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Abstract 

Intramolecular hydrogen bonds (IMHBs) in 5-azopyrimidines are investigated by NMR 

spectroscopy and DFT computations that involve nuclear quantum effects. A series of substituted 

5-phenylazopyrimidines with one or two hydrogen bond donors able to form IMHBs with the azo 

group is prepared by azo coupling. The barrier of interconversion between two rotamers of the 
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compounds with two possible IMHBs is determined by variable temperature NMR spectroscopy 

and it is demonstrated that the barrier is significantly affected by intramolecular charge transfer. 

Through-hydrogen-bond scalar coupling is investigated in 15N labelled compounds and the 

stability of the IMHBs is correlated with experimental NMR parameters and rationalized by path 

integral molecular dynamics simulations that involve nuclear quantum effects. Detailed 

information on the hydrogen bond geometry upon hydrogen-to-deuterium isotope exchange is 

obtained from a comparison of experimental and calculated NMR data. 

 

Introduction 

Hydrogen bonding is an enormously important and fascinating type of weak bonding that 

is crucial, for example, for maintaining the shape and function of proteins and nucleic acids.1-2 

However, despite its ubiquitous involvement in biomolecular processes, the detailed 

understanding of hydrogen bonding in terms of energies, geometric preferences and dynamics is 

still rather limited.3 The biggest obstacle in hydrogen bond investigation stems from the fact that 

common experimental techniques for structural analysis cannot provide hydrogen atom positions 

with high precision. A prominent example is X-ray crystallography, which is the most widely 

used technique for determination of structures with atomic resolution, but hydrogen atoms are 

very difficult to characterize by this technique. Furthermore, hydrogen atoms may also be 

problematic for common computational methods, because nuclear quantum effects (NQEs), 

which may be important for light hydrogen nuclei, are not commonly involved in the 

calculations. 

Intramolecular hydrogen bonds (IMHBs) affect molecular properties significantly; for 

example, molecules become more lipophilic and may exhibit enhanced membrane permeability 

upon the formation of IMHBs.4 Molecules containing pseudoring formed by an IMHB have been 
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proposed as bioisosteres of several biologically important molecules and it has been proven that 

six-membered hydrogen bonded pseudorings effectively mimic an aromatic ring.5-11 

Exceptionally stable IMHBs have recently been observed in polysubstituted 5-nitrosopyrimidine 

derivatives.12-14 When two hydrogen bond donors were in the neighboring positions to the nitroso 

group, two stable rotamers of the nitroso group were observed and even separated in several 

cases.15 The extraordinary stability of hydrogen bonds in these systems has been explained in 

terms of resonance-assisted hydrogen bonding (RAHB)16-19 and intramolecular charge transfer 

(push–pull interactions).20  

NMR spectroscopy is one of the most powerful tools to study the strength and geometry 

of hydrogen bonds, because all observable NMR parameters are affected by the formation of 

hydrogen bonds.21 A direct evidence of the formation of a hydrogen bond can be obtained, for 

example, by the observation of a scalar coupling across the hydrogen bonds (h
J), allowing 

simultaneous identification of hydrogen-bond donor and acceptor.22 Since their first observation 

in 1998,23-24 scalar interactions across hydrogen bonds have become an important tool for the 

structural elucidation of biological macromolecules.3, 25-27 

Here, we present the results of our synthetic, NMR and computational study of substituted 

5-phenylazopyrimidines with one (1a–1c) and with two (2a-2c) hydrogen bond donors in 

positions 4 and 6 (Figure 1). These compounds can form two different six-membered pseudorings 

with IMHBs. We demonstrate that the nature of the substituents has a large effect on the stability 

of the two forms of the molecules. Furthermore, 15N labelling of the compounds allowed us 

determination of through-hydrogen-bond NMR coupling constants, which are correlated to the 

hydrogen bond strengths. A combination of experimental NMR data with path integral molecular 

dynamics (PIMD) simulations, that involve NQEs, is shown to provide intimate details about the 

IMHBs in these systems.  
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5-Azopyrimidine nucleosides with the same structural motif as the molecules investigated 

here have recently been suggested as nucleodyes – visibly colored nucleoside analogs with 

potential application in studying nucleic acids and their cellular interactions.28 5-Azopyrimidines 

have also been proposed as prodrugs of pyrimidine derivatives with antioxidant activity.29 

Generally, azocompounds have found multitude of applications ranging from synthetic chemistry 

to medicine and nanorobotics.30-45 

 

 

Figure 1. The structure of the studied compounds. 

 

Results and Discussion 

Synthesis 

The key reaction step in the synthesis of the target compounds 1 and 2 is azo coupling 

between properly substituted pyrimidine and aromatic diazonium salt formed from aniline 

bearing a substituent in para position of the phenyl ring (p-NO2, p-OMe). Thus, azo coupling of 

2-amino-4,6-dihydroxypyrimidine (3) with benzenediazonium chlorides 4a, 4b and 4b-15N1 

(Scheme 1) gave azo compounds 5a, 5b and 5b-15N1, respectively, as solids that precipitated 

from the reaction mixtures. The products 5 were chlorinated with Vilsmeier-Haack-Arnold 

reagent to obtain 4,6-dichloropyrimidine derivatives 6. The conventional heating of compounds 6 
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with ethanolic ammonia or methanolic 15N ammonia solutions afforded compounds 1 and 

subsequent heating of compounds 1 with ethanolic methylamine solution or with 15N 

methylamine hydrochloride in isopropanol under microwave conditions gave desired products 2 

(Scheme 1). Similarly, azo coupling of 2,4-diamino-6-chloropyrimidine (7, Scheme 1) with p-

nitrobenzenediazonium chloride 4c led to the formation of azo compound 1c, which upon 

treatment with ethanolic methylamine solution afforded final derivative 2c. Purification of final 

azo compounds 1 and 2 was quite laborious and multiple reverse phase chromatographies were 

necessary to obtain pure products. 

 

 

 

Scheme 1. Synthesis of target azo compounds 1 and 2. 
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Reagents and conditions: (a) acetic buffer (pH 7), rt, overnight; (b) Vilsmeier-Haack-Arnold 

reagent, CHCl3, reflux, 1–3 h, 59–78 %; (c) NH3 (2M ethanolic solution), 60 °C (conventional 

heating), 1–12 h, 20–60 %; (d) 15N NH3 (methanolic solution), 60 °C (conventional heating), 12 

h, 33 %; (e) methylamine (33% ethanolic solution), 150 °C (MW conditions), 10–30 min, 27–40 

%; (f) 15N methylamine hydrochloride, iPrOH, 150 °C (MW conditions), 1 h, 20 %. 

 

NMR Spectroscopy 

One set of signals is observed in NMR spectra of chloro derivatives 1a–1c. The formation of 

a six-membered pseudoring with IMHB can be inferred from the chemical shifts of protons in the 

NH2 group in position 4; the two amino hydrogen atoms are not equivalent and the hydrogen 

atom involved in IMHB resonates at higher chemical shift values (1–1.2 ppm downfield than the 

other hydrogen atom). 

Compounds 2a–2c with two hydrogen bond donors in positions 4 and 6 may form two 

stable IMHBs (rotamer A and rotamer B, Figure 1), which can lead to observation of two sets of 

signals in NMR spectra. However, variable temperature NMR experiments with compounds 2a–

2c revealed remarkable differences in the interconversion barriers between these two rotamers. In 

1H NMR spectrum of compound 2c with nitro substituent, two sets of signals are well resolved at 

room temperature and, for example, the coalescence of the methyl signals (Figure 2) is observed 

at 310 K. On the other hand, the coalescence of this signal in the spectra of compounds 2b and 2a 

is observed at lower temperature (260 K and 240 K, respectively). The rotational barriers 

(barriers of interconversion between rotamer A and B) were estimated from lineshape analysis of 

the variable temperature proton spectra and from the coalescence temperature (Table 1 and Table 

S1 in Supporting Information). The observed rotamer ratio is almost independent on the 

substituent in the phenyl ring and temperature. Rotamer A with the azo group heading towards 
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the methylamino group is always more stable and the rotamer ratio is ca 6:4. For comparison, we 

have also prepared compound 2d analogous to 2c with the nitro substituent in meta position to 

the azo group and determined the interconversion barrier (SI). The push–pull interaction is 

evidently suppressed in this compound. 

 

 

 

Figure 2. Variable temperature 1H NMR spectra of compounds 2a–2c. Only the region with 

methyl signals of the methylamino group is depicted. 

 

Table 1. Experimental and calculated interconversion barriers (kcal/mol) between two rotamers 
of compounds 2a–2c. 

Compound Substituent 
Coalescence T / 

Ka 
∆G

#(exp)b ∆G
#(calc) 

2a p-OMe 240 12.5±0.3 14.7 
2b – 260 13.4±0.3 15.9 
2c p-NO2 320 16.2±0.3 20.6 

aCoalescence of methylamino CH3 signals; bcalculated at coalescence temperature using the 

equation k = 2.22*∆ν, where k is the rate constant and ∆ν is the difference of resonance 

frequency of methyl hydrogens in rotamer A and B, full details are given in Table S1 in the SI. 

Page 7 of 34

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The differences in the heights of the rotational barriers in compounds 2a–2c may be 

caused either by differences in the stability of the IMHB induced by the substituents or by 

increased bond order of the C5–N bond caused by intramolecular charge transfer (push–pull 

interaction). The influence of the substituent on the hydrogen bond strength might be deduced 

from the changes of chemical shifts of amino and methylamino NH protons. The contribution of 

the electronic nature of the para-substituent to magnetic shielding of amino hydrogens in position 

4 and methylamino hydrogen in position 6 should be identical, because it is transferred via the 

same structural fragment. Chemical shifts of the (methyl)amino NH protons in rotamer A of 

compounds 2a–2c measured at 210 K depend on the substituent, but those involved and not 

involved in IMHB change evenly (SI, Table S2). Therefore, the hydrogen bond strength is 

probably not affected by the substituent in the phenyl ring.  

Two sets of signals with 6:4 ratio corresponding to rotamers A and B can also be observed 

in 15N NMR spectrum of compound 2b-15N3. The signal assignment was done with the help of 

compounds 1b-15N1 and 1b-15N2 with one and two 15N labels, respectively. Azo nitrogen (Figure 

S1, SI) in proton decoupled 15N spectrum appears as a doublet close to 400 ppm for both 

rotamers; the splitting of the signal is caused by through-hydrogen bond interaction (2h
JN,N) with 

the 15N amino nitrogen in position 6 or 4. These amino nitrogens are observed in the region of 

70–95 ppm. The signals of amino nitrogen atoms involved in the hydrogen bond appear at higher 

chemical shifts (close to 90 ppm) and are split by the above mentioned through-hydrogen bond 

coupling in proton-decoupled spectra (Figure 3). Further splitting to triplet (NH2 group, rotamer 

B) or doublet (NHMe group, rotamer A) is observable in proton-coupled spectra due to one-bond 

1
JN–H interaction. The signals of nitrogen atoms not involved in the hydrogen bond appear at 

lower chemical shifts (ca 15 ppm upfield). Hydrogen bonding also influences the 1
JN–H coupling 

constant between the hydrogen-bond donor and the hydrogen atom. It has been documented that 
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strong hydrogen bonding results in a decrease of the 1
JN–H coupling constant across the 

corresponding N–H covalent bond.26, 46 Indeed, slightly smaller 1
JN–H interaction is observed for 

amino groups involved in hydrogen bonds, i.e. in NH2 group of rotamer B and NHMe group in 

rotamer A. 

 

 

 

Figure 3. Amino and methylamino region of proton-coupled (blue) and proton-decoupled (black) 

15N NMR spectra of compound 2b-15N3. 

 

Through-hydrogen-bond coupling may also be detected between the amino/methylamino 

hydrogen atom and the azo nitrogen atom. This interaction leads to observation of through-

hydrogen bond cross-peaks in H,N-HMBC spectra of compound 2b-15N3 and to splitting of the 

NH signal in 1H NMR spectrum (Figure 4). All relevant H–N and N–N couplings observed in 

compound 2b-15N3 are summarized in Figure 5. The 1h
JN,H and 2h

JN,N through-hydrogen bond 

couplings have values typically found in systems with N–H···N hydrogen bonds.3 It can be seen 
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that both observable through-hydrogen-bond couplings (1h
JN,H and 2h

JN,N) are larger in rotamer A, 

which corresponds to stronger hydrogen bond interaction of the methylamino group leading also 

to higher relative concentration of rotamer A. 

 

Figure 4. Left: part of H,N-HMBC spectrum of compound 2b-15N3 measured at 230K with 

through-hydrogen bond interactions. Right: Methylamino-hydrogen region of proton NMR 

spectrum of compound 2b-15N3 acquired at 230 K (black) and the same spectrum with selective 

homodecoupling of the CH3 protons (blue). 
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Figure 5. Selected N–H (red) and N–N scalar coupling constant values observed in both rotamers 

of compound 2b-15N3. 
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 It has recently been shown that hydrogen bonding interactions in RAHBs are closely 

related to nuclear quantum effects (NQEs), particularly to the delocalization of hydrogen 

nucleus.19 One of the consequences of NQEs is the effect of deuterium isotope substitution on the 

hydrogen bond properties. Therefore, we prepared compound 2b-15N3 with ca 1:1 hydrogen to 

deuterium isotope exchange of the amino and methylamino hydrogens and acquired 15N NMR 

spectra. The effect of deuteration on NMR spectra is twofold: first, 15N signals are shifted due to 

deuterium isotope shift (Table 2) and second, the value of 2h
JN,N through-hydrogen bond coupling 

in rotamer A is slightly reduced (7.4 → 7.3 Hz). 

 

Table 2. Experimental deuterium isotope induced changes of nitrogen chemical shifts (ppm) and 

through-hydrogen-bond coupling (Hz) in compound 2b-15N3 and calculated isotope-induced 

changes of N–H bond distances (Å). 

 Rotamer A  Rotamer B   

 ∆δ / ∆J
a ∆d(N6–H)b ∆δ / ∆J

a ∆d(N6–H)b
 ∆d(N4–HA)b 

N6 1.05 0.007 0.62 0.004  

N4 0.55  ~0.7c   

N-azo –0.74 0.006 ~–0.5c  0.005 

2h
JN6,N-azo 0.1 0.008    

aCalculated as the difference between protonated and deuterated compound, i.e. positive value 

means upfield shift; bcalculated from the experimental deuterium-induced 15N chemical shift and 

2h
JN6,N-azo changes and DFT calculated dependence of these NMR parameters on N–H bond 

distance; csignal broadening due to 0, 1 or 2 hydrogen atom exchange in NH2 group. 

 

Calculations 
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 To better understand the intramolecular hydrogen bonding and its influence on the 

structure and properties of the studied molecules, we performed a number of density functional 

theory (DFT) calculations. First, we optimized the geometries of both rotamers of compounds 

2a–2c and calculated magnetic shielding of the nuclei and scalar coupling values. Excellent 

correlation between the calculated shielding values and experimental chemical shifts was 

observed (SI, Figure S2), which confirmed our signal assignment. The calculated coupling 

constant values reproduce well the trends observed in compound 2b-15N3, i.e. 1h
JH,N and 2h

JN,N 

through-hydrogen bond couplings are larger in rotamer A of compound 2b and 1
JN–H coupling 

constants decrease upon hydrogen bond formation (Table S3). Furthermore, the calculations 

revealed that the through-hydrogen bond couplings are almost independent on the substitution on 

the phenyl ring. This confirms our conclusion, inferred from experimental proton chemical shifts, 

that the substitution does not affect the hydrogen bond strength. 

 The calculated barriers of rotamer interconversion reproduce the trends observed by 

variable-temperature NMR experiments, i.e. the highest barrier is in compound 2c followed by 

2b and 2a. Given that the hydrogen bond strength is similar in all three compounds, the 

differences in rotamer interconversion barriers must be caused by push-pull interactions of the 

substituents. For example, electron-donating substituents in the pyrimidine ring of compound 2c 

push electron density towards the electron-withdrawing nitro substituent in the phenyl ring. This 

is well reflected in the calculated electrostatic potential plots (Figure S3) bond distances in 

compounds 2a–2c (Table S4), where the C5–N distance is significantly smaller in compound 2c 

(1.348 Å) than in compound 2b (1.365 Å) and 2a (1.370 Å). Smaller bond distance corresponds 

to higher bond order and hence to higher rotational barrier. 

 To estimate the geometry changes in the IMHBs upon hydrogen-to-deuterium isotope 

exchange, the experimental isotope-induced changes of nitrogen chemical shifts and 2h
JN,N 
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coupling were compared with a DFT calculated dependence of nitrogen shieldings and through-

hydrogen-bond couplings on the 6N–H and 4N–H bond distances. The calculations revealed that 

lengthening of N–H distance leads to smaller shielding of the NH nitrogen atom, larger shielding 

of the hydrogen-bonded azo nitrogen and larger through-hydrogen-bond couplings 1h
JN,H and 

2h
JN,N.The comparison of the calculated distance dependence of shieldings and couplings with 

experimental isotope-exchange induced changes was used to estimate average deuterium-induced 

bond-length shortening of 0.006–0.008 Å in the case of N6-H in rotamer A (involved in IMHB) 

and to a smaller shortening of N6–H in rotamer B (not involved in IMHB) and of N4–H in 

rotamer B (involved in a weaker IMHB, see Table 2). 

 It has recently been demonstrated that an incorporation of NQEs is important for an 

accurate prediction of hydrogen bond properties, because hydrogen atom possess the lightest 

nucleus and effects, such as tunneling or delocalization of nuclear positions, become more 

important than for heavier nuclei.19, 47-51 One way of incorporation of NQEs into quantum-

chemical calculations is path integral molecular dynamics (PIMD). PIMD simulations use a 

decomposition of nuclei into a set of “beads” connected with harmonic oscillators; the force 

constant of the oscillator depends on the nuclear mass and temperature. Light nuclei and low 

temperatures lead to more delocalized nuclei. 

 We applied PIMD simulations to compounds 1a–1c and to both rotamers of compound 2b 

and we analyzed the simulations by plotting probability distributions of bond distances between 

atoms involved in the IMHBs. The probability distribution of N–H distances in compounds 1a–

1c shows that the amino N–H bond involved in the IMHB is longer and the probability 

distribution of this N–H distance is broader (the hydrogen is more delocalized) than for the N–H 

bond not involved in the IMHB. The N–H and H···N distances are almost identical for all three 
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compounds 1a–1c (SI, Figure S4), which confirms our conclusion that the substituent on the 

phenyl ring does not affect the hydrogen bond strength. 

 On the other hand, the probability distributions found for compound 2b depend 

significantly on the conformation (rotamer A or B, see Figure 6). The 6N–H of rotamer A 

(involved in IMHB) probability distribution is slightly broader and shifted towards higher 

distances than the 4N–HA of rotamer B (also involved in IMHB) distribution. The distance 

between hydrogen bond donor and the hydrogen atom has been correlated to hydrogen bond 

strength.52 These probability distributions thus reflect the stability of the two rotamers: rotamer A 

is more abundant because the hydrogen atom in the IMHB is more delocalized and hence, the 

hydrogen bond in this rotamer is more stable. The distance probabilities of N–H bonds not 

involved in IMHBs are significantly narrower and shifted to shorter values. Significantly 

narrower distribution is also observed for N–D distances in deuterated compound 2b. Similar 

information about the geometry of the IMHBs can be obtained from probability distributions of 

distances between the hydrogen atom and the hydrogen bond acceptor (azo nitrogen). In rotamer 

A, the H···N distance probability is significantly shorter than in rotamer B and deuteration leads 

to lengthening of the H···N distance (Figure S5). All relevant average distances between atoms 

involved in the IMHBs obtained from the PIMD simulations are listed in the SI (Table S7). 
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Figure 6. Probability distribution of selected N–H distances in rotamers A and B of compound 2b 

and of deuterated rotamer A (A-D) found in PIMD simulations. 

 

Conclusions 

 Intramolecular hydrogen bonds in substituted 5-phenylazopyrimidines were studied by 

NMR spectroscopy and DFT calculations. Both experimental chemical shifts, and computed N–H 

bond distances and through-hydrogen-bond scalar couplings indicate that the hydrogen-bond 

strength is not affected by the substitution in para position of the phenyl ring. The substituents 

have, however, a large effect on the C5–N rotational barrier, which was explained in terms of 

push–pull interactions of the substituents. Electron-donating substituents (amino groups) in the 

pyrimidine ring push electron density through the azo nitrogens to the phenyl ring. This 

intramolecular charge transfer is more effective when an electron-accepting (nitro) substituent is 

in para position of the phenyl ring. The intramolecular charge transfer increases the C5–N bond 

order and, hence, also the C5–N rotational barrier. 
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 In compounds with two hydrogen-bond donors in neighboring positions to the azo group, 

two different IMHBs can exist, both leading to the formation of a six-membered pseudo ring. The 

formation of the IMHBs in these two structures was confirmed, for example, by the observation 

of through-hydrogen-bond scalar couplings. Rotamer A with the pseudoring formed with the 

methylamino group was more stable than rotamer B in all studied compounds. Higher stability of 

rotamer A is reflected in larger shielding of the hydrogen-bond acceptor (azo-nitrogen) and larger 

through-hydrogen-bond couplings in this rotamer. Higher stability of the IMHB in rotamer A was 

also confirmed by PIMD simulations, where larger delocalization of the hydrogen atom in the 

IMHB in rotamer A was observed. This larger delocalization of the hydrogen atom also leads to 

larger deuterium-isotope-induced changes of nitrogen chemical shifts, which were confirmed 

experimentally. 

 The potential applications of the studied compounds range from biocompatible azodyes to 

orthogonal molecular switches with switching either the IMHB (rotamer A or B) or the cis/trans 

isomers of the azo group, which is a widely exploited type of isomerism in many applications. 

The work presented here demonstrates that fine tuning of the switching barrier between the 

rotamers A and B is possible by introducing proper substituents in the phenyl ring. These 

substituents do not influence the hydrogen bond strengths, which are controlled by the nature of 

the hydrogen bond donors. Relative strengths of the IMHBs can easily be determined by NMR 

spectroscopy. The combination of experimental NMR data with DFT calculations enables to 

obtain intimate details about IMHBs, such as the changes of hydrogen bond geometry upon 

hydrogen-to-deuterium isotope exchange. 

 

EXPERIMENTAL SECTION 

General. Instrumentation and calculations. 
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Unless otherwise stated, solvents were evaporated at 40 °C/2 kPa, and the compounds 

were dried over P2O5 at 2 kPa. Analytical TLC was performed on silica gel pre-coated aluminium 

plates with fluorescent indicator (Merck 5554, 60 F254). Spots were visualized with UV light (254 

nm). Flash reversed-phase chromatography was carrried out on CombiFlash® Rf+ (TELEDYNE 

ISCO) with RediSep RF Gold® C18 Aq column (50 g, 20-40 µm, TELEDYNE ISCO). Mass 

spectra were measured on a Q-Tof micro (Waters) and HR MS were taken on a LTQ Orbitrap XL 

(Thermo Fisher Scientific) spectrometer. Melting points were measured on a Stuart 

SMP3Melting Point Apparatus 

The microwave-assisted reactions were carried out in CEM Discover (Explorer) 

microwave aparatus, 24-position system for 10-mL vessels sealed with Teflon septum. It was 

operated at a frequency of 2.45 GHz with continuous irradiation power from 0 to 300W. The 

solutions were steadily stirred during the reaction. The temperature was measured with an IR 

sensor on the outer of the process vessel. The vials were cooled to ambient temperature with gas 

jet cooling system. The pressure was measured with an inboard CEM Explorer pressure control 

system (0-21 bar). 

1H and 13C NMR spectra were recorded on a 400, 500 and/or 600 MHz NMR 

spectrometer (1H at 400 MHz and 13C at 100.6 MHz, or 1H at 500 MHz, 13C at 125.7 MHz and 

15N at 50.7 MHz, or 1H at 600.1 MHz and 13C at 150.9 MHz) in DMSO-d6 (referenced to the 

solvent signal δ = 2.50 and 39.70 ppm, respectively) and DMF-d7 (referenced to the solvent 

signal δ = 2.75 (1H), 104.9 (15N) and 163.15 ppm (13C), respectively). Complete signal 

assignment is based on heteronuclear correlation experiments HSQC and HMBC. The 15N 

chemical shifts were determined using 1D experiment with direct detection of nitrogens and 

gated decoupling of hydrogen nuclei. For the assignment of 15N signals based on coupling with 
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directly attached hydrogen atoms, proton coupled nitrogen NMR spectra were also measured. 

Chemical shifts (δ) are in ppm and coupling constants (J) in Hz. Partly deuterated compound 2b-

15N3 was prepared by adding a drop of D2O into the DMF solution of the compound and 

evaporating to dryness under reduced pressure. 

The studied structures were subjected to geometry optimization at DFT level, using B3LYP 

functional,53-54 standard 6-31+G(d,p) basis set and polarizable continuum model used for implicit 

DMF solvation.55-56 NMR shielding values and scalar coupling constants were calculated for the 

optimized structures. The Gaussian09 program package was used throughout this study.57 The 

QST3 optimization method58-59 was applied in the search for the transition state structures of the 

rotamer interconversion, that is the structures of the reactant, product, and estimated transition 

state were used as input for the TS search. The vibrational frequencies and free energies were 

calculated for all of the optimized structures, and the stationary-point character (a minimum or a 

first-order saddle point) was thus confirmed. 

The dependence of nitrogen shieldings and through-hydrogen-bond couplings on the 6N–H 

and 4N–H bond distances was calculated by manually adjusting the bond distance in the range 

0.9–1.3 Å (with a 0.1 Å step). The calculated distance dependence of the shielding and coupling 

values was fitted to a straight line. 

Path integral molecular dynamics (PIMD) simulations were run in the CASTEP program,60 

which is a DFT-based code, using an NVT ensemble maintained at a constant temperature of 300 

K using a Langevin thermostat, a 0.5 fs integration time step, simulation length of 5 ps, ultrasoft 

pseudopotentials,61 a planewave cutoff energy of 300 eV, and with integrals taken over the 

Brillouin zone using a Monkhorst-Pack62 grid of a minimum k-point sampling of 0.1 Å–1. 

Electron-correlation effects were modelled using the generalized gradient approximation of 
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Perdew, Burke, and Ernzerhof.63 The atomic positions were optimized at the same computational 

level prior to the PIMD runs. Compounds 1a–1c and both rotamers of compound 2b were 

modelled as isolated molecules in a cubic periodic box of 16 x 16 x 16 Å3. The path integral was 

used on top of the DFT-MD simulations, with a Trotter decomposition of all nuclei into P = 16 

beads. For the evaluation of deuterium isotope effects, new PIMD simulations were performed 

with the mass of all exchangeable protons (all N–H protons) adjusted to the mass of deuterium. 

Probability distributions of the N4–H and N6–H bond distances were plotted with 0.04 Å step. 

The PIMD distance probabilities were determined independently for all 16 replicas and then 

averaged.  

 

General procedure A.  Substituted aniline (1.2 eq) was dissolved in 1M HCl (5 mL), the 

solution was cooled to 0 °C and sodium nitrite (1.3 eq) was added. The reaction mixture was 

stirred for 30 min at 0 °C. The solution of formed diazonium salt 4 was then added dropwise to a 

solution of 2-amino-4,6-dihydroxypyrimidine (3, 1 eq) in acetic buffer and the mixture was 

stirred overnight. Precipitated solid was filtreted and dried to obtain 4,6-dihydroxypyrimidine 

intermediates 5. Compounds 5 were consequently treated with Vilsmeier-Haack-Arnold reagent 

(4.0 eq) in CHCl3  (40 mL) at reflux. The solvent was evaporated to dryness. The formed 2-

(dimethylamino)methylene)amino substituted pyrimidine was dissolved in water (40 mL) with 

catalytic amount of concentrated HCl. The reaction mixture was stirred overnight and 

precipitated solid was filtered and dried. Reversed-phase flash chromatography (MeOH/H2O, 0-

100 %) gave desired 4,6-dichloropyrimidine products 6.  

 

4,6-Dichloro-5-((4-methoxyphenyl)diazenyl)pyrimidin-2-amine (6a). Treatment of p-anisinide 

(145 mg, 1.2 mmol) with sodium nitrite (88 mg, 1.3 mmol) by procedure A afforded diazonium 
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salt 4a, which reacted with 2-amino-4,6-dihydroxypyrimidine (3, 127 mg, 1 mmol) to give 2-

amino-5-((4-methoxyphenyl)diazenyl)pyrimidine-4,6-diol (5a). Treatment of 5a (1 g, 3.8 mmol) 

with Vilsmeier-Haack-Arnold reagent (1.946 g, 15.2 mmol) for 3 h gave 6a (940 mg, 78 %) as an 

orange solid, m. p. 220–230 °C. 1H NMR (DMSO-d6, 298 K): 7.97 (2H, bs, NH2), 7.82 (2H, m, 

H2’), 7.14 (2H, m, H3’); 13C NMR (DMSO-d6, 298 K): 162.7 (C4’), 160.3 (C2), 154.9 (C4 and 

C6), 146.6 (C1’), 130.5 (C5), 124.7 (C2’), 114.9 (C3’), 55.9 (OCH3); ESI MS, m/z (%): 298.1 [M 

+ H]+; HRMS (ESI) calcd for C11H10Cl2N5O [M + H]+ 298.0257, found 298.0257. 

 

4,6-Dichloro-5-(phenyldiazenyl)pyrimidin-2-amine (6b). Treatment of aniline (0.2 mL, 2.4 

mmol) with sodium nitrite (176 mg, 2.6 mmol) by procedure A gave diazonium salt 4b, which 

reacted with 2-amino-4,6-dihyroxypyrimidine (3, 254 mg, 2 mmol) to give 2-amino-5-

(phenyldiazenyl)pyrimidine-4,6-diol (5b). Treatment of 5b (100 mg, 0.4 mmol) with Vilsmeier-

Haack-Arnold reagent (205 mg, 1.6 mmol) for 1h gave 6b (73 mg, 68 %) as a red solid, m. p . 

160-173 °C. 1H NMR (DMSO-d6): 8.10 (2H, bs, NH2), 7.82 (2H, m, H2’), 7.63-7.56 (3H, m, H3’ 

and H4’); 13C NMR (DMSO-d6): 160.5 (C2), 155.5 (C4 and C6), 152.3 (C1’), 132.1 (C4’), 130.3 

(C5), 129.8 (C3’), 122.5 (C2’); ESI MS, m/z (%): 268.0 [M + H]+; HRMS (ESI) calcd for 

C10H8Cl2N5 [M + H]+ 268.0151, found 268.0149. 

 

4,6-Dichloro-5-(phenyldiazenyl-2-
15

N)pyrimidin-2-amine (6b-15N1). Treatment of aniline-15N 

(0.12 mL, 1.2 mmol) with sodium nitrite (74 mg, 1.3 mmol) by procedure A gave diazonium salt 

4b-
15
N1, which reacts with 2-amino-4,6-dihydroxypyrimidine (3, 127 mg, 1 mmol) to give 2-

amino-5-(phenyldiazenyl-2-15N)pyrimidine-4,6-diol (5b-15N1). Treatment of 5b-15N1 (100 mg, 

0.6 mmol) with Vilsmeier-Haack-Arnold reagent (307 mg, 2.4 mmol) for gave 6b-15N1 (95 mg, 

59 %) as red solid. 1H NMR (DMSO-d6): 8.10 (2H, bs, NH2), 7.81 (2H, m, H2’), 7.62-7.56 (3H, 
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m, H3’ and H4’); 13C NMR (DMSO-d6): 160.5 (C2), 155.5 (d, JC-C-N-N = 2.0, C4 and C6), 152.3 

(d, JC-N = 2.5, C1’), 132.1 (C4’), 130.3 (d, JC-N-N = 5.2, C5), 129.8 (d, JC-C-C-N = 1.9, C3’), 122.5 

(d, JC-C-N = 4.0, C2’); ESI MS, m/z (%): 269.0 [M + H]+; HRMS (ESI) calcd for C10H8N4
15NCl2 

[M + H]+ 269.0122, found 269.0123. 

  

6-Chloro-5-((4-nitrophenyl)diazenyl)pyrimidine-2,4-diamine (1c). Sodium nitrite (88 mg, 1.3 

mmol) was added to the cooled (0 °C) solution of p-nitroaniline (166 mg, 1.2 mmol) in 1M HCl 

(5 mL) and the reaction mixture was stirred for 30 min at 0 °C to give a solution of diazonium 

salt 4c. To this solution, a solution of 2,4-diamino-6-hydroxypyrimidine (3, 144 mg, 1 mmol) in 

acetic buffer was added dropwise and the reaction mixture was stirred overnight. Precipitated 

solid was filtered and reversed-phase flash chromatography (0-100 % MeOH in water) gave 1c 

(188 mg, 64 %) as an orange solid, m. p. > 300 °C. 1H NMR (DMSO-d6): 9.40 (1H, d, JGEM= 3.3, 

4-NHa), 8.41 (1H, d, JGEM= 3.3, 4-NHb), 8.35 (2H, m, H3’), 7.98 (2H, m, H2’), 7.74 (1H, bs, 2-

NHb), 7.55 (1H, bs, 2-NHa); 13C NMR (DMSO-d6): 166.0 (C6), 161.1 (C2), 156.5 (C1’), 156.0 

(C4), 146.8 (C4’), 125.2 (C3’), 122.3 (C2’), 119.9 (C5); ESI MS, m/z (%): 294.1 [M + H]+; 

HRMS (ESI) calcd for C10H9ClN7O2 [M + H]+ 294.0501, found 294.0503. 

 

General procedure B. Starting 4,6-dichloropyrimidine derivative 6 was dissolved in ammonia 

(2.5 M ethanolic solution) and the reaction mixture was heated at 60 °C. Water (50 mL) was 

added and obtained solution was extracted with EtOAc (3 x 40 mL). Organic layers were 

collected, dried over MgSO4 and filtered. Solution was evaporated under vacuum and pure 

product was obtained by reversed-phase flash chromatography (0-100 % MeOH in water). 
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6-Chloro-5-((4-methoxyphenyl)diazenyl)pyrimidine-2,4-diamine (1a). Treatment of 6a (50 mg, 

0.2 mmol) with ammonia (10 mL) for 4 h by procedure B gave 1a (10 mg, 20 %) as a yellow 

solid, m. p. 250–253 °C. 1H NMR (DMSO-d6): 9.21 (1H, d, JGEM= 3.7, 6-NHa), 7.98 (1H, d, 

JGEM= 3.7, 6-NHb), 7.77 (2H, m, H2’), 7.30 and 7.15 (2H, bs, 2-NH2), 7.06 (2H, m, 3’), 3.82 (3H, 

s, 4’-O-CH3); 
13C NMR (DMSO-d6): 136.8 (C4), 161.1 (C2), 160.6 (C4’), 156.2 (C6), 145.7 

(C1’), 123.2 (C2’), 118.5 (C5), 114.7 (C3’), 55. 7 (OCH3); ESI MS, m/z (%): 279.1 [M + H]+; 

HRMS (ESI) calcd for C11H12N6OCl [M + H]+ 279.0756, found 279.0756. 

 

6-Chloro-5-(phenyldiazenyl)pyrimidine-2,4-diamine (1b) Treatment of 6b (50 mg, 0.2 mmol) 

with ammonia (10 mL) overnight by procedure B gave 1b (30 mg, 60 %) as a yellow solid, m. p. 

230–245 °C (decomp.). 1H NMR (DMSO-d6): 9.29 (1H, d, JGEM= 3.6, 6-NHa), 8.11 (1H, d, 

JGEM= 3.6, 6-NHb), 7.78 (2H, m, H2’), 7.51 (2H, m, H3’), 7.44 and 7.26 (2H, bs, 2-NH2), 7.40 

(1H, m, H4’); 13C NMR (DMSO-d6): 164.6 (C4), 161.3 (C2), 156.2 (C6), 152.5 (C1’), 129.5 

(C4’), 129.4 (C3’), 121.6 (C2’), 118.8 (C5); ESI MS, m/z (%): 249.1 [M + H]+; HRMS (ESI) 

calcd for C10H10ClN6 [M + H]+ 249.0650, found 249.0650. 

 

6-Chloro-5-(phenyldiazenyl-2-
15

N)pyrimidine-2,4-diamine (1b-15N1). Treatment of 6b-15N1 (100 

mg, 0.4 mmol) with ammonia (10 mL) for 6 h by procedure B gave 1b-15N1 (60 mg, 60 %) as a 

yellow solid, m. p. 248–250 °C. 1H NMR (DMSO-d6, 298 K): 9.29 (1H, m, 4-NHA), 8.05 (1H, d, 

JGEM = 3.9, 4-NHB), 7.77 (2H, m, H2’), 7.50 (2H, m, H3’), 7.39 (1H, m, H4’); 13C NMR (DMSO-

d6, 298 K): 164.8 (d, 3JC-N = 3.1, C4), 161.4 (C2), 156.3 (C6), 152.6 (C1’), 129.8 (C4’), 129.7 (d, 

3
JC-N = 2.0, C3’), 121.8 (d, 2

JC-N = 3.6, C2’), 118.9 (d, 2
JC-N = 4.0, C5); ESI MS, m/z (%): 250.1 

[M + H]+; HRMS (ESI) calcd for C10H10N5
15NCl [M + H]+ 250.0620, found 250.0620. 
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6-Chloro-5-(phenyldiazenyl-2-
15

N)pyrimidine-2,4-diamine-
15

N (1b-15N2). Ammonia-15N (0.1 mL, 

2 M methanolic solution) was added to the solution of compound 6b-15N1 (200 mg, 0.7 mmol) in 

MeOH (10 mL) and the reaction mixture was heated at 60 °C for 6 h. Water (50 mL) was added 

and obtained solution was extracted with EtOAc (3 x 40 mL). Organic layers were collected, 

dried over MgSO4 and filtered. Solution was evaporated under vacuum and reversed-phase flash 

chromatography (0-100 % MeOH in water) gave 1b-15N2  (150 mg, 33 %) as a yellow solid, m. p. 

234–236 °C. 1H NMR (DMSO-d6, 298.5 K): 9.30 (1H, dt, JH-N = 90.1, JGEM = JH-N = 3.8, 4-NHa), 

8.12 (1H, dd, JH-N = 90.7, JGEM = 3.9, 4-NHb), 7.78 (2H, m, H-2’), 7.50 (2H, m, H-3’), 7.40 (1H, 

m, H-4’); 13C NMR (DMSO-d6, 298.5 K): 164.7 (dd, 3
JC-N = 3.1, 1

JC-N = 1.3, C4), 161.3 (d, 3
JC-N 

= 3.6, C2), 156.2 (d, 3JC-N = 19.3, C6), 152.5 (C1’), 129.5 (C4’), 129.4 (d, 3JC-N = 2.0, C3’), 121.7 

(2
JC-N = 3.7, C2’), 118.8 (dd, 2JC-1’N = 4.1, 2JC-4N = 1.2, C5); 15N NMR (DMSO-d6, 298.5 K): 96.4 

(d, 2h
JN-N = 5.6, N4), 444.8 (d, 2h

JN-N = 5.6, N1’); ESI MS, m/z (%): 251.1 [M + H]+; HRMS 

(ESI) calcd for C10H10ClN4
15N2 [M + H]+ 251.0591, found 251.0591. 

 

General procedure C. Methylamine (3 eq, 33 % ethanolic solution) was added to the solution of 

compound 1 in iPrOH (15 mL) and the reaction mixture was heated under MW conditions at 150 

°C. Water (30 mL) was added and the solution was extracted wit EtOAc (3 x 20 mL). Organic 

layers were collected, dried over MgSO4 and filtered. The solution was evaporated under vacuum. 

Product was purified by reversed-phase flash chromatography (0-100 % MeOH in water). 

 

5-((4-Methoxyphenyl)diazenyl)-N
4
-

methylpyrimidine-2,4,6-triamine (2a). Treatment of 

1a (200 mg, 0.7 mmol) with methylamine (0.1 mL, 
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2.1 mmol) for 30 min by  procedure C gave 2a (70 mg, 37 %) as a yellow solid, m. p. 193–195 

°C. 1H NMR (DMF-d7, 230 K): 10.43 (1H, q, JNH-CH3 = 4.8, 6-NH, A), 9.76 (1H, d, JGEM = 4.5, 4-

NHA, B), 7.88-7.95 (5H, m, H2’, A and B, 4-NHb, B), 7.80 (1H, q, JNH-CH3 = 4.6, 6-NH, B), 7.54 

and 7.34 (2H, 4-NH2, A), 6.98-7.10 (8H, m, 2-NH2, A and B, H3’, A and B), 3.84 (5H, s, OCH3, 

A and B), 2.99 (3H, d, JCH3-NH = 4.8, NHCH3, A), 2.97 (3H, d, JCH3-NH = 4.6, NHCH3, B); 13C 

NMR (DMF-d7, 230 K): 164.6 (C4, A), 163.8 (C2,A and C2, B), 162.8 (C6, B), 159.2 (C4’, B), 

159.1 (C4’, A), 156.6 (C6, A), 155.4 (C4, B), 147.8 (C1’, B), 147.5 (C1’, A), 122.6 (C2’, A and 

B), 114.1 (C3’, A and B), 109.7 (C5, A and B), 55.3 (OCH3, A and B), 27.4 (NHCH3, B), 26.5 

(NHCH3, A); ESI MS, m/z (%): 274.1 [M + H]+; HRMS (ESI) calcd for C12H16N7O [M + H]+ 

274.1411, found 274.1411. 

 

N
4
-Methyl-5-(phenyldiazenyl)pyrimidine-2,4,6-

triamine (2b). Treatment of 1b (75 mg, 0.3 mmol) 

with methylamine (0.03 mL, 0.9 mmol) for 30 min 

by procedure C gave 2b (20 mg, 27 %) as a yellow 

solid, m. p. 183–187 °C. 1H NMR (DMF-d7, 230 K): 10.60 (1H, q, JNH,CH3= 4.9, 6-NHa), 9.92 

(1H, d, JGEM= 5.3, 4-NHa, B), 8.02 (1H, d, JGEM= 5.3, 4-NHb, B), 7.60-7.87 (5H, m, H2’, A and 

B) 7.63 (1H, s, 4-NHa, A), 7.42 (4H, m, H3’, A and B), 7.30 (1H, s, 4-NHb, A), 7.28-7.22 (2H, m, 

H4’, A and B), 7.21-7.10 (4H, m, 2-NH2, A and B), 3.02 (3H, d, JCH3NH = 4.8, NH-CH3, A), 2.99 

(3H, d, JCH3NH = 4.8, NH-CH3, B); 13C NMR (DMF-d7, 230 K): 165.6 (C4, A), 164.8 (C2, A and 

B), 163.6 (C6, B), 156.4 (C6, A), 156.4 (C4, B), 154.3 (C1’, B), 154.2 (C1’, A), 129.9 (C3’ and 

C5’, B), 129.8 (C3’ and C5’, A), 127.8 (C4’, B), 127.7 (C4’, A), 121.9 (C2’ and C6’, A and B), 

111.1 (C5, A and B), 28.1 (CH3NH, B), 27.1 (CH3NH, A); 15N NMR (DMF-d7, 230 K): 399.2 
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(N1’, B), 391.8 (N1’, A), 92.0 (N4, B), 89.2 (N6, A), 78.6 (N4, A), 73.4 (N6, B); ESI MS, m/z 

(%): 244.1 [M + H]+; HRMS (ESI) calcd for C11H14N7 [M + H]+ 244.1305, found 244.1305. 

 

 N
4
-Methyl-5-(phenyldiazenyl-2-

15
N)pyrimidine-

2,4,6-triamine-N
4
-
15

N
2
 (2b-15N3). Treatment of 1b-

15
N2 (200 mg, 0.8 mmol) with methylamine-15N 

hydrochloride  (109 mg, 1.6 mmol) for 1 h by 

procedure C gave 2b-15N3 (40 mg, 20 %) as a yellow solid, m. p. 178–181 °C. 1H NMR (DMF-

d7, 230 K): 10.60 (1H, dp, JH-N = 92.9, JNH-CH3 = 4.7, 1h
 JH-N = 4.0, 6-NH, A), 9.92 (1H, dm, JH-N = 

89.0, 4-NHa, B), 8.13-7.87 (5H, m, H2’, A and B, 4-NHB, B), 7.88 (1H, dq, JH-N = 95.3, JNH-CH3 = 

4.8, 6-NH, B), 7.61 (1H, dd, JH-N = 91.5, JGEM = 2.5, 4-NHA, A) 7.46-7.22 (6H, m, H3’, A and B, 

H4’, A and B, 4-NHB, A), 7.18-7.08 (4H, m, 2-NH2, A and B), 3.02 (3H, dd, JCH3-NH = 4.9, JCH3-N 

= 1.2, CH3NH, A), 2.99 (2.1 dd, JCH3-NH = 4.9, JCH3-N = 1.2, CH3NH, B); 13C NMR (DMF-d7, 234 

K): 165.6 (d, JC-N = 21.1, C4, A), 164.8 (t, 3
JC-6N = 3

JC-4N = 3.4, C2, A and B), 163.6 (m, C6, B), 

156.4 (d, JC-N = 18.3, C6, A), 156.3 (d, JC-N = 18.0, C4, B), 154.4 (C1’, B), 154.2 (C1’, A), 129.9 

(C3’, B), 129.9 (C3’, A), 127.8 (C4’, B), 127.7 (C4’, A), 121.9 (d, 2JC-N = 3.5, C2’, A), 111.1 (m, 

C5, A and B), 28.1 (d, JC-N = 11.9, CH3NH, B), 27.1 (d, JC-N = 10.9, CH3NH, A); 15N NMR 

(DMF-d7, 230 K): 99.16 (d, 2
JN-N  = 6.3, N1’, B), 91.87 (d, 2

JN-N = 7.5, N1’, A), 92.03 (td, JN.Ha = 

JN-Hb = 90.8, 2h
JN-N = 6.3, N4, B), 89.22 (t, JN-H = 91.1, N4, A), 73.45 (d, JN-H = 95.1, N6, B); ESI 

MS, m/z (%): 247.2 [M + H]+; HRMS (ESI) calcd for C11H14N4
15N3 [M + H]+ 247.1216, found 

247.1217. 
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 N
4
-Methyl-5-((4-nitrophenyl)diazenyl)pyrimidine-

2,4,6-triamine (2c). Treatment of 1c (200 mg, 0.7 

mmol) with methylamine (0.08 mL, 2.1 mmol) for 

10 min by procedure C gave 2c (80 mg, 40 %) as a 

red solid, m. p. > 300 °C. 1H NMR (DMSO-d6): 

10.69 (1H, bs, 6-NH, A), 9.87 (1H, bs, 4-NHA, B), 8.18-8.22 (4H, m, H3’, A and H3’, B), 7.93-

8.03 (4H, m, H2’, A and H2’, B), 7.84 (1H, bs, 4-NHB, B), 7.73 (1H, bs, 6-NH, B), 7.36 and 7.04 

(2-NH2, A), 2.99 (3H, bs, CH3NH, A), 2.94 (3H, bs, (CH3NH, B); 13C NMR (DMSO-d6): 164.6 

(C4, A), 163.9-164.0 (m, C2, A and B), 162.6 (C6, B), 158.1 (C1’, A and B), 155.5 (C4, B), 

155.4 (C6, A), 144.3 (C4’, A and B), 124.9 (C3’, A and B), 121.1 (C2’, A and B), 112.7 (C5, A 

and B), 27.8 (CH3, B), 27.0 (CH3, A); ESI MS, m/z (%): 289.1 [M + H]+; HRMS (ESI) calcd for 

C11H13N8O2 [M + H]+ 289.1156, found 289.1156. 
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