL THF and 0.1 mL H2O 

and stirred at rt for 1 h. THF was then evaporated at r.t. in vacuo under reduced pressure, and the product was 

dried for 16 h in vacuo. The crude product was purified by reverse phase flash chromatography (on a prepacked 

silica cartridge), using water/acetonitrile (90:10-70:30) as eluent. 

(1-(3,4-Difluorophenyl)-4-(hydroxy(phenethyl)amino)-4-oxobutyl)phosphonic acid (55a) 

 

55a was synthesized from diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(phenethyl)amino)-4 oxobutyl)phosphonate 

(54a) (1.00 eq., 0.15 mmol, 0.07 g) and trimethylsilyl bromide (2.00 eq., 0.30 mmol, 0.05 g, 0.04 mL)according 

to general procedure 8. 0.05 g of 55a (83%) was obtained as a yellow oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.31 – 7.12 (m, 8H), 7.11 – 7.06 (m, 1H), 3.76 (td, J = 7.3, 3.2 Hz, 2H), 3.09 – 2.98 

(m, 1H), 2.87 (t, J = 7.6 Hz, 2H), 2.45 – 2.20 (m, 3H), 2.17 – 2.04 (m, 1H). 
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13C-NMR (151 MHz, MeOD-d4) δ 174.92, 151.80 (dd, JC-F = 97.4, JC-F = 12.9 Hz), 150.14 (dd, JC-F = 111.7, 

JC-F = 11.9 Hz), 139.95, 136.21, 129.83, 129.46, 127.38, 127.01, 119.06 (d, JC-F = 11.7 Hz), 117.99 (d, JC-F = 17.1 Hz), 

50.52, 45.46 (d, JC-P = 136.2 Hz), 33.80, 31.44 (d, JC-P = 15.4 Hz), 26.47. 

19F-NMR (565 MHz, MeOD-d4) δ -140.77 (d, J = 11.2 Hz), -143.48 (t, J = 14.8 Hz). 

HPLC (Method C): Rt = 9.21 min, purity = 97.1%. 

HRMS (ESI+): calculated for C18H20F2NO5P 400.1120 [M + H]+, found 400.1120. 

(1-(3,4-Difluorophenyl)-4-(hydroxy(3-phenylpropyl)amino)-4-oxobutyl)phosphonic acid (55b) 

 

55b was synthesized from diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(3-phenylpropyl)amino)-4-

oxobutyl)phosphonate (54b) (1.00 eq., 0.22 mmol, 0.10 g) and trimethylsilyl bromide (2.00 eq., 0.44 mmol, 

0.07 g, 0.06 mL) according to general procedure 8. 0.08 g of 55b (82%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOH-d4) δ 7.30 – 7.10 (m, 8H), 3.58 (h, J = 7.0 Hz, 2H), 3.11 – 3.03 (m, 1H), 2.59 (t, J = 7.8 Hz, 

2H), 2.46 – 2.32 (m, 3H), 2.20 – 2.09 (m, 1H), 1.89 (p, J = 7.2 Hz, 2H). 

13C-NMR (151 MHz, MeOH-d4) δ 175.05, 150.83 (dd, JC-F = 129.2, JC-F = 9.5 Hz), 149.33 (dd, 1JC-F = 128.51, 

2JC-F = 12.30 Hz), 142.91, 129.67, 129.40 (d, JC-P = 8.8 Hz), 126.94, 119.09 (dd, 2JC-F = 18.1, 3JC-F = 5.6 Hz), 117.97 (d, 

2JC-F = 17.1 Hz), 51.65, 45.66 (d, JC-P = 134.9 Hz), 33.93, 31.60 (d, JC-P = 15.2 Hz), 29.60, 26.63, 20.89. 

19F-NMR (565 MHz, MeOD-d4) δ -140.77 (d, J = 82.8 Hz), -143.52 (d, J = 95.0 Hz). 

HPLC (Method C): Rt = 9.94 min, purity = 95.3%. 

HRMS (ESI+): calculated for C19H22F2NO5P 414.1283 [M + H]+, found 414.1276. 

(1-(3,4-Difluorophenyl)-4-(hydroxy(4-phenylbutyl)amino)-4-oxobutyl)phosphonic acid (55c) 

 

55c was synthesized from diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(4-phenylbutyl)amino)-4-

oxobutyl)phosphonate (54c) (1.00 eq., 0.30 mmol, 0.15 mg) and trimethylsilyl bromide (2.00 eq., 0.60 mmol, 

0.09 g, 0.08 mL) according to general procedure 8. 0.10 g of 55c (78%) was obtained as a colorless oil. 
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1H-NMR (600 MHz, MeOD-d4) δ 7.29 – 7.09 (m, 9H), 3.54 (td, J = 7.0, 3.1 Hz, 2H), 3.12 – 3.02 (m, 1H), 2.60 

(t, J = 7.7 Hz, 2H), 2.47 – 2.30 (m, 3H), 2.19 – 2.09 (m, 1H), 1.67 – 1.57 (m, 4H), 1.35 – 1.27 (m, 3H). 

13C-NMR (151 MHz, MeOD-d4) δ 174.92, 152.42 (dd, JC-F = 112.3, JC-F = 19.5 Hz), 150.12 (dd, JC-F = 118.3, 

JC-F = 16.50Hz), 143.56, 129.44, 129.32, 126.75, 119.05 (dd, JC-F = 25.9, JC-F = 8.4 Hz), 117.91 (d, JC-F = 15.4 Hz), 

45.66 (d, JC-P = 133.4 Hz), 36.38, 31.47 (d, JC-P = 15.1 Hz), 29.65, 27.23, 26.62. 

HPLC (Method A): Rt = 11.40 min, purity = 95.2%. 

HRMS (ESI+): calculated for C20H24F2NO5P 428.1436 [M + H]+, found 428.1433. 

(1-(3,4-Difluorophenyl)-4-(hydroxy(5-phenylpentyl)amino)-4-oxobutyl)phosphonic acid (55d) 

 

55d was synthesized from diethyl (1-(3,4-difluorophenyl)-4-(hydroxy(5-phenylpentyl)amino)-4-

oxobutyl)phosphonate (54d) (1.00 eq., 0.22 mmol, 0.11 g) and trimethylsilyl bromide (2.00 eq., 0.44 mmol, 0.07, 

0.06 mL)according to general procedure 8. 0.09 g of 55d (87%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.26 – 7.11 (m, 8H), 3.54 (td, J = 6.9, 3.0 Hz, 2H), 3.12 – 3.03 (m, 1H), 2.60 (t, 

J = 7.7 Hz, 2H), 2.41 – 2.30 (m, 3H), 2.18 – 2.10 (m, 1H), 1.65 – 1.57 (m, 4H), 1.33 – 1.28 (m, 2H). 

13C-NMR (151 MHz, MeOD-d4) δ 174.84, 150.60 (dd, JC-F = 76.0, JC-F = 18.2 Hz), 149.83 (dd, JC-F = 77.2, 

JC-F = 21.5 Hz), 143.76, 129.41, 129.26, 126.67, 119.16 (dd, JC-F = 17.2, JC-F = 6.5 Hz), 118.07 (d, JC-F = 16.7 Hz), 

49.57, 45.56 (d, JC-P = 135.9 Hz), 36.77, 32.30, 31.50 (d, JC-F = 15.8 Hz), 27.46, 27.21, 26.55. 

HPLC (Method C): Rt = 11.40 min, purity = 96.2%. 

HRMS (ESI+): calculated for C21H26F2NO5P 442.1590 [M + H]+, found 442.1689. 

4-((3-(3,5-Difluorophenyl)propyl)(hydroxy)amino)-4-oxo-1-phenylbutyl)phosphonic acid (66) 

 

66 was synthesized from diethyl (4-((3-(3,5-difluorophenyl)propyl)(hydroxy)amino)-4-oxo-1-

phenylbutyl)phosphonate (65) (1.00 eq., 0.34 mmol, 0.160 g) and trimethylsilyl bromide (2.00 eq., 0.68 mmol, 

0.10 g, 0.09 mL) according to general procedure 8. 0.10 g of 66 (71%) was obtained as a colorless oil. 
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1H-NMR (300 MHz, MeOD-d4) δ 7.39 – 7.13 (m, 4H), 6.89 – 6.68 (m, 4H), 3.58 (t, J = 7.2 Hz, 2H), 3.09 – 2.92 (m, 

1H), 2.77 – 2.55 (m, 3H), 2.39 (s, 2H), 2.28 – 2.14 (m, 1H), 1.99 – 1.80 (m, 2H). 

13C-NMR (151 MHz, MeOD-d4) δ 173.29, 164.52 (dt, JC-F = 259.0, JC-F = 10.5 Hz), 130.54, 129.30, 127.56, 112.25 

(d, JC-F = 22.3 Hz), 51.03, 49.94, 33.56, 31.97, 29.02, 27.07. 

HPLC (Method C): Rt = 9.90 min, purity = 97.9%. 

HRMS (ESI+): calculated for C19H22F2NO5P 414.1272 [M + H]+, found 414.1276. 

8.3.3 Synthesis of bis(pivaloyloxymethyl)phosphonic acid (POM) esters 

General procedure 9 for the synthesis of POM esters  

The compounds were synthesized according to the procedure reported by BRÜCHER et al.144 

A solution of the corresponding phosphonic acid (32a-d, and 69, 1.00 eq.) in dry DMF (15 mL) was treated with 

TEA (3.00 eq.) after stirring for 10 min at r.t. chloromethyl pivalate (10.0 eq.) was added, and the solution was 

heated at 70 °C for 2 h. The mixture was treated again with TEA (1.00 eq.) and chloromethyl pivalate (1.50 eq.) 

and stirred for a further 2 h at 70 °C. The procedure of adding TEA and alkylating reagent was repeated once 

again. After two more hours at 70 °C, the reaction mixture was allowed to cool to room temperature and stirred 

for 16 h. The solution was diluted with diethyl ether (50 mL) and washed with water (60 mL), saturated aqueous 

solution of NaHCO3 (2 × 60 mL), and once again with water (60 mL). The organic phase was dried over Na2SO4 

and filtered, and the solvent was evaporated in vacuo. Crude products were purified by column chromatography 

on silica gel using diethyl ether as the eluent. 

(((4-((Benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2-

dimethylpropanoate) (67a) 

 

67a was synthesized from (4-((benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32a) 

(1.00 eq, 1.07 mmol, 0.05 g) according to general procedure 9. 0.31 g of 67a (43%) was obtained as a colorless 

oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.37 – 7.29 (m, 7H), 7.25 (dd, J = 14.5, 7.3 Hz, 4H), 7.17 (dd, J = 15.1, 8.4 Hz, 4H), 

5.66 – 5.59 (m, 2H), 5.51 – 5.42 (m, 2H), 4.63 – 4.46 (m, 2H), 3.95 – 3.69 (m, 2H), 3.28 – 3.19 (m, 1H), 2.87 – 2.74 

(m, 2H), 2.25 – 2.12 (m, 3H), 2.04 (d, J = 7.6 Hz, 1H), 1.22 (d, J = 5.0 Hz, 9H), 1.18 (d, J = 5.1 Hz, 9H). 

13C-NMR (151 MHz, MeOD-d4) δ 178.02, 175.29, 139.84, 135.82, 135.36 (d, JC-P = 6.8 Hz), 130.65 (d, JC-P = 7.0 Hz), 

130.53, 130.02, 129.95 (d, JC-P = 2.7 Hz), 129.91, 129.62, 129.48, 128.95 (d, JC-P = 3.4 Hz), 127.50, 83.05 (dd, 
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JC-P = 12.1, 7.0 Hz), 77.11, 47.80, 44.65 (d, JC-P = 138.1 Hz), 39.70 (d, JC-P = 7.6 Hz), 33.95, 31.00, 30.89, 27.63, 

27.27, 27.23, 25.24. 

HPLC (method C): Rt: 19.63 min, Purity = 96.5%. 

(((4-((Benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2-

dimethylpropanoate) (67b) 

 

67b was synthesized from (4-((benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32b) 

(1.00 eq., 1.07 mmol, 0.50 g) according to general procedure 9. 0.30 g of 67b (40%) was obtained as a colorless 

oil. 

1H-NMR (600 MHz, DMSO-d6) δ 7.38 – 7.22 (m, 11H), 7.16 (q, J = 10.8 Hz, 4H), 5.63 – 5.53 (m, 3H), 5.49 – 5.41 

(m, 2H), 4.61 (q, J = 10.2 Hz, 2H), 3.58 (s, 2H), 3.38 (d, J = 10.1 Hz, 1H), 2.23 (s, 3H), 2.00 (d, J = 10.2 Hz, 1H), 

1.81 – 1.72 (m, 2H), 1.16 – 1.13 (m, 9H), 1.11 (dd, J = 8.1, 2.6 Hz, 10H). 

13C-NMR (151 MHz, DMSO-d6) δ 176.09, 176.04, 141.36, 129.34, 129.15 (d, JC-P = 7.2 Hz), 128.66, 128.56, 128.41, 

128.27, 128.21, 127.37, 125.79, 81.43, 75.38, 42.56 (d, JC-P = 136.6 Hz), 40.06, 38.17, 38.12, 32.24, 29.39 (d, 

JC-P = 16.7 Hz), 28.15, 26.46, 26.42, 23.91. 

HPLC (method C): Rt: 20.13 min, Purity = 96.2%. 

(((4-((Benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2-

dimethylpropanoate) (67c) 

 

67c was synthesized from (4-((benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (32c) 

(1.00 eq., 0.85 mmol, 0.40 g) according to general procedure 9. 0.19 g of 67c (35%) was obtained as a colorless 

oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.34 – 7.24 (m, 9H), 7.21 – 7.13 (m, 4H), 7.06 (s, 1H), 5.68 – 5.57 (m, 1H), 

5.54 – 5.40 (m, 1H), 4.77 – 4.63 (m, 2H), 4.62 – 4.46 (m, 2H), 3.22 – 3.00 (m, 1H), 2.93 – 2.83 (m, 1H), 2.49 – 2.29 

(m, 3H), 2.21 – 2.14 (m, 1H), 1.23 (dd, J = 7.4, 1.0 Hz, 5H), 1.21 – 1.16 (m, 17H). 
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13C-NMR (151 MHz, MeOD-d4) δ 182.53, 177.83, 130.86, 130.55, 129.53, 129.12, 127.54, 127.19, 93.43, 77.48, 

50.68, 45.07 (d, JC-P = 131.9 Hz), 39.34, 35.10, 27.63, 27.29, 24.44. 

HPLC (method C): Rt: 20.57 min, Purity = 99.0%. 

(((4-(([1,1'-Biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) 

bis(2,2-dimethylpropanoate) (67d) 

 

67d was synthesized from (4-(([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phosphonic 

acid (32d) (1.00 eq., 1.07 mmol, 0.55 g) according to general procedure 9. 0.16 g of 67d (20%) was obtained as a 

colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.62 – 7.55 (m, 4H), 7.42 (t, J = 7.7 Hz, 3H), 7.38 – 7.24 (m, 11H), 7.12 (s, 1H), 

5.65 – 5.57 (m, 2H), 5.51 – 5.41 (m, 2H), 4.79 (d, J = 15.2 Hz, 2H), 4.70 – 4.58 (m, 2H), 3.34 (d, J = 6.3 Hz, 1H), 2.37 

(d, J = 8.2 Hz, 1H), 2.32 (t, J = 7.1 Hz, 2H), 2.21 – 2.12 (m, 1H), 1.20 – 1.18 (m, 10H), 1.15 (d, J = 1.4 Hz, 8H). 

13C-NMR (151 MHz, MeOD-d4) δ 182.50, 178.04, 141.93 (d, JC-P = 8.9 Hz), 130.68 (d, JC-P = 6.9 Hz), 130.58 (d, 

JC-P = 2.5 Hz), 130.13, 129.98 (d, JC-P = 2.7 Hz), 129.93, 129.87, 129.60, 129.15, 128.96, 128.41, 128.13, 127.96, 

127.79, 38.13, 83.06, 77.51, 55.82, 44.56 (d, JC-P = 137.6 Hz), 39.69 (d, 2JC-P = 7.2 Hz), 39.33, 27.62, 27.26, 27.21, 

18.70. 

HPLC (method C): Rt: 20.63 min, Purity = 96.8%. 

(((4-((benzyloxy)(methyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2- 

dimethylpropanoate) (70) 

 

70 was synthesized from (4-((benzyloxy)(methyl)amino)-4-oxo-1-phenylbutyl)phosphonic acid (69) (2.10 eq., 

1.07 mmol, 0.76 g) according to general procedure 9. 0.31 g of 70 (25%) was obtained as a colorless oil. 

The product 70 was used directly for the following reaction. 
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General procedure 10 for the deprotection of the O-Bn-protected POM ester prodrugs 

67a-d, and 70 to the hydroxamic acids 68a-d, and 72 

Compounds 68a-d and 72 were synthesized according to the procedure reported by BEHRENDT et al.136 

The appropriate O-Bn-protected POM ester prodrugs 67a-d, and 70 were dissolved in 10 mL of MeOH, and 

10 mol% of 10 wt% Pd/C was added to the reaction solution. The catalytic hydrogenation was performed for 

1-3 h, and the reaction solution was filtered through celite®. The solvent was removed under reduced pressure, 

and the products were purified by flash chromatography (on a prepacked silica cartridge), using n-hexane:EtOAc 

(100:0→50:50) as eluent. 

(((4-(Hydroxy(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis 

(2,2-dimethylpropanoate) (68a) 

 

68a was synthesized from (((4-((benzyloxy)(phenethyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(met

hylene) bis(2,2-dimethylpropanoate) (67a) (1.00 eq., 0.10 mmol, 0.24 g) according to general procedure 10. 

0.20 g of 68a (95%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.38 – 7.33 (m, 2H), 7.33 – 7.27 (m, 4H), 7.26 (t, J = 7.5 Hz, 2H), 7.22 – 7.15 (m, 

3H), 5.67 – 5.61 (m, 2H), 5.53 – 5.44 (m, 2H), 3.78 – 3.72 (m, 2H), 3.36 – 3.32 (m, 1H), 2.85 (t, J = 7.5 Hz, 2H), 

2.37 – 2.22 (m, 3H), 2.14 (m, 1H), 1.22 (d, J = 3.1 Hz, 10H), 1.18 (s, 9H). 

13C-NMR (151 MHz, MeOD-d4) δ 178.07, 174.84, 145.16, 135.46, 130.66, 129.87, 129.47, 128.89, 127.40, 83.07, 

45.00 (d, JC-P = 136.6 Hz), 39.72 (d, JC-P = 7.0 Hz), 33.80, 27.26, 27.23, 25.48. 

HPLC (method C): Rt: 16.35 min, Purity > 99.0%. 

(((4-(Hydroxy(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2-

dimethylpropanoate) (68b) 

 

68b was synthesized from (((4-((benzyloxy)(3-phenylpropyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy)) 

bis(methylene) bis(2,2-dimethylpropanoate) (67b) (1.00 eq., 0.10 mmol, 0.07 g) according to general procedure 

10. 0.06 g of 68b (96%) was obtained as a colorless oil. 
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1H-NMR (600 MHz, MeOD-d4) δ 5.85 – 5.52 (m, 10H), 4.12 – 4.05 (m, 2H), 3.98 – 3.89 (m, 2H), 3.31 (s, 11H), 2.01 

(qt, J = 13.8, 6.9 Hz, 2H), 1.88 – 1.80 (m, 1H), 1.03 (t, J = 7.8 Hz, 2H), 0.86 – 0.78 (m, 2H), 0.66 (s, 2H), 0.32 (p, 

J = 7.1 Hz, 2H), -0.30 – -0.40 (m, 18H). 

13C-NMR (151 MHz, MeOD-d4) δ 178.11, 173.29, 142.92, 130.66, 130.60, 130.54, 129.88 (d, JC-P = 8.3 Hz), 129.38 

(d, JC-P = 7.7 Hz), 129.29, 128.88, 126.88, 83.17, 57.40 (d, JC-P = 21.3 Hz), 44.22 (d, JC-P = 133.1 Hz), 39.72 (d, 

JC-P = 6.0 Hz), 33.95, 29.57, 27.62, 27.39, 27.25, 27.22, 25.70. 

HPLC (method C): Rt: 20.63 min, Purity > 99.0%. 

(((4-(Hydroxy(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2-

dimethylpropanoate) (68c) 

 

68c was synthesized from (((4-((benzyloxy)(4-isopropylbenzyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))

bis(methylene) bis(2,2-dimethylpropanoate) (67c) (1.00 eq., 0.40 mmol, 0.28 g) according to general procedure 

10. 0.23 g of 68c (93%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.39 – 7.26 (m, 6H), 7.18 (s, 3H), 5.64 (td, J = 12.5, 5.3 Hz, 2H), 5.53 – 5.42 (m, 

2H), 4.72 – 4.54 (m, 2H), 3.43 – 3.33 (m, 1H), 2.88 (p, J = 6.9 Hz, 1H), 2.44 – 2.35 (m, 3H), 2.27 – 2.17 (m, 1H), 

1.25 – 1.21 (m, 16H), 1.18 (s, 12H). 

13C-NMR (151 MHz, MeOD-d4) δ 178.07, 174.49, 146.38, 130.63 (d, JC-P = 7.4 Hz), 129.88, 129.50, 127.48, 83.11, 

52.64, 44.32 (d, JC-P = 125.7 Hz), 39.71 (d, JC-P = 7.6 Hz), 35.12, 27.26, 27.22, 25.51, 24.45. 

HPLC (method C): Rt: 17.87 min, Purity = 97.1%. 

(((4-(([1,1'-Biphenyl]-4-ylmethyl)(hydroxy)amino)-4-oxo-1phenylbutyl)phosphoryl)bis(oxy))bis(methylene) 

bis(2,2-dimethylpropanoate) (68d) 

 

68d was synthesized from (((4-(([1,1'-biphenyl]-4-ylmethyl)(benzyloxy)amino)-4-oxo-1-phenylbutyl)phosphoryl)

bis(oxy))bis(methylene) bis(2,2-dimethylpropanoate) (67d) (1.00 eq., 0.40 mmol, 0.30 g) according to general 

procedure 10. 0.24 g of 68d (92%) was obtained as a colorless oil. 
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1H-NMR (600 MHz, MeOD-d4) δ 7.64 – 7.51 (m, 4H), 7.42 (t, J = 7.6 Hz, 2H), 7.38 – 7.26 (m, 8H), 5.63 (td, J = 12.8, 

5.2 Hz, 2H), 5.54 – 5.42 (m, 2H), 4.80 – 4.68 (m, 2H), 3.44 – 3.34 (m, 1H), 2.48 – 2.35 (m, 3H), 2.28 – 2.16 (m, 1H), 

1.21 (d, J = 8.6 Hz, 9H), 1.18 (d, J = 11.3 Hz, 9H). 

13C-NMR (151 MHz, MeOD-d4) δ 178.07, 174.64, 142.05, 141.77, 136.87, 135.37 (d, J = 7.3 Hz), 130.63 (d, 

J = 7.1 Hz), 129.85, 128.89 (d, J = 3.3 Hz), 128.36, 128.06, 127.92, 83.09 (dd, J = 10.3, 7.0 Hz), 52.66, 44.79 (d, 

J = 137.5 Hz), 39.70 (d, J = 7.1 Hz), 31.01, 30.82 (d, J = 23.1 Hz), 27.25, 27.21, 25.51. 

HPLC (method C): Rt: 17.77 min, Purity > 99.9%. 

(((4-(Hydroxy(methyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methylene) bis(2,2-dimethylpropano

ate) (72) 

 

72 was synthesized from (((4-((benzyloxy)(methyl)amino)-4-oxo-1-phenylbutyl)phosphoryl)bis(oxy))bis(methyle

ne) bis(2,2-dimethylpropanoate) (70) (1.00 eq., 0.39 mmol, 0.23 g) according to general procedure 10. 0.18 g of 

72 (92%) was obtained as a colorless oil. 

1H-NMR (600 MHz, MeOD-d4) δ 7.39 – 7.28 (m, 5H), 5.70 – 5.59 (m, 2H), 5.56 – 5.43 (m, 2H), 3.41 – 3.32 (m, 1H), 

3.13 (s, 3H), 2.41 – 2.30 (m, 2H), 2.25 – 2.17 (m, 1H), 1.82 – 1.71 (m, 1H), 1.23 (d, J = 3.0 Hz, 9H), 1.19 (d, 

J = 2.5 Hz, 9H). 

13C-NMR (151 MHz, MeOD-d4) δ 178.06, 174.57, 135.42 (d, JC-P = 7.5 Hz), 130.62 (d, JC-P = 3.4 Hz), 130.58 (d, 

JC-P = 3.7 Hz), 129.93 (t, JC-P = 2.8 Hz), 129.86 (d, JC-P = 2.7 Hz), 128.89, 83.10 (d, JC-P = 12.7Hz), 64.91, 44.51 (d, 

JC-P = 138.4 Hz), 39.71 (d, JC-P = 6.7 Hz), 36.21, 30.81, 30.34, 27.24, 27.21. 

HPLC (method C): Rt: 17.77 min, Purity > 99.0%. 
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8.4 Biological evaluation 

8.4.1 DXR enzyme assays 

The Pf, Ec, and Mtb DXR inhibition assay was performed by the working group of Prof. Dr. MARKUS FISCHER  

8.4.1.1 Gene expression and protein purification 

The DXR of P. falciparum was expressed in E. coli, and the protein was purified as described earlier.133 DXR 

orthologs of E. coli or M. tuberculosis were produced, isolated, and purified. The recombinant E. coli strain M15 

pREP4 containing pQEispC-Ec (for the E. coli enzyme) or pQEispC-Mt (for the M. tuberculosis enzyme) was grown 

in shaking flasks with LB medium supplemented with ampicillin (70 mg L-1) and kanamycin (30 mg L-1) to an optical 

density of 0.4-0.6 at 37 ˚C. Isopropyl β-D-thiogalactoside was added to a final concentration of 1 mM, and the 

cell culture was incubated further for 36 h at 20 ˚C under shaking (140 rpm). Cells were harvested 16 hours 

thereafter by centrifugation, washed with 0.9% NaCl solution, and resuspended in loading buffer (50 mM Tris 

hydrochloride, pH 8.0, 0.5 M NaCl, 20 mM imidazole and 0.02% NaN3). The sample was passed through a cell 

disruption device (FrenchPress, Constant Cell Disruption Systems, Koenigswinter, Germany) and was then 

centrifuged (15,000 rpm, +4 ˚C, 1 h). The supernatant was applied onto a Ni2+-chelating Sepharose fast flow 

column (1.5 cm × 15 cm) that had been pre-equilibrated with a loading buffer. The column was washed with 

150 mL of the loading buffer and then developed with an imidazole gradient (20 mM - 500 mM) in the loading 

buffer. Fractions of DXR-containing eluent were combined and dialyzed overnight against 50 mM 

Tris-hydrochloride, pH 8.0, 2 mM DTT, 0.02% NaN3. DXR batches were approximately 95% pure, as estimated by 

SDS-PAGE analysis. 

8.4.1.2 Photometric assay 

Assays were conducted in 384-well plates with flat clear bottoms (Nunc, Wiesbaden, Germany). Dilution series 

(1:2) in DMSO for each tested compound were prepared in 10 wells of the 384-well plate so that at the end of 

the dilution series, each well contained the tested compound in 3 µl of DMSO. After that, 27 µL of assay buffer A 

containing 100 mM Tris-HCl pH 7.6 and 1.1 mM DXP were added to each assay well. The plate was centrifuged 

(3000 rpm, 10 sec, room temperature), and the assay was started by adding to each well 30 µl of assay buffer B 

containing 100 mM Tris-HCl, pH 7.6, 5 mM MnCl2, 5 mM DTT, 0.5 mM NADPH, 0.02 U of DXR. The reaction was 

monitored photometrically (room temperature) at 340 nm using a plate reader (Spectra Max M5, Molecular 

Devices, Biberach a der Riss, Germany). IC50 values were estimated with the program Dynafit, as described 

earlier.155,190 

8.4.2 Parasite In Vitro culture 

The antiproliferative potential of the synthesized compounds against two P. falciparum strains, PfDd2 and 

Pf3D7, and the cytotoxicity against human HepG-2 cells were tested by the group of Dr. JANA HELD.  
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8.4.2.1 Chemicals 

All tested drugs were first dissolved in their respective solvents (chloroquine in Milli-Q® water and the new 

compounds in DMSO) and subsequently further diluted in a complete culture medium to have the desired final 

concentration. 

8.4.2.2 Plasmodium asexual stages  

P. falciparum laboratory strains Pf3D7 (chloroquine-sensitive, provided by BEI resources, MRA-102) and PfDd2 

(multidrug-resistant, provided by BEI resources, MRA-150 were cultivated in vitro as described before.191,192 

Briefly, the parasites were maintained in complete culture medium consisting of RPMI-1640 (Sigma-Aldrich) 

supplemented with 1M N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) solution (2.4% v/v) 

(Sigma-Aldrich), 200 mM L-glutamine (Gibco), 50 µg/ml gentamicin (Gibco), and 10% of AlbuMax II solution 

containing RPMI, hypoxanthine, NaHCO3, HEPES, D-Glucose and 50 g/l of AlbuMax II (0.5% wt/vol in culture 

medium) at 2.5% hematocrit. The cultures were kept at 5% CO2 and 5% O2 at 37°C, with a change of medium 

every two days. P. falciparum parasites were synchronized using magnetic column separation (MACS) prior to 

the assays.193 

8.4.2.3 Growth inhibition assays with asexual parasites 

Growth inhibition assays of asexual stages of P. falciparum were performed as described before.194 Briefly, the 

drugs were distributed in a 3-fold serial dilution in 96-well plates. The highest concentration of the solvent 

(<0.1%) did not interfere with parasite growth. Synchronized ring-stage parasites were diluted to a parasitemia 

of 0.05% with O Rh+ erythrocytes in a complete RPMI medium and seeded at a hematocrit of 1.5% in a total 

volume of 225 μl per well. Plates were subsequently incubated at 5% CO2 and 5% O2 at 37°C before the plates 

were frozen and thawed three times. The growth inhibition of P. falciparum was measured using an enzyme-

linked immunosorbent assay (ELISA) for histidine-rich protein 2 (HRP2) using a microplate reader (CLARIOstar 

BMG Labtech) (excitation filter: 450 nm). 

8.4.3 Evaluation of cytotoxicity against human HepG2 cells  

HepG2 cells (obtained from ATCC; HB-8065), a human hepatocyte carcinoma cell line, were maintained in DMEM 

medium (Sigma-Aldrich) supplemented with 10% of inactivated fetal bovine serum (Sigma-Aldrich), 200 mM 

L-glutamine (Gibco), 12 mL of HEPES buffer (Gibco), and 50 µg/ml penicillin/streptomycin solution (Gibco). 

Trypsin (Gibco) was used to detach the cells when they reached a semiconfluent layer. Cytotoxicity was evaluated 

using the neutral red assay as described previously by MISHRA et al. 195 Briefly,300,000 cells were seeded in 

supplemented Dulbecco´s Modified Eagle´s Medium (DMEM) medium as described above to 96-well plates. After 

24 hours, the cells were incubated with a twofold serial dilution of the respective drug diluted in a supplemented 

DMEM medium for an additional 24 hours. The highest concentration of the solvent (<1%) did not interfere with 

cell viability. Subsequently, the drug-containing medium was replaced by a supplemented DMEM medium with 

1.5% neutral red, and the cells were incubated for an additional 3 h at 37°C. Cells were then washed with 

phosphate-buffered saline (pH 7.2), and 100 µL of freshly prepared lysing buffer (50% methanol, 49% distilled 

https://www.sigmaaldrich.com/US/en/products/water-purification/milli-q-benchtop-water-purification-systems
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water, and 1% acetic acid) were added to the plates. Subsequently, the cells were shaken for 10 min, and the 

absorption was measured at a wavelength of 540 nm using CLARIOstar (BMG Labtech).195 
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