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ABSTRACT 

Modified nucleic acid components (nucleotides, nucleosides, nucleobases) 

display a wide range of biological activities such as antiviral, cytostatic, antimicrobial 

or antioxidative. Many of them are successfully used in clinical practice, for instance 

as anti-HIV drugs or in hepatitis B treatment. The first precondition for 

understanding biological effects is to evaluate the chemical structure as well as the 

conformation of the studied compounds correctly. For this purpose, solution-state 

nuclear magnetic resonance (NMR) spectroscopy in combination with mass 

spectrometry is the most frequently used method. Not only the structure, but also 

the physico-chemical properties can be investigated using NMR spectroscopy, for 

instance, conformational changes, tautomeric forms, protonation sites, acido-basic 

properties, non-covalent interactions, isotopic exchanges or interactions with 

biomolecules. Similarly to solutions, NMR spectroscopy can be employed in studies 

of nucleic acid components (NACs) in solid state. This technique found assertion after 

computational-chemistry methods development during the last decades. Different 

solid-state structures (polymorphic forms) or dynamics of these compounds can be 

established by solid-state NMR spectroscopy in combination with quantum-chemical 

calculations.   

In this work, I dealt with the structure elucidation as well as the investigation 

of the physico-chemical properties of modified nucleotides, nucleosides and 

nucleobases using NMR spectroscopy both in solution state and solid state in 

combination with density functional theory (DFT) calculations of NMR parameters. 

For the structure determination, 1D in combination with 2D NMR experiments were 

employed; the configuration and conformation of the studied compounds were also 

investigated. During this analysis, we noticed a possibility of NMR signals 

misassignment in substituted purine derivatives, so we developed a new method for 

unambiguous NMR signal assignment in purines based on the measurement of 

heteronuclear coupling constants in combination with DFT calculations. The same 

approach including correlations between experimental and calculated data was 

applied for the development of a new method for the prediction of preferred 

tautomeric forms of purine derivatives in solution. 

A non-covalent interaction essential for life is hydrogen bond (H-bond), which 

can be studied by NMR spectroscopy in detail. We studied nitrosopyrimidine 

derivatives with strong intramolecular H-bonds which stabilized two conformers, 

differing only in NO group orientation. We investigated the composition of the 

rotamers mixture in equilibrium depending on the pyrimidine substitution. From 

temperature-dependent 1H NMR spectra, the rotational barriers of the nitroso group 

were estimated. In some cases, it was possible to separate both rotamers from each 



other by column chromatography at room temperature and their purity was 

confirmed by SS-NMR spectra as well as by X-ray structure analysis. The kinetic data 

of the rotamer interconversion were measured to determine rotational barriers 

around C5-NO single bond. Experimental data were supported by DFT calculations.  

Many biologically active compounds are unable to pass across the cell 

membrane, therefore, more lipophilic derivatives (prodrugs) are often prepared. 

They are designed with the aim of active compound release after a reaction with 

intracellular enzymes. For confirmation that newly prepared phosphoramidate 

derivatives could work as prodrugs and they are decomposed by carboxypeptidase in 

the supposed metabolic pathway, we studied their enzymatic decomposition using 
31P NMR spectroscopy. The monitoring of the reaction is based on the fact that the 

starting phosphoramidate has a chiral center at the phosphorus atom, so that it has 

two signals in proton decoupled 31P NMR spectrum corresponding to two 

diastereoisomers. After several hours of the enzymatic reaction, a single 31P signal is 

observed, which indicates that the final product does not contain a chiral center at 

the phosphorus atom. The same products were obtained after non-enzymatic 

hydrolysis with triethylamine and the suggested chemical structure was confirmed 

using 1H, 13C and 2D NMR experiments. 

The solid-state structure of a given compound influences its biological effects and 

the information about their polymorphic structures is crucial for granting licenses 

obtained from regulatory authorities. For investigation of polymorphic crystals in this 

work, 13C cross-polarization magic-angle spinning (CP-MAS) NMR spectroscopy was 

used. We prepared model polymorphic crystal forms of three pharmaceutically or 

industrially important compounds and characterized them using CP-MAS NMR 

spectroscopy as well as by Raman spectroscopy. The determined structures were 

confirmed by X-ray analysis. These data were supplemented by DFT calculations. 

For biological properties investigation, the studied compounds are usually 

dissolved in DMSO, sometimes for a long time. We observed color changes of           

5-aminopyrimidine derivatives dissolved in DMSO. We monitored these 

transformations by NMR and UV/Vis spectroscopy and we used series of chemical 

reactions to confirm the structure of the colorful products.  



 1 

1 INTRODUCTION 

1.1 NUCLEIC ACID COMPONENTS (NACS) 

1.1.1 Naturally occurring NACs 

Naturally occurring NACs (namely nucleotides, nucleosides and nucleobases) 

play a key role as the building blocks of nucleic acids (DNA, RNA); they also interact 

with enzymes and other proteins as components of the cofactors and signal 

molecules, for instance, as second messengers.1 Adenosine 5´-triphosphate (ATP) is 

well known as a macroergic molecule responsible for energy storage in cells (Fig. 1). 

NACs are also contained in the structure of cofactors essential for cellular 

metabolism such as nicotinamide adenine dinucleotide (NAD+/NADH), flavin adenine 

dinucleotide (FAD, FADH2), coenzyme A, S-methyladenosine etc.2  

 

Figure 1. The structure of adenosine-5'-triphosphate (ATP). 

Nucleotides consist of three parts: nitrogen-containing heterocycle 

(nucleobase), sugar part and phosphate. The structure of nucleobases is derived 

from purine and pyrimidine skeleton as shown in Fig. 2. These nucleobases have 

planar arrangement in space and they interact via - stacking as well as hydrogen 

bonds; one purine and one pyrimidine base are complementary to each other and 

they form a hydrogen-bonded base pair. This property is necessary condition for 

forming more complex structures such as DNA duplexes. The sugar part of the 

molecule is attached to the nucleobase (N1 of pyrimidine or N9 of purine) by              

N-glycosidic bond; -D-ribose or 2'-deoxy--D-ribose form part of RNA or DNA, 

respectively. Phosphorylated nucleotides (triphosphates) serve as macroergic 

molecules and they play a key role in DNA synthesis. Nucleoside triphosphates are 

unstable and can be easily decomposed; inorganic phosphate is cleaved and the 

nucleoside diphosphate releases.  
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Figure 2. The structure of natural pyrimidine and purine nucleobases (N1 and N9 tautomers 

are shown) together with the structure and numbering of the parent heterocycles. 

Another class of NACs important in biological systems are nucleosides; they 

are composed of a nucleobase and a sugar moiety. Their physico-chemical properties 

are significantly different from nucleotides mentioned above. They are not charged 

(the phosphate part is missing) and they are less soluble in water, leading to their 

better cell-membrane permeability.  

1.1.2 Modified NACs 

The aim of bioorganic and medicinal chemistry is to design and synthetize 

new biologically active compounds, which could be potentially used in 

chemotherapy. A very "popular" class of compounds are synthetically prepared 

analogs of metabolites - antimetabolites – their function as drug-like molecules is 

based on their structural similarity with naturally occurring substrates of the target 

enzymes. In the design of an antimetabolite, one has to take into account the 

differences in metabolic pathways of the host cell and the parasite (bacteria, virus, 

yeast, protozoa) or different metabolism of carcinoma cells with respect to healthy 

cells.  

Many antimetabolites based on modified structures of NACs have important 

biological activity. For example, they can act as an interferon inducers used in 

therapy of chronic hepatitis C, as microtubule assembly inhibitors responsible for the 

cell cycle arrest at the G2/M transition or as inhibitors of pharmaceutically important 

enzymes such as HIV-reverse transcriptase, sulphotransferase, leukotriene A4 

hydrolase, phosphodiesterase or cyclin-dependent kinase.3 Also their antioxidant 

activity has been found.4 Nowadays, they are used as antiviral,5,6 antitumor7 and 

antimicrobial8 agents.  

1.1.2.1 Modifications of the nucleobase 

The molecule of a nucleotide or nucleoside can be modified on the 

purine/pyrimidine skeleton as well as in the sugar part; nucleotides can be also 

modified in the phosphate chain. The heteroaromatic skeleton can be modified by 

heteroatoms (endocyclic substitution) or by a variety of substituents on the ring 

(exocyclic substitution). The most pharmaceutically important are aza/deaza-

modified derivatives of purine as well as pyrimidine bases. As an example,                 
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5-azacytidine (1) is a well-known cytostatics9, 8-aza-7-deaza-hypoxanthine (2) called 

allopurinol is used against gout.10 The analogs obtained after exocyclic substitution 

are, for instance, 5-fluorocytosine (3) exerting antifungal effects11 or                           

6-mercaptopurine (4) used for antitumor treatment12 (Fig. 3).  

 

Figure 3. Examples of the structures of NACs modified on the nucleobase. 5-azacytidine 1 

and allopurinol 2 are compounds with endocyclic modification of the base skeleton;              

5-fluorocytosine 3 and 6-mercaptopurine 4 are substituted in position 5 and 6, respectively. 

1.1.2.2 Modification of the sugar part 

The second option for modification of nucleotides or nucleosides is the sugar 

part of the molecule, which can be modified in the same way as the nucleobase 

meaning the endocyclic or exocyclic substitution. These compounds exert a wide 

range of biological activities, for instance, lamivudine (5) with antiviral effects against 

hepatitis B virus (HBV)13 as well as human immunodeficiency virus (HIV)14 and 

gemcitabine (6) with antitumor activities15 were described (Fig. 4).  

 

Figure 4. The structure of lamivudine with endocyclic substitution in the ribose ring (5) and 

gemcitabine (6) with exocyclic substitution on the ribose moiety. 

Carbocyclic nucleosides 

Nucleosides, where the ribose oxygen atom is replaced by a carbon atom, are 

called carbocyclic nucleoside derivatives and some of them exert antiviral and/or 

antibacterial activity. As an example, abacavir (7) displaying antiviral activity against 

HIV16 is shown in Fig. 5. 

 

Figure 5. The structure of carbocyclic nucleoside abacavir (7). 
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Locked nucleosides 

Nucleoside derivatives can be also bridged by short aliphatic chains leading to 

reduced flexibility of the ribose ring; these conformationally constrained compounds 

are called locked nucleosides and they are in the field of interest of medicinal 

chemists because of their antiviral activities.17,18 It was discovered that the 

nucleosides locked in different conformations (described in 1.1.3.4) can interact with 

different enzymes.19 As an example, carbocyclic locked nucleosides 8–11 designed as 

novel antivirotics from the group of Radim Nencka (IOCB AS CR) are introduced in 

Fig. 6.18,20,21 

 

Figure 6. The structure of carbocyclic locked nucleosides 8–11 prepared as potential 

antivirotics. 

 The structure determination and conformational analysis of locked 

nucleoside derivatives studied by a combination of 1D and 2D NMR experiments will 

be discussed in detail in chapter 3. 

Acyclic nucleosides 

Another class of NACs modified in the sugar part are acyclic nucleoside 

derivatives, where the ribose ring is substituted by an acyclic chain with other places 

for possible modifications. Acyclic analogs are much more metabolically stable than 

the cyclic counterparts, because N-glycosidic bond between nucleobase and the 

sugar part is changed into N-alkyl bond. The most famous acyclic nucleoside is 

probably acyclovir 12 (Fig. 7), which is targeted against Herpes viruses.22  

 

Figure 7. The structure of acyclovir (12), an acyclic nucleoside analog used in the treatment 

of Herpes sp. 

Acyclic nucleoside phosphonates 

Very important class of antiviral compounds – acyclic nucleoside 

phosphonates, (ANPs)6 – was prepared and systematically studied by prof. Antonín 

Holý and his group (IOCB AS CR). In ANPs, the phosphate group is not attached 

through O-P bond, but through a methylene bridge O-CH2-P, which provides them a 

higher metabolic stability. Nowadays, these compounds are considered as the most 

active against viruses and three of them (Fig. 8) are clinically used as antivirotics. 
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Adefovir (13) is active against retroviruses and DNA viruses,23 its oral prodrug 

adefovir dipivoxil (commercialized under the trade name HepseraTM) works in the 

treatment of chronic HBV disease.24 Another successfully used compound is 

tenofovir (14),25 which exerts biological activity against retroviruses. It inhibits 

reverse transcriptase of HBV as well as HIV.26 It is indicated for the treatment of long-

lasting hepatitis B virus and it prevents cells from multiplying HIV in the body; more 

than 95 % of HIV-positive people in the world are treated with this drug. It is 

marketed as disoproxil fumarate prodrug called VireadTM. The third clinically used 

compound of this class is cidofovir (15) with the brand name VistideTM. It is active 

mainly against DNA viruses. It has been approved by FDA in 1996 for treatment of 

cytomegalovirus retinitis27 as well as against acyclovir-resistant Herpes sp. 

infections.28 

 

Figure 8. The structures of adefovir (13), tenofovir (14) and cidofovir (15), which are used in 

clinical practice. 

1.1.3 Physico-chemical properties of NACs 

Natural and modified nucleotides or nucleosides have very diverse structures 

leading to differences in a variety of their properties, such as different base-pairing, 

interactions with enzymes or metal ions and also tautomeric and conformational 

equilibria.  

1.1.3.1 Tautomerism of nucleobases 

Different tautomeric forms of a nucleobase can be found when a hydrogen 

atom changes its position in the heterocycle.29 Different tautomers allow to form 

different hydrogen bonding arrangements and they impact various chemical 

processes, such as reactivity in alkylation or glycosidation reactions. The tautomeric 

form of the starting compound influences the regioselectivity of the reaction.2 In a 

solution, there is usually an equilibrium mixture of several tautomers and the 

percentage of individual tautomers as well as exchange rates strongly depend on 

substituents, solvent and temperature.30, 31 Because of the fast proton exchange in 

tautomers, only the time-averaged spectra are usually observable by nuclear 

magnetic resonance (NMR) spectroscopy at room temperature. The most suitable 

and commonly used tool for studying tautomeric equilibria is low-temperature NMR 

spectroscopy, where the motion of protons is slowed down and individual tautomers 

may be observed.32 As an example, possible tautomeric forms of purine derivatives, 

hypoxanthine, is shown in Fig. 9. It was found that N1,N9 form is preferred in 

solution.33,34 
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Figure 9. The selected tautomeric forms of hypoxanthine. 

 A new method for investigation of preferred tautomeric forms in purine 

derivatives based on a combination of experimental and calculated data will be 

discussed in chapter 4. 

1.1.3.2 Protonation/Deprotonation 

The nitrogen-containing heterocycle can offer places for protonation or 

deprotonation of nitrogen atoms allowing their participation in acid-base equilibria. 

Due to the fused imidazole ring, purine skeleton contains more protonation sites 

than pyrimidine ring. Protonation of a particular nitrogen atom leads to a dramatic 

change of its chemical shift and smaller chemical-shift changes of neighboring atoms. 

The most suitable tool for monitoring protonation or deprotonation is 15N NMR 

spectroscopy, which clearly indicates the hydrogen atom bonding. Usually, the pH 

dependence of chemical shifts (NMR titration) is monitored to investigate acid-base 

properties of each site, such as acidic or basic dissociation constant KA and KB, 

respectively. As an example, protonated forms of hypoxanthine are shown in Fig. 10. 

 

Figure 10. The structure of hypoxanthine monocation and dication studied by NMR 

spectroscopy.35,36 

1.1.3.3 Base orientation 

The orientation of a base with respect to a ribose ring is described by 

glycosidic torsion angle , which is defined for purine nucleosides as O4’-C1’-N9-C4 

torsion angle (Fig. 11) and for pyrimidine derivatives as O4’-C1’-N1-C2 angle. If  

ranges between 90 and 270°, this conformation is called anti, on the other hand, 

when  is between 0–90° or 270–360°, the conformation is termed syn. In naturally 

occurring nucleotides, nucleosides, anti- conformation is more frequent. The 

conformation of a nucleoside has a significant influence on interactions with other 

molecules in cell. Anti-/syn- conformation can be determined by heteronuclear (C-H) 

J-coupling analysis as well as by 2D ROESY experiment, which correlates close-in-

space protons. 
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Figure 11. The two possible orientations of a nucleobase with respect to the ribose ring. 

1.1.3.4 Conformation of the ribose ring 

In general, it is well known that five-membered rings are flexible and can co-

exist in several conformations in solution. The stereochemistry of the ribose ring is 

usually analyzed using the concept of pseudorotation, which was first introduced in 

cyclopentane by Kilpatrick et al.37 Based on this work, Altona and Sundaralingam 

developed the method for a quantitative determination of five-membered ring 

conformation.38 In the theory of pseudorotation, the conformation of the ribose ring 

is described by two parameters called phase angle P and maximum puckering 

amplitude MAX. For schematic representation of the furanose ring conformation 

based on the variation of P (0-360°), the pseudorotational cycle was defined 

(Fig. 12).39 Each point on the circle represents a specific value of the phase angle of 

pseudorotation P; the cycle is divided into twenty increments (18° step) 

corresponding to twenty possible conformations of the furanose ring. The signs 

inside the ribose rings correspond to the signs of torsion angles 0-4 described 

below. The capitals E or T meaning Envelope or Twist conformation, respectively, 

represent the shape of the furanose ring. 
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Figure 12. Pseudorotational cycle of the furanose ring. Each point on the circle represents a 

specific value of the phase angle of pseudorotation P (0–360°). The signs inside the ribose 

rings correspond to the signs of the torsion angles. 

Phase angle is calculated from torsion (dihedral) angles 0-4 (Fig. 13);38 it 

tells us the information about the shape of the ribose ring; it indicates the atoms that 

are displaced from the plane formed by three (T conformation) or four (E 

conformation) ring atoms.  

In naturally occurring nucleosides, phase angle P falls in the ranges 0-36° and 

144–180°. Conformations with these phase angles are highlighted in Fig. 12 by 

arrows. The first one (0–36°) is denoted North (N-type) and the second one (144–

180°) is called South (S-type). 

 

tan𝑃 =
 Φ2 + Φ4 −  Φ1 + Φ3 

2Φ0 sin 36 + sin 72 
 

 

Figure 13. Definition of the five endocyclic torsion angles 0-4 in the ribose ring. 
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The second variable describing the ribose ring conformation is maximum 

puckering amplitude MAX, which characterizes maximal atom displacement and it 

can be calculated from the following equation. 

Φ0 = Φ𝑀𝐴𝑋 cos𝑃 
 

In naturally occurring nucleoside or nucleotide derivatives as well as in their 

modified counterparts, the values of MAX generally range approximately from 35 to 

45°.39 Therefore, MAX equal to 40° is often used as the input value for DFT 

calculations, which will be explained below (chapter 1.2.5). 

  The N-type conformation is also called C3’-endo (3E) and the S-type is known 

as C2’-endo (2E) (Fig. 14). Both conformations occur in nature and their relative 

concentration depend on the type of nucleic acid (A-DNA, B-DNA, RNA etc.), where 

the ribose ring is involved.  

 

Figure 14. A schematic representation of the furanose conformations in nucleic acids. 

The conformation of the ribose ring is crucial for the recognition by cellular 

enzymes.40 For instance, it was found that North-type derivatives of a locked 

nucleoside are effectively bound by polymerases,40 whereas the South counterparts 

are recognized by thymidine kinases.19 From this reason, it is desired to study sugar 

conformation in newly prepared compounds. 

In this work, the concept of pseudorotation was applied for investigation of 

the ribose ring conformation in locked nucleoside derivatives and it will be discussed 

in detail in chapter 3 in connection with the structure determination. 

1.1.3.5 Hydrogen bonds 

Very important non-covalent interaction in biological systems is hydrogen 

bond (H-bond). It is defined as a dipole-dipole attraction between an acidic hydrogen 

atom and highly electronegative atom such as nitrogen, oxygen etc. Intramolecular 

H-bonds decrease the molecular polarity, which leads to better membrane 

permeability.41 The secondary structure of proteins is built by patterns of 

intramolecular H-bonds between the main-chain peptide groups. Furthermore, they 

play a key role in base-pairing in duplexes of nucleic acids.42 If the duplex consists of 

higher number of C-G pairs containing three H-bonds, it is more stable than in the 

case of A-T pairs containing only two H-bonds. Sequence recognition via base-pairing 

is essential for DNA repair and gene regulation.43 

The strength of intramolecular hydrogen bond is increased if a six-membered 

ring is formed and the linker atoms are sp2-hybridized resulting in planar, conjugated 

systems. This phenomenon is called resonance-assisted hydrogen bonding (RAHB) 
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and it is mediated via enhanced -delocalization.44 It was published that six-

membered hydrogen-bonded pseudorings can mimic aromatic rings.45,46 For 

example, 5-nitrosopyrimidines with strong intramolecular H-bonds were proposed as 

purine mimics (Fig. 15). 

 

Figure 15. The structure of potential purine mimics; the shape of the heterocyclic base with 

intramolecular H-bond (left) is close to the purine skeleton structure (right). 

 A study of intramolecular H-bonds in 5-nitrosopyrimidine derivatives causing 

an interesting stereochemical behavior of these compounds will be discussed in 

detail in chapter 5. 

1.2 NMR METHODS AND APPLICATIONS 

The electronic distribution in molecules influences chemical properties and it 

is reflected in chemical shifts  spin-spin couplings J and other NMR parameters, 

which makes NMR spectroscopy an excellent tool for investigating structure, 

reactivity, molecular motions and intermolecular interactions of studied compounds 

especially small molecules such as NACs. 30,31,47  

Atomic nuclei with non-zero spin quantum number have nuclear magnetic 

momentum and that is why they are active in NMR spectroscopy. In homogenous 

magnetic field, spin states differ in energy and they are unequally populated. The 

energy-level transitions can be provoked by applying magnetic field with frequency  

resulting from the resonance condition: 

𝜐 =
𝛾𝐵0

2𝜋
 

 

gyromagnetic ratio is a quantity characteristic for each nucleus and B0 represents 

external magnetic field. In most cases,  is positive, but sometimes (e.g. 15N) it can be 

negative. The external magnetic field B0 influences electron distribution and 

dynamics in the studied molecule, which leads to magnetic shielding of nuclei by 

electrons. Nuclei with different chemical environment are shielded differently and 

resonate at different frequencies. This fact makes NMR spectroscopy a perfect tool 

for chemists. The most suitable nuclei for NMR spectra measurements are those 

with spin one half such as 1H, 13C, 15N, 19F, or 31P, commonly occurring in organic 

compounds. The natural abundance of magnetically active nuclides is, however, also 

very important parameter, which influences the overall sensitivity of a given nuclide. 

For example, the natural abundance of 1H is 99.98 %, while that of 13C is 1.11 %, only. 

The chemical shift  is defined as the difference between the resonance 

frequency  of the observed nucleus and the standard reference frequency ref 
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divided by ref and it is expressed in parts per million (ppm). The values of  are 

typical for every type of functional groups, for instance, carbon nuclei of aromatic 

compounds resonate at lower field (higher ) than aliphatic carbons. Every signal in a 

spectrum corresponds to a non-equivalent nucleus in the molecule. 

𝛿 =
𝜐 − 𝜐𝑟𝑒𝑓

𝜐𝑟𝑒𝑓
106 

 

The nJ-coupling (indirect spin-spin coupling) describes the interaction 

between nuclei via n chemical bonds. J-coupling between non-equivalent nuclei, 

meaning with different chemical environment, is visible in NMR spectrum as the 

distance between the lines in a multiplet (line-splitting). There is an approximate 

trend in the magnitudes of J-coupling showing that the more covalent bonds 

between the coupled nuclei are, the lower the J-coupling values are. The J-couplings 

can span a broad range of values, for instance between protons across 2–5 bonds 

can be approximately 0–20 Hz, whereas heteronuclear C-H coupling constants can 

be higher than 200 Hz (1J (C-H)), depending significantly on carbon atom 

hybridization. J-coupling values also depend on the geometry of the molecule, which 

is described in detail in chapter 1.2.2.  

The nuclear Overhauser effect (NOE) arises via through-space dipolar 

interactions of nuclear spins. It is based on a transfer of nuclear spin polarization 

from one nuclear spin population to another via cross-relaxation. This effect is crucial 

in many NMR techniques, not only to enhance otherwise insensitive NMR 

spectroscopic signals, but also to make unambiguous stereochemical assignment. As 

an example, ROESY experiment is based on NOE and it serves for the assignment of 

close-in-space nuclei (ca < 5 Å).48 

1.2.1 NMR experiments 

1.2.1.1 1D NMR experiments 

1H NMR experiment 

The measurement of proton NMR spectra is probably the first instrumental 

analytical method of choice for structure determination in organic chemistry. With 

the use of external magnetic field B0 equal to 11.74 T, the 1H nuclide resonates at the 

frequency 500 MHz. 1H NMR spectrum is approximately 10 ppm wide and it can be 

very roughly divided into three basic regions. The aliphatic proton signals are 

observable in the right-hand side of the spectrum, typically between 0 and 

approximately 3 ppm. For example, protons from CH3 group in ethanol have the 

chemical shift around 1.0 ppm. The second region (ca. 3–6 ppm) contains protons in 

a heteroatom neighborhood (CH2-OH).  For example, CH2 proton signal of ethanol is 

shifted to ca 3.4 ppm. The low-field region (6–10 ppm) contains signals coming from 

protons attached to sp2-hybridized carbon atoms. For instance, electronic shielding 

caused by conjugated -system in benzene shifts proton signals to values around 7.3 
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ppm. As a standard, tetramethylsilane (TMS) with the chemical shift equal to zero is 

used (TMS = 0).  

13C NMR experiment 

13C NMR spectra provide another useful information about the structure of 

organic compounds. 13C NMR spectrum range is approximately 200 ppm wide and it 

can be divided into three main regions similarly as in the case of 1H NMR spectra 

described above. For instance, aliphatic carbon atom CH3 in ethanol has chemical 

shift around 20 ppm, whereas the signal of the CH2 group with neighboring oxygen 

atom (heteroatom) is shifted to ca 60 ppm.  Aromatic and double bond region is 

between 120–170 ppm. For example, the chemical shift of carbon atoms in benzene 

is around 130 ppm. As a standard, tetramethylsilane (TMS) with the chemical shift 

equal to zero is used (TMS = 0). 

 It is more convenient to measure APT spectra (attached proton test) than 

common 13C NMR spectra. It enables to distinguish carbon atom signals according to 

the number of attached protons. In APT spectra, signals of carbon atoms with odd 

number of protons (CH, CH3) are turned down, while signals of carbon atoms with 

zero or two protons (C, CH2) are oriented upwards. This significantly helps to assign 
13C NMR signals in more complicated structures. 

Furthermore, in 13C experiment without 1H-decoupling, it is possible to see    

C-H spin-spin interactions as a splitting of carbon signals. 

31P NMR experiment 

31P NMR spectrum range is approximately 700 ppm wide and the chemical 

shifts are significantly influenced by the oxidation and coordination number of the 

phosphorus atom. As mentioned above, nucleoside triphosphates are very unstable; 

an inorganic phosphate is often cleaved spontaneously and the nucleoside 

diphosphate is released. This cleavage can be easily observed in 31P NMR spectra. 

The 31P nuclei of nucleoside triphosphates resonate approximately around -10 ppm 

(P, P) and -20 ppm (P). As an external standard, H3PO4 with chemical shift equal to 

zero is commonly used. 

In this work, the measurement of 31P NMR spectra allowed us to monitor the 

enzymatic decomposition of a phosphoramidate prodrug of a locked nucleoside 

derivative directly in the NMR tube. Furthermore, C-P spin-spin interactions visible in 
13C NMR spectra as a line-splitting were used for in situ structure determination of 

products of the decomposition. The results of this project will be introduced in 

chapter 6. 

1.2.1.2 2D NMR experiments 

The number of NMR signals, their position in 1D spectra (chemical shift ) and 

their splitting (spin-spin interaction J) provide the first structural information about a 

compound. In simple structures, it is sufficient for structure determination; on the 

other hand, for the determination of more complicated structures, 2D NMR spectra 
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are measured. In this section, the most commonly used 2D NMR experiments in 

small-molecule NMR spectroscopy will be introduced. In 2D NMR experiments 

described below, both axes give chemical shifts and we call them 2D correlated NMR 

spectra. In all experiments except ROESY, a crosspeak found between two signals in 

1D projections means that the corresponding nuclei have spin-spin interaction (J-

coupling). On the other hand, in ROESY experiment, the crosspeaks correspond to 

through-space interactions. Homonuclear experiments correlate chemical shifts of 

the same nuclide, whereas heteronuclear experiments correlate chemical shifts of 

different nuclides. By combination of 1D (1H, 13C) and 2D (COSY, HSQC, HMBC, 

ROESY) NMR experiments, the structure of the studied molecule can be solved.  

HSQC experiment 

In heteronuclear single quantum correlation (HSQC), the crosspeaks 

correspond to heteronuclear spin-spin interaction of a proton with a heteroatom X 

(13C, 15N, 31P) across one bond. 1H,13C-HSQC experiments are measured routinely and 

provide information which proton is directly attached (one-bond) to which carbon 

atom. HSQC experiment is more sensitive than previously used HETCOR because of 

polarization transfer from 1H nuclei with high gyromagnetic ratio  to low- 

heteronuclei and because of direct detection of 1H signals and indirect detection of 

the heteronuclei. High sensitivity of this experiment is often exploited for indirect 

detection of insensitive nuclei such as 15N with very low natural abundance (0.4 %) 

and low . 1H,15N-HSQC measurement provides an evidence of NH/NH2 groups 

presence. 

HMBC experiment 

Heteronuclear multiple bond correlation (HMBC) correlates signals of protons 

and heteroatoms X (13C, 15N, etc.), which have J-coupling across two (2J) and three 

(3J) bonds. Sometimes, long-range couplings across four and five bonds (4J and 5J, 

respectively) can be also seen. 1H,13C-HMBC experiment is crucial mainly (but not 

only) for quaternary carbon atom signal assignment. 1H,15N–HMBC can help with the 

detection and assignment of 15N signals of non-labeled compounds.  

In this work, 1H,13C-HMBC experiment was employed to study long-range 

coupling constants in purine derivatives with the aim to improve NMR signal 

assignment. The results of this study are summarized in chapter 4.  

COSY experiment 

In homonuclear correlation spectroscopy experiment (COSY), crosspeaks 

provide information about J-couplings between the same nuclides. The most 

common experiment is 1H,1H-COSY. Crosspeaks from this spectrum correspond to J-

couplings between protons on the same carbon atom (geminal coupling 2J) or 

between protons in the neighboring positions (vicinal coupling 3J), which is used for 

chain connectivity information. In some cases, long-range couplings (4J, 5J) are also 

observable. 
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ROESY experiment 

Another important homonuclear 2D NMR spectrum is rotating frame nuclear 

Overhauser effect spectroscopy (ROESY), which is based on NOE described above. It 

correlates signals of protons occurring in space close to each other. The intensity of 

NOE signals decreases with a six-power distance between nuclei (the distance limit is 

ca. 5 Å). This measurement is useful for conformational analysis.  

1.2.2 J-coupling analysis 

As described above, indirect spin-spin interaction between neighboring nuclei 

is mostly mediated by bonding electrons. The values of coupling constants (J) are 

obtained from 1D NMR spectrum as the distance between lines in multiplets. From 

the values of J-coupling, it is possible to assess how many chemical bonds are 

between the coupled nuclei. Commonly observed interactions are across one bond 1J 

(C-H) visible in 13C spectra measured without broad-band decoupling; the couplings 

across two bonds 2J and three bonds 3J are called geminal and vicinal, respectively.  

The 3J-coupling value significantly depends on the torsion angle between the 

coupled nuclei. The relation 3J ~ f () is commonly used for investigation of 

conformation and configuration of studied compounds. The well-known curve 

describing the dependence of the torsion angle  on the vicinal coupling constant 3J 

is Karplus equation: 49,50 

𝐽 Φ = 𝐴 cos 2 Φ + 𝐵 cosΦ + 𝐶 
3   

where A, B and C are empirically obtained parameters suitable for selected class of 

compounds. Because of the cosine function, it is evident that for a torsion angle 

close to 90°, the coupling constant 3J reaches the lowest value. On the other hand, 

when the torsion angle is close to 0° or 180°, the vicinal coupling constant tends to 

be the largest. The values of 3J(H,H) depend also on other molecular parameters, 

such as electronegativity of the substituents, bond lengths and bond angles. 

Nowadays, many other empirical equations describing the dependence of 3J on  

are available, such as Altona, Diez-Donders51 or Haasnoot-Altona52 equation for 

various types of compounds.  

In some cases, long-range couplings over more than three bonds are visible. If 

the bonds linking the coupled nuclei adopt planar W-like arrangement, long-range 

coupling constants are larger, see, for example, compounds 16–19 (Fig. 16). 

 

Figure 16. Examples of long-range coupling constants 4J in compounds with W-like shaped 

pathway between the coupled nuclei (in red). 
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Multiple bonds in the pathway between the coupled nuclei also increase the 

value of long-range couplings. For instance, 4J-couplings in alkene 20 or alkyne 21 

derivatives are depicted in Fig. 17. Long-range couplings through five or more bonds 

can be observed rarely in NMR spectra, because their value is usually lower than the 

signal width. The preferences in pathway geometry between the coupled nuclei are 

the same as described in four-bond couplings; zig-zag pathway or multiple bonds 

increase the value of 5J-coupling. 

 

Figure 17. Long-range coupling constants in alkene (left) and alkyne (right) derivatives.  

The most important coupling constants for conformational analysis are 

between protons J(H,H), but those between protons and carbons J(C,H) or between 

protons or carbons and other heteronuclei (19F, 31P) also provide useful information 

about the structure.  

In this work, Karplus-like equations were used for conformational analysis of 

the ribose ring in locked nucleoside derivatives. It is based on the comparison 

between experimental and calculated J-couplings as described in detail in chapter 3.  

1.2.3 Dynamic NMR spectroscopy 

Dynamic processes such as conformational changes can be studied by 

dynamic NMR spectroscopy (dNMR). Atoms in different forms of a molecule (e.g. 

conformers) have different chemical shifts. Depending on the rate of interconversion 

between the individual forms, separated sets of signals for the individual forms or an 

averaged spectrum can be observed. Free energy barriers of the motional processes 

can be extracted from temperature-dependent NMR spectra. Using the dNMR 

method, the dynamic processes with the rate constant k between 10-1 and 

approximately 103 s-1 can be studied. As an example, dNMR method is frequently 

used to investigate tautomeric or conformational equilibria or to determine the 

barriers in compounds with sterically hindered rotation (e.g. atropisomers). 

At lower temperature, the motional process is slowed down, which may lead 

in a two-state system, to observation of two sets of sharp signals corresponding to 

the two forms. When the temperature is increased, the exchange is faster and NMR 

signals are broader and closer to each other. At coalescence temperature Tc only one 

broad coalesced signal appears and further temperature increase leads to the single 

sharp signal in the spectrum.  

The rate constant kc at coalescence temperature Tc for two-site exchange can 

be estimated from equation: 

𝑘𝑐 =
𝜋Δ𝜈

 2
≈ 2.22Δ𝜐 
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where  is the difference of resonance frequency between the two signals in the 

absence of exchange. This value can be obtained from spectra recorded at 

temperatures, which are far below the coalescence temperature. This is a good 

approximation for estimating rate constant kc, but it is valid only at single 

temperature (Tc) if the dynamic process follows the first-order kinetics, if the two 

singlets have equal intensities and if the studied nuclei are not coupled to each 

other.  

For more complicated dynamic processes, a complete line-shape analysis 

must be done. After the measurement of 1H NMR spectra at various temperatures, 

the shape of the signals is analyzed; simulated NMR spectra are calculated to fit the 

shape of experimental signals. From these simulations, the rate constant is extracted 

and used as an input for the Eyring equation.53 The Eyring equation is an expression 

for the rate constant in the transition-state theory, from which we can calculate free 

energy barrier G‡ of the process. 

𝑘𝑒𝑥 =
𝑘𝐵𝑇𝜅

ℎ
𝑒− 

Δ𝐺‡

𝑅𝑇  
 

The transmission coefficient  is set to unity, kB is Boltzmann’s constant, h is Planck’s 

constant, R is universal gas constant and T is temperature. 

The entropy of activation S‡ and enthalpy of activation H‡ can be obtained 

from Gibbs free energy of activation determined at various temperatures. To extract 

these thermodynamic quantities, the linear plot described by equation below is 

constructed. The enthalpy of activation H‡ is extracted from the slope of linear 

regression, whereas the entropy S‡ is obtained from the intercept. 

𝑙𝑛
𝑘𝑒𝑥

𝑇
= −

Δ𝐻‡

𝑅𝑇
+

Δ𝑆‡

𝑅
+ 𝑙𝑛

𝑘𝐵

ℎ
 
 

 In this work, the experimental data obtained by the dNMR method were used 

for the determination of the rotational barriers in 5-nitrosopyrimidine derivatives, 

which were compared with the calculated values. These results are discussed in 

detail in chapter 5.  

1.2.4 NMR spectroscopy in solid state 

NMR spectroscopy in solid state (SS-NMR) is not as usually employed as the 

liquid-state technique, but it can provide useful information unavailable by NMR 

spectroscopy of solutions; for instance, describing polymorphic forms that is crucial 

in pharmaceutical industry. SS-NMR data are also very important in the crystal 

structure determination of compounds, for which single crystal for X-ray analysis was 

not obtained. The main difference between SS-NMR spectroscopy and NMR in liquid 

state is in the extensive averaging of various interactions in the liquid state caused by 

fast random motion of molecules; only the isotropic average of the interactions is 

observed in solution-state NMR spectra. In SS-NMR, these interactions are not 

averaged; for instance dipole-dipole, chemical shift anisotropy and quadrupolar 
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interactions can be observed in solid-state NMR spectra giving more information 

about the studied structure. NMR signals are, however, broadened by the 

anisotropic interactions, which complicates the interpretation of the spectra. It is 

possible to remove or at least suppress some of the mentioned interactions by MAS 

(see below) and high-power decoupling. The most suitable nuclei for NMR 

measurement in solids are those with one-half spin quantum number and with low 

natural abundance, where the homonuclear interactions are missing. Carbon nuclei 
13C perfectly fulfill these conditions and they are measured very often.  

Nowadays, the most popular is cross-polarization magic-angle spinning (CP-

MAS) NMR technique, where the cross-polarization from proton to carbon nuclei is 

used for sensitivity enhancement. Sample-spinning (rates 10–100 kHz) under the 

magic angle manages significant reducing of the line-broadening caused by 

anisotropic components of the NMR interactions. When the magic angle between 

rotation axis and external magnetic field B0 is equal to 54.74°, the term 3cos2 -1 

occurring in equations describing the orientational dependence of NMR interactions 

is equal to zero. It leads to a suppression of the anisotropic interactions and the 

resulting NMR signals are significantly narrower. 

With the development of DFT methods, which can complement the 

experimental data, SS-NMR spectroscopy opens new ways for studying various 

systems and gives rise to a novel method termed NMR crystallography, which has 

only recently come into common usage. 

This method was performed in this thesis for the investigation of different 

polymorphic forms obtained by re-crystallization of the studied compounds from 

different solvents. These results are summarized in chapter 7. 

1.2.5 NMR parameters calculations 

In the last several decades, computational chemistry has become a very 

suitable tool to complement experimentally obtained NMR data or to predict 

reactivity or chemical properties of the studied compounds. The calculated NMR 

parameters and other physico-chemical quantities can effectively complement the 

data obtained from experimental NMR spectra. 

In this work, I was using very common DFT (density functional theory) 

method for molecular modelling in almost all my projects. This method is based on 

the theorem that energy and properties of many-electron systems are uniquely 

determined by electron density (r); energy is a unique functional of electronic 

density. Becke’s three-parameter hybrid functional (B3)54 with the Lee-Yang-Parr 

(LYP)55 correlation functional was used for all DFT calculations in this work. 

First of all, the geometry of the studied molecule must be optimized; it means 

to find atom arrangement in space with the lowest energy (ground-state energy).56 

Usually, this procedure is done for a single molecule in vacuum; but in some cases, 

solvent influence must be taken into account. For this purpose, polarizable 

continuum model (PCM) of solvation is available for modelling solvent effects. 
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Calculations with PCM model usually simulates the structure and properties of the 

studied compound more realistically than vacuum calculations. 

NMR parameters are frequently calculated using gauge-including-atomic-

orbital (GIAO) method,57 which provides chemical shielding constants of the studied 

nuclei. Indirect spin-spin interactions (J-couplings) are also routinely calculated by 

DFT methods.  

Another important result in molecular modelling provides vibrational-

frequency analysis. It can be used for confirmation that the optimized geometry is 

not a transition-state structure. Values of vibrational frequencies can be compared 

with the experimental infrared/Raman spectra. Furthermore, these data are also 

useful for calculations of thermodynamic parameters such as Gibbs energy, enthalpy 

or entropy.  

Due to the geometry optimization and free electronic energy calculations, 

structures of conformers can be modelled and the energy differences can be used as 

input for the equilibrium constant calculation; the percentage of the individual 

conformers in solution can be predicted and it can be compared with the 

experimental data. Furthermore, geometry optimization of transition-state 

structures can provide free-energy barriers of chemical reactions or conformational 

changes. These predictions can support the kinetic data obtained from NMR 

measurements. 



 19 

2 AIMS OF THE WORK 

 The structure determination and conformational analysis of new potentially 

biologically active modified nucleic acid components.  

 

 NMR methods development – a combination of experimental and theoretical 

approaches for a reliable signal assignment in purine derivatives and for the 

determination of the structure of preferred tautomeric forms in solution. 

 

 The determination of intramolecular hydrogen-bond geometries and 

stabilities in 5-nitrosopyrimidine derivatives with two hydrogen-bond donors. 

 

 The monitoring of the enzymatic decomposition of a prodrug of a biologically 

active locked carbocyclic nucleotide by 31P NMR spectroscopy. 

 

 The determination and characterization of polymorphic forms of model 

compounds (including modified nucleobase) by solid-state NMR 

spectroscopy. 

 

 The structure determination of decomposition products of                               

5-aminopyrimidines stored in DMSO and the determination of the reaction 

mechanism. 
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3 STRUCTURE DETERMINATION – PAPERS I, II 

The determination of the chemical structure during/after chemical synthesis is 

the first precondition for investigating biological and physico-chemical properties of 

newly prepared compounds. Nowadays, NMR spectroscopy is commonly used 

analytical method for the structure determination. The chemical structure of newly 

prepared compounds is often determined by a combination of 1D and 2D NMR 

experiments with mass spectrometry with high resolution (HR-MS). If necessary, the 

conformation of the studied compound may be also investigated by NMR 

spectroscopy. During my doctoral studies, I collaborated with synthetic chemists at 

the IOCB AS CR and determined or confirmed the structure of more than 700 

compounds. In this chapter, as an example, NMR signal assignment and 

conformational analysis of conformationally constrained (locked) nucleosides with 

potential antivirotic activity will be described in detail.  

3.1 NMR SIGNAL ASSIGNMENT 

In this subsection, the NMR signal assignment of compound 22 (Fig. 18) will 

be discussed. This compound has been prepared by Michal Šála at the IOCB AS CR. 

 

Figure 18.  The chemical structure of compound 22 and the numbering. 

1H NMR spectrum of compound 22 with integrated signals is shown in Fig. 19. 

The integrals correspond to the number of protons in the molecule. The spectrum 

can be roughly divided into the aromatic region (around 8 ppm), double bond region 

(around 6 ppm) and aliphatic region (around 2 ppm). The signals of protons 

connected to a carbon neighboring with a heteroatom (CH2OH) appear in the region 

between 3 and 5 ppm (heteroatomic region). 
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Figure 19. 1H NMR spectrum of compound 22 measured in DMSO-d6. 

More information about the structure may be obtained from 13C NMR 

spectra. As an example, 13C APT spectrum of compound 22 is shown (Fig 20). In 

aromatic and double bond region (110–170 ppm), seven signals corresponding to 

five aromatic and two double-bond carbon atoms are present. Three upward 

oriented signals correspond to quaternary carbon atoms C4’, C5’and C6’ while four 

CH carbon signals come from C2’, C8’, C2 and C3. In the chemical-shift region of 40–

80 ppm, there are signals corresponding to carbon atoms that are connected to a 

heteroatom (N, O) via one bond and bridgehead carbon atoms C1 and C5. The 

aliphatic region (20–40 ppm) contains signals of carbon atoms C6 and C7. 

 

Figure 20. The 13C APT spectrum of compound 22. Carbon atom signals of CH2 and 

quaternary carbons turn up, whereas CH and CH3 signals turn down in this spectrum. 
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In 1H,13C-HMBC spectra, spin-spin interactions between protons and carbon 

atoms across two and three bonds are usually visible as crosspeaks. HMBC spectrum 

of compound 22 is depicted in Fig. 21 and four different parts (in color frames) of this 

spectrum are discussed below. For clarity, 1H spectrum (x-axis) and 13C APT spectrum 

(y-axis) were added. 

 

Figure 21. The 1H,13C-HMBC spectrum of compound 22 measured in DMSO-d6. 

The aromatic region of HMBC framed in red (expansion in Fig. 22) was used 

for NMR signal assignment of the purine skeleton of compound 22. The 6’-NH2 

protons (7.27 ppm) have crosspeak (3J-coupling) with C5’ (119.4 ppm). It is known 

that 3J(C,H) in aromatic systems are much larger than 2J(C,H), therefore, 2J(C6-NH2) is 

not observed. Proton H2’ has three-bond interactions with carbon atoms C4’ and C6’ 

and proton H8’ has 3J-coupling crosspeaks with carbon atoms C4’ and C5’. By 

combination of this information, quaternary carbon atom signals were assigned as 

follows: C4’ (149.2 ppm), C5’ (119.4 ppm) and C6’ (156.3 ppm).  

In the same way, sp2-hybridized carbon atoms of the double bond (C2 and 

C3) were assigned (green frame in HMBC in Fig. 21, expansion in Fig. 22). Carbon 

atom C2 (142.6 ppm) can have HMBC crosspeaks with protons around 1.5 ppm (H6 

and H7 region) and CH2OH protons (around 3.5 ppm), while carbon atom C3 

(120.4 ppm) is too far away (more than three bonds) to have heteronuclear 

correlation with aliphatic protons H6 or H7.  

The rest of the signals were assigned similarly, for instance, H4 proton 

correlations are shown in the pink expansion and double-bond proton correlations 

are shown in the blue expansion (Fig. 22).  
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Figure 22. Parts of HMBC spectrum of compound 22. 

Most of the signals were assigned using 1H,13C-HMBC spectra as described 

above, but the rest of them (for instance H6, C6, C7 etc.) were assigned using 1H,13C-

HSQC, where the crosspeaks correspond to one-bond proton-carbon interactions. 

The protons attached to a heteroatom (NH2, OH) do not have crosspeaks in 1H,13C-

HSQC as well as the quaternary carbon atoms (without any attached proton). From 

the aliphatic carbon atoms, only C1 (51.8 ppm) is quaternary, therefore, does not 

have a crosspeak in 1H,13C-HSQC (Fig. 23).  
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Figure 23. The 1H,13C-HSQC spectrum of compound 22. The crosspeaks represent interaction 

between carbon atoms and the directly attached protons. 

For determination of configuration at carbon atoms C4 and C8, two 

homonuclear 2D NMR spectra, COSY and ROESY, have been measured. As described 

previously, crosspeaks in 1H,1H-COSY spectra usually correspond to spin-spin 

interactions across two and three bonds. When the protons are in a W-like 

arrangement, it is possible to observe long-range couplings. Consequently, it was 

possible to confirm the stereochemistry at C8, because W-like long-range coupling 

between H8 and H7endo was found (Fig. 24 left). In the ROESY spectra, through-

space interactions are observable. A 1H,1H-ROESY crosspeak corresponding to H8-H8’ 

interaction (Fig. 24 right) confirmed the relative configuration at carbon atoms C8 

and C4. Furthermore, crosspeaks corresponding to H4-H6endo and 8OH-H7exo were 

found in 1H,1H-ROESY, which further confirmed the stereochemical assignment at C4 

and C8.  
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Figure 24. A part of the 1H,1H-COSY (in red) and 1H,1H-ROESY (in blue) spectra of compound 

22. The W-like shaped long-range interaction between H8 and H7-endo has clearly 

confirmed the configuration at carbon C8. The through-space interaction H8-H8’ has 

confirmed the configuration at carbon atom C4.  

Further confirmation of the stereochemical signal assignment of protons 

comes from analysis of J-couplings observable in 1H NMR spectrum. The values of     

J-couplings significantly depend on the geometry of the molecule. From Karplus 

equation we can say that ca 90° torsion angle between two protons causes very low 

interaction between them and low (or zero) values of J-couplings are observed. For 

example, protons H5 and H8 have the torsion angle close to 90° and, therefore, no 

signal splitting due to the coupling between H5 and H8 was observed, see Table I for 

the most important vicinal proton-proton couplings in compound 22 and 

corresponding torsion angles .  

 
Table I. The experimental and calculated coupling constants (J-couplings) of compound 22 

and corresponding calculated torsion angles  (B3LYP/6-31+g(d,p)). 

Interaction J experiment (Hz) J calculated (Hz)  calculated (°) 

H2-H3 9.5 9.3 0.2 

H3-H4 3.9 4.1 -59.7 

H4-H5 - 2.5 78.2 

H5-H8 - 1.0 75.3 

H5-H6ex 7.9 7.9 24.3 

H5-H6en - 0.7 -93.4 

H6ex-H7en 2.4 2.3 -113.4 

H6ex-H7ex 10.5 10.8 6.3 

H6en-H7en 9.2 9.6 5.0 

H6en-H7ex 6.2 4.8 124.6 
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The chemical structure and configuration of compound 22 determined by 

combination of 1D and 2D NMR spectra was complemented by DFT calculations. 

First, the geometry optimization was done to find the most stable conformer 

(Fig. 25). The interatomic distances were obtained to confirm that these interactions 

can be visible in the ROESY spectra. The H8-H8’, H4-H6en and H7ex-8OH atom 

distances are around 2.5 Å and crosspeaks corresponding to the correlations 

between these atoms were successfully found in ROESY spectrum as described 

above. J-couplings calculated for the optimized structure are in very good agreement 

with measured values (Table I), which supported the results obtained from the NMR 

experiments. 
 

 

Figure 25. The optimized geometry of compound 22 obtained by DFT calculations (B3LYP/6-

31+g(d,p)). 

3.2 CONFORMATIONAL ANALYSIS  

 

The ribose ring of naturally occurring nucleosides is flexible and may coexist 

in several conformations in solution. The conformation of these molecules can be 

studied by NMR spectroscopy. In some cases, a deeper insight into the conformation 

may be obtained by complementing experimental NMR data with DFT calculations. 

Covalent modifications of nucleosides may lead to locked nucleoside derivatives with 

reduced flexibility of the monosacharide ring. Conformationally restricted (locked) 

nucleosides have been synthetized as potential antivirotic agents. In this chapter, as 

an example, a conformational analysis of compound 23 (Fig. 26) will be discussed.  

 

Figure 26. The chemical structure of compound 23 and the numbering of pseudosugar part 

of the molecule (left). Torsion (dihedral) angles 0-4 (right). 
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Due to the presence of the seven-membered ring in compound 23 (prepared 

by Hubert Hřebabecký at the IOCB AS CR), the conformation of furanose ring is 

partially locked. Experimental J-coupling values obtained from 1H NMR spectrum 

were compared with values calculated by two different approaches. First, the 

geometry of compound 23 was optimized at DFT level starting from four initial 

conformations with phase angles P = 0°, 90°, 180° and 270° and with maximum 

puckering amplitude MAX = 40°. After geometry optimization of all four initial 

geometries, only one conformer was found with torsion angles 0-4: -30.8°, 20.5°,   

-0.8°, -19.5° and 31.5°, respectively. The obtained torsion angles were used as input 

for J-couplings calculated by empirical Haasnoot-Altona equation (JALTONA in Table II), 

which describes the dependence of the vicinal J-coupling values on the torsion angle 

between the coupled nuclei. J-couplings were also calculated by DFT method (JDFT in 

Table II). Both theoretical approaches provided similar values, which fit well with the 

experimentally obtained J-couplings (JEXPERIMENT in Table II). From the obtained torsion 

angles, we can conclude that compound 23 is present in solution in South 

conformation (2E) with phase angle P = 163° (Fig. 28). 

 

Table II. Comparison of calculated coupling constants (J) of compound 23 by Haasnoot-

Altona equation52 and DFT method (B3LYP/6-31g (d)) with experimentally obtained values.  

Interaction JALTONA (Hz) J DFT (Hz) J EXPERIMENT (Hz) 

H2-H3 7.2 5.6 8.1 

H8-H8a 1.3 1.0 1.6 

H8-H7exo 2.0 2.0 1.7 

H8-H7endo 5.0 4.9 4.3 

H4exo-H5 -* 4.2 4.4 

* Undefined for sp2 hybridized carbon atoms (H5). 

 

Figure 27. Optimized geometry of compound 23 (B3LYP/6-31+g(d,p)) and the spin-spin 

interactions described in the Table II. 

The geometry optimization also showed that the adenine part of the 

molecule is oriented syn with respect to the ribose residue. The free-energy 
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difference between syn- and anti- conformation was calculated to be 5.4 kcal/mol. 

Only the syn- conformer was, therefore, used for J-coupling calculations.  

163 

 

Figure 28. Pseudorotation cycle of a furanose ring. The determined South conformation 

of compound 23 with phase angle P = 163° (in red). 

3.3 SUMMARY 

In this chapter, the structure determination of compound 22 solved using a 

combination of 1D and 2D NMR spectra was shown. The configuration of compound 

22 was investigated by a combination of experimentally obtained data (homonuclear 

2D spectra COSY and ROESY) and DFT calculations of J-couplings. Both approaches 

provided the same geometry of compound 22. The conformation of modified ribose 

ring in compound 23 was studied employing Altona-Sundaralingam formalism39, 

which describes the ribose ring geometry by phase angle and maximum puckering 

amplitude. In compound 23, the phase angle P = 163° and maximum puckering 

amplitude MAX = 32.9° were found. Compound 23 is present in solution in the South 

conformation 2E. 
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4 NMR METHODS DEVELOPMENT – PAPERS III, IV 

This chapter describes the results of two independent studies, which focused 

on the development of NMR methods for accurate signal assignment and the 

determination of the preferred tautomeric forms of purine derivatives in solution. At 

the beginning of every NMR study, all signals are assigned by commonly-used NMR 

techniques described in Chapter 3. For 13C NMR signal assignment of purine 

derivatives, the three-bond heteronuclear couplings visible in 1H,13C-HMBC spectra 

as high-intensive crosspeaks are commonly used (Fig. 29 left). Simultaneously, there 

are sometimes two crosspeaks with lower intensity corresponding to the four- and 

five-bond coupling constants (long-range coupling constants) H8-C6 and H8-C2, 

respectively, (Fig. 29 right). From 1H,13C-HMBC spectrum, one can only qualitatively 

estimate J-couplings from crosspeak intensities, but it is generally expected that the 

four-bond H8-C6 crosspeak is always stronger than the five-bond one, meaning the 

four-bond coupling constant (4J) is larger than the five-bond one (5J). If the purine 

skeleton is substituted in both positions 2 and 6, C2 and C6 13C NMR signals are 

assigned using these heteronuclear long-range coupling constants 4J and 5J. We 

decided to investigate whether we can rely on the fact that 5J is always lower than 4J. 

The heteronuclear long-range coupling constants in a series of model compounds 

were estimated from the intensities of the corresponding HMBC crosspeaks or 

measured directly in proton-coupled 13C NMR spectra. The obtained values were 

compared with DFT calculated data. 

 

Figure 29. A schematic representation of heteronuclear H-C spin-spin interactions. Three-

bond correlations (left) are commonly visible in HMBC, long-range couplings (right) are 

visible in HMBC as the crosspeaks with lower intensity. 

13C and 15N NMR chemical shifts as well as 1H-X coupling constants can be 

used not only to distinguish between different regioisomers, but also reflect equally 

well the positions of protons, which enables to study tautomeric equilibria. In the 

second study, experimental chemical shifts of a series of purine derivatives were 

complemented with DFT calculations. The comparison of the experimental and 

calculated data allowed to reveal the preferred tautomeric forms of the studied 

compounds. 
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4.1 STUDY OF HETERONUCLEAR LONG-RANGE COUPLING 

CONSTANTS 

Heteronuclear (H,C) long-range coupling constants were studied on ten 

purine derivatives substituted with various substituents in positions 2 and 6. The 

studied compounds (Fig. 30.) have been prepared at the IOCB AS CR by Lucie 

Čechová and Petr Jansa. Measured coupling constants were compared to DFT 

calculated data (B3LYP/6-311++G(d,p)). For simplicity of the DFT calculations, the 

benzyl group was replaced by a methyl group and it was confirmed by a control 

calculation that this change caused only minor differences in the calculated coupling 

constants.  

 

Figure 30. The chemical structure of studied compounds and their numbering. In compounds 

28 and 31, keto forms were used in DFT calculations. 

The relative intensity of HMBC crosspeaks reflects, in general, the values of 

heteronuclear (1H-13C) coupling constants. The observation of very small coupling 

constants J(C,H) depends on the match between the coupling constant and the 

experimental delay of the anti-phase evolution (1/2 J). For heteronuclear couplings 

lower than 1 Hz, the evolution delay should be larger than 500 ms, which leads, 

however, to a strong signal suppression by relaxation. After evolution delay 

optimization, the 50-ms delay was set for HMBC experiments in this study. Using this 

setup, the intensity of crosspeaks in HMBC spectra is mainly governed by the value of 

the J-coupling. The H8 regions of HMBC spectra of compounds 24–33 depicted in 

Fig. 30. show that the H8-C2 crosspeak can be more intensive than H8-C6 

(compound 24), equally intensive (compound 30), less intensive (compound 27) or it 

can be missing completely in the HMBC spectrum (compound 28). It means that 

there are significant differences between long-range coupling constants in the 

differently substituted purines. To corroborate this finding, long-range coupling 

constants were calculated using DFT method. Calculated long-range coupling 

constants of compounds 24, 27, 28, 30 (Table III) are in agreement with the findings 

obtained from HMBC spectra. For instance, in compound 24, the calculated 5J = 0.61 

Hz is higher than 4J = 0.32 Hz. It corresponds to the observation that the H8-C2 

crosspeak in HMBC is stronger than the four-bond one (H8-C6). In the case of 

compound 30, the calculated long-range coupling constants are close to each other 
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5J = 0.75 Hz, 4J = 0.79 Hz, corresponding to similar intensities of the crosspeaks in 

HMBC spectra.  

                                   

  

                                

 

Figure 31. The H-8 region of the HMBC spectra of selected compounds. There are significant 

differences between the intensity of crosspeak H8-C2 and H8-C6. The H8-C6 crosspeak (4J) is 

not always stronger than the H8-C2 (5J). 

Table III. The calculated five-bond (5JH8-C2) and four-bond (4JH8-C6) coupling constants of the 

selected compounds (B3LYP/6-311++g(d,p). 

Compound 5JH8-C2 (Hz) 4JH8-C6 (Hz) 

24 0.61 0.32 
30 0.75 0.79 
27 0.56 0.66 
28 0.34 0.92 

 

The exact values of heteronuclear coupling constants can be obtained from 

the line splitting of proton-coupled 13C NMR spectra. During this measurement, 

proton decoupling is on during relaxation delay to evolve NOE and switched of 
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during data acquisition. Split signals are less intensive than singlets obtained from 13C 

NMR spectra acquired with proton decoupling. It leads to lower signal-to-noise ratio. 

Acquisition times must be longer as well as number of scans must be higher to 

obtain high-quality NMR spectrum. With respect to these facts, hydrogen-coupled 
13C NMR experiments are time-consuming and suitable only for high-concentrated 

samples or 13C enriched compounds. As an example, a part of 13C NMR spectra of 

compound 28 is shown in Fig. 32. The 13C NMR spectrum with selective decoupling of 

H8 (Fig. 32) was measured to confirm that the line-splitting is really caused by the 

interaction of C2 and C6, respectively, with H8 atom. 

The experimental values of heteronuclear J-couplings were compared with 

the calculated ones (Table IV) and they are in good agreement.  

 

 

Figure 32. A part of hydrogen-coupled 13C NMR spectrum (bottom) and 13C NMR spectrum 

with selective H8 decoupling (top) of compound 28. 

The calculated values of H8-C2 (5J) coupling constant depend significantly on 

the nature of the substituent in the position 2. The following order of the coupling 

values depending on the C2 substituent was observed: H < Cl < NH2. Slightly different 

behavior was observed in guanine, hypoxanthine and xanthine (keto form in position 

C6), where very low H8-C2 coupling constants were found. Also the H8-C6 couplings 

(4J) are primarily influenced by the nature of the C6 substituent. In keto forms of 

guanine, hypoxanthine and xanthine derivatives, the highest values of the coupling 

constants were found. Furthermore, in 7-methyl isomers, the long-range coupling 

constants, 4J as well as 5J, were higher than in the case of 9-methylisomers.    

Based on these findings, it was shown that we cannot say that the four-bond 

coupling constant 4J is always higher than the five-bond one (5J). Depending on the 

substituents attached to the purine skeleton, the values of the coupling constants 

can change significantly. During the NMR signal assignment of purine derivatives one 

must keep in mind this fact, otherwise the signals could be incorrectly assigned. 

 

 

Table IV. Comparison of the experimental 

and calculated heteronuclear J-couplings. 

Interaction Experiment Calculated 

H8-C2 0.4 0.34 
H8-C6 1.2 0.92 
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4.2 METHOD FOR PREDICTION OF TAUTOMERIC FORMS  

The tautomeric forms of purine derivatives were studied on a series of twenty 

four 6-substituted purines (Fig. 33) prepared by Michal Šála and Radim Nencka at the 

IOCB AS CR. 

 

Figure 33. The general formula of the studied purine derivatives and the numbering. R = H, 

Cl, F, Br, CH3, CF3, OCH3, SCH3, CN, COOCH3, CONH2, OH, SH, NH2, N3, N(CH3)2, Ph, p-PhCl, p-

PhF, p-PhtBu, p-PhPh, p-PhCN, p-PhOCH3, p-PhNPh2. 

After NMR signal assignment, the shielding constants  for every atom on the 

purine skeleton were calculated using a DFT method. For simplicity of the DFT 

calculations, the rigid bicycloheptane part of the molecule was replaced by a methyl 

group. The geometry optimizations and shielding constants calculations were 

performed in vacuum as well as with implicit solvent model (PCM) of DMSO 

solvation. For every atom in the purine skeleton of purine derivatives with one 

possible tautomeric form only, the correlation between experimentally obtained 

chemical shifts  and calculated shielding constants was ploted. The correlations 

for carbon atoms as well as for nitrogen atoms (except carbon atom C6 and nitrogen 

atom N7 calculated in vacuum) fit well to a straight line (R2 > 0.96); as an example, 

the correlation of the carbon atom C4 and the nitrogen atom N1 are shown in 

Fig. 34.  
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Figure 34. The correlation between the calculated shielding constants  and the measured 

chemical shifts  of the carbon atom C4 (left) and the nitrogen atom N1 (right). The black 

squares represent the tautomers/rotamers, which are not present in DMSO solution.  

The poor correlation of nitrogen N7 shieldings (R2 = 0.37) calculated in 

vacuum (Fig. 35) might be explained by stronger influence of solvation on the 
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electronic structure near the N7 atom and the vicinity of the substituents at C6. The 

largest deviations from the linear correlation for the carbon atom C6 were observed 

for substituents with heavy atoms (Cl, Br, S). It could be explained by relativistic 

effects contributing to the shielding of this carbon atom. The correlation for protons 

was rather modest (e.g. R2 = 0.35 for H8 in vacuum) that could be caused by the 

inaccuracy of DFT calculations when neglecting vibrational averaging and 

interactions with explicit solvent molecules. Furthermore, in the small range of 1H 

shifts, the same error causes larger relative error than in the case of carbon atoms or 

nitrogen atoms, respectively. 
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Figure 35. The correlation between the calculated shielding constants  and the measured 

chemical shifts  of the nitrogen atom N7. The black squares represent the 

tautomers/rotamers, which are not present in DMSO solution.  

In compounds 34–36, several tautomeric forms can exist in solution. 

Hypoxanthine derivative 34 and mercaptopurine derivative 35 can exist in four 

tautomer/rotamer forms (keto/enol tautomers) 34a–34d and 35a–35d, respectively 

(Fig. 36). The adenine derivative 36 can exist in five tautomer/rotamer forms 36a–

36e (Fig. 37). It has been determined previously that the keto form 34a,33,34 the 

thione form 35a58 and the amino form 36a59,60 are preferred in solution. These 

derivatives were used to validate the new method for prediction of the preferred 

tautomeric forms in purines. It is clear that only “a” forms fit well with the 

correlations (Fig. 34 and 35), meaning that these “a” forms are present in solution, 

whereas the other tautomer/rotamer forms 34b–34d, 35b–35d and 36b–36e are far 

from the linear correlation, so these forms are not present or their relative 

concentration is low.    
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Figure 36. Possible tautomer/rotamer forms of compounds 34 and 35. 

 

Figure 37. Possible tautomer/rotamer forms of compound 36. 

6-Azidopurine derivatives can exist in equilibrium between tetrazole 37a and 

azido-azomethine forms 37b and 37c (Fig. 38) depending on external conditions like 

solvent or on different nature of the substituents.61,62 It has been published that in 

polar solvents the equilibrium is shifted toward the tetrazole form.63 According to 

the crystallographic data, 6-azidopurine exists in solid state as a pure tetrazole 

form.64 The DFT calculations in vacuum show that the most stable form of compound 

37 is azido-azomethine 37b. In DMSO, the electronic energies of tetrazole form 37a 

and azido-azomethine form 37b are close to each other. From the shielding-shift 

correlations, it is evident that both azido-azomethine forms 37b and 37c are very far 

from the linear correlation (see e.g. carbon C4 in Fig. 34 left). It is clear that the 

tetrazole form 37a is highly predominant in the DMSO solution.    

 

Figure 38. Possible forms of azidopurine 37.  

4.3 SUMMARY 

In this work, two new NMR methods based on the combination of 

experimental and theoretical approaches relating to the purine derivatives were 

developed.  
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The first method employs heteronuclear long-range coupling constants 

across four and five bonds (4J and 5J, respectively) of the hydrogen atom H8 with 

carbon atoms C2 and C6 to assign the NMR signals correctly. Depending on the 

substituents attached to the purine skeleton, the values of the coupling constants 

can change significantly. We must take into account that five-bond coupling constant 

can be higher (and HMBC crosspeak more intensive) than the four-bond one (5J > 4J) 

and use the comparison of DFT-calculated and experimental 4J and 5J values for 

structural assignment of carbon atoms C2 and C6. 

The second method is focused on the determination of preferred tautomeric 

forms in purine derivatives dissolved in DMSO using correlation between the 

experimental chemical shifts and the calculated shielding constants. The correlations 

constructed for every atom of purine skeleton were linear and the “a” forms of 

compounds 34–37 (Fig. 39) fit well with the correlation, whereas data for other 

tautomeric forms are far from the linear correlation. 

 

Figure 39. The preferred tautomeric forms determined by the correlation between 

experimental chemical shifts and the calculated shielding constants. 
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5 HYDROGEN BONDS IN POLYSUBSTITUTED 5-NITROSO-

PYRIMIDINES – PAPERS V, VI 

5-Nitrosopyrimidines are not naturally occurring but they display a wide 

range of biological effects such as cytostatic,65,66 antifungal67 or antimicrobial.68 The 

nitroso group can form intramolecular hydrogen bonds (H-bonds) with suitable        

H-bond donors in the neighboring positions e.g. amino groups. In this arrangement, 

the shape of 5-nitrosopyrimidines is similar to purine derivatives and they might 

work as purine mimics. When two H-bond donors are attached to both carbon atoms 

in the neighboring positions, two H-bonds can be formed differing in the orientation 

of the nitroso group. Therefore, these molecules mimic two different purine 

derivatives and might be substrates for enzymes of two metabolic pathways.  

We studied structure and physico-chemical properties of the rotamers of 

polysubstituted 5-nitrosopyrimidines with strong intramolecular H-bonds. The 

rotamers have different properties, for instance, we observed them as two sets of 

signals in NMR spectra (1H, 13C) in equilibrium mixture. We determined NMR 

parameters of both rotamers. Next, the substituent effects on the rotamer ratio in 

solution was studied as well as temperature dependence of 1H NMR spectra that 

allowed us to determine the rotational barrier of the nitroso group. Electronic effects 

of substituents were also studied using UV/Vis spectrometry. In some cases, the 

rotamer separation was possible, so we determined the chemical structure of both 

rotamers in solid state using solid-state NMR spectroscopy and these data were 

confirmed by X-ray analysis. We also measured kinetics of rotamer interconversion 

using 1H NMR spectroscopy and kinetic data are at disposal. The experimental data 

were supported by DFT calculations which fit well with our observations. 

5.1 5-NITROSOPYRIMIDINES SUBSTITUTED WITH AROMATIC 

AMINES 

For this work, a series of 5-nitrosopyrimidine derivatives with strong 

intramolecular H-bonds has been prepared (Fig. 40) by Lucie Čechová at the IOCB AS 

CR using a new microwave-assisted synthesis.69 The first class of compounds with 

methoxy group in the position 4 and NH-aryl substituent in the position 6 on the 

pyrimidine skeleton (38a–38i) can form only one H-bond, whereas the second class 

of compounds with the amino substituents in both positions 4 and 6 could form two 

H-bonds. Due to the two possible H-bonds, the two conformers differing only in the 
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nitroso group orientation (rotamers) were observed in the NMR spectra as two sets 

of signals.  

 

Figure 40. The structure of studied compounds. 

5.1.1 NMR signal assignment 

For the NMR signal assignment, 1H, 13C and 2D NMR spectra (HSQC, HMBC) 

were measured. Here, I would like to show the NMR signals assignment for 

compound 38e as an example. Compound 38e belongs to the first class of 

compounds, where only one H-bond can be formed, so only one conformer is stable 

and one set of signals was found in the spectra. From the chemical shifts, integration 

and multiplet analysis, the proton NMR signal assignment is clear (Fig. 41). The signal 

with the highest chemical shift above 13 ppm corresponds to the NH proton involved 

in the H-bond. The signals in the aromatic region (7–8 ppm) correspond to the 

phenyl residue. And the most shielded protons in methoxy group have NMR signal 

around 4 ppm.  

 

 

Figure 41. 1H NMR spectrum of compound 38e with signal assignment. 

Next, the 13C APT NMR spectrum was recorded. To assign all 13C NMR signals, 

it was necessary to use 2D NMR spectra. One-bond C-H interactions are visible in 

HSQC spectrum as crosspeaks, see Fig. 42.  
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Figure 42. The 1H,13C-HSQC spectrum of compound 38e (left) and assigned CH carbon atom 

signals in 13C APT spectrum (right). 

The last signals belonging to aromatic quaternary carbon atoms were 

assigned using 1H,13C-HMBC spectrum, where the crosspeaks correspond to the 

heteronuclear C-H multiple bond. In the HMBC spectrum of compound 38e, strong 

H3’-C1’, 6NH-C5 and CH3-C4 crosspeaks were found and they determined chemical 

shifts of carbon atoms C1’ (137.4 ppm), C4 (171.2 ppm) and C5 (138.4 ppm). In the 

case of W-like path between the nuclei, the four-bond (long-range) C-H interactions 

are usually visible as crosspeaks, but with weaker intensity. In this way, the carbon 

atom signals C2, C4 and C6 were assigned, see Fig. 43.    

 

N

N

O

N
O

NH2 N
H

CH3

2

 

N

N

O

N
O

N N
H

CH3

H

H

4

N

N

O

N
O

N N
H

CH3

H

H

6

 

Figure 43. The 1H,13C-HMBC correlations of compound 38e with the W-like arrangement 

between the aniline NH protons and C2 (left) and between the 2-amino protons and C4/C6 

(right). 

Using these 2D NMR spectra (HSQC and HMBC), it was possible to assign all 

NMR signals in 13C NMR spectrum of compound 38e, see Fig. 44. NMR signals of 

other studied compounds were assigned in the same way. 
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Figure 44. Complete 13C NMR signal assignment of compound 38e. 

Usually, the stronger the hydrogen bond is, the higher chemical shift of 

proton involved in the H-bond is observed. Furthermore, electron-withdrawing 

substituents decrease the electron density in the studied molecule leading to smaller 

shieldings (higher chemical shifts). We observed an unexpected dependence of 6-NH 

chemical shifts on the para-substituents R1. We found that in compounds with 

electron-donating substituents R1 (with negative Hammett constants P), the 6-NH 

chemical shift is slightly higher (Table V). As an explanation, in this type of molecules 

with a conjugated -system, the electronic effects of the para-substituent R1 are 

spread throughout the molecule. Electron-donating substituents increase the 

electron density also at the nitroso oxygen atom, which makes it a better H-bond 

acceptor. 

 
Table V. The experimental chemical shifts of the 6-NH proton in compounds 38a–38i in 

comparison to their electronic effects expressed by substituent Hammett constants P. 

Compound 
Para-substituent 

R1 

Hammett constant 

P 
70

 

Chemical shift 

NH (ppm) 

38a CN 0.70 13.45 

38b CF3 0.53 13.47 

38c COOCH3 0.44 13.53 

38d Cl 0.24 13.46 

38e H 0 13.51 

38f CH3 -0.14 13.52 

38g OH -0.38 13.54 

38h NH2 -0.57 13.65 

38i N(CH3)2 -0.63 13.67 
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5.1.2 Two rotamers = two sets of NMR signals 

In the second class of compounds, methoxy group was replaced by NH-R2 

group, the second H-bond donor was thus inserted into the molecule and two 

rotamers were observable in 1H and 13C NMR spectra as two sets of signals. The 

rotamer ratio was determined from the 1H NMR signals integration. For instance, in 

compound 42e, 77 % of rotamer A was found (Fig. 45). In 13C NMR spectrum of 

compound 42e, the two sets of signals with intensities corresponding to the two 

rotamers concentration in equilibrium were also observed. The 1H and 13C NMR 

signals of both rotamers were assigned in the same way as described above.  

 
 

 

Figure 45. The low-field region of the 1H NMR spectrum of compound 42e. The rotamer ratio 

was determined by integration of the NH signals. 

 
Figure 46. The low-field region of the APT 13C spectrum of compound 42e. Two sets of signals 

differing in the intensity correspond to two rotamers differing in their relative concentration 

in equilibrium. Rotamer A is the major one in this case.   
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5.1.3 The dependence of the rotamer ratio on substitution 

The relative concentration of rotamer A ranged from 32 to 84 % in 

compounds 39a–42i strongly depending on the para substituent R1 of the 

phenylamino group at position 6, and the percentages correlated well with Hammett 

coefficients P, see Fig. 47.  
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Figure 47. The dependence of the observed rotamer ratio of compounds 39–42 on the 

Hammett constant P for the substituent in the para position of the phenylamino group (R1). 

In the series of compounds with R2 = CH3CO, the para-OH and para-NH2 

derivatives could not be prepared. Therefore, alternative derivatives with R1 = NMe2 

were synthesized. Hammett coefficients P of para-NH2 and para-NMe2 are very 

close (-0.57 and -0.63, respectively) as well as the resulting percentage of rotamer A 

in equilibrium (80 % and 79 %, respectively) in compounds 41h and 41i. 

In general, it can be said that electron-withdrawing substituents R1 decrease 

the concentration of rotamer A, whereas electron-donating substituents have the 

opposite effect. At the first sight, this behavior might be surprising; electron-

donating groups increase the electron density in the aniline residue including the NH 

nitrogen, making the NH group less acidic and poorer H-bond donor. In our 

molecules, however, the conjugated -electrons system enables the transfer of 

electronic substituent effects throughout the whole molecule. In this way, electron-

donating substituents increase the electron density also at the nitroso oxygen atom, 

making it a better H-bond acceptor. The rotamer ratio can be predicted well using 

DFT calculations (data not shown). 

 

5.1.4 Temperature dependence of 1H NMR spectra 

After the rotamer mixture heating, the nitroso group should rotate faster and 

only one set of signals should be observed in the NMR spectra. However, the 

intramolecular H-bonds stabilize the two rotamers and their interconversion is slow 
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even at elevated temperatures. For instance, temperature-dependent 1H NMR 

spectra of compound 40e are shown (Fig. 48) and it is seen that even at 140 °C no 

NH signals averaging was detected (Fig. 48 left). Only the two non-equivalent proton 

signals in the 2-amino group of both rotamers merged at 50 °C (Fig. 48 right). The 

temperature measurements above 140 °C were impossible because of the NMR 

probe temperature limitation.  

 
Figure 48. The NH-region (left) and the aromatic region (right) of the temperature-

dependent 1H NMR spectra of compound 40e. 

From these data it is clear that the rotational barrier is unusually high. From 

the NMR line-shape analysis of the NH protons, the rotational barrier higher than 

20 kcal/mol has been determined. It led us to the idea that the individual rotamers 

might be separated. Unfortunately, for this class of compounds, it was not possible 

to separate them from each other even at low temperature. 

 

5.1.5 UV/Vis spectrometry  

Thanks to the nitroso group, the 5-nitrosopyrimidine derivatives are colorful 

compounds and their solutions have bright colors significantly dependent on the 

solvent. Furthermore, we found out that the color is strongly substituent-dependent 

and the Hammett-like correlation of the absorption spectra was observed. The 

UV/Vis spectra of these compounds in DMSO showed three transitions, one weak in 

the visible region (430–600 nm) and two strong transitions in the UV region (260–

350 nm). For the interpretation of the UV/Vis spectra, the time-dependent density 

functional theory calculations (TD-DFT) have been used. The absorption in the visible 

region is caused by n → * transitions, on the other hand, the UV bands are caused 

by  → * transitions. The position of the absorption maximum in the visible region 

significantly depends on the para substituents (R1), by contrast, the maxima in the 

UV region are only slightly substituent-dependent. Also the R2-dependence was 

determined. The more electron-donating substituent R2 is, the more hypsochromic 

shift was observed. For example, for the series with R1 = H, the wavelength of the 
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absorption maxima in visible region decreases from 590 nm to 568, 564 and 562 nm 

for R2 = CH3CO, H, CH3 and cyPr, respectively. 

The UV/Vis absorption maxima of derivatives 39–42 are shifted by an almost 

constant shift with respect to the corresponding methoxy derivatives 38 indicating 

that the orientation of the nitroso group does not affect the electronic spectrum.    

An interesting solvatochromic effect was observed. The UV/Vis spectra of 

compound 38e dissolved in four different solvents were recorded and MAX were 

found at 608, 594, 552 and 540 nm in acetone, DMSO, ethanol and methanol, 

respectively (Fig. 49).  

 
Figure 49. Compound 38e dissolved in acetone, DMSO, ethanol and methanol (from left to 

right). 

5.2 5-NITROSOPYRIMIDINES SUBSTITUTED WITH ALIPHATIC 

AMINES 

Compounds 43–46 with aliphatic amine residues in positions 4 and 6 were 

prepared by Lucie Čechová and Zlatko Janeba at the IOCB AS CR. The physico-

chemical properties of these compounds are really interesting; the rotational barrier 

was unusually high. We thus tried to separate the two rotamers from each other. 

Also here, there were two H-bond donors, two H-bonds were formed and the two 

stable rotamers were present in solution. The rotamer ratio was significantly 

substituent-dependent. To our surprise, it was possible to separate the two rotamers 

of compound 43 using column chromatography at room temperature. After the 

solvent evaporation from the chromatographic fractions, the two stable rotamers 

were obtained.   

 

Figure 50. A new series of 5-nitrosopyrimidine derivatives substituted with aliphatic amines. 
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5.2.1 Influence of the NO group geometry on the chemical shifts  

All NMR signals of both rotamers of the studied compounds were assigned 

using 1D and 2D NMR experiments described in 3.1. The orientation of the nitroso 

group has a significant influence on the chemical shift of the carbon atoms C4 and 

C6. For example, in aliphatic region of 1H,13C-HMBC spectrum of equilibrium mixture 

of compound 45 (Fig. 51), there are two crosspeaks between protons from methyl 

group and the carbon atom C6 for both rotamers – the major rotamer A (red) and 

the minor rotamer B (blue). It clearly shows the difference in chemical shifts of the 

carbon atom C6 between both rotamers. In rotamer A of compound 45, where the 

nitroso oxygen atom is turned to the NH group at position 6, C6 carbon atom is more 

shielded (151.5 ppm) than in the case of rotamer B (163.8 ppm). These results were 

confirmed by DFT calculations. The experimental and calculated data for pyrimidine 

carbon atom chemical shifts are summarized in Table VI.  

 

Figure 51. A part of the 1H,13C-HMBC spectrum of compound 45. The crosspeaks correspond 

to the heteronuclear interactions between protons from the methyl group and the carbon 

atom C6. 

Table VI. The experimental pyrimidine chemical shifts of rotamer A of compound 45 and the 

experimental and calculated (B3LYP/6-31+G(d,p)) chemical-shift differences between the 

two rotamers. 

Atom  (A) exp. (ppm)  A-B exp.  A-B calc. 

C-2 164.4 0 -0.3 

C-4 166.2 14.9 17.0 

C-5 136.9 -0.7 -0.7 

C-6 151.5 -12.3 -13.5 

 

The dependence of 15N chemical shifts on the NO group orientation was also 

determined, the direct 15N NMR spectrum could not be measured because of the low 

natural abundance of isotope 15N. Instead, the indirect detection with 2D 

heteronuclear NMR experiments (1H,15N-HSQC, 1H,15N-HMBC) was used. The 
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nitrogen atoms with attached protons (NH, NH2) are observable in 1H,15N-HSQC. The 

nitrogen atoms involved in the pyrimidine ring are observable in 1H,15N-HMBC 

(Fig. 52). There are significant differences between the chemical shifts of both 

rotamers. For instance, the nitrogen atom attached to the pyrimidine skeleton in the 

position 6 (6-NH) is less shielded in rotamer A (92.54 ppm) than in rotamer B 

(85.31 ppm). As a standard, nitromethane with the chemical shift at 381.7 ppm was 

used. These experiments have been confirmed by DFT calculations, see Table VII. 

     

Figure 52. The NH region of 1H,15N-HSQC (left) and 1H,15N-HMBC (right) spectrum of  

equilibrium mixture of compound 43 in DMSO.  

 

Table VII. The experimental nitrogen chemical shifts of rotamer A of compound 43 and the 

experimental and calculated (B3LYP/6-31+G(d,p)) chemical-shift differences between the 

two rotamers. To simplify the calculations, the phosphonate function was replaced by a 

methyl group. 

Atom  (A) exp. (ppm)  A-B exp.  A-B calc. 

N-1 179.0 -7.7 -4.2 

N-3 188.6 6.6 3.8 

4-NH2 84.5 -3.8 -8.2 

6-NH 92.5 7.2 7.4 

 

 

5.2.2 Structure determination in solid state 

After the gentle evaporation of solvents from chromatographically separated 

rotamers A and B of compound 43 (done by Lucie Čechová, IOCB AS CR), the solid-

state 13C NMR cross-polarization magic angle spinning (CP-MAS) spectra were 

measured. These data confirmed the rotamer purity (the minor rotamer NMR signal 

intensity was under the detection limit of solid-state NMR, ca. 5 %). The 13C NMR 

signals of rotamer A were sharp indicating long-range order in the solid, whereas the 

signals of rotamer B were broader indicating amorphous structure. Interestingly, we 
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were able to observe slow re-crystallization of amorphous rotamer B into the stable 

crystalline rotamer A in solid-state 13C NMR spectra within several months (Fig. 53). 

 

Figure 53. The aromatic region of the 13C CP-MAS solid-state NMR spectra of planar rotamers 

43A and 43B. Solid amorphous 43B slowly transforms into the solid crystalline 43A. 

The geometry of the nitroso group was investigated using X-ray 

crystallography by Ivana Císařová (Faculty of Science, Charles University in Prague). 

Compound 43 was re-crystallized from dry acetone, only rotamer A was found in the 

X-ray structure (Fig. 54 left). After re-crystallization of compound 43 from acetone-

water mixture, a disordered monohydrate with both nitroso group orientations was 

obtained (Fig. 54 right). Rotamer A was predominant (ca. 80 %).  

 

Figure 54. The X-ray structure of compound 43 re-crystallized from dry acetone (left) and 

from the acetone-water mixture (right). In the left structure, only rotamer A was found, 

whereas in the right structure, both rotamers appeared, rotamer A being predominant. 

5.2.3 Kinetics of rotamer interconversion 

Thanks to the chromatographic separation of the rotamers, the kinetics of 

their interconversion could be measured and for this purpose, solution-state 1H NMR 

spectroscopy was used. The kinetic data of compound 43 are shown as an example. 

The NH proton NMR signals of the two rotamers are well separated and after their 

integration, the rotamer ratio in various times after dissolution (Fig. 55 left) was 

determined. From these data, kinetic curves (Fig. 55 right) were constructed and rate 
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constants k were determined. Gibbs free energy of activation G‡ (rotational barrier) 

was calculated from the Eyring equation.  
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Figure 55. The kinetic measurement of rotamer interconversion in compound 43 in DMSO. 

Integrating 1H NMR signals in various times after dissolution (left), the time dependence of 

relative concentrations was ploted (right). 

As it can be seen in Fig. 55 right, we have measured kinetic data starting from 

almost pure rotamer A (90 % A) and from almost pure rotamer B (70 % B); the 

rotamer impurities were caused by the fast interconversion between them before 

the first NMR data could be acquired. After approximately four hours, the system 

was in equilibrium (73 % A + 27 % B), rate constant k = 1.21 x 10-4 s-1 was determined 

and Gibbs free energy of activation G‡ = 22.8 kcal/mol was calculated. The kinetic 

data for compounds 43–46 are summarized in Table VIII.  

 
Table VIII. The kinetic data of compounds 43–46 and the relative concentration of rotamers 

in equilibrium.  

Compound Solvent % A equilibrium kA→B /10-4 s-1 G‡ /kcal . mol-1 

43 

DMSO 73 1.21 22.8 

Methanol 67 1.07 22.9 

Acetone 71 1.64 22.6 

44 DMSO 74 0.66 23.2 

45 DMSO 64 0.92 23.0 

46 
DMSO 63 0.39 23.5 

Methanol 52 0.19 23.9 
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5.2.4 H/D isotopic exchange 

The intramolecular hydrogen bonds reduce solvent accessibility to the 

hydrogen bond donor, which results in a slowing hydrogen-to-deuterium isotopic 

exchange. To confirm this fact, the isotopic exchange of proton 6-NH of compound 

43 was investigated by 1H NMR spectroscopy. This proton participates in the 

hydrogen bonding in rotamer A, in contrast to the rotamer B, where 6-NH is not 

involved in the hydrogen bonding. As expected, the H/D exchange is much slower in 

rotamer A (Fig. 56, red line) than in the case of rotamer B (Fig. 56, blue line). 

As it is normal, the amino group protons in positon 2 were replaced by 

deuterium before the first spectrum could be acquired. Interestingly, both amino 

protons in position 4 were also exchanged despite the fact that the hydrogen bond in 

rotamer B is formed. It could be explained as follows: after the fast isotopic exchange 

of not H-bonded amino proton, the amino group rotates fast around the C4-NH2 

bond and the second hydrogen atom is exchanged to deuterium. This explanation 

was supported by DFT calculations of rotational barriers of the nitroso group around 

C5-NO bond and the amino group around C4-NH2 bond. It was found out that the C4-

NH2 barrier is 5.6 kcal/mol lower than the C5-NO rotational barrier.  
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Figure 56. The progress of the H/D exchange of hydrogen atom 6-NH in equilibrium mixture 

of rotamers 43A (in red) and 43B (in blue) in DMSO-d6-CD3OD mixture (9:1). 

5.3 SUMMARY 

A new series of 5-nitrosopyrimidine derivatives with interesting physico-

chemical properties was prepared. These compounds contain a system of strong 

intramolecular hydrogen bonds which allows the nitroso group to adopt two 

different orientations. It results in two stable conformers formation. The mixture 

composition in equilibrium is significantly substituent-dependent. From the 

temperature dependence we found out that the rotamer interconversion barrier is 

unusually high. The two rotamers of some derivatives could be chromatographically 

separated. Both chromatographic fractions were analyzed (after solvent 
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evaporation) using solid-state NMR and these data were confirmed by X-ray analysis. 

The rotamers were stable enough to measure kinetics of their interconversion in 

solution. The properties of these compounds are close to atropisomers, whose 

interconversion barrier is high enough to separate them. The main difference is that 

the atropisomers separation is allowed by sterically hindered rotation in contrast to 

our rotamers that are separable through strong intramolecular hydrogen bonding. 

This significant difference led us to make a distinction from relatively common 

atropisomers. We have suggested a term “planamerism”, defining “planamers” 

(Fig. 57) as small aromatic molecule rotamers with a planar conjugated moiety that 

are isolable as chemical species.71 It may be speculated that planamers might play an 

important role in disciplines involving the study of weak and reversible non-covalent 

interactions such as supramolecular assemblies or as potential biologically active 

compounds in the development of novel drug-like molecules. 

 

Figure 57. Planar rotamers have been separated by column chromatography at room 

temperature. 
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6 ENZYMATIC DECOMPOSITION MONITORED BY 31P NMR 

SPECTROSCOPY – PAPER II 

Many biologically active compounds are unable to pass across the cell 

membrane, therefore, more lipophilic derivatives (prodrugs) are often prepared. 

Frequently used prodrugs of modified nucleosides contain phosphoramidate 

moiety,72 which can be easily cleaved by cellular enzymes and activated nucleoside 

(monophosphate) is released. The enzymatic cleavage can be monitored by 31P NMR 

spectroscopy.73   

This study deals with monitoring of the enzymatic decomposition of modified 

nucleosides with aryl phosphoramidate moiety (Fig. 58). Studied compounds have 

been prepared by Hubert Hřebabecký at the IOCB AS CR as potential antivirotics. It 

has been described for similar compounds that prodrug activation is initiated by the 

carboxyesterase-mediated hydrolysis of phosphoramidate derivative.74 Enzymatic 

degradation was thus simulated using carboxypeptidase Y,75 which possesses high 

structural homology to cathepsin A, an enzyme responsible for this conversion in 

humans. Chemical hydrolysis of the studied compounds in aqueous triethylamine 

solutions was also studied to confirm the chemical structure of intermediates and 

final products. It was found that the structural modification of the studied nucleoside 

derivatives is not significant enough to inhibit the enzyme and that the supposed 

metabolic reaction works well.    

 
Figure 58. The chemical structure of the studied phosphoramidate derivatives. 

The starting phosphoramidate derivative 47 has two signals in the proton 

decoupled 31P NMR spectra corresponding to two diastereoisomers differing in the 

configuration of the chiral center at phosphorus atom. After the enzyme addition 

(Fig. 59 left), two new phosphorus signals of an intermediate 47a appeared. It means 

that the intermediate still has the chiral center at phosphorus atom. After several 

hours, a single 31P NMR signal was observed, which indicates that the final product 

47b does not contain a chiral centre at phosphorus atom. Similar progress of the 

reaction was observed after chemical hydrolysis of the starting phosphoramidate in 
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triethylamine solution (Fig. 59 right). The chemical-shift differences between 

enzymatic and chemical hydrolysis could be caused by the environment; the 

enzymatic hydrolysis was performed in Trizma buffer (pH 7.4), whereas the chemical 

hydrolysis was done in basic environment (pH 12.0).    

 

 

Figure 59. The enzymatic decomposition (left) and chemical hydrolysis (right) of the starting 

phosphoramidate derivative 47 monitored by 31P NMR spectroscopy.  

For compound 48, similar progress of both enzymatic and chemical reactions 

was observed. The time dependence of relative concentration (Fig. 60 right) of the 

intermediate and the final product was obtained by integration of 31P NMR spectra 

acquired at various times after the start of the chemical hydrolysis of compound 48 

(Fig. 60 left). 
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Figure 60. The progress of chemical hydrolysis of compound 48 monitored by 31P NMR 

spectroscopy (left) and time dependence of relative concentrations obtained from 

integration of 31P NMR spectra (right). Concentration of intermediate (red) decreased, 

whereas concentration of the final product (blue) increased. 
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6.1 IN SITU STRUCTURE DETERMINATION 

In situ structure determination of intermediates 47a and 48a, respectively, 

was done during approximately the first two hours of the reaction, when the 

concentration of the intermediate was above 50 %. The structure determination is 

based on the analysis of C-P spin-spin interactions across 1–3 bonds visible in 13C 

NMR spectra as a line splitting. It is clear that the methylester was hydrolyzed; the 

intensity of the signals corresponding to the methyl carbon atoms of methylester 

group (two signals around 52.55 ppm = two diastereoisomers) decreased whereas 

the intensity of methanol singlet signal (52.45 ppm) increased. The phenyl moiety is 

still attached to the molecule, signals corresponding to the carbon atoms in ortho 

position are still visible as two dublets (two, because of the two diastereoisomers 

and dublets because of the C-P interaction), Fig. 61.  

 

 

Figure 61. The 13C NMR spectra of ortho carbons (left) and methoxy group (right) of 

compound 47. The 13C NMR spectra were accumulated at intervals 6–57 min (bottom) and 

162–213 min (top) after the start of the chemical hydrolysis. 

After several hours, the phenyl ring was cleaved and stable final product 47b 

was obtained. The two dublets around 120.3 ppm corresponding to ortho carbons, 

disappeared and one singlet signal around 118.9 ppm corresponding to ortho carbon 

atoms of phenol appeared (Fig. 62). After the phenol release, there is no chiral 

center at the phosphorus atom, thus no two diastereoisomers exist. 
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Figure 62. The 13C APT spectra of ortho carbons. 

The reaction mixture containing the final product was separated using HPLC; 

methanol and phenol were removed. It was confirmed by comparing of the 13C NMR 

spectra of the reaction mixture before and after HPLC separation (Fig. 63). The 13C 

NMR signals corresponding to phenol and methanol disappeared after HPLC 

separation.   

 

Figure 63. The aromatic region (left) and aliphatic region (right) of 13C NMR spectra of the 

reaction mixture after chemical hydrolysis of compound 48 (bottom) and the reaction 

mixture after HPLC separation (top). NMR signals of phenol and methanol disappeared.  

6.2 SUMMARY 

The enzymatic cleavage of aryl phosphoramidate prodrug was successfully 

monitored by 31P NMR spectroscopy. The decomposition was studied to confirm that 

the starting compound 47 can work as a prodrug and it is cleavable by intracellular 

enzymes. It was suggested previously that carboxypeptidases catalyze the first step 
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of the metabolic activation, which is the hydrolysis of the carboxylic ester function in 

the amino acid part of the molecule.76 In this work, carboxypeptidase Y, an enzyme 

with high structural homology to human cathepsin A, was employed. It was found 

that the enzymatic cleavage of both compounds 47 and 48 consists of two steps. The 

intermediate 47a (and 48a, respectively) with chiral center at the phosphorus atom 

was obtained and the final product 47b (and 48b, respectively) does not contain the 

chiral center at the phosphorus atom, because phenolic substituent was removed by 

hydrolysis. The chemical structure of intermediate 47a (and 48a, respectively) and 

the final product 47b (and 48b, respectively) was determined by NMR spectroscopy 

(Fig. 64).   

Figure 64. The proposed pathway of the enzymatic decomposition of the studied 

phosphoramidate prodrug. 
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7 STUDY OF POLYMORPHIC FORMS BY SOLID-STATE NMR 

SPECTROSCOPY – PAPER VII 

Studies of polymorphic forms of pharmaceutically important compounds are in 

the field of interest of many research teams all over the world. The information 

about the polymorphic structure of these compounds is crucial for granting licenses 

obtained from regulatory authorities. The structure of polymorphs is usually studied 

by diffraction methods but solid-state NMR spectroscopy in combination with 

calculations can provide very useful information in the cases, where X-ray data are 

not available or where they are complicated by a disorder in the molecule. For this 

purpose, the 13C cross-polarization magic-angle spinning (CP-MAS) NMR 

spectroscopy is often used. For example, to determine the number of non-equivalent 

molecules in asymmetric units in the crystal, it is sufficient simply to compare the 

number of the observed resonances with the number of non-equivalent carbon 

atoms of the studied molecule.  

The aim of this work was to study polymorphic forms of three industrially 

important compounds, including methacrylamide (49), piracetam (50) and 2-thio-

barbituric acid (51) (Fig. 65), by several spectroscopic methods, X-ray diffraction 

analysis and DFT calculations. The polymorphic structure differences visible in the 

NMR spectra of the studied compounds will be discussed in this chapter.  

The desired polymorphic forms of studied compounds 49–51 were prepared by 

re-crystallization of commercially available samples from different solvents under 

described conditions.77 The differences between their polymorphs range from a 

subtle change in the crystal packing (piracetam) over conformational 

(methacrylamide) and tautomeric (2-thiobarbituric acid) variations.  

 
Figure 65. The chemical structure of model molecules: methacrylamide (49), piracetam (50) 

and 2-thiobarbituric acid (51).  

7.1 METHACRYLAMIDE 

Methacrylamide is widely industrially used as a key intermediate in acetone 

cyanohydrin process for the manufacture of methyl methacrylate and for a synthesis 
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of polymers. Two polymorphic forms of the compound are known.78 The crystals of 

form I, prepared from hot CHCl3 solution, are monoclinic, and contain s-cis 

conformer only (49a). Orthorhombic form II obtained from re-crystallization by slow 

cooling of warm aqueous solution of methacrylamide (49b) consists exclusively of s-

trans conformer. It has not yet been possible to develop procedures for the isolation 

of the pure phases, only the enriched batches of either form I or II have been 

prepared.78 We succeeded in the pure forms preparation, which was confirmed by X-

ray analysis (done by Ivana Císařová at Faculty of Science, Charles University in 

Prague) and by the 13C CP-MAS NMR spectra of both prepared pure forms. The 

chemical shifts of both polymorphic forms were only slightly different (Fig. 66).  

 

Figure 66. The solid-state 13C NMR spectra of polymorphic crystals of methacrylamide re-

crystallized from chloroform (red) as form 49a and from water (black) as form 49b. The red 

spectrum is offset by ~5 ppm for clarity. Crystalline glycine was used as a standard. 

Furthermore, when sample 49b was not completely dried before the NMR 

experiment, it was possible to observe the 49b transformation into 49a during 

several days. This process was monitored by a series of the 13C CP-MAS NMR spectra 

(Fig. 67). The intensity of 49b signals (in black) decreased whereas the intensity of 

new NMR signals corresponding to the form 49a (in red) increased. The spectral 

changes are best observable in the region close to 122 ppm, where the left signal 

(122.78 ppm) corresponds to the form 49a and the right signal (122.10 ppm) 

corresponds to form 49b. This transformation may have been facilitated by the 

combined effect of residual solvent and higher pressure in the MAS rotor spinning at 

12 kHz because it was not observed when the sample was dry or wet and stored 

without spinning. 
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Figure 67. A part of the 13C NMR spectra of methacrylamide polymorphic form 49b at various 

times. After several days, the orthorhombic form 49b (black) was transformed into the 

monoclinic form 49a (red). 

7.2 PIRACETAM 

Piracetam (2-oxo-pyrrolidineacetamide) is pharmaceutically very important 

compound used to treat conditions of age-associated mental decline and disorders 

of the nervous system. The structures of five polymorphic forms have been 

described previously.79,80 In our work, only triclinic form II (50a) and monoclinic form 

III (50b) have been studied. Form II has been prepared by re-crystallization from 

propan-2-ol, whereas form III has been prepared by re-crystallization from methanol. 

Although the molecular orientation of both forms 50a and 50b is almost identical, 

the different crystal packing induces specific shielding in the two crystal forms, which 

causes changes in the 13C CP-MAS NMR chemical shifts (0.4–1.3 ppm) as 

shown in Fig. 68. 

 

Figure 68. The solid-state 13C NMR spectra of polymorphic crystals of piracetam re-

crystallized from propan-2-ol (red) as form 50a and from methanol (black) as form 50b. The 

red spectrum is offset by ~5 ppm for clarity. Crystalline glycine was used as a standard. 
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7.3 2-THIOBARBITURIC ACID 

The third studied structure is 2-thiobarbituric acid that also belongs to a class 

of pharmaceutically important compounds. Six polymorphic forms and one hydrated 

form have been isolated and characterized.81 For this study, two polymorphic forms 

II (51a) and III (51b) have been prepared by re-crystallization from absolute ethanol 

and dry acetonitrile, respectively. These two polymorphs contain two different 

tautomeric forms (51a-enol and 51b-keto) and they are unambiguously 

distinguishable in 13C CP-NMR spectra. The sp2-hybridized carbon atom C5 in form 

51a is less shielded (82.75 ppm) than the sp3-hybridized carbon C5 in form 51b 

(40.93 ppm). Also other signals are significantly shifted (1.8–4.7 ppm). The measured 

spectra are depicted in Fig. 69.  

 

Figure 69. The solid-state 13C NMR spectra of polymorphic crystals of thiobarbituric acid re-

crystallized from ethanol (red) as form 51a and from acetonitrile (black) as form 51b. The red 

spectrum is offset by ~5 ppm for clarity. Crystalline glycine was used as a standard. 

7.4 SUMMARY 

In this work, different polymorphic forms of three industrially important 

compounds have been prepared. The CP-MAS NMR data confirmed sample purity 

and good performance of the technique in polymorphic discrimination. We 

succeeded in preparing of the pure polymorphic crystals of methacrylamide which 

have not been published yet. The crystal structure of the desired orthorhombic form 

49b obtained after very slow re-crystallization from warm aqueous methacrylamide 

solution was confirmed by X-ray analysis. An interesting 49b→49a transformation in 

solid state was detected using CP-MAS NMR spectra. The kinetic data of this process 
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were not obtained, because the rate of this transformation depended on the 

external conditions such as the sample spinning. The molecular geometry in both 

types of piracetam crystals (50a and 50b) is the same, but the crystal packing is 

different, which induces different shielding as visible in CP-MAS NMR spectra. Two 

different tautomeric forms of 2-thiobarbituric acid were obtained in polymorphic 

forms 51a and 51b. Crystals 51a consist of enol form of 2-thiobarbituric acid, 

whereas polymorphic form 51b contained keto form of this compound, which was 

clearly determined by CP-MAS NMR spectroscopy.  
13C CP-MAS NMR spectroscopy is a suitable tool for polymorphic forms 

investigation, because even very small differences in the crystal structure lead to 

easily observable changes in the spectra. Solid-state NMR spectroscopy can thus be 

used as a fast and reliable technique for polymorphic purity determination. 
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8 STABILITY OF 5-AMINOPYRIMIDINES IN DMSO – PAPER 

VIII 

For biological activity investigation, the studied compounds are usually 

dissolved in DMSO and these solutions are very often stored in a freezer for a long 

time. In our previous work,4 when we studied antioxidative activities in a series of     

5-aminopyrimidines (Fig. 70), color changes in DMSO solution were observed after 

several hours at room temperature (Fig. 71) as well as in a freezer.  

This chapter will describe the chemical transformation of these compounds in 

DMSO studied by a consequences of chemical reactions with alloxan, by NMR and 

UV/Vis spectroscopy and proposed reaction mechanism. NMR spectroscopy was not 

suitable tool to determine the structures, because of very low solubility of the 

products, but it helped to elucidate the reaction mechanism as well as to monitor 

the progress of the transformations in DMSO.  

 

Figure 70. The general formula of the studied compounds. 

 

Figure 71. The DMSO solutions of compounds 53, 54, 52, 56 (from left to right) several hours 

after preparation. The solutions were colorless immediately after dissolution. 

8.1 CHANGES OBSERVED BY NMR SPECTROSCOPY 

Color changes were observable in DMSO as well as in DMSO-d6 so they could 

be detected directly in an NMR tube. The kinetics of these transformations was 

monitored by 1H NMR spectroscopy and by UV/Vis spectrometry. For illustration, the 

time-response changes in the 1H NMR spectra of compound 53 are displayed in 

Fig. 72. The NMR signals of the starting compound (in red; 6.37 and 6.46 ppm) 

practically disappeared from the reaction mixture by day 7. The signals of the purple 
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intermediate product 53a (in purple; 8.30; 8.60 and 10.95 ppm) appeared within only 

one day of incubation. On day 2, the signal of an ammonium cation was detected (in 

green; 7.09 ppm, J = 51 Hz). In several months, it was possible to observe the NMR 

signals of the final product of a successive reaction of 53, the yellow 53b (in yellow, 

8.9 and 9.0 ppm). The low intensity of these signals was caused by the low solubility 

of 53b in DMSO (it precipitated from the solution). The UV/Vis spectra confirmed the 

successive reactions (53→53a→53b), the isosbestic point at 365 nm was found.  

 

 

Figure 72. The time evolution of the 1H NMR spectra of compound 53 in DMSO. The starting 

compound 53 (in red) reacted in DMSO to generate the intermediate product 53a (in purple, 

the purple solution in the NMR tube). Simultaneously, the ammonium cation escaped (in 

green). Consequently, several months later, compound 53a was converted into the final 

product 53b (in yellow, the yellow solution in the NMR tube). 

1H NMR spectra have provided a clear evidence that an ammonium cation is 

present in the solution after the first reaction (53→53a) and the following 

mechanism has been proposed (Fig. 73). The starting compound 53 is oxidized by 

DMSO to pyrimidine-quinone-imine, while an ammonium cation is released. 

Subsequently, this unstable intermediate condenses with the 5-amino group of 

another molecule and purple intermediate 53a arises. For comparison, 2,6-diamino-

4-oxo-pyrimidine (compound 53 without the 5-amino group) was dissolved in DMSO 

and no changes were observed. Obviously, 5-amino group is crucial for the oxidation 

reactions. Several months later, the less soluble final product 53b was obtained. 
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Figure 73. The proposed mechanism of the transformations of compound 53 in DMSO.  

8.2 OXIDATION-CONDENSATION REACTIONS 

Unfortunately, more information about the structure of the products were 

not obtained from the NMR spectra. The pyrimidopteridine products of the reactions 

were very poorly soluble and we were not able to acquire the 13C NMR spectra or 

heteronuclear correlations of these products. Furthermore, in the 1H NMR spectra of 

the starting compounds, the signals of the exchangeable protons (NH or OH) were 

very broad, probably because of a fast tautomer interconversion. For the structure 

determination, the chemical reactions with alloxan and hydrolysis by NaNO2 in HCl 

were performed to compare UV/Vis spectra of our color products with previously 

described pyrimidopteridines. The observed oxidation-condensation reactions are 

depicted in Fig. 74.   

 

Figure 74. A series of the oxidation-condensation reactions of 5-aminopyrimidines with 

alloxan and with DMSO. 

From the proposed mechanism introduced above, we can say that 5-amino 

group is transformed into oxo group which reacts with another pyrimidine molecule 
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quickly. To confirm the proposed mechanism, condensation reactions with alloxan 

(2,4,5,6-tetraoxo-pyrimidine) were performed. After the reaction of compound 52 

with alloxan, obtained “open-form” 52d spontaneously condensed, and the final 

product 52b was obtained. Compound 53 reacted in the same way and products 53d 

and 53e were obtained. In the case of compound 54, the “open-form” 54d was not 

detected probably because of the fast intramolecular condensation into 54e. After 

the condensation of 5-aminobarbituric acid 55 with alloxan, we ended up with the 

“open-form” 55a and no subsequent intramolecular condensation was observed. It is 

not surprising, because in the molecule, no other amino group is present to 

condense into the “close-form”. The ammonium salt of compound 55a is called 

murexide and it is commercially available metalochromic indicator used in analytical 

chemistry for monitoring of calcium titrations. Therefore, we could compare not only 

UV/Vis spectra of our product 55a (MAX = 532 nm) with commercially available 

murexide, but also the ability of calcium chelation. In compound 56, the changes in 

the UV/Vis spectra and the presence of ammonia cation suggest that similar 

oxidation and self-condensation reactions take place. Unfortunately, the isolation of 

the products failed, so reactions with this compound are not shown. Finally, the 

condensation of compound 57 with alloxan led to the stable “open-form” 

bipyrimidine derivative 57d.  

The “close-forms” 53e and 54e obtained from the reaction with alloxan and 

subsequent spontaneous intramolecular condensation were transformed into 52b by 

the reaction with NaNO2 in HCl. In the same way, the “close-forms” 53b and 54b 

obtained from DMSO oxidation and subsequent condensation were converted into 

52b. UV/Vis spectra of the final product 52b obtained in different ways were in 

agreement with previously published data.82 

8.3 SUMMARY 

We used consequence of chemical reactions and spectroscopic data to 

explain 5-aminopyrimidine transformations in DMSO and to determine the products 

of these transformations. HR-MS provided molecular formula of our products and 

UV/Vis spectra of the final products 52b and 52c were compared with literature.82  

Although it was impossible to use NMR spectra for structure determination, some 

relevant information were extracted and reaction mechanism of 5-aminopyrimidines 

transformations in DMSO was proposed. 
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9 SUMMARY 

In this work, I focused on the structure determination of modified nucleic 

acid components, mainly (but not only) nucleoside derivatives, which have been 

prepared by synthetic chemists from the IOCB AS CR, namely the groups of Radim 

Nencka and Zlatko Janeba, with the aim to find novel potentially biologically active 

compounds. During my Ph.D. studies, I solved the chemical structure of more than 

700 newly prepared compounds by NMR spectroscopy and, if necessary, 

complemented that with conformational analysis, because the correct structure 

assignment is a crucial step for biological activities screening and structure-activity 

relationship studies. 

In this work, two new NMR methods have been developed to help with the 

structure determination of purine derivatives; quaternary carbon atom NMR signal 

assignment by heteronuclear (C-H) long-range coupling constants as well as 

preferred tautomeric forms have been studied in detail. These methods are based on 

the correlation between experimental and DFT-calculated NMR parameters.  

Using NMR spectroscopy, physico-chemical properties such as the 

intramolecular interactions, stability or reactivity of modified nucleosides were 

studied. The most significant result published in this work is study of physico-

chemical properties of 5-nitrosopyrimidine derivatives with strong intramolecular 

hydrogen bonds. In these compounds, interesting stereochemical behavior was 

observed. Due to unusually strong intramolecular H-bonds, two stable rotamers 

differing in nitroso group orientation were found and observed as two sets of NMR 

signals. The rotamer ratio in equilibrium strongly depends on the nature of 

substituents; the percentage of one rotamer can be tuned in a wide range of values 

(32–84 %). The influence of p-substituents on relative rotamer concentration 

correlates well with Hammett constants, where the substituents are aligned 

according to their electronic properties (donors, acceptors). Furthermore, in some 

cases, it was possible to separate the rotamers from each other and characterize 

them as individual chemical species. They exerted different retention factors in silica-

gel chromatography and significantly different NMR spectra (1H, 13C, 15N) in solution 

as well as in solid state. Because of their interesting stereochemical behavior, they 

were compared with well-known atropisomers, which are separable via sterically 

hindered rotation. In our rotamers, the mode of stabilization is strong intramolecular 

hydrogen bond. The rotational barriers were determined around 23 kcal/mol, which 

explains that pure rotamers could be isolated at room temperature.  
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