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Abstract  

Phosphorus is a biogenic element and a key element in modern organic and medicinal 

chemistry. The non-metallic catalysis based on chiral phosphates is a fast-evolving field 

similarly to phosphorus-based prodrugs. Phosphorus is also widely used in the industry, 

e.g. in pesticides or food additives. Many of the compounds named above bear a chiral 

centre on the phosphorus atom. Thus, it is critical to determine their structure  

and stereochemistry because it controls their physico-chemical properties. For structural 

and stereochemical analysis, NMR spectroscopy is a standard method, usually based  

on 1H, 13C, 15N, 19F or 31P isotopes. 31P NMR spectroscopy can also be ideal for reaction 

monitoring as 31P spectra are less complicated than 1H, and 31P is more sensitive than 13C 

nucleus. 

In this work, I used 31P NMR spectroscopy to monitor the photo-initiated fragmentation 

of phosphate-based self-immolative (SI) linkers. The linkers are decomposed in a cascade 

of chemical reactions via self-immolation based on intramolecular cyclisation resulting  

in the drug release. I studied a series of newly designed prodrug linkers bearing two 

cargos. The 31P NMR reaction monitoring with in situ irradiation enabled us to observe 

the reaction course and capture even metastable reaction species in real time. We 

doubtlessly distinguished which cargo was released preferentially and found structure-

activity relationships. This ultimately led to the design of new classes of SI likers suitable 

for the release of amine-containing drugs, which usually face difficulties in cell-

membrane delivery. Using the prodrugs based on the SI process, we successfully released 

a variety of amine-cargos. I also identified an alternative decomposition pathway  

of amine-containing cargos with the P-NH-R motif, which could be misinterpreted as the 

amine-cargo release. However, a careful analysis of the NMR data revealed an alternative 

decomposition, and I initiated a search for reaction conditions avoiding this undesired 

decomposition. 

During the SI studies, we found no clear trend between the 31P NMR parameters 

and the molecular geometry, e.g., J-couplings vs. the number of chemical bonds between 

the interacting nuclei, as is usual in 1H NMR spectroscopy. For instance, the two-bond  
2JC-P-couplings are often smaller than the three-bond 3JC-P-couplings, etc. Therefore,  

I decided to investigate how the 31P NMR parameters can contribute  

to the stereochemical determination. 

For the 31P NMR studies, model phosphorus-stereogenic small molecules were designed 

and prepared as pure diastereoisomers. The 31P NMR parameters were used to study  

the relative configuration and conformation of model compounds. We complemented 

the 31P structural analysis with quantum-chemical calculations and a thorough 

conformational sampling. 13C–31P J-coupling analysis unequivocally assigned the relative 

configuration of rigid molecules, while 31P-based analysis of residual dipolar couplings 

(RDC) did not provide unambiguous results. This may be caused by insufficient 



 
 

conformational sampling based on low-energy structures. Thus, we applied molecular 

docking, generating a new ensemble of conformers in the presence of an alignment 

medium. This approach improved the results for mildly flexible molecules but did not help 

for rigid compounds. This indicates that the rigid molecules do not adopt significantly 

different conformation after interaction with the alignment medium compared  

to the mildly flexible molecules. For more flexible molecules, we employed a molecular 

dynamics method with the use of NMR orientational constraints - MDOC. MDOC 

significantly improved the assignment of the relative configuration, determining even 

flexible molecules. However, highly flexible molecules with low motion restriction remain 

a problem which requires attention and further development in NMR methodology. 

 

  



 
 

Abstrakt 

Fosfor je biogenní prvek a je klíčový v moderní organické syntéze a medicinální chemii. 

Asymetrická katalýza reakcí organickými molekulami na bázi chirálních fosfátů  

(bez přítomnosti kovu) je rychle se vyvíjejícím oborem podobně jako proléčiva na bázi 

fosforu. Fosfor je také široce využíván v průmyslu, je např. součástí pesticidů  

nebo potravinářských přísad. Mnoho z výše uvedených sloučenin nese chirální centrum  

na atomu fosforu. Je tedy důležité určit jejich strukturu a stereochemii, protože ta 

předurčuje jejich fyzikálně-chemické vlastnosti. Pro stereochemickou analýzu je 

standardní metodou NMR spektroskopie, obvykle založená na izotopech 1H, 13C, 15N, 19F 

nebo 31P. 31P NMR spektroskopie může být také efektivně využita pro monitorování 

reakcí, protože 31P NMR spektra jsou méně komplikovaná než 1H, zároveň je však 31P 

citlivější než 13C.  

V této práci jsem použila 31P NMR spektroskopii ke sledování fragmentace fosfátových 

self-imolativních (SI) spojek iniciované světlem. Po osvícení fosfátové spojky podléhají 

intramolekulární cyklizaci následně vedoucí k uvolnění léčiva. Studovala jsem sérii nově 

navržených spojek proléčiv nesoucích dvě odstupující skupiny. 31P NMR s in situ 

ozařováním nám umožnilo sledovat průběh reakce v reálném čase, a navíc zachytit  

i metastabilní produkty. Jednoznačně jsme rozlišili, která odstupující skupina byla 

uvolněna přednostně, a vytvořili jsme strukturně-aktivitní studii. To nakonec vedlo  

k návrhu nových tříd SI spojek vhodných pro uvolňování léčiv na bázi aminů, které obvykle 

hůře prostupují přes buněčnou membránu. Pomocí nových fosfátových spojek jsme 

úspěšně uvolnili řadu aminů. Díky pečlivé analýze NMR dat jsem odhalila alternativní 

cestu rozkladu spojek obsahujících P-NH-R uskupení, což by mohlo být zaměněno  

za úspěšné uvolnění aminu.  Tyto výsledky vedly k hledání nových reakčních podmínek, 

za kterých tento nežádoucí přesmyk neproběhl.  

Během studií SI jsme nenašli žádný jasný trend mezi parametry 31P NMR a molekulární 

geometrií, např. J-interakce vs. počet chemických vazeb mezi interagujícími jádry, jak je 

obvyklé v 1H NMR spektroskopii. Například skalární interakce přes dvě vazby (2JC-P–

interakce) jsou často menší než ty přes tři vazby (3JC-P–interakce) atd. Proto jsem se 

rozhodla prozkoumat, jak mohou 31P NMR parametry přispět ke stereochemické analýze. 

Pro 31P NMR studie byly navrženy modelové malé molekuly se stereogenním centrem  

na atomu fosforu. Tyto látky byly připraveny jako čisté diastereoizomery. 31P NMR 

parametry byly použity ke studiu relativní konfigurace a konformace modelových 

sloučenin. Stereochemickou studii se zapojením 31P parametrů jsme doplnili kvantově-

chemickými výpočty a důkladnou konformační analýzou. Analýza na bázi 13C–31P J-

interakcí jednoznačně určila relativní konfiguraci rigidních molekul, zatímco analýza 

reziduálních dipolárních interakcí (RDC) se zapojením 31P interakcí neposkytla 

jednoznačné výsledky. To může být způsobeno nedostatečným popisem konformačních 

rovnováh s využitím struktur energetického minima. Použili jsme tedy molekulární 



 
 

dokování a vygenerovali nový soubor konformerů v přítomnosti orientujícího média. 

Tento přístup zlepšil výsledky pro mírně flexibilní molekuly, ale ne pro ty rigidní. To 

ukazuje, že rigidní molekuly nezaujímají významně odlišnou konformaci po interakci  

s orientujícím médiem ve srovnání s mírně flexibilními molekulami. Pro flexibilnější 

molekuly jsme použili metodu molekulární dynamiky s využitím NMR parametrů  

jako omezení molekulárního pohybu během simulace, MDOC. MDOC významně zlepšil 

výsledky analýzy – určil relativní konfiguraci flexibilních molekul. Vysoce flexibilní 

molekuly s velmi málo omezeným pohybem však zůstávají problémem, který vyžaduje 

pozornost a další vývoj metodologie NMR. 
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1. Introduction 

1.1 Phosphorus 

Phosphorus P is a non-metallic chemical element with atomic number 15 found  

in the 15th group (with nitrogen) and the 3rd period of the periodic table having electronic 

configuration [Ne]3s23p3. The three singly-filled orbitals allow phosphorus, similarly  

to nitrogen, to possess oxidation states of −3 (e.g., PH3) and +3 (e.g., H3PO3), forming  

a covalent bond with a lone pair of electrons. Unlike nitrogen, phosphorus contains d 

orbitals which grant him the possibility to form a stable octet configuration with oxidation 

state +5 (e.g., in H3PO4) with five covalent bonds. However, care must be taken  

with the description of the P=O bond which is usually depicted as a double bond even 

though it is actually a shorter single bond. Phosphorus is also highly reactive; thus, it does 

not exist on Earth in a free elemental form.  

1.1.1 Naturally Occurring Phosphorus Compounds 

Phosphorus is a ubiquitous and biogenic element. In nature, it can be found almost 

exclusively in a phosphate form with oxidation number +5. Moreover, phosphorus is one 

of the chemical elements responsible for the origin of life on the primordial Earth.1-3  

Phosphorus plays a crucial role in building blocks of living matter:4 it is present in nucleic 

acids, which store genetic information. Phosphorus connects two nucleotides (DNA, RNA) 

together, stabilises them against hydrolysis and retains the macromolecules within a lipid 

membrane. Moreover, adenosine triphosphate (ATP, Figure 1A) is responsible for cellular 

energy management; phospholipids (Figure 1B) are cellular membrane constituents; 

around 85% of phosphorus in the human body is located in bones and teeth;5 HPO4
2- acts 

as an intracellular buffer or ionic carrier, etc. 

Figure 1: A - Adenosine triphosphate consisting of an adenine base, ribose sugar and three phosphate groups and B - a 

general phospholipid structure. 
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1.1.2 Synthetically Prepared Phosphorus Compounds 

Phosphorus compounds are utilised in everyday life. Phosphoric acid grants soft drinks 

their tangy taste; P-based additives increase the efficacy of detergents6 (eventually being 

restricted in many countries due to their environmental impact), and phosphorus-

containing modifiers in drinking water reduce the risk of lead poisoning.7 Other 

phosphorus compounds include food additives8 (e.g., diphosphate for baking); 

emulsifiers,9 flame retardants,10 plasticisers,11 pesticides,12 insecticides,12, 13 lubricants,14 

solvent extractions agents15 or compounds part of light-emitting diodes16 (LEDs). 

However, such extensive use, especially as fertilizers17 in agriculture, is unsustainable.  

The first commercially available fertiliser was produced in 1841,18 and the demand has 

grown ever since.17 Nevertheless, the phosphorus-rich rock, from which most fertilisers 

are derived, is a non-renewable material, and its depletion accelerates every year. 

Moreover, around 95% of phosphorus is lost due to its management inefficiency,  

which pollutes the environment.19 Since our current food industry depends entirely  

on phosphorus fertilisers, the circular economy of phosphorus and its environmental 

impact represent a challenging task for this century.7, 17, 20 

From the other side of the spectrum, phosphorus is used in a drug design,21, 22 especially 

in the ProTide approach.23, 24 ProTides are a class of prodrugs which improve  

the pharmacokinetics and pharmacodynamics of the drug (e.g., the aqueous solubility  

or cell-membrane penetration of the drug). ProTide (PROdrug + nucleoTIDE) is designed 

to deliver a nucleotide analogue (monophosphate or monophosphonate) of a drug  

into cells.23, 25  The hydroxyl groups of the monophosphate (or monophosphonate) group, 

masked by an aromatic and an amino acid ester moiety, are enzymatically cleaved-off, 

releasing a monophosphated (or monophosphonated) drug in the cell. The drug is there 

further phosphorylated to form a triphosphated (triphosphonated) drug. This second 

phosphorylation is energetically less demanding than the first phosphorylation of a drug 

without any phosphate (phosphonate) group attached. The triphosphated drug is then 

incorporated into DNA, stopping DNA replication. The most famous examples of this 

group are antiviral drugs tenofovir26, 27 for HIV treatment (Figure 2), developed by Prof. 

Antonín Holý at the Institute of Organic Chemistry and Biochemistry of the Czech 

Academy of Sciences (IOCB), and remdesivir28 – the only approved medication for COVID-

19.  
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Figure 2: Tenofovir disoproxil fumarate prodrug decomposition pathway. 

Modern organic chemistry utilises phosphorus in many ways - as ligands, reaction 

reagents or catalysts. One of the reasons for this vast usage is phosphorus' dual behaviour 

– being able to act both as an acid or a base. Acidic behaviour is used in frustrated Lewis 

pairs29 (a mixture of Lewis acid and Lewis base, phosphorus is in the form  

of phosphonium, Figure 3A) in metal-free catalysis, basic behaviour in phosphane 

superbases30 (in the form of phosphazenes, Figure 3B). P-based compounds are widely 

utilised in asymmetric reactions31 (Noyori reaction with 2,2′-bis(diphenylphosphino)-1,1′-

binaphthyl (BINAP) catalyst, Figure 3C), stereoselective catalysis32, 33 (Josiphos ligands – 

chiral diphosphines, Figure 3D) and coordination chemistry (Mitsunobu34, 35 or Wittig35, 36 

reactions, Figures 3E or 3F, respectively). The potential of phosphorus to change its 

electronic and steric properties makes it a potent element in organic synthesis and green 

chemistry, both fields constantly growing and evolving.35, 37 
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Figure 3: An example of a frustrated Lewis pair (A), phosphane superbase (B),  (R)-BINAP catalyst (C), Josiphos ligand 

(D), a catalyst for Mitsunobu reaction (E) and a catalyst for Wittig reaction (F). 

In turn, phosphonothioate and phosphonofluoridate groups are also included in chemical 

warfare agents, such as sarin38, novichok series39 or tabun40 (Figure 4). These compounds 

possess a stereogenic centre on the phosphorus atom, with the P(-) isomers possessing 

higher toxicity than their P(+) counterparts.40 These nerve agents penetrate the dermal 

membrane and respiratory epithelial, undergo a transformation into their active form 

(usually by oxidation of different groups, such as thioesters or amides, or hydroxylation 

of an alkyl group) and inhibit the acetylcholinesterase enzyme responsible  

for degradation of the neurotransmitter acetylcholine, causing death within minutes.40  

Figure 4: An example of sarin (A), novichok (B) and tabun (C).  

Many of the above-mentioned compounds are P-stereogenic (sometimes referred to  

as P-chirogenic), compounds bearing a chiral centre on the phosphorus atom. However, 

their faster progression is hindered due to rather difficult synthesis.41 It is further 

complicated because, similarly to nitrogen, phosphorus can mutarotate42 and P-

molecules with electron-withdrawing groups are unstable, leading to their 

decomposition and racemisation already at room temperature.43 
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1.2 Methods for Stereochemical Study 

Correctly determining stereochemistry is critical for describing molecular properties  

and further applications. Absolute (or relative) configuration governs the physico-

chemical properties of molecules, such as solubility, dipole moment, acidity/basicity, 

reactivity, etc. This can have far-range consequences in a pharmacy or material 

technology as one isomer may possess better selectivity, efficiency, or activity  

than the other(s). In the presence of an asymmetrical atom (e.g. carbon), the compounds 

become optically active and can differ in their absolute configuration (enantiomers  

and diastereoisomers). Moreover, some may coexist in several conformers. 

Enantiomers have the same structural formula but differ in the configuration on all 

stereocentres with respect to each other; thus, they are each other mirror images  

which cannot be superimposed. Therefore, enantiomers have the same physical  

and chemical properties, except for the refraction of the plane-polarised light  

and interaction with other chiral molecules. Importantly, enantiomers can display 

different biological effects. An infamous example of enantiomers with different biological 

activity is a Thalidomide drug.44 Thalidomide was prescribed to pregnant women  

in the 1960s to help with sleep and anxiety. However, around 10,000 infants whose 

mothers were prescribed Thalidomide were born with severe defects. It was later found 

that only the (R-) isomer possessed the desired sedative effects, while the (S-) isomer was 

teratogenic. This only stresses the need for an accurate stereochemical investigation  

of molecules for their further applications.  

Diastereoisomers have the same structural formula but differ in the configuration  

of at least one stereocentre, but not at all of them. Thus, diastereoisomers have different 

physico-chemical properties. Diastereoisomerism often occurs in carbohydrates which 

usually bear several stereogenic centres. An example of fundamentally different 

properties of diastereoisomers is D-mannose with a hydroxyl group in α or β position. 

While α-D-mannose (with the hydroxyl group in the axial position) tastes sweet, the β-D-

mannose  (with the hydroxyl group in the equatorial position) is bitter.  

Figure 5: α- (left) and β-D-mannopyranose (right). 

Another stereochemical phenomenon is conformation. Conformation is a spatial 

arrangement of atoms that can interconvert without a bond splitting. Moreover, in some 

cases, molecules can co-exist in several conformations in equilibrium. If these 

conformations are stable enough, they can be observed by a suitable stereochemical 

method and even isolated. Figure 6 shows an example of a conformational isomerism  
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of cyclopentane,45 displaying two conformations – a twisted-chair and an envelope  

with only a small energy difference between them (envelope being more stable only  

by 0.5 kcal mol-1). Considering the energy difference between both conformers,  

the population of each conformer in equilibrium may be estimated based on the 

Boltzmann distribution. 

Figure 6: Conformational equilibrium of cyclopentane interconverting between twisted-chair and envelope 

conformations.  

Currently, there are several methods for the study of the stereochemistry (conformation 

as well as configuration) of the molecule – X-ray diffraction (XRD), chiroptical methods 

and nuclear magnetic resonance (NMR) spectroscopy.  

1.2.1 X-ray Diffraction Analysis 

X-ray crystallography is usually a method of choice for determining an absolute 

configuration if a single crystal is available.46 The Roentgen beams are diffracted  

from the crystals, and their subsequently shifted pathways provide information  

about the electron density, which is, in turn, used to determine the three-dimensional 

molecular structure. However, the necessity of a suitable single crystal is limiting, 

especially in highly flexible molecules that are difficult to crystalise.47 Moreover, the single 

crystal structure does not necessarily represent the whole sample where  

a conformational equilibrium may exist, with the XRD analysis showing just one form, 

usually the more thermodynamically stable conformer. 

1.2.2 Chiroptical Methods 

The chiroptical methods are based on a different interaction of a chiral molecule  

with a left- or right-circularly polarised light. Chiroptical methods are non-destructive 

and, combined with quantum-chemical calculations, can determine the absolute 

configuration of an optically active molecule.48 These methods include a wide range  

of techniques, such as circular dichroism or Raman spectroscopy. 

The circular dichroism (CD) method is based on the absorption of circularly polarised light 

by a chiral molecule. There are two types of CD methods – electronic (ECD) or vibronic 

(VCD) circular dichroism.49 ECD technique is used for molecules with an absorption  

in the ultraviolet region, while the VCD in the infrared region. Moreover, the VCD spectra 

can be calculated on a density-functional theory (DFT) level with reasonable accuracy, 

thus further enhancing the stereochemical determination.50 On the contrary,  
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for calculations of electronic spectra, time-dependent (TD) DFT must be employed.51  

In turn, Raman optical activity (ROA)52 is a method detecting the differences  

in the intensity of Raman scattering of chiral molecules between the right- and left-

polarized light. ROA monitors the vibrational optical activity of the molecule.  

The disadvantages of long measurements and the need for highly concentrated samples 

are compensated by the possibility of measurement in a broader range of wavelengths 

compared to VCD. ROA is also suitable for measurements in an aqueous environment. 

1.2.3 NMR Spectroscopy 

NMR spectroscopy53, 54 is a versatile technique that offers a wide range of methods  

for structural investigation in solution and solid state. The main advantage of NMR is  

that it does not require a single crystal or a thorough analysis complemented 

by quantum-chemical calculations (but it might be beneficial in some cases – see  

the following chapters). NMR provides a unique insight into the structural, kinetic,  

and dynamic data, as described in detail in the next chapter. 

1.3 NMR Spectroscopy 

NMR spectroscopy53, 54 measures NMR-active nuclei – nuclei with non-zero spin quantum 

number I. Spins are quantised which can be described by their magnetic quantum 

number m. For most common nuclei (e.g., 1H, 13C, 15N, 19F, 31P) with the spin quantum 

number I = ½, the magnetic quantum number is m = ½, −½. Thus, these nuclei can possess 

two energy levels (states). 

In a ground state, spins are oriented chaotically; hence, they have no energy difference. 

Upon applying an external magnetic field B0, the spins align in the direction (parallel)  

or opposite direction (antiparallel) of the magnetisation vector with respect  

to the applied magnetic field B0. However, more spins are always aligned in parallel to B0. 

This creates an energy difference ΔE between the two spin populations. The energy  

of one spin is given by equation 1: 

                                     𝛥𝐸 = 𝛾ℎ𝐵0/2𝜋,                                                           (1) 

where h is the Planck constant and γ is a gyromagnetic ratio specific for each nucleus. 

Nuclei with higher gyromagnetic ratios can absorb more energy, making them more 

sensitive than those with lower gyromagnetic values.  

Equation 2 shows a magnetic resonance principle upon which a nucleus absorbs energy, 

and its spin can interconvert between its energy states: 

             𝜐 = 𝛾𝐵0/2𝜋,                       (2) 

where ν is the frequency of oscillating magnetic field B1. Applying this additional magnetic 

field B1, the spins are excited into an energetically higher level. Switching the B1 field off, 
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the spins return to their initial state. The relaxation back to the initial state is detected  

as an NMR signal. Each molecule possesses many specific spin systems, all excited  

by the applied field B1. Their frequencies are different from the frequency of B1; thus,  

a combination of various frequencies is acquired. They are collected in the form of free 

induction decay (FID) as an intensity-time dependence. The FID (the time domain) is then 

mathematically converted into an NMR spectrum (frequency domain) using the Fourier 

transform. 

NMR parameters, such as chemical shift (δ), indirect spin-spin interaction (J-coupling)  

or dipolar interaction (D-coupling), provide the key structural features.  

Chemical shift (a position of a signal in the NMR spectrum) is influenced by the chemical 

environment of a given nucleus. Each nucleus has its own magnetic field which, in turn, 

interacts with the magnetic fields of other nuclei. Moreover, it depends on the electron 

density of neighbouring atoms and functional groups. Regarding stereochemistry, 

chemical shift allows for discrimination of, e.g., cyclic and acyclic form, cis and trans 

isomers, etc.  

J-coupling is an indirect interaction of two nuclear spins mediated via chemical bonds.  

In the NMR spectrum, the value of J-coupling can be extracted from NMR signal splitting, 

which depends on the spin quantum number of the observed isotope  

and the neighbouring functional groups.  

On the contrary, D-coupling is a direct interaction of two dipoles through space.  

In solution NMR, dipolar interaction is averaged to zero due to the Brown motion  

of the molecule. However, in solid-state NMR, dipolar couplings are prevalent, reaching 

values in kHz which often hinders the extraction of J-couplings (which have values in Hz).  

There are several NMR methods which can explore molecular stereochemistry. They 

could be divided into classical NMR methods, which do not require any special sample 

preparation, and advanced NMR methods, which often utilise an addition of agents 

interacting with the analyte molecule, usually destroying the analyte for further use. 

1.3.1 Classical NMR Methods 

1H NMR Spectroscopy 

The most measured nucleus is hydrogen 1H. Isotope 1H has a spin I = ½ and a natural 

abundance of almost 100%. This, combined with its high gyromagnetic ratio  

(γ = 26.75 x 107 rad T-1 s-1),54 makes it a very sensitive and easily measurable nucleus.  

The hydrogen 1H is now routinely measured by one-dimensional (1D) NMR spectroscopy 

(with 1H chemical shifts in the range of 20 ppm). Additionally, two-dimensional (2D) NMR 

experiments correlating 1H with the 1H distant over three chemical bonds (correlation 

spectroscopy – COSY experiment) and with other nuclei (e.g. with 13C mentioned below) 

can provide critical structural information. 
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From the stereochemical point of view, there is a strong connection between 3JH‒H-

coupling (through three chemical bonds) and the dihedral angle between the interacting 
1H nuclei described by the Karplus equation (Figure 7).55 The dihedral angles between  

the interacting nuclei can be estimated from the constructed Karplus curves based  

on the experimentally obtained 3JH‒H-couplings. For example, when the 3JH‒H-coupling is 

close to zero, it indicates perpendicular ordering (dihedral angle close to 90°).  

The estimated dihedral angles usually help build a molecular model and propose  

a possible configuration or conformation.  

Figure 7: Karplus dependence where φ is the dihedral angle between two vicinal hydrogens and 3JH-H is their 

experimental J-coupling. The structures on the right show the values of 3JH‒H-couplings with the corresponding φ. 

Complementary to J-couplings, the through-space interactions based on the nuclear 

Overhauser effect (NOE) can be used for stereochemical analysis. The method of NOE 

measurements uses a polarisation transfer from an irradiated nucleus to enhance  

the signal of interacting nuclei through space up to 5 Å, giving the information of a local 

arrangement.56 As an example, the NOE enabled to assign the conformation  

of a thiacalix[4]arene-based compounds.57 Figure 8 shows a critical NOE contact between 

H3A (hydrogen atom on A aromatic ring, peak pointing downwards) to OMe, whose signal 

was enhanced by a polarisation transfer, indicating a partial cone conformation  

with inverted ring D. 
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Figure 8:  A detail of 1H NMR spectra (in black) with NOE polarisation transfer (red) from H3A to methoxy group (OMe) 

of the D aromatic ring, indicating their proximity in space which is possible only in a partial cone conformation. 

1H NMR experiments are often used for reaction monitoring, given the high sensitivity, 

fast measurement, and high abundance of 1H in most organic compounds.58 Chemical 

transformations, conformational equilibria, or dynamic processes (e.g., sterically 

hindered rotation) can be studied. Variable temperature NMR spectroscopy is one of the 

main tools to reveal the above-mentioned phenomena. However, in some cases,  

e.g., in monitoring a complex reaction course with several intermediates, the 1H NMR 

spectra may become complicated due to the signal overlaps (usually multiplets in a small 

chemical shift range). Therefore, other magnetically active nuclei, such as 19F or 31P, can 

be effectively used.59 

A special case is monitoring photochemical transformations with reaction intermediates 

that are not stable enough to be detected by conventional NMR measurements.  

For this purpose, an NMR with in situ irradiation can be crucial for determining  

the reaction mechanism. This method measures NMR experiments upon continuous 

UV/vis light irradiation.60 The system comprises a control unit that manages an LED lamp 

and an optical fibre leading directly to the NMR tube (Figure 9). This setup allows  

for recording the NMR spectra upon continuous irradiation in real time and, thus, 

provides critical structural and kinetic information.  

Another advantage of this unique setup is that different wavelengths can irradiate  

the sample without any sample manipulation (e.g., UV/vis photoswitching reactions).61-63 

Moreover, irradiation is possible at various temperatures, which is beneficial  

if metastable species are present. Lower temperatures effectively decrease the reaction 

rate and enable the observation of the metastable species. 

    9                               8                               7                               6                               5                               4                  1H [ppm] 
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Figure 9: A - complete setup of the NMR with in situ irradiation; B – the NMR tube with the directly introduced optical 

fibre.  

13C NMR Spectroscopy 

Carbon 13C is the second most measured nucleus after 1H. It has a spin quantum number 

I = ½, but natural abundance is only 1.1%, and the gyromagnetic ratio amounts to ¼  

of the one of 1H. However, NMR spectrometers equipped with a cryoprobe significantly 

enhance the sensitivity of 13C NMR. The chemical shifts of 13C are spread over 220 ppm 

(compared to 20 ppm for 1H), which is beneficial, especially if 1H suffers from signal 

overlays. 13C is often measured with 1H decoupling where the 1H–13C J-couplings  

are supressed, providing easily-interpretable spectra. This can be applied to reveal 

interactions with other NMR-active nuclei, such as 13C–19F, especially when the 19F NMR 

spectra are not affected by 13C–19F interactions due to the low natural abundance of 13C.  

Carbon 13C is often utilised in 2D experiments like heteronuclear single quantum 

coherence (HSQC) or heteronuclear multiple bond correlation (HMBC), which have 

become standard experiments for structural analysis. The HSQC experiments provide 

information about directly connected carbon and proton(s). HMBC reveals 1H–13C 

interaction over two to five chemical bonds. Additionally, without a cryoprobe, HSQC  

and HMBC allow for indirect detection of 13C NMR with the use of transfer-polarisation 

from 1H and may reveal signals hidden in 1D, typically quaternary carbon signals  

or the carbon signals overlapped by the residual solvent signal. 

 

     A                                                             B 
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31P NMR Spectroscopy 

Phosphorus with an atomic number 31 is an NMR-active nucleus with spin ½. Moreover, 
31P possesses a 100% natural abundance. 31P is highly sensitive even to small changes  

in its chemical environment. 31P 1D spectra are usually measured with 1H decoupling, 

while the interaction with 13C is not visible due to the low natural abundance of 13C (1.1%). 

Therefore, 31P spectra are easy-interpretable, displaying singlet signals. This,  

in combination with a large chemical shift dispersion (up to 1000 ppm), makes it  

an excellent nucleus for reaction monitoring, given its simplicity (little to no signal 

overlays compared to 1H), short measurement times (compared to 13C) and sensitivity  

to its environment. Additionally, phosphorus has a sufficiently large Larmor frequency; 

thus, it can be easily measured on commonly available NMR probes. 31P nucleus also 

provides interactions with other magnetically active nuclei. E.g., 13C–31P interactions are 

easily accessible from the 13C NMR signal splitting to doublets (in the presence of one 

phosphorus atom). Moreover, 31P 2D NMR spectra can be measured. But for 31P-X 

correlations (X = 13C, 15N, 19F, etc.), a special triple resonance probe is needed.  

1.3.2 Advanced NMR Methods 

As advanced NMR methods, we consider the methods where additional agents 

interacting with the analyte molecule are used. Advanced NMR methods are usually not 

routinely measured; however, they can provide valuable information for stereochemical 

investigations, e.g. absolute or relative configuration. Nevertheless, the analyte usually 

cannot be recovered after adding the agent to the sample. 

Chiral Solvating Agents 

Chiral solvating agents64 (Figure 10) form non-covalent solvating complexes  

with the molecule studied, inducing signal shifts. These complexes are in a fast exchange 

with the free solvating agent which is in a large excess compared to the analyte molecule. 

This method is simple, easy to perform, and does not have kinetic resolution problems. 

Unfortunately, the agent-substrate interactions are often weak, amounting to only 

negligible spectral changes.64  

Figure 10: Examples of chiral solvating agents. 
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Mosher's Method 

Mosher's method65 uses chiral Mosher's acid (α-methoxy-α-trifluoromethylphenylacetic 

acid, MTPA) to derivatise the analyte – amine or alcohol – and form corresponding 

diastereoisomers (Figure 11). The determination of the absolute configuration is based 

on the anisotropic effect of the phenyl group of the MTPA moiety on the A and B 

substituents of the substrate analysed. Using (R)-MTPA, the phenyl group shields the B 

substituent while the chemical shift of A is unaltered. In turn, employing (S)-MTPA has 

the opposite effect. These shift changes are then applied to assign the absolute 

configuration of the amine or alcohol studied. The disadvantage of this technique is  

the narrow substrate scope.  

Figure 11: Reaction of (R)-MTPA with a mixture of diastereoisomers leading to a different shielding of A and B 

substituents observable in NMR spectra. 

Shift Reagents 

The shift reagents are usually based on lanthanide complexes (Figure 12).66 These six-

coordinate reagents form weak complexes or salts with the analytes. Such complexes are 

in equilibrium with the unbound analyte molecules on the NMR timescale, leading  

to spectral changes. The scope of analytes is not limited as in the case of Mosher's 

method; however, these reagents are paramagnetic, leading to a significant line 

broadening which complicates the spectral analysis. Moreover, this line broadening is 

proportional to B0
2, making measuring on lower magnetic fields often preferable.64 

Figure 12: Examples of Eu complexes as shift reagents.66, 67 
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RDC Analysis 

RDC analysis is based on dipolar couplings but measured on a solution-state NMR probe. 

Because RDCs are invisible in solution NMR due to fast molecular reorientations, a weak 

alignment medium must be added to the sample to partially recover dipolar couplings – 

now only residual dipolar couplings. Weak alignment media commonly used for RDC 

analysis can be based on liquid crystals68-70 or stretched gels.71, 72 

Each of the two interacting spins, I and S, produces a magnetic field. These fields influence 

each other and cause a change in the resonances of both spins. The size of this interaction 

depends on the distance between the interacting spins rIS, the angle θ between  

the internuclear (interspin) vector and the external magnetic field B0 (Figure 13).73  

The RDC long-range information is, thus, complementary to J-couplings or NOEs. 

Figure 13:  The schematic representation of the RDC dependency on B0, θ and rIS. 
RDC analysis is a powerful, albeit demanding technique due to the challenging sample 

preparation and the necessity of additional software for back-calculation  

of the theoretical RDCs. There are three critical steps in RDC analysis which should be 

mentioned in this work: 1) the sample preparation, 2) the implementation of special NMR 

experiments, and 3) the use of RDC software for the back-calculation of the theoretical 

RDCs from the optimised low-energy structures.  

1) Sample Preparation 

Correct sample preparation is a critical step in RDC analysis. A calculated amount  

of the alignment medium (usually 6–8% w/w) is dissolved in a corresponding amount  

of solvent, and a small amount of the analyte is added. Such a mixture becomes highly 

viscous, and a thorough homogenisation is needed.  

To examine the level of homogeneity, a 2H NMR spectroscopy is used either as a 1D 2H 

experiment74 or a 2D 2H-image75 experiment. In liquid crystals, 2H NMR exhibits  

a quadrupolar splitting ∆vQ
76 due to its electric quadrupole moment which  

interacts with the gradient of an electric field tensor of the alignment medium.  

This interaction is observed as a splitting of the deuterated solvent signal (Figure 14A).  

In turn, the 2H-image experiment uses a gradient to display the homogeneity  
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within a designated volume of the NMR tube, which is helpful especially as a shimming 

indicator (Figure 14B).  

Figure 14:  A - The alignment of CDCl3 in the alignment medium. The lower 2H spectra show non-aligned CDCl3 which 

can be caused either by low homogeneity of the sample or an excess of the solvent. The alignment is improving upward, 

with the black spectrum (5th from the bottom) showing the best sample composition and alignment indicated by 

narrow signals and ∆vQ (with values around 250–360 Hz signifying the best sample alignment of CDCl3). B - the 2H-

image of aligned CDCl3 (in blue) with acetone NMR signal (acetone capillary added for lock).  

2) RDC Experiments 

Two NMR experiments are necessary to obtain RDCs – an experiment in the isotropic 

environment (experiment of the analyte with the solvent) and an experiment  

in the anisotropic environment (the analyte with the solvent and the alignment medium). 

The final RDC values (DX–Y) are then calculated using equation (3):77 

      𝑇𝑋−𝑌 = 𝐽𝑋−𝑌 + 2𝐷𝑋−𝑌,          (3) 

with D being the residual dipolar coupling of X-Y nuclei, J is the J-coupling (scalar coupling) 

obtained from the spectra measured in the isotropic experiment, and T is the total 

coupling obtained from the experiment in the alignment medium (Figure 15). 
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Figure 15:  Bottom – 13C NMR experiment in an isotropic environment yielding 1JC-H-coupling (red); top – experiment in 

the anisotropic environment affording the 1TC-H-coupling (blue), the difference between these two interactions is the 

residual dipolar coupling 1DC-H (green). 
Experimental 1H–13C RDCs are usually extracted from a 1H-coupled 13C NMR experiment. 

A more accurate way is to acquire the 1H–13C couplings from an HSQC experiment 

coupled in the F1 or F2 domain, while the routine HSQC experiment is measured with 1H 

decoupling (Figure 16A). The HSQC experiment coupled in the F2-domain (Figure 16B) 

has a relatively short measurement time while achieving high-quality spectra. However, 

the spectra can be complicated by homonuclear 1H–1H couplings and overlaps 

accompanied by phase distortions. Several modifications of the F2-coupled HSQC have 

been made to dispose of these problems (such as CLAP-HSQC, clean-antiphase HSQC,  

or CLIP-HSQC, clean-inphase HSQC78, 79). These problems made F1-coupled HSQC more 

popular over the years (Figure 16C).80 An advantage of HSQC coupled in the F1 domain  

is the high resolution of the two cross-peaks of the corresponding coupling due to the 

much higher resonance dispersion in the 13C NMR domain (ca 220 ppm compared to 20 

ppm in the 1H domain in F2-coupled HSQC). 

Figure 16:  A – standard HSQC experiment, B – F2-coupled HSQC experiment, C – F1-coupled HSQC experiment. 
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3) RDCs Back-Calculations by the RDC Software  

The experimental RDC values are together with optimised structures used as input  

into a suitable RDC software (Figure 17). This software uses the alignment tensor to back-

calculate theoretical RDCs. The alignment tensor associates the molecular frame  

with the laboratory one and is characterised by five parameters – rhombicity, magnitude, 

and three axes of molecular alignment.81 Thus, at least five independent RDC values are 

needed. While this is easily achieved for rigid molecules, it represents a significant 

problem for the RDC analysis of flexible molecules. Since θ becomes a variable in time,  

a single alignment tensor cannot describe the conformations present in the solution. 

Nowadays, there are several more or less successful approaches trying to solve this 

problem; the most significant are the multi-alignment-tensor approach,82 multi-

alignment-medium83 measurements or molecular dynamics-based RDC analysis 

(MDOC).84 

Figure 17:  A schematic representation of RDC back-calculations using three different softwares. 

The back-calculated theoretical RDC values are then correlated with the experimental 

RDCs, and quality factor Q82 and/or Pearson's correlation factor R designate the quality 

of the fit. In the case of the Q-factor – the closer to 0, the better the fit; in turn, for R,  

the closer to 1, the better agreement with the experimental data. Nowadays, there are 

several software packages for RDC data correlation. For small molecules, 

MSpin/Stereofitter,85, 86 RDC@hotfcht87, 88 and P3D/PALES89, 90  became the most 

favourite ones.  

MSpin (from MestreLab Company, Spain) was the first commercially available software 

for RDC analysis. It is based on least-square calculations. MSpin has been recently 

improved and implemented into MestreNova software as Stereofitter. 

RDC@hotfcht was developed in the group of Prof. Christina M. Thiele (Technische 

Universität Darmstadt, Germany) and works on similar principles to MSpin. However, 

RDC@hotfcht also considers the experimental error, which can significantly affect  

the calculations. 
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P3D/PALES is the newest of the three softwares based on entirely different principle 

compared to MSpin and RDC@hotchft. It is the first software considering the structure 

of the alignment medium to calculate the theoretical RDC values. The helical91 structure 

of the poly-γ-benzyl-L-glutamate (PBLG, Figure 18) in deuterated chloroform (CDCl3) is 

embedded within the program as this is the most used system of liquid crystals  

for the RDC analysis. 70, 92, 93  

Figure 18: Structure of poly-γ-benzyl-L-glutamate alignment medium. 

1.4 Quantum-Chemical Calculations 

Stereochemical methods are often combined with quantum-chemical calculations. These 

calculations complement the experimental data and can be critical for their correct 

interpretation. For example, the calculated data allow us to determine the conformation 

and configuration of the molecule studied or may reveal more complex conformational 

equilibria when the free-energy barrier between two (or more) forms is not high enough 

to observe distinct forms with the corresponding sets of NMR signals. The first step  

is the conformational sampling, followed by the geometry optimisation and the 

calculation of NMR parameters, usually performed using density functional theory (DFT) 

calculations. 

1.4.1 Conformational Sampling 

Non-rigid molecules can exist in several conformations, which may interconvert very 

quickly with respect to the NMR measurement. Only the averaged NMR parameters are 

then extracted from the NMR spectra. The co-existence of several conformers is 

observable as a discrepancy between experimental data and the data calculated for each 

distinct conformer. Therefore, apart from optimisation of the structures, it is also 

necessary to search the conformational space and find all thermally accessible low-

energy conformers. 94, 95  

Conformational sampling has many applications – in structural analysis (such as NMR, 

chiroptical methods, etc.), pharmacophore modelling96 or molecular docking,97 etc. 

Moreover, different applications require different levels of thoroughness; thus, many 

automated clustering algorithms have been developed to help in the conformer 

classification.98, 99  
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The conformational sampling approaches could be divided into systematic and stochastic 

groups. The systematic methods (such as ConfGen in Schrödinger/Maestro software100) 

require a starting structure to generate conformers by varying all possible torsion angles. 

These methods are less time-consuming but can result in an excessive number  

of generated conformations which can overwhelm the generator. The stochastic 

methods (e.g., ETKDG101) employ molecular dynamics102 to study the evolution of 

conformation over time; thus, it is a thorough but very time-demanding approach. 

The conformations derived from the conformational sampling are then sorted to discard 

redundant structures and optimised by the below-mentioned methods.  

The conformations are later used for RDC analysis or a calculation of NMR parameters. 

These calculated parameters are subsequently weighted by Boltzmann distribution  

and compared with the experimental data to help in structural analysis. 

1.4.2 DFT Calculations 

DFT calculations have become an increasingly popular computational method for small 

organic molecules, usually for geometry optimisation and NMR parameters 

calculations.103 The theory uses an electron density matrix instead of a many-particle 

wavefunction (described by the Hartree-Fock method104, 105). The many-particle 

wavefunction is based on the 3N variable, where N is the number of electrons. However, 

DFT is a function of only three spatial coordinates, significantly reducing  

the computational time while attaining a good performance.106 

The DFT is established on two Hohenberg-Kohn theorems.107 The first theorem says that 

the ground energy of a system of interacting particles is a functional of electron density 

ρ(r). The second Hohenberg-Kohn theorem states that the minimum energy of a system 

with N-electrons, E[ρ(r)], is equal to the ground energy E0. DFT is then solved using  

the Kohn-Sham computational scheme.108 In this scheme, the exact function of the 

ground state electron density of the N-electron system is approximated by a system of 

non-interacting particles. The total energy is then a sum of the Kohn-Sham kinetic energy 

term, the interaction energy of the interaction with the external magnetic field, Hartree 

energy and the exchange-correlation energy term. The exchange-correlation energy 

represents the sums of errors which rise from the approximation used instead of the real 

interelectronic kinetic and Hartree energy. The exact exchange-correlation functional is 

unknown; thus, several approaches for its approximations have been developed –  

the local density (LDA),109 generalised gradient (GGA),110 hybrid functionals111 and meta-

GGA approximations.112 The LDA approximation assumes that the electron density 

changes only slowly in time. On the other hand, GGA is dependent on density and its 

gradient. The hybrid functionals include a part of the Hartree-Fock exchange,  

and the meta-GGAs are the most complex functionals. Currently, the GGA and hybrid 

functionals (such as B3LYP111) are the most commonly used ones in geometry 

optimisation and calculation of the NMR parameters. 
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The functionals are combined with basis sets. The basis set is a set of functions used  

to build molecular orbitals.113-117, These functions are one-electron atomic orbitals 

linearly combined to form the molecular orbitals. In most quantum-chemical calculations, 

the atomic orbitals are represented by atom-centred Gaussian-type functions. Even 

though more Gaussian basis functions usually need to be linearly combined, the accuracy 

and computational cost ratio is still beneficial. The combination of two basis functions 

forming atomic orbital is called double-zeta; similarly, the combination of three basis 

functions is triple-zeta, etc.  

Several additional parameters complementing the basis set functions are necessary  

for high accuracy of the quantum-chemical calculations of a studied system. Only  

the parameters arising from John Pople's group are discussed since they were used in this 

work:  

1) The split valence (designated as a dash in the basis sets entry, e.g. 6-31G) applies 

only one basis function for each core atomic orbital but uses larger basis functions 

for the valence atomic orbitals.  

2) The polarization function (marked as an asterisk or p/d/f function in a bracket) 

allows for better charge distribution. Two asterisks indicate the polarization 

function was also applied to light atoms (hydrogen and helium).  

3) The diffuse functions (indicated by '+') are necessary for describing anions, dipole 

moments, and intra- or intermolecular bonding.  

As an example, 6-31+G(d,p) used in our work is a double-zeta split-valence basis set  

with two polarisation functions and one diffuse function. 

Geometry Optimisation 

B3LYP complemented with double- or triple-zeta basis sets, usually with one polarization 

and one diffuse function, in the range of 6-31G to 6-311++G(d,p) Pople's basis sets,118 are 

often selected for geometry optimisation, providing good results at a reasonable 

computational cost.  

In some cases, using a GD3 dispersion force correction119 is beneficial. GD3 is an empirical 

correction that adjusts the energy of a system and, thus, the final geometry of a molecule 

under study. 

A solvent can also affect the DFT results. There are two main approaches to model solvent 

effects: 1) implicit solvent models, such as PCM (polarisable continuum model)120  

or CPCM (conductor-like polarisable continuum model)121 methods, where no specific 

solvent-analyte interaction is considered, and 2) explicit solvent model,122  

where the solvent molecule is added and its intermolecular interaction with the analyte 

molecule is introduced. Usually, the implicit model is sufficient for DFT calculations  

of small organic molecules. The solvent effect in the PCM solvent model is represented 
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as a cavity surface with a charge distribution. On the other hand, CPCM  treats the solvent 

as a cavity enveloped by a dielectric continuum with a dielectric constant ε.  

Calculations of NMR Parameters 

The chemical shielding constants can be calculated using various exchange-correlation 

functional from the GGA group through hybrid functionals to meta-GGAs.103 However, 

chemical shielding constant calculations often suffer from the gauge problem  

which could be described as an unphysical dependence of the calculations on the 

molecular position in the coordinate frame. This is usually solved using the gauge-

including atomic orbital123 (GIAO) approach, which is embedded in the DFT level 

nowadays. In GIAO atomic basis sets, the gauge factor (the ratio of fractional change  

in electrical resistance to the fractional change in length) depends on the magnetic field. 

This recovers the invariance in relation to the position of gauge origin. 

The calculations of 31P chemical shielding constants require a good description of orbitals 

close to the atomic nucleus. The individual gauge for localised orbitals124 (IGLO) basis set 

IGLO-III125 has been developed to calculate magnetic properties, providing satisfactory 

results. IGLO basis set can be used for whole molecule or limited only to P atom to save 

computational time. One of the first significant calculations of 31P chemical shielding 

constants on small alkylphosphorus compounds126 (PH3, P(CHC2H6)3, etc.) achieved good 

correlation with the experimental 31P chemical shifts using B3LYP combined with 6-

311++G(2d,2p) basis set.  The work of Maryasin and Zipse127 pointed out that the IGLO-

III and 6-311++G(2d,2p) basis sets with MPW1K128 functional provided 31P NMR chemical 

shift in good agreement with experimental data, while any lower basis set did not yield 

such results. They also stated the need for Boltzmann averaging of chemical shifts  

for larger or more flexible molecules. Finally, for calculating the 31P chemical shift  

in solution, the addition of solvent effect (the PCM method) proved necessary. 

Furthermore, Latypov129 proved that Hartree-Fock, DFT or Møller-Plesset MP2 

perturbation theory, combined with any of Pople's basis sets are enough to provide 

accurate 31P NMR chemical shifts at a reasonable computational cost. 

The literature concerning the calculation of 31P NMR spin-spin (J) coupling constants, 

especially for small molecules, is much less common than the one of 31P NMR chemical 

shifts and is usually focused on the 1H–31P and 13C–31P J-couplings.130 The quantum-

chemical calculations of 31P J-couplings are generally treated similarly to those of 31P 

chemical shielding constants. Combining hybrid functional B3LYP with Pople's (6-

311+G(d,p)), GIAO or IGLO basis sets are usually used.118 The solvent effects must also be 

considered, albeit no general approach is recommended. 
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2. Aims of the Work 

1) Reaction monitoring and structure determination of novel phosphate-based 

linkers designed for drug release via self-immolation: sequential release of two 

cargos monitored by 31P NMR spectroscopy  

 

2) Structure-activity relationship studies of novel phosphate-based self-immolative 

linkers designed for efficient release of amine-containing cargos 

 

3) Investigation of 31P NMR parameters on stereochemical analysis of model 

phosphorus-containing compounds 

 

4) Application of molecular docking approach for more realistic conformational 

sampling used for RDC analysis  

 

5) Implementation of 31P NMR parameters to molecular dynamics with NMR 

orientational constraints 
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3. Results and Discussion 

3.1 Phosphate-Based Self-Immolative Linkers for Tunable Double Cargo 

Release (Paper I) 

Self-immolation (SI) is a triggered irreversible fragmentation of a molecule.131 Such 

fragmentation can be used to design self-degrading materials132 or drug delivery 

systems.133 The molecule (linker) used in SI comprises three parts – a trigger (grey),  

a spacer (orange) and a cargo (purple) (Figure 19). The fragmentation can be activated 

enzymatically, chemically or photochemically (by light). Upon activation, the trigger 

group is cleaved off, followed by a spontaneous intramolecular cyclization of the spacer, 

resulting in the cargo release.  

Figure 19: A schematic representation of carbon-based self-immolative linkers. 

This work is focused on SI linkers releasing two cargos using a phosphorus-based spacer 

instead of a traditionally used carbon one.134 Phosphorus has a higher valency  

than carbon and, thus, enables us to attach a second cargo (Figure 20). The second cargo 

release extends the potential scope of applications (e.g. cancer treatment  

with complementary drugs135). Additionally, the phosphorus atom allows for the reaction 

monitoring by 31P NMR spectroscopy. As a trigger moiety, we used a photoactive 4,5-

dimethoxy-2-nitrobenzyl (DMNB) group. This group guarantees the selectivity  

of the reaction and suppresses any side products. Moreover, unlike enzymes, light-

triggering does not struggle with substrate specificity. After activation, the SI process was 

monitored by 31P NMR spectroscopy with in situ irradiation, providing both structural  

and kinetic information in real time. The compounds studied in this work were prepared 

by Dr Petr Šimon at the Faculty of Science, Charles University.   

Figure 20: A schematic representation of phosphorus-based self-immolative linkers activated by light studied in this 

work. 

 



24 
 

3.1.1 Proof of Concept 

We designed model P-chirogenic SI linkers 1 and 2 bearing two phenolic cargos  

and lactate as an SI spacer (Figure 21). Compound 1 was substituted with an electron-

withdrawing (EWG) fluoride in the phenyl p-position, while compound 2 bore an electron-

donating (EDG) methyl group. Moreover, the compounds possess two stereogenic 

centres – one on the phosphorus atom and the second on the lactate spacer, giving rise 

to two diastereoisomers of each 1 and 2. The compounds were then dissolved  

in a mixture of cacodylate buffer (dimethylarsinic acid sodium salt, CACO) and deuterated 

dimethyl sulfoxide (DMSO-d6; CACO/DMSO-d6 (1 : 1, v/v)), which was crucial to fix the pH 

of the solution to 7.4. 

Figure 21: The SI of compounds 1 and 2 of 5 mM solution of 1 (blue) and 2 (red) in 50 % CACO/DMSO-d6 monitored by 
31P NMR spectroscopy before and after UV light irradiation (365 nm) at room temperature. 

The structures of the two intermediates (1-I and 2-I) and the two key products indicating 

which cargo was released preferentially (P1 and P2) were determined in situ  

by combining 13C and 31P NMR parameters. We collected the critical 13C−31P interactions 

from the 13C signal splitting. Additionally, the 13C−19F interactions enabled us to identify 

which phenyl moiety was released first. 

Compound 1 afforded two 31P NMR signals at δP = −1 .02 and −1 .10 ppm (one for each 

diastereoisomer). The photoactive DMNB group cleaved off after UV light irradiation, 

forming an intermediate 1-I (δP = −12.55 and −12.64 ppm) in 15 minutes (Figure 21). This 

activated intermediate 1-I cyclised followed by a cargo release and finally formed mono-

phenyl products 1-P1 (δP = −6.17 ppm) and 1-P2 (δP = −5.98 ppm) overnight. Product 1-

P1 was distinguished from 1-P2 by the missing 13C−31P interactions of the cleaved p-F-

phenyl group. The more acidic p-F-phenyl group (pKa 9.95136) was released preferentially 
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(1-P1), while the phenyl substituent (with higher pKa 9.98137) remained mostly untouched 

(1-P2) – only traces found in four days. After four days in the darkness, we could trace  

a small amount of the hydrolysed final product P (δP = 0.06 ppm, Figure 21).  

Compound 2 (δP = −12.92 and −1 .09 ppm) provided the intermediate structure 2-I (δP = 

−12.58 and −12.91 ppm) in 5 minutes. However, the cyclisation process was much slower 

than in the case of 1, and the intermediate remained a major component even after 24 

hours. After four days, we observed both products 2-P1 and 2-P2 (δP = −6.19 ppm and δP 

= −6.02 ppm, respectively), with 2-P2 in the majority, releasing the more acidic 

unsubstituted phenyl group preferentially. 

These data show that although both linkers afforded the same product P1 (1-P1 and 2-

P1), the release rates differed significantly (15 minutes for 1 and 24 hours for 2). This 

indicates that the nature of the cargo influences which cargo is released preferentially.  

3.1.2 Cargo Optimisation 

Encouraged by the results mentioned above, we studied the pKa effect of the cargo  

on the cargo release. For this, we designed a series of compounds bearing lactate spacer 

and only one cargo. Compounds 3–7 differed in a substituent in the para position (Figure 

22). 

Figure 22: Structures of model compounds 3–7 and the pKa of the corresponding substituted phenol group.  

Linker 3 (δP = –8.15 and –8.18 ppm, pKa = 7.15137) offered product P2 (this product is  

the same for all compounds 3–7 – a final product after the phenol release) already after 

15 minutes of irradiation (δP = –1.05 ppm, Figure 23). The SI process was fast, and we did 

not detect any traces of intermediate 3-I. The SI of 4 (δP = –7.03 and –7.31 ppm, pKa = 

9.95) was slower, offering the intermediate 4-I after 5 minutes (δP = –7.04 and –7.38 ppm) 

with traces of P2. In contrast, the derivative 5 with unsubstituted phenyl ring (δP = –7.61 

and –7.75 ppm, pKa = 9.98) provided the product P2 overnight while still retaining a high 

concentration of intermediate 5-I (δP = –7.14 and –7.53 ppm). In this case,  

the intramolecular cyclization is a rate-limiting step in the reaction course. Compound 6 

(δP = –7.38 and –7.62 ppm, pKa = 10.14137), bearing the electron-donating p-Me, offered 

minor amounts of product P2 after four days, while compound 7 (δP = –6.47 and –6.67 

ppm, pKa = 10.55138), substituted with -OMe group, already released cargo after 15 

minutes of irradiation. Apart from compound 7, the release rates matched the pKa values 
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of the substituted phenyl groups with the trend: 6 (p-Me)<5 (p-H)<4 (p-F)<7 (p-OMe)<3 

(p-NO2). The unexpected release rate of p-OMe derivative 7 might be explained  

by the resonance effect of a free electron pair of oxygen in the p-OMe group,  

which accelerates the SI. 

Figure 23: A series of 31P NMR spectra of compounds 3–7 (5 mM, 50% CACO/DMSO-d6) recorded upon UV light 

irradiation (365 nm) at room temperature.  

3.1.3 Spacer Optimisation 

To increase the release rate, we modified the spacer structure responsible for the SI 

process. We followed the Thorpe-Ingold effect139 and designed two additional spacers 

with sterically demanding substituents in the α position. The α-methyl group  

from the above-studied lactate (5) was modified to iPr (8, δP = −7.09 and −7.27 ppm) and 

di-Me (9, δP = −11.00 ppm) as shown in Figure 24. 

Figure 24: Structures of model phosphate-based SI linkers 5, 8 and 9 varying in SI spacer. 

We did not observe a significant difference in phenol release from 5 and 8, as similar 

amounts of the final product P2 were obtained overnight (Figure 25). These data 

contradict the Thorpe-Ingold effect, showing that the higher sterical demand in 8 does 

not markedly affect the cargo release rate. In contrast, the α-hydroxyisobutyrate linker 9 

with two methyl groups in the α position, provided a high amount of 9-P2 (δP = –4.22 

ppm) already after 15 minutes of irradiation. The concentration of intermediates 5-I  

and 8-I (δP = –6.63 and –7.08 ppm, respectively) grew from 40 to 70 % (in 20–60 minutes), 

while 9-I (δP = –10.85 ppm) remained at 20%. This shows that 9-I cyclises faster than 5-I 

and 8-I and, thus, accelerates the cargo release significantly. 
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Figure 25: 31P NMR spectra of linkers 5, 8, and 9 (5 mM, 50% CACO/DMSO-d6) recorded upon UV light irradiation (365 

nm) at room temperature.  

3.1.4 Double-Cargo Linkers with a Tuneable Release Rate 

Based on the structure-activity relationship results, we designed new SI linkers 10 (δP = 

−12.45 and −12.49 ppm), 11 (δP = −12.38 and −12.47 ppm), 12 (δP = −16.50 ppm), 13 (δP 

= −16.49 ppm, Figure 26) for a sequential double-cargo release on model compounds. 

Figure 26: Structures of model compounds 10–13. 

The different spacers affected the SI significantly. The self-immolation with lactate linker 

proceeded in 24 hours in 1 and 2, in 2 hours with the α-hydroxyisovalerate spacers 10 

and 11 and in 15 minutes with the α-hydroxybutyrate analogues 12 and 13 (Figure 27). 

This corresponds to the trend found in linkers 5, 8 and 9. Moreover, the relative 

concentrations of 12-I (δP = −16.41 ppm) and 13-I (δP = −16.42 ppm) were approximately 

15 and  5 %, respectively, indicating faster SI and subsequent cargo delivery of p-F linker 

12. In general, linkers 1, 10, and 12 with electron-withdrawing cargo provided 

significantly higher amounts of P1 and/or P2 than their electron-donating analogues 2, 

11, and 13, respectively (Figures 21 and 27), as apparent from the 15th minute  

of irradiation.  The double-cargo linkers 10–13 displayed the desired properties, covering 

a wide range of cargo release rates – from minutes to days – and enabling sequential 

cargo release.  
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Figure 27: 31P NMR spectra of compounds 10–13 (5 mM, 25% (10, 11) or 50% (12, 13) CACO/DMSO-d6) recorded upon 

UV light irradiation (365 nm) at room temperature. The α-hydroxyisovalerate analogues 10 and 11 were measured in 

25 % CACO/DMSO-d6 due to their low solubility in the 50 % solvent system. 

3.1.5 Conclusion 

In this work, 31P NMR spectroscopy proved essential for studying the structure  

and properties of phosphate-based SI linkers. The phenol-based cargo is released faster 

with increasing pKa of the corresponding phenol. The nature of the second cargo directs 

the release rate. Following the Thorpe-Ingold effect, sterically demanding SI spacers 

accelerate the cargo release significantly. Results from this structure-activity relationship 

study open a new door for a rational design of new tailor-made linkers offering a tuneable 

double-cargo release option. 31P NMR combined with 13C NMR provided the essential 

connectivity information. This led us to successfully determine all formed reaction species 

in situ (in reaction mixture without further separation), increasing the screening efficacy.  
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3.2 Phosphate-Based Self-Immolative Linkers for the Delivery of Amine-

Containing Drugs (Paper II) 

Amine-containing drugs are part of anti-inflammatory,140 anticancer,141 antimicrobial,142 

and pain-relieving pharmaceuticals.143 Nevertheless, they often display poor aqueous 

solubility and low membrane permeability144 under physiological conditions. This may be 

overcome by the prodrug strategy.145 Moreover, the self-immolation approach could 

work well when designing a suitable SI linker. 

As we have already shown in section 3.1, the drug release rate can be tuned by a spacer. 

Additionally, the cargo release is strongly influenced by the nature of the second cargo 

attached to the phosphorus core. Therefore, we tested different spacers in combination 

with two types of second cargo to find a suitable system for the release of amine-

containing drugs. 

3.2.1 Ethylene Glycol Phosphate-Based Linkers 

Based on the previous study,146 we started with an ethylene glycol spacer to design novel 

SI linkers releasing amine-containing drugs. The ethylene glycol spacer is the only spacer 

providing stable cyclic intermediate cyc-I which can be detected by 31P NMR spectroscopy 

(Figure 28). Thus, asserting the cargo release through self-immolation.146  

Figure 28: The SI pathway of ethylene glycol phosphate-based linkers. 

In this work, we prepared a series of phosphate-based SI linkers bearing amine cargo  

with phenyl (or ethyl) as the second cargo. We designed a series of model glycol-based 

linkers 14–19 (Figure 29) carrying phenethylamine, piperidine, and aniline  

as representatives of primary, secondary, and aromatic amines, respectively. The tested 

compounds were prepared by Dr Mateja Đud from the Faculty of Science at Charles 

University. 
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Figure 29: Model compounds 14–19 bearing amine-containing cargo.  

The linkers 14, 15 and 16 (δP = 10.36, 9.39, and 3.29 ppm, respectively) successfully 

provided intermediates 14-I (δP = 10.83 ppm), 15-I (δP = 9.81 ppm), and 16-I (δP = 3.62 

ppm), but did not further release the amine cargos (Figure 30). The 13C NMR spectra  

of the intermediates still possessed 13C–31P interactions, hinting that both cargos are still 

attached to the phosphorus spacers. The intermediates remained even for several days, 

exhibiting no cyclisation followed by the cargo release. 

Figure 30: 31P NMR spectra of linkers 14–16 (5 mM) measured before and after irradiation with UV light (365 nm) at 

room temperature in 50% CACO/DMSO-d6 buffer (1 : 1, v/v; pH = 7.4). 

In turn, the linkers 17 (δP = 5.60 ppm) and 19 (δP = –1.39 ppm) yielded cyclic intermediates 

17-cyc-I (δP = 28.05 ppm) and 19-cyc-I (δP = 21.66 ppm), respectively, indicating the 

phenol release within 5 min of irradiation (Figure 31). Interestingly, compound 18 (δP = 

4.55 ppm), bearing a secondary amine, showed only a trace of 18-cyc-I (δP = 26.51 ppm) 

overnight, releasing phenol in several days. The phenol release was also detected by a 

missing 13C–31P interaction of the phenoxy group. Only aniline as a representative of the 

aromatic amine was released overnight, as indicated by 19-cyc-P (δP = 17.56 ppm) with a 

slight upfield shift in the 31P NMR spectrum and a disappearance of the 13C–31P J-

couplings  

of the amine moiety. Phenol was released much faster, already in 15 minutes (forming 

19-cyc-I). Therefore, the linkers 14–19 were inefficient in an amine-cargo release.  

To support the amine release, we varied the SI spacer and selected lactate.  
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Figure 31: 31P NMR spectra of linkers 17–19 (5 mM) measured before and after irradiation with UV light (365 nm) at 

room temperature in 50% CACO/DMSO-d6 buffer (1 : 1, v/v; pH = 7.4). 

3.2.2 Lactate Phosphate-Based Linkers  

The lactate linkers 20–22, structurally analogous to 14–16, were prepared. The chiral 

lactate spacer attached to the core with a stereogenic centre on phosphorus caused  

the formation of two diastereoisomers detected as two 31P NMR signals (Figure 32).  

The 31P NMR spectroscopy detected successful amine release from 20 (δP = 9.44 and 9.84 

ppm) and 21 (δP = 8.37 and 8.87 ppm), providing the final product P (δP = –1.05 ppm)  

in 5 minutes of irradiation signalled by a significant upfield 31P NMR shift. However, linkers 

20 and 22 partially decomposed after dissolution and yielded an unknown product (20-X 

and 22-X with δP = –1.76 and –1.56 ppm, respectively) without irradiation. Both 

compounds have a free NH group attached to the phosphorus atom; therefore, a pH 

change may suppress this undesired decomposition. 

Figure 32: 31P NMR spectra of linkers 20–22 (5 mM), measured before and after irradiation by UV light (365 nm) in a 

solvent mixture of 50% CACO/DMSO-d6 (1 : 1, v/v; pH = 7.4) at room temperature (25 °C). 

To test the pH hypothesis for eliminating the formation of the undesired products 20-X 

and 22-X in the CACO/DMSO-d6 mixture, we screened the reactivity of 20 in several buffer 

mixtures. These tests showed that the undesired product 20-X was suppressed  

by (i) the decrease of pH of the cacodylate buffer (to pH = 5), (ii) the alteration  

of the buffer system, or (iii) the change to an unbuffered environment. To retain  

the physiological environment, we selected 50% 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES, pH 7.4) with DMSO-d6 system (1:1, v/v) for further 

investigations of linkers 20–22 (Figure 33). 
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In 50% HEPES/DMSO-d6 solvent system, no undesired product X was detected  

prior to irradiation. Within 5 minutes of irradiation, the final product P (δP = −1.10 ppm) 

was detected in the cases of 20 and 21. Compounds 20 and 21 cyclized fast; thus, we did 

not observe any traces of 20-I and 21-I, making photoactivation the rate-limiting step.  

For 22, we obtained only the intermediate 22-I (δP = 1.95 and 2.22 ppm) after 5 minutes 

of irradiation and a final product P was formed after 15 minutes of irradiation; we 

observed only traces of the undesired product 22-X (δP = −1.57 ppm). In this case, NMR 

spectroscopy proved essential since analysis by traditionally used UV/vis spectroscopy 

could completely omit the formation of such undesired compound. 

Figure 33: 31P NMR spectra of linkers 20–22 (5 mM solutions in a solvent mixture of 50% HEPES/DMSO-d6 (1 : 1, v/v; pH 

= 7.4)), measured before and after irradiation by UV light ( 65 nm) at room temperature (25 °C). The formation of the 

undesired product X was efficiently suppressed. 

3.2.3 Characterization of the Undesired Product X  

To identify the alternative decomposition pathway, we characterized the undesired 

product X. The single signal of 31P NMR suggested that the stereogenic centre  

on the phosphorus atom was cleaved, and the upfield shift of this signal implied  

that the amine cargo was not connected to the phosphorus atom. Moreover,  

the chemical shifts of the undesired products were slightly different for 20-X and 22-X (δP 

= –1.76 and –1.56, respectively), suggesting that 20-X and 22-X differ, most probably  

in the amine moiety. Additionally, 2D experiments of 20-X showed the key HMBC cross-

peaks describing the through-bond interaction between the phenethylamine alkyl chain 

and lactate carbonyl (Figure 34). HR-MS confirmed the structure of the suggested 

carboxamide 20-X. 
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Figure 34: The proposed mechanism of the alternative decomposition of 20 to 20-X. The structure of 20-X was 

determined by 1H–13C HMBC (left) and 1H–1H COSY (right) spectra showing essential connections.  

The proposed rearrangement was first reported by the Mulliez group.147 To ensure  

that NH is crucial for the intramolecular attack of the carboxyl group, the N-methylated 

derivative of 23 was prepared (Figure 35). Upon irradiation, no undesired product 23-X 

was observed in 50% CACO/DMSO-d6 (1 : 1, v/v; pH = 7.4).  
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3.2.4 Amine Screening—Application Scope  

Encouraged by the results, we prepared linkers 24–29 (Figure 35) with different cargos 

to further investigate the application scope of the lactate-based linkers. 

Figure 35: Lactate-based linkers 23–29. 

Upon irradiation, the linkers 23 (δP = 5.62 and 5.77 ppm), 24 (δP = 7.25 and 7.62 ppm) 

and  25 (δP = 9.25 and 9.70 ppm) provided final product P (δP = –1.04) within 5 minutes, 

becoming a major component within 15 minutes of irradiation. Conversely, the 2-

aminopyrimidine derivative 26 (δP = 0.07 and 0.31 ppm) formed only an intermediate 26-

I (δP = –0.13 and –0.75 ppm) in 15 minutes of irradiation. The final product was formed 

after 19 days in the darkness (Figure 36). 

Figure 36: 31P NMR spectra of linkers 23–26 (5 mM solutions in a solvent mixture of 50% HEPES/DMSO-d6 (1 : 1, v/v; pH 

= 7.4)) measured before and after irradiation with UV light ( 65 nm) at room temperature (25 °C). 
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Conversely, the self-immolation of the phenyl double-cargo linkers 27 (δP = 4.67 and 4.94 

ppm), 28 (δP = 3.42 and 3.79 ppm) and 29 (δP = –2.29 and –2.21 ppm) was slightly faster 

than that found in their ethyl counterparts 20–22 (Figure 37). All preferentially released 

the amine-cargo as recognized by detecting 27-P1, 28-P1 and 29-P1 (δP =–6.24, –6.21, 

and –6.25 ppm, respectively). Interestingly, traces of 29-P2 (δP = –0.52 ppm), indicating 

the phenol release, were found overnight. These findings enhance the development  

of new drug-delivery systems offering sequential drug release for amine cargos (e.g. two 

drugs with synergy effect, etc.). 

Figure 37: 31P NMR spectra of linkers 27–29 (5 mM solutions in a solvent mixture of 50% HEPES/DMSO-d6 (1 : 1, v/v; pH 

= 7.4)), measured before and after irradiation with UV light ( 65 nm) at room temperature (25 °C). 

3.2.5 Conclusion 

This work showed that designing a prodrug delivery system requires a detailed structure-

activity relationship analysis. We successfully released amine-bearing cargos,  

but the study demonstrates that a universal spacer for delivering all types of amine-

containing cargos will unlikely ever be designed, given the sensitivity of the phosphorus 

atom to substitution. 31P NMR spectroscopy with in situ irradiation proved essential  

in observing all formed intermediates and products, which would otherwise be 

overlooked if studied by traditionally used UV/vis spectroscopy. Moreover, this setup 

allowed us to analyse the formed intermediates and products in real time. 

31P NMR parameters were crucial in the structural determination of intermediates  

and products of SI reactions directly in the reaction mixture. All the 13C NMR signals  

of the moieties attached to the phosphorus were split by 13C–31P interaction, which 

helped in structural analysis qualitatively. However, the values of 13C–31P couplings do 

not follow the Karplus-like relation which aids the stereochemical analysis. Moreover, 

unlike 31P NMR chemical shifts, 13C– or 1H–31P J-couplings are studied rarely. Thus, we 

decided to further investigate the 31P NMR parameters, which could be critical  

in structural analysis in a growing field of P-based compounds. 
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3.3 31P NMR Parameters May Facilitate the Stereochemical Analysis of 

Phosphorus-Containing Compounds (Paper III) 

As the Introduction shows, chiral phosphorus is present in many biologically, medicinally 

and industrially relevant compounds. The 31P NMR parameters may provide critical 

information that could help to solve the molecular structure and its physico-chemical 

properties. The incorporation of 13C–31P J-couplings significantly helped the structural 

determination of SI reaction species. 

In this work, we aimed to study 31P parameters (chemical shifts, RDCs, etc.). For this, we 

aimed to synthesise model small organic molecules with phosphorus atom incorporated 

into a cycle. Such compounds would be less flexible than their acyclic counterparts,  

which may be beneficial for searching conformational space as explained below. 

However, the synthesis, performed by Dr Aneta Ešnerová from the Faculty of Science, 

Charles University, was difficult, and several compounds were not stable enough  

to survive purification. Another difficulty was to separate the formed diastereoisomers 

from each other. Finally, we prepared and separated three pairs of diastereoisomers – 

30, 31, and 32 (Figure 38). However, only compounds 30-SR and 31-RR successfully 

crystallized and were, thus, analysed by X-ray diffraction, which determined  

their absolute configuration as (S, R) and (R, R) for compound 30-SR and 31-RR, 

respectively (Figure 39). The first stereodescriptor (S- for 30-SR and R- for 31-RR, 

respectively) denotes the configuration of the proline carbon C2; the second 

stereodescriptor is related to the phosphorus atom. The X-ray diffraction structures were 

obtained by Dr Ivana Císařová from the Faculty of Science, Charles University.  

Figure 38: Model compounds 30–32 prepared for this study. 
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Figure 39: The X-ray structures of a) 30-SR and b) 31-RR. 

We also designed an ortho-chlorophenyl phosphonate derivative of 31 due to the 

disturbed symmetry of the phenyl ring which should allow us to obtain more 1H–13C 

couplings to enhance the analysis. However, the synthesis was troublesome and did not 

provide a stable compound. Therefore, we designed and synthesized a phosphate 

derivative 32. Unfortunately, compound 32 did not crystallise, thus preventing us  

from determining its absolute configuration. Consequently, we assigned  

the experimental datasets of 32 as 32-A and 32-B (δP = 21.74 and 17.01 ppm, 

respectively). 

3.3.1 Stereochemical Investigation of 30 and 31 

First, we generated an ensemble of conformers in Schrödinger/Maestro software148  

from a single structural input.  The obtained six conformers for each isomer of 30 and 31 

were then optimised on a DFT level of theory with the B3LYP/DGDZVP method, and only 

the non-redundant structures were finally selected by analysing their dihedral angles 

(Figure 40).  

Figure 40: Schematic representation of the conformational sampling strategy used in this work. 

Next, we examined the conformation of the five-membered ring using  

the pseudorotational cycle (Figure 41).149, 150 The pseudorotational cycle describes all 

possible conformations of a ribose ring which can be considered analogous to a proline 

cycle of our model compounds 30 and 31. These conformations are characterized  

by the phase angle P and maximum puckering amplitude MAX. The cycle is divided  

into twenty parts, each representing the ribose ring conformation with a corresponding 

P (0– 60°).151 The part defined by P = 0–36° describes the so-called North conformations, 

while P = 144–180° defines the so-called South conformations. 

The configuration of prolinol governs the overall conformation of the bicyclic moiety.  

For 30-SR, we found three low-energy structures: the ground-minimum one (conformer 

A) in the South conformation and the conformers B and C in the North conformation. 

 

 

                   

 

 

                30-SR                                                                    31-RR  
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Furthermore, the South conformation of conformer A corresponded to the structure 

defined by the X-ray analysis. The Boltzmann distribution at 25 °C was established at 77, 

17, and 6% for conformers A, B, and C, respectively. Figure 41 shows that the lowest-

energy conformer A with phase angle P = 17° possesses the 3E conformation, while North 

conformations B (P = 19°) and C (P = – 5°) are in 3E  and 2E conformations, respectively. 

Figure 41: The pseudorotational cycle with designated conformations of 30-SR. 

We performed the same analysis for 31-RR, finding again three conformations.  

The ground-minimum structure A corresponded to the X-ray analysis, and the Boltzmann 

distribution was defined at 47, 36, and 17% for conformers A, B, and C, respectively.  

The conformation A had a maximum at P = 22°, possessing the North conformation,  

while the conformers B and C (P = –8 and ° –37, respectively) possessed the South 

conformation. 

We subsequently used the resulting three conformations of 30 and 31 as inputs in further 

analyses (J-couplings, RDCs).  

First, we assessed whether chemical shifts might be used to determine the relative 

configuration of 30-SR  and 31-RR. We calculated 13C shielding constants for each  

of the conformations found and averaged them according to the Boltzmann distribution. 

Upon correlation with experimental 13C chemical shifts, we obtained R2 > 0.99 for both 

isomers in all conformations (A, B and C for both 30-SR and 31-RR). Hence, we could not 

differentiate the diastereoisomers using the 13C chemical shift correlations. Based  

on the significant difference of 31P chemical shifts of 30-SR (δP = 38.67 ppm) and 31-RR 

(δP = 34.03 ppm), we may hope to distinguish the diastereoisomers. Indeed,  

the calculated shielding constants were σP = 253.15 (30-SR) and 259.26 (31-RR), 

corresponding to the experimental values (a higher value of the shielding constant 

signifies lower shielding). However, the difference between the experimental shifts  
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of the two diastereoisomers is often smaller than the error of computed shielding 

constants, thus disabling the diastereomer discrimination. Therefore, we focused  

on the study of other parameters. 

Therefore, we investigated the 13C–31P J-couplings connected to the stereocentre  

on the phosphorus atom. As shown in the Introduction, 31P is highly sensitive  

to the chemical environment and, thus, is a promising tool for diastereoisomer 

discrimination. We obtained the experimental 13C–31P J-couplings from the 13C APT NMR 

spectra measured in CDCl3 and compared these experimental values with calculated J-

couplings of 30-SR and 31-RR. These theoretical J-couplings were calculated using 

B3LYP/IGLO-III with empirical dispersion correction GD3 and PCM solvent model 

(chloroform) and then were averaged according to the Boltzmann distribution at 25 °C. 

Finally, the 13C –31P interactions provided the key information that allowed us  

to determine the relative configuration of 30-SR and 31-RR based on the interactions 

shown in Figure 42.   

Figure 42: Experimental (blue) and calculated (black) 13C-31P J-couplings of diastereoisomers 30-SR (left) and 31-RR 

(right). 

An additional tested parameter was the residual dipolar coupling in the PBLG alignment 

medium. We combined classically used 1H–13C RDCs with the 13C–31P ones.  

The experimental 1H–13C and 13C–31P RDCs and the conformers determined  

by the conformational analysis were used as inputs to three RDC programs (MSpin,85 

RDC@hotfcht,87, 88 and P3D/PALES89, 90). To exemplify the RDC analysis, the approach is 

shown on 30-SR in detail; the other compounds were treated with the same procedure. 

The conformational analysis of 30-SR presented above provided three conformers (A, B, 

and C). First, we entered the 1H–13C and 13C–31P experimental RDC data and the optimised 

conformers of 30-SR into the MSpin software. All three conformers, A, B and C, afforded 

satisfactory Q and Pearson’s correlation factors R: QconfA = 0.0133, QconfB = 0.0123, QconfC 

= 0.0194 and RconfA = 0.9999, RconfB = 0.9998, RconfC = 0.9997, respectively. Then, we 

correlated the experimental RDC data of 30-SR with the lowest-energy conformers A  

of the other three diastereoisomers (30-SS, 31-RS and 31-RR) to probe  

the diastereoisomer discrimination. However, the results were similar and did not allow 

us to determine the correct diastereoisomer using MSpin. 

Unlike MSpin, RDC@hotfcht also includes experimental errors in the fitting procedure. 

Nevertheless, the results were like those of MSpin and did not discriminate between 30-

SR and 31-RR diastereoisomers, nor did the software find the best-fitting conformer (QRR 

= 0.0202, RRR = 0.9998; QRS = 0.0136, RRS = 0.9999; QSR = 0.0136, RSR = 0.9999; QSR = 

0.0202, RSR = 0.9998). 
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Finally, we examined the P3D software implemented in the PALES program.  

The P3D/PALES analysis provided promising R values of the individual conformers of 30-

SR: RconfA = 0.785, RconfB = 0.692, and RconfC = 0.655. Given these results, we used  

the lowest-energy conformer for the diastereoisomer discrimination. Unfortunately,  

the diastereoisomer discrimination failed to identify the correct isomer. As an example,  

it set the (R, R) configuration as the best-fitting structure which did not match the (S, R) 

configuration found by X-ray diffraction (Figure 43). 

Figure 43: Correlation of experimental RDCs of 30-SR and normalised theoretical RDC values calculated using 

P3D/PALES fitted to the lowest-energy conformer A of: A – 30-SR, B – 30-SS, C – 31-RR, and D – 31-RS structures. 

In the RDC analysis of remaining isomers of 30 and 31, P3D/PALES successfully 

discriminated 30-SS (and 31-RR because they are enantiomers which P3D/PALES cannot 

distinguish) with R ≥ 0.9, albeit failed for 31-RS with all correlation factors above 0.8. 

3.3.2 Stereochemical Investigation of 32 

The conformational sampling of 32 was complicated by its higher flexibility due to  

the oxygen bridge between the phosphorus atom and the C1’ carbon atom of the phenyl 

ring. Ultimately, the conformational sampling led to more conformers than in cases of 30 

and 31. The lowest-energy conformers A of 32-RS (population of 53%) and 32-RR 

(population of 32%) were in the North conformation with a phase angle P of 25° and 18°, 

respectively. Finally, we identified nine conformers for 32-RS and seventeen for 32-RR. 

Population analysis of 32 based on the Boltzmann distribution further provided five 

conformers (A–E) for 32-RS and nine (A–I) for 32-RR. The rest of the conformers 

amounted to less than 2% of the total population; thus, we did not include them  

in weighting the NMR parameters (shielding constants and J-couplings). 

First, we assessed whether chemical shifts might be used to determine the relative 

configuration of 32. Like in the previous section, the correlations of the 13C NMR chemical 

shifts of 32-A (δP = 27.74 ppm) and 32-B (δP = 17.01 ppm) and the calculated shielding 

constants of both diastereoisomers 32-RS and 32-RR did not provide decisive results  

as all afforded R2 = 0.9. Unfortunately, the shielding constants of the phosphorus atom 

(σP = 274.68 for 32-RS and 273.28 for 32-RR) also did not discriminate the diastereomers. 

In accordance with the previous analysis, we calculated the J-couplings for  

the conformers of 32. Contrary to the results of 30-SR and 31-RR, the differences  
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in the J-couplings of individual isomers of 32 were negligible, not allowing  

for a diastereoisomer differentiation (Figure 44). Moreover, one of the key 13C-31P  

J–coupling between the phosphorus atom and the phenyl ring was one order  

of magnitude lower in 32 (ca 7 ppm) than in 30 and 31 (ca 170 ppm). 

Figure 44: Experimental (blue for 32-A dataset, red for 32-B dataset) and calculated Boltzmann-averaged (black) 13C-
31P J-couplings of the lowest energy diastereoisomers 32-RS and 32-RR. 

The broken symmetry of the phenyl group allowed for an extraction of more 1H–13C  

and 13C–31P experimental RDC values from the phenyl ring than in the case of 30 and 31. 

Nevertheless, no software afforded diastereoisomer discrimination of the 32-A or 32-B  

dataset, as none of the conformers provided R ≥ 0.9. The RDC analysis of flexible 

molecules is a prevailing problem that has yet to be solved. 

3.3.3 Conclusion 

We thoroughly examined the conformational space to ensure we found all possible 

conformations of the model P-compounds. The J-coupling analysis enabled us to assign 

the relative configuration of 30-SR and 31-RR using 13C–31P J-couplings. We have 

successfully obtained 1H–13C and 13C–31P experimental RDC values which were, together 

with optimized structures from conformational sampling, used as an input to three 

different RDC softwares. MSpin and RDC@hotfcht provided similar results for all 

conformations and isomers and did not allow us to determine the correct structures. 

P3D/PALES, designed for a diastereoisomer distinction, confirmed 31-RR to have (R, R) 

configuration. However, even P3D/PALES did not provide unambiguous results in all 

cases. The analysis became even more difficult for flexible molecule 32, and none  

of the available methods provided any insights about its configuration or conformation. 

We suggest that the indecisive results of RDC analysis may be caused by the small 

absolute sizes of the 13C–31P RDC values (ca 1 Hz, in comparison to 1H–13C RDCs which are 

usually in a range of –50 to 50 Hz). We also speculate that the ensemble of conformers 

generated via conformational sampling might not accurately represent  

the conformations present in the alignment medium environment since the bulky 

alignment medium may influence the analyte conformation. Therefore, we focused  

on generating a new ensemble of structures that could better describe the reality  

of the RDC sample. 
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3.4 Exploring the Impact of Alignment Media on RDC Analysis of 

Phosphorus-Containing Compounds: A Molecular Docking Approach 

(Paper IV) 

In the previous chapter, we showed that the stereochemical analysis of flexible molecules 

is still problematic.82 For flexible molecules, the conformational analysis results  

in an extensive ensemble of conformers and using the energy level difference, their 

population can be estimated based on the Boltzmann distribution. However, these low-

energy conformers failed in the J-coupling and RDC analysis in the previous study.  

The reason may be a specific interaction of the analyte with the alignment medium,  

which may lead to a conformational change in the analyte molecule. Therefore, we 

applied a molecular docking approach to generate a more realistic ensemble  

of conformers in the presence of the thorough-studied PBLG alignment medium. 

Molecular docking is widely used in medicinal chemistry to find the best structural match 

between the enzymatic active site and its potential inhibitor. It predicts the binding pose 

of a substrate (ligand) and the binding site of a macromolecule (a protein).152 The binding 

pose designates the conformation, position, and orientation of the ligand docked.  

The macromolecules may change the substrate conformation with an energy penalty, 

which is compensated by forming the ligand-protein complex (Figure 45). In this work, 

we treated the small molecule as a ligand within the binding site of the PBLG alignment 

medium. Thus, the docked conformations may not necessarily possess ground-minimum 

energy.  

Figure 45: A schematic representation of the molecular docking: a substrate (red) docked into a binding site of a 

macromolecule (green). The change of the conformation of the substrate requires energy, but the complex formation 

decreases the energy, making it energetically beneficial. 

We applied molecular docking on three classes of compounds (Figure 46) differing  

in flexibility. The degree of molecular flexibility can be quantified by the nConf20 

parameter.153 This parameter represents the number of energetically accessible 

conformations with energies within a selected energy range. In this work, we selected  

an energy threshold of 20 kcal mol-1 from the lowest-energy conformation. Lower values 

of nConf20 designate higher rigidity of the molecule, while higher values indicate 

increasing flexibility. The highly rigid class of compounds (33, nConf20 = 0) was 

represented by phosphorylated derivatives of isopinocampheol (IPC), often used  

as a rigid model analyte in the development of RDC analysis. 68, 70, 93, 154 Compound 33 was 

prepared by Mgr. Hugo Kocek (IOCB, Prague). Compounds studied in our previous work 

were selected as representatives for the mildly flexible (30-SR and 31-RR, nConf20 = 2) 
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and flexible (32-RR and 32-RS, nConf20 = 8) class of molecules.155 The absolute 

configuration of 30, 31 and 33 was determined by X-ray diffraction analysis  

in collaboration with Dr Ivana Císařová and Prof. Aleš Růžička from the Faculty of Science, 

Charles University (Figure 47). 

Figure 46: Chemical structures and atom numbering of the compounds studied. 

Figure 47: The X-ray structures of a) 33-SR, b) 33-SS, c) 33-RS, and c) 33-RR.  

The model compounds were docked into the PBLG92, 93, 156-159 alignment medium  

in Schrödinger.160 Although the crystal structure of PBLG is not available, PBLG forms  

a well-defined chiral helix91 with grooves within which the model compounds may 

intercalate. As a result, a new ensemble of conformers may be obtained.  

Indeed, we obtained new conformer ensembles, which were then entered  

into P3D/PALES89 together with experimental RDC values to retrieve theoretical back-

calculated RDCs. Subsequently, we averaged the theoretical RDCs of individual 

conformers by the Boltzmann distribution and obtained a fit of the experimental  

and Boltzmann-distribution averaged RDCs qualified by Pearson’s correlation factor R. 
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Additionally, we optimised the calculated docking structures by constrained optimization 

in internal coordinates (normal mode relaxation161). This method relaxes the bond 

lengths and molecular angles while attaining the general shape of the molecule.  

The workflow was then repeated for these relaxed structures. Lastly, we compared  

the correlation factors R from the previous low-energy (ground-minimum, GM) study, 

molecular docking and the normal mode relaxation (Figure 48).  

Figure 48: General workflow used in this work. 

3.4.1 Molecular Docking of Rigid Molecules (33) 

The conformational sampling, performed as shown in the previous section,155 found only 

one conformation for each isomer of 33. In turn, molecular docking revealed four 

conformers for 33-SR, one for 33-SS, three for 33-RS, and three for 33-RR. Interestingly, 

the DFT-calculated single point energies of the 33-SR and 33-SS conformers generated  

by docking were approximately 6 kcal mol-1 above the individual global minima. In 

contrast, those of 33-RS and 33-RR were more than 13 kcal mol-1 above GMs.  

The reason behind the different energy levels may lie in the configuration of carbon C1 

(Figure 46). The configurations 33-SR and 33-SS (Figures 49a and 49b) seemed to fit well 

into the cavity of PBLG. Interestingly, 33-SR and 33-SS (Figures 49c and 49d) were 

oriented inversely, with the P=O bond directed outside the polymer groove. In most 

cases, we detected a π–π stacking between the polymer and the analyte’s phenyl groups 

with a distance of ∼ 4 Å, which is typical for π–π stacking.162 
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Figure 49: Docked poses of a) 33-SR, b) 33-SS, c) 33-RS, and d) 33-RR in the helical structure of PBLG obtained from 

molecular docking, clearly indicating different binding poses of each isomer. Carbon atoms are white, oxygen in red 

and phosphorus in purple; hydrogens were omitted for clarity. 

Figure 50a compares the structures of 33-SR with experimental datasets of all isomers  

of 33. The correct experimental dataset 33-SR (and its enantiomer 33-RS as P3D/PALES 

cannot differentiate enantiomers) provided high R value (Unrelaxed Boltz.: R33-SR = 0.899, 

R33-RS = 0.897 vs R33-SS = 0.596, R33-RR = 0.586). Unfortunately, as shown in Figure 50b,  

the correlation of the structures of 33-RR with experimental dataset of all four isomers 

of 33 yielded high correlation factors for the correct 33-RR and 33-SS datasets but even 

higher R correlation factors for the incorrect datasets 33-SR and 33-RS (Unrelaxed Boltz.: 

R33-SR = 0.947, R33-SS = 0.842, R33-RS = 0.961, R33-SR = 0.799). Therefore, we could determine 

the relative configuration of the diastereoisomers only unilaterally; the correct relative 

configuration was determined only for 33-RS/33-SR. 

To improve the diastereoisomer differentiation, we optimised the docking structures  

by the normal mode relaxation.161, 163 These relaxed structures offered energies of about 

1 kcal mol-1 for 33-SR and 33-SS and 2–4 kcal mol-1 for 33-RS and 33-RR above  

the corresponding GM, which is significantly lower than the energies of conformers  

from the unrelaxed structures  (6 a 13 kcal mol-1, respectively). Running the RDC analysis 

with these conformers enhanced the diastereoisomer distinction, albeit only slightly, 

providing no definite results (Figure 50a, Relaxed Boltz.: R33-SR = 0.911, R33-SS = 0.596, R33-

RS = 0.909, R33-SR = 0.578; Figure 50b, Relaxed Boltz.: R33-SR = 0.947, R33-SS = 0.820, R33-RS = 

0.964, R33-SR = 0.769). 

 
 a) b) 

 
 c) d) 
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Figure 50: Pearson correlation coefficients (R) of RDCs calculated using low-energy (GM) conformers, molecular 

docking (Unrelaxed Boltz.) conformers, and the same conformers after normal mode relaxation (Relaxed Boltz.) of 

isomers 33-SR (a) and 33-RR (b) correlated with 33-SR (blue), 33-SS (orange), 33-RS (red), and 33-RR (green) RDC 

experimental datasets.  

All three approaches (low-energy, molecular docking and normal mode relaxation) gave 

similar results. This is probably caused by the fact that compound 33 is highly rigid  

and does not tend to alter its shape to fit into the grooves of the medium. 

3.4.2 Molecular Docking of Mildly Rigid Molecules (30 and 31) 

Compounds 30-SR and 31-RR possess higher flexibility than 33. However, they are still 

relatively rigid due to the bicyclic system, as denoted by the low flexibility parameter 

(nConf20=2). While the standard conformational sampling based on GM provided three 

low-energy conformers for each isomer of 30-SR and 31-RR,155 the molecular docking 

approach identified tens of conformations for each isomer. We applied a machine 

learning-based algorithm to eliminate the redundant conformers and found 22 binding 

poses for 30-SR and 21 poses for 31-RR. The DFT single-point energies found all these 

conformers at 4–10 kcal mol-1 above the corresponding GMs. The corresponding relaxed 

structures were 1–6 kcal mol-1 above the GMs. 

The experimental RDCs of 30-SR dataset provided the best correlation with the correct 

30-SR structures in all three approaches (Figure 51a). The molecular docking  

and the normal mode relaxation markedly improved the correlations. Moreover, it also 

enhanced the diastereoisomer discrimination – GM: R30-SR = 0.766, R31-RR = 0.437; 

Unrelaxed Boltz.: R30-SR = 0.815, R31-RR = 0.491; Relaxed Boltz: R30-SR = 0.871, R31-RR = 0.578. 

Unfortunately, the data were undecisive in the case of 31-RR (Figure 51b).  

The experimental dataset 31-RR showed high correlation factors  (GM: R30-SR = 0.994, R31-

RR = 0.941) with both isomers 30-SR and 31-RR. The docking approach did not improve 

the discrimination, nor did the normal mode relaxation applied – Unrelaxed Boltz.: R30-SR 

= 0.988, R31-RR = 0.959; Relaxed Boltz: R30-SR = 0.984, R31-RR = 0.964. Thus, the assignment 
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of the relative configuration of 31-RR failed. Similarly to 33, we reached only unilateral 

diastereoisomer discrimination for mildly flexible molecules 30-SR and 31-RR. 

Figure 51: Pearson correlation coefficients (R) of RDCs calculated using low-energy conformers155(GM), molecular 

docking (Unrelaxed Boltz.) conformers, and the same conformers after optimisation by normal mode relaxation 

(Relaxed Boltz.) of structures 30-SR (a) and 31-RR (b) correlated with the 30-SR (blue) and 31-RR (green) RDC 

experimental datasets. 

3.4.3 Molecular Docking of Flexible Molecules (32) 

Compound 32 is a flexible molecule with nConf20 = 8. The low-energy analysis identified 

9 unique conformers for 32-RS and 17 conformers for 32-RR.155 The molecular docking 

produced 23 and 34 conformations for 32-RS and 32-RR, respectively. These conformers 

were located at 6–15 kcal mol-1 above the individual GMs and 2–11 kcal mol-1 above  

the GMs after normal mode relaxation. Since 32 did not crystalise, we could not 

determine the absolute configuration. 

The 32-A experimental dataset provided higher correlation factors (R) for low-energy 

conformers of both 32-RS and 32-RR (Figure 52). For 32-RS structures, the correlations 

improved when employing the docked structures and further enhanced with the relaxed 

conformers, ultimately reaching R > 0.8, declared sufficient for diastereoisomer 

discrimination by P3D/PALES.89 Unfortunately, the diastereoisomer discrimination lowers 

with the progressing approach (Figure 52a, GM: R32-A = 0.468, R32-B = 0.043; Unrelaxed 

Boltz.: R32-A = 0.668, R32-B = 0.428; Relaxed Boltz: R32-A = 0.802, R32-B = 0.590). However, 

these data gave a high degree of certainty, assigning the 32-RS structure to the 32-A RDC 

experimental dataset. 

For 32-RR, the low-energy conformers provided the highest level of discrimination. 

However, the R remained low, R32-A = 0.582 and R32-B = 0.117 (Figure 52b, GM). Compared 

to the unrelaxed molecular-docking structures, the relaxed structures improved  

the correlation factors, albeit not enough for proper P3D/PALES analysis – Unrelaxed 

Boltz.: R32-A = 0.365, R32-B = 0.287; Relaxed Boltz: R32-A = 0.453, R32-B = 0.209. 
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Figure 52: Pearson correlation coefficients (R) of RDCs calculated using low-energy conformers155 (GM), molecular 

docking (Unrelaxed Boltz.) conformers, and the same conformers after optimisation by normal mode relaxation 

(Relaxed Boltz.) of structures 32-RS (a) and 32-RR (b) correlated with the 32-A (green) and 32-B (red) RDC experimental 

datasets.  

3.4.4 Conclusion 

The molecular docking results, generating new conformer ensembles presumably 

present in the alignment medium environment, were strongly influenced by molecular 

flexibility. The docking approach had little to no impact on rigid and mildly rigid molecules 

of 33, 30 and 31 which may be caused by the low inclination of rigid molecules to alter 

their conformation. Molecular docking reflected the higher molecular flexibility of 32, 

providing almost twice more conformers than the low-energy approach. However, 

molecular docking ultimately failed for flexible molecules 32. Interestingly, we observed 

only unilateral results for the diastereoisomer discrimination in all cases. We suggest  

that the isomers providing high correlation factors for all RDC datasets (33-SR, 33-RS, 30-

SR, 32-A) move more freely in the presence of the alignment medium. This way,  

the extracted RDCs are only averaged values over many conformations and cannot give 

a definitive result. In turn, we suppose that the isomers not fitting any RDC dataset (33-

SS, 33-RR, 31-RR, 32-B) are affected by specific interactions with the alignment medium, 

which we could not involve in the molecular docking. 

Possible enhancement of the diastereoisomer discrimination via the RDC analysis may lie 

in an advanced conformer optimisation, albeit at a higher computational-time cost. 

Highly valuable would be an insight into the possible specific analyte-medium interaction. 

However, to the best of our knowledge, this approach is unfeasible at this point because 

there is still no method that can visualise the alignment of the analyte within the RDC 

sample. We could also consider the employment of molecular dynamics. Molecular 

dynamics may help to describe molecular motion better, providing more accurate 

structures that can be further used in stereochemical NMR analysis. 
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3.5 Extending Molecular Dynamics with Dipolar NMR Tensors as 

Constraints to Chiral Phosphorus Compounds (Paper V) 

Molecular dynamics (MD) can help to include molecular motion, resulting in a better 

description of the conformational space. Thus, we employed a recently developed MD 

method utilising NMR parameters - Molecular Dynamics with Orientational Constraints 

(MDOC)84, 164 - which could better describe the motions of the flexible compounds. MDOC 

uses dipolar-coupling tensors (sometimes in combination with J-coupling or NOE tensors) 

to create trajectories of conformers. These tensorial constraints rotate the molecules 

studied to reach the NMR timescale in MD simulations, thus heating up the rotational 

degrees of freedom. Past MDOC studies were successful in stereochemical analysis  

of small flexible compounds,165, 166 such as 1,4-diketone167 (nConf20 = 11) or ᴅ-cellobiose84 

(nConf20 = 61). Still, it pointed out that even highly rigid molecules (such as strychnine, 

which is used as a standard in RDC studies) possess several conformations in solution.  

In this work, we employed MDOC to investigate the stereochemistry of model 

phosphorus-based mildly flexible (30, 31) and flexible molecules (32) from our previous 

works to directly compare the results from all used methods. Moreover, we 

complemented these molecules with a highly flexible menthol derivative 34 (with 

nConf20 = 78), as shown in Figure 53. Unfortunately, 34, similar to 32, did not crystalise. 

All the studied compounds were prepared by Dr Aneta Ešnerová (Faculty of Science, 

Charles University). The MDOC trajectories were simulated by Dr Ulrich Sternberg 

(Karlsruhe Institute of Technology, Germany). 

Figure 53: Chemical structure of studied compounds with their flexibility parameters. 

The MDOC results were evaluated by the n/χ2 and χ-probability.168 The n/χ2 is based  

on a known χ2 factor, a difference between the theoretical and experimental values 

divided by the experimental error. To account for a different size of the datasets, the n/χ2 

factor was introduced, where n is the number of data points. For n/χ2, the values greater 

than one designate that the theoretical values are on average within the experimental 
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error. On the other hand, the χ-probability factor shows how much the theoretical 

dataset fits the experiment on a scale from 0 to 100%, with 100% being the best fit. 

3.5.1 MDOC Analysis of 30-SR and 31-RR 

The n/χ2 quality factors of both datasets, 30-SR and 31-RR, reached only 0.1 and 0.2, 

respectively; thus, it prevented us from determining the relative configuration (Figure 

54a). This was caused by the small absolute values of 13C–31P RDCs, which did not fit their 

narrow error ranges. Thus, we calculated the χ-probability168 which assigned dataset 30-

SR to 30-SR by 90% but failed for the assignment of 31-RR diastereoisomer (Figure 54b). 

Therefore, we added 3JH–H-couplings into the MDOC simulations. The J-couplings were 

not used as additional constraints but instead calculated as the mean value of 2000 

snapshots of the MDOC simulations. Complementing the experimental RDCs  

with theoretical 3JH–H-couplings enhanced the n/χ2 factors (Figure 54c) and provided the 

final results, assigning 30-SR by 96% to dataset 30-SR and 31-RR by 97% to dataset 31-RR 

(Figure 54d).  

Figure 54: The MDOC simulation results of 30-SR and 31-RR. 
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MDOC simulations can also be used to search conformational space.167 We analysed  

the conformational equilibria of 30-SR using the torsion angles from the MDOC 

trajectories and studied the five-membered rings using the pseudorotational cycle  

and phase angle P.151 Most conformations (98%) had a maximum at P = 208°, belonging 

to the South conformation. The rest (only 2%) belonged to the Noth conformation  

with P = 68°. The torsion angle about 02-C1-C2-N was by 94% in +gauche conformation 

with P = 28° (Figure 55). In comparison to the low-energy study results of 30-SR (Paper 

III, Section 3.3), the lowest-energy structure (with 77% of the population) had a maximum 

at P = 17°, belonging to the South conformation, and minor conformations B (P = 19°)  

and C (P = – 5°) belonged to the North conformation. 

Figure 55: The conformational analysis of 30-SR.  

The conformational analysis of 31-RR provided similar results to those of 30-SR. Again, 

we identified two conformations of the five-membered ring, where the major component 

(98%) had P = 168°. The torsion angle about 02-C1-C2-N1 was by 96% in +gauche 

conformation with P = 20°. Compared to results in section  .  (Paper III), the Boltzmann 

distribution afforded three populations of 47, 36 and 17% for conformers A, B, and C, 

respectively. Conformer A possessed the North conformation with P = 22°, while 

conformers B and C possessed the South conformation (P = –8° and – 7°, respectively). 

3.5.2 MDOC Analysis of 32-RS and 32-RR 

Similarly to 30-SR and 31-RR, the quality factors n/χ2 of the RDC datasets were low (Figure 

56a), and the χ-probability based on RDC data provided only a partial result, assigning  

the 32-B dataset to 32-RS by 80% probability (Figure 56b). Thus, we calculated 3JH–H-

couplings using snapshots from the MDOC trajectories, improving the n/χ2 (Figure 56c). 

The χ-probability based on RDC and theoretical J-couplings assigned the dataset 32-A  

to 32-RR and 32-B to 32-RS by 72 and 85% probability, respectively (Figure 56d). These 

results significantly improved over the molecular-docking study which assigned  

the datasets only unilaterally (32-A belonging to 32-RS). 
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Figure 56: The MDOC simulation results of 32-RS and 32-RR.  

The compound 32-RR showed two conformations of the five-membered ring.  

The conformation with P = 168° amounted to 95% of the conformational equilibrium, 

while the conformations with P =  6° accounted only for 5%. The angle about O2–C1–

C2–N1 was by 90% in +gauche conformation with P = 22°. The compounds 32 displayed 

high dynamics around the P-O1-C6 bridge. The rotation of the P-O1 bond was free,  

but the O1–C6 bond displayed two maxima: +100° and –100 ° (Figure 57). In contrast,  

the low-energy study found the lowest-energy conformer A with a population of 32%  

and with the phase angle P = 18° (North conformation). 

32-RS offered major conformation (92%) with P = 50° and a minor component (8%)  

with P = 178°. The dihedral distributions matched those of 32-RR, and the O2–C1–C2–N1 

torsion angle (by 96% in +gauche) provided a maximum at P =  0°. Interestingly, the low-

energy study offered the lowest-energy conformer A also in the North conformation  

with P = 25° and a population of 53%. 
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Figure 57: The conformational analysis of 32-RR.  

3.5.3 MDOC Analysis of 34-SR and 34-RR 

The MDOC analysis of 34-SR and 34-RR was conducted with three experimental datasets, 

34-A, 34-B and 34-C. The 34-C dataset has the 3JH–H-couplings of the CH3 group 

interchanged considering the 34-B dataset because NMR cannot distinguish the protons 

in the CH3 group. The quality factor n/χ2 of the RDC data provided a high score; thus, we 

did not have to add theoretical 3JH–H-couplings like in the previous cases (Figure 58a).  

The only outlier was yielded for the P-C1 RDC. This RDC value is crucial for the relative 

configuration assignment as it connects the chiral centre on the phosphorus atom  

and the C1 chiral centre on the menthol moiety. The χ-probability (Figure 58b) arrived  

at an 80% probability of assigning the dataset 34-A to 34-SR. Unfortunately, the other 

datasets were inconclusive, primarily because of the P-C1 outlier. The P-O1-C1 bridge is 

highly flexible, and the rotation around the bond is almost unrestricted. This results  

in an averaging of the P-C1 RDC.169 This issue may be solved by additional constraints 

defining the P and C1 chiral centres, such as NOE. This is in accordance with MDOC 

analysis of such highly flexible compounds, e.g., ᴅ-cellobiose84 (nConf20 = 61)  

or mandelalide A168 (nConf20 = 947), which proved the necessity of additional NMR 

parameters, especially NOEs, describing the chiral centres. 
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Figure 58: The MDOC simulations results of 34-RR and 34-SR. 

3.5.4 Conclusions 

MDOC approach significantly improved the results compared to the molecular docking-

based approach. The MDOC simulations unambiguously determined the relative 

configuration of compounds 30, 31 and 32. Molecular docking assigned 30-SR but failed 

for 31-RR. In contrast, MDOC successfully determined the relative configuration of both 

structures. In the case of 32, molecular docking did not reach satisfactory R (always R < 

0.8), but MDOC doubtlessly discriminated both diastereoisomers of 32. However,  

the analysis failed for the highly flexible compound 34, probably due to the rapid motion 

of the P-O1-C1 bridge and the P-C1 RDC outlier. Nonetheless, the χ-probability assigned 

the 34-SR structure to the 34-A dataset, reaching at least unilateral discrimination.  

The MDOC proved to be a helpful tool in assigning the relative configuration  

and determining the conformational equilibria. Nevertheless, the molecular flexibility 

was and still is a problem that needs further investigation. 
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4. Summary 

In this work, I investigated the structures and physico-chemical properties of phosphorus-

containing organic molecules using advanced NMR spectroscopy and theoretical 

methods. The studied compounds were prepared with two main aims: 1) as model 

compounds for structure-activity relationship NMR study of self-immolation, leading  

to the design of novel phosphate-based linkers for the development of new drug delivery 

systems (papers I and II), and 2) as model compounds for 31P NMR studies where we 

implemented 31P NMR parameters to the structural assignments using advanced NMR 

experiments (papers III–V). 

This work investigated the self-immolation of model phosphate-based linkers with two 

potentially releasable cargos by UV light in real time. The 31P NMR reaction monitoring 

combined with 13C NMR data provided key information on newly formed (even 

metastable) reaction species, such as cyclic intermediates, proving that the cargo was 

released by intramolecular cyclization. We found that the pKa of the attached cargo 

directs its release – the more acidic cargo is released preferentially. Following the Thorpe-

Ingold effect, the bulkier SI spacer (α-hydroxybutyrate) released the cargo faster. 

Encouraged by this knowledge, we designed new linkers bearing two cargos  

and successfully released both sequentially within a tunable timeframe. Applying these 

results, we designed new SI linkers for the release of overall problematic amine-

containing drugs. We also revealed an alternative decomposition pathway of several 

lactate linkers with a P-NH-R structural motif. The intramolecular rearrangement,  

where the NH-R moiety moved from the phosphorus atom to the lactate part, would be 

easily misinterpreted using the standard UV/vis method. 

The 31P NMR studies showed that the 31P parameters can contribute to  

the stereochemical analysis but not as fundamentally as we expected. The 31P chemical 

shifts and 13C–31P J-coupling analysis of low-energy structures successfully determined 

the relative configuration of mildly rigid compounds (30-SR and 31-RR). On the contrary, 

the 13C–31P RDCs using the low-energy structures of 30-SR and 31-RR did not determine 

the relative configuration. Moreover, the J-coupling and RDC analysis failed in the study 

of flexible molecule 32 with nConf20 = 8. Molecular flexibility became the central issue  

of this work. Flexible molecules may adopt different conformations due to the interaction 

with the alignment medium, which we simulated by molecular docking. Using molecular 

docking, we generated an ensemble of structures with energies in the 4–15 kcal mol-1 

range above the respective GMs. This method improved the results over the low-energy 

approach, albeit mostly only unilaterally (determining the relative configuration of rigid 

and mildly flexible molecules 33 and 30). Again, it failed for more flexible molecule 32. 

Thus, the molecular dynamics with orientational constraints method was employed  

and enabled us to determine the relative configuration of mildly flexible (30 and 31)  

and flexible (32) molecules with a high degree of probability, in some cases reaching 
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almost 100%. However, the compounds with the most degrees of freedom (34  

with nConf20 = 78) remain challenging for the stereochemical analysis and call  

for constant development of new NMR methods. 
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