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Chapter 1. Triazine metal chelator bearing a pyrazalone group and its complexes 

 
 

1.1 Introduction 

 

 

 Chelators are described as polydentate organic ligands that are capable of binding to metals 

through multiple coordination sites.1 Monodentate ligands in this case, are not chelators. The 

advantage of chelators as opposed to monodentate ligands is the higher affinity binding to metals, 

resulting in a more thermodynamically stable polydentate complex when compared to an 

equivalent number of monodentate ligand. This is known as the chelate effect.1  

Shown in Figure 1.1, are two (monodentate and bidentate) metal-ligand complexes. The 

bidentate ligand (ethylenediamine) has a greater equilibrium constant compared to the 

monodentate ligand (methylamine), as the reactions are entropically driven.2-3  The explanation 

for this observation would lie in the number of equivalents of ligand to metal binding. Four 

equivalents of methyl amine form a four coordinate complex with cadmium(II), versus two 

equivalents for the diethylamine bidentate ligand. Although there are small differences in enthalpy 

when comparing the reaction with methylamine versus ethylene diamine, the entropic differences 

are significant. Both kinetic and thermodynamic process are entropically favored of the ethylene 

diamine reaction. Kinetically, kour molecules of methylamine has a higher degree of order to form 

the cadmium(II) complex compared to two molecules of ethylene diamine. Thermodynamically, 

formation of the bidentate ethylene diamine cadmium(II) complex nets two extra molecules 

between reactants and products, whereas the methylamine cadmium(II) complex has no net change 

between reactants and products.  Higher entropy of disorder is produced with the bidentate ligand 

compared to the monodentate ligand, hence a more favorable reaction process with a greater 



 
 

2 
 

negative ΔGº.  These values can be calculated by the Gibbs free energy equation (ΔGº = ΔHº - T 

ΔSº), where T is temperature in Kelvin, ΔHº is change in enthalpy, and ΔSº is change in entropy.2-

3 

   

 

 
 

Ligand Complex ΔHº (kJ/mol) ΔSº (kJ/mol) ΔGº (kJ/mol) KML 

CH3NH2 Cd(H2O6)2+ -57.3 -67.3 -37.2 
3.3 x 106 

 

ethylenediamine Cd(H2O6)2+ -56.5 +14.1 -60.7 4.0 x 1010 

 

Figure 1.1 An example of chelate effect. The larger equilibrium constant for the bidentate ligand 

is dictated by higher entropy of disorder.2-3 

    

 

1.1.2 Origins of chelators from EDTA  

 

 In 1935, an Austrian chemist, Ferdinand Münz discovered the chelator 

ethylenediaminetetraacetic acid (EDTA), that could be used in water softening. The binding ability 

of EDTA would later expand its scope to industries,4-5 cosmetics,6 laboratory applications,7 and 

medicine8-9. A specific salt of EDTA, disodium calcium edetate (Scheme 1.1) is used in chelation 

therapy by binding to metal ions, such as mercury or lead, for the treatment of metal poisoning.9  

With the discovery of EDTA and other chelator type molecules, the field of coordination chemistry 

quickly expanded.  
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Scheme 1.1. Disodium calcium edetate chelation, where M = metal. 

 

1.1.3 Acyl pyrazolone chelators 

 

More recently, acyl pyrazolones have been developed as chelators in multiple disciplines. 

With a common phenyl pyrazolone motif, various metals were employed to form bidentate 

complexes with the QPh4Me ligand.  For example, a calcium chelator, Ca(QPh4Me)2(EtOH)2, (Figure 

1.2), binds two QPh4Me chelators through the oxygen atoms of the pyrazolone moiety along with 

two -OEt anions to form a Ca2+ six coordinated sphere. This chelator studied by Caruso et al.,10 

has shown inhibitory activity to intercellular adhesion molecule-1 (ICAM-1). In addition, the 

titanium octahedral Ti(OEt)2(Q
nPe)2 complex (Figure 1.2) showed anti-tumor behavior.11 The 

square planare Cu(QPH4Me)2 complex was found to have intercalator activity towards the pET30 

plasmid DNA, as well as  antibacterial activity against Gram positive (B. Subtilis) (Figure 1.3).12-

13 With a similar pyrazolone ligand, Q (Figure 1.3), the zinc(II) complex Zn(Q)2(N-N), displayed 

activity with in-vitro studies against three different human prostate cancer cells, PC-3, LNCap, 

and DUI 145.13-14  
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Figure 1.2 Octahedral complexes Ca(QPh4Me)2(EtOH)2 and  Ti(OEt)2(Q
nPe)2 

 

 

Figure 1.3 Tetra coordinate complex Cu(QPH4Me)2, and octahedral complex  Zn(Q)2(N-N) 

 

Acyl pyrazolones have also been studied with iron for chelation therapy, however, iron 

pyrazolone chelators are relatively under explored. Pyrazolone chelates that are capable of binding 

to iron could be of benefit in different pathologies, such as treatment of excess iron in transfused 

patients, hereditary iron diseases, and acute iron intoxications.15 Mladenska et al. utilized chelator 

H2QPyQ (Figure 1.4) to measure the iron binding capability via ferrozine spectrometric method. 
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A second experiment was conducted by HPLC method with salicylic acid to measure the ligand’s 

effect on iron based Fenton chemistry.15  

 

Figure 1.4. Iron chelator H2QPyQ 

1.1.4 Triazine chelators 

 

         Triazines are nitrogen containing heterocycles with a general formula C3H3N3. There exist 

three isomers depending on the position of nitrogens within the ring. The asymmetric isomers are 

1,2,3 and 1,2,4 triazines. The third and most commonly used congener is 1,3,5 triazine or s-triazine. 

         2,4-diaminotriazine based PNP nickel(II) complexes were developed by the Kirchner et al. 

(Scheme 1.2). PNP, which is N,N′-bis(diphenylphosphine)-2,6-diaminopyridine), forms a 

tridentate complex with nickel(II) along with the triazine. Catalyst 1.8 was prepared by treatment 

of NiCl2·6H2O with PNP ligand at a 95% yield, and used for Suzuki-Miyaura type coupling 

reactions of aryl boronic acids with aryl halides.16  

 

Scheme 1.2 Suzuki type cross coupling reaction with triazine PNP  nickel(II) catalyst 
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Triazine based iron chelators have been reported by Melman et al.17 More specifically, 

Bis(hydroxyamino)triazines (BHT) were analyzed (Figure 1.5)18  to bind with high affinity iron 

(III) . Because iron is substantially greater in cancer cells, BHT was tested on human cancer cell 

lines MiaPaCa and MDA-MB-231 with promising antiproliferative activity in low micromolar 

range.17  

 

Figure 1.5 Bis(hydroxyamino)triazine iron(iii) complex, Melman et al. 17 

 

1.1.5 Approach and design of first row transition metal chelator  

 

The design of our tridentate metal chelator stemmed from an alternative project focused on 

the synthesis of a methyl amino pyrazole 1.10a, which would serve as bioactive cargoes.19 

However, treatment of intermediate 1.11 with acetoacetamide in the presence of Lawesson’s 

reagent in our initial studies, led to the hydrolysis product pyrazolone 1.10b (Scheme 1.3). As a 

result, we switched our attention to a pyrazolone substituted ligand. 

  

Scheme 1.3 Formation of thermodynamically stable hydrolysis product 1.10b 
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  Zhou et al.,20 demonstrated the chelation ability of their pyrazolone ligand 1.14 (Figure 

1.6C). This tridentate chelator binds the metal through an oxygen atom of the pyridine N-oxide 

group, as well as a nitrogen and an oxygen atom of the pyrazolone moiety to form a five 

coordinated metal sphere. 

Inspired by the work of Melman et al.,18 who analyzed the iron chelating ligand 

hydroxyamino-1,3,5-triazine 1.12 (Figure 1.6A) for its antiproliferating activity, we set forth in 

designing the tridentate triazine chelator 1.13 (Figure 1.6B). This molecule contains a hydrazine 

and pyrazolone. Replacing the hydroxylamine group of 1.12 with hydrazine and incorporating our 

unexpected pyrazolone group, we successfully prepared molecule 1.13. Synthesis, 

characterization, and X-ray structure of the first known methyl pyrazolone triazine chelator 1.13 

is described.  

 

Figure 1.6 A) Triazine based ligand was first reported by Melman18 1.12. B) Chelator 1.13. C)  

Zhou’s first reported ligand 1.1420  
 

 

1.2 Results and Discussion 

 

1.2.1 Synthesis and initial studies.  

 Pyrazolone 1.10b was synthesized in four steps (Scheme 1.4)19 by nucleophilic aromatic 

substitution of the cyanuric chloride with L-proline benzylester for 2 hours at 0°C followed by the 

addition benzylamine, which was stirred for 12 hours to afford monochlorotriazine 1.15 in 81% 
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yield over two steps. Hydrazine was then added to 1.15 using microwave irradiation at 90°C for 1 

hour to yield 1.11 (95%). In the final step, Lawesson’s reagent was added to a seal tube containing 

intermediate 1.11 and acetoacetamide dissolved in a mixture of pyridine/THF. The reaction was 

stirred at 80°C in a sealed tube to yield the hydrolysis product 1.13 with a 82% yield. Since water 

is generated in the first step upon condensation of the hydrazine group with acetoacetamide, it 

would be possible to obtain pyrazolone.  

 

Scheme 1.4 Synthesis of compound 1.10b 

 

The methyl protons on the pyrazole methyl amine were not observed in 1H NMR, as they 

typically have a shift at ~ 2.5-3.2 ppm. A singlet peak at  5.45 ppm suggests the presence of a 

pyrazole group. It was determined by single crystal X-ray diffractometry (Figure 1.7) and HR-MS 

(ESI) of 486.3189 m/z confirmed pyrazolone 1.10b.  
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Figure 1.7 X-ray structure of pyrazolone 1.10b 

1.2.2 Synthesis of ligand  

Molecule 1.13 was produced in four steps through the stepwise substitution of the 

trichlorotriazine ring with a 66% overall yield. (Scheme 1.5).19 First, cyanuric chloride is treated 

with morpholine at 0°C to obtain intermediate dichlorotriazine 1.16. Subsequent nucleophilic 

substitution with BOC-hydrazine at room temperature yields 1.17 followed by the addition of 

hydrazine using microwave irradiation to afford intermediate 1.18. Reaction with acetoacetamide 

in the presence of Lawessons’s reagent gives 1.19, which upon Boc deprotection with HCl 

produces tautomers of 1.13. Conveniently, 1.13 is isolated as a white powder. 
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Scheme 1.5. Synthesis of molecule 1.13 

 

Characterization of molecule 1.13 in D2O indicates that the imine species is predominant 

when isolated. The α-CH2 in 1H and 13C NMR of the imine tautomer is found on  3.80-3.50 ppm 

region and 44.0 ppm respectively (Figure 2.6) and the conjugate isomer enamine shows a peak at 

 5.45 and 90.6 ppm (Figure 2.7) in DMSOd6. IR spectra contained (C=O) vibrations (C=O=1638 

cm-1) within the expected range to further confirm the presence of the enamine and imine species.  

 

1.2.3 Synthesis of metal complexes.  

The arrangement of N- and O-atoms in molecule 1.13 is reminiscent of metal binding 

molecules derived from triazine cores reported by Melman.17, 21-23 Therefore, metalations of 1.13 
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with copper(II), nickel(II), and zinc(II) were evaluated to define the coordination sphere accessible 

with this new ligand construct. A copper(II) complex of 1.20 was achieved by the addition of one 

equivalent of anhydrous copper chloride (CuCl2) in absolute EtOH to a solution of 1.13 and stirred 

overnight.19 The resulting green powder was isolated, crystalized with slow evaporation in water, 

and characterized as complex 1.20 (Scheme 1.6), with a mixture of [Cu-1.13(Cl)(H2O)] and [Cu-

1.13(Cl)2], 1.20a and 1.20b respectively. The syntheses of purple complex 1.21 [Ni-1.132]
2+ and 

white complex 1.22 [Zn-1.132]
+ were achieved under similar conditions using 0.5 equivalent of 

nickel chloride hexahydrate (NiCl26H2O) and zinc chloride (ZnCl2), respectively. 

 
Scheme 1.6 Synthesis of transition metal complexes 1.20, 1.21, 1.22 isolated by the addition of 

copper(II), nickel(II), and zinc(II) chloride salts to molecule 1.13.  
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1.2.4 Solid state structures of copper(II), nickel(II), and zinc(II) complexes (1.20-1.22) 

 

   Samples of complexes 2.9-2.11 suitable for analysis by single crystal X-ray diffraction 

were obtained by slow evaporation of aqueous solution made from previously isolated powders. 

The data conducted by Arshad Mehmood at TCU, resulted in the solid states structures shown in 

(Figures 1.8-1.10). Throughout the series, molecule 1.13 was observed as either a neutral or 

anionic ligand to the transition metal cations explored. The neutral ligand was observed as the keto 

form. The anionic form of molecule 1.13 is achieved by removal of the –NH atom from the 

pyrazole moiety. In both cases, the C=O bond lengths (~1.3 Å) in complexes 1.20-1.22 are slightly 

longer than a traditional C=O bond and the observation is attributed to the interaction of the O-

atom with the metal center as well as resonance between the imine and enamine forms. The 

asymmetric unit of the copper complex 1.20, contains two crystallographically distinct copper(II) 

complexes (1.20a, [Cu-1.13(Cl)(H2O)] and 1.20b, [Cu-1.13(Cl)2]) with an overall neutral charge 

in addition to four lattice H2O molecules (Figure 1.8). The coordination sphere of 1.20a (Cu1 site 

in Figure 1.8) contains one mono-anionic chelating tridentate molecule 1.13, one equatorial 

chloride, and one apical aqua ligand to complete the coordinative-motif. The 1.20b component 

(Cu2 site in Figure 1.8) consists of one neutral tridentate molecule 1.13 and two chloride ligands 

(one equatorial and one apical). This composition is consistent with elemental analysis results as 

well. Both penta-coordinated copper sites exhibit square pyramidal geometries based on 

calculation of the angular geometric parameter () for Cu1 (0.06) and Cu2 (0.08). The two copper 

sites interact with one another in the unit cell through N-H---Cl hydrogen bonds between the 

hydrazine hydrogen atoms and chloride ligands (Table 2.1). The pyrazolone, triazine, and 

hydrazine groups in both coordination spheres are coplanar with the 5,6 bicyclic ring system.  
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Psuedo-planarity of the molecule is maintained as the morpholine ring adopts a chair conformation 

that is substituted equatorially by the triazine. The Cu2-Cl3 (2.5706Å) bond is longer than Cu2-

Cl2 (2.2778Å) and Cu1-Cl1 (2.2767Å), which can be associated to the involvement of Cl2 and 

Cl1 in the aforementioned hydrogen bonding with the hydrazine hydrogen atoms.  

 

 

Figure 1.8. Molecular structure and numbering scheme for 1.20. The 1.20a species is positioned 

below 1.20b in this orientation. Thermal ellipsoids are drawn at 50% probability. The solvent 

molecules have been omitted for clarity.   

 

Both coordination complexes in the unit cell of 1.20 are rich in intermolecular hydrogen 

bonding. The crystal structure is stabilized by a number of hydrogen bonding and van der Waals 

interactions involving the main structural unit and solvent H2O molecules. The H3A atom of the 

ligand H2O molecule in the Cu1 assembly forms a strong hydrogen bond with N8 of the 

neighbouring (-x+1, -y+1, -z+1) pyrazolone moiety. This strong interaction reduces the H3B-O3-
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H3A angle to 103.077° from the typical value of 104.5° expected for a perfect tetrahedron. The 

O1 of morpholine ring forms a strong hydrogen bond with H2O molecule which works as a bridge 

between O1 and O2 of neighboring (x+1, y+1, z) pyrazolone moiety. This bifurcated strong 

hydrogen bonding of O6 plays a bridging role in the molecular assembly by holding the three 

adjacent molecules together through a network of O─H∙∙∙O hydrogen bonds and is a major 

contributor of crystal packing. 

The asymmetric unit of 1.21 is composed of a [Ni1.132]
2+ complex, two Cl- ions, and three 

H2O molecules (Figure 1.9). The nickel (II) metal center of 1.21 is bound by two neutral molecule 

1.13 units and exhibits a distorted octahedral geometry. Like 1.21, the pyrazolone, triazine, and 

hydrazine rings of each ligand are nearly coplanar to chelate rings. The angle between the metal 

center and coordinated oxygen atoms (O3 and O2) of 1.13 is 91.364°, whereas the angle between 

N11-Ni-N8 is 97.099° which confirms the distortion of octahedral geometry. The bite angle 

formed by the two coordinated triazine nitrogen atoms of 1.13 and the metal center (N4-Ni-N11) 

is 176.929°, which is smaller than ideal value of 180°, and can again, be attributed as the 

consequence of distorted geometry at metal center.  

 

Figure 1.9. Molecular structure and numbering scheme for 1.21. Thermal ellipsoids are drawn at 

50% probability. The counter ions and solvent molecules have been omitted for clarity.  
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The N5 nitrogen of each pyrazolone moiety in 1.21 is protonated, thus yielding a neutral 

ligand. Two chloride counterions serve as charge balance for complex 1.21. Like 1.20 the 

pyrazolone, triazine, and hydrazine rings of each ligand are nearly coplanar: the largest deviation 

from the Ni-N6-N8 plane is 0.219 Å by C5.  In addition, there are various hydrogen bonding 

interactions present in the crystal structure of 1.21. The pyrazolone nitrogen atom (N16) of one 

molecule 1.13 has a strong hydrogen bonding interaction with O2 of the neighboring (-x+1, -y+1, 

-z+1) pyrazolone moiety, whereas the pyrazolone nitrogen (N16) of the remaining 1.13 interacts 

through hydrogen bonding with the Cl- counter ion. The N8 of the hydrazine ring is hydrogen 

bonded to the solvent H2O molecule, which is further connected to the Cl- counter ion. This 

hydrogen bonding interaction plays a major role in crystal packing. Furthermore, N10 of hydrazine 

donates H10 to O1 of neighboring (x+1, y, z) morpholine at a distance of 1.94 Å and forms a strong 

hydrogen bonding interaction.  

One [Zn-1.132]+ complex is observed in the asymmetric unit of 1.22 along with nine H2O 

molecules and a Cl- counter ion (Figure 2.10). Three H2O molecules are disordered with multiple 

occupancies within the crystal lattice. Like 1.21, the zinc(II) metal center of 1.22 exhibits a 

distorted octahedral geometry and is bound to two ligands, 1.13. Interestingly, the zinc(II) ion is 

bound be one neutral molecule 1.13 and one anionic molecule 1.13, resulting in an overall +1 

charge for the complex. The octahedral geometry of 1.22 compared to 1.21 is more distorted. For 

example, the right angle of the N3-Zn-N16 bond angle of 1.22 is increased to 103.11° compared 

to 97.099° in 1.21 and 90° in a perfect octahedron. The angle formed by the two coordinated 

triazine nitrogenatoms and the metal center (N12-Zn-N3) is 177.511°. The bite angle formed 

between coordinated oxygen, metal center (N12-Zn-N3) is 177.511°. The bite angle formed 

between coordinated oxygen, metal center and the terminal nitrogen of hydrazine (O3-Zn-N6) is 
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non-linear at 165.00°, which is larger than the same angle (O2-Zn-N16) in the other ligand by 2.1°. 

This reduction can be attributed to the involvement of the latter ligand in strong hydrogen bonding 

with H2O molecules which is absent in the former. The bond length of the apical hydrazine 

nitrogen atoms (N8 and N9) with the metal center is larger than the other metal nitrogen bonds.  

 

Figure 1.10. Molecular structure and numbering scheme for 1.22. Thermal ellipsoids are drawn at 

50% probability. The counter ions and solvent molecules have been omitted for clarity. 

 

1.2.5 UV-spectroscopy.  

The UV-visible spectra of molecule 1.13 and complexes 1.20, 1.21, and 1.22 were obtained 

in H2O at room temperature.  In aqueous solution, complex 1.20 is green, 1.21 is purple, and 1.22 

is colorless. Spectroscopic comparisons of π π* and d d transitions are shown in (Figure 2.11) 

and the insert, respectively.  Molecule 1.13 contains absorbance bands at 237 nm (17,413 cm-1M-

1) and a shoulder at 252 nm (6,723 cm-1M-1), derived from π π* transitions. Upon addition of 

copper(II) and nickel(II), a blue shift is observed in the two π π* absorbance events as compared 

to the π π* transition of the ligand. The π π* transitions for complex 1.20 are observed at 227 

nm (30,285 cm-1M-1) and 244 nm (34,686 cm-1M-1), whereas, complex 1.21 absorbs light at 244 

nm (50,825 cm-1M-1) and 277(sh) nm(12,415 cm-1M-1). A d d transition is also observed at 655 
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nm (89 cm-1M-1) for 1.20 and 882 nm (23 cm-1M-1) for 1.21. The absorbance values of 1.20 are 

consistent with values reported for a similar complex, [Cu(tptz)Cl2]·2H2O. The bands at 204, 228, 

267, 298 nm have been assigned as π π* transitions and a d d band was observed at 763 nm; 

tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine.24 The absorbance values of the nickel(II) complex, 1.21, 

are in agreement with Abdi et al.,25 which show absorbance bands at, 204, 257, 293 nm (π π* 

transitions) and at  669, 778, 923 nm (d d transition) for the complex [Ni(tptz)(CH3OH)Cl2]. 

Likewise, ligand based π π* transitions derived from complex 1.22 are observed at 231 (74,819 

cm-1M-1), 239 (59,468 cm-1M-1), and 256(sh) nm (22,543 cm-1M-1). The absorbance values of the 

zinc(II) complex 1.22 are comparable with Sun et al.26 whom reported absorbance values of  the 

[Zn2(Bpz*eaT)2(HBTC)2](CH3OH)3 complex at 220 nm, corresponding to the π π* transition, 

and two LMCT bands at 260 and 280 nm; Bpz*eaT = 2,4-bis(3,5-dimethyl-1H-pyrazol-1-yl)-6-

diethylamino-1,3,5-triazine. 

 

Figure 1.11. UV-Vis spectra π π* transitions of 1.13 and complexes 1.20, 1.21, and 1.22 in H2O. 

The inset displays the d d transition of complexes 1.21 and 1.22.  
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1.2.6 Cyclic voltammetry.  

A cyclic voltammetry experiment was performed by Dr. Green at TCU of the redox 

behavior of complexes 1.20-1.22 in aqueous solution. For comparison, cyclic voltammetry of 

molecule 1.13 was also carried out and no redox activity was observed in the window studied 

(1000 to -1000 mV). Therefore, any redox signals observed in the metal complexes is attributed to 

the metal-ion within the complex. The cyclic voltammogram of the copper(II) complex (1.20) is 

shown in (Figure 2.12). The CuI/II oxidation wave is observed at -108 mV at a scan rate of 500 

mV/s. The oxidation wave is not observed at scans in the anodic direction that begin at potentials 

more positive than -700 mV. This observation indicates that the ill-defined cathodic wave around 

-700 mV is coupled to the oxidation wave and is therefore assigned as CuII/I event. The CuII/I redox 

couple is irreversible based on the separation of the reduction and oxidation events. The shape of 

the reduction wave may be, in part, attributed to the two types of copper sites observed in the solid 

state structures of 1.20. The separation of the redox waves increased with increasing scan rate, 

consistent with an irreversible couple. Furthermore, a plot of the 1/2 versus Ipa indicates that the 

oxidation is diffusion controlled (inset Figure 2.12). Complexes 1.21 and 1.22 did not show redox 

activity in the window studied (1000 to -1000 mV). The lack of redox activity in complex 1.21 is 

somewhat surprising since octahedral nickel(II) complexes are known to be redox active.27 The 

lack of redox response observed for complex 1.22 is consistent with the expected redox inert 

behavior of diamagnetic zinc(II) systems. Altogether, this data shows that molecule 1.13 readily 

accommodates the +2 oxidation state of all metal ions evaluated, and that the reduced copper(I) 

species can only be accessed at potentials more negative than approximately -700 mV. The cyclic 

voltammetry results demonstrate that molecule 1.13 inhibits the copper(II) reduction process 

known to generate toxic reactive oxygen species in vivo.  
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Figure 1.12. Cyclic voltammogram of complex 1.20 (3.0 mM) obtained in a 0.1 M KCl aqueous 

solution using a glassy carbon working electrode, platinum auxiliary electrode, and Ag/AgCl 

reference electrode at 500 mV/s. The inset is a plot of 1/2 versus Ipa and indicates that the oxidation 

is diffusion controlled. 

 

 

1.2.7 Computational models.  

 

This experiment was conducted by Dr. Janesko at TCU. The results of density functional 

theory (DFT) computations assist to explain the changes in ligand protonation states observed in 

molecule 1.13, 1.20, 1.21, and 1.22. A synopsis of the results is shown in Table 1.1 and the 

optimized structure coordinates are included in supplemental materials. The DFT computations of 

molecule 1.13 (B3LYP functional and 6-311++G(d,p) basis set) resulted in optimized structures 

and metric parameters fully consistent with the crystallographic experimental results. A solvation 
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model was employed for these studies to ensure hydrogen bonding between the ligand and solvent 

were more realistic to experiment conditions. For this study, three different protonated forms of 

molecule 1.13 (Entries 1.13a-1.13c., Table 1.1) were evaluated. 

As shown in Table 2.4, the enamine (Entry 1.13a) and imine (Entry 1.13b) structures result 

in the lowest relative energies (EEntry 2–Entry 1 = 1 kcal/mol) and vary only by the position of the 

double bond in the pyrazolone ring. The enamine species (Entry 1.13a) is neutral thanks to the 

protonated pyrazolone group and is consistent with the ligand form observed in complexes 1.20b, 

1.21, and 1.22. The electron density is spread throughout the pyrazolone moiety in the optimized 

DFT structure of Entry 1.1a. This result is consistent with the C=O bond lengths measured in X-

ray crystallography being 1.37Å, which is mid-way between a true C=O and C-O bond. 

 

Entry 1.13a 1.13b 1.13c 

Structure 

evaluated 

   

Optimized 

Structure 

 

   

kcal/mol 0 +1 +7 

 

Table 1.1. Relative energies and optimized structures derived from DFT computation for 

molecule 1.13. The energies have been normalized to 2.1a = 0.00 kcal/mol. The values are 

calibrated to the lowest energy system (1.13a) Total energy = 0.00 kcal/mol. 
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 Meanwhile, the structure shown in Entry 1.13a is most consistent with the spectroscopic 

data obtained for molecule 1.13 in both protic and aprotic solvents. However and as noted above, 

conversion between the imine and enamine species was observed in D2O over time. Interestingly, 

the structure shown in Entry 1.13c is slightly higher in energy (+7 kcal/mol) but is parallel to the 

deprotonated form in complexes 1.20a and 1.22. The results indicate that the interaction of 

molecule 1.13 with acidic transition metal ions promotes the delocalization of electron density 

around the pyrazolone ring, as observed with the optimized structures of Entries 1.13a and 1.13c, 

and is consistent with X-ray diffraction analysis, as noted above. Altogether, the results of DFT 

support that the relative energies of the three species are sufficiently close in energy to conclude 

that an equilibrium between them is likely in solution. This keto/enol type of behavior is well-

documented in the literature, with the keto form being prevalent in metal-free systems. However, 

the addition of the metal ion to the molecule provides sufficient stabilization such that multiple 

species are congruently stable, and thus observed.  

 

1.2.8 Antioxidant activity.  

 

In aerobic conditions and in the presence of ascorbate, copper can serve as a catalyst to 

produce hydroxyl radical ions.28 When unregulated metal ions facilitate this process in vivo, the 

increased levels of oxidative stress have been implicated in a range of diseases. 29 Therefore, there 

is an increasing interest in finding ways to mitigate such detrimental pathways. 30-31 The 

antioxidant activity experiment conducted by Maddie Barnett at TCU, showed the ability of 

molecule 1.13 to halt the redox cycling of copper ions. The conversion of oxygen into hydroxyl 

radicals can be simulated in situ. As shown in Figure 1.13, radical production can be quantified 

with coumarin carboxylic acid (CCA). This species stoichiometrically converts to the fluorescent 
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hydroxy-CCA species in the presence of the hydroxyl radical generated by copper in the presence 

of ascorbate and oxygen. The process is halted by the addition of molecule 1.13, presumably by 

chelation of the copper. This interaction shifts the CuII/I potential outside the accessible range of 

reduction by ascorbate.32 This result is consistent with the cyclic voltammetry data showing very 

negative CuII/I redox potentials and the characterization of molecule 1.13 to bind copper(II) ions. 

Altogether this assay shows that the metal binding reactivity of molecule 1.13 has potential as a 

therapeutic for metal ion misregulation. 

 

 

Figure 1.13. Fluorescence intensity of 7-hydroxy-CCA after incubation of CCA [100 μM] and 

ascorbate [300 μM] with CuII  [40μM] (▲). Compound 1.13 (■) [40 μM] was added at t = 0 s prior 

to CuII. No metal added (◆)serves as a negative control with buffer and ascorbate only. All 

solutions except Cu(NO3)2 (Milli-Q water only) were dissolved and diluted in KH2PO4/NaCl [15 

mM] buffer containing desferryl [2 μM]. Final volume = 4 mL, n = 3 for each sample. 
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1.2.9 Cellular toxicity.  

 A preliminary assessment of toxicity was carried out by Dr. Akkaraju at TCU. Molecule 

2.1 shows the capacity to bind biologically relevant transition metal ions.33-36 The MTT assay 

[MTT=3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] was employed to 

evaluate the toxicity of molecule 1.13 in HEK-293 cells. Figure 2.14 shows the results of the MTT 

assay, which reflect incubating cells for 16 h with molecule 1.13 and measuring cell survival with 

MTT. Concentrations above 75 µM of molecule 1.13 resulted in no observed toxic effects 

compared to cells with no exposure to molecule 1.13. A concentration dependent cell death 

response was observed at increased concentrations of molecule 1.13, with an EC50 = 1.1±2 mM. 

Therapeutic windows are typically expected to be an order of 102-103 lower than EC50 toxicities. 

Therefore, future potential therapeutic applications of molecule 1.13 would focus on activities 

achievable within the µM range. Such studies are further encouraged by the capacity for molecule 

1.13 to shift the redox couple of copper(II) to more negative potential values, thus potentially 

avoiding redox chemistry known to produce toxic reactive oxygen species in vivo.  Future studies 

would focus on the capacity of molecule 1.13 to prevent oxidative stress in biological conditions 

through the molecule’s ability to bind to redox active transition metal ions.  
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Figure 1.14. Cytotoxicity of molecule 2.1 in the HEK-293 cell line (n = 8) using the MTT assay. 
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1.3 Conclusion 

 

In this work, we have successfully prepared a triazine bearing a pyrazolone moiety and 

explored metalation with first row transition metals, copper(II), nickel(II), and zinc(II).  The solid-

state structure of 1.20 shows that 1.13 serves as a tridentate ligand to a square pyramidal copper(II) 

center and the remainder of the coordination sphere is completed by counter ions or solvent 

molecules. Unlike the copper complex, the coordination spheres of 1.21 and 1.22 are complete 

with two molecules of 1.13 in an octahedral geometry. Previous studies have shown that 

incorporating a pyrazolone moiety into a triazine based ligand stabilizes the formation of a 6,5 ring 

system in which metal coordination is achieved via a nitrogen atom on the pyrazolone. Herein, the 

ring size has been tuned by functionalizing the pyrazolone with a keto group; the asymmetric 

molecule 1.13 engenders the formation of a very stable 6,5 ring system in which the newly added 

keto group binds the metal ion.  Cyclic voltammetry studies show that the ligand and complexes 

1.21 and 1.22 are redox inert, but studies of 1.20 show an irreversible CuII/I event. Cell toxicity 

data suggests that future work with these types of molecules could include investigating their 

potential as therapeutics for metal ion mis-regulation as the production of oxidative stress and 

disease. This represents the first report of this new type of ligand and its coordination chemistry. 

The results can be used to further explore novel triazine based complexes with iron as potential for 

chelation therapy. 
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1.3 Experimental 

 

Materials and Methods 

 

X-ray data collection.  

 

The single crystals of 1.20, 1.21 and 1.22 were grown from aqueous solution by slow 

evaporation at room temperature. The single crystal of each compound, from available crystals, 

was mounted on the goniometer using Paratone-N oil (cryoprotectant) on the tip of MiTeGen 

MicroLoops LD™, 45 mm away from the detector and was cooled to a temperature of 100(1) K 

under the flow of liquid nitrogen using Oxford Cryosystem. X-ray intensity data were collected on 

a Bruker D8 Quest diffractometer equipped with a Photon 100 CMOS detector and generator 

operating at 50 kV and 30 A. For each crystal, an exposure time of 20 seconds was used with a 

scan angle of 0.5°/frame.  The indexing of Bragg intensities was carried out with APEX3 package. 

Data reduction and absorption corrections were performed with the SAINT and SADABS software 

packages, respectively. Structures were solved by the direct method using the SHELXL-97 

software and refined using SHELXL in the WinGX package. The atomic displacement parameters 

of hydrogen atoms were refined isotropically and non-hydrogen atoms were anisotropically refined 

using the full-matrix least-squares method on F squared. Hydrogen atoms were located from the 

difference-Fourier analysis. 

 

Cyclic Voltammetry.   
 

 

A Basi C3 cell stand with a glassy carbon working electrode, Ag/AgCl reference electrode, 

and platinum wire auxiliary electrode were used to conduct the electrochemical analysis of all 



 
 

26 
 

compounds. A standard three electrode cell under a blanket of N2 at room temperature was used 

to obtain all voltammograms. All experiments were carried out in aqueous solution with 0.1 M 

KCl as the supporting electrolyte and were referenced to Ag/AgCl.  

 

Computations  

  DFT calculations were performed using a hybrid functional (the three-parameter exchange 

functional of Becke (B3) and the correlation functional of Lee, Yang, and Parr (LYP)37) (B3LYP) 

as implemented in Gaussian 09. For each calculation, all atoms were optimized via the use of the 

6-311g(d,p) basis set with polarization.  A frequency calculation was performed alongside each 

geometry optimization to ensure the stability of the ground state as ascertained by the absence of 

imaginary frequencies. Coordinates for each structure were derived from XRD data in complexes 

1.9-1.11.  Optimized structure figures were generated by use of the GaussView program.  

 

 

 

 

Coumarin carboxylic acid Assay. 

 

All solutions were prepared in KH2PO4/NaCl [15 mM] buffer containing desferryl [2 µM]. 

except Cu(NO3)2, which was dissolved and diluted in milli-Q water. Final sample volume = 4 mL. 

Each experiment was performed in triplicate.  Hydroxyl radical production was followed 

measuring the conversion of CCA into 7-hydroxy-CCA (ex = 395 nm,  em= 450 nm) nm. General 

order of addition: CCA [100uM], ligand or copper [40 uM], then ascorbate [300uM]. 
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Cell culture and cytotoxicity assays  

 
 

Human Embryonic Kidney cells (293HEK) cells (ATCC) were grown in Dulbecco’s 

Modified Eagle’s Medium- High glucose (DMEM) supplemented in 10% Fetal Bovine Serum 

(Sigma) and Penicillin (10u/mL)/ Streptomycin (0.1mg/mL) (Sigma), 2mM Glutamine (Sigma) 

and MEM Non-essential Amino Acids (1x) (Sigma), at 37C, 5% CO2, 95% air. 

Cytotoxicity studies were carried out using the MTT assay. Briefly, cells were plated at a 

density of 5000 cells per well in a 96 well tray. Following an overnight incubation, the cells were 

treated with the indicated concentrations of drug and further incubated for 16 hours under normal 

growing conditions. Following this, the medium and drug were removed and 100µL/well of MTT 

(Thiazolyl Blue Tetrazolium Bromide, Sigma) was added at a concentration of 1mg/mL in serum-

free DMEM. Cells were incubated in this solution for 4 hours under normal growing conditions. 

Next, the MTT solution was removed and the precipitate generated was solubilized in 100µL of 

100% DMSO for 5 min, RT, whilst shaking.  The absorbance was measured at 540nm in an Omega 

FLUOstar microplate reader (BMG Labtech).  Results are presented as the average of 8 replicates 

per concentration of drug. GraphPad Prism was used to calculate EC50 values. 

 

General Procedure  

 

All reagents and solvents were obtained from commercial sources and used as received, 

unless noted otherwise.  Elemental analyses on were performed by Canadian Microanalytical 

Services Ltd. NMR spectra were recorded on a Bruker Avance III HD 400 MHz spectrometer.  1H 

NMR chemical shifts were referenced to CDCl3 (7.26 ppm), D2O (4.80 ppm), and DMSO-d6 (2.55 

ppm). 13C NMR chemical shifts were referenced to CDCl3 (77.23 ppm), and DMSO-d6 (39.52 

ppm). The following abbreviations were used to describe multiplets: s (singlet), t (triplet), m 
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(multiplet), and br (broad).  The following format was used to report peaks: chemical shift in ppm 

[multiplicity, coupling constant(s) in Hz, integral, and assignment]. Infrared (IR) spectra were 

recorded on a Jasco FT/IR-4600 and Bruker Alpha FT/IR in the 4000-400 cm-1 range. High-

resolution mass spectra (HR-MS) were recorded on an Agilent Technologies 6224 TOF LC/MS 

system. UV-Vis spectra were recorded in a 3-mL quartz cuvette with a path length of 1.0 cm on a 

8453 Agilent spectrophotometer between 190 and 1100 nm. The crystalline materials used for 

XRD analysis were also used for elemental analysis and spectroscopic characterizations. 

 

 

Compound (1.15): To a stirred solution of cyanuric chloride (1.0 g, 5.4 mmol) in THF (50 mL) 

L-proline benzyl ester hydrochloride (1.40 g, 5.1 mmol) and N,N-diisopropylethylamine (3.8 mL, 

22 mmol) was added and the reaction was stirred for 2 h at 0 °C. Then benzylamine (0.56 mL, 5.1 

mmol) was added and stirred for 12 h. The solvent was removed by rotary evaporation under 

reduced pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was 

collected.  Following concentration, the crude product was purified by flash column 

chromatography (Hexanes: EtOAc 2:1) to afford compound 1.15 (1.75, 81%) as white solid. 1H 

NMR (CDCl3, 400 MHz):  7.42-7.20 (m, 10H), 5.22 (dd, J = 34.6, 11.8 Hz, 1H), 5.11-4.86 (m, 

1H), 4.82-4.43 (m, 2H), 4.17-3.45 (m, 3H), 2.31-1.88 (m, 4H).  

 

 

Compound (1.11): To a stirred solution of 1.15 (1 g, 2.4 mmol) in 1,4-dioxane (20 mL) was added 

hydrazine (0.36 mL, 12 mmol). The reaction was stirred in a CEM 300 W microwave under 

dynamic mode at 90 °C for 1 h. The solvent was removed by rotary evaporation under reduced 

pressure and filtered with H2O. Azeotropy with toluene (50 mL x 2) under reduced pressure by 
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rotary evaporation afforded compound 1.11 (0.96 g, 95%). 1H NMR (CDCl3, 400 MHz):  7.42-

7.20 (m, 10H), 5.18 (dd, J = 35.2, 12.2 Hz, 1H), 5.08-4.83 (m, 1H), 4.66-4.35 (m, 2H), 4.12-3.40 

(m, 3H), 2.35-1.85 (m, 4H).  

 

 

Compound (1.10b): In a sealed tube, 1.11 (419 mg, 1 mmol) was dissolved in 95/5 THF/Pyridine 

(13 mL) followed by the addition of Lawesson’s reagent (403 mg, 1 mmol) and N-

methylacetoacetamide (0.14 mL, 0.91 mmol). The reaction was stirred at 90 °C for 4 h. The solvent 

was removed by rotary evaporation under reduced pressure and extracted with H2O (50 mL) and 

DCM (50 mL x 2). The organic layer was collected and upon concentration, the crude product was 

purified by flash column chromatography (DCM: MeOH 9:1) to afford compound 1.10b (359 mg, 

74%) as white solid. 1H NMR (CDCl3, 400 MHz):  7.40-7.19 (m, 10H), 5.42 (s, 1H), 5.31-4.96 

(m, 2H), 4.75-4.46 (m, 2H), 4.39 (d, J = 6.1 Hz, 1H),  3.91-3.60 (m, 2H), 2.40-2.23 (m, 4H), 2.20-

1.95 (m, 3H). HR-MS (ESI) m/z calcd for C7H9N4Cl2 [M+H]+ 486.2254; found 486.3189. 

 

Figure 1.15 1H NMR of compound 1.10b in CDCl3 
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Compound (1.16): To a stirred solution of cyanuric chloride (1.0 g, 5.4 mmol) in THF (100 mL), 

a solution of morpholine (3.4 mL, 39 mmol) and triethylamine (5.3 mL, 39 mmol) in acetone (100 

mL) was added dropwise at 0 °C for 1 h, then quenched with H2O, stirred for 5 minutes, filtered, 

washed with a cold  1:1 mixture of H2O/MeOH and dried under vacuum to yield 1.16 as a white 

powder (8.34 g, 91%). 1H NMR (CDCl3, 400 MHz):  3.83 (t, J = 4.8 Hz, 4H), 3.69 (t, J = 4.8 Hz, 

4H). 13C NMR (CDCl3, 125 MHz):  170.3, 164.0, 66.3, 44.4. HR-MS (ESI) m/z calcd for 

C7H9N4Cl2 [M+H]+ 235.0153; found 235.0161. 

 

 

Compound (1.17): To a stirred solution of 1.16 (6.0 g, 25.4 mmol) in THF (100 mL) tert-Butyl 

carbazate (5.0 g, 38 mmol) and N,N-diisopropylethylamine (8.8 mL, 51 mmol) was added. The 

reaction was stirred for 12 h at room temperature. The solvent was removed by rotary evaporation 

under reduced pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic 

layer was collected.  Following concentration, the crude product was purified by flash column 

chromatography (Hexanes: EtOAc 2:1) to afford compound 1.17 (7.20 g, 87%) as white solid. 1H 

NMR (CDCl3, 400 MHz):  3.85-3.74 (m, 4H), 3.70-3.63 (m, 4H), 1.44 (s, 9H). 13C NMR (CDCl3, 

125 MHz):  169.3, 167.2, 164.4, 155.4, 81.6, 66.6, 44.0, 28.2. HR-MS (ESI) m/z calcd for 

C12H20N4O3Cl [M+H]+ 331.1285; found 331.1293. 

 

 

Compound (1.18): To a stirred solution of 1.17 (3 g, 9.2 mmol) in 1,4-dioxane (15 mL) was added 

hydrazine (1.4 mL, 46 mmol). The reaction was stirred in a CEM 300 W microwave under dynamic 

mode at 90 °C for 30 min. The solvent was removed by rotary evaporation under reduced pressure 
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and filtered with H2O. Azeotropy with toluene (50 mL x 2) under reduced pressure by rotary 

evaporation afforded compound 1.18 (2.75 g, 93%) as white solid. 1H NMR (DMSO-d6, 400 

MHz):  4.57 (br, 2H), 3.75-3.63 (m, 4H), 3.61-3.54 (m, 4H), 1.39 (s, 9H). 13C NMR (DMSO-d6, 

125 MHz):  168.2, 167.8, 164.9, 156.4, 79.1, 66.5, 43.6, 28.6. HR-MS (ESI) m/z calcd for 

C12H23N8O3 [M+H]+ 327.1893; found 327.1971. 

 

 

Compound (1.19): In a sealed tube, 1.18 (250 mg, 0.77 mmol) was dissolved in 95/5 

THF/Pyridine (10 mL) followed by the addition of Lawesson’s reagent (310 mg, 0.77 mmol) and 

N-methylacetoacetamide (0.11 mL, 0.70 mmol). The reaction was stirred at 90 °C for 4 h. The 

solvent was removed by rotary evaporation under reduced pressure and extracted with H2O (50 

mL) and DCM (50 mL x 2). The organic layer was collected and upon concentration, the crude 

product was purified by flash column chromatography (DCM: MeOH 9:1) to afford compound 

1.19 (245 mg, 82%) as white solid. 1H NMR (DMSO-d6, 400 MHz):  5.54 (s, 1H), 3.80-3.59 (m, 

8H), 2.24 (s, 3H). 13C NMR (DMSO-d6, 125 MHz):  165.8, 163.4, 162.0, 157.7, 156.1, 153.7, 

88.7, 81.5, 66.4, 43.7, 28.2, 14.8. HR-MS (ESI) m/z calcd for C16H25N8O4 [M+H]+ 393.1999; 

found 393.2760. 

 

 

Compound 1.13: To a stirred solution of 1.19 (1.0 g, 2.5 mmol) in MeOH (10 mL) excess conc. 

HCl (5 mL) was added. The reaction was stirred for 12 h at room temperature. The solvent was 

removed under reduced pressure and triturated with DCM. Following tituration with DCM 

compound 1.13 was isolated in quantitative yields as white solid. Selected IR bands (cm−1): 1638 
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(C=O), 1562, 1574, 1431, 1380, 1301, 1269, 794. 1H NMR (DMSO-d6, 400 MHz):  5.54 (s, 1H), 

3.80-3.56 (m, 8H), 2.24 (s, 3H). 13C NMR (DMSO-d6, 125 MHz):  164.2, 152.5, 90.6, 66.4, 44.4. 

1H NMR (D2O, 400 MHz):  3.85-3.45 (m, 10H), 2.16 (s, 3H). 13C NMR (D2O, 125 MHz):  

164.3, 163.3, 163.0, 162.1, 154.2, 90.6, 66.1, 44.2, 43.9, 11.6.  HR-MS (ESI) m/z calcd for 

C11H17N8O2 [M+H]+ 293.1474; found 293.1957. 

 

  

 

 

 

Figure 1.16 1H and 13C NMR of imine 1.13 in D2O 
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Figure 1.17 1H and 13C NMR of enamine 1.13 in DMSOd6 
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Complex (1.20): To a stirred solution of 1.13 (50 mg, 0.15 mmol) in EtOH (5 mL) was added 

CuCl2 (20.5 mg, 0.15 mmol) dissolved in EtOH (3 mL). The reaction was stirred for 12 h at room 

temperature, filtered, and washed with EtOH (20 mL) to afford compound 1.20 (31 mg, 48%) as 

a green powder. Single crystals suitable for XRD analysis were grown by the slow evaporation of 

H2O. Selected IR bands (cm−1): 3211, 3129, 1655 (C=O), 1638 (C=O), 1613, 1583, 1550, 1496, 

1448, 1422, 1348, 1306, 1289, 1174, 1014, 784, 763, 620. HR-MS (ESI) m/z calcd for 

C11H16ClCuN8O2
 [M+H]+ 390.0381; found 390.0937. HR-MS (ESI) m/z calcd for C11H15CuN8O2 

[M+H]+ 354.0614; found 354.1092. Anal. Calcd. for C22H31Cl3Cu2N16O5·4H2O: C, 29.13; H, 4.56; 

N, 24.71. Found C, 29.20; H, 4.01; N, 24.34.  

 

 

Complex (1.21): To a stirred solution of 1.13 (50 mg, 0.15 mmol) in EtOH (5 mL) was added 

NiCl2
.(H2O)6 (18 mg, 0.075 mmol) dissolved in EtOH (3 mL). The reaction was stirred for 12 h at 

room temperature, filtered, and washed with EtOH (20 mL) to afford compound 1.21 (28 mg, 

45%) as purple powder. Single crystals suitable for XRD analysis were grown by the slow 

evaporation of H2O. Selected IR bands (cm−1): 3130, 1636 (C=O), 1576, 1507, 1425, 1284, 1179, 

1113, 1061, 1016, 856, 793, 762, 578. HR-MS (ESI) m/z calcd for C22H31N16NiO4 [M+H]+ 

641.2068; found 641.3206. Anal. Calcd. for C22H32Cl2NiN16O4·7HCl·5H2O: C, 24.94; H, 4.66; N, 

21.15. Found C, 24.80; H, 4.73; N, 20.98. 

 

 

Complex (1.22): To a stirred solution of 1.13 (50 mg, 0.15 mmol) in EtOH (5 mL) was added 

ZnCl2 (10 mg, 0.075 mmol) dissolved in EtOH (3 mL). The reaction was stirred for 12 h at room 
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temperature, filtered, and washed with a 3:1 mixture of Acetone: EtOH (20 mL) to afford 

compound 1.22 as a white powder (37 mg, 57%). Single crystals suitable for XRD analysis were 

grown by the slow evaporation of H2O.  9.95 (s, 1H), 5.31 (s, 1H), 3.80-3.59 (m, 8H), 2.27 (s, 

3H). Selected IR bands (cm−1): 3180, 3132, 1645 (C=O), 1612, 1581, 1556, 1513, 1440, 1430, 

1406, 1345, 1300, 1287, 1179, 1098, 1061, 1012, 791, 625. 1H NMR (DMSO-d6, 400 MHz):  

5.32 (s, 1H), 3.80-3.60 (m, 8H), 2.27 (s, 3H). HR-MS (ESI) m/z calcd for C22H31N16ZnO4 [M+H]+ 

647.2006; found 647.3107, calcd for C11H16ClN8ZnO2 [M+H]+ 391.0376; found 391.0919. Anal. 

Calcd. for C26H31Cl ZnN16O4·4HCl·5EtOH: C, 36.24; H, 6.18; N, 21.13. Found C, 36.40; H, 5.79; 

N, 21.43.  
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Chapter 2. Spontaneous dimerization of homo- and hetero- macrocycles 

 

2.1. Introduction to macrocycles 

 

A macrocycle is a molecule that contains at least twelve atoms within the cyclic 

framework.37 Macrocycles are found abundantly in the literature as natural products and synthetic 

targets for a range of applications. Recent analysis of natural products suggest that the most 

common sizes of macrocycles are 14-, 16-, and 18- membered rings.38 Likewise, synthetic crown 

ethers are readily formed with larger ring sizes as well. Crown ethers were among the first synthetic 

macrocycles to exhibit a structure to function relationship.37 For example, 18-crown-6 (2.1) is a 

crown ether typically prepared by Williamson ether synthesis in the presence of a templating cation 

ion, such as potassium (Scheme 2.1).39 The oxygen atoms within the framework coordinate with 

small cations making 18-crown-6 useful as phase transfer catalysts with salts that are otherwise 

insoluble with organic solvents39. The nucleophilicity of these salts, for example potassium acetate, 

also increases due to the ion-pairing suppression, where the crown ether traps the cation, thereby 

increasing the anionic character of the nucleophile.39   

 

Scheme 2.1 Williamson ether synthesis of 18-crown-6 (2.1) 
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Like crown ethers, octreotide (2.4) (Figure 2.1A) and erythromycin (2.5), are organized 

according to their function.40 Octreotide is a cyclic octapeptide41 that mimics the natural hormone 

somatostatin used for the treatment of growth hormone producing tumors. Erythromycin is used 

as an antibiotic (Figure 2.1B).  

 

Figure 2.1 Macrocycles octreotide (2.4) and erythromycin (2.5)  

 

2.1.1 Synthetic strategies of macrocyclization reactions 

Construction of macrocycles pose a great challenge in “ring/chain” equilibrium. 

Macrocyclization in general, is formed through entropically disfavored pre-cyclization 

conformation of their precursors, therefore polymerization is more prevalent. A typical strategy to 

minimize linear polymerization and improve cyclization is to use high dilution synthesis.  The goal 

of high dilution reaction is to induce intramolecular reactivity.42 The following discussion will 

focus on approaches that have successfully circumvented these challenges.  
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An example of a high dilution macrocyclization is through a ring closing metathesis (RCM) 

reaction of 2.6 (0.004 mM) (Scheme 2.2) with the use of the Grubbs II catalyst (20 mol %) in 

toluene, formed macrocycle 2.7 as an 8:2 E:Z mixture in 65% yield.43   

 

Scheme 2.2 Synthesis of macrocycle 2.7 by RCM 

 

Palladium catalyzed reactions have also been investigated for macrocyclization by the 

Stille coupling reaction (Scheme 2.3). Cyclization product 2.9 was achieved in 76% yield with 

tetrakis(triphenylphosphine)palladium (5 mol %) in the presence of lithium chloride (3 equiv.) 

under high dilution in THF of compound 2.8 (1 mM).44  

 

 

Scheme 2.3 Macrocyclization through a Stille reaction 
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Abyssomicin C is a spirotetronate that belongs to a class of tetronate antibiotics. Shown in 

Scheme 2.4, is a Diels-Alder cyclization reaction that was employed under catalytic (La) 

conditions from diene 2.10 (10 mM) to furnish product 2.11 with a 79% yield.45  

 

Scheme 2.4 Intramolecular Diels-Alder reaction of Abyssomicin C (2.11) 

 

Click chemistry is used as a valuable tool for rapid macrocyclization reactions. Copper-

catalyzed azide-alkyne cycloaddition (CuAAC) shown in Scheme 2.5, successfully yielded in 95% 

compound 2.13, starting from azide polymer 2.12.46 Other examples for high dilution 

macrocyclization reactions include photochemical,47 and DNA-templated syntheses.48 

 

 

Scheme 2.5 Macrocyclization by CuAAC “click” reactions from polymer 2.12. PMDETA = 

N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine 
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 Solid-phase peptide synthesis (SPPS) of resin bound macrocyclization precursors has also 

been utilized. Methodologies for solid phase synthesis include SN2 reactions,49 Heck reactions,50 

CuAAC click chemistry,51 or palladium catalyzed reactions.52 Friedler et al.53 have developed a 

strategy to simultaneously, in tandem compound 2.14, deprotect the Boc group on the lysine side 

chain, cyclize the primary amine with the succinate, and cleave the resin under trifluoroacetic 

conditions to yield product 2.15. (Scheme 2.6).  

 

Scheme 2.6 Tandem in situ cyclization through trifluoroacetic acid cleavage. TFA = 

trifluoroacetic acid; TIS = triisopropylsilane 

 

 

2.1.2 Synthesis of cyclic peptides 

Preorganization of linear peptide precursors occur through non-covalent interactions, such 

as hydrogen bonding and ion pairing. These interactions form appropriate folded conformations 

of the linear peptide precursors that entropically favor macrocyclizations.42 There are four 

synthetic approaches to consider of macrocyclization from the open-chain peptide precursor 2.16 

(Figure 2.2): (a) head to tail, (b) side chain to side chain, (c) tail to side chain, and (d) head to tail.  
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Figure 2.2 General cyclization preferences of peptides 

Cyclic peptoids were prepared by Kirshenbaum et al.,54 using a standard peptide coupling 

reagent PyBOP, ranging in size from pentamers to 20-mer (2.17) (Scheme 2.7), with efficient 

yields (89-97%, 97% for 2.18). Due to the reduction of the energy barrier for the interconversion 

between cisoid and transoid amide forms, the adopted U-turn folded structures resulted in 

macrocyclization. 

 

Scheme 2.7 Tetrameric glycyl peptoid macrocyclization 

 

 Folded conformations facilitated by structural turn elements, for example a proline residue, 

allow for efficient cyclization to occur from the open-chain peptidic precursor,55-56 However, 

peptide residues that are basic and polar have been shown to be difficult to cyclize. Pei et al.,57 
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demonstrated the difficulty of cyclization from peptide sequences rich in lysine and arginine next 

to the N-terminal residue. It is believed that the steric hindrance of the N-terminus amino acid side 

chains prevents macrocyclization.    

 Chiba et al.58 reported an efficient tag assisted liquid-phase approach. The introduction of 

tag 2.19 on the N-terminus of precursor 2.20, favors solubility in less polar solvents, adopting the 

appropriate folded conformation (Scheme 2.8). As a result, macrocyclization with HATU and 

HOAt under basic conditions and simplified isolation, followed by removal of tag 2.19 with TFA, 

afforded the antimalarial cyclic heptapeptide, mahafacyclin B (2.21) in 56% yield over two steps.  

 

Scheme 2.8 Utilizing TAG (2.19) for solubility and macrocyclization  

 

 Londregan et al.,59 prepared pseudopeptidic macrocycle 2.23 by the intramolecular 

reaction between pyridine-N-oxide and the phenol on the tyrosine precursor of 2.22 in a head to 

tail fashion (Scheme 2.9).  The reaction was activated by PyBroP under basic conditions in THF. 

The highest yield of 73% was obtained in a 20 mM concentration from the open-chain precursor.  
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Scheme 2.9 Head to side chain macrocyclization with nucleophilic phenol of tyrosine. PyBroP; 

bromo-tris-pyrrolidinophosphonium hexafluorophosphate 

 

Kessler et al.60-61 described a protocol to synthesize macrocyclic precursor 2.24 by solid 

phase synthesis, followed by solution phase macrocyclization after detachment from the resin. 

Selecting the appropriate cyclization site was crucial to the successful macrocyclization. When the 

proline was on the C-terminus of precursor 2.25, the reaction failed to cyclize. However, precursor 

2.24, allowed for the proline residue to dictate the open-chain to a folded confirmation, which 

would result in the N-methylated somatostatin 2.26 in 70% yield (Scheme 2.10). Since the nitrogen 

atoms were methylated, preorganization through hydrogen bonding was absent.  
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Scheme 2.10 Influence of proline on precursor organization. a) favored macrocyclization 

reaction b) disfavored macrocyclization reaction 

 

 Lee et al.62 reported a solid phase synthesis for triazine-bridged bicyclic peptoid-peptide 

hybrids (Scheme 2.11). In this system, cyclization of the linear sequence 2.27 would ensue by 

nucleophilic aromatic substitution of the cysteine residues, under basic conditions, onto the 

dichlorotriazine moiety. The resin was cleaved by UV irradiation and analyzed by HPLC of the 

crude reaction products, showing high purity (89-96%) conversions of macrocycles 2.28. No by-

products were detected.   
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Scheme 2.11 Solid phase synthesis of bicyclic peptoids 2.28 

 

  

2.1.3 Protein interactions with macrocycles 

Macrocycles display unique features upon interaction with protein targets due to their large 

size and rigidity.63 Analysis by Whitty et al. suggests that macrocycles in drug-discovery would 

benefit by incorporating large and small substituents around the macrocyclic frameworks. Whitty’s 

analysis also suggests that a macrocycle should contain at least five strong binding energy sites or 

“hot spots”. These features would be suitable for protein-protein interactions.37, 64   

  Covalent inhibition of natural products may also provide inspiration for synthetic cyclic 

peptide derivatives. One such natural product, microcystin (2.29), covalently binds to the surface 

exposed nucleophile Cys-273 amino acid residue of PP1 phosphotase through Michael addition of 

the dehydroalanine moiety of microcystin (Figure 2.3).37, 65  
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Figure 2.3 Covalent bonding microcystin (2.29) to phosphatase inhibitor (pdb id: 1fjm) by 1,4 

Michael addition reaction.  

 

 Synthetic boron containing macrocyclic peptides designed by Anacor,37, 66 are a class of 

HCV NS3 serine protease inhibitors that interact with oxygen-based active site residues. Shown 

in Figure 2.4, is an HCV inhibitor (2.30), bearing a cyclic boronate moiety at the P1 position. The 

protein-inhibitor complex was characterized by X-ray crystallography.  
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Figure 2.4 Boron-containing HCV inhibitor (2.30) bound to HCV NS3 serine protease inhibitor 

(pdb id: 2xni) 

 

The design and synthesis of peptide macrocycles are of recent interest in the Simanek 

group, to gain a better understanding of the behavior of these compounds, with future applications 

in biological inquiries.   
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2.1.4 Cyanuric chloride reactivity 

At the core of our research with cyclic peptides, we strategize and incorporate triazines as 

common scaffolds.  The chemoselective, stepwise, nucleophilic aromatic substitution of cyanuric 

chloride would allow for rapid functionalization to compounds that lead to useful targets. 

Reactivity of cyanuric chloride was first described by Fries in the late 1800’s.67 Scheme 1.6 shows 

the reactive nature of the electron deficient cyanuric chloride. The first nucleophilic aromatic 

chloride substitution takes place at 0 oC, hence increasing the electron density of the 

monosubstituted triazine. The second substitution, therefore, occurs at room temperature. Finally, 

upon heating, a fully substituted triazine is achieved.67  

 

 

Scheme 2.12 Chemoselective reactivity of cyanuric chloride 

 

Disubstituted monochlorotriazines were also investigated in their relative rates of 

substitutions of secondary, primary, cyclic and acyclic amines. The trend shown in Table 1.1, has 

azetidine as the most reactive secondary heterocyclic amine to the least reactive primary 

benzylamine. It is hypothesized that with more ring strain, the s-orbital character of the secondary 

amine is more reactive with the electrophile by increased orbital overlap, thus increasing the 

reaction rate.67  
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Table 2.1 Relative rates of reactions of amine nucleophilic aromatic substitution of disubstituted 

monochlorotriazine  

   

2.1.5 Homo- and heterodimeric triazine macrocycles 

24-membered homo- and heterodimeric peptide macrocycles were prepared selectively 

(Figure 2.5), from dimerization of macrocyclic precursors in concentrations ranging from 0.08 to 

0.1 M. Surprisingly, the hydrazone moiety within the macrocycles were stable upon testing for 

hydrolysis under acidic, basic, and thermal conditions. Facile modifications of amino acid 

residues, such as glycine or L-phenylalanine would allow for rapid synthesis of cyclic peptide 

libraries. The morpholine groups on the exterior of these macrocycles serve as temporary caps and 

induce crystallization. Other substrates such as tyramine or biotin, were also synthesized, which 

attribute to biological activity, or enhance solubility in aqueous media.68-69  

 

Figure 2.5 Homodimeric (left) and heterodimeric (right) macrocycles 
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In our initial studies of exploring linear polymerization reactions through acid deprotection, 

we observed the formation of oligomeric macrocycles instead. These unexpected macrocyclization 

products were further investigated by introducing amino acid residues.  Here we report a facile 

method to the formation of stable homodimeric macrocycles. NMR spectroscopy, and HR-MS is 

available in the experimental section.     

2.2 Results and Discussion 

2.2.1 Synthesis of oligomers.  

Two oligomeric macrocycles 2.31 and 2.32 were synthesized bearing morpholine and 

piperazine respectively (Scheme 2.13 and 2.14).70 Disubstitution first with morpholine or BOC-

piperazine followed by BOC-hydrazine, produced monochloro 2.33 and 2.35. Nucelophilic 

substitution with 1-amino-3,3-diethoxypropane yield monomers 2.34 and 2.36.  

 

Scheme 2.13 Synthesis of oligomeric macrocycles 2.31 
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Scheme 2.14 Synthesis of oligomeric macrocycles 2.32 

Upon deprotection with a 1:1 mixture of trifluoroacetic acid/DCM, oligomeric 

macrocycles 2.31 and 2.32 were formed. The imine protons identified for 2.31 with 1H NMR were 

present from  7.56 to 7.42 ppm. The broadness of the NMR peaks suggested a mixture of different 

sizes of macrocycles in solution. A strong indication for macrocyclization of 2.31 was evident in 

HR-MS with the expected m/z at 499.3595 (dimer). The oligomerization pattern was also observed 

by a sequence molecular weight of 249 m/z of the monomeric unit from trimeric to octameric 

macrocycles.   
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More complex macrocycles were prepared containing a cyclam derivative. (Scheme 2.15 

and 2.16).71 Selective protection of three amines on cyclam with Boc anhydride results in 2.37 

with a 66% yield. Compound 2.38 was synthesized via nucleophilic substitution on the 

dibromoxylene (1 equiv), first with slow, dropwise addition of Boc-protected cyclam (1 equiv) 

then piperazine, to yield intermediate 2.39. Following similar conditions as macrocycle 2.31, 

subsequent substitutions of intermediate 2.39, then BOC-hydrazine in the presence of cyanuric 

chloride afforded 2.40 77% yield. The third substitution with 1-amino-3,3-diethoxypropane 

produced 2.41. Finally, acid deprotection formed oligomeric macrocycles from dimer to tetramer 

2.42. NMR and HR-MS data are shown in the experimental section. 

 

 

 

Scheme 2.15 Synthesis of cyclam intermediate 2.39 
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Scheme 2.16 Synthesis of oligomeric macrocycle 2.42 

 

2.2.2 Synthesis of homodimeric glycine and phenylalanine macrocycles.  

Glycine homodimeric macrocycles were prepared in six steps. First, substituted hydrazine 

reagents RHNNHBoc, 2.43 and 2.44, were prepared from imine condensation of t-butyl carbazate 

with acetone or benzaldehyde followed by reductive amination with cyanoborohydride (Scheme 



 
 

54 
 

2.17).72-73 Substituted t-butyl carbazates were introduced as peptoid mimics of amino acid side 

chains. In this case, 2.43 resembles valine, and 2.44, mimics phenylalanine.  

Scheme 2.17 Synthesis of amino acid side chain mimics 2.43 and 2.44  

 

In a one pot reaction, nucleophilic substitution of tert-butylcarbazate, 2.43 or 2.44 with 

cyanuric chloride at 0 °C for 1 hour, followed by addition of morpholine at room temperature, was 

stirred for 12 hours to yield monochlorotriazines 2.45-2.47 (Scheme 2.18). Under microwave 

irradiation, excess glycine ethyl ester hydrochloride was added to obtain esters 2.48-2.50. 

Saponification of the glycinate intermediates with NaOH afforded 2.51-2.53,74 which was carried 

on directly to EDCI coupling reaction with 1-amino-3,3-diethoxypropane70 to obtain protected 

monomers 2.54-2.56. Upon deprotection of acetal and Boc groups followed by spontaneous imine 

cyclization75 with a 1:1 mixture of TFA/DCM, afforded 2.57-2.60 as white powders. To purify 

these materials, the reaction solvents were removed, and the residues were dissolved in a minimal 

amount of methanol, precipitated with diethyl ether, filtered, and washed. Characterization via 1H 

NMR, HR-MS, HPLC and LC-MS (Experimental section), was determined to be macrocycles 

2.57-2.59  homodimeric product. The purity of homodimers 2.57-2.59 and 2.73-275 is discussed 
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in the experimental section. Macrocycles 2.57-2.59 were prepared in six steps with overall yields 

of 41-46%. 

 

Scheme 2.18 Synthesis of glycine homodimeric macrocycles 

L-Phenylalanine homodimeric macrocycles 2.73-2.75 were prepared by a similar manner 

as described previously, however the order of addition of nucleophiles were modified (Scheme 
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2.19). Here, the sterically hindered phenylalanine ethyl ester was reacted with cyanuric chloride 

first, followed by t-butyl carbazate, 2.43 or 2.44, then the more reactive morpholine was installed 

last.  Characterization via 1H NMR, HR-MS and LC-MS (Experimental section). Macrocycles 

2.73-2.75 were prepared in six steps with overall yields of 35-44%. 

 

Scheme 2.19 Synthesis of phenylalanine homodimeric macrocycles 
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 Shown in Figure 2.6, are tyramine (2.76) and biotin (2.77) homodimers in place of the 

morpholine moiety to add functional diversity to these macrocycles. Tyramine increases the 

solubility in aqueous media with macrocycle 2.76. Biotin is a co-factor of certain carboxylase 

enzymes known to bind to the amino groups of specific lysine residues. The ability for biotin to 

attach to various molecules is useful in studies including protein interactions, DNA transcriptions, 

and replication.76-79 Synthetic details of  2.76 and 2.77 are described in the experimental section. 

 

Figure 2.6 Homodimers tyramine 2.76 (left) and biotin 2.77 (right) 

 

2.2.3 Analysis of homo- and heterodimeric macrocyclic mixtures from monomeric 

precursors.  

To complete this study for heterodimer 2.60, a 1:1 mixture of 2.55 and 2.56 were dissolved 

in a 1:1 mixture of dichloromethane:trifluoroacetic acid. After stirring for 12 hours, the solvent 

was removed by rotary evaporation, and the residue was resuspended in hexanes. Centrifugation 

followed by trituration yielded a precipitate that was analyzed by 1H NMR and HR-MS (Figure 
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2.7). All three expected products were identified as 2.58 (12%), 2.59 (38%), and 2.60 (50%) with 

an overall isolated yield of 77% based on LC-MS analysis (Figure 2.8).  

 

 

 

 

 

Figure 2.7 1H NMR of mixtures 2.58-2.59 in MeOD  
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Figure 2.8 a) Shows the LC-MS spectra of the homo- and heterodimeric mixtures 2.58-2.60. (b-

d) shows the molecular weights of 2.58, 2.59, and 2.60 respectively, which correspond to the 

peaks in a).   

 

 

2.59 

2.60 

3.58 



 
 

60 
 

 

2.2.4 Solid state structures of homo- and heterodimers.  

Crystals suitable for X-ray diffraction were obtained for 6 of the 8 compounds.  Two 

morphologies emerged that are likened to either a taco (Figure 2.9-2.10) or pancake (Figure 2.11) 

wherein the edges of either reflect the position of atoms. Six of the eight co-crystallize with two 

molecules of trifluoroacetic acid/macrocycle.  Electron density in crystal structure data support the 

claim that a proton transfer occurs to yield a protonated triazine (pKa~5) and a trifluoroacetate 

anion. Triazine protonation occurs on the ring nitrogen opposite the morpholine substituents for 

2.57-2.59 and 2.73-2.74. For 2.76, a different triazine rotamer is observed and protonation occurs 

on the ring nitrogen opposite the amino acid. The crystal structures displaying taco morphologies 

show significant intramolecular − stacking comprising either triazine-triazine stacking (2.58) or 

triazine-hydrazone stacking (2.57, 2.59). For the pancake-morphologies of 2.73 and 2.74, triazine 

stacking is not observed. Instead, the benzyl groups of phenylalanine residues suggest a cation− 

stacking interaction with the protonated triazine (Figure 2.11).  

 

Figure 2.9 Solid state structures of glycine macrocycles 2.57 and 2.58 as tacos  
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Figure 2.10 Solid state structures of glycine macrocycles 2.59 and 2.76 as tacos  

 

Figure 2.11 Solid state structures of phenylalanine macrocycles 2.73 and 2.74 as pancakes 
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Regardless of morphology, one pattern of hydrogen bonding predominates in the crystal 

structures. Figure 2.12A shows the sheet-like network of hydrogen bonds that emerge for 2.58, 

2.73, 2.74, and 2.76 with two pairs of bifurcated hydrogen bonds (black dashed lines) that arise 

when the carbonyl of the distant amino acid residue accepts hydrogen bonds from the protonated 

triazine and the aniline-like NH of the pendant amino acid.  Electron density allows the protons to 

be assigned in the solid state. The dashed gray line shows an axis where electron density might 

further stabilize the protonation event. For 2.57, instead of the amide carbonyl, the protonated 

triazine hydrogen bonds with TFA (Figure 2.12B).  For 2.59, where TFA is absent in the crystal 

structure, an intra-fragment hydrogen bond (Figure 2.12C) is observed with the acetal amide NH 

donating to a hydrazone ArNH-N=CH- acceptor. 

 
Figure 2.12 Three patterns of hydrogen bonding emerge in the solid state:  A) For the TFA salts 

of 2.58, 2.73, 2.74 and 2.76; B) for the TFA salt of 2.57; and C) for 2.59 which has no TFA in 

the lattice 

2.2.5 Synthesis of heterodimeric macrocycle.  

An attempt for selectively preparing heterodimerization product 2.78 (Scheme 2.20), began 

from two substitutions of cyanuric chloride with L-phenylalanine ethyl ester followed by glycine 

ethyl ester affording 2.79. Morpholine was next employed to yield 2.80. Following ester hydrolysis 
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of phenylalanine and glycine to acid 2.81, EDCI coupling with 1-amino-3,3-diethoxypropane 

would ensue, resulting in monomer 2.82. Finally, a mixture of protected 2.83 and 2.84 following 

TFA/DCM deprotection, produced heterodimeric 2.78 along with possible oligomers. The 

broadness of the 1H NMR peaks and multiple signals mass signals on HR-MS (Experimental 

section), was evident of a mixture of species in solution.     

 
Scheme 2.20 Synthesis of heterodimeric and oligomeric macrocycles 
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2.3 Conclusion 

 

In conclusion, through the adoption of a straightforward synthetic route, macrocycles that 

show compositional diversity are readily accessed. This diversity could be harnessed to contribute 

to a growing understanding of both experimental and computational work in manipulating 

conformation. The opportunity afforded by macrocycles to preorganize groups in space suggests 

their use in multiple roles, perhaps most notably, in controlling protein-protein interactions.  

Future work will focus on the expansion of the homodimeric macrocycles. The ring size 

can be manipulated by changing the atom length within the macrocycles from 24- to 26-, 28, and 

30-membered rings (Figure 2.13A). Diversification of amino acid residues and peptoid mimics 

within the macrocyclic framework is under investigation (Figure 2.13B).      

 

 

Figure 2.13 Diversification of macrocycles. A) Ring size manipulation. B) Macrocyclic 

framework diversification 
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2.4 Experimental 

 

Oligomer macrocycle (2.31): To a stirred solution of 2.34 (0.5 g, 1.13 mmol) in DCM (3 mL) 

was added TFA (3 mL, 39.4 mmol). The reaction was stirred for 12 h at room temperature. The 

solvent was removed by rotary evaporation under reduced pressure and triturated with DCM (10 

mL x 5) to afford compound 2.31 (0.25 g, 92%) as white powder. 1H NMR (MeOD, 400 MHz):  

7.71-7.45 (m, 1H), 3.85-3.60 (m, 10H), 2.82-2.41 (m, 2H). 1H NMR (DMSOd6, 400 MHz):  7.56 

(t, 1H), 3.83-3.53 (m, 10H), 2.42 (m, 2H). 13C NMR (DMSOd6, 125 MHz):  161.7, 159.2, 155.3, 

149.5, 66.2, 44.4, 37.2, 32.1, HRMS (ESI) m/z calcd for C10H16N7O [M+H]+ 250.1411; found 

250.1741 + 250 for macrocycles up to 8. 

 

Figure 2.14 1H NMR of oligomeric macrocycles 2.31 in MeOD 
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Oligomer macrocycle (2.32): To a stirred solution of 2.36 (0.5 g, 0.92 mmol) in DCM (3 mL) 

was added TFA (3 mL, 32.2 mmol). The reaction was stirred for 12 h at room temperature. The 

solvent was removed by rotary evaporation under reduced pressure and triturated with DCM (10 

mL x 5) to afford compound 2.32 (0.25 g, 92%) as white foam. 1H NMR (D2O, 400 MHz):  7.52-

7.42 (m, 1H), 4.20-3.90 (m, 4H), 3.81-3.58 (m, 2H), 3.34-3.18 (m, 4H), 2.65-2.45 (m, 2H). 13C 

NMR (D2O, 125 MHz):  161.9, 154.2, 151.2, 149.8, 42.9, 40.5, 33.0. 

 

Compound (2.33): To a stirred solution of 1.16 (6.0 g, 25.4 mmol) in THF (100 mL) tert-Butyl 

carbazate (5.0 g, 38 mmol) and N,N-diisopropylethylamine (8.8 mL, 51 mmol) was added. The 

reaction was stirred for 12 h at room temperature. The solvent was removed by rotary evaporation 

under reduced pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic 

layer was collected.  Following concentration, the crude product was purified by flash column 

chromatography (Hexanes: EtOAc 2:1) to afford compound 2.33 (7.20 g, 87%) as white solid. 1H 

NMR (CDCl3, 400 MHz):  3.85-3.74 (m, 4H), 3.70-3.63 (m, 4H), 1.44 (s, 9H). 13C NMR (CDCl3, 

125 MHz):  169.3, 167.2, 164.4, 155.4, 81.6, 66.6, 44.0, 28.2. HR-MS (ESI) m/z calcd for 

C12H20N4O3Cl [M+H]+ 331.1285; found 331.1293. 

 

Compound (2.34): To a stirred solution of 2.33 (0.5 g, 1.5 mmol) in 1,4-dioxane (7 mL) 1-amino-

3,3-diethoxypropane (0.5 mL, 3 mmol) and N,N-diisopropylethylamine (0.78 mL, 4.5 mmol) was 
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added. The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C for 1 

h. The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography 

(Hexanes: EtOAc 1:1 to 1:3) to afford compound 2.34 (0.5 g, 75%) as white foam. 1H NMR 

(CDCl3, 400 MHz):  4.56 (t, 1H), 3.85-3.60 (m, 10H), 3.54-3.45 (m, 2H), 3.40 (q, 2H), 1.85 (q, 

2H),1.44 (s, 9H), 1.19 (t, 6H). 13C NMR (CDCl3, 125 MHz):  167.8, 165.9, 165.1, 156.6, 101.5, 

80.4, 66.8, 61.3, 43.5, 36.8, 33.3, 28.2, 15.3. HRMS (ESI) m/z calcd for C19H36N7O5 [M+H]+ 

442.2772; found 442.3765. 

 

Compound (2.35): To a stirred solution of cyanuric chloride (5.5 g, 29.6 mmol) in THF (164 mL) 

Boc-piperazine (4.59 g, 24.7 mmol) and N,N-diisopropylethylamine (13 mL, 74.2 mmol) was 

added at 0 °C.  After 2 h Boc-hydrazine (4.89 g, 37.1 mmol) was added and the reaction was stirred 

for 12 h at room temperature. The solvent was removed by rotary evaporation under reduced 

pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was 

collected, dried over Na2SO4 and filtered. Following concentration, the crude product was purified 

by flash column chromatography (Hexanes: EtOAc 10:1 to 4:1) to afford compound 2.35 (7.63 g, 

72%) as white solid. 1H NMR (CDCl3, 400 MHz):  4.56 (t, 1H), 3.85-3.73 (m, 4H), 3.51-3.41 (m, 

4H), 1.50 (s, 9H). 

 

Compound (2.36): To a stirred solution of 2.35 (1 g, 2.3 mmol) in 1,4-dioxane (11 mL) 1-amino-

3,3,-diethoxypropane (0.74 mL, 4.6 mmol) and N,N-diisopropylethylamine (1.2 mL, 6.9 mmol) 
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was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C 

for 1 h. The solvent was removed by rotary evaporation under reduced pressure and extracted with 

H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and 

filtered. Following concentration, the crude product was purified by flash column chromatography 

(Hexanes: EtOAc 4:1 to 1:1) to afford compound 2.36 (1.04 g, 84%) as white foam. 1H NMR 

(CDCl3, 400 MHz):  4.57 (t, 1H), 3.85-3.60 (m, 6H), 3.54-3.36 (m, 2H), 1.87 (q, 2H), 1.48 (s, 

9H),1.46 (s, 9H), 1.21 (t, 6H). 13C NMR (CDCl3, 125 MHz):  165.8, 165.0, 156.6, 154.8, 101.4, 

80.9, 79.9, 61.3, 42.9, 36.8, 33.3, 28.4, 28.2 15.3. 

 

Compound (2.37):  This synthesis follows a known procedure.71 To a stirred solution of cyclam 

(1.0 g, 5 mmol) in DCM (250 mL), a solution of Di-tert-butoxy-dicarbonate (3.2 g, 15 mmol) 

dissolved in DCM (62.5 mL) was added dropwise via an addition funnel for 30 minutes and 

allowed to stir overnight. Solvent was removed in vacuo to afford a white sticky residue. The 

residue was dissolved in hexanes and filtered to remove the insolubles. The filtrate was collected 

and the solvent was dried under vacuum. The crude white foam was purified by flash column 

chromatography (EtOAc: MeOH 20:1) to yield 2.37 as white foam (1.65 g, 66%). 

 

Compound (2.38): This synthesis follows a known procedure.71 To a stirred solution of 2.37 (1.5 

g, 3 mmol) and K2CO3 (0.54 g, 3.9 mmol) in acetonitrile (45 mL) was added alpha,alpha’ -

dibromo-p-xylene (4 g, 15 mmol) and the reaction mixture stirred at 70 °C for 1 h. The solution 

was cooled to room temperature and the solvent removed under reduced pressure and extracted 

with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 
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and filtered. Following concentration, the crude product was purified by flash column 

chromatography (Hexanes: EtOAc 10:1 to 1:1) to afford compound 2.38 (1.74 g, 85%) as white 

foam. 

 

Compound (2.39): To a stirred solution of piperazine (0.63 g, 7.3 mmol) and K2CO3 (0.3 g, 2.2 

mmol) in acetonitrile (12 mL) at 80 °C  was added dropwise a solution of 2.38 (1 g, 1.46 mmol) 

in acetonitrile (24 mL) over 15 minutes and the reaction mixture was stirred for 1 h. The solution 

was cooled to room temperature and the solvent removed under reduced pressure and extracted 

with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 

and filtered. Following concentration, compound 2.39 (0.96 g, 95%) carried on to the next step 

without purification as white foam. 1H NMR (CDCl3, 400 MHz):  7.23 (d, 2H), 7.20 (d, 2H), 3.51 

(s, 2H), 3.46 (s, 2H), 3.44-3.20 (m, 12H), 2.88 (t, 4H), 2.69-2.54 (m, 2H), 2.50-2.31 (m, 6H), 1.99-

1.83 (m, 2H), 1.74-1.63 (m, 2H), 1.47 (s, 18H), 1.44 (s, 9H). HRMS (ESI) m/z calcd for 

C37H65N6O6 [M+H]+ 689.4960; found 689.6332. 

 

Compound (2.40): To a stirred solution of cyanuric chloride (0.31 g, 1.7 mmol) in THF (10 mL) 

compound 2.39 (0.96 g, 1.4 mmol) and N,N-diisopropylethylamine (0.73 mL, 4.2 mmol) was 

added at 0 °C.  After 2 h Boc-hydrazine (0.28 g, 2.1 mmol) was added and the reaction was stirred 

for 12 h at room temperature. The solvent was removed by rotary evaporation under reduced 

pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was 

collected, dried over Na2SO4 and filtered. Following concentration, the crude product was purified 

by flash column chromatography (Hexanes: EtOAc 1:1 to 1:4) to afford compound 2.40 (1 g, 77%) 
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as white foam. 1H NMR (CDCl3, 400 MHz):  7.28-7.21 (m, 4H), 3.92-3.74 (m, 4H), 3.54 (s, 2H), 

3.51 (s, 2H), 3.46-3.23 (m, 12H), 2.75-2.55 (m, 2H), 2.53-2.32 (m, 4H), 2.00-1.85 (m, 2H), 1.77-

1.64 (m, 4H), 1.49 (s, 18H), 1.44 (s, 18H). 

 

Compound (2.41): To a stirred solution of 2.40 (1.0 g, 1.1 mmol) in 1,4-dioxane (5.5 mL) 1-

amino-3,3-diethoxypropane (0.36 mL, 2.2 mmol) and N,N-diisopropylethylamine (0.57 mL, 3.3 

mmol) was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode at 

90 °C for 1 h. The solvent was removed by rotary evaporation under reduced pressure and extracted 

with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 

and filtered. Following concentration, the crude product was purified by flash column 

chromatography (Hexanes: EtOAc 1:1 to 100% EtOAc) to afford compound 2.41 (0.91 g, 79%) 

as white foam. 1H NMR (CDCl3, 400 MHz):  7.26 (d, 2H), 7.24 (d, 2H), 4.59 (t, 1H), 3.73-3.87 

(m, 4H), 3.72-3.62 (m, 2H), 3.58-3.25 (m, 18H), 2.74-2.54 (m, 2H), 2.50-2.35 (m, 6H), 2.00-1.85 

(m, 4H), 1.78-1.59 (m, 4H), 1.49 (s, 9H), 1.46 (s, 27H), 1.23 (s, 6H). 

 

Oligomer macrocycle (2.42): To a stirred solution of 2.41 (0.91 g, 0.87 mmol) in DCM (3 mL) 

was added TFA (3 mL, 30.4 mmol). The reaction was stirred for 12 h at room temperature. The 

solvent was removed by rotary evaporation under reduced pressure and triturated with DCM (10 

mL x 5) to afford compound 2.42 (0.41 g, 86%) as white foam. 1H NMR (D2O, 400 MHz):  7.54-

7.51 (m, 4H), 7.49-7.29 (m, 1H) 4.45-4.25 (m, 4H), 3.95-2.95 (m, 26H), 2.64-2.30 (m, 2H), 2.17-

1.99 (m, 4H). 13C NMR (D2O, 125 MHz):  161.8, 154.5, 151.2, 149.9, 59.7, 58.4, 51.0, 50.9, 

50.6, 47.2, 43.9, 41.2, 40.4, 37.2, 37.0, 36.6, 23.1, 18.2, 17.6. 
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Compound (2.43): To a stirred solution of tert-butyl carbazate (6.00 g, 45.5 mmol) in Et2O (24 

mL), acetone (12.8 mL, 172.1 mmol), was added and stirred at room temperature for 12 h. The 

solvent was removed by rotary evaporation under reduced pressure and the crude product was 

purified by flash column chromatography (SiO2, DCM: MeOH 10:1) to afford a white solid (7.22 

g, 92%). 1H NMR (CDCl3, 400 MHz):  2.04 (s, 3H), 1.82 (s, 3H), 1.51 (s, 9H). 13C NMR (CDCl3, 

125 MHz): 152.9, 149.9, 80.9, 28.3, 25.4, 16.0. Then a stirred solution of tert-butyl 2-

isopropylhydrazonecarboxylate (4.00g, 23.2 mmol) in dry THF (150 mL), NaBH3CN (1.47 g, 23.2 

mmol) and catalytic bromocresol green were added, followed by a solution of p-toluenesulfonic 

acid (4.41 g, 23.2 mmol) in dry THF (12 mL), which was added dropwise over 1 h. The reaction 

was maintained between pH 3.5-5.0. After stirring for an additional 1 h, the solvent was then 

removed by rotary evaporation under reduced pressure and extracted with sat. NaHCO3 (100 mL) 

and ethyl acetate (100 mL x 2). The organic layer was collected and concentrated in vacuo. The 

crude product was dissolved in a mixture of methanol (70 mL) and 1M aqueous NaOH (28 mL) 

and stirred at room temperature for 2 h. Following concentration, the product was extracted with 

H2O (100 mL) and ethyl acetate (100 mL x 2). The organic layer was collected, dried over Na2SO4 

and filtered. Following concentration, the crude product was purified by flash column 

chromatography (SiO2, DCM: MeOH 20:1) to afford compound 2.43 as a white solid (2.87 g, 

71%). 1H NMR (CDCl3, 400 MHz):  3.14 (septet, J = 6.3 Hz, 1H), 1.47 (s, 9H), 1.04 (d, J = 6.3 

Hz, 6H). 13C NMR (CDCl3, 125 MHz):  156.9, 80.4, 50.7, 28.4, 20.6. 

 

Compound (2.44): To a stirred solution of tert-butyl carbazate (6.00 g, 45.5 mmol) in Et2O (30 

mL), freshly distilled benzaldehyde (6.30 g, 59.4 mmol) was added at rt. After 12 h the precipitate 
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was filtered, washed with cold Et2O and dried under vacuum to yield as white solid (8.23 g, 77%). 

1H NMR (CDCl3, 400 MHz):  8.13 (s, 1H), 7.73-7.65(m, 2H), 7.39-7.34 (m, 3H), 1.56 (s, 9H). 

13C NMR (CDCl3, 125 MHz):  152.5, 143.7, 133.9, 129.8, 128.6, 127.2, 81.5, 28.3. Then to a 

stirred solution of tert–butyl-2-benzylidenehydrazone-1-carboxylate (4.00g, 18.0 mmol) in dry 

THF (40 mL), NaBH3CN (2.82 g, 44.9 mmol) was slowly added at 0 °C. Acetic acid (27.0 mL, 

471.1 mmol) was then added, and the reaction was stirred for 18 h at room temperature. An 

additional amount of NaBH3CN (2.82 g, 44.9 mmol) was added, and the reaction was stirred for 

12 h. The solvent was removed by rotary evaporation under reduced pressure and extracted with 

sat. NaHCO3 (100 mL) and ethyl acetate (100 mL x 2). The organic layer was collected and 

concentrated in vacuo. The crude product was dissolved in a mixture of methanol (35 mL) and 1M 

aqueous NaOH (35 mL) and stirred at room temperature for 12 h. Following concentration, the 

product was extracted with H2O (100 mL) and ethyl acetate (100 mL x 2). The organic layer was 

collected, dried over Na2SO4 and filtered. Following concentration, the crude product was purified 

by flash column chromatography (SiO2, Hexanes: EtOAc 2:1 to 1:1) to afford compound 2.44 

(3.13 g, 78%) as clear oil. 1H NMR (CDCl3, 400 MHz):  7.54-7.22(m, 5H), 4.01(s, 2H), 1.49 (s, 

9H).  

 

Compound (2.45): To a stirred solution of cyanuric chloride (1.50 g, 7.9 mmol) in THF (50 mL), 

tert-butyl carbazate (1.00 g, 7.6 mmol) and N,N-diisopropylethylamine (4.00 mL, 22.8 mmol) was 

added at 0 °C. After 2 h morpholine (0.72 mL, 8.3 mmol) was added and the reaction was stirred 

for 12 h at room temperature. The solvent was removed by rotary evaporation under reduced 

pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was 

collected, dried over Na2SO4 and filtered. Following concentration, the crude product was purified 
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by flash column chromatography (SiO2, Hexanes: EtOAc 4:1 to 2:1) to afford compound 2.45 

(1.83 g, 72%) as white solid. 1H NMR (CDCl3, 400 MHz):  3.90-3.63 (m, 8H), 1.55-1.35 (s, 9H). 

13C NMR (CDCl3, 125 MHz):  169.3, 167.3, 164.4, 155.4, 81.6, 66.6, 44.0, 28.2. HR-MS (ESI) 

m/z calcd for C12H20ClN6O3 [M + H]+ 331.1285; found 331.1307. 

 

Compound (2.46): To a stirred solution of cyanuric chloride (1.11 g, 6.0 mmol) in THF (38 mL), 

tert-butyl 2-isopropylhydrazinecarboxylate (1.00 g, 5.7 mmol) and N,N-diisopropylethylamine 

(2.97 mL, 17.1 mmol) was added at 0 °C. After 2 h morpholine (0.54 mL, 6.3 mmol) was added 

and the reaction was stirred for 12 h at room temperature. The solvent was removed by rotary 

evaporation under reduced pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). 

The organic layer was collected, dried over Na2SO4 and filtered. Following concentration, the 

crude product was purified by flash column chromatography (SiO2, Hexanes: EtOAc 4:1) to afford 

compound 2.46 (1.63 g, 77%) as clear solid. 1H NMR (CDCl3, 400 MHz):  5.02-4.75 (m, 1H), 

3.95-3.55 (m, 8H), 1.56-1.34 (m, 9H), 1.19 (d, J = 6.4, 6H). 13C NMR (CDCl3, 125 MHz):  169.7, 

165.9, 164.5, 156.4, 81.5, 66.7, 48.8, 43.7, 28.1, 19.5. HR-MS (ESI) m/z calcd for C15H26ClN6O3 

[M + H]+ 373.1755; found 373.1775. 

Compound (2.47): To a stirred solution of cyanuric chloride (0.87 g, 4.7 mmol) in THF (50 mL), 

tert–butyl-2-benzylidenehydrazine-1-carboxylate (1.00 g, 4.5 mmol) and N,N-

diisopropylethylamine (2.35 mL, 13.5 mmol) was added at 0 °C. After 2 h morpholine (0.43 mL, 

5.0 mmol) was added and the reaction was stirred for 12 h at room temperature. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. Following 

concentration, the crude product was purified by flash column chromatography (SiO2, Hexanes: 
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EtOAc 4:1 to 2:1) to afford compound 2.47 (1.47 g, 78%) as white solid.1H NMR (CDCl3, 400 

MHz):  7.40-7.25 (m, 5H), 5.10-4.85 (m, 2H), 3.90-3.57 (m, 8H), 1.55-1.30 (m, 9H). 13C NMR 

(CDCl3, 125 MHz):  170.3, 167.1, 164.5, 155.5, 136.7, 128.6, 128.1, 127.7, 81.9, 66.7, 53.4, 43.9, 

28.2. HR-MS (ESI) m/z calcd for C19H26ClN6O3 [M + H]+ 421.1755; found 421.1800. 

 

Compound (2.48): To a stirred solution of  2.45 (1.50 g, 4.5 mmol) in 1,4-dioxane (22 mL), 

glycine ethyl ester hydrochloride (1.89 g, 13.5 mmol) and N,N-diisopropylethylamine (3.53 mL, 

20.3 mmol) was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode 

at 90 °C for 4 h. The solvent was removed by rotary evaporation under reduced pressure and 

extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over 

Na2SO4 and filtered. Following concentration, the crude product was purified by flash column 

chromatography (SiO2, Hexanes: EtOAc 1:1) to afford compound 2.48 (1.44 g, 81%) as white 

solid. 1H NMR (CDCl3, 400 MHz):  4.27-4.17 (m, 2H), 4.15-4.02 (m, 2H), 3.82-3.62 (m, 8H), 

2.35-1.83 (m, 4H), 1.54-1.36 (m, 9H), 1.28 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125 MHz):  

170.8, 167.9, 165.8, 164.9, 156.5, 81.1, 66.8, 61.1, 43.5, 43.0, 28.2, 14.2. HR-MS (ESI) m/z calcd 

for C16H28N7O5 [M + H]+ 398.2152; found 398.2166. 

 

Compound (2.49): To a stirred solution of 2.46 (1.00 g, 2.7 mmol) in 1,4-dioxane (17 mL), glycine 

ethyl ester hydrochloride (1.13 g, 8.1 mmol) and N,N-diisopropylethylamine (2.12 mL, 12.2 

mmol) was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode at 

90 °C for 4 h. The solvent was removed by rotary evaporation under reduced pressure and extracted 

with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 
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and filtered. Following concentration, the crude product was purified by flash column 

chromatography (SiO2, Hexanes: EtOAc 2:1) to afford compound 2.49 (0.86 g, 73%) as clear oil. 

1H NMR (CDCl3, 400 MHz):  4.98-4.80 (m, 1H), 4.23 (q, J = 7.1 Hz, 2H), 4.17-4.05 (m, 2H), 

3.83-3.61 (m, 8H), 1.60-1.33 (m, 9H), 1.29 (t, J = 7.1 Hz, 3H), 1.16 (d, J = 5.4, 6H). 13C NMR 

(CDCl3, 125 MHz):  170.8, 166.2, 166.1, 165.2, 156.9, 80.6, 66.8, 61.2 47.8, 43.5, 43.1, 28.3, 

19.5, 14.2. HR-MS (ESI) m/z calcd for C19H34N7O5 [M + H]+ 440.2621; found 440.2686. 

 

Compound (2.50): To a stirred solution of  2.47 (1.00 g, 2.4 mmol) in 1,4-dioxane (15 mL), 

glycine ethyl ester hydrochloride (1.00 g, 7.2 mmol) and N,N-diisopropylethylamine (1.88 mL, 

10.8 mmol) was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode 

at 90 °C for 4 h. The solvent was removed by rotary evaporation under reduced pressure and 

extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over 

Na2SO4 and filtered. Following concentration, the crude product was purified by flash column 

chromatography (SiO2, Hexanes: EtOAc 2:1) to afford compound 2.50 (0.74 g, 63%) as white 

solid. 1H NMR (CDCl3, 400 MHz):  7.38-7.20 (m, 5H), 5.10-4.75 (m, 2H), 4.30-3.95 (m, 4H), 

3.81-3.55 (m, 8H), 1.57-1.29 (m, 9H), 1.30-1.15 (m, 3H). 13C NMR (CDCl3, 125 MHz):  170.7, 

167.1, 166.2 165.2, 155.8, 138.0, 128.7, 128.3, 127.2, 80.9, 66.8, 61.1, 52.5, 43.5, 43.1, 44.5, 28.2, 

14.2. HR-MS (ESI) m/z calcd for C23H34N7O5 [M + H]+ 488.2621; found 488.2714. 

 

Compound (2.51): To a stirred solution of 2.48 (0.80 g, 1.8 mmol) in 1:1:1 MeOH/H2O/THF (8 

mL), NaOH (0.23 g, 5.6 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 
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(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 2.51 was obtained in quantitative 

yields as a white solid. Compound 2.51 was carried on to the next step without further purification. 

1H NMR (CDCl3, 400 MHz):  4.79 (quint, J = 6.4 Hz, 1H), 4.15-3.65 (m, 10H), 1.46 (s, 9H), 1.22 

(d, J = 5.8, 6H). 13C NMR (CDCl3, 125 MHz):  175.5, 162.3, 157.7, 155.8, 155.6, 81.4, 66.6, 

50.2, 44.8, 44.4, 28.1, 19.4. HR-MS (ESI) m/z calcd for C17H30N7O5 [M + H]+ 412.2308; found 

412.2354. 

 

Compound (2.52): To a stirred solution of 2.49 (0.70 g, 1.4 mmol) in 1:1:1 MeOH/H2O/THF (6 

mL), NaOH (0.18 g, 4.3 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 2.52 was obtained in quantitative 

yields as a white solid. Compound 2.52 was carried on to the next step without further purification. 

1H NMR (CDCl3, 400 MHz):  7.39-7.25 (m, 5H), 5.20-4.70 (m, 2H), 4.11-3.60 (m, 10H), 1.45 

(s, 9H). 13C NMR (CDCl3, 125 MHz):  172.8, 162.3, 159.0, 156.1, 155.1, 135.5, 128.7, 128.2, 

127.9, 81.6, 66.6, 53.3, 44.8, 44.5, 28.2. HR-MS (ESI) m/z calcd for C21H30N7O5 [M + H]+ 

460.2308; found 460.2381. 
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Compound (2.53): To a stirred solution of 2.50 (0.80 g, 1.6 mmol) in 1:1:1 MeOH/H2O/THF (6 

mL), NaOH (0.20 g, 4.9 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 2.53 was obtained in quantitative 

yields as a white solid. Compound 2.53 was carried on to the next step without further purification. 

1H NMR (CDCl3, 400 MHz):  7.27-7.16 (m, 5H), 4.90-4.50 (m, 1H), 3.85-3.45 (m, 8H), 3.38-

3.17 (m,1H), 3.04 (dd, J = 13.5, 7.7 Hz, 1H), 1.48 (s, 9H). 13C NMR (CDCl3, 125 MHz):  161.2, 

137.7, 129.6, 128.2, 126.5, 81.5, 66.6, 56.8, 44.0, 39.1, 28.2. HR-MS (ESI) m/z calcd for 

C21H30N7O5 [M + H]+ 460.2308; found 460.2378. 

 

Compound (2.54): To a stirred solution of 2.51 (0.37 g, 1.0 mmol) in anhydrous THF (4 mL), 

EDC.HCl (0.29 g, 1.5 mmol), HOBt (0.23 g, 1.5 mmol) and N,N-diisopropylethylamine (0.52 mL, 

3.0 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-

Diethoxypropane (0.16 mL, 1.2 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

DCM: MeOH 9:1) to afford compound 2.54 (0.34 g, 68%) as white foam. 1H NMR (CDCl3, 400 
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MHz):  4.60-4.43 (m, 1H), 3.93 (d, J = 5.5 Hz, 2H), 3.78-3.55 (m, 10), 3.54-3.38 (m, 2H), 3.32 

(dd, J = 12.5, 6.0 Hz, 2H), 1.84-1.71 (m, 2H), 1.43 (s, 9H), 1.15 (dd, J = 7.0, 7.0 Hz, 6H). 13C 

NMR (CDCl3, 125 MHz):  169.9, 167.8, 166.1, 164.8, 156.7, 102.5, 81.1, 66.7, 61.6, 45.0, 43.5, 

35.3, 32.8, 28.2, 15.3. HR-MS (ESI) m/z calcd for C21H39N8O6 [M + H]+ 499.2993; found 

499.3114. 

 

Compound (2.55): To a stirred solution of 2.52 (0.70 g, 1.7 mmol) in anhydrous THF (6.8 mL), 

EDC.HCl (0.49 g, 2.5 mmol), HOBt (0.39 g, 2.5 mmol) and N,N-diisopropylethylamine (0.54 mL, 

5.1 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-

Diethoxypropane (0.28 mL, 2.0 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

DCM: MeOH 20:1 to 9:1) to afford compound 2.55 (0.72 g, 78%) as clear solid.1H NMR (CDCl3, 

400 MHz):  5.00-4.80 (m, 1H), 4.57-4.45 (m, 1H), 4.10-3.92 (m, 1H), 3.86-3.56 (m, 11H), 3.55-

3.25 (m, 4H), 1.88-1.72 (m, 2H), 1.56-1.36 (m, 9H), 1.27-1.09 (m, 12H). 13C NMR (CDCl3, 125 

MHz):  170.2, 166.2, 165.1, 156.7, 102.6, 81.4, 66.8, 62.0, 48.0, 45.1, 43.6, 35.3, 33.0, 28.2, 19.5, 

15.3. HR-MS (ESI) m/z calcd for C24H45N8O6 [M + H]+ 541.3462; found 541.3573. 

 

Compound (2.56): To a stirred solution of 2.53 (0.60 g, 1.3 mmol) in anhydrous THF (5.2 mL), 

EDC.HCl (0.38 g, 1.9 mmol), HOBt (0.30 g, 1.9 mmol) and N,N-diisopropylethylamine (0.57 mL, 

3.3 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-
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Diethoxypropane (0.21 mL, 1.5 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

DCM: MeOH 20:1 to 9:1) to afford compound 2.56 (0.59 g, 77%) as clear solid. 1H NMR (CDCl3, 

400 MHz):  7.42-7.24 (m, 5H), 5.07-4.85 (m, 2H), 4.56-4.44 (m, 1H), 4.13-3.87 (m, 2H), 3.83-

3.57 (m, 10H), 3.55-3.25 (m, 4H), 1.89-1.74 (m, 2H), 1.46 (s, 9H), 1.19 (t, J = 6.7 Hz, 6H). 13C 

NMR (CDCl3, 125 MHz):  170.0, 167.0, 166.6, 165.1, 155.8, 137.8, 128.6, 128.4, 127.3, 102.2, 

81.0, 66.8, 61.9, 52.4, 45.1, 43.6, 35.3, 29.7, 28.2, 15.3. HR-MS (ESI) m/z calcd for C28H45N8O6 

[M + H]+ 589.3462; found 589.3616. 

 

Macrocycle (2.57): To a stirred solution of 2.54 (0.35 g, 0.7 mmol) in DCM (3 mL) was added 

TFA (3 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed by 

rotary evaporation under reduced pressure. The crude product was then washed with 3 ml DCM 

(x2) and filtered. The precipitates were then washed with 0.5 ml MeOH (x2). Excess MeOH should 

be avoided as macrocycle dissolve sparingly in MeOH at room temperature.  Precipitates were 

dried under vacuum to afford macrocycle 2.57 (201 mg, 93%) as white powder. 1H NMR (D2O, 

400 MHz):  7.36 (t, J = 2.5 Hz, 1H), 4.03-3.85 (m, 4H), 3.80-3.25 (m, 16), 2.90-2.72 (m, 4H), 

2.57-2.46 (m, 4H). (DMSOd6, 400 MHz):  12.37 (s, 1H), 12.21 (s, 1H), 9.04 (s, 1H), 8.91 (s, 1H), 

7.51 (s, 1H), 4.00-3.82 (m, 2H), 3.71-3.49 (m, 10H), 2.58-2.52 (m, 2H).  13C NMR (D2O, 125 

MHz):  171.8, 161.0, 154.4, 153.7, 149.2, 66.1, 44.4, 44.2, 39.0, 31.0. HR-MS (ESI) m/z calcd 

for C24H37N16O4 [M + H]+ 613.3184; found 613.3358. 
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Figure 2.15 HPLC of Macrocycle 2.57. The mobile phase consisted of water/acetonitrile (A/B, 

HPLC grade, 0.1% (w/v) trifluoroacetic acid) at a flow rate of 2 mL/min. The elution gradient was 

50% H2O:MeCN The sample volume injected 5 μL, and eluted sample was detected at 254 nm 

 

 

Macrocycle (2.58): To a stirred solution of 2.55 (0.20 g, 0.37 mmol) in DCM (2.2 mL) was added 

TFA (2.2 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed 

by rotary evaporation under reduced pressure. The crude product was dissolved with a minimal 

amount of methanol followed by precipitation with hexanes and centrifugation (10 mL x 2). The 

solvent was decanted off and the powder was centrifugated with Et2O (10 mL x 2). The precipitate 

was filtered and dried to afford macrocycle 2.58 (0.11 g, 88%) as white powder. 1H NMR (CD3OD, 

400 MHz): d 7.86 (t, J = 2.7 Hz, 2H), 5.20-4.80 (m, 2H) 4.36-4.29 (m, 2H), 4.23-4.18 (m, 2H), 

4.01-3.81 (m, 10H), 3.80- 3.64 (m, 10H), 3.11-2.95 (m, 2H), 2.81-2.69 (m, 2H), 1.56-1.36 (m, 

12H). 13C NMR (CD3OD, 125 MHz): d 171.3, 161.2, 155.1, 153.5, 148.2, 66.1, 54.4, 45.0, 43.4, 

32.4, 19.5, 17.9. HR-MS (ESI) m/z calcd for C30H49N16O4 [M + H]+ 697.4123; found 697.4300. 
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Figure 2.16 LCMS of Macrocycle 2.58. The mobile phase consisted of water/acetonitrile (A/B, 

HPLC grade, 0.1% (w/v) trifluoroacetic acid) at a flow rate of 0.5 mL/min. The elution gradient 

was 75% H2O:MeCN The sample volume injected 5 μL, and eluted sample was detected at 254 

nm. Peak area of 1:2 is 71:29% with identical molecular weight for each signal.  

 

Macrocycle (2.59): To a stirred solution of 2.56 (0.15 g, 0.25 mmol) in DCM (1.5 mL) was added 

TFA (1.5 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed 

by rotary evaporation under reduced pressure and subjected to centrifugation after suspension in 

hexanes (10 mL x 2) then Et2O (10 mL x 2). The precipitate was filtered, dried and purified by 

flash alumina flash column chromatography (Al2O3, DCM: MeOH 9:1) to afford macrocycle 2.59 

(92 mg, 93%) as white powder. 1H NMR (CD3OD, 400 MHz): d 7.54 (s, 2H), 7.40-7.22 (m, 10H), 

5.40- 5.25 (m, 4H), 4.33-4.20 (m, 4H), 4.00-3.63 (m, 20H), 2.68-2.58 (m, 4H). 13C NMR (CD3OD, 

125 MHz): d 171.1, 161.6, 146.1, 133.7, 128.8, 127.7, 126.3, 66.1, 45.1, 44.9, 43.2 33.3, 32.0. HR-

MS (ESI) m/z calcd for C38H49N16O4 [M + H]+ 793.4123; found 793.4374. 
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Figure 2.17 LCMS of Macrocycle 2.59. The mobile phase consisted of water/acetonitrile (A/B, 

HPLC grade, 0.1% (w/v) trifluoroacetic acid) at a flow rate of 0.5 mL/min. The elution gradient 

was 75% H2O:MeCN The sample volume injected 5 μL, and eluted sample was detected at 254 

nm.  

 

 

Macrocycle (2.60) To a stirred solution of 2.59 (30 mg, 0.05 mmol) and 2.58 (27 mg, 0.05) in 

DCM (0.5 mL) was added TFA (0.5 mL). The reaction was stirred for 12 h at room temperature. 

The solvent was removed by rotary evaporation under reduced pressure and subjected to 

centrifugation with hexanes (10 mL x 2) then Et2O (10 mL x 2). The precipitate was filtered and 

dried to afford a total yield of 77% of which macrocycle 2.58 (1.7 mg, 12%), macrocycle 2.59 (5.4 

mg, 38%) and macrocycle 2.60 (7.2 mg, 50%) were formed as white powder. 1H NMR (CD3OD, 

400 MHz):  7.90-7.84 (m, 1H), 7.57-7.52 (m, 1H), 7.42-7.22 (m, 5H), 5.40-5.24 (m, 2H), 5.10-

4.95 (m, 1H), 4.35-4.24 (m, 2H), 4.23-4.15 (m, 2H), 4.00-3.60 (m, 20H), 2.81-2.74 (m, 2H), 2.67-

2.60 (m, 2H), 1.51-1.41 (m, 6H). HR-MS (ESI) m/z calcd for C34H49N16O4 [M + H]+ 745.4123; 

found 745.4440. 
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Figure 2.18 1H NMR of mixtures 2.58-2.60 in MeOD and HR-MS 

 

Compound (2.61): To a stirred solution of cyanuric chloride (0.85 g, 4.6 mmol) in THF (50 mL), 

L-Phenylalanine ethyl ester hydrochloride (1.00 g, 4.4 mmol) and N,N-diisopropylethylamine 

(3.44 mL, 19.8 mmol) was added at 0 °C. After 2 h tert-butyl carbazate (0.65 g, 4.8 mmol) was 

added and the reaction was stirred for 12 h at room temperature. The solvent was removed by 

rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM (100 mL 

x 2). The organic layer was collected, dried over Na2SO4 and filtered. Following concentration, 

the crude product was purified by flash column chromatography (SiO2, Hexanes: EtOAc 4:1 to 

2:1) to afford compound 2.61 (1.30 g, 68%) as white solid. 1H NMR (CDCl3, 400 MHz):  7.35-

7.20 (m, 3H), 7.19-7.09 (m, 2H), 5.07-4.83 (m, 1H) 4.10-4.27 (m, 2H), 3.26-3.09 (m, 2H), 1.60-

1.39 (m, 9H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 125 MHz):  170.8, 169.2, 167.4, 164.8, 

155.5, 135.6, 129.4, 128.6, 127.3, 81.9, 61.7, 55.0, 38.3, 28.2, 14.1. HR-MS (ESI) m/z calcd for 

C19H26ClN6O4 [M + H]+ 437.1704; found 437.1779. 
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Compound (2.62): To a stirred solution of cyanuric chloride (0.85 g, 4.6 mmol) in THF (50 mL), 

L-Phenylalanine ethyl ester hydrochloride (1.00 g, 4.4 mmol) and N,N-diisopropylethylamine 

(3.44 mL, 19.8 mmol) was added at 0 °C. After 2 h tert-Butyl 2-Isopropylhydrazinecarboxylate 

(0.84 g, 4.8 mmol) was added and the reaction was stirred for 12 h at room temperature. The 

solvent was removed by rotary evaporation under reduced pressure and extracted with H2O (100 

mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

Hexanes: EtOAc 4:1) to afford compound 2.62 (1.76 g, 75%) as clear solid. 1H NMR (CDCl3, 400 

MHz):  7.45-7.07 (m, 5H), 5.07-4.73 (m, 2H), 4.27-4.10 (m, 2H), 3.32-2.95 (m, 2H), 1.62-1.35 

(m, 9H), 1.25-1.10 (m, 9H). 13C NMR (CDCl3, 125 MHz):  171.2, 169.4, 166.1, 164.9, 156.2, 

135.5, 129.3, 128.7, 127.1, 81.8, 61.6, 55.1, 49.0, 37.9, 28.2, 19.4, 14.1. HR-MS (ESI) m/z calcd 

for C22H32ClN6O4 [M + H]+ 479.2174; found 479.2257. 

 

Compound (2.63): To a stirred solution of cyanuric chloride (0.85 g, 4.6 mmol) in THF (50 mL), 

L-Phenylalanine ethyl ester hydrochloride (1.00 g, 4.4 mmol) and N,N-diisopropylethylamine 

(3.44 mL, 19.8 mmol) was added at 0 °C. After 2 h 1-tert-Butoxycarbonyl-2-benzylhydrazine 

(1.07 g, 4.8 mmol) was added and the reaction was stirred for 12 h at room temperature. The 

solvent was removed by rotary evaporation under reduced pressure and extracted with H2O (100 

mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

Hexanes: EtOAc 4:1) to afford compound 2.63 (1.54 g, 67%) as clear solid.1H NMR (CDCl3, 400 

MHz):  7.45-7.05 (m, 10H), 5.20-4.80 (m, 3H), 4.33-4.04 (m, 2H), 3.30-3.00 (m, 2H), 1.60-1.34 

(m, 9H), 1.32-1.14 (m, 3H). 13C NMR (CDCl3, 125 MHz):  171.0, 169.6, 167.0, 165.0, 155.2, 
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135.4, 129.2, 128.6, 127.8, 81.8, 61.6, 55.1, 52.9, 37.8, 28.2, 14.1. HR-MS (ESI) m/z calcd for 

C26H32ClN6O4 [M + H]+ 527.2174; found 527.2283. 

 

Compound (2.64): To a stirred solution of 2.61 (1.00 g, 2.3 mmol) in 1,4-dioxane (12 mL), 

morpholine (0.59 mL, 6.9 mmol) and N,N-diisopropylethylamine (1.81 mL, 10.4 mmol) was 

added. The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C for 1 

h. The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

Hexanes: EtOAc 1:1) to afford compound 2.64 (1.00 g, 89%) as clear oil. 1H NMR (CDCl3, 400 

MHz):  7.33-7.14 (m, 5H), 5.05-4.70 (m, 1H), 4.13 (q, J = 6.9 Hz, 2H), 3.80-3.70 (m, 4H), 3.67 

(t, J = 4.4 Hz, 4H), 3.21-3.01 (m, 2H), 1.46 (s, 9H), 1.17 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 

125 MHz):  172.7, 167.8, 165.3, 164.8, 156.4, 136.5, 129.3, 128.4, 126.9, 81.1, 66.8, 61.1, 55.4, 

43.5, 38.2, 28.2, 14.2. HR-MS (ESI) m/z calcd for C23H34N7O5 [M + H]+ 488.2621; found 

488.2704. 

 

Compound (2.65): To a stirred solution of 2.62 (1.00 g, 2.1 mmol) in 1,4-dioxane (11 mL), 

morpholine (0.54 mL, 6.3 mmol) and N,N-diisopropylethylamine (1.65 mL, 9.5 mmol) was added. 

The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C for 1 h. The 

solvent was removed by rotary evaporation under reduced pressure and extracted with H2O (100 

mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 
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Hexanes: EtOAc 4:1 to 2:1) to afford compound 2.65 (0.93 g, 84%) as clear solid. 1H NMR 

(CDCl3, 400 MHz):  7.37-7.13 (m, 5H), 5.00-4.74 (m, 2H), 4.21-4.09 (m, 2H), 3.80-3.61 (m, 8H), 

3.22-3.04 (m, 2H), 1.56-1.36 (m, 9H), 1.25-1.01 (m, 9H). 13C NMR (CDCl3, 125 MHz):  172.5, 

165.6, 156.9, 136.4, 129.3, 128.5, 126.9, 80.6, 66.9, 61.1, 55.1, 47.9, 43.5, 38.3, 28.4, 19.5, 14.2. 

HR-MS (ESI) m/z calcd for C26H40N7O5 [M + H]+ 530.3091; found 530.3221. 

 

Compound (2.66): To a stirred solution of 2.63 (1.00 g, 1.9 mmol) in 1,4-dioxane (10 mL), 

morpholine (0.49 mL, 5.7 mmol) and N,N-diisopropylethylamine (1.50 mL, 8.6 mmol) was added. 

The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C for 1 h. The 

solvent was removed by rotary evaporation under reduced pressure and extracted with H2O (100 

mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

Hexanes: EtOAc 4:1) to afford compound 2.66 (0.96 g, 87%) as clear oil. 1H NMR (CDCl3, 400 

MHz):  7.40-7.12 (m, 10H), 5.20-4.70 (m, 3H), 4.22-4.00 (m, 2H), 3.82-3.62 (m, 8H), 3.24-3.02 

(m, 2H), 1.55-1.32 (m, 9H), 1.25-1.09 (m, 3H). 13C NMR (CDCl3, 125 MHz):  172.4, 166.9, 

165.7, 165.2, 155.9, 138.1, 136.5, 129.5, 128.5, 128.4, 127.2, 126.9, 80.8, 66.8, 61.1, 55.3, 52.7, 

43.6, 38.2, 28.3, 14.2. HR-MS (ESI) m/z calcd for C30H40N7O5 [M + H]+ 578.3091; found 

578.3217. 

 

Compound (2.67): To a stirred solution of 2.64 (0.90 g, 1.7 mmol) in 1:1:1 MeOH/H2O/THF (8 

mL), NaOH (0.22 g, 5.5 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 
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(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 2.67 was obtained in quantitative 

yields as a white solid. Compound 2.67 was carried on to the next step without further purification. 

1H NMR (CDCl3, 400 MHz):  7.28-7.15 (m, 5H), 4.72 (sep, J = 6.5 Hz, 1H), 4.62-4.54 (m, 1H), 

3.94-3.84 (m, 1H), 3.80-3.28 (m, 8H), 2.97 (dd, J = 13.7, 9.1 Hz, 1H), 1.54 (s, 9H), 1.24 (dd, J = 

27.8, 6.6 Hz, 6H). 13C NMR (CDCl3, 125 MHz):  176.3, 161.8, 157.8, 156.4, 156.1, 138.4, 129.6, 

128.2, 126.2, 81.2, 66.7, 58.2, 50.3, 44.2, 40.5, 28.3, 19.6. HR-MS (ESI) m/z calcd for C24H36N7O5 

[M + H]+ 502.2778; found 502.2875. 

 

Compound (2.68): To a stirred solution of 2.65 (0.90 g, 1.6 mmol) in 1:1:1 MeOH/THF/H2O (8 

mL), NaOH (0.19 g, 4.9 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted. The solution was then 

acidified to pH 3 with acetic acid at 0 °C and extracted with H2O (100 mL) and DCM (100 mL x 

2). The organic layer was collected, dried over Na2SO4 and filtered. Following concentration under 

reduced pressure compound 2.68 was obtained in quantitative yields as a white solid. Compound 

2.68 was carried on to the next step without further purification. 1H NMR (CDCl3, 400 MHz):  

7.35-7.13 (m, 10H), 5.40-4.45 (m, 3H), 3.85-3.50 (m, 8H), 3.24 (dd, J = 13.7, 4.2 Hz, 1H), 2.97 

(dd, J = 13.5, 8.5 Hz, 1H), 1.44 (s, 9H). 13C NMR (CDCl3, 125 MHz):  176.8, 161.7, 158.8, 156.5, 

154.7, 137.6, 135.1, 129.5, 128.6, 128.2, 127.9, 126.4, 81.9, 66.5, 57.4, 53.0, 44.2, 39.1, 28.1. HR-

MS (ESI) m/z calcd for C28H36N7O5 [M + H]+ 550.2778; found 550.2912. 
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Compound (2.69): To a stirred solution of 2.66 (1.00 g, 2.5 mmol) in 1:1 MeOH/H2O (6 mL), 

NaOH (0.3 g, 7.5 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 2.69 was obtained in quantitative 

yields as a white solid. Compound 2.69 was carried on to the next step without further purification. 

1H NMR (DMSOd-6, 400 MHz):  4.03-3.75 (m, 2H), 3.72-3.50 (m, 8H), 1.47-1.20 (m, 9H). 13C 

NMR (DMSOd-6, 125 MHz):  172.5, 168.0, 166.5, 165.1, 156.4, 79.1, 66.5, 43.5, 42.5, 28.6. HR-

MS (ESI) m/z calcd for C14H24N7O5 [M + H]+ 370.1839; found 370.1843. 

 

Compound (2.70): To a stirred solution of 2.67 (0.50 g, 1.1 mmol) in anhydrous THF (4.4 mL), 

EDC.HCl (0.32 g, 1.6 mmol), HOBt (0.25 g, 1.6 mmol) and N,N-diisopropylethylamine (0.57 mL, 

3.3 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-

Diethoxypropane (0.18 mL, 1.3 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

DCM: MeOH 20:1 to 9:1) to afford compound 2.70 (0.51 g, 79%) as clear solid. 1H NMR (CDCl3, 

400 MHz):  7.36-7.16 (m, 5H), 4.61 (q, J = 7.0 Hz, 1H), 4.52-4.37 (m, 1H), 3.80-3.51 (m, 10H), 
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3.48-2.98 (m, 6H), 1.78-1.60 (m, 2H), 1.46 (s, 9H), 1.20 – 1.12 (m, 6H). 13C NMR (CDCl3, 125 

MHz):  171.8, 165.6, 164.8, 156.4, 137.1, 129.3, 128.6, 126.8, 101.8, 81.1, 66.8, 61.6, 56.7, 43.5, 

38.1, 35.4, 32.8, 28.2, 15.3. HR-MS (ESI) m/z calcd for C28H45N8O6 [M + H]+ 589.3462; found 

589.3628. 

 

Compound (2.71): To a stirred solution of 2.68 (0.82 g, 1.6 mmol) in anhydrous THF (6.4 mL), 

EDC.HCl (0.46 g, 2.4 mmol), HOBt (0.37 g, 2.4 mmol) and N,N-diisopropylethylamine (0.51 mL, 

4.8 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-

Diethoxypropane (0.26 mL, 1.9 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

DCM: MeOH 20:1) to afford compound 2.71 (0.81 g, 81%) as clear solid. 1H NMR (CDCl3, 400 

MHz):  7.37-7.14 (m, 5H), 4.98-4.77 (m, 1H), 4.75-4.52 (m, 1H), 4.41 (t, J = 5.3 Hz, 1H), 3.82-

3.49 (m, 10H), 3.47-2.90 (m, 6H), 1.86-1.62 (m, 2H) 1.46 (s, 9H), 1.25-1.05 (m, 12H). 13C NMR 

(CDCl3, 125 MHz):  171.6, 166.2, 165.9, 165.1, 156.8, 137.0, 129.3, 128.7, 126.9, 102.0, 80.6, 

66.8, 61.6, 56.2, 47.9, 43.5, 38.1, 35.4, 32.8, 28.2, 19.5, 15.3. HR-MS (ESI) m/z calcd for 

C31H51N8O6 [M + H]+ 631.3932; found 631.4088. 

 

Compound (2.72): To a stirred solution of 2.69 (0.50 g, 1.0 mmol) in anhydrous THF (4 mL), 

EDC.HCl (0.29 g, 1.5 mmol), HOBt (0.23 g, 1.5 mmol) and N,N-diisopropylethylamine (0.32 mL, 

3.0 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-
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Diethoxypropane (0.16 mL, 1.2 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure and extracted with H2O 

(100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

Hexanes: EtOAc 1:1) to afford compound 2.72 (0.49 g, 72%) as clear solid. 1H NMR (CDCl3, 400 

MHz):  7.38-7.18 (m, 10H), 5.30-4.80 (m, 2H), 4.75-4.55 (m, 1H), 4.48-4.30 (m, 1H), 3.85-3.63 

(m, 8H), 3.62- 3.50 (m, 2H), 3.46-3.00 (m, 6H), 1.82-1.56 (m, 2H), 1.52-1.34 (m, 9H), 1.20-1.02 

(m, 6H). 13C NMR (CDCl3, 125 MHz):  171.6, 167.0, 166.0, 165.1, 155.8, 137.8, 136.9, 129.3, 

128.7, 128.4, 127.3, 102.0, 81.0, 66.8, 61.6, 56.3, 52.9, 43.6, 38.6, 35.4, 32.8, 28.4, 15.3. HR-MS 

(ESI) m/z calcd for C35H51N8O6 [M + H]+ 679.3932; found 679.4152. 

 

Macrocycle (2.73): To a stirred solution of 2.70 (0.35 g, 0.6 mmol) in DCM (3 mL) was added 

TFA (3 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed by 

rotary evaporation under reduced pressure. The crude product was dissolved with a minimal 

amount of methanol followed by precipitation with hexanes and centrifugation (10 mL x 2). The 

solvent was decanted off and the powder was centrifugated with Et2O (10 mL x 2). The precipitate 

was filtered and dried to afford compound 2.73 (44 mg, 92%) as white powder. 1H NMR (CD3OD, 

400 MHz):  7.70-6.90 (m, 12H), 4.64 (t, J = 7.4 Hz, 1H), 4.55-4.33 (m, 1H), 4.10 (t, J = 12.9 Hz, 

2H), 4.00-3.88 (m, 2H), 3.86-3.68 (m, 8H), 3.67-3.52 (m,4H), 3.44-3.34 (m, 2H), 3.22-2.92 (m, 

6H), 2.82-2.50 (m, 4H). 13C NMR (CD3OD, 125 MHz):  173.9, 161.2, 153.7, 148.1 135.1, 129.5, 

128.9, 127.6, 66.2, 56.3, 44.4, 37.2, 33.9, 31.4. HR-MS (ESI) m/z calcd for C38H49N16O4 [M + H]+ 

793.4123; found 793.4376. 
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Figure 2.19  HPLC of Macrocycle 2.73. The mobile phase consisted of water/acetonitrile (A/B, 

HPLC grade, 0.1% (w/v) trifluoroacetic acid) at a flow rate of 1 mL/min. The elution gradient was 

90% H2O:MeCN The sample volume injected 5 μL, and eluted sample was detected at 254 nm. 

Ratio of 1:2 is 5:95% peak area 

 

Macrocycle (2.74): To a stirred solution of 2.71 (0.60 g, 0.95 mmol) in DCM (6 mL) was added 

TFA (6 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed by 

rotary evaporation under reduced pressure and subjected to centrifugation with Hexanes (10 mL x 

2). The precipitate was filtered, dried and purified by alumina flash column chromatography 

(Al2O3, DCM: MeOH 20:1) to afford macrocycle 2.74 (0.36 g, 86%) as white powder. 1H NMR 

(CD3OD, 400 MHz):  7.95-7.65 (m, 2H), 7.38-7.10 (m, 10H), 5.05-4.80 (m, 2H), 4.71-4.38 (m, 

2H), 3.90-3.35 (m, 20H), 3.33-2.80 (m, 4H), 2.75-2.30 (m, 4H), 1.12 (dd, J = 11.5, 6.6 Hz, 12H). 

13C NMR (CD3OD, 125 MHz):  173.5, 165.8, 165.6, 164.8, 163.3, 137.6, 129.1, 128.2, 126.4, 

66.4, 57.1, 43.4, 37.7, 35.7, 33.0, 19.2. HR-MS (ESI) m/z calcd for C44H51N16O4 [M + H]+ 

877.5062; found 877.5290. 
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Figure 2.20 LCMS of Macrocycle 2.74. The mobile phase consisted of water/acetonitrile (A/B, 

HPLC grade, 0.1% (w/v) trifluoroacetic acid) at a flow rate of 0.5 mL/min. The elution gradient 

was 85% H2O:MeCN The sample volume injected 5 μL, and eluted sample was detected at 254 

nm. Ratio of 1:2 is 80:20% peak area with identical molecular weights 

 

Macrocycle (2.75): To a stirred solution of 2.72 (0.20 g, 0.29 mmol) in DCM (2 mL) was added 

TFA (2 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed by 

rotary evaporation under reduced pressure and subjected to centrifugation with Hexanes (10 mL x 

2). The precipitate was filtered, dried and purified by alumina flash column chromatography 

(Al2O3, DCM: MeOH 20:1) to afford macrocycle 2.75 (0.12 g, 84%) as white powder. 1H NMR 

(CD3OD, 400 MHz):  7.64 (s, 2H), 7.55-6.95 (m, 20H), 5.70-5.52 (m, 2H), 4.76 (t, J = 6.9 Hz, 

2H), 4.66-4.38 (m, 2H), 4.35-3.35 (m, 18H), 3.29-2.85 (m, 6H), 2.75-2.40 (m, 4H). 13C NMR 

(CD3OD, 125 MHz):  171.7, 161.6, 154.7, 154.0, 146.5, 135.2, 133.8, 129.4, 128.8, 128.4, 127.8, 

126.7, 126.5, 66.1, 56.5, 53.4, 45.1, 38.0, 33.5, 31.9. HR-MS (ESI) m/z calcd for C52H61N16O4 [M 

+ H]+ 973.5062; found 973.5283. 
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Figure 2.21 LCMS of Macrocycle 2.75. The mobile phase consisted of water/acetonitrile (A/B, 

HPLC grade, 0.1% (w/v) trifluoroacetic acid) at a flow rate of 1 mL/min. The elution gradient was 

75% H2O:MeCN The sample volume injected 5 μL, and eluted sample was detected at 254 nm 

  

 

 

Scheme 2.21 Synthesis of tyramine homodimeric macrocycle 2.76 
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Compound (2.84): To a stirred solution of cyanuric chloride (1.00 g, 7.6 mmol) in THF (50 mL), 

tyramine (1.00 g, 7.3 mmol) and N,N-diisopropylethylamine (5.71 mL, 32.8 mmol) was added at 

0 °C. After 2 h 1-tert-Butoxycarbonyl-2-benzylhydrazine (1.77 g, 8.0 mmol) was added and the 

reaction was stirred for 12 h at room temperature. The solvent was removed by rotary evaporation 

under reduced pressure. Water was added to the crude product, filtered then washed with water 

and ethyl acetate to afford compound 2.84 (2.66 g, 77%) as clear solid. 1H NMR (DMSOd6, 400 

MHz):  7.40-7.23 (m, 5H), 7.10-6.84 (m, 2H), 6.71-6.59 (m, 2H), 4.97-4.73 (m, 2H), 3.45-3.29 

(m, 2H), 2.75-2.57 (m, 2H), 1.45-1.15 (m, 9H). 13C NMR (DMSOd6, 125 MHz):  169.2, 167.2, 

165.8, 156.1, 137.4, 137.3 130.2, 129.9, 128.7, 128.1, 127.5, 115.5, 80.3, 54.1, 43.2, 34.2, 28.5. 

 

Compound (2.85): To a stirred solution of 2.84 (1.00 g, 2.1 mmol) in 1,4-dioxane (11 mL), glycine 

ethyl ester hydrochloride (1.03 g, 6.3 mmol) and N,N-diisopropylethylamine (1.64 mL, 9.4 mmol) 

was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C 

for 4 h. The solvent was removed by rotary evaporation under reduced pressure and extracted with 

H2O (100 mL) and DCM (100 mL x 2). The solvent was removed by rotary evaporation under 

reduced pressure to a minimum amount of solvent and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. Following 

concentration, the crude product was purified by flash column chromatography (SiO2, DCM: 

MeOH:THF 9:1:1) to afford compound 2.85 (1.12 g, 86%) as clear solid. 1H NMR (CDCl3, 400 

MHz):  7.38-7.20 (m, 5H), 7.12-6.95 (m, 2H), 6.72-6.55 (m, 2H), 4.95-4.68 (m, 2H), 4.12-3.80 

(m, 4H), 3.34-3.24 (m, 2H), 2.74-2.55 (m, 2H), 1.46-1.08 (m, 12H). 13C NMR (CDCl3, 125 MHz): 

d 171.3, 166.4, 155.9, 138.9, 130.3, 130.1, 129.9, 128.5, 128.1, 127.2, 115.5, 79.4, 60.6, 43.0, 42.9, 

35.0, 28.6, 14.5. 
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Compound (2.86): To a stirred solution of 2.85 (0.54 g, 1.0 mmol) in 1:1:1 MeOH/H2O/THF (5 

mL), NaOH (0.13 g, 3.2 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The aqueous layer was collected and the solution was then acidified to pH 3 with 

acetic acid at 0 °C. The precipitates were filtered, washed with water and dried to afford compound 

2.86 in quantitative yields as a white solid. Compound 2.86 was carried on to the next step without 

further purification. 

 

Compound (2.87): To a stirred solution of 2.86 (0.51 g, 1.0 mmol) in anhydrous THF (4 mL), 

EDC.HCl (0.27 g, 1.5 mmol), HOBt (0.23 g, 1.5 mmol) and N,N-diisopropylethylamine (0.32 mL, 

3.0 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-Amino-3,3-

Diethoxypropane (0.16 mL, 1.2 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure to a minimum amount of 

solvent and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, 

dried over Na2SO4 and filtered. Following concentration, the crude product was purified by flash 

column chromatography (SiO2, DCM: MeOH:THF 9:1:1) to afford compound 2.87 (0.37 g, 57%) 

as clear solid. 1H NMR (DMSOd6, 400 MHz):  7.41-7.15 (m, 5H), 7.11-6.96 (m, 2H), 6.70-6.55 

(m, 2H), 5.05-4.35 (m, 5H), 3.60-3.35 (m, 4H), 3.34-3.20 (m, 2H), 3.15-2.95 (m, 2H), 2.79-2.55 

(m, 2H), 1.71-1.51 (m, 2H), 1.45-1.00 (m, 15H). 13C NMR (DMSOd6, 125 MHz):  172.1, 166.1, 

165.7, 165.0, 156.9, 102.4, 80.5, 66.9, 61.7, 61.3, 47.9, 47.2, 43.5, 35.2, 31.9, 29.7, 28.3, 24.1, 

19.5, 15.3.  
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Macrocycle (2.76): To a stirred solution of 2.87 (0.15 g, 0.26 mmol) in DCM (2 mL) was added 

TFA (2 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed by 

rotary evaporation under reduced pressure. The crude product was dissolved with a minimal 

amount of methanol followed by precipitation with hexanes and centrifugation (10 mL x 2). The 

solvent was decanted off and the powder was centrifugated with Et2O (10 mL x 2). The precipitate 

was filtered and dried to afford macrocycle 2.87 (95 mg, 90%) as white powder. 1H NMR 

(CD3OD/DMSOd6, 400 MHz):  7.38-7.24 (m, 10H), 7.23-7.19 (m, 2H), 7.06-6.96 (m, 3H), 6.77-

6.64 (m, 4H), 6.57-6.52 (m, 1H), 5.65-4.75 (m, 4H), 4.35-4.04 (m, 4H), 3.84-3.64 (m, 2H), 3.59-

3.35 (m, 4H), 2.94-2.82 (m, 2H), 2.72-2.48 (m, 8H). 13C NMR (CD3OD /DMSOd6, 125 MHz):  

171.8, 164.2, 163.4, 156.1, 134.4, 134.2, 129.9, 129.8, 129.1, 127.5, 126.7, 115.4, 48.7, 45.2, 44.9, 

43.1, 34.2, 32.1. HR-MS (ESI) m/z calcd for C46H53N16O4 [M + H]+ 893.4436; found 893.4819. 

 

 

Figure 2.22 HR-MS of macrocycle 2.76 
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Scheme 2.22 Synthesis of biotin homodimeric macrocycle 2.77 
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Macrocycle (2.77): To a stirred solution of 2.93 (0.50 g, 0.53 mmol) in DCM (3.3 mL) was added 

TFA (3.3 mL). The reaction was stirred for 12 h at room temperature. The solvent was removed 

by rotary evaporation under reduced pressure. The crude product was dissolved with a minimal 

amount of methanol followed by precipitation with hexanes and centrifugation (10 mL x 2). The 

solvent was decanted off and the powder was centrifugated with Et2O (10 mL x 2). The precipitate 

was filtered and dried to afford macrocycle 2.77 (0.4 g, 88%) as clear oil. 1H NMR (CD3OD, 400 

MHz):  7.75-7.10 (m, 12H), 5.50-5.20 (m, 4H), 4.54-4.47 (m, 2H), 4.34-4.26 (m, 2H), 3.69-3.39 

(m, 32H), 3.29-3.15 (m, 8H), 2.97-2.85 (m, 2H), 2.75-2.55 (m, 6H), 2.25-2.17 (m, 4H), 1.95-1.25 

(m, 22H). 

 

 

Figure 2.23 1H NMR of macrocycle 2.77 in MeOD and HR-MS 
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Compound (2.89): Biotin (380 mg, 1.55 mmol) was dissolved in DMF (7.75 mL) followed by the 

addition of triethylamine (0.4 mL, 2.84 mmol). Then Pfp-TFA (0.4 mL, 2.33 mmol) was slowly 

added. The reaction was stirred for 30 min at room temperature. Residual Pfp-TFA and solvents 

were removed by reduced pressure and the crude material was precipitated in diethyl ether, and 

filtered to afford the activated biotin-pfp ester 2.88 as a white solid, which was carried on to the 

next step. The biotin-pfp 2.88 ester was slowly added to a solution of 4,7,10-Trioxa-1,13-

tridecanediamine (1.7 mL, 7.75 mmol) in DMF (4.3 mL) at 0 ºC. The solvent was removed by 

rotary evaporation under reduced pressure to a minimum amount of solvent and extracted with 

H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and 

filtered, to yield 2.89 (528 mg, 74%) as a clear oil. Crude 2.89 was carried on to the next step 

without further purification 

 

Compound (2.90): To a stirred solution of cyanuric chloride (0.43 g, 2.3 mmol) in THF (25 mL), 

compound 2.89 (1.00 g, 2.2 mmol) and N,N-diisopropylethylamine (1.72 mL, 9.9 mmol) was 

added at 0 °C. After 2 h 2-benzyl-tert-butyl carbazate (0.53 g, 2.4 mmol) was added and the 

reaction was stirred for 12 h at room temperature. The solvent was removed by rotary evaporation 

under reduced pressure and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic 

layer was collected, dried over Na2SO4 and filtered. Following concentration, the crude product 

was purified by flash column chromatography (SiO2, Hexanes: EtOAc 4:1 to 1:1) to afford 

compound 2.90 (1.25 g, 73%) as clear oil. 1H NMR (CDCl3, 400 MHz):  7.42-7.20 (m, 5H), 5.05-

4.80 (m, 2H), 4.25-4.00 (m, 3H), 3.75-3.25 (m, 15H), 3.00-2.70 (m, 4H), 2.62-2.53 (m, 2H), 1.85-

1.65 (m, 4H), 1.55-1.15 (m, 12H), 1.06 (tt, J = 7.2, 1.1 Hz, 3H).  



 
 

100 
 

Compound (2.91): To a stirred solution of 2.90 (0.78 g, 1.0 mmol) in 1,4-dioxane (6.3 mL), 

glycine ethyl ester hydrochloride (0.42 g, 3.0 mmol) and N,N-diisopropylethylamine (0.78 mL, 

4.5 mmol) was added. The reaction was stirred in a CEM 300 W microwave under dynamic mode 

at 90 °C for 4 h. The solvent was removed by rotary evaporation under reduced pressure and 

extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, dried over 

Na2SO4 and filtered. Following concentration, the crude product was purified by flash column 

chromatography (SiO2, Hexanes: EtOAc 1:1) to afford compound 2.91 (0.55 g, 65%) as clear oil. 

1H NMR (CDCl3, 400 MHz):  7.36-7.24 (m, 5H), 5.07-4.80 (m, 2H), 4.51-4.44 (m, 1H), 4.32-

4.04 (m, 4H), 3.79-3.21 (m, 16H), 3.17-3.10 (m, 1H),  2.92-2.86 (m, 2H), 2.75-2.62 (m, 1H), 2.40-

2.25 (m, 4H), 2.17 (t, J = 7.3 Hz), 1.87-1.10 (m, 22H).  

 

Compound (2.92): To a stirred solution of 2.91 (0.5 g, 0.6 mmol) in 1:1:1 THF/MeOH/H2O (1.4 

mL), NaOH (0.07 g, 1.7 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 3.57 was obtained in quantitative 

yields as a white solid. Compound 2.92 was carried on to the next step without further purification.  

 

Compound (2.93): To a stirred solution of 2.92 (0.36 g, 0.44 mmol) in anhydrous THF (1.7 mL), 

EDC.HCl (0.12 g, 0.65 mmol), HOBt (0.1 g, 0.65 mmol) and N,N-diisopropylethylamine (0.14 
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mL, 1.3 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-amino-3,3-

diethoxypropane (0.07 mL, 0.5 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure to a minimum amount of 

solvent and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, 

dried over Na2SO4 and filtered. Following concentration, the crude product was purified by flash 

column chromatography (SiO2, DCM: MeOH:THF 9:1:1) to afford compound 2.93 (0.23 g, 55%) 

as clear oil. 1H NMR (CDCl3, 400 MHz):  7.41-7.20 (m, 5H), 5.10-4.75 (m, 2H), 4.74-4.38 (m, 

2H), 4.33-4.18 (m, 1H), 3.75-3.20 (m, 16H), 3.16-3.06 (m, 1H),  2.95-2.63 (m, 2H), 2.25-2.10 (m, 

2H), 1.93-0.98 (m, 20H).  

 

Compound (2.80): To a stirred solution of cyanuric chloride (0.85 g, 4.6 mmol) in THF (50 mL), 

L-Phenylalanine ethyl ester hydrochloride (1.00 g, 4.4 mmol) and N,N-diisopropylethylamine 

(3.44 mL, 19.8 mmol) was added at 0 °C. After 2 h glycine ethyl ester hydrochloride (0.67 g, 4.8 

mmol) was added and the reaction was stirred for 12 h at room temperature. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. Following 

concentration, the crude product was purified by flash column chromatography (SiO2, Hexanes: 

EtOAc 2:1) to afford compound 2.80 (1.2 g, 66%) as clear solid. 1H NMR (CDCl3, 400 MHz):  

7.33-7.10 (m, 5H), 5.05-4.80 (m, 1H), 4.30-4.10 (m, 6H), 3.24-3.09 (m, 2H), 1.34-1.20 (m, 6H).  
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Compound (2.81): To a stirred solution of 2.80 (1.00 g, 2.45 mmol) in 1,4-dioxane (13 mL), 

morpholine (0.64 mL, 7.4 mmol) and N,N-diisopropylethylamine (2.0 mL, 11.2 mmol) was added. 

The reaction was stirred in a CEM 300 W microwave under dynamic mode at 90 °C for 1 h. The 

solvent was removed by rotary evaporation under reduced pressure and extracted with H2O (100 

mL) and DCM (100 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. 

Following concentration, the crude product was purified by flash column chromatography (SiO2, 

Hexanes: EtOAc 2:1) to afford compound 2.81 (0.92 g, 82%) as clear solid. 1H NMR (CDCl3, 400 

MHz):  7.33-7.15 (m, 5H), 4.95-4.75 (m, 1H), 4.26-4.05 (m, 6H), 3.78-3.62 (m, 8H), 3.20-3.04 

(m, 2H), 1.34-1.10 (m, 6H).  

 

Compound (2.82): To a stirred solution of 2.81 (0.75 g, 1.6 mmol) in 1:1:1 THF/MeOH/H2O (3.8 

mL), NaOH (0.19 g, 4.6 mmol) was added. The reaction was stirred at rt for 12 h. The solvent was 

removed by rotary evaporation under reduced pressure and extracted with H2O (100 mL) and DCM 

(100 mL x 2). The aqueous layer was collected and DCM (50 mL) was added. The solution was 

then acidified to pH 3 with acetic acid at 0 °C. After extraction the aqueous layer was washed with 

DCM (100 mL) and the combined organic layers were collected, dried over Na2SO4 and filtered. 

Following concentration under reduced pressure compound 2.82 was obtained in quantitative 

yields as a white solid. Compound 2.82 was carried on to the next step without further purification.  

 

Compound (2.83): To a stirred solution of 2.82 (0.5 g, 1.24 mmol) in anhydrous THF (4.8 mL), 

EDC.HCl (0.34 g, 1.8 mmol), HOBt (0.28 g, 1.8 mmol) and N,N-diisopropylethylamine (0.39 mL, 

3.6 mmol) was added. The reaction was stirred for 10 minutes under Argon. 1-amino-3,3-
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diethoxypropane (0.2 mL, 1.4 mmol) was then added and the reaction was stirred at rt for 12 h. 

The solvent was removed by rotary evaporation under reduced pressure to a minimum amount of 

solvent and extracted with H2O (100 mL) and DCM (100 mL x 2). The organic layer was collected, 

dried over Na2SO4 and filtered. Following concentration, the crude product was purified by flash 

column chromatography (SiO2, DCM: MeOH:THF 9:1:1) to afford compound 2.83 (0.43 g, 53%) 

as white solid. 1H NMR (CDCl3, 400 MHz):  7.40-7.05 (m, 5H), 4.62-4.40 (m, 2H), 3.80-3.20 

(m, 22H), 1.90-1.58 (m, 4H), 1.34-1.05 (m, 12H).  

 

Macrocycle (2.79): To a stirred solution of 2.83 (0.25 g, 0.38 mmol) and 2.94 (0.16 g, 0.38 mmol) 

in DCM (3.3 mL) was added TFA (3.3 mL). The reaction was stirred for 12 h at room temperature. 

The solvent was removed by rotary evaporation under reduced pressure. The crude product was 

dissolved with a minimal amount of methanol followed by precipitation with hexanes and 

centrifugation (10 mL x 2). The solvent was decanted off and the powder was centrifugated with 

Et2O (10 mL x 2). The precipitate was filtered and dried to afford macrocycle 2.79 (0.27 g, 78%) 

as white solid.  
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Figure 2.24 1H NMR of macrocycle 2.79 MeOD and HR-MS 
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Chapter 3. Synthesis of a library of tetra-azamacrocycles containing electron 

withdrawing groups 

 

3.1 Strategies for synthesis of macrocycle precursors 

 

 

3.1.1 2,6-dimethyl pyridine reactivity 

 

 To establish successful routes of synthesizing tetra-azamacroyclces, we must first 

investigate the reactive nature of pyridines, more specifically 2,6-dimethyl pyridine. The nitrogen 

atom within the aromatic ring of 2,6 dimethyl pyridine produces an uneven distribution of electron 

density.80-82 Typically, electrophilic aromatic substitutions are especially challenging to 

functionalize in the 4-position due to the electron deficiency on the nitrogen atom as shown in the 

resonance structures in Scheme 3.1. Therefore, the stable resonance form of the carbocation has 

the preference of the electrophile to be on the 3-position.   The 4-position, however, has preference 

for nucleophilic aromatic substitutions, as the electron density (scheme 3.2) is centered on the 

nitrogen atom in one of its resonance forms.80-82  

 
Scheme 3.1 Resonance structures for 2,6-dimethyl pyridine. Electrophilic aromatic substitution 

on the 4-position is not expected. 
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Scheme 3.2 Resonance structures for 2,6-dimethyl pyridine. Nucleophilic aromatic substitution 

on the 3- position is, therefore, not expected. 

 

Strategies to enhance nucleophilic and electrophilic substitutions of the pyridine ring are 

shown in Scheme 3.3A. Oxidation of nitrogen in the pyridine ring increases the electron density 

in the 4-position for substitution to take place. Conversely, pyridinium salt formation would lead 

to a more electron deficient ring system in the 4-position for a nucleophilic substitution (Scheme 

3.3B).80-82   Intermediates generated in our research, benefited from manipulation methods of 2,6-

dimethyl pyridines.  

 

Scheme 3.3 Enhancement for electrophilic (top) and nucleophilic (bottom) aromatic substitution 

on the 4- position of 2,6-dimethyl pyridine 
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3.1.2 Richman-Atkins macrocyclization 

 

 The cyclization method by Richman-Atkins is utilized for the preparation of 

polyazamacroycles ranging in size, from 9- to 21-membered rings in moderate to good yields (40-

90%).83-84 Under mild basic conditions, the Richman-Atkins cyclization combines the dihalide 

electrophile fragment with a toluene sulfonyl (tosyl or Ts) protected amine to yield tosylated 

macrocycles (Scheme 3.4).83-84 The withdrawing character of the tosyl protecting groups facilitates 

nucleophilic substitution of dihalide compounds by increasing the acidity of the N-H bond of 

polyamines. Also, the bulkiness of tosyl and nosyl groups restrict rotational freedom in open chain 

forms, thus decreasing entropy and facilitating macrocyclization. While Richman-Atkins 

cyclizations are selective and high yielding, deprotection of the tosyl protecting groups may be 

problematic for substituted macrocycles, as it is typically removed by sulfuric acid with heating, 

thus generating undesired byproducts.5 

 

  

Scheme 3.4 Richman-Atkins cyclization with tosylated diethylenetriamine 

 

To overcome this problem, Fukuyama et al.,85 developed  4-nitrobenzenesulfonyl (nosyl 

or Ns) protected polyamine (Scheme 3.5). Although the reactivity of tosyl is analogous to the nosyl 
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protecting group, milder deprotection conditions with thiophenol and sodium carbonate at room 

temperature are advantageous. 

 
Scheme 3.5 Fukuyama85 cyclization with nosylated diethylenetriamine to form 3.8 

 

More recently, Hoye et al.,86 utilized β-trimethylsilylethanesulfonamides (SES), to prepare 

polyaza[n](1,4)naphthalenophanes. Deprotection of SES with cesium fluoride would generate 

volatile mixtures of trimethyl silane, ethylene, and sulfur dioxide (Scheme 3.6A), which streamline 

purification methods greatly. The mild deprotection conditions and minimal purification steps, 

allows for facile diversification of functional groups through one common intermediate 

macrocycle. The two drawbacks for the SES protecting group, are the stepwise preparation 

(Scheme 3.6B),87 and the high cost of the commercial source (1 g = $153.00, Sigma-Aldrich). 

 

Scheme 3.6 A) Hoye86 cyclization reaction with SES protected diethylenetriamine. B) Synthesis 

of SES-Cl 
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3.1.3 Introduction to pyridinophane tetrazamacrocycles 

  

Substituted pyridine groups can be utilized to construct ligands used for catalysis88 and 

metal chelation.89-90. It was previously reported that pyridine containing macrocycles like 3.12 

would facilitate iron(II/III) catalyzed C-C coupling reactions.91  In collaboration with the Green 

research group at TCU, we have focused on the synthesis and characterization of tetra-

azamacrocyclic ligands 3.13-3.16 to build a library of pyridine modified macrocycles for 

applications in catalysis and other fields This library consists of 12-membered pyridine-based 

tetraazamacrocycles functionalized on the 4-position (Figure 3.1) and will more than double the 

number of 12-membered congers of 3.12 reported to date. 

 

Figure 3.1. Substituted functional groups of tetraazamacrocycle 

 

Due to the ability to bind to metal ions through N-atom donors, Brian Niebuhr and Magy 

Mekhail have studied the unique structural, spectral, and electrochemical features of the 

subsequent Cu(II) and Fe(III) complexes of 3.13-3.16.  The presence and orientation of the N-

atom lone pairs in a macrocyclic arrangement make these ligands strong metal-binding agents. 

This also allows us to explore the catalytic activity of 3.13-3.16 in future work. These macrocycles 

could also act as potential therapeutics for neurodegenerative disorders.92-93 The manipulation of 
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different R groups will allow us to study the effects of ligand to metal affinity and redox of these 

complexes. We have successfully synthesized macrocycles 3.13-3.16 with different synthetic 

routes for each macrocycle.   

 

3.2 Results and Discussion  

   

3.2.1 Exploration of optimal synthetic route  

Strategies employed for the syntheses of 3.13-3.16 were designed according to their 

functional groups (CN, Cl, NO2, and CF3, respectively) with overall yields of 5-34%. We 

envisioned the synthesis of our macrocycles through dibromo intermediates as opposed to the rapid 

functionalization from one common macrocycle as justified by three key points.  1) Tosyl and 

nosyl protected macrocycles are insoluble in most organic solvents, therefore dibromo 

intermediates are more feasible to utilize and purify. 2) Limitation to one protecting group on the 

macrocycle would prove problematic as the 4-substituted functional groups may be reactive 

towards the tosyl or nosyl deprotection step. The cyano group for example, may hydrolyze upon 

deprotection of the tosyl groups on the macrocycle with sulfuric acid (Scheme 3.7A). Likewise,  

the nitro group may undergo nucleophilic substitution with thiophenol upon deprotection of the 

nosyl groups on the macrocycle (Scheme 3.7B). 3) Diversification of various nucleophilic 

substitutions of the dibromo intermediates may lead to useful compounds with applications, such 

as pincers or larger sized polyamines.86  
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Scheme 3.7 Potential side reactions of the 4-substitued group upon deprotection A) hydrolysis of 

cyano group with sulfuric acid. B) substitution of the nitro group with thiophenol 

 

 

In future work, applying SES protecting group to the polyamines, however, may enable for 

functionalization of the 4-position from SES protected macrocycles, given the mild deprotection 

step with cesium fluoride.   

 

3.2.2 Synthesis of dibromo intermediates 

Preparation of dibromo 3.25 (R=CN) began from commercially available 4-bromo-2,6-

dimethyl lutidine 3.23, which was transformed to 3.24 via the Negishi coupling reaction with 

Zn(CN)2, (1.2 equiv) palladium tetrakis triphenylphosphine (5 mol%) as catalyst, and dry DMF 

for 6 h at 120 °C to afford nitrile 3.24 in 70% yield.94  
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Scheme 3.8 Synthesis of dibromo intermediates. A) 3.5 B) 3.28 and C) 3.31  

 

This was an improved alternate method, that avoided an initial low yielding (10%), two-

step reaction of forming a pyridinium salt from 2,6-lutidine N-oxide, followed by cyanation with 

potassium cyanide to afford compound 3.33 (Scheme 3.9).95 This approach also involved a work-

up that involved heightened risk for exposure to KCN and was therefore abandoned. Furthermore, 

KCN  is significantly more toxic (LD50 = 5mg/kg)96, than Zn(CN)2 (LD50 = 54mg/kg).97-98  

Next, a one pot reaction of over bromination of cyanolutidine 3.24 with N-

bromoscuccinimide (4 equiv) in CCl4 with irradiation of a 200 W incandescent visible light at 70 

°C for 4 h, followed by reduction with diethyl phosphite (4 equiv) and DIPEA (4 equiv) in 

anhydrous THF, resulted in the desired dibromo 3.25 in 52% yield.99   
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Scheme 3.9 Initial synthesis of a two-step cyanation reaction 

 

For the Cl congener, commercially available 3.26 was used to prepare 3.27 by substitution 

of the phenolic alcohol to chlorine with POCl3 under reflux for 2 h to achieve 3.27 in 79% yield.100 

Halogenation of 3.28, with a yield of 60%, followed an identical procedure used for 3.25.  

Conversion of the commercially available 2,6-dimethyl lutidine N-oxide 3.29 to 3.30 by 

nitration in the presence of sulfuric acid, then deoxygenation with PCl3 resulted in nitro 3.30 with 

a 75% yield over two steps. Halogenation of 3.30 took a slightly different approach with conditions 

involving 6.4 equiv of N-bromosuccinimide in benzene, since the starting material was insoluble 

in CCl4. The solution was refluxed for 3 days with irradiation of a 200 W incandescent visible light 

followed by reduction as previously mentioned to result in compound 3.31 with a 40% yield.99  

The synthetic route, led by Magy Mekhail at TCU, was used for the preparation of the 

trifluoromethyl moiety was due to the facile introduction to iodo diester 3.35 (Scheme 3.10). Upon 

sonication of commercially available 3.34 with sodium iodide and acetyl chloride in acetonitrile 

we resulted in 3.35 with an 85% yield.101 Here, the nitrogen atom in the pyridine ring reacts with 

acetyl chloride, thus increasing the electrophilicity of the 4-position, which enables nucleophilic 

substitution to occur with sodium iodide. With 3.35 in hand, trifluoromethylation was achieved by 

the incorporation of 2,2,2-trifluoroethyl trifluoromethanesulfonate (FSO2CF2CO2CH3) (6 equiv), 
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Pd(dppf)Cl2 (5 mol%) and CuI (6 equiv) in DMF at 100 °C for 16 h. In this reaction the 

nucleophilic attack of iodide on FSO2CF2CO2CH3, generates fragmentation products CF2, F
- along 

with volatile SO2, and CO2. The combined CuCF3 then undergoes a cross coupling reaction with 

Pd(dppf)Cl2 producing 3.36 with a 68% yield.102  Next, sodium borohydride reduction in 

THF/MeOH after a 4 h reflux, and continuous extraction for 2 days resulted in diol 3.37 in 47% 

yield.91 Bromination of 3.37 with PBr3 (2.2 equiv) afforded 3.38 in 58% yield.103 

 

Scheme 3.10 Synthesis of dibromo intermediate 3.38 

3.2.3 Macrocyclization with dibromo intermediates 

Nosyl or tosyl protected diethylenetriamine ((DETA(Ns3)) and ((DETA(Ts)3)) were 

prepared from known procedures91, 104. Under similar conditions, these pyridinophane tetra-

azamacrocycles were prepared via the Richmond-Atkins method (Scheme 3.11) by reacting nitrile 

3.25 with ((DETA(Ns3)), 
91 and dibromo 3.28, 3.31, and 3.38 with ((DETA(Ts)3)).

105 In all cases, 

K2CO3 (2.2 equiv) stirred in DMF for 24 h furnished macrocycles 3.39, 3.40, 3.41, and 3.42 in 

good to moderate yields (63-88%). Oligomeric macrocycles were not observed. 
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Scheme 3.11 Macrocyclization and deprotection of 3.13-3.16 

To avoid the possibility of a side reaction upon deprotection on functional groups (CN, 

NO2) as mentioned earlier, we chose the respective protecting groups. Since the preparation of 

((DETA(Ts)3)) was less time consuming and higher yielding we pursued this route for the 

macrocycle containing Cl (3.40), and CF3 (3.42). Treating compound 3.39 with thiophenol (2 

equiv), K2CO3(2 equiv), in DMF for 12 h afforded 3.13 in 52% yield.91  

Deprotection of macrocycles 3.40-3.42 with sulfuric acid for 2 h at 150 °C produced 3.14-

3.16 with respectable yields.106 12 M HCl was added to form the salts of 3.13-3.16. Single crystals 

of 3.14 and 3.15 were obtained from slow evaporation in MeOH and subjected to single crystal x-

ray diffraction (Figure 4.2). 

A  B  

 

Figure 3.2. Solid state molecular structures of A) 3.14 and B) 3.15. 
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3.3 Conclusion 

In summary, synthetic routes were developed for a series of novel tetra-azamacrocycles 

containing electron withdrawing groups (CN, Cl, NO2, and CF3). Key steps include (1) 

halogenation of 2,6-dimethyl lutidine, (2) trifluoromethylation from the formation of a CF2 

carbene intermediate, followed by coupling, (3) nucleophilic substitution with protected 

diethyltriamine to form a 12-membered macrocycles, and (4) deprotection of compound 3.39 with 

thiophenol, and sulfuric acid for 3.40-3.42.  

Preparation of dibromo intermediates allowed for Richman-Atkins cyclization to take place 

with nosyl or tosyl protected diethyltriamines. Expanding the scope of other molecules (i.e. 

pincers) for future studies is also accessible through our dibromo compounds.  

Future work will focus on the synthesis of macrocycles containing an amino group on the 

4-position. One possible pathway to the amino macrocycle is through an azide nucleophilic 

aromatic substitution107 with our previously synthesized 3.40, followed by the Staudinger reaction 

on compound 3.43 and hydrolysis/deprotection to form 3.44.108 

 

 

 

Scheme 3.12 Future synthesis of macrocycle 3.44 
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3.4 Experimental 

 

Macrocycle (3.13): To a stirred solution of 3.39 (2.25 g, 2.8 mmol) in dry DMF (60 mL) was 

added K2CO3 (1.44 g, 5.6 mmol) followed by the addition of thiophenol (1.06 mL, 5.6 mmol). The 

solution was stirred at room temperature for 12 h under nitrogen to form a canary yellow solution. 

DMF was removed under reduced pressure, avoiding heat over 40C. The compound was slowly 

acidified with 6M HCl to a pH ~1-2 and extracted with diethyl ether (20 mL x 2) to remove 

impurities. Dichloromethane was added to the collected aqueous layer and the solution was made 

alkaline with sodium hydroxide pellets at 0 °C. Following several extractions with DCM 

(monitored by TLC spotting of the product) the organic layer was collected and removed under 

reduced pressure resulting in a tacky yellow solid.  Conc. HCl, cold, dry methanol, and diethyl 

ether were added until a white solid precipitated. The solid was isolated by trituration using cold 

methanol after centrifugation to obtain macrocycle 3.13 (0.5 g, 52%) as a white solid. 1H NMR 

(D2O, 400 MHz):  7.74 (s, 2H), 4.61 (s, 4H), 3.09 (t, J = 5.5, Hz 4H), 2.90 (t, J = 5.2, 4H). 13C 

NMR (D2O, 125 MHz):  151.3, 124.6, 122.8, 116.0, 49.1, 47.3, 44.5. HR-MS (ESI) m/z calcd for 

C12H18N5 [M+H]+ 232.1557; found 232.1551.  

 

Macrocycle (3.14): H2SO4 (4.7 mL) was added to 3.40 (1 g, 1.4 mmol) and the reaction was heated 

to 150 °C for 2 h.  After cooling to room temperature, the solution was diluted carefully with H2O 

(10 mL) and extracted with diethyl ether (20 mL x 2). The aqueous layer and the pH was made 

basic using NaOH pellets at 0 °C. Following rotary evaporation, DCM was added to crude 3.14 

and the suspension was filtered over Celite and Na2SO4 to remove inorganic salts. The filtrate was 

collected and dried by rotary evaporation resulting in an oil. Conc. HCl, cold dry methanol, and 
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diethyl ether were added until precipitates were formed. The solid was isolated by trituration using 

cold methanol after centrifugation, to obtain macrocycle 3.14 (0.34 g, 68%) as a white solid. 1H 

NMR (D2O): 7.56 (s, 2H), 4.59 (s, 4H), 3.37-3.37 (m, 4H), 3.22-3.15 (m, 4H). 13C NMR (D2O, 

125 MHz):  151.3, 147.3, 123.5, 49.0, 45.4, 43.7. HR-MS (ESI) m/z calcd for C11H18N4Cl [M+H]+ 

241.1220; found 241.1206.  

 

 

Macrocycle (3.15): H2SO4 (4.7 mL) was added to 3.41 (1 g, 1.4 mmol) and the reaction was heated 

to 150 °C for 2 h.  After cooling to room temperature, the solution was diluted carefully with H2O 

(10 mL) and extracted with diethyl ether (20 mL x 2). The aqueous layer and the pH was made 

basic using NaOH pellets at 0 °C. Following rotary evaporation, DCM was added to crude 3.15 

and the suspension was filtered over celite and Na2SO4 to remove salts. The filtrate was collected 

and dried by rotary evaporation resulting in an oil. Conc. HCl, cold dry methanol, and diethyl ether 

were added until a white solid precipitated. The solid was isolated by trituration using cold 

methanol after centrifugation to obtain macrocycle 3.15 (0.26 g, 55%) as a white solid. 1H NMR 

(D2O, 400 MHz):  8.25 (s, 2H), 4.78 (s, 4H), 3.41-3.34 (m, 4H), 3.25-3.18 (m, 4H). 13C NMR 

(D2O, 125 MHz):  155.7, 153.3, 116.4, 49.4, 45.8, 43.8. HR-MS (ESI) m/z calcd for C11H18N5O2 

[M+H]+ 252.1460; found 252.1448.  

 

 

 

Macrocycle (3.16): H2SO4 (4.7 mL) was added to 3.42 (1 g, 1.4 mmol) and the reaction was heated 

to 150 °C for 2 h.  After cooling to room temperature, the solution was diluted with H2O (10 mL) 
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and extracted with diethyl ether (20 mL x 2). To the collected aqueous layer DCM was added and 

the solution was made alkaline with sodium hydroxide pellets at 0 °C. Following the solvent 

mixture was completely removed under reduced pressure then the tacky solid was dissolved in 

DCM and filtered to eliminate all the inorganic salts. The solvent was removed under reduced 

pressure and the solid was re-dissolved and precipitated in concentrated HCl, methanol and ether 

to form 3.16 (0.24 g, 46%) as a light brown solid. 1H NMR (D2O, 400 MHz):  7.73 (s, 2H), 4.62 

(s, 4H), 3.20-3.10 (m, 4H), 3.00-2.93 (m, 4H). 13C NMR (D2O, 125 MHz):  151.4, 119.0, 49.2, 

46.5, 44.2. HR-MS (ESI) m/z calcd for C12H18N4F3 [M+H]+ 275.1484; found 275.1471.  

 

 

Compound (3.24): In a 250 mL round bottom flask 4-bromo-2,6-lutidine 3.23 (5.0 g, 26.9 mmol) 

was dissolved in DMF (40 mL). Zinc cyanide (3.8 g 31.6 mmol) was added. The suspension was 

bubbled with nitrogen for 15 minutes followed by the addition of tetrakis (triphenylphospine) 

palladium(0) (1.5 g, 1.3 mmol) at room temperature. The reaction was stirred under reflux at 120 

°C for 6 h under nitrogen, during which time the mixture transitioned from orange to a light yellow 

color. TLC (2:1 Hexanes: Ethyl Acetate) indicated the reaction had gone to completion. The 

solution was cooled and ethyl acetate was added (150 mL) The resulting mixture was filtered and 

washed two more times with ethyl acetate (50 mL x 2) to remove the zinc salts. The combined 

organic filtrate was collected and extracted with 15% aq NH3 (50 mL x 2) and brine (50 mL). The 

organic layer was collected, dried over Na2SO4, and filtered. Following concentration, a light 

yellow oil was isolated, which solidified upon standing. The crude product was purified by flash 

column chromatography (Hexanes: EtOAc 10:1 to 2:1) to afford compound 3.24 (3.55 g, 75%) as 

white solid. NOTE: This compound sublimates above 50 °C under reduced pressure. 1H NMR 
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(CDCl3, 400 MHz):  7.18 (s, 2H), 2.57 (s, 6H). 13C NMR (CDCl3, 125 MHz): 159.4, 121.7, 120.7, 

117.0, 24.5. HR-MS (ESI) m/z calcd for C8H8N2 [M+H]+ 133.0766; found 133.0750. 

 

Compound (3.25): To a stirred solution in a high pressure reaction vessel, 3.24 (1.0 g, 7.6 mmol) 

in CCl4 (20 mL) and N-bromosuccinimide (5.4 g 30.4 mmol) was added and stirred vigorously at 

70 °C for 4 h with irradiation of a 200 W incandescent visible light. The resulting red-orange 

solution was cooled to room temperature, filtered through a pad of Celite, and washed with CCl4 

(30 mL x 2). The combined organic filtrate was collected and concentrated in vacuo to yield a 

viscous yellow-brown oil. The crude mixture was re-dissolved in anhydrous THF (30 mL). To this 

solution diisopopylethylamine (3.75 mL, 30.0 mmol) was added, followed by dropwise addition 

of diethyl phosphite (5.25 mL, 30.0 mmol) at 0 °C. The reaction was stirred at room temperature 

and monitored by TLC. After completion by TLC a single product was formed and water (20 mL) 

was added. THF was removed under reduced pressure to yield a yellow oil that was extracted with 

sat. NaHCO3 (50 mL) and DCM (50 mL x 2). The organic layer was collected, dried over Na2SO4 

and filtered. Following concentration, the crude brown oil product was purified by flash column 

chromatography (Hexanes: EtOAc 10:1 to 4:1) to afford compound 3.25 (1.49 g, 68%) as white 

solid. 1H NMR (CDCl3, 400 MHz):  7.61 (s, 2H), 4.54 (s, 4H). 13C NMR (CDCl3, 125 MHz):  

158.4, 124.3, 122.6, 115.8, 31.9. HR-MS (ESI) m/z calcd for C8H7N2Br2 [M+H]+ 288.8976; found 

288.8956. 

 

Compound (3.27): Phosphoryl chloride (11.4 mL, 121.8 mmol) was carefully added to a round 

bottom flask (100 mL) containing 4-hydroxy-2,6-dimethylpyridine 3.26 (5.0 g, 40.6 mmol). The 
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flask was then brought to room temperature and stirred for 2 h. The crude reaction mixture was 

then cooled to 0oC and quenched with distilled water. The pH of the solution was adjusted to 9 

using NaOH pellets and extracted with DCM (30 mL X 3). The organic layer was dried over 

Na2SO4, filtered, and the solvent was removed under reduced pressure to yield 3.27 as a light 

yellow oil (4.56 g, 79%). 1H NMR (CDCl3): 6.96 (s, 2H), 2.48 (s, 6H). 13C NMR (CDCl3, 125 

MHz):  159.2, 144.2, 120.1, 24.3.  

 

Compound (3.28): To a stirred solution in a tightly sealed tube of 3.27 (1.0 g, 7.1 mmol) in CCl4 

(47 mL), N-bromosuccinimide (5.0 g 28.4 mmol) was added and stirred vigorously at 70 °C for 6 

h with irradiation of a 200 W incandescent visible light. The reaction was cooled to room 

temperature, filtered through a pad of Celite, and washed with CCl4 (30 mL x 2). The combined 

organic filtrate was collected and concentrated in vacuo. The crude light brown oil was re-

dissolved in anhydrous THF (70 mL). To this solution diisopropylethylamine (4.9 mL, 28.2 mmol) 

was added, followed by dropwise addition of diethyl phosphite (3.5 mL, 28.2 mmol) at 0 °C. The 

reaction was stirred at room temperature and monitored by TLC. After 3 hours, a single product 

was formed and distilled water (20 mL) was added. THF was removed under reduced pressure and 

extracted with sat. NaHCO3 (50 mL) and DCM (50 mL x 2, or until no product is observed by 

TLC). The organic layer was collected, dried over Na2SO4 and filtered. Following concentration, 

the crude product was purified by flash column chromatography (Hexanes: EtOAc 10:1 to 4:1) to 

afford compound 3.28 (1.5 g, 72%) as light yellow solid. 1H NMR (CDCl3): 7.39 (s, 2H), 4.49 (s, 

4H). 13C NMR (CDCl3, 125 MHz):  158.1, 145.7, 123.2, 32.5. HR-MS (ESI) m/z calcd for 

C8H7N2Br2 [M+H]+ 297.8634; found 299.8607. 
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Compound (3.30): To a stirred solution of 2,6-dimethylpyridine N-oxide 3.29 (5.0 g, 40.6 mmol) 

in H2SO4 (11.5 mL, 284 mmol), HNO3 (4 mL 131 mmol) was added and the solution was refluxed 

for 24 h. The reaction was cooled to room temperature and poured into a large excess of water and 

ice. The precipitate was collected, and the aqueous acidic solution was extracted with CHCl3 (100 

mL x 5). The organic layer was collected and combined with the collected precipitate. The solution 

was extracted with aqueous sodium hydroxide (1M, 30 mL x 2) and the organic layer was 

collected, dried over Na2SO4, filtered and concentrated to afford pure 4-nitro-2,6-lutidine N-oxide 

(6.47 g, 94%) as pale yellow solid. which was carried onto the next step. To a stirred solution of 

4-nitro-2,6-lutidine N-oxide (3.0 g, 17.85 mmol) in CHCl3 (40 mL), PCl3 (4.8 mL 55.5 mmol) was 

slowly added at 0 °C and refluxed for 3 h. The reaction was cooled to 0 °C and made alkaline with 

5M sodium hydroxide, then extracted with CHCl3 (100 mL x 3). The organic layer was collected, 

dried over Na2SO4, filtered, and concentrated to afford compound 3.30 (2.18 g, 80%) as white 

solid. 1H NMR (CDCl3, 400 MHz):  7.67 (s, 2H), 2.69 (s, 6H). 13C NMR (CDCl3, 125 MHz):  

161.0, 154.5, 112.8, 24.7.  HR-MS (ESI) m/z calcd for C7H8N2O2 [M+H]+ 153.0664; found 

153.0655. 

 

Compound (3.31): To a stirred solution of 3.30 (1.5 g, 10.0 mmol) in benzene (88 mL), N-

bromosuccinimide (11.4 g, 64.0 mmol) was added and stirred vigorously at reflux for 3 days with 

irradiation of a 200 W incandescent visible light. The reaction was cooled to room temperature 

and concentrated under reduced pressure. The residue was taken up in diethyl ether and filtered 

through a pad of celite and washed with diethyl ether (30 mL x 3). The combined organic filtrate 

was collected and concentrated in vacuo. The crude light brown oil was re-dissolved in anhydrous 
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THF (47 mL). To this solution diisopopylethylamine (7.0 mL, 40.0 mmol) was added followed by 

dropwise addition of diethyl phosphite (5.0 mL, 40.0 mmol) at 0 °C. The reaction was stirred at 

room temperature for 15 minutes under argon. After completion by TLC a major product was 

formed and ice-cold water (30 mL) was added. THF was removed under reduced pressure 

extracted with sat. NaHCO3 (50 mL) and diethyl ether (50 mL x 2). The organic layer was 

collected, dried over Na2SO4 and filtered. Following concentration, the crude product was purified 

by flash column chromatography (Hexanes: EtOAc 10:1 to 4:1) to afford compound 3.31 (1.2 g, 

40%) as light red oil. 1H NMR (CDCl3, 400 MHz):  8.13 (s, 2H), 4.65 (s, 4H). 13C NMR (CDCl3, 

125 MHz):  159.9, 155.4, 115.6, 31.9. HR-MS (ESI) m/z calcd for C7H7N2O2Br2 [M+H]+ 

308.8874; found 308.8853. 

  

Compound (3.35): In a 500 mL round bottom flask, dimethyl 4-chloropyridine-2,6-dicarboxylate 

3.34 (4.0 g, 17.46 mmol) was dissolved in CH3CN (200 mL) and sodium iodide (26.2 g, 174.6 

mmol) was added to it. The reaction was sonicated for 30 min then acetyl chloride (4.0 g, 52.4 

mmol) and sonicated for 45 more min. DCM and saturated carbonate was added to the solution, 

the organic layer was separated, and the liquid layer was extracted with DCM (30 mL x 3). The 

organic layers were combined, washed with sodium thiosulfate aqueous solution, dried over 

Na2SO4 and filtered. The organic solution was concentrated affording compound 3.35 (4.76 g, 

85%) as yellow solid. 1H NMR (CDCl3, 400 MHz):  8.66 (s, 2H), 4.02 (s, 6H). 13C NMR (CDCl3, 

125 MHz):  163.8, 148.3, 137.2, 107.1, 53.5. HR-MS (ESI) m/z calcd for C9H9NIO4 [M+H]+ 

321.9576; found 321.9562. 
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Compound (3.36): To a stirred solution of DMF (150 mL) 3.35 ( 4.23g, 13.2 mmol), copper (I) 

iodide (15.0 g, 78.6 mmol) and (dppf)PdCl2.CH2Cl2 (0.54 g, 0.66 mmol), a solution of methyl 2,2-

difluoro-2-(fluorosulfonyl)acetate (15.0 g, 78.6 mmol) in DMF (50 mL) was added. The mixture 

was stirred at 100oC for 16 hours. The reaction was then left to cool to room temperature, diluted 

with DCM (100 mL) and filtered through pad of Celite. The filtrate was extracted with water (80 

mL x2), 1:1 water: brine (100 mL x1) and brine (100 mL x1), dried over Na2SO4 and filtered. 

Following concentration, the crude brown oil product was purified by flash column 

chromatography (Hexanes: EtOAc 2:1 to 1:1) and washed with hexanes to afford compound 3.36 

(1.50 g, 68%) as white solid. 1H NMR (CDCl3, 400 MHz):  8.55 (s, 2H), 4.10 (s, 6H).  

 

Compound (3.37): In a 3 neck round bottom flask, 3.36 (1.8 g, 6.4 mmol) was added in anhydrous 

THF (25 mL) the sodium borohydride (1.4 g, 34.28 mmol) was added to it. The reaction was 

allowed to reflux and an additional funnel with methanol (15 mL) was added to one of the necks 

and was dropped slowly over 1 hour to avoid foaming over. The reaction was left to reflux for 2 

more hours before left to cool. The solution was then concentrated, and the resulting solid was 

refluxed with 20% potassium carbonate for 30 min. a continuous extraction was set up with the 

aqueous mixture and chloroform and left for 48 hours. The organic solution was then concentrated 

to yield 3.37 (0.66 g, 47%) as a yellow oil. The crude product was carried on to the next step 

without further purification.    

 

Compound (3.38): To a stirred solution of 3.37 (0.62 g, 3.0 mmol) in chloroform (50 mL), a 

solution of PBr3 (0.63 mL,6.6 mmol) in 10 mL of chloroform was added. The reaction was refluxed 

for 2 hours and monitored with TLC. The solution was then placed in an ice bath and basified to a 
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pH of 10 with potassium carbonate. The resulting mixture was extracted with DCM (30 mL x3) 

and the organic layer was dried over sodium sulfate and filtered. Following concentration, the 

crude brown oil product was purified by flash column chromatography (Hexanes: EtOAc 10:1) to 

afford compound 3.38 (0.62 g, 63%) as a yellow oil. 1H NMR (CDCl3, 400 MHz):  7.62 (s, 2H), 

4.60 (s, 4H). 

 

Compound (3.39): In a 250 mL round bottom flask, ((DETA(Ns3)) (1.9 g, 2.9 mmol) and K2CO3 

(0.87 g, 6.3 mmol) were combined in DMF (95 mL) and placed under a blanket of nitrogen. After 

10 minutes a solution of 3.25 (1 g, 3.4 mmol) in DMF (38 mL) was added dropwise. The reaction 

was stirred at room temperature for 12 h under nitrogen resulting in a bright yellow solution. DMF 

was removed under reduced pressure and extracted with H2O (50 mL) and DCM (50 mL x 2). The 

organic layer was collected, dried over Na2SO4 and filtered. Following concentration, the crude 

product was purified by flash column chromatography (DCM: Acetone 40:1) to afford compound 

3.39 (1.5 g, 65%) as pale yellow solid. 1H NMR (DMSOd6, 400 MHz):  8.15-7.78 (m, 14H), 4.72 

(s, 4H), 3.97-3.85 (m, 4H), 3.67-3.55 (m, 4H). 13C NMR (DMSOd6, 125 MHz):  158.6, 148.3, 

147.8, 135.3, 135.1, 133.2, 133.1, 132.8, 130.9, 130.3, 130.0, 125.3, 124.7, 124.1, 121.2, 117.0, 

55.1, 51.0, 46.7. HR-MS (ESI) m/z calcd for C30H27N8S3O12 [M+H]+ 787.0911; found 787.0633. 

 

 

Compound (3.40): In a 250 mL round bottom flask ((DETA(Ts)3)) (1.6 g, 2.9 mmol) and K2CO3 

(0.87 g, 6.3 mmol) were combined in DMF (95 mL) and placed under a blanket of nitrogen. After 

10 minutes a solution of 3.28 (1 g, 3.3 mmol) in DMF (36 mL) was added dropwise. The reaction 
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was stirred at room temperature for 12 h under nitrogen resulting in a bright yellow solution. DMF 

was removed under reduced pressure and extracted with H2O (50 mL) and DCM (50 mL x 2). The 

organic layer was collected, dried over Na2SO4 and filtered. Following concentration, the crude 

product was purified by flash column chromatography (DCM: Acetone 60:1 to 40:1) to afford 

compound 3.40 (1.8 g, 88%) as white solid. 1H NMR (DMSOd6): 7.73-7.68 (m, 6H), 7.50-7.43 (m, 

8H), 4.36 (s, 4H), 3.64 (t, J = 6.1 Hz, 4H), 3.13 (t, J = 6.1 Hz, 4H), 2.45-2.37 (m, 9H). 13C NMR 

(DMSOd6, 125 MHz):  159.0, 144.3, 144.1, 143.6, 138.5, 135.4, 130.5, 130.2, 127.5, 127.1, 122.4, 

54.9, 49.9, 46.1, 21.5, 21.4. HR-MS (ESI) m/z calcd for C32H26N4S3O6Cl [M+H]+ 703.1485; found 

703.1474.  

 

Compound (3.41): In a 250 mL round bottom flask ((DETA(Ts)3)) (1.4 g, 2.5 mmol) and K2CO3 

(0.75 g, 5.4 mmol) were combined in DMF (82 mL) and placed under a blanket of nitrogen. After 

10 minutes a solution of 3.31 (1 g, 2.9 mmol) in DMF (33 mL) was added dropwise. The reaction 

was stirred at room temperature for 12 h under nitrogen resulting in a bright yellow solution. DMF 

was removed under reduced pressure and extracted with H2O (50 mL) and DCM (50 mL x 2). The 

organic layer was collected, dried over Na2SO4 and filtered. Following concentration, the crude 

product was purified by flash column chromatography (DCM: Acetone 60:1 to 40:1) to afford 

compound 3.41 (1.2 g, 67%) as white solid. 1H NMR (DMSOd6, 400 MHz):  8.11 (s, 2H), 7.77-

7.69 (m, 6H), 7.51-7.44 (m, 6H), 4.56 (s, 4H), 3.66 (t, 4H), 2.43 (s, 6H), 2.42 (s, 3H). 13C NMR 

(DMSOd6, 125 MHz):  160.6, 155.0, 144.1, 143.6, 138.5, 135.3, 130.5, 127.6, 127.1, 114.9, 55.0, 

50.1, 46.3, 21.5. HR-MS (ESI) m/z calcd for C32H36N5S3O8 [M+H]+ 714.1726; found 714.1718.  
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Compound (3.42): In a 250 mL round bottom flask ((DETA(Ts)3)) (1.1 g, 2.0 mmol) and K2CO3 

(0.61 g, 4.3 mmol) were combined in DMF (65 mL) and placed under a blanket of nitrogen. After 

10 minutes a solution of 3.28 (0.76 g, 2.3 mmol) in DMF (25 mL) was added dropwise. The 

reaction was stirred at room temperature for 12 h under nitrogen resulting in a bright yellow 

solution. DMF was removed under reduced pressure and extracted with H2O (50 mL) and DCM 

(50 mL x 2). The organic layer was collected, dried over Na2SO4 and filtered. Following 

concentration, the crude product was purified by flash column chromatography (DCM: Acetone 

60:1 to 40:1) to afford compound 3.40 (0.93 g, 63%) as white solid. 1H NMR (DMSOd6, 400 MHz): 

 7.75-7.69 (m, 8H), 7.54-7.40 (m, 6H), 4.49 (s, 4H), 3.71 (t, J = 6.0 Hz, 4H), 3.16 (t, J = 6.0 Hz) 

6H), 2.43 (s, 9H).  

ppm][15 10 5 0 
 

Figure 3.3 1H NMR of macrocycles 3.13-3.16 in D2O 
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Appendix 1:  Triazine metal chelator bearing a pyrazalone group and its complexes 

 

 

 

 

Figure A1.1. 1H NMR of compound 1.11 in CDCl3. 
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Appendix 2:  Spontaneous dimerization of homo- and hetero- macrocycles 

 

 

Figure A2.1. 1H NMR of compound 2.32 in D2O. 
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Figure A2.2. 1H NMR of compound 2.34 in CDCl3. 

 

 

Figure A2.3. 1H NMR of compound 2.35 in CDCl3. 
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Figure A2.4. 1H NMR of compound 2.36 in CDCl3. 

 

Figure A2.5. 1H NMR of compound 2.39 in CDCl3. 
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Figure A2.6. 1H NMR of compound 2.40 in CDCl3. 

 

 

 

Figure A2.7. 1H NMR of compound 2.42 in D2O 
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Figure A2.8. 1H NMR of compound 2.90 in CDCl3 

 

 

Figure A2.9. 1H NMR of compound 2.91 in CDCl3 
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Figure A2.10. 1H NMR of compound 2.93 in CDCl3 

 

 

 

Figure A2.11. 1H NMR of compound 2.80 in CDCl3 
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Figure A2.12. 1H NMR of compound 2.81 in CDCl3 
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Figure A2.13. 1H NMR of compound 2.82 in CDCl3 
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Appendix 3:  Synthesis of a library of tetra-azamacrocycles containing electron withdrawing        

groups 

 

 

 

 
 

Figure A3.1. 1H and 13C NMR of macrocycle 3.13 in D2O 



 
 

138 
 

 
Figure A3.2. HR-MS of macrocycle 3.13 
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Figure A3.3. 1H and 13C NMR of macrocycle 3.14 in D2O 
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Figure A3.4. HR-MS of macrocycle 3.14 
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Figure A3.5. 1H and 13C NMR of macrocycle 3.15 in D2O 
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Figure A3.6. HR-MS of macrocycle 3.15 
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Figure A3.7. 1H and 13C NMR of macrocycle 3.16 in D2O 
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Figure A3.8. HR-MS of macrocycle 3.16 
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Figure A3.9. 1H and 13C NMR of compound 3.24 in CDCl3 
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Figure A3.10. HR-MS of macrocycle 3.24 
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Figure A3.11. 1H and 13C NMR of compound 3.25 in CDCl3 
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Figure A3.12. HR-MS of macrocycle 3.25 
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Figure A3.13. 1H and 13C NMR of compound 3.27 in CDCl3 
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Figure A3.14. 1H and 13C NMR of compound 3.28 in CDCl3 
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Figure A3.15. HR-MS of macrocycle 3.28 
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Figure A3.16. 1H and 13C NMR of compound 3.30 in CDCl3 
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Figure A3.17. HR-MS of macrocycle 3.30 
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Figure A3.18. 1H and 13C NMR of compound 3.31 in CDCl3 
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Figure A3.19. HR-MS of macrocycle 3.31 
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Figure A3.20. 1H and 13C NMR of compound 3.35 in CDCl3 
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Figure A3.21. HR-MS of macrocycle 3.35 

 

 

 

Figure A3.22. 1H of compound 3.36 in CDCl3 
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Figure A3.23. 1H of compound 3.38 in CDCl3 
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Figure A3.24. 1H and 13C NMR of compound 3.39 in DMSOd6 
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Figure A3.25. HR-MS of macrocycle 3.39 
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Figure A3.26. 1H and 13C NMR of compound 3.40 in DMSOd6 
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Figure A3.27. HR-MS of macrocycle 3.40 
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Figure A3.28. 1H and 13C NMR of compound 3.41 in DMSOd6 
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Figure A3.29. HR-MS of macrocycle 3.41 

 

 

 

Figure A3.30. 1H of compound 3.42 in DMSOd6 
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Pyridines and triazines are nitrogen heterocycles found in all fields of the chemical realm. 

These aromatic compounds readily undergo nucleophilic aromatic substitution reactions. Nitrogen 

heterocycles appear in therapeutics, reactive dyes, herbicides, catalysts, and others. Exploration of 

pyridines and triazines in our laboratory, resulted in novel compounds with potential applications.  

 

A triazine ligand was developed containing pyrazolone and hydrazine groups, capable of 

binding to first row transition metals. Copper (II), nickel (II), and zinc (II) formed chelates through 

a unique 6,5 oxygen to metal binding ring systems. The chelating ability of this ligand led to 

promising results in its antioxidant ability, and cellular toxicity. (Chapter 1). 

 

Homo- and heterodimeric peptide macrocycles were synthesized and characterized. The 

facile route for the preparation of these compounds enable for rapid and selective transformations 

of diverse dimeric macrocycles. Analysis via mass spectrometry, NMR spectroscopy, and X-ray 

diffractometry determined the formation of 24-membered macrocycles. Glycine, and L-

phenylalanine amino acid residues were incorporated into the macrocycles as well as substituted 

hydrazines as amino acid side chain mimics. These compounds find potential applications in a 

broad field of biological sciences. (Chapter 2) 

 



 
 

 
 

Finally, four members of a class of pyridine containing macrocycles bearing electron 

withdrawing groups in the 4-position (CN, NO2, Cl, CF3), were synthesized as targets for metal 

chelation and catalysis. (Chapter 3) 

 

 

 


