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Chapter 7 
 

Combining quantum mechanical ligand 
conformation analysis and protein modeling to 

elucidate GPCR–ligand binding modes 
Sabine Schultes, Harald Engelhardt, Luc Roumen, Obbe P. Zuiderveld, Eric E. J. 

Haaksma, Iwan J.P. de Esch, Rob Leurs, Chris de Graaf 

Adapted from Chem. Med. Chem. 2013, 8, 49-53  

Introduction 

The binding affinity of a ligand for a protein target is not only driven by protein-ligand 
interactions1,2 and binding entropy,3 but is also determined by conformational energy 
penalties that protein and ligand experience upon binding.4,5 Systematic analyses of 
protein-ligand co-crystal structures indicate that ligands often bind in a low energy 
conformation, although the lowest energy conformation is not necessarily the preferred 
binding conformation.6-8 However, the computational prediction of ligand strain energies - 
the differences between the energy of the protein-bound ligand conformation and the 
global minima on the ligand’s potential energy surface - is challenging.9-11 A recent 
analysis of the conformational energy penalty for druglike molecules shows that the 
uncertainty in the conformational energies of ligand docking poses calculated with 
docking scoring functions is substantial high.12 This problem can be addressed, for 
example, by relaxing the initially docked ligand conformation in the protein binding site 
using force-field- or quantum mechanics (QM)-based energy minimizations,13,14 normal 
mode analysis15 or molecular dynamics simulations.16 Force field methods are fast and 
efficient, but their accuracy in estimating electrostatic interactions is limited,17 and their 
accuracy in describing bonded interactions in the ligand (torsion angles in particular) often 
requires customized force-field parameterization.18-20 QM approaches are generally 
slower, but require less or no ligand parameterization and can more accurately 
approximate protein-bound ligand conformations.19,21 QM calculations have been 
successfully applied to estimate the energy differences between (free and protein bound) 
ligand conformations.9-11 Systematic analysis of the conformations of small molecules in 
crystal structures in the Cambridge structural database (CSD)22 is an alternative method 
to estimate the probability of ligand conformations, assuming that unstrained (lower-



 
Chapter 7 

 

 132 

energy) geometries are observed more frequently than strained (higher-energy) 
conformations.22,23 Insights into protein bound ligand conformations can also be obtained 
by the introduction of groups that force ligands into specific conformations (e.g. methyl 
groups)24,25 and the rigidification of ligand conformations by ring cyclization.26 

The current study focuses on the elucidation of the binding mode of 2-aminopyrimidine 
ligands of the histamine H4 receptor (H4R)27-29, a G protein-coupled receptor (GPCR) 
involved in inflammation and immune responses and therefore of particular 
pharmaceutical interest.30-32 We recently proposed a H4R binding mode model for 2-
aminopyrimidine ligands with a rigid phenyl moiety on position 6 of the pyrimidine 
(Figure 1).33 

 
Figure 1. Proposed binding mode of 2-aminopyrimidine ligands from ref33. Ligand and pocket 
residues are shown in ball-and-sticks representation, whereas for clarity Y953.33 is shown in lines for 
clarity. Hydrogen bonds between the ligands and pocket residues are represented as black dotted 
lines. The backbone TM helices 5, 6, and 7 (right to left) are presented as yellow bonds. TM helix 3 
in foreground is partly presented by yellow sticks. 
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Results and Discussion 

For this work we have designed and synthesized 2-aminopyrimidine ligands with flexible 
(ligands 1-2) and rigidified (ligands 3a-b) side chains (Scheme 1) as a challenging test 
system to investigate the role of ligand conformation in H4R ligand binding. By combining 
structure-activity relationships (Table 1), protein-ligand modeling studies (Figure 2), and 
QM calculations (Figure 3) we have obtained new insights into the molecular 
determinants of H4R-ligand binding and could elucidate ligand binding conformations and 
orientations in the H4R binding pocket. Our combined ligand- and protein-ligand modeling 
method can be used as a general approach to investigate the binding modes of flexible 
side chains of ligands with other protein targets.  

 
Scheme 1. Reagents and conditions: a) I-Cl, acetic acid, 80 °C, 8 h; b) CH2Cl2, N-ethyl-N,N-
diisopropylamine, 20 °C, 16 h; c) X = N: 1-methyl-2-pyrrolidinone, 130 °C, 4 d; X = O: 1-methyl-2-
pyrrolidinone, NaH, 100 °C, 2 h; d) CuI, dichloro[1,1’-bis(diphenylphosphino)ferrocene] palladium (II) 
dichlormethane adduct, K2CO3, 1,2-dimethoxyethane, H2O, 80 °C, 6 h; e) MeOH, Et3N, Pd/C, 20 °C, 
H2 (4bar), 2 h; f) CuI, Pd[P(Ph)3]4, K2CO3, 1,2-dimethoxyethane, H2O, 80 °C, 2 h; g) MeOH, Pd/C, 
20 °C, H2 (4bar),  2 h; h) 1N HCl(aq), 20 °C, 16 h; i) MeOH, triethylamine, Et3N, Pd/C, 80 °C, H2 
(4bar), 1 h.  
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Table 1. Affinity (pKi) and ligand efficiency (LE) data of 2-aminopyrimidine ligands 1-3, 
and acidity data (pKa) for 2-aminopyrimidine ligands 1a-c. 

                                                                 

ligand R5 X R7 pKi LE[a] pKa
[b] pKa

[b] 
pyr pip 

1a H NH - 8.5 ± 0.05 0.45 6.4 7.4 
1b H CH2 - 8.5 ± 0.03 0.45 8.0 6.6 
1c H O - 6.5 ± 0.02 0.34 4.6 7.7 
2a CH3 NH - 6.1 ± 0.05 0.31 - - 
2b CH3 CH3 - 8.2 ± 0.01 0.41 - - 
2c CH3 O - 5.0 ± 0.06 0.25 - - 
3a - - H 7.9 ± 0.05 0.42 - - 
3b - - CH3 8.2 ± 0.01 0.39 - - 

[a] LE=pKi/HA in which HA is the number of heavy atoms. [b]  pKa measured for the pyrimidine and 
piperazine moiety.  

 

The structure-activity relationship (SAR) studies presented in Table 1 show that 2-
aminopyrimidines bearing an -NH- (1a) or -CH2- (1b) group as X have a significantly 
higher H4R binding affinity (both 85 fold) than the 2-isobutyloxy-2-aminopyrimidine 
analogue 1c (X=O, Table 1). pKa measurements show that the basicity of the 2-
aminopyrimidine rings of ligands 1a and 1b is significantly higher than that of the 2-
aminopyrimidine ring of 1c (Table 1). These data indicate that basicity of the 2-
aminopyrimidine moiety plays an important role in H4R-ligand binding and support our 
experimentally validated model33 in which the aminopyrimidine moiety is protonated and 
forms a salt bridge with E1825.46 (Figure 1, Figure 2a-b). Mutation of E1825.46 to 
glutamine resulted in a 13-fold loss in affinity for the compound shown in Figure 1.33 Only 
the model in which this compound was double-protonated could rationalize this affinity 
loss. In contrast to the mono-protonated binding model, a loss of hydrogen bond 
interactions in the H4R-E1825.46Q model relative to the H4R-wt model was observed 
during a 1ns MD-simulation.33 
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Figure 2. Proposed 
binding modes of a) 1a, b) 
1b and c) 1c. View and 
depiction are the same as 
described in Fig.1. The 
red arrow in panel a) 
shows the direction in 
which the dihedral angle 
between the atoms 
marked by black circles is 
monitored in Figure 3. 
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As the amount of double-protonated species (protonated at the aminopyrimidine and the 
piperazine moieties) is ~ 100 fold lower for ligand 1c than for ligands 1a and 1b, we 
propose ligand 1c to predominantly bind H4R in a form in which only the piperazine 
moiety is protonated. In this protonation state the aminopyrimidine moiety of ligand 1c 
cannot form tight ionic interactions with E1825.46 (Figure 2c), explaining the decrease in 
binding affinity.  

QM conformational analyses show that both 0° and 180° conformations of the residue at 
position 6 of the pyrimidine scaffold of ligand 1a (R6 side chain) are energetically 
favorable (Figure 3a), while for the R5 methylated analogue 2a the 180° conformation is 
clearly preferred (Figure 3b). Also for the R5 methylated ligand 2c the 180° conformation 
is the only energetic favorable conformation. The affinity decrease of ligands 1a and 1c 
upon R5 methylation (Table 1) indicates that the 180° conformation is not compatible with 
the H4R binding pocket. This is supported by our H4R-ligand binding mode models in 
which the R6 side chain would clash with transmembrane helix 5 in the 180° conformation 
(but not in the 0° conformation, Figure 2a, and 2c). The affinity decrease is most 
pronounced for ligand 2a relative to 1a, which is also explained by our H4R model, 
showing that the NH group can only form a hydrogen bond with H4R in the 0° 
conformation (Figure 3a). This 0° conformation is also adapted by a small molecule 
crystal structure (XAXTIZ) that contains the same scaffold as ligand 1a (Table 2). The 0° 
conformation of 1a is further supported by the fact that the rigidified ligands 3a and 3b in 
which the R6 group is fixed in a 0° conformation also have high binding affinities and 
ligand efficiencies (Table 1). 

The combination of SAR data (Table 1), ligand conformation analysis (Figure 3, 
Table 2), and ligand-protein modeling clearly supports a H4R-ligand binding mode in 
which the R6 side chain of ligand 1a is in a 0° conformation (Figure 2a). In this 

conformation 1a binds H4R with a high ligand binding affinity (3.5  nM) and ligand 
efficiency (LE = 0.45)34 by forming ionic interactions between its basic aminopyrimidine 
group and the acidic carboxylate group of E1825.46, and by making additional hydrophobic 
contacts with its R6 isobutyl group in the binding pocket in the proximity of L1755.39, a 
residue shown to be involved in H4R binding.33,35  
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Figure 3. Relaxed dihedral angle scan of the marked dihedral angle of double-protonated ligand 1a 
(green), double-protonated ligand 1b (red), and mono-protonated ligand 1c (blue), using QM 
conformation analysis. The current depiction of the compounds shows the 0° conformation of the R6 
side chain. The grey arrows indicates the direction in which the dihedral angles are changed (in front 
of the plane of the page), while the triangles indicate the torsion angles of the corresponding H4R 
bound ligand conformations in Figure 2. 

Table 2. Dihedral angles of side chains on a 2-aminopyrimidine scaffold found in the CSD 

scaffold[a] 
    

X N[b] angle(°)[c] N[b] angle(°)[c] N[b] angle(°)[c] N[b] angle(°)[c] 

NH 1[d] 0 - - - - - - 

CH2 1[d] 4 - - - - - - 

O 
4[d] 0 ± 2 1[d] -6 6[d] 2 ± 3 6[d] 0 ± 4 

34[e] 179 ± 3 - - - - - - 
[a] R indicates any atom(s), the dihedral angle of interest in the molecular structures is shown in 
bold. [b] Number of CSD entries (an overview of the individual codes of the different CSD entries is 
given in Table S1, Supporting Information). [c] average dihedral angle vaues +/- standard deviation; 
[d] ∼0° conformation; [e] ∼180° conformation. 
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For the ligand 1b the energy barriers between different conformations are relatively low 
(Figure 3a), indicating that this 2-aminopyrimidine can bind H4R in different 
conformations. For R5 methyl analogue 2b, all conformations that do not position the side 
chain in the close proximity of the R5 methyl group are equally favorable (between 90° 
and -90°, Figure 3b). As discussed above, the 180° conformation is not compatible with 
the H4R binding pocket. However, for 1b and 2b both ‘out of plane’ conformations of the 
alkyl side chain are energetically accessible (Figure 3) and compatible with the H4R 
binding site (Figure 2b), which is in line with the relatively small differences in affinity and 
ligand efficiency between 1b and 2b (Table 1). The 0° conformation is also observed in a 
small molecule crystal structure (KUXKUG) containing the same scaffold as ligand 1b 
(Table 2). 

For ligand 1c the 0° conformation is energetically unfavorable relative to the 180° 
conformation of the R6 side chain (Figure 3). The 180° conformation is also much more 
frequently observed than the 0° conformation for alkoxy-2-aminopyrimidine scaffolds in 
the mono-protonated form in small molecule crystal structures (Table 2). The same side 
chain is however in a 0° degree conformation in small molecule crystal structures where 
the 2-amimopyrimidine ring is interacting with a carboxylic acid group (in the same 
manner as E1825.46 in our H4R-ligand binding mode model Figure 2c). This shows that 
conformational constraints can be taken into account to form favorable interactions (which 
is in line with our model, Figure 2c). These data suggest that the relatively low affinity of 
ligand 1c (Table 1) is not only the result of the relatively low basicity of the 2-
aminopyrimidine ring (Table 1), but also a result of the energy penalty that is paid for 
binding H4R in an unfavorable conformation (Figure 3b and 3c). 

We have successfully combined ligand SARs, QM conformation analyses, and protein-
ligand modeling studies to elucidate the binding conformation of the flexible side chains of 
2-aminopyrimidines in the H4R binding pocket. Our studies show that ligands bind H4R 
with high binding affinity and ligand efficiency by establishing ionic interactions with 
E1825.46 and by optimizing nonpolar interactions with the receptor binding pocket while 
adopting an energetically favorable conformation. Our combined ligand- and protein-
ligand modeling approach has provided new insights into the molecular determinants of 
H4R ligand binding and can be used as a general approach to investigate the binding 
modes of flexible side chains of ligands to other protein targets. 
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Experimental section 

Synthesis of 2-aminopyrimidine ligand  

Scheme 1 illustrates the routes that were used to make the ligands described herein. Ligands with 
amine (1a, and 2a) or oxygen (1c and 2c) linked residues at position 6 were synthesized from the 
chloro intermediate 6a-b via a nucleophilic aromatic substitution reaction (step c). Derivatives with an 
alkyl chain (1b and 2b) at position 6 were synthesized from the chloro intermediate 6a-b applying a 
Sonogashira coupling with 3-methylbut-1-yne 8 followed by a reduction of the triple bond (steps d, e). 
Tetrahydropyridopyrimidine derivatives 3a-b were synthesized by Sonogashira coupling of the 5-
Iodo-pyrimidine ligand 9 with propagylamine derivatives 10a-b (f) followed by reduction, deprotection 
and an additional reduction of the double bond (steps g, h, i). 

Molecular pharmacology  

Cell culture, transfection and membrane preparation 

HEK293T cells were cultured in Dulbecco’s modified Eagles medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 50 IU/ml penicillin and 50 µg/ml streptomycin at 37 °C / 5% CO2. One 
day prior to transfection, the HEK293T cells were seeded at 2E6 cells per 10 cm dish. The 
polyethyleneimine (PEI) transfection method was used to transiently transfect HEK293T cells with 
H4R cDNA. Briefly, per 10 cm dish 2.5 µg H4R (mutant) cDNA and 2.5 µg pcDEF3 (empty vector) 

were incubated with 20 µg 25 kDa linear PEI in a total volume of 500  µl 150 mM NaCl for 30 minutes 
at room temperature. The transfection mix (cDNA/PEI mix) was subsequently added drop wise to the 
10 cm dish with 6ml fresh culture medium. Two days post transfection, cells were washed once with 
phosphate-buffered saline (PBS) and subsequently scraped from their culture dish in 1ml of PBS. 
Crude membrane extracts were collected by centrifugation at ~2000 g for 10 min at 4 °C. The crude 
membrane extract pellets were stored at -20 °C until further use.  

[3H]-Radioligand binding assay 

The displacement binding assays were performed using crude membrane extracts from transiently 
transfected HEK293T cells in 50 mM Tris-HCl binding buffer (pH 7.4 at room temperature). Crude 
membrane extracts were co-incubated with the 2-aminopyrimidine or indolecarboxamide ligands 
(Table 1) and ~10 nM [3H]-histamine in a total volume of 100 µl/well. The ligand/membrane mixtures 
were incubated for 1.5 hrs at room temperature on a shaking table (750 rpm). Bound radioligand was 
separated from free radioligand via rapid filtration over a 0.3% PEI-pre-soaked glass fiber C plate 
(GF/C, Perkin Elmer). GF/C plates were subsequently washed three times with ice-cold 50 mM Tris-
HCl wash buffer (pH 7.4 at 4 °C). The retained radioactivity on the GF/C plates was counted by liquid 
scintillation counting in a Wallac Microbeta (Perkin Elmer).  
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Materials 

[3H]-histamine (10.6-13.4 Ci/mmol) was purchased from Perkin Elmer and [3H]-JNJ 7777120 (56.1 
Ci/mmol) was a kind gift of Robin Thurmond (JNJ, La Jolla, CA). PEI was bought from Polysciences 
and cell cultures media were obtained from PAA (Pasching, Austria). 

Computational methods 

CSD search 

Dihedral angles of 2-aminopyrimidine scaffolds present in the Cambridge Structural Database 
(CSD)22 that are also present in ligands 1a-c similar were analyzed (Table 2). The CSD version 5.33 
(November 2011) was investigated using ConQuest 1.14 for 2-aminopyrimidine scaffolds substituted 
on the R4, R6 or both positions. Substitution patterns were investigated for the linker atoms NH, 
NCH3, O and CH2 further attached to at least one carbon atom giving results in the form of -NH-C, -
CH2-C and -O-C The R5 position of the pyrimidine ring was substituted with an hydrogen atom for the 
search. The following general search flags were set: ‘3D coordinated determined’, R factor <0.10, 
‘3D, ‘not disordered’, ‘no errors’, ‘not polymeric’, and ‘only organic’.  

Quantum mechanics 

The rotational energies of the bond between the pyrimidine and the linker atoms of ligands 1a-c and 
2a-c were determined via a relaxed dihedral angle scan which is implemented in Jaguar v7.7. 
Energies of the different rotamers were optimized using B3LYP (DFT) with the 6-311+G(d,p) basis 
set. 

Protein-ligand modelling 

The H4R model was built in homology to the H1R36 crystal structure as described previously.35 The 
binding mode of 2-amomopyrimidines which was described previously33 was used as an initial 
binding mode for the other ligands. Only the R6 side chains were removed and rebuilt using MOE 
version 2009.10.37 The models were subjected for energy minimization using the MMFF94x force 
field with fixed position of the backbone atoms of the protein. Dihedral energy constraints of 0° or 
180º with a force constant of at least 1000 were applied on the atoms surrounding the bond between 
the 2-amino-group and the pyrimidine to keep the amino group of the pyrimidine ring in plane with 
the pyrimdine. 

pKa measurements:  

A GLpKa automated pKa analyzer (Sirius Analytical Instruments Ltd) was used with standard 
methods described by Allen et al.38 and Volgyi et al.39 Both methods used for pKa measurement can 
differentiate between protonation on the piperazine or pyrimidine. 
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Supporting Table S1. CSD codes of 2-aminopyrimidine compounds 

scaffold 

 

N NH
+

NH2

X
H

R R

 

 

X Names 

NH XAXTIZ 

CH2 KUXKUG 

O 
AFUYIJ, BOWZAP, CIDCIC, CIDCOI, CIDCUO, CIQBIO, EMISIC, IFACUO, KUZZUB, 
LEPVIM, LUPWAU, MACBUO, MENRED, OFEYAZ, QOVQEY, TIPFII, VAQRUB, 
VAQSAI, VAQSEM, VAQSIQ, VACSOW, VAQSUC, YIRLOB 

 

Synthetic methods 

General remarks 

Chemicals and reagents were obtained from commercial suppliers and were used without further 
purification. Proton and Carbon NMR spectra were obtained on a Bruker Advance 400 FT-NMR or 
Bruker Advance 500 FT-NMR instrument with chemical shifts (δ) reported relative to 
tetramethylsilane as an internal standard. High resolution mass spectroscopy data were obtained on 
a LTQ Orbitrap XL (Thermo Scientific) equipped with a NSI Source (Advion Nanomate) in ESI 
positive mode. Analytical HPLC-MS analyses were conducted using an Agilent 1100 series LC/MSD 
system. The analytic method A1 and A2 is defined in Table S2. Compound purities were calculated 
as the percentage peak area of the analyzed compound by UV detection at 230-400 nm. If purity 
data is not explicitly mentioned the compound displays a purity > 98%. Flash column 
chromatography was carried out using hand packed silica gel 60 (230-400 mesh) or pre-packed 
silica gel columns from Biotage and product was eluted under medium pressure liquid 
chromatography. Preparative high performance chromatography was carried out on a Gilson system 
(pump system: 333 & 334 prep-scale HPLC pump; fraction collector: 215 liquid handler; detector: 
Gilson UV/VIS 155) using pre-packed reversed phase silica gel columns from waters. The methods 
for preparative high performance chromatography P1-P2 are defined in Table S2. 
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Table S2. Chromatography methods 

 Column a  Solvent A Solvent B flow rat 
[ml/ min] Gradient b 

A1  
 

Phenomenex, 
Mercury Gemini, 
C18, 3 μm, 2 × 20 
mm, 40°C 

water pH 8 (buffer: 
NH3 / NH4HCO3) 

Acetonitril 1.0  5% à 95%, 
2.5 min 

A2 
Agilent Zorbax 
Extend C18, 3.5µ, 
2.1x50mm, 35°C  

water pH 8 (buffer: 
NH3 / NH4HCO3) 

Acetonitril 1.2 min 

5% à 95%, 
1.3 min; 0.8 
min 95% 
isocratic 

P1 
Waters, Sunfire, 
C18, 10 µm, 
30*100 mm 

water with 0.2% 
formic acid Acetonitril 100 10% à 

65%, 6 min 

P2 
Waters, XBridge, 
C18, 10 µm, 
30*100 mm 

water pH 8 (buffer: 
NH3 / NH4CO3) 

Methanol 100 10% à 
75%, 6 min 

a company, column name, kind of particle, particle size, column dimension, column temperature; b % 
of solvent B at gradient start à % of solvent B at gradient end, gradient time; 
 

6-Chloro-4-(4-methylpiperazin-1-yl)pyrimidin-2-amine (6a) 

4,6-Dichloro-pyrimidine-2-amine 4a (1.00 g, 5.79 mmol), N-ethyl-diisopropylamine (1.33 g, 11.58 
mmol) and 1-Methylpiperazin 5 (0.64 g, 6.37 mmol) were suspended in 30 ml dichloromethane and 
stirred for 16 h at 20 °C. The solvent was removed under reduced pressure and the crude material is 
purified using silica gel flash column chromatography with a solvent mixture of dichloromethane, 
methanol and 25% aqueous ammonia of 90 : 9 : 1 for elution. The solvent of the corresponding 
fractions was evaporated under reduced pressure, yielding 0.9 g (68%, 3.95 mmol) of the title 
compound: 1H NMR (500 MHz, [D6]DMSO) δ = 2.19 (s, 3H), 2.30 (t, J = 5,1 Hz, 4H), 3.47 – 3.56 (m, 
4H), 6.08 (s, 1H), 6.45 ppm (s, 2H); 13C NMR (125 MHz, [D6]DMSO) δ = 43.37, 45.60, 54.12, 90.60, 
159.35, 162.44, 163.22 ppm; HRMS (ESI+): m/z [M+H]+ calculated for C9 H15 Cl N5: 228.1016, found: 
228.1017; purity by method A1: >98%; RT = 1.03 min; MS (ESI+) m/z (M+H)+ 228/230, Cl distribution. 

4-chloro-5-methyl-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine (6b) 

The compound was synthesized according to 6a starting from 4,6-dichloro-5-methyl-pyrimidine-2-
amine 4b yielding 345 mg (85%, 1.43 mmol) of the title compound.1H NMR (400 MHz, [D6]DMSO) δ 
= 2.03 (s, 3H), 2.20 (s, 3H), 2.34-2.43 (m, 4H), 3.17-3.32 (m, 4H), 6.45 ppm (bs, 2H); 13C NMR (100 
MHz, [D6]DMSO) δ = 14.94, 45.63, 47.87, 54.36, 103.04, 160.03, 160.13, 167.35 ppm; HRMS (ESI+): 
m/z [M+H]+ calculated for C10 H16 Cl N5: 242.1172, found: 242.1176; purity by method A1: >98%; RT 
= 1.28 min; MS (ESI+) m/z (M+H)+ 242/244, Cl distribution. 

5-methyl-4-(4-methylpiperazin-1-yl)-6-N-(2-methylpropyl)pyrimidine-2,4-diamine (2a) 

5-Methyl-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine 6b (110 mg, 0.41 mmol), N-ethyl-
diisopropylamine (143 mg, 1.23 mmol) and isobutylamin 7a (300 mg, 4.10 mmol) were suspended in 
1 ml 1-methyl-2-pyrrolidinone and stirred for 4 d at 130 °C. The crude product was purified using 
method P2, yielding 52 mg (45%, 0.18) of the title compound. 1H NMR (500 MHz, [D6]DMSO) δ = 
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0.85 (d, J = 6.8 Hz, 6H), 1.78 (s, 3H), 1.81 – 1.91 (m, 1H), 2.19 (s, 3H), 2.33 – 2.42 (m, 4H), 2.93 – 
3.01 (m, 4H), 3.06 – 3.11 (m, 2H), 5.40 (s, 2H), 5.86 ppm (t, J = 4.1 Hz, 1H); 13C NMR (125 MHz, 
[D6]DMSO) δ = 11.43, 20.22, 27.64, 45.81, 47.98, 48.78, 54.82, 88.29, 160.30, 162.77, 165.45 ppm; 
HRMS (ESI+): m/z [M+H]+ calculated for C14 H27 N6: 279.2297, found: 279.2298; purity by method A1: 
98%; RT = 1.53 min; MS (ESI+) m/z (M+H)+ 279.  

6-(4-methylpiperazin-1-yl)-4-N-(2-methylpropyl)pyrimidine-2,4-diamine (1a) 

The compound was synthesized according to 2a starting from 4-chloro-6-(4-methylpiperazin-1-
yl)pyrimidin-2-amine 6a yielding 32 mg (44%, 0.12 mmol) of the title compound. 1H NMR (500 MHz, 
[D6]DMSO) δ = 0.87 (d, J = 6.7 Hz, 6H), 1.72-1.81 (m, 1H), 2.19 (s, 3H), 2.29-2.33 (m, 4H), 2.97 (t, J 
= 6.1 Hz, 2H), 3.32-3.38 (m, 4H), 5,04 (s, 1H), 5.43 (s, 2H), 6.15 ppm (br, 1H); 13C NMR (125 MHz, 
[D6]DMSO) δ = 20.26, 27.86, 43.56, 45.83, 47.92, 54.38, 73.44, 162.32, 163.43, 164.58 ppm; HRMS 
(ESI+): m/z [M+H]+ calculated for C13 H25 N6: 265.2141, found: 265.2147; purity by method A1: 98%; 
RT = 1.32 min; MS (ESI+) m/z (M+H)+ 265. 

5-methyl-6-(3-methylbutyl)-4-(4-methylpiperazin-1-yl)pyrimidin-2-amine (2b) 

5-Methyl-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine 6b (110 mg, 0.41 mmol), 3-methylbut-
1-yne 8 (83 mg, 1.22 mmol), potassium carbonate (212 mg, 1.54 mmol), copper iodide (23 mg, 0.12 
mmol) and dichloro[1,1’-bis(diphenylphosphino)ferrochne] palladium (II) dichlormethane adduct (101 
mg, 0.12 mmol) were suspended in 3 ml of a 1:1 mixture of 1,2-dimethoxyethan and water. The 
reaction mixture was flushed with argon and stirred for 6 h at 80 °C. Afterwards water and 
dichloromethane was added to the mixture and the organic layer was saperated, dried and the 
solvent was removed under reduced pressure. The crude product was purified using method P2, 
yielding 57 mg (51%) of 5-methyl-6-(3-methylbut-1-ynyl)-4-(4-methylpiperazin-1-yl)pyrimidin-2-
amine. This intermediate, triethylamine (51 mg, 0.50 mmol) and 10 mg palladium on carbon (5 %) 
were dissolved in 20 ml methanol. The mixture was stirred for 2 h at 4 bar hydrogen atmosphere and 
20 °C. Afterwards the suspension was filtered. The solvent was removed under reduced pressure 
and the crude product was purified using method P2, yielding 50 mg (87%, 0.18 mmol) of the title 
compound. 1H NMR (500 MHz, [D6]DMSO) δ = 0.90 (d, J = 6.3 Hz, 6H), 1.36 – 1.46 (m, 2H), 1.51 – 
1.64 (m, 1H), 1.96 (s, 3H), 2.20 (s, 3H), 3.08 (s, 4H), 3.32 (s, 2H), 4.09 (s, 4H), 5.86 ppm (s; 2H); 13C 
NMR (100 MHz, [D6]DMSO) δ = 12.91, 22.33, 27.67, 32.52, 36.86, 45.71, 48.22, 54.55, 104.16, 
160.63, 166.93, 168.79 ppm; HRMS (ESI+): m/z [M+H]+ calculated for C15 H28 N5: 278.2345, found 
278.2354; purity by method A1: >98%; RT = 1.74 min; MS (ESI+) m/z (M+H)+ 278. 

4-(3-methylbutyl)-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine (1b) 

The compound was synthesized according to 2b starting from 4-chloro-6-(4-methylpiperazin-1-
yl)pyrimidin-2-amine 6a yielding 32 mg (56%, 0.12 mmol) of the title compound. 1H NMR (500 MHz, 
[D6]DMSO) δ = 0.89 (d, J = 6.6 Hz, 6H), 1.42-1.48 (m, 2H), 1.48-1.58 (m, 1H), 2.19 (s, 3H), 2.28-2.33 
(m, 6H), 3.45-3.50 (m, 4H), 5.85 (s, 2H), 5.89 ppm (s, 1H); 13C NMR (125 MHz, [D6]DMSO) δ = 
22.46, 27.43, 35.38, 37.65, 43.25, 45.80, 54.37, 91.01, 162.87, 163.13, 169.85 ppm; HRMS (ESI+): 
m/z [M+H]+ calculated for C14 H26 N5 requires: 264.2188, found: 264.2187; purity by method A1: 
>98%; RT = 1.55 min; MS (ESI+) m/z (M+H)+ 264. 
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5-methyl-4-(4-methylpiperazin-1-yl)-6-(2-methylpropoxy)pyrimidin-2-amine (2c) 

2-Methylpropane-1-ol 7b (135 mg, 1.82 mmol) was dissolved in 0.2 ml 1-methyl-2-pyrrolidinone and 
treated with sodium hydride (107 mg, 2,68 mmol, 60% suspension in petroleum). The mixture was 
stirred for 30 min at 20 °C and afterwards 5-methyl-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-2-
amine 6b (120 mg, 0.45 mmol) diluted in 0.8 ml 1-methyl-2-pyrrolidinone was added. The reaction 
mixture was stirred for 2 h at 100 °C and the crude product was purified using method P2, yielding 
76 mg (61%, 0.27 mmol) of the title compound. 1H NMR (500 MHz, [D6]DMSO) δ = 0.94 (d, J = 6.7 
Hz, 6H), 1.85 (s, 3H), 1.92 – 2.01 (m, 1H), 2.20 (s, 3H), 2.34 – 2.42 (m, 4H), 3.07 – 3.14 (m, 4H), 
3.94 (d, J = 6.6 Hz, 2H), 5.93 ppm (s, 2H); 13C NMR (125 MHz, [D6]DMSO) δ = 10.67, 19.07, 27.53, 
45.82, 48.12, 54.67, 71.26, 90.06, 160.07, 167.05, 168.41 ppm; HRMS (ESI+): m/z [M+H]+ calculated 
for C14 H26 N5 O: 280.2137, found: 280.2134; purity by method A1: >98%; RT = 1.82 min; MS (ESI+) 
m/z (M+H)+ 280. 

4-(4-methylpiperazin-1-yl)-6-(2-methylpropoxy)pyrimidin-2-amine (1c) 

The compound was synthesized according to 2c starting from 4-chloro-6-(4-methylpiperazin-1-
yl)pyrimidin-2-amine 6a yielding 42 mg (55%, 0.16 mmol) of the title compound. 1H NMR (500 MHz, 
[D6]DMSO) δ = 0.93 (d, J = 6.7 Hz, 6H), 1,87-1.99 (m, 1H), 2.19 (s, 3H), 2.28-2.32 (m, 4H), 3.42-3.47 
(m, 4H), 3.91 (d, J = 6.7 Hz, 2H), 5.32 (s, 1H), 5.98 ppm (s, 2H); 13C NMR (125 MHz, [D6]DMSO) δ = 
19.17, 27.61, 43.65, 45.87, 54.38, 71.07, 75.52, 162.43, 164.66, 171.03 ppm; HRMS (ESI+): m/z 
[M+H]+ calculated for C13 H24 N5 O: 266.1981, found: 266.1979; purity by method A1: >98%; RT = 
1.54 min; MS (ESI+) m/z (M+H)+ 266. 

4-Chloro-5-iodo-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine (9) 

4,6-Dichloro-pyrimidine-2-amine 4a (5.00 g, 29.88 mmol) and iodine monochloride (16.85 g, 104 
mmol) were dissolved in 125 ml acetic acid and stirred for 8 h at 80 °C. The reaction mixture was 
diluted with an aqueous sodium thiosulfate solution and dichloromethane. The organic layer was 
separated, dried over magnesia sulfate and the solvent was removed under reduced pressure, which 
results in 4.90 g (57%, 16.90 mmol) of 4,6-dichloro-5-iodo-pyrimidin-2-amine. 4,6-Dichloro-5-iodo-
pyrimidin-2-amine (1.20 g, 4.15 mmol), N-ethyl-diisopropylamine (0.69 g, 5.38 mmol) and 1-
Methylpiperazin 5 (0.50 g, 5.00 mmol) were suspended in 30 ml dichloromethane and stirred for 16 h 
at 20 °C. The solvent was removed under reduced pressure and the crude material is purified using 
silica gel flash column chromatography with a solvent mixture of dichloromethane, methanol and 
25% aqueous ammonia of 90:9:1 for elution. The solvent of the corresponding fractions was 
evaporated under reduced pressure, yielding 0.73 g (50%, 2.07 mmol) of the title compound. 1H 
NMR (500 MHz, [D6]DMSO) δ = 2.29 (s, 3H), 2.51-2.58 (m, 4H), 3.34-3.40 (m, 4H), 6.91 ppm (bs, 
2H); 13C NMR (125 MHz, [D6]DMSO) δ = 45.12, 48.42, 53.80, 90.64, 161.34, 164.26, 168.87 ppm; 
HRMS (ESI+): m/z [M+H]+ calculated for C9 H14 Cl I N5: 353.9982, found: 353.9988; purity by method 
A2: >98%; RT = 1.57 min; MS (ESI+) m/z (M+H)+ 354/356, Cl distribution. 
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Tert-butyl-N-[3-[2-amino-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-5-yl]prop-2-ynyl]carbamate (11a) 

4-Chloro-5-iodo-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine 9 (200 mg, 0.57 mmol), tert-butyl N-
prop-2-ynylcarbamate 10a (176 mg, 1.13 mmol), potassium carbonate (274 mg, 1.98 mmol), copper 
iodide (22 mg, 0.11 mmol) and tetrakis(triphenylphosphine)palladium(0) (131 mg, 0.11 mmol) were 
suspended in 4 ml of a 1:1 mixture of 1,2-dimethoxyethan and water. The reaction mixture was 
flushed with argon and stirred for 2 h at 80 °C. Afterwards water and dichloromethane was added to 
the mixture and the organic layer was saperated, dried and the solvent was removed under reduced 
pressure. The crude product was purified using method P1, yielding 112 mg (52%, 0.29 mmol) of the 
title compound. HRMS (ESI+): m/z [M+H]+ calculated for C17 H26 Cl N6 O2: 381.1806, found: 
381.1797; purity by method A2: >98%; RT = 1.62 min; MS (ESI+) m/z (M+H)+ 381/383, Cl 
distribution. The complete material was used in the next step without further profiling. 

Tert-butyl-N-{4-[2-amino-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-5-yl]but-3-yn-2-yl}carbamate (11b) 

The compound was synthesized according to 11a starting from 4-Chloro-5-iodo-6-(4-
methylpiperazin-1-yl)pyrimidin-2-amine 9 yielding 124 mg (55%, 0.31 mmol) of the title compound. 
HRMS (ESI+): m/z [M+H]+ calculated for C18 H27 Cl N6 O2: 395.1962, found: 395.1965; purity by 
method A2: >98%; RT = 1.67 min; MS (ESI+) m/z (M+H)+ 395/397, Cl distribution. The complete 
material was used in the next step without further profiling. 

4-(4-methylpiperazin-1-yl)-5,6,7,8-tetrahydropyrido[2,3-d]pyrimidin-2-amine (3a) 

Tert-butyl-N-[3-[2-amino-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-5-yl]prop-2-ynyl]carbamate 11a 
(112 mg, 0.29 mmol) and 10 mg palladium on carbon (5 %) were suspended in 50 ml methanol. The 
mixture was stirred for 2 h at 4 bar hydrogen atmosphere and 20 °C. Afterwards the suspension was 
filtered. The solvent was removed under reduced pressure, yielding 96 mg (85%, 0.25 mmol) of the 
intermediate tert-butyl N-[(E)-3-[2-amino-4-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-5-yl]prop-2-
enyl]carbamate. This intermediate was dissolved in 4 ml aqueous 1 N hydrochloric acid and the 
reaction mixture is stirred for 16 h. Afterwards the solvent is removed under reduced pressure and 
the residue is dissolved in 20 ml methanol and triethylamine (76 mg, 0.75 mmol) and 15 mg 
palladium on carbon (5 %) were added. The mixture was stirred for 1 h at 4 bar hydrogen 
atmosphere and 80 °C. Afterwards the suspension was filtered. The solvent was removed under 
reduced pressure and the crude product was purified using method P2, yielding 17 mg (24%, 0.07 
mmol) of the title compound. 1H NMR (500 MHz, [D6]DMSO) δ = 1.22-1.26 (m, 2H), 1.64 (t, J = 5.1 
Hz, 2H), 2.38 (t, J = 5.9 Hz, 2H), 2.77-2.90 (m, 4H), 3.15-3.22 (m, 4H), 5.73 (s, 2H), 6.64 ppm (s, 
1H); 13C NMR (125 MHz, [D6]DMSO) δ = 20.43, 22.34, 41.78, 45.77, 47.94, 54.93, 85.87, 159.41, 
162.69, 164.74 ppm; HRMS (ESI+): m/z [M+H]+ calculated for C12 H21 N6: 249.1828, found: 249.1825; 
purity by method A1: 98%; RT = 1.14 min; MS (ESI+) m/z (M+H)+ 249. 

7-methyl-4-(4-methylpiperazin-1-yl)-5,6,7,8-tetrahydropyrido[2,3-d]pyrimidin-2-amine (3b) 

The compound was synthesized according to 3a starting from tert-butyl N-{4-[2-amino-4-chloro-6-(4-
methylpiperazin-1-yl)pyrimidin-5-yl]but-3-yn-2-yl}carbamate 11b yielding 21 mg (32%, 0.08 mmol) of 
the title compound. 1H NMR (500 MHz, [D6]DMSO) δ = 1.11 (d, J = 6.4 Hz, 3H), 1.20-1.29 (m, 2H), 
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1.72-1.79 (m, 1H), 2.19 (s, 3H), 2.31-2.42 (m, 6H), 2.96-3.04 (m, 2H), 3.08-3.16 (m, 2H), 5.33 (s, 
2H), 6.21 ppm (s, 1H); 13C NMR (125 MHz, [D6]DMSO) δ = 18.31, 19.97, 27.81, 44.21, 45.89, 47.97, 
54.91, 83.47, 159.72, 162.79, 164.52 ppm; HRMS (ESI+): m/z [M+H]+ calculated forC13 H23 N6:  
263.1984, found: 263.1979; Purity by method A1: >98%; RT = 1.26 min; MS (ESI+) m/z (M+H)+ 263. 
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