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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, | 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 'H 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 3P NMR spectrum corresponding to two
diastereoisomers. After several hours of the enzymatic reaction, a single 3!P 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 H, 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 INTRODUCTION

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.t 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, FADH3), coenzyme A, S-methyladenosine etc.?
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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 ©-7 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 (N! of pyrimidine or N° of purine) by
N-glycosidic bond; f-b-ribose or 2'-deoxy-f-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 (N* and N° 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 As
hydrolase, phosphodiesterase or cyclin-dependent kinase.> Also their antioxidant
activity has been found.* Nowadays, they are used as antiviral,>® antitumor’ and
antimicrobial® 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,



5-azacytidine (1) is a well-known cytostatics®, 8-aza-7-deaza-hypoxanthine (2) called
allopurinol is used against gout.’® The analogs obtained after exocyclic substitution
are, for instance, S5-fluorocytosine (3) exerting antifungal effects!® or
6-mercaptopurine (4) used for antitumor treatment?? (Fig. 3).
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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)!® as well as human immunodeficiency virus (HIV)* and
gemcitabine (6) with antitumor activities*> were described (Fig. 4).
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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
HIVe is shown in Fig. 5.

HN/A
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Figure 5. The structure of carbocyclic nucleoside abacavir (7).



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.!”'® It was discovered that the
nucleosides locked in different conformations (described in 1.1.3.4) can interact with
different enzymes.*® 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. 6.1820,21

cl
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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.??
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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)® — was prepared and systematically studied by prof. Antonin
Holy and his group (IOCB AS CR). In ANPs, the phosphate group is not attached
through O-P bond, but through a methylene bridge O-CH»-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.



Adefovir (13) is active against retroviruses and DNA viruses,?3 its oral prodrug
adefovir dipivoxil (commercialized under the trade name Hepsera™) works in the
treatment of chronic HBV disease.?* Another successfully used compound is
tenofovir (14),%> which exerts biological activity against retroviruses. It inhibits
reverse transcriptase of HBV as well as HIV.?® 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 Viread™. The third clinically used
compound of this class is cidofovir (15) with the brand name Vistide™. It is active
mainly against DNA viruses. It has been approved by FDA in 1996 for treatment of
cytomegalovirus retinitis?’ as well as against acyclovir-resistant Herpes sp.
infections.?®
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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.?® 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.? 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.3% 3! 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.?? As an example, possible tautomeric forms of purine derivatives,
hypoxanthine, is shown in Fig. 9. It was found that NY,N° form is preferred in
solution.3334
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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 >N 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 Ks and Ka,
respectively. As an example, protonated forms of hypoxanthine are shown in Fig. 10.
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Figure 10. The structure of hypoxanthine monocation and dication studied by NMR
spectroscopy.>36

1.1.3.3 Base orientation

The orientation of a base with respect to a ribose ring is described by
glycosidic torsion angle g, which is defined for purine nucleosides as 04’-C1’-N9-C4
torsion angle (Fig. 11) and for pyrimidine derivatives as 04’-C1’-N1-C2 angle. If y
ranges between 90 and 270°, this conformation is called anti, on the other hand,
when y 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.” Based on this work, Altona and Sundaralingam
developed the method for a quantitative determination of five-membered ring
conformation.3® In the theory of pseudorotation, the conformation of the ribose ring
is described by two parameters called phase angle P and maximum puckering
amplitude @uax. For schematic representation of the furanose ring conformation
based on the variation of P (0-360°), the pseudorotational cycle was defined
(Fig. 12).%° 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 @y-@; described
below. The capitals E or T meaning Envelope or Twist conformation, respectively,
represent the shape of the furanose ring.



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 @p-@; (Fig. 13);3 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).

@, 0 0 _ ®g: C1-C2-C3-C4
®4: C2-C3-C4-0
(‘1‘31 q14 ®,: C3-C4-0O-C1
®5: C4-0-C1-C2
3 @ 2 ®,: 0-C1-C2-C3

(P, + Py) — (P + D3)

tanP =
an 2®,(sin 36 + sin 72)

Figure 13. Definition of the five endocyclic torsion angles @p-@; in the ribose ring.



The second variable describing the ribose ring conformation is maximum
puckering amplitude @wuax, which characterizes maximal atom displacement and it
can be calculated from the following equation.

q)o = (I)MAX cosP

In naturally occurring nucleoside or nucleotide derivatives as well as in their
modified counterparts, the values of @wax generally range approximately from 35 to
45°3° Therefore, @wax 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 (%E) (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.
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N-type S-type
C3'-endo C2'-endo

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.®® For instance, it was found that North-type derivatives of a locked
nucleoside are effectively bound by polymerases,*® whereas the South counterparts
are recognized by thymidine kinases.’® 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.** 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.*? 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.*?

The strength of intramolecular hydrogen bond is increased if a six-membered
ring is formed and the linker atoms are sp?-hybridized resulting in planar, conjugated
systems. This phenomenon is called resonance-assisted hydrogen bonding (RAHB)



and it is mediated via enhanced m-delocalization.** It was published that six-
membered hydrogen-bonded pseudorings can mimic aromatic rings.*>*® For
example, 5-nitrosopyrimidines with strong intramolecular H-bonds were proposed as
purine mimics (Fig. 15).

NH, NH,
N_ N

| >
NSy N
R R

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.

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. 303147
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 v
resulting from the resonance condition:

y 1B
21

gyromagnetic ratio y is a quantity characteristic for each nucleus and Bo represents
external magnetic field. In most cases, yis positive, but sometimes (e.g. °N) it can be
negative. The external magnetic field By 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 *H, 3C, N, °F, or 3P, 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 H is 99.98 %, while that of 1*Cis 1.11 %, only.

The chemical shift ¢ is defined as the difference between the resonance
frequency v of the observed nucleus and the standard reference frequency Vier
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divided by v 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.

§="—"rf 106
Uref

The "J-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 (Y (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 A).48

1.2.1 NMR experiments

1.2.1.1 1D NMR experiments

IH 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 Bp equal to 11.74 T, the *H nuclide resonates at the
frequency 500 MHz. *H 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 CHs group in ethanol have the
chemical shift around 1.0 ppm. The second region (ca.3—6 ppm) contains protons in
a heteroatom neighborhood (CH»-OH). For example, CH; 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 sp?-hybridized carbon atoms. For instance, electronic shielding
caused by conjugated m-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 (Jdrms = 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 *H NMR spectra
described above. For instance, aliphatic carbon atom CHs in ethanol has chemical
shift around 20 ppm, whereas the signal of the CH, 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 (JOrvs = 0).

It is more convenient to measure APT spectra (attached proton test) than
common 3C 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, CHs) are turned down, while signals of carbon atoms with
zero or two protons (C, CH;) are oriented upwards. This significantly helps to assign
13C NMR signals in more complicated structures.

Furthermore, in 13C experiment without *H-decoupling, it is possible to see
C-H spin-spin interactions as a splitting of carbon signals.

3P 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 3P NMR spectra.
The 3P nuclei of nucleoside triphosphates resonate approximately around -10 ppm
(Po, Py) and -20 ppm (Pg). As an external standard, H3POs with chemical shift equal to
zero is commonly used.

In this work, the measurement of 3'P 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 0) 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 (*H, '3C) 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, °N, 31P) across one bond. H,'3C-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 *H nuclei with high gyromagnetic ratio y to low-y
heteronuclei and because of direct detection of H signals and indirect detection of
the heteronuclei. High sensitivity of this experiment is often exploited for indirect
detection of insensitive nuclei such as *°N with very low natural abundance (0.4 %)
and low y. H,">N-HSQC measurement provides an evidence of NH/NH; groups
presence.

HMBC experiment

Heteronuclear multiple bond correlation (HMBC) correlates signals of protons
and heteroatoms X (*3C, *°N, etc.), which have J-coupling across two (%/) and three
(3J) bonds. Sometimes, long-range couplings across four and five bonds (*/ and °J,
respectively) can be also seen. *H,:3C-HMBC experiment is crucial mainly (but not
only) for quaternary carbon atom signal assignment. *H,®>N-HMBC can help with the
detection and assignment of °N signals of non-labeled compounds.

In this work, '™H,*C-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 *H,'H-COSY. Crosspeaks from this spectrum correspond to J-
couplings between protons on the same carbon atom (geminal coupling 2%J) or
between protons in the neighboring positions (vicinal coupling 3J), which is used for
chain connectivity information. In some cases, long-range couplings (*/, °J) 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 A). 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 J
(C-H) visible in 13C spectra measured without broad-band decoupling; the couplings
across two bonds 2/ and three bonds 3/ are called geminal and vicinal, respectively.

The3J-coupling value significantly depends on the torsion angle between the
coupled nuclei. The relation 3/ ~ 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: 420

3](d) = Acos?®d +Bcosd +C

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 3/ 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-Donders>! or Haasnoot-Altona®? 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).

H H H Compound  *J (Hz)
N 16 1-3
H H
X\ A% @ "t v s
H
’ 18 1-2
16 17 18 19

19 2-3

Figure 16. Examples of long-range coupling constants %/ in compounds with W-like shaped
pathway between the coupled nuclei (in red).



Multiple bonds in the pathway between the coupled nuclei also increase the
value of long-range couplings. For instance, %/-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 °J-coupling.

o

H H
20 4J=1-3Hz 21 4J=2-3Hz

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 (*°F, 3!P) 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 1071 and
approximately 10% s 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 T. only one
broad coalesced signal appears and further temperature increase leads to the single
sharp signal in the spectrum.

The rate constant k. at coalescence temperature T, for two-site exchange can
be estimated from equation:
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where Av 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 k., but it is valid only at single
temperature (7.) 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 'H 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.>® The Eyring equation is an expression
for the rate constant in the transition-state theory, from which we can calculate free
energy barrier AG* of the process.

_AGt

kgTk
-5 e RT

kex -

The transmission coefficient xis set to unity, kgis Boltzmann’s constant, h is Planck’s
constant, R is universal gas constant and T is temperature.

The entropy of activation AS* and enthalpy of activation AH* 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 AH? is extracted from the slope of linear
regression, whereas the entropy AS? is obtained from the intercept.

Koy AH* AS* kg

o =-Frt Rty

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 Bo is equal to 54.74°, the term 3cos? 6-1
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, | 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 p(r); energy is a unique functional of electronic
density. Becke’s three-parameter hybrid functional (B3)** with the Lee-Yang-Parr
(LYP)> 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).”®
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 (GIAQ) method,>” 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.
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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 3'P 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, I

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, | 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.

In this subsection, the NMR signal assignment of compound 22 (Fig. 18) will
be discussed. This compound has been prepared by Michal Sala at the IOCB AS CR.

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

IH 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 (CH,OH) appear in the region
between 3 and 5 ppm (heteroatomic region).
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Figure 19. 'H NMR spectrum of compound 22 measured in DMSO-ds.

More information about the structure may be obtained from 3C NMR
spectra. As an example, 3C 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.
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Figure 20. The 3C APT spectrum of compound 22. Carbon atom signals of CH, and
guaternary carbons turn up, whereas CH and CHjs signals turn down in this spectrum.
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In H,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, *H spectrum (x-axis) and 3C APT spectrum

(y-axis) were added.
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Figure 21. The H,*C-HMBC spectrum of compound 22 measured in DMSO-de.

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’-NH;
protons (7.27 ppm) have crosspeak (3/-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-NH>) 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, sp?-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 CH;OH 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 'H,'3*C-HMBC spectra as described
above, but the rest of them (for instance H6, C6, C7 etc.) were assigned using *H,*3C-
HSQC, where the crosspeaks correspond to one-bond proton-carbon interactions.
The protons attached to a heteroatom (NH, OH) do not have crosspeaks in 'H,3C-
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 *H,3C-HSQC (Fig. 23).
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Figure 23. The H,3C-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 !H,*H-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 *H,*H-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 80OH-H7exo were
found in H,*H-ROESY, which further confirmed the stereochemical assighment at C4
and C8.
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Figure 24. A part of the H,*H-COSY (in red) and H,*H-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-H& 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 'H 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 | 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 (o)
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-80H atom
distances are around 2.5 A 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 1), which supported the results obtained from the NMR
experiments.
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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.

N NH,
—
e

Figure 26. The chemical structure of compound 23 and the numbering of pseudosugar part
of the molecule (left). Torsion (dihedral) angles @y @4 (right).



Due to the presence of the seven-membered ring in compound 23 (prepared
by Hubert Hrebabecky at the IOCB AS CR), the conformation of furanose ring is
partially locked. Experimental J-coupling values obtained from 'H 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 @wax = 40°. After geometry optimization of all four initial
geometries, only one conformer was found with torsion angles @p-@s: -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 (Jaitona in Table 11),
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 (Jprr in
Table Il). Both theoretical approaches provided similar values, which fit well with the
experimentally obtained J-couplings (JexperivenT in Table ). From the obtained torsion
angles, we can conclude that compound 23 is present in solution in South
conformation (%E) with phase angle P = 163° (Fig. 28).

Table Il. Comparison of calculated coupling constants (J) of compound 23 by Haasnoot-
Altona equation®? and DFT method (B3LYP/6-31g (d)) with experimentally obtained values.

Interaction Jatrona (Hz) J orr (Hz) J experivent (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 sp? hybridized carbon atoms (H5).

H8-H7exo '

H8-H7endo

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.

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 @vax = 32.9° were found. Compound 23 is present in solution in the South
conformation 2E.
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4 NMR METHODS DEVELOPMENT — PAPERS l11, 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 3C NMR signal assighment of purine
derivatives, the three-bond heteronuclear couplings visible in *H,'3C-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 'H,'3C-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 (%) is larger than the five-bond one (°J). If the purine
skeleton is substituted in both positions 2 and 6, C2 and C6 '*C NMR signals are
assigned using these heteronuclear long-range coupling constants %/ and °J. We
decided to investigate whether we can rely on the fact that >/ is always lower than 4/.
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 ¥C NMR spectra. The obtained values were
compared with DFT calculated data.

\ >=H | S=—H
H)Z\N/4 N Rz)z\ NT4N
Rg Rg

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 >N NMR chemical shifts as well as *H-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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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
Cechovéd 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.
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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 (*H-'3C) 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 Ill) are in agreement with the findings
obtained from HMBC spectra. For instance, in compound 24, the calculated >/ = 0.61
Hz is higher than %/ = 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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°J = 0.75 Hz, 4/ = 0.79 Hz, corresponding to similar intensities of the crosspeaks in

HMBC spectra.
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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 (%) is
not always stronger than the H8-C2 (*J).

Table Ill. The calculated five-bond (°Jus.c2) and four-bond (“Jus.cs) coupling constants of the
selected compounds (B3LYP/6-311++g(d,p).

Compound *Jus-c2 (Hz) 4Jns-ce (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 *C 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 3C NMR spectra of
compound 28 is shown in Fig. 32. The *C 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.

|
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-2 Table IV. Comparison of the experimental
6 and calculated heteronuclear J-couplings.

H8-C2 0.4 0.34
H8-C6 1.2 0.92
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Figure 32. A part of hydrogen-coupled **C NMR spectrum (bottom) and *C NMR spectrum
with selective H8 decoupling (top) of compound 28.

The calculated values of H8-C2 (°J) 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 < NHa. 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
(4)) 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, 4/ as well as >/, 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 %/ is always higher than the five-bond one (°J). 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.
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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 Sala 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, CHs;, CF3, OCH3, SCH3, CN, COOCH3;, CONH,, OH, SH, NH,, N3, N(CHs),, Ph, p-PhCl, p-
PhF, p-PhtBu, p-PhPh, p-PhCN, p-PhOCHs, p-PhNPhs.

After NMR signal assignment, the shielding constants o 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 0 and calculated shielding constants owas 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 (R*> 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 (R? = 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. R? = 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 *H
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,333* the
thione form 35a°® and the amino form 36a°°%0 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 “@” 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.
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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.®>®? It has been published that in
polar solvents the equilibrium is shifted toward the tetrazole form.®® According to
the crystallographic data, 6-azidopurine exists in solid state as a pure tetrazole
form.®* 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 37ais highly predominant in the DMSO solution.
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Figure 38. Possible forms of azidopurine 37.

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 (% and °J, 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 (°J > %))
and use the comparison of DFT-calculated and experimental %/ and °J 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 “@” forms of
compounds 34-37 (Fig. 39) fit well with the correlation, whereas data for other
tautomeric forms are far from the linear correlation.
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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,®>®¢ antifungal®” or antimicrobial.®® 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 (*H, 3C) 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 'H 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 *H NMR spectroscopy and kinetic data are at disposal. The experimental data
were supported by DFT calculations which fit well with our observations.

For this work, a series of 5-nitrosopyrimidine derivatives with strong
intramolecular H-bonds has been prepared (Fig. 40) by Lucie Cechovd at the IOCB AS
CR using a new microwave-assisted synthesis.®® 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.

Rotamer A Rotamer B
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Figure 40. The structure of studied compounds.
5.1.1 NMR signal assignment

For the NMR signal assignment, 'H, 3C and 2D NMR spectra (HSQC, HMBC)
were measured. Here, | 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.
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Figure 41. *H NMR spectrum of compound 38e with signal assignment.

Lo}

Next, the 3C 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.

38



A Jl IH I pem s 9 g 3g o9t s
- =t 2 4 s @n ppes ]
| mifs  FE O} LW :
| "
: Lo
| - L
i E a0
3 =100
i p1e ¢ 0-cHa
z | £120
= L . b 3 2
3 E130

T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 ppm

Figure 42. The H,*C-HSQC spectrum of compound 38e (left) and assigned CH carbon atom
signals in 3C APT spectrum (right).

The last signals belonging to aromatic quaternary carbon atoms were
assigned using 'H,'3C-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.
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Figure 43. The 'H,*C-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 *C 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 R'. We found that in compounds with
electron-donating substituents R* (with negative Hammett constants o»), the 6-NH
chemical shift is slightly higher (Table V). As an explanation, in this type of molecules
with a conjugated m-system, the electronic effects of the para-substituent R! 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 op.

Para-substituent Hammett constant Chemical shift
Compound
R o’ I (ppm)
38a CN 0.70 13.45
38b CF3 0.53 13.47
38c COOCH;3 0.44 13.53
38d Cl 0.24 13.46
38e H 0 13.51
38f CHs -0.14 13.52
38g OH -0.38 13.54
38h NH> -0.57 13.65
38i N(CHs3)» -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-R?
group, the second H-bond donor was thus inserted into the molecule and two
rotamers were observable in *H and 3C NMR spectra as two sets of signals. The
rotamer ratio was determined from the 'H NMR signals integration. For instance, in
compound 42e, 77 % of rotamer A was found (Fig. 45). In 3C NMR spectrum of
compound 42e, the two sets of signals with intensities corresponding to the two
rotamers concentration in equilibrium were also observed. The 'H and 3C NMR
signals of both rotamers were assigned in the same way as described above.
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Figure 45. The low-field region of the 'H NMR spectrum of compound 42e. The rotamer ratio
was determined by integration of the NH signals.
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Figure 46. The low-field region of the APT *3C 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 R! of the
phenylamino group at position 6, and the percentages correlated well with Hammett

coefficients op, see Fig. 47.
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Figure 47. The dependence of the observed rotamer ratio of compounds 39-42 on the
Hammett constant op for the substituent in the para position of the phenylamino group (R?).

In the series of compounds with R? = CH3CO, the para-OH and para-NH3
derivatives could not be prepared. Therefore, alternative derivatives with R! = NMe;
were synthesized. Hammett coefficients op of para-NH, and para-NMe; 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 41.i.

In general, it can be said that electron-withdrawing substituents R 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 m-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 'H 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

42



even at elevated temperatures. For instance, temperature-dependent *H 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.
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Figure 48. The NH-region (left) and the aromatic region (right) of the temperature-
dependent *H 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 (R?), by contrast, the maxima in the
UV region are only slightly substituent-dependent. Also the R2-dependence was
determined. The more electron-donating substituent R? is, the more hypsochromic
shift was observed. For example, for the series with R! = 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 R? = CH3CO, H, CHs 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 Auax were
found at 608, 594, 552 and 540 nm in acetone, DMSO, ethanol and methanol,
respectively (Fig. 49).

Figure 49. Compound 38e diésolved in acetone, DMSO, ethanél 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 Cechovéd and Zlatko Janeba at the I0CB 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.
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Figure 50. A new series of 5-nitrosopyrimidine derivatives substituted with aliphatic amines.



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 *H,'3C-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.
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Figure 51. A part of the *H,*C-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 J(A) exp. (ppm) ASA-B exp. ASA-B calc.
C-2 164.4 0 -0.3
C-14 166.2 14.9 17.0
C-5 136.9 -0.7 -0.7
C-6 151.5 -12.3 -13.5

The dependence of N chemical shifts on the NO group orientation was also
determined, the direct >N NMR spectrum could not be measured because of the low
natural abundance of isotope '°N. Instead, the indirect detection with 2D
heteronuclear NMR experiments (*H,>N-HSQC, *H,">N-HMBC) was used. The

45



nitrogen atoms with attached protons (NH, NH) are observable in *H,°>N-HSQC. The
nitrogen atoms involved in the pyrimidine ring are observable in *H,*N-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.
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Figure 52. The NH region of 'H,>N-HSQC (left) and *H,>N-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 J(A) exp. (ppm) AOA-B exp. AS A-B calc.
N-1 179.0 -7.7 -4.2
N-3 188.6 6.6 3.8

4-NH> 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 Cechovd, I0CB AS CR), the solid-
state 3C 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 3C 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 *3C NMR spectra within several months (Fig. 53).

1 \ { "‘\ B day 191 N
S R N W e N
a M
A
Iy \ i f
/ v A (1 B day 117 \
A A
-/ [ A e AN
I
Il
Al “\ \
/ / B day 54 n
L N S AW ) ~ VAN
A
N B day 0 _
I N ol N R A
T T T T T
170 165 160 155 150 145 140 5/ ppm

Figure 53. The aromatic region of the *C 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 Cisarova (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 *H 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 AG* (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 *H 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 s! was determined
and Gibbs free energy of activation AG* = 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  kass/10%s?  AG* /kcal . mol?

DMSO 73 1.21 22.8

43 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
DMSO 63 0.39 23.5

46 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 'H 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-NH;
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-NH; bond. It was found out that the C4-
NH- 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-ds-CD30D mixture (9:1).

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.”* 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.
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Figure 57. Planar rotamers have been separated by column chromatography at room
temperature.
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6 ENZYMATIC DECOMPOSITION MONITORED BY 3!P NMR
SPECTROSCOPY — PAPER |l

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,’? which can be easily cleaved by cellular enzymes and activated nucleoside
(monophosphate) is released. The enzymatic cleavage can be monitored by P NMR
spectroscopy.’3

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 Hfebabecky 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.”* Enzymatic
degradation was thus simulated using carboxypeptidase Y,”> which possesses high
structural homology to cathepsin A, an enzyme responsible for this conversion in
humans. Chemical hydrolysis of the studied compounds in agueous 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.

o) I
P. Ow
NH\O o
0 N/tN NH o /=N
H3CO0C AN NH, H,CO0C N A NH;
S |
OHoHn NxN OHoH NN
47 48

Figure 58. The chemical structure of the studied phosphoramidate derivatives.

The starting phosphoramidate derivative 47 has two signals in the proton
decoupled 3P 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 3'P 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).
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Figure 59. The enzymatic decomposition (left) and chemical hydrolysis (right) of the starting
phosphoramidate derivative 47 monitored by 3P 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 3'P 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 3P NMR
spectroscopy (left) and time dependence of relative concentrations obtained from
integration of 3P NMR spectra (right). Concentration of intermediate (red) decreased,
whereas concentration of the final product (blue) increased.
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6.1 [N SITUSTRUCTURE 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 diastereocisomers
and dublets because of the C-P interaction), Fig. 61.
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Figure 61. The ®C NMR spectra of ortho carbons (left) and methoxy group (right) of
compound 47. The *C 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 diastereocisomers exist.
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Figure 62. The 3C 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.
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Figure 63. The aromatic region (left) and aliphatic region (right) of *C 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 3P 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.’® 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).
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Figure 64. The proposed pathway of the enzymatlc decomposition of the studied
phosphoramidate prodrug.
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7 STUDY OF POLYMORPHIC FORMS BY SOLID-STATE NMR
SPECTROSCOPY — PAPER V|

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.”” The differences between their polymorphs range from a
subtle change in the crystal packing (piracetam) over conformational
(methacrylamide) and tautomeric (2-thiobarbituric acid) variations.

o} 0
HsC. _CHz  H,Cy_CHs o H H
N HN HN
\\(NHQ 2\ ‘ }\ H
H.N™ 0 H,N™ 0 S 0
(@) H
49a 49b 50a, 50b 51a 51b

Figure 65. The chemical structure of model molecules: methacrylamide (49), piracetam (50)
and 2-thiobarbituric acid (51).

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.’”® The crystals of
form |, prepared from hot CHCls solution, are monoclinic, and contain s-cis
conformer only (49a). Orthorhombic form Il 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 | or Il have been
prepared.’”® We succeeded in the pure forms preparation, which was confirmed by X-
ray analysis (done by lvana Cisafova 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).
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Figure 66. The solid-state *C 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 3C 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 *C 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).

/.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.”®8% In our work, only triclinic form Il (50a) and monoclinic form
[l (50b) have been studied. Form Il has been prepared by re-crystallization from
propan-2-ol, whereas form Ill 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 '3C CP-MAS NMR chemical shifts (0.4-1.3 ppm) as
shown in Fig. 68.
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Figure 68. The solid-state *C 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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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.®! For this study, two polymorphic forms
[l (51a) and Il (51b) have been prepared by re-crystallization from absolute ethanol
and dry acetonitrile, respectively. These two polymorphs contain two different
tautomeric forms (5l1a-enol and 51b-keto) and they are unambiguously
distinguishable in 3C CP-NMR spectra. The sp?-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.
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Figure 69. The solid-state *C 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.

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
VIl

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,* 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.

R2 R4 R6
R 52 OH OH NH,
NH; 53 NH, OH NH,
j“\ 54 NH, NH, NH,
R2Z NZ RS 55 oOH OH OH

56 sH OH NH2
57 NH, OCH;  OCHj3

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-ds so they could
be detected directly in an NMR tube. The kinetics of these transformations was
monitored by *H NMR spectroscopy and by UV/Vis spectrometry. For illustration, the
time-response changes in the 'H 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.

Day 87
A N .

Day 10

Figure 72. The time evolution of the *H 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).

IH 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 3C NMR spectra or
heteronuclear correlations of these products. Furthermore, in the 'H 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 NaNO; in HCI
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.
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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 (Amax = 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 NaNO; in HCI. 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.®?

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 52¢c were compared with literature.®?
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, | 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, | 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 (*H, 3C, N) 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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Synthesis of locked cyclohexene and cyclohexane
nucleic acids (LCeNA and LCNA) with modified
adenosine units}

Michal Sala,* Milan Dejmek, Eliska Prochazkova, Hubert Hiebabecky, Jifi Rybacek,
Martin Dracinsky, Pavel Novak, Sarka Rosenbergova, Jifi Fukal, Vladimir Sychrovsky,
Ivan Rosenberg and Radim Nencka*

We describe here the preparation of conformationally locked cyclohexane nucleic acids designed as
hybrids between locked nucleic acids (LNAs) and cyclohexene nucleic acids (CeNAs), both of which excel
in hybridization with complementary RNAs. We have accomplished the synthesis of these adenine deriva-
tives starting from a simple ketoester and installed all four chiral centres by means of total synthesis. The
acquired monomers were incorporated into nonamer cligonuclectides.

Introduction

Oligonucleotides with modified sugar moieties have found
many applications in modern technologies such as antisense
oligonucleotides, RNA interference (RNAi), ribozymes, DNA-
zymes and aptamers. The stabilization of the duplexes with
complementary mRNA of interest is an essential concept for
oligonucleotide-mediated regulation of the gene expression.
Extensive hybridization with the target sequence and selecti-
vity towards mRNA in comparison with affinity to complemen-
tary DNA are important features of the desired technologies.'
Although various sugar modifications have led to the
enhancement of the hybridization properties of antisense
oligonucleotides, probably the most famous modifications are
based on monomers with a bridge between the 2" and 4' posi-
tions of the ribose ring. This results in the stabilization of the
3"-endo conformation and the formation of bridged nucleic
acids (BNAs).” Imanishi's® and Wengel's' groups have inde-
pendently synthesized monomers for 2'4"-bridged nucleic
acids/locked nucleic acids (LNA, 1) and reported their hybridiz-
ation properties after incorporation into oligonucleotides
(Fig. 1). LNAs have also been successfully used for both RNAi®
and selection of aptamers.” Since then, a number of com-
pounds with alternative bridges (e.g. 2-4) have been prepared,
especially in order to increase the nuclease resistance of the
resulting oligonucleosides.” Carba-LNAs [e.g. 2)° have also

Gilead Sciences & IOCB Research Centre, Institute of Organic Chemistry and
Biochemistry, Academy of Sciences of the Czech Republic, v.v.t. Flemingovo n. 2,
16610 Prague, Czech Republic. E-mail: sala@uochb.cas.cz, nencka@uochb.cas.z
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been prepared. They seem to possess a significantly increased
nuclease resistance in comparison with traditional LNAs
without a dramatic effect on the RNAse H mediated cleavage
of the target RNA.” Recently LNAs modified on the nucleobase
have been reported as well.""

In contrast to LNA-based oligonucleotides, which usually
form stable duplexes with both RNA and DNA, cyclohexene
nucleic acids (CeNA, 5), developed by Herdewijn et al., exert
significant selectivity in hybridization with RNA over DNA."'
The same research team has also suggested that the cyclo-
hexene moiety can serve as an appropriate bioisostere of the

H H
s} B O B
o :0:
— 1
0 X s
- |
0—f=0 “o—pP=0
: :
1, LNA X= -O- 3,ENAX = -O-
2, cLNA X=-CHy- 4, CENA X= -CHp-
H H 3
0. B O B O B
| ; o:r ) ;
0 o F 0o F
“o—p=0 “0—P=0 “0-pP=0
H H H
5, CeNA 6, FHNA 7, F-CeNA

Fig. 1 The structures of selected nucleic acids with sugar modification
including LNA analogues (1-4) and six-membered carbohydrate mimics

(5-7).
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natural furanose ring''” and proved that this pseudosugar
exerts significant flexibility while being incorporated into the
structure  of oligonucleotides. The crystal structures of
duplexes with complementary DNA and RNA oligomers have
clearly demonstrated that the cyclohexene moiety can inter-
convert between two distinct conformations *H, (similar to
C2"endo) and *H, (similar to C3"-endo).">"*

Recently, Seth et al. have shown that 2-fluoro hexitol
nucleic acids (FHNA, 6) exhibit higher duplex stability com-
pared to 2"-fluoro CeNA (F-CeNA, 7) due to higher rigidity and
superior stabilization in C3"endo-like conformation.'**

The major objective of our presented study was the prepa-
ration of hybrid derivatives merging LNAs and CeNAs in order
to stabilize the cyclohexene moiety in *H, conformation resem-
bling the C3"-endo, which is preferred by CeNA while forming a
duplex with complementary RNA strands.” In addition, the
synthesis of locked cyclohexene nucleic acid (LCeNA) mono-
mers made it easy to obtain saturated monomers bearing a
cyclohexane ring instead of the original cyclohexene one
(LCNA).

Although the obvious way to reach these compounds in an
asymmetric fashion led through extending the synthesis of
CeNA by methods for the preparation of LNA from sugar pre-
cursors,'” we decided to explore a synthetic approach, which

Organic & Biomolecular Chemistry

ations of the functional groups lead to the desired final
nucleoside 25.

The asymmetric synthesis of the desired monomers started
from the ester 8'° (Scheme 1), which was treated with acrolein
together with a quinine organocatalyst (Q-PHN-OH) by follow-
ing the published synthetic protocol.'” The crude aldehyde
intermediate 8a was cyclized with cesium carbonate'® in
toluene to afford a mixture of bicyclic compounds 9a and 9b
(87% yield, 2 steps, ratio ~3:2, GC-MS analysis). Alcohols 9a
and 9b were used as a mixture (Scheme 1), their keto group
protected as a ketal and the ester group of 10 was reduced by
lithium aluminum hydride to an inseparable diastereomeric
mixture of alcohols 11. The primary hydroxy group was pro-
tected by benzoylation at low temperature and the obtained
mixture of the monobenzoylated compounds 13 (13a, 13b,
separable) and the dibenzoylated compound 12 (only the com-
pound with an equatorial hydroxyl group was dibenzoylated)
was separated. The benzoylation procedure employing BzCN
was also attempted but without any improvement in the yields
of the monobenzoylated products 13. Compound 12 can be
easily methanolyzed in high yield to the starting diol 11,

would result in this type of compound starting from simple
precursors avoiding the use of a chiral pool or enzymatic
resolution of synthetically complicated nucleosides. In order
to be able to determine the enantiomeric purity of our com-
pounds, we initially performed racemic synthesis of the

desired monomers (see the ESIt).

Results and discussion

The retrosynthetic analysis is outlined in Fig. 2. The crucial
step of the synthesis is the construction of the first stereogenic
centre by Michael conjugated addition of the acrolein to start-
ing material 8 catalysed by the quinine based organocatalyst
(Q-PHN-OH) immediately followed by cyclization to build a
bicyclic ring system (bicyclo[3.2.1]octane). Further transform-

NH,

o
\N \

oo €
COOtBI
HO \N N’J i
> = AN\
OH

25

9alb
Functional group Condesation to
o) transformation bicyclic scaffold

+ NP
;FH OtBuzé//(mBu =z
8

8a

o Asymmetric Michael addition

Fig. 2 Retrosynthetic analysis.
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Scheme 1 Synthesis of compound 16. Reagents and conditions: (i) (a)
Q-PHN-OH,Y acrolein, CH,Cl,, —25 °C; (b) Cs,COs, toluene, r.t. (i)
ethylene glycol, PPTS, benzene, 100 °C; (iii) LiAlH,4, Et;0; (iv) BzCl, pyri-
dine, CH,Clp, —40 °C; (v) MeONa, MeOH; (vi) IBX, DMSO, TsOH, 90 °C;
(vii), NaBH4, CeCls, MeOH, 0 °C; {viii) MnO,, CH,Cl,.

This journal is © The Royal Society of Chemistry 2015



Organic & Biomolecular Chemistry

which can be re-used in the benzoylation reaction. In one step,
the hydroxy group of 13 was oxidized to a keto group and a
double bond was introduced to the scaffold by IBX oxidation
according to the procedure described by Nicolaou.'” This pro-
cedure progressed smoothly with an excellent yield (83%).
Allylketone 14 was then subjected to the Luche reduction®
and the obtained alcohols 15 and 16 were easily separated by
column chromatography. The undesired alcohol 15 can be oxi-
dized back to ketone 14 by manganese dioxide and thus
recycled.

The ketone-protecting group of 16 was easily removed by
the reaction with p-toluenesulfonic acid in a refluxing
acetone-water mixture (Scheme 2). The keto group of the
derivative 17 was then reduced to a hydroxy group by sodium
triacetoxyborohydride. The hydroxy group in the position C-4
participates in this reaction and allows to prepare exclusively

|-
5 —— \ oH 1
87%

BzO.

i
\ OTBDMS
85% 92%

BzO
;&Dm %‘J 2 ;&(
Cl
7 222, 22% 22, 72%

vii

50% Cl

HO

\NHz—.-

N N
“i HO% o /\ xi HO — \j‘i_ =
89% {r

25 (LCeNA monomer)
98.4% ee

26 (LCNA
monomer)

Scheme 2 Synthesis of nucleosides 25 and 26. Reagents and con-
ditions: (i) TsOH, acetone-Hz0, reflux; (i) NaBH(OAc)z. AcOH, CHsCN,
0 °C to r.t; (i) {a) TBDMSCL, imidazole, CH,Cl,, 0 °C, (b) BzCl, pyridine,
r.t.; (iv) TBAF, AcOH-THF, 60 °C; (v) NCS, PPhs, CHxCl,. 0 °C; (vi) NaNs,
DMF, 65 °C; (vii) CHzCN, reflux; (ix) (a) PPhs, THF, r.t., (b) HO, {€) KOH,
EtOH-H;O, reflux; (x) 4,6-dichloro-5-formamidopyrimidine, DIPEA,
n-BuOH, MW, 160 °C; (xi) NH;-EtOH, MW, 140 °C; (xii) Hy (10 bar),
Pd(OH),/C, MeOH, 50 °C.
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the product with the desired orientation of the C-8 hydroxy
group in diol 18.*" Although we tried numerous methodologies
for the direct introduction of the purine nucleobase (including
Tsuji-Trost reaction, Mitsunobu reaction and various direct
allylation methods) using diversely protected derivatives of
compound 18 and its congeners with opposite configuration
of the allylic hydroxyl, they all failed to give an appropriate
product either due to low reactivity or undesired allylic
rearrangements resulting in complex mixtures of products.
Both the hydroxy groups were sequentially protected after-
wards, the allylic hydroxyl was selectively protected by the
TBDMS group and the C-8 hydroxyl by benzoylation. The
TBDMS group was then cleaved by TBAF/acetic acid (the reac-
tion mixture is less basic) at an elevated temperature (the reac-
tion at r.t. is relatively slow) and the free allylic hydroxy group
was converted to chloro derivative 21, followed by the introduc-
tion of the azido group by NaN;. At this stage, we were able to
separate isomers 22 and 22a (a product of the allylic rearrange-
ment) and we also discovered that the undesired isomer 22a
can be easily converted to 22 by standing in acetonitrile solu-
tion or better by heating this solution overnight.*” The allylic
rearrangement of 22a was monitored by "H NMR spectroscopy
(see the ESIT).

The key amine 23 was prepared by the Staudinger reaction,
followed by the removal of the benzoyl protecting groups
under basic conditions (Scheme 2). A purine nucleobase was
then introduced in moderate yield (42%) by a recently
described MW-assisted buildup protocol.”® Chloropurine
derivative 24 was converted to adenine nucleoside 25 by
ammonolysis with ethanolic ammonia under microwave con-
ditions.**" The enantiomeric purity of this LCeNA monomer
25 was determined by chiral HPLC, which assessed the enan-
tiomeric purity above 98%. The saturated analogue 26 was
obtained after hydrogenation in high yield (89%). Both nucleo-
sides (25 and 26) were used as building blocks for the
synthesis of monomeric phosphoramidite wunits, which
were subsequently used for the solid-state oligonucleotide
synthesis.

All the compounds were appropriately characterized by 'H
and "*C NMR and also by 2D NMR techniques (COSY, HSQC,
HMBC). The configuration of the chiral centres at C8 and C4
of compound 25 was confirmed by 2D NMR techniques (COSY,
ROESY). In the COSY spectrum, 2- and 3-bond spin-spin inter-
actions are visible as cross-peaks. When the hydrogen atoms
are in a W-like arrangement, it is possible to see 4-bond long-
range couplings. Due to this fact, it was possible to confirm
stereochemistry at C-8, where we found W-like long-range
couplings between H8 and H7 (Fig. 3 top). The configuration
was also confirmed by the ROESY spectrum, where the cross-
peaks correspond to the through-space interactions. The H8-
H8' cross-peak clearly determined not only the configuration
at the C8 atom, but also the C4 atom; the nucleobase must be
above the cycle. For nucleoside 25 we also calculated spin-spin
coupling constants by the DFT method (B3LYP/6-31+G(d,p)),
which were in agreement with the experimental data [(see
Table 83 in ESIT).
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Fig. 3 Region of COSY (in blue) and ROESY spectrum (in red) for com-
pound 25. W-like shaped long-range coupling constant between H8
and H7-endo clearly determined the configuration at carbon C-8.
Through-space interaction H8-H8' confirmed the configuration at
carbon C-4.

Synthesis of the phosphoramidites 29 and 31 which were
used in the solid phase oligonucleotide synthesis is depicted
in Scheme 3. We used a traditional approach and obtained the
desired compounds in good yields. The obtained phosphor-
amidites 29 and 31 were then used in the classical trityl-off
phosphoramidite method for solid-supported oligonucleotide
synthesis.

The hybridization properties of the modified oligonucleo-
tides with their natural DNA and RNA counterparts were evalu-
ated by UV thermal denaturation experiments and the
obtained Ty, values were compared with those of the corres-
ponding unmodified duplexes (Table 1).

To our surprise, a striking destabilization effect was
observed for both LCeNA and LCNA. Although some destabili-
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Scheme 3 Synthesis of phosphoramidites 29 and 31. Reagents and
conditions: (i) {(a) TMSCI, pyridine, 0 °C, (b) BzCl, pyridine, r.t, (c] aq.
NHz, MeOH; (i) DMTrCL, pyridine, r.t.; (i} 2-cyanoethyl N,N-diisopropyl-
chlorophosphoramidite, DIPEA, THF, r.t; (iv) (a) dimethylacetal-N,N-
dibutylformamide, MeOH, r.t. (b) DMTrCl, pyridine, rt; CNE =
cyanoethyl.

Table 1 Thermal stability of modified oligonucleotide duplexes’

Oligonucleotide SSRNA Ty, (AT,,)" 5SDNA Ty, (AT,)"

5-d(GCA™TA™ TCA™C)
5"-1(GCA™ UA*UCA*C)
5-d(GCA™TA TCA™ C)
5-1(GCA™ UA™UCA™C)

22,0 (—4.3 °C)
23.0 (=7.7 °C)
No comp. form.
No comp. form.

No comp. form.
22.0(-4.3 °C)

No comp. form.
No comp. form.

“4 uM duplex in 50 mM NaH,PO,-Na,HPO, pH 7.2 with 100 mM
NaCl. ? per modification.

OH
OH
i 0,
HO s ——" HO
/~H ~n B
g o
CANA, ref?®
OH o OH
HO' HO
B
H
H LCeNA Y

Fig. 4 In contrast to the preferred conformation of cANA, LCeNA
should adopt a conformation that situates the nucleobase in an “axial-
like" orientation due to the repulsion of the hydrogen atom of the
—CH>CH,~ bridge and the hydrogen atom vicinal to the nucleobase.

zation was observed by Migawa et al.*® on structural related

cANA derivatives, the drop in affinity is significantly larger in
this case and cannot be clarified by the explanation suggested
in their work, because the repulsion of the hydrogen in the
bridge and the six-membered pseudosugar ring in cANA and
LCeNA should lead to opposite effects (Fig. 4). Unfortunately,
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similar destabilization effects were observed also for homo-
oligomers prepared from both LCeNA and LCNA subunits
while hybridized with complementary oligothymidylates (see
the ESI{).

To shed some light on the significant destabilization of the
rLCeNA-RNA duplex, we performed the molecular dynamics
simulations of RNA duplexes that included normal and locked
units. (For a detailed analysis of the calculated results, struc-
tural models, and calculation method see ESIt). The values of
backbone torsion angles a, y, and § calculated for the units of
RNA oligonucleotides (Fig. $8-5131) were analysed and statisti-
cal distributions of the torsion angles (Fig. S147) were com-
pared. The calculations unveiled a significant structural
disorder of modified duplexes as compared to the A-RNA struc-
ture that was ealculated for the duplex that included normal
units. The deviations of modified oligonucleotides from cano-
nical A-RNA occurred particularly owing to the irregular behay-
iour of the normal units neighbouring with modified units.
The modified units were structurally more rigid though their
behaviour was abnormal. In particular, the sugar of modified
nucleosides was locked (8 torsion was ca. 607} while the sugar
of the normal units was flexible (6 torsion ranged from ea. 80°
to ca. 160°}. The overall values of o backbone torsions in the
neighbourhood of modified residues were smaller by ca. 307
as compared to the typical value known for canonical A-RNA.
The o-distribution calculated for locked units broadened,
which indicated larger amplitudes of motion near phosphate.
The « and y torsions of phosphate groups bridging the locked
unit with neighbouring normal units frequently flipped
between the values characteristic to A-RNA, a/y =~ 290%/70°, and
the values calculated owing to locked units, afy = 180°/180°.
The c-distributions of a normal A-RNA duplex were always
single-modal and centered at 290° in contrast to bi- or even tri-
modal o-distributions calculated in the neighbourhood of
locked units (Fig. S141). The calculations indicated instabil-
ities and structural disorders of the normal residues in the
neighbourhood of modified units. Moreover, the occurrence of
afy flips depended on the positioning of phosphate groups
with respect to 3end and 5-end of locked units. The confor-
mationally locked residues of RNA duplexes thus induced par-
ticularly irregular behaviour of backbone phosphates in the
vicinity of the modified units.

Conclusions

In conclusion, we have prepared novel modified oligonucleo-
tides containing monomers based on bicyclo[3.2.1]octene and
octane skeletons as hybrids of CeNA/CNA and LNA. The appro-
priate monomers were synthesized from a simple achiral pre-
cursor - ketoester 8. As far as we know, this is the first
synthesis of the LNA analogues performed by a total synthetic
approach. Our molecular dynamics calculations suggest that a
surprisingly low affinity of the modified oligonucleotides
towards the complementary DNA and RNA results from the
irregular behaviour of the nucleotides neighbouring with the
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locked units. The overall structure of the duplex containing
locked units was significantly disordered and more confor-
mationally labile in comparison with an A-RNA form of a
normal duplex.

Experimental section
General

Melting points were determined on a Biichi B-540 apparatus.
NMR spectra (8, ppm; J, Hz} were measured on a Bruker
Avance 11-600 and/or Bruker Avance II-500 instruments (600.1
or 500.0 MHz for 'H and 150.9 or 125.7 MHz for *C} in hexa-
deuterated dimethyl sulfoxide and referenced to the solvent
signal (6 2.50 and 39.70, respectively). Mass spectra were
measured on a LTQ Orbitrap XL (Thermo Fisher Scientific} by
electrospray ionization (ESI}. Column chromatography was per-
formed on Silica gel 60 (Fluka} and thin-layer chromatography
(TLC) on Silica gel 60 F254 foils (Merck}. Solvents were evapor-
ated at 2 kPa and bath temperature 30-60 °C; the compounds
were dried at 13 Pa and 50 °C. The elemental analyses were
obtained using a Perkin-Elmer CHN Analyzer 2400, Series 11
Sys (Perkin-Elmer}. The elemental compositions for all com-
pounds agreed to within +0.4% of the calculated values. For all
the tested compounds satisfactory elemental analysis was
obtained supporting >95% purity. Optical rotation was
measured on a polarimeter Autopol IV {Rudolph Research
Analytical} at 589 nm wavelength in chloroform or methanol.
Microwave syntheses were carried out using a CEM Discover
instrument with a single-mode cavity and focused microwave
heating (microwave power supply 0-300 W, 1 W increments,
sealed vessel mode, pressure range 0-20 bar). GC-MS analyses
were recorded by using a 5975B quadrupole mass spectrometer
coupled to a 6890N gas chromatograph (Agilent, Santa Clara,
CA, USA} equipped with a Phenomenex ZB-5 HT capillary
column (30 m * 0.25 mm, film thickness 0.25 pm}; tempera-
ture: 60 °C (2 min}, then 10 °C min™" to 320 °C (10 min).

Preparation of compounds 9a and 9b

To a mixture of starting material 8 (9.05 g, 49.1 mmol} and a
catalyst Q-PHN-OH' (2.40 g, 4.93 mmol, 0.1 eq.} in dry CH,CL,
(100 mL} at —25 °C under an argon atmosphere, a solution of
acrolein (8.23 mL, 123 mmol, 2.5 eq.} in CH,CL, (30 mL} was
added dropwise. The reaction mixture was occasionally stirred
(>95% of time without stirring) and kept at —25 °C for 24 h.
Then the reaction mixture was poured into a silica gel column
(200 g, Et,0) and the crude product was eluted with Et,O. Frac-
tions containing the product were collected and evaporated to
afford a crude intermediate {12.53 g} which was used immedi-
ately in the next step. The crude catalyst was then eluted from
the column using methanol and recycled (chromatography on
a silica gel column in CH,Cl,-ethanol 25:1). The crude inter-
mediate was dissolved in toluene (350 mL}, cesium carbonate
(8.48 g, 26 mmol) was then added and the reaction mixture
was stirred at r.t. overnight. Solids were removed by filtration
through Celite and the filtrate was evaporated. The product
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was purified on a silica gel column (250 g, toluene-ethyl
acetate 3:1 — 2:1} to afford 9.416 g (80%) of the mixture 9a
and 9b (GC chromatogram, Fig. $17}. Analytical samples of
both isomers were obtained by column chromatography of the
sample (300 mg of the mixture, 100 g of silica gel, toluene-
ethyl acetate 3:1 — 2:1}. For the determination of the optical
purity of this step see the ESL}

tert-Butyl  (18,45,58)-4-hvdroxy-8-oxobicyclo[3.2.1]octane-1-
carboxylate (9a). Viscous oil. [a]f’ = ~22.8 (¢ 0.325, CHCL3}.
Found: C, 65.26; H, 8.39. Cale. for Cy3H,00,: C, 64.98; H,
8.39%. 'H NMR {500 MHz, d6-DMSO}): § 1.39 (s, 9H, tBu},
1.48-1.58 (m, 1H, H-3a), 1.67-1.87 [m, 5H, H-3b, H-7a, H-6ex,
H-2}, 1.90-1.97 (m, 1 H, H-6en), 2.30-2.36 (m, 1H, H-7b}, 2.38
(dd, Js.4 = 3.1, Js sex = 6.7, 1H, H-5), 3.76-3.82 (m, 1H, H-4),
5.14 (d, Joss = 4.5, 1H, OH}. ¥C NMR (125.7 MHz, d6-DMSO}:
6 16.02 (C-6), 26.52 and 26.63 {C-3 and C-7), 27.86 (C(CHs)s),
31.05 (C-2), 54.37 (C-5), 57.05 (C-1}, 73.00 (C-4), 80.47
(C(CH3)s), 170.27 (COOtBu), 211.58 {C-8). ESI MS, my/z (rel%}):
263 (100) [M + Na). HRMS: caled for [M + Na]: 263.12538,
found: 263.12541.

tert-Butyl  (18,4R,55)-1-hydroxy-8-oxobicyclo[3.2.1]octane-1-
carboxylate (9b). Viscous oil. [e]f’ = —5.5 (¢ 0.381, CHCly).
Found: C, 65.17; H, 8.56. Calc. for C;3H,004 C, 64.98; H,
8.39%. "H NMR (500 MHz, d6-DMSO}: 5 1.39 (s, 9H, Bu}, 1.49
(ddm, fsaszax = 5.3, Jyer = 14.8, 1H, H-3ax), 1.57 (dddd, Joen-s =
0.8, Joenrex = 4.4, Joensen = 10.8, Jeer = 13.3, 1H, H-6en),
1.77-1.85 (m, 2H, H-2eq, H-6ex), 1.87-1,95 (m, 2H, H-7en,
H-3eq), 2.25-2.36 (m, 3H, H-5, H-2ax, H-7ex), 4.06-4.09 (m,
1H, H-4), 4.99 (dm, Jog = 2.8, 1H, OH). "*C NMR (125.7 MHz,
d6-DMSO): 6 18.67 (C-6), 25.16 (C-7}, 25.51(C-7), 27.94
(C(CH,)s), 33.35 {C-2), 51.96 (C-5), 57.28 (C-1), 76.38 (C-4),
80.34 (C[CHj)s), 170.42 [COOtBu), 211.44 {C-8). ESI MS, m/z
(rel%o): 263 (100} [M + Na]. HRMS: caled for [M + Nal:
263.12538, found: 263.12541.

Preparation of compounds 10a and 10b

A mixture of alcohols 9a and 9b (9.1 g, 37.9 mmol) was dis-
solved in benzene (320 mL} and pyridinium p-toluenesulfonate
(1.97 g, 7.8 mmol) and ethylene glycol (9.2 mL} were then
added. The reaction mixture was heated to reflux with a Dean—
Stark trap for 24 hours and then cooled to r.t., diluted with
ethyl acetate (450 mL) and washed with water (300 mL) and
saturated aq. sodium bicarbonate (2 x 300 mL}. The organic
phase was dried over sodium sulfate and evaporated. The
residue was purified on a silica gel column (350 g, toluene-
ethyl acetate 1: 1} to obtain 9.15 g (85%]) of the mixture of 10a
and 10b. Analytical samples of both isomers were obtained
after chromatography of the sample (300 mg of the mixture,
toluene—ethyl acetate 3:1 — 2:1).

tert-Butyl (18,45,55)-4-hydroxy-1H-spiro[ bicyclo[3.2.1]octane-
8,2'[1,3]dioxolanc]-1-carboxylate (10a). Viscous oil. [aff) =
—22.4 (¢ 0.277, CHCl;). Found: C, 63.24; H, 8.53. Calc. for
Cy5H,,05: C, 63.36; H, 8.51%. 'H NMR (500 MHz, d6-DMSO}): &
1.14-1.22 {m, 1H, H-3eq}, 1.32-1.49 [m, 12H, ¢Bu, H-Zeq,
H-6ex, H-7en), 1.54-1.60 [m, 1H, H-6en), 1.61-1.67 (m, 1H,
H-3ax}, 1.82 (dd, Js.. = 3.1, Js_gex = 6.4, 1H, H-5}, 1.95-2.02 (m,
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1H, H-2ax}, 2.17-2.24 (m, 1H, H-7ex}, 3.76-3.91 (m, 5H,
—OCH,CH,0—, H-4), 4.45 (d, Jors = 4.6, 1H, OH}. *C NMR
(150,92 MHz, d6-DMSO}: & 17.70 (C-6), 26.37 (C-3), 27.80
(C(CH;)s), 28.10 (C-7), 29.85 (C-2), 49.23 (C-5), 52.38 (C-1),
63.93 and 65.42 (~OCH,CH,0-), 67.78 (C-4), 79.26 [C[CHj}s},
116.08 (C-8}, 172.49 (COOtBu}. ESI MS, m/z (rel%): 307 (100}
[M + Na]. HRMS: caled for [M + Na]: 307.15160, found:
307.15163.

tert-Butyl (15,4R,55)-4-hydroxy-1H-spiro[bicyclo[3.2.1]octane-
8,2[1,3]dioxolane]-1-carboxylate (10b). Viscous oil. [a]f =
—-21.7 (¢ 0373, CHCl;). Found: C, 63.29; H, 8.69. Cale. for
Cy5H2405: C, 63.36; H, 8.51%. "H NMR (500 MHz, d6-DMSO}: &
1.14 (ddd, Jeen-sex = 4.4, Joen—ren = 10.0, Jyerm = 13.0, 1H, H-6en},
1.38 (s, 9H, tBu), 1.39-1.46 (m, 2H, H-2eq, H-3eq)}, 1.56 (ddd,
Jren-sex = 4.7, Jren-sen = 10.8, Jyem = 13.3, 1H, H-7en}, 1.64-1.73
(m, 2H, H-3ax, H-6ex), 1.91 (dd, Js_ = 4.0, Js_gex = 7.2, 1H, H-5),
218 (dddm, Jrexsen = 4.4, Jrexpex = 12.5, Jyem = 13.3, 1H,
H-7ex}, 2.32 (tdd, [ 7ex = 1.4, Joax-sax = 5.6, Joax-seq = Jgem =
13.7, 1H, H-2ax), 3.67-3.72 (m, 1H, H-1), 3.82-4.03 (m, 4H,
~OCH,CH,0—}, 414 [d, Jous = 9.6, 1H, OH}. *C NMR
(125.7 MHz, d6-DMSO}: & 21,60 [C-6), 25.99 (C-3}, 26.38 (C-7),
27.82 (C{CH;)s), 29.36 (C-2), 45.37 (C-5), 52.48 (C-1), 63.98 and
65.73 {-~OCH,CH,0-), 72.65 (C-4}, 79.48 (C(CHj);}, 116.32
(C-8), 172.00 (COOtBu). ESI MS, m/z (rel%}: 307 (100} [M + Na].
HRMS: caled for [M + Na]: 307.15160, found: 307.15165.

Preparation of compounds 13a and 13b

A mixture of alcohols 10a and 10b (9.79 g, 34.43 mmol} was
dissolved in anhydrous ether {1000 mL} and cooled down with
ice bath [argon atmosphere). A solution of LiAlH, in THF
(60.5 mL, 1 M solution, 1.75 eq.} was added dropwise in
30 minutes. The reaction was allowed to slowly reach room
temperature and was stirred overnight, then cooled again to
0 °C and quenched with ice. Solids were removed by filtration
through a Celite pad and thoroughly washed with ethanol. The
filtrate was concentrated and the residue was chromato-
graphed on a silica gel column (300 g, ethyl acetate—ethanol
20:1) to afford an inseparable mixture of the diols (11, 6.86 g,
92%).

(1S,5R)-1-(Hydroxymethyl )spiro[bicvelo[3.2.1]octane-8,2"
[1,3]dioxolan]-4-ol (11). Viscous oil. Found: C, 61.78; H, 8.43.
Cale. for Cy,H,50,: C, 61.66; H, 8.47%. CI MS, m/z (rel%}): 214
(5) [M + H], 197 {100} [M — OH]. HRMS: caled for [M + HJ:
215.1283, found: 215.1286.

Benzoylation of the diol 11

Compound 11 {7.267 g, 33.9 mmol} was dissolved in CH,CL,
(300 mL) and pyridine was added (5.5 mL, 68 mmol}. The reac-
tion mixture was cooled to —40 °C and a solution of benzoyl
chloride (5.9 mL, 50.8 mmol} in CH,Cl, (30 mL) was added
dropwise for 1 h and the reaction mixture was stirred at
—40 °C for 13 hours. The reaction was quenched with metha-
nol and all volatiles were evaporated. The residue was dis-
solved in ethyl acetate (700 mL)} and washed with water
(300 mL} and satd sodium bicarbonate (300 mL}, dried with
sodium sulfate and evaporated. The residue was chromato-
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graphed on silica gel (400 g, toluene—ethyl acetate 4:1 — 1:1}
to afford 3.580 g of 12 (25%)} and 7.261 g of 13a + 13b
(67%, mixture}, The mixture of monobenzoylated compounds
13a + 13b was separated on a small scale by column chromato-
graphy (250 mg of the mixture, 100 g, toluene—ethyl acetate
2:1).

(18,45,5R)-1-((Benzoyloxy)methyl)spiro[ bicyclo[3.2.1]octane-
8,2'[1,3]dioxolan}-4-yl benzoate (12). Light oil. [a]f) = +0 (¢
0.312, CHCl,}, [a]® = +4.0 (¢ 0.294, CH;OH). Found: C, 71.35;
H, 6.31. Cale. for CysHaq0g C, 71.07; H, 6.20%. 'H NMR
{400 MHz, d6-DMSO}): 6 1.60-1.76 (m, 5H, H-2a, H-2b, H-3ax,
H-6b, H-7b}, 1.78-1.92 (m, 2H, H-6a, H-7a), 1.95-2.02 (m, 1H,
H-3eq), 2.27 {dd, Js-q = 3.1, Jsgex = 6.0, 1H, H-5}, 3.90-3.99 (m,
4H, —~OCH,CH,0-), 422 and 4.29 (2 % d, 2H, Jem = 109,
BzOCH,—}, 5.25 (ddd, Jis = 3.1, Ji-3eq = 5-8, Ju-zax = 10.6, H-4},
7.50-7.54 (m, 4H, Ph-m1, Ph-m2), 7.63-7.69 (m, 2H, Ph-p1, Ph-
p2), 7.94-7.99 (m, 4H, Ph-o1, Ph-02}. *C NMR (100.6 MHz, d6-
DMSO): & 19.28 (C-6), 23.29 (C-3), 28.32 (C-7), 28.94 (C-2),
44.98 (C-5}, 45.00 (C-1}, 64.20 and 65.31 {(~OCH,CH,0-}, 66.55
{(BzOCH,—}, 73.07 {C-4), 115.45 {C-8), 128.92 and 129.00 (C-m1,
C-mz2), 129.28 (C-02, C-01), 129.98 and 130.17 (C-i1 and C-i2},
133.49 and 133.50 {C-p1, C-p2), 165.09 and 165.93 (2 x COO).
CIMS, miz (rel%): 423 (10} [M + H], 301 {100}. HRMS: caled for
[M + H]: 423.1808, found: 423.1802.

((1R,2R,55)-2-Hyd roxyspiro[ bicyclo[3.2.1]octane-8,2"-[1,3]-
dioxolan]-5-yl)methyl benzoate (13a). Viscous oil. [a]i) = +6.3
{¢ 0,158, CHCl,}. Found: C, 68.1%; H, 7.14. Calc, for C,sH,,0:
C, 67.91; H, 6.97%. "H NMR (400 MHz, d6-DMSO}: § 1.24 (m,
1H, H-6h}, 1.45-1.55 (m, 2H, H-2b, H-3b), 1.60-1.64 (m, 2H,
H-7a, H-7b}, 1.66-1.64 (m, 2H, H-3a, H-6a), 2.00 (dd, J; , = 4.2,
Jscsex = 6.9, 1H, H-5), 2.06 {m, 1H, H-2a), 3.74 {m, 1H, H-1},
3.84-3.99 (m, 4H, ~OCH,CH,O-}, 4.11 (d, Jous = 9.2, 1H,
4-OH), 4.18 and 4.24 (2 x d, 2H, Jyer = 10.8, BzOCH,-), 7.54
{(m, 2H, Ph-m), 7.66 {m, 1H, Ph-p}, 7.96 (m, 2H, Ph-0}. "*C NMR
{100.6 MHz, d6-DMSO}: § 22,30 (C-6), 26.21 (C-3}, 27.40 (C-7),
27.91 (C-2), 44.30 [C-5), 45.06 (C-1), 63.97 and 65.43
(—=OCH,CH,0-}, 66.88 {BzOCH,—}, 72.74 (C-4), 116.37 (C-8),
128.99 {C-m), 129.26 [C-0), 130.02 (C-i), 133.47 (C-p), 165.97
(COO}. CI MS, m/z (rel%): 319 (25) [M + H], 301 (100}. HRMS:
caled for [M + H]: 319.1545, found: 319.1546.

((1R,25,55)-2-Hydroxyspiro[bicyclo[3.2.1]octane-8,2'1,3]di-
oxolan]-5-yl)methyl benzoate (13b). Viscous oil. [a]p = +4.9
{¢ 0.284, CHCL;}. Found: C, 67.68; H, 7.21. Calc. for C,sH,,0,:
C, 67.91; H, 6.97%. 'H NMR (400 MHz, d6-DMSO}: § 1.21-1.33
(m, 1H, H-3b}, 1.42-1.54 (m, 3H, H-2b, H-6b, H-7b}, 1.59-1.75
(m, 4H, H-2a, H-3a, H-6a, H-7a}, 1.91 (dd, J5 4 = 3.0, J5_gex = 6.3,
1H, H-5}, 3.83-3.89 (m, 5H, —~OCH,CH,O—, H-4), 4.15 and 4.23
(2 x d, 2H, Jger = 10.8, B2OCH,—}, 4.45 (d, Jou. = 4.7, 1H,
4-OH)}, 7.51-7.56 (m, 2H, Ph-m), 7.63-7.68 (m, 1H, Ph-p},
7.93-7.96 (m, 2H, Ph-o). *C NMR [100.6 MHz, d6-DMSO}):
5 18.46 [C-6}, 26.87 (C-3), 28.56 (C-7), 29.12 (C-2}, 44.88 (C-1},
48.01 (C-5), 63.94 and 6515 [~OCH,CH,0-), 66.96
(BzOCH,—}, 68.00 (C-4), 115.89 (C-8), 128.98 {C-m), 129.25 (C-
a), 130.04 {C-i}, 133.46 (C-p), 165.96 (COO). CI MS, m/z (rel%}):
319 {25} [M + H], 301 (100}, HRMS: caled for [M + H]: 319.1545,
found: 319.1544.
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Recyclation of diol 11 from 12

A freshly prepared sodium methoxide in methanol [ prepared
from 70 mg of sodium and 27 mL of absolute methanol) was
added to a solution of the diol 12 (3.4 g, 8.1 mmol} in absolute
methanol (55 mL). The reaction mixture was heated to 60 °C
for 12 h and evaporated. The residue was chromatographed on
a silica gel column {200 g, ethyl acetate) and 1,54 g (89%) of
the recycled diol 11 was obtained. This diol was used again for
the monobenzoylation reaction.

((15,5R)-4-Oxospiro[ bicyclo[3.2.1]oct[2]ene-8,2"-[1,3]dioxolan]-
1-yl)methyl benzoate (14). A mixture of alcohols 13a and 13b
(5.644 g, 17.73 mmol} was dissolved in DMSO (125 mlL}
and IBX (20.1 g, 71.8 mmol} and p-TsOH (1.013 g, 5.33 mmol}
was then added. The reaction mixture was stirred atr.t. for 1 h
and then heated to 90 °C for 16 h. A second portion of IBX
(2 g} was added and heating was continued for another 3 h.
After cooling, the reaction mixture was carefully poured into a
satd solution of sodium bicarbonate (400 mL) and this
mixture was extracted with ethyl acetate (3 x 500 mL}. The com-
bined organic phases were washed with a satd solution of
sodium bicarbonate (2 x 600 mL}, dried with sodium sulfate
and evaporated. The product was purified on a silica gel
column (250 g} with diethyl ether as a mobile phase to afford
1.618 g (83%]) of the product 14. An analytical sample was
obtained by purification on a silica gel column {toluene-ethyl
acetate 4:1). Viscous oil. [a@]d’ = +139.4 (¢ 0.307, CHCl).
Found: C, 68.54; H, 5.87. Cale. for C,;H,30:: C, 68.78; H,
5.77%. '"H NMR (500 MHz, d6-DMSO}: § 1.32-1.39 (m, 1H,
H-6en), 1.68-1.74 [m, 1H, H-7en), 1.97-2.03 [m, H-7ex),
2.10-2.17 (m, 1H, H-6ex), 2.77 (ddm, 1H, J; 5 = 1.7, Js_gex = 7-7,
1H, H-5), 3.73-3.98 (m, 4H, ~OCH,CH,0-}, 4.44 and 4.51 (2 x
d, 2H, Jyer = 11.1, BzOCH, -}, 6.09 (dd, J3.5 = 1.7, J3. = 9.9,
1H, H-3), 7.38 (d, /.3 = 9.9, 1H, H-2}, 7.53-7.56 (m, 2H, Ph-m),
7.65-7.69 (m, 1H, Ph-p), 7.96-7.98 (m, 2H, Ph-o). "C NMR
(125.7 MHz, d6-DMSO}: & 20.81 [C-6), 30.76 (C-7}, 50.87 (C-1},
57.47 (C-5), 63.67 (BzOCH,—), 65.15 and 65.40 (—OCH,CH,0—},
117.61 (C-8), 128.36 (C-3), 128.97 (C-m), 129.35 (C-0}, 129.75
(C-i}, 133.60 (C-p}, 154.23 (C-2}, 165.86 (COO}, 200.87 (C-4}. ESI
MS, m/z (rel%): 337 (100} [M + Na]. HRMS: caled for [M + Nal:
337.10464, found: 337.10469.

Preparation of compounds 15 and 16

To a solution of the starting material 14 (6.293 g, 20.02 mmol}
in methanol (330 mL} at 0 °C, cerium () chloride heptahydrate
(14.65 g, 35.3 mmol) was added and the reaction mixture was
stirred at 0 °C for 1 h. Sodium borohydride (1.05 g,
27.8 mmol) was then added in three portions for 30 minutes,
the reaction mixture was stirred at 0 °C for an additional hour,
quenched with ice and evaporated. The residue was dissolved
in ethyl acetate (600 mL} and washed with water (300 mL}. The
water phase was extracted with ethyl acetate (600 mL), the com-
bined organic phases were dried with sodium sulfate and evap-
orated. The residue was chromatographed on silica gel {400 g,
toluene—ethyl acetate 4:1 — 1:1) to afford 3.293 g of 16 (52%)
and 2.827 g of 15 (45%} (both colourless oils).
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((18,45,5R)-1-Hydroxyspiro[ bicyclo[3.2.1]oct[2]ene-8,2"-[1,3]-
dioxolan]-1-yl)methyl benzoate (15). [a]f) = +121.2 (¢ 0.307,
CHCl;). Found: C, 68.01; H, 6.57, Cale. for C;3Hz00s: C, 68.34;
H, 6.37%. "H NMR (500 MHz, d6-DMSO): § 1.51-1.56 {m, 1H,
H-6ex}, 1.57-1.62 [m, 1H, H-7en}, 1.74-1.79 (m, 1H, H-7ex]),
1.92 (ddd, Jeen-7ex = 6.6, Joen-7en = 9.8, Jgem = 13.3, 1H, H-6en),
2.09-2.12 (m, 1H, H-5}, 3.80-3.93 {m, 4H, —OCH,CH,0-}, 4.26
and 4.33 (2 x d, 2H, Jyem = 10.9, B2ZOCH,—), 4.48 (bs, 1H, H-4},
4.80 (d, Jor = 4.5, 1H, OH}, 5.49 (dm, J;_, = 9.7, 1H, H-3), 5.77
(dd, jay = 1.7, Jo5 = 9.7, 1H, H-2), 7.53-7.55 (m, 2H, Ph-m),
7.64-7.67 {m, 1H, Ph-p), 7.94-7.96 (m, 2H, Ph-o}. ’C NMR
(125.7 MHz, d6-DMSO}: 6 18.09 (C-6}, 33.29 (C-7), 46.62 {C-5),
47.28 (C1), 64.24 and 6533 (—OCH,CH,0-), 64.63
(BzOCH, -}, 71.01 (H-4), 116.59 (H-8), 128.95 (C-m}, 129.29
(C-0), 129.86 (C-3), 129.97 (C-i}, 131.21 {C-2}, 133.48 (C-p),
165.86 {COO). ESI MS, m/z {rel%): 339 (100} [M + Na]. HRMS:
caled for [M + NaJ: 339.12029, found: 339.12024.

((15,4R,5R)-a-Hydroxyspiro[bicyclo[3.2.1]oct[2]ene-8,2"[1,3]
dioxolan]-1-yl)methyl benzoate (16). [«]f = +52.6 (¢ 0.312,
CHCly). Found: €, 68.24; H, 6.40. Calc. for C;3H.005: C, 68.34;
H, 6.37%. "H NMR (500 MHz, d6-DMSO}: 8 1.15 (dddd, feen-s =
1.1, Joenzex = 5.9, Jeenven = 98, Jgem = 13.4, 1H, H-6en},
1.56-1.61 {m, 1H, H-7en}, 1.70-1.76 (m, 1H, H-7ex}, 1.83-1.91
(m, 1H, H-6ex), 2.10 (dm, Js_se = 7.9, 1H, H-5}, 3.80-3.98 [m,
6H, ~OCH,CH,0—, H-4, 4-OH}, 4.31 and 4.36 (2 x d, 2H, Jpers =
11.0, BzOCH, -}, 5.70 (ddd, Js s = 1.5, Js = 3.4, 3. = 9.6, 1H,
H-3}, 5.92 (d, J.s = 9.6, 1H, H-2}, 7.52-7.55 (m, 2H, Ph-m),
7.64-7.68 (m, 1H, Php), 7.96-7.98 [m, 2H, Ph-o}. *C NMR
(125.7 MHz, d6-DMSO}: & 22.30 (C-6), 32.06 (C-7}, 44.46 (C-5),
47.40 (C-1), 6422 and 6514 (~OCH,CH,0-), 64.77
(BzOCH,—}, 74.27 [(C-1), 11540 (C-8), 128.49 (C-3), 128.49
(C-m), 129.28 (C-0), 129.93 (C-i}, 133.03 (Cp}, 133.46 (C-2),
165.99 {COO). ESI MS, m/z (tel%): 339 {100} [M + Na]. HRMS:
caled for [M + Nal: 339.12029, found: 339.12026.

Recycling of alcohol 15 to ketone 14

To a solution of allyl alcohol 15 {2.088 g, 6.6 mmel} in CH,CL,
{100 mL} manganese(wv) oxide (6.4 g, 10 eq., activated, ~ 90%)
was added in one portion and the reaction mixture was stirred
overnight. Solids were removed by filtration on a Celite pad
and thoroughly washed with ethyl acetate. The filtrate was
evaporated and the crude 15 (quant. yield} was re-used in the
Luche reduction. The analytical sample was obtained by silica
gel chromatography (toluene-ethyl acetate 4:1}. NMR spectra
match those for 14.
((1S,4R,5R)-4-Hvdroxy-8-oxobicyclo[3.2.1]oct-2-en-1-vl)methyl
benzoate (17). p-TsOH (2.38 g, 12.49 mmol) was added to a
solution of allyl alcohol 16 {3.293 g, 10.41 mmol} in acetone
{180 mL} and water (90 mL} and the reaction mixture was
heated to reflux for 10 h and then to 50 °C for another 10 h.
The reaction mixture was evaporated to half of the original
volume and diluted with ethyl acetate {700 mL}. The organic
phase was washed with water (300 mL} and saturated aq.
sodium bicarbonate (300 mL}, dried over sodium sulfate and
evaporated. The product was purified on a silica gel column
(250 g, toluene-ethyl acetate 4:1 — 2:1) to afford 2.456 g
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(87%) of 17 as viscous oil. [a]f} = +15.3 (¢ 0.326, CHCL;).
Found: C, 70.63; H, 6.27. Cale. for C,;sH,:0,: C, 70.57; H,
5.92%. 'H NMR (500 MHz, d6-DMSO}): § 1.50-1.57 (m, 1H,
H-6en), 1.86-1.95 (m, 2H, H-7en, H-7ex}, 2.03-2.11 (m, 1H,
H-6ex}, 2.36 (dm, Js_oe = 8.4, 1H, H-5}, 4.32 and 4.35 {2 x d,
2H, Jyem = 11.3, BzOCH,— ), 4.55 (bs, 1H, H-4), 5.39 (bs, 1H, 4-
OH), 5.75 (ddd, Js-s = 1.2, Js-q = 3.8, Js» = 9.1, 1H, H-3}, 5.96
(d, J» 5 = 9.1, 1H, H-2}, 7.51-7.55 (m, 2H, Ph-m), 7.65-7.68 (m,
1H, Ph-p), 7.92-7.95 (m, 2H, Ph-0). *C NMR (125.7 MHz, d6-
DMSO}: & 19.35 (C-6}, 29.16 (C-7), 49.88 (C-1}, 50.10 (C-5),
63.75 (BzOCH,—), 79.92 (C-4}, 120.01 (C-m), 129.39 (C-0},
129.56 (C-3), 129.74 (C-i}, 133.55 and 133.66 (C-p and C-2},
165.86 (COO), 212.74 [C-8). ESI MS, m/z {rel%): 295 (100} [M +
Na|. HRMS: caled for [M + Na]: 295.09408, found: 295.09416.
((18,4R,5R,85)-1,8-Dihydroxybicyclo[3.2.1]oct-2-en-1-yl)
methyl benzoate (18). To an ice-cooled solution of the keto
derivative 17 (2.456 g, 9.02 mmol} in a mixture of acetonitile
(170 mL} and acetic acid (5.2 mL}, sodium triacetoxyborohy-
dride (2.87 g, 13.5 mmol) was added in four portions for
30 minutes. The reaction mixture was allowed to warm to r.t.
and stirring was continued for 12 h, The reaction mixture was
quenched with methanol and evaporated. The residue was dis-
solved in methanol and adsorbed on silica gel. Chromato-
graphy on a silica gel column (200 g) in ethyl acetate afforded
2173 g (88%) of the product 18 as a white solid. M.
p. 130-131 °C. [a]f) = —7.1 (¢ 0.320, CHCly). Found: C, 69.90;
H, 6.60. Cale. for CgHy,0: C, 70.06; H, 6.61%. 'H NMR
(500 MHz, d6-DMSO}: § 1.09-1.15 (m, 1H, H-6en}, 1.43-1.48
{m, 1H, H-7en), 1.63-1.70 {m, 1H, H-7ex), 1.88-1.96 (m, 1H,
H-6ex}, 2.12 (dm, J; 4., = 8.0, 1H, H-5), 3.86-3.89 (m, 1H, H-4),
3.99 (d, Jeon = 1.0, 1H, H-8), 4.29 and 4.33 (2 x d, 2H, Jyerm =
10.6, Bz2OCH, ), 4.85 (d, Jop s = 4.0, 1H, 8-OH}, 4.94 (d, Jop 4 =
5.2, 1H, 4-OH}, 5.52 (ddd, /55 = 1.6, Js_s = 3.9, Js., = 9.4, 1H,
H-3}, 5.85 (d, J, 5 = 9.4, 1H, H-2}, 7.51-7.55 (m, 2H, Ph-m),
7.64-7.68 (m, 1H, Ph-p), 7.95-7.97 (m, 2H, Ph-0). *C NMR
(125.7 MHz, d6-DMSO}: & 23.65 [C-6), 31.33 (C-7), 48.77 (C-5),
49.75 [C-1), 66.44 (BzOCH,—), 72.08 [C-8), 73.25 (C-4), 128.12
(C-3), 128.93 (C-m), 129.35 (C-0), 130.21 [C-i), 133.46 (C-p),
135.73 (C-2), 166.07 [COO}. ESI MS, mi/z {rel%): 297 (100} [M +
Na|. HRMS: caled for [M + Nal: 297.10973, found: 297.10972.
((15,4R,55,85)-8-(Benzoyloxy)-4-((tert-butyldimethylsilyl)oxy)-
bicyclo[3.2.1]oct-2-en-1-yl)methyl benzoate (19). To an ice-
cooled selution of diol 18 (2.419, 8.82 mmol} and imidazole
(901 mg, 13.23 mmol} in CH,Cl, (53 mL} was added TBDMSCI
(total amount 1.6 g, 106 mmol} in two portons for
30 minutes and the reaction mixture was stirred at 0 °C for
16 h. Volatiles were evaporated, the residue was dissolved in
ethyl acetate (700 mL} and the organic phase was washed with
water (2 x 300 mL}, dried with sodium sulfate, evaporated and
co-evaporated with benzene (200 mL}. The crude intermediate
was dissolved in pyridine (50 mL) and then DMAP [catalytic
amount} and benzoylchloride {2.05 mL 17.6 mmol} were
added. The reaction mixture was left in the dark for 18 h. The
reaction was then quenched with water and pyridine was evap-
orated. The residue was dissolved in ethyl acetate (700 mL}
and washed with water (2 x 300 mL) and saturated aq. sodium
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bicarbonate (2 x 300 mL), dried with sodium sulfate and evap-
orated. The product was isolated by column chromatography
on silica gel (250 g, hexanes-ethyl acetate 20:1)} affording
3.691 g (85% over two steps) of 19 as an oil. [a]f = +54.4
(¢ 0.375, CHCL;}. Found: C, 70.99; H, 7.36. Calc. for CgH;60581:
C, 70.70; H, 7.37%. 'H NMR (500 MHz, d6-DMSO}: & 0.07 and
0.08 (2 x 8, 2 x 3H, 2 x CH;), 0.88 (s, 9H, ¢Bu}, 1.33-1.39 (m,
1H, H-6en), 1.67-1.73 (m, 1H, H-7en}, 1.95-2.01 (m, 1H,
H-7ex), 2.04-2.12 (m, 1H, H-6ex), 2.38 (dm, Jsen = 7.9, 1H,
H-5}, 4.17-4.19 [m, 1H, H-4), 4.34 and 4.41 (2 x d, 2H, Jger =
11.1, B2OCH,—}, 5.46 (bs, 1H, H-8), 5.64 (ddd, J;_s = 1.5, Js =
4.1, J5 = 9.4, 1H, H-3), 5.96 (d, /» 5 = 9.4, 1H, H-2), 7.45-7.52
(m, 4H, Ph-mi, Ph-m2}, 7.61-7.66 (m, 2H, Ph-p1, Ph-p2},
7.87-7.89 (m, 2H, Ph-02}, 7.95-7.97 (m, 2H, Ph-o1}. *C NMR
(125.7 MHz, d6-DMSO}: § —4.30 and —4.55 (2 x CH,), 17.99 (C
(CHs)s), 22.92 (C-6), 25.91 (tBu), 31.41 (C-7), 47.00 {C-5), 49.19
(C-1), 65.46 (BzOCH,—), 73.87 (C-4}, 77.11 (C-8}, 127.98 (C-3},
128.87 and 128.96 (C-m1, C-m2}, 129.27 (C-02), 129.44 (C-01),
129.81 and 130.02 [C-i1 and C-i2), 133.54 (C-p1, C-p2}, 135.02
(C-2), 164.93 (COO-1), 165.70 [COO-2). ESI MS, m/z (rel%): 515
{100} [M + Na]. HRMS: caled for [M + Nal: 515.22242, found:
515.22244.

((18,4R,5R ,85)-8-(Benzoyloxy)-1-hydroxybicyclo[3.2.1]oct-2-
en-1-yl)methyl benzoate (20). Silyl derivative 19 (2.910 g,
5.91 mmol} was dissolved in a mixture of THF (65 mL} and
acetic acid (1.2 mL} under an argon atmosphere. The reaction
mixture was treated with TBAF (8.9 mL, 1 M solution in THF}
at r.t. After 30 minutes the reaction mixture was heated to
60 °C for 24 h and then evaporated. The residue was dissolved
in ethyl acetate {700 mL) and washed with water (300 mL). The
organic phase was dried with sodium sulfate and evaporated.
Chromatography (silica gel 250 g, toluene-ethyl acetate 3 : 1) of
the residue afforded 2.05 g [92%) of 20 as a viscous oil. [a]fy =
+120.60 (¢ 0.329, CHCl;). Found: C, 72.72; H, 6.10. Calc. for
C13H,,05: C, 73.00; H; 5.86%. 'H NMR (500 MHz, d6-DMSO}:
1.31-1.38 (m, 1H, H-6en}, 1.69-1.74 (m, 1H, H-7en), 1.93-1.99
(m, 1H, H-7ex), 2.04-2.12 (m, 1H, H-6ex)}, 2.39 (d, Js_sex = 8.2,
1H, H-5), 4.00-4.03 (m, 1H, H-4), 4.32 and 4.38 (2 x d, 2H, Jyerm
=11.1, BzOCH,—), 5.24 (d, 1H, 4-OH}, 5.48 (bs, 1H, H-8}, 5.67
(ddd, J5 s = 1.5, Js 5 = 3.9, J5 » = 9.5, 1H, H-3}, 5.96 (d, J» 5 = 9.5,
1H, H-2}, 7.48-7.53 (m, 4H, Ph-m1, Ph-m2), 7.62-7.67 (m, 2H,
Ph-p1, Ph-p2), 7.89-7.91 (m, 2H, Ph-02}, 7.95-7.97 (m, 2H, Ph-
01). "C NMR (125.7 MHz, d6-DMSO}: § 23.46 (C-6), 31.79
(C-7), 46.88 (C-5), 49.18 (C-1), 65.51 (BzOCH,-)}, 72.86 (C-4),
77.22 (C-8}, 128.63 (C-3}, 128.89 and 128.97 (C-m1, C-m2},
129.31 (C-02}, 129.38 {C-01), 129.76 and 130.04 (C-i1 and C-i2),
133.52 (C-p1, Cp2), 134.67 (C-2}, 165.05 [COO-1}, 165.72
(COO-2}. ESI MS, m/z (rel%]): 401 {100) [M + Na]. HRMS: caled
for [M + Na]: 401.13594, found: 401.13608.

Preparation of compounds 22a and 22

A solution of PPh; (2.99 g, 11.4 mmol} and N-chlorosuccini-
mide (1.53 g, 11.45 mmol} in CH,Cl, (32 mL} was stirred at
0 °C for 30 minutes. A solution of hydroxy derivative 20
{2.155 g, 5.65 mmol} in CH,CL, (32 mL + 5 mL for rinsing the
flask} was then added dropwise for 30 minutes. The reaction
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mixture was stirred at 0 °C for 2 h and then weated with
methanol (5 mL) and evaporated. The residue was chromato-
graphed on a silica gel column (250 g, hexanes-ethyl acetate
10:1) and the isolated intermediate was immediately used in
the following step. Chloro derivative 21 was dissolved in DMF
(44 mL} and treated with sodium azide (1.836 g, 28.3 mmol} at
65 °C for 12 h. Volatiles were evaporated, the residue was dis-
solved in ethyl acetate (350 mL)} and washed with water
(200 mL}. The organic phase was dried with sodium sulfate,
evaporated and the crude product was chromatographed on a
silica gel column (250 g, hexanes—ethyl acetate 20:1 — 10:1}
to afford 22a (505 mg, 22% over 2 steps) and 22 (1.64 g, 72%
over 2 steps, both were oils}.
(1R,48,58,88)-4-Azido-5-((benzoyloxy)methyl)bicyelo[3.2.1]-
oct-2-en-8-yl benzoate (22a). '"H NMR (500 MHz, d6-DMSO}:
4 1.69-1.76 (m, 2H, H-7en, H-6ex), 2.11-2.19 (m, 2H, H-6en,
H-7ex}, 2.76-2.80 (m, 1H, H-1}, 4.44 (d, 1H, J, 5 = 4.2, H-4),
4.47 and 4.52 (2 % d, 2H, Jyer, = 11.0, BzOCH,-), 5.19 (s, 1H,
H-8}, 5.77 (dd, fs-, = 42, J5-» = 9.3, 1H, H-3), 6.28 (dd, [, =
6.9, Jos = 9.3, 1H, H-2), 7.49-7.54 (m, 4H, Ph-m1, Ph-m2),
7.64-7.69 (m, 2H, Ph-p1, Ph-p2}, 7.97-8.00 (m, 4H, Ph-02, Ph-
o1). ®C NMR (125.7 MHz, d6-DMSO}: § 29.48 (C-6}, 29.92
(C-7), 41.26 {C-1), 50.49 (C-5), 66.14 (C-4}, 66.29 [BzOCH,—},
77.69 (C-8), 122.20 [C-3}, 128.85 and 128.94 (C-m1, C-m2),
129.34 and 129.42 (C-01, C-02), 129.48 and 129.57 (C-i1 and
C-i2), 133.54 and 13373 (C-p1, Cp2), 136.22 (C-2), 165.20
(8-CO0), 165.63 (~CH,OCO0}, ESI MS, miz (rel%): 426 (100}
[M + Na]. HRMS: caled for [M + Na: 426.14243, found: 426.14233.
(15,4R,5R,85)-1-Azido-1-((benzoyloxy)methyl)bicyclo[3.2.1]-
oct-2-en-8-yl benzoate (22). [a]p’ = —10.2 ¢ 0.275, CHCly).
Found: C, 68.45; H, 5.30; N, 10.11. Calc. for C,3H.,N50,: C,
68.47; H, 5.25; N, 10.42%. "H NMR (500 MHz, d6-CDCls):
1,52 {ddd, Jeen-7ex = 6:2; Jaen-7en = 92, Jgem = 14.0, 1H, H-6eny),
1.89-1.95 (m, 1H, H-7en), 2.04-2.11 (m, 1H, H-7ex}, 2.21-2.29
(m, 1H, H-6en}, 2.73 (dm, Js_pex = 8.1, 1H, H-5), 3.99 (t, [, ¢ =
3.3, 1H, H-4), 4.39 and 4.56 (2 * d, 2H, [y, = 11.2, BzOCH,—),
5.49 (s, 1H, H-8}, 5.73 (ddd, J55 = 1.6, 5o = 4.1, J5, = 9.5, 1H,
H-3}, 6.20 (d, 1H, J, 5 = 9.5, 1H, H-2}, 7.39-7.45 (m, 4H, Ph-m1,
Ph-m2}), 7.52-7.58 (m, 2H, Ph-p1, Ph-p2}, 7.99-8.02 (m, 4H, Ph-
02, Ph-ol}. *C NMR (125.7 MHz, CDCl;): 6 24.96 (C-6), 32.73
(C-7), 44.74 (C-5), 4915 [C-1}, 64.81 (C-4), 65.17 (BzOCH,),
76.76 (C-8), 122.80 (C-3), 128.39 and 128.44 (C-m1, C-m2),
129.56 and 129.64 (C-01, C-02), 129.75 and 129.99 (C-i1 and
C-i2), 133.07 and 133.16 (C-p1, C-p2), 138.46 (C-2}, 164.33
(COO-1}, 165.40 (COO-2}. ESI MS, m/z (rel%}: 426 (100} [M +
Na|. HRMS: caled for [M + Nal: 426.14243, found: 426.14229.

Allylic rearrangement of 22a to 22

A solution of compound 22a (505 mg, 1.25 mmol} in aceto-
nitrile (35 mL} was heated to 95 °C for 24 h. The reaction
mixture was evaporated and the residue was chromatographed
(100 g, hexanes-ethyl acetate 10: 1) to afford 241 mg {48%) of
22.
(15,1R,5R,8S)-1-Amino-1-(hydroxymethyl)bicyclo[3.2.1]oct-2-
en-8-0l (23). Azido derivative 22 {1.64 g, 4.06 mmol} was dis-
solved in dry THF (20 mL, argon atmosphere} and then PPh,
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(1.42 g, 541 mmol} was added. The reaction mixture was
stirred for 20 h, then water (1.23 mL} was added and stirring
was continued for another 20 h. The reaction mixture was
evaporated and re-dissolved in EtOH-H,0 {18 mL, 1:1). Pot-
assium hydroxide (1.2 g, 21.4 mmol} was added and the reac-
tion mixture was heated to reflux for 5 h, neutralized with ag.
HCI and purified on a DOWEX 50 (100 mL, H" cycle). The
column was washed with water (400 mL}, methanol {400 mL)}
and the product was then eluted with aq. NH;-MeOH (1: 4, v/v},
Fractions containing the product were evaporated and the
oily residue was converted to hydrochloride salt with hydrogen
chloride in dioxane (2 M) (659 mg, 79%, slightly hygroscopic
yellowish solid). o]y = —51.4 (¢ 0.292, CH;OH). Found: C,
51.21; H, 7.70; N, 6.23. Calc. for CoH,sCINO,1/3H,0: C, 51.06;
H, 7.94; N, 6.62%. 'H NMR (500 MHz, d6-DMSO}: § 1.26 (ddd,
Joen-7ex = 5.9, Joen7en = 91, Jgem = 13.7, 1H, H-6en}, 1.37-1.43
(m, 1H, H-7en}, 1.52-1.59 (m, 1H, H-7ex), 1.98-2.06 (m, 1H,
H-6ex}, 2.24 (d, Js_sex = 8.0, 1H, H-5), 3.41 [d, Jper = 10.7, 1H,
CHhbOH], 3.52 (m, 2H, H-4, CHaOH), 4.00 (bs, 1H, H-8), 4.62
and 4.89 (2 x bs, 2H, 8-OH, CH,OH), 5.48 (dd, J5 s = 1.7, Js 4 =
3.6, /3.2 = 9.5, 1H, H-3), 6,13 {dd, Jo-4 = 0.8, /.5 = 9.5, 1H, H-2},
8.20 {bs, 3H, NH;"). *C NMR (125.7 MHz, d6-DMSO): § 25.78
(C-6), 31.86 (C-7), 43.97 (C-5), 51.88 (C-1), 55.00 (C-4), 62.24
(CH,OH), 71.21 (C-8), 120.68 {C-3}, 142.49 (C-2}. CI MS, m/z (rel
%}: 152 {100) [M + H-H,0]. HRMS: caled for [M + H]: 171.1181,
found: 170.1176.

(18,4R 5R 85)-4-(6-Chloro-9H-purin-9-yl)-1-(hydroxymethyl)-
bicyclo[3.2.1]oct-2-en-8-0l (24). A mixture of amine 23 (1 g,
4.9 mmol}, 4,6-dichloro-5-formamido-pyrimidine (1.56 g,
7.35 mmol, prepared according to published procedure™) and
DIPEA (2.9 mL, 14.7 mmol} in #-BuOH (25 mL} was heated in
a sealed microwave reactor for 2 h at 140 °C. After evaporation
the residue was chromatographed on a silica gel column
(400 g} in ethvl acetate — ethyl acetate-toluene-acetone—
ethanol (17:4:3: 1} to afford 24 (631 mg, 42%}. The analytical
sample was crystalized from ethanol (white solid). M.p.
176.5-177 °C (decomposition, EtOH). [a]fy = —18.6 (¢ 0.297,
CH;0H). Found: C, 54.50; H, 4.91; Cl, 11.30; N, 17.87. Calc. for
CH,5CIN,O: €, 54.82; H, 4.93; €L, 11.56; N, 18.26%. 'H NMR
(500 MHz, d6-DMSO): 6 1.46-1.53 (m, 1H, H-6en), 1.54-1.60
(m, 1H, H-7en}, 1.65-1.72 (m, 1H, H-7ex), 2.06-2.13 (m, 1H,
H-6ex), 2.42 (dm, Js_gex = 7.8, 1H, H-5), 3.51 (dd, Jeu-on = 5-3,
Jeem = 10.5, 1H, CHDOH), 3.63 (dd, Jop-om = 5.3, Jyem = 10.5,
1H, CHaOH}, 3.74 (d, Json = 3.6, 1H, H-8}, 4.53 (t, Joncn, =
5.3, 1H, CH,OH}, 4.63 (d, Jou-s = 3.6, 1H, 8-OH}, 5.10-5.12 (m,
1H, H-4), 5.76 (ddd, J5 s = 1.7, 5.4 = 3.9, Js» = 9.4, 1H, H-3),
6.40 (dd, Jo_y = 1.2, Ja_s = 9.4, 1H, H-2), 8.49 (s, 1H, H-8"), 8.83
(s, 1H, H-2"}. C NMR (125.7 MHz, d6-DMSO}: § 25.10 (C-6},
32.31 (C-7), 46.26 (C-5), 51.70 (C-1), 59.74 (C-4), 62.18
(CH,OH), 71.81 [C-8), 119.57 (C-3}, 131.47 (C-5'), 143.33 (C-2),
145.84 (C-87), 149.32 (C-6'}, 151.48 {C-17), 151.67 (C-2"). ESI MS,
mfz (rel%}): 329/331 (100/33) [M + Na]. HRMS: caled for [M +
Nal: 329.07757, found: 329.07771,

(15,4R,5R,85)-1-(6-Amino-9H-purin-9-yl)-1-(hvdroxymethyl)-
bicyclo[3.2.1]oct-2-en-8-0l (25). A solution of chloropurine
derivative 24 (540 mg, 1.76 mmol} was dissolved in ethanolic
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ammonia (3.5 M, 6 mL} heated in a sealed microwave reactor
at 140 °C for 1 h. The reaction mixture was evaporated and
chromatographed on a silica gel column (200 g} in ethyl
acetate — ethyl acetate-acetone-ethanol-H,O (19:3:1.8:1.2)
to afford 433 mg (86%) of the product 25. The analytical
sample was crystallized from ethanol (white solid).

Enantiomeric purity was determined by chiral HPLC on a
Chirapak IA {Daicel} column with heptane-ethanol 2:1 + 0.1%
Et;NH as an eluent (Fig. $4 and 857}

M.p. 158.5-159.5 °C (EtOH). [a]}’ = —50.1 (¢ 0.154, CH;OH).
Found: C, 5348 H, 6.24; N, 2214, Cale. for
Cy4Hy o Ns0,1.5H,0: C, 53.49; H, 6.41; N, 22.28%. 'H NMR
(500 MHz, d6-DMSO}: § 1.41-1.48 {m, 1H, H-6en), 1.51-1.57
(m, 1H, H-7en), 1.63-1.70 (m, 1H, H-7ex), 2.02-2.10 (m, 1H,
H-6ex}, 2.37 (dm, Js6e = 7.9, 1H, H-5}, 3.49 (dd, Jou-on = 5.5,
Jgem = 10.5, 1H, CHbOH), 3.62 (dd, Jep on = 5.5, Jgem = 10.5,
1H, CHaOH}, 3.73 (d, Jeon = 3.5, 1H, H-8}, 4.53 (t, Jou-cu, =
5.3, 1H, CH,OH), 4.63 (d, Jop s = 3.5, 1H, 8-OH}, 4.91-4.93 (m,
1H, H-4}, 5.71 (ddd, Js-s = 1.6, Jas = 3.9, Js» = 9.5, 1H, H-3)},
6.40 [dd, J, 4 = 1.1, [, 5 = 9.5, 1H, H-2), 7.27 {bs, 2H, NH,}, 7.90
(s, 1H, H-8, 8.17 (s, 1H, H-27}. *C NMR (1257 MHz, d6-
DMSO): & 25.20 (C-6), 32.41 (C-7), 46.46 (C-5), 51.77 (C-1),
58.82 (C-4}, 62.28 (CH,OH)}, 71.69 [C-8}, 119.39 (C-5'}, 120.42
(C-3), 139.06 (C-87), 142.64 [C-2), 149.18 (C-47), 151.68 (C-27),
156.30 (C-6"). ESI MS, m/z (rel%): 310 (100} [M + Na]. HRMS:
caled for M + HJ: 288.14550, found: 288.14557; caled for [M +
Nal: 310.12745, found: 310,12747.

(185,4R,5R,85)-4-(6-Amino-9H-purin-9-yl)-1-(hvdroxymethyl )-
bicyclo[3.2.1]octan-8-0l (26). To a solution of nucleoside 25
(500 mg, 1.74 mmol} in methanol (50 mL) was added Pd(OH),/
C (200 mg} and the reaction mixture was hydrogenated in a
steel autoclave {10 bars of hydrogen} at 50 °C for 24 h. Solids
were filtered off on a pad of Celite and the residue was chro-
matographed on a silica gel column (200 g, ethyl acetate —
ethyl acetate-acetone-ethanol-H,O (19:3:1.8:1.2}} to afford
450 mg (89%) of the product 26. The analytical sample was
crystalized from ethanol (white solid). M.p. 241.5-242.5 °C
(EtOH}. [a]t) = +54.5 (¢ 0.301, CH;0H). Found: C, 56.33; H,
6.46; N; 23.23. Cale. for Cy H;oN;0,-0.5H,0: C, 56.36; H, 6.76;
N, 23.47%. "H NMR (600 MHz, d6-DMSO}: 6 1.40-1.45 {m, 1H,
H-7en}, 1.52-1.58 {m, 3H, H-2eq, H-6en, H-7ex), 1.92-2.02 {m,
2H, H-2ax, H-6ex), 2.07-2.17 (m, 2H, H-3), 2.65 (dd, J;_; = 3.9,
Jssex = 7.0, 1H, H-5), 3.32 (dd, Jouon = 5.0, Jyem = 10.5, 1H,
CHbOH), 3.38 (d, Json = 3.5, 1H, H-8), 3.53 (dd, Jou on = 5.0,
Jeem = 10.5, 1H, CHaOH]}, 4.32 (t, Jop-cu, = 5.0, 1H, CH,OH),
4.42 (d, Jou s = 3.5, 1H, 8-OH), 4.52-4.54 (m, 1H, H-4), 7.21 (bs,
2H, NH.), 8.14 (s, 1H, H-2"), 8.15 (s, 1H, H-8"}. '*C NMR
(150.92 MHz, d6-DMSO): & 21.51 (C-3}, 25.63 (C-6}, 28.26 (C-7),
31.75 (G2}, 4710 (C-5), 49.54 (C-1}, 56.99 (C-4}, 64.92
(CH,OH}, 74.66 (C-8), 119.12 (C-5), 138.98 (C-87), 149.81 (C-4'),
152.44 (C-2"), 156.21 (C-6"). ESI MS, m/z (rel%): 312 (100) [M +
Nal. HRMS: caled for [M + H|: 290.16115, found: 290.16124;
caled for [M + Nal: 312.14310, found: 312.14315.

N-(9+((1R,2R,55,85)-8-Hvd roxy-5-( hydroxymethyl)-bicyclo-
[3.2.1]oct-3-en-2-yl}9H-purin-6-yl)benzamide (27). Nucleoside
25 (550 mg, 1.91 mmol} was co-evaporated with pyridine {2 x
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15 mL), dissolved in pyridine (24 mL}, cooled to 0 °C and then
TMSCL (1.22 mL, 9.6 mmol} was added dropwise for
10 minutes. The reaction mixture was stirred at 0 °C for 1 h
and then benzoyl chloride {1.11 mL, 9.6 mmol) was slowly
added and the reaction mixture was left at 0 °C for 1 h and at
r.t. for another 12 h. The mixture was cooled to 0 °C again,
quenched with water (3.5 mL), and after 15 minutes aq.
ammonia (6.4 mL, 25%) was added and after further
15 minutes the reaction mixture was evaporated. The residue
was re-dissolved in methanol (17 mL) and aq. ammonia
{12 mL, 25%}) and after 1 h at r.t. evaporated. The residue was
chromatographed on a silica gel column {100 g} in ethyl
acetate — ethyl acetate-acetone—ethanol-H,0 (21:3:0.6:0.4}
to afford 27 (464 mg, 62%) as a yellowish foam. [a]f = —86.1
{¢ 0.296, CH;0H). Found: C, 63.40; H, 5.46; N, 17.38. Calec. for
CayHyy NsO51/3H,0: C, 63.46; H, 5.50; N, 17.62%. 'H NMR
(600 MHz, d6-DMSO}): 5 1.48-1.54 (m, 1H, H-6en}, 1.55-1.60
(m, 1H, H-7en}, 1.66-1.73 (m, 1H, H-7ex), 2.07-2.15 (m, 1H,
H-6ex), 2.44 (dm, Jo_gex = 8.0, 1H, H-5), 3.51 (dd, Jopon = 5.1,
Jeem = 10.5, 1H, CHbOH), 3.64 (dd, Jopon = 5.1, Jgem = 10.5,
1H, CHaOH)}, 3.77 (d, Ja.ou = 3.5, 1H, H-8), 4.54 (i, Jorcu, =
5.1, 1H, CH,OH), 4.69 (d, Jor s = 3.5, 1H, 8-OH}, 5.09-5.11 (m,
1H, H-4}, 5.77 (ddd, Js_s = 1.6, Js_s = 3.9, 5o = 9.5, 1H, H-3},
6.39 (dd, [, s = 1.1, [o.5 = 9.5, 1H, H-2), 7.53-7.57 (m, 2H, Ph-m),
7.63-7.66 {m, 1H, Ph-p), 8.04-8.06 (m, 2H, Ph-o), 8.24 (s, 1H,
H-8", 8.77 (s, 1H, H-2")}, 11.21 [bs, 1H, NH}. “C NMR
(150.92 MHz, d6-DMSO}): & 25.16 {C-6), 32.37 (C-7}, 46.45 (C-5),
51.72 {C-1), 59.18 (C-4), 62.23 (CH,OH), 71.82 (C-8), 119.96
(C-3), 126.09 (C-5%}, 128.61 (C-m,0), 132.55 (C-p}, 133.62 (C-i},
142.87 (C-87), 143.04 (C-2), 150.48 (C-6"}, 151.53 (C-2'), 151.98
(C-1"), 165.87 (COO). ESI MS, m/z [rel%}: 414 (100} [M + Na].
HRMS: caled for [M + Nal: 414.15366, found: 414.15359.
N-{9-((1R,2R,55,85)-5-((Bis(1-methoxyphenyl){ phenyl)methoxy)-
methyl)-8-hydroxybicyclo[3.2.1]oct-3-en-2-yl)-9H-purin-6-yl)-
benzamide (28). Compound 27 (311 mg, 0.79 mmol} was co-
evaporated with pyridine (2 ¥ 7 mL} and then dissolved in pyri-
dine (6 mL} and cooled to 0 °C. DMTrCl {404 mg, 1.19 mmol}
was added in one portion and the reaction mixture was slowly
warmed to r.t. and then stirred for 48 h. The reaction mixture
was evaporated and the residue was dissolved in ethyl acetate
(300 mL}, washed with a satd solution of sodium bicarbonate
{2 x 100 mL} and brine (100 mL}, dried with sodium sulfate
and evaporated. The residue was chromatographed on a silica
gel column (150 g - deactivated with triethvlamine, toluene—
ethyl acetate 1: 3} to afford 358 mg [65%) of the product 28 as
a foam (contains some inseparable impurites according
3C NMR, the compound was pure enough for the next step).
[2]s’ = —8.0 (¢ 0.313, CH;OH). Found: C, 72.43; H, 5.83; N,
9.71. Cale. for Co,HyoNsOg: C, 72.71; H, 5.67; N, 10.09%. 'H
NMR (500 MHz, d6-DMSO): & 1.50-1.56 (m, 1H, H-6en}, 1.70
(m, 2H, H-7en, H-7ex), 2.08-2.15 (m, 1H, H-6ex}, 2.48 (bs, 1H,
H-5}, 3.06 and 3.29 (2 x d, Jyer = 8.4, 2H, OCH,}, 3.74 {2 x 5,2
% 3H, 2 x OCHg), 3.88 (bs, 1H, H-8), 4.76 (d, Jocou = 3.4, 1H,
H-8}, 5.13-5.15 (m, 1H, H-1), 5.82 (ddd, J; 5 = 1.6, J34 = 3.9,
Jiz = 9.4, 1H, H-3}, 6.31 [(dd, J._, = 14, Jo.s = 9.4, 1H, H-2),
6.89-6.92 (m, 4H, H-3"), 7.21-7.24 (m, 1H, 4", 7.28-7.30 (m,
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4H, H-2"}, 7.31-7.34 (m, 2H, H-3""}, 7.42-7.44 (m, 2H, H-2""},
7.54-7.57 (m, 2H, Bz-m), 7.63-7.66 {m, 1H, Bz-p}, 8.04-8.07 (m,
2H, Bz-0), 8.28 (s, 1H, H-87, 8.79 (s, 1H, H-2"), 11.25 (bs, 1H,
NH). C NMR {125.7 MHz, d6-DMSO}: & 24.99 (C-6), 32.99
(G-7}, 46.55 (C-5}, 50.48 {C-1}, 55.19 and 55.20 [2 x OCH,)},
59.20 (C-4), 64.87 (OCH,}, 72.14 [C-8}, 85.10 (Ph;CO-}, 113.30
and 113.31 (2 % C-3"}, 120.00 (C-3}, 126.17 [C-5%, 126.75 [C-4"},
127.92 and 127.96 (C-2"', C-3""}, 128.64 and 128.66 (Bz-o, Bz-
m), 129.95 and 129.99 (2 x C-2"), 132.60 (Bz-p), 133.61 (Bzi},
135.99 and 136.19 (2 x C-1"}, 142.68 and 142.75 (C-2 and C-8'),
145.51 (C-1"7, 150.55 [C-6'), 151.61 (C-2), 152.04 (C-4'), 158.16
and 158.17 (C-4"}, 165.93 (COO). ESI MS, mv/z (rel%): 716 (100}
[M + Na]. HRMS: caled for [M + Na]: 716.28434, found:
716.28429.
(18,4R,5R,85)-1-(6-Benzamido-9H-purin-9-yl)-1-((bis(4-meth-
oxyphenyl)( phenyl)methoxy)methyl)bicyclo[3.2.1]oct-2-en-8-yl
(2-cyanoethyl) diisopropylphosphoramidite (29). Compound
28 (358 mg, 0.52 mmol} and DIPFA (0.353 mL, 2.05 mmol}
were dissolved in dry THF (5 mL} and the flask was rinsed
several times with argon. 2-Cvanoethyl N,N-diisopropyl-chloro-
phosphoramidite (0.21 mL, 0.94 mmol} was added dropwise at
r.t. for 15 minutes. The reaction mixture was stirred at r.t. for
3.5 h and then poured into the mixture of a satd solution of
sodium bicarbonate with ice (100 mL). The water phase was
extracted with ethyl acetate (2 x 200 mL} and the combined
organic phases were dried with sodium sulfate and evaporated.
The residue was co-evaporated with benzene (2 x 50 mL} and
then chromatographed {100 g - deactivated with triethylamine,
toluene-ethyl acetate 1:1 to afford 297 mg (72%) of the
product 29 as a white foam. *'P{'H} NMR (202 MHz, dé-
DMSO}: 145.73, 145.21. ESI MS, m/z (rel%}: 916 (100} [M + Na].
HRMS: caled for [M + H]: 894.41025, found: 894.41126; caled
for [M + Na: 916.39219, found: 916.39245.
N'-(9+((1R,2R,55,85)-5-((Bis(4-methoxyphenyl)-( phenyl)-
methoxy)methyl)-8-hydroxybicyclo[3.2.1]octan-2-yl)-9H-purin-
6-yl)-N,N-dibutylformimidamide (30). Saturated nucleoside 26
(430 mg, 1.49 mmol} was suspended in methanol (10 mL},
dimethylacetal-N,N-dibutylformamide (0.87 mL, 3.73 mmol}
was then added in three portions and the reaction mixture was
allowed to stir at r.t. for 11 h. A chromatography on a silica gel
column (150 g, ethyl acetate — ethyl acetate-methanol 6:1}
afforded a foam, which was directly used for the tritylation.
The foam was co-evaporated with pyridine (2 x 10 mL}, then
dissolved in pyridine {10 mL) and cooled to 0 °C. DMTrCl
(636 mg, 1.88 mmol) was added in one portion, the reaction
mixture was slowly warmed to r.t. and then stirred for 48 h.
Volatiles were evaporated and the residue was dissolved in
ethyl acetate (300 mL), washed with a satd solution of sodium
bicarbonate {2 x 150 mL} and brine (150 mL}, dried with
sodium sulfate, evaporated and chromatographed on a silica
gel column (200 g - deactivated with triethylamine, ethyl
acetate-acetone 10: 1} to afford 727 mg (83%]) of 30 as a white
foam. [a]f = —18.5 {¢ 0.313, CH;OH). Found: C, 72.01; H, 7.40;
N, 11.17. Cale. for CyHs NeOy: C, 72.30; H, 7.45; N, 11.50%.
'H NMR (500 MHz, d6-DMSO): 6 0.93 (g, Jus = 7.5, 6H, 2 x
CH;}, 1.28-1.37 (m, 4H, H-4), 1.46-1.51 [m, 1H, H-7"ex),
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1.55-1.65 (m, 6H, H-2, H-6"en, H-7"en), 1.74-1.78 (m, 1H, H-2"
a), 1.94-2.00 (m, 1H, H-6"en), 2.04-2.11 (m, 1H, H-2"h),
2.15-2.20 (m, 2H, H-3"ax, H-3"eq}, 2.71 {dd, Js-swex = 7.3, Jors-
= 3.8, H-5"), 2.90 and 3.16 (2 x d, Jer = 8.4, 2H, OCH,}, 3.40
(d, Jaron = 3.9, 1H, H-8"}, 3.42-3.45 and 3.55-3.64 (2 x m, 2 x
2H, H-2), 3.73 (2 x 5, 2 % 3H, 2 ¥ OCHj,), 4.59-4.62 (m, 1H,
H-1"}, 6.86-6.89 (m, 4H, H-3""), 7.19-7.22 (m, 1H, H-p},
7.24-7.27 {m, 4H, H-2""}, 7.28-7.31 [m, 2H, H-m)}, 7.39-7.41
{m, 2H, H-p), 8.33 (s, 1H, H-87, 8.42 (s, 1H, H-27, 8.96 (s, 1H,
N—CH-NBu,}. "*C NMR (150.92 MHz, d6-DMSO}: § 13.77 and
13.95 (2 x CHy), 19.34 and 19.83 (2 x C-3}, 21.37 (C-3"}, 25.45
(C-6"), 28.88 and 30.69 (2 x C-3), 29.22 (C-7"}, 32.62 (C-2"),
44.55 and 51.07 (2 x C-1}, 47.14 (C-5"}, 48.68 (C-1"}, 55.16 (2 x
OCHj)}, 57.12 (C-4"), 66.45 (OCH,}, 74.81 (C-8"}, 84.91 [PhyCO-),
113.18 (C-3"7, 125.64 (C-5'), 126.61 and 127.85 and 127.97
(Ph-o, m, p}, 129.96 and 129.98 (C-2""), 136.19 and 136.38 (C-1"
"), 140.98 (C-8'), 145.67 (Ph-i), 151.84 €-27), 151.88 (C-4'}, 158.07
(C-4"), 158.13 (N=CH-NBu,), 159.52 (C-6"). ESI MS, m/z (rel
%): 731 (100} [M + H]. HRMS: caled for [M + H]: 731.42793,
found: 731.42774.

(15,4R,5R,85)-1-({Bis(4-methoxyphenyl)  (phenyl)methoxy)-
methyl)-4-(6-(((dibutvlamino) methylene)amino)-9H-purin-9-yl)-
bicyclo[3.2.1]octan-8-yl (2-cvanoethyl) diisopropylphosphora-
midite (31). Compound 30 (680 mg, 0.93 mmol} and DIPEA
(0.71 mL, 4.08 mmol} were dissolved in dry THF (10 mL} and
the flask was rinsed several times with argon. Then 2-cva-
noethyl  N,N-diisopropylchloro-phosphoramidite (0,42 mL,
1.88 mmol} was added dropwise at r.t. for 15 minutes. The
reaction mixture was then stirred at r.t. for 3.5 h and then
poured to the mixture of a satd solution of sodium bicarbonate
with ice (150 mL}. The water phase was extracted with ethyl
acetate (2 x 250 mL} and the combined organic phases were
dried with sodium sulfate and evaporated. The residue was co-
evaporated with benzene (2 x 50 mL} and then chromato-
graphed (100 g - deactivated with triethylamine, toluene-ethyl
acetate 1:9} to afford 693 mg (80%) of the product 31 as a
white foam. *'P{'"H} NMR (202 MHz, C;Dg}: 147.67, 146.63. ESI
MS, miz (rel%]): 931 (100} [M + H]. HRMS: calcd for [M + HJ:
931.53578, found: 931.53558; caled for [M + Na]: 853.51772,
found: 953.51730.

Synthesis of oligonucleotides

The oligonucleotides were synthesised from the appropriate
monomers on a ~0.5 pmol scale by a standard trityl-off phos-
phoramidite method using the LCAA CPG with attached 2"
deoxy-5"-0-dimethoxytritylevtidine-3'-0-hemisuccinate  as the
first nucleoside. Deprotection and release of oligonucleotides
from CPG was achieved with gaseous ammonia (0.7 MPa) at
r.t. for 12 h. Oligonucleotides were purified at 55 °C on DNAPac
PA100 10 x 250 mm Nucleic Acid Column (Dionex) at a flow
rate of 3 mL min " using a linear gradient of sodium chloride
{20 mM — 500 mM, 60 min} in 50 mM sodium acetate buffer
pH 7.0 containing 20% (v} of acetonitrile, Desalting of pure
oligonucleotides was performed on 10 pm Luna C18 (2} 10 x
100 mm column (Phenomenex) at a flow rate of 3 mL min™"
using a gradient of acetonitrile (0 —» 25%, 30 min} in 0.1 M
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Table 2 Analytical data for oligonucleotides

Oligonucleotide Caled mass Found mass
5-d(GCA™ TATCA™ C) 2790.82 2790.2
5"1{GCA™ UA*UCA™C) 2858.76 2858.4
5-d{GCA™TA® TCA™ C) 2796.82 2796.2
5"1{GCA™UA™UCA™C) 2864.76 2864.0

triethylammonium hydrogencarbonate. Desalted oligonucleo-
tides were freeze-dried and characterized by MALDI TOF
(Table 2}.

Hybridization study

Thermal experiments with oligonucleotide complexes were
performed at 260 nm using a CARY 100 Bio UV Spectrophoto-
meter (Varian Inc.} equipped with a Peltier temperature con-
troller and thermal analysis software. The aqueous solutions
of modified and natural complementary strands (4 nmol of
each) were mixed, freeze-dried and dissolved in 50 mM
NaH,PO, - Na,HPO, pH 7.2 with 100 mM NaCl (1 mL} to give
a4 pM duplex solution. A heating—cooling cycle over a range of
15-60 °C with a gradient of 0.5 °C min " was applied. The T,
value of each complex was determined from the first derivative
plots (dA,eo/dT versus temperature) as the temperature at a
local maximum of dd,q,/dT.
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We prepared a novel series of conformationally restricted bicyclonucleosides and nucleotides.
The synthetic approach employed a ring closing metathesis to provide access to both 6 and 7
membered saturated and unsaturated rings linking the 3* to 5° methylene groups of the sugar.
The bicyclonucleoides were also transformed to the corresponding phosphoramidate prodrugs
by an innovative one pot protocol of borenate ester protection, coupling of the phosphoryl
chloridate and deprotection of the boronate. A similar strategy was also employved for the
synthesis of the corresponding monophosphates as crucial intermediates for the synthesis of
selected triphosphates. The biological properties of the nucleosides and monophosphate
prodrugs were assessed for antiviral and cytostatic activities in cell based assays whilst the
triphosphates were evaluated in enzymatic assays. The lack of significant effects suggests that
the linkage of the 3° to 5° via aring system and the subsequent conformational restriction of the
ribose ring to the South conformation are incompatible with the kinases and polymerases that

recognize nucleosides and their metabolites.

Introduction

Nucleosides and their phosphorylated metabolites (nucleotides)
are vital components of living organisms. The recognition of
nucleosides by proteins e.g. kinases involved in activation to the
mono, di- and triphosphates, and the multiple roles of the
triphosphate metabolites in providing energy for biological
processes, and carrying genetic information, make understanding
the protein-nuclecside/tide  interactions  valuable.  One
component of this interaction is the three dimensional
conformation of the nucleoside/tide species in solution which has
been well studied. The sugar ring of nucleosides/tides rapidly
interconverts between the so called North (3"-endo) and South
{2’-endo} conformations in solution {Figure 1). In addition to the
sugar ring conformation, the orientation of 4’-5" bond (v angle)
and the orientation of the nucleobase are also essential features.:
2 Although a hydroxy group (or a phosphate group) at 5 position
can rtolate around the axis. the energetically preferred
conformations are plus synclinal (+sc¢) and antiperiplanar (ap),
which are equally populated in solutions of purine nucleosides,
whereas +sc conformation is preferred in nucleotides.!

During interaction with their protein targets, nucleosides/tides
presumably adopt the preferred binding conformation potentially
with an entropic penalty. Given the flexibility of the sugar ring
these interactions with proteins may favor one or more
conformations. For example, Marquez and co-workers elegantly

This journal is @ The Royal Society of Chemistry 2013

showed that deoxynucleosides/tides locked in South and North
conformations can be efficiently recognized by different
enzymes. Carbocyclic nucleoside derivatives N-MCT and S-
MCT were designed to ‘lock’ the ring in the North and South
conformation respectively. They discovered that the North
conformation effectively binds to polvmerases’~ whereas the
South 1s recognized by HSV-1 thymidine kinase.®

Recently, we have prepared a different pair of carbocyclic
North/South adenosines’-? (as well as their analogues with other
nucleobases), primarily inspired by LNA! monomers. The
North derivatives were largely inactive against a panel of viruses
(suggesting limited recognition by viral polymerases if one
assumes the triphosphates were generated in the cells utilized),
but phosphatidylinositol 4-kinase ITee bound the North-type
adenosine derivative with affinity significantly exceeding that of
adenosine.” Nucleoside triphosphate binding proteins are
probably able to discriminate between nucleotides with different
y angles; however, there is no direct evidence of this to date.
Taken together, our understanding of conformational
preferences nucleosides/tides binding proteins is still rather
limited yvet fundamental to the design of selective therapeutics to
address abnormalities in the pathways that lead to disease.

J. Name., 2013, 00,1-3 | 1
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Figure 1. North and South conformation of natural nucleosides
and examples of derivatives locked mn these conformations.

In this study novel bicyclic adenosine nucleoside derivatives
were designed that combine both the conformational restriction
of the sugar moiety in the South orientation as well as provide
for a defined y angle (either +sc¢ or ap). Furthermore, to
interrogate whether the phosphorylated species can interact with
proteins we have prepared monophosphate prodrugs in an
attempt to deliver the monophosphate species into cells and
potentially the triphosphate metabolite through activation by
infracellular  kinases. Finally, selected triphosphates were
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prepared and evaluated for their recognition properties toward a
variety of viral polymerases.

Results and discussion

Design and synthesis of a new series of bicyclic nucleoside and
nucleotide derivatives

The design of the bicyclic adenosine derivatives was inspired by
the work of Leumann et al., where bicyclic and tricyclic
deoxynucleoside derivatives were utilized as monomers for
oligonucleotide synthesis with duplex stabilizing properties.*2-1*
In contrast to Leumann’s work, we were primarily interested in
the preparation of ribonuclosides/tides with six and seven
membered, saturated and unsaturated, rings bridging between the
3" and 5’ position of the ribo-sugar. To access these ring systems
we envisaged utilizing a ring closing metathesis approach.
Allose derivative 11¢ was selected as the starting material in the
forward synthesis (Scheme 1). Deprotection and oxidative
cleavage of the 5,6-diol was performed with periodic acid in
ethyl acetate!” to provide the 5-carboxaldehyde 2, which was
then used directly in the next reaction with vinylmagnesinm
bromide or allylmagnesium bromide to provide dienes 3 and 6
respectively. The dienes 3 and 6 were then treated with 2nd
generation Grubbs® catalyst in dichloromethane to generate the
6- and 7-membered ring intermediates as mixtures of
diastereoisomers. The diastereoisomers were separated by
chromatography on silica gel to yvield compounds 4a (32%), 4b
(18%), 7a (26%), and 7b (30%). The yields are calculated from
starting allose derivative 1. Selective benzoylation of the
compounds provided monobenzoates Sa (92 %), Sh (94%), 8a
(89%), and 8b (74 %).

RO 4 RO H
© C{/b (\ji\/u
\ o1 "‘O)( + \ (::JH -"JO)(

4a,R=H 4b,R=H
sa R-Bz <@ sb.R-Bz - | @
RO
(c) gy o.
— + )(
oH © ‘ém o

Ta,R=H Th,R=H
8aR =Bz - | @ ab,R=Bz:|(")

Scheme 1. Synthesis of sugar derivatives 5a, 5b and 7a, 7b. Reagents and conditions: (a) HsIOs, EtOAc, r.t, 5 hy (b) vinyl or
allylmagnesium bromide, THF, 2 h at 0 °C and overmight at r.t.; (¢) Grubbs’ catalyst 2" generation, DCM, 40 °C, 4 h, 32% of 4a,
18% of 4b, 26% of 7a and 30% of 7b from 1; (d) benzoy] chloride, pyridine, r.t.. overnight, 92 % of Sa, 94% of 5bh, 89% of 8a and
74 % of 8b.
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Scheme 2. Synthesis of free nucleoside analogues 10a. 10b, 11a, 11b, 13a, 13b, 14a, 14b. Reagents and conditions: (a) 1. 80% aq.
TFA, r.t, 3 h; 2. AcO, CH3CN, DMAP, r.t., 16 h; 3. N%-benzoyladenine, CH3CN, SnCl, r.t., 3 h, 58% of 9a, 55% of 9b, 63% of
12a, 76% of 12b; (b) 0.1 M methanolic CHsONa, r.t., 16 h, 58% of 10a, 92% of 10b, 63% of 13a, 66% of 13b; () Pd(OH)/C, Ha,
DMF, 1.t., 16 b, 66% of 11a, 70% of 11b, 78% of 14a, 75% of 14b.
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10b, 7R L 15b, 6R N 16b, 7R
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Scheme 3. Preparation of unprotected nucleotide analogue 16a and 16b. Reagents and conditions: (a) phenyl boronic acid, pyridine,
heating: (b) N-[chloro(phenoxy)phosphoryl]-L-alaninate, 1-methylimidazole, THF. r.t, overnight, 54% of 16a, 55% of 16b.
Structures of Pro-Tides 17a, 17b, 18a, 18b, 19a, and 19b.

Compounds Sa, Sb, 8a, and 8b were then converted to anomeric
mixtures of acetates by treatment with aqueous trifluorcacetic
acid followed by acetylation with acetic acid anhydride in
acetonitrile, in the presence of 4-dimethylaminopyridine
(Scheme 2). The sugar derivatives were then subjected to a
Vorbriiggen reaction'® with N°-benzoyladenine in acetonitrile
and Lewis acid catalyst, tin{IV) chloride, to afford the protected

nucleoside analogues, 9a (58%), 9b (55%), 12a (63%), and 12b
(76%), respectively. Methanolysis with methanolic sodium
methoxide yielded the free nucleosides 10a (68%), 10b (92%),
13a (80%), and 13b (66%). Hydrogenation of the unsaturated
nucleosides on PA(OH)2/C in DMF led to saturated analogues
11a(66%), 11b (70%), 14a (78%), and 14b (75%), respectively.

This journal is € The Royal Society of Chemistry 2012 J. Neme., 2012, 00,1-3 | 3
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The unambiguous transformation of the prepared nucleosides to
monophosphate nucleotide prodrugs (Pro-Tides) required
protection of the hydroxyl groups at positions 3 and 3a (Scheme
3). Typically an isopropylidine would suffice, but significant
problems were encountered during acidic removal of the
protecting group. A cyclic phenyl boronate was found to be the
ideal protection. The unprotected nucleosides were treated with
phenylboronic acid in boiling pyridine, which was slowly
distilled off to azeotropically remove water. Subsecquent reaction
of the protected products with N-[chloro{phenoxy )phosphoryl]-
L-alaninate in tetrahydrofuran in the presence of 1-
methylimidazole® afforded the target Pro-Tides in 50 — 76%
yields over two steps as 1:1 mixture of diastereomers
(determined by NMR spectroscopy) due to the chiral phosphorus
atom (Scheme 3).19

13aor13b

24a, 8S

24b, 8R
Scheme 4. Preparation of triphosphate anlogues 24a and 24b.
Reagents and conditions: (a) 1. phenyl boronic acid, pyridine; 2.
POCL, PO(OCH:)s, 1.t., 4h; 3. H20, 0 °C, 26% of 23a, 27% of
23hb; (b) 1. 2,2,-dimethoxvpropane, DMF, H2S804, 79% of 22a,
69.5% of 22b; (c) 1. POCL, PO(OCHs):, rt., dh; 2. Ha0, 0 °C;
3. 50% aqueous TFA, r.t., 48 h, 38% of 23a, 39% of 23b; (d) 1.
Dowex 50 (EtNH'); 2. imidazole, PPhs, EtsN, 2,2 -dipyridyl
disulfide, DMF-DMSO, r.t, overnight; 3. (nBusNH 2P2H20-,
DMSO, r.t., overnight.

4| J. Name., 2012, 00, 1-3
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In order to investigate the effect of the nucleosides 13a and 13b
on the enzymatic level, we had to prepare the triphosphates that
would mimic ATP in its South conformation. We achieved this
goal by sequential synthesis of the monophosphates, followed by
addition of pyrophosphate to generate of triphosphates. The yield
of phosphates generated using a similar procedure to that
described for the prodrugs via the cyclic boronate was generally
very low (26% of 23a and 27% of 23b), therefore, we resorted
back to the isopropylidene group. Isopropylidene derivatives 22a
and 22b were prepared by a treatment of 13a or 13b with 2,2-
dimethoxypropane in dimethylformamide in the presence of
conc. HaSO4. Protected nucleosides 22a and 22b were converted
to phosphate with POCl; in trimethyl phosphate and then
deprotected with 50% aqueous triflucroacetic acid. The crude
product was purified and converted to the sodium salt providing
nucleotide 23a in 38% and 23b in 39% yield respectively.
Triphosphates 24a and 24b were prepared from the
triethylammonium salts, obtained by cation-exchange of the
sodium salts 23a and 23b on Dowex 50 (EtsNH'). The
triethylammonium  salts were treated with imidazole,
triphenylphosphine, triethylamine and 2.2 -dipyridyl disulfide in
a mixture of DMSO and DMF at ambient temperature overmght.
Reaction of the imidazolide intermediates that were generated
with tributylammonium pyrophosphate led to the formartion of
the crude triphosphates which were then purified by HPLC
chromatography.

Conformational analysis of compound 13a

Due to the additional seven-membered ring in compound 13h,
the flexibility of the ribose ring is significantly reduced.
Experimental J-coupling values obtained from 'H NMR
spectrum were compared with values calculated by two different
approaches. First, the geometry of compound 13b was optimized
by DFT starting from four initial conformations. Torsion angles
@p and @3 with pucker amplitude Opax = 40° according to
Altona-Sundaralingam® were set and four geometries with phase
angles P = 0° 90° 1807 and 270° were optimized. After
geometry optimization of all four initial geometries, only one
conformer was found with torsion angles ®e-@a: -30.8°, 20.57, -
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® (Javtona in
Table 1), which describes the dependence of vicinal J-coupling
values on the torsion angle between the coupled nuclei. J-
couplings were also calculated by DFT method (Jorr in Table 1).
Both theoretical approaches provided similar values, which fit
well with the experimentally obtained J-couplings (Jexper in
Table 1). From the obtained torsion angles, we can conclude that
compound 13b 1s present in a solution in South conformation
(*E) with phase angle P = 163°. The geometry optimization also
indicated that the adenine nucleobase is oriented sy with respect
to the ribose residue. The free energy difference between syn-
and anti- conformation was caleulated to be 5.4 keal/mol. Only
the syn- conformer was, therefore, used for J-coupling
calculations.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. (a) The chemical structure of compound 13b and the
torsion angles @o-Ma. (b) Optimized geometry of compound 13b
(B3LYP/6-31+g(d,p)) and the spin-spin interactions described in
the Table 1.

Table 1. Comparison of calculated coupling constants (J) of
compound 13b by Haasnoot-Altona equation®® and DFT method
(B3LYP/6-31g (d)) with experimentally obtained values.

Interaction Javtowa (Hz) J prr (Hz) J pxper (He)
H2-H3 72 5.6 8.1
H8-H8a 1.3 1.0 1.6
H8-H7exo 20 2.0 1.7
H8-H7endo 5.0 49 43
Hdexo-H5 -t 4.2 4.4

“Undefined for sp® hybridized carbon atoms (H-5).

Biological evaluation of nucleoside derivatives and their
monophosphate prodrugs in cell based assays

All the locked nucleoside derivatives (10a, 10b, 11a, 11b, 13a,
13b, 14a, and 14b) were screened for cytostatic activity on
several cell lines (HepG2, HL60, HelLa 53, CCRF-CEM) and all
lacked cytostatic activity. These compounds were also screened
for antiviral activity in a panel of viruses including HCV (1a, 1b,
and 2a) (Huh-7 cells), HIV (MT4 cells), IRV (HeLa cells) and
RSV (HEp-2 cells) and no activity was observed up to 50 uM of
testing. Thus it was clear that no obvious protein recognition of
the locked nucleosides was apparent from these initial
experiments. Subsequently the phosphoramidate prodrugs were
also evaluated in the same suite of assays and, in general, no
activities up to assay limits were observed. The phospharamidate
prodrug 17b exerted modest antiviral activity against HCV la
(ECso = 23 uM) that suggests this nucleoside monophosphate
may have interactions with the enzymes responsible for
activation to the triphosphate and subsequent inhibition of the

This journal is € The Royal Society of Chemistry 2012
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viral polymerase, or alternatively targets other proteins that can
impact the replication of HCV

Enzymatic decomposition of prodrugs 17a and 17b monitored by
3P NMR spectroscopy

To further understand the lack of biological activity for the
majority of the monophosphate prodrugs and confirm that the
weakly active prodrug compound 17b was being efficiently
converted to the parent monophosphate inside the HCV replicon
cells, we evaluated the prodrug breakdown process using
carboxypeptidase Y. It i1s widely reported that the Pro-Tide
prodrug breakdown is initiated by carboxypeptidases.”’ The
starting phosphoramidate derivative 17b has two signals in the
proton decoupled *'P NMR spectra corresponding to the two P
diastereoisomers. After the enzyme addition (Figure 6b), two
new phosphorus signals for intermediate 20b*? appeared which
over several hours resolved to a single *'P NMR signal for
product 21b. Similar progress of the reaction was observed after
chemical hydrolysis of the starting phosphoramidate in
triethylamine solution to vield the same final intermediate 21b.
For compound 17a, similar progress of both enzymatic and
chemical hydrolytic reaction was observed.

The final reaction mixture containing the product 21b, methanol
and phenol, was confirmed by comparing the *C NMR spectra
of the reaction mixture before and after HPLC removal of MeOH
and PhOH (Supporting information Figure S3.). The data with
carboxypeptidase Y suggests that in the timescale of the cell
based assays (3-3 days) the phosphoramidate prodrugs are being
efficiently cleaved by esterases even though the position 8 (or 7
in the case of the 6 —membered ring) is sterically hindered.
‘Whilst the data does not prove the intracellular formation of the
monophosphate  since  further intracellular breakdown is
necessary e.g. P-N bond cleavage by HINT enzymes to form the
monophosphate, it does support that the breakdown process is
not limited by the esterase cleavage and encouraged the
preparation of the triphosphate species for evaluation.

Evaluation of triphosphates 24a and 24b in enzymatic assays

The triphosphate of nucleoside 17b, i.e. 24b was tested for
inhibition of the HCV RNA-dependent RNA polymerase and
found to be a weak inhibitor with ICs = 143 uM. Also, this
triphosphate compound did not inhibit polymerase from
influenza and human rhinovirus 16 (ICse were higher than 200
uM in both cases). Both triphosphate 24a and 24b were also
evaluated in enzymatic assays of our current interest including
phosphatidylinositol 4-kinases (PT4K Tlct, PT4K TR, PI4K Tlc)
and adenylate cyclases from Bordetella pertussis and Antrax
edema factor.
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Figure 6. (a) Proposed breakdown pathway to phosphoramidate
intermediate (b) Enzymatic decomposition of phosphoramidate
derivative 17b monitored by *'P NMR spectroscopy.

None of these enzymes were inhibited by these triphosphates.
Altogether the data suggest that the triphosphates in the South
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conformation are not effective substrates for viral polymerases,
consistent with the data of Marquez et al. on S-MCT analogs.

Conclusions

We report on a novel series of bicyelic ribonucleosides locked in
South conformation through linking of the 37 and 5° methylene
via ring closing metathesis methodologies. .

The efficient preparation of phosphoramidate prodrugs was
achieved by employing a one-pot procedure involving a cyclic
borenate protection of the cis-diol which can be easily removed
after installation of the prodrug during work-up conditions.

All the bicyclic nucleoside derivatives and their prodrugs were
screened in several cell-based assays in order to assess
phenotypic engagement with cellular proteins. The lack of
activity for the majority suggests the conformationally restricted
sugars in the South orientation, and/or the additional atoms of the
ring appended to the natural ribose sugar are not compatible with
protein binding sites. In the one example, where modest activity
was observed 17b, evaluation of the triphosphate analog
suggested the effect was likely non- specific. The results reported
suggest that additional tools will be required to investigate the
conformational aspects of sugars that favor nucleoside/tide
interactions with proteins of interest.

Experimental

General

Melting points were determined on a Biichi B-540 apparatus.
NMR spectra (8, ppm: I, Hz) were measured on a Bruker Avance
I1-600 and/or Bruker Avance I1-500 mstruments (600.1 or 500.0
MHz for 'H and 150.9 or 125.7 MHz for 1*C) in hexadeuterated
dimethyl sulfoxide and referenced to the solvent signal (& 2.50
and 39.70 ppm, respectively). Mass spectra were measured on a
LTQ Orbitrap XL (Thermo Fisher Scientific) using electrospray
ionization (ESI). Column chromatography was performed on
Silica gel 60 (Fluka) and thin-layer chromatography (TLC) on
Silica gel 60 F254 foils (Merck). Solvents were evaporated at 2
kPa and bath temperature 30—60 °C; the compounds were dried
at 13 Pa and 50 °C. The elemental analyses were obtained on a
Perkin—Elmer CHN Analyzer 2400, Series II Sys (Perkin—
Elmer). The elemental compositions for all compounds agreed to
within = 0.4% of the calculated values. For all the tested
compounds satisfactory elemental analysis was obtained
supporting > 95% purity. Optical rotation was measured on
polarimeter Autopol IV (Rudolph Research Analytical) at 589
nm wavelength in chloroform or methanol.

Preparation of compounds 4a, 4b, 7a, and 7b

Periodic acid (7.07 g, 31.0 mmol) was added to a solution of 3-
allyl-1,2:5,6-di-O-isopropylidene-a-D-allofurancse® (1, 8.41g,
28.0mmol) in ethyl acetate (320 mL) and the mixture was stirred
at room temperature under argon for 5 h, then filtered and
evaporated. The residue was co-evaporated with toluene (2 x 100
mL) and dried under vacuum at 40 °C for 5 h. To a solution of
thus obtained aldehyde in THF (200 mL) cooled to 0 °C was
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added dropwise 1 M vinylmagnesium bromide solution in THF
or 1 M allylmagnesium bromide solution in diethyl ether (80
mL), the mixture was stirred at 0 °C for 2 h and at room
temperature overnight, cooled to 0 °C, treated with water (10 ml)
and evaporated. The residue was triturated with ethyl acetate
(200 ml), solids were filtered off and the solvent was removed in
vacuo. The 2™ generation Grubbs catalyst (392 mg, 0.462 mmol)
was added to a solution of the residue in dichloromethane and
the solution was stirred at 40 °C under argon for 4 h, then at room
temperature overnight and evaporated. Chromatography of the
residue on silica gel (1 kg) in toluene — ethyl acetate (3:2)
afforded compounds 4a and 4b or 7a and 7b

(3aR,4aR,55,8aR,8bR)-2,2-Dimethyl-3a,4a,5,8,8a,8b-
hexahydro-[1,3]dioxolo[4,5-b|benzofuran-5,8a-diol (4a)

Yield 2.206 g (32% based on 1) of a grevish solid foam. [o]p®
+14.7 (¢ = 0.443, CHCls). Found: C, 57.86: H, 7.10. Cale. for
C1iHi60s: C, 57.88; H, 7.07%. '"HNMR (500 MHz, d6-DMSO}:
5 1.26 (s, 3 H. CHsexo), 1.47 (s, 3 H, CHsendo), 1.84 (m, 1 H,
H-8eq), 1.97 (m, 1 H, H-8ax), 3.96 (d, Jaas = 4.2, 1 H, H-4a),
414 (m, 1 1, H-5), 417 (L Jov3a = 3.6, 1 I, H-8b), 4.79 (bs, 1
H, 5-OH), 5.04 (bs, 1 H, 8a-OH), 5.46-5.48 (m, 2 H, H-6, H-7),
568 (d, Jash = 3.6, 1 H, H-3a). BC NMR (125 MHz dé-
DMSO): 6 26.51 (CHsexo), 26.55 ( CHsendo), 32.94 (C-8), 64.08
(C-5), 76.02 (C-4a), 76.00 (C-8a), §3.54 (C-8b), 103.56 (C-3a),
111.69 (C-2), 123.55 (C-7), 128.50 (C-6). HRMS (ESI): caled.
for C1iHi1sQsNa [M + Na] 251.08899, found: 251.08894.

(3aR,4aR,5R,8aR,8bR)-2,2-Dimethyl-3a,4a,5,8,8a,8h-
hexahydro-[1,3]dioxolo[4,5-b]benzofuran-5,8a-diol (4b)

Yield 1.17 g (18% based on 1) of a greyish crystals. M.p. 94-97
°C (diethyl ether). [c]p®® +117 (¢ = 0.378, CHCls). Found: C,
57.86; H, 6.94. Calc. for C HysOs: C, 57.88; H, 7.07%. 'HNMR
(500 MHz, d6-DMSO): 8 1.26 (s, 3 H, CHsexo), 1.47 (5, 3 H.
CHsendo), 1.76 (dm, Jyem = 18.0, 1 H, H-8eq), 2.04 (ddm, Jyem =
18.0, Jowes = 5.7, 1 H, H-8ax), 3.81-3.91 (m, 2 H, H-4a, H-5),
411 (d, Jewsa = 3.8, 1 H, H-8b). 4.69 (s. 1 H, 8a-OH), 4.82 (d.
Joms =59, 1H, 5-0OH), 5.62(d, Jzaeb =3.8,1 H, H-3a), 5.65(m,
1 H, H-7), 5.69(m, 1 H, H-6). "C NMR (125 MHz, d6-DMSO):
8 26.54 (CHaexo), 26.68 (CHsendo), 31.33 (C-8), 63.70 (C-5),
72.83 {C-8a), 80.34 (C-4a), 83.55 (C-8b), 103.11 (C-3a), 111.51
(C-2), 124.00 (C-7), 127.76 (C-6). ESI MS, m/z (%) 252.1 (15)
[M + Na + H], 251.1 (100) [M + Na]. HRMS (ESI): caled. for
C1iHisOsNa [M + Na] 251.08899; found: 251.08895.

(3aR,4aR,55,9aR,9bR)-2,2-Dimethyl-4a,5,6,9,9a,9b-
hexahydro-3al{-cyclohepta|4,5|furo|2,3-d][1,3] dioxole-5,9a-
diol (7a)

Yield 1.73 g (26% based on 1) of a white crystals. M.p. 135.5-
136.5 °C (diethyl ether). [a]p®® +39.1 (¢ = 0.399, CHCl3). Found:
C, 59.47, H, 7.47. Cale. for C2sH2407: C, 59.24; H, 7.49%. 'H
NMR (500 MHz, d6-DMSO): 8 1.26 (s, 3 H, CHs exo), 1.47 (s,
3 H, CHs endo), 1.91 (ddm, Jyem = 16.4, Joeq7 = 8.2, Joeqs = 1.2,
1 H, H-6eq), 2.03 (ddm, Jyem = 17.4, Josxs = 7.3, 1 H, H-%ax),
2.19 (dm, Jeem = 17.4, H-Oeq), 2.45 (m, 1 T, H-6ax), 3.51 (m, 1
H, H-5), 3.68 (dd, Jaas = 7.1, Jaasen = 1.7, 1 H, H-4a), 3.98 (d,
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Jobsa = 3.8, 1 H, H-9b), 464 (m, 1 H, 9a-OH), 4.95 (d, Jous =
4.8, 1 H, 5-OH). 5.32 (m, 1H, H-8), 5.60 (m, 1 H, H-7), 570 (d,
Jiaow =38, 1 H, H-3a). YC NMR (125 MHz, d6-DMBO): § 26.78
(CH; exo), 26.98 (CH; endo), 33.17 (C-6), 33.71 (C-9), 72.07
(C-5), 77.43 (C-9a), 85.58 (C-9b, 86.79 (C-4a), 102.92 (C-3a),
111.13 (C-2), 125.18 (C-8), 127.85 (C-7). HRMS (ESI): calcd.
for C12Hig05Na [M + Na] 265.10464; found: 265.10462
(3aR,4aR,5R,%9aR,9bR)-2,2-Dimethyl-4a,5,6,9,9a,9b-
hexahydro-3aH-cyclohepta|4,5|furo[2,3-d][1,3]dioxole-5,9a-
diol (7b)

Yield 2.06 g (30% based on 1) of a white crystals. M.p. 79-80
°C (diethyl ether). [a]p® -5.1 (¢ = 0.454, CHCL). Found: C,
59.61,H, 7.57. Calc. for C2sH2407: C, 59.24; T, 7.49%. 'H NMR.
(500 MHz, d6-DMSBO): 6 1.26 (s, 3 H, CHs exo), 1.46 (s, 3 H.
CHs endo), 1.91 (ddm, Jyem = 14.4, Jseq7 = 8.0, 1 H, H-Geq), 1.95
(ddd, Jyem = 14.4, Joax-e = 8.0, Joax4a = 0.9, 1 H, H-%ax), 2.19 (dm,
Jgem = 14.4, 1 H, H-9eq). 2.56 (m, 1 H, H-6ax), 3.57 (m, 1 H, H-
5), 3.99 (d, Jov3a = 3.8, 1 H, H-9b), 4.00 (m, 1 H, H-4a), 4.71 (d,
Joms = 5.8, 1 H, 5-OH), 4.83 (t, Jomwov = Jomseg = 0.7, 1 H, 9a-
OH), 5.53 (m, 1 I, H-8), 5.71 (d, J3ae = 3.8, 1 I, H-3a), 5.74
(m, 1 H, H-7). BC NMR (125 MHz, d6-DMSO): § 26.66 and
26.73 (CHs), 30.09 (C-6), 32.02 (C-9), 65.40 (C-5), 78.06 (C-
9a), 83.20 (C-4a), 84.38 (C-9b), 102.95 (C-3a), 111.35 (C-2),
127.50 (C-8), 129.60 (C-7). ESI MS, m/z (%): 266.3 (14) [M +
Na + HJ, 2653 (100) [M + Na]. HRMS (ESI): caled. for
Cr2HisOsNa [M + Na] 265.10464; found: 265.10461.

Selective benzoylation of 4a, 4b, 7a, and 7b

A solution of benzoyl chloride (0.67 mL, 5.77 mmol} in pyridine
(9 ml) was added dropwise at room temperature within 20 min
to asolution of dihydroxy derivative 4a. 4b, 7a, and 7b (5 mmol)
in pyridine (20 mL) and the mixture was left overnight. Then
water (2 mL) was added and, after 10 min, pyndine was
evaporated. The residue was partitioned between ethyl acetate
(50 mL) and water (20 mL). The organic phase was separated
and washed with 5% hydrochloric acid (20 mL), water (20 mL),
and 10% aqueous KHCOs (3 x 20 mL), dried over anhydrous
Nax804 and evaporated The residue was crystalized from
cyclohexane.

(3aR.4aR,55,8aR,8bR)-8a-Hydroxy-2,2-dimethyl-
3a,4a,5,8,8a,8b-hexahydro-[1,3]| dioxolo[4,5-b] benzofuran-5-
¥l benzoate (5a)

Yield 1.53 g (92%) of a white crystals. M.p. 104-106 °C.
[a]p®® +209.8 (¢ = 0.324, CHCl). Found: C, 65.16; H, 6.25.
Cale. for CigH200s: C, 65.05; H, 6.07%. 'H NMR (500 MHz
d6-DMSQO): 8 1.28 (s, 3 H, CHsexo), 1.46 (s, 3 H, H-CHsendo),
1.93 (dm, Jgem = 18.6, 1 H, H-8eq), 2.21 (dd, Jyem = 18.6, Joax.7 =
5.6, 1 H, H-8ax), 4.06 (m, 1 H, H-4a), 4.21 (d, Jev3a = 3.6, 1 H,
H-8b), 5.15 (s, 1 H, 8a-OH), 5.32 (m, 1 H, H-5), 5.71 (L J3a.80 =
3.6, 1 H, H-3a), 5.79 (dm, Js7 = 10.2, 1 H, H-6), 5.96 (m, 1 H.
H-7), 7.52 (m, 2 1, H-3", H-5"), 7.66 (tm, Ja5 = Jos =74, 1
H. H-4"), 8.00 (m, 2 H, H-2', H-6"). ¥C NMR (125 MHz, d6-
DMSO). & 26.41 (CHsendo), 26.73 (CHsexo), 31.41 (C-8),
66.11 (C-5), 72.57 (C-8a), 76.64 (C-4a), 85.53 (C-8b), 103.44
(C-3a), 111.93 (C-2), 121.75 (C-06), 128.80 (C-3", C-5"), 128.97
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(C-7), 12073 (C-2, C-67), 120,02 (C-1"), 133.59 (C-4), 165.26
(C=0). ESI MS, m/z (%): 356.1 (22) [M + Na + H], 355.1 (100)
[M + Na]. HRMS (ESI): caled. for CisH200sNa [M + Na]
355.11521; found: 35511516,

(3aR,4aR,5R,8aR,8bR)-8a-Hydroxy-2,2-dimethyl-
3a,4a,5,8,8a,8b-hexahydro-[1,3]dioxolo[4,5-b]| benzofuran-5-
¥l benzoate (5b)

Yield 1.56 g (94%) of a white crystals. M.p. 120.5-121.5 °C.
[a]p®® -50.9 (¢ = 0.456, CHCl3). Found: C, 64.91; H, 5.90. Calc.
for CieH200s: C, 65.05; H, 6.07%. '"H NMR (500 MHz, d6-
DMSO): 8 1.26 (s, 3 H, CHsexo), 1.44 (s, 3 H, CHsendo), 2.00
(m, 1 H, H-8eq), 2.13 (m, 1 H, H-8ax), 4.25 (d, Jep3a = 3.5, 1 T,
H-8b), 4.28 (dd, Juas = 4.5, Jaazax =1.7,1 H, H-4a), 540 (s, 1 H,
8a-OH), 5.59-5.64 (m, 2 H, H-5, H-6), 5.76 (d, Jasp = 3.5, 1 H,
H-3a), 5.77 (m, 1 H, H-7), 7.55 (m, 2 H, H-3", H-5"), 7.68 (m, 1
H. H-4"), 7.97 {m, 2 H, H-2', H-6"). ¥C NMR (125 MHz, d6-
DMSO): & 26.46 (CMezexo), 26.56 (CMesendo), 32.67 (C-8),
68.78 (C-5), 73.08 (C-4a), 76.42 (C-8a), 83.23 (C-8b), 103.87
(C-3a), 112.01 (C-2), 122.86 (C-6), 127.10 (C-7), 128.02(C-3,
C-5"),129.51 (C-2', C-6"),129.76 (C-1"), 133.74 (C-4"), 165.44
(C=0). ESI MS, m/z (%): 356.0 (20) [M + Na + H], 355.0(100)
[M + Na)]. HRMS (ESI): caled. for CisH2006Na [M + Na]
355.11521; found: 355.11520.

(3aR,4aR,55,9aR,9bR)-9a-Hydroxy-2,2-dimethyl-
42,5,6,9,9a,9b-hexahydro-3aFH-cyclohepta[4,5]|furo[2,3-
d][1,3]dioxol-5-yl benzoate (8a)

Yield 1.54 g (89%) of a white crystals. M.p. 169-170 °C. [a]p®®
-7.3 (¢ = 0.259, CHCl3). Found: C, 65.80; H, 6.50. Calc. for
Ci9H2206: C, 65.88; H, 6.40%. "H NMR (500 Mz, d6-DMSO):
81.27 (s, 3 H, CHsexo), 1.53 (s, 3 H, CHsendo), 2.12 (ddd, Jgem
= 16.0, Joeq7 = 8.2, Joeqs = 1.5, 1 H, H-6eq), 2.18 (ddm, Jyem =
17.6, Joaxs = 7.4, 1 H, H-9ax), 2.35 (dm, Jgem = 17.6, 1 H, H-
9eq), 2.66 (m, 1 H, H-6ax), 4.08 (d, Jopsa = 3.7, 1 H, H-0b), 4.15
(dd, Jaas = 7.6, Jimoms = 1.4, 1 H, H-4a), 5.04 (s, | H, 9a-0H),
5.05 (ddd, Jssax = 11.6, Jsseq = 1.5, Jsaa = 7.6, 1 H, H-5), 5.49
(m. 1 H. H-8), 5.68 (m, 1 H, H-7), 5.74 (d. Jswsb = 3.7, 1 H, H-
3a), 7.54 (m, 2 H, H-3', H-5"), 7.67 (m, 1 H, H-4"), 7.95 (m, 2
H, H-2", H-6"). C NMR (125 MHz d6-DMSO). & 26.71
(CHsexo), 27.09 (CHsendo). 29.34 (C-6), 33.45(C-9), 75.63 (C-
5), 77.69 (C-9a), 82.98 (C-4a), §5.43 (C-9b), 103.09 (C-3a),
111.56 (C-2), 126.22 (C-8), 126.31 (C-7), 129.01 (C-3", C-5"),
12036 (C-2°, C-6'), 129.94 (C-17), 133.64 (C-4), 165.05
(C=0). ESI MS, m/z (%): 370.1 (22) [M + Na + H], 369.1 (100)
[M + Na]. HRMS (ESI): caled. for CisH2:06Na [M + Nal
369.13086; found: 36913090.

(3aR,4aR,5R,9aR,9bR)-9a-Hydroxy-2,2-dimethyl-
4a,5,6,9,9a,9b-hexahydro-3aH-cyclohepta[4,5]furo[2,3-
d][1,3]dioxol-5-y] benzoate (8b)

Yield 1.28 g (74%) of a white crystals. M.p. 97.5-99.5 °C. [«]p?®
-17.6 (¢ = 0.33, CHClz). Found: C, 65.73; H, 6.36. Calc. for
Ci9H2206: C, 65.88; H, 6.40%. H NMR (500 MHz, d6-DMSO):
5 2.08-2.14 (m, 2 H, H-6B, H-10B), 2.33 (dm, Jyem = 1.0, 1 H,
H-9A), 2.81 (m, 1 H, H-6A), 409 (d, Jov3a = 3.7, 1 H, H-9b),
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417 (m, 1 H, 4a), 5.08 (dt, Js.ea = 11.2, Jsep = Js4a = 2.4, 1 H,
H-5), 515 (s, 1 H, 9a-OH), 5.60 (m, 1 H, H-8), 5.81 (d, Jsash
=3.7, 1 H, H-3a), 5.84 (m, 1 H, H-7), 7.54 (m, 2 H, H-3', H-5"),
7.67 (m, 1 H, H-4"), 7.93 (m, 2 H, H-2', H-6"). 5C NMR (125
MHz, d6-DMSO): 6 26.68 (C-6), 26.62 and 26.82 (2 » CHs),
32.03 (C-9), 69.63 (C-5), 78.57 (C-9a), 80.59 (C-4a), 84.13 (C-
ab), 103.25 (C-3a), 111.71 (C-2), 127.90 (C-7), 128.85 (C-8),
120.01 (C-3', C-5'), 129.34 (C-2', C-6"), 130.05 (C-1'), 133.63
(C-4%), 165.13 (COO). ESI MS, m/z (%) 370.1 (21) [M + Na +
H], 369.1 (100) [M + Na]. HRMS (ESI): caled. for CioHzsOsNa
[M + Na] 369.13086; found: 369.13078.

Synthesis of protected nucleosides 9a, 9b, 12a, and 12b

A solution of monobenzoate Sa, Sh, 8a or 8b (4 mmol) in 80%
aqueous trifluoroacetic acid (12 mL) was left at room
temperature for 3 h then evaporated and co-distilled with toluene
(3 x 20 mL). Acetic anhydride (2.27 mL, 24.0 mmol) was added
to a solution of the residue and dimethylaminopyridine (488 mg,
3.99 mmol) in acetonitrile (15 mL) and the mixture was left at
room temperature overnight. Then methanol (~2 mL) was added
and the solvents were evaporated. A solution of the residue in
ethyl acetate (25 mL) was washed with water (20 mL) and 10%
aqueous potassium hydrogen carbonate (2 x 20 mL), dried over
anhydrous sodium sulfate and evaporated. To a stirred solution
of the residue in acetonitrile (17 mL) was added benzoyladenine
(1.05 g, 4.39 mmol) and then dropwise 1 M solution of tin(IV)
chloride in dichloromethane (6 mL). The obtained solution was
left at room temperature for 3 h and poured into a saturated
aqueous solution of potassium hydrogen carbonate (70 mL). The
mixture was extracted with ethyl acetate (2 x 100 mL) and the
collected extracts were dried over sodium sulfate and
evaporated. The residue was chromatographed on silica gel (200
g) in ethyl acetate — toluene (4 : 1).

(2R ,3R,3aR,75,7aR)-2-(6-Benzamido-9H-purin-9-yl)-7-
(benzoyloxy)-2,3,3a,4,7,7a-hexahydrobenzofuran-3,3a-diyl
diacetate (9a)

Yield 1.39 g (58%) of a white solid foam. [c]p?® +87.0 (¢ =
0.300, CHCL;). Found: C, 61.98; H, 4.60; N, 11.37. Cale. for
C3H2NsOs: C, 62.31; H, 4.55; N, 11.72%. 'H NMR (500 MHz,
d6-DMSQO): 218 (s, 3 I, 3a-OCOCHs), 2.04 (s, 3 H, 3-
OCOCHs3), 6 3.07 (m, 2H, H-4), 4.75 (d, Jra7= 4.2, 1 I1, I1-7a),
5.93 (m, 1 H, H-6), 6.05 (m, 1 H, H-7), 6.06 (m, 1 H. H-5), 6.31
(d, J32=63,1H H-3). 641 (d. .3 =63,1 H. H-2), 7.53 (m. 2
H, m-benzoyl), 7.55 (m, 2 H, m-benzoylamino), 7.65 (m. 1 H, p-
benzoylamino), 7.67 (m, 1 H, p-benzoyl), 7.98 (m, 2 H, o-
benzoyl), 8.05 (m, 2 H, o-benzoylamino), 8.76 (s. 1 H, H-8"),
880 (s, 1 H, H-2"), 11.28 (bs, 1 H, NH). ¥C NMR (125 MHz,
d6-DMSQ): & 20.55 (3-OCOCH;), 21.67 (3a-OCOCHs), 30.12
(C-4), 70.96(C-7), 74.91 C-3), 80.83 (C-7a), 81.51 (C-3a), 86.09
(C-2),124.23(C-6), 126.18(C-5), 128.05(C-5), 128.69, 128.72
(0-, m-benzoylamine). 129.02 (m-benzoyl), 129.46 (i-benzoyl),
129.53 (o-benzoyl), 132.73 (p-benzoylamino). 133.46 (i-
benzoylamino), 133.85 (p-benzoyl), 144.35 (C-8"), 150.90 (C-
6), 151.98 (C-27), 15213 (C-4), 165.18 (COQ), 16585
(CONH), 169.74 (3-OCOCHs), 170.04 (3a-0COCH3). ESI MS,
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m/z (%): 621.2(36) [M + Na + H], 620.2 (100) [M + Nal, 598.2
(24) [M + H]. HRMS (EST): caled. for CnFzOsNs [M + H]
598.19324; found: 598.19326,

(2R 3R 3aR,7R, TaR)-2-(6-Benzamido-9H-purin-9-yl)-7-
(benzoyloxy)-2,3 ,3a,4,7,7a-hexahydrobenzofuran-3,3a-diyl
diacetate (9b)

Yield1.41 g (55%) of a white solid foam. [a]p?® -23.2 (c = 0.263,
CHCL). Found: C, 61.66; H, 470, N, 10.89. Calc. for
C3H2Ns0g 0.5 CHsCOOC:Hs: C, 61.77, H, 487 N, 10.91%.
IH NMR (500 MHz, d6-DMSQ): § 2.06 (s, 3 H, 3-OCOCH;),
218 (s, 3 H, 3a-OCOCH3), 2.78 (dm, Jyem = 18.0, 1 H, H-4B),
3.26 (ddm, Jyem = 18.0, Juas = 4.7, 1 H, H-4A), 4.86 (dd, Jra7 =
4.3, Ja2= 08, 1 H, H-7a). 583 (m, 1 H, H-7), 5.97 (m, 1 H, H-
6),5.99(d, J52=757,1H, H-3), 6.03 (m, 1 H, H-5), 6.32 (d, J».
3=57,1H, H-2), 7.50 {m. 2 H, m-benzoyl), 7.55 (m, 2 H, m-
benzoylamino), 7.63-7.67 (m, 2 H, p-benzoyl, p-benzoylamino),
7.94 (m, 2 H, o-benzoyl). 8.04 (m, 2 H, o-benzoylamino), 8.54
(8,1 H, H-8"),8.75(s, 1 L H-2),11.27 (bs, 1 H, NH). PC NMR
(125 MHz, d6-DMSO): & 20.54 (3-OCOCH;). 21.45 (3a-
OCOCH;), 30.59 (C-4), 68.78 (C-7), 76.65 (C-3), 78.74 (C-7a),
80.61 (C-3a), 85.85 (C-2), 125.75 (C-57), 126.00 (C-6), 126.61
(C-5), 128.69, 12871 (o-, m-benzoylamino), 129.02 (m-
benzoyl), 129.35 (i-benzoyl), 129.54 {o-benzoyl), 132.73 (p-
benzoylamino), 133.41 (i-benzoylamino), 133.86 (p-benzoyl),
143.23 (C-8"), 150.89 (C-6"), 152,18 (C-27), 152.23 (C-47),
164.38 (COO), 165.82 (CONH), 169.69 (3-OCOCHs), 169.88
(3a-OCOCHs). ESI MS, m/z(%): 621.1 (34) [M+ Na+ H], 620.1
(100) [M + Na], 598.1 (30) [M + H]. HRMS (ESI): caled. for
C3nH2e0eNs [M + H] 598.19324; found: 598.19337.

(2R 3R, 3aR,8S,8aR)-2-(6-Benzamido-9H-purin-9-yl)-8-
(benzoyloxy)-3,3a,4,7,8,8a-hexahydro-2H-
cyclohepta[b]furan-3,3a-diyl diacetate (12a)

Yield 1.65 g (63%) of a white solid foam. [«]p®® +41.8 (¢ =
0.385, CHCL). Found: C, 62.32; H, 5.00; N, 10.82. Calo. for
C32HaoNs0g 0.5 CH;COOC:Hs: C, 62.28; H, 5.07, N, 10.68%.
'H NMR (500 MHz, d6-DMSOY): 6 2.03 (s, 3 H, 3-OCOCH3),
212 (s, 3 H, 3a-OCOCH3), 2.54 (dm, Jeem = 16.4, 1 H, H-7B),
2.71 (m, 1 H, H-TA), 3.21 (dm, Jgem = 17.3, 1 H, H-4B), 3.36 (m,
1 H, H-4A), 462 (dd, Jeaz = 1.3, Jeag = 7.9, 1 H, H-8a), 5.47
(ddd, Je7a = 11.0, Je7p = 2.4, Jega = 7.9, 1 H, H-8), 5.58 (m, 1
H, H-5), 5.80 (m, 1 H, H-6), 6.02 (d, 52 = 5.1, 1 H, H-2), 6.26
(d,o3= 51,1 H, H-2), 7.52 (m, 2 H, m-benzoyl), 7.55 (m, 2 H,
m-benzoylamino), 7.63-7.68 (m, 2 H. p-benzoylamino, p-
benzoyl). 7.97 (m, 2 H. o-benzoyl), 8.04 (m, 2 H, o-
benzoylamine), 8.68 (s, 1 H, H-8), 8.79 (s, 1 I, H-2"), 11.28
{bs, 1 F, NED). 3C NMR (125 MHz, d6-DMSQ): § 83.93 (C-8a),
20.51 (3-OCOCHs), 21.15 (3a-OCOCHS;), 30.48 (C-7), 31.89
(C-4), 72.65 (C-8), 75.96 (C-3), 82.85 (C-3a), 87.17 (C-2),
124.37 (C-5), 125.93 (C-5), 127.70 (C-6), 128.71, 128.61 (o-,
m-benzoyl), 128.96 (m-benzoyl), 129.52 {o-benzoyl), 129.57 (i-
benzoyl), 132.70 (p-benzoylamino), 133.48 (i-benzoylamino}.
133.80 (p-benzoyl), 143.95 (C-8"), 15091 (C-6"), 152.02(C-4"),
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152,11 (C-2°), 164.87 (COO), 16583 (CONH), 169.20 (3-
OCOCH3), 169.34 (3a-OCOCTH;). EST MS, mv/z (%) 635.2 (37)
[M +Na+H], 634.2(100) [M + Na], 612.2 (31) [M +H]. HRMS
(ESD): caled. for CyHsOsNs [M + H] 612.20889; found:
612.20911; caled. for CsHxwOeNsNa [M + Na] 634.19083;
found: 634.19089

(2R, 3R,3aR,8R,8aR)-2-(6-Benzamido-9H-purin-9-yl)-8-
(benzoyloxy)-3,3a,4,7,8,8a-hexahydro-2H-
cyclohepta[b]furan-3 ,3a-diyl diacetate (12b)

Yield 1.99 g (76%) of a white solid foam. [«]p® +25.0 (¢ =
0.428, CHCl;). Found: C, 62.31; H, 4.90; N, 10.8]1. Cale. for
C32H2oNsO0.5 CH3COOC:Hs: C, 62.28; H, 5.07; N, 10.68%.
TH NMR (500 MHz d6-DMSO): § 2.02 (s, 3 H, 3-OCOCH3).
2.14 (s, 3 H, 3a-OCOCHs3), 2.54 (m, 1 H, H-7B), 2.89-3.02 (m,
2 H, H-4B, H-7A), 342 (dm, Jeem = 16.3, 1 H, H-4A), 487 (d.
Jeag=1.2,1H, H-8a), 5.63 (m, 1 H, H-5), 5.77-5.83 (m, 2 H, H-
6, H-8),6.29(d, 52=72,1 H H-3),637(d J23=7.2,1H, H-
2), 7.51 (m, 2 H, m-benzoyl), 7.55 (m, 2 H, m-benzoylamino),
7.63-7.67 (m, 2 H. p-benzoylamino, p-benzoyl). 7.94 (m, 2 H. o-
benzoyl), 8.04 (m, 2 H, o-benzoylamino), 8.61 (s, 1 H, H-2"),
8.64 (s, 1 H. H-8"), 11.27 (bs, 1 H, NH). 3C NMR (125 MHz
d6-DMSO): 8§ 170.10 (3a-OCOCH;), 169.59 (3a-OCOCHs),
165.86 (CONH), 164.96 (CO0), 152.34 (C-4"), 152.00 (C-2"),
150.88 (C-67), 143.80 (C-8"), 133.72 (p-benzoyl), 133.44 (i-
benzoylamino), 132.72 (p-benzoylamino), 129.61 (i-benzoyl),
129.50 (o-benzoyl). 128.97 (m-benzoyl), 128.69 (0-, m-benzoyl,
C-6), 12612 (C-57), 123.20 (C-5), 84.71 (C-2), 84.70 (C-3a).
83.78 (C-8a), 73.83(C-3), 70.34(C-8), 31.19(C-4), 29.94 (C-7),
21.71 (3a-OCOCHS;), 20.50 (3-OCOCH;3). HRMS (ESI): caled.
for Cs2HseOeNs [M + H] 612.20889; found: 612.20890; caled.
for CszHzoOeNsNa [M + Na] 634.19083; found: 634.19062.

Deprotection of 9a, 9b, 12a, and 12b

A solution of the protected nucleoside 9a, 9b. 12a or 12b (2
mmol} in 0.1 M methanolic sodium methoxide (15 mL) was set
at room temperature overnight. Water (0.5 mL) was then added
and crystalline product was filtered off, washed with methanol
and ether.

(2R,3R,3a8,75,7aR)-2-(6-Amino-9H-purin-9-yl)-
2,3,3a,4,7,7a-hexahydrobenzofuran-33a,7-triol (10a)

Yield 428 mg (68%) of a white crystals. M.p. 232-233.5 °C.
[a]p®® +30.4 (¢ = 0.289, DMF). Found: C, 49.78; H, 5.30; N,
22.28. Cale. for Ci3HisNsO040.5 HoO: C, 49.68; H, 5.13; N,
22.15%. 'H NMR (500 MHz, d6-DMSQ): 8 0.52 (m, 1 H, H-
deq), 2.24 (dm, Jgem = 18.1, 1 H, H-dax), 23.74 (d, Jra7 = 6.2, 1
H, H-7a), 4.51 (m, 1 H, H-7), 482 (dd, 52 =82, son= 68,1
H, H-3). 5.14 (d, Jons = 5.9, 1 H, 7-OH), 5.16 (s, 1 H. 3a-OH),
5.51 (d, Joms = 6.8, 1 H, 3-OH]), 5.59 (dm, Js5 = 10.0, 1 H, H-
6), 5.66 (dm, Js6 = 10.0, 1 H, H-5), 588 (d, /=5 =82, 1 H, H-
2), 7.27 (d. 2 H, NHa), 8.14 (s, 1 H, H-2), 8.39 (s, 1 H, H-8").
BC NMR (125 MHz d6-DMSQ): § 34.07 (C-4), 70.81 (C-7),
74.74(C-3), 75.82 (C-3a), 86.18 (C-2), 88.99(C-7a), 119.73 (C-
5), 12453 (C-5), 130.40 (C-6), 141.14 (C-8"), 150.00 (C-4"),
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152,73 (C-2"), 156.26 (C-6"), ESI MS, m/z (%): 320.2 (17)[M +
Na+H], 328.2 (100) [M + Na], 306.2 (7) [M + H]. HRMS (ESI):
caled. for CisHisOaN:Na [M + Na] 328.10163; found:
328.10159

(2R 3R 3a8,7R,7aR)-2-(6-Amino-9H-purin-9-yI)-
2.3,3a,4,7,7a-hexahydrobenzofuran-3,3a,7-triol (10b)

Yield 570 mg (92%) of a white crystals. M.p. 245.5-247 °C.
[e]p?? -60.8 (¢ = 0.311, DMF). Found: C, 50.60; H, 5.07; N,
22.57. Cale. for CpisHisNsO40.25 H0: C, 50.40; H, 5.04; N,
22.61%. 'H NMR (500 MHz, d6-DMSO): 8 2.16 (dm, Jyem =
17.5, 1 H, H-4ax), 2.55 (dm, Jeem = 17.5, 1 H, H-4eq), 3.94 (d,
Jua=4.5,1H, H-Ta), 4.20(q, Jr.7a= Jr.ou= 4.5, 1 H, H-7), 4.30
(t,s2=Jrom=7.3,1H, H-3),511(s,1 H, 3a-OH). 5.53 (d, Jom
3=6.7,1H, 3-OH), 5.60 (d, Jon7 = 4.3, 1 H, 7-OH), 5.85 (d, J2-
3=7.91H, H-2), 586 (m, 1 H, H-5), 5.90(m, 1 H, H-6), 7.34
(d,2H, NH2), 8.13 (s, 1 H, H-2"), 829 (s, 1 H, H-8"). PC NMR
(125 MHz, d6-DMSO): 8 34.92 (C-4), 64.69 (C-7), 74.24 (C-3a),
78.15(C-3), 85.79, 85.88 (C-2, C-7a), 119,30 (C-5"), 127.49 (C-
51, 129.45 (C-6), 139.83 (C-8"), 149.73 (C-4"), 152.62 (C-2"),
156.32(C-6"). ESI MS, m/z (%): 329.2(16) [M +Na-+H], 328.2
(100) [M + Na), 306.2 (8) [M + H]. HRMS (ESI): caled. for
C13H1504N5Na [M +Na] 328.10163; found: 328.10154.

(2R 3R 3a5,85,8aR)-2-(6-Amino-9H-purin-9-yl)-
3,3a,4,7,8,8a-hexahydro-2H-cyclohepta|b]furan-3,3a,8-triol
(13a)

Yield 509 mg (80%) of a white crystals. M.p. 205.5-207 °C.
[a]p®® +0.5 (¢ = 0.389, DMF). Found: C, 52.48; I, 5.40; N,
21.65. Cale. for CiaHi7NsQa: C, 52.66; H, 5.37; N, 21.93%.
HRMS (ESI): caled. for Crall170aN:Na [M + Na] 342.11728:
found: 342,11724, *H NMR (500 MHz, d6-DMSO): § 2,22 (m,
1 H, H-7B), 2.40-2.49 (m, 3 H, 2 = H-4, H-7A), 3.72 (d, Jgas =
8.1, 1 H, H-8a), 3.92 (m, 1 H, H-8), 4.53 (m, 1 H, H-3), 4.84 (s,
1 H, 3a-OH), 4.89 (d, Joue = 4.2, 1 H, 8-OH), 5.47-5.53 (m, 2
H, H-5. 3-OH), 5.60 (m, 1 H, H-6), 5.78 (d, /o5 = 7.9, 1 H, H-2),
7.30 (brs, 2H, NH2), 8.14 (s, 1 H, H-2"), 8.35 (s, 1 [, H-8"). ’C
NMR (125 MHz, d6-DMSO): § 33.60 (C-4), 34.42 (C-7), 68.57
(C-8), 70.86 (C-3a), 75.44 (C-3), 86.21 (C-2), 90.56 (C-8a),
119,54 (C-5"), 124.99 (C-5), 128.04 (C-6), 140.43 (C-8'), 140,03
(C-4"), 152.82 (C-27), 156.29 {C-6"). ESI MS, m/z (%) 343.1
(18) [M + Na + H], 342.1 (100) [M + Na], 320.1 (10) [M + H].

(2R 3R 3a8,8R,8aR)-2-(6-Amino-9H-purin-9-yl)-
3.3a,4,7,8,8a-hexahydro-2H-cyclohepta[b]furan-3,3a,8-triol
(13b)

Yield 467 mg (66%) of a white crystals. M.p. 255-256 °C. [a«]p*®
255 (¢ = 0.364, DMF). Found: C, 52.30; H, 5.51; N, 21.61.
Cale. for Crlali7NsO4: C, 52.66; H, 5.37; N, 21.93%. 'H NMR
(500 MHz, d6-DMSO, 60 °C): 5 2.30-2.37 (m, 2 H, H-4b, H-7b),
2.47 (m, 1 H, H-7a), 2.75 (dm, Jyem= 14.9, 1 H, H-4a), 4.05 (d,
Jeas = 1.6, 1 H, H-8a), 4.08 (m, 1 H, H-8), 4.55 (bs, 1 H, 3a-0OH),
4.60(dd, J32 =81, Js.on=6.7, 1 H, H-3), 5.32 (d, Jons = 6.7. 1
I, 3-OH), 5.53-5.62 (m, 2 H, H-5, H-6), 5.80(d, 23 =81, 1 H,
T1-2), 5.85 (bs, 1 H, 8-OF), 7.19 (s, 2 H, NHa), 8.15 (s, 1 H, H-
2),8.25(s, 1H, H-8"), PCNMR (125 MHz, d6-DMSQ): 5 33.20
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(C-4), 33.73(C-7), 68.26 (C-8), 75.78 (C-3), 79.58 (C-3a), 86.80
(C-2), 89.65 (C-8a), 119,74 (C-57), 124.49 (C-5), 128.42 (C-6),
140.26 (C-87), 149,14 (C-4'), 152.17 (C-2'), 156.28 (C-6). ESI
MS, m/z (%): 343.1 (15) [M + Na + HJ, 342.1 (100) [M + Na],
3201 (36) [M + H]. HRMS (ESI): caled. for CraHaOaNs [M +
H] 320.13533; found: 320.13536; caled. for CraHi7O4NsNa [M
+Na] 342.11728; found: 342.11727.

Preparation of saturated nucleosides 11a, 11b, 14a, and 14b

Palladium hydroxide on carbon (20 wt. %, 15 mg) was added to
a solution of 10a, 10b, 13a or 13b (0.5 mmol) in
dimethylformamide (2.5 ml) and the mixture was stirred under
hydrogen at room temperature overnight. Catalyst was filtered
off and the filtrate was evaporated. The solution of the residue in
methanol (10 ml) was decolorized with charcoal and evaporated.
The residue was crystalized from methanol.

(2R,3R,3a5,75,7aR)-2-(6-Amino-9H-purin-9-
yDhoctahydrobenzofuran-3,3a,7-triol (11a)

Yield 102 mg (66%) of a white crystals. M.p. 234-236 °C. [a]p®®
-9.4 (¢ =0.415, DMF). Found: C, 50.62; H, 5.63: N, 22.65. Calc.
for CisHi7NsQu: C, 50.81; H, 5.58; N, 22.79%. 'H NMR (500
Mz, d6-DMSO): 5 1.13 (m, 1 T, H-6ax), 1.47-1.35 (m, 2 T, H-
dax, H-5ax), 1.56 (m, 1 H, H-5eq), 1.75 (m, 1 H, H-6eq), 1.99
(m, 1 H. H-deq), 3.54 (d, Jrar = 8.1, 1 H. H-7a), 3.86 (m, 1 H, H-
7), 4.82(d, Jor7 = 5.1, 1 H, 7-OH), 4.92 (dd, J52 = 8.1, s.on =
5.7, 1 H, H-3), 5.01 (s, 1 H, 3a-OH), 5.36 (bd, Joms = 5.7, 1 H,
3-OH), 5.98 (d, J25=8.1, 1 H, H-2), 7.26 (brs, 2H, NH>), 8.16
(s. 1 H, H-2"), 8.46 (s, 1 H, H-8"). 3C NMR (125 MHz, d6-
DMSO): 8 19.24 (C-5), 32.26 (C-4), 32.74 (C-6), 72.29 and
7232 (C-3, C-7), 77.59 (C-3a), 86.93 (C-2), 90.55 (C-7a),
119.61 (C-57), 140.94 (C-8), 15023 (C-47), 15278 (C-27),
156.25 (C-6"). HRMS (ESI): caled. for Ci3HijsO4Ns [M + H]
308.13533; found: 308.13522.

(2R,3R,3a8,7R,7TaR)-2-(6-Amino-9H-purin-9-
yhoctahydrobenzofuran-3,3a,7-triol (11b)

Yield 107 mg (70%) of a white crystals. M.p. 257-259 °C. [a]p?®
-43.5 (¢ = 0.352, methanol). Found: C, 50.78; H, 5.62; N, 22.53.
Cale. for CisHiNsOx C, 50.81; H, 5.58; N, 22.79%. 'H NMR
(600 MHz, d6-DMSO): & 1.36-1.47 (m, 3 H, H-4ax, H-5b, H-
6b), 1.61-1.69 (m, 2H, H-Sa, H-5b), 1.95 (m, 1 H, H-deq), 3.80
(d, J7a7 = 4.3, 1 H, H-7a), 3.90 (m, 1 H, H-7), 4.45 (t, Js.om = J3-
2=67,1H, H-3), 488 (s, 1 I 3a-OH), 5.36 (d, Joms = 6.5, 1 IL
3-0OH), 5.57 (d, Jou7=3.6,1 H, 7-OH), 594 (d, ,3=7.1,1 H,
H-2), 7.32 (brs, 2H, NH>), 8.14 (s, 1 H, H-2), 8.41 (s, 1 H, H-
§). BC NMR (151 MHz d6-DMSO). 8 16.37 (C-5), 29.62 (C-
6), 32.26 (C-4), 66,00 (C-7), 75.20 (C-3), 76.06 (C-3a), 84.79
(C-7a), 87.43(C-2), 119.18(C-5"), 140.03 (C-8"), 149.91 (C-4"),
152.62 (C-27), 156.20 (C-67). ESIMS, m/z (%): 331.1 (17) [M +
Na + HJ, 330.1 (100) [M + Na], 3081 (13) [M + H]. HRMS
(ESI) caled. for CisHisQaNs [M + H] 308.13533; found:
308.13524; caled. for C13Hi7OsNsNa [M + Na] 330.11728;
found: 330.11727.
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(2R 3R ,3a8,85,8aR)-2-(6-Amino-9H-purin-9-yloctahydro-
2H-cyclohepta[b]furan-3,3a,8-triol (14a)

Yield 126 mg (78%) of a white crystals. M.p. 184-187 °C. [a]p?®
-7.0 (¢ = 0.257, DMF). Found: C, 49.60; H, 6.05; N, 20.38. Calc.
for CisHisNsO4H20: C, 49.55; H, 6.24; N, 20.64%. ESI MS,
m/z (%): 345.3 (18) [M + Na + HJ, 344.3 (100) [M + Na]. 'H
NMR (500 MHz, d6-DMSO, 60 °C): §1.32(m, 1 H, H-6b), 1.41-
1.54 (m, 4 H, H-4b, H-5, H-7b), 1.71 (dm, Jeem = 13.4, 1 H, H-
6a), 1.81 (dm, Jyem=13.6,1 H, H-7a), 1.92 (m, 1 H, H-4a), 3.63
(d, Jaaz = 9.4, 1 H, H-8a), 3.65 (dm, Jsea = 9.4, 1 H, H-8), 4.36
(d, J32 =83, 1H, H-3), 442, 461, 551 (3 x bs, 3H, 3-OH. 3a-
OH, 8-OH), 5.78 (d, J»3 = 8.3, 1 H, H-2), 7.28 (bs, 2 H, NH»),
8.15(s, 1 H, H-2"), 839 (s, 1 H, H-8"). C NMR (125 MHz, d6-
DMSO): 8 21.72 (C-5), 26.69 (C-6), 35.27 (C-7), 35.73 (C-4),
70.85 (C-8), 76.62 (C-3a), 77.61 (C-3), 85.16 (C-2), 92.31 (C-
8a), 119.42 (C-5), 140.20 (C-8"), 150.02 (C-4"), 152.81 (C-27),
156.26 (C-6"). HRMS (ESI): caled. for C14H1904N:Na [M + Na]
344.13293; found: 344.13287

(2R 3R ,3a8,8R,8alt)-2-(6-Amino-9H-purin-9-yloctahydro-
2H-cyclohepta[b]furan-3,3a,8-triol (14b)

Yield 120 mg (75%) of a white crystals. M.p. 252.5-253.5 °C.
[a]p®® -71.5 (¢ = 0.435, DMF). Found: C, 52.10; H, 5.85; N,
21.56. Cale. for C1aHioNsOa: C, 52.33; H, 5.96; N, 21.7%%. 'H
NMR (500 MHz, d6-DMSO): § 1.40-1.48 (m, 2 H, H-5b, H-7b),
1.56-1.64 (m, 3 H, H-5a, H-6), 1.81-1.91 (m, 3 H, H-4, H-7a),
3.95-3.97 (m, 2 H, H-8, H-8a), 4.43 (dd, J3.2 = 8.0, J.on = 6.0, 1
H, H-3), 445 (s, 1 H, 3a-OH), 5.45 (d, Jons = 6.0, 1 H, 3-OH),
5.75(d, J25=8.0,1 H,H-2), 6.52(bs, 1 H, 8-OH), 7.46 (bs. 2 H,
NHz), 8.13 (s, 1 H, H-2"), 830 (s, 1H, H-8"). *C NMR (125
MHz, d6-DMSO): 8 22.85 (C-5), 24.87 (C-6), 31.80 (C-7), 36.31
(C-4), 70,91 (C-8), 78.04 (C-3), 79.40 (C-3a), 88.56 (C-2), 92.48
(C-8a), 120.20 (C-57), 141.17 (C-87), 148.56 (C-4"), 152.16 (C-
2'), 156.62 (C-6'). ESI MS, m/z (%): 345.2 (18) [M + Na + HJ,
344.2 (100) [M + Na), 322.3 (17) [M + H). HRMS (ESI): caled.
for Ci7H2204N5 [M + H] 344.13293; found: 344.13304.

Preparation of protected nucleotide analogues 16a, 16b,
17a, 17b, 18a, 18b, 19a, and 19b

Free nucleoside analogue 10a, 10b, 11a, 11b, 13a, 13b, 14a or
14b (0.5 mmol) was co-distiled with pyridine (3 x 5 mL) and the
residue was dissolved in pyridine (8 mL). To the solution was
added phenylboronic acid (65 mg, 0.533 mmol), pyridine (~6
ml,) was distiled off at atmospheric pressure within 4 h and the
remaining pyridine was evaporated under vacuum. A stirred
solution of the residue in THF (2.5 mL) was treated under argon
with a solution of N-[chloro{phenoxy )phosphoryl]-L-alaninate®
(417 mg, 1.50 mmol) in THF (2.5 mL) and 1-methylimidazole
(250 uL, 3.14 mmol). The mixture was stirred at room
temperature overnight and then evaporated. A solution of the
residue in chloroform (10mL) was washed with water (2 x 10
mL), dried over sodium sulfate and evaporated. Chromatography
on silica gel in ethyl acetate — acetone — ethanol — water (100 :
15: 6 4) and co-evaporation with methanol afforded the product
as a solid foam.
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(25)-Methyl 2-[({[(2R,3R,3a5,75,7aR)-2-(6-amino-9H-purin-
9-y)-3 3a-dihydroxy-2,3 3a,4,7,7a-hexahydrobenzofuran-7-
ylloxy} (phenoxy)phosphoryllamino]propanoate (16a)

Yield 153 mg (54%) of a colourless solid foam. Found: C, 50.10;
H,5.17,N,14.74; P, 5.50. Calc. for C23HzNsOgP-0.5CH;0H: C,
50.18; H, 5.20; N, 14.49; P, 5.51%. 'H NMR (500 MHz, d6-
DMSOY: 8 1.01 (d, Jem-ca = 7.1, 1 H, CH3-CH), 1.14(d, Jem-cn
=7.1, 3 H, CH:-CH), 2.27 (m., 2 H, H-4eq), 2.60 (m, 2 H, H-
4ax), 3.46 and 3.53 (2 x s, 6 H, OCHz), 3.60 and 3.75 (2 x m, 2
H, Me-CHs), 4.01 (d, J7a7 = 5.1, 1 H, H-7a), 4.03 (d, Jra7 = 5.2,
1 H, H-Ta), 483 (d, /s> = 8.1, 1 H, H-3), 480 (d, 52 =82,1 H,
H-3), 5.46 and 5.53 (2 x m, 2 H, H-7), 5.67 (dd, Jxap.ca = 9.7,
Jwme = 124, 1 H, CH-NH), 5.73 (dm. Jes = 10.2, 1 H, H-6),
5.83-5.88 (m, 4 H, CH-NH. H-5, H-6), 5.90 (d, J25 = 8.1, 2 H,
H-2). 6.92 (m, 2 H. o-phenyl), 7.04-7.19 (m, 6 H, m-phenyl, p-
phenyl, o-phenyl), 7.27-7.33 (m, 6 H, m-phenyl, NIz), 8.08 and
810 (2 x s, 2 H, H-2), 8.38 and 8.30 ( 2 x s, 2 I, H-8). BC
NMR (125 MHz, d6-DMSO): 6 19.58 (d, Jemsp = 6.5, CH3-CH),
19.74 (d, Jems p = 6.8, CH3-CH), 33.17 and 33.20 (C-4), 49.86-
49.89 (m, Me-CH), 51.85 and 51.95 (OCHs), 74.02 and 74.04
(C-3), 75.90 (d, Jsap = 0.8, C-3a), 75.93 (d, Jrwp = 0.9, C-3a),
77.45(d, Jap = 5.5, C-7), 77.62 (d, J2» = 5.5, C-7), 86.11 and
86.16 (C-7a), 86.41and 86.55 (C-2), 119.83 and 119.85 (C-5"),
120.20(d, Jop = 4.7, o-phenyl), 120.34 (d, Jop = 4.6, o-phenyl).
124.39 and 124.56 (p-phenyl), 125.59 (d, Js.p = 2.7, C-6), 125.67
(d, Jop =27, C-6), 127.94 and 127.98 (C-5), 129.45 and 129.67
(m-phenyl), 141.21 and 141.26 (C-8"), 149.78 and 149.81 (C-4"),
150.91¢d, Jie = 6.5, i-phenyl), 151.00 (d, Ji-p = 6.6, i-phenyl),
152.67 and 152.69 (C-27), 156.30 and 156.31 (C-6"), 173.65 (d.
Jeop = 5.5, C=0), 173.74 (d, Jeor = 5.0, C=0). ESI MS, m/z
(%): 570.4 (31) [M + Na + H], 569.4 (100) [M + Na], 547.4(12)
[M + H]. HRMS (ESI): caled. for CosHasOgNeP [M + H]
547.17007, found: 547.17013.

(25)-Methyl 2-[({[(2R,3R,3a8,7R,7aR)-2-(6-amino-9H-purin-
9-yD)-3,3a-dihydroxy-2,3,3a,4,7,7a-hexahydrobenzofuran-7-
yl]oxy}(phenoxy)phosphoryl)amino] propanoate (16b)

Yield 154 mg (55%) of a colourless solid foam. Found: C, 50.09;
H, 5.25; N, 14.75. P, 5.33. Calc. for C23H27N6OeP-0.5CH;0H: C,
50.18; H, 5.20; N, 14.49; P, 5.51%. 'H NMR (500 MHz, d6-
DMSOY: 8 1.09 (d, Jems er =7.1, 3H, CH3-CH A), 1.15(d, Jems-
ca = 7.2, 3 H, CH;-CH B), 2.14-2.21m, 2 H, H-4b), 2.52-2.58
(m, 2 H, H-4a), 3.50 (s, 3 H, OCHs A), 3.52 (s, 3 H. OCH; B),
3.69 (m, 1 H, Me-CH A), 3.81 (m, 1 H, Me-CH B), 417-4.23
(m, 4 H, H-3, H-7), 4.95-5.01 (m, 2 H, H-7a), 5.38 (bs, 2 H, 3a-
OH), 5.72(bs, 2H, 3-OH), 5.86 (d, 23 =7.7.1 H, H-2B), 5.88
(d, /23 =78, 1 H, H-2 A), 5.91-5.94 (m, 2 H, H-6), 5.96-6.08
(m, 4 H, CH-NTL H-5), 7.10-7.20 (m, 6 H. o-phenyl, p-phenyl).
7.27-7.37 (m, 8H, NHz, m-phenyl), 816 (s, 1 H, H-2" A), 8.17
(s, 1 H, H-2" B), 8.20(s, | H. H-8" A), 8.26 (s, 1 H, H-§ B). ’C
NMR (125 MHz, d6-DMSO): 8 19.74 (d, Jems» = 7.4, CH3-CH
A), 19.87 (d, Jem » = 6.6, CH3-CH B), 34.48 (C-4 B), 34.53 (C-
4 A), 4973 (Me-CH A), 49.83 (Me-CH B), 51.97 (OCH; B).
51.98 (OCHs A), 70.61 (d, Jop =48, C-TA), 7111 (d, Jrp =48,
C-7 B), 73.98 (C-3a A), 74.06 (C-3a B), 77.76 (C-3 A), 78.05
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(C-3 B), 83.36 (d, Joap = 6.2, C-Ta A), 83.64 (d, Jrap = 5.4, C-Ta
B), 84.60 (C-2 B), 84.68 (C-2 A), 118.93 (C-5" B), 118.99 (C-5°
A), 120.24-120.32 (m, o-phenyl), 124.59 (p-phenyl B), 124.67
(p-phenyl A), 126.67 (d, Jop = 2.8, o-phenyl A), 12686 (d, Jop
= 3.1, o-phenyl B, 128.93 (C-5 B), 129.08 (C-5 A), 129.67 (m-
phenyl B), 129.75 (m-phenyl A), 138.76 (C-8' A), 138.76 (C-8"
B), 150.28 (C-4° B), 150.31 (C-4" A), 150.87 (d, Jip = 6.1, i-
phenyl B), 150.88 (d, Jip = 6.0, i-phenyl A), 153.04 (C-2 A),
153.05 (C-2' B), 15624 (C-6" B), 156.26 (C-6' A), 173.80 (d,
Jeop = 5.2, C=0 B), 173.80 (d, Jeop = 4.1, C=0 A). ESI M5,
m/z (%) 570.2 (30) [M + Na + H], 569.2 (100) [M + Nal, 547.2
(41) [M + H]. HRMS (ESI): caled. for CosHz7OsNeNaP [M + Na]
560.15202; found: 569.15175, caled. for CasHagOsNeP [M + H]
547.17007; found: 547.16996.

(2.5)-Methyl 2-[({[{2R,3R,3a5,88,8aR)-2-(6-amino-9H-purin-
9-y1)-3,3a-dihydroxy-3,3a,4,7,8,8a-hexahydro-2 H-
cyclohepta|b]furan-8-

ylloxy}(phenoxy)phosphoryl)amino] propanoate (17a)

Yield 214 mg (76%) of a colourless solid foam. ESI MS, m/z
(%): 584.2(32) [M -+ Na + ], 583.2 (100) [M + Na], 561.2 (49)
[M + HJ. Found: C, 51.11; H, 5.20; N, 14.65; P, 5.32. Calc. for
C2aHaoNsOsP: C, 51.43; H, 5.22; N, 14.99; P, 5.53%. 'H NMR
(600 MHz, d6-DMSO): 8 1.09 (d, Jems.cu = 7.1, 3 H. CH3-CH
B), 1.16 (d, Jem.ca = 7.1, 3 H, CH3-CH A), 2.30-2.90 (m, § H,
H-4, H-7), 2.99 (m, 2 H, H-4a), 3.55 (5, 3 H, OCH3 A), 3.52 (s,
3 H, OCHsz B), 3.77 (m, 2 H, Me-CH), 4.03 (d, Jgae = 6.6, 1 H,
H-8aB), 4.05(d, Jeas = 6.8, 1 H, H-8a A), 4.60 (m, 1 I, H-8 B},
4.69(m, 1 1, H-8 A), 4.72(d. 52 = 8.0, 1 H, H-3B), 4.75 (d, Js-
»=80,1H, H-3 A), 5.01 (bs, 1 H, 3a-OH B), 5.04 (bs, 1 H, 3a-
OH A), 5.50-5.58 (m, 2 H, H-5), 5.60-5.64 (m, 4 H, H-6, 3-OH),
578 (m, 1 H, CH-NH B), 582 (d, />3 = 8.0, 1 H, H-2 B), 5.83
(d, J23=8.0,1H,H-2 A), 588 (m, 1 H, CH-NH A), 7.13-7.17
(m, 3 H, o-phenyl, p-phenyl B), 7.13-7.17 (m, 3 H, o-phenvl, p-
phenyl A), 7.21 (m, 2 H, m-phenyl B), 7.29 (bs, 4 H, NHz), 7.33
(m, 2 H, m-phenyl A), 837 (s, 1 H, H-8' B), 839 (s, 1 H, H-8'
A). BC NMR (151 MHz, d6-DMSO): & 124.46 (p-phenyl B),
120.40 (d, Jor = 4.8, o-phenyl A), 120.30 (d, Jop = 4.8, o-phenyl
B), 119.61 (C-5" A), 119.60 (C-5" B}, 87.85 (d, Jeap = 6.0, C-8a
A), 87.72 (d, Joap = 6.7, C-8a B), 86.00 (C-2 A), 86.08 (C-2 B),
78.12 (C-3a A), 77.93 (C-3a B), 75.29 — 75.18 (m, C-8), 73.64
(C-3 A), 73.56 (C-3 B), 52.01 (COOCH; A), 51.99 (OCH; B).
49.92 (Me-CH A), 49.68 (Me-CH B), 33.57 (C-7 A), 33.42(C-7
B), 31.38 (C-4 A), 31.26 (C-4 B), 1977 (d, Jemsp = 6.1, CH3-CH
A), 1971 (d, Jemp = 6.9, CH-CH B), 124.63 (p-phenyl A),
125.50(C-5B), 125.57 (C-5 A), 126.20 (C-6 B), 126.56 (C-6 A).
129.53 (m-phenyl B), 129.70 (m-phenyl A), 140.68 (C-8" B).
140.70 (C-8" A), 149.93 (C-4" B), 149.94 (C-4" A), 150.92 (d,
Jip = 6.6, i-phenyl B), 150.98 (d, Jip = 6.6, i-phenyl A), 152.77
(C-2),156.30 (C-6"), 173.66 (d, Jeop = 5.7. C=0 B), 173.89 (d,
Jeop = 4.6, C=0 A). HRMS (ESI): caled. for CoaHaeOsNeNaP
[M + Na] 583.16767; found: 583.16760, caled. for C2aH300sNeP
[M + H] 561.18572; found: 561.18578.

(25)-Methyl 2-[({[(2R,3R,3a5,8R,8aR)-2-(6-amino-9H-purin-
9-y)-3,3a-dihydroxy-3,3a,4,7,8,8a-hexahydro-2H-
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cyclohepta[b]furan-8-
yl]oxy}(phenoxy)phosphoryl)amino]propanoate (17b)

Yield 187 mg (66%) of a colourless solid foam. Found: C, 50.87;
H, 530, N, 14.45; P, 5.32. Calc. for C2aH20NsOgP0.5H20: C,
50.62; H, 531, N, 14.76; P, 5.44%. 'H NMR (500 MHz, d6-
DMSO, 80 °C): 8 1.18 (d, Jaws.ca = 7.1, 3H, CH;-CH B), 1.22
(d, Jem.ca = 7.1, 3 H, CH3-CH A), 2.37-2.45 (m, 2 H, H-4b),
2.46-2.55 (m, 4 H, H-7), 2.97-3.03 (m, 2 H, H-4a), 3.55(s, 3 H,
OCH; B), 3.58 (s, 3 H, OCH; A), 3.81-3.88 (m, 2 H, Me-CH),
4.35(m, 1 H, H-8a B), 4.38 (m, 1 H. H-8a A), 4.65-4.70 (m, 2
H, H-3), 4.77 (bs, 2 H, 3a-0OH), 4.89 (m, 1 H, H-8 B), 4.93 (m, 1
H, H-8 A}, 5.34 (bs, 2 H, 3-OH), 5.74-5.55 (m, 6 H, CH-NH, H-
5, H-6), 587 (d, o3 =84, 1 H,H-2B), 588 (d, Jo3=851H,
H-2 A), 6.98 (bs, 4 H, NH»), 7.12-7.19 (m, 6 H, o-phenyl, p-
phenyl), 7.30-7.34 (m, 4 H. m-phenyl), 8.16(s. 1 H, H-2'B), 8.17
(s, 1 H, H-2'A), 8.28 (s, | H, H-8'B), 8.28 (s, 1 H, H-8'A). *C
NMR (125 MHz, d6-DMSO): 8 19.26 (d, Jem» = 6.9, CH-CH;
B), 19.50 (d, Jem e = 6.2, CH-CHs A), 31.59 (C-4), 33.65 and
33.67 (C-7), 49.60 and 49.77 (MeCH), 51.46 and 51.51 (OCIL),
73.42(C-3), 7459 (d, Jap =58, C-8B), 74.79 (d. Jep=6.1, C-
8 A), 77.50-77.55 (m, C-3a), 84.51 and 84.61 (C-2), 87.24-87.34
(m, H-8a), 119.19 and 119.26 (C-57), 119.93 (d, Jor = 4.9, o-
phenyl B), 119.96 (d, Jo.p = 4.8, o-phenyl A), 124.13-124.21 {m,
C-5, p-phenvl), 127.31 and 127.34 (C-6), 129.26 (m-phenyl),
139.50 and 139.65 (C-8"), 150.02 and 150.05 (C-4"), 150.70 (d,
Jip = 6.5, iphenyl B), 150.73 (d, Jir = 6.4, i-phenyl A), 152.48
(C-27), 155.98 and 156.00 (C-6"), 173.10 (d, Jeop = 5.3, C=0
B), 173.33(d, Jeor = 4.7, C=0 A). ESI MS, m/z (%): 584.3 (32)
[M +Na -+ HJ, 583.3(100) [M + Na], 561.3 (56) [M + . HRMS
(ESI): caled. for C2aHzoQsNsNaP [M + Na] 561.18572; found:
561.18557.

(25)-Methyl 2-[({[(2R,3R,3a5,75,7aR)-2-(6-amino-9H-purin-
9-yI)-3,3a-dihydroxyoctahydrobenzofuran-7-
yl]oxy}(phenoxy)phosphoryl)amino] propanoate (18a)

Yield 147 mg (52%) of a colourless solid foam. Found: C, 50.20;
H, 5.20; N, 14.61; P, 5.46. Cale. for CxsHzeNeOeP 0.5 CH3OH:
C, 50.00; I, 5.54; N, 14.89; P, 5.49%. '"H NMR (500 MHz, d6-
DMSO). 8 0.93 (d, Jem-cm=7.1, 3H, CH5-CH A), 1.10(d, Jem-
ca=7.1,3H, CH;-CH B), 1.30 (m, 1 H. H-6b B), 1.38-1.54 (m.
5 H, H-4b, H-5b, H-6b A}, 1.59 and 1.65 (2 x m, 2 H, H-5a),
1.98-2.05 (m, 3 H, H-4a, H-6a B), 2.17 (m, 1 H, H-6a A), 3.43
(s, 3 H, OCHs B), 3.52 (s, 3 H, OCH; A), 3.61 (m, 1 H, Me-CH
B), 3.70 (m, 1 H, Me-CH A). 3.75 (d, J7 = 8.0, 1 H, H-7a B),
3.78(d, J7a7 = 8.1, 1 H, H-Ta A), 4.82-4.95 (m, 3 H, H-3 B, H-
7),498(d, 52 =8.1,1 H,H-3 A), 522 and 5.24 (2 x5, 2 H, 3a-
OH), 5.36 (dd, /smen = 9.5, Jawe =12.0, 1 H, CH-NH B), 5.47
(bs, 2 H, 3-0H). 5.70 (dd, Jy.cn = 10.0, Jxap = 12,7, 1 H, CH-
NH A), 6.01 (d, /5=81,1H,H-2B),602(d, /a5 =81, 1 H,
H-2 A), 6.88 (m, 2 H, e-phenyl A), 7.01 {m, 1 H. p-phenyl A),
7.07-7.15 (m, 5H, p-phenyl B, o-phenyl B, m-phenyl A), 7.23-
7.25(m, 4 H, NHa), 7.31 (m, 2 H, m-phenyl B), 8.10(s, | H, H-
2°A),813(s,1 H, H-2' B), 8.51 and 8.52 (2 x5, 2 H, H-8"). ’C
NMR (125 MHz, d6-DMSO): § 19.50 (d, Jems-p = 6.3, CH3-CH),
19.70 (d, Jemws.p = 6.9, CH3-CH), 30.59 and 30.62 (C-6), 31.70
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and 31.74 (C-4), 49.69 and 49.77 (Me-CH). 51.81 and 51.93
(OCH;), 72.20 and 72.35(C-3), 77.82(d, Jsap = 1.2, C-3a), 77.94
(d, Jsap = 1.4, C-3a), 79.41 (d, J7» = 5.9, C-7), 79.68 (d, Jrp =
6.3, C-7), 87.48 and 87.54 (C-7a), 119.55 and 119.61 (C-57),
120,10 (d, Jo-p = 5.0, o-phenyl), 120.43 (d, Jo.p = 4.8, o-phenyl),
124.15 and 124.49 (p-phenyl), 129.27 and 129.60 m-phenyl),
140.82 and 140.91 (C-8"), 150.06 and 150.10 (C-4°), 150.97 (d.
Jiv = 6.5, i-phenyl), 151.03 (d, Jie = 6.6, i-phenyl), 152.67 and
152,70 (C-2"), 156.23 and 156.25 (C-6"), 173.61 (d, Jeor = 6.3,
C=0),173.75(d, Jeor= 5.2, C=0). ESIMS, m/z (%): 572.2(30)
[M+Na+H], 571.2 (100) [M + Nal, 549.2 (20) [M + H]. HRMS
(ESI): caled. for C23HaeOsNsNaP [M + Na] 571.16767; found
569.16739, caled. for CxslTz300eN6P [M + H] 549.18572: found:
549.18571

(25)-Methyl 2-[({[(2R,3R,3a8,7R,7aR)-2-(6-amino-9H-purin-
9-y1)-3,3a-dihydroxyoctahydrobenzofuran-7-
¥l]oxy}(phenoxy)phosphoryl)amino]propanoate (18b)

Yield 165 mg (60%) of a colourless solid foam. Found: C, 50.02;
I, 5.38; N, 14.98; P, 5.50. Calc. for Cx3HaoNsOsP: C, 50.37; H,
5.33; N, 15.32; P, 5.65%. 'H NMR (500 MHz, d6-DMSO): &
1.09(d, Jem-en=7.1,3 H, CH:-CH A), 1.15(d, Jan.cu = 7.0, 3
. CH3-CH B), 1.51-1.71 (m, 8 H, H-4b, H-5, H-6b), 1.79-1.98
{m, 4 H, H-4a, H-6a), 3.49 (s, 3H, OCH; A), 3.53 (s, 3 H, OCH;3
B). 3.63 (m, 1 H, Me-CH A), 3.79 (m. 1 H, Me-CH B), 4.00 (d.
Jar=3.9,1H, H-Ta B), 402 (d, J7a7 = 4.3, 1 H, H-Ta A), 4.25
(d,J32=50,1H,H-3B), 429(d, /32 = 58,1 H,H-3 A), 4.57-
4.66(m, 2 H, H-7), 5.13 (bs, 2 H, 3a-OH), 5.68 (bs, 2 H, 3-OH),
585(d J23=50,1 HLH-2B), 5.92(d, 23 =58, 1 H, H-2 A},
5.92(dd, Jxmcr = 10.2, Japp = 134, 1 H, CH-NH A), 6.01 (dd,
Jvaca =101, Jxup =128, 1 H, CH-NH B), 7.13-7.24 (m, 6 H.
o-phenyl, p-phenyl), 7.32-7.38 (m, 8H, NHz, m-phenyl), 8.17 (s,
1H, H-2" A), 818 (s, 1 H, H-2' B), 834 (s, 1 H, H-8" A), 840
(s, 1 H, H-8" B). PCNMR (125 MHz, d6-DMSQ): § 17.65 (C-5
A), 18.33(C-5B), 19.78 (d, Jemp = 7.5, CH3-CH A), 19.88 (d.
Jemp = 6.5, CH;-CH B), 27.09 (C-6 B), 27.36 (C-6 A), 31.78
(C-4), 49.61 (Me-CH A), 49.84 (Me-CH B). 51.95 (OCHs A},
51.98 (OCH;3 B), 73.58(d, Jrp=3.7, C-7 A), 74.08(d, J2p= 5.2,
C-7 B), 75.44 (C-3 A), 76.16 (C-3a A), 76.23 (C-3 B), 76.33 (C-
3aB), 80.36 (C-7a B), 80.89 (C-7a A), 87.68 (C-2 A), 88.66 (C-
2 B), 119.04 (C-5" B), 119.08 (C-5" A), 120.27 and 120.31 (e-
phenyl), 124.56 (p-phenyl B). 124.64 (p-phenyl A), 129.71 (m-
phenyl B), 129.77 (m-phenyl A), 138.93 (C-8" A}, 139.31 (C-8’
B). 150.00 (C-4" B), 150.20 (C-4" A), 150.93 (d, Jip = 5.9, i-
phenyl A}, 150.97 (d, Jir = 6.3, i-phenyl B), 153.03 (C-27),
156.29(C-6" B), 156.30(C-6" A), 173.75-173.81 (m, C=0). ESI
MS, m/z (%) 5724 (28) [M + Na + H], 571.4 (100) [M + Na],
549.3(12) [M + H]. HRMS (ESI): caled. for C2sHa00eNgNaP [M
+Na] 571.16767; found: 571.16749.

(2.5)-Methyl 2-[({[{2R,3R,3a5,85,8aR)-2-(6-amino-9H-purin-
9-y1)-3,3a-dihydroxyoctahydro-2H-cyclohepta[b]furan-8-
¥lJoxy}(phenoxy)phosphoryl)amino] propanoate (19a)

Yield 142 mg (50%) of a colourless solid foam. Found: C, 51.21;
H, 5.58: N, 14.63; P, 5.32. Calc. for C24HnNsOsP: C, 51.24; H,
5.55; N, 14.94; P, 5.51%. 'H NMR (500 MHz, d6-DMSO): 8

This journal is € The Royal Society of Chemistry 2012

ARTICLE

0.94(d, Jems.cem = 7.1, 3 H, CH3-CH B), 1.09 (d, Jowp.cm = 7.1, 3
H, CI-CH B), 1.31-1.43 (m, 2 H, H-6b), 1.50-1.58 (m, 6 I1, II-
4b, H-5), 1.60-1.79 (m, 4 H, H-7b, H-6a), 1.93-2.00 (m, 3 H, H-
7a B, 4a), 2.26 (m. 1 H, H-7a A), 3.46 and 3.51 (2 x s, 6 H,
OCHs), 3.65-3.73 (2xm, 2 H, Me-CH), 3.87 (d, Joas = 9.0, 1 H,
H-8aB),3.90(d, Jeag = 9.2, 1 H, H-8a A), 439 (d, 52=84, 1
H.H-3B),442(d J52=84,1 H H-3 A), 449 and 4.54 (2 x m,
2 H, H-8), 482 (bs, 2 H, 3a-OH), 5.44 (dd, Jya.ca = 10.1, Jxurp
=11.6,1H, CH-NH A), 5.63 (bs, 2 H, 3-OH), 5.75 (dd, Jxm.ca
=101, xapr=127, 1 H, CH-NHB), 5.83 (d, />3 =84, 1 I, H-
2B),5.84(d, .5 =84,1H, H-2 A),6.97-7.03 (m, 3 H, o-phenyl
B, p-phenyl B), 7.05-7.15 (m, 5 H, o-phenyl A, p-phenyl A, m-
phenyl B}, 7.28 (bs, 4 H, NH>), 7.30 (m, 2 H, m-phenyl A), 8.14
(2xs, 2 H, H-2"), 8.46 and 8.46 (2 x s, 2 H, H-8"). ¥C NMR
(125 MHz, d6-DMSO): § 19.64 (d, Jems.p = 5.2, CH3-CH), 19.72
(d, Jem » = 6.8, CH3-CH), 21.57 (C-5), 25.70 and 25.89 (C-6),
33.01 and 33.16 (C-7), 35.43 and 35.49 (C-4), 49.48 and 49.77
(Me-CH), 51.92 (OCHs), 76.32 and 76.52 (C-3a), 77.21 and
77.42(C-3), 78.24 (d, Jep= 6.3, C-8), 7833 (d, Jer = 5.6, C-8),
84.34 and 84.36 (C-2), 89.76 (d, Jeap = 5.8, C-8a), 89.82 (d, Jaa
p=6.4, C-8a),119.15and 119.21 (C-57), 120.31 (d, Jop = 4.6, o-
phenyl), 120.47 (d, Jor = 4.5, o-phenyl), 124.19 and 124.55 (p-
phenyl), 129.28 and 129. 64 (m-phenyl), 139.84 and 139.88 (C-
87), 150.20 and 150.23 (C-4"), 151.03 (d, Jir = 6.6, i-phenyl),
151.06 (d, Jip = 6.7, #phenyl), 152.86 C-2'), 156.24 (C-6"),
173.61 (d, Jeor = 6.8, C=0), 173.85 (d, Jeor = 5.3, C=0).
HRMS (ESI): caled. for C24H310sNeNaP [M + Na] 585.18332;
found: 585.18308, caled. for CaaH320eNeP [M + H] 563.20137;
found: 563.20133.

(25)-Methyl 2-[({[(2R,3R,3a5,8R, 8aR)-2-(6-amino-9/-purin-
9-yI)-3,3a-dihydroxyoctahydro-2H-cyclohepta[b]furan-8-
yl]oxy}(phenoxy)phosphoryl)amino] propanoate (19b)

Yield 144 mg (51%) of a colourless solid foam. Found: C, 50.98;
H, 5.74; N, 14.58; P, 5.34. Cale. for CaaH3:1NsOgP: C, 51.24, H,
5.55. N, 14.94; P, 5.51%. "H NMR (500 MHz, d6-DMSO): &
1.04 (d. Jems-cu = 7.1, 3 H, CHs>-CH), 1.13 (d, Jemws- cu = 7.1, 3
H, CH3-CH), 1.53-1.73 (m, 12 H, H-4b, H-7b, H-5, H-6), 1.85-
1.94 (m, 2 H, H-4a), 2.21 (m, 2 H, H-7a), 3.50 and 3.55(2 x5, 6
H, OCH3), 3.79 and 3.88 (2 x m, 2 H, Me-CH), 4.05-4.06 (m, 2
H, H-8a), 4.15 and 4.27 (2 x m, 2 H, H-3), 4.61-4.68 (m, 2 11, II-
8), 4.73 (bs, 2 I, 3a-0OH), 5.57 (bs, 2 H, 3-0OH), 587 (d. J23 =
8.5, 1H, H-2), 5.92(d, J3 = 8.5, 1 H, H-2), 5.95 (dd, Jnu.ca =
10.1, Jxap = 13.1, 1 H, CH-NH), 6.13 (dd, Jwg.ca = 10.4, Jxup
=123, 1 H, CH-NH), 7.14-7.20 (m, 4H, o-phenyl, p-phenyl).
7.23 (m, 2 H, o-phenyl), 7.20 (bs, 2 H, NHz), 7.32-7.40 (m, 4 H,
m-phenyl), 8.14and 8.15(2xs, 2H, H-2"), 838 and 8.45 (2 X 5,
2H, H-8"). PBCNMR (125 MHz, d6-DMSQ): 8 19.72 (d, Jem-p
= 7.2, CH3-CH), 20.11 (d, Jems » = 5.6, CH3-CH), 22.38 (C-5),
24.7 (C-6), 30.15 and 30.27 (C-7), 35.72 (C-4),49.89 and 50.01
(Me-CH), 52.02 and 52.07 (O-CHs), 77.32 (d, Jer = 6.0, C-8),
77.90(d, Jo.p = 6.3, C-8), 77.90 and 78.40 (C-3), 78.47 and 78.71
(C-3a), 84.03 and 84.47 (C-2), 89.38 and 89. 43 (C-8a), 118.81
and 119.05 (C-5"), 120.40 (d, Jor = 4.6, o-phenyl), 120.52 (d,
Jop = 4.3, o-phenyl). 124.68 and 124.76 (p-phenyl), 129.74 and
129.79 (m-phenyl), 138.87 and 139.45 (C-8"), 150.33 and 150.45

J. Name., 2012, 00, 1-3 | 13



ARTICLE

(C-4'), 150.97 (d, Jip = 6.2, j-phenyl). 151.00 (d, Jip = 6.5, i-
phenyl), 152.91 and 152.96 (C-2"), 156.21 and 156.25 (C-6'),
173.75-173.82 (m, C=0). ESI MS, m/z (%) 586.2 (33) [M + Na
+ H), 585.2 (100) [M + Na], 563.2 (18) [M + H]. HRMS (ESI)
caled. for C2aH320sNsP [M + H] 563.20137, found: 563.20136,

Preparation of isopropylidene derivatives 22a and 22b

2,2-Dimethoxypropane (5 mL) and conc. H2SO4 (120 ul.) were
added to a solution of 13a or 13b (319 mg, 1.0 mmol) in dimethyl
formamide (6 mL) and the mixture was stired at ambient
temperature for 24 h. Then was neutralized with pulverized
KHCOs and evaporated. The residue was triturated with water,
solid was filtred off, washed with water, dried and
chromatographed on silica gel (40 g) in ethyl acetate — acetone—
ethanol — water (400 : 30 12: 8).

(3aR,4R,5aR,6S,10aR)-4-(6-Amino-9H-purin-9-yI)-2,2-
dimethyl-3a,4,5a,6,7,10-hexahydrocycloheptal2,3| furo[3,4-
d][1,3]dioxol-6-0l (22a)

Yield 285 mg (79%) of 22a as white erystals. M.p. 179-180 °C.
[o]p® -48.7 (¢ = 0.406, MeOH). Found: C, 56.46; I, 6.03; N,
19.18. Cale. for C17HuNsO4: C, 56.82; H, 5.89; N, 19.49%. 'H
NMR (500 MHz, d6-DMSO): & 1.32 (s, 3 H, 2-CTI), 1.55 (s, 3
H, 2-CHs), 216 (dd, Jyem = 17.2, Jmsg = 7.3, 1 H, H-7b), 232
(bm, 1 H, H-7a), 2.43 (ddm, Jgem = 17.3. Jiovs = 7.8, 1 H. H-10b),
313 (dm, Jgem = 17.3, 1 H, H-10a), 3.82-3.85 (m, 2 H, H-5a, H-
6a), 4.93 (d, Jsea = 2.8, 1 H, H-3a), 5.13 (d, Joms = 4.2, 1 H, OH),
5.50(m, 1 H, H-9), 5.60 (m, 1 H, H-8), 6.08 (d, Ja5a =28, 1 H,
H-4), 7.35 (bs, 2 11, 6'-NI), 8.17 (s, 1 1, H-2"), 8.37 (s, 1 H, H-
). BONMR (125 MHz, d6-DMSOY: § 27.40 (2-CHs), 28.40 (2-
CHs), 34.14 (C-10), 34.48 (C-7), 69.34 (C-6), 87.40 (C-4), 89.25
(C-10a), 89.30 (C-3a), 91.77 (C-5a), 114.90 (C-2), 119.30 (C-
57), 12524 (C-9), 127.27 (C-8), 139.77 (C-87), 149.22 (C-4"),
153.09(C-2"), 156.33 (C-6"). ESI MS, m/z (%): 383.2 (21) [M+
Na+ H], 382.2 (100) [M + Na], 360.2 (9) [M+ H]. HRMS (ESL):
caled. for Ci7H2OaNs [M + H] 360.16663; found: 360.16664;
caled. for Ci7H2104NsNa [M + Na] 382.14858; found:
382.14857

(3aR,4R,5aR,6R,10aR)-4-(6-Amino-9H-purin-9-y1)-2,2-
dimethyl-3a,4,52a,6,7,10-hexahydrocyclohepta|2,3] furo[3,4-
d][1,3]dioxol-6-0l (22h)

Yield 250 mg (69.5%) of 22b as white crystals. M.p. 264-266
°C. [e]p®® -19.7 (¢ = 0.299, DMF). Found: C, 56.52; H, 5.92; N,
19.19. Cale. for Ci7HaNsO4: C, 56.82; H, 5.89; N, 19.49%, 'H
NMR (500 MHz, d6-DMSO): 5 1.38 (s, 3 H, 2-CHz), 1.55 (s, 3
H, 2-CHs), 2.35-239 (m, 2 H, H-7a, H-7b), 2.59 (dm, Jyem =
13.6,1 H, H-10b), 2.91 (m, 1 H, H-10a), 4.23 (m, 1 H, H-6), 4.27
(m, 1 H, H-5a), 498 (d, J3a4 = 3.7, 1 I H-3a), 5.33 (bs, 1 H,
OH), 5.54-5.56 (m, 2 H, H-8, H-9), 6.12 (d, Ja3a = 3.7, 1 H, H-
4),7.35 (bs. 2 H. 6'-NHz), 8.16 (s, 1 H, H-2"), 832 (s, 1 H, H-
8'). BCNMR (125.8 MHz, d6-DMSO0): & 28.41 (2-CHs), 28.83
(2-CHs), 33.62 (C-10), 33.99 (C-7), 66.94 (C-6), 87.72 (C-4),
89.03 (C-3a), 91.02 (C-5a), 91.99 (C-10a), 114.31 (C-2), 118.96
(C-57),123.36 and 129.05 (C-8, C-9), 138.90 (C-8"), 149.28 (C-
47), 153.05 (C-27), 156.31 (C-6"). ESI MS, m/z (%): 383.1 (22)
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[M+Na+H], 382.1 (100) [M+Na], 360.1 (10) [M +H]. HRMS
(ESI): caled. for CiH2:04Ns [M + H] 360.16663; found:
360.16660.

Preparation of phosphates 23a and 23b

Method A: To a stirred solution of 22a or 22b (179 mg, 0.5
mmol) in trimethyl phosphate (1.2 mL) cooled to 0°C was
dropwise added POCIs (213 pL, 2.25 mmol). The mixture was
stirred at ambient temperature for 4 h and then cooled to 0°C.
Water was added (0.8 mL) and the mixture was neutralized with
aqueous ammonia and applied onto Dowex 50 (H*) column (30
mL}. Column was eluted with water (200 mL) and then with 2.5
% aqueous ammonia. UTV absorbing fractions were collected and
evaporated. A solution of the residue mn 50% aqueous
trifluoroacetic acid (2 mL) was kept at room temperature for 48
h, then evaporated and twice co-evaporated with water. A
solution of the residue in water was neutralized with aqueous
ammonia and adsorbed on silica gel, which was placed on a top
of silica gel column (40 mL). Elution with 2-propanol — water —
cone. aqueous ammonia (15 : 4 : 2) afforded crude 23a or 23hb,
which were re-purified on Dowex 50 (H") column (15 mL) by
elution with water (100 mL) and 2.5 % aquecus ammoma. UV
absorbing fraction were collected, concentrated and converted to
sodium salt using Dowex 50 (Na') column (30 mL) by elution of
the column with water and subsequent evaporation of UV
absorbing fractions.

(2R,3R,3a5,85,8aR)-2-(6-Amino-9H-purin-9-yl)-3,3a-
dihydroxy-3,3a,4,7,8,8a-hexahydro-2H-cyclohepta[b]furan-
8-yl dihydrogen phosphate, disodium salt (23a)

Yield 89 mg (38%) of phosphate 23a, as a yellowish amorphous
solid. [a]p®® 21.4 (¢ = 0.392, H20). Found: C, 36.71; H, 4.21; N,
14.98; P, 6.45. Cale. for CiaHieNsNa:O-PH:O: C, 36.45; H,
3.93;N, 1518, P, 6,71%. "H NMR (500 MHz, D20): § 2.51-2.58
(m, 2 H, H-4b, H-7b), 2.71-2.79 (m, 2 H, H-4a, H-7a), 4.26 (d,
Joag = 7.4, 1 HL. H-8a), 4.51 (m, 1 H. H-8), 459 (d, 5, =7.9, 1
H, H-3), 5.63 (dm, Js6 = 11.5, 1 H, H-5), 5.73 (dm, Jos = 11.5,
1 H, H-6), 5.98(d, o3 =7.9,1 H, H-2), 8.16 (s, | H, H-2), 8.41
(s, 1 H, H-8"). "CNMR (125 MHz D;0): § 35.01 (C-7), 35.54
(C-4), 75.26 (d, Jap = 5.2, C-8), 78.41 (C-3), 81.27 (C-3a), 87.82
(C-2), 91.42 (d, Jaap = 6.1, C-Ba), 121.33 (C-5"), 126.72 (C-5),
130.61 (C-6), 14284 (C-8"), 151.87 (C-4'), 155.48 (C-27),
158.00 (C-6"). negESI MS, mv/z (%): 399.0 (15) [M], 398.0 (100)
[M - H]. HRMS (negESI): caled. for Ci1aH17O/NsP [M - H]
398.08711; found: 398.08702.

(2R, 3R,3a8,8R,8aR)-2-(6-Amino-9H-purin-9-yl)-3,3a-
dihydroxy-33a,4,7,8,8a-hexahydro-2 H-cyclohepta[b]furan-
8-yl phosphate disodium salt (23b).

Yield 91 mg (39%) of phosphate 23b, as a yellowish amorfous
solid. [a]p® 26.0 (¢ = 0.308, ILO). Found: C, 36.33; H, 4.14; N,
14.86, P, 6.40. Cale. for CraHisN:sNa:O-PHL0: C, 36.45; I,
3.93: N, 15.18; P, 6.71%. 'HNMR (500 MHz, D:0): § 8.49 (bs,
1 H,H-8"),8.20(s, 1 H,H-2),6.04(d, /23 =8.5,1 H, H-2), 5.74
(m, 1 H, H-6), 5.67 (m, 1 H, H-5), 473 — 4.68 (m, 2 H, H-3, H-
8), 4.50(bs, 1 H, H-8a), 2.82 - 2.48(m, 4 H, H-4, H-7). *C NMR
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(125MHz, D>0): 8 158.24 (C-6"), 155.62 (C-27), 152.20 (C-47),
142,76 (C-87), 131.69 (C-6), 126.13 (C-5), 121,27 (C-5"), 91.91
(d, Jeapr = 4.7, C-8a), 86,79 (C-2), 81.28 (C-3a), 7831 (C-3),
74.66 (C-8), 35.53 (C-4), 34.99 (C-7). ESI MS, m/z (%): 400.2
(51) [M + Nal, 342.2 (41), 320.2 (100). negESI MS, m/z (%):
399.1 (20) [M], 398.1 (100) [M - 1]. HRMS (ESI): caled. for
CraH1s0NP [M + H] 400.10166; found: 400.1078. HRMS
{negESI): caled. for CiaHiyO7NsP [M - H] 398.08711: found:
400.08716

Method B: Nuclecside analogue 13a or 13b (160 mg, 0.5 mmol)
was co-distilled with pyridine (3 x 5 mL) and dissolved
pyridine (8 mL). To the solution was added phenylboronic acid
(65 mg, 0.53 mmol), pyridine (~6 mL) was distilled off at
atmospheric pressure within 4 h and the remaining pyridine was
evaporated under vacuum. To a stirred solution of the residue in
trimethyl phosphate (1.2 mL) cooled to 0°C was dropwise added
POCL (213 uL, 2.25 mmol). The mixture was stirred at ambient
temperature for 4 h. The reaction mixture was worked up as in
Method A. It was obtained 60 mg (26%) of 23a and 62 mg (27%)
of nucleotide analogue 23b.

Preparation of triphosphates 24a and 24b

A solution of phosphate 23a or 23b in water (0.2 mL ) was placed
ona top of Dowex 50 (EtsNH*) column (10 mL) and the column
was eluted with water. UV absorbing fractions were collected
and evaporated. A mixture of the residue, imidazole (51 mg, 0.75
mmol) and triphenylphosphine (131 mg, 0.5 mmol) was co-
distilled with DMF (3 x 3 mL). To a solution of the residue in
DMSO (0.25 mL) and DMF (0.5 mL) were added triethylamine
(24.5 uL, 0.175 mmol) and 2.2 dipyridyl disulfide (110 mg, 0.5
mmel) and the mixture was stirred at room temperature under
argon atmosphere overnight. The mixture was then added
dropwise at 0 °C to a mixture of acetone (15 mL), diethylether
(15 mL) and saturated solution of NaClO+H>O in acetone (0.15
mL). The precipitate was centrifuged at 0 °C and washed with a
mixture of diethylether- acetone (1:1, 2 x 20 mL) and ether (2 x
20mL), both at 0 “C. The residue was dried over P20s in vacuum
overnight. Dry imidazolide was disolved in 0.5 M solution of
(nBusNH)2P2H207 in DMSO (0.3 mL) and the solution was left
at recom temperature overmght. Crude triphosphate was purified
by reverse phase HPLC.

(2R 3R, 3a8,8R 8aR)-2-(6-Amino-9H-purin-9-yI)-3,3a-
dihydroxy-3,3a,4,7,8,8a-hexahydro-2 H-cyclohepta[b]furan-
8-yl triphosphate, tetra(triethylammonium) salt (24a)

A white amorfous solid. "H NMR (500 MHz, MeOD). 3 1.21 (t,
Jemcm = 7.3, 36 H, NCH2CH3), 2.39-2.92 (m, 4 H, H-4, H-7),
3.01 (g, Jemz-cms = 7.3, 24 H, NCH>CHs), 4.55-4.88 (m, 3 H, H-
3, H-8, H-8a), 5.59 (m, 1 H, H-5), 5.69 (m, 1 H, H-6), 6.01 (d.
Jr3=83,1H, H-2),8.19(s, 1 HL H-2"), 8.43 (bs, 1 I, H-8"). ¥*C
NMR (125 MHz MeOD): 8 9.66 (INCH.CHs), 33.72 (C-7),
35.10(C-4), 47.23 (NCH2CHz), 75.03 (d, Jep = 5.0, C-8), 79.79
{C-3a), 86.68 (C-2), 90.50 (C-8a), 120.47 (C-5"), 125.09 (C-5),
130.04 (C-6), 141.69 (C-8'), 151.66 (C-4"), 154.07 (C-2").
157.45 (C-6"). C-3 was not detected. 'P NMR (202 MHz
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MeOD): 6 10,36 (d, Jyp = 20.9, v-P), 11.81 (d, Jucp = 107, 0-P),
23.70 (dd, Jpo = 19.7, Joy = 20.9, B-P). negEST MS, m/z (%):
559.0(25)[M], 558.0(84) [M - H], 479.0(33) [M - HPOs], 478.0
(100) [M — HaPO3). HRMS (negESI): caled. for CraHyoO13NsPs
[M - H] 558.01977; found: 558.01932.

(2R,3R,3a5,85,8aR)-2-(6-Amino-9H-purin-9-yl)-3,3a-
dihydroxy-3,3a,4,7,8,8a-hexahydro-2H-cyclohepta[b]furan-
8-yl triphospl tetra(triethyl. ium) salt (24b)

A white amorfous solid. "H NMR (500 MHz MeOD): 8 1.21 (1,
Jem-ciz = 7.3, 36 H, NCH2CH3), 2.44 (dd, Jgem = 16.5, Jans =
6.8, 1 H, H-4B), 2.63 (dm, Jeem = 18.1, 1H, H-7B), 2.93-3.07 (m,
26 T, H-4A, H-TA, NCH:CHs), 4.45 (d, Juag = 6.0, 1 I, H-8a),
4.71 {m, 1 H, H-8), 478 (d, /52 = 8.2, 1 H, H-3), 5.55-5.64 (m,
2H H-5.H-6), 5.97 (d, o3 =82, 1 H. H-2), 819 (s, 1 H, H-2"),
8.42 (s, 1 H. H-8"). ¥C NMR (125 MHz, MeOD}): § 9.69
(NCH2CHs), 3297 (d. Jop = 29, C-7), 34.85 (C-4), 47.21
(NCH:CHs), 74.96 (d, Jap = 6.0, C-8), 75.87 (C-3), 79.80 (C-
3a), 87.58 (C-2), 89.75 (d, Jur = 5.6, C-8a), 120.65 (C-5),
125.55(C-5), 128.58(C-6), 142.01 (C-8"), 151.46(C-4"), 154.00
(C-27, 157.44 (C-6'). 3P N'MR (202 MHz MeOD): § 10.28 (d,
Jooo=21.1,v-P), 11.73(d. J .- =198, «-P), 23.79(dd, J .- =
19.8, 7. = 21.1, p-P). negBSI MS, m/z (%) 559.0 (12) [M],
558.0 (71) [M - H]. 479.0 (20) [M - HPOs], 478.0 (100} [M -
H:POs3]. HRMS (negESI): caled. for C1aHisOiNsPs [M - H)
558.01977, found: 558.01935.

Carboxypeptidase Y Assay.

The phosphoramidate derivative 17a or 17b (5.0 mg) was
dissolved in acetone-ds (200 uL) and then 400 pL of Trizma
(tris(hydroxymethyljaminomethane) buffer (pH 7.4) was added
at room temperature (25°C). 3'P NMR spectrum (202 MHz with
HsPOu4 as external standard) of this sample was measured to
obtain P chemical shifts of the starting phosphoramidate. Next,
carboxypeptidase Y (0.3 mg dissolved in 200 uL of Trizma
buffer) was added and *'P NMR spectra were recorded in various
times after the addition (25°C).

Chemical hydrolysis.

The studied compound 17a or 17b (5.4 mg) was dissolved in 500
uL of triethylamine aqueous solution (3 % Et:N in D20) and P
NMR spectra (202 MHz with H3POa as external standard) were
recorded forthwith at room temperature (25°C) and then at
various times after the sample preparation.

Screening of antiviral activity

The anti-rhinovirus activity of test compounds was measured in
Hl1-HeLa cells. Compounds were prepared in replicate 3-fold
serial dilutions in DMSO (384-well format), and 0.1 pL of these
dilutions were transferred acoustically to assay plates with an
Echo instrument. H1-Hel.a cells in RPMI medium supplemented
with 10 % heat inactivated FBS and antibiotics were premixed in
batch with mixture of HRV1A, HRV14, and HRV16 at a TCIDeo
of 4X for each strain. After three day incubation at 33°C, virus-
induced cytopathic effects were determined by a Cell-titer Glo
viability assay (Promega, Madison, WI).

Anti HCV activity of compounds was determined in multiplex
assay using HUH 7-lunet stably replicating I1389luc-ubi-
neo/NS3-3ET genotype 1b replicon and 2aLucNeo-25 cell line
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encoding a genotype 2a JFH-1 replicon. Cells were maintained
in Dulbecco DMEM medium supplemented with GlutaMAX
{Invitrogen), 10% FBS (not heat-inactivated), 1mg/mL G-418,
Pen-Strep, and non-essential amino acids. Cells were plated into
384-well assay plates with 1600 cells per well and treated with
serial dilutions of compounds. Following three day incubation,
the activity of Renilla luciferase was quantified using the Dual-
Glo luciferase assay system from Promega (Promega, Madison,
WI).

Inhibition of the activity of PI4Ks

The lipid kinase activity was determined by ADP-Glo Kinase
Assay (Promega) measuring the amount of ADP produced
during the kinase reaction. Reactions were carried out in a total
volume of 5 pl and contained PI4K enzyme (final concentrations
for PI4K 1B was 4ng/uL, for PI4K Ilo was 2ng/ul, and for
PI4K Tl was 2ng/ul) in kinase buffer (20mM TRIS pH 7.5, 5
mM MgClz; 0.2% Triton-X; 0.1 mg/mLBSA; 2mM DTT), PI/PS
(lipid kinase substrate) in kinase buffer (final concentration = 50
pM), inhibitors (10 mM stock solutions i DMSCO were diluted
with kinase buffer to final concentration dependent on inhibitor’s
activity, e.g. 400-0,01; 300-0,0001; 150-0,00001 uM for PI4K
IIIB), and the reaction was started by adding ATP in kinase
buffer (final concentration 100 pM). This reaction was carried
out for 60 min/25°C and the amount of hydrolyzed ATP was
measured according to the manufacturer's protocol (add
ADP/Glo Reagent to terminate the kinase reaction and deplete
the remaining ATP, then add Kinase Detection Reagent to
simultaneously convert ADP to ATP and allow the newly
synthesized ATP to be measured using a luciferase/luciferin
reaction). Luminescence was measured using spectrophotometer
TECAN infinite M 1000.
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obtained. The two dublets around 120.3 ppm, corresponding to oriie
carbons, disappeared and one singlet signal around 1189 ppm
corresponding to  orthe carbons of phenol appeared (Supporting
information Figure S1). After the phenol release, there is no chiral center
at the phosphorus atom, thus no two diastereoisomers exist. It is visible, for
instance, in *C NMR spectra of carbon atom 8a, where the two dublets
(87.8 ppm) corresponding to the two diastereoisomers of the intermediate
disappeared and one dublet (88.6 ppm) coming from carbon atom 8a of the
final product appeared (Supporting information $2).
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Long-range heteronuclear coupling constants
in 2,6-disubstituted purine derivatives

Eliska Prochazkova,” Lucie Cechova,” Petr Jansa® and Martin Draéinsky™*

Four- and five-bond heteronuclear J-couplings between the hydrogen H-8 and carbons C-6 and C-2 in a series of 7- and
9-benzyl substituted purine derivaties with variuous substituents in positions 2 and 6 were studied by coupled '*C NMR
and H,C-HMBC experiments and by DFT calculations. We have found that for some of the derivatives, the five-bond
coupling H8-C2 is higher than the four-bond H8-Cé coupling, which is also evidenced by a stronger crosspeak in the HMBC.
This finding contradicts the generally accepted opinion that only strong three-bond crosspeaks and one weak four-bond
H8-C6 crosspeak can be observed in the HMBC spectra of purine derivatives. The misinterpretation of HMBC spectra may

lead to an incorrect determination of the purine derivatives’ structure. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: NMR; H, B long-range coupling; purine derivatives; DFT calculations
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Introduction

Naturally occurring purines are the basic constituents of nucleic
acids; they also interact with enzymes and other proteins as
components of the cofactors and signal molecules.™ Adenosine
5'triphosphate (ATP) controls the energy metabolism of cells,
and nicotinamide adenine dinucleotide (NAD+, NADH} and flavin
adenine dinucleotide (FAD, FADH,) are the key cofactors not only
of the cellular citric acid cycle, which is involved in the cellular
oxidation/reduction processes.” Another molecule of biological
relevance is acetyl-coenzyme A, which is of central importance
for metabolism.

Purine derivatives bearing diverse types of substituents display
a broad spectrum of biological activities,'? including an inter-
feron-inducing effect or more often an inhibitory effect against
leukotriene A, hydrolase, sulfotransferase, phosphodiesterase,
kinase, and other enzymes.” Modified nucleosides and nucleotides
are very important classes of compounds used in the therapy of
a wide variety of diseases, since they can act as antiviral,®™®
antitumor®'®! or antimicrobial""! agents.

The distribution of electrons around the purine skeleton affects
not only its chemical properties and reactivity but also the NMR
parameters. The nature of the substituent is reflected in the
NMR chemical shifts and nuclear spin-spin coupling constants,
which makes NMR spectroscopy an excellent tool for investigat-
ing and interpreting the structure, reactivity and intermolecular
interactions in terms of the electron distribution." The "*C and
"N NMR chemical shifts as well as '"H-X coupling constants
can be used not only to distinguish between different regio-
isomers,"3 but also to reflect equally well the positions of pro-
tons, which enables the study of the tautomeric equilibria.[z’m’ml

The assignment of the carbon signals is usually done using
three-bond H-C heteronuclear J-coupling.”"! A schematic graph-
ical representation of the ‘building blocks’ for the assignment of
purine derivatives signals with C-6 substituents is given in Fig. 1.
It is generally believed that, for derivatives substituted at both
positions 2 and 6, small four-bond interactions H8-Cé can be

used for the assignment of the carbon signals. The H8-Cé cou-
pling can be identified in the HMBC spectra as a crosspeak with
lower intensity.?%

In this paper, we present a combined experimental and compu-
tational study of the four- and five-bond heteronuclear couplings
H8-C6 and H8-C2. The experimentally studied compounds are
depicted in Fig. 2. We demonstrate that the five-bond coupling is
of a comparable magnitude with the four-bond coupling and a
structure determination based on the HMBC patterns can lead to
incorrect structures and/or the incorrect assignment of signals.

Experiment

The syntheses of compounds 1-4 and 6-7 have been described
previously.?> ! For the selective preparation of 7-substituted
purines, an alternative synthetic approach could be used.”
The preparation of compounds 5, 9 and 10 will be described in
a separate paper with the description of their biological activities.
Briefly, compound 5 was obtained after hydrolysis of compound
1; compound 9 was prepared by methanolysis of compound 6,
and compounds 8 and 10 were prepared by microwave-assisted
reactions of compound 6 with 1 M hydrochloric acid {compound
8) or with dibutylamine (compound 10).

The NMR spectra were measured on a Bruker Avance 600
(with "H at 600.13 MHz and ">C at a frequency of 150.92 MHz)
and/or Bruker Avance 500 (with 'H at 499.95 MHz and '3C at
125.71 MHz) using a 5mm TXI cryoprobe and about 5-10 mg of
sample in 0.6ml of CDCl; or DMSO-d,. The chemical shifts are
given in §-scale (with the "H and " C referenced to TMS or to

* Correspondence fo: Martin Dracinsky, Institute of Organic Chemistry and
Biochemistry, Academy of Sciences, Flemingovo ndmésti 2, 166 10 Prague,
Czech Republic. E-mail: dracinsky@uochb.cas.cz
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Figure 1. Schematic representation of the 'HMBC building blocks’
{three-bond coupling pathways) for the assignment of purine derivatives
signals with C-6 substituents.
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Figure 2. The studied compounds and their numbering.

DMSO using §(DMSO) 2.50 and 39.7 ppm, respectively). The typi-
cal experimental conditions for the '"H NMR spectra were 32
scans, a spectral width of 6kHz, and an acquisition time of 5s,
yielding 60K data points. The FIDs were zero-filled to 128 K data
points. The coupled '>C NMR spectra were acquired using a
gated decoupling pulse sequence {decoupling during d1). The
3¢ spectra were also acquired with selective decoupling of
H-8. The coupled *C and selectively decoupled ' C experiments
{30 mg of a sample dissolved in 0.6 m| of a solvent) were acquired
with a spectral width of 70ppm, offset of 135 ppm, d1=3s, ac-
quisition time of 3.7s yielding 64K data points, which were
zero-filled to 128 K data points. The 2D-homonuclear (H,H-COSY)
and 2D-heteronuclear (H,C-HSQC and H,C-HMBC) experiments
were performed for the structural assignments of the "H and
3¢ signals (using standard 2D-NMR pulse sequences of Bruker
software).

The geometry optimizations and NMR parameters calculations
were conducted using the Gaussian 09 software package.”” All
of the structures were optimized at the DFT level of theory using
the B3LYP functional.”®**! For geometry optimization, the stan-
dard 6-31 +G(d,p) basis set was used, and for the shielding and
coupling constants, a slightly larger 6-311++G(d,p} basis set was
utilized. The vibrational frequencies and free energies were calcu-
lated for all of the optimized structures, and the stationary-point
character {(a minimum) was thus confirmed. The optimizations
and shielding- and coupling-constant calculations were done in
vacuum. We have previously explored various approaches for
modeling the solvent effects on the calculation of NMR param-
eters. We have shown that a large number of molecular dynamics
snapshot geometries have to be averaged to model the solvent

effects reasonably and that implicit solvent models (e.g. PCM) fail
in the calculation of the solvent effects on NMR parameters,203"]
Further discrepancy between the calculated and experimental
data can be caused by the inaccuracy of the DFT calculations
and neglecting vibrational averaging.*”!

The NMR spectra signal assignment (C-1" - C-4" correspond to
C-ipso, C-ortho, C¢-meta and C-para of the benzyl substituent) is
given as follows:

9-Benzyl-6-chloro-9H-purin-2-amine (1): ' C NMR (150.9 MHz,
DMSO): § =46.3 (CH,); 1235 (C-5); 127.4 (C-2'), 128.0 {C-4'), 129.0
(C-3"); 136.8 (C-17; 1435 (C-8); 149.7 (C-6); 154.3 (C-4); 160.1
(C-2) ppm. "H NMR (600.1 MHz, DMSO): §=5.29 (s, 2H, CH,); 6.92
(bs, 2H, NH,}; 7.26 — 7.38 (m, 5H, H-2, H-3, H-4), 8.2 (s, H-8) ppm.

9-Benzyl-2,6-dichloro-9H-purine (2): "*C NMR (125.7 MHz,
CDCl,): §=48.0 (CHy); 128.0 (C-2), 129.0 (C-4), 129.3 (C-3); 1306
(C-5); 133.9 (C-1); 145.5 (C-8); 151.8 (C-6); 153.1 (C4 and C-2)
ppm. 'H NMR (499.9 MHz, CDCl,): § =542 (s, 2H, CH,); 7.32 (m,
2H, H-2'); 7.36 — 7.41 (m, 3H, H-3’, H-4), 8.07 (s, H-8) ppm.

9-Benzyl-6-chloro-9H-purine (3)'> C NMR (125.7 MHz, DMSO):
8 =473 (CHy); 127.9 (C-27), 128.3 (C-4), 129.0 (C-37); 131.0 (C-5);
136.2 (C-1'); 147.7 (C-8); 149.4 (C-6); 151.9 (C-2); 152.0 (C-4) ppm.
"H NMR (499.9MHz, DMSO): 8 =5.42 (s, 2H, CH,); 7.32 (m, 2H,
H-2'); 7.36 - 7.41 {m, 3H, H-3', H-4"), 807 (s, H-8) ppm.

9-Benzy|-l\lé-methyl—9H-purin-2,6-diamine (4):
(125.7 MHz, DMSO): §=27.2 (CH,); 45.6 (CH,); 113.6 (C-5); 127.2
(C-2), 1276 (C-4), 128.8 (C-37; 137.3 (C-8); 137.9 (C-17); 151.0
(C-4); 155.6 (C-6); 1606 (C-2) ppm. 'H NMR (499.9 MHz, DMSO):
8=542 (s, 2H, CH,); 7.32 (m, 2H, H-2); 7.36 - 7.41 (m, 3H, H-3,
H-4'), 8.07 (s, H-8) ppm.

9-Benzylguanine (5): "> C NMR (150.9 MHz, DMSO): §=47.8
(CHy); 1104 (C-5); 1282 (C-2)), 128.8 (C-4), 1295 (C-3); 1358
(C17; 1379 (C-8); 1507 (C-4); 155.0 (C-6); 155.7 (C-2) ppm. "H
NMR (600.1 MHz, DMSO): =5.30 (s, 2H, CH,); 7.05 (bs, 2H, NH,);
7.28 - 740 (m, 5H, H-2", H-3', H-4'), 8.87 (s, H-8) ppm.

7-Benzyl-2,6-dichloro-7H-purine (6): ">C NMR (125.7 MHz,
CDCl,): § =509 (CH,); 121.7 (C-5); 127.0 (C-27), 129.0 (C-4'), 1294
(C-3"); 1341 (C-1%); 143.9 (C-6); 1504 (C-8); 153.2 (C-2); 1635
(C-4) ppm. "H NMR (499.9 MHz, CDCls): §=5.69 (s, 2H, CH); 7.18
(m, 2H, H-2'); 7.36 — 7.42 (m, 3H, H-3', H-4'}, 8.27 (s, H-8) ppm.

7-Benzyl-6-chloro-7H-purin-2-amine (7}: 3¢ NMR (125.7 MHz,
DMSO): § =494 (CHa); 115.0 (C-5); 126.6 (C-27), 128.0 {C-47), 129.0
(C-37); 137.4 (C-17); 1426 (C-6); 150.2 (C-8); 160.3 (C-2); 1646
(C-4) ppm. "H NMR (499.9 MHz, DMSO): 8=5.56 (s, 2H, CH,);
6.64 (bs, 2H, NH.); 7.13 (m, 2H, H-2); 7.27 -7.36 (m, 3H, H-3,
H-4'), 855 (s, H-8) ppm.

7-Benzylxanthine (8): '*C NMR (125.7 MHz, DMSO): § =49.0
(CHy); 1062 (C-5); 127.7 (C-2), 128.1 {C-4), 1288 (C-3); 137.3
(C-17); 1428 (C-8); 149.7 (C-4); 151.4 (C-2); 155.7 (C-6) ppm. H
NMR (499.9 MHz, DMSO}: 3 =541 (s, 2H, CH,); 7.27 - 7.36 (m, 5H,
H-2, H-3", H-4), 8.13 (s, H-8); 10.87 (bs, 1H) and 1158 (bs, 1H, H-1
and H-3) ppm.

7-Benzyl-2-chloro-6-methoxy-7H-purin (9): "3C NMR (1257 MHz,
DMSO): 8=50.2 (CH,); 55.1 (CH3); 111.8 (C-5); 127.5 (C-2), 1282
(C-4), 128.9 (C-3%; 136.8 (C-17); 1485 (C-8); 151.3 (C-2); 1575 (C-6);
162.8 (C-4) ppm. "H NMR (499.9 MHz, DMSO): 8 =4.05 (s, 3H, CHa);
554 (s, 2H, CHy); 7.27 - 7.31 (m, 5H, H-2', H-4), 7.35 (m, 2H, H-3;
8.73 (s, H-8) ppm.

7-Benzyl-N,N-dibutyl-2-chloro-7H-purin-6-amine (10): > C NMR
(125.7 MHz, DMSO): §=13.8 (C-4"); 19.5 (C-3"); 29.1 (C-2"); 49.5
(C-17); 50.9 (CH,); 113.8 (C-5); 1263 (C-27), 128.0 (C-4), 1289 (C-37;
137.0 (C-1'); 149.9 (C-8); 151.9 (C-2); 155.6 (C-6); 163.6 (C-4) ppm.

C NMR
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"H NMR {498.9 MHz, DMSO): §=0.75 {t, 6H, fnzo= 7.3, H4"; 101
(m, 4H, H-3"; 1.35 {(m, 4H, H-2"}; 3.3%¢ (m, 4H, H-17); 556 (5, 2H,
CHa); 697 (m, 2H, H-2%; 7.24 - 7.32 (m, 3H, H-3', H4), 862 (s, H-
8 ppm.

Results and Discussion

In a typical HMBC spectrum of 2,6-disubstituted purine deriva-
tives (refer to Fig. 3), we can observe strong three-bond cross-
peaks between the hydrogen H-8 and carbons C-4 and C-5. The
strong crosspeaks are accompanied by one or two weak cross-
peaks corresponding to H8-C6 and/or H8-C2. The stronger cross-
peak from these two low-intensity crosspeaks is believed to be
the H8-C6 correlation.”? However, we have observed that for
many purine derivatives, the long-range crosspeaks are of a
comparable magnitude, and in some cases, the magnitude of
the H8-22 crosspeak is larger than that of the H8-C6 crosspeak.
The intensity of a HMBC crosspeak is dependent on the match
between heteronuclear coupling constant and the experimental
delay of the antiphase evolution (1/2J). For heteronuclear cou-
plings lower than 1Hz, the evolution delay should be larger than
500 ms, which leads to a strong signal suppression by relaxation.
We performed optimization of the evolution delay and we have
observed that for longer delays, the gain of intensity of the weak
crosspeaks was overridden by the relaxation losses. Therefore, all
the HMBC spectra reported in this paper were measured with
evolution delay of 50ms. Using this setup, the intensity of the
long-range HMBC crosspeaks is mainly governed by the value
of the J-coupling. The HMBE spectra of all of the studied com-
peunds are shown in Supporting infermation.

The long-range heteronudear coupling can be observed in
hydrogen-coupled '* C spectra. Because of the small values of the
four- and five-bond coupling constants, line namowing and longer
acquisition times are necessary, which makes this technigue possi-
ble only for concentrated samples or ' C labeled compounds. We
measured the coupled ' C spectra of compounds 2, 5 and 6. A part
of the coupled spectrum of compound 5 depicting the signals of
-2 and -6 is shown in Figure 511 in the SI. For comparison, the
spectrum chtained with a selective decoupling of H-8 is alse shown
in the figure. The experimental values of the long-range coupling
constants obtained from the coupled ™ C spectra are discussed
below. Given the experimental difficulties in obtaining the coupled
spectra, we estimated qualitatively the couplings and their relative
intensities from the HWMBC spectra.

| g ppm
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Figure 3. The H-8 region of the HMBC spectrum of compound 1.
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The uncertainty in the signal assignment based on the HMBC
pattems may lead to incomect structure determination. For some
7-substituted purine derivatives, the spatial proximity obtained
from the NOE experiments can be used to determine the struc-
ture unequivocally. This approach is demonstrated on compound
10. In the RCESY spectrum of compound 10, we ohserved cross-
peaks between the benzyl part of the molecule and the dibutyl-
amino part, which is possible only for the 7-benzyl-&-dibutylamino
derivative. In some cases, the assignment of the carbon signal
could be obtained from the HMBC spectra observing the cross-
peaks of the NH,, HNCH5 or OCH; groups. For some derivatives,
the spectral assignment could be done only with the help of
calaulated chemical shifts.

We performed geometry optimization and shielding- and
coupling-constant calculations for a series of purine derivatives
with various substituents in positions 2 and & and a methyl
substituent in position 7 or 9. We believe that the change of
the benzyl substituent to a methyl group can cause enly minor
differences in the calculated coupling constants, while the
calculations are much less demanding. We confirmed this for
compound 6. The differences in the calculated H8-C2 and
H8-C6 coupling constants between compound 6 (7-benzylderi-
vative) and 2,6-dichlore-7-methyl-7H-purine were lower than
GO1H:z.

Both the calculated AH8-C2) and KH8-C6) were always posi-
tive. Interestingly, the calculated values of J(H2-C8) were always
negative, and the absclute values were dose to 0.2 Hz, which is
in agreement with the lack of crosspeaks between H-2 and
C-8in the HMBC spectra of the purine derivatives. For all deriva-
tives with the same substituents in both positions 2 and 6 except
for the dihydroxydervatives, the calculated chemical shift of C-6
was lower than that of C-2 by 1-6 ppm for 9-methyl- and by
11-19 ppm for the 7-methylderivatives.

In the HMBC spectrum of compound 1 {Fig. 3), we cbserved
weak crosspeaks to both €-2 and C-6 with the C-2 crosspeak
being slightly more intensive. This cbservation is in agreement
with the calculated coupling constants (Table 1, Entry 8), where
the H8-C2 coupling was 0.61Hz compared to 0.32Hz of the
H8-C6& coupling. The signals of the carbon atoms €2 and &4 are
unfortunately overlapped in the spectrum of compound 2, and
therefore, the H8-C2 crosspeak (if present) is overlapped by the
strong H8-C4 crosspeak in the HMBC spectrum. We measured
the coupled ™ C NMR spectrum and ascertained that the experi-
mental long-range couplings 0.4 and 0.3 Hz were very close to
the calculated values (0.52 and .19 Hz, Table 1, Entry 4). In agree-
ment with the small value of the H8-C6 coupling constant, no
H8-C6 crosspeak was observed in the HMBC spectrum. Similarly,
in the HMBC spectrum of compound 3, we did not chserve any
H8-C6 crosspeak, and the H8-C2 crosspeak (if present) was over-
lapped by the strong H8-C4 signal. This finding is consistent with
the rather small calculated couplings (Table 1, Entry 3). In the
HMBC spectra of compound 4, the H8-C2 crosspeak was weaker
than the H8-C6 crosspeak, which is again in agreement with the
calculated coupling constants. We measured the coupled *C
NMR spectrum of compound 5, and the experimental coupling
constants (1.2 Hz for the H8-C6 and 0.4 for the H8-C2 coupling)
were in excellent agreement with the calculated values .92
and 0.34Hz, respectively (Table 1, Entry 10). In addition, the
H8-C2 crosspeak was missing in the HMBC spectrum.

We obtained the experimental H8-C2 and H&-C8 coupling con-
stants of compound 6 from the coupled ' C spectrum, and again,
the calculated values (2.86 and .73 Hz, Table 1, Entry 4) agreed

wileyanlinelibrary.com/journal/mrc
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Table 1. The calculated heteronuclear coupling constants XH8-C2)
and J(H8-C6) in substituted 9- and 7-methylpurines
S-isomer 7-isomer

Entry R? R® J(H8-C2) J(H8-CE) J(H8-C2) KH8-C6)
1 H H 032 0.36 061 0.93
2 a H 0.48 034 0.79 0.89
3 H cl 0.35 o1 0.65 0.89
4 Cl Cl 0.52 [eA ] 0.86 073
5 H NH, 0.35 0.55 0.60 081
6 NHy H 0.57 .46 0.68 .96
7 NH, NH, 0.57 0.62 0.68 084
8 NHy cl 0.61 032 0.75 0.79
9 a NH-CHy 0.49 0.58 0.76 0.80
10 NH, OH* 0.34 0.92 041 12
m oH? oH* 0.36 075 0.27 1.1
12 H OH? 0.16 0.85 0.36 1.1
13 Cl OCH;5 0.49 .44 0.80 073
14 cl N(CHs),  0.54 0.64 0.79 0.74
15 NH, NH-CH3 0.56 0.66 0.67 .86
*Keto forms of the guanine, hypoxanthine and xanthine bases were

used in the calculations.

excellently with the experimental ones (0.8 and 0.7 Hz). Cross-
peaks of equal intensity were observed in the HMBC spectrum
of this compound. Similarly, in the HMBC spectra of compounds
7, 9 and 10, both crosspeaks H8-C2 and H8-C6 were observed,
and their intensities were almost identical, which is in line with
the calculated coupling constant values 0.7-0.8 Hz for all the cou-
plings. In contrast to that the calculated value of the H8-C2
coupling constant (0.27 Hz) in compound 8 is much smaller than
the H8-C6 coupling constant (1.1Hz), which is, indeed, mani-
fested in the HMBC spectrum by a missing H8-C2 crosspeak.

Based on a careful analysis of the calculated long-range cou-
pling constants, we can conclude that the value of H8-C2 cou-
pling depends primarily on the nature of the substituent in the
position 2. The following order of the coupling values depending
on the C-2 substituent was observed: H < Cl< NH,. Exceptions
from this rule are the keto forms of guanine, hypoxanthine and
xanthine, which have always very low H8-C2 coupling. Similarly,
the H8-C6 coupling value is dominated by the nature of the C-6
substituent, with the keto forms of guanine, hypoxanthine and xan-
thine having the highest values of the coupling. 7-methylisomers
always have both H8-C2 and H8-C6 coupling constants values
higher than the 9-methylisomers.

Conclusions

We have demonstrated both experimentally and by DFT calcula-
tions that the four- and five-bond heteronuclear J-couplings of
the hydrogen H-8 with carbon atoms -6 and C-2 may be of a
comparable size. Depending on the substituents attached to
the purine skeleton, the values of the coupling constants can
change significantly. For proper structure determination and
signal assignment, care must be taken with this issue and one
cannot rely on small crosspeaks in the HMBC spectra, which can
be caused by both H8-C2 and H8-C6 interactions. The DFT calcu-
lated coupling constants were shown to agree very well with the
experimental data. An alternative for the structure determination

and signal assignment could be also the comparison of calcu-
lated and experimental chemical shifts.2"
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Introduction

The characterization of purine bases and the emphasis on the
significant role they play in living systems have attracted the
attention of many scientific teams and been an important
stimulus for intensive investigations in this field. Not only are
purines the basic constituents of nucleic acids, but they also
interact with enzymes and other proteins as components of
cofactors and signal molecules. Adenosine 5'-triphosphate
controls the energy metabolism of every cell, and nicotinamide
adenine dinucleotide (NAD+, NADH) and flavin adenine dinucleo-
tide (FAD, FADH,) are key coenzymes of the cellular citric acid cycle
that is involved in the cellular oxidation/reduction processes. Another
molecule of biological relevance is acetyl-coenzyme A, which is of
central importance for the metabolism. Naturally occurring purines
have been excellently reviewed recently."! Purine derivatives
bearing diverse types of substituents display a broad spectrum of
biological activities, including an interferon-inducing effect or,
more often, an inhibitory effect against leukotriene A, hydrolase,
sulfotransferase, phosphodiesterase, kinase and other enzymes.m

Modified nucleosides and nucleotides are very important
classes of compounds used in the therapy of a wide variety of
diseases because they can act as antiviral, antitumor or antimicro-
bial agents. Nucleosides in which the furanose-ring oxygen is
replaced with a methylene, ethylene or vinylene group are called
carbocyclic nucleosides, and these compounds typically excel in
enzymatic as well as chemical stability, which makes them an
attractive research target.[a’sl

Because the carbocycle conformation might prove vital for the
nucleoside’s biological activity,[g'm] we have decided to focus on
conformationally restricted carbocyclic nucleosides with variously
substituted norbornane as a pseudosugar part and substituted
purine as a nucleobase.""'?! The substitutions on both these
structural parts were examined extensively — first, a number of
compounds with a modified bicycle skeleton was prepared, and
then, because 9-norbornyl-6-chloropurine was identified as one
of the most active compounds against Coxsackie virus B3 (ECsq

0.81 uM),"" diverse modifications in position 6 of the purine
nucleobase were performed to determine the structure-activity
relations.'?!

The nature of the substituent is reflected in the NMR chemical
shifts and nuclear spin-spin coupling constants, which makes
NMR spectroscopy an excellent tool for investigating and inter-
preting the reactivity and intermolecular interactions in terms
of the electron distribution."® The '*C and "N NMR chemical
shifts as well as "H-X coupling constants can be used not only
to distinguish between different regioisomers," but they reflect
equally well the positions of protons, which enables the study of
tautomeric equilibria.’>?"1 >N NMR spectroscopy has proven to
be particularly useful in investigating protonation equilibria,
probing hydrogen bonding and describing purine complexes
with metal ions, because nitrogen atoms are directly involved in
these processes,?>?%

In this paper, we present the experimental 'H, *C and "N
data of a series of 24 purine derivatives with a bicyclo[2.2.1]
hept-2-yl substituent in position 9 and various substituents in
position 6. The general formula of the studied compounds is
depicted in Fig. 1. The experimental data were complemented
with DFT calculations of the chemical shifts. The comparison
of the experimental and calculated data made it possible to
reveal the preferred tautomeric and conformational forms of
the compounds.

Experimental

Compounds 1-15 were synthesized according to ref.'? The
synthesis of compounds 16-24 will be described elsewhere.

* Correspondence fo: Martin Dracinsky, Institute of Organic Chemistry and
Biochemistry, Academy of Sciences, Flemingovo ndmésti 2, 166 10 Prague,
Czech Republic. E-mail: dracinsky@uochb.cas.cz
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Figure 1. The general formula of the studied purine derivatives.

The NMR spectra were measured on a Bruker Avance 600
(with "H at 600.13MHz, "*C at 150.92MHz and "N at 60.82
frequency) and/or Bruker Avance 500 (with "H at 499.95MHz
and "> Cat 125.71 MHz) using a 5 mm TXI cryo-probe and about
5-10mg of sample in 0.6ml of dimethyl sulfoxide (DMSO)-ds.
The chemical shifts are given in d-scale (with the 'H and "*C
referenced to DMSO using é (DMSO) 2.50 and 39.7 ppm, respec-
tively). The SN chemical shifts were determined and assigned
using gradient-enhanced TH-"°N multiple-bond correlation exper-
iments (gHMBC[Z"'ZS]). Nitromethane was used as external stan-
dard (6 381.7) forthe ' N chemical shifts. The typical experimental
conditions for the "H NMR spectra were 32 scans, a spectral
width of 6kHz and an acquisition time of 5s, yielding 60K
data points. The FIDs were zero filled to 128 K data points. The
2D-homonuclear (H,H-COSY) and 2D-heteronuclear (H,C-HSQC
and H,C-HMBC) experiments were performed for the structural
assignments of "H and '3 C signals (with standard 2D-NMR pulse
sequences of Bruker software being used). The chemical shifts of
the bicycloheptane part of compound 1: '*C NMR (150.92 MHz,
DMSO): 6=27.01 (C-67), 27.96 (C-57, 35.85 (C-77), 3591 (C-4),
37.76 (C-37), 42.24 (C-17), 57.57 (C-2") ppm. "H NMR (600.13 MHz,
DMSO). 6=1.27 {m, 2H, H-5'endo and H-7a); 1.41 (dddd, 1H,
Jgem=12.1, Joensen=90, Js-ensex =240, Jgen 7=2.3, H-6’endo);
1.54 (m, TH, H-5"exo0); 1.62 (tt, TH, Jyem=Js-ex,57ex = 12.2, Js'ex57en =
Jgex1-=45, H-6'exo); 1.73 (dm, 1H, Joer,=10.3, H-7'b); 2.00
(ddd, TH, Jyem =133, Jyeno =85, Jyenza=24, H-3"endo); 2.07
(m, 1H, H-3'exo); 243 (bt, H, hy3ex=Jssex=43, H-47; 252
(bd, TH, J1- 5o =46, H-17; 457 (ddd, TH, Jy-5:0 =8.5, by 3ex =45,
Jy7a=14, H-2") ppm.

The geometry optimizations and chemical-shift calculations
were conducted using the Gaussian 09 software package.” All
of the structures were optimized at the DFT level of theory using
the B3LYP functional.?’?® The vibrational frequencies and free
energies were calculated for all of the optimized structures, and
the stationary point character (a minimum) was thus confirmed.
In some calculations, the solvent effects were treated implicitly
by the polarizable continuum model (PCM) method?*3% with
a DMSO solvent. Two different combinations of geometry
optimization and chemical-shift calculations were used for all of
the compounds (B3LYP/6-311++G*¥// B3LYP/6-31+G** and
B3LYP/6-311++G**/PCM//B3LYP/6-311-++G*/PCM).

Results and Discussion

The "H, "*C and "> N NMR chemical shifts of compounds 1-24 in
DMSO-ds solutions were determined and assigned as described

in the experimental section. The chemical shifts of the purine
parts of the molecules are reported in Tables 1 and 2. There were
only very small differences between the 'H and '* C chemical
shifts of the bicycloheptane part of compounds 1-24 (typically
below 0.1ppm); in the experimental part, only the data for
compound 1 are listed.

Calculations

We performed geometry optimization and shielding constant
calculations for all the studied compounds. The bicycloheptane
part of the molecules was replaced with a methyl group. The
reason for the replacement was twofold: (i) the experimental
chemical shifts of the bicycloheptane part of the molecules were
almost identical, which indicated that the conformation (rotation
around the N9-C2” bond) was conserved in the whole series; and
(i) the calculations were less computationally demanding,
whereas all the chemical shift tendencies of the purine part of
the molecules remained in the methyl derivatives. We used two
different approaches for the calculations. The optimizations
and shielding constant calculations were performed in vacuum
and with the PCM of DMSO solvation. We have previously
explored different approaches for modeling solvent effects on
the calculation of NMR parameters. We have shown that implicit
solvent models (e.g. PCM) fail in the calculation of solvent effects
on NMR parameters.®'*d However, the implicit solvent model
also can influence the calculated shielding constants indirectly
by providing a better molecular structure in the solution.

As discussed below, for some derivatives in the series, more
tautomers/rotamers were taken into account in the calculations.
The correlations between the experimental chemical shifts and

Table 1. The experimental 'H and "°N chemical shifts of purine
parts of compounds 1-24

Compound R N-1 N-3 N-7 N-9 H-z H-8
1 H 2848 2586 2462 1805 893 877
2 Cl 2792 2578 2449 1844 877 885
3 F 249.5 2598 2409 1845 867 883
4 Br 287.0 2568 2474 1843 871 886
5 CHs 2854 2538 2461 1807 874 864
6 CF; 273.7 2680 2427 1832 912 902
7 OCH; 2445 2469 2440 1825 851 852
8 SCHs 2709 2458 2431 1822 872 860
9 CN 2827 2681 2425 1837 911 910
10 COOCH; 2824 2670 2476 1827 9.03 890
1 CONH, 281.1 2653 2449 1824 901 890
12 OH 1795 2222 2495 187.0 803 822
13 SH 1982 2306 2563 1857 819 844
14 NH, 2416 2322 2447 18141 812 826
15 N3 2473 2576 2476 1886 1008 880
16 N{CH3)> 237.2 2307 2494 1817 820 827
17 Ph 2764 2566 2469 1817 903 824
18 p-PhCl 2751 257.0 2455 181.0 898 884
19 p-PhF 276.0 2570 2467 1819 900 823
20 p-PhtBu 2763 2560 2473 181.6 901 821
21 p-PhPh 2763 2570 2472 1817 9.04 825
22 p-PhCN 277.0 2597 2457 1822 9.06 896
23 p-PhOCH; 2742 2544 2473 1815 896 820
24 p-PhNPh, 2740 2552 2475 1812 895 818
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Table 2. The experimental ' C chemical shifts of purine paits of
compounds 1-24

Compound R -2 G4 &5 6 8
1 H 1520 1513 1343 1480 1450
2 a 1515 1521 1214 1491 145.6
3 F 1512 1559 1198 1589 1454
4 Br 1515 1508 1340 1418 1454
5 CHz 1515 1505 133.0 1580 1434
6 CFs 1514 1542 1302 1427 1480
7 OCH; 1514 1522 1212 1604 1418
8 SCH; 1514 1484 1213 1523 1426
] e 1521 1532 1355 1233 1489
10 COOCH; 1514 1540 1320 1448 1471
1 CONH;, 1514 1535 1215 147.6 1462
12 OH 1454 1485 1245 1570 1380
13 5H 1448 1443 1355 1760 1410
14 WH; 1524 1497 1193 156.2 1388
15 Mz 1356 1425 1203 1457 1423
16 N(CHz}2 1516 1504 1198 1543 1375
17 Ph 152.1 1525 1214 154.7 141.8
18 p-Phl 1518 1528 1308 1513 1443
19 £-PhF 152.1 1525 1310 1535 1418
20 p-PhtBu 152.1 1524 1213 1543 1416
Pyl £-PhPh 152.1 1525 1214 1543 1418
22 p-PhCN 1520 1530 1318 1520 1426
23 pPhOCH: 1520 1523 1308 1543 1413
24 £-PhidPhy 152.1 1522 1309 1544 1412

calculated shieldings were generally very good for all nitrogen
atoms (Figs 2 and 3 and Figures 51 and 52 in Supporting Informa-
tion) and all carbon atoms (Figs 4 and 5 and Figures 53-55 in the
SI} except for nitrogen N-7 calculated in vacuum and carbon C-6.
The poor comrelation of the nitrogen N-7 shieldings calculated in
vacuum might be explained by stronger influence of solvation on
the electronic structure near the N-7 atom and the vicinity of
the substituents at C-6. The largest deviations from the linear
correlation for carbon C-6 were observed for substituents with
heavy atoms (Cl, Br, S}, suggesting that the relativistic corrections
of the calculated shielding constants should be considered for

100
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Figure 2. The correlation of the calculated shielding constants of
nitrogen atom N-1 with the experimental chemical shifts. The black
squares represent the tautomers/rotamers, which were not involved in
the correlation.
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Figure 3. The correlation of the calculated shielding constants of
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precise calculations. The correlation for hydrogen atoms was
rather modest (Figures S6 and S7 in SI). The possible sources
of errors are the inaccuracy of DFT calculations and neglecting
vibrational averaging.®”! The calculated shieldings for H-8 also

Table 3. The calculated relative electronic energies and molar ratios
of two conformations of compounds 7, 8 10 and 11. All of the
energies are in kcal/mol

Evad” Xyac Epuso” Xpwso

7 N1-Cé-X-C~0° 0.00 0.995 0.00 0.994
N1-C6-X-C ~ 186" 3.0 0.005 299 0.006

8 N1-Ce-X-C~0° 0.00 0.973 000 0.978
N1-Cé6-X-C ~ 180° 213 0.027 224 0.022

10 N1-C6-C=0~0° 0.00 0.519 0.00 0.533
N1-C6-C=0~180" 0.04 0.481 008 0.467

11 N1-C6-C=0~0° 0.00 0.511 0.00 0.727
N1-C6-C=0-~180" 0.03 0.489 058 0.273

*B3LYP/6-31 +G**
PB3LYP/611++G*¥/PCM

(0] (0]
L 00

|
N
H

H\O O,H
T )I
5, N> N N‘>
R R

N
R R
12a 12b 12¢ 12d
S S Hig s
HN N N NESN-N oSN
i Hi\ I3 I
N I\{> L, N‘> K, N> N N
R H R R R
13a 13b 13¢ 13d

Figure 6. Possible tautomer/rotamer forms of compounds 12 and 13.

e L
NJIN HN Ny HN
> | |
k\N N k\N N> k\N
R R

14a 14b

Figure 7. Possible tautomer/rotamer forms of compound 14.

H

14c

might be affected by the replacement of the bicycloheptane ring
by a methyl group. The parameters of the linear regression are
given in Table S1.

Two rotamers around the C6-X bond (X=C, O, S} were exam-
ined for compounds 7, 8, 10 and 11. In the case of 7 and 8,
the conformation with the N1-C6-X-C torsion angle close to
180° was 2-3 kcal/mol less stable than the conformation with
the N1-C6-X-C torsion angle close to 0° (Table 3), and only the
low-energy conformer was considered in the correlations. For
compounds 10 and 11, a ratio close to 1:1 of two conformers
was found, and a weighted average of the shielding constants
was considered in the correlations. The shieldings of nitrogen
N-1 calculated for the two conformations were found to be more
distant from the linear fit than the weighted average.

The hypoxanthine derivative 12 and mercaptopurine deriva-
tive 13 can exist in four tautomer/rotamer forms 12a-12d and
13a-13d as depicted in Fig. 6. The adenine derivative 14 can
exist in five tautomer/rotamer forms (Fig. 7). It follows from the
comparison of the electronic energies of the optimized structures
(Table 4) that only the keto form 12a, the thione form 13a
and the amino form 14a are probably populated in solution. This
also was confirmed by the calculated and experimental NMR
data, where only the calculated data for 12a and 13a correlate
well with the experimental chemical shifts (Figs 2-5 and Figures
S1-57). The calculated shieldings for the higher energy forms
are far from the linear correlation. The same tautomer preferences
for adenine,?* hypoxanthine®’*® and mercaptopurine®**°=#"1
were found previously.

Azidopurine nucleotides easily and efficiently yield photocross-
linking products and were long ago proposed™? as photoaffinity
labels for studies of protein-DNA/RNA and RNA/RNA interac-
tions. Apart from its photochemical and biological activity, the
6-azidopurine f(as well as 2-azidopurine) system shows an
interesting feature of the existence in an equilibrium of two
possible tautomeric forms“*** of fused tetrazole 15a and
azido-azomethine 15b or 15¢ structures (Fig. 8). Extensive
studies®>™#* on this phenomenon have been performed, leading
to the conclusion that, in polar solvents, the equilibrium is shifted
toward the tetrazole form.#5*71 The crystallographic data indicate

H.lN Nl,H
N N N
5 O
N kN '\!> kN '\!>
R H R H R

14d 14e

Table 4. The calculated relative electronic energies of the tautomers/rotamers of compounds 12-15. All of the energies are in kcal/mol

Euac” Epmsa” Euac” Epwmso” Euac” Epmso” Evac” Epwmso”
12a 0.0 0.0 13a 0.0 0.0 14a 0.0 0.0 15a 1.66 .02
12b 20.5 108 13b 2190 1145 14b 19.28 12.04 15b 0.00 .00
12¢ 323 8.58 13c 313 941 14c 1233 9.72 15¢ 237 218
12d 4.50 9.60 13d 249 893 14d 32.08 20.01
14e 32.21 20.12

*B3LYP/6-31+ G**
PBILYP/611++G*/PCM
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Figure 9. The coivelation of carbon C-4 chemical shifts with o,
Hammett constants.

that 6-azidopurine exists in solid state as a pure tetrazole form.
The energy calculations suggest that the azido-azomethine form
15b is the most stable form in vacuum (Table 4}. In DMSO, the
energies of 15a and 15b are very close, and we might speculate
that if the solvent was treated explicitly, the tetrazcle form
152 would be more stabilized. The importance of solvation
by polar solvents may be estimated from a huge difference
between calculated dipole moments of the tetrazole and
azido-azomethine forms (1145 Debye for 15a and 6.26 Debye
for 15b). The azido-azomethine form 15¢ has the highest energy
in both vacuum and PCM calculations. From the correlations of
calculated shieldings with experimental chemical shifts, it is
clear that the tetrazole form 15a is the only species {or highly
predominant} in the DMSO solution {e.g. Fig. 4, where the
forms 15b and 15¢ are very far from the linear correlation for
carbon C-2.

For the series of para-substituted phenyl derivatives 17-24,
we cbserved a linear correlation of the purine carbon C4
chemical shifts on gpas Hammett constants™*™ {Fig. 9. This good
correlation is quite surprising, given the very small range of the
experimental shifts. However, for other carbon and nitrogen
atoms, the correlation of chemical shifts with Hammett constants
was poorer {data not shown).

Conclusions

We measured the 'H, '*C and "N chemical shifts for a series
of 24 purine derivatives bearing a norbomane substituent in
position 9 and various substituents in position 6. The experimen-
tal data were complemented with DFT calculations on smaller
systems, where the bicycdoheptane substituent was replaced by

Magn. Reson. Chem. 2012, 50, 181186

Copyright © 2012 John Wiley & Sons, Ltd.

a methyl group. The correlation of calculated shieldings and
experimental chemical shifts made it possible to obtain informa-
tion about the tautomer and conformational equilibria of the
studied compounds in DMSO solution.
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ABSTRACT: The formation of strong intramolecular hydrogen bonds was
observed in a series of 2-amino-3-nitrosopyrimidines with alkylamino and
arylamino substituents at positions 4 and 6. Mixtures of two rotamers differing in
the orientation of the nitroso group were observed in the NMR spectra of the
compounds where two distinct intramolecular hydrogen bonds could be formed.
The ratio of the two rotamers depends strongly on the character of the
substituents at positions 4 and 6 and can be finely tuned over a broad range of
conformation ratios. The experimental results were supported by DFT
calculations, which also made it possible to explain the apparent contradiction
in the experimental dependence of the rotamer ratio on the Hammett constants
for the arylamino substituents. The UV/vis spectra of the compounds also
significantly depend on the nature of the substituents; however, the orientation of
the nitroso group does not have any influence on the position of the absorption

R?= CHsCO H cyPr CHy

R H
N

R'=NH; OH CH; H CI COOCH; CF3 CN

bands in the spectra.

B INTRODUCTION

The formation of intramolecular hydrogen bonds has a very
pronounced effect on molecular structure and properties. For
example, molecules mask their polarity from the environment,
become more lipophilic, and might thus display a higher
membrane permeability.' High stability of intramolecular
hydrogen bonds has often been observed when a six-membered
ring is formed and when the linker atoms are sp*-hybridized
(amides, heteroaromatic rings), leading to planar, conjugated
systems. The high stability of these intramolecular hydrogen
bonds has been termed resonance-assisted hydrogen bondin,
(RAHB) and can be rationalized by enhanced 7-delocalization.
RAHB has recently been reviewed.” * The high propensity to
form resonance-assisted hydrogen bonds has been used in the
design of new kinase inhibitors.® On the basis of the known
bicyclic kinase inhibitor scaffold, pyrimidin-4-ylureas were
suggested as bioisosteres. Molecules containing this substruc-
ture indeed turned out to be inhibitors of multiple kinases, and
the binding mode was confirmed by a cocrystal structure. The
literature contains a number of further examples where six-
membered hydrogen-bonded pseudorings effectively mimic
aromatic rings.””"" Nevertheless, the concept of RAHB was
later criticized. It was found in a series of enols of f-diketones
and f-enaminones that the RAHB effect is not the primary
reason behind the strength of their intramolecular hydrogen
bonds, which is simply a consequence of the structure of the o-
skeleton of the system that keeps the hydrogen-bond donor
and acceptor coplanar and closer to each other.'

Conjugated nitrosoamines belong to the same family as the
enols of f-diketones and other conjugated systems with

< ACS Publications  © 2013 American Chemical Society

intramolecular hydrogen bonds. Therefore, the formation of
strong intramolecular hydrogen bonds may be expected, and
indeed, these hydrogen bonds were found in the solid-state
structures of 3—amin0-2-nitmsocy’dohex-2-en-l-one,“ S-amino-
4-nitrosopyrazole,'* and 6-amino-5-nitrosopyrimidines.'$ '

Nitrosopyrimidine derivatives are not naturally occurring, but
their interesting biological properties have been described. The
cytostatic activity of S-nitmsngyrimidines is well-known,"”°
just like their antifungal effects.” They are also useful as direct
precursors for the synthesis of biologically relevant heterocyclic
systems, such as heteroatomic diazoles™ and pteridines.™*! 3-
Nitrosopyrimidines have also been shown to be able to form
complexes with a variety of metal ions both in solution and in
the solid state.”™**

In this work, a series of 32 2-amino-5-nitrosopyrimidine
derivatives with a para-substituted phenylamino substituent at
position 6 and an unsubstituted or substituted amino group
(cycloalkylamino, alkylamino, acetylamino) at position 4 were
prepared. A new microwave-assisted methodology for the
synthesis of the derivatives has been developed. The prepared
S-nitrosopyrimidines have two competing NH groups that can
form an intramolecular hydrogen bond with the nitroso group
(Figure 1). The ratio of the two rotamers was determined by
NMR spectroscopy, and the results were supported by DFT
calculations. The effect of the substituent in the para position of
the phenylamino group on the electronic structure was also
observed by UV/vis spectroscopy.
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Rotamer A Rotamer B
RZ _H 2
“N R\N/H (”)
SIS
|
HZN)Z\N/S N HZN)\N/ nH
R R!

R'=H, CHz OH, NHy, CN, CI, COOCH; CF3
R2=H, CHj, cyPr, CH,CO

Figure 1. The two possible geometries of the nitroso group at position
S of the studied compounds. Rotamer A (left) has the C6—C5—N—-O
torsion angle close to 0°, whereas rotamer B (right) has the C6—C5—
N-O torsion angle close to 180°.

B RESULTS AND DISCUSSION

Synthesis. A series of polysubstituted S-nitrosopyrimidines
were synthesized starting from 2-amino-4,6-dimethoxy-5-nitro-
sopyrimidine {1).>° In the first step, compound 1 was treated
with a variety of para-substituted anilines 2a—h in dimethyl-
formamide (DMF) to give the intermediates 3a—h (Scheme 1).
It is known that aminolysis of the 4- and 6-methoxy groups on
the pyrimidine ring takes piace because of their activation by
the electron-withdrawing nitroso group at position 530
Depending on the nature of the R! substituent in anilines
2a—h, the aromatic nucleophilic substitution can be performed
either under conventional heating or, more conveniently, in a
closed vessel under microwave irradiation, especially in the case
of less reactive anilines {e.g, 2a and 2b).

Subsequently, the remaining methoxy group of intermediates
3a—h was replaced by a reaction with selected amines, namely,
methylamine, cyclopropylamine, and ammonia {Scheme 1).
Again, differences in the reactivity of various amines were
observed, as reactions of compounds 3a—h with methylamine
in EtOH/DMF to obtain the products 4a—h took place at
room temperature while the analogous reactions with cycio-

propylamine in DMF (to give 5a—h) and aqueous ammonia {to
give 6a—h) required conventional heating to reach full
conversion (Scheme 1). The reactivity of acetamide with the
methoxy group of pyrimidines 3a—h in the aromatic
nucleophilic reaction is too low, and no desired product 7
was observed even under microwave irradiation at temperatures
up to 180 °C, whereas at higher temperatures, decomposition
of DMF (used as a solvent) and the subsequent formation of 4-
(N,N-dimethylamino)pyrimidines were observed (UPLC-
MS).>" An alternative approach to N-acetyl derivatives 7a—f
involved treating compounds 6a—f with acetic anhydride at 80
°C (Scheme 1).*” Unfortunately, the treatment of 6g and 6h
with acetic anhydride at 80 °C did not lead to the formation of
the desired products 7g and 7h, respectively, as there seemed to
be preferential acetylation of the p-hydroxy and p-amino groups
on the aryl ring at position 6. For the subsequent NMR studies,
the 4-{dimethylamino)phenylamino derivatives 6i and 7i were
prepared instead, using the reaction of compound 1 with N,N-
dimethyl-p-phenylenediamine (to give 3i) followed by
ammonolysis of 3i (to give 6i) and finally by acetylation of
6i (to give 7i).

In several cases, the formation of two distinct rotamers in the
final products 4—7 was observed as two spots using TLC or as
cleft signals in the UPLC-MS spectra.

The reactivities of the para-substituted anilines 2a-h in
aromatic nucleophilic substitution can be evaluated/measured
in two different ways: (a) by comparing the Hammett constants
and (b) by comparing their basicities using pKj, values. To
compare their genuine reactivities, the anilines 2a—h were
reacted with 2-amino-4,6-dimethoxy-$-nitrosopyrimidine (1) in
DMF under integrated conditions (160 °C, MW-assisted
heating, monitoring by UPLC-MS); the data are summarized
in Table 1. According to our expectations, we observed that the
reaction time steadily increased in the order NH, < OH < CH;
< H < Cl < COOCH; = CF; = CN.

NMR Spectroscopy. In compounds 3a—h, the nitroso
oxygen atom and the NH hydrogen atom from the aniline
residue form an intramolecular hydrogen bond, whose presence

Scheme 1. Synthesis of Polysubstituted Pyrimidines”

_CH HyCe
o CHs NH, ot *“NH
i NO
N NO 0] NS (ii) NS
)‘\ + —— )I\ _ — /”\ P
P
HoN" N” 0 HaNT N7 TNH HN™ "N™ "NH
7
CHy R
aR'=CN 1 2a-2i 3a-3i 4a-4h
b R'=CF3 (iv) " R!
¢ R'=COOCH;3 (V)i R (iiiy
dR'=Cl )C\H;
A
er s 07 NH NH, NH
f R'=CH3 NO NO NO
g R'=OH [N (vi) N N7
h R1=NH, " NJ'\N/ NH HN IN/ NH H N)I\N/ NH
i R'=N(CHa), 2 2 z
7a-74, 7i 6a-6i 5a-5h
R R! R!

“Conditions: (i) DMF, MW or conventional heating; (i) 33% CH;NH, in EtOH, DMF, rt; (iii) cyclopropylamine, DMF, conventional heating
(70—90 °C); (iv) acetamide, DMF, MW-assisted heating (100—180 °C); (v) ammonia, conventional heating (50 °C); (vi) acetic anhydride,

conventional heating (80 °C).
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Table 1. Comparison of the Reactivities and Properties of
the Anilines 2a—h Depending on the Nature of the para
Substituent R

Hammett aniline reaction time
compound R constant™ pk, > ‘min,
2 CN 070 174 240
2b CF; 0.53 2.57 220
2c COOCH; 0.44 2.30 260
2d Cl 0.24 3.81 80
2e H o 4.58 20
2f CH, =0.14 507 25
2g OH =0.38 5.50 9
2h NH, =057 6.08 3

was clearly confirmed by NMR spectroscopy. The signal of the
NH hydrogen was found in the low-field region (13.5-13.7
ppm), which is a typical value for hydrogen atoms involved in
strong hydrogen bonds. The signal of the NH hydrogen in
similar compounds without the S-nitroso group was found at
8—10 ppm.*® Furthermore, we observed four-bond correlations
between the NH hydrogen and carbon atom C2 in the HMBC
spectra. Four-bond correlations are usually observed when the
atoms in the coupling path are in a W-like arrangement (see
Figure 2). The presence of the NH—C2 cross-peak and the
absence of the NH—C4 cross-peak provide clear evidence of
the arylamino residue conformation with the NH hydrogen
heading toward the nitroso group. Similarly, the W-like
arrangement can be found between the hydrogen atoms in
the 2-amino group and carbon atoms C4 or C6. The two NH,
hydrogens are not equivalent because of a slow rotation around
the C2—NH, bond, and the two four-bond correlations are
observable in the HMBC spectra (Figure 2).

Interestingly, the 6-NH hydrogen chemical shifts have an
unexpected dependence on the substituent at the para position
of the attached phenyl group. An electron-withdrawing
substituent at the para position of an aniline derivative usually
increases the chemical shift of the amino protons because of the
lower electron density in the phenyl ring and the amino group,
whereas electron-donating substituents have the opposite effect.
For example, the NH, chemical shift of 4-aminobenzonitrile
(2a) is 2 ppm higher than that of 1,4-diaminobenzene

(2h).7"" In the series of compounds 3a—i, we observed the
opposite order of NH chemical shifts, as the 4-cyanophenyl
derivative 3a has a lower chemical shift than the 4-aminophenyl
derivative 3h by 0.2 ppm (Table 2). It should be noted,

Table 2. Experimental Chemical Shifts of the 6-NH
Hydrogen in Compounds 3a—i (Measured in DMSO)

compound R Syy (ppm)
3a CN 13.45
3b CF, 1347
3¢ COOCH, 1353
3d Cl 1346
3e H 1351
3f CHy 13.52
3g OH 13.54
3h NH, 13.65
3 N(CH,), 1367

however, that in 3a—i the whole molecule has a system of
conjugated & electrons, and therefore, the electronic effects of
the substituent at the para position of the aniline fragment are
spread throughout the molecule. Thus, an electron-withdrawing
substituent also lowers the electron density in the nitroso
group, making it a poorer hydrogen-bond acceptor. Poorer
hydrogen-bond acceptors may form weaker hydrogen bonds
with the 6-NH group, leading to a decrease of the 6-NH
chemical shift. Therefore, the effect of the para substituent on
the 6-NH chemical shift can be divided into two contributions:
(a) the influence on the NH electron density and (b) the
influence on the electron density of the nitroso group. The two
effects have the oppaosite sign and almost cancel each other out,
leaving only a modest NH chemical shift dependence on the
para substituent with the former effect (a) being slightly
overridden by the latter (b).

In the case of compounds 4-7, two intramolecular hydrogen
bonds are possible, differing in the orientation of the nitroso
group (Figure 1). Both of them were formed in the solutions of
all the compounds studied, and two sets of signals were
observed in both the 'H and "*C NMR spectra. The chemical
shift of the hydrogen atom involved in the hydrogen bond was
close to 14 ppm, whereas the chemical shift of the unbound
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Figure 2, HMBC correlations of compound 3e with the W-like arrangement between the aniline NH hydrogens and C2 {left) and between the

amino hydragens and C4/C6 (right).
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amino hydrogen was close to 10 ppm. Furthermore, the
orientation of the nitroso group has a significant influence on
the chemical shifts of the carbon atoms C4 and C6, as shown in
Table 3. For example, in rotamer A of compound Se, where the

Table 3. Experimental Pyrimidine Carbon Chemical Shifts of
Rotamer A of Compound 5e and the Experimental and
Calculated [B3LYP/6-31+G(d,p)] Chemical-Shift
Differences between the Two Rotamers

Adys (ppm)
atom 8o (pPM) exptl caled
2 164.5 0.1 —0.1
C4 1642 12.1 162
cs 135.9 0.0 02
Cc6 1484 —13.1 —17.2

nitroso oxygen atom is turned to the NH group at position 6,
the C6 carbon atom is more shielded (1484 ppm) than in
rotamer B (161.5 ppm). The carbon chemical-shift differences
between the rotamers were also confirmed by DFT calculations
(see below).

We also measured the "H NMR spectra of compound 5e at
variable temperatures up to 140 °C [Figure S1 in the
Supporting Information (SI)]. The two nonequivalent signals
of the protons in the 2-amino group of both rotamers merged
already at 50 °C. On the other hand, the NH signals
corresponding to rotamer A did not merge with the NH
signals of rotamer B over the whole temperature range into one
signal set, as would be expected for a system with a fast
interconversion between forms A and B. The signals of both
forms became only slightly broader. The low limit of the barrier
for the conformational change between the two forms was
estimated from the NMR line shape analysis of the NH protons
to be 21 kecal /mol. It should be noted, however, that the NH
proton signal broadening is caused only partly by the rotamer
interconversion and that the line broadening may be a result of
other exchange processes, such as exchange of the NH protons

with the traces of water present in the sample or with the 2-
amino protons. The presence of these exchange processes is
evidenced by a high-field shift of all of the NH proton signals
(i.e., toward the water and NH, signals) at higher temperatures.
Therefore, the estimated rotamer interconversion barrier is only
a lower limit estimation, and the actual barrier may be
significantly higher. An alternative approach for the determi-
nation of the exchange rate, and hence the barrier for the
rotamer interconversion, relies on the determination of the
coalescence temperature of the signals corresponding to the
two rotamers. The coalescence temperature is defined as the
temperature at which two separate peaks of the spectrum merge
into one. At this temperature, an approximate equation for the
exchange rate may be used: k = #Av,/v/2, where Ay is the
separation of the signals (in Hz) in the slow-exchange limit.
This approach could be applied only for the meta- and para-
hydrogen signals of the phenyl ring because the other signals
did not merge in the whole temperature range. The meta-
hydrogens were separated by 11.2 Hz at room temperature and
merged at 120 °C, whereas the para-hydrogens were separated
by 20.0 Hz and merged at 140 °C. The free energies of
activation were calculated to be 20.7 and 21.4 kcal/mol at 120
and 140 °C, respectively. It should be noted, however, that this
approach also leads only to an estimation of the reaction barrier
because the splitting of the signals caused by J coupling made
the exact coalescence temperature difficult to determine.

The ratio of the two conformers depends significantly on the
substituents at positions 4 and 6 of the pyrimidine ring. The
observed molar ratios of the two conformers are summarized in
Table 4, and a graphical representation is shown in Figure $2in
the SI. For example, for compounds 4a—h with the
methyIamino group at position 4, the percentage of rotamer
A ranged from 32 to 70% depending on the para substituent of
the phenylamino group at position 6, and the percentages
correlated well with the Hammett coefficients (Figure 3).
Electron-withdrawing substituents decrease the concentration
of the form A, whereas electron-donating substituents have the
opposite effect. The ratios of the two conformers in the

Table 4. Observed Percentages of Rotamer A in the DMSO Solutions of Compounds 4—7 and the Calculated Data [B3LYP/6-

31+G(d,p), vacuum]

% A
compound R? R AG g (keal/mol)  exptl  caled
4a CH, CN —045 32 42
4b CH, CF; —032 37 37
4c CH,  COOCH, —022 4 40
4d cH, «l —0.14 4 46
4e CH, H 0.07 s 4
4 CH, CH, 014 s6 42
4g CH, OH 027 61 49
4h CH; NH, 0.50 70 57
Sa P ON —042 3 3
sb cyPr CF, —032 37 37
sc oPr COOCH, —0m a0 36
sd <yPr Cl —0.17 43 44
Se cyPr H 0.00 S0 37
St cyPr CHy 0.14 56 41
Sg <yPr OH 027 61 46
sh oPr  NH, 047 6 s

% A
compound R? R! AG g (keal/mol)  exptl  caled
6a H CN —0.12 45 61
6b H CF; 0.00 50 54
6c H COOCH; 0.14 56 61
6d H Cl 0.22 59 66
be H H 0.39 66 64
6f H CH;, 0.50 70 64
6g H OH 0.68 76 70
6h H NH, 0.82 80 76
6 H N(CH,), 0.79 79 77
Ta COCH; CN 0.17 57 79
7 COCH,  CF, 027 61 60
7e COCH,  COOCH, 0.34 64 79
7d COCH; Cl 039 66 82
Te COCH; H 0.62 74 82
7 COCH;  CH, 072 77 79
78 COCH; OH na. na. 84
7h COCH; NH, na. na. 88
7 COCH,  N(CHy), 098 84 88
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Figure 3. Dependence of the observed rotamer ratio of compounds
4-=7 on the Hammett constant o, for the substituent at the para
position of the phenylamino group (R).

compounds Sa—5h with the cyclopropylamino group in the
position 4 were almost identical to those found for the
compounds 4a—4h. In the 4-amino derivatives 6a—6h, the A
form was consistently slightly more preferred, namely by 10—
15%, when compared with 4a—4h, and the acetamino group in
the compounds 7 promoted the formation of the conformer A
by further 5—12%.

Calculations. We optimized the geometries of both
rotamers of compounds 4—7 and determined the free energy
differences and the rotamer ratios in equilibrium. The
calculated rotamer ratios agree reasonably well with the
experimental ones (Table 4), with the highest error being
16%. Part of the error may be ascribed to the neglect of
solvation in the calculations. We also performed the geometry
optimization of compounds Se and Sg using a polarizable
continuum solvent model, but it did not improve the calculated
rotamer ratios. The specific solvation of the polar pyrimidines is
probably important in the DMSO solutions. Unfortunately,
these specific interactions cannot be modeled well with the
implicit solvation model.*

Electron-donating substituents in the para position of the
phenyl ring (R in Figure 1) increase the concentration of form
A, whereas electron-withdrawing substituents do the opposite.
This behavior might seem surprising at first sight, as electron-
donating groups increase the electron density in the aniline
residue including the NH nitrogen, making the NH group less
acidic and a poorer hydrogen-bond donor. The expected
substituent effect was found previously for hydrogen-bonded

complexes of substituted phenols with a water molecule, where
the strength of the XPhOH--OH, complexes increased for
electron-withdrawing substituents X' (i.e., the hydrogen-bond
stability increased in the reverse order than in our compounds).
In our case, however, as already discussed, the whole molecules
contain systems of conjugated z-electrons, enabling the transfer
of the electronic substituent effects throughout the molecule.
Therefore, electron-donating substituents increase the electron
density also at the nitroso oxygen atom, making it a better
hydrogen-bond acceptor, as can be seen from the plots of
electrostatic potentials in Figure 4 and also by comparing the
calculated Mulliken charges of the oxygen atom (—0.02e
difference between R' = NH, and R' = CN). The influence of
the substituents on the rotamer ratio can be then explained as
follows: electron-donating groups increase the electron density
in both the phenyl and the pyrimidine parts of the molecule.
The electrostatic potential at the aniline NH hydrogen is
affected by substituent R to a lower extent than that at the
amino hydrogen at position 4; the corresponding differences in
the Mulliken atomic charges when going from R! = NH, to R!
= CN are —0.001¢ and —0.015¢ for the aniline and amino NH
hydrogens, respectively. Electron-donating substituents thus
make the 4-amino hydrogen a poorer hydrogen-bond donor,
which results in the higher stability of form A.

The strength of the hydrogen bonds could be also estimated
from their calculated lengths. However, in our conjugated
pyrimidine derivatives, where the substituents change the
properties of both the hydrogen-bond donor and acceptor, no
significant changes in the bond lengths were observed. The
calculated hydrogen-bond lengths are listed in the SI.

We also looked for a transition-state structure for the
rotamer interconversion. The first-order saddle-point structure
on the reaction coordinate for compound Se was localized by
using the QST3 method,*"** and the free energy barriers to
transition were calculated in vacuo and with a polarizable
continuum model of solvation. The transition state is visualized
in Figure 5. The free energy barrier heights calculated in
vacuum (27.8 kcal/mol) and in DMSO (30.0 keal/mol) were
slightly higher than the rough estimates from the NMR
experiments.

UV/Vis Spectroscopy. The UV/vis spectra of the nitro-
sopyrimidines in DMSQ solution exhibit one weak electronic
transition in the visible region (430—600 nm) and two strong
transitions in the UV region (260—350 nm), which could be
assigned on the basis of time-dependent density functional
theory (TD-DFT) calculations (see below). The color of the
solutions (green or yellow-red) arises from the weak n — 7*
electronic transitions, and the UV bands are caused by x — #*

944

Figure 4. Electrostatic potential plots for the two rotamers of compounds 6a and 6h.
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Figure 5. Transition state of compound Se found by QST3

calculations.

transitions. The maximum-intensity wavelengths for com-
pounds 3a—i are summarized in Table 5. The position of the

Table §. Experimental and Calculated UV/Vis Absorption
Maxima for Compounds 3a—i

exptl. expt] exptl. caled

compound R ?x’x“m élr'xnn% (Ar;"rﬁﬁ (Ax':m
3a CN = 42 596 619
3b CF; = 342 602 615
3c COOCH; 276 342 600 617
3d Cl 264 338 596 609
3e 34 260 338 594 608
3f CH, 260 338 592 606
3g OH 260 336 582 o02
3h NH, 274 336 436 598
3 N(CH,), - 336 442 597

“The absorption maximum overlapped with other maxima.

maximum in the visible region (4,,,,) depends significantly on
the para substituent, with a bathochromic shift for electron-
withdrawing substituents and a hypsochromic shift for electron-
donating substituents. The absorption bands for the amino
derivative 3h and the dimethylamino derivative 3i are
significantly broader and shifted to lower wavelengths than
the bands for the other compounds in the series (see the SI).
The position of the first UV maximum (4, in Table 5) is
almost independent of the nature of the substituent, whereas
the position of the second UV maximum (4,,,.;) slightly varies
in the series. However, no clear Hammett-like correlation of
2w Was observed. We also measured the electronic spectra of
compound 3e in a series of solvents and observed a significant
solvatochromic effect, with 4., found at 608, 594, 552, and
540 nm in acetone, DMSO, ethanol, and methanol,
respectively. The solutions of compound 3e had different
colors in these solvents (see Figure $4 in the SI for a photo of
the solutions).

The UV/vis absorption maxima of derivatives 4-7 are
shifted by an almost constant shift with respect to the

corresponding methoxy derivatives 3 (see the SI), indicating
that the orientation of the nitroso group does not affect the
electronic spectrum.

The TD-DFT calculations predicted the positions of the
absorption maxima well (see Table 5 and the SI), making it
possible to explain the observed experimental spectra. We
calculated the five lowest-energy electronic transitions for
compounds 3a—i. Typically, one transition in the visible range
with a very low oscillator strength (corresponding to a weak
intensity of the peak in the experimental spectrum) and two
transitions with high oscillator strengths in the UV region were
found among the calculated transitions. Additional weak
transitions were found in the UV region of some derivatives;
however, these bands are probably overlapped by the intense
bands in the experimental spectra. In the calculated transitions
for the amino derivative 3h, one of the 7 — #* transitions is
cdlose to the n — #* transition, which could explain the
unusually broad experimental signal in the visible range.
Furthermore, the lowest-cnergy transitions in the visible
range for compounds 3a—g correspond to excitation from the
HOMO to the LUMO, whereas for the amino derivative 3h,
the lowest-energy transition corresponds to excitation from the
HOMO-1 orbital.

B CONCLUSIONS

We prepared a series of polysubstituted S-nitrosopyrimidine
derivatives capable of forming strong intramolecular hydrogen
bonds. Mixtures of two forms with distinct hydrogen-bond
patterns were found in the solutions of compounds with two
hydrogen-bond donors neighboring the nitroso group. The
ratio of the two forms was significantly substituent-dependent,
and the concentrations of the two forms can be found in a
broad range. Furthermore, the rotamer ratio can be predicted
well by DFT calculations. It has been speculated previously that
S-nitrosopyrimidines with an intramolecular hydrogen bond
might mimic purine derivatives."® Our switchable S-nitro-
sopyrimidines might thus mimic two different purine
derivatives depending on the orientation of the nitroso group.
For example, form A of compound 6e (Figure 6) resembles 2-
amino-9-phenyladenine, which can act as a phosphatidylinosi-
tol-kinase inhibitor,** whereas form B of the same compound
resembles 2-amino-6-phenylaminopurine, which can act as a
cytokinin-receptor activator.”® Theoretically, one compound
may hence target two different metabolic pathways. Studies of
the biological properties of the polysubstituted 3-nitrosopyr-
imidines are in progress.

B EXPERIMENTAL SECTION

Instrumentation and Calculations. The NMR spectra were
measured at room temperature on a spectrometer operating at 499.9
MHz for 'H and at 125.7 MHz for °C in DMSO-d, (2 mg of the
compound dissolved in 0.6 mL of the solvent). A combination of 1D
and 2D experiments {COSY, HSQC, HMBC) was used for the

NH, NH,
N, N

N™ =" =0 N7
)L)I no=
HoN" N7 N HoN™ N N

Figure 6. The two forms of S-nitrosopyrimidine 6e as purine mimics.
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assignment of all of the 'H and C resonances. The general
numbering scheme for the assignment of the NMR signals of the
polysubstituted pyrimidines is shown in Figure 7. The rotamer

Figure 7. General numbering scheme for the assignment of the NMR
signals of the polysubstituted pyrimidines.

mixtures of compounds 4—7 were allowed to equilibrate for 24 h prior
to the NMR measurements, and we checked that the equilibrium
composition did not change over 4 weeks. High-resolution electro-
spray mass spectrometry (HRMS) was performed using an Orbitrap
spectrometer.

All of the structures were optimized at the DFT level of theory
using the B3LYP functional**” and a standard 6-3 1+G(d,p) basis set.
The NMR parameters were calculated using the GIAO method. The
calculations were done for the molecules in vacuum, but for
comparison we also optimized the geometries of compounds Se and
3g in DMSO using the PCM method.**' The Gaussian 09 program
package was used throughout this study.*® The QST3 optimization
method™*” was applied in the search for the transition state of the
rotamer interconversion of compound Se in vacuum, that is, the
structures of the reactants and products and an estimate of the
transition state were used. Once the transition state had been
optimized in vacuum, a single-point energy and frequency calculation
was performed with the PCM method of solvation. The vibrational
frequencies and free energies were calculated for all of the optimized
structures, and the character of each stationary point (a minimum or a
first-order saddle point) was thus confirmed. The electronic spectra
were calculated using the TD-DFT method® with the PCM method
of DMSO solvation.

All of the microwave-assisted reactions were carried out in a CEM
Discover (Explorer) microwave apparatus with a 24-position system
for 10 mL vessels sealed with a Teflon septum. It was operated at a
frequency of 2.45 GHz with continuous irradiation power from 0 to
300 W. The solutions were steadily stirred during the reaction. The
temperature was measured with an IR sensor on the outer surface of
the process vessel. The vials were cooled to ambient temperature with
a gas jet cooling system. The pressure was measured with an inboard
CEM Explorer pressure control system {0—21 bar).

Preparation of 5-Nitrosopyrimidines. General Procedure A:
Synthesis of 2-Amino-6-arylamino-4-methoxy-5-nitrosopyrimidines
3a—i. A mixture of compound 1 and 1.1 equiv of the corresponding
para-substituted aniline (2a—i) in DMF (3 mL per 1 mmol of 1) was
stirred and heated under conventional heating {conv.) or microwave-
assisted (MW) heating until full conversion (as judged by TLC). The
reaction mixture was evaporated in vacuum, and the product was
isolated by silica gel column chromatography (5-8% MeOH in
CHCL). In the case of compounds 3a and 3f, the solid residues after
solvent evaporation were dissolved in acetone and methanol,
respectively, and the products were filtered off, washed, and dried.
Compounds 3a—c and 3f were crystallized.

4-[(2-Amino-4-methoxy-5-nitrosopyrimidin-6-yl)amino]-
benzonitrile (3a). Treatment of 1 (600 mg, 3.3 mmol) and 4-
aminobenzonitrile (2a) (429 mg, 3.6 mmol) by general procedure A
(MW, 170 °C, 2 h) gave 3a (267 mg, 30%) as green crystals (from
methanol/acetone, 1:1) with mp = 245 °C. "H NMR (DMSO-dg): &
1345 (1H, s, 6-NH), 857 and 8.53 (2H, bs, 2-NH,), 8.06 (2H, m,
H2'), 7.79 (2H, m, H3'), 4.10 (3H, s, O—CH,). *C NMR (DMSO-
dy): 8 1712 (C4), 163.7 (C2), 147.5 (C6), 142.1 (C1’), 138.4 (C5),
133.2 (C3), 1232 (C2'), 119.0 (CN), 106.6 (C4'). UV/vis (DMSO):

Jnac = 342, 596 nm. ESI MS m/z: 293.2 [M + Na]*, 271.2 [M + H]".
HRMS (ESI) m/z: caled for C,H; N;O, [M + H]' 271.0938, found
271.0938.

4-Methoxy—5-nitruso-N5-[4-{triﬂuoromethyl)phenyl]pyrimidine-
2,6-diamine (3b). Treatment of 1 (600 mg, 3.3 mmol) and 4-
(trifluoromethyl)aniline (2b) (585 mg, 3.6 mmol) by general
procedure A (MW, 170 °C, 2 h) gave 3b (310 mg, 30%) as green
crystals (from methanol) with mp = 217-219 °C. '"H NMR (DMSO-
dg): 8 1347 (LH, s, 6-NH), 8.48 (2H, bs, 2-NH,), 8.05 (21, m, H2'),
7.69 (2H, m, H3'), 4.11 (3H, s, 0—CH,). *C NMR (DMSO-dg): &
171.3 (C4), 163.8 (C2), 147.8 (C6), 141.3 (Cl’, Joy_r = 1.1 Hz),
138.5 (CS), 1260 (C3', Jey_p = 3.8 Hz), 124.8 (C4', Joy 5 = 32.0
Hz), 124.4 (CF,, Jo_ = 2718 Hz), 1234 (C2'), 54.7 (O—CH,). UV/
vis (DMSO): A = 342, 602 nm. ESL MS m/z 3360 [M + Na]",
314.0 [M + H]". HRMS (BSI) m/z: caled for Cp H; FNO, [M +
H]" 314.0859, found 314.0859.

Methyl 4-[(2-Amino-4-methoxy-5-nitrosopyrimidin-6-yl)aminoj-
benzoate (3c). Treatment of 1 (600 mg, 3.3 mmol) and methyl 4-
aminobenzoate (2c) (549 mg, 3.6 mmol) by general procedure A
(MW, 170 °C, 1 h) gave 3c (630 mg, 63%) as red crystals with mp =
230 °C (decomp.). "H NMR (DMSO-d): & 13.53 (1H, s, 6-NH),
8.50 (2H, bs, 2-NH,), 8.00 (2H, m, H2'), 7.92 (2H, m, H3'), 411
(3H, s, 0—CH}), 3.84 (3H, s, COOCH,). C NMR (DMSO-dy): &
171.2 (C4), 165.8 (C4'=CO), 163.8 (C2), 147.6 (C6), 142.1 (CL'),
138.5 (C3), 1302 (C3'), 125.4 (C4), 122.6 (C2'), 54.7 (O—CH,),
522 (COOCH,). UV /vis (DMSO): 4, = 276, 342, 600 nm. ESL MS
m/z: 326.1 [M + Na]*, 304.1 [M + H]*. HRMS (ESL) m/z: calcd for
Ci3HN;O, [M + H]" 304.1040, found 304.1039.

N5-{4-ChIorophenyl)—4-methuxy—5-nitrosopyrimidine-2,6-diamine
(3d). Treatment of 1 (400 mg, 2.2 mmol) and 4-chloroaniline {2d)
(309 mg, 2.4 mmol) by general procedure A (MW, 160 °C, 1 h) gave
3d (474 mg, 77%) as a green solid with mp = 219 °C. '"H NMR
(DMSO-dg): 6 13.46 (1H, s, 6-NH), 8.40 (2H, bs, 2-NH,), 7.85 {2H,
m, H2), 740 (2H, m, H3'), 409 (3H, s, O—CH,). *C NMR
(DMSO-d,): 6 171.2 (C4), 163.7 (C2), 147.9 (C6), 138.4 (CS), 1364
(C1), 128.9 (C3'), 128.9 (C4'), 124.8 (C2'), 54.7 (O—CH,). UV /vis
(DMSO): Ay = 264, 338, 596 nm. ESI MS m/z: 302.0 [M + NaJ*,
280.0 [M + H*. HRMS (ESI) /2 caled for C,,H,oCINGO,Na [M +
Na]* 302.0410, found 302.0414.

4-Methoxy—5-nitroso—NE—phenylpyrimidine-2,6-diamine (3e).
Treatment of 1 (900 mg, 4.9 mmol) and aniline (2e) (502 mg, 2.0
mmol) by general procedure A (MW, 160 °C, 20 min) gave 3e (101
g, 84%) as a red solid with mp = 204—210 °C. '"H NMR (DMSO-d;):
§13.51 (1H, 5, 6NH), 836 (1H, 5, 2-NHP), 8.34 (1H, s, 2-NH), 7.80
(2H, m, H2'), 7.37 (2H, m, H3'), 7.17 (1H, m, H4'), 4.09 (3H, s, O—
CH,). C NMR (DMSO-dy): 6 1712 (C4), 163.8 (C2), 148.0 (C6),
138.4 (CS), 137.3 (C1'), 129.1 (C3'), 125.1 (C4'), 123.1 (C2'), 54.6
(O—CH,). UV/vis (DMSO): A, = 260, 338, 594 nm. ESI MS m/z:
268.0 [M + Na]*, 246.0 [M + H]*. HRMS (ESI) m/z: caled for
C HENO, [M + HT* 246.0985, found 246.0985.

4-Methoxy—5-nitroso—N5—(p-tolyl)pyrimidine-2,6—diamine (3f).
Treatment of 1 (900 mg, 4.9 mmol) and p-toluidine (2f) (577 mg,
5.4 mmol) by general procedure A (MW, 160 °C, 20 min) gave 3f
(939 mg, 74%) as red crystals (from methanol) with mp = 210 °C.'H
NMR (DMSO-dg): & 13.52 (1H, s, 6-NH), 8.32 (1H, bs, 2-NHP), 831
(1H, bs, 2-NHY), 7.68 (2H, m, H2'), 7.17 (2H, m, H3'), 4.08 (3H, s,
0-CH,), 229 (3H, s, CH,). 3C NMR (DMSO- d): & 1712 (C4),
163.7 (C2), 1480 (C6), 138.3 (C5), 1347 (C1'), 134.4 (C4'), 129.5
(C3"), 123.1 (C2°), 546 (O—CHj), 207 (CH,). UV/vis (DMSO):
Az = 260, 338, 592 nm. ESL MS m/z: 282.1 [M + Na]*, 260.1 [M +
H]*. HRMS (ESL) m/z: caled for C,;H)NO, [M + H]* 260.1142,
found 260.1141.

4-{(2-Amino-4-methoxy-5-nitrosopyrimidin-6-yl)aminoJphenol
(3g). Treatment of 1 (200 mg, 1.1 mmol) and 4-aminophenol (2g)
(132 mg, 1.2 mmol) by general procedure A (conv,, 70 °C, 6 h) gave
3g (163 mg, 56%) as an orange solid with mp = 230 °C (decomp.). 'H
NMR (DMSO-dg): 6 13.54 (1H, s, 6-NH), 949 (1H, s, 4-OH), 821
(2H, bs, 2-NH,), 7.58 (2H, m, H2'), 6.75 (2H, m, H3'), 4.07 (3H, s,
O-CH,). BC NMR (DMSO-dy): 6 171.1 (C4), 163.7 (C2), 155.0
(C4), 147.9 (C6), 1382 (CS), 128.5 (C1'), 124.7 (C2'), 115.6 (C3'),
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54.5 (O—CH,). UV/vis (DMSO): 4, = 260, 336, 582 nm. ESI MS
m/z: 284.1 [M + NaJ’, 262.1 [M + H]". HRMS (ESI) m/z: caled for
CHyNGO;Na [M + Na]” 284.0754, found 284.0754.

N°-{4-Aminophenyl)-4-methoxy-5-nitrosopyrimidine-2,6-diamine
(3h). Treatment of 1 {1.00 % 54 mmol) and benzene-1,4-diamine
(2h) (643 mg, 5.9 mmol) by general procedure A (conv,, 90 °C, 24 h)
gave 3h (123 g, 88%) as a red solid with mp = 220 °C (decomp.). 'H
NMR (DMSO-d;): 8 13.65 (1H, s, 6-NH), 8.14 {2H, bs, 2-NH, ), 7.45
(2H, m, H2'), 6.56 (2H, m, H3'), 5.16 (2H, s, 4-NH,), 4.06 (3H, s,
0—CH,). BC NMR (DMSO-d,): & 1710 (C4), 163.5 (C2), 147.7
(C6), 146.7 (C4'), 138.1 (CS), 125.6 {C1'), 124.3 (C2'), 114.0 (C3'),
54.5 (O—CH,). UV/vis (DMSO): Ay, = 274, 336, 436 nm. ESI MS
m/z: 283.1 [M + Na]’, 261.1 [M + H]". HRMS (ESI) m/z: calcd for
C H,;N,O,Na [M + Na]* 283.0913, found 283.0914.

N’-{4-{Dimethylam."no)phenyf)-4—methoxy—5-nHrosopyrim.idine—
2,6-diamine (3i). Treatment of 1 {100 g 54 mmol) and N,N-
dimethyl-p-phenylenediamine (2i) (809 mg, 5.9 mmol) by general
procedure A {conv., 80 °C, 5 h) gave 3i {L.11 g 71%) as a black solid
with mp = 220 °C. "H NMR {DMSOQ-d,): & 13.67 (1, 5, 6-NH), 8.18
(2H, bs, 2-NH,), 7.60 (2H, m, H2"), 6.70 (2H, m, H3'), 407 (3H, s,
0-CH,), 2.89 (6H, s, N(CHj),). *C NMR (DMSO-d,): § 171.1
(C4), 1636 (C2), 1482 (C4'), 147.8 (C6), 1382 (C5), 126.1 (C1'),
1242 (C27), 1125 (C3'), 54.5 (O—-CH,), 403 (N{CH,},). UV/vis
(DMSO): 4, = 336, 442 nm. ESI MS m/z: 311.0 [M + Nal*, 289.0
[M + H]". HRMS (ESD) m/z: caled for C,oH,,N,0; [M + HJ'
289.1407, found 289.1407.

General Procedure B: Synthesis of N*,N°-Disubstituted 5-Nitro-
sopyrimidine-2,4,6-triamines 4—6. The correspanding amine (1.1
equiv) or an excess of aq. ammonia was added dropwise to the mixture
of the corresponding compound 3a—i (1.0 equiv) in DMF {20 mL per
1 mmol of 3), and the reaction mixture was stirred at room
temperature {rt) or under conventional heating (conv.) for 3-24 h.
The salvents were evaporated, and the corresponding product 4a~h,
Sa—h, or 6a—i was obtained by silica gel column chromatography {3—
20% MeOH in CHCL).

4-[(2-Amino-4-(methylamino)-5-nitrosopyrimidin-6-yllaminoj-
benzonitrile (4a). Treatment of 3a (100 mg, 037 mmol) with
methylamine (33% ethanolic solution, 17 L) in DMF by general
procedure B (rt, 4 h) gave 4a (40 mg, 40%) as a red solid with mp =
300 °C. "H NMR (DMSO-d,): Rotamer A: 8 14.15 (1H, s, 6-NH),
9.02 (1H, q, Jun-cn, = 48 Hz, 4-NH), 8.08 (2H, m, H2'), 8.03 and
7.98 (2H, bs, 2NH,), 7.77 (2H, m, H3), 296 (3H, d, Jon, s = 4.8
Hz, N—CH,). Rotamer B: § 11.34 (1H, q, Jug_cs, = 5.0 Hz, 4-NH),
1064 (1H, s, 6-NH), 831 (2H, m, H2), 7.95 (1H, bs, 2-NH"), 7.89
(LH, bs, 2NH"), 7.76 (2H, m, H3"), 2.89 (3H, d, Jop,-ny = 5.0 Hz,
NH-CH;). “C NMR {DMSO-d,): Rotamer A: § 164.3 (C2), 163.2
(C4), 148.3 (C6), 1427 (C1'), 136.0 (C5), 133.2 (C3"), 122.7 (C2"),
119.1 (CN), 106.0 {C4'), 27.6 (NH—CH,). Rotamer B: & 163.8 (C2),
161.9 {C6), 1510 {C4), 143.6 (C1'), 1365 {C5), 132.8 {C3"), 121.8
(C2), 119.4 (CN), 104.8 (C4') 262 (NH—CH,). UV/vis {DMSO):
Ay = 574 nm. ESI MS m/z: 2702 [M + H]". HRMS (ESI) m/z:
caled for C,H,N,O [M + H]* 270.1097, found 270.1098.

N*-Methyl-5-nitroso-N°-[4-(trifluoromethyl)phenylpyrimidine-
2.4,6-triamine (4b). Treatment of 3b (100 mg, 0.32 mmol) with
methylamine (33% ethanolic solution, 15 L) in DMF by general
procedure B (rt, 16 h) gave 4b (90 mg, 90%) as an orange solid with
mp =220 °C. "H NMR (DMSO-d,): § 14.16 (1H, 5, 6-NH, A), 11.39
(LH, q, Ju-cn, = 5.0 Hz, 4NH, B), 1062 (1H, 5, NI, B), 9.02 (1H,
q, Jwri-cn, = 49 Hz, 4-NH, A), 8.26 (1H, m, H2', B), 8.07 (2H, m,
H2', A), 796 and 7.94 (2H, bs, 2-NH,, A), 7.84 (2H, bs, 2-NH,, B},
7.64—7.68 (4H, m, H3', A and B), 2.57 (3H. d, Joy, wu = 4.9 Hz, CHy,
A), 290 (3H, d, Jeu,-wu = 5.0 Hz, CH,, B). C NMR (DMSO-d,):
Rotamer A: & 1644 {C2), 163.2 (C4), 148.4 (C6), 141.9 (C1', Joy_5
= 1.3 Hz), 136.0 (CS), 1260 {C3', Joy_r = 3.8 Hz), 1244 (CFy, Jo_»
= 2715 Hz), 1242 (C4, Jou s = 324 Hz), 122.8 (C27), 27.6 (NH—
CH,). Rotamer B: § 164.0 (C2), 162.0 {C6), 151.2 {C4), 1429 (Cl’,
Jov-z = 1.2 Hz), 136.5 (C5), 1256 (C3', Joy_s = 3.8 Hz), 124.6 (CF,,
Jeop = 2715 Haz), 123.3 (C4, Joy_s = 328 Hz), 1222 (C2') 262

(NH—-CH,). UV/vis (DMSO): A, = 570 nm. ESL MS m/z: 335.1 [M
+ Nal', 313.1 [M + H]". HRMS (ESI) m/z: caled for C,,H,FsN,O
[M + HJ* 313.1019, found 313.1018.

Meth g/.' 4-{(2-Amino-4-(methylamino)-5-nitrosopyrimidin-6-yi}-
aminojbenzoate (4c). Treatment of 3¢ {121 mg, 040 mmol) with
methylamine (33% ethanolic solution, 18 wL) in DMF by general
procedure B (rt, 24 h) gave 4¢ (77 mg, 64%) as a pink solid with mp =
223-228 °C. '"H NMR (DMSO-d,): Rotamer A: 6 14.19 (1H, s, 6-
NH), 9.00 (1H, q, Jsi-cu, = 48 Hz, 4-NH), 801 (2H, m, H2'), 7.95
and 7.94 (2H, bs, 2-NH,), 7.91 (2H, m, H3'), 3.84 (3H, s, O—CH,),
2.97 (3H, d, Jop,-nn = 4.8 Hz, N—CH,). Rotamer B: & 11.38 (1H, q,
Juni-cu, = 5.0 Hz, 4NH), 10.56 (1H, s, 6-NH), 822 (2H, m, 2"-H),
7.90 {2H, m, 3'-H), 7.85 (2H, bs, 2-NH,), 3.84 (3H, s, 0—CH,), 2.90
(3H, d, Jou,-xm = 5.0 Hz, N=CH;). C NMR (DMSO-d;): Rotamer
A: 6 165.9 (C4'—COQ), 1644 {C2), 1632 (C4), 1482 (C6), 142.8
{C1), 1360 (C5), 129.8 (C3'), 1249 (C4'), 122.1 {C2"), 52.2 (O—
CHy), 27.6 (N—CH,). Rotamer B: 8 166.1 (C4'=CO), 164.0 (C2),
1618 (C6), 1511 (C4), 143.7 (C17), 136.5 (CS), 129.8 (C37), 123.9
(C47), 1214 (C2'), 52.1 (O-CH;), 262 (N-CH;). UV/vis
(DMSO): A, = 570 nm. ESI MS m/z: 3252 [M + Na]', 303.2
[M + H]*. HRMS (ESI) m/z caled for Cp3H NGOy [M + H]®
303.1200, found 303.1199.

.N“-{4-Chn‘orophﬂny!}-N“-methy.'-slnitmsopyr.iml‘dfne-;’,fl,ﬁ-trim
mine {4d). Treatment of 3d (100 mg, 0.36 mmol) with methylamine
(33% ethanolic solution, 16 uL) in DMF by general procedure B (rt, &
1) gave 4d (78 myg, 78%) as a pink solid with mp = 261 °C. "H NMR
{DMSQO-dg): Rotamer A: 8 14.13 (1H, s, 6-NH), 895 (1H, q, Juniciy,
= 4.9 Hz, 4.NH), 7.88 (2H, m, H2'), 7.85 (2H, bs, 2-NH,), 7.38 (2H,
m, H3'), 296 (3H, d, Jon, g = 4.9 Hz, N—CH,). Rotamer B: & 11.44
(1H, q, Jyzi-ca, = 5.0 Hz, 4NH), 1042 (1H, 5, 6-NH), 8.05 {2H, m,
H2'), 7.75 (2H, bs, 2NH,), 7.36 (2H, m, H3'), 2.89 (3H, d, Jep, =
5.0 Hz, N—CH,). *C NMR (DMSO-d,): Rotamer A: & 164.4 (C2),
163.2 (C4), 1484 (C86), 137.0 (C17), 135.9 (C5), 128.9 (C3'), 1283
{C4), 1242 (C2'), 27.6 (N—CH,). Rotamer B: § 164.1 {€2), 161.6
{C86), 151.6 (C4), 138.1 (C1), 1363 (C5), 128.3 (C3'), 127.3 (C4'),
123.9 (C2'), 26.2 (N—CH,). UV/vis (DMSO): Ay, = 564 nm. ESL
MS m/z: 301.1 [M + Na]*, 279.1 [M + H]*. HRMS (ESL) m/z: calcd
for C; H,;CIN,O [M + H]* 279.0755, found 279.0758.

N'-Methyl-5-nitroso-N°-phenylpyrimidine-2,4,6-triamine (4e).
Treatment of 3e (100 mg, 041 mmol) with methylamine (33%
ethanolic solution, 19 L) in DMF by general procedure B {rt, 8 h)
gave 4e (65 mg, 65%) as a red solid with mp = 260 °C. '"H NMR
(DMSO-dg): Rotamer A: § 14.12 (1H, s, 6-NH), 894 (1H, q, hai-cn,
= 4.9 Hz, 4-NH), 7.84 (2H, m, H2'), 7.81 (2H, bs, 2-NH,), 7.35 (2H,
m, H3'), 7.13 (1H, m, H4'), 2.95 (3H, d, Jozy sy = 4.9 Hz, N-CH;).
Rotamer B: & 11.48 (1H, q, Jigy—cu, = 5.0 Hz, 4-NH), 1028 (1H, s, 6-
NH), 798 (2H, m, H2"), 7.72 (2H, bs, 2NH,), 7.33 (2H, m, H3"),
7.09 (1H, m, H4'), 289 (3H, &, Jay, s = 50 Hz, N=CH;). °C
NMR (DMSO-d;): Rotamer A: & 164.5 (C2), 163.3 (C4), 148.5 {Cé),
138.0 {C17), 136.0 (C5), 129.1 (C3"), 124.5 {C4'), 122.7 (C2"), 27.6
{N—CH,). Rotamer B: § 164.2 (C2), 161.6 {C6), 151.3 {C4), 138.1
{C17), 1363 (C3), 128.6 (C37), 123.6 (C4"), 1223 (C2"), 26.1 (N—
CHy). UV/vis (DMSO): Ay = 564 nm. ESI MS m/z: 267.1 [M +
Nal’, 245.1 [M + H]". HRMS (ESI) m/z: caled for C,,H,;N,O [M +
H]" 245.1145, found 245.1144.

N'-Methyl-5-nitroso-N°-(p-tolyljpyrimidine-2,4,6-triamine  (4f).
Treatment of 3f {100 mg, 039 mmol) with methylamine (33%
ethanolic solution, 18 L) in DMF by general procedure B {rt, 3 h)
gave 4f (68 mg, 68%) as a red solid with mp = 240 °C. 'H NMR
(DMSO-d,): Rotamer A: & 14.12 (LH, s, 6NH), 891 (LH, q, Jn_cu,
= 4.9 Hz, 4-NH), 7.77 {2H, bs, 2-NH,), 7.71 (2H, m, H2'), 7.15 (2H,
m, H3'), 295 (3H, &, Jop, wn = 49 Hz, N—=CH,), 228 (31, s, 4"
CH,). Rotamer B: & 11.50 (1H, q, Jysicn, = 5.0 Hz, 4NH), 10.21
(1H, s, 6-NH), 7.83 (2H, m, H2'), 7.67 (2H, bs, 2-NH,), 7.13 (2H, m,
H3'), 289 (3H, d, Jery,-am = 5.0 Hz, N—CH,), 2.28 (3H, 5, 4'-CH;,).
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3C NMR (DMSO-d,): Rotamer A: 6 164.5 (C2), 163.3 (C4), 1484
(C6), 1362 (C5), 135.4 (C1'), 1338 (C4'), 129.5 (C37), 1226 (C2"),
27.5 (N—CHj), 20.7 (4'-CH,). Rotamer B: & 164.3 (C2), 161.4 (C6),
1514 (C4), 136.5 (C5), 1359 {C1'), 1327 (C4'), 129.0 (C3"), 1224
(€2'), 261 {N-CH,), 20.6 {(4'-CH,). UV/vis {(DMSO): A, = 562
nm. ESI MS m/z: 2811 [M + Na]*, 259.2 [M + H]*. HRMS (ESIL) m/
z: caled for C,HjN;O [M + H]" 259.1301, found 259.1302.
4-[{2-Amino-4-(methylamino)-5-nitrosopyrimidin-6-yljaminaj-
phenol (4g). Treatment of 3g {118 mg, 0.45 mmol) with methylamine
(33% ethanolic solution 20 pL) in DMF by general procedure B (rt,
24 h) gave 4g (71 mg, $59%) as a red solid with mp = 273 °C
(decomp.). 'H NMR {DMSO-d,): Rotamer A: 6 14.12 (1H, s, 6-NH),
943 (1H, 5, 4'-OH), 8.84 (1H, q, Jxi_cn, = 49 Hz, 4-NH), 766 (2H,
m, 2-NH,), 7.62 (2H, m, H2'), 6.74 (2H, m, H3'), 294 (34, d,
Jes-nu = 49 Hz, N—CH,). Rotamer B: 6 11.54 (1H, q, Jgi_cq, = 5.0
Hz, 4-NH), 10.09 {1H, 5, 6-NH), 927 {1H, s, 4'-OH), 7.68 {2H, m,
H2'),7.57 (2H, m, 2-NH,), 6.72 (2H, m, H3'), 2.88 (3H, d, Jeu w1 =
5.0 Hz, N—CH,). ®C NMR (DMSO-d;): Rotamer A: § 164.5 (C2),
163.3 (C4), 154.6 (C4'), 1482 (€6), 1358 {C5), 1292 {C1"), 124.2
(€2'), 115.5 (C3'), 27.5 (N—CHg). Rotamer B: & 164.4 (C2), 161.2
(C6), 154.0 {C4'), 151.5 (C4), 136.2 (C5), 130.5 (C1), 124.3 (C2"),
115.0 {(C3'), 26.1 {(N—=CH,). UV/vis (DMSO): 4, = 546 nm. ESI
MS /z: 2831 [M + Na]’, 261.1 [M + H]". HRMS (ESI) m/z: caled
for C,\H;sN;O, [M + H]" 261.1094, found 261.1094.
N°-(4-Aminophenyl)-N*-methyl-5-nitrosopyrimidine-2,4,6-tria-
mine (4h). Treatment of 3h (100 mg, 0.38 mmol) with methylamine
(33% ethanolic solution, 17 pL) in DMF by general procedure B (rt,
12 k) gave 4h (74 mg, 75%) as a red solid with mp = 239 °C. 'H
NMR (DMSO-d,): & 14.18 (1H, s, 6-NH, A), 11.57 (1H, q, Jeys, -y =
5.0 Hz, 4-NH, B), 9.94 (1H, s, 6NH, B), 879 (1H, q, Jou, w = 49
Hz, 4-NH, A), 7.59 and 7.58 (2H, 2-NH,, A), 7.49-7.52 (4H, m, 2-
NH,, H2', B), 748 (2H, m, H2', A), 6.55 (2H, m, H3', A), 6.54 (2H,
m, H3', B), 5.10 (2H, bs, 4-NH,, A), 495 (2H, bs, 4"-NH,, R), 2.94
(3H, d, Jou, - = 4.9 Hz, N=CHj, A), 2.88 (3H, d, Joyy, = 50 Hz,
N—CHj, B). *C NMR (DMSO-d,): Rotamer A: § 164.4 (C2), 163.3
(C4), 147.9 (C8), 1462 (C4'), 135.7 (C5), 1264 (C1'), 123.9 (C2'),
114.1 (C3'), 27.5 (N—-CH,). Rotamer B: § 164.4 {C2), 160.9 (C6),
151.6 {C4), 145.6 {C4'), 1361 (C5), 127.8 {C1"), 124.2 (C2), 113.7
(C3"), 26,0 (N—CH,). UV /vis (DMSO): A, = 482 nm. ESI MS m/z:
282.1 [M + Nal", 260.1 [M + H]". HRMS (ESI) m/z: caled for
CHN,ONa [M + Na]™ 282.1073, found 282.1074.
4-{(2-Amino-4-(cyclopropylamino)-5-nitrosopyrimidin-6-yi}-
aminolbenzonitrile (5a). Treatment of 3a (120 mg, 0.44 mmol) with
cyclopropylamine (28 mg, 0.48 mmol) in DMF by general procedure
B (conv., 80 °C, § h) gave Sa (62 mg, 48%) as a violet solid with mp =
267 °C. "H NMR (DMSO-d,): 6 14.13 (1H, s, 6-NH, A), 11.62 (1H,
s, Jarcn = 56 Hz, 4.NH, B), 10.66 (1H, s, 6-NH, B), 8.97 {1H, d,
Jn-ca = 54 Hz, 4NH, A), 831 (2H, m, H2', B), 8.08 {2H, m, H2',
A), 7.99-8.07 (4H, m, 2-NH,, A and B), 7.75=7.79 (4H, m, H¥, A
and B}, 3.20 (1H, m, CH_,,, A}, 3.09 (1H, m, CH,, B), 0.79-0.83
(4H, m, CH*,, A and B}, 0.72 (2H, m, CH,%, A), 0.66 {2H, m,
CH," 150 B). "C NMR (DMSO- d;): Rotamer A: & 164.2 {C4), 164.1
(C2), 148.1 {C6), 1427 (C1'), 135.9 (C5), 1332 (C3), 122.8 (C2"),
119.1 {CN), 106.0 (C4'), 24.4 (CH,,), 6.1 (CH,,). Rotamer B: &
163.9 {C2), 161.8 {Cé6), 151.8 (C4), 143.5 (C1'), 136.0 (C5), 132.8
(€3, 1219 (C2'), 1194 (CN), 1049 (C4), 228 (CH,), 7.0
(CH, o). UV/vis (DMSO): A,,,, = 570 nm. ESLMS m/z: 296.3 [M +
H]". HRMS (ESI) mt/z caled for C,H,N,O [M + H]* 296.1254,
found 296.1254.
N*-Cyclopropyl-5-nitrose-NS-[4-(trifluoromethyl)phenyl]-
pyrimidine-2,4,6-triamine (5b). Treatment of 3b (100 mg, 0.32
mmol) with cyclopropylamine {20 mg, 0.35 mmol) in DMF by general
procedure B (conv., 80 °C, 12 k) gave Sb (45 mg, 42%) as a violet
solid with mp = 228-230 °C. 'H NMR (DMSO-d,): & 14.13 (1H, s,
6-NH, A), 11.16 (1H, d, Jygs_cu = 5.7 Hz, 4NH, B), 10.63 (1H, 5, 6-
NH, B), 895 (1H, d, Jyn_cu = 54 Hz, 4-NH, A), 826 (2H, m, H2',
B), 8.08 {2H, m, H2', A), 7.91-8.01 {4H, m, 2NH,, A and B}, 7.64—

7.68 (4H, m, H3', A and B), 3.20 (1H, m, CHy, A), 3.10 (1H, m,

CHyy B), 0.79-083 (4H, m, CH,% ., A and B), 0.73 (2H, m,
CH,",,, A), 065 (2H, m, CH,% , B). *C NMR (DMSO- d,):
Rotamer A: 6 164.4 (C4), 164.1 (C2), 1483 (C6), 1419 (C1', Joy ¢
= 1.3 Hz), 135.9 (€5), 129.0 (C3', Jeap = 3.9 Hz), 124.4 (CFy, Jo g
= 2709 Hz), 1243 (C4, Joy_p = 321 Hz), 1228 (C2'), 244
{CH,p), 6.1 (CH; ). Rotamer B: 8 164.1 (C2), 161.8 (C6), 151.9
(C4), 142.8 (CU', Jop—r = 1.3 Hz), 1360 (C5), 125.6 {C3', Jesz =
3.8 Hz), 124.6 (CFy, Jo_p = 271.3 Hz), 1234 (C4', Joy_p = 31.8 Hz),
122.3 (C2'), 22.8 (CH,,), 7.0 (CHyp, ). UV/vis (DMSO): 4, =
568 nm. ESI MS m/z: 361.1 [M + Na]%, 339.1 [M + H]". HRMS
(ESL) m/z: caled for C,H,,F.N,0 [M + H]" 339.1175, found
339.1175.

Methyl 4-{(2-Amino-4-(cyclopropylamino)-5-nitrosopyrimidin-6-
yllaminojbenzoate (5c). Treatment of 3¢ (100 mg, 0.33 mmol) with
cyclopropylamine (21 mg, 0.36 mmol) in DMF (10 mL) by general
procedure B (conv., 70 °C, 12 h) gave 5¢ {92 mg, 85%) as a red solid
with mp = 211 °C. 'H NMR (DMSO-d,): 6 14.16 (1H, s, 6-NH, A),
1166 (1H, d, Jyy_cy = 5.6 Hz, 4-NH, B), 10.59 (1H, s, 6-NH, B),
8.94 (1H, d, Jyy_cn = 54 Hz, 4NH, A), 822 (2H, m, H2', B), 802
(2H, m, H2', A), 7.98 (2H, bs, 2-NH,, B), 7.94 (2H, bs, 2-NH,, A),
7.91 (2H, m, H3', A), 7.90 (2H, m, H3', B), 3.84 (6H, s, COOCH,, A
and B), 3.20 (1H, m, CH,, A), 3.10 (1H, m, CH_,, B), 0.79-0.83
(4H, m, CH_, A and B), 0.73 (2H, m, CH,",, A), 0.66 (2H, m,
CH,?,..., B). "C NMR (DMSO- d): Rotamer A: & 165.9 (C4'=CO),
164.3 (C2), 164.1 (C4), 1482 (C6), 142.8 (C1'), 135.9 (C5), 130.2
(C3), 1249 (C4), 1222 (C2'), 52.2 (COOCH,), 24.4 (CH_,), 6.1
{CH,.p,). Rotamer B: 8 166.1 {C4'—CQ), 164.1 (C2), 161.7 (C6),
151.9 ?’64), 143.6 {C1°), 136.0 (C5), 129.8 (C3'), 1240 (C4'), 1215
(€2, 521 (COOCH,), 228 {CH,,J), 7.0 (CHyy,). UV/vs
{DMSO): Ay, = 568 nm. ESI MS m/z: 3511 [M + Nal', 329.1
[M + H]". HRMS {ESI) m/z: caled for €,sH,;N,ONa [M + Na]*
351.1176, found 351.1174.

N°-(4-Chiorophenyl)-N"-cyclopropyl-5-nitrosopyrimidine-2,4,6-
triamine (5d). Treatment of 3d (ylﬂﬂ mg, 0.36 mmol) with
cyclopropylamine (22 mg 0.39 mmol) in DMF by general procedure
B (conv., 90 °C, 5 h) gave 5d (80 mg, 73%) as a red solid with mp =
220 °C. "H NMR (DMSO- d.): 8 14.11 (1H, s, 6-NH, A), 11.74 (1H,
d, Jancu = 56 Hz, 4NH, B), 1046 (1H, s, 6NH, B), 892 (1H, d,
Jrsocu = 54 Hz, 4NH, A), 805 (2H, m, H2', B), 7.89 (2H, m, H2',
A), 7.86 and 7.92 (4H, bs and m, 2-NH,, A and R), 7.38 (2H, m, H3',
A), 7.36 (2H, m, H3', B), 3.18 (1H, m, CHy,, A), 3.08 (1H, m,
CH,y,, B), 0.78-0.82 (4H, m, CH%,,, A and B), 0.71 (2H, m,
CH,", A), 064 (2H, m, CH,% ., B). C NMR (DMSO- dg):
Rotamer A: § 164.4 (C2), 164.1 (mys‘, 1483 (C6), 137.0 (C1'), 135.8
(Cs), 1289 (C3), 1283 (C4), 1243 (C1'), 244 {CH,), 6.1
{CH,yy). Rotamer B: 6 164.2 (C2), 161.5 (C6), 152.0 (C4), 138.1
(C1'), 1359 {C3), 1283 (C3), 1274 (C4'), 124.0 {C2'), 22.8
{CHope), 7.0 (CHy ). UV/vis (DMSO): Ay = 564 nm. ESIMS m/
z: 327.1 [M + Nal", 305.1 [M + H|*". HRMS (ESL) m/z: calcd for
C3H,,CIN;ONa [M + Na]* 327.0731, found 327.0730.

N'-Cyclopropyl-5-nitroso-N°-phenylpyrimidine-2,4,6-triamine
(5e). Treatment of 3e (100 mg, 0.41 mmol) with cyclopropylamine
(26 mg, 0.45 mmol) in DMF by general procedure B {conv., 90 °C, 12
k) gave Se (81 mg, 74%) as a violet solid with mp = 222 °C. '"H NMR
(DMSO- dg): 6 1409 (1H, s, 6-NH, A), 11.77 (1H, d, Jyy_cu = 5.6
Hz, 4-NH, B), 1029 (1H, s, 6-NH, B), 8.86 (1H, d, Jyzy_cyy = 5.4 Hz,
4-NH, A), 7.98 {2H, m, H2', B), 7.79-7.86 {6H, m, 2-NH,, A and B;
HY, A), 7.35 (2H, m, H3, A), 7.35 (2H, m, H¥, B), 7.14 {1H, m,
H4, A), 7.10 (LH, m, HB4', B), 3.19 (LH, m, CH,,, A), 3.09 {1H, m,
CHy,, B), 0.78—083 (4H, m, CH," ., A and B), 0.72 (2H, m,
CH,",, A), 0.64 (2H, m, CH®_,, B). C NMR (DMSO- d,):
Rotamer A: 5 164.5 {C2), 1642 (C4), 148.4 (C6), 138.0 (C1'), 135.9
{C8), 129.1 (C¥), 124.6 (C4'), 122.7 (C2"), 244 {CH_,), 6.1
(CH,.,). Rotamer B: & 164.3 (C2), 161.4 (C6), 152.1 (Cff 139.0
{C17), 1358 (C5), 1285 (C3), 123.7 (C4'), 1224 (C27), 22.7
{(CH,p), 7.0 {CHyop,). UV/vis (DMSO): A, = 562 nm. ESLMS m/
2 293.1 [M + Na]’, 2711 [M + H]". HRMS (ESI) m/z: calcd for
C3H N0 [M + H]' 2711301, found 271.1302.

N*-Cyclopropyl-5-nitroso-N®-(p-tolyl)pyrimidine-2,4,6-triamine
(5f). Treatment of 3f (100 mg, 0.39 mmol) with cyclopropylamine (23
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mg, 0.43 mmol) in DMF by general procedure B {conv,, 90 °C, 3 h)
gave 51 (75 mg, 68%) as a red solid with mp = 193-195 °C. "H NMR
(DMSO-d,): & 14.08 (1H, s, 6-NH, A), 11.72 {1H, d, Jsy_cq = 5.5 H,
4-NH, B), 1021 (1H, s, 6-NH, B), 8.81 {1H, d, Jyzi_cyy = 5.3 Hz, 4
NH, A), 7.82 (2H, m, H2', B), 7.76—7.80 (4H, m, 2-NH,, A and B),
771 (2H, m, H2', A), 7.15 (2H, m, H3', A), 7.13 (2H, m, H3', B),
3.18 (1H, m, CH,y,, A), 3.08 {1H, m, CH_,, B}, 228 (6H, 5, 4'-CH,,
A and B), 0.77-0.82 (4H, m, CH;*, . A and B), 071 {2H, m,
CH, 0 A), 063 (2H, m, CH®,,, B). *C NMR (DMSO- d):
Rotamer A: & 164.5 (C2), 164.1 (C4), 148.3 (C6), 135.8 (C3), 135.3
(CL'), 133.8 (C4'), 129.5 (C3'), 1226 {C2'), 244 (CH,,), 20.7
(C4'~CHj), 6.1 (CH,y,,). Rotamer B: & 164.3 (C2), 1613 (C6),
152.1 (C4), 136.4 (C1'), 135.8 (C5), 132.8 (C4'), 129.0 (C3"), 122.5
(C27), 227 (CHy,), 207 {C4'=CH;), 70 (CH,_). UV/vis
(DMSO): Ay, = 562 nm. ESI MS m/z: 307.2 [M + Na]’, 285.2
[M + H]*. HRMS (ESL) m/z: caled for C Hp;N,O [M + H]
285.1458, found 285.1458.

4-{(2-Amino-4-(cyclopropylamino)-5-nitrosopyrimidin-6-yl}-
aminojphenol (5g). Treatment of 3g (147 mg 0.56 mmol) with
cycopropylamine (35 mg, 0.62 mmol) in DMF by general procedure
B (conv,, 80 °C, 8 h) gave 5g {92 mg, $8%) as an orange solid with
mp = 274279 °C. "H NMR (DMSO-d,): 6 14.09 (1H, s, 6-NH, A),
1158 (1H, d, Jun_cy = 5.7 Hz, 4NH, B), 10.12 (1H, s, 6NH, B),
9.44 (1H,s, 4-OH, A), 9.28 (1H, s, 4'-OH, B), 8.77 (1H, d, Jyp_cnt =
5.4 Hz, 4-NH, A), 7.61—7.73 (8H, m, 2-NH,, A and B; H2', A and B},
6.74 (2H, m, H3', A), 6.72 (2H, m, H3', B), 3.17 (1H, m, CH,,,, A),
3.07 {1H, m, CH,,, B), 0.76-0.82 (4H, m, CH,*__ A and B), 0.71
(2H, m, CH® ., A), 0.63 (2H, m, CH,’,,, B). °C NMR (DMSO-
dg): Rotamer A: 8 164.5 (C2), 164.1 (C4), 154.6 (C4'), 1482 (C6),
135.7 (C5), 129.2 (C1'), 1242 (C27), 115.5 {C3'), 244 (CH_,), 6.1
(CHigp,)- Rotamer B: § 164.4 (C2), 1610 (C6), 154.1 {C4'), 152.2
(C4), 135.7 (C5), 1304 (C1), 1244 {C2), 1150 (C3"), 227
(CH,y,), 7.0 (CHap,). UV /vis (DMSO): Ay = 550 nm. ESLMS s/
z: 309.1 [M + Na]', 287.1 [M + H]". HRMS (ESI) m/z: caled for
CoH N0, [M + H]* 287.1251, found 287.1251.

N°-(4-Aminophenyl)-N'-cyclopropyl-5-nitrosopyrimidine-2,4,6-
triamine (5h). Treatment of 3h (’;00 mg, 0.38 mmol) with
cycopropylamine (24 mg, 0.42 mmol) in DMF by general procedure
B (conv., 90 °C, 24 h) gave $h (99 mg, 92%) as a red solid with mp =
236—237 °C. '"H NMR (DMSO-d.): & 14.15 (1H, 5, 6 NH, A), 11.89
(1H, d, Jxgs_cu = 5.7 Hz, 4NH, B), 9.96 (1H, 5, 6-NH, B), 8.70 (1H,
d, Jup-cu = 54 Hz, 4-NH, A), 7.57-7.64 (4H, m, 2-NH,, A and B),
7.50 (2H, m, H2', B), 7.48 (2H, m, H2', A), 6.55 (2H, m, H3', A),
6.53 (2H, m, H3', B), 5.11 (2H, bs, 4'-NHj, A), 4.96 (2H, bs, 4'-NH ,,
B), 3.16 (1H, m, CH,y,, A), 3.07 (1H, m, CH,,, B), 0.75-0.81 (4H,
m, CHy*, . A and B), 070 (2H, m, CH;%, A), 0.62 (2H, m,
CHLBE,,P,, B). *C NMR (DMSO- d;): Rotamer A: 6 164.4 (C2), 164.1
(C4), 147.8 (C6), 146.2 (C4'), 135.7 (C5), 126.3 (C1), 123.9 (C2'),
114.1 (C3'), 243 (CH,), 6.1 (CH,, ). Rotamer B: & 1645 (C2),
160.7 (C6), 152.3 (C4), 145.6 (C4'), 135.7 {CS), 127.7 {C1'), 124.3
(€2, 1137 (C3'), 226 {CH,,), 7.0 (CH,y,). UV/vis (DMSO):
Ay = 516 nm. ESI MS m/z: 308.1 [M + Nal', 286.1 [M + H]".
HRMS (ESI) m/z: caled for C,3H N,O [M + H]" 286.1410, found
286.1410.

4-{(2,4-Diamino-5-nitrosopyrimidin-6-yllaminojbenzonitrile (6a).
Treatment of 3a (100 mg, 0.37 mmol) with ammonia (25% aqueous
solution, 20 mL) by general procedure B (conv, 50 °C, 4 h) gave 6a
(42 mg, 45%) as an orange solid with mp > 300 °C. 'H NMR
(DMSO-dg): 6 13.92 (1H, s, 6-NH, A), 1068 (1H, s, 6-NH, B), 10.28
(1H, d, Jgeu = 4.6 Hz, 4NH?, B), 849 (1H, bs, 4-NH?, A), 832 (2H,
m, H2', B), 8.07-8.10 (3H, m, H2', A; 4$NH® B), 7.91 (1H, bs, 2-
NHA A), 7.84 (1H, bs, 2NH* B), 7.75—7.80 {5H, m, H3', A; H3', B;
2-NHP, A), 772 {1H, bs, 4NH", A), 7.69 (1H, bs, 2-NH", B). *C
NMR (DMSO-d,): Rotamer A: 6 165.9 (C4), 164.6 (C2), 148.1 (C6),
142.7 (C1'), 1362 {C5), 133.2 (C3'), 122.7 {C2’), 119.1 {CN), 105.9
(C4'). Rotamer B: 6 164.1 (C2), 162.0 (C6), 150.9 (C4), 143.6 (C1'),
137.4 (C5), 132.8 (C3'), 121.8 (C2'), 119.4 {CN), 104.8 (C4'). UV/
vis (DMSO): A, = 350, 578 nm. ESI MS m/z: 278.1 [M + Na]*,
256.1 [M + HJ*. HRMS (ESI) m/z: caled for C,\H,(N,O [M + H]
256.0941, found 256.0941.

5-Nitroso-N-[4-(trifiuoromethyl)phenyljpyrimidine-2,4,6-tria-
mine (6b). Treatment of 3b (100 mg, 032 mmol) with ammonia
(25% aqueous solution, 20 mL) by general procedure B {conv., 50 °C,
5 h) gave 6b (34 mg, 36%) as a red solid with mp = 253255 °C. 'H
NMR (DMSO-dg): 6 13.92 {1H, s, 6-NH, A), 10.65 {1H, s, 6-NH, B),
1032 (1H, &, Jery = 4.7 He, 4-NHA, B), 8.48 (1H, bs, 4-NH*, A), 826
(2H, m, H2', B), 8.06—8.09 (3H, m, H2', A; 4-NH", B), 7.84 (1H, bs,
2-NH* A), 7.76 (1H, bs, 2-NH?, A), 7.74 (1H, bs, 2-NH*, B), 7.72
(1H, bs, +NH?, A), 7.64—7.68 (SH, m, H3', A; H3', B; 2-NH?, B).
3C NMR {DMSO-d;): Rotamer A: 6 1660 {C4), 164.7 (C2), 148.3
(C6), 1414 (CL, Joyos = L3 Hz), 1363 (CS), 160 (C3, Joy—r =
3.9 Hz), 124.5 (CFy, Jo_p = 3270.8 Hz), 124.2 (C4', Jeu s = 32.0 Hz),
122.8 {C2'). Rotamer B: 6 164.3 {C2), 162.1 (C6), 151.0 {C4), 142.9
(C1, Jey—g = 1.3 Hz), 1374 (CS), 125.6 (C3', Jez 5 = 3.9 Hz), 124.6
(CFy, Jor = 2717 Hz), 1233 (C4, Joyr = 32.1 Hz), 1222 (C2').
UV/vis (DMSO): Ay, = 346, 576 nm. ESIMS m/z: 321.1 [M + Na]',
299.1 [M + H]*. HRMS (ESI} m/z: caled for C, Hy F5N,O [M + H]*
299.0862, found 299.0863.

Methyl 4-{(2,4-Diamino-5-nitrosopyrimidin-6-ylljaminojbenzoate
{6c). Treatment of 3¢ (100 mg, 0.32 mmol) with ammonia (25%
aqueous solution, 20 mL}) by general procedure B {conv,, 50 °C, 20 h)
gave 6c (46 mg, $0%) as a pink solid with mp = 295-299 °C. 'H
NMR {DMSO-dg): Rotamer A: & 13.95 (1H, s, 6-NH), 847 {1H, bs,
4-NHY), 8.02 (2H, m, H2"), 7.91 {2H, m, H¥'), 7.85 (1H, bs, 2-NH%),
7.75=777 (1H, m, 2NH®), 7.71 (1H, bs, 4NH®), 3.84 (3H, s,
COOCH,). Rotamer B: § 10.60 {1H, s, 6-NH), 10.31 (1H, d, Jgzy =
4.7 Hz, 4NHY, 823 (2H, m, H2'), 807 (1H, d, Jomy = 4.7 Hz, 4-
NH?), 7.90 (2H, m, H3'), 7.75—7.77 (1H, m, 2-NH"), 7.67 (1H, m, 2-
NH?), 3.84 {COOCH,). *C NMR (DMSO-d,): Rotamer A: § 166.0
{C4), 165.9 (C4'—CO), 164.7 (C2), 148.1 (C6), 142.8 {C1'), 136.2
(€s), 130.2 (C3), 1248 (C4), 122.1 (C2), 522 (COOCH,).
Rotamer B: § 166.1 (C4'—~CO), 164.2 (C2), 162.0 {C6), 150.9 (C4),
143.8 (C17), 137.4 (C5), 129.8 (C3'), 123.8 (C4'), 121.4 (C2"), 52.1
(COOCH,). UV/vis (DMSO): 2, = 348, 576 nm. ESI MS m/z:
3112 [M + Nal’, 289.2 [M + H]". HRMS (ESI) m/z: caled for
C,HpNONa [M + Na]® 3110863, found 311.0863,

Nﬁ-{4-Ch.’ompheny.')-5—nirrosopyrimidine-2,4,6-triam."ne (6d).
Treatment of 3d (100 mg, 0.36 mmol) with ammonia {25% aqueous
solution, 20 mL) by general procedure B (conv., S0 °C, 3 h) gave 6d
{55 mg, 58%) as an orange solid with mp = 274-277 °C. "H NMR
{DMSO-d,): Rotamer A: & 13.88 (1H, s, 6-NH), 841 (1H, bs, 4-
NH™), 7.88 (2H, m, H2"), 7.76 {1H, m, 2-NH"), 7.65-7.68 (2H, m, 2-
NH® and 4 NH?), 7.38 (2H, m, H3'). Rotamer B: 6 1045 (1H, s, 6-
NH), 1045 (1H, d, Jom = 4.8 Hz, $NH), 805 (2H, m, H2'), 802
{1H, d, Jey = 4.8 Hz, 4-NH®), 7.65-7.68 (1H, m, 2-NH*), 7.58 (1H,
bs, 2-NH?), 7.36 (2H, m, H3'). *C NMR {DMSO-d,): Rotamer A: &
165.9 (C4), 164.7 (C2), 1483 (C6), 137.0 (C1'), 1362 (CS), 128.8
(C37), 1282 (C4'), 1242 (C2'). Rotamer B: & 164.3 (C2), 161.8
{(C6), 151.0 (C4), 1382 (C1'), 137.3 (C5), 128.3 (C3'), 127.2 (C4"),
123.9 (C2'). UV/vis (DMSO): A, = 340, 564 nm. ESI MS m/z:
287.1 [M + Nal’, 265.1 [M + H]". HRMS (ESI) m/z: caled for
CyH CINGO [M + H]* 265.0599, found 265.0599.

S-Nirmsu-Né-pheny!pyrimidr'ne—2,4,6—rn'am.l'ne (6e). Treatment of
3e (100 mg 0.38 mmol) with ammonia (25% aqueous solution, 20
mL) by general procedure B (conv., 50 °C, 3 h) gave 6e (63 mg, 72%)
as a pink solid with mp = 266 °C. "H NMR (DMSO- d;): Rotamer A:
513.88 (1H, 5, 6-NH), 838 (1H, s, 4-NH), 7.83 (2H, m, H2'), 7.71
{1H, m, 2-NH*), 7.61-7.63 (2H, m, 2-NH® and 4-NH), 7.35 (2H,
m, H3'), 7,13 (1H, m, H4’). Rotamer B: § 1040 {1H, d, Jguy = 4.7
Hz, 4NH*), 10.30 (1H, s, 6-NH), 7.97-8.00 (3H, m, H2 and 4-
NH®), 7.61-7.63 {1H, m, 2NH%), 7.53 (1H, bs, 2-NH?), 7.33 (2H,
m, H3'), 709 (1H, m, H4'). ®C NMR (DMSO-d,): Rotamer A: &
166.0 (C4), 164.8 (C2), 1484 (C6), 138.0 (C17), 1362 (C5), 129.0
(C3'), 1245 (C4), 1227 (C2'). Rotamer B: § 164.5 (C2), 161.7
{C6), 151.1 (C4), 139.1 {C1’), 137.2 (CS), 128.5 (C3'), 123.6 (C4"),
122.4 {C2'). UV/vis (DMSO}: Apye = 342, 568 nm. ESI MS m/z:
2531 [M + Nal’, 231.1 [M + H]*. HRMS (ESI) m/z: calcd for
CoH pN;ONa [M + Na]* 253.0808, found 253.0808.

5-Nitroso-N°-(p-tolyl)pyrimidine-2,4,6-triamine (6f), Treatment of
3f (100 mg, 0.39 mmol) with ammonia (25% aqueous solution, 20

dx.doiorg/10.1021/jo401441z1 £ Org. Chem. 2013, 78, 1012110133



The Journal of Organic Chemistry

mL) by general procedure B {conv., 50 °C, 14 h) gave 6f (66 mg,
70%) as an orange solid with mp = 250-251 °C. 'H NMR (DMSO-
d.): Rotamer A: 6 13.88 {1H, s, 6NH), 835 (1H, bs, 4-NH"), 7.71
(2H, m, H2"), 767 {1H, m, 2-NH"), 7.56—7.60 (2H, m, 2-NH" and 4-
NHP), 7.15 (2H, m, H3'), 2.28 (3H, 5, CH,). Rotamer B: § 10.41 (1H,
d, Jem = 5.0 Hz, 4-NHY), 1023 (1H, 5, 6-NH), 7.96 (1H, &, [z =
5.0 Hz, 4NH?), 7.83 (2H, m, H2'), 7.56=7.60 {1H, m, 2-NH*), 7.49
(1H, bs, 2-NH"), 7.13 (2H, m, 3'-H), 2.29 (3H, s, CH;). "C NMR
(DMSO-d): Rotamer A: & 166.0 (C4), 164.8 (C2), 148.3 (C6), 136.2
(C5), 135.3 (C1), 133.7 (C4'), 129.5 (C3'), 1226 (C2'), 206
(CH,). Rotamer B: § 164.5 (C2), 161.6 {C6), 151.1 {C4), 137.2 (CS),
136.5 (C1'), 132.7 (C4'), 1289 (C3'), 122.5 (C2'), 20.6 (CH,). UV/
vis (DMSQO): Ay = 340, 564 nm. ESI MS m/z: 267.2 [M + Na]',
2452 [M + H]*. HRMS (ESI) m/z: cled for C,,H,;N,Q [M + H]®
245.1143, found 245.1145.

4-[(2,4-Diamino-5-nitrosopyrimidin-6-yl}amino]phenol (6g).
Treatment of 3g (100 mg, 0.38 mmol) with ammonia (25% aqueous
solution, 20 mL) by general procedure B {conv., 50 °C, 14 h) gave 6g
(48 mg, 51%) as an orange solid with mp = 288 °C {decomp.). 'H
NMR (DMSO-d;): Rotamer A: 6 13.88 {1H, s, 6-NH), 8.28 (1H, bs,
4-NHY), 7.60 (2H, m, H2"), 7.56 {1H, bs, 2-NH"), 7.52 (1H, bs, 4-
NH?), 746—749 (1H, m, 2-NHP), 6.73 (2H, m, H3'). Rotamer B: §
1044 (1H, d, Jozy = 3.4 Hz, 4NH*), 10.11 (1H, s, 6-NH), 7.90 (1H,
d, Joem = 34 Hz, 4NHF), 7.67 (21, m, [12'), 7.46=7.49 (111, m, 2-
NH), 7.40 (1H, bs, 2-NH®), 6.72 (2H, m, H3'). 3C NMR (DMSO-
dg): Rotamer A: 8 165.9 {C4), 164.90 (C2), 1549 (C4'), 148.1 (C6),
136.1 (C5), 129.0 (C1'), 1242 {C2"), 1156 {C3'). Rotamer B: &
1646 (C2), 161.4 {C6), 154.1 (C4'), 151.2 (C4), 137.1 {C3), 1304
(C1'), 124.4 {C2), 115.0 (C3'). UV/vis {(DMSO): A, = 334, 550—
560 nm. ESI MS m/z: 269.1 [M + Na]', 247.7 [M + H]". HRMS
(ESI) m/z: caled for CoH(N;O,Na [M + Na]* 269.0757, found
269.0757.

N‘-(4-Am.l‘nophenyf)-5-n:'trusupyn'midfne-2,4,6-rrfamr'ne (6h).
Treatment of 3h {100 mg, 0.38 mmol) with ammonia (25% aqueous
solution, 20 mL) by general procedure B (conv., 50 °C, 28 h) gave 6h
(71 mg, 77%) as a red solid with mp = 268-270 °C. '"H NMR
(DMSO-d,): 51394 (1H, s, 6-NH, A), 10.47 (1H, d, Jz = 5.1 Hz, 4
NH%, B), 9.97 (1H, 5, 6-NH, B), 8.23 {1H, bs, 4 NH", A), 7.88 (1H, d,
Joem = 5.1 Hz, 4.NH?, B), 7.49=7.51 (41, m, H2', B; 4-NH® and 2-
NHA, A), 7.47 (2H, m, H2'), 7.41=7.43 (2H, m, 2-NH* B; 2.NH®, A),
7.35 (1H, m, 2-NHE, B), 6.55 (2H, m, H3', A), 6.54 (2H, m, H3', B),
497-5.14 (4H, m, 4-NH,, A; 4-NH,, B). °C NMR (DMSO-d,):
Rotamer A: 6 165.9 (C4), 164.8 (C2), 147.9 (C6), 1462 (C4'), 136.0
(C$), 1263 (C1'), 123.9 (C2), 114.1 (C3'). Rotamer B: § 164.6
(C2), 161.1 (C6), 1513 (C4), 145.5 (C47), 137.1 (C3), 127.1 (C1),
124.3 (€2'), 113.7 (C3'). UV/vis (DMSO): A, = 330, 422 nm. ESI
MS m/z: 2682 [M + Na’, 2462 [M + H]". HRMS {ESI) m/z: caled
for C,gH ;N0 [M + H]* 246.1097, found 246.1097.

N®-(4-(Dimethylamino)phenyl)-5-nitrosopyrimidine-2,4,6-tria-
mine (6). Treatment of 3i (200 mg, 0.69 mmcl{ with ammonia (25%
aqueous solution, 30 mL) by general procedure B (conv., 60 °C, § h)
gave 6i (160 mg, 779%) as a black solid with mp = 251-254 °C. 'H
NMR (DMSO-dg): 8 13.97 {1H, s, 6-NH, A), 1046 (1H, d, Jozar= 5.2
Hz, 4-NH? B), 10.10 (1H, 5, 6-NH, B), 8.26 {1H, bs, 4-NH A), 7.88
(1H, d, Jop = 5.2 Hz, 4NH®, B), 7.69 (2H, m, H2', B), 7.63 (2H, m,
H2', A), 7.52 (1H, bs, 2-NH% A), 7.51 (1H, bs, 4-NHE, A), 7.45 (2H,
m, 2-NEP, A; 2-NHA, B), 7.38 {1I], bs, 2-NH?, B), 6.68—6.71 {411, m,
H3', A and B), 2.89 (6H, s, N(CH,),, A), 2.88 (6H, s, N(CH,),, B).
3C NMR (DMSO-d,): Rotamer A: 6 165.9 (C4), 164.8 (C2), 148.0
(C4), 147.9 {C6), 136.1 (C3), 1269 (C1'), 123.8 (C2'), 1126 (C3"),
404 (N(CH,),). Rotamer B: & 164.6 (C2), 161.2 (C6), 1513 (C4),
147.5 (C4'), 137.2 (CS), 1286 (C1"), 124.1 (C2'), 112.5 {C3'), 40.6
(N(CH;),). UV/vis (DMSO): 4, = 278, 330, 428 nm. ESI MS m/z:
296.1 [M + Na]’, 274.1 [M + H]". HRMS (ESI) m/z: caled for
CppH N0 [M + H]' 274.1410, found 274.1411.

General Procedure C: Synthesis of Acetamides 7a—f and 7i. A
mixture of S-nitrosopyrimidine 6a—f or 6i in acetic anhydride {10 mL
per 1 mmol of 6) was stirred at 80 °C {conv.). After completion
{TLC), the reaction mixture was evaporated to dryness {in vacuum),
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and the final product 7a—f or 7i was obtained by silica gel column
chromatography (5% or 10% MeOH in CHCly) as a solid.

N-{2-amino-6-{{4-cyanophenyl)aminoj-5-nitrosopyrimidin-4-yl}-
acetamide (7a). Treatment of 6a {100 mg, 0.39 mmol) by general
procedure C (30 min) gave 7a (20 mg, 17%) as a green solid with mp
= 224 °C. '"H NMR (DMSO-d.): 6 13.25 {1H, s, 6NH, A), 1261
{1H, s, 4NH, B), 10.56 (1H, s, 6-NH, B), 10.5¢ (1H, s, 4-NH, A),
8.52—8.62 (4H, m, 2-NH,, A and B), 827 (21, m, H2', B), 8.09 (2H,
m, H2', A), 7.80-7.83 (4H, m, H3', A and B), 2.49 (3H, s, CH;CO,
B), 245 (3H, s, CH,CO, A). “C NMR (DMSO-dy): Rotamer A: &
169.6 (CO), 163.9 (C2), 162.3 (C4), 147.3 (C6), 141.9 (C1'), 1365
(C3), 133.3 (C3'), 1232 (C2'), 119.0 (CN), 106.76 (C4'), 26.0
{CH,). Rotamer B: & 172.7 {CQ), 163.8 {C2), 162.2 (C6), 145.2
(C4), 143.1 (C1’), 1365 (CS), 132.9 (C3'), 122.6 {C2’), 119.33
{CN), 105.7 (C4'), 27.6 (CH,). UV/vis (DMSO): 4, = 600 nm. ESL
MS m/z: 320.1 [M + Na]*, 298.1 [M + H]". HRMS (ESI) m/z: caled
for Cj3H, \N;O,Na [M + Na]* 320.0866, found 320.0863.

N-{2-Amino-5-nitroso-6-{(4-(trifluoromethyl)phenyljaminoj-
pyrimidin-4-yliacetamide (7b). Treatment of 6b (200 mg, 067
mmol) by general procedure C {10 min) gave 7b {116 mg, $1%) as a
green solid, which was crystallized (from acetone) to afford green
crystals with mp = 240-243 °C. "H NMR (DMSO-d,): 6 13.25 (1H,
s, 6-NH, A), 1265 (1H, s, 4-NH, B), 10.94 (1H, bs, 6-NH, B}, 10.57
{1H, bs, 4NH, A}, 844—855 (4H, m, 2-NH,, A and B), 8.20 (2H, m,
H2', B), 8.06 (2H, m, H2', A}, 7.68—7.71 (4H, m, H3’, A and B), 2.50
(3H, 5, CH,CO, B), 2.46 (3H, 5, CH,CO, A). “C NMR (DMSO-d,):
Rotamer A: § 169.7 {CO), 163.9 {C2), 162.3 (C4), 147.5 (C6), 141.1
(€17, 136.5 (CS), 1249 (C4', Joy = 32.2 Hz), 1244 (CFy, Jos =
271.5 Hz), 126.1 (C3, Jey_n = 3.8 Hz), 1234 (C2'), 26.0 (CH,).
Rotamer B: § 172.8 {CO), 163.9 {C2), 162.3 (C6), 145.3 {C4), 142.3
(C1'), 1365 (C5), 125.7 (C4', Joyr—p = 3.8 Hz), 1245 (CF;, Jo_p =
271.8 Hz), 124.1 {C3, Joy_p = 33.0 Hz), 123.1 (C2'), 27.6 (CH,).
UV/vis {DMSO): Ay, = 598 nm. ESI MS m/z: 363.0 [M + Nal*,
341.0 [M + H]*. HRMS (ESI) m/z: caled for C3H,FN;O, [M +
H]" 341.0968, found 341.0968.

Methyl 4-{(4-Acetamido-2-amino-5-nitrosopyrimidin-6-yl)-
aminojbenzoate (7¢). Treatment of 6¢ (100 mg, 0.35 mmol) by
general procedure C (15 min) gave 7¢ (40 mg, 35%) as a green solid
with mp = 247-248 °C. '"H NMR (DMSO-d,): & 13.32 (1H, s, 6-NH,
A), 12.65 (1H, s, 4-NH, B), 1090 {1H, s, 6NH, B), 10.57 (1H, s, 4-
NH, A), 8.47-8.57 (4H, m, 2-NH,, A and B), 8.18 (2H, m, H2', B),
8.02 (2H, m, HY', A), 7.92-7.95 (4H, m, HY’, A and B), 3.84—-3.85
{COOCHy m, 6H, A and B), 250 (3H, 5, CH,CO, B), 2.45 (3H, s,
CH,CO, A). 3C NMR (DMSO-d,): Rotamer A: 6 169.6 (CO),
165.88 (COOCH,), 163.9 (C2), 162.3 (C4), 147.3 (C6), 141.9 (C1"),
136.5 {CS), 1302 (C3'), 125.5 (C4’), 1227 (C2'), 52.3 (COOCHS,),
260 (CHy). Rotamer B: 8 172.8 (CO), 1660 {COOCH;), 163.9
{€2), 162.1 {C6), 145.3 (C4), 143.1 (C1'), 1365 (C5), 129.8 (C3'),
124.7 (C4'), 1222 {C2"), 522 (COOCH,), 27.6 {CH,). UV/vis
{DMSO): A = 596 nim. ESI MS m/z: 353.1 [M + Na]*, 331.1 [M +
H]". HRMS (ESI) m/z: caled for C,H,,N;O,Na [M + Nal
353.0968, found 353.0968.

N-{2-Amino-6-{{4-chlorophenyl}aminao]-5-nitrosopyrimidin-4-y{}-
acetamide (7d). Treatment of 6d (300 mg, 1.13 mmol) by general
procedure C (30 min) gave 7d {135 mg, 39%) as a green solid, which
was crystallized (from methanol) to afford green crystals with mp =
230 °C. 'H NMR {DMSO-d,): Rotamer A: § 13.23 (1H, 5, 6-NH),
10.51 (1H, s, 4 NH), 8.44 (2H, bs, 2-NI,), 7.86 {2H, m, H2'), 7.41
(2H, m, H3'), 245 (3H, s, CH,). Rotamer B: § 12.72 (1H, s, 4-NH),
10.76 (1H, s, 6-NH), 8.39 and 8.38 {2H, bs, 2-NH,), 7.98 {2H, m,
H2'), 7.40 (2H, m, H3'), 2.49 (3H, 5, CH;). *C NMR (DMSO-d;):
Rotamer A: 8 169.7 {CO), 163.9 {C2), 1622 (C4), 147.5 {C6), 136.4
{C3), 1362 (C1'), 129.1 (C4'), 1289 (C3'), 124.8 {C2'), 26.0
{CH,). Rotamer B: § 172.8 {CO), 164.0 (C2), 161.9 (C6E), 145.3
(C4), 137.5 (C1'), 136.4 (C5), 128.4 (C3'), 1282 (C4"), 124.8 (C2"),
27.6 {CH,). UV /vis (DMSO): Ay, = 592 nm. ESIMS m/z: 329.0 [M
+ Nal*, 307.0 [M + HJ]'. HRMS (ESI) m/z: caled for
C;H, CINGO,Na [M + Na]* 329.0524, found 329.0523.

N-[2-Amino-5-nitroso-6-(phenylamina)pyrimidin-4-yllacetamide
(7e). Treatment of 6e (189 mg, 0.82 mmol) by general procedure C
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(30 min) gave 7e (62 mg, 28%) as a green solid with mp = 229-231
°C. 'H NMR (DMSO-d,): Rotamer A: & 13.28 {1H, s, 6-NH), 10.48
(1H, s, 4NH), 8.40 (2H, bs, 2-NH ,), 7.82 (2H, m, H2), 7.38 (2H,
m, H3'), 7.18 {1H, m, H4'), 246 (3H, s, CH,). Rotamer B: § 12.76
(1H, s, 4NH), 10.64 (1H, s, 6-NH), 8.35 and 832 (2H, bs, 2-NH,),
792 (2H, m, H2"), 7.37 (2H, m, H3'), 7.15 (1H, m, H4"), 50 {3H, 5,
CH;). “C NMR {DMSO-d,): Rotamer A: & 169.7 (CO), 163.9 (C2),
162.1 (C4), 147.6 (C6), 137.1 (C1), 1364 {C5), 129.1 {C3"), 125.2
(C4'), 123.1 (C2'), 260 (CH,). Rotamer B: 4 1729 (CO), 164.0
(C2), 1619 (C6), 1454 (C4), 1384 (C1"), 1365 (C5), 128.6 (C3'),
1244 (C4'), 123.3 (C2'), 27.6 (CH,). UV/vis (DMSO): A, = 590
nm. ESI MS m/z: 2952 [M + Na]*, 273.2 [M + H]*. HRMS (ESI) m/
2z caled for C;H;N;ONa [M + Na]™ 295.0913, found 295.0914.

N-{2-Amino-5-nitroso-6-(p-tolylamino) pyrimidin-4-yljacetamide
(7f). Treatment of 6f (184 mg, 0.77 mmol) by general procedure C
(60 min) gave 7f (94 mg, 43%) as a green solid with mp = 238 °C. 'H
NMR (DMSO-d,): Rotamer A: § 13.29 {1H, s, 6NH), 10.46 (1H, s,
4-NH), 8.36 (2H, bs, 2-NH,), 7.69 (2H, m, H2"), 7.18 (2H, m, H3'),
246 (3H, s, CO—CH,), 229 (3H, s, 4-CH,). Rotamer B: § 12.79
(1H, s, 4NH), 10.58 (1H, s, 6-NH), 8.30 and 8.28 (2H, bs, 2-NH,),
7.77 (2H, m, H2'), 7.16 (2H, m, H3'), 249 (3H, s, CO—CH,), 2.30
(3H, 5, 4'-CH,). C NMR {DMSO-d,): Rotamer A: & 169.7 (CO),
1639 (C2), 162.1 (C4), 147.5 {C6), 136.3 (C5), 134.5 and 129.6
(C1’ and C4'), 129.6 {C3'), 123.1 (C2'), 26.0 (CO—CH,), 20.74 {4"-
CH,). Rotamer B: & 172.9 {CO), 164.1 (C2), 161.7 (C6), 145.4 (C4),
136.3 (C5), 135.9 (C1), 133.6 (C4’), 129.0 (C3'), 123.4 (C2'), 27.6
(CO—CH,), 20.7 (4-CH,). UV/vis (DMSO): A, = 586 nm. ESIMS
m/z: 309.2 [M + Na], 287.2 [M + H]". HRMS {ESI) m/z: caled for
C3HN;O;Na [M + Na]" 309.1070, found 309.1069.

N-(2-Amino-6-(4-(dimethylamino)phenylamino)-5-nitrosopyrimi-
din-4-yl)acetamide (7i). Treatment of 6i (100 mg, 0.37 mmol) by
general procedure C (rt, 20 min) gave 7i (56 mg, 48%) as a black solid
with mp = 220-222 °C. 'H NMR (DMSO-dg): 6 13.44 (11, s, 6-NH,
A), 12.89 (1H, s, 4-NH, B), 1048 (1H, 5, 6-NH, B), 10.40 (1H, s, 4-
NH, A), 825 and 8.24 (2H, bs, 2-NH,, A), 8.18 and 8.17 (2H, bs, 2-
NH,, B), 7.62—7.65 (4H, m, H2', A and B), 6.69—6.73 (4H, m, H3, A
and B), 2.90 (6H, s, N(CH,),, A), 2.89 (6H, s, N(CH,), B), 2.49
(3H, s, CO—CH,, B), 246 (3H, s, CO—CH,, A). *C NMR (DMSO-
dg): Rotamer A: § 169.7 {CO), 163.8 (C2), 161.9 {C4), 148.2 (C4'),
147.1 (€6), 136.1 (CS), 125.8 (C17), 124.2 (C2'), 112.55 (C3'), 40.3
(N{CH,),), 26.0 {CO—CH,). Rotamer B: 5 172.9 {CO), 164.0 (C2),
161.2 (C6), 148.0 (C4'), 145.5 (C4), 136.2 {C5), 127.7 {C1’), 124.8
(€27, 1123 {C3), 405 (N(CH),), 27.6 {CO—CH,). UV/vis
(DMSO): 4,,,, = 458 nm. ESI MS m/z: 338.1 [M + Na]", 316.1 [M +
HI*. HRMS (ESI) m/z: caled for C,,H N0, [M + H]® 316.1516,
found 316.1516.
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While purifying new polysubstituted 5-nitrosopyrimidines, the unique
separation of pairs of rotamers as chemical species, stabilized by a
single intramolecular hydrogen bond and differing only in nitroso
group orientation, was achieved. This interesting stereochemical
phenomenon is compared to the well-known atropisomerism.

The ability to form strong hydrogen bonds is one of the most
important properties of biologically active compounds. Intermole-
cular hydrogen bonding is crucial for encoding genetic informa-
tion (Watson-Crick base pairs); intramolecular hydrogen bonding
is pivotal to the formation of biologically relevant three-
dimensional structures of macromolecules, such as nucleic acids
and proteins. Nevertheless, the ability to form intramolecular
hydrogen bonds (IMHBs) also has a great impact on the mole-
cular structure and physico-chemical properties of small organic
molecules, making the closed form (with an IMHB) more lipo-
philic and the open form more water-soluble.” Furthermore, the
cyclic system formed due to the presence of an IMHB can mimic
the structural motifs of other biologically relevant molecules.
Thus, replacing the real ring with a “pseudo” ring in drug-like
molecules has become an important medicinal chemistry strategy
in the search for new lead compounds.'?

The high stability of IMHBs has often been observed in planar
systems where a six-membered ring is formed and the linker
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polysubstituted 5-nitrosopyrimidinesii

L. Cechova,§* E. Prochazkova,§* |. Cisafova,” M. Draginsky*” and Z. Janeba**

atoms are sp”hybridized (as in amides, enols of f-diketones and
B-enaminones, heteroaromatic rings, etc).! Some researchers
suggest that the stability of such systems is due to stabilization
by a resonance-assisted hydrogen bond (RAHB).? Others believe
that RAHB is not the primary reason behind the strength of the
IMHBs in a series of enols of B-diketones and fi-enaminones,
but rather that the molecular structure (o-skeleton) keeps the
hydrogen donor and hydrogen acceptor coplanar and, therefore,
closer to each other.

An effect of the internal hydrogen bond on the conformational
isomerism of 2-amino-2-methylpropanol was theoretically studied
by Andrade et al.” Recently, conformers of C-nitroso derivatives of
indolizines and azaindolizines with restricted rotation about the
C-NO bond were studied by the Katritzky group using solution
NMR methods.” Conjugated nitrosamines can evidently form
planar systems with enhanced n-delocalization and, thus, belong
to a class of compounds able to form strong IMHBs.” During
recent studies of 5-nitrosopyrimidines bearing distinct amino
substituents in the C4 and C6 positions, two possible rotamers,
stabilized by strong IMHBs, were identified as two sets of signals
in "H NMR spectra.” In our previous paper,d the ratio of the o
rotamers was found to be significantly substituent-dependent
with a broad range of conformation ratios, NMR spectroscopy
showed that the interconversion barriers of these rotamers were
as high (=20 keal mol ') as those reported for atropisomers,”
which are conformational isomers isolable through sterically
hindered rotation. The high interconversion barriers of these
rotamers led us to wonder: could the use of low temperatures
with appropriately substituted amino groups in positions C4
and/or C6 potentially lead to the separation of a pair of IMHB-
stabilized rotamers? As non-covalent interactions (e.g. hydrogen
bonds) are considerably less stable compared to covalent bonds, it
has been suggested by Szumna'® that separation of isomers based
on a single hydrogen bond is not possible, unless additional
auxiliaries are introduced. Indeed, the isolation of such isomers
has so far been successful either in relatively complex molecules
with an ability to form cooperative robust systems of many hydrogen
bonds," or in the case of relatively stable formamide rotamers."”
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Fig.1 Two possible geometries of the nitroso group in position C5 for
compounds 1-4. Rotamer A has a lorsion angle C6-C5-N-0 close 1o 0%
rotamer B has a torsion angle C6-C5-N-O close to 1807

Although spatial separation using an electric field has recently
been developed to enable the study of small molecule confor-
mers," the isolation and full characterization of small mole-
cule rotamers of aromatic compounds as separate chemical
species stabilized by a single resonance-assisted IMHB has not
yet been reported.

In this paper, we present unique examples of the separation
and full characterization of such planar rotamers isolable
through a single intramolecular hydrogen bond.

Our previously described methodology™ (see ESIE) was used to
prepare a new set of polysubstituted 5-nitrosopyrimidines bearing
two different hydrogen-bond donors in positions G4 and C6 of the
pyrimidine moiety. While purifying compounds 1-4 (Fig. 1), two
products were observed as partially separated UPLC peaks and as
well-separated spots on thin layer chromatography (TLC) plates.
These products were isolated by routine silica gel chromatography
and, to our surprise, found to have identical mass and sub-
sequently identified as A and B rotamer pairs (Fig. 1), differing
only in their 5-nitroso group orientation. The purification of
compounds 1 and 2 led to the isolation of pure rotamers 1A/1B
and 2A/2B. In the case of compounds 3 and 4, it was only possible
to isolate 3A and 4A as pure isomers; 3B and 4B were always, to
some extent, contaminated by 3A and 4A, respectively.

We were quite astonished by the fact that we were able to
separate rotamers A and B (Fig. 1) at room temperature and
characterize them using just standard spectroscopic methods.
Initially, we considered this phenomenon to be a special case of
atropisomerism because atropisomers are, by definition,” stereo-
isomers with restricted rotation around a single bond where the
rotational barrier is high enough to permit isolation of the isomeric
species. However, we quickly realized that there were significant
differences between typical atropisomers and our rotamers, the
most obvious being their mode of stabilization. Steric hindrance
stabilizes atropisomers, but our planar rotamers were stabilized by
intramolecular hydrogen bonding (Fig. 2).

Having made this distinction, we explored further similarities
and differences between atropisomers and our planar rotamers,
We found that there are two necessary preconditions for both the
phenomena, The first precondition is a rotationally stable axis,
which, in our case, lies along the C5-NO bond. Analogous to the
axis of the most common class of atropisomers represented
by biaryl compounds (the sp*-sp® family),” the herein reported
rotamers are characterized by a rotationally stable bond between
sp? carbon (C5) and sp® nitrogen (nitroso group) atoms. The second
precondition involves the presence of different substituents on
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Fig. 2 General characteristics of atropisomerism and the herein reported
stereochemical phenomenon. A # Band A" # B', A/A has priority over B/B'

both sides of the axis; in our case, there are differently substituted
amino groups in the C4 and C6 positions, and an oxygen and
free electron pair on the nitrosyl nitrogen. However, unlike
atropisomers,” which contain an element of chirality (usually
through the axis), our planar rotamers (shortly planamers),
precisely because they are planar, lack any element of chirality.

The solid-state "*C cross polarization-magic angle spinning
(CP-MAS) NMR spectra of rotamers 1A and 1B obtained after
gentle evaporation of the solvents from the chromatographic
fractions are depicted in Fig. 3 and Fig. S1 (ESI). According to these
spectra, both rotamers were pure; the amount of the second one in
the pair was lower than the solid-state NMR detection limit (ca. 5%).
The ™ NMR signals of rotamer 1A are sharp, indicating long-range
order in the solid, while the spectrum of rotamer 1B exhibits the
features typical of amorphous structures; namely, broad signals with
multiple overlapped resonances. Interestingly, the solid-state
C NMR spectra show that while the crystalline rotamer 1A was
perfectly stable at room temperature, the solid amorphous
rotamer 1B slowly re-crystallized, over a period of months, into
the crystalline rotamer 1A (Fig. 3 and Fig. S1 in ESIE).

The solid-state IR spectra of rotamers 1A and 1B were acquired on
samples dispersed in KBr pellets. Similar to the NMR spectra, there
were significant differences between the rotamers. For example,
a difference of up to 40 cm™ " was observed between their anti-
symmetric N-H vibrations. Furthermore, as with the NMR
spectra, the signals of the amorphous isomer 1B were slightly

A N1 A
J 7\ A 1B day 117 N

N N\ _Bams A
M\ ~_/\__ 1Bday54 A
= VN 1Bda!ﬂ ™\

170 160 150 140 130
8/ ppm

Fig. 3 The aromatic region of B CP-MAS solid-state NMR spectra of
planar rotamers 1A and 1B. Solid amorphous 1B slowly transforms into
solid crystalline 1A, The full spectrum is available in Fig. S1in ESL:
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(A) 8)

Fig. 4 X-ray crystallographic analysis of pure rotamer 1A (Al and of the
monohydrate of compound 1 (B). Carbon 1s shown in grey, nitrogen in
blue, oxygen in red and phosphorus in yellow. The less occupied position
of the nitrose group of ratamer 1B is drawn with dashed lines (B). The
displacement ellipsoids are drawn at a 30% probability level. The disor-
dered atoms of the phosphenate moiety and solvating water molecule are
omitted for clarity

broader than those of the erystalline isomer 1A, with no visible
contamination by each other (Fig. S2 in ESI).

After the re-crystallization of compound 1 (a mixture of 1A and
1B) from dry acetone, a monocrystal suitable for X-ray diffraction
(XRD) was obtained (Fig. 4A). XRD confirmed that the orientation
of the nitroso group corresponded to that of pure rotamer 1A. The
solid-state G NMR spectrum of this recrystallized material was
identical to the spectrum of 1A obtained by column chromato-
graphy. However, following re-crystallization from an acetone-
water mixture, a monohydrate of compound 1 was obtained. In
this monohydrate (Fig. 4B), both rotamers were present, 1A being
predominant (ca. 80%). Clearly, in a solid state, the conformational
stability of a rotamer depends on the polymorphic/crystalline form
of the parent compound. In this way, our planamers meet Oki’s
criterion for atropisomers:'* physically separable species at a given
temperature, having a half-ife (z) of at least 1000 s (~16.7 min),
which is the time considered to be the minimum lifetime for a
molecule to be isolable.

Immediately after dissolution of the separated rotamers A or B
in DMSO-d; or CD;0D, their 'H and *C NMR spectra contained
one major set of signals together with the low intensity signals of its
corresponding second rotamer, B or A, respectively. Gradually, the
A/B signal ratio changed until, after several hours, equilibrium was
reached. The kinetics of these transformations were determined
by solution-state "H NMR spectroscopy (Fig. 5 and Fig. S3 in ESE).
The NH hydrogen signals of the two rotamers were usually
well separated and, thus, their integration enabled the mixture
composition to be determined at various times after dissolution.
Table S$1 (see ESI%) summarizes the rate constants (calculated
according to the procedure in ESIf) and the concentrations of
rotamers 1A-4A in equilibrium in various solvents. It is evident that
the rotamer equilibrium ratio was not only strongly substituent
dependent, but also solvent dependent.

The signals of the NH hydrogens involved in the hydrogen
bond were shifted downfield (10-13 ppm) with respect to the
signals of the free NH hydrogens (7-9 ppm). The position and
orientation of the hydrogen-bond donor atom was confirmed
both by the splitting of the signal, which resulted from indirect
spin-spin interactions with neighbouring hydrogen atoms, and
by the two- and three-bond correlations observed in the HMBC
spectra. We also observed four-bond correlations between the
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Fig. 5 Interconversion of rotamers 1A and 1B. Interconversion was menitored
by 'H NMR spectroscopy in a DMSO-ds solution. R' = CH,~CH;~0-CH,-
PO)(OEY);

NH hydrogen atoms and the pyrimidine carbon atoms. These
correlations were observed when the atoms involved were
arranged in the form of a W-like coupling path (Fig. S4 in
ESI#). Furthermore, the orientation of the nitroso group had
a significant influence on the chemical shifts of C4 and C6: by
ca. 12 ppm, the C6 carbon was more shielded in rotamer A and
the C4 carbon more shielded in rotamer B.

Fig. 6 shows the progress of the isotope exchange of hydrogen
C6-NH for compound 1 in a DMSO-dg-CD;OD mixture. As can
be seen from the rates of the hydrogen-to-deuterium exchange
reaction, the formation of intramolecular hydrogen bonds
reduced the accessibility of the solvent to the hydrogen bond
donors. In rotamer 1A, where C6-NH is involved in the hydrogen
bond, the exchange reaction was much slower than in rotamer
1B. As is normal for free amino groups, the hydrogen atoms of
the amino group in position C2 were completely replaced by
deuterium before the first spectrum could be acquired. Interest-
ingly, both amino hydrogens in position C4 in isomer 1B were
also fully replaced before the first data acquisition. We assume
that this was caused by the fast isotope exchange of the unbound
amino hydrogen followed by fast rotation around the C4-NH,

Relative concentration

4] 200 400 600 800
time / min

1000

Fig. 6 The progress of the H-D exchange of hydrogen atoms of the
amino group in position C6 in the equilibrium mixture of rotamers 1A and
1B in a DMSO-dg-CD50D mixture (9:1).
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bond. This hypothesis is supported by the density functional
theory {(DFT) calculations for the C4-NH,, rotation barrier, which
was found to be 5.6 keal mol * lower than the rotation of the
nitroso group around the C5-NO bond (see ESIE).

In summary, we succeeded in preparation of planar rotamers
which, like atropisomers, are characterized by a high interconver-
sion barrier that enables their separation by column chromato-
graphy at room temperature. Herein, we have isolated and fully
characterized planar rotamers structurally derived from poly-
substituted 5-nitrosopyrimidines. Unlike atropisomers, whose
separation is achieved through steric hindrance {and display
chirality), the isolation of our planar rotamers is achieved through
intramolecular hydrogen bonding {and are achiral). To make a
distinction from relatively common atropisomerism, we suggest a
term ‘planamerism’ and define ‘planamers’ as small aromatic
molecule rotamers with a planar conjugated moiety that are
isolable as chemical species. It is possible that the reported
stereochemical phenomenon has a role to play in disciplines
involving weak and reversible non-covalent interactions, such as
supramolecular assemblies, host molecules, or in the development
of novel drug-like molecules. Therefore, to more clearly understand
the scale and scope of this phenomenon, we are currently
synthesizing other substituted (hetercjaromatic derivatives
likely to be capable of forming strong intramolecular hydrogen
bonds and, consequently, separable rotamers.

The study is a part of the Research Project RVO61388963 of the
Institute of Organic Chemistry and Biochemistry, the Academy of
Sciences of the Czech Republic, v.v.i., and was supported by the
Ministry of Interior of the Czech Republic (VG20102015046),
the Czech Science Foundation {grant no. 13-248808} and Gilead
Sciences {Foster City, CA, USA). We acknowledge Dr Lucie
Bednarova and Pavel Fiedler (Molecular Spectroscopy, Institute
of Organic Chemistry and Biochemistry) for the measurement
of the IR spectra.
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ABSTRACT: Depending on crystallization conditions, many
organic compounds can form crystals of different structure.
Their proper characterization is important, for example, in the
pharmaceutical industry. While the X-ray diffractometry
established as a standard method, alternative techniques are
desirable for broader application flexibility and economic
reasons. In the present study, Raman spectroscopy combined
with the density functional calculations is suggested as a
complementary method to the X-ray and other higher
resolution techniques. The potential to discriminate structural
differences in polymorphic crystalline forms is documented on
three model compounds of industrial importance. Methacry-
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lamide, piracetam, and 2-thiobarbituric acid were crystallized under various conditions, and their Raman spectra were recorded
using 532 and 1064 nm laser excitations. X-ray diffractometry and nuclear magnetic resonance spectroscopy were used as
complementary techniques to verify sample composition and structure. To interpret the observed differences in Raman
frequencies and intensities, three computational strategies were explored based on single molecule, a cluster model, and a plane-
wave periodic boundary conditions calculation. The single-molecule modeling was found inadequate, whereas the plane-wave
approach provides the most realistic spectra. For all compounds, the differences in the Raman spectra of polymorphic forms
could be unambiguously assigned to the simulations. The modeling revealed that the spectral differences were caused by the
molecular structure itself as well as by crystal packing. The relative importance of these factors significantly varied across the
investigated samples. Owing to its simplicity, Raman spectroscopy appears to be a promising technique capable of reliable

discriminating between organic crystal polymorphic states.

B INTRODUCTION

Many elements, ionic compounds, or molecules can form
crystals of more than one structure. This behavior, poly-
morphism, is also encountered in single-component organic
crystals." Individual crystal forms can then exhibit different
physical or even chemical properties.” The identification of
polymorphic forms is therefore of crucial importance, for
example, in the pharmaceutical industry. Various pharmaceut-
ical processes yield different polymorphs, hydrates, and solvates
of drugs.’™® In particular, the crystalline state of a given
compound influences its bioavailability, or just the production
cost, as it may be easier to make drugs from one polymorph
than from another. Drug regulatory authorities such as FDA in
USA demand information about polymorphism before granting
licenses for product distribution. Even patents have been made
on the basis of the discovery of new polymorphs.®™®

Apart from polymorphs that have the same molecular
composition, organic substances can form various solvates or
hydrates, which is sometimes referred to as pseudopoly-
motphism.” Inclusion of more than one molecule in the
asymmetric part of the unit cell (Z' > 1) represents yet another

i ACS Publications = 2013 American Chemical Society
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interesting crystal variation.'”"! Complementary to the stand-
ard diffraction methods, the '*C cross-polarization (CP) magic-
angle spinning (MAS) NMR is also an efficient way of
determining Z' by means of comparing the number of observed
resonances with the number of nonequivalent carbon atoms
present in the molecule. > Polymorphic crystals were also
successfully studied by neutron diffraction."”

In the present study, we explore the potential of Raman
spectroscopy to reliably distinguish three model polymorphic
crystals. The low-resolution spectroscopic methods are often
more practical than the X-ray diffraction or NMR, e.g,, samples
are easier to prepare and/or a smaller amount is required, and
the spectra can be collected faster. Raman scattering is very
sensitive to fine structural details in crystals and is thus
increasingly used in analytical chemistry.""™"” It measures the
relative intensity of scattered light as dependent on its shift

from the laser excitation frequency, usually caused by
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vibrational motions in molecules. In terms of sample
preparation, the Raman technique resembles X-ray powder
diffraction, where polyarystalline samples are used as well.

Lately, the vibrational Raman spectroscopy in the solid state
has been boosted by the possibility to reliably simulate spectra
of infinite periodic systems by accurate quantum-chemical
methods. In particular, the plane-wave density functional theory
(DFT) methodology is convenient as it allows for the
crystalline translational symmetry.”® However, we are not
aware of any systematic accuracy test with respect to the
discrimination of the polymorphic crystal vibrational spectra.
Especially for organic molecules bound by weak crystal forces,
high-precision computations are required to detect the finer
crystal structure differences.

To assess the potential for structural studies for the Raman
experiment combined with the computations, we chose
methacrylamide (A), piracetam (B), and 2-thiobarbituric acid
(C) as model molecules representing typical organic systems
forming polymorphic crystals (Figure 1). The differences

O 1. s
CH, CHs N0 H
HaC)g: Hzc:.g: Kn/NH HN | HN H
2
N O ° o 5Py o
2! 2 o H H
Al A2 B C1 c2

Figure 1. Methacrylamide (Al and A2, s-cis and s-frans conformers),
piracetam (B), and 2-thiobarbituric acid (C1 and C2, enol and keto
forms) as model molecules examined in the present study.

between their polymorphs range from a subtle change in the
crystal packing (piracetam) over conformational (methacryla-
mide) and tautomeric (2-thiobarbituric acid) variations. Within
DFT, we model Raman spectra of isolated molecules as well as
take into account the crystal environment of model systems. A
cluster crystal model and a periodic-boundary condition plane-
wave computation are employed.

The industrially important compound methacrylamide is, for
example, a key intermediate in the acetonecyanohydrin process
employed in manufacturing methyl methacrylate.® Of the two
known polymorphs, the monoclinic form I (denoted here as
Al) contains only the s-cis molecules, whereas the ortho-
thombic form II (A2) is exclusively formed by the s-trans
conformer.?

Similarly, piracetam (2-oxo-pyrrolidineacetamide) is a
nootropic agent, currently marketed by UCB Pharma as
Nootropil. It is used to treat the age-related mental decline
and similar disorders of the nervous system. Five polymorphs
have been identified and their structures determined.”’ Among
them, stable forms IT (B, triclinic, of P-1 symmetry) and III
(B2, monoclinic, P21/n) can be prepared by recrystallization
from various solvents under ambient conditions. For example,
propan-2-ol and methanol provide forms II and III,
respectively. Crystal structures of both forms have also been
reported.”>** Unlike in A, however, molecular conformations
B1 and B2 are almost identical. Two approximately planar
parts, the pyrrolidine ring and the acetamide group {Figure 1),
are almost perpendicular. The crystals are formed from dimers
linked by two N—H:--O hydrogen bonds. The crystal packing
of the two forms looks quite similar if projected on the ac or bc
crystallographic planes and differs most if observed along the c-
axis {projection to ab plane).
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Above 400 K both forms transform into form I {triclinic, P-
1),** which at ambient temperature can be converted to
phase II. High-pressure recrystallization of aqueous and
methanolic solutions of piracetam resulted in the formation
of yet another high-pressure polymorph IV, structurally
characterized by single-crystal X-ray diffractometry.”’ A
compression of form II by 045—0.70 GPa causes a reversible
single-crystal to single-crystal transition to the last form V.>!

As for 2-thiobarbituric acid, a substance valued since long
time for its pharmacological proj erties,” six polymorphs have
been isolated and characterized.”**” We have chosen forms IT
(C1) and III {C2) that can be prepared by recrystallization
from absolute ethanol and dry acetonitrile, respectively. In C1,
the molecules are present in the enol form, whereas only the
keto isomer is present in C2. The other 2-thiobarbituric
polymorphs and a hydrate also contain these two isomers;
details can be found elsewhere.*

W METHODS

Crystal Preparation, X-ray, and NMR Characterization.
Methacrylamide, piracetam, and 2-thiobarbituric acid were
obtained from Sigma-Aldrich, and samples of different
polymorphs were prepared as described in the literature listed
above. Briefly, crystals of Al were obtained by recrystallization
from a hot chloroform solution, and A2 was prepared by slow
cooling of warm water solution of methacrylamide. B1 and B2
were obtained by recrystallization of piracetam from propan-2-
ol and methanol solutions, respectively. Polymorphs C1 and C2
were obtained by recrystallization of 2-thiobarbituric acid from
dry ethanol and dry acetonitrile, respectively. Sample C2
contained traces of C1 {~5%), and its contribution was
subtracted from each resultant Raman spectrum of C2. Solid-
state NMR spectra were recorded with Bruker Avance II 500
spectrometer operating at 499.8 MHz in the 'H and at 125.7
MHz in the *C experiments, using rotors 3.2 mm in diameter.
The chemical shifts were referenced to crystalline a-glycine as a
secondary reference (g 176 ppm for carbonyl group
carbon). The ramped amplitude shape pulse was used during
the cross-polarization. The contact time in the basic C
experiments was 2 ms, the relaxation delay 4 s, and the spinning
rate 12 kHz. The identity of the methacrylamide sample was
also verified by X-ray measurement on KappaCCD four-circle
diffractometer with a CCD area detector and Mo Ka radiation.
The structures were solved by direct methods® and refined by
full-matrix least-squares based on F2%° with absorption
neglected.

Raman Experiments. Solid-state Raman spectra within the
100—2000 cm™" range were collected with BioTools ChiralRA-
MAN-2X instrument based on a design of Hug®® {532 nm
excitation wavelength, 32—128 scans, 1.03 s illumination time,
laser power at sample 50—300 mW) and processed using in-
house software.” Calibration was carried out with a neon lamp
and verified with crystalline a-glycine. First, one polymorph was
recorded and then the second one; this was repeated three
times. As another control, the mixture of both polymorphic
materials was measured and compared with individual
polymorphs. Polycrystalline samples were measured in fused
silica sample cell.

Alternatively, a near-infrared (NIR) Fourier spectrometer
Equinox 55/8 fitted with a Raman module FRA 106/8 (Bruker,
Germany) was employed to collect spectra excited by a
Nd:YAG laser (1064 nm excitation, 1024 or 2048 scans, 2 cm™*
resolution, at least four spectra were averaged per sample).

dx.doi.org/10.1021/jp404382f 1 J. Phys. Chem. 8 2013, 117, 72977307
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Table 1. Overview of Studied Compounds and Their Crystal Structure

Crystal® Crystal®
Compound Form 1 abc(A) Form 2 abe(A)
a By (deg) afly (deg)
A methacrylamide WANSAGO2 WANSAGO1
Ref.’ CHy 9.365 6.086 9.743 CH; 5.934 10.242 16,436
HC 90.00 11530 90.00 HaC 90.00 90.00 90.00
HN HaN
B Piracetam & BISMEV & BISMEV01
Ref. N0 6,403 6,618 8,556 NS0 6.525 6,440 16,463
79.85 102.3991.09 90.00 92.19 90.00
Kn,NHz \( NH,
0 o]
C  2-thiobarbiturie o} PABNAJ o] THBARBO1
acid H 9.874 8.776 7.066 H 9,523 7.703 8.002
Ref. * j\ ‘ 90.00 109.30 90.00 Hj\ H 90.00 105.68 90.00
s¥TNT ToH s N0
H H
“Cambridge Structural Database ID and unit cell parameters.
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Figure 2. "°C solid-state NMR spectra of polymorphic crystals, From top to bottom: Al vs A2, B1 vs B2, and C1 vs C2. For clarity, the forms Al,
B1, and C1 are plotted in red and offset by ~4 ppm; in A, the three low-intensity signals in the 20—80 ppm region correspond to spinning side bands

of the sp” carbon atoms.

Powdered sulfur was used as a reference sample to check the
wavenumber scale. A ChiralRAMAN-2X spectrometer provided
a stronger signal, whereas the NIR-excited measurement
reduced the fluorescence and provided a wider range of
frequencies (—300 to 4500 cm™'). The NIR Raman spectra are
shown by default.

Raman and NMR Spectra Calculations. The atomic
coordinates of the polymorphs of methacrylamide, piracetam,
and 2-thiobarbituric acid were derived from the Cambridge
Crystallographic Database™ (see Table 1 for the reference
codes). The shielding values of the infinite crystals, harmonic
force fields, and Raman intensities were calculated by using the
CASTEP program.® The calculations were based on X-ray
structures with positions of all atoms optimized by energy
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minimization; the experimental lattice parameters were kept
fixed. The generalized gradient approximation (GGA) func-
tional of Perdew, Burke, and Ernzerhof (PBE)* and norm-
conserving pseudopotentials were employed. Harmonic force
field and Raman intensities within the periodic boundary
conditions™ were calculated at the same level as for the
optimization. To verify reliability of the results, two
combinations of the plane-wave cutoff energy and Mon-
khorst—Pack® grid spacing were applied (600 eV and 0.08 A™!
and 900 eV and 0.05 A™'; the latter setup providing better
results on average is presented by default), With the optimized
geometries, NMR shielding was calculated using the gauge-
including projector-augmented wave approach (GIPAW)*” and
the “on the fly” pseudopotentials at $50 eV cutoff.*

dx.doi.org/10,1021/jp404382f 1 ). Phys. Chem. B 2013, 117, 7297-7307



The Journal of Physical Chemistry B

a)

16427

IRAM

0.00

r 0.00
0.03

0.02 '
Experiment

0.01

500 1000 1500

3000

Wavenumber (cm-1)

3500

Figure 3. Raman spectra of methacrylamide, A2, computed for (a) single molecule and (b) a cluster. The (0,0,0) mode signals of the periodic
elementary cell are in the (c) and (d) panels, while (¢} is the experimental spectrum. Spectra a—c were obtained at the B3PW91/6-311++G*#/6-
31G/CPCM level and x-scaled by a factor of 0.96; (d) was obtained by the plane-wave simulation with the PBE functional.

As an alternative to the CASTEP ‘“plane-wave” (PW)
approach described above, we computed the Raman spectra
with a cluster model and Gaussian atomic orbitals. First, the
crystal cell obtained for each simulated system from the
database was propagated to a “3 X 3 X 3" packing geometry,
replicating elementary cell directions. Then clusters of a
molecule chosen in the center and neighboring molecules
closer than 4 A were created with our own software. Finally, the
geometries of the clusters were optimized in normal mode
vibrational coordinates™™*” with w,,*' of 300 an™’. Note that
such constrained optimization leaves the crystal geometry
virtually unchanged, whereas the vibrational coordinates
relevant to Raman spectrum (frequencies typically greater
than @) can be relaxed.

The force field and polarizability derivatives of the clusters
were then calculated by the Gaussian'® program and trans-
ferred™"" back to the crystal cell. The BPW91"® functional
with the 6-31G and 6-31G** basis scts and the B3PW91**Y
functional with the 6-311++G** and 6-31G basis sets for the
central and neighboring molecules, respectively, were used. The
reduction of the basis set was necessary to obtain results in a
reasonable computational time. Supposedly, however, the effect
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of this approximation on the precision is limited as the diagonal
farce constants most important for the vibrational frequencies™®
were obtained from the central molecule with the larger basis
set. The results were quite similar given the differences between
the polymorphic forms; only the B3PW91/6-3114++G*#/6-
31G calculations are shown, with the surrounding crystal
environment simulated by placing the clusters in the CPCM
model solvent'® with relative electric permittivity &, = 78. We
used the water permittivity as reported earlier™ to approx-
imately mimic the dielectric properties of polar organic crystals.
While the CPCM correction provided slightly better results
than vacuum computations, we verified that the simulated
spectra were fairly independent of the variation of £,

From the plane wave model and cluster force fields, zero (0,
0, 0) crystal phonon mode vibrational frequencies were
calculated. Involvement of phonon modes with nonzero wave
vectors had a negligible effect on the simulated intensities.
Theoretical spectra were simulated with the Lorentzian bands,
and the full width at half-maximum (A) was set 10 cm™, while
applying the Boltzmann temperature correction. The spectrum
at frequency @ was obtained from the computed backscattering
Raman intensities (I,g,) of each mode i with the harmonic

dxdoiong/10.1021/jp4043821 | |, Phys. Chem. 8 2013, 117, 72977307
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Figure 4, Calculated (top, plane wave) and experimental (bottom, NIR} Raman spectra of the two methacrylamide crystal forms, within 1300-1750
cm ', Main intensity changes are indicated by the blue arrows; selected peak maxima are indicated.

vibrational frequency w, as S(w) = @ {1 — exp[—w/
(kT)]} Y4 (0 — 0,)/A]* + 1}, where k is the Boltzmann
constant and T is the temperature.

B RESULTS

NMR Analysis. The NMR results were not the focus of the
present study, as the detection of polymorphic forms by this
technique has been previously described for a number of
compounds.****" In Figure 2, °C solid-state NMR spectra of
polymorphic forms of methacrylamide (Al, A2), piracetam
(B1, B2), and 2-thiobarbituric acid (C1, C2) are plotted. It can
be clearly seen that the crystal packing induces specific
shielding; ie., the samples used in the Raman measurement
correspond to the required forms.

Curiously, only nonpure preparations of methacrylamide
batches, i.e., those 3159 containing one or the other form, have
been described so far.” As it is apparent from the NMR spectra
(Figure 2), we did obtain pure forms of this compound.
However, when sample A2 (prepared from water solution) was
not completely dried before the CP-MAS experiment, it slowly
transformed to Al. The process could be monitored in a series
of successive CP-MAS spectra, in which the A2 signals were
decreasing while the Al ones were increasing. The A2 to Al
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.

The caleulations reproduce the experimental differences in
chemical shifts of the polymorphic forms quite well. Except for
one atom, all predicted signs agree with the experiment, with a
small average error of 1.5 ppm (5, see Table S1). These results
are in accord with our earlier study, where the solid state NMR
spectroscopy was found to be very suitable for identification of
the polymorphic forms and the crystal pm:l'u'ng,sl The crystal
packing is reflected in the chemical shift in two ways; it directly
affects the electronic shielding by neighboring molecules and
the geometry or conformational changes due to the packing
itself.>>** Either of these contributions can be estimated by the
comparison shifts calculated for an isolated molecule (while
employing either X-ray data or optimized geometry; see second
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and third column in Table $1). However, as expected, the full
periodic boundary computation (fourth column in Table 1) is
needed to reach the best agreement with the experiment.

Theoretical Models Adopted for Raman Spectra. To
understand the Raman spectral pattern, we adopted various
models for its simulation. This is exemplified by the spectra of
the A2 form plotted in Figure 3. The single-molecule
computation performed at the B3PW91/6-314++G**/CPCM
level (panel a in Figure 3) is compared to the spectrum of the
cluster (b). In addition, the elementary cell signal was obtained
from (b) by the CCT transfer* (c) and as the plane-wave PBE
result (d). The experiment is plotted in panel e. The B3PW91
frequencies were scaled by a factor of 0.96 for an easier
comparison.

The effect of the packing interactions is clearly manifested in
spectra shown in Figure 3. The isolated molecule (a) provides
the basic spectral pattern; however, it deviates in some features
from the experiment (e). For example, there is no signal
(except for the weak band of methyl rotation at 163 cm™) at
the lowest wavenumbers, unlike in the experiment with a strong
peak at 131 cm™'; the experimental band at 1575 cm ™' does not
have a clear counterpart in the simulation, and the simulated
bands at 3459 and 3585 cm™' (in- and out-of-phase NH
stretching, respectively) are too high.

The cluster model (b) provides a more realistic spectrum. In
particular, the lowest wavenumber (~100—600 cm™) signal
rises and is better structured than on (a), which reflects the
crystal packing forces. These modes are to a large extent
composed of delocalized translations/rotations of various
molecular parts. Also, the NH out-of-phase stretching
frequency dramatically falls to 3379 cm™, and the in-phase
mode (3201 cm™' in (b)) is even below the CH, group
stretching. This corresponds to the uneven length of the
NH--O hydrogen bonds in the crystal, 2.029 and 2.093 A}
contributing to the splitting of the NH stretching modes. It is
also interesting to note that the PCM approximation of the
bulk crystal adopted for the single-molecule spectrum a does
not adequately represent the NH stretching frequency affected
by the hydrogen bonding. Such inability of the polarizable
continuum solvent models to fully describe the directional and

dxdoiong/10.1021/jp4043821 | |, Phys. Chem. 8 2013, 117, 72977307
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partially covalent hydrogen bonds has been well documented
elsewhere. s %"

Finally, spectra ¢ and d obtained from the periodic
elementary cell and the (0, 0, 0) phonon mode are the most
realistic ones. The cluster-based model (c) provides a more
realistic hydrogen-stretching pattern, in particular the 3192
cm™! signal observable at 3172 em™, and intensities above
1200 and below 200 cm™. On the other hand, some features,
mostly within 200—1200 cm™, are better reproduced by the
plane-wave calculation (d).

A visualization of the normal mode displacement reveals an
interesting shift of the amide I (C=0 stretching) mode, in the
single-molecule (a) hidden at the signal around 1642 em™.
This vibration heavily mixes with the in-phase NH bending and
shifts downward in the crystal, to 1542 em™' for the cluster
model ¢, experimentally at 1575 cm™'. Note that the plane-
wave approach can take into account the longer-scale electron
conjugation and periodicity of the crystal structure, whereas the
cluster model comprises interactions of the neighboring
molecules only. On the other hand, the cluster approach
enables one to use a more advanced functional (B3PW91,
containing the Hartree—Fock exchange) and the more
economical Gaussian basis set.

A1 and A2 Polymorphs. The differences between the
individual polymorph spectra of methacrylamide (A1 vs A2,
caleulation vs experiment) are documented in Figure 4 showing
the 1300-1750 cm™ interval where the most significant
spectral changes occurred. As it can be seen, individual
polymorphs of this molecule differ in minor shape changes of
the Raman bands.

The relative intensity and frequency changes between
individual peaks in Al and A2 spectra can easily be inspected
visually (Figure 4). Experimentally, for example, the intensity at
13745 ecm™' of A2 partially moves to 1391 em™' for Al
Corresponding calculated peaks at 1356.6 and 1370 cm ™' reveal
that this is caused by changes in mode coupling, rather than by
shifts of the vibrational frequencies themselves. In particular,
the CH; umbrella CH bending vibrations (experimentally
~1376 cm™") couple differently with the other modes (NH,,
CH, bending, C—C stretching), providing thus the intensity
boost at 1370 cm™" in Al.

Similarly, another strong signal for A2, experimentally at
1433 cm™, calculated at 1407 cm™!, originates in CH scissoring
modes coupled with other CH bending and C—C stretching, A
minor band of A2 at 1475 cm™" is caused primarily by CH;
scissoring vibrations. The calculated band at 1512.2 cm™ in A2
shifts to 1519.8 em™ in Al, as in experiment, although the
observed change is smaller and the absolute frequency higher,
at ~1576 cm ™. Because this frequency is underestimated in the
cluster model as well (e.g, at 1542 cm™, spectrum «, Figure 3),
the lack of anharmonic corrections in the model is the most
likely scenario. Presently, we are not aware of any other method
providing reliable anharmonic corrections for systems of this
SizZe.

It is important to understand that the main differences in the
polymorphic spectra have in this case their origin in the crystal
packing. The cis and trans conformations of individual
methacrylamide molecules provide different spectra (cf. Figure
S1) but do not explain the crystal features (Figure 3) or the
polymorphic differences (Figure 4). Interestingly, the Al and
A2 crystal Raman spectra (see Figure $2 for a comparison in
the entire range of frequencies) resemble more each other than
those of the isolated cis and trans conformers (Figure $1). In
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other words, crystal packing appears to smear the differences in
the spectra of individual isomers.

Polymorphs B1 and B2. Piracetam behaves somewhat
differently than methacrylamide. The B1 and B2 polymorphic
forms are composed of very similar rotamers. The con-
formation in which the amide group is approximately
perpendicular to the nearly planar five-membered ring is also
conserved. The differences in the Raman spectra primarily arise
from the different crystal packing, with the P-1 symmetry in B1
and P21/n in B2. Even then, the packing is quite similar,” with
a piracetam dimer being the basic unit held together by a
dispersion attraction of the five-membered rings, and by
hydrogen bonds between the NH, and exocyclic carbonyl
groups. In Bl, the dimer hydrogen bonds are slightly shorter
(1.953 A), and the ring is slightly more puckered than in B2 (cf.
the N—Co—C—C angle of 7°, Figure 5).

1953 B1

Figure 5. Piracetam dimer structure in two polymorphic crystal forms
(distances in A, torsional angles in deg).

The great degree of similarity between Bl and B2 causes
only minor changes in the Raman spectra. The small effect of
the packing on the spectra in an organic crystal is in agreement
e.g. with a recent study®' about vibronic effects and solid state
circular dichroism. However, as it can be seen in Figure 6 where
the experiment from the 1064 nm excitation is compared to the
plane-wave calculation, the differences exhibited as fine
frequency and intensity changes occur within the entire range
of frequencies and are reasonably matched by the computation.

Calculation

— B1
— B2
~—— Difference

(025}

Experiment

500 1000 1500 2800

Wavenumber (cm")

3200

Figure 6. Calculated (top) and experimental (bottom) Raman spectra
of the piracetam polymorphs B1 and B2. The intensity scale is
arbitrary, but consistent in calculation and experiment; the intensities
in the upper right panel are scaled down by a factor of 0.25.
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The experimental spectrum obtained with the 532 nm laser is
quite similar, and its comparison with a computed spectrum is
shown in Figure 53. The correspondence between the
simulation and the experiment is less clear in the hydrogen
stretching region (2800—3400 cm™", Figure 6), most likely due
to anharmonic forces™ that are difficult to include in the
computation.”® However, the theory provides correct signs of
the intensity shifts of most bends including the most important
intensity features of the difference spectrum plotted in Figure 6
in blue.

Alternatively, one can inspect the frequency change of
individual vibrational bands for the two polymorphic forms.
This analysis is more laborious than visual comparison of
intensities as the corresponding peaks need to be identified.
Nevertheless, as shown in Figure 7 where 10 vibrational bands

m Cluster
PW
&SS9 Experiment

Am(cm")

295
566
7T

o wn
b @
@ ®©

899
1031
1433
1490
1654

Vibrational Band (cm'1)

Figure 7. Ten largest frequency differences in the Raman bands
between piracetam polymorphs, Aw = m(B1) — w{B2), calculated by
the cluster and plane-wave method, and measured experimentally.

with the largest changes were selected, the frequency changes
can also be quite reliably reproduced by the calculations. The
plane-wave method appears to be more reliable than the cluster
model; the latter one even yielded a frequency difference for
the 1031 cm™’ Raman band with a wrong sign. Overall,
however, the main trends are reproduced well. The large
differences between the computation and experimental changes
for 777 and 1433 cm™” bands are at least partially explicable by
an interference of close vibrations, indistinguishable at the
currently available experimental resolution. On average, the
changes computed by the PW method match the experiment
with an error of only about 2 cm™" and correlation coefficient of
0.739; the cluster results are noticeably worse (Figure $4).

The higher frequency (>2000 ecm™) modes were not
included in the statistics as they are difficult to assign and
prone to anharmonic perturbations.>*! Quite often, modes
involving large hydrogen atom movements provide the largest
frequency differences. These include the backbone torsion and
CH, group rotation (experimentally at 295 e¢m™'), NH,
bending (853 cm™), torsion (865 em™'), or CH, scissor
modes (1433 and 1490 cm™'). The modes involving the amide
oxygen (out-of-plane deviation at 566 ¢m™' and C=0
stretching at 1606 cm™') also provide large frequency
differences of about 5 cm™" (Figure 7).

On piracetam, we can also demonstrate the effect of the
energy cutoff and grid size on the computed Raman spectra
(Figure SS5). Both computational setups provided a reasonable
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spectral shape, and for some bands the cruder model (500 eV,
0.08 A) gave a better agreement with the experiment than the
finer one (900 eV, 0.05 A). However, the finer setup clearly
performed overall better in terms of frequencies and relative
peak intensities. The differences between the two polymorphic
forms were significantly overestimated by the cruder model.
Higher computational precision is thus required to capture the
tiny differences in Raman spectra, as caused by crystal packing.

2-Thiobarbituric Acid Polymorphs C1 and C2. This
compound exhibits yet another behavior than the previous two
systems, with the greatest differences among the Raman spectra
of its polymorphs. The simulated (plane-wave) and NIR
Raman experimental spectra are plotted in Figure 8. In the
hydrogen stretching region (~2800—3300 cm™), for example,
the C1 form has only one distinct peak in the experimental
spectrum (3104 cm ™), whereas C2 has three. This observation
corresponds to the more extensive hydrogen bond network
only compatible with the enol form C1 (cf. Table 1).2°
Computation yields more peaks in this region, but we can
suppose that the NH stretching signals (3110, 3126, and 3222
em™" in Figure 8) are manifested as a broad background only in
the experiment, due to the strong anharmonic effects and
polarity of the hydrogen bond, similarly as for the OH
stretching,

The plane-wave computation provided an unreasonable value
of the OH stretching frequency (~2000 cm™, not shown),
most probably due to the inaccuracy of the PBE functional
unable to describe the very short hydrogen bond and a rather
long OH bond observed in the crystal. The =0--H and O-H
distances were determined as 1.44 and 1.097 A, respectively.”
Indeed, the OH vibration can be better reproduced with the
cluster model where the B3PW91 functional can be used and
where the signal at 2000 cm ™" disappears. However, this does
not improve the overall agreement with the experiment (cluster
computation, Figure $6). As expected, the single-molecule
spectra, also plotted in Figure S6, are not realistic either. Most
probably, the weak experimental signals of the OH and NH
stretching bands are caused by anharmonic interactions and
consequent inhomogeneous band broadening; the experimental
band at 3104 cm™' can then be assigned to C—H stretching.

In the experimental Raman spectrum of C2, three strong
bands appear in the high-frequency region (Figure 8). The
peaks at 2874 and 2979 cm™! are reproduced by the calculation
(2886 and 3036 cm ™) as C—H stretching bands. Interestingly,
the rather unusual low frequency of the experimental 2874
em™ band seems to be caused by a weak hydrogen bond
involving an aliphatic hydrogen and keto group oxygen. The
third experimental band at the highest frequency (3097 cm™")
is reproduced as a split 3108/3131 cm™" signal, which unmasks
yet another loophole in the theory regarding the polar
hydrogen bonding.

The spectra of the C1 and C2 forms are even more complex
in the lower-frequency region (<1800 cm™", Figure 8), and the
theory can faithfully reproduce only some experimental
features. It should be also noted that the experimental spectrum
C1 may contain incompletely subtracted contributions from
C2. However, by a careful comparison, a reliable assignment of
most peaks is possible. Only the €2 form provides the C=0
stretching (“amide I") peak at 1717 cm™ in the experiment,
reproduced at 1657 cm™" by the model. In Cl, this mode is
mixed with C=C stretching, providing only a weak signal as
reproduced by the calculation. The amide 1I mode (largely N—
C stretching) shifts from the experimental 1553 em™ peak in

dx.doiarg/10.1021/jp404382f | J. Phys, Chem. 8 2013, 117, 72977307
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Figure 8. 2-Thiobarbituric acid: calculated (plane-wave) and NIR experimental Raman spectra of the two polymorphic forms C1 and C2.

C1 to 1571 em™ in C2, similarly as in theory (1508 — 1512
cm™). A ring deformation in C1 gives a strong signal both in
the theoretical (1405 cm™) and observed (1422 cm™')
spectrum, similarly as for the CH, scissoring mode in C2
(exptl 1377 em™, caled 1325 cm™). The experimental C=S$§
stretching band moves down from 1025 cm™ (C1) to 1010
cm™' (C2), as does the theoretical one (1020 — 999 cm™'). A
visual inspection of the normal modes reveals that C=S§
stretching is also mixed with C=N stretching, contributing to
the signal around 1170 em™.

A rather specific signal, clearly stronger in the C2 form, is due
to out-of-plane motions, such as NH bending; it is
experimentally observed at 798-935 ecm™" and calculated at
867-913 cm™'. The strongest experimental intensities,
detected at $87-606 cm™', are underestimated by the
computation. They originate in the out-of-plane C=0, C=
S, and C—H group motions, which are notoriously difficult to
describe within the harmonic approximation.””* Finally, the
lowest-wavenumber region is also rich in information,
involving, for example, the 526/535 (caled/exptl) em™ or
the 428/427 cm™! ring deformation band characteristic for C1
and a very stable C=S$ bending frequency (experimentally at
264/275 em™' for C1/C2).
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Although the polymorphic differences can be reliably
reproduced by our models, an accuracy improvement is
certainly still needed. It as very likely that the accuracy of the
GGA force field and Raman intensities obtained within the PW
computations represent the limiting factor; the cluster approach
is more flexible in the basis set and functional choice but limited
in the physical model. The absolute Raman intensities in
particular are extremely sensitive to the basis set variations.*®
For the C1/C2 polymorphic forms, a correction for
anharmonic forces can potentially improve the hydrogen-
stretching region (2800-3200 ¢m™'). However, this is
currently impossible for a system of this size. Additionally,
larger deviations between the simulations and the experiment
are also encountered in the lower-frequency region. Although
this region is presumably well described at the harmonic level,
frequency shifts of several cm™ caused by anharmonic forces
cannot be excluded. Future improvements of the method are
thus dependent on the efficiency of implementing more precise
electronic and vibrational quantum chemical methods.

Other structural information might also be hidden in the
lattice modes, not analyzed in the present study. Our
spectrometers do not enable measurement below ~100 cm™.
These vibrations are difficult to analyze because of the large
background signal and a limited precision of calculated force

dxdoiong/10.1021/jp4043821 | |, Phys. Chem. 8 2013, 117, 72977307
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fields. Another important practical issue in the Raman spectra
interpretation is the use of coordinates determined by X-ray
diffraction. If one wants to replace X-ray spectroscopy, a pure a
priory generation could be considered in the future for the
initial coordinates as well. Currently, we propose the Raman
technique as a convenient complementary way of examining
the polymorphic forms in analytical practice.

Bl CONCLUSIONS

We succeeded in preparing model polymorphic crystal forms of
three model compounds including those of practical
importance and characterized them by NMR and Raman
spectroscopy. Pure polymorphs of methacrylamide were
prepared, which has not been reported so far.

The NMR data confirmed sample purity and good
performance of the technique in polymorphic discrimination.
Raman spectroscopy proved to be an equally viable technique,
as the spectra of different polymorphs exhibited distinct
features that could be reliably reproduced by the density
functional computations. Compared to green (532 nm} laser,
excitation by a near-infrared one was samewhat more suitable
as it suppressed sample fluorescence. The spectral shapes were
similar in both experiments.

In spite of minor inc wcies, the pl approach,
inherently comprising the crystal symmetry and periodicity,
made it possible to reliably simulate spectral frequencies and
intensities. Occasionally, the cluster-based computations were
more advantageous as they could be combined with more
theoretical approaches, in particular with different functionals.
The studied examples represent a wide array of interpolymor-
phic differences manifested in the Raman spectra, from an
almost pure crystal packing influence (piracetam) to profound
changes in molecular structures {methacrylamide, 2-thiobarbi-
turic acid). The computational models could successfully
handle all cases, and we aim to further improve them so that
even more complex systems can be reliably examined in the
future, In any case, we demonstrated that Raman spectrascopy
combined with computational modeling can significantly
enhance the structural analysis of organic compounds’
polymorphic forms.
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The oxidation reactions ol 5-aminopyrimidine derivatives in dimethyl sulphoxide (DMSO) were studied.
The DMSQ solutions of the studied compounds became deeply coloured within a few heurs or days. The
oxidation products can undergo further condensation reactions with the starting pyrimidines to yield
bipyrimidines andfor pyrimidopteridines. The reaction mechanism of the oxidation-condensation reac-
tion was also supported by reactions of the 5-aminopyrimidines with alloxan {2,4,5,6-tetraoxopyrimi-

dine). DMSO is often used as the solvent in in vitro tests of biclogical activities, but it is also an
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biochemical data.

oxidising agent and may react with solute molecules and significantly affect the quality of the generated

@ 2012 Elsevier Lrd. All rights reserved.

Substituted pyrimidines play a key role in many biochemical pro-
cesses; for instance, they form the basic building blocks of nucleic
acids and are found in high-energy molecules with higher specificity
than adenosine-5'-triphospate (ATP). Cytosine-5'-triphosphate
(CTP) works as a coenzyme in glycerophospholipid synthesis or in
glycosylation reactions of proteins.! Synthetically prepared amino-
pyrimidine derivatives display a wide range of biological activities
such as antibacterial? antitumor® and antiviral.** Therefore, the
substituted aminopyrimidine structural motif can be found in
diverse clinically approved drugs. Interestingly, a substituted ami-
nopyrimidine moiety was also suggested to account for the antioxi-
dant activity of folic acid, and this was hypothesised to play arole in
the protective effects of folic acid against cardiovascular, neurologi-
cal or haematological pathologies.®

In our previous work,” we studied the antioxidative activities of
a series of S-aminopyrimidines and observed that some of the
compounds were unstable in DMSO solutions; within a few hours
or days, the solutions coloured and the antioxidative activities de-
creased. The deleterious effect of DMSO on the performance of cer-
tain antioxidant assays owing to its ability to act as a hydroxyl
radical scavenger has long been known.® However, when working
with peorly soluble compounds, DMSO is sometimes impossible
to avoid for in vitro screening. The feasibility of the use of DMSO
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E-maif address: dracinsky@uochb.cas.cz (M. Dratinsky).

0960-894X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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as a solvent in the evaluation of new potential antioxidants has
been centradictory. Recent studies have suggested that DMSO is a
tolerable vehicle in the antioxidant assays supposing that the rele-
vant controls are provided and that the final DMSO concentration is
kept below 5%.° However, the stability of the potential antioxidants
in DMSO solutions is rarely addressed in the literature in spite of the

0 (8] (8]
||NJ\|/NH’ air HN)\’EN” HNJEO L
—
> P P
D//I\ﬁANHg (l;\N NHa 07 N7 NH,
1
o 0 0 0
=N N
HNT S = T N HN S NH
A - N A | PN
07NN, NN o o NN o
1a ] 1
o] [¢]
H H
o N, _N._O
N N N0 NN >
Aot | AL ww
%N N P NTN
;N N
o 1c 0

1

Scheme 1. The proposed reaction mechanism of the oxidative self-condensation of
compound 1 in water in the presence of air '
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fact that DMSO is a redox-active agent theoretically capable of oxi-
dising the tested compounds.

We hypothesise that DMSO could oxidise 5-aminopyrimidines
similarly to other oxidation agents (e.g. air,'° potassium ferricya-
nide!! or mercury oxide'?). The oxidative self-condensation of
5,6-diaminopyrimidines has been known for a long time.!° The
proposed reaction mechanism'® is depicted in Scheme 1. The initial
step of the reaction is the oxidation of the starting pyrimidine
derivative (1) to the pyrimidine-quinone-imine, which may under-
go hydrolysis under the reaction conditions to give quinone. Subse-
quent condensation of quinone-imine or the quinone with the 5-
aminogroup of unchanged 1 can yield the bipyrimidine intermedi-
ate 1a, which can undergo third-ring closure by direct loss of
ammonia or by preliminary hydrolysis followed by dehydration;
the final product of the reaction is the pyrimidopteridine product
1b (bis-alloxazine). Alternatively, the condensation of quinone-
imine or the quinone with the 6-aminogroup of unchanged 1
would lead to pyrimidopteridine 1¢.'?

The pyrimidopteridine products of the reaction are highly insol-
uble and deeply coloured. Several pyrimidopteridine derivatives
were prepared as potential coronary vasodilators, but their phar-
macological evaluation did not prove their clinical usefulness.'?
On the other hand, it is possible to use these pyrimidopteridines
as electron-transfer particles, which work as low reduction poten-
tial flavin mimics.'*'

The aim of this work was to study the decomposition of 5-
aminopyrimidines in DMSO solutions, to identify the products
and to propose the reaction mechanism of the reactions.

The studied compounds were dissolved in DMSO and the solu-
tions were stirred at room temperature. Immediately after dissolu-
tion, the solutions were colourless. Typically, deep colour changes
were apparent within a few hours. The progress of the reactions
was monitored by UV/VIS and NMR spectroscopy.

Compound 1 was transformed into a mixture of compounds 1b
and 1c after stirring overnight in DMSO. The products are the same
as in the previously described air oxidation of 1.1°

The solution of compound 2 changed its colour to deep purple
overnight. After two months, the purple colour changed to light
yellow and a yellow precipitate appeared in the reaction mixture
(see Fig. 52 in SI). In the UV/VIS spectra, we observed that com-
pound 2 was first transformed into a purple intermediate product
2a (with absorption maxima at 347 and 550 nm) and within a few
more days it was consequently converted into a yellow product 2b
(with an absorption maximum at 397 nm), which is stable (see
Fig. 1). The isosbestic point at 365 nm provides the evidence for
the successive reactions taking place {2—+2a—2b).

— day 0
- + day4
- day 11
—— day60

700

A (nm)

Figure 1. The changes in the absorption spectra of a 10 mM solution of compeund 2
in DMSO over a pericd of twe moenths at roem temperature. For the UV/VIS spectra
measurement, the solutions were diluted te 0.2 mM concentration.
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Figure 2. The time evelution of the 'H NMR spectra of compound 2 in DMSO. The
starting compound 2 (M) reacts in DMSO to generate the intermediate product 2a
(®). Simultanecusly, the ammonium cation occurs (O). Consequently, 2a is
converted to the final product 2b (*).

The kinetics of these transformations were also monitored by
'H NMR spectroscopy. For illustration, the time-response changes
in the "H NMR spectra of compound 2 are displayed in Figure 2.
The NMR signal of the starting compound (M; 6.35 ppm) practi-
cally disappears from the reaction mixture by day 7. The signal
of the purple intermediate product 2a (@; 8.30 and 8.60 ppm) ap-
pears within only one day of incubation. On day 2, the signal of an
ammonium cation is detected (O; 7.09 ppm, /=51 Hz). In a few
months, it is possible to observe the NMR signal of the final prod-

2.0
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Figure 3. The absorption spectra characterising the individual products (2a, 2b)
isclated from the DMSQ selutien of compound 2 compared te the DMSO seluticn of
compeund 2 standing at reom temperature for 11 days.
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uct of a successive reaction of 2a, the yellow 2b {*, 8.9 and
9.0 ppm). The low intensity of these signals is caused by the low
solubility of 2b in DMSO.

We isolated the two products of the reaction {2a and 2b). The
absorption spectra of the isolated products are shown in Figure
3. The absorption maxima of the individual products (2a and 2b)
are in agreement with the maxima observed in the reaction mix-
ture after 11 days at room temperature, that is at 347 and
550 nm for 2a and 397 nm for 2b.

The high-resolution mass spectra (HRMS) revealed the composi-
tions of the products 2a and 2b to be CgH;pNgO; and CgHgNgO,
respectively. The hydrolysis of compound 2b with sodium nitrite
and dilute hydrochloric acid yielded compound 1b of molecular for-
mula CgH4NgO,, the UV{VIS spectrum of which was identical with
the previously published spectrum of bis-alloxazine.'” The struc-
tures of compounds 2a and 2b together with the proposed mecha-
nism of the oxidation reaction are depicted in Scheme 2. First,
compound 2 is oxidised by DMSO to the pyrimidine-quinene-imine
while an ammonium cation {which was observed in the 'H NMR
spectra} is released. The quinone-imine can subsequently condense
with the 5-aminogroup of another molecule 2, after which the
intermediate 2a can undergo a new ring closure to give 2b as the fi-
nal product of the reaction. In the '*C NMR spectrum of compound
2a, we observed four signals, which is in agreement with the pro-
posed structure of 2a, where the iminogroup of one ring can be in
fast tautomer exchange equilibrium with the amino group of the
second ring. Unfortunately, the very low solubility of pyrimidopter-
idines did not allow us to acquire the '*C NMR spectrum of com-
pound 2b. Interestingly, we did not observe the formation of a
condensation product analogical to the compound 1c.

‘We performed the reaction also in dried DMSO under an inert
atmosphere, and the reaction rates were unchanged. When the
reaction was performed in larger quantities, the smell of dimethyl
sulphide { DMS) was apparent. These observations are in agreement
with the proposed mechanism. Interestingly, when the DMSO solu-
tion was alkalised with a drop of NaOH selution, we were not able
to detect the purple intermediate 2a and the reaction to 2b was
completed in 24 h. Conversely, when a drop of HCl was added to
the DMSO solution, the reaction was slowed down.

The solution of tetraaminopyrimidine 3 in DMSO changed from
colourless to orange overnight. The oxidation preducts of com-
peund 3, two constitutional isomers 3b {yellow) and 3¢ {red), were
isolated and their absorption spectra were compared with the
reaction mixture in DMSO (see Fig. 53 in S1). The molecular fermula
CgHgN4o was determined by HRMS for both compounds 3b and 3c.
The ‘open form’ similar to the intermediate 2a was not detected in
this case because the second condensation reaction is prebably too
fast. The reason for the different reactivity might be in different
acide-basic properties of the two compounds. After hydrolysis of
the amino groups of both isomers with sodium nitrite in dilute
hydrochleric acid, we obtained compounds 1b and 1c, respectively
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Scheme 2. The proposed mechanism of compound 2 oxidation and self-
condensation.

{see Scheme 3). Compound 1c was also prepared {for the compar-
ison of spectral properties) by a known oxidation reaction of 5-
aminouracil with potassium ferricyanide."!

Another studied compound was 5-aminobarbituric acid (4). The
reaction was observed by UV/VIS spectroscopy and 'H NMR spec-
troscopy. In the DMSO solution, the ammonium cation released
(observed by "H NMR) and the ‘open form’ 4a (i.e. a metalochromic
indicator murexide, see Scheme 3) was detected, but no subse-
quent intramolecular condensation was observed. This is not sur-
prising, because no aminogroup is present in 4a. Product 4a has
its absorption maximum at 532 nm and by comparison with the
commercially available sample of murexide, its structure was
unambiguously confirmed.

The DMSO oxidation of 5,6-diamino-4-oxo-2-thiopyrimidine (5)
was also studied. The changes in the UV/VIS spectra and the pres-
ence of ammenia cation observed in 'H NMR suggest that similar
oxidation and condensation reactions take place. However, a com-
plex mixture of products appeared in the solution and the isclation
of the products failed. Some unidentified subsequent reactions
involving the reactive SH group (e.g. oxidation of the SH group)
probably took place. The DMSO solution of 2,5-diamino-4,6-
dimethoxypyrimidine {6) slowly changed its colour to crange. How-
ever, the only change we were able to detect in the 'H NMR spectra
was the hydrolysis of one of the methoxy groups {signals of metha-
nol appeared in the spectra together with an amidic proton and one
methoxy group). Apparently, the hydrolysed product may undergo
further reactions { hydrolysis of the other methoxy group, oxidation
and condensation), which leads to colour changes, but the subse-
quent reactions were so slow that the products were below the
NMR detection limit even after two months. The DMSO solution of
2,5-diamino-4,6-dichloropyrimidine {7) slowly changed its colour
to dark red, which was further converted into yellow. However, both
the NMR and MS spectra revealed that a complicated mixture of
products was formed. The chlorine atoms might have been hydroly-
sed andfor substituted, because the typical isotopic pattern of chlo-
rinated compounds was not observed in the MS spectra.

To support further the proposed reaction mechanism and the
structures of the condensation products, we performed condensa-
tion reactions of compounds 1, 2, 3, 4 and 6 with alloxan {2,4,5,6-
tetraoxopyrimidine). The reactions were performed in DMSO by
mixing equimelar amounts of alloxan with a substituted 5-amino-
pyrimidine. Compound 1 gave bipyrimidine 1d, which gave pyrim-
idopteridine 1b after heating to 120°C. Similarly, we obtained
bipyrimidine 2d and pyrimidopteridine 2e from compound 2.
The preduct 2e was hydrolysed with sodium nitrite te 1b.

We were not able to isolate the bipyrimidine derivative from
the reaction mixture of compound 3 with alloxan; the only product
of the reaction was pyrimidopteridine 3e, which was also hydroly-
sed with sodium nitrite to 1b. 5-Aminobarbituric acid {4) gave
murexide {4a) after reaction with alloxan, and compound 6 con-
densed with alloxan to a bipyrimidine derivative 6d.

We have also studied a series of disubstituted 5-aminopyrimi-
dines (with hydrogen atom in position 2 or 6). They were oxidised
more slowly than the trisubstituted derivatives 1-6. In the UV/VIS
spectra of these compounds, we observed similar changes like for
compounds 1-6. However, we were not able to isolate the oxida-
tion products for the majority of the disubstituted S-amincpyrim-
idines in sufficient quantity for proper characterisation. The full
discussion of these compounds is given in the SL

For comparison, we dissolved 2 6-diamine-4-oxopyrimidine
{i.e. compound 2 without the 5-aminogroup) in DMSO and we
did not observe any changes in the UV/VIS or NMR spectra. Obvi-
ously, the 5-aminogroup is crucial for the exidation reaction. Nei-
ther did we observe any reaction of this compound with alloxan.

All of the reactions were menitored by UV/VIS spectroscopy;
the spectra are shown in the SI. The isolated products were charac-
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Scheme 3. The observed oxidation-condensation reactions of S-aminepyrimidines in DMSO.

terised by UV/VIS spectra and high-reseclution mass spectra. The
UV/VIS spectra are shown in the SI; the absorption maxima are
summarised in Table 1. The wavelength of the absorpticn maxima
is dependent on the number of oxo- and amino-substituents, for
example in the series of compounds 1b, 2e, 3e, 2b and 3b the
number of aminogroups goes from zero to four and the absorption
maximum gees from 360 to 424 nm.

Unfortunately, the pyrimidopteridine products of the reactions
are very poorly soluble and we were not able to acquire '*C NMR
spectra for the majority of them. In the 'H NMR spectra, the signals
of the exchangeable protons {NH and OH) were very broad, proba-
bly because of fast tautomer interconversions. The positions of the

Table 1

The absorption maxima of the prepared compounds
Compound Agax (DM
1b 360
1c 404
1d 515
2a 350
2h 398
2d 538
2¢ 3717
b 424
3c 492
3e 380
da 532
6d 544

proton signals were also very dependent on the conditions of the
measurement; minor changes of temperature or pH probably cause
shifts in the tautomer equilibria. In some cases, we did not obtain
identical "H NMR spectra for the same products obtained from two
different reactions. Therefore, we do not believe that the '"H NMR
spectra are particularly useful for the characterisation of this type
of compound.

The DMSO solutions of the substituted 5-aminepyrimidines
exhibited signs of instability during storage {colour changes). The
antioxidative activity of the coloured samples was clearly lower
than that of the freshly prepared solutions.” In this study, we have
shown that 5-aminopyrimidines can undergo oxidation and subse-
quent condensation reactions in DMSO. Bipyrimidines and pyrim-
idopteridines are formed during the reactions. Importantly, the
rate of the decomposition of 5-aminopyrimidines in DMSO appears
te correlate with their antioxidative activity.” The trisubstituted
S-aminopyrimidines {1-3 and 5) were found toe be more active in
the antioxidant assays and were also faster transformed to their
oxidation products in DMSQO. On the other hand, the antioxidative
activities of the disubstituted S-aminopyrimidines were much
lower or not detected at all and they were also more stable in
DMSO. We observed that the more electron-donor substituents
are attached to the pyrimidine skeleton, the faster the DMSO oxi-
dation of 5-aminopyrimidines is.

Here, we would like to peint out that the antiexidative activities
of various antioxidants (reducing agents) can be negatively
affected by reaction with DMSO {an oxidising agent). We can spec-
ulate that some very strong antioxidants will turn totally inactive
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after their dissolution in DMSO. This fact may also complicate a di-
rect comparison of the antioxidant activity data on certain groups
of compounds between different laboratories. Furthermore, many
other biochemical assays have colourimetric end points and highly
coloured impurities (such as those observed in this study) may af-
fect the results significantly. Therefore, the storage of tested com-
pounds in DMSO solutions should be avoided and freshly prepared
solutions are desirable for biochemical screening.
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