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ABSTRACT 

The coordination of copper(I) halides by bulky triarylphosphines DippPh2P and Dipp2PhP 

(Dipp=2,6-diisopropylphenyl), and the synthesis of a stable radical dimer of 3-trichloromethyl-5-

(2-pyridyl)-1-thia-2,4,6-triazinyl are described in this thesis. Copper(I) with DippPh2P forms 

either trigonal-planar mononuclear [CuX(DippPh2P)2], or dinuclear dimeric [CuX(DippPh2P)]2  

complexes (X = Cl, Br) depending on solvent; Dipp2PhP afforded [CuX(Dipp2PhP)]2 irrespective 

of stoichiometry. 

On the thiatriazinyl radical synthesis, free-base 2-pyridyl- and 2-pyrimidylamidines were 

synthesized and used to prepare N'-(2,2,2-trichloroethanimidoyl)-pyrid-2-yl-carboximidamide 

and N'-(2,2,2-trichloroethanimidoyl)-pyrimid-2-yl-carboximidamide. Condensation of HCl salts 

of the former with S2Cl2 or (better) SCl2 formed the required 1-chloro-3-trichloromethyl-5-(2-

pyridyl)-1-thia-2,4,6-triazine, but the preparation was inhibited by full or partial protonation at the 

2-pyridyl N atom. Removal of HCl under pyrolysis conditions has been partly successful and 

allowed for the preparation of a first sample of the target 3-trichloromethyl-5-(2-pyridyl)-1-thia-

2,4,6-triazinyl radical dimer. The products reported have been fully characterized by chemical, 

spectroscopic and single-crystal, X-ray diffraction. 
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Chapter 1 Introduction 

1.1 Chemistry of sterically bulky tertiary aryl phosphines and their applications 

Phosphines are ubiquitous Lewis bases that are known for their distinct electronic and 

chemical properties with numerous derivatives. Organophosphines are derivatives of PH3, which 

itself is rarely used as a ligand. They are structurally similar to ammonia with characteristic 

pyramidal shape and a lone pair. Based on their general formula (RnH(3–n)P), they are classified as 

primary (RH2P), secondary (R2HP) and tertiary (R3P) where the n value is 1, 2, and 3 respectively 

(Figure 1.1).1  

 
Figure 1.1. Classification of phosphines (view down P atom) 

 

 
Figure 1.2. Structure of triphenyl phosphine (Ph3P) 
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Tertiary triarylphosphines (Ar3P) such as triphenylphosphine (I, Figure 1.2) and its 

derivatives, are important L-type ligands in organometallic and coordination chemistry. 2 Ar3P 

form complexes with metals in various oxidation states which are quite soluble in a variety of 

organic solvents due to their high lipophilicity. Their steric and electronic properties like donor 

strength towards metals can be manipulated by varying the Ar group in a predictable and 

systematic way that may fine-tune transition metal catalytic properties.3-4 The steric capacities of 

Ar3P are generally used to determine the extent of bulkiness, most commonly via Tolman’s cone 

angle.5 An interesting aspect of bulky phosphines is their ability to exhibit outstanding properties 

to stabilize radical cations and their propensity as prominent supporting ligands in transition metal 

catalyst development.6-7 Trimesitylphosphine (Mes3P), II (Figure 1.3) is the first popular highly 

crowded triaryl phosphine synthesized with Tolman’s cone angle of 212° which was still able to 

form copper(I)8-9 and gold(I)9-11 two coordinate complexes of the type Mes3PMCl where M is Cu 

or Au in a linear geometry. 

Traditionally, triarylphosphines are formed using metal-aryl compounds such as 

organolithiums reacting with phosphorus halides such as phosphorus trichloride (PCl3) or reaction 

of its aryl derivatives such as diarylchlorophosphine (Ph2PCl) with Grignard reagents (Scheme 

1.1).  

 

Figure 1.3. Structure of Mes3P and Tripp3P 
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Scheme 1.1. Preparation of bulky phosphine from organometal reaction with halophosphines. 

 

 
Figure 1.4. Structures of DippnPh(3-n)P 

 

Addition of the last aryl group in sterically hindered triarylphosphines is the main barrier 

towards their synthesis. As shown in the lower branch of Scheme 1.1, a redox reaction that results 

in either P-P coupling or R2PH products becomes more competitive when the size of the R groups 

makes the three-fold substitution too difficult. Many of the bulkiest triarylphosphines including 

Mes3P and 2,4,6-triisopropylphenylphosphine (Tripp3P, III, Figure 1.3) have been prepared by 

Sasaki and co-workers. 3-4, 12-16 The Grignard reagent route has been found unfavorable for the 

preparation of congested phosphines like III. An alternative method using arylcopper 

organometallic compounds have been found excellent for its synthesis and other related analogs 

such as Mes3P. The reaction usually requires 24 h on reflux in tetrahydrofuran (THF) for effective 

transformation of the intermediate TrippPCl2 into the formation of product. Our group has also 

demonstrated the formation of (2,6-diisopropylphenyl)-diphenylphosphine (DippPh2P, IV), 

bis(2,6-diisopropylphenyl)-phenylphosphine (Dipp2PhP, V), and tris(2,6-diisopropylphenyl)-
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phosphine (Dipp3P, VI) via a similar method utilising tetrameric Dipp4Cu4. The study pointed out 

that Dipp3P has almost identical steric properties at the phosphorus atom as Tripp3P and that the 

extreme bulky nature of the aryl groups in both architectures make them flat with wider bond 

angles and enhancement of radical cation stability and also have very low oxidation potentials.6, 17 

In such systems, it has been concluded that the isopropyl (iPr) substituents at positions 2 and 6 of 

the aryl rings instigates flattening associated with local steric congestion around the phosphorus 

atom with consequent steric pressure as presented in Figure 1.5.  There are endo (En) and exo (Ex) 

sets of iPr groups in the structure. The steric pressure is associated with steric repulsion of the 

endo groups with consequent twisting of the exo group above the phosphorus atom to protect the 

lone pair. 

 
Figure 1.5. Illustration of steric pressure arrangement of endo and exo in 2- and 6-position 

substituted Ar3P 

 

Thus, the sums of angles of 334.4° and 335.6° were recorded for Tripp3P and Dipp3P 

respectively which are greater than the average value of 308.1° reported for Ph3P.18 On this note, 

the effect of the steric pressure leads to dynamic intramolecular rotation along the C–P bonds that 

force the exo substituents on the aryl rings to move to a position where it encloses the phosphorus 

lone pair for protection from reaction.19  
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The coordination chemistry of phosphines (R3P) has been extensively investigated. Based 

on the electronic structure around the phosphorus atom, they can coordinate with transition metals 

through sigma donation or pi (π) back bonding (Figure 1.6). They can coordinate to empty σ-

orbitals of transition metals mostly via donation of their lone pairs to form sigma bonds (σ). The 

interaction is dependent on the electronic property of the R-substituent. Electron donating groups 

such as alkyl increase the donating ability of the phosphorus atom lone pair electron by raising the 

energy of the highest occupied molecular orbital (HOMO). However, electron withdrawing groups 

like phenyl (Ph) reduce the donating ability of the lone pair electron by lowering the energy of the 

HUMO. Moreover, phosphines can undergo backbonding somewhat analogously to carbon 

monoxide. This involves interaction of filled d orbitals of metals with an empty antibonding (σ*) 

orbital of the phosphine molecule.  Such an interaction is much greater with strongly electron 

withdrawing R groups on the phosphorous atom which lower the energies of the σ* orbitals. Of 

much greater significance, however, is that for any given R3P, backbonding is correspondingly 

more important for the lowest oxidation states of the metal, and less important for higher oxidation 

states. This is vital to many reaction and catalytic processes in which the oxidation state of the 

metals change (usually by two units, like 0/II or II/IV; or I/III, depending on group number). 

 
Figure 1.6. coordination of phosphines with transition metals. 
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1.2 Molecular magnets and their versatility 

There is strong interest currently in a molecular-based chemistry of materials. The 

performance of inorganic materials like metals and semiconductors (e.g., boron- or phosphorus-

doped silicon chips) in electronics are based on the entire material. On the other hand, for 

molecular-based compounds like metal-organic frameworks, the function of materials depends on 

synergy between properties of the organic component and the metal.20-25  

The flexibility, low cost, and minimum energy requirements, coupled with the influence of 

individual components, makes the molecular tailoring of materials more appealing than their 

purely inorganic counterparts. The combination of inorganic character and organic traits have led 

to the isolation of materials with excellent optical, electronic, catalytic, and magnetic properties.17, 

22, 26-42 Recent studies have led to the syntheses and isolation of these substances via solution 

chemistry. The designing of novel ligands suitable for metal coordination to construct materials 

with inherent useful properties is one of the main challenges of chemists in the field of materials 

engineering and various investigations are being considered to overcome the hurdles. 

One active area of molecular materials research is the production of single molecule magnets 

(SMMs). SMMs are molecules (organic compounds or metal complexes) that display zero-field 

slow magnetic relaxation at low temperature. 40, 43 A molecule must exhibit magnetic bistability in 

order to act as an SMM. 41, 44-46 Also, the relaxation time must be long enough to observe hysteresis 

with consequent magnetic memory retention effects. Such systems must have a high electronic 

ground state spin, blocking temperature (TB) and energy barrier. This gives them capacity for high 

density information storage and processing at the nanoscale, thus making them rich candidates for 

quantum computer devices and spintronics.22  
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In addition to zero-field splitting and high spin ground states, strong exchange interactions 

have been found to enhance slow relaxation in SMMs. A significant approach to introduce such 

efficient magnetic coupling is to design complexes that contain stable radical ligands. This kind of 

system will result in strong magnetic interactions between the paramagnetic centers on the ligand 

and metal ions due to direct orbital overlap (Figure 1.7). The radical ligands that have been 

investigated include nitronyl nitroxide (NITN),35, 47-51 imino nitroxide (IMN),35, 52 nitroxide (N),53-

56 verdazyl (VDZ),38, 57-65 and thiazyl such as 1,2,3,5-dithiadiazolyl (DTDA)66-70, as presented in 

Figure 1.8. The NITN, IMN and N are the most widely studied radicals for SMM development 

due to their stability in air. The stability is based on the delocalization of the unpaired electron 

over the oxygen atoms. A main setback to this system is the weak basicity which minimizes its 

coordination to metal centers. However, using heterocyclic derivatives with chelating nitrogen 

atoms enhances coordination to metals with poor electrophilicity.35, 47, 51  

 

Figure 1.7. Two kinds of ligand-metal unpaired spin interactions 

 

Ferromagnetic 

Antiferromagnetic 

M M L 

M ML 

M M L 
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Figure 1.8. Radical ligands previously explored as building blocks for SMMs. 

 

The metal complexes of the first-row transition metals Cu, Mn, Ni, Fe and Co for all 

radicals listed in Figure 1.8 have been reported. Most of these radical-metal complexes display 

SMM behaviour with ferromagnetic or antiferromagnetic coupling magnetic susceptibility.35, 38, 51, 

55, 58, 61, 63, 71 Magnetic ordering in these complexes inherently depends on the strong magnetic 

interaction between the metal and ligand spin.72-75 Moreover, strong electron delocalization in the 

whole system usually results in remarkable magnetic and conduction properties. Using spin 

bearing ligands to bridge metal centers helps to promote delocalization of electrons in the material 

with consequent improvement in electronic and magnetic properties.76 

Heterocyclic DTDA derivatives are a class of thiazyl radical which have identical 

coordination behaviour with verdazyl, which is relatively stable to moisture and air like nitronyl 

nitroxide.69 The nitrogen atoms in these congeners are σ-donors which chelate metal centers in a 

bidentate fashion.77-78 Moreover, the unpaired spin which is localized within the heterocyclic ring 

in both ligands helps in strengthening their magnetic coupling with metal ions.71 However, the 

symmetry of the interacting orbitals determines the magnetic behaviour. For instance, pyridyl (Py)- 

and pyrimidyl (Pm)-substituted verdazyls have been reported to form mononuclear, 

(VDZ)M(hfac)2 and dinuclear, (hfac)2M (VDZ)M(hfac)2 complexes, respectively, with M = Mn, 

Ni (here hfac represents hexafluoroacetoacetonato, a mononegative chelating supporting ligand 

that fills the additional coordination sites at the metals).64 The MnII complexes results in 
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antiferromagnetic coupling, while those of the NiII analogues afford ferromagnetic interactions.38 

Similar mono- and di-nuclear complexes of MnII, NiII, including FeII, CuII and CoII  have been 

reported for PyDTDA67, 70, 77 and PmDTDA69, 79. It was discovered that both mononuclear 

(Py/PmDTDA) and dinulcear (PmDTDA) complexes displayed identical magnetic susceptibilities 

as found in the structurally and electronically related verdazyl heterocycle derivatives. The MnII 

and FeII complexes exhibited antiferromagnetic magnetic coupling with the DTDA type radical 

ligands 69-70, 80 while NiII CuII and CoII complexes revealed ferromagnetic interactions.67, 78, 80  

Strong coupling of paramagnetic centers on the ligand and on the metal has been found to 

contribute significantly to the overall magnetic moment through direct exchange interactions 

which can be achieved by strong delocalization of electrons in the radical ligand.40-41, 81 PyDTDA 

and PmDTDA, which are a class of thiazyl radical ligands, have shown potential properties of 

SMMs. However, the restriction of the unpaired electron spin within the DTDA• heterocyclic ring 

influences their magnetic interactions based on orbital overlap between the metal and the ligand.  

1,2,4,6-thiatriazinyl (TTA•) is another class of thiazyl radical with a similar 7e π electronic system 

to DTDA•. However, it has received limited attention due to the difficulties in its synthesis 

compared to the corresponding DTDA•. Nonetheless, the absence of a perpendicular node in the 

single occupied molecular orbital (SOMO) in TTA• facilitates the delocalization of the electron 

throughout the whole system including the substituents (R) as shown in Figure 1.9. In the figure, 

R is hydrogen (H) for simplicity, but the same applies for other groups. Since the C atom is not 

centred on a node but has a finite contribution to the SOMO, delocalization of electron (or spin) 

density into the substituents R at C occurs. By contrast, the CR moiety in DTDA radicals is nodal 

in the SOMO, so that only inductive influences of the substituents R occurs. Therefore, it is 
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proposed that replacing TTA• could be a more versatile ligand for the development of complexes 

with SMM properties that may improve over the DTDA• systems. 

 
 

Figure 1.9. Different nodal properties of DTDA• and TTA• 

 

The use of chelating X congeners with heterocyclic substituents have also been found 

promising in the design of excellent SMM and conducting materials.66-68, 70-71, 82-85 This is typically 

achieved through magnetic coupling mediation of the ligand and high-spin transition metals.70 

Chelate coordination complexes of this kind help in ordering the magnetic orbital of both the 

chelating ligand and metal center.77  

Preuss and coworker investigated pyridine and pyrimidine functionalized dithiadiazolyl 

radical (DTDA.) complexes with metals of the first transition series as potential building blocks 

for SMM. 67, 70, 78 Both derivatives displayed interesting electronic and magnetic properties. 67, 77 

The authors demonstrated the possibility of metal-ligand coordination at the electronegative hard 

N atom of DTDA.  instead of the conventional electropositive soft S atoms. The complexes 

exhibited a variety of coordination modes with a common characteristic of perpendicular 

DTDA• SOMO TTA• SOMO 

Different 
Nodal properties 
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coordination to the heterocyclic DTDA• ring via the σ-donation of nitrogen atoms as reflected in 

Figure 1.10. Mononuclear complexes of the type   DTDA(M)(hfac)2 (where M = Cu, Co, Ni, or 

Mn; R = 2’-Py, 4’CN-Py, 5’CN-Py, or 5’Br-Py and hfac = 1,1,1,5,5,5-hexafluoroacetylacetonato) 

were isolated with pyridine substituent 77, 80 The copper (II) complex (Figure 1.17a with M = 

Cu(II)) is formed by orthogonal correlation of the partially filled d-orbitals with the π SOMO of 

the ligand 80 while in the cobalt (II) and nickel (II) complexes, one of the three unpaired electrons 

of the d-orbital is non-orthogonal to the π system of the ligand.77 Conversely, three out of five 

unpaired d-electrons of  the metal are non-orthogonal to the π electrons of the ligand in the 

manganese (II) complex.80 Binuclear complexes were obtained using the pyrimidine (Pym) 

analogue (Figure 1.17b).79 All the complexes exhibit interesting magnetic interactions (vide 

supra). 

 

 

Figure 1.10. DTDA radical coordination to metals via only N-atoms. 

XX 
XXI 
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1.3 Closed shell and open shell thiazines 

 

Scheme 1.2. Preparation of TTA• from TTACl 

 
The CNS framework thiazine heterocycles such as closed shell chlorothiatriazine, TTACl 

(VII) and dithiadiazolium chloride, DTDACl (VIII) are precursors to the stable neutral 

thiatriazinyl (TTA•) (IX) and dithiadiazolyl radicals DTDA•, X. IX is a six-membered ring radical 

of the type R2C2N3S• with IUPAC nomenclature of 1-thia-2,4,6-triazinyl having R-groups at 3- 

and 5- positions. DTDA• have been found to be useful radical ligands for SMM development 

(Scheme 1.2). 71-72, 86 The delocalization of the π-electron in the N–S–N fragment of IX is 

facilitated by overlap of N and S π electrons in conjunction with sulfur and nitrogen 

electronegativity. An energy level diagram of the π MOs of benzene and IX is presented in Figures 

1.11. The SOMO (π4) energy of IX is considerably lower than the LUMO energy of benzene due 

to the much higher electonegativities of N and S compared to C. This facilitates the stability of the 

TTA neutral radical.  
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Figure 1.11. The π MOs surfaces of benzene and TTA radical obtained from DFT computations 
using ROB3LYP/6-31+G(d,p). The surfaces are rendered using an isovalue of 0.02. 

The first discovery of a radical of type IX was demonstrated by Markovskii et al.87 through 

EPR experiments. They are typically products of the reduction of the 1-chloro-1-thia-2,4,6-triazine  

(VII) with triphenylantimony (Ph3Sb) in suitably degassed solvents such as acetonitrile or 

dichloromethane.88-91 Numerous symmetric VII (identical R) have been prepared by condensation 

of imidoylamidine derivatives with sulfur monochloride (SCl2), by the reaction of 

trichlorothiatriazine (N3S3Cl3) with amidine, or via substitution reactions with other reagents 

(Scheme 1.3). For instance, Ramakrishna et al.92 reported that 1-chloro-3,5-bis(dimethylamino)-

1,2,4,6-thiatriazine can be generated via reaction of trichlorothiatriazine with 

tetramethylmethylenediamine in which the two chlorine atoms on the carbon are substituted with 

dimethyl amine.  
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The amidine-trichlorothiatriazine pathway is not an efficient route as its results in low 

yields. This can be attributed to side products like dithiadiazolium chloride, VIII and tetrasulfur 

tetranitride (S4N4).91 The majority of the publications on symmetric TTACl and TTA. were 

published by Oakley and co-workers 88, 91, 93-94 through the condensation reaction of 

imidolyamidines with SCl2. Other aryl derivatives (p-NO2C6H4 and p-MeOClC6H4) 95 and 

halogenated derivatives Cl3 and CF3 95-962 have also been reported using a similar procedure.  

 
Scheme 1.3. Synthesis of VII using S3N3Cl3 

 

Electrochemical studies of aryl substituted TTA• have shown that it could exist in different 

ionic forms (neutral, cation and anion). As compared to the neutral radical or salts of the cation, 

the anionic TTA has not been isolated but was trapped with H+ as the NH imine reduced 

compound.88 However, the reversible closed-shell one-electron reduction of the neutral radical 

species using solution cyclic voltammetry (CV) has been reported.97  Recently, a pyridine (Py) 

derivative was attempted using sulfur monochloride (S2Cl2) in place of SCl2.98 The TTA• 

heterocyclic systems have been known around four decades, but less work has been done on its 

transition metal complexes compared to DTDA• (X). 36, 86, 99 

Cordes and co-workers have investigated X and its selenium analogs as building blocks in 

the development of organic conductors.100 Its derivates have also be utilized as building blocks in 

organic magnet construction by Rawson and co-workers.101 The electrochemistry of many 

derivatives of X have been compiled by Boeré et al. 108 
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The heterocyclic ring of IX has been shown to be redox active and even have non-innocent 

behavior when the 3,5-substituents are pyridine (Py). 98 The S···S distances are shorter than the 

inter ligand distances of atoms within the dimer, indicating high spin density concentration on the 

S (i.e. in the SOMO, the π4 orbital in Figure 1.9) 91. This feature has also been exhibited by the 

selenathiatriazinyl radical dimer analogues.94 Such behaviour has also been observed in structure 

IX where α- spin density is distributed on the N and S atoms with the largest density of the SOMO 

on the S atom resulting to the formation of a co-facial reversible π–π intermolecular dimer in the 

solid state (Figure 1.12).  

 

Figure 1.12. Solid-state structure of TTA• dimer 

 

EPR investigations for symmetric X with 3,5-electron donating substituents towards the 

TTA radical ring, where R = Ph, H or p-MeOC6H4 91, 95 revealed a septet hyperfine coupling to 

three equivalent N atoms. However, with electron withdrawing analogues R = CF3, Cl, p-

CF3C6H4,or p-NO2C6H4,95 the spectra show two different couplings i.e. one to the central N atom 

and the two N atoms next to S atom.  

1.3.1 Thiazine complexes and their viability as building blocks for molecular magnets 

Development of new radical-metal cation conductors using spin-bearing stable neutral 

radicals is a major focus of new research in materials design.77 This strategy will ultimately leads 



16 
 

to interesting tunable magnetic and conducting properties for electronic applications. Extensive 

studies have been done on 1,2,3,5-dithiadiazolyl radical X coordination chemistry exploring their 

magnetic and electronic properties. The first reported transition metal complexes of X where those 

in which it coordinated through the two S atoms as shown in Figure 1.13.  

The complex of (μ1–CO)3Fe – Fe(μ1–CO)3(μ – RDTDA), XII (Figure 1.13a) was reported 

in 1989 by Banister et al.102, where R = Ph. The complex was generated from the reaction of 

Fe2(CO)9 or Fe3(CO)12 with DTDA• where the oxidation state of Fe is zero. The metallocene 

analogue (XI, Figure 1.13b) was also made via the same route,103 by reacting DTDA. with 

[Ni(Cp)(CO)]2 to generate a binuclear nickel (I) complex dimer bridged by the  S…S bond. An 

EPR study of both complexes revealed the presence of unpaired electron in XI which is delocalized 

among S, C and the Ni atom and no spin density was observed on the N atoms, but XII was shown 

to be diamagnetic.103 

 
Figure 1.13. The 4-phenyldithiadiazolyl complexes of (a) Fe and (b) Ni+ 

 

XII XIII 

(a) (b) 



17 
 

 

Figure 1.14. The dithiadiazolyl complexes formed from M(PPh3)3 reactions 

 
Figure 1.15. Complex of DTDA. of reaction with [CpCr(CO)3]2. 

 

An extension from the first transition series are the sets of platinum (Pt) and palladium (Pd) 

complexes of the type DTDA(M)(PPh3)2 Figure 1.14a 104 and (DTDA)2(M)3(PPh3)4 Figure 1.14b 

105-106 where R = Ph, 3’-pyridine (3’-Py) or 4’-pyridine (4’-Py); M = Pt or Pd; and P = PPh3 from 

the reaction of DTDA. with M(PPh3)3. All these compounds were proved by EPR experiments to 

be paramagnetic showing coupling with P, N and Pt nuclei. In general, the coordination to the S 

atoms usually leads to S–S bond cleavage, or significant elongation, in all the complexes that have 

been structurally characterized. A recent report has shown the coordination of X with the retention 

of the S–S bond when reacted with [CpCr(CO)3]2.107 The complexes obtained are diamagnetic in 

XIV XV 
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which X coordinated to the chromium(I) center in either endo or exo form where R = CH3, 4-Cl or 

3-CN (Figure 1.15). 

Limited work has been done on the coordination chemistry of TTA• compared to DTDA•. 

The first reported complexes of TTA• were the metallocene carbonyl complexes, XVIII and XIX 

(Figure 1.16) which were obtained from the reaction of symmetric and asymmetric derivatives 

with [CpCr(CO)3]2.96 Both adducts are diamagnetic. XVIII was formed by one-electron (η1) 

coordination to the chromium ion via a sulfur p-orbital. It was isolated by reaction of symmetric 

3,5-diphenyl-1-thia-2,4,6-triazinyl radical with the 17 electron [CpCr(CO)3]. moiety reflecting an 

exo conformation in which the cyclopentadienyl ring is located opposite to the TTA heterocyclic 

ring. The η1 bond length corresponds to the S-S bond distance of the diamagnetic TTA• dimer 

(TTA2) in the solid state. On the other hand, the asymmetric 3-trifloromethyl, 5-phenyl-1,2,4,6-

thiatriazinyl radical (R = CF3 and Ph) was reacted with 17 electron [CpCr(CO)3]. to generate 

complex XIX through three-electron (η2) bonding to the 15 electron CpCr(CO)2 complex formed 

by elimination of a CO molecule. The coordination occurred via interaction of the σ-orbitals of 

both S and one of the adjacent N atoms having the largest spin density. The complex also shows 

an exo coordination mode (Figure 1.16). 

 

Figure 1.16. Metallocene complexes of TTA• 
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A recent report by Brusso and co-workers led to the isolation of a redox active iron pincer 

complex of heterocycle substituted TTA• (Figure 1.17). 98, 108 The complex was achieved via the 

reaction of 3,5-bis(2-pyridyl)-1-thia-2,4,6-triazine hydride (XXII) or its anionic derivative 

(Py2TTA–) with FeCl2 and FeCl3 respectively. The reactions led to the formation of the same 

product, [FePy2TTA]Cl2, XXIII which demonstrated redox non-innocent properties. This material 

exhibited a ferromagnetic electronic interaction between the ligand and iron center, resulting in a 

high spin S = 5/2 electronic ground state based on delocalization of electron density between the 

two redox active centers.  

 

Figure 1.17. Iron (Fe) complex of Py2TTA 

 

1.3.2 Redox non-innocence of TTA radical 

The term non-innocent applied to a ligand is commonly used in coordination chemistry of 

transition metals as the ability of a ligand to participate in redox activities in the presence of the 

metal.25, 109-125 An ideal ligand behaves as a spectator in coordination compounds. This resulted in 

the classification by Jorgensen in 1966 as “innocent” and “non-innocent” ligands.126 Redox active 

compounds are a recent important topic of discussion due to their versatility in various fields, 

particularly catalysis 124, 127-129 and superconducting materials applications 118, 124. 

“Redox-active” and “non-innocent” ligands are two words that are being used 

interchangeably in some articles. However, this had been proved wrong as a ligand might be redox 
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active but still innocent. Properties of metal coordination complexes are based on the overall 

contribution of the ligands and the metal involved.130-131 Redox active ligands are the kinds that 

partially or fully participate in the redox-chemistry in metal-ligand complexes in which acceptance 

and removal of electrons in the system can involve the ligand and/or the metal (Figure 1.18).132-133 

In cases where the oxidation state of a metal cannot be unambiguously determined in the presence 

of redox active ligands, the ligand is said to be “non-innocent”. Based on this, Kaim134 defined 

non-innocent as uncertainty in assigning oxidation state to ligand and metal in a complex such that 

the experimental oxidation state is different from that determined from coordination chemistry 

rules. Diverse attempts had been made by various authors to elucidate the electronic configurations 

and/or oxidation states of most non-innocent ligand (NILs) complexes using spectroscopy, 

electrochemistry, computational calculations and crystallographic analyses.135-138 This had been 

identified as a special challenge associated to NIL complexes and had been proclaimed as their 

intrinsic character as compared to their innocent counterparts in which the central metal oxidation 

state is easily determined due to their spectator nature.139-140 

 
Figure 1.18. Mechanisms of innocent and non-innocent ligands. 

There is a rapid growth in investigation of redox-active and non-innocent ligands. They 

were even discussion forums in some journals such as Inorganic Chemistry 140 and Coordination 

Chemistry Reviews.127 Their ability to undergo electron transfer by involving in electrochemical 

electron transfer or chemical reactions in the presence of metals with potential to a variation in the 
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metal oxidation state, is an interesting topic. The performance of some naturally existing molecules 

has been recognized for relying upon redox activity of the participating ligands. These include 

metalloenzymes (like galactose oxidase and cytochrome P450) and chlorophyll, for which their 

mechanism of action is based on synergistic collaboration of the center metal (such as Mg in 

chlorophyll and Fe in P450) that have limited oxidation events and the surrounding ligands (like 

the porphyrin in chlorophyll and the non-innocent oxo and heme thiolate ligand in P450). For 

instance, Green et al.141 reported Fe (IV) d4 as the oxidation state in P450 based upon the kinetic 

and spectroscopic investigation which contradicts the formal Fe(V) calculated theoretically. This 

revealed the true non-innocence of the ligands in the complex. 

 

Figure 1.19. The π SOMO surfaces of PyCCl3TTA radical and dimer obtained from DFT 
computations using ROB3LYP/6-31+G(d,p). The surfaces are rendered using an isovalue of 

0.02. 

PyCCl3TTA• 

PyCCl3TTA Dimer 
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Thus, DFT calculation of 3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazinyl 

(PyCCl3TTA•) and its dimer were undertaken to show their possibility as redox non-innocent 

ligands. The π SOMO of the radical shows a partial overlap of the π orbital of C=N with the ipso 

carbon (C) of the substituent and there is no nodal plane cutting across the C atoms (Figure 1.19). 

This shows potential delocalization of an additional electron that may be added to the system 

across the substituents.s. 

1.4 Goals of the thesis  

Contemporary studies of spin-bearing ligands as well as their metal coordination complex 

aim to enhance the paramagnetic behavior of the metal centers through exchange or magnetic 

coupling and the tendency of the radical to undergo one-electron intramolecular reversible redox 

reactions.71 One of the recent options to eliminate antiferromagnetic interactions in molecular 

materials, which usually occur below the critical temperature (TN, Néel temperature), is to 

manipulate the magnetic ordering. The natural strategic way of achieving this is the use of bridging 

ligands or chelating substituents which tend to transmit magnetism through polarization of 

antiparallel spin such as utilizing a bridging ligand.41, 50 The most robust option is to use 

substituents possessing sigma donor heteroatoms with the option of pyridine (Py) or pyrimidine 

(Pym) on the central TTA. ring. 
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In this thesis report, asymmetric 1-thia-2,4,6-triazinyl radicals with 2-pyridyl and 

trichloromethyl groups at the 5- and 3-positions as in 17, along with an N-pyridyl protonated salt, 

are synthesized and fully characterized by NMR (1H and 13C), IR spectroscopy and X-ray 

diffraction experiments. Also, the synthesis of molecular synthons such as 2-

pyridylcarboximidamide and the precursor 2-amidinoimidoyl amidine and their pyrimidine 

analogs are also reported, as well as a variety of encountered compounds in the process of 

achieving the aim and objective of the project.  
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Chapter 2 Copper (I) halide-phosphine complexes of highly sterically 

demanding phosphines bearing 2,6-diisopropylphenyl groups 

This chapter presents about half of the total work in this thesis. The topic is the synthesis, 

structure and understanding of copper(I) halo complexes with two bulky triaryl phosphines, 2,6-

diisopropylphenyl(diphenylphosphine), IV, and bis(2,6-diisopropylphenyl)(phenyl)phosphine, V. 

The relationship of these phosphines to tris(2,6-diisopropylphenyl)phosphine, VI, will be 

considered. 

 

2.1 Introduction 

A large number of air-stable coinage metal complexes of triphenylphosphine and its 

derivatives have been synthesized and isolated, ranging from copper(I) halides (CuX) to other 

silver and gold halides and their chemistry has been widely studied.1-14 Many CuX (X = Cl, Br, or 

I) complexes have been prepared and their crystal structures reported for less and more sterically 

hindered triaryl phosphines in the literature.15-18 The bulkiness of the R group usually influences 

the basicity and the donating strength of these Lewis bases.6, 9, 19-20 For instance, 

trimesitylphosphine (Mes3P, Ʃ <CPC = 318°) 21 was able to form a linear complex with CuBr 

despite its bulkiness.22 However, the even larger tris(2,6-diisopropylphenyl)phosphine (Dipp3P, 



37 
 

VI, Ʃ<CPC = 335.6°) 23 and tris(2,4,6-triisopropylphenyl)phosphine (Tripp3P, Ʃ <CPC = 334.4°) 

24-25 completely prevent metal coordination.   

The route to the synthesis of bulky 2,6-diisopropylphenyl(diphenylphosphine) (IV) (Ʃ <CPC 

= 314.7°), bis(2,6-diisopropylphenyl)(phenyl)phosphine (V) (Ʃ <CPC = 324.6°), and tris(2,6-

diisopropylphenyl)phosphine (VI) has been developed by the Boeré group and their chemical and 

electrochemical characteristics have been published.26 They discovered that the overall steric 

congestion  of V around the P atom appears to be similar to that of Mes3P. The synthetic route for 

the preparation of Dipp3P necessitated the use of organocopper reagents, specifically [DippCu]4.23 

This reagent was also found essential for the synthesis of V and was also tried but found 

detrimental to the preparation of IV, which is better prepared via traditional organolithium 

chemistry. In the course of working out the synthetic method, several copper(I) chloro complexes 

of these phosphines were isolated, including one that was crystallographically characterized as a 

tricoordinate dimer [CuCl(IV)]2.  

IV and V are amongst the most sterically demanding triarylphosphines (Ar3P) known. 

Complexes of these two ligands have not been thoroughly investigated, but it has been established 

that Dipp3P is too bulky to coordinate to any metal.23 Factors such as reaction solvent, type of the 

halide counter ion, procedure of synthesis and the crystallization technique significantly 

determines the physical and chemical behaviour of the phosphine complexes generated, including 

the coordination mode at copper.19   

The categories of the geometries that have been published include the mononuclear systems 

of coordination numbers 2-, 3- or 4- at the Cu center i.e. [(R3P)CuX],  [(R3P)2CuX] and 

[(R3P)3CuX];6 the halide-bridged dimers with 3- [(R3P)CuX2Cu(PR3)] or 4- 

[(R3P)2CuX2Cu(PR3)2] coordinate metal centers, mixed dimers like [(R3P)2CuX2Cu(PR3)] 17, 20, 27 
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and the tetranuclear cubanes [(R3P)CuX]4 (Scheme 2.1).2, 12, 28-29 Dimeric [R3PCuX]2 and 

tetrameric [R3PCuX]4 are related because they both have monomer, [R3PCuX] in common. The 

focus of my work is to examine which structure class or classes are feasible in the CuX 

coordination chemistry of IV and V. Chloride and bromide complexes are considered for 

comparison because they are the most reported.  The influences of different non-aqueous solvents 

and variable CuX/phosphine stoichiometric ratios have been investigated. 

 

Scheme 2.1. The observed types of structures known for R3P–CuX complexes. 

2.2 Synthesis and Characterization of [CuXDipp(n-1)PhnP] Complexes 

As presented in Scheme 2.2, tricoordinate L2CuX (5 and 6) complexes were formed by 

precipitating out of solution when 1 or 2 equivalents of IV were reacted with CuX in acetonitrile 
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(CH3CN). However, in chloroform (CHCl3), the reaction of CuX with 1 equivalent of IV gave the 

dinuclear dimers (1 and 2), while the tricoordinate L2CuX (5 and 6) were also formed with 2 

equivalents of IV. Moreover, 1 and 2 were converted into 5 and 6, respectively, simply by 

attempting to dissolve them in CH3CN. Phosphine V led to the formation of only the dinuclear 

dimers (3 and 4) in both CH3CN and CHCl3 irrespective of the equivalents of the ligand reacted 

per CuX. An attempt to form 8 with either ligand was not successful. Single crystals of all 

compounds suitable for X-ray crystallography were grown by two general methods: layering 

heptane on, or slow evaporation, of the CHCl3 solutions of the complexes. 

 

Scheme 2.2. Reaction of IV and V with CuX in CH3CN and CHCl3. 

The 1H, 13C and 31P NMR spectra were obtained for all the materials in CDCl3. 2D NMR 

(Figures A. 7 – 21, Appendix) experiments were also carried out on all the samples on a Bruker 

700 MHz NMR instrument to further interpret the 13C spectra. Line broadened 31P NMR peaks 

were observed for all the complexes compared to the ligand due to the quadrupolar relaxation 
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effect of copper (Table 2.1). Generally, all the complexes that have the same structural morphology 

have almost similar NMR spectra features except 1 where smaller JPH is observed relative to 2. 

Table 2.1. 31P NMR data for ligands and complexes. 

Compound 31P δ (ppm) ∆δ (ppm) LWHH (Hz) 1H δ (ppm)3 JPH (Hz)3 
DippPh2P, IV – 20.9 — 15.2 3.7 6.9 
Dipp2PhP, V – 28.4 — 17.1 3.6 6.7 

[CuCl(IV)]2, 1 – 13.7 +7.2 106.7 3.7 < 1 
[CuBr(IV)]2, 2 – 16.7 +4.2 96.0 3.7 4.2 
[CuCl(V)]2, 3 – 17.3 1 +11.1 84.2 3.5 3.7 
[CuBr(V)]2, 4 – 17.5 2 +10.9 79.1 3.6 3.9 
[CuCl(IV)2], 5 – 17.9 +3.0 74.7 3.6 5.4 
[CuBr(IV)2], 6 – 18.7 +2.2 69.3 3.6 6.1 

1 An additional small signal with δ = 31.2 ppm found for IV=O. 2 δ = 34.8 ppm for V=O. 3 Isopropyl 
methine proton NMR chemical shift and its proton – phosphorus coupling (JPH); LWHH = line width 
at half height 

 

Figures 2.1 to 2.4 show 1H NMR for complex 5, 6, 1 and 2. Signal a is for the isopropyl 

methyl protons; signal b is for the isopropyl methine proton; and c – g are signals of the aromatic 

Dipp and phenyl ring protons.  Both 5 and 6 1H NMR spectra revealed coupling of the Dipp meta 

protons (Figures 2.1 and 2.2) through-bond, and the isopropyl methine protons through-space with 

JPH of 5.4 Hz and 6.1 Hz respectively (Table 2.1) to phosphorus. Large through-space coupling of 

the isopropyl methine H atoms in 5 and 6 with the P atom in solution indicates close proximity in 

their structural conformation involving two phosphine ligands.30   Their 31P NMR spectra display 

a single broadened peak (Figure A.1 and A.2, appendix) with small positive coordination shifts of 

3.0 ppm (5) and 2.2 ppm (6) (Table 2.1) from the free ligand (IV).  
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The 1H NMR spectral features of 1 and 2 (Figures 2.3 and 2.4) are almost similar to those 

of 5 and 6, but their chemical shifts move a bit to higher frequencies. Notwithstanding, the 

isopropyl methine proton through space coupling to P is less in 1 (< 1 Hz) than in 2 (4.2 Hz). 

 

Scheme 2.3. Proposed exchange mechanism pathways of complexes in solution (CH3CN or 
CHCl3). 
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Figure 2.1. 1H NMR spectrum of 5 in CDCl3 (300 MHz) for the H nuclei attached to the labeled 
C atoms. 

 

 

Figure 2.2. 1H NMR spectrum of 6 in CDCl3 (300 MHz) for the H nuclei attached to the labeled 
C atoms. 

This suggests less dynamic effect of [CuBr(IV)]2 (2) in solution which could also be 

ascribed to the isolation of its solvated crystals in spite of using different crystal growing 
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techniques (vide infra) compared to [CuCl(IV)]2 (1).  Their 31P chemical shifts are more positive 

than those of the mononuclear complexes (Table 2.1; Figures A.3 and A.4, appendix) with values 

of 7.2 ppm for 1 and 4.2 ppm for 2 deviations from that of IV (Table 2.1). The two possible 

exchange mechanism pathways of the dimer complexes in solvents (CH3CN or CHCl3) are 

depicted in Scheme 2.3. The conversion of the dimer [LCuX]2 to the tricoordinate mononuclear 

[L2CuX] complex may either proceeds via equilibrium between the dimer and the monomer or 

through equilibrium dissociation of one of the ligands (L). Both routes could possibly contribute 

to averaging proton NMR signals between the interconverting equilibrium species due to fast 

exchange. This, in addition to the copper quadrupolar relaxation may account for less isopropyl 

methine JPH coupling recorded for complex 1. 

The complexes 3 and 4 possess almost identical NMR characteristics (Figures 2.5 and 2.6) 

with little variation. The 1H spectra of 3 and 4 show coupling of the isopropyl methine protons to 

phosphorus with JPH of 3.7 Hz and 3.9 Hz with chemical shift of 3.5 ppm and 3.6 ppm respectively 

(Table 2.1).  They have analogous Dipp signals in similar locations in the aromatic region to the 

complexes of IV, but their Ph para and ortho proton peaks are slightly moved to higher frequency 

(7.18 ppm to 7.22 ppm) such that the ortho and the meta signals overlap, while the para protons 

show up at higher chemical shift of 8.4 ppm. The 31P chemical shifts of 3 and 4 (Figures A.5 and 

A.6, appendix) are relatively the same with approximately 11.0 ppm positive coordination shifts 

from that of V (Table 2.1). This shows that V has identical coordination interaction with CuCl in 

3 and CuBr in 4.  In addition, the isopropyl methyl group protons show two separate doublet signals 

similar to the free phosphine as reported by Bullock et al.26 wherein those that are close to the 

aromatic ring shielding current of phenyl and Dipp rings on neighbouring groups cause shift to 

higher frequency whilst the two sets away from the ring surface are a bit shifted to lower frequency. 
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Figure 2.3. 1H NMR spectrum of 1 in CDCl3 (300 MHz) for the H nuclei attached to the labeled 
C atoms. 

 

 

Figure 2.4.  1H NMR spectrum of 2 in CDCl3 (300 MHz) for the H nuclei attached to the labeled 
C atoms. 
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Figure 2.5. 1H NMR spectrum of 3 in CDCl3 (300 MHz) for the H nuclei attached to the labeled 
C atoms. 

 

Figure 2.6. 1H NMR spectrum of 4 in CDCl3 (300 MHz) for the H nuclei attached to the labeled 
C atoms. 
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2.3         Computational studies 

The electronic energy and frequency calculations of the complexes, their monomers, and the 

free phosphines were computed on gas phase models to obtain the change in free energies (Δ G) 

of the equilibrium species at 298.15 K and 1.0 atm. Their electronic energies EE and the zero-point 

corrected values EEZPC were also determined. The calculations were performed with density 

function theory (DFT) using Becke, 3-parameter, Lee–Yang–Parr with Pople-type Gaussian 

composite wavefunctions that are ‘double zeta’ as the basis set [B3LYP/6-31+G(d, p)] and the 

Cartesian coordinates obtained from the crystal structures as the inputs to full geometry 

optimizations.  

 

Scheme 2.4. Change in free energies of gas phase model of complexes and their equilibria 
reactions. 
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Table 2.2. The results of the computational study 

Reaction ΔGr (kJ/mol) ΔEE (kJ/mol) ΔEE with ZPC (kJ/mol) 
[c] → ½ [1] –6.2 –24.9 –27.0 
[d]   → ½ [2] –26.4 –55.7 –56.4 
[e] → ½ [3] +4.4 –17.7 –19.6 
[f] →   ½ [4] –23.4 –50.9 –52.4 
[a] + [c] → [5] +48.3 –13.4 –15.3 
[a] + [d] → [6] +15.3 –44.2 –46.5 
[a] + ½ [1] → [5] +54.5 +11.5 +11.7 
[a] + ½ [3] → [6] +41.7 +11.5 +10.0 

a = DippPh2P, b = Dipp2PhP, c = DippPh2PCuCl, d = DippPh2PCuBr, e = Dipp2PhPCuCl, f = 
Dipp2PhPCuBr, R = reactant, P = product. 

  

The results of free energy changes of reaction (ΔrG) in the gas phase models of possible 

reaction equilibria of the copper complexes are shown in Scheme 2.4 (with full data in the 

Appendix, Table A.1) and in Table 2.2 with ΔEE and ΔEEZPC. The ΔrGs were calculated using the 

following equation. 

ΔrG = Ʃ(E + Gcorr)products  ̶  Ʃ(E + Gcorr)reactants 

Where ΔrG = free energy of reaction; E = electronic energy; and Gcorr = thermal free energy 

correction.  

In order to account for the formation and behavior of the molecules as observed during 

reaction and 1H NMR experiment, the ΔrG, ΔEE and ΔEEZPC of going from reactant to product 

were compared. The CuBr adducts generally have lower ΔrG, ΔEE and ΔEEZPC than their CuCl 

analogues. The negative ΔrG for adducts 1 (-6.2 kJ/mol), 2 (-26.4 kJ/mol) and 4 (-23.4 kJ/mol) 

suggests that the the dinuclear dimers are more stable than the monomers (i.e., the combined 

energy of two monomers (L–Cu–X) or a monomer and the free ligand, L) in gas phase as expected. 
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These are also supported by negative ΔEE (exothermic) and lower ΔEEZPC recorded for 1 (–24.9 

and –27.0 kJ/mol), 2 (–55.7 and –56.4 kJ/mol) and 4 (–50.9 and –52.4 kJ/mol).  

The positive ΔrG (4.4 kJ/mol) value for 3, implies that its monomer is more favoured than 

the dimer. However, its electronic energy of formation is exothermic (ΔEE, –17.7 kJ/mol) and has 

a lower ΔEEZPC (–19.6 kJ/mol). A reasonable explanation for this observation is that the high steric 

repulsion of Dipp2PhP in the presence of small atomic size Cl bridging atoms in 3 might be 

responsible for destabilization of its formation with consequent positive ΔrG. Such experience is 

absent in 4 because the larger Br bridging atoms provides adequate space that relives the ligand 

bulky substituents repulsion. Despite the steric influence, 3 could be generated by its removal from 

solution by crystallization as observed.  

To provide further insights into the above results, the minimum energies of CuX monomer 

and dimer complexes of tri-othoxylylphosphine, Xyl3P, were attempted as a simplified 

computational model for complexes of Mes3P.26 The Mes3PCuBr has been reported to crystallize 

as its monomer in the solid-state by Alyea et al. 22 The Xyl3PCuBr model compound, starting from 

the published crystal structure of Mes3PCuBr, was optimized successfully including its Cl 

derivative. In contrast, the dimer was very difficult to optimize with various bending of the Cu–X 

bond. The most stable conformations found are centrosymmetric dimers with a weak propensity 

to bend their Cu–X bond that have electronic energies that lie only slightly lower than the 

monomers (ΔEE of 2.5 and 0.5 kJ/mol). The apparent explanation of why Mes3PCuX fails to 

dimerize and Dipp2PhPCuX does is the presence of the single phenyl group which lacks ortho 

substituents. This reduces the local steric interaction that could hinder dimerization in o-Xyl3P.  

Interestingly, complex 5 and 6 are not energetically favourable, with both having high ΔrGs 

in the two possible routes of reactions considered. Considering addition of two ligands to the 
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copper center via intermediate monomer formation (in the reaction of CuX with two equivalent 

phosphine), ΔrG of 5 lying higher at 48.3 kJ/mol above 15.3 kJ/mol recorded for 6. But they have 

exothermic ΔEEs (–13.4 and –44.2 kJ/mol) and lower ΔEEZPCs (–15.3 and –46.5 kJ/mol) 

respectively. On the other hand, the ΔrGs 54.4 kJ/mol and 41.7 kJ/mol for 5 and 6 respectively 

were calculated in the pathway involving reaction of dimers 1 or 2 with an additional ligand, L. 

Contrary to the first route, the ΔEEs are exothermic (-11.5 and -11.5 kJ/mol) and ΔEEZPCs (-11.7 

and -10.0 kJ/mol) are positive. Thus, formation of 5 and 6 are not spontaneously promising with 

reference to their high positive ΔrGs for both reaction protocols. This lends credence to the 

proposal that 5 and 6 production in CH3CN is due to the lattice energy gained by crystallizing the 

2:1 complex (5 and 6). Acetonitrile may simply be too polar a solvent to be able to dissolve the 

large, globular and low polarity 2:1 complexes. Finally, the tricoordinate 2:1 analogs with 

phosphine V experienced dissociation in all computational attempts at geometry optimization. The 

steric demands are too high for fitting two phosphines around a single CuX, and the lattice energy 

is apparently not sufficient to overcome this energetic cost. 

2.4 X-Ray Crystal Structure Analyses of the Complexes 

Single crystals of complexes 1 – 6 suitable for X-ray diffraction were grown from suitable 

solvent combinations by either layering or slow evaporation. To be specific, crystals of 5 and 6 

were grown from saturated chloroform solution by slow evaporation while structures 1 – 4 were 

crystalized by layering heptane on the saturated chloroform solutions except 4b which crystallized 

from acetonitrile via slow evaporation. Descriptions of the crystallography experiments and 

tabulated crystal and refinement parameters are provided in Chapter 6. 

       Selected bond distances and angles of all the complexes are presented in Table 2.3 while Table 

2.4 illustrates position of P atoms relative to the dimer core plane. Pure crystal structure, 1 and its  
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co-crystallized solvent crystal, 1a (1·4CHCl3) were isolated depending on the crystallization 

condition. Rapid crystallization results in the incorporation of solvent molecules within the lattice. 

The presence of the solvent molecules in the lattice is proven by location and refinement of their 

atoms but is also evident from the 40.1% increase in unit cell volume observed in 1a. Figures 2.7a 

and 2.7b depict the displacement ellipsoid plots of 1 and 1a respectively. Both display 

centrosymmetric staggered conformations to accommodate the Dipp rings with a  site symmetry 

at the center of the Cu2Cl2 ring. 

Table 2.4. Structural deformation parameters in 1 to 4 

Compound P–Cu–X (°) P–Cu–X – 180 (°) P–Cu–Cu (°) Cu2X2 plane – 
P (Å) 

1 143.69(2) – 36.31 166.96(2) 0.174 

1a 134.94(4) – 45.06 175.14(4) 0.049 

2a 130.44(2) – 49.56 176.38(2) 0.091 

3 146.08(4) – 33.92 161.96(4) 0.085 

3a 153.30(2) – 26.7 156.37(2) 0.026 

4a 150.60(2) – 29.4 157.96(2) 0.033 

4b, P1 142.93(1) – 37.07 162.84(1) 0.051 

4b’, P2 148.89(1) – 31.11 166.47(1) 0.123 

4b’, P3 145.89(1) – 34.11 162.87(1) 0.038 

P–Cu–X – 180: Deviation from linear; P–Cu–Cu: Alignment of P in line with Cu2X2 core; 4b, P1: 
Centrosymmetric structure in 4b crystal structure and its P atoms; 4b’, P2, P3: 
Noncentrosymmetric structure in 4b crystal structure and its P atoms. 
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Figure 2.7. Displacement ellipsoid plots (50%) showing the complexes and solvent molecules as 
found in the crystal structures of (a) 1 and (b) 1a. Hydrogen atoms have been omitted for clarity. 

 

(a) 

(b) 



54 
 

 
Figure 2.8. Displacement ellipsoid plots (50%) showing only the Cu2Cl2 core of (a) 1 and (b) 1a. 
 

The unit cell parameters are quite different but with little variations in the structural 

geometries, especially the Cu2Cl2 rings. In the packing arrangement, the phosphine of one dimer 

lies over the Cu2Cl2 plane of another molecule in 1 (Figure A. 23a, appendix) while in 2a, there is 

an offset of the phosphine moiety by width of the Cu2Cl2 plane because the space is being occupied 

by a solvent molecule (Figure A. 23b, appendix). The Cu–P bond of 1a, 2.1940(1) Å is not 

(a) 

(b) 
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significantly different from that of 1, 2.1930(6) Å (Table 2.5). However, d(Cu···Cu) is slightly 

lager in 1 than 1a which are respectively 3.1341(4) Å and 3.0261(7) Å. The two solvent molecules 

per monomer in 1a are oriented toward the electron rich Dipp ring and the bridging chloride 

(Figure A. 22a, appendix) with short contacts less than the sum of van der Waals radii ascribed to 

dipole–dipole interactions. Figure A.22b (Appendix) displays the solvent voids packing diagram 

which account for 29.7% of the unit cell volume, computed by deliberately removing the solvent 

molecules from the model. The phosphorus atoms are lying at 0.049 Å above or below the Cu2X2 

plane in 1a, and they are more aligned with the plane at 175.14(4)° than in 1 at 0.174 Å and 

166.96(2)°  respectively (Table A. 2, Appendix). This corresponds to more distortion in 1. 

Intramolecular interactions are practically equal in 1 and 1a in arrangements of the isopropyl 

groups. Interestingly, both structures possess short contacts of the Dipp methine hydrogen and Cu 

atom, with 2.098 Å for 1a shorter that 2.429 Å for 1, as well as with the phosphorus atoms. In 

context, the geometric parameters of 1 and 1a are very close to data reported for related structures 

(Table 2.4). The largest Cu–P–Cl angle of 143.69(2)° for 1 shows that it is more close to linear 

than 1a having 134.94(4)° (Figure 2.8). 

As shown in Figure 2.9a, compound 2 only crystallized as a solvate, 2a (2.2CHCl3) in the 

centrosymmetric triclinic space group P  employing a slow crystallization technique. However, 

the Cu–P bond, 2.2122(8) Å in 2a is considerably longer, and the Cu···Cu distance, 2.9966(5) Å 

is remarkably shorter, than the analogue 1 and 1a. Looking closely the structural architectures of 

2a, it has staggered conformation of the phosphines as found in 1 and 1a. Although the molecular 

packing in the lattice is similar to 1a, the phosphine is much further offset away from the Cu2Br2 

core (Figure A. 24, appendix). The solvent molecules occupy 21.0% of the unit cell volume (Figure 

A. 25, appendix)., and the short contacts observed except that between the Br atoms and the solvent 
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molecules are related to those seen in 1a. However, the largest Cu–P–X angle of 130.44(2)° shows 

that its is less linear than 1a. 

 

Figure 2.9. Displacement ellipsoid plots (50%) showing (a) the complexes 2a and solvent 
molecules as found in the crystal structures. Hydrogen atoms have been omitted for clarity. (b) A 

similar plot showing only the Cu2Cl2 core in 2a. 

(a) 

(b) 
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Less distortion is experienced in 2a with the P atoms making an angle of 176.38(2)° against 

Cu2Br2 and a distance 0.091 Å above or below the Cu2Br2 plane. The Cu–P bond is slightly longer 

in 2a than those recorded for related reported structures (Table 2.5).  

Attractive forces of the Cu atoms and the X atoms which surpasses the repulsive forces of 

the ligands facilitates dimer formation in the solid state. The slightly shorter d(Cu···Cu) observed 

on switching from Cl to Br may indicate a stronger metallophilic M···M interaction.37 It has been 

suggested that, since Br is less electronegative than Cl which tends to lower the metal positive 

charges.38 However, since the d(Cu···Cu) are much shorter than the sums of their v.d.Waals radii, 

there is a strong metallophilic interaction which is caused by dispersion (London) forces. It 

therefore seems more likely that the less electronegative, and more polarizable, bromide allows 

the copper centres to also be more polarizable – a key contribution to dispersion interactions. 

Intriguingly, two crystal structures were recorded for compound 3, similar to what was 

obtained for 1.  Both pure 3 and the solvated form 3a (3.2CHCl3) crystallize as centrosymmetric 

monoclinic dimers (Figure 2.10) in space group P21/n having trigonal planar coordination at the 

copper atom and a staggered conformation arrangement of the two bulky ligands V as established 

in 1 and 2. The Cu–P bond and Cu···Cu distance of 2.2235(5) Å and 3.1660(6) Å 3a are markedly 

longer than 2.2080(1) Å and 2.9813(8) Å of 3.   
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Figure 2.10. Displacement ellipsoid plots (50%) showing the complexes and solvent molecules 
as found in the crystal structures of (a) 3 and (b) 3a. Hydrogen atoms have been omitted for 

clarity. 

(a) 

(b) 



59 
 

The changes in the Cu···Cu distances are contrary to the observation in the 1 and 1a pair 

where Cu···Cu distances diminished in the solvated 1a, because only two solvents with no direct 

contact with Cl atoms or orientation towards the Dipp ring are accommodated in the lattice of 3a 

occupying 12.9% voids of the unit cell volume (Figure A. 26, appendix), compared to 1a. Also, 

the two offset monomers participating in the dimer contribute to the lager Cu···Cu due to high 

steric repulsion from the two Dipp rings. The structure of 3 (146.08(2)°) and 3a (153.30(2)°)  are 

more close to linear than 1 and 1a (Figure 2.11) 

The observation that 3a accommodates solvent more readily than 1a could be ascribed to 

the larger volume of ligand V compared to ligand IV. One of the methine protons of the ligand 

orients towards the Cu2Cl2 core with intramolecular contacts of 2.456 Å for Cu···H and 2.844 Å 

Cl···H in 3, and 2.564 Å for Cu···H in 3a. The overall geometry of the dimer core is comparable 

with previously reported structures for inherently congested copper-phosphine dimers (Table 2.6). 

11, 39-40 The solvent-free structure, 3 is similar to 1 and 3a at the P-CuCl2-P unit with the two 

phosphines having the same orientation. However, they are different in the degree of twist of the 

aromatic rings as well as the Cu–P bond and Cu···Cu distances. Clear structural changes for this 

pair include the Cu–P bond 2.2080(1) Å for 3 which is longer than 2.1930(6) Å in 1 as expected 

for a highly sterically hindered phosphine ligand, and the Cu···Cu distance which notably 

decreases by approximately 5% in 3 (2.9813(8) Å) compared to 3.1341(4) Å recorded for 1 though 

the phosphine conformations remain almost identical. As seen in Table 2.6, the Cu–P and Cu···Cu 

distances in 3 are not different from those reported for [CuBr(mes)2PhP]2 [(CSD refcode: 

VUHYUS) 31 with related steric capacity in the ortho position. 
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Figure 2.11. Displacement ellipsoid plots (50%) showing just the Cu2Cl2 core of (a) 3 and (b) 3a.  
The packing arrangement that exists in structures 3 and 3a ((Figures A. 27a and b, Appendix) 

correspond to those found in 1 and 1a respectively. 
 
 
 
 
 
 
 
 

(a) 

(b) 
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The solvate 4a (4.2CHCl3) is the only confirmed structure for compound 4 when 

crystallized in chloroform (Figure 2.12a), and it is isostructural to 3a with a similar unit cell 

volume. The two solvent molecules occupy corresponding voids associated with 12.9% of the unit 

cell volume exhibited by 4a (Figure A. 28a, appendix). But 4b crystallizes in the orthorhombic 

space group Pbca 4b (4.CH3CN) when recrystallized in acetonitrile (Figure 2.12b). The structure 

of 4b contains two dimer structures: a centrosymmetric (4b’) and non centrosymmetric (4b) with 

Cu1Cu1 and Cu2Cu3 cores, respectively. The asymmetric unit contains one solvent molecule which 

is consistent with overall 2% solvent void of the unit cell volume found in the structure (Figure A. 

28b, Appendix).  The core copper-halide rings within the crystal packing are almost planar. The 

Cu2Cu2 dimer in 4b is a bit less distorted than 4a, with P2 and P3 making an angle of 162.87(1)° 

and 166.47(1)° with the linear Cu2···Cu3 atoms and P2 and P3 lying 0.038 Å and 0.123 Å out of 

Cu2Cu3Br2 plane. The Cu1Cu1 dimer with its P atom 162.84(1)° to the Cu1···Cu1 plane and 

lying 0.051 Å out of Cu2Br2 plane compare to 157.96(2)° and P located at 0.033 Å to the Cu2Br2 

plane observed in 4a (Table A. 2, appendix). The Cu···Cu distance of 2.940(2) Å for the symmetric 

Cu1···Cu1 in 4b’ is shorter that the analogues value 3.2301(5) Å for 4a. Surprisingly, structure 4b 

shows an eclipsed conformation of the two phosphine ligands (Figure 2.13a) and the core ring is 

bent outward with the largest Cu–P–Br angle of 148.89(1)° and 145.89(1)° respectively for Cu2 

and Cu3 (Figure 2.13b). This leads to enclosure of half of the co-crystallized acetonitrile as depicted 

in Figure 2.12b. The structural packing in 4a (Figure A. 29, Appendix) conforms with that of 3a 

such that two dimer molecules are aligned on top of another.   
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Figure 2.12. Displacement ellipsoid plots (50%) showing the complexes and solvent molecules 
as found in the crystal structures of (a) 4a and (b) 4b. Hydrogen atoms and some labels in 4b 

have been omitted for clarity. 

(a) 

(b) 
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Figure 2.13. Displacement ellipsoid plots (50%) showing the (a) eclipsed phosphine aryl rings 
conformation and (b) only the Cu2Br2 core center of 4b’. 

 

 

 

(a) 

(b) 
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The crystal structures of 5 (Figure 2.14a) and 6 (Figure 2.14b) are isomorphous and show 

tricoordinate mononuclear complexes having 2-fold rotational site symmetry and crystallize in 

monoclinic space groups I2/a and C2/c respectively. The I2/a and C2/c are different settings of the 

same space group, but the β angles are different enough to keep them in the two forms. They have 

trigonal planar coordination at the copper atoms and their geometries are consistent with 

previously reported CuL2X type complexes (Tables 2.7).  

As expected, the Cu–P and Cu–X distances as well as the bond angles involving the central 

Cu atoms are different. The Cu–P and Cu–X bonds of 2.2481(1) Å and 2.3750(1) Å for 6 are 

statistically longer than 2.2460(1) Å and 2.2427(1) Å in 5 respectively which contributes to the 

increase in unit cell volume by 1.1% going from Cl to Br.  Moreover, there is a small deviation of 

the L–Cu–L angle from an ideal trigonal planar (120°) which slightly increases in the Br complex 

6, 126.80(1)° compared to the Cl complex 5, 125.62(1)°. The Cu–P and Cu–X bond distances for 

5 and 6 are very close to the average of previously reported analogous mononuclear copper-halide 

phosphine complexes. The Cu–P distance in 5 is quite similar to the mean value (2.2509 Å) and the 

P–Cu–P angle falls within a large range (125.48 – 130.43°) in published structures in Table 2.7.  

 



66 
 

 

Figure 2.14. Crystal structure of (a) 5 and (b) 6 drawn at 50% probability level. Hydrogen atoms 
are omitted for clarity. 

(a) 

(b) 
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The parameters are apparently identical to [CuCl(PPh2o-tol)2] (refcod: FOXVIX) 41 having 

average Cu–P bond lengths of 2.2460 Å and inter ligand angles of 125.62(1)°. On the other hand, 

the Cu–P distance of 6 is very close to the 2.2481 Å average value reported for related complexes 

(Table 2.7). Its P–Cu–P angle also fall within reported wide range (122.46 – 131.59°). The Cu–P 

bond distance and angle values (2.2481(1) Å and 126.80(1)°) recorded are comparable to that of 

[CuBr (Ph2P o-tol)2] (FOXVOD) 41 with means Cu–P of 2.2475 and 127.88° angle. It should be 

noted that 5 and 6 possess indistinguishable features with ortho substituted triaryl phosphines with 

matching steric hindrance as reflected in the P–Cu–P angle expansion. The bulkier the ortho 

substituent, the wider the inter ligand angle at the copper center.  

The substituents of tertiary aryl phosphines and the bulkiness of the whole metal complex 

generally contributes to the geometry of the Cu(I)X-PR3 adducts. Overall, the reduction of the 

Cu···Cu distance is a noticeable trend in all the dimers going from the harder bridging ligand (Cl) 

to softer Br.40 This might be associated with the metallophilic interaction between the two copper 

atoms because of dispersion forces which are enhanced when there is less electron withdrawal in 

the case of bromide versus chloride bridging ligands. Also, pronounced changes are observed in 

d(Cu–P), d(Cu···Cu) and (X–Cu–X) with increase in steric repulsion of the phosphine. 

The results of the analyses of the crystal structures reveals the geometry of coordination at the 

copper environment to corroborate the spectroscopic results. The four-coordinate Cu(I) dimers are 

the most reported type of triaryl phosphine complexes, followed by the trigonal three-coordinate 

dimers while the less common trigonal mononuclear (L2CuX) and the linear (LCuX) species are 

typically formed by bulky triaryl phosphines based on data mined from the Cambridge Structural 

Database (CSD).20 Moreover, copper complexes of low steric size ligands like PPh3 tends to 

aggregate in polynuclear configuration such as the cubane (Scheme 2.1).39 
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The coordination environment at the copper centers in all the complexes reported here are 

approximately planar as the sum of angles is approximately 360°. However, the two phosphorus 

atoms in the dimers are not planar with the Cu2X2 ring with the degree of distortion influenced by 

the presence or absence of co-crystallized solvent, the type of halide involved and the bulkiness of 

ligand. The LCuX dimers usually crystallize as centrosymmetric halide bridges, with a center of 

symmetry ( ) located in the middle of the Cu2X2 core, except for the Cu2Cu3 dimer in 4b. Similar 

three-coordinate monomeric 2:1 and dimeric 1:1 geometries have been reported for other bulky 

phosphine-copper (I) complexes.31, 34, 42-44 

Table 2.7. Selected bond lengths and bond angles of 5 and 6 compared to previously studied 
analogues 

Complex Cu–P (Å) Cu–P’ (Å) Cu–Cl (Å) P–Cu–P (°) Ref. 

5 2.2460(1) 2.2460(1) 2.2427(1) 125.62(1)  

[CuCl(Ph2PC6H4(o-OMe))2] 2.2327(7) 2.2387(7) 2.2241(7) 129.46(3) BABNEZ18 

[CuCl(PPh2CHO)2] 2.2265(5) 2.2486(5) 2.2448(6) 130.17(2) CITFER20 

[CuCl(PPh3)2] 2.260(2) 2.272(2) 2.208(2) 125.49(5) FEYPEE4 

[CuCl(PPh2o-tol)2] 2.241(2) 2.256(2) 2.204(2) 126.98(7) FOXVIX41 

[CuCl(PPh2dpna)2] 2.2472(7) 2.2528(7) 2.2269(6) 130.41(2) KESKUR10 

[CuCl(PPh2p-tol)2] 2.257(1) 2.258(1) 2.233(1) 126.72(5) NERSIN12 

[CuCl(PPh3)2] 2.2564(8) 2.2676(7) 2.214(1) 125.55(3) TINRAJ8 

6 2.2481(1) 2.2481(1) 2.3750(1) 126.80(1)  

[CuBr(Ph3P)2].C6H6 2.263 2.282 2.345 126.04 BTPCUB45 

[CuBr (Ph2PC6H4 o-CHO)2] 2.2367 2.2367 2.3364 123.53 CITFIV20 

[CuBr (Ph2PC6H4 o-Cl)2] 2.255(1) 2.237(2) 2.3561(9) 122.46(5) EVIBAO46 

[CuBr (Ph2PC6H4 o-Br)2] 2.258(2) 2.242(2) 2.344(2) 127.12(6) EVIBOC46 

[CuBr (Ph2P o-tol)2] 2.255(2) 2.240(2) 2.336(1) 127.88(7) FOXVOD41 

 [CuBr(Ph2Pdpna)2] 2.2478(7) 2.2535(7) 2.3566(5) 131.59(2) KESLAY10 

[CuBr (Ph2P o-ester)2]. tol 2.2277(9) 2.2391(9) 2.3464(4) 126.83(3) LELZEI47 
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2.5 Conclusions 

This work led to the synthesis, isolation and understanding of the coordination chemistry of 

trigonal geometry 1:1 and 2:1 Dipp(n-1)PhnP copper (I) halides. Factors like solvent, crystal growing 

condition and steric bulk have significant influences on the generated metal complexes. The less 

hindered IV preferentially forms single metal halide complexes in a polar aprotic solvent, and 

halide bridged dimers in a less-polar solvent, irrespective of the halide involved. The adducts of 

the bulkier phosphine V are solvent independent; it only resulted in dimer formation. Structural 

analyses show that all CuCl and CuBr adducts of the same ligand do not have significant structural 

differences.  
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Chapter 3 Preparation and isolation of 2-amidinopyridine and 2-

amidinopyrimidine 

This chapter covers the synthesis and isolation of pyridine and pyrimidine substituted 

primary amidines (formally known as carboximidamides) via robust simple and convenient 

pathways. Herein, the syntheses and characterizations of the HCl salt and chloride and carbonate 

mixed salts of 2-amidinopyridine; the 2-amidinopyrimidine HCl salt as well as the isolation of the 

free primary amidine bases without sublimation is established which are important precursors to 

asymmetric imidoylamidines (Chapter 4). 

3.1 Introduction 

Amidines are nitrogen containing strong bases that are isoelectronic to carboxylic acids. As 

classified in Scheme 3.1, they contain an imino and amino nitrogen with various substituent 

groups. The vast majority of primary amidine structures in the Cambridge Crystallographic 

Database (CSD) are salts or metal adducts while only ten free-base primary amidines have been 

reported. They are important intermediates in the synthesis of numerous heterocyclic molecules 

and materials with applications ranging from medicine 1-4 to molecular electronics5-6. 

Various routes have been considered in the literature for the synthesis and isolation of 

substituted free-base primary amidines of alkyl7-8 and aryl9-10 including pyrimidine11 and their 

structures have been reported. However, a 2-pyridine substituted primary amidine has not been 

published. Its hydrochloride salt12 and those of the 3- 13 and 4-pyridine14 analogs have been 

synthesized and characterized. Primary amidine synthesis usually starts with the nitrile (R–CN, 

where R = alkyl, aryl etc.) of the targeted unsubstituted amidines to be produced.  
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Primary amidines are often handled as hydrochloride salts due to instability of the free base 

towards hydrolysis. Preparation of primary alkyl- and aryl-substituted amidine hydrochlorides by 

the Pinner method15 is well known.8, 16-17 This involves the treatment of the nitrile with dry 

hydrogen chloride in anhydrous alcohol to form imidic ester hydrochloride which is then converted 

to the amidine hydrochloride on reaction with alcohol (ethanol or methanol) solutions of ammonia 

(Scheme 3.2). Aside from hydrogen chloride, which is the most common acid, hydrogen bromide 

also works perfectly. Many researchers have modified the Pinner method using sodium methoxide 

and ammonium chloride instead of using ammonia as a more convenient method for amidine 

hydrochloride synthesis. 12, 14, 18  

 

Scheme 3.1. Classification of amidines 
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Scheme 3.2. Pinner reaction pathway for the synthesis of unsubstituted amidines 

 
A series of amidine hydrochlorides have also been generated from lithium silylated 

amidine intermediates 19-21. According to Boeré et al.19 as depicted in Scheme 3.3, hydrolysis of 

lithiated amidine [R–C(NSiMe3)2
– Li+] intermediate generated from the reaction of the proposed 

amidine nitrile with a crystalline ether adduct of lithium bis(trimethylsilyl)amide, 

(Me3Si)2NLi.OEt2, or the persilylated amidine by reacting with ethanolic hydrochloric acid, 

produces the corresponding amidine hydrochlorides. Lager scales for this reaction tend to give 

higher yields. The method is applicable to nitriles having no chlorine or α–hydrogen atoms. This 

procedure has become a standard approach for many amidines but only works with aromatics (Ar) 

and some alkyls lacking alpha-protons like tertbutyl.  

Recently, pyrmidine-2-carboximidamide was inadvertently synthesized in an attempt to 

prepare bis(2-pyrimidine)imidolyamidine by reacting pyrimidine carbonitrile with ammonia gas 

under pressure at around 110 °C.11, 22 The method requires the use of dried solvent (acetonitrile) 

and longer reaction time (72 h) to give a moderate yield of crude product, around 78%. However, 

this process is peculiar to pyrimidine-2-carboximidamide as a similar procedure tested by the same 

group for pyridine-2-carboximidamide resulted in di(2-pyrididyl)imidolyamidine.23 
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The free primary amidine bases are great synthons for production of essential organic 

molecules in pharmaceuticals and functional materials.8, 24-25 By far the most common approach in 

the literature is in situ generation of the free amidine during reaction from its HCl salt in the 

presence of an inorganic base like K2CO3 in organic solvents.26-27 However, situations where a 

synthesis necessitates pure free amidine as a starting material, the route involves neutralization of 

the amidine.HCl salt hydrate with excess strong inorganic base (such as NaOH or KOH) in water; 

extraction in a suitable organic solvent; and the pure amidine is sublimed from an oily residue after 

removal of solvent. This method leads to low to moderate yields of amidine due to partial 

hydrolysis in the presence of water.28 The production of imidoylamidines (Chapter 4) by direct 

condensation with nitriles requires the use of neutral primary amidines.17  

 

Scheme 3.3. Synthesis of amidines via lithiated silylated amidine route 
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3.2 Results and discussion 

3.2.1 Optimized synthesis of 2-amidinopyridine and isolation of its salts and mixtures  

 

Scheme 3.4. Synthetic procedure for 8 and 10 

 

The 2-amidinopyridine hydrochloride (7) was prepared according to the synthetic route 

depicted in Scheme 3.4 with a slight modification of a previously published procedure for 8. The 

method has been reported to result in a high yield of 7 (93%).12 The 85%  yield of  7 obtained by 

crystallization from the reaction solution by ether is close to those in literature even without 

switching reaction solvent from methanol to high boiling ethanol during synthesis as reported by 

Blumhoff et al.29  

Neutralization of 7 was undertaken to isolate 2-amidinopyridine (8)  using a previously 

successful protocol of Boeré et al.28 by employing 5 M of KOH in distilled water followed by 

extraction of 8 into dichloromethane. The bulk sublimation of a crude light-yellow oil for 

purification led to white crystalline material with a low yield. The limited yield is probably due to 

hydrolysis from excess water used to dissolve and force all the amidine hydrochloride into solution 
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as indicated by the yellow color of the final product reflecting a higher amount of impurities. The 

NMR analysis of the sublimed 8 (Figure 3.1) revealed traces of impurity suspected to be a mixture 

of 2-pyridine carbonitrile (annotated with *)19, 21, 30 and di(2-pyrididyl)imidolyamidine (#) 

(Chapter 4).11 This issue might be due to partial thermal decomposition of 8 to nitrile and 

consequent reaction with amidine to produce di(2-pyrididyl)imidolyamidine. As a result, an 

alternative way was developed and optimized to avoid purification of 8 via sublimation which is 

leading to some decomposition. Various parameters including solvent, amount of KOH, reaction 

and workup steps were manipulated in the neutralization procedure. In the first approach, 7 was 

dissolved in a 1:10 ratio of methanol:dichloromethane and reacted with 2 equivalents solid KOH. 

The solution from the reaction, upon drying with MgSO4 and filtering, and the removal of solvent, 

led to a white crystalline product with high yield (above 70%). This procedure works perfectly for 

small scales in the range of 0 – 0.5 g but failed for 1.0 g of 7 as confirmed by a 1H NMR experiment 

(Figure 3.2) of the final product. 

 

Figure 3.1. The 1H NMR spectrum of sublimed 8. * and # are impurities. 
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Figure 3.2. The 1H NMR spectra of (a) 0.5 g and (b) 1.0 g scale of 7 for feasible neutraliztion 
with KOH in MeOH-DCM. 
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As shown in Figure 3.2a for the neutral product from 0.5 g amidine salt neutralization, 

there is no trace of any impurity in the aromatic region as only one set of peaks belong to a species, 

8 is present in solution. However, switching to 1.0 g scale neutralization did not result to complete 

neutralization as small amount of amidine HCl salt (*) is still present with slight signals overlap 

with those of 8 (Figure 3.2b). This suggests the presence of 2-amidinopyridine hydrochloride salt–

2-amidinopyridine (7–8) hemi–salt due to partial solubility of 7 in DCM which is also confirmed 

with single crystal X-ray structural determination (see section 3.3.2). After several trials, high 

purity 8 was finally produced by first executing the neutralization of 7 with 1.5 equivalent KOH 

in MeOH within 5 min to prevent hydrolysis of 8 31 by co-product water molecules through quick 

extraction into DCM. The entire process led to a colourless oil which gave off-white crystalline 

material when dried in frozen state. The procedure also performed excellently when used for large 

scale preparation of 8 which gave a clean NMR spectrum (Figure 3.3).  

3.2.2 2-Pyrimidylamidine and its hydrochloride salt 

The synthetic strategy and its optimization employed for 7 and 8 was also applied to the 

preparation of 2-pyrimidineamidine hydrochloride (9) and subsequent neutralization of the salt to 

liberate the 2-pyrimidineamidine (10). Indeed, the method gave the required outcome with high 

yield (86.1%) which is slightly lower than that of 7 which may be ascribed to likely side reactions 

associated with 9 that cause a brown color in the solution from which the colorless crystals of the 

salt were grown by adding ether. When 9 was neutralized as earlier described, a brownish material 

was obtained from which colorless crystals of 10 were grown by slow cooling from 1:10 MeOH–

DCM since it is not quite soluble in DCM. The NMR analysis of the crystals gave clean spectra 

confirming high purity of its isolation as depicted in Figure 3.4 with residual solvent peaks 

annotated with *.  
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Figure 3.3. The 1H NMR spectrum of 8 obtained by DCM extraction from MeOH neutralization 
of 10 g scale of 7.* is solvent and # is TMS and silicone grease. 

 

Figure 3.4. The 1H NMR spectrum of 10. (The signals label * belong to residual solvents.) 
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A broad amidine group proton signal with approximately 3H integration is observed which 

is at a bit higher frequency (δ 6.69) compared to 8 (δ 6.0) due to the additional N at ortho position 

in the ring. Interestingly, the colorless plate-crystals obtained are contrary to the beige needles 

obtained from acetonitrile by Safin et al.22   

3.3  X-ray crystal structures of amidine salts and the free amidines 

 

Scheme 3.5. Structures of amidines and salts as found in crystal structures. 
 

During the synthesis of the amidine hydrochlorides and the amidines, various crystals of 

good quality for X-ray analysis were recovered and analyzed to deduce their structures. Structures 

of the hemi-salts of 2-amidinopyridine–2-amidinopyridine hydrochloride dihydrate (8a) and 2-

amidinopyridine–2-amidinopyridine cation dicarbonate pentahydrate (8b) were encountered 

during the optimization of the neutralization methodology (Scheme 1.5). It is important to note 

that amidines and their hydrochloride salts are not stable in air, with an intrinsic ability to rapidly 

abstract moisture and carbon dioxide from ambient environment thus forming hydrated and/or 

carbonated adducts.32 Moreover, the anhydrous structure of unreported 7 is first obtained but it 
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was observed that it converted to the known hydrate, 7.H2O [WADPUO] 12 which was identified 

by screening the crystals that showed the same unit cell.  The structure of 9 and its hydrated form 

(9.H2O) were similarly obtained. Solid state recrystallization or transformation of 7 and 9 to their 

hydrates occur by picking up water on leaving the crystals at room temperature, and they are also 

generated by slow evaporation of their ethanol solutions in air. It is necessary to mention that a 

structure of 10 was previously reported 21 from powder X-ray studies and is essentially identical 

to the one obtained in this work. The analysis of the structure as well as its supramolecular network 

had been extensively discussed by Safin et al.22 

3.3.1 Crystal structures of amidinium chlorides 7, 9 and 9.H2O 

Compound 7 crystalizes with one formula unit in the orthorhombic space group Fdd2 with 

a total of sixteen formula (Z) units and one asymmetric formula (Z’) unit in its unit cell, while 9 

and 9.H2O crystalize with two formula units (with two of the Cl atoms having half occupancy each 

due to site symmetry occupancies) and one formula unit in the monoclinic space group C2 with a 

Z = 8 (and Z’ = 2) and P2/n with Z = 4 (and Z’ = 1) in their unit cells, respectively (Chapter 6). 

The asymmetric units of 7 and 9 are presented in Figures 3.5 while that of 9.H2O in Figure 3.6. 

Selected bond lengths and angles together with their standard uncertainties are given in Table 3.1. 

The –C(NH2)2
+ of 7 and 9 are twisted out of plane of the rings with average N1–C1–C2–N3 

torsional angles of 13.0(5)° and 11.7(4)° respectively. These values are lower than the range of 

17.8(2)°–33.2(2)°, 36.7(3)°–37.8(3)° and 23.2°–30.4° recorded in related structures of 

WADPUO12, pyridine-3-carboxamidinium ion by Liu et al.13 and benzaminium salts33 

respectively. Amidinium cation systems possessing ortho protons on aromatic substituents are 

usually nonplanar as a result of steric repulsion of the amidine group and H atoms which overcome 

a low rotational barrier of the C–C bond (C1–C2, Table 3.1) connecting the two moieties. The 
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amidinium group in 9.H2O is approximately planar with N1–C1–C2–N3  and N1–C1–C2–N4  

torsion angles of 0.3 (1) and 0.4 (1)°, respectively, which seems to be an unusual configuration for 

small molecules of protonated amidine cations but particular to amidiniums with larger 

substituents.34 These values are comparable to the dihedral angles of 0.5(2)° and 0.7(2) ° for N1–

C1–C2–N3  and N1–C1–C2–N4  respectively found in benzamidium dilaurate by Portalone et al.33 

Overall, the C–N (N1–C1 and N2–C1) bond distances are the same in all three structures as 

expected which implies the delocalization of π electrons as well as sp2 character in the N–C–N 

unit. 

 
Table 3.1. Selected bond parameters in 7, 9 and 9.H2O (using atomic the numbering scheme in 
Figure 3.5a). 

Compound 7 9 9.H2O WADPUO12 

N1–C1 (Å) 1.308(5) 1.303(4)a 
1.300(4)b 

1.307(1) 1.307(2)a 
1.302(2)b 
1.309(3)c 

N2–C1 (Å) 1.319(4) 1.316(3)a 
1.310(4)b 

1.312(1) 1.311(2)d 

C1–C2 (Å) 1.492(5) 1.495(3)a 
1.504(4)b 

1.498(1) 1.492(2)a 
1.487(2)b 
1.485(2)c 

N1–C1–N2 (°) 120.5(3) 121.8(2)a 
124.8(3)b 

122.34(8) 122.6(2)a 
122.0(2)b 
122.8(2)c 

N1–C1–C2–N3 (°) 13.0(5) 11.5(4)a 
11.8(4)b 

0.3(1) 17.8(2)a 
29.8(2)b 
33.2(2)c 

N2-C1-C2-C3/N4 (°) 14.2(5) 21.4(4)a 
20.0(4)b 

0.4(1) 19.22(2)a 
31.2(2)b 
34.5(2)c 

a First molecule; b second molecule; c third molecule; d all molecules. 
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Figure 3.5. The asymmetric units of (a) 7 and (b) 9 showing the atom-labelling schemes and 
hydrogen bonding indicated with dashed lines. Displacement ellipsoids are drawn at 50% 

probability level and H atoms are shown as small spheres of arbitrary radii. In 9, both Cl1 and 
Cl2 atoms have 50% occupancies. 

 

a 

b 
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Figure 3.6. The asymmetric unit of 9.H2O showing the atom-labelling scheme and hydrogen 
bonding indicated with dashed lines. Displacement ellipsoids are drawn at 50% probability level 

and H atoms are shown as small spheres of arbitrary radii. 

 

The amidinium N–H are well known hydrogen bond donors, and all three structures are 

linked together with charge-assisted hydrogen bond (CAHB) networks. As demonstrated in 

Figures 3.5, the asymmetric units of 7, 9 and 9.H2O display one bifurcated (in which one Cl atom 

is connected to two N acceptor atoms) H–bond connecting the amidinium fragment of the 

molecules to acceptor chloride anion with two N+–H…Cl– CAHB generating a graph-set motif of 

(6). Besides, 9 contains additional 3  N+–H…Cl– H–bonds with graph set motifs of (5) and 

(3) and 9.H2O is further connected to O atom of water by N+–H…O.  

The extensive supramolecular networks in the crystal packing of the structures were 

analyzed using a substructural approach within the unit cell. In the packing diagram of 7 (Figure 

3.7), three distinctive N+–H…Cl– and one N+–H…N intermolecular charge-assisted hydrogen 

bonds (CAHB) link the amidinium ions together (Table 3.2). Each amidinium ion is attached to 
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two chloride ions by three moderate electrostatic N+–H…Cl– [range of 3.145(3) – 3.216(3) Å] 

hydrogen bond interactions. One amdinium ion is connected to another via a moderate N+–H…N 

[2.912(4) Å] contact resulting in the formation of graph sets (6) and (10). The two rings of 

[ (6) and (10)] result in the formation of a one dimensional (1D) supramolecular polymeric 

chain along the a axis with one chloride ion connection. The second chloride ion extends the chain 

into two-dimensional (2D) H–bond network running across the b axis of the unit cell. 

 

Figure 3.7. The crystal packing tube structure of 7 projected down c axis. Hydrogen bonding is 
indicated by green dashed lines. Cl are shown as green balls; N is blue; C is ash; and H is grey. 

Table 3.2. Hydrogen bonds of 7 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N1 H1A Cl1 0.93(4) 2.34(5) 3.185(3) 150(4) 

N1 H1B N31 0.84(5) 2.14(5) 2.912(4) 151(4) 

N2 H2A Cl1 0.90(5) 2.37(5) 3.216(3) 156(4) 

N2 H2B Cl12 0.89(5) 2.28(5) 3.145(3) 166(4) 
11-X,1-Y,+Z; 25/4-X,1/4+Y,1/4+Z 
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The supramolecular framework of 9 demonstrates a complex H-bond arrangement 

involving combinations of seven N+–H…Cl– and three N+–H…N donor–acceptor pairs as shown 

in Table 3.3 which produces a 2D network. There are two unique H-bond arrays relative to the two 

different amidinium ions in the structure as presented in Figure 3.8. These include the graph set 

motif (14) from four H-bonds formed by N+–H···N intermolecular interactions in the 

amidinium group of the first independent ion and the N atoms of the aromatic ring in the second 

ion and the centrosymmetric subunit are organized with multiple N+–H···Cl– to form two 

bifurcated (6) and (8) graphs. The first generates infinite 1D chains of cations running parallel 

to c axis of the cell and the latter leads to the association of the chains into a 2D arrangement of 

H-bonds. 

The molecules of 9.H2O are aggregated together with a combination of three N+–H···Cl–, 

two O–H···Cl–, one N+–H···N and one N+–H···O CAHB (Table 3.4). Two centrosymmetric 

amidinium ions form a bifurcated ring motif [ (6)] with two N+–H···Cl–  H–bonds  connected to 

another via an (8) motif unit which is further linked to another subunit by an (10) motif 

(Figure 3.9b) involving water molecules and chloride ions with N+–H···O and O–H···Cl–  CAHB. 

Both form a 1D chain ribbon propagating along the c axis which is further linked into a 2D sheet 

through a water molecule acting as an acceptor and a donor with O–H···Cl– intermolecular 

interactions along the b axis. From this observation, the planarity of amidinium fragment in 9.H2O 

may be ascribed to the nature of H-bonding change in the presence of water molecule as compared 

to 9. In the presence of water, the pyrimidine N atoms do not participate as an acceptor as seen in 

9 which makes chloride ion a multiple H–bonds acceptor, whereas water acts as bifunctional 

donor-acceptor, forming larger (10) rings that stabilize the structure with consequent prevention 

of twisting in the amidinium group. This implies that the type of H–bonding framework might 
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contribute to the planarity of amidinium cation moiety in amidine salts in addition to the 

conventional theory of steric hindrance from ortho hydrogen atoms in the aromatic group. 

 

 

 

Figure 3.8. The crystal packing structure of 9 projected down b. Displacement ellipsoids drawn 
at the 50% probability level. Hydrogen bonding is indicated by blue dashed lines. 
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Table 3.3. Hydrogen bonds of 9 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
N1 H1A Cl1 0.82(4) 2.45(4) 3.198(3) 151(3) 
N1 H1B Cl11 0.87(4) 2.39(4) 3.155(2) 146(3) 
N1 H1B N112 0.87(4) 3.24(3) 3.784(3) 123(3) 
N2 H2A Cl1 0.79(4) 2.36(4) 3.123(2) 163(3) 
N2 H2B Cl2 0.86(4) 2.53(4) 3.310(2) 151(3) 
N2 H2B N123 0.86(4) 3.01(4) 3.642(3) 132(3) 
N11 H11A Cl3 0.88(4) 2.37(4) 3.158(2) 148(3) 
N11 H11B N32 0.84(4) 2.17(4) 2.963(3) 158(3) 
N12 H12A Cl2 0.85(4) 2.35(4) 3.150(3) 155(3) 
N12 H12B N43 0.87(4) 2.27(4) 3.047(3) 149(3) 

11/2-X,1/2+Y,1-Z; 21-X,+Y,1-Z; 31-X,+Y,2-Z 

 

Table 3.4. Hydrogen bonds of 9.H2O 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
O1 H1A Cl11 0.800(16) 2.371(17) 3.1704(8) 177.5(14) 
O1 H1B Cl12 0.850(16) 2.380(16) 3.2023(8) 162.8(14) 
N3 H3A Cl1 0.880(14) 2.439(14) 3.2358(8) 150.7(12) 
N3 H3A N33 0.880(14) 3.224(14) 3.9433(16) 140.5(11) 
N3 H3B Cl13 0.857(14) 2.593(14) 3.2294(8) 131.9(12) 
N4 H4A Cl1 0.871(13) 2.474(13) 3.2708(8) 152.3(12) 
N4 H4B O1 0.838(14) 2.108(14) 2.8205(11) 142.7(13) 

13/2-X,-1/2+Y,1/2-Z; 2+X,-1+Y,+Z; 32-X,2-Y,1-Z 
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Figure 3.9. The (a) H-bond motif and (b) crystal packing structure of 9.H2O projected down b. 
Displacement ellipsoids drawn at the 50% probability level. Hydrogen bonding is indicated by 

green dashed lines. 

 

 

 

a 

b 
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3.3.2 Crystal structures of 8 and its hemi-amidinium chloride (8a) and carbonate (8b) salts  

Compounds 8, 8a and 8b crystalize in monoclinic space groups I2/a, P21/n and P21/c, 

respectively (Chapter 6).  Selected bond distances and angles of the molecules are presented in 

Table 3.5.  

Selected bond parameters of 8, 8a and 8b are highlighted in Table 3.5. The free amidines 

in all three structures demonstrate shorter N1=C1 and longer N2–C1 bond lengths as anticipated, 

and their amidinium ions have approximately the same N2–C1 distances due to π electron 

delocalization around the cationic fragments. The bond distances C1–C2 in all the compounds are 

not significantly different from one another. However, the average angle at N1–C1–N2 for 8, 

126.1(1)° is lager than the one recorded for amidine [121.00(9)°] and the cation [122.10(9)°] as 

well as the average found in free amidine [121.7(2)°] and in amidinium [120.8(2)°] in 8b. Likewise, 

significant discrepancies are observed in the degree of torsion of the amidine or amidinium cation 

moiety of identical molecules in the same crystal structure. For instance, in 8, the average dihedral 

angles of 12.7(2)°, 5.7(2)° and 3.0(2)° recorded for the three independent molecules are 

substantially different from one another. Also, the two amidine molecules in 8b exhibit 14.7(3)° 

and 9.4(3)° respectively differ from those in 8. Of the four amidinium ions in 8b, torsion of only 

two of them with average of 12.6(3)° and 12.2(3)° has some sort of similarity while the remaining  

two with average values of 19.0(3)° and 24.2(3)° are outliers. Some of the low torsion angle values, 

from 10.6(1)° in 8a to 12.6(3)° in 8b, recorded for the amidinium cations are somewhat 

unprecedented in protonated amidine salts (within 23.2 – 30.4 ° or above).13, 35 Thus, it implies that 

the claim of twisting in the –C(HN–C=NH2) group of protonated amidines associated with 

aromatic substituent having hydrogen atom next to the fragment is not hundred percent accurate. 

In the analyses of the H-bonding pattern in the crystal structures, it can be deduced that the packing 
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orientation of individual molecules as facilitated by the direction of hydrogen bonding play a key 

role in the rotation of –C(HN–C=NH2) parts of the compounds.  

As illustrated in Figure 3.10, the asymmetric unit of 8 contains three independent 2-

amidinopyridine molecules having discrete N–H···N H-bonds associating them together 

with (3) and (4) motifs which are one of the essential H-bonds found in 7 and other related 

analogs.9-10 However, the structure of 8a demonstrates CAHB which is made up of an aminidinium 

cation, a neutral amidine, a chloride ion and two water molecules (Figure 3.12). The two 

independent molecules are connected by N+–H···Cl–, N+–H···N, N–H···O and N+–H···O H-bonds 

forming two (8) graph set motifs in which the C=NH of the free amidine participate as both 

donor and acceptor. The asymmetric component of 8b consists of two sets of two amidinium ions, 

an amidine and a carbonate in addition to five molecules of water as shown in Figure 3.15. A 

closely related amidinium carbonate structure of acetamidine has been reported by Norrestam32 

which only contains amidinium ion, a carbonate and a water molecule. Meanwhile, protonated 

amidines practically form multiple H-bonds with oxygen-containing anions which are potential 

sites of accepting the charge donation. Each carbonate in the structure forms two (8) motifs with 

the two amidinium ions and a discrete connection with the free amidine as well as two water 

molecules via N+–H···O, N–H···O and O–H···O H-bonds. The two independent subunits are 

further linked together by two N+–H···N H-bonds to form a web pattern with (10) motifs (Figure 

3.16) as observed in 8. 
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Table 3.5. Selected bond parameters of 8, 8a and 8b (using atomic numbering scheme in the 
Figures). 

Compound 8 8a 8b 

N1–C1 (Å) 1.292(1)a 

 

1.307(1) b 

1.288(1) c 

1.313(3) d 

1.283(3) a 

N2–C1 (Å) 1.349(2) a 1.318(1) b 

1.347(1) c 

1.317(3) d 

1.359(3) a 

C1–C2 (Å) 1.501(1) a 1.497(1) b 

1.504(1) c 

1.493(3) d 

1.511(3) a 

N1–C1–N2 (°) 126.1(1) a 122.10(9) b 

121.00(9) c 

120.8(2) d 

121.7(2) a 

 [N1–C1–C2–N2 + N2–C1–C2–C3] (°) 12.7(2) a 

5.8(2) a 

3.0(2) a 

10.6(1) d 

15.7(1) a 

19.0(3) d 

12.6(3) d 

24.2(3) d 

12.2(3) d 

14.7(3) a 

9.4(3) a 

a = average amidine parameter; b = non-average amidinium parameter; c = non-average amidine 
parameter; and d = average amidinium parameter  

 

Figure 3.10.  The asymmetric unit of 8 showing the atom-labelling scheme and with hydrogen 
bonding indicated with dashed lines. Displacement ellipsoids are drawn at 50% probability level 

and H atoms are shown as small spheres of arbitrary radii. 
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Figure 3.11. The H-bond motif (a) and crystal packing structure (b) of 8 projected down b. 
Displacement ellipsoids drawn at the 50% probability level. Hydrogen bonding is indicated by 

green dashed lines. 

 

a 

b 
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Table 3.6. Hydrogen Bonds of 8 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
N2 H2A N11 0.913(15) 2.133(15) 3.0443(12) 174.8(12) 
N2 H2A N21 0.913(15) 3.146(14) 3.8099(17) 131.2(10) 
N2 H2B N32 0.892(14) 3.087(13) 3.6660(13) 124.4(10) 
N1 H1 N23 0.896(14) 2.836(13) 3.5159(12) 133.7(10) 
N1 H1 N3 0.896(14) 2.288(13) 2.7933(12) 115.5(10) 

11-X,1-Y,2-Z; 21+X,+Y,+Z; 3-1+X,+Y,+Z 

 

 

 

 

Figure 3.12. The asymmetric unit of 8a showing the atom-labelling scheme and hydrogen 
bonding indicated with dashed lines. Displacement ellipsoids are drawn at 50% probability level 

and H atoms are shown as small spheres of arbitrary radii. 
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Both amidine and amidinium structures exhibit interesting hydrogen bonding that generate 

supramolecular networks. The H-bonds in a unit cell and crystal packing of 8 are depicted in 

Figures 3.11. A total of six N–H···N H-bonds (Table 3.6) result in formation of a 2D pattern. The 

subunit with one (10) graph set motifs and a continuous intermolecular chain links the structures 

in 1D by 4 N–H···N which translate along the a axis and while the other two N–H···N further 

extend the chain in 2D across the c axis.  In contrast, combinations of intermolecular π – π stacking 

(Figure 3.13) and hydrogen bonding (Figure 3.14) are responsible for the packing structure in 8a. 

The 3.447 Å stacking distance between offset carbon and the ring centroid indicates the existence 

of significant π π interactions. A total of 11 hydrogen bonds (Table 3.7) including three N–H···N, 

three O–H···Cl, one O–H···O, two N–H···Cl and two N–H···O are present within the crystal 

lattice which connect the molecules in a 3D pattern. The two N–H…Cl and three N–H···N form 

infinite chains along a while the three O–H···Cl and two N–H···O extended the chain into a 2D 

arrangement and the O–H···O bridges the 2D plane to form a 3D network. 

The hydrogen bonding connections in 8b are extremely complex. The network consists of 

thirty-four H-bonds (Table 3.8) which include seventeen N–H···O, eight O–H···O, six N–H···N, 

two O–H···N and a C–H···O. The ribbon formed by intermolecular H-bonds involving the 

asymmetric unit of the crystal structure to generate 5 (8) motifs (Figure 3.16a) is linked with a 

series of the same unit to form a chain running along the a axis. The individual chains are then 

aggregated into 2D and 3D networks with the interaction of water molecules.  
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Figure 3.13. The crystal packing structure of 8a displaying π – π interaction approximately down 

b axis. Displacement ellipsoids drawn at the 50% probability level. 

 

Figure 3.14. The crystal packing structure of 8a projected down b. Displacement ellipsoids 
drawn at the 50% probability level. Hydrogen bonding is indicated by green dashed lines. 
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Figure 3.15. The asymmetric unit of 8b showing the atom-labelling scheme and with hydrogen 
bonding indicated with dashed lines. Displacement ellipsoids are drawn at 50% probability level 

and H atoms are shown as small spheres of arbitrary radii. 

 

 

Table 3.7. Hydrogen Bonds for 8a 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
O1 H1C Cl11 0.829(13) 2.393(13) 3.2163(8) 171.8(16) 
O1 H1D Cl1 0.821(13) 2.381(14) 3.1809(9) 164.8(14) 
O2 H2A O12 0.828(13) 1.953(14) 2.7802(11) 177.4(15) 
O2 H2B Cl13 0.844(13) 2.365(13) 3.2055(9) 174.5(14) 
N1 H1A Cl1 0.860(12) 2.748(13) 3.5889(9) 166.0(13) 
N1 H1B N64 0.860(12) 2.281(13) 3.0502(12) 149.0(12) 
N2 H2 O2 0.850(12) 2.417(13) 3.0852(12) 136.0(12) 
N4 H4A O2 0.885(12) 2.048(12) 2.9261(11) 171.4(13) 
N4 H4B N35 0.887(12) 2.249(12) 3.0301(11) 146.8(11) 
N5 H5A Cl1 0.878(12) 2.469(13) 3.2748(9) 152.9(12) 
N5 H5B N2 0.922(12) 1.809(12) 2.7268(12) 172.9(12) 
13/2-X,1/2+Y,1/2-Z; 21-X,1-Y,1-Z; 31-X,-Y,1-Z; 4-1/2+X,1/2-Y,-1/2+Z; 51/2+X,1/2-Y,1/2+Z 
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Figure 3.16. The (a) H-bond motif and (b) crystal packing structure of 8b projected down c axis. 
Displacement ellipsoids drawn at the 50% probability level. Hydrogen bonding is indicated by 

green dashed lines. 

 

 

a 

b 
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Table 3.8. Hydrogen Bonds for 8b. 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
O7 H7C O2 0.848(18) 2.119(19) 2.965(2) 176(4) 
O7 H7D O81 0.843(18) 2.02(2) 2.852(2) 170(4) 
O8 H8C N162 0.829(17) 2.000(19) 2.805(3) 164(3) 
O8 H8D O2 0.851(17) 1.975(18) 2.824(2) 176(3) 
O9 H9A N133 0.861(18) 1.942(19) 2.792(3) 168(3) 
O9 H9B O6 0.856(18) 2.13(2) 2.952(2) 162(3) 
O10 H10C O6 0.860(18) 2.13(2) 2.907(3) 150(3) 
O10 H10C O11 0.860(18) 2.50(4) 3.02(3) 120(3) 
O10 H10D O94 0.839(18) 2.05(2) 2.815(3) 151(4) 
O10 H10D O114 0.839(18) 2.38(4) 2.91(3) 121(3) 
N1 H1A O3 0.912(17) 1.867(18) 2.759(2) 165(2) 
N1 H1B N6 0.887(17) 2.23(2) 3.042(2) 152(2) 
N2 H2A O2 0.894(16) 1.894(17) 2.786(2) 176(2) 
N2 H2B O35 0.877(17) 1.927(17) 2.793(2) 169(2) 
N4 H4A O4 0.889(17) 1.901(17) 2.786(2) 173(3) 
N4 H4B N3 0.883(17) 2.19(2) 2.949(2) 144(2) 
N5 H5A O43 0.892(17) 1.911(18) 2.787(2) 167(3) 
N5 H5B O6 0.880(17) 1.908(17) 2.788(2) 177(3) 
N7 H7A N126 0.869(17) 2.27(2) 3.032(2) 146(2) 
N7 H7B O5 0.884(17) 1.920(17) 2.796(2) 170(2) 
N8 H8A O53 0.880(17) 1.902(17) 2.781(2) 177(3) 
N8 H8B O6 0.889(16) 1.939(17) 2.823(2) 172(2) 
C17 H17 O87 0.95 2.59 3.443(3) 149.6 
N10 H10A O1 0.902(17) 1.878(18) 2.766(2) 167(2) 
N10 H10B N98 0.882(16) 2.19(2) 2.987(2) 149(2) 
N11 H11A O15 0.897(17) 1.901(17) 2.787(2) 169(2) 
N11 H11B O2 0.892(17) 1.905(17) 2.796(2) 177(2) 
N13 H13 N15 0.921(18) 2.23(3) 2.743(3) 115(2) 
N14 H14A O4 0.896(17) 2.093(18) 2.986(3) 174(3) 
N14 H14B O65 0.895(17) 2.51(2) 3.255(3) 141(3) 
N14 H14B O105 0.895(17) 2.53(2) 3.327(3) 148(3) 
N16 H16A N18 0.883(17) 2.23(3) 2.731(3) 116(2) 
N17 H17A O83 0.884(17) 2.606(19) 3.461(3) 163(2) 
N17 H17B O1 0.905(17) 2.083(18) 2.982(2) 172(3) 
1-X,2-Y,1-Z; 2-X,1/2+Y,1/2-Z; 3+X,3/2-Y,-1/2+Z; 41-X,2-Y,1-Z; 5+X,3/2-Y,1/2+Z; 61+X,+Y,+Z; 71+X,3/2-Y,-
1/2+Z; 8-1+X,+Y,+Z 
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3.4 Conclusions 

A new alternative procedure was successfully developed for the isolation of 2-

amidinopyridine and 2-amidinopyrimidine from their chloride salts in high yields. This 

achievement will facilitate organic synthesis where the use of high purity 2-amidinopyridine and 

2-amidinopyrimidine as synthons is necessary particularly in drug and material design. 

Specifically, in this thesis, these essential precursors are used in the synthesis of imidoylamidines 

(Chapter 4). It was discovered that the orientation of the amidine or amidinium molecules in the 

crystal structures and the nature of hydrogen-bonding in the structures based on the potential 

acceptors in the structure influence the degree of twisting of the amidine or amidinium cation 

fragments in structure packing. The distinct supramolecular structures via charge-assisted 

hydrogen bonding observed in the crystal structure analyses of the reported amidines and their 

derivatives could serve as hints for the application of mixed salts in crystal engineering. 
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Chapter 4 Preparation of functionalized imidoylamidines 
 

This part of the thesis addresses the synthesis of N'-(2,2,2-trichloroethanimidoyl)pyrid-2-yl- 

carboximidamide  (11) and N'-(2,2,2-trichloroethanimidoyl)pyrimid-2-yl-carboximidamide  (13), 

and their hydrochloride salts, as precursors for the synthesis of thiatriazines (Chapter 5).  

4.1 Introduction 

Imidoylamidines, also called 1,3,5-triazapenta-1,3-dienes, are well-known multifunctional 

tri-nitrogen chelating compounds with distinct physical, chemical, and electronic properties.1 They 

are isoelectronic to the well-known β-diketones (acac), β-diimines (nacnac) and β-iminoketones 

(nacac) with the character of two amidine functional groups fused together, and have a high degree 

of unsaturation with delocalization in the N=C–N=C–N unit (Scheme 4.1). This system has 

received a lot of attention in recent years, and various species with variation of the R groups to 

generate derivatives including alkyls, aryls, CX3, silyl and hydrogen have led to the isolation of 

many symmetric (where R1 = R2) molecules. However, less work has been done on the asymmetric 

(where R1 ≠ R2) architecture. Their unique reactivity has found them to be potential synthons for 

various organic molecules in diverse areas of application, and they also display efficacy as building 

blocks in supramolecular engineering.2 

Like β-diketones, β-diimines and β-iminoketones in Scheme 4.1, imidoylamidines could be 

deprotonated to their corresponding monoanions leading to delocalization of a negative charge 

throughout the system, in which form they are strongly chelating monanionic ligands (Scheme 4.1, 

r.h.s.). In addition, the central nitrogen atom (at position 3) makes a considerable change to the 

electronic structure even in its neutral form.3 This essential characteristic makes imidoylamidinates 

demonstrate rich coordination chemistry like acac, nacnac and nacac. 
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Scheme 4.1. Structure of imidoylamidines and analogous unsaturated chelates 
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The multiple nitrogen content also allow them to coordinate in mono-, di- or tridentate 

mode to metals in which the central N atom is also a prospective binding site.3-5 Imidoylamidines 

typically undergo tautomerization, which has been established in the solid-state 6 and in solution.7-

8  As shown in Scheme 4.2, the two main tautomers are the amino-imino (tautomer I) with one of 

the terminal nitrogen atoms having two protons and the imino-imino (tautomer II) with one of the 

protons located on the central nitrogen atom. Tautomer I and tautomer II could potentially 

transform to conformers IA and IIA respectively based on the bulkiness of the R groups with 

consequent rotation of the N=C–N=C–N due to allylic strain. The conformers IA and IIA are rare 

and only exist for extremely sterically hindered imidoylamidines.9-11 Moreover, the stability of all 

the isomers have been recognized with computational studies 12 with observations of the U-shaped 

(tautomer I and II)13-16 and the W-shaped (conformer IA and IIA) 11, 17. The U-shaped tautomer 

has been demonstrated to be more stable, and it is the most reported in all the isomers due to strong 

internal resonance-assisted hydrogen bond (RAHB)18 as shown in the center of Scheme 4.2. 

Among the U-shaped conformers, tautomer II is the main conformation in coordination chemistry.  

In line with the hydrogen content on the nitrogen atoms, imidoylamidines are classified 

into primary with three nitrogen hydrogens; secondary with only two nitrogen hydrogens; tertiary 

with one nitrogen hydrogen; and quaternary with no nitrogen hydrogens (Scheme 4.2). The tertiary 

derivatives are the most reported in the literature because they are easily generated in situ in a one-

pot synthesis via metal-assisted reaction from their precursors to produce important organometallic 

complexes with distinguish electronic, magnetic, catalytic and redox properties.19-21 They are 

usually considered for  this process because the bulky groups at the terminal N atoms help to 

stabilize the coordination environment  and minimize unwanted reactions at the two terminal 

nitrogen atoms.22 This discovery led to the development of many substituted imidoylamidines as  
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building blocks for metal complexes and clusters with a broad range of applications from catalysis 

to molecular magnets.10, 23-31 The first and second row transition metal complexes are the most 

investigated, and some studies have also focused on the third row transition metals of the periodic 

table.3, 10, 13, 24, 26-27, 32-41  Recent work by Rad’kova et al.42 has  also considered rare-earth metal 

complexes.  For instance, rhodiumIII-imidoylamidine complex were prepared by coupling 

substituted nitriles in the rhodium (Rh) complexes, [(tbpy)2Rh(NCR)2][OTf]3 (where R = 

Me/Ph; tbpy = 4,4′-di-tert-butyl-2,2′-bipyridine; OTf = CF3SO3
−] with R-substituted anilines.43 

Double coupling of a substituted platinum(Pt)-coordinated nitrile with 2,3-diphenylmaleimidine 

has also resulted in the generation of a phosphorescenct Pt complex featuring two fused 

imidoylamidine units.44 Kajiwara and coworkers 4 have also synthesized different ferromagnetic 

supramolecular complexes of Fe, Ni and Cu using 2,4-bis(2-pyridyl)-1,3,5-triazapentadiene as a 

bridging ligand with κ1N:κ2N (i.e. the central N and the two terminal N atoms) coordination mode 

as shown in Figure 4.1. This group had also prepared κ3N:κ2N (i.e. the central N with two N atoms 

of ligand and the two terminal N atoms) bridged complexes from the decomposition of  1,3,5-

tris(2-pyridyl)-2,4,6-triazine in the presence of the metal ion.5  

 
Figure 4.1. Coordination mode of bridged complexes of imidoylamidines. 
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Scheme 4.2. Tautomers and conformers of imidoylamidine 

Compared to the metal-assisted imidoylamide condensation reactions, there are limited 

existing methods for the synthesis of uncoordinated imidoylamidines. The Pinner method (Chapter 

3) could be extended to imidoylamidine synthesis (Scheme 4.3).45-46 This route, and Ley and 

Muller’s method 47 (Scheme 4.4) are the earliest ways to imidoylamidines. Both reactions are 

suitable for the preparation of the secondary, tertiary, and quaternary imidoylamidines, while the 

primary analogues could only be obtained by Pinner’s reaction.  
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The Pinner synthesis typically involves the generation of an imidoylamidine hydrochloride 

salt from the reaction of imino-ester hydrochloride salt with amidine. However, low yields limit 

its application in the preparation of imidoylamidines. On the other hand, the Ley and Muller 

method involves the reaction of imidoyl chloride with amidine to generate the imidoylamidine 

hydrochlorides which is usually subjected to a hot-water wash workup to give good yield of the 

product.48 The replacement of amidine with amine has been found to give same similar results.49  

 

Scheme 4.3. Pinner method 

 

Scheme 4.4. Ley and Muller method 

There are limited methods known in the literature for robust preparation of primary 

imidoylamidines which is the main focus of this study. Primary imidoylamidines may be 

synthesized by condensation of nitrile with ammonia through nucleophilic attack on two activated 

nitriles,16, 50 an amidine attack on an activated nitrile 50 or condensation or coupling of two amidine 

molecules with the elimination of ammonia (Scheme 4.5).51 These methods are only applicable to 

electron withdrawing substituents such as perhalogenatedalkyl,52 aryl 6, 53-54 and heterocycles 

(pyridine).21, 34, 55 Under thermal conditions, symmetric imidoylamidines transform into the 

corresponding 1,3,5-triazines due to their high reactivity.50, 56-57 Using the condensation of amidine 
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with nitrile route, Boeré and coworkers have synthesized many asymmetric aryl- and 

trihalomethyl-substituted (–CCX3, X = F, Cl) primary imidoylamidines.6 

 

Scheme 4.5. Primary imidoylamidine synthesis from nitriles and amidines. 

 

Brusso and coworkers recently developed symmetric-substituted primary imidoylamidines 

of pyridine and pyrimidine in good yields via the nitrile condensation with ammonia reaction with 

slight modifications (Scheme 4.6).7-8 Using commercially available nitriles of the corresponding 

heterocycles, the N-2-pyridylimidoyl-2-pyridylamidine (Py2ImAm) and N-2-pyrimidylimidoyl-2-

pyrimidylamidine (Pm2ImAm) were prepared by amination of the activated nitrile.  The Py2ImAm 

reaction was carried out at elevated temperature (110°C) and pressure while Pm2ImAm was 

generated at room temperature in two weeks.   
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Scheme 4.6. Synthesis of symmetric pyridine/pyrimidine-substituted primary imidoylamidines. 

 

The primary imidoylamidines have attracted rising interest in the last two decades with 

regards to their interesting electronic, structural, and chemical properties. The coordination 

chemistry of the system has been exploited in the development of numerous metal–organic 

frameworks. However, the asymmetric imidoylamidines have received less attention.  Therefore, 

it is worthwhile to dig into and understand the chemistry of asymmetric 11 and 13 in comparison 

to the already existing symmetric analogues. 

 

4.2 Results and discussion 

4.2.1 Synthesis of PyCCl3Imidoylamidine and PmCCl3Imidoylamidine and the HCl salts 

Adapting the amidine attack on the activated nitrile method,6, 58 asymmetric N'-(2,2,2-

trichloro-ethanimidoyl)pyrid-2-yl-carboximidamide(11) and N'-(2,2,2-trichloroethanimidoyl) 

pyrimid-2-yl-carboximidamide  (13) as well as their corresponding hydrochloride salts (12 and 14) 

were prepared and isolated. On refluxing one equivalents of trichloroacetonitrile and the 
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corresponding amidine in acetonitrile for 30 mins, 11 and 13 were formed (Figure 4.2). 11 and 13 

crystallized from acetonitrile at −18°C. Room temperature 1H NMR (300 MHz) experiments in 

CDCl3 referenced against TMS indicate successful isolation of the compounds in high purity. As 

illustrated in Figure 4.3, only tautomer I of imidoylamidine is exhibited by 11 with an internal 

resonance-assisted hydrogen bond (RAHB) 18 associated with peak B. Moreover, proton B is 

sandwiched between two electronegative terminal N atoms which leads to high polarization of 

electron from the proton with consequent deshielding effect on its chemical shift (δ 10.43). All the 

N–H proton peaks are a bit broadened demonstrating a slow proton exchange process. In addition, 

the obtained N–H chemical shifts (δ 10.43, 9.47 and 8.48) are in agreement with the average order 

of those reported for the aryl-CF3Imidoylamidine (δ 11.0, 9.0 and 6.8) analogs.6 The aromatic 

proton peaks have similar patterns to the corresponding amidines, but the signals are slight shifted 

to higher frequency compared to them (Table 4.1). The N–H proton peak C overlaps with that of 

the pyridine ortho C-H (Figure 4.3). 

 
Figure 4.2. The synthetic routes to 11, 12, 13, and 14. 
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Figure 4.3. 1H NMR spectrum of 11 (* are solvent peaks and # is TMS). 

However, in the 1H NMR spectrum of 13 (Figure 4.4), both tautomer I and tautomer II 

presumably exist in solution in equilibrium with tautomer I being the dominant species which is 

approximately 87% composition in accordance with integration of  the proton peaks.8 Tautomer I 

N – H proton signals have similar shape and chemical shifts order observed for 11 (Figure 4.4), 

but they are lying above those of 13 by 102 Hz. Like 11, the aromatic proton peaks of the 13 are 

shifted to higher frequencies relative to its corresponding amidine (Table 4.1). The N – H protons 

chemical shifts A, B, and C of tautomer II are shifted to higher frequencies (9.85, 11.60, and 10.10 

ppm) compared to tautomer I (8.51, 10.77 and 9.68 ppm). The aromatic proton peaks are also 

shifted to higher frequencies against the corresponding amidine.  

The HCl salts of both 11 and 13 (i.e., 12 and 14) were generated by bubbling HCl gas 

directly into the suspension of the corresponding imidoylamidine in ether to get a white precipitate 

in pure form.   

* 

* 

* # 

B 

C 

A 
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Figure 4.4. 1H NMR spectrum of 13 (* are tautomer peaks and # is TMS and silicone grease). 

Table 4.1. 1H NMR chemical shift comparison of 11 and 13 with corresponding amidines 

 

Compound A (ppm) B (ppm) C (ppm) E (ppm) F (ppm) G (ppm) H (ppm) 

8 (amidine) N/A N/A N/A 8.58 7.38 7.80 8.13 

9 (amidine) N/A N/A N/A 8.81 7.36 8.81 N/A 

11 8.48 10.43 9.47 8.61 7.44 7.85 8.55 

13 a 8.51a 10.77a 9.68a 8.91a 7.42a 8.91a N/A 

13 b 9.85b 11.60b 10.10b 8.88b 7.48b 8.88b N/A 

N/A: Not applicable; aAmino-imino tautomer; bImino-imino tautomer. 

F 

A 
B 

C D F 

E 

B A C 
D 

E 

Amino-imino     Imino-imino 
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4.3 Crystal structures  

To understand the solid-state structures of 11 and 13 as well as the ambiguity observed in 

the NMR spectroscopy, single crystal X-ray diffraction was attempted on both compounds. No X-

ray data is reported for salts 12 and 14 because several attempts to grow crystals were not 

successful. The crystal structures obtained on 11 and 13 are isomorphous. Both crystalize in P  

with unit cells (Å) 6.6005(2) 6.9738(3) 12.6419(4) 87.921(3) 85.709(3) 64.337(4) and 6.73775(18) 

6.77818(17) 12.5793(3) 87.921(3) 85.709(3) 64.337(4) respectively. Figures 4.5a and b show the 

asymmetric units of both structures with the atomic numbering schemes of the single independent 

crystallographic molecule in each. Comparing the molecular geometries in relation to selected 

bond distances and angles of the compounds, there is no significant difference between 11 and 13. 

No obvious discrepancy in the N–C=N–C=N group of the two compounds, and the parameters are 

comparable to the average values reported for the ArylCCl3 imidoylamidine analogs (Table 4.2).58 

The N–C=N–C=N fragments show characteristic similar/averaged C–N bond distances, 

suggesting a level of electron delocalization. The structures are also similar to that of guanidine 

such as N,N',N''-tris(2,6-Di-isopropylphenyl)guanidine (with CSD reference code XICQEF)59 and 

2-(4-Amidino-1-indanylideneamino)guanidine (with CSD reference code HIJFIP01)60, and other 

primary imidoylamidines like N'-(2,2,2-Trichloroethanimidoyl)benzene-1-carboximidamide (with 

CSD reference code AWIDUG)58 and N-[amino(pyridin-2-yl)methylidene]pyridine-2-

carboximidamide (with CSD reference code SEMQEJ)7. Overall, the molecules are perfectly 

planar with an approximately 180° angle around C2 and C3 of the N–C=N–C=N fragment. More 

importantly, both 11 and 13 display intramolecular resonance-assisted hydrogen bonding (RAHB). 

The strong intramolecular RAHB N–H…N observed in 11 and 13 with donor-acceptor (D–A) 

distances [2.635 (3)Å] and [2.633 (2)Å] are identical to those of related structures of aryl-
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trichloromethylimidoylamidines [2.66 (2)Å] and aryl-trifluoromethylimidoylamidines [2.616 (2)–

2.657 (4)Å].58   

Table 4.2. Selected bond lengths (Å) and angles (°) of 11 and 13 in comparison with the average 
parameters of the aryl analogs 

Compound 11 13 ArylCCl3Imidoylamidines 58 
C2 – N1 1.278(3) 1.281(3) 1.278(3) 
C2 – N2 1.375(3) 1.372(2) 1.370(3) 
C3 – N2 1.320(3) 1.315(3) 1.323(7) 
C3 – N3 1.327(3) 1.327(3) 1.327(5) 
C1 – C2 1.560(3) 1.555(3) 1.552(7) 
C3 – C4 1.497(3) 1.508(2) 1.488(5) 

N1– C2– N2 127.0(2) 127.7(2) 127.3(3) 
N1– C2– C1 122.9(2) 122.3(2) 122.7(4) 
N2– C2– C1 110.0(2) 110.0(2) 110.0(4) 
C2– N2–C3 119.4(2) 119.2(2) 120.1(2) 
N3– C3– N2 127.0(2) 127.0(2) 125.6(2) 
N3– C3– C4 115.4(2) 115.2(2) 117.8(4) 
N2– C3– C4 117.6(2) 117.7(2) 116.7(3) 
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Figure 4.5. Displacement ellipsoid plots of (a) 11 and (b) 13 drawn at the 50% probability level 
showing the atom-labelling scheme and intramolecular hydrogen bonding (indicated with dashed 

lines). The H atoms are shown as small spheres of arbitrary radii. 

 

b 

a 
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It is also worth mentioning the intermolecular hydrogen bonding. The asymmetric units of 

11 (Figure 4.6) is linked to another molecule via a discrete N–H…H. hydrogen bonds involving N 

atom of the heterocyclic ring to form a dimer. This resulted in formation of graph set motif (10) 

which is extended to 2D by N–H···Cl to form a chain. A similar hydrogen bonding pattern is 

observed in 13 (Figure 4.7). The extended intermolecular hydrogen bonding in 11 involves one 

N–H···N and three N–H···Cl moderate electrostatic hydrogen bonds (Table 4.3), which aggregate 

the molecules in a continuous 1D chain running along the crystallographic b axis forming a twofold 

helix structure and further to a 2D net along the a axis (Figure A.30, appendix).  

Table 4.3. Hydrogen bonds of 11 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° H-Bond Type 
N3 H3A N41 0.81(3) 2.70(3) 3.313(3) 134(2) Inter 
N3 H3B Cl22 0.83(3) 3.00(3) 3.733(2) 148(3) Inter 
N3 H3B N1 0.83(3) 2.00(3) 2.635(3) 132(3) Intra RAHB 
N1 H1 Cl1 0.78(3) 2.45(3) 2.9779(19) 127(3) Inter 
N1 H1 Cl33 0.78(3) 3.45(3) 4.1486(19) 151(3) Inter 

12-X,2-Y,1-Z; 2+X,1+Y,+Z; 31-X,2-Y,-Z 

Table 4.4. Hydrogen bonds of 13 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° H-Bond Type 
N1 H1 Cl12 0.84(3) 2.39(3) 2.9644(16) 126(2) Inter 
N3 H3B N31 0.84(3) 3.51(3) 4.342(3) 171(2) Inter 
N3 H3B N41 0.84(3) 2.52(3) 3.201(2) 139(2) Inter 
N3 H3A Cl112 0.85(3) 3.12(3) 3.8019(16) 138.9(2) Inter 
N3 H3A Cl133 0.85(3) 3.03(2) 3.6251(17) 129.0(2) Inter 
N3 H3A N1 0.85(3) 1.96(2) 2.633(2) 135(2) Intra RAHB 

12-X,2-Y,1-Z; 21+X,+Y,+Z; 3+X,1+Y,+Z 
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An identical intermolecular hydrogen bonding network is observed in 13 with a total of five 

moderate electrostatic hydrogen bonds (Table 4.4) involving two N–H…N and three N–H…Cl 

forming 2D framework (Figure A.31, appendix). The unique N1–H1···Cl2 hydrogen bond in both 

structures helps to restrain the Cl2 which is almost co-planar to the N–C=N–C=N moiety. 

4.4 Conclusions 

The asymmetric imidoylamidines 11 and 13 were successfully prepared and characterized. 

The structures of the compounds display unexpected remarkable properties in the solid-state and 

in solution. It is expected that the isolated 11 and 13 would be potent ligands with a rich 

coordination chemistry in addition to existing complexes of imidoylamidines in the literature. 

More so, they are also ideal precursor candidates for the synthesis of valuable organic compounds 

including thiatriazines which is the eventual goal of this research work and other nitrogen-rich 

compounds in industrial and manufacturing applications. 
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Chapter 5 Progress towards the preparation of asymmetric 3-trichloromethyl-

5-(2-pyridyl)-1-thia-2,4,6-triazinyl 

 

This chapter describes the achievements to date in the synthesis of asymmetric 1-chloro-3-

trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazine (15) and the associated thiatriazinyl radical 

(17) (Chart 5.1).  The radical is intended to be used as a chelating ligand for transition metals 

complexes with interesting magnetic properties. 

Chart 5.1 

 

5.1 Introduction 

Detailed background on thiatriazinyl radicals (TTA•) has been covered in Chapter 1. The 

radicals generally exist as diamagnetic cofacial dimers in the solid-state with short S···S contacts 

(Section 1.4).1-3 The reaction of sulfur dichloride (SCl2) with N-imidoylamidines, passivated with 

anhydrous hydrogen chloride to their corresponding hydrochlorides, under reflux in acetonitrile 

(CH3CN) has been found effective for the synthesis of asymmetric 1-chloro-3-trifluoromethyl-5-

aryl-1,2,4,6 thiatriazines (RCF3TTACl, XXV) from which their radicals (RCF3TTA•, XXVI) were 

generated in high yields by one electron reduction by Ph3Sb in CH3CN (Scheme 5.1).4 The method 

has also been used successfully for the synthesis of most symmetric aryl 1-2 and halogenated 3 

TTA•s. Using non-passivated imidoylamidines typically results in unwanted product that hinders 
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the formation of the TTACl ring. For instance, Brusso and coworkers5 went through a complex 

synthetic pathway to generate the first symmetric heterocyclic-substituted TTA•, 3,5-bis(2-

pyridyl)-1,2,4,6-thiatriazinyl (Py2TTA•, XXVI, Section 1.4.1). As shown in Scheme 5.2, they 

discovered that the condensation of N-2-pyridylimidoyl-2-pyridylamidine (Py2ImAm, A) with 

sulfur monochloride (S2Cl2) in CH3CN at room temperature and under reflux led to the formation 

of bridgehead cation salt (B) and bridgehead dication chloride (C) salts respectively. Two electron 

reduction of the latter with Ph3Sb led to the isolation of 8 electron closed-shell 3,5-bis(2-pyridyl)-

4-hydro-1,2,4,6-thiatriazine (Py2TTAH, D) which was then oxidized to open-shell 7π electron 

Py2TTA• with N-chlorosuccinimide (NCS) in the presence of 4-dimethylaminopyridine (DMAP).  

 

Scheme 5.1. Asymmetric TTACl and TTA radical synthesis route. 
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Scheme 5.2. Synthesis of XXIV using S2Cl2. 

 

5.2 Preparation of 1-chloro-3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazine via S2Cl2 

condensation reaction 

The synthesis of the asymmetric 1-chloro-3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-

triazine (15) and 3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazinyl radical (17) was 

undertaken following established condensation procedures in the literature (Scheme 5.1). In this 

work S2Cl2 is however considered instead of SCl2, because the latter is not commercially available 
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anymore. As shown in Scheme 5.3, preparation of 15 was attempted through the condensation 

reaction of the 2-pyridylimidoylamidine hydrochloride, 14 (see Chapter 4) with excess S2Cl2 under 

reflux to ensure reaction completion. The TTACl ring was successfully formed with no evidence 

of bridge-head formation as previously mentioned by Brusso and coworkers.5 This indicates that 

the passivation of imidoylamidines (with HCl) is important to tailor the condensation reaction 

mechanism towards formation of TTACl. However, isolation of 15 is quite difficult due to 

protonation of the nitrogen atom of the pyridyl substituent which is associated with the basic nature 

of the ring to form 15.HCl. More importantly, it seems that mixed salts like 15–15.HCl salt 

(Scheme 5.3) can form, as confirmed by an X-ray structural analysis of yellow blocks that grew 

from solution of the condensation reaction (prepared by refluxing for 16 h) after staying in a freezer 

at –35°C for two weeks. Optimization of this method for effective isolation of either 15 or high 

purity 15.HCl were conducted, but various complications ensued from the trials. For instance, an 

attempt to isolate 15.HCl for subsequent treatment to generate the free TTACl (15) by reducing 

reaction time to around 1–2 h was not successful because 15 was still co-generated. Besides, a 

large amount of sulfur ascribed to S2Cl2 disproportionation is a significant by-product that hinders 

further workup. An attempt to extract cogenerated component 15 from the oil (15–15.HCl) using 

carbon disulfide (CS2) resulted in the hydrolysis of 15 to the corresponding 1-oxo-3-

trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazine, (16) due to high reactivity of the S–Cl bond 

towards moisture and oxygen.6-7 1H NMR data substantiate the formation of the TTACl ring (Table 

5.1) since only pyridyl signals were observed with no peaks associated with the imidoylamidine 

N–H protons.  
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Table 5.1. 1H NMR data of 15–15.HCl and 16.  

 

Compound a (δ, ppm) b (δ, ppm) c (δ, ppm) d (δ, ppm) 
15 Py2TTACl 

Py2TTA=O, 16 

9.31 

8.71 

8.27 

8.00 

7.89 

7.63 

8.82 

8.48 

16 8.71 7.99 7.63 8.48 

 

The 1H NMR spectrum does not fully interpret the composition of 15–15.HCl as only part 

of the material, 15 is soluble in CDCl3 while the 15.HCl portion is insoluble. The 1H NMR spectra 

of the CDCl3 extract revealed sets of minor and major peaks. The minor signals are assigned to 16 

due to partial hydrolysis as confirmed by 1H NMR spectroscopy on a pure sample of 16 obtained 

from intentional hydrolysis of 15. The major component is assigned to 15 and it is quite soluble in 

chlorinated solvents being a halogenated organic molecule.8-9 

The signals of ortho protons in both 16 and assumed 15 are shifted to low frequency relative 

to Py2ImAm (11) whilst the two meta and para peaks shift to higher frequency. The 1H NMR 

peaks of 15 are strongly influenced with 0.52 ppm of H meta next to N atom, 0.42 ppm of the 

second meta H and 0.45 ppm of para H deviating from those of 11 whereas the signals of 16 are 

less affected with shifts of 0.10 ppm, 0.14 ppm and 0.19 ppm respectively from corresponding 

signals in 11. The ortho H next to the TTA ring experiences a significant shift in 15 (0.27 ppm) 

compared to 16 (0.07 ppm) against 11. A similar pattern of proton NMR signal variation has been 

observed in the formation of TTA rings in the synthesis of 3,5-di(pyridin-2-yl)-4H-1,2,4,6-
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thiatriazine (XXII).5 Due to high susceptibility of 15 to hydrolysis in air, a 13C NMR experiment 

was not conducted.  

 

Scheme 5.3. Synthesis of 15 by S2Cl2 condensation 

 

 

In furthering the modification of experimental conditions to generate 15, thermolysis to 

decompose 15–15.HCl to 15 and HCl (g) was attempted. A dark colored sticky oil was obtained 

in this step which did not permit product crystallization, however, reduction of a solution of this 

material in (3X) freeze-pump-thawed CH3CN using triphenyl antimony (Ph3Sb) as illustrated in 

Scheme 5.4 using the setup in Figure 5.1 led to the thiatriazinyl radical (17) dimer with distinctive 

deep, purple-colored microcrystals in low yield (~14 %).  
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Since condensation of 11 to 15 using S2Cl2 is prone to high sulfur production, SCl2 was 

thus considered because it has been proved to be viable for TTACl synthesis with insignificant 

side reactions.2, 6, 10-12 On repeating the reaction with  SCl2, the sulfur production was drastically 

reduced, but formation of 15–15.HCl (an oily product) still remains a major challenge. Despite the 

formation of 15–15.HCl, crystals of 15.HCl were found in the oil.  An extraction workup on the 

oil with hot hexane produced a leftover solid assumed to be the insoluble 15.HCl which accounts 

for over 80–90 % of the oil. The thermal decomposition of the solid residue, however, gave a 

reddish melt that failed to produce dimer 17 with the formation of a deep red solution. This implies 

that complete thermolysis of the protonated Py2TTACl (15.HCl) is not feasible due to strong 

basicity of the pyridyl group of the molecule. 

 

 

Scheme 5.4. Reduction of 15 to corresponding radical dimer 17 
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Figure 5.1. Setup for reduction of 15 to corresponding radical dimer 17. 

 

5.3 Crystallographic analysis of structures 

Crystallographic experimental and refinement data are summarized in Table 6.1 (Chapter 6). 

A total of five crystal structures were determined at 100 K. All the structures obtained confirm the 

formation of the TTA ring with the S–Cl in 15–15.HCl (Figure 5.2) and 15.HCl (Figure 5.3) as 

well as the S=O bonds in two polymorphs a and b of 16 that were obtained from different solvents 

(Figure 5.4). Both S–Cl and S=O bonds are almost perpendicular to the ring plane which is an 

intrinsic characteristic of TTA system.2, 13-16 The compounds 15–15.HCl, 16b and 17 crystalize in 

the triclinic space group P  with two formula units in their unit cells while 16a and 15.HCl both 

crystalize in the monoclinic space group P21/c with four formula units in their unit cells (Chapter 

6). All C–N and S–N bonds except for the structures for 16a and 16b are not significantly different 

indicating a delocalized electronic structure of the TTA rings. 
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5.3.1 Structure of 15–15.HCl and 15.HCl 

 

As shown in Figure 5.2, the structure 15.HCl is composed of a molecule of 15 and hydrogen 

chloride. However, the acetonitrile solvated 15–15.HCl structure contains a molecule of 15 and 

15.HCl which are oriented almost perpendicular to each other with two H+ atoms having half 

occupancy each (Figure 5.3). Essential bond distances and angles are presented in Table 5.1. As 

can be seen, the geometry of the core ring of 15.HCl is similar to that of the corresponding 15.HCl 

in 15–15.HCl. Both structures have puckered heterocyclic rings wherein the S atom lies 0.118 Å 

above the N–C–N–C–N plane.  Also, the structural parameters of 15 and the 15.HCl in 15–15.HCl 

are not significantly different except the S–Cl bond of 15 which is 0.1681(6) Å longer than that of 

the 15.HCl pair. The packing structure of 15.HCl (Figure 5.6a, Table 5.3) contains four 

independent molecules arranged in two discrete pairs in W-shaped manner down crystallographic 

c axis. The packing in 15–15.HCl (Figure 5.5, Table 5.4), however, contains two independent 

molecules related by an inversion center. Analysis of structural intermolecular contacts shows that 

15.HCl and 15–15.HCl display moderate electrostatic-covalent intermolecular hydrogen bonding 

of N···Cl (2.977(7) Å, Figure 5.2) and two N···N (2.6708(16) Å, Figure 5.3) respectively. These 

values fall within standard ranges (2.5–3.2Å) of moderate polarization-assisted covalent-

electrostatic H-bonds.17 Moreover, other short contacts reveal a 3D network in the packing 

arrangement in 15–15.HCl (Figure A. 33, appendix) and a W-shaped infinite chain in 15.HCl 

(Figure 5.6b).  The shortest contact of N–H (2.478(2) Å) and H–Cl (2.766(2) Å) are observed in 
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both structures. In all, the average C–N bond lengths recorded are within the range of 1.329(2)–

1.341(2) Å for the asymmetric XXV4 analogues and 1.332(5) – 1.375(4) Å for symmetric 

thiatriazines.1-2, 12 

Table 5.2. Selected bond distances (Å) and bond angles (°) of thiatriazines and the thiatriazinyl 
dimer 

Compound 15–15.HCl 15.HCl 16a 16b 17 

 15.HCl 15     

S1-Cl1/O1 2.1713(6) 2.3394(5) 2.160(3) 1.473(3) 1.471(2) — 

N1-C1 1.311(2)  1.310(2)  1.32(1) 1.274(5) 1.279(3) 1.29(2) 

S1-N1 1.626(1)  1.627(1)  1.609(7) 1.703(4) 1.707(2) 1.65(2) 

N2-S1 1.597(1)  1.595(1)  1.612(7) 1.690(3) 1.688(2) 1.63(2) 

C2-N2 1.335(2)  1.337(2)  1.34(1) 1.282(5) 1.287(3) 1.31(2) 

N3-C2 1.339(2)  1.334(2)  1.33(1) 1.371(6) 1.368(3) 1.35(2) 

C1-N3 1.341(2)  1.338(2)  1.34(1) 1.368(4) 1.364(3) 1.38(3) 

S1-N2-C2 117.3(1)  117.5(1)  116.2(6) 119.1(3) 119.2(2) 119(1) 

N2-C2-N3 128.2(1)  127.8(1)  129.3(8) 125.3(4) 125.1(2) 127(2) 

C2-N3-C1 117.1(1)  117.1(1)  117.1(7) 121.0(3) 121.6(2) 118(2) 

N3-C1-N1 130.3(1)  130.2(1)  128.6(8) 126.3(4) 126.3(2) 128(2) 

C1-N1-S1 116.0(1)  115.8(1)  116.8(6) 118.2(3) 117.8(2) 118(2) 

N1-S1-N2 110.42(6)  110.25(6) 109.3(3) 104.2(2) 104.3(1) 108.4(9) 
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Figure 5.2. Displacement ellipsoid plot of 15.HCl drawn at the 50% probability level showing 
the atom-labelling scheme and with short contacts indicated with dashed lines. The H atoms are 

shown as small spheres of arbitrary radii. 

 
Figure 5.3. Displacement ellipsoid plot of 15–15.HCl solvated with CH3CN drawn at the 50% 
probability level showing the atom-labelling scheme with short contacts indicated with dashed 
lines. The H atoms are shown as small spheres of arbitrary radii. The two H+ atoms have half 

occupancy each. 
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Figure 5.4. Displacement ellipsoid plot of (a) 16a (space group P21/c) and (b) 16b (space group 
P  with minor disorder O component omitted for clarity) drawn at the 50% probability level 

showing the atom-labelling schemes and with short contacts indicated with dashed lines. The H 
atoms are shown as small spheres of arbitrary radii. 

 

a 

b 
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Figure 5.5. A crystal packing diagram of 15–15.HCl projected almost down the b axis. 
Displacement ellipsoids are drawn at the 50% probability level. Hydrogen bonding and short 

contacts are indicated by green dashed lines. 

 

Table 5.3. Hydrogen bonds of 15.HCl 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N4 H4 Cl5 0.80(10) 2.22(10) 2.977(7) 157(9) 

 

Table 5.4. Hydrogen bonds of 15–15.HCl 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N14 H14 N4 0.901(19) 1.84(3) 2.6708(16) 152(4) 

N4 H4 N14 0.89(2) 1.82(3) 2.6708(16) 158(5) 
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Figure 5.6. The crystal packing structure of 15.HCl projected down the c axis (a) without and (b) 
with short contacts. Displacement ellipsoids are drawn at the 50% probability level. Hydrogen 

bonding and short contacts are indicated by green dashed lines. 

 

 

 

 

a 

b 
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5.3.2 Structure of 16 

The structure of 16 expresses two distinctive packing arrangements when crystallized from 

different solvents. Structure 16a was obtained from CS2 and 16b from hexanes (Figure 5.4 a and 

b). The two structures are similar in geometry but different in their packing arrangements leading 

to the two distinguishing space groups observed. A second oxygen atom of 4% occupancy is found 

in the structure of 16b which is omitted in Figure 5.4b, solvent interaction is a likely cause of the 

structure crystallizing in a different space group than 16a. Both structures have puckered 

heterocyclic rings, with sulfur atoms lying at 0.372 Å and 0.396 Å in 16a and 16b above the mean 

N–C–N–C–N   planes. The analysis of the bond distances and angles shows that the two structures 

are highly similar. The geometric parameters are comparable with those of previously reported 

structures of symmetric Ph2TTA=O (FOMTIK)6 and Py2TTA=O18 (Table 5.5) in CSD. The 

packing structure of 16a (Figure 5.7a) and 16b (Figure 5.8a) display two molecules that are related 

by an inversion center and both of them show interesting short contacts with 16a reflecting a 3D 

channel network (Figure 5.7b) and 16b exhibiting a layered arrangement (Figure 5.8b) via N–

H···S and N–H···O bonds (Table 5.6) to form an infinite chain that aligns along the a axis. 



147 
 

 

Figure 5.7. A crystal packing diagram of 16a projected down c axis (a) without and (b) with 
short contacts. Displacement ellipsoids are drawn at the 50% probability level. Short contacts are 

indicated by blue dashed lines. 

 

a 

b 
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Figure 5.8. A crystal packing diagram of 16b (a) projected down the a axis with displacement 
ellipsoids drawn at the 50% probability level. Hydrogen bonding is indicated by green dashed 
lines (b) capped sticks projected almost down the b axis, short contacts are indicated by green 

dashed lines. O is red; S is yellow; N is purple; C is ash; and H is grey. 

 

 

a 

b 
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Table 5.5. Comparison of bond distances and angles of 16 with previously reported analogs. 

 

Bond 16a FOMTIK14 KOMZUJ0118 

S1-O1 (Å) 1.473(3) 1.476(4) 1.459(4) 

N1-C1 (Å) 1.274(5) 1.281(7) 1.283(4) 

S1-N1 (Å) 1.703(4) 1.677(5) 1.681(3) 

N2-S1 (Å) 1.690(3) 1.674(4) 1.687(3) 

C2-N2 (Å) 1.282(5) 1.281(7) 1.285(4) 

N3-C2 (Å) 1.371(6) 1.378(7) 1.367(4) 

C1-N3 (Å) 1.368(4) 1.411(7) 1.373(4) 

S1-N2-C2 (°) 119.1(3) 118.6(4) 118.7(2) 

N2-C2-N3 (°) 125.3(4) 124.7(5) 125.5(3) 

C2-N3-C1 (°) 121.0(3) 120.3(4) 121.7(3) 

N3-C1-N1 (°) 126.3(4) 123.0(5) 124.9(3) 

C1-N1-S1 (°) 118.2(3) 119.1(2) 119.1(2) 

N1-S1-N2 (°) 104.2(2) 103.2(2) 105.1(1) 

 

Table 5.6. Hydrogen bonds of 16b 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N3 H3 S11 0.88 3.04 3.8766(18) 158.7 

N3 H3 O1A1 0.88 2.18 3.05(4) 168.4 
1-1+X,+Y,+Z 
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5.3.3 Crystal structure of 17 

It is worth mentioning that the current crystal structure of radical dimer 17 is derived from 

a microcrystal that did not permit a complete dataset. The quality of the current structural data is 

still of sufficient quality to discuss the molecular architecture of the radical dimer (17). The 

displacement ellipsoids drawing of the structure of 17 is depicted in Figure 5.9 with the atom 

numbering scheme. Comparing the thiazyl core ring statistically with that of the 15 in 15–15.HCl 

(Table 5.1), there is a slight difference between the C–N and S–N bond lengths as expected 

reflecting the radical character of 17. It is expected that the geometry of 17 should be different 

from 15, because the single electron is occupying an antibonding SOMO orbital which has been 

shown in past work with distinctive difference between the cation, neutral and anion TTA.3 

Moreover, slight differences are observed in some of the angles within the ring including S1–N2–

C2 and C1–N1–S1 that increase by 1.5(1)° and 2.2(2)° as well as N3–C1–N1 that reduces by 2.2(2)° 

relative to 15. Similar behavior has been observed in other thiatriazinyl derivatives.1, 3, 12, 19-20 In 

analysing the crystal packing of 17 (Figure 5.10a and b), each dimer of 17 is made up of two 

molecules that are closely packed and strangely arranged in an unprecedented head-to-tail manner 

with the Cl3 groups rotated 180° to each other contrary to the head-to-head S···S pancake (cofacial) 

dimer arrangement largely reported for the diverse existing thiatriazinyls in the CSD. The two 

halves of the dimer are strongly held together by two 2.92(2) Å S(δ+)···N(δ–) dispersive 

electrostatic short contacts (Figure 5.10a). Each of the dimers are linked together via S···N short 

contacts resulting into an infinite chain network in which the dimers are laying edge-to-edge to 

one another. 
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Figure 5.9. Displacement ellipsoid plot of the monomer which is the asymmetric unit of 17 (the 
true structure is the dimer) drawn at the 50% probability level showing the atom-labelling 

scheme. The H atoms are shown as small spheres of arbitrary radii. 
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Figure 5.10. (a) The crystal packing displacement ellipsoid plot drawn at the 50% probability 
level. Short contacts are indicated by green dashed lines. (b) Space filling structure of 17. Cl is 

green; S is yellow; N is purple; C is charcoal; and H is grey. 

 

 

a 

b 
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Figure 5.11. The crystal packing structure of 17 shown as capped sticks. Short contacts are 
indicated by green dashed lines with a chain running along a axis. Cl is green; S is yellow; N is 

blue; C is ash; and H is grey. 

 

5.4 Conclusions 

  The synthesis of unsymmetrical 5-(2-pyridyl)-3-trichloromethyl-substituted thiatriazines 

(PyCCl3TTACl) and subsequent thiatriazinyls (PyCCl3TTA•) was investigated as a potential 

building block for molecular magnet development through condensation of imidoylamidine 

hydrochloride with sulfur chlorides.  The route which has been found to work excellently for 5-

aryl-3-trifluoro thiatriazinyl preparation has proven very challenging in the case of the 2-pyridyl 

derivative due to protonation of its nitrogen atom with hydrochloride proton which is the major 

by-product of the reaction process. The TTA ring appears to be successfully formed, but the 

problematic protonation significantly hinders the isolation of the intended product. The results of 

various optimizations of the synthesis up to this moment are supported with spectroscopic data 

from NMR as well as reliable structural examinations using X-ray diffraction. All structural data 

evidently corroborate the NMR results. In all, the results obtained so far give positive hope for 

efficient generation of the 3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazinyl that the current 
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structure at hand shows possible geometries for bidentate chelate coordination to transition metals 

for conceivable application as a molecular magnet (Chart 5.2).  

Chart 5.2 

 

5.5 Future work 

Optimization of the current achievement on this project in getting the free TTACl and 

subsequent generation of the stable radical for the next line of studies in reasonable yield is 

ongoing. Two concepts are under investigation to combat the current difficulties. The first option 

is to painstakingly neutralize the moisture sensitive 15–15.HCl using a suitable organic or 

inorganic base in an appropriate solvent. An alternative is to switch to utilizing a persilylated 

imidoylamidine to avoid the HCl by-product present in the current method. Here the leaving group 

will be the relatively unreactive (CH3)3SiCl. 

The synthesis of the 2-pyrimidly (Pm) substituted thiatriazinyl analog is in progress as well. 

These studies which I plan to finalize in a PhD program in future will provide me further 

information on the unique chemistry of the asymmetric Py- and Pm- substituted thiatriazinyl. 
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Chapter 6     Experimental procedures 

This chapter presents the experimental details and characterization data for all results 

reported in the thesis. 

6.1 General procedures 

All reagents including copper(I) chloride (CuCl, Sigma-Aldrich), copper(I) bromide (CuBr, 

Sigma-Aldrich), 2-pyridinecarbonitrile (PyCN, Aldrich), 2-pyrimidinecarbonitrile (PmCN, 

Aldrich), trichloroacetonitrile (CCl3CN, Aldrich), (calcium chloride (CaCl2, EMD, USA), carbon 

disulfide (CS2, EMD, USA), ammonium chloride (NH4Cl, EMD, USA), magnesium sulfate 

(MgSO4, Fisher) are commercial grade and were used as received except solvents for moisture-

sensitive reactions that required drying. Acetonitrile (CH3CN, Fisher) was distilled over P2O5 and 

stored over CaH2 from which it was freshly distilled before use, while chloroform (CHCl3, BDH) 

was purified by distillation over P2O5. Acetonitrile and chloroform were degassed by three freeze-

pump-thaw cycles and stored under nitrogen prior to use. Heptane (Fisher Chemicals, USA), 

ethanol (Greenfield Global, Canada), methanol (Fisher Chemicals, USA), and isopropanol (Fisher 

Chemicals, USA) were used as received. Ether and dichloromethane were collected from a Solvent 

Purification System (SPS, MBraun). The experiments were conducted under an inert nitrogen gas 

stream using standard Schlenk techniques or glove box unless otherwise stated. Deuterated 

chloroform (CDCl3) used as solvent for NMR spectroscopy was dried over 4 Å molecular sieves. 

The ligands (PPh3−n(dipp)n, dipp = 2,6-Diisopropylphenyl) were prepared and purified as 

previously reported.1 NMR (1H, 13C and 31P) were recorded at ambient temperature (22°C) on a 

300 MHz Bruker Avance II liquids spectrometer or on a 700 MHz Bruker Avance III HD liquids 

and solids with sample changer spectrometer (Bruker, Germany). Spectra are referenced with 

respect to TMS as internal standard at 0.0 ppm or the solvent peak (CHCl3 in case of CDCl3, 7.26 
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ppm for 1H and 77.0 ppm for 13C) or against 85% H3PO4 external standard for 31P at 0.0 ppm. The 

NMR coupling constants are reported in Hertz with abbreviations such as d = doublet, t = triplet, 

Br = broad, Sh = sharp and m = multiplet, while the chemical shifts are in ppm. 1H–1H COSY, 1H–

13C HSQC and 1H–13C HMBC experiments were undertaken for resonance assignments. Melting 

points were determined in open tubes on a Barnstead Electrothermal Digital Mel-Tepm 3.0. Infra-

red (IR) spectra were collected using Bruker Tensor 37 Fourier Transform Infrared 

Spectrophotometer with ATR (attenuated total reflectance) and diffuse reflectance accessories. 

Elemental compositions of compounds were evaluated using an Elementar CHNS analyzer Vario 

Micro Cube (solvent amounts are included in isolated solvates parameters).* 

6.2 Synthetic procedures 

6.2.1 [CuCl(DippPh2P)]2 (1) 

DippPh2P (70 mg, 0.202 mmol) was added to a suspension of CuCl (20 mg, 0.202 mmol) 

in 2.5 mL of CHCl3. The mixture was stirred for 30 min. The solution was filtered through glass 

wool, and pure colorless crystals were grown overnight by carefully layering heptane onto the 

chloroform solution of the copper complex in a narrow tube. Yield: 78.6% (70.7 mg, MP = 228 – 

231°C). Calculated, % (Analysis found, %) for C48H54P2Cu2Cl2: C- 64.71 (C- 64.71); H- 6.11 (H- 

6.22). 1H NMR (300 MHz, CDCl3): δ 7.52 – 7.45 (m, Phmeta, 8H; t, JHH = 7.8 Hz, dipppara, 2H); δ 

7.37 – 7.35 (m, Phpara, 4H; m, Phortho, 8H), δ 7.25 – 7.22 (d of d, JHH = 7.8 Hz dippmeta 4H); δ 3.72 

(sept, JHH = 6.5 Hz, JPH = < 1 Hz, dipp-H, 4H); δ 0.90 (d, JHH = 6.6 Hz, 24H, dipp-Me). 13C NMR 

(300 MHz, CDCl3): δ 155.4 (Br s, dipp-iPr ipso-C), δ 132.9 (d, Phmeta, JPC = 42 Hz), δ 132.3 and δ 

132.1 (Ph ipso), δ 131.9 (s, dipppara), δ 129.7 (Phpara), δ 128.8 (Br, Phortho), δ 125.2 (Br s, dippmeta), 

δ 125.0 (Br s, dipp ipso), δ 33.0 (d, dipp iPr, JPC = 42 Hz), δ 24.6 (s, dipp-Me). 31P NMR (300 

MHz, CDCl3): δ -14.66. FTIR (diamond anvil ATR, cm−1): 3050w, 2968w, 2955w, 2924w, 2866w, 
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2369w, 2338w, 1583w, 1568w, 1478w, 1454w, 1434s, 1383w, 1361w, 1340w, 1329w, 1306w, 

1242w, 1226w, 1180w, 1159w, 1122w, 1095m, 1070w, 1060w, 1047m, 1027m, 997w, 973w, 

960w, 926w, 894w, 852w, 800m, 751m, 741vs, 694vs, 625w, 617w, 585w, 531vs, 522s, 485vs, 

466vs, 445s. 

6.2.2 [CuBr(DippPh2P)]2 (2) 

Preparation of 2 was achieved following the procedure for complex 1 with the replacement 

of CuCl with CuBr. Colorless crystals were also achieved by slow cooling of a CHCl3 saturated 

solution of the product. Yield: 74% (73 mg, MP = 206 – 208°C). Calculated, % (Analysis found, 

%) for C50H56P2Cu2Br2: C- 62.75 (62.03); H- 5.61 (5.42). 1H NMR (300 MHz, CDCl3): δ 7.57 – 

7.43 (m, Phmeta, 8H; t, JHH = 7.8 Hz, dipppara, 2H); δ 7.39 – 7.32 (m, Phpara, 4H; m, Phortho, 8H), δ 

7.28 – 7.20 (d of d, JHH = 7.8 Hz, JPH = 3.1 Hz dippmeta 4H); δ 3.74 (sept of d, JHH = 6.6 Hz, JPH = 4.2 

Hz dipp-H, 4H); δ 0.88 (d, JHH = 6.6 Hz, 24H, dipp-Me). 13C NMR (300 MHz, CDCl3): δ 155.6 

(dipp-iPr ipso-C, JPC = 42 Hz), δ 132.9 (d, Phmeta, JPC = 57.4 Hz), δ 132.3 (Ph ipso, JPC = 15.4 Hz) 

and δ 132.1 (Br s, Ph ipso ), δ 132 (s, dipppara), δ 129.6 (Phpara), δ 128.8 (d, Phortho, JPC = 37.8 Hz), 

δ 125.4 (d, dippmeta, JPC = 28.7 Hz), δ 125.2 (d, dipp ipso, JPC = 25.9 Hz), δ 33.1 (d, dipp iPr, JPC = 

60.2 Hz), δ 24.7 (s, dipp-Me). 31P NMR (300 MHz, CDCl3): δ -16.68. FTIR (Diamond Anvil ATR, 

cm−1): 3056w, 2962w, 2953w, 2924w, 2865w,1584w, 1569w, 1477w, 1461w, 1434m, 1381w, 

1361w, 1337w, 1305w, 1240w, 1213m, 1178w, 1157w, 1124w, 1096m, 1057w, 1044w, 1027w, 

999w, 925w, 912w, 842w, 805m, 758vs, 743vs, 694vs, 670, 624, 586w, 528s, 486s, 465s, 439m, 

426w. 

6.2.3 [CuCl(Dipp2PhP)]2 (3) 

The CuCl (10 mg, 0.101 mmol) and Dipp2PhP (43.5 mg, 0.101 mmol) were introduced 

into a Schlenk flask under a N2 atmosphere. About 1.8 mL of CHCl3 was then introduced and the 
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suspension was stirred for 30 min to complete the reaction. The resulting solution was filtered 

through tissue/glass wool bed into a narrow tube, and pure colorless crystals were grown overnight 

by carefully layering heptane over the chloroform. Yield: 67.3% (36 mg, MP = 215 – 218°C). 

Calculated, % (Analysis found, %) for C60H78P2Cu2Cl2: C- 68.04 (68.04); H- 7.42 (7.45). 1H NMR 

(300 MHz, CDCl3): δ 7.56 – 7.7035 (m, Phmeta, 8H; t, JHH = 7.6 Hz, dipppara, 2H); δ 7.26 – 7.19 (m, 

Phpara, 4H; m, Phortho, 4H; d of d, JHH = 7.1 Hz, JPH = 3.3 Hz dippmeta 4H); δ 3.51 (sept of d, JHH = 6.3 

Hz, JPH = 3.7 Hz, dipp-H, 4H); δ 1.01 (d, JHH = 6.6 Hz, 12H, dipp-Me) ; δ 0.87 (d, JHH  =  6.6 Hz, 

12H, dipp-Me). 13C NMR (300 MHz, CDCl3): δ 152.7 (dipp-iPr ipso-C, JPC = 42 Hz), δ 137.3 (Br, 

Phpara), δ 131.7 (d, Ph ipso, JPC = 175 Hz), δ 131.5 (s, dipppara), δ 131.2 (s, Phmeta), δ 129.3 (d, 

Phortho, JPC = 49 Hz), δ 127.1 (d, dipp ipso, JPC = 175 Hz), δ 126 (d, dippmeta, JPC = 28 Hz), δ 32.6 

(d, dipp iPr, JPC = 55.3 Hz), δ 24.8 (s, dipp-Me), δ 24.2 (s, dipp-Me). 31P NMR (300 MHz, CDCl3): 

δ -17.42. FTIR (Diamond Anvil ATR, cm−1): 3049w, 2997w, 2958m, 2924w, 2864w, 1586w, 

1571w, 1483w, 1460m, 1435m, 1385w, 1362w, 1342w, 1312w, 1242w, 1227w, 1182w, 1161w, 

1126w, 1103w, 1087w, 1048w, 1028w, 1000w, 922w, 846w, 806vs, 744s, 700s, 688w, 618w, 

586w, 527w, 514s, 480s, 462vs, 441m, 426w, 406w. 

6.2.4 [CuBr(Dipp2PhP)]2 (4) 

This was obtained in the same way as complex 3 with the replacement of CuCl with CuBr 

(14.5 mg, 0.101 mmol). The CuBr suspension in 1.8 mL CHCl3 was reacted with one equivalent 

of Dipp2PhP by stirring for 30 min. Colorless crystals suitable for X-ray crystallographic analysis 

were recovered overnight from heptane layering over the CHCl3 solution. Yield: 65.5% (38 mg, 

MP = 222 – 226°C). Calculated, % (Analysis found, %) for C62H80P2Cu2Br2: C- 63.42 (63.53); H- 

6.87 (6.76). 1H NMR (300 MHz, CDCl3): δ 7.51 – 7.37 (m, Phmeta, 8H; t, JHH = 7.8, dipppara, 2H); δ 

7.26 – 7.16 (m, Phpara, 4H; m, Phortho, 4H; d of d, JHH = 7.8 Hz, JPH = 3.2 Hz dippmeta 4H); δ 3.52 (d 
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of sept, JHH = 6.5 Hz, JPH = 3.9 Hz, dipp-H, 4H); δ 1.01 (d, JHH  =  6.60 Hz, 12H, dipp-Me) ; δ 0.87 

(d, JHH  =  6.60 Hz, 12H, dipp-Me). 13C NMR (300 MHz, CDCl3): δ 152.7 (dipp-iPr ipso-C, JPC = 

42 Hz), δ 137.3 (Br, Phpara), δ 131.8 (d, Ph ipso, JPC = 153.3 Hz), δ 131.5 (s, dipppara), δ 131.2 (s, 

Phmeta), δ 129.3 (d, Phortho, JPC = 44.1 Hz), δ 127.2 (d, dipp ipso, JPC = 170.8 Hz), δ 126 (d, dippmeta, 

JPC = 29.4 Hz), δ 32.6 (d, dipp iPr, JPC = 56 Hz), δ 24.8 (s, dipp-Me), δ 24.3 (s, dipp-Me). 31P NMR 

(300 MHz, CDCl3): δ -17.5. FTIR (Diamond Anvil ATR, cm−1): 3002w,2955w, 2925w, 2865w, 

1586w, 1570w, 1482w, 1462m, 1447m, 1435m, 1383m, 1362m, 1345w, 1312w, 1270w, 1228w, 

1203w, 1185w, 1161w, 1125w, 1101w, 1088w, 1048w, 922w, 904w, 852w, 810m, 801m, 765s, 

751vs, 742vs, 704s, 690m, 666m, 586w, 528s, 514m, 479w, 461s, 442w,431w.  

6.2.5 [CuCl(DippPh2P)2] (5) 

The solution of CuCl (20 mg, 0.202 mmol) prepared by dissolving CuCl in 5 mL CH3CN 

under stirring for 5 min was reacted with DippPh2P (70 mg, 0.202 mmol) added into the dried 

solution. The mixture while stirring led to the formation of pure colorless microcrystals of 

[CuCl(DippPh2P)2] (1) containing some crystals that diffracted excellently for X-ray 

crystallography, while a bigger sized crystal suitable for crystallography analysis was grown in 

CHCl3 by slow cooling. Yield: 95.3% (76.2 mg, MP = 204 – 207°C). Calculated, % (Analysis 

found, %) for C48H54P2CuCl: C- 72.80 (73.09); H- 6.87 (6.78). 1H NMR (300 MHz, CDCl3): δ 

7.48 – 7.42 (m, Phmeta, 8H; m, dipppara, 2H); δ 7.29 – 7.25 (m, Phpara, 4H; m, Phortho, 4H); δ 7.24 – 

7.20  (d of d, JHH = 7.8 JPH = 2.3 Hz, dippmeta 4H); δ 3.63 (sept of d, JHH = 6.3 Hz, JPH = 5.4 Hz, dipp-

H, 4H); δ 0.83 (d, JHH  =  6.90 Hz, 24H, dipp-Me). 13C NMR (300 MHz, CDCl3): δ 155.8 (dipp-iPr 

ipso-C), δ 133.6 (Br s, Ph ipso), δ 132.5 (d, Phmeta, JPC = 60.2 Hz), δ 131.7 (s, dipppara), δ 128.9 

(Phpara), δ 128.5 (Phortho JPC = 31.5 Hz), δ 127.0 (Br s, dipp ipso), δ 125.0 (d, dippmeta JPC = 22.4 

Hz), δ 33.2 (d, dipp iPr, JPC = 63 Hz), δ 24.5 (s, dipp-Me). 31P NMR (300 MHz, CDCl3): δ -17.96. 
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FTIR (Diamond Anvil ATR, cm−1): 3050w, 2975w, 2957w, 2923w, 2864w, 2846w, 1581w, 

1566w, 1483w, 1462m, 1435m, 1382w, 1360w, 1333w, 1304w, 1278w, 1260m, 1238w, 1180m, 

1160m, 1147m, 1094s, 1047s, 1026s, 921m, 806vs, 742vs, 694vs, 624m, 616m, 583m, 521vs, 

494s, 482vs, 465vs, 441s, 418s.  

6.2.6 [CuBr(DippPh2P)2] (6) 

This complex was prepared in a manner similar to complex 5 with the replacement of CuCl 

by CuBr (29 mg, 0.202 mmol) using two equivalent DippPh2P. Colorless crystals were also 

generated by slow cooling of CHCl3 saturated solution of the product. Yield: 91.1% (77 mg, MP 

= 209 – 211°C). Calculated, % (Analysis found, %) for C48H54P2CuBr: C- 68.93 (69.07); H- 6.51 

(6.71). 1H NMR (300 MHz, CDCl3): δ 7.51 – 7.41 (m, Phmeta, 8H; t, JHH = 7.8, dipppara, 2H); δ 7.32 

– 7.24 (m, Phpara, 4H; m, Phortho, 8H); δ 7.23 – 7.19 (d of d, dippmeta JHH = 7.8 JPH = 2.6 4H); δ 3.64 

(sept, JHH = 6.6Hz, JPH = 6.1 Hz, dipp-H, 4H); δ 0.83 (d, JHH = 6.6 Hz, 24H, dipp-Me). 13C NMR 

(300 MHz, CDCl3): δ 155.9 (dipp-iPr ipso-C), δ 133.6 (Br s, Ph ipso), δ 132.5 (d, Phmeta, JPC = 67.2 

Hz), δ 131.7 (s, dipppara), δ 128.9 (Phpara), δ 128.6 (Phortho JPC = 31.5 Hz), δ 127.1 (Br s, dipp ipso), 

δ 125.0 (d, dippmeta JPC = 24.4 Hz), δ 33.3 (d, dipp iPr, JPC = 65 Hz), δ 24.6 (s, dipp-Me). 31P NMR 

(300 MHz, CDCl3): δ -18.65. FTIR (Diamond Anvil ATR, cm−1): 3051w, 2975w, 2954w, 2926w, 

2863w,2844w, 1582w, 1566w, 1483w, 1462w, 1435m, 1382w, 1361w, 1333w, 1304w, 1278w, 

1263w, 1237w, 1219w, 1180w, 1160w, 1147w, 1122w, 1095w, 1048w, 1027w, 999w, 989w, 

967w, 952w, 921w, 879w, 842w, 806m, 742vs, 696vs, 624w, 616w, 583w, 522vs, 495m, 483m, 

4645m, 442m, 418w. 

6.2.7 Synthesis of 2-amidinopyridine hydrochloride (7) 

2-Amidinopyridine hydrochloride was prepared in high yield as described in the literature 

with slight modification.2 In summary, 2-pryridinecarbonitrile (10 g, 96.1 mmol) was dissolved in 
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100 mL of MeOH using a 500 mL round bottom flask equipped with a magnetic stir bar. Sodium 

methoxide, MeONa (1.08 g, 20 mmol) was then added, and the solution stirred at room temperature 

for 12 h. Ammonium chloride, NH4Cl (5.14 g, 96.1 mmol) was added, and the slurry refluxed for 

5 h. The unreacted NH4Cl was filtered off under gravity and the filtrate concentrated to ¼ of the 

solution. Pure 7 was precipitated from the concentrated solution by adding 150 mL ether to yield 

12.85 g (85.1%) solid; MP = 149-151°C. Anhydrous crystals of 7 suitable for X-ray analysis were 

recovered by slow cooling of isopropanol solution while the hydrated crystals were formed by 

either solid state recrystallization of the anhydrous crystals on exposure to air or slow evaporation 

of ethanol solution in air. 1H NMR (300 MHz, CDCl3): δ 9.45 (Br s, N-H, 4H); δ 8.92 (d, JHH = 

8.1 Hz, pyridylmeta, 1H); δ 8.72 (d, JHH = 4.5 Hz, pyridylortho, 1H); δ 8.06 (d of d of d, JHH = 7.8 Hz, 

pyridylmeta, 1H); δ 7.63 (d of d, JHH = 12.3 Hz, JHH = 4.65 Hz, pyridylpara, 1H). FTIR (Diamond 

Anvil ATR, cm−1): 3396w, 3052w, 2753w, 1691w, 1657w, 1642w, 1592s, 1536m, 1521m, 1489m, 

1458s, 1405w, 1345s, 1328s, 1292vs, 1232s,1175m, 1137m, 1102m, 1090m, 1077m,1041m, 

1010m, 974w, 900w, 787vs, 748s, 701m, 675s, 652s, 627s, 591s, 564s, 526vs, 484s, 461vs, 439vs, 

426vs, 406vs. 

6.2.8 Preparation of 2-amidinopyridine (8) 

7 (12.26 g) was suspended in 15 mL MeOH in a 500 mL round bottom flask. While stirring, 

1.5 equivalent KOH suspended in 15 mL MeOH was added and stirred for 3 min. DCM (150 mL) 

was immediately added to extract the liberated PyA. The KCl formed was filtered under gravity 

using a large glass funnel, and MgSO4 (3 g) was added to the filtrate to remove moisture. The 

MgSO4 was then filtered, and the solvent removed under reduced pressure. Light brown sticky 

material obtained was further dried at high vacuum to remove traces of MeOH. The material was 

re-dissolved in 150 mL DCM and the suspended solid (MeOH soluble KCl) filtered. The solution 
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was evaporated to dryness, and the final product was vacuum-dried to give crystalline off-white 

solid 8 with 83.14 % (7.83 g) yield, MP = 50 – 54°C. Single crystals of 8 suitable for X-ray 

diffraction analysis was grown from MeOH/DCM. Calculated, % (Analysis found, %) for C6H7N3: 

C- 59.49 (C- 59.41); H- 5.82 (H- 5.85); N- 34.69 (N- 34.49). 1H NMR (300 MHz, CDCl3):  δ 8.58 

(d, JHH = 4.2 Hz, pyridylmeta, 1H); δ 8.13 (d, JHH = 7.8 Hz, pyridylortho, 1H); δ 7.80 (d of d of d, JHH 

= 7.8 Hz, JHH = 1.5 Hz, pyridylmeta, 1H); δ 7.38 (d of d of d, JHH = 12.4 Hz, JHH = 4.8 Hz, JHH = 1.2 

Hz, pyridylpara, 1H); δ 6.0 (Br s, N-H, 3H).  FTIR (Diamond Anvil ATR, cm−1): 3462w, 3443w, 

3342w, 3266w, 3230w, 3064w, 3051 w, 3005w, 2732w, 1706w, 1617s, 1587s, 1563s, 1477vs, 

1453vs, 1415vs, 1373m, 1310w, 1289m, 1254m, 1199s, 1148s, 1090m, 1043m, 997s, 964w, 

890m, 847s, 804s, 773m, 742s, 688m, 655s, 629s, 607s, 470vs, 450vs. 

6.2.9 Synthesis of 2-amidinopyrimidine hydrochloride (9) 

This was prepared in a manner analogous to 7 utilizing 14.63 g (0.14 mol) 2-pyrimidine 

carbonitrile (PmCN, 1.58 g, 29.25 mmol) MeONa and 7.46 g (0.14 mol) of NH4Cl. A brown 

mixture was obtained after refluxing for 3 h in 150 mL of MeOH. The solvent was removed and 

the recovered solid suspended in 150 mL EtOH and refluxed for 1 h. The unreacted NH4Cl was 

filtered using a gravity setup and the filtrate concentrated to ¼ of the initial volume. About 50 mL 

of ether was added, and pure colorless plate crystals of 2-amidinopyrimidine hydrochloride 9 

precipitated out of solution within 12 h from which suitable single crystal were obtained to collect 

X-ray data for structural determination, yield: 17.27 g (78.22%); MP =  190–192 °C. FTIR 

(Diamond Anvil ATR, cm−1): 3277w, 3079w, 3040w, 1691m, 1566m, 1540m, 1477w, 1435w, 

1391vs, 1285w, 1274w, 1230w, 1194w, 1093m, 1052m, 999m, 901w, 842m, 812m, 785m, 710s, 

662s, 634vs, 588s, 506s. 
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6.2.10 Preparation of 2-amidinopyrimidine (10) 

This is a known compound with CAS Registry number [45695-56-5].3 It was synthesized 

in a manner similar to 8 using 1.5 equivalents of KOH. After neutralization of PmA.HCl in 50 mL 

MeOH in 5 min, 200 mL DCM was used to extract the free 10. Excess KOH and KCl which was 

formed was filtered off and the filtrate was dried with MgSO4. The solution was evaporated to 

dryness, and the solid recrystallized from 1:5 methanol:DCM to afford pure colorless block 

crystals of 10 (yield: 11.5 g, 86.14%) which are of excellent qualities for X-ray analysis; MP = 

162 – 164 °C [lit. 159 – 163 °C]3. Calculated, % (Analysis found, %) for C5H6N4: C- 49.17 (C- 

49.02); H- 4.95 (H- 4.99); N- 45.88 (N- 45.49). 1H NMR (300 MHz, CDCl3) [300 MHz, DMSO-

d6]3: δ 8.81 [8.95] (d, JHH = 4.8 Hz, pyrimidylmeta, 2H); δ 7.36 [7.63] (t, JHH = 4.8 Hz, pyrimidylpara, 

1H); δ 6.69 [7.12] (Br s, N-H, 3H). 13C NMR (300 MHz, CDCl3) [ 300 MHz, DMSO-d6]3: δ 160.5 

[159.6] (s, N–C =Nipso C), δ 157.4 [157.5] (s, pyrimidylmeta, 2C), δ 156.6 [156.2] (pyrimidylipso), δ 

121.7 [121.8] (s, pyrimidylpara). FTIR (Diamond Anvil ATR, cm−1): 3404w, 3286w, 3106w, 

3057w, 1652m, 1594w, 1562m, 1471w, 1443w, 1399s, 1284m, 1250s, 1158s, 1104m, 996m, 

897w, 857m, 818s, 784s, 702s, 663s, 630vs, 548s, 509s, 423s. 

6.2.11 Synthesis of trichloromethyl-2-pyridylimidoylamidine (11) 

Following a literature procedure,4 to PyA (4.5 g, 37.15 mmol) dissolved in 25 mL dried 

and degassed acetonitrile in a 100 mL Schlenk flask placed in an ice bath was added 3.81 mL of 

CCl3CN (37.15 mmol) dropwise through a syringe over a period of 3 min under an inert 

atmosphere. The resulting mixture was allowed to warm to room temperature and heated to reflux 

for 1 h. The colorless solution obtained was cooled to ambient temperature wherein no crystals 

were formed. Pure colorless crystals (needles) of PyCCl3ImAm grew out of solution by slow 

cooling to –35 °C in the freezer, yield: 9.56 g (97%); MP = 80 – 83 °C. Calculated, % (Analysis 
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found, %) for C8H7N4Cl3: C- 36.19 (C- 36.37); H- 2.66 (H- 2.67); N- 21.10 (N- 20.79). 1H NMR 

(300 MHz, CDCl3): δ 10.43 (Br s, amino N-H, 1H); δ 9.47 (Br s, amino N-H, 1H); δ 8.61 (d, JHH 

= 4.0 Hz, pyridylmeta, 1H); δ 8.55 (d, JHH = 7.9 Hz, pyridylortho, 1H); δ 8.48 (Br s, imino N-H, 1H); 

δ 7.85 (d of d of d, JHH = 7.8 Hz, JHH = 1.7 Hz, pyridylmeta, 1H); δ 7.44 (d of d of d, JHH = 12.3 Hz, 

JHH = 4.8 Hz, JHH = 1.2 Hz pyridylpara, 1H). 13C NMR (300 MHz, CDCl3): δ 168.2 (s, imino ipso – 

C), δ 161.2 (s, amino ipso – C), δ 150.6 (s, pyridylipso C), δ 148.5 (s, pyridylpara), δ 137.4 

(pyridylmeta), δ 126.4 (s, pyridylpara), δ 122.9 (s, pyridylortho), δ 97.9 (s, CCl3–C). FTIR (Diamond 

Anvil ATR, cm−1): 3379w, 3310w, 3188w, 3152w, 3131w, 1722w, 1611m, 1582m, 1563s, 1529m, 

1498s, 1455s, 1428m, 1368m, 1322s, 1256m, 1173m, 1141s, 1092m, 1048s, 1032m, 998m, 966w, 

933m, 903w, 853m, 839s, 809vs, 792s, 757s, 746s, 724s, 673vs, 646s, 627s, 564vs, 498vs, 458s, 

414s.  

6.2.12 Generation of trichloromethyl-2-pyridylimidoylamidine hydrochloride (12) 

A solution of PyCCl3ImAm (4 g, mmol) in 120 mL ether placed in a three-necked flask 

equipped with a gas inlet through which HCl gas was bubbled through the solution and a Liebig 

condenser with attached drying tube. Upon bubbling HCl gas into the solution for 1 min under N2 

flow, the slurry formed was stirred for 3 h for efficient PyCCl3ImAm.HCl salt formation. The 

precipitate was collected on Büchner funnel, rinse with ether, and dried in vacuo to afford 7.15 g 

(99.72%) yield; MP = 160 – 164 °C. FTIR (Diamond Anvil ATR, cm−1): 3259w, 3090m, 2978m, 

1660s, 1603s, 1579s, 1517m, 1503m, 1462m, 1437m, 1406s, 1371s, 1325s, 1260m, 1226m, 

1175w, 1158w, 1120m, 1092m, 1042m, 996s, 930w, 912w, 842s, 808vs, 776vs, 741vs, 673vs, 

620s, 584vs, 519s, 435s, 406vs. 
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6.2.13 Synthesis of trichloromethyl-2-pyrimidylimidoylamidine (13) 

This was prepared by same method reported for 11. Using PmA (6.5 g, 53.02 mmol) and 

5.5 mL (53.74 mmol), 12.03 g (85.14 %) of PmCCl3ImAm was obtained; MP = 131 – 133 °C. 

Calculated, % (Analysis found, %) for C7H6N5Cl3: C- 31.55 (C- 31.65); H- 2.27 (H- 2.09); N- 

26.28 (N- 26.23). 1H NMR (300 MHz, CDCl3): Amino-Imino tautomer: δ 10.77 (Br s, amino N-

H, 1H); δ 9.68 (Br s, imino N-H, 1H); δ 8.91 (d, JHH = 4.8 Hz, pyrimidylmeta, 2H); δ 8.51 (Br s, 

amino N-H, 1H); δ 7.42 (t, JHH = 4.8 Hz, pyrimidylpara, 1H). 13C NMR (300 MHz, CDCl3): δ 168.8 

(s, imino ipso – C), δ 160.2 (s, amino ipso – C), δ 158.9 (s, pyrimidylipso C), δ 157.9 (pyrimidylmeta, 

2C), δ 122.4 (s, pyrimidylpara), δ 97.4 (s, CCl3–C); Imino-Imino tautomer: δ 11.6 (Sh s, amino N-

H, 1H); δ 10.1 (Sh s, imino N-H, 1H); δ 9.85 (Sh s, imino N-H, 1H); δ 8.88 (d, JHH = 4.8 Hz, 

pyrimidylmeta, 2H); δ 7.48 (t, JHH = 4.8 Hz, pyrimidylpara, 1H). 13C NMR (300 MHz, CDCl3):  δ 

157.8 (pyrimidylmeta, 2C), δ 157.4 (s, imino ipso – C), δ 154.5 (s, amino ipso – C), δ 154.21 (s, 

pyrimidylipso C), δ 122.6 (s, pyrimidylpara), δ 94.8 (s, CCl3–C). FTIR (Diamond Anvil ATR, cm−1): 

3374w, 3305w, 3136w, 3118w, 3036w, 1613m, 1555s, 1495m, 1446w, 1405m, 1322s, 1279m, 

1263w, 1213m, 1182m, 1145m, 1102w, 1035m, 996w, 973w, 931w, 844m, 827s, 816s, 801s, 759s, 

735s, 694m, 669s, 636s, 592vs, 503s, 463s, 424m, 414m. 

6.2.14 Generation of trichloromethyl-2-pyrimidylimidoylamidinehydrochloride (14) 

Similar method for 12 was adopted using 8.6 g (37.97 mmol) PmCCl3ImAm and 150 mL 

ether to give 99.7% yield; MP = 143 – 145 °C. FTIR (Diamond Anvil ATR, cm−1): 3247w, 3063w, 

2911w, 1681s, 1626s, 1564vs, 1472w, 1452w, 1410m, 1379m, 1226w, 1169w, 1148w, 1105w, 

1030m, 1005w, 976w, 936w, 910w, 837vs, 805m, 691s, 632s, 583s, 522vs. 
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6.2.15 Synthesis of asymmetric 1-chloro-3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-

triazine, PyCCl3TTACl (15) 

This was carried out using S2Cl2 for the condensation reaction to generate the intended 

asymmetric TTACl in acetonitrile (MeCN). However, the outcome of the reaction resulted in the 

isolation of the hydrochloride hemi-salt of PyCCl3TTACl. In summary, PyCCl3ImAm.HCl (1 g, 

3.31 mmol) was suspended in 40 mL MeCN, and 6 equivalents of S2Cl2 (1.63 mL, 19.87 mmol) 

in 10 mL MeCN were added dropwise via a dropping funnel within 5 min under an inert 

atmosphere. The flask containing the mixture was then equipped with a water condenser having 

an attached drying tube, and the resulting yellow slurry refluxed for 10 h. The mixture was filtered 

hot and slowly cooled to room temperature wherein colorless crystals of sulfur formed. The yellow 

block crystals of PyCCl3TTACl [PyCCl3TTACl.HCl] crystallized out of solution after spending 

three weeks in the freezer ; MP = 148 – 151 °C. 1H NMR (300 MHz, CDCl3): PyCCl3TTACl 

(Major):  δ 9.13 (d, JHH = 4.9 Hz, pyridylmeta, 1H); δ 8.82 (d, JHH = 7.9 Hz, pyridylortho, 1H); δ 8.27 

(d of d of d, JHH = 7.9 Hz, JHH = 1.6 Hz, pyridylmeta, 1H); δ 7.89 (d of d of d, JHH = 7.5 Hz, JHH = 

4.8 Hz, JHH = 0.9 Hz pyridylpara, 1H); PyCCl3TTA=O (Minor): δ 8.71 (d, JHH = 4.9 Hz, pyridylmeta, 

1H); δ 8.48 (d, JHH = 7.9 Hz, pyridylortho, 1H); δ 8.00 (d of d of d, JHH = 7.9 Hz, JHH = 1.6 Hz, 

pyridylmeta, 1H); δ 7.63 (d of d of d, JHH = 7.5 Hz, JHH = 4.8 Hz, JHH = 0.9 Hz pyridylpara, 1H).  FTIR 

(Diamond Anvil ATR, cm−1): 3134w, 3038w, 2331w, 2115w, 2087w, 1710m, 1688s, 1681s, 

1649m, 1643m, 1602m, 1581m, 1572m, 1548m, 1526s, 1502s, 1460s, 1453s, 1406vs, 1331s, 

1301s, 1260s, 1214s, 1551s, 1112s, 1090s, 1042s, 1016s, 997s, 928s, 842vs, 805vs, 742vs, 711vs, 

698vs, 674vs, 642vs, 617vs, 586s, 554s, 529vs, 491s, 467s. 



169 
 

6.2.16 Preparation of asymmetric 1-oxo-3-trichloromethyl-2-pyridyl thiatriazine, 

PyCCl3TTA=O (16) from the hydrolysis of PyCCl3TTACl 

Following the same method for 15 using PyCCl3ImAm.HCl (1 g, 3.31 mmol in 40 mL 

MeCN) and 4 equivalents of S2Cl2 (1.00 mL, 13.24 mmol in 10 mL MeCN), the resulting slurry 

was heated under reflux for 1.5 h, cooled to room temperature, and filtered under N2 atmosphere. 

The solvent of the filtrate was removed in vacuo to give 1.10 g of oily crude product. The oil was 

then extracted with 5 mL of CS2 to afford 0.81 g (74.3%) brownish-orange oil. Colorless crystals 

of PyCCl3TTA=O suitable for X-ray analysis were generated by slow evaporation of the CS2 

solution; MP = 128 – 130 °C. Calculated, % (Analysis found, %) for C8H4N4Cl3SO: C- 30.84 (C- 

30.77); H- 1.62 (H- 2.02); N- 17.98 (N- 18.21); S- 10.29 (N- 10.29).  1H NMR (300 MHz, CDCl3): 

δ 8.71 (d, JHH = 4.8 Hz, pyridylmeta, 1H); δ 8.48 (d, JHH = 7.8 Hz, pyridylortho, 1H); δ 7.99 (d of d of 

d, JHH = 7.8 Hz, JHH = 1.5 Hz, pyridylmeta, 1H); δ 7.63 (d of d of d, JHH = 7.5 Hz, JHH = 4.8 Hz, JHH 

= 0.9 Hz pyridylpara, 1H). 13C NMR (300 MHz, CDCl3):  δ 149.2 (s, pyridylpara), δ 146.4 (s, 

pyridylipso C), δ 138.6 (pyridylmeta), δ 128.6 (s, pyridylpara), δ 123.3 (s, pyridylortho), δ 97.9 (s, CCl3–

C).  FTIR (Diamond Anvil ATR, cm−1): 3227w, 3064w, 1646m, 1584w, 1562m, 1452s, 1415s, 

1326w, 1291w, 1256w, 1157w, 1115vs, 1091m, 1040w, 1020s, 998m, 972w, 925m, 843m, 801vs, 

771m, 751s, 692vs, 674vs, 635s, 553s, 469m, 422s. 

6.2.17 Synthesis of 3-trichloromethyl-5-(2-pyridyl)-1-thia-2,4,6-triazinyl, PyCCl3TTA• (17) 

An oily hemi-salt, PyCCl3TTACl [PyCCl3TTACl.HCl] (3.53 g) obtained through S2Cl2 

condensation was pyrolyzed under vacuum at 85 °C. The resulting brown oil (2.12 g) was then 

reduced chemically in 20 mL three cycle freeze-pump-thaw degassed acetonitrile with Ph3Sb (1.16 

g, 3.29 mmol) added under vacuum with a pear-shaped solids addition vessel under vacuum, with 

stirring. This resulted in a deep purple precipitate of PyCCl3TTA radical dimer which was stirred 
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for 15 min under vacuum and for another 30 min under N2. The precipitate was then filtered and 

thoroughly dried under vacuum to give 0.26 g, 13.8% yield; MP = 91 – 93 °C. Calculated, % 

(Analysis found, %) for C8H4N4Cl3S: C- 32.62 (C- 32.76); H- 1.37 (H- 1.35); N- 19.02 (N- 17.58); 

S- 10.89 (N- 15.21).  The precipitate contains uniform-shaped microcrystals suitable for X-ray 

analysis, which were not homogeneous under microscope observation. 

6.2.18 X-ray crystal structure data collection and refinement 

The selected crystals were coated in Paratone™ oil, mounted on a MiTeGen loop on a 

goniometer head and cooled to 100 (±1) K except where otherwise stated. High resolution data 

was collected on a Rigaku-Oxford Diffraction SuperNova/Pilatus200K using Mo Kα radiation (λ 

= 0.71073 Å) for well diffracting crystals and Cu Kα radiation (λ = 1.54184 Å) for low diffracting 

crystals from micro-focus sealed tubes. The data collection and processing were done on the 

Rigaku CrysAlisPro 171.40_64.53 software and with multi-scan absorption correction. The 

structures were solved using SHELXT and refined using SHELXL-2014 on |F|2 by full least 

squares methods within the Olex2 software package. All non-H atoms were refined anisotropically 

with proper restrains on their ADP for structures that are not suitable for quantum refinement. The 

H atoms connected to carbon (C) and nitrogen were revealed through a fine-focus Fourier map. 

The H attached to aromatic C were refined as riding with Uiso = 1.2Ueq(C) while those of terminal 

N as free with Uiso = 1.5Ueq(N). Structures with exceptional data quality were refined by 

NoSphereA2 in Olex2 to account for precise positions of H atoms on accurate determination of 

their electron density by quantum calculation while others with moderate quality data H atoms 

were refined using the traditional independent atom model (IAM). The full crystal parameters 

including interatomic distances and angles are compiled in the appendix. Geometric properties and 

structural visualization were undertaken using Mercury v.4.2.0 and the electronic structural data 
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will be deposited in Cambridge Crystallographic Data Centre (CCDC). Table 6.1 presents the 

details of crystal and structural refinement. 

6.2.19 Computational studies 

Theoretical studies of some compounds were undertaken to supplement experimental 

spectroscopic characterizations and explain fundamental properties of individual molecules. All 

calculations were undertaken with the Gaussian W165 program package and structures generated 

using Gaussview 06 software. The electronic energies and frequency calculations of the phosphine 

complexes, their monomers, and the free phosphine were computed by density function theory 

(DFT) using B3LYP level of theory and 6-31+G (d, p) basis set, and the Cartesian coordinates 

obtained from the crystal structures as starting points.  
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Table 6.1. X-ray crystal structure and refinement data of compounds 
 

 

 

 

  

Compound 1 1a 2a 

Formula C24H27ClCuP  C26H29Cl7CuP C25H28BrCl3CuP 
Formula weight (FW, 
g/mol) 

445.41 684.15 609.24 

Crystal size (mm3) 0.30 × 0.13 × 0.04 0.23 × 0.04 × 0.04 0.15 × 0.09 × 0.04 
Crystal system triclinic triclinic triclinic 
Space group P-1 P-1 P-1 
Temperature (K) 99.98(10)  100.01(10) 99.99(10) 
a (Å) 8.6758(3)  9.2137(4)  9.0378(3) 
b (Å) 9.1950(4) 12.8322(7)  9.3098(3) 
c (Å) 14.8249(5) 13.6549(9)  16.2183(5) 
α (°) 80.012(3) 89.620(5)  105.130(3) 
β (°) 80.290(3) 70.898(5)  97.167(2)  
γ (°) 67.876(4)  80.413(4)  100.203(3) 
Volume (Å3) 1072.02(8) 1502.26(15)  1275.30(7) 
Z 2  2  2 
ρcalc (g Cm-3) 1.380  1.512  1.587 
μ (mm-1) 1.224  1.418  2.812 
F(000) 464.0 696.0  616.0  
Reflections collected 23132 14737 27984  
Independent reflections 5327 14737 6331 
Parameters 5327/0/248 14737/256/321 6331/0/284 
R1, wR2 [all data] 0.0508, 0.1152  0.0978, 0.1556 0.0529, 0.0850 
R1, wR2[I>=2σ (l)] 0.0423, 0.1106  0.0583, 0.1373 0.0384, 0.0813 
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Table 6.1, continued. X-ray crystal structure and refinement data of compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 3 3a 4a 

Formula C30H39ClCuP C31H40Cl4CuP C31H40BrCl3CuP 
Formula weight 
(FW, g/mol) 

529.57 648.94 693.40 

Crystal size (mm3) 0.29 × 0.23 × 0.03 0.36 × 0.28 × 0.20 0.10 × 0.09 × 0.06 
Crystal system monoclinic monoclinic  monoclinic 
Space group P21/n P21/n  P21/n 
Temperature (K) 99.98(10) 100.01(10) 100.00(10) 
a (Å) 10.2678(9) 10.2615(3)  10.2618(2)  
b (Å) 10.0641(8) 14.7387(4)  14.7775(2)  
c (Å) 27.414(3) 21.4025(7)  21.4776(3)  
α (°) 90 90  90  
β (°) 96.050(9) 103.602(3)  103.756(2)  
γ (°) 90 90  90  
Volume (Å3) 2817.1(4) 3146.15(17)  3163.52(9)  
Z 4 4  4  
ρcalc (g Cm-3) 1.249 1.370  1.456  
μ (mm-1) 0.942 1.104  2.277  
F(000) 1120.0 1352.0  1424.0  
Reflections collected 16842 43002 96508 
Independent 
reflections 

6517 8634 8577 

Parameters 6517/0/306 8634/0/342 8577/0/342 
R1, wR2 [all data] 0.0956, 0.1790 0.0431, 0.0844 0.0280, 0.0577 

R1, wR2[I>=2σ (l)] 0.0749, 0.1720 0.0332, 0.0810 0.0229, 0.0564 
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Table 6.1, continued. X-ray crystal structure and refinement data of compounds 

 

 

 

 

Compound  4b 5 6  

Formula  C92H120Br3Cu3NP3 C48H54ClCuP2 C48H54BrCuP2   
Formula weight 
(FW, g/mol) 

 1763.14 791.84 836.30  

Crystal size 
(mm3) 

 0.23 × 0.15 × 0.10 0.29 × 0.19 × 0.18 0.21 × 0.18 × 0.08  

Crystal system  orthorhombic monoclinic  monoclinic  
Space group  Pbca I2/a  C2/c  
Temperature (K)  99.98(10) 100.00(10) 99.98(11)  
a (Å)  15.4399(2) 18.7280(8)  20.8129(10)  
b (Å)  20.3485(3) 11.5421(3)  11.5674(4)  
c (Å)  55.0355(12) 22.0844(9)  18.9686(10)  
α (°)  90 90  90  
β (°)  90 119.367(5)  112.976(6)   
γ (°)  90 90  90   
Volume (Å3)  17291.0(5) 4160.3(3)  4204.4(4)  
Z  8 4  4   
ρcalc (g Cm-3)  1.355 1.264  1.321   
μ (mm-1)  3.330 0.698  1.578   
F(000)  7328.0 1672.0  1744.0   
Reflections 
collected 

 48800 24064  14360  

Independent 
reflections 

 17095 5261 4854  

Parameters  17095/833/958 5261/0/240 4854/0/240  
R1, wR2 [all 
data] 

 0.1246, 0.3133 0.0299, 0.0705 0.0332, 0.0702  

R1, wR2[I>=2σ 
(l)] 

 0.1104, 0.3037 0.0275, 0.0694 0.0265, 0.0684  
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Table 6.1, continued. X-ray crystal structure and refinement data of compounds 

 

 

 

 

 

Compound 7 8 9 
Formula C6H8ClN3 C6H7N3 C5H7ClN4 
Formula weight (FW, 
g/mol) 

157.60 
 

121.15 
 

158.60 

Crystal size (mm3) 0.50 × 0.02 × 0.02 0.21 × 0.12 × 0.04 0.10 × 0.08 × 0.02 
Crystal system orthorhombic monoclinic monoclinic 
Space group Fdd2 I2/a C2 
Temperature (K) 100.0(5) 99.9(4) 99.9(4) 
a (Å) 38.3355(14) 22.5590(14) 18.6130(3) 
b (Å) 18.4105(6) 8.2344(4) 7.44760(10) 
c (Å) 4.0811(2) 21.2914(11) 10.2778(2) 
α (°) 90 90 90 
β (°) 90 110.267(7) 93.978(2) 
γ (°) 90 90 90 
Volume (Å3) 2880.3(2) 3710.2(4) 1421.30(4) 
Z 16 24 8 
ρcalc (g Cm-3) 1.454 1.301 1.482 
μ (mm-1) 4.057 0.085 4.157 
F(000) 1312.0 1536.0 656.0 
Reflections collected 3390 12060 13569 
Independent reflections 1232  4124  2893 
Parameters 1232/1/104 4124/9/280 2893/1/206 
R1, wR2 [all data] 0.0439, 0.1203  0.0445, 0.0927 0.0246, 0.0680 
R1, wR2[I>=2σ (l)]  0.0434, 0.1199 0.0352, 0.0882 0.0244, 0.0679 
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Table 6.1, continued. X-ray crystal structure and refinement data of compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 9.H2O 10 8a 
Formula C5H9ClN4O C5H6N4 C12H19ClN6O2 
Formula weight 
(FW, g/mol) 

176.61 
 

122.14 314.78 
 

Crystal size 
(mm3) 

0.33 × 0.33 × 0.23 0.30 × 0.23 × 0.11 0.42 × 0.11 × 0.06 
 

Crystal system monoclinic triclinic monoclinic 
Space group P21/n P-1 P21/n 
Temperature (K) 99.9(4) 100.0(3) 99.9(3) 
a (Å) 10.0168(5) 5.47045(15) 14.0348(4) 
b (Å) 5.5161(2) 7.1234(2) 7.4311(2) 
c (Å) 15.8244(8) 7.65746(18) 15.0277(5) 
α (°) 90 85.577(2) 90 
β (°) 107.616(5) 72.697(2) 101.247(3) 
γ (°) 90 81.189(2) 90 
Volume (Å3) 833.35(7) 281.374(14) 1537.20(8) 
Z 4 2 4 
ρcalc (g Cm-3) 1.408 1.442 1.360 
μ (mm-1) 0.409 0.814 0.263 
F(000) 368.0 128.0 664.0 
Reflections 
collected 

22154 5401 13727 

Independent 
reflections 

4293 1139 4170 

Parameters 4293/0/118 1139/0/92 4170/11/223 
R1, wR2  
[all data] 

0.0472, 0.0926 0.0323, 0.0859 0.0338, 0.0819 

R1, wR2 
[I>=2σ (l)] 

0.0363, 0.0877 0.0315, 0.0854 0.0286, 0.0794 
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Table 6.1, continued. X-ray crystal structure and refinement data of compounds 

Compound 8b 11 12 
Formula C19H27.1N9O5.05 C8H7Cl3N4 C7H6Cl3N5 
Formula weight 
(FW, g/mol) 

462.40 
 

265.53 
 

266.52 

Crystal size 
(mm3) 

0.56 × 0.26 × 0.08 
 

0.45 × 0.19 × 0.10 0.41 × 0.14 × 0.13 

Crystal system monoclinic triclinic triclinic 
Space group P21/c P-1 P-1 
Temperature (K) 99.9(2) 100.0(3) 99.9(4) 
a (Å) 20.8250(6) 6.6005(2) 6.73775(18) 
b (Å) 17.4470(6) 6.9738(3) 6.77818(17) 
c (Å) 12.3681(5) 12.6419(4) 12.5793(3) 
α (°) 90 87.921(3) 84.8855(19) 
β (°) 90.217(3) 85.709(3) 89.9656(19) 
γ (°) 90 64.337(4) 62.141(3) 
Volume (Å3) 4493.7(3) 523.04(4) 505.34(2) 
Z 8 2 2 
ρcalc (g Cm-3) 1.367 1.686 1.752 
μ (mm-1) 0.103 0.845 8.002 
F(000) 1956.0 268.0 268.0 
Reflections 
collected 

37552 
 

2841 9348 

Independent 
reflections 

11476 
 

2841 2033 

Parameters 11476/432/697 2841/0/148 2033/0/148 
R1, wR2  
[all data] 

0.0829, 0.1506 0.0341, 0.1164 0.0282, 0.0729 

R1, wR2 
[I>=2σ (l)] 

0.0580, 0.1400 0.0318, 0.1067 0.0281, 0.0728 
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Table 6.1, continued. X-ray Crystal structure and refinement data of compounds 

 

 

 

 

 

 

 

Compound 15.HCl 15.HCl-15 16a 
Formula C8H5Cl5N4S C18H12Cl9N9S2 C8H5Cl3N4OS 
Formula weight 
(FW, g/mol) 

366.47 737.54 311.57 

Crystal size (mm3) 0.14 × 0.12 × 0.09 0.18 × 0.16 × 0.13 0.31 × 0.25 × 0.22 
Crystal system monoclinic triclinic monoclinic 
Space group P21/c P-1 P21/c 
Temperature (K) 100(1) 100.0(3) 100.0(3) 
a (Å) 6.0844(3) 9.5720(2) 6.4664(5) 
b (Å) 28.4409(10) 9.8187(2) 20.2370(12) 
c (Å) 8.0799(3) 15.4407(2) 9.3660(7) 
α (°) 90 98.1480(10) 90 
β (°) 96.234(4) 95.7200(10) 109.093(8) 
γ (°) 90 90.9010(10) 90 
Volume (Å3) 1389.93(9) 1428.73(5) 1158.22(15) 
Z 4 2 4 
ρcalc (g Cm-3) 1.751 1.714 1.787 
μ (mm-1) 10.816 9.699 0.957 
F(000) 728.0 736.0 624.0 
Reflections 
collected 

8057 26632 4649 

Independent 
reflections 

2769 5732 4649 

Parameters 2769/126/166 5732/2/351 4649/0/155 
R1, wR2  
[all data] 

0.0946, 0.2372 0.0216, 0.0523 0.0570, 0.1539 

R1, wR2 
[I>=2σ (l)] 

0.0878, 0.2341 0.0206, 0.0517 0.0544, 0.1523 
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Table 6.1, continued. X-ray crystal structure and refinement data of compounds 
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Compound 16b 17 
Formula C8H5Cl3N4OS C8H4Cl3N4S 
Formula weight (FW, 
g/mol) 

311.57 294.56 

Crystal size (mm3) 0.35 × 0.30 × 0.27 0.08 × 0.03 × 0.01 
Crystal system triclinic triclinic 
Space group P-1 P-1 
Temperature (K) 100.4(9) 100.2(8) 
a (Å) 6.5992(3) 6.3516(11) 
b (Å) 9.5331(4) 9.3967(14) 
c (Å) 10.4858(5) 10.018(2) 
α (°) 103.154(4) 107.881(16) 
β (°) 101.587(4) 104.877(16) 
γ (°) 109.914(4) 98.235(13) 
Volume (Å3) 575.36(5) 533.69(17) 
Z 2 2 
ρcalc (g Cm-3) 1.798 1.833 
μ (mm-1) 8.832 9.408 
F(000) 312.0 294.0 
Reflections collected 10459 3242 
Independent reflections 2308 1601  
Parameters 2308/1/159 1601/0/145 
R1, wR2  
[all data] 

0.0313, 0.0775 0.1695, 0.4369 

R1, wR2 
[I>=2σ (l)] 

0.0307, 0.0773 0.1482, 0.4258 
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Appendix 

 

Figure A. 1.  31P NMR spectrum of 5 in CDCl3 (300 MHz). 
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Figure A. 2. 31P NMR spectrum of 6 in CDCl3 (300 MHz). 
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Figure A. 3. 31P NMR spectrum of 1 in CDCl3 (300 MHz). 
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Figure A. 4. 31P NMR spectrum of 2 in CDCl3 (300 MHz). 
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Figure A. 5. 31P NMR spectrum of 3 in CDCl3 (300 MHz). 
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Figure A. 6. 31P NMR spectrum of 4 in CDCl3 (300 MHz). 
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Figure A. 7. 2D COSY NMR spectrum of 1 in CDCl3 (700 MHz). 

 

Figure A. 8. 2D HSQC NMR spectrum of 1 in CDCl3 (700 MHz). 
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Figure A. 9. 2D HSQC NMR spectrum of 1 in CDCl3 (700 MHz). 

 

Figure A. 10. 2D COSY NMR spectrum of 2 in CDCl3 (700 MHz). 
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Figure A. 11. 2D HSQC NMR spectrum of 2 in CDCl3 (700 MHz). 

 

Figure A. 12. 2D HMBC NMR spectrum of 2 in CDCl3 (700 MHz). 
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Figure A. 13. 2D COSY NMR spectrum of 3 in CDCl3 (700 MHz). 

 

Figure A. 14. 2D HSQC NMR spectrum of 3 in CDCl3 (700 MHz). 



191 
 

 

Figure A. 15. 2D HMBC NMR spectrum of 3 in CDCl3 (700 MHz). 

 

Figure A. 16. 2D COSY NMR spectrum of 4 in CDCl3 (700 MHz). 
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Figure A. 17. 2D HSQC NMR spectrum of 4 in CDCl3 (700 MHz). 

 

Figure A. 18. 2D HMBC NMR spectrum of 4 in CDCl3 (700 MHz). 
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Figure A. 19. 2D COSY NMR spectrum of 5 and 6 in CDCl3 (700 MHz). 

 

Figure A. 20. 2D HSQC NMR spectrum of 5 and 6 in CDCl3 (700 MHz). 
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Figure A. 21. 2D HMBC NMR spectrum of 5 and 6 in CDCl3 (700 MHz). 
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Table A.1. The change in free energy of copper-phosphine complexes 

 

Molecule Free Energy, G (kJ/mol) ΔrG (kJ/mol): (product-reactant) 
[(DippPh2)2CuCl], [5] -12193709.86 48.25405715 
[a] + [c] -12193758.12  
½ [1] + [a] -12193709.86 54.45154895 
[5] -12193764.32  
[(DippPh2)2PCuBr], [6] -17737584.7 15.33291766 
[a] + [d] -17737600.03  
½ [2] + [a] -17737584.7 41.71918864 
[6] -17737626.42  
½ [DippPh2PCuCl]2, [1] -8854516.395 -6.197491804 
[c] -8854510.198  
½ [DippPh2PCuBr]2,[2] -14398378.5 -26.38627098 
[d] -14398352.11  
½ [Dipp2PhPCuCl]2, [3] -9473397.012 4.371456834 
[e] -9473401.383  
½ [Dipp2PhPCuBr]2, [4] -15017274.96 -23.36169544 
[f] -15017251.6  

[a] = DippPh2P, [b] = Dipp2PhP, [c] = DippPh2PCuCl, [d] = DippPh2PCuBr,  
[e] = Dipp2PhPCuCl, [f] = Dipp2PhPCuBr  
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Table A. 2. Selected short contacts in the complexes 

Complex Atom1 Atom2 Length(Å) Length-VdW(Å) 

1 Cu1 H7 2.429 -0.171 

1a Cu1 H7 2.098 -0.502 

2a Cu1 H7 2.354 -0.246 

3 Cu1 H19 2.456 -0.144 

 
Cl1 H19 2.844 -0.106 

3a Cu1 H19 2.564 -0.036 

4a Cu1 H7 2.545 -0.055 

4b Cu1 H7 2.438 -0.162 

4b' Cu2 H37 2.367 -0.233 

 
Cu3 H67 2.341 -0.259 

5 Cu1 H7 2.298 -0.302 

6 Cu1 H7 2.271 -0.329 
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Figure A. 22. Displacement ellipsoid plots (50%) showing the (a) intermolecular interaction and 
(b) packing diagram with solvent contact surface voids in 1a after removing the solvent molecules. 

(a) 

(b) 
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Figure A. 23. Crystal structure packing diagrams (ellipsoids drawn at 50% probability) of (a) 1 
and (b) 1a. 

 

 

 

(a) 

(b) 
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Figure A. 24. Crystal structure packing diagrams (ellipsoids drawn at 50% probability) of 2a. 

 

 

 

 

Figure A. 25. Displacement ellipsoid plots (50%) showing the structure packing diagram with 
solvent contact surface voids in 2a after removing the solvent molecules. 
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Figure A. 26. Displacement ellipsoid plots (50%) showing the (a) intermolecular interaction and 
(b) packing diagram with solvent contact surface voids in 3a after removing the solvent molecules. 

 

(a) 

(b) 
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Figure A. 27. Crystal structure packing diagrams (ellipsoids drawn at 50% probability) of (a) 3 
and (b) 3a. 

 

(a) 

(b) 
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Figure A. 28.  Crystal structure packing diagrams view of the solvent voids of (a) 4a and (b) 4b 
after removing the solvent molecules. 

 

 

 

(a) 

(b) 
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Figure A. 29. Crystal structure packing diagrams (ellipsoids drawn at 50% probability) of 4a. 
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Figure A. 30.  The crystal packing structure of 11 projected down (a) a axis and (b) c axis. 
Displacement ellipsoids drawn at the 50% probability level. Hydrogen bonding is indicated by 
green dashed lines. 

 

 

a 

b 
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Figure A. 31. The crystal packing structure of 13 projected down (a) a axis and (b) c axis. 
Displacement ellipsoids drawn at the 50% probability level. Hydrogen bonding is indicated by 
blue dashed lines. 

 

 

 

 

a 

b 
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Figure A. 32. The geometries of other likely tautomers and conformers of 11 considered for only 
gas phase calculation. 

 

 

 

Figure A. 33. The crystal packing structure of 15–15.HCl projected almost down a axis showing 
intermolecular contacts. Displacement ellipsoids drawn at the 50% probability level.  
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