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Abstract 

This thesis comprises the synthesis and characterization of a variety of compounds and 

systems whose magnetic behaviour has been tested orienting into the spin crossover 

phenomenon (SCO). The first chapter is an introduction of generic knowledge related to spin 

crossover, including the techniques used to determine SCO and the stimuli which are relevant 

and contribute to it.  

The modification of the 2,6-bis(pyrazol-1-yl)pyridine (1-bpp) scaffold was proposed as 

an easier alternative way to produce iron(II) SCO complexes. A new family of iron(II) 

mononuclear complexes of 2,4-di(pyrazol-1-yl)-1,3,5-triazine based ligands, with different 

substituents in the 6-position of the triazinyl ring or at the pyrazolyl group are studied (Chapter 

2), DFT calculations highlight the nature of these HS compounds is due to a geometric factor. 

New heterometallic coordination polymer gels (CPGs) with different first row transition metal 

complexes of 2,4,6-tris(pyrazol-1-yl)-1,3,5-triazine (TPT) combined with silver(I) salts are 

characterized in the following study. Production of SCO CPGs is attempted by modification of 

the TPT ligand. Related coordination polymers of silver(I) salts and a linear iron(III) trimer 

bridged by fluorine are also described at chapter 3. Various polymeric and polymetallic 

compounds assembled from 1,3,5-triazine and 1,3-pyrimidine based ligands acting as bis-

bidentate ligands (Chapter 4). Modification of the ligands affects the coordination type and the 

magnetic properties of such assemblies.  

Moreover, a second modification of 1-bpp family of ligands is studied together in 

chapter 5 with the magnetic behaviour of their iron(II) mononuclear complexes. Geometric 

isomers of 2,6-di(1,2,3-triazol-yl)pyridine based behave differently. DFT calculations of the 

free ligands determined that the most energetic lone pair could determine whether it is 

tridentate or linear coordinating ligand. 

Potential linkers between the 2,6-di(pyrazol-1-yl)-pyridine scaffold and a tether group 

are assessed. Iron(II) complexes of the simpler analogue compounds show varying magnetic 

behaviours, including the highest symmetry breaking associated to SCO ever reported 

(Chapter 6). Successful deposition of novel iron(II) complexes of 2,6-di(pyrazol-1-yl)-

pyridine based tethered ligands on gold or metal-oxides was developed at the ICMol 

(Valencia). However the integrity of SCO at the surface was not proved by the current 

techniques (Chapter 7). The account of all experimental details for the compounds and 

analytical techniques which are the subject of discussion in this work are described in the last 

chapter, 8.  
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Chapter 1 – Introduction 

1.1 Theoretical foundations 

IUPAC defines spin-crossover as a type of molecular magnetism that is the result of 

electronic instability caused by external constraints which induce structural changes at 

molecular and lattice levels
1
. In order to understand this phenomenon, which is mostly 

characteristic of first-row transition metal complexes, a crystal field theory introduction is 

needed. 

 

1.1.1 Crystal field theory (CFT) 

CFT is a purely electrostatic model which describes the bonding and electronic 

configuration for d-metal complexes. d orbitals from a free metal ion are degenerate. However, 

they are split in energy when subjected to a finite ligand field. For octahedral geometry, the 

orbital lobes of dx
2
-y

2 
and dz

2
 orbitals (termed the eg set) are oriented towards the surrounding 

ligands so, they are raised in energy by the electrostatic repulsion of electrons. Simultaneously, 

the t2g orbital set (dxy, dxz and dyz) are stabilized from the barycentre (Figure 1.1). 

 

 

Figure 1.1: d orbitals are split into two set energy levels due to octahedral arrangement
2
. 

The energy gap between the orbital sublevels t2g and eg is known as the octahedral 

splitting energy (Δo). 10 Dq symbolizes the semi-empirical value of Δo and it can be 
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determined by UV-vis spectroscopy. Its magnitude is related to the following three factors of 

the metal atom.  

Among atoms of the same row of the periodic table the field varies irregularly but 

usually increases from left to right. Almost all elements from second and third row have a 

significantly stronger Δo. For the same element, a higher oxidation state implies higher 

octahedral splitting energy. Some examples describe the observed tendency
3
;   

Mn
2+

 < Ni
2+

 < Co
2+

 < Fe
2+

 < V
2+

 < Fe
3+

 < Co
3+

 < Ru
3+

 < Ir
3+

 

Here, ions are arranged in function of the strength of the crystal field they produce in any 

specific ligand environment. 

 

1.1.2 Ligand field theory (LFT) and electronic configuration 

The LFT model builds on CFT, is more complex and takes into account the overlap of 

M-L orbitals. It gives better explanations for a wide range of properties of complexes such as 

their electronic structure. Therefore, Δo also depends on the ligand field bound to the metal ion. 

 

Figure 1.2: Molecular orbital energy levels for octahedral complexes. Inside the blue box are the 

frontier orbitals. 

In principle, good σ-donor ligands which give strong M-L overlap would result in 

strongly antibonding eg*orbitals, in other words, a high Δo (Figure 1.2). However, π orbitals of 
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the ligand also interfere with the ligand field splitting. When they overlap with d orbitals of the 

metal, the t2g combination is no longer purely non-bonding. A π-donor ligand has filled π 

orbitals, thus the  t2g combination reaches higher energy, decreasing Δo. Conversely, for ligands 

with empty π orbitals, e.g. PPh3 or CO, the bonding t2g combination lies lower in energy, 

making the energy gap between it and eg stronger
4
. The spectrochemical series is an 

empirically-derived list of ligands ordered by the size of the splitting Δo that they produce; 

CO > CN
-
 > PPh3 > phen > bipy > NH3> py > NCS

- 
> H2O > OH

- 
> F

-
 > N

3-
 > Cl

- 
> Br

- 
> I

- 

Accordingly, carbon monoxide and cyanide (π-acceptor type) are considered strong-field 

ligands while halides are weak-field ligands and give rise to a low energy gap. 

Two electrons of a given atom cannot have identical quantum numbers as indicated by 

Pauli’s exclusion principle. Thus, electrons in the same orbital have opposite spin and will repel 

one another. This repulsion is called spin pairing energy (Π). The electronic configuration for a 

metal complex follows Hund’s rules. For the same orbital energetic sublevel the electrons are 

arranged such the number of parallel and unpaired electrons is maximum. For d
4-7

 octahedral 

complexes it is possible to have two electronic configurations depending on if the energetic 

difference between t2g and eg (Δo) is higher or lower than Π.  

 

Figure 1.3: High spin and low spin configurations for d
5
 octahedral metal complex. 

The two possible electronic distributions for Fe(III) which has the general configuration 

[Ar] 3d
5
, are defined in Figure 1.3; high spin (HS) and low spin (LS) respectively. A weak-field 

ligand allows the complex to arrange its fourth and fifth electron onto anti-bonding eg orbitals 

instead of pairing them in the non-bonding t2g, hence r(M-L) becomes weaker and longer.  

The nephelauxetic effect (degree of M-L bond covalency) is related to the overlap of 

ligand orbitals with metal d orbitals. The orbitals size increase with the consequent decreasing 

of electronic repulsion
5
. This effect is minimized for HS complexes were the orbital overlap is 

lower. 
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1.1.3 Diamagnetism and paramagnetism 

The magnetism of materials arises from the movement of electrons because the magnetic 

moment is inversely proportional to particle mass (the magnetic moment of an electron is about 

1000 times higher than that of a proton). When two electrons occupy the same orbital they have 

opposite spin quantum numbers. Almost all compounds of elements in the main group of the 

periodic table have completely filled orbitals with paired electrons. Despite these molecules 

having no net spin momentum, the application of a magnetic field causes their electrons to 

induce a small magnetic field which opposes the applied field. This behaviour, termed 

diamagnetism, is characteristic of substances which do not have any unpaired electrons.  

On the other hand, the situation is very different when a compound has unpaired 

electrons. Paramagnetism is the phenomenon linked to the existence of any unpaired electrons. 

These electrons give net spin angular momentum (𝑆) and may originate an orbital angular 

momentum (�⃗⃗�) if they can move around the nucleus (the unpaired electron has �⃗⃗�, when the 

orbital it occupies can be transformed into another which is equivalent and degenerate by 

rotation, for example dxy and dxz), giving rise to a magnetic moment. This magnetic moment is 

positioned parallel to the externally applied magnetic field and enhances it. The magnitude of 

paramagnetism is the effective magnetic moment (μeff). It depends on the orbital and spin 

angular momenta from the unpaired electrons, (Eq. 1). 

𝛍𝐞𝐟𝐟 = √�⃗�(�⃗� + 𝟏) + 𝟒�⃗�(�⃗� + 𝟏)𝛍𝐁         (Equation 1) 

The magnetism of a transition metal complex is mainly produced by the d orbitals and 

their electrons. However, when d orbitals are perturbed by the ligands, the rotations which 

move electrons between the degenerate orbitals are not possible for low symmetry complexes. 

In other words, for first-row transition metals the orbital angular momentum is typically 

quenched �⃗⃗� ≈ 0. Therefore, spin-only formula (Eq. 2) is a good approximation to calculate the 

magnetic moment: 

𝛍𝐞𝐟𝐟 =  √𝐧(𝐧 + 𝟐)𝛍𝐁         (Equation 2) 

where n is the number of unpaired electrons. From this equation μeff can be predicted in good 

agreement with experimental values
3b

. (See table 1-1) 

Unpaired electrons (n) 
Effective magnetic moment 

calculated (μeff) 

Example of observed 

magnetic moment (μB) 

1 1.73 V
4+ 

→ 1.7 - 1.8 

2 2.83 Ni
2+ 

→ 2.8 - 3.5 

3 3.87 Cr
3+

 → 3.7 - 3.9 

4 4.90 Fe
2+

 → 5.1 - 5.7 

5 5.92 Fe
3+

 → 5.7 - 6.0 

Table 1-1: Application of spin-only formula. 
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In magnetochemistry, the magnetic susceptibility (χ) is a dimensionless proportionality 

constant that indicates the degree of magnetization of a material in response to an externally 

applied magnetic field. The molar magnetic susceptibility can be determined experimentally 

and relates to μeff as described in equation 3;  

𝛍𝐞𝐟𝐟 =  √
𝟑∙𝐤∙𝐓∙𝛘

𝐍∙𝛍𝐁
𝟐  ≈ 𝟐. 𝟖𝟐𝟕𝟖√𝛘𝐦𝐓          (Equation 3) 

where χm is the molar magnetic susceptibility (cm
3∙
mol

-1
) determined at temperature T in the 

Kelvin scale. There are a few methods to determine χm; the classic Gouy method, paramagnetic 

NMR Evans method or SQUID magnetometry. 

Currently, the most common way of detecting the molar magnetic susceptibility of a 

solid is the modern superconducting quantum interference device (SQUID) which is more 

sensitive (magnetic fields of 10
-6

 emu can be detected) than a Gouy balance and can collect 

data over a wide range of T quickly. Its principle is based on two superconductors separated by 

thin weak insulating layers (Josephson junctions) which measure variations in magnetic flux
3
. 

The information extracted from this experiment is the magnetization (Mg = emu∙G) of 

the sample for each exact temperature within the range. In order to obtain the χmT vs T curve, 

processing the data using equation 4 is required;  

𝛘𝐦(𝐓) =  (
𝐌𝐠𝐜𝐨𝐫𝐫(𝐓)

𝐇∙𝐧
 − 𝛘𝐝𝐢𝐚) ∙ 𝐓         (Equation 4) 

where Mgcorr are the values obtained once the blank is subtracted, H is the magnetic field (Oe), 

n is the number of moles and  χdia is the diamagnetic correction from the Pascal’s constants 

approximation (Eq. 5); 

𝛘𝐝𝐢𝐚 ≈  −
𝐌

𝟐
∙ 𝟏𝟎−𝟔 𝐞𝐦𝐮 𝐦𝐨𝐥−𝟏        (Equation 5) 

which is “directly proportional” to the molar mass M of the compound analysed
6
. 

Another particularly practical method for determining χm from a liquid solution samples 

is Evans Method where the SQUID magnetometer is not required. 
1
H NMR can be collected 

over a range of temperatures however, the melting and boiling points of the solvent limit the 

technique. 

A special insert containing a blank solution is required inside the NMR tube for the 

measurements. The reference peaks are split between the blank signal and the shifted peak 

influenced by the paramagnetism of the sample. The χmT vs T curve is obtained by measuring 

the shifting (Δf) and applying the equation 6; 

𝛘𝐦(𝐓) =  (
𝟑∙𝚫𝒇(𝐓)

𝟒𝛑∙𝐟∙𝐜(𝐓)
+ 𝛘𝐨(𝐓)

) ∙ 𝐌 ∙ 𝐓        (Equation 6) 
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It is important to consider the density variation (d(T)) of the solvent which is often 

linearly dependent with temperature. Because of this variation there are few terms of equation 6 

which are T dependent. The mass susceptibility of the solvent (χo) term is described by 

equation 7; 

𝛘𝐨 =  
𝛘

𝐝(𝐓)
         (Equation 7) 

where χ is the magnetic susceptibility for the solvent (usually described in the literature), Δf is 

the observed frequency splitting measured directly from the spectrum (Hz), f is the 

spectrophotometer frequency (Hz), c is the concentration of the paramagnetic sample (g∙cm
-3

) 

and M is its molecular weight.  

The molar mass susceptibility (χm) can be calculated by using this method with an 

agreement of 5-10%
7
. 

 

1.2 Magnetic bistability 

Some materials are able to switch between their electronic states and have been proposed 

as potential building blocks to obtain molecular switching devices
8
 (Figure 1.4), where the 

ultimate goal could be to manipulate information at the molecular level, using them as sensors 

or as display devices. One well known example of this is valence tautomerism
9
. However, our 

research was focused on spin-crossover (SCO) compounds. 

 

Figure 1.4: Model of a molecular switching device based on d
6
 transition metal complex SCO 

phenomenon. 

For d
6
 octahedral complexes, the 

1
A1g (t2g

6
) term describes the LS state. 

1
A1g  means the 

material is a singlet (no unpaired electrons). On the other hand, the HS state is represented by 

the lowest energy level quintuplet 
5
T2g (t2g

4
 eg

2
) term, and it is related to four unpaired 

electrons
10

. 
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Figure 1.5: Simplified Tanabe-Sugano diagram for a d
6
 system. Few transitions hidden for clarity. 

Considering a d
6
 complex CFT assigns the d-d transition maximum absorption band to 

the ⁵T₂g (t2g
4
 eg

2
)  → ⁵Eg (t2g

3
 eg

3
) or to the 

1
A1g (t2g

6
)  → 

1
T1g (t2g

5
 eg

1
) transition depending on if it 

is HS or LS respectively (Figure 1.5). Although these transitions are spin allowed, they show 

weak intensity because they are Laporte forbidden1*. When a vibration alters the geometry 

from the perfect octahedron (e.g. Jahn-Teller distortion) the centre of symmetry is eliminated 

and those transitions became partially allowed. 

If the ligand field splitting has intermediate values, close to ∆crit, a spin transition may be 

possible. The idea of having two values for the ligand field parameter is graphically represented 

in Figure 1.6 as potential energy wells following a harmonic oscillator model which is 

described by the next expression (Eq. 8): 

𝐄 =
𝟏

𝟐
∙ 𝐤 ∙ 𝐱𝟐        (Equation 8) 

where k is the force constant and x is Δr(M-L)
10b

. When the difference between E
o

HS – E
o

LS is 

sufficiently small an equilibrium between two “electronic isomers” is established which can be 

displaced by a minor external stimulus.  

 

1.2.1 Spin-crossover (SCO) 

The SCO phenomenon is a reversible and repeatable transition between the electronic 

states which is usually triggered by varying temperature, pressure
11

 or photoirradiation. The 

                                                      

1* An orbital which possesses a centre of symmetry is termed gerade (g), while if it does not 

possess it is called ungerade (u). Allowed transitions by the Laporte selection rule must 

involve a change in parity, g → u and u → g. 
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discovery of the LIESST (light-induced excited spin state trapping) effect suggested that those 

compounds could be used as optical switches
12

. The SCO event is accompanied by physical 

changes such as the material’s colour, M-L bond lengths, magnetic moment, optical spectra and 

electrical resistance.  

For systems in solution the SCO behaviour can be interpreted as a thermal equilibrium 

involving a Boltzmann distribution over the vibronic levels of both spin states. In terms of 

thermodynamics, the Gibbs free energy equation (Eq. 9) determines whether a process is 

energetically favoured or not. 

∆𝐆 =  ∆𝐇 −  𝐓 ∙ ∆𝐒      (Equation 9) 

Simplifying, a reversible transition SCO should be understood as a thermodynamic 

equilibrium (ΔG = 0) between its two electronic states where the equilibrium can be shifted by 

applying external stimuli; e.g. by raising the temperature. The enthalpy of the LS state is 

thermodynamically more stable since its M-L bonds are stronger, its magnitude changes by 

about +2.4 to +5 kcal/mol over the LS→HS transition. However, the entropic term which 

favours the HS configuration is more decisive in this process (Eq. 10). 

∆𝑺 =  ∆𝐒𝒆𝒍 + ∆𝐒𝒗𝒊𝒃 + ∆𝐒𝒍𝒂𝒕𝒕𝒊𝒄𝒆      (Equation 10) 

High spin electrons are arranged in a larger number of orbitals increasing the electronic 

entropy (ΔSel). In addition, HS vibrational sublevels are wider with a smaller energy gap 

between them and electrons can move between them more easily (ΔSvib, schematic 

representation in Figure 1.6). Finally, the increase of r(M-L) leads to a big lattice disorder 

(ΔSlattice). The T∙ΔS term usually reaches from 12 to 19 kcal/mol
13

. 

 

Figure 1.6: Potential energy wells of the electronic states of d
6
 transition metal complexes. 

In summary, SCO is entropically driven. When E
o

LS  - E
o

HS is comparable to kBT (kB = 

Boltzmann constant) the transition is thermodynamically feasible and it may happen at that T. 

However the activation energy is also strongly related to r(M-L). In the case of ∆E
o
 ≈ kBT 

compounds, if the potential energy wells are distant along the coordinate system the overlap 

between them may decay increasing the energy barrier (Ea). As a result, this will lead to a 

kinetically unfavourable SCO.  
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1.2.2 Transition types 

Liquid solutions, crystalline and amorphous solids, can all present SCO. Although the 

origin of this phenomenon has a molecular level basis, it is strongly influenced by the 

surroundings in the crystal lattice. This effect is termed cooperativity
14

. Not all spin transitions 

are equivalent, and several types of magnetic curves can be observed (Figure 1.7), exhibiting 

different shapes or varying the temperature at which the transition occurs. T1/2 is the 

temperature when the molar fractions of the HS and LS states are equal and 0.5, this 

temperature is considered the point when the SCO transition happens.  

 

Figure 1.7: Classification of transitions. A) The most common is the gradual which undergoes over 

a wide temperature range. B) Abrupt transition. C) Hysteresis loop. D) The transition may happen 

in two or more steps, also it can be incomplete or even not happen E) and F). Examples apply for a 

material able of switching its paramagnetism on and off such as iron(II) d
6
. 

An abrupt transition (Figure 1.7, b) implies that metallic centres changing their spin state 

promote the transition in their neighbours cooperatively. Typically, when high cooperativity 

accompanies the transition, enhancement of hysteresis may result
15

. 

The term hysteresis is referred to any property depending on external stimuli which 

remains intact when that stimulus disappears. In this context, thermal hysteresis is a lag in the 

magnetic response on changing the temperature. A good example is illustrated at Figure 1.8 

where the χmT vs T curve follows different paths on the cooling and heating mode; 

 

Figure 1.8: Example of wide hysteresis with 70K loop
15

. 
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It is said that this material shows magnetic bistability between 244K and 314K which 

implies the two electronic states are stable over this certain temperature range. All these 

features can be used to produce molecular devices as was mentioned above. In order to use 

such systems in real applications T1/2 values should be around room temperature. For this, 

having control over the critical temperature at which the transition takes place or the 

enhancement of hysteresis effects is a requirement.  

 

1.2.3 LIESST 

As explained above, external stimuli can shift to a greater or lesser degree the SCO 

thermodynamic equilibrium. In other words, they affect the temperature at which the spin 

transition occurs. Light-Induced Excited Spin State Trapping (LIESST) is an alternative 

pathway to trigger the transition from LS to HS without applying thermal energy. Figure 1.9 

describes the LIESST mechanism and reverse LIESST presented by Gütlich and Hauser in 

1990
16

. Currently a large number of Fe(II) complexes have been reported to display this 

phenomenon
17

, along with a smaller number of Fe(III) examples
18

. 

 

          A sample is irradiated at very low 

temperatures (when LS is the ground state) 

with the characteristic   d-d absorption band, 

promoting the 
1
A1g→

1
T1g transition which will 

decay by intersystem crossing (ISC) into 

1
T1g→

3
T2g→

3
T1g due to spin-orbit coupling. 

From that electronic state, a 
3
T1g→

5
T2g ISC 

transition can happen (violet relaxation, Figure 

1.9) concluding the transition to HS. 

           At this stage, in order to induce reverse 

LIESST specific irradiation again is needed 

which would allow the 
5
T2g→

5
Eg transition, 

and finally a 
5
Eg→

3
T1g→

1
A1g ISC could 

convert back the system to LS state. 

Figure 1.9: Schematic LIESST mechanism. 

The HS state is kinetically metastable at low temperature where Ea cannot be reached. 

However the system can relax back into the LS by increasing the temperature (T(LIESST)). The 

T(LIESST) experiment involves a “strict protocol”; irradiating the sample at 10 K and warming 

at 0.3 Kmin
-1

 rate while measuring χmT until it decays to LS. Example shown in Figure 1.10; 
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Figure 1.10: Example of T(LIESST) experiment for an iron(II) complex. This graph has been 

adapted from
17

. 

It is important to be consistent with the method because the process is entropically 

driven. It has been reported the scan rate of T variation affects the shape and T(LIESST)
19

.  

 

1.2.4 Pressure influence 

Pressure is an external stimulus able to shift the SCO equilibrium. This effect arises 

because r(M-L) decreases under pressure increasing the ligand field. High spin geometry is 

expanded compared to that for LS due to its anti-bonding electronic occupancy. Therefore, in a 

situation where the difference between unit cell volumes of HS and LS is significant, applying 

pressure would stabilize the LS state and raise T1/2. An example is in Figure 1.11; 

 

Figure 1.11 Plot of pressure influence in the χmT vs T curves. This picture has been taken from 

Gütlich et al
20

. 

Gutlich, Létard et al. conducted several studies regarding pressure influence in SCO or 

VT transitions, Figure 1.11
21

. Since typical values of T1/2 are low temperatures, the approach of 

increasing it close to room temperature is very important for potential application as a sensor or 

memory storage devices. However in practice, typical pressures needed to shift low T1/2  close 

to room temperature are too high to be applied in a realistic way for such applications.    
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1.2.5 Magnetic field 

Varying the applied magnetic field another stimulus which interacts with T1/2. Among 

two spin states available the one which has more unpaired electrons is stabilised (HS) when 

increasing the magnetic field. However, the effect observed for cases reported in the literature 

is small in magnitude. For instance; an increment in the magnetic field from 1 to 5.5 Tesla was 

applied and only ΔT1/2 = -0.10 ± 0.04 K was found
22

. 

 

1.2.6 Uv-vis-NIR absorption spectra 

The crystal field splitting (∆o) can be experimentally measured by Uv-vis-NIR. Hence, 

this technique is an interesting tool for predicting the magnetic behaviour of metal complexes. 

Nevertheless, the application is limited because d-d bands are Laporte forbidden.  

The semi-empirical 10 Dq term represents ∆o mathematically and its value differs 

depending on the spin state; Dq
HS

 < Dq
LS

 because M-L bond lengths change along the 

transition, Figure 1.12. Despite the larger nephelauxetic effect for LS complexes, spin pairing 

energy (Π, black straight line in Figure 1.12) is considered equivalent for both HS or LS Fe(II) 

complexes with a magnitude around 14000-17000 cm
-1 23

.  

 

 

 

 

10 Dq
LS

 ≈ 19000 – 22000 cm
-1

 

 

 

 

 

10 Dq
HS

 ≈ 11000 – 12500 cm
-1 24 

Figure 1.12: Energetic difference between the two electronic states versus the ligand field strength. 

Pairing energy (Π). Typical Dq SCO values are related such as Dq
LS

/Dq
HS

 ≈ 1.75; and 0 < ∆H
o 

< 

+2000 cm
-1

. 

The transition is impossible when 10 Dq
HS

 < 10000 cm
-1

 because ∆H
o
 is negative. In this 

case, HS is the ground state and LS state cannot be populated. Furthermore, when 10 Dq
LS

 > 

23000 cm
-1

 ∆H
o
 is too high to thermally populate the HS state without destroying the 

complex
10

. 
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1.3 Ligand design 

Ligand design is one of the most important issues in the SCO research since even the 

smallest variation of a ligand can strongly affect the magnetic properties of its metal complex.  

 

1.3.1 Spin-crossover: iron complexes 

Since Cambi and Szegӧ reported the first SCO compounds in 1931
25

, much progress has 

been made on this topic. Several metal ions from different coordination geometries undergo 

spin-crossover; manganese(III)
26

, iron(III) and (II), cobalt(II)
27

 mononuclear complexes,  

dinuclear
28

 or even polynuclear
29

 clusters are some examples found in the literature. 

Nevertheless, the field is dominated by six coordinate iron(II) complexes of N-donor ligands
30

. 

 Figure 1.13 First iron(II) SCO reported. This transition involves two electrons and a spin 

variation of ΔS = 2. 

The first SCO Fe(II)-6 N-donor combination was reported in 1964 by Baker and 

Bobonich
31

 (Figure 1.13), however it was not until 1966 when Kӧnig and Madeja
32

 proposed 

the SCO phenomenon as a thermal transition between the spin states. The electronic occupancy 

of the antibonding eg orbitals for the HS state is translated into an elongation of the metal-

ligand (M-L) bond length average
33

. 

That combination is one of the most studied spin-crossover systems since the structural 

difference between their spin states is greater than for other metal–ligand combinations
30

. This 

fact helps to propagate the transition through the material more efficiently, leading to an abrupt 

switching transition. In addition, the high spin state is usually pale in colour, while the low spin 

state is strongly coloured making it easily recognizable. Finally, spin-crossover in iron(II) (d
6
) 

switches the paramagnetism of material on and off. Iron(II) complexes of 2,6-di(pyrazol-

yl)pyridine ligands (bpp) (Figure 1.14)  and its derivatives are a well-known example of this 

combination. 

 

1.3.2 Cooperativity:  

The arrangement of the complexes along the crystal lattice is determinant for the SCO 

phenomenon. The use of different counter-anions has also a notable effect on the magnetic 

behaviour in two main ways. Very often counter-anions have H-bonding acceptor atoms. When 
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interacting with the ligand through a position close enough to the coordinating nitrogen donor, 

they can withdraw some electron density weakening the M-L bond, hence stabilising the HS 

state
34

. On the other hand, the size of the counter-anion also usually makes a difference
35

. The 

solvent molecules within the crystal lattice can also have a similar H-bonding or size impact as 

counter-anions
36

. Figure 1.14 displays examples of such effects. 

 

Figure 1.14: A) Wider and closer to room temperature hysteresis loop due to the enhanced 

mechanical coupling between the complexes over the lattice
37

. B) [FeL2](BF4)2(L= 2,6-di(pyrazol-1-

yl)-4-(isopropylsulfanyl)pyridine; recrystallized from different solvents shows varying SCO 

behaviours even though they are isostructural
38

. C) SCO active complex despite its large Jahn-

Teller distortion. Its magnetism is affected  by the counter-anion used
39

. 

Cooperative effects cannot be understood at molecular level. Small variations in the 

system will have a strong effect if they influence the steric arrangement in the crystal lattice or 

its rigidity. Structures with greater structural differences between HS and LS states will show 

strong cooperativity leading to abrupt transitions
40

.  

 

1.3.3 Distortions parameters, Jahn-Teller: 

The morphology of a complex plays a determining role towards the spin transition. 

Hendrickson et al introduced the parameters which describe the deviation of octahedral metal 

complexes from the ideal octahedral geometry (ideal Oh: Σ = Θ = 0)
41

 (Figure 1.15); 

 

Σ = ∑ |𝟗𝟎 −  𝜶𝒊|𝟏𝟐
𝒊=𝟏                                              Θ = ∑ |𝟔𝟎 −  𝜽𝒋|𝟐𝟒

𝒋=𝟏  

Figure 1.15: Where αi are the 12 cis N-Fe-N angles and θj are 24 unique N-Fe-N angles  measured 

from the triangular projections along the pseudo-threefold axis. Both Σ and Θ are usually much 

larger for HS state than the LS. 
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The Σ rhombic distortion parameter gives information about the overall Oh distortion, 

and the Θ trigonal parameter is more indicative of the type of distortion observed. Later, 

Guionneau et al. used these parameters to describe the spin state of iron(II) complexes and to 

determine the extent of distortion produced during the spin transition by comparing HS and LS 

structures
42

. The HS configuration is more flexible and susceptible to distortion than LS due to 

its extra anti-bonding eg* electrons (Figure 1.16). 
 
 

 

 

 
 

 

Figure 1.16: Complexes remaining LS at room temperature are represented by “  ”, complexes 

trapped in HS state at low temperatures corresponds to “●” and finally, the complexes which 

trigger a spin-crossover transition are “         ”
43

. 

The Jahn-Teller (J-T) theorem states that every non-linear geometry with a degenerate 

ground state is unstable so a distortion will break the symmetry, decreasing the energy of the 

system. Notice that the ideal symmetry for complexes with planar tridentate chelating ligands 

such as bpp is not Oh anymore, it is D2d instead
44

 (Figure 1.17). 

 

Figure 1.17: Energy levels of d orbitals for Oh and D2d geometries. 

The HS geometry for this type of complexes is characteristically distorted from D2d 

symmetry to C2 under a Jahn-Teller effect described by the following two angles (Figure 1.18). 



Chapter 1 

 
 

Introduction  Page | 16 

 

Figure 1.18: Definition of θ and ϕ, Jahn-Teller distortion angles. 

where ϕ < 180
o
 is the trans-N[pyridine]-Fe-N[pyridine] angle which measures the bending of 

the molecule along the main C2 fold axis and θ < 90
o
 is the twist angle between the two planes 

generated from the ligands (σ
1
 ∢ σ

1’
).  

The SCO phenomenon is often inhibited for systems whose geometries of both electronic 

states strongly differ from each other, so the structural change over the lattice required during 

the transition would be too energetic to be accessible. It is said that these complexes are trapped 

in their HS state. The geometric distortion parameters of several [Fe(bpp)2]
2+

 salts are plotted  

against their capacity of undergo SCO (Figure 1.19)
43

. 

 

Figure 1.19: Complexes remaining LS at room temperature are represented by “▲”, complexes 

trapped in HS state at low temperatures corresponds to “●” and finally, the complexes which 

trigger a spin-crossover transition are “          ”
45

. 
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1.4 Computational methods 

The use of computational methods for exploring the properties of individual molecules 

and materials has increased over the last two decades. The calculations currently can be 

performed in small computers where the ultimate goal is the solution of the time-independent, 

non-relativistic Schrödinger equation (S.E., Eq. 11): 

Ĥ ∙ 𝚿 =  𝐄 ∙ 𝚿         (Equation 11) 

where wavefunction (𝛹) describes the quantum state of a system, E is the energy and 

Hamiltonian operator (Ĥ) operates the wavefunction to determine permitted energy levels of a 

molecule. The Schrödinger equation only can be solved exactly for molecules with N ≤ 1 (N = 

no. electrons). For more complex systems approximations must be made. Currently, there are 

two main approaches to solve the S.E.; semi-empirical methods and ab initio methods which 

use the first principles of quantum theory to calculate structures. 

The Hamiltonian represents E so it must contain terms for kinetic energy and the 

potential energy of electrons (e
-
) and nuclei (n

+
). It is represented by five-terms: Ekn

+
, Eke

-
, 

Epn
+
 - Epn

+
, Epe

-
 - Epe

-
, Epn

+
 - Epe

-
. After the Born-Oppenheimer approximation is taken into 

account2* Ĥ becomes a three-term Ĥelec. Ideally, for molecules with N > 1, the S.E. would be 

solved one e
-
 at a time for all the electrons in the system and summed together which will give 

an overall solution with N atomic orbitals. However, electron motion is correlated meaning that 

every electron is related to every other and by adding electrons to the system the increase of 

variables is exponential. This is known as the “many-body” problem. Hartree assumed that 

each e
-
 moves in a uniform field generated by all the other electrons of the system instead of 

considering every movement of e
-
 individually. In other words, he proposed how to solve the 

S.E. one e
-
 at a time by ignoring electronic correlation. Fock included the electron exchange 

model due to Pauli’s exclusion principle. Thereby they created Hartree-Fock (HF) theory, an 

iterative method which converges until self-consistency is attained and calculates the “best” 

solution for the Schrödinger equation. It is the most basic level of ab initio calculation and is 

only an exact calculation for N ≤ 1 systems. 

When having multi-electronic systems HF approximates the wave function with a single 

Slater determinant in the one-electron wave function basis. “Every normalizable antisymmetric 

wave function can be expressed as the sum of a series of Slater determinants built up from a 

complete basis set of one-electron functions“ 
46

. 

For building the Hamiltonian the no. of electrons (N), atomic numbers (ZA) and atomic 

positions (RA) are required: (N, ZA, RA) → Ĥ → Ψ → E, E = E[N, ZA, RA]. Thus, the energy is 

                                                      

2*  Owing to the mass of the electrons compared to the mass of protons and neutrons is 

negligible, we consider that the nucleus is static while electrons are orbiting around it. 
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a function of those parameters. The energy of the ground state can be calculated with the 

variational method for the minimum Ψ allowed. The variational principle states that the energy 

computed from a guessed Ψ is an upper bound to the true ground-state energy E0.  

HF can be taken as starting point for higher levels of theory by adding extra 

approximation of the missing correlation energy. The Møller-Plesset series or couple cluster 

models are examples. Although an ab initio approach based on 4N variables; N(e
-
) Ψ = f(3N 

spatial + N spin variables) is reliable, its equations are too complex and it is too 

computationally expensive for complicated structures. On the other hand, semi-empirical 

methods which require either experimental data and/or so many approximations are applicable 

to different molecules with an almost limitless number of atoms since they are not very 

complex calculations.  

 

1.4.1 DFT calculations 

This is an alternative variational procedure of solving the Schrödinger equation, which 

since the 1980s has been growing in popularity. The mean unsigned error of DFT on a broad 

chemistry energetic database has been improved by a factor of 3.7
47

. It can be considered either 

as an ab initio or semi-empirical method since some of its common functionals use empirical 

parameters. In DFT, the electronic energy functional is minimized with the electronic density ρ. 

ρ(r) represents the likelihood for any electron N of being in a volume dr, which can be 

experimentally determined e.g. by X-ray diffraction. Knowing the following properties: 

𝛒(𝐫)  ≥  𝟎       Equation 12 

𝛒(𝐫 → ∞)  =  𝟎       Equation 13 

∫ 𝛒(𝐫)𝐝𝐫 =  𝐍           Equation 14 

𝐥𝐢𝐦𝐫 →𝐑𝐀
[

𝐝

𝐝𝐫
+ 𝟐𝐙𝐀] �⃗⃗⃗�(𝐫)  =  𝟎         Equation 15 

electron density is a non-negative function (Eq. 12) which vanishes at infinity (Eq. 13), the 

nuclear positions are maxima for the function (RA), it integrates the total number of electrons 

for the system (Eq. 14), and also give information about nuclear charge (ZA, Eq 15). One could 

say that ρ contains enough information to define the previously described Hamiltonian.          

(ρ) → Ĥ → Ψ
2
 → E, E0 = E[ρ0] 

The main problem with the DFT method is that even being an exact theory it is only 

applicable as an approximation except for the simplest models. The total energy of a system 

can be written again as the sum of e
-
-n

+
 interactions (ENe), kinetic energy (T) and e

-
-e

-
 

interactions (Eee). See eq. 16. 

𝐄[𝛒] = 𝐄𝐍𝐞[𝛒] + 𝐓[𝛒] +  𝐄𝐞𝐞[𝛒]      (Equation 16) 



Chapter 1 

 
 

Introduction  Page | 19 

where the blue terms are unknown3*. Kohn and Sham suggested the calculation of the exact 

kinetic energy of a non-interacting reference system with the same density as the real, 

interacting one. That Exc[ρ] contains everything that is unknown (Eq. 17). 

𝐄[𝛒] = 𝐄𝐍𝐞[𝛒] + 𝐉[𝛒] + 𝐓𝐬[𝛒] + 𝐄𝐱𝐜[𝛒]      (Equation 17) 

where ENe[ρ] is the e
-
-n

+
 interaction, J[ρ] is the classical Coulomb interaction between 

electronic clouds, Ts[ρ] is kinetic term which is not equal to the real kinetic energy of the 

system and Exc[ρ] is the exchange-correlation functional. The explicit form of the Exc[ρ] 

functional is the major challenge in DFT.  

When the Schrödinger equation is expressed in terms of ρ it becomes a set of equations 

termed Kohn-Sham equations which are solved iteratively until a self-consistent calculation is 

achieved. Total energy is expressed in terms of electron density distribution ρ = Ψ
2
 rather than 

the wave function Ψ itself. This is a great advantage since electronic density is a much simpler 

term than a wavefunction. When having a system with N electrons, ρ only depends on three 

spatial variables whereas ab initio methods depend on 4N variables. In other words, DFT 

calculations can be very accurate with the advantage of being less computationally demanding 

when compared with ab initio methods. The use of DFT is remarkable for d-metals in giving 

better agreement with experimental values than obtained with other methods. 

The spin-polarized Kohn–Sham (KS) formalism involves a Slater determinant formed 

from a set of N fictitious single-particle spin-orbitals corresponding to a non-interacting system 

of electrons with the same spin densities. Therefore, KS orbitals satisfy a set of coupled 

analogous equations to the HF but contain the exchange-correlation potential instead HF 

exchange potential49. (Table 1-2). 

 
 e

-
/e

-
 correlation e

-
/e

-
 exchange 

HF theory ignores exact 

DFT approximate approximate 

Hybrid DFT approximate exact 

Table 1-2: Comparison between the two systems of approximation. 

There are several levels of calculation among the computational methods, for example 

BLYP (Generalized Gradient Approximation). In fact, DFT is often combined with HF theory 

to create hybrid DFT. B3LYP (Global Hybrid Generalized Gradient Approximation) is a very 

popular example because is faster than post-HF methods and quite accurate. There is a term 

known as Jacob’s ladder which compares the different methods according to their quality: 

                                                      

3*  See the Tomas-Fermi model, which expresses all energetic terms as an electron density 

functional with poor approximation of the kinetic energy
48. Eschrig, H., The Fundamentals of Density 

Functional Theory. Vieweg+Teubner Verlag, Wiesbaden: 1996.
. 
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“Earth” 

Hartree-Fock → LDA → GGA → meta-GGA → hybrids → generalized RPA →      

Chemical accuracy. 

“Heaven” 

Despite this, there is no systematic way of improving the results of a calculation. The 

most effective modus operandi is to choose the method that gives the best results by 

comparison with experimental values or with some higher level calculations, independent of its 

position in Jacob’s ladder. 

Appropriate levels of theory and basis sets need to be chosen for a calculation. In other 

words, we need to model the atomic radial distribution of the electrons. The basis sets are 

optimised for atoms so atomic orbitals are calculated instead of molecular orbitals. Thus, 

adding polarization functions represented by (*) is a good approximation. Diffuse functions (+) 

which make larger versions of the atomic orbitals, can be important for atoms carrying extra 

charge. Common basis sets are the Split-valence, for example 6-31-G* and 6-311G*. The 

classification of basis sets follows as the higher the number and the more numbers the better. 

All DFT calculations presented here were performed by the SPARTAN’16 or 

SPARTAN’ 18 Software
50

. Equilibrium geometries were estimated by using B86PW91 method 

(GGA) with def2-SVP basis set (Karlsruhe). This functional/basis set combination has 

performed well in other computational studies of spin state properties in compounds related to 

those in this thesis
51

.  
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Chapter 2 – Bis (Pyrazolyl) Triazine Derivatives and their 

Iron(II) Complexes 

2.1 Introduction 

The synthesis of the bpt family of ligands is described along with the characterization of 

their iron(II) complexes obtained.  

 

2.1.1 Bis (pyrazolyl) pyridine (bpp) iron(II) complexes 

Iron(II) complexes with 2,6-di(pyrazol-1-yl)pyridine ligands (1-bpp) (Figure 2.1a) and 

several derivatives are well known within the spin crossover community and have been studied 

in Halcrow group for the last 15 years
1
. There are various synthetic routes available for bpp 

ligands with different substituents. Many of these iron(II) complexes present SCO in solution 

however, and only around half of them trigger the spin transition in the solid state
2
. It is clear 

that functionalising the pyridine or the pyrazole rings has a strong effect on SCO behaviour
3
. 

Derivatizing the bpp backbone by adding second functionalities is a powerful method to 

produce multifunctional SCO compounds
4
. However, synthesizing this kind of ligand generally 

involves tedious multistep procedures with low yields. Thus, finding an alternative family of 

ligands which is more easily modifiable than bpp ligands was our goal. 

 

2.1.2 Bis (pyrazolyl) triazine (bpt) iron(II) complexes 

Iron(II) complexes of other similar tridentate ligands with different azabenzenes have 

recently been reported as SCO active. Examples include, iron(II) salts of 2,6-di(pyrazol-1-

yl)pyrazine (Figure 2.1b)
5
 and 2,6-di(pyrazol-1-yl)pyrimidine (Figure 2.1c)

6
.    

 

Figure 2.1: New family of ligands proposed “d)” and related scaffolds whose iron(II) complexes 

undergo SCO. 

2,4-Di(pyrazol-1-yl)1,3,5-triazine ligands (Figure 2.1d), designed by increasing the 

nitrogen content of the 6-membered ring in the centre of the molecule, were proposed as a 

potential new SCO family of ligands which can be easily tunable. 
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2.2 Results and discussion  

2.2.1 Synthesis and characterization of the ligands  

The new family of bpt ligands synthesized in this work was based on the 2,4-di(pyrazol-

1-yl)-1,3,5-triazine scaffold (Figure 2.2) varying the substituents in either the 6-position of the 

triazine ring (R1) or the 3,4,5-pyrazole sites (R2).The bpt ligand (where R1 = H and R2 = H) was 

also synthesized, however it will be discussed later in chapter 4. 

 

Figure 2.2: Bis (pyrazolyl) triazine scaffold (bpt). 

Cyanuric chloride is the precursor of the new ligands. Aerobic conditions, room 

temperature and non-dry solvents were used for the reactions discussed here (Figure 2.3). 

 

Figure 2.3: Synthetic scheme of the starting material (1) and (2). 

Pyrazolate attacks the strongly electrophilic cyanuric chloride carbon atoms triggering a 

nucleophilic aromatic substitution of the chloride group. 2,4-Di(pyrazol-1-yl)-6-chloro-1,3,5-

triazine (1) (Figure 2.3) was selected as a starting material for the other ligands, analogously to 

de Hoog et al
7
. However, mixtures of (1) and (2) were always obtained from this reaction. The 

yields of (1) were low and hard to control due to the highly reactive nature of 1,3,5-triazine 

ring. 

Triethylamine is a weaker base, so it was used as an alternative to NaH in order to shift 

the previous reaction towards ligand (1). A combination of (1), (2) and (3) (Figure 2.4) was 

obtained instead. These results contrast with the ones reported by Rothmann et al in an 

analogous reaction with carbazole as the nucleophile, where n-BuLi was used as base at high 

temperature (70
o
C) to yield the di substituted ligand

8
.  

The reactivity of the 1,3,5-triazine ring allowed the use of ligand (2) as a starting 

material for the synthesis of the new bptR1 family of ligands through nucleophilic aromatic 

substitution (Figure 2.4). 



Chapter 2 

 
 

Bis (pyrazolyl) triazine scaffold  Page | 27 

Figure 2.4: Synthetic scheme of bptR1 ligands. Both (1) or (2) ligands can be used as starting 

material. Yields are given as %. 

Compounds (2) and (3) were described in the literature before
9,10

. Three novel organic 

compounds; 2,4-di(pyrazol-1-yl)-6-chloro-1,3,5-triazine, (1), 2,4-di(pyrazol-1-yl)-6-

(dimethyilamino)-1,3,5-triazine, (4) and 2,4-di(pyrazol-1-yl)-6-(isopropylsulfanyl)-1,3,5-

triazine, (5) have been fully characterized by 
1
H NMR, 

13
C NMR, microanalysis, ESMS, 

melting point, and X-ray single crystal diffraction. Although ligand 2,4-di(pyrazol-1-yl)-6-

phenoxy-1,3,5-triazine, (6) was novel too, we decided to stop investing time on it before the 

full characterization was completed. It was similar to ligand (12) (Figure 2.6) which was not 

synthesized but whose iron(II) complex was obtained. The synthesis approach for ligand (7) 

was analogous to the synthesis of ligand (3) with PPh3 instead of NEt3. (7) was not isolated in 

its neutral form and due to solubility problems it was not purified. When this crude ligand was 

reacted with iron perchlorate, it assembled into a supramolecular complex [7*] through 

hydrogen bonds with a pyrazolium cation (Figure 2.6). No more research was performed in that 

direction. 

 

Figure 2.5: Synthetic scheme of bptR2 ligands. Yields given as %. 
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Additionally, a few other bptR2 type ligands were synthesized by using different 

nucleophiles in the same reaction with cyanuric chloride, Figure 2.5. Compounds (2), (8) and 

(11) had been published previously
9b, 10a, 11

. Ligand (10) was discarded because no iron(II) 

complex was isolated from it. Therefore, only the novel ligand 2,4,6-tris(4,5,6,7-tetrahydro-2-

indazol-2-yl)-1,3,5-triazine (9) was fully characterized.  

 

Figure 2.6: Structure of ligand (12) which was not synthetized in this work. Few examples of the 

crystal structures obtained ordered from left to right; (1) P21/c, [7*] P�̅� and (10) P21/n. Solvent 

molecules and hydrogen atoms of structures (1) and (10) have been removed for clarity. 

In conclusion, the 1,3,5-triazine skeleton is very reactive. All these reactions work 

reasonably well in mild conditions but the yields are unreliable. Thus, it is believed that 

cyanuric chloride would react with any nucleophile present in THF solution.  

Ligands (4), (5) and (12) have different substituents in the 6-position of the triazine        

(-NR2, -SR and –OR), and were abbreviated with words; bptOEt, bptNMe2 and bptSIP 

respectively. 

 

2.2.2 Synthesis of iron(II) complexes 

The labelling criteria of the metal complexes are the following; the homoleptic complex 

of a given ligand (X) such as bis(X)iron(II) tetrafluoroborate is labelled as [X]B, or as [X]C if 

perchlorate is the counter-anion used. For compounds with more than one structure or 

polymorph, a third parameter identifying each one is added; α, β, γ, and so on. All complexes 

were made from iron(II) salts unless otherwise stated. Other important considerations will be 

explained during the discussion when needed.  

Complex formation was monitored for the appearance of a characteristic yellow colour 

immediately when ligands were mixed in solution with iron(II) salts. The first complexation 

procedure (Figure 2.7) was described by Baker et al.
12

 It consists in mixing ligands and metal 

salts in hot ethanol and slowly cooling the mixture. Ligand (1) yielded single crystals of 

complex [12]B by this route, where ethanol has performed an aromatic nucleophilic 

substitution with its chlorine moiety. Similar reactions were reported before
13

, therefore protic 

solvents were discarded for this study.  
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Figure 2.7: Method 1 of complexation and crystallization of [Fe(bptOEt)2](BF4)2, [12]B. 

The strategy used subsequently was described by Cook et al
14

 and is similar to the 

previous one (Figure 2.8). However, in this case the complex was isolated by addition of 

antisolvent. Single crystals were obtained by diffusing ether into a concentrated complex 

solution. Variations in the solvent system used are detailed in Chapter 8.  

 

 

Figure 2.8: Example of the crystallization method used for the rest of complexes. 

Iron(II) salts containing ligands (1), (10) and (11) were not obtained. The chloride 

moiety of ligand (1) becomes susceptible to hydrolysis as soon as a transition metal coordinates 

the ligand. Some polymetallic structures could be present in the mixture precluding the 

purification of the complex; a similar scenario will be discussed in Chapter 3. The bpt family of 

complexes showed unexpected weak pyrazolyl-iron bonds (Experimentally determined, Table 

2-1). Besides, electron withdrawing groups (EWG) in the 4-position of the pyrazole ring 

weaken the M-L bond for this type of complex
3
. Therefore, the iron(II) complex of ligand (10) 

with ethyl carboxylate in the 4-position was not stable. Finally, in an attempt to favour the LS 

state, ligand (11) was proposed. The two azaindazolyl N-donor are very close to each other 

whereas the triazinyl nitrogen is too far away compared to the rest of bpp-like ligands. Such a 

geometry could prevent the complexation itself. 

 

2.2.3 Single crystal and powder X-Ray diffraction 

Crystal structures of the following iron(II) salts were collected; [12]B, [2]αB, [2]βB, 

[2]αC, [3]αB, [3]βB, [3]C, [4]B, [5]B, [6]B, [8]αB, [8]βB and [9]B. An iron(III) complex of 

ligand (3) was also prepared; Fe
(III)

[3]C. Powder patterns were obtained from the bulk 
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precipitate from adding ether to the complex solution and compared with the pattern simulated 

from the crystal structures using the Mercury software
15

. 

2.2.3.1 Complex [12]B 

Complex [Fe(12)2](BF4)2 [12]B crystallized in I41/a space group, and the asymmetric 

unit cell contains half of the complex (Figure 2.9).  

             

 

Figure 2.9: Crystal structure and powder diffraction pattern of [12]B complex. Counter-anions 

and hydrogen atoms of structures have been removed for clarity. The colour assignment in the plot 

is black for the experimental and grey for the simulated XRD. 

2.2.3.2 Complexes [2]αB, [2]βB and [2]C 

Complex [Fe(2)2](BF4)2 [2]B crystallized as two polymorphs. Polymorph α ([2]αB) is 

arranged in the cubic crystal system, in the Ia3̅d space group, and was mainly obtained during 

this work as octahedral-spherical yellow crystals. Polymorph β ([2]βB) was observed only once 

as yellow needles. In that case the space group is tetragonal, I41/acd. The contents of the 

asymmetric unit cells are different. The main polymorph α contains 1/6 of the molecule while 

the second, polymorph β consists of 1/4. Both polymorphs exhibit symmetry-imposed disorder 

(Figure 2.10). 

                    

Figure 2.10: Asymmetric unit cell of [2]αB on the left and [2]βB on the right. Counter-anions and 

hydrogen atoms of structures have been removed for clarity. 

The main difference between the two models is that the iron occupancy is a random 

distribution along the cubic array of ligands in [2]αB whereas it is fixed for [2]βB. Perchlorate 
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salt [2]C was also prepared and it was isostructural with [2]αB. See powder diffraction patterns 

(Figure 2.11). 

              

Figure 2.11: Powder diffraction pattern of [2]B and [2]C compared with the simulated 

polymorphs. The colour assignment in the plot is black for the experimental and grey for the 

simulated XRD. 

2.2.3.3 Complexes [3]αB, [3]βB and [3]C 

Two pseudopolymorphs were collected from [Fe(3)2](BF4)2 and modelled in the triclinic 

P1̅ space group. [3]αB contains two unique complexes and a half molecule of DCM in the 

asymmetric unit cell while [3]βB contains three complexes and approximately half a molecule 

of DCM disordered over several positions (Figure 2.12). 

 

Figure 2.12: Crystal structure of [3]αB and [3]βB respectively. Counter-anions, solvent molecules 

and hydrogen atoms of structures have been removed for clarity. 

The powder pattern of the bulk sample did not fit any of the polymorphs. However when 

a few mg of pure single crystal of [3]βB were ground the result was positive (Figure 2.13). 
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Figure 2.13: Powder pattern diffraction of polymorph β. The colour assignment in the plot is black 

for the experimental and grey for the simulated XRD. 

Complex [3]C was crystallized in a different symmetry to any of the two [3]B structures, 

P21/c. It contains three molecules of nitromethane and one complex in the asymmetric unit cell. 

2.2.3.4 Complex [4]B 

 [Fe(4)2](BF4)2, [4]B crystallized in the tetragonal I41/a space group, the asymmetric unit 

contains half of the complex and a disordered molecule of acetonitrile (Figure 2.14). 

 

Figure 2.14: Crystal structure of [4]B and powder diffraction pattern. Counter-anions and 

hydrogen atoms of structures have been removed for clarity. The colour assignment in the plot is 

black for the experimental and grey for the simulated XRD. 

2.2.3.5 Complex [5]B 

[Fe(5)2](BF4)2, [5]B complex crystallized in the monoclinic P21/c space group, the 

asymmetric unit contains the complex (Figure 2.15). 

              

 

Figure 2.15: Crystal structure of [bptSIP]B, [5]B and powder diffraction pattern. Counter-anions 

and hydrogen atoms of structures have been removed for clarity. The colour assignment in the plot 

is black for the experimental and grey for the simulated XRD. 
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2.2.3.6 Complex [6]B 

[Fe(6)2](BF4)2, [6]B complex crystallized in the tetragonal I41/a space group. The 

asymmetric unit contains half of the complex (Figure 2.16). 

      

Figure 2.16: Crystal structure of [6]B. Hydrogen. Counter-anions and hydrogen atoms of 

structures have been removed for clarity. 

2.2.3.7 Complexes [8]αB and [8]βB 

 [Fe(8)2](BF4)2, [8]B crystallized as two different pseudopolymorphs; [8]αB crystallized 

in the monoclinic C2/c space group and contains half complex and one molecule of DCM in the 

asymmetric unit cell. [8]βB was triclinic P1̅ containing three unique complexes, two DCM 

molecules and one molecule of diethyl ether in the refinement model. However, some electron 

density may remain unidentified due to the quality of the data (Figure 2.17).  

  

Figure 2.17: [8]αB and [8]βB polymorphs respectively. Counter-anions, solvent molecules and 

hydrogen atoms of structures have been removed for clarity. 

This compound became an amorphous powder even when a sample of pure single 

crystals was ground (Figure 2.18).  

      

Figure 2.18: Powder pattern diffraction of [8]B. The colour assignment in the plot is black for the 

experimental and grey for the simulated XRD. 
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2.2.3.8 Complex [9]B 

Finally, [Fe(9)2](BF4)2, [9]B was crystallized in the triclinic P1̅ space group. The 

asymmetric unit contains the complex and 1.55 disordered molecules of MeCN with 0.45 

molecule of DCM (Figure 2.19). 

 

   

Figure 2.19: Crystal structure of [9]B and powder diffraction pattern. Counter-anions, solvent 

molecules and hydrogen atoms of structures have been removed for clarity. The colour assignment 

in the plot is black for the experimental and grey for the simulated XRD. 

 

2.2.4 Crystallographic analysis of bpt iron(II) complexes 

Single crystal X-ray diffraction is one of the most useful techniques to analyse the 

electronic state of iron(II) complexes and it is widely used in SCO characterization.
16

 Typical 

low spin iron(II) complexes present Fe-N bond lengths between 1.9 and 2.0 Å while the HS 

form shows longer bond lengths (2.1-2.4 Å) and larger unit cells.
17

 All crystal structures in this 

work have been collected at 120 K unless it is specified otherwise. The crystallographic 

parameters for the iron(II) complexes describing their spin state can be found in the following 

Table 2-1 (Check section 1.3.3 in Chapter 1, for definition of the distortion parameters). 
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 [12]B bptOEt [2]αB  [2]βB 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.0972 (18) 

2.2048(19), 2.2146(19) 

12.108(8) 

171.5(4) 

542.4(7) 

168.75(10) 

74.03(3) 

1.9078(7) 

2.301(12) 

12.15(5) 

175(3) 

474(6) 

180(0) 

 69.9(3) 

2.097(5) 

2.224(3) 

12.358(11) 

177.8(6) 

538.8(12) 

180(0) 

71.88(4) 

    

 [2]αC, [3]αB, molecule A [3]αB, molecule B 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

1.9465(5) 

2.455(12) 

14.26(5) 

167(2) 

449(4) 

180(0) 

70.09(4) 

2.0789(16), 2.0907(16) 

2.2140(17) - 2.2474(17) 

12.374(6) 

175.1(2) 

533.7(6) 

173.53 (6) 

 73.535(17) 

2.0823(16), 2.0907(16) 

2.2040(17) - 2.2607(17) 

12.445(6) 

162.5(2) 

531.6(6) 

171.79(7) 

79.999(17) 

    

 [3]βB, molecule A [3]βB, molecule B [3]βB, molecule C 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.075(4), 2.152(10) 

2.212(4) - 2.282(12) 

12.54(3) 

166.1(11) 

550(3) 

168.8(3) 

84.52(2) 

2.077(4), 2.083(4) 

2.222(4) - 2.271(4) 

12.457(14) 

163.7(5) 

531.8(12) 

168.61(14) 

 81.83(4) 

2.099(4), 2.100(4) 

2.215(4) - 2.257(4) 

12.297(14) 

167.8(6) 

561.4(13) 

163.69(15) 

87.80(4) 
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 [3]C [4]B bptNMe2 [5]B bptSIP 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.076(2), 2.1006(18) 

2.2353(19) - 2.2591(19) 

12.581(7) 

168.1(3) 

538.1(6) 

173.63(7) 

81.953(17) 

2.108(3) 

2.219(3), 2.269(3) 

12.102(11) 

174.2(6) 

568.8(11) 

154.19(15) 

 82.35(4) 

2.087(4), 2.102(4) 

2.206(4) - 2.244(4) 

12.284(16) 

166.8(6) 

532.2(14) 

167.50(16) 

75.82(4) 

    

 [6]B [8]αB [8]βB, molecule A 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.110(8) 

2.203(9), 2.244(9) 

12.26(4) 

169.3(16) 

558(4) 

165.2(5) 

79.51(2) 

2.100(2) 

2.193(2), 2.258(2) 

11.989(10) 

174.7(4) 

587.7(10) 

159.62(13) 

 89.06(3) 

2.094(7), 2.097(6) 

2.169(7) - 2.254(7) 

12.07(3) 

170.6(9) 

563(2) 

165.1(3) 

84.67(8) 

    

 [8]βB, molecule B [8]βB, molecule C [9]B 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.0805(16), 2.102(9) 

2.1500(19) - 2.2051(15) 

11.638(18) 

175.4(5) 

577.0(17) 

167.4(3) 

83.69(5) 

2.127(10), 2.178(12) 

2.157(9) - 2.212(11) 

12.20(4) 

175.7(15) 

561(4) 

173.4(4) 

 84.6(13) 

2.093(2), 2.099(2) 

2.188(2) - 2.249(3) 

12.494(9) 

166.6(3) 

547.3(8) 

166.10(10) 

84.02(3) 

Table 2-1: Crystallographic parameters determined directly from the crystal structure by using 

Olex2
18

. 
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The first parameter examined in order to determine the spin state of iron(II) complexes is 

the M-L bond lengths (Figure 2.20). 

 

Figure 2.20: Plot of Fe-N bond lengths for all complexes. The values are averaged and extracted 

from table 2-1. 

Two conclusions were drawn from Figure 2.20; all complexes are HS at 120 K, all Fe-

N[pyrazolyl] bond lengths are approximately 0.1Å longer that Fe-N[triazinyl]. Although [2]αB 

and [2]αC Fe-N[triazinyl] bond lengths are around 1.9Å, the Fe-N[pyrazolyl] distances are too 

high to be LS complexes. Hence, this might be an artifact of the symmetry-imposed disorder in 

those crystals. 

The next parameters examined from the table are the Jahn-Teller distortion parameters 

(Figure 2.21). 

 

Figure 2.21: Distortion from idealized D2d symmetry, in the Jahn-Teller distortion parameters of 

the complexes discussed here. HS complexes in the shaded regions of the graph commonly (dark 

blue) or rarely (pale blue) exhibit SCO. Complexes outside the shaded part never undergo SCO in 

the solid state.  

[Fe(bptR)]X2 complexes exhibit significant distortions at least in parameter from an ideal 

D2d symmetric coordination geometry. There is a kind of relationship between the distortions 
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observed. For example, [8]αB and [3]βB, molecule C are not twisted at all (θ ≈ 90
o
), however 

they are very bent. In contrast, the complexes [2]X are the opposite, they exhibit ϕ = 180
o 
 

which is characteristic of LS complexes but their θ parameter is very distorted. The other 

complexes show reasonably large distortions of both parameters. As a curiosity the complex 

[4]B is very deviated from D2d symmetry, it shows a quite strong twist parameter (θ : 82.3
o
 < 

90
o
). In addition it is extremely bent (ϕ : 154

o
 << 180

o
). 

In order to confirm the spin state of the complexes more data can be highlighted from 

Table 2-1. Typical LS complexes of this type present a value of VOh around 9.5 ± 0.4Å
3
 

whereas for HS configuration the volume is around 12.2 ± 0.8Å
3 19

. The value of  parameter 

is also in agreement with iron(II) HS complexes values around 500 ± 100. In conclusion, all 

iron(II) 2,4-di(pyrazol-1-yl)-1,3,5-triazine based complexes are HS at low temperature (120 K). 

 

2.2.5 Magnetic susceptibility analysis 

Magnetic susceptibility (χT) versus temperature (T) data were determined in the solid 

state by SQUID. The measurement was performed in cooling mode from 300 to 3 K, Figure 

2.22; 

 

Figure 2.22: Solid state variable temperature magnetic susceptibility measurement. 

All the complexes remain HS over the range of temperatures. This result is in agreement 

with the conclusions drawn from the crystallographic analysis (Section 2.2.4). The zero field 

splitting effect explains the fact that susceptibility value is constant at 3.5 until 55 K when it 

decreases.
20

  

2.2.5.1 Evans Method 

χT vs T data were also determined in liquid solution of acetonitrile by paramagnetic 

NMR Evans Method. Data points were taken every 10 K from 340 K to 240 K. (Figure 2.23) 
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Figure 2.23: Liquid state variable temperature magnetic susceptibility measurement in 

acetonitrile. 

Evans method reflect the HS nature of the complexes, not only because the strong 

geometric distortions observed, but for the weak ligand field imposed by bpt donor ligands.  

2.2.5.2 Complex Fe
(III)

[3]C 

Increasing the oxidation state of an octahedral complex ion, while maintaining all other 

features equal, raises Δo about 40-80%
21

. Therefore, with the aim of favouring the LS state, 

ligand (3) was reacted with iron(III) perchlorate yielding a black powder which crystallized in 

the Pccn space group.  

Despite the efforts, the crystallographic parameters (Table 2-2) indicated that Fe
(III)

[3]C 

was high spin at 120 K. SQUID magnetic measurement also confirmed that χT remains ≈ 4.5 

cm
3
mol

-1
K over the cooling cycle.  

 Fe
(III)

[3]C 

 

Fe−N[triazinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.072(3), 2.077(3) 

2.176(3) - 2.214(3) 

11.836(12) 

161.9(5) 

527.1(11) 

166.13(13) 

80.66(4) 

Table 2-2: Geometric parameters and SQUID curve on cooling mode for Fe
(III)

[3]C complex. 
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2.2.6 Uv-Vis-NIR spectra 

Uv-Vis-NIR spectra of some [Fe(bptR)2]
2+

 complexes in acetonitrile ([4]B and [5]B) or 

nitromethane ([8]B and [9]B) solutions were collected in order to evaluate the value of Δo 

experimentally, see Figure 2.24; 

 

Figure 2.24: d-d bands of [4], [5], [8] and [9] determined by Uv-Vis-NIR in nm, the spectrum only 

shows NIR region for clarity. 

The transitions were weak in intensity because they are Laporte forbidden. Wavelengths 

[λ, (m)] are inversely proportional to the energy of an electromagnetic wave. Thus, the 

energetic band gap Δo can be calculated in eV, kcal/mol or in cm
-1

 by using equation 1; 

∆𝑬 =  
𝒉∙𝒄

𝝀
        (Equation 1) 

where h is Plank’s constant (4.1357∙10
-15

 eV∙s) and c is the speed of light (2.998∙10
8
 m/s). The 

experimental values given in cm
-1

 are roughly; [4] = 7576 cm
–1

, [5] = 8000 cm
–1

, [8] = 8475 

cm
–1

 and [9] = 8265 cm
–1

. The complexes of ligands containing electron-donor substituents in 

the pyrazolyl show slightly larger Δo as expected
3
. However these values are too low for these 

compounds to possibly accommodate a LS state (Chapter 1, Figure 1.12).  

 

2.2.7 DFT calculations 

The magnetic properties of the iron(II) bpt complexes detailed here were unexpected. 

Gas phase DFT calculations gave some understanding of this behaviour. The calculations 

performed used the B86PW91 functional which is the most similar to BP86 among those 

available in SPARTAN’16
22

, and def2-SVP basis set. BP86 was widely used in a study of 

transition metals and performed well in other calculations of comparative spin state energies for 

iron compounds
23

. 
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An equilibrium geometry DFT calculation generates a series of energy levels with high 

precision, but variable accuracy, termed Kohn-Sham (KS) orbitals. SPARTAN’16 displays a 

3D graphical representation of the electron density for any of those orbitals. The energy of KS 

orbitals has no chemical/physical significance, except for the HOMO energy level. DFT states 

that this energy is equal to the first ionization potential, however the experimental value will 

differ from it in practise
24

.  

In principle, it is easy to assign the KS energy levels to the chemically expected M-L d 

orbitals by looking at the shape of their electron density. Although the gap between KS HOMO 

and KS LUMO does not necessarily correspond to the energy band gap between t2g and eg, 

usually M-L d orbitals are near in energy to the frontier KS orbitals (Figure 2.25). Similar 

behaviour is expected for any diamagnetic transition metal with octahedral geometry. Note that 

the eg set is composed by dz
2
 and dxy because this kind of complexes have a reduction in 

symmetry from Oh to D2d. That leads the ligands to rearrange facing dxy orbital lobes and dx
2
-y

2
 

nodes rearranging the energetic levels. 

  

dz
2  [LUMO(+5)] dxy  [LUMO(+2)] 

 
 
 
 
 

    eg  

 

dxz [HOMO(-1)] dyz [HOMO(-2)] dx
2
-y

2  [HOMO] 

 
 
 
 

     t2g  

Figure 2.25: 3D graphic representation of KS orbitals calculated in SPARTAN‘16 assigned to the d 

orbitals of [Fe(bptOEt)2]
2+

 in its LS state. The value of energy is given in electron-volts, for 

example; HOMO(-1) = -10.68708 eV is associated to dxz orbital.  

Equilibrium geometry calculations were performed on pairs of complexes from the bpp 

and bpt series. The parent molecules [Fe(bpp)2]
2+ 25

 and [Fe(bpt)2]
2+ 

(which was not 

synthesized), as well as the compounds bearing thioisopropyl (SIP) substituents; 

E 
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[Fe(bppSIP)2]
2+

 
16

 and [Fe(bptSIP)2]
2+

 [5] were investigated. Two other bpt complexes bearing 

different substituents were also calculated; [Fe(bptOEt)2]
2+

 [12] and [Fe(bptNMe2)2]
2+

 [4], 

Figure 2.26.  

  

Figure 2.26: Plot of the energy levels for iron(II) complexes calculated in the LS state. 

The band gap Δo calculated by direct average of the eg and t2g set components is around 

60 kcal/mol for all complexes, table 2-4. DFT calculations of [Fe(bpyz)2]
2+

 and [Fe(bpym)2]
2+

 

complexes were also performed in order to trace a tendency related to the N content in the main 

aromatic ring
19

. The result of Δo was as follow; 

[Fe(bpyz)2]
2+

 (62.6) ≈ [Fe(bpp)2]
2+

 (62.3) > [Fe(bpym)2]
2+

 (61.1) > [Fe(bpt)2]
2+

 (59.6) 

Experimental values of Δo for [Fe(bptNMe2)2]
2+

 and [Fe(bptSIP)2]
2+

 calculated from Uv-

Vis-NIR experiment by using equation 1 were 21.7 and 22.8 kcal/mol respectively. However, 

these values are not comparable with the ones calculated in table 2-4 because the complexes are 

experimentally HS while they were considered LS in this calculation, Δo(LS) ≠ Δo(HS).  

In terms of DFT calculation, the story changes when one or more unpaired electrons are 

found in the transition metal. HS iron(II) complexes hold four unpaired electrons. The 

unrestricted DFT calculation method is strongly recommended when working with 

paramagnetic systems. Different spin electrons 
+
½ and 

-
½  are considered individually so that 

two KS equations are calculated. In other words, energy levels are expressed by two distinct 

energy sets, called α and β.  

Unrestricted Konh-Sham equations were used to calculate the HS state of the same 

complexes. However it was not possible to assign the d orbitals among the two α and β energy 

sets (See Figure 2.27) as for the LS calculation which uses restricted identical Konh-Sham 

equations. Therefore, it was not possible to determine the value of Δo calculated for the HS 

species. 



Chapter 2 

 
 

Bis (pyrazolyl) triazine scaffold  Page | 43 

 

          αHOMO(-2)        αHOMO(-13)          αHOMO(-15)        αHOMO(-16) 

Figure 2.27: Few examples of KS αHOMO orbitals where the electron density is observed in both 

the ligand and M-L bond. 

Despite that, the HS calculation was still useful. The total energy in the ground state was  

compared for both LS and HS calculations and in the following Table 2-3. 

Complex 
E(HS), 

Hartrees 

E(LS), 

Hartrees 

ΔE(HS-LS),   

Kcal/mol 

ΔErel(HS-LS),   

Kcal/mol 

[Fe(bpp)2]
2+

 -2659.474284 -2659.501049 16.8 0 

[Fe(bpt)2]
2+

 -2723.588283 -2723.605836 11.0 -5.8 

[Fe(bppSIP)2]
2+

 -3691.507709 -3691.531735 15.1 -1.7 

[Fe(bptSIP)2]
2+

 -3755.65119 -3755.665395 8.9 -7.9 

[Fe(bptOEt)2]
2+

 -3031.196078 -3031.209848 8.6 -8.2 

[Fe(bptNMe2)2]
2+

 -2991.519173 -2991.533036 8.7 -8.1 

Table 2-3: Energetic comparison between the ground state of LS and HS calculations. 

Notably lower values of ΔE
o
HS-LS were calculated for the bpt compared with the bpp 

derived complexes, which translates to a relative HS stabilization. The larger contributor to Δo 

[Fe(bpp)2]
2+

 > Δo [Fe(bpt)2]
2+

 is the reduced energy for the dxy orbital related to the energy of 

dz
2
 orbital observed for all the bpt derivatives, see energy levels of Figure 2.26, Table 2-4 for 

the Δdz
2
 - dxy parameter. Although the calculated Δo (LS) showed an inconsistent trend (smaller 

for Fe(bppSIP)2 than bpt complexes, Table 2-4), this is because the real Δo is described by a 

combination of the LS and HS calculations and the value of Δo (HS) calc. was not determined.  

Complex [Fe(bpp)2]
2+ [Fe(bpt)2]

2+ [Fe(bppSIP)2]
2+ [Fe(bptSIP)2]

2+ [Fe(bptOEt)2]
2+ [Fe(bptNMe2)2]

2+ 

Δo (LS) calc. 62.4 59.7 54.0 57.4 58.1 56.9 

Δdz
2
 - dxy 6.7 12.8 3.4 13.5 13.3 13.7 

Table 2-4: Energy increments are given in Kcal/mol. Δdz
2
 - dxy of bpt is at least twice larger than 

that for the bpp analogous complex. 
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Strong orbital overlap translates into wider splitting between bonding and anti-bonding 

M-L combinations. Hence, the energy decay of the orbital dxy which is geometrically associated 

with the Fe-N[pyrazolyl] bonds according to the axis system, implies a weaker Fe-N[pyrazolyl] 

bond for bpt than bpp derived complexes. 

As the N atom content increases in the azabenzene, the computed values of Fe-N[azinyl] 

bond lengths decreases and Fe-N[pyrazolyl] raises, accompanied by a narrowing by 1.3
o
 of the 

bite angle (α)
19

 defined in Figure 2.28: 

 

Figure 2.28: Schematic representation of the ligand conformation variation.  

Two geometric factors of the ligand conformation itself are responsible for the narrowing 

of α, and thus the widening of the chelating ligand. First, a 1,3,5-triazine ring is more compact 

than a pyridine ring because C-N bonds are 0.05 Å shorter than C-C bonds in pyridine
25

. In 

addition, the C[azinyl]-N[pyrazolyl] (C2-N7 and C6-N12) bond length becomes shorter as the 

content of N atom increases (Figure 2.29, and Table 2-5); 

             

Figure 2.29: Example of two equivalent bpp and bpt ligands. The crystal structure of bppSIP was 

collected by Dr Rafal Kulmaczewski. 

 

Ligand C2-C/N3 C6-C/N5 C2-N7 C6-N12 α1 α2 

Bpp-SIP 1.389(3) 1.391(3) 1.422(3) 1.402(3) 119.2(2) 120.17(19) 

Bpt-SIP 1.330(4) 1.336(4) 1.399(4) 1.393(4) 117.0(3) 116.6(3) 

Table 2-5: Experimental evidence of the geometric factors discussed above. 

 

=   
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2.3 Conclusions 

A number of 2,4-di(pyrazol-1-yl)- 6-R-1,3,5-triazine (bptR)-containing complexes of the 

type [Fe(bptR)2](X)2 (where R is isopropylsulfanyl, ethoxide, dimethyl or diethyl amine and X 

= BF4 or ClO4) were synthesized as a new family of easily modifiable potential SCO iron(II) 

complexes. They were analysed by different methods including X-ray crystallography, Uv-Vis-

NIR spectroscopy and SQUID magnetometry. Contrary to what was expected, it was 

demonstrated that none of those complexes exhibit SCO either in solid or liquid state, and 

showed strong distortion from the ideal D2d molecular geometry. Density Functional Theory 

(DFT) calculations were performed for some of the complexes and their analogous 2,6-

di(pyrazol-1-yl)-pyridine (bpp)-containing complexes. DFT highlighted the weakening of Fe-

N-[pyrazolyl] bond in the bptR complexes, associated with the narrowing of the chelate bite 

angle due to geometric factors of the triazine based ligands. In summary, the geometry of (bpt)-

containing ligands favours the HS state of their iron(II) complexes because the M-L orbital 

overlap is weaker than for (bpp)-containing ligands. 
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Chapter 3 – New Heterometallic Coordination Polymer Gels 

Combining Silver(I) Salts with [2,4,6-Tris(Pyrazolyl)-

1,3,5-Triazine] First Row Metal(II) Complexes. 

3.1 Introduction 

Unravelling soft matter systems is a rich field of scientific investigation. Over the last 

decades, supramolecular gels have gained attention due to their diverse promising applications 

including catalysis, sensors, surface science, tissue engineering and pollutant removal
1
. 

Supramolecular gels are usually formed by low molecular weight gelator molecules assembled 

in a 3D network, which traps a bulk amount of solvent via non-covalent interactions
2
. The 

reversible and dynamic nature of the supramolecular interactions provides a mechanism for 

sensing, or physical transformations in response external stimuli
3
.  

Coordination polymer gels (CPGs) or metallogels have also been widely reported 

recently, where metal ions play a crucial role in the assembly of the 3D network
4
. Inclusion of 

transition metals in the gel assembly brings tunability to the coordination strength, as well as 

new redox, optic, electronic and magnetic properties which are intrinsic to the metal ion. These 

new properties afford additional possibilities for applications in catalysis, luminescence and 

adhesives as well as new types of sensing functionality
3, 5

. 

 

3.1.1 Silver(I) and first row metals in CPGs 

CPGs of first row transition ions are often supported by pyridyl gelators
6
, but can also be 

prepared from more diverse organic scaffolds based on other donor groups
7
. In some cases, the 

organic components were found to be selective gelators for particular metal ions or salts
8
. 

Moreover, a typical class of CPGs are silver(I)-containing metallogels of pyridyl-containing 

gelators
9
, which can template the formation of silver nanoparticles under mild heating or 

reduction
10

.
 
 Nevertheless, combining two different metals where both are critically involved in 

the self-assembly of the 3D polymer has not been widely studied although rare examples of 

heterometallic CPGs have been reported
11

. 

 

3.1.2 2,4,6-Tri(pyrazolyl)-1,3,5-triazine (TPT), ligand (2) 

Homometallic CPGs supported by a different di or trisubstituted 1,3,5-triazine scaffold 

have been described in a previous study
6b, 12

. 2,4,6-Tri(pyrazolyl)-1,3,5-triazine
13

 (TPT, (2), 

Figure 3.1) and its derivatives are well known coordinating ligands for transition metals
14

.  
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Figure 3.1: Scheme of TPT, ligand (2). Divalent metal complexes where M = Fe, Co and Ni. 

Metallogels lie between highly ordered aggregates (crystals) and amorphous solids. 

Crystal engineering studies contribute to our understanding of their networks, but their final 

structures are still far from elucidation. Hence, understanding of the nature of non-covalent 

interactions and metal-ligand coordination in metal-organic gels is needed
4a

. Designing and 

developing novel rational gelators is a challenging task which will significantly impact the 

comprehension of such supramolecular interactions and the coordination polymer gels 

themselves. Therefore, our aim was to make 1D coordination polymers by combining silver(I) 

salts which are well known within the coordination polymer gel chemistry, with solutions of 

mononuclear [M(TPT)2]
2+

 complexes which have free pyrazolyl moieties and strong non-

covalent interactions in the lattice of the crystal
15

. 

 

3.2 Results and discussion 

3.2.1 Crystallographic analysis of the monomer [M(TPT)2](X)2 

The spin state of [Fe(TPT)2]
2+

 (Figure 3.1, M = Fe), was investigated in Chapter 2. An 

exotic cubic crystal structure with strong anion-π interactions was observed for [2]B and [2]C 

complexes
14a

 (Figure 3.2). We proposed [Fe(TPT)2]
2+

 centers might be linked into larger 

assemblies by coordination to exogenous silver ions through the dangling pyrazole donor group.  

                    

Figure 3.2: Grown structure of [2]B showing the disorder of the pyrazolyl and the iron(II). 

Hydrogen atoms and counter-anions were removed for clarity. Asimmetric unit cell (right) 

containing 1/6 of the complex.  
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The 1,3,5-triazine ring has been widely reported as π-acid functional group which can 

form strong anion-π interactions
16

. Similar interactions were found where the counter-anion 

was placed perfectly in between the centroids of the two triazine rings (Figure 3.3).  

  

Figure 3.3: Anion-π interactions [3F atoms plane - triazine centroid 1 = 2.647(5) Å and F atom - 

triazine centroid 2 = 3.586(7) Å] for Fe(TPT)2(BF4)2. Hydrogen atoms were removed for clarity. 

The best way to understand the structure of [2]X is assuming a cubic array of ligands 

linked in pairs through a random distribution of iron atoms. Different transition metal salts 

were also reacted with ligand (2) following the procedure described previously; Mn(ClO4)2, 

Fe(BF4)2, Fe(ClO4)2, Co(BF4)2, Ni(ClO4)2, Ni(BF4)2 and Cu(BF4)2. All of them crystallized in 

the same cubic space group (Ia3̅d) apart from Cu[2]B which yielded a mixture of crystals 

where the majority component is the following hydrolysed compound (Figure 3.4).   

 

Figure 3.4: Powder pattern diffraction of; ■ simulated from crystal structure of [2]B,                      

■ experimental from [2]B, ■ experimental from Co[2]B, ■ experimental from Ni[2]B, ■ 

experimental from [2]C, ■ experimental from Ni[2]C (top). Main structure obtained from the 

copper mixture with (2). It contains 3 TPT ligands, 2 copper(II) and one hydrolysed TPT plus the 

free pyrazole detached from the ligand, hydrogen atoms and counter-anions were removed for 

clarity (bottom). 
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Although [Cu(TPT)2](BF4)2 was reported by Quiñonero et al
14d

 in a similar synthesis 

performed here, copper and other strong metals are well-known as hydrolysing agents of 1,3,5-

triazine in a variety of conditions
17

. Because of that, copper was discarded for this study. 

 

3.2.2 Synthesis of the coordination polymer gels (CPGs) 

In order to obtain 1D heterometallic polymers, nitromethane solutions of a silver(I) salt 

and mononuclear complex M[TPT]X (M = Mn, Fe, Co or Ni and X = BF4
-
 or ClO4

-
) were 

mixed at 1:1 ratio. New CPGs assembled almost immediately (Figure 3.5).  

The mononuclear complexes were also soluble in several solvents such as methanol, 

acetone, acetonitrile, dimethyl formamide and dimethyl sulfoxyde. However, nitromethane was 

the only solvent trapped in the 3D network of a gelator system. 

 

 

Figure 3.5: Heterometallic CPGs studied in this work.  

Both tetrafluoroborate and perchlorate silver salts produced similar gels whereas by 

using silver hexafluoroantimonate the gel weakened. A similar effect was observed when more 

than one equivalent of silver was used, and no gelation occurred with 3 equivalents of silver(I) 

salt (Figure 3.6).  
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Figure 3.6: Effect of different [Fe(TPT)2](ClO4)2:AgClO4 stoichiometry on the gel formation. 

All concentrated complex solutions became viscous when silver salt was added apart 

from Mn[2]C which remained as a liquid (Figure 3.5). A remarkable fact is that iron and cobalt 

gels showed irreversible thixotropy while nickel gel remained viscous after shaking. All these 

facts can be explained with the Irving-Williams Series
18

. Irving-Williams series refers to the 

relative stabilities of complexes formation and applies to high-spin complexes of the divalent 

ions of first-row transition metals (Figure 3.7). 

 

Figure 3.7: Representation of logKn values calculated for the complexation of ethylenediamine 

ligand. Plot adapted from
19

.  

When the number of coordinated ligands increases, the step-wise formation constant 

decreases, as expected based on entropy and steric hindrance considerations. LogK3 for Cu
2+

 is 

out of line because Cu
2+

 does not easily form six-coordinate complexes due to the extreme 

Jahn-Teller distortion found in these complexes. By following the plot of the Figure 3.7 can be 

concluded that Mn
2+

 was the weakest coordinating metal of our study. This fact was in 

agreement with the paramagnetic NMR of the four complexes in deuterated nitromethane 

(Figure 3.8). 
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Figure 3.8: Paramagnetic 
1
H NMR of; ■ [Mn(TPT)2](ClO4)2, ■ [Fe(TPT)2](BF4)2,                              

■ [Co(TPT)2](BF4)2, ■ Ni(TPT)2(BF4)2. 

Iron, cobalt and nickel complexes of TPT show well-defined peaks whereas manganese 

complex show very broad peaks which reflects its rapid electron-nuclear relaxation typical of S 

= 5/2 metal ion. The spectrum of Mn[2] could also be indicative of ligand lability in solution. 

Therefore, the CPG cannot be assembled given the weakness of the Mn[2]C complex. 

 

3.2.3 Characterization of CPGs 

3.2.3.1 Scanning Electron Microscopy (SEM) 

Several images were taken of three iron-silver, cobalt-silver and nickel-silver CPGs. 

SEM samples were prepared by three different procedures; slow evaporation of the gel, freez-

drying of the gel and evaporation of diluted gel. The images were taken either with a Circular 

Backscatter Detector (CBS) or an Everhart-Thornley Detector (ETD) for iridium coated 

samples. A few nanometre-sized silver nanoparticles were observed homogeneously dispersed 

through all three samples when the gels were dried overnight (Figure 3.9). Similar results were 

reported before
20

. 

 

Figure 3.9: SEM images of slow evaporated iron-silver CPG (big picture and top-left for zoom). 

Bottom-right corresponds to a zoom of nickel-silver CPG. 
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Fibrous amorphous material was observed using freeze-drying method, Figure 3.10; 

 

Figure 3.10: SEM images of freeze-drying nickel-silver CPG (big picture and top-centre for zoom). 

The right corresponds to the iron-silver CPG. 

On the other hand, the slow evaporation of diluted solutions yielded fibres more 

crystalline, see Figure 3.11; 

 

Figure 3.11: SEM images of slow evaporating solutions of cobalt-silver left and iron-silver right. 
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3.2.3.2 Energy dispersive X-ray (EDX) 

EDX mapping proved the homogeneous distribution of the two metals (Figure 3.12).   

 

 

Figure 3.12: Examples of EDX mapping for the nickel-silver (top) and iron-silver (bottom) CPGs.   

Qualitative elemental analysis was investigated by EDX spectroscopy where silver (2.9), 

fluorine (0.7), nickel (7.5), cobalt (6.9) and iron (6.4) atoms were the most representative peaks 

observed (Figure 4.16). A strong silicon (1.7) signal was always observed due to the silicon 

wafer used to mount the sample in the microscope.  



 
 
 

 

 

Figure 3.13: Energy Dispersive X-ray Analysis. Nickel (top), cobalt (lower-left) and iron (lower-right). 
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3.2.3.3 High resolution ES-MS 

Direct injection mass spectrometry was used to characterize solutions of the diluted 

CPGs. The most representative peaks of two examples were assigned in the tables below. The 

hydrolysed ligand bptO
-
 was only observed for the BF4

-
 gels

21
 (Figure 3.14 and Figure 3.15). 

 

 

 

 

Figure 3.14: Mass spectrum of Fe[2]B-AgBF4 CPG. 

Table 3-1: Assignment of peaks for iron CPG. 

 

 

 

 

Figure 3.15: Mass spectrum of Ni[2]C-AgClO4 CPG. 

Table 3-2: Assignment of peaks for nickel CPG. 

A 633.1464
+
 Fe(TPT)2F

+
 F 936.1291

+
 Fe2(TPT)2(btpO)F2

+ 
 

B 657.0391
+
 Fe2(TPT)(btpO)F2

+
 G 1152.0255

+
 Fe2(TPT)3AgF5H

+
 

C 665.1108
+
 Ag(TPT)2

+
 H 1279.9297

+
 Fe2(TPT)3Ag2F6H

+
 

D 749.0126
+
 Fe(TPT)2NaF3(H2O)3H

+
 I 1369.9219

+
 Fe3(TPT)3Ag2F6(OH)H2O

+
 

E 849.0288
+
 Fe2(TPT)2AgF2(OH)2

+
 J 1495.8227

+
 Fe3(TPT)3Ag3F7(OH)H2O

+
 

A 665.1108
+
 Ag(TPT)2

+
 H 1076.1092

+
 Ni2(TPT-H

+
)3Ag(OH)

+
 

B 715.2322
+
 Ni(TPT)2(ClO4)

+
 I 1102.2377

+
 Ni(TPT)3Ag(ClO4)-H

+
 

C 800.1696
+
 Ag2(TPT)2(CN)

+
 J 1160.0795

+
 Ni2(TPT-H

+
)3Ag(ClO4)

+
 

D 823.0896
+
 Ni(TPT)2Ag(ClO4)-H

+
 K 1208.1080

+
 Ni(TPT-H

+
)3Ag2(ClO4)+H

+
 

E 873.1275
+
 Ni2(TPT)2(ClO4)2-H

+
 L 1310.1290

+
 Ni (TPT)3Ag2(ClO4)2-H

+
 

F 901.1173
+
 Ni(TPT)2Ag2(OH)4+H

+
 M 1360.1321

+
 Ni2(TPT)3Ag(ClO4)3-H

+
 

G 1058.0958
+
 Ni2(TPT-H

+
)3Ag-H

+
 

A 

E 
F 

G 

H 
I J 

D 

C 
B 

A 

B C 
D 

E F G H 

I 

J K L M 
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3.2.3.4 Nuclear Magnetic Resonance 
1
H 

Paramagnetic NMR spectra of the CPGs were compared with their respective 

mononuclear complex solutions in nitromethane, Figure 3.16; 

 

Figure 3.16: Comparison of mononuclear complex (■) with the respective CPG (■). The order of 

the spectra is as follow; top corresponds to iron, middle is cobalt and nickel derived compounds 

are in the bottom. 

There was a notable difference in terms of the paramagnetic environments when 

comparing the “weak” gel spectra (iron and cobalt which show irreversible thixotropy) with the 

corresponding complex solution presenting only the three shifted peaks corresponding to the 

pyrazolyl rings (black spectra). Addition of silver ions lowers the NMR symmetry of the tpt 

ligand from C2 to C1, which indicates formation of a heterometallic M/Ag/tpt species. 

Assignment of the peaks is not possible because the structure of the gels was not determined. 

However the strong nickel CPG presented exactly the same spectrum for both; mononuclear 

complex solution and the heterometallic coordination polymer gel, suggesting that silver ions 

did not displace TPT ligand from [Ni(TPT)2]
2+

 in MeNO2 solution. 

 

Figure 3.17: Picture of the Ni[2]B-AgBF4 CPG after 20 months. 

The nickel-based gels retain their viscosity when stored for a period of years at room 

temperature, in closed vials. 

Fe 

 

 
 

Co 

 

 
 

Ni 
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3.2.4 Can we make spin-crossover coordination polymer gels? 

The magnetic behaviour of [Fe(TPT)2]
2+

 was discussed in Chapter 2 and no SCO 

phenomenon was observed 
14a

. Three other complexes whose ligands were based on a pyridine 

and pyrimidine skeleton
22

, were approached for potential SCO CPGs (Figure 3.18).  

Figure 3.18: Iron(II) complexes designed as SCO gelator; [13], [14] and [16]. Structure of ligand 

(13) first synthetized by Lawrence Kershaw Cook.  

The experiments described here provided deep understanding of the CPGs structure. 

Bis(2,4,6-tris-(pyrazolyl)-pyridine)iron(II) tetrafluoroborate; [Fe(13)2](BF4)2 was previously 

synthesised by Dr Lawrence Kershaw Cook and presents SCO
23

. However [14]
2+

 and [16]
2+

 

were novel compounds synthesized and characterized in this work. Similar ligands to (16) 

produced CPGs with silver cations
24

 and imidazolyl is well-known as linear coordinating 

ligand
25

.  Unfortunately, none of these three complexes assembled into a CPG upon the 

silver(I) salt addition. 

 

3.2.5 Silver coordination polymers 

In order to understand the connectivity of silver ions in the CPGs, silver(I) salts were 

reacted with the above mentioned ligands; (2), (13), (14) and (16) (Figure 3.19). The same 

general procedure was followed for all; solutions of ligand and silver salt in either MeNO2 or 

MeCN were mixed and they were crystallized through a diethyl ether atmospheric diffusion. 

 

Figure 3.19: Ligands discussed as possible gelator. Only [M(TPT)2]
2+

-Ag
+
 assembled into an 

heterometallic CPG, highlighted in dark blue. 
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The TPT ligand with AgBF4 crystallized as 1D polymer with linear connectivity and 

strong intermolecular interactions (space group, P21), (Figure 3.20 and Figure 3.21). 

 

Figure 3.20: 1D Ag[TPT]B
∞
α polymeric structure showing π-π interactions involving triazine rings 

and π-anion interactions. Hydrogen atoms were removed for clarity. The colour assignment in the 

plot is black for the experimental and grey for the simulated XRD. 

Supramolecular interactions involving triazine rings are π-π interactions between the two 

triazine rings [3.576(6) Å], strong π-anion interactions with the top chain [F atom-plane 

2.789(5) Å and F atom-centroid 2.832(6) Å] and with the bottom chain [F atom-plane 2.805(5) 

Å and F atom-centroid 2.866(5) Å]. 

 

Figure 3.21: Different view of Ag[TPT]B
∞
α with supramolecular interactions involving pyrazolyl 

rings highlighted (3.424(5) Å). Hydrogen atoms and counter-anions were removed for clarity. 

Strictly speaking the coordination number of silver for this polymer is 4, with bond 

lengths from 2.372(7) to 2.416(5) Å. However, weak interaction between a free pyrazolyl-Ag 

2.877(4) Å is a potential fifth N-Ag bond. Different polymorphs of Ag(TPT)X (X = BF4
-
 and 

ClO4
-
) were obtained with helical connectivity when trifluoroethanol or acetone were used as 

solvents, in the space group Pca21 (Figure 3.22). 
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Figure 3.22: Helicoid 1D polymer Ag[TPT]X
∞
β, X = BF4

-
 and ClO4

-
, space group P21/c. Powder 

pattern of both salts, left tetrafluoroborate and right perchlorate. Hydrogen atoms and counter-

anions were removed for clarity. The colour assignment in the plot is black for the experimental 

and grey for the simulated XRD. 

Ligand (13)
23

 combined with silver tetrafluoroborate in acetonitrile gave rise to a dimer 

where each silver atom has coordinated one molecule of solvent (Figure 3.23). 

 

 

Figure 3.23: Structure of Ag[13]B-MeCN dimer and powder diffraction pattern, space group 

P21/c. Hydrogen atoms and counter-anions were removed for clarity. The colour assignment in the 

plot is black for the experimental and grey for the simulated XRD. 

In contrast, when the same compound was prepared from nitromethane, an interesting 

crystalline compound with Ag-Ag metallophilic interactions was obtained, see Figure 3.24; 
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Figure 3.24: Linear polymer Ag[13]B
∞
α, space group P21/c. Hydrogen atoms and counter-anions 

were removed for clarity. 

An infinite chain of silver atoms is arranged due to strong metallophilic interactions (2.9 

Å). This kind of interaction is common for silver and other d
10

 metals
26

. This solvatomorph 

contained four ligands, four silver, four BF4
-
 and 0.3 nitromethane molecules in the asymmetric 

unit cell. When diethyl ether escaped from the opened crystallization vial the crystals 

redissolved and crystallized upon drying in a different polymorph, changing the morphology 

from large and thick plates into small regular cubes (Figure 3.25). 

 

Figure 3.25: Photography taken from the optical microscope of the crystals before (left) and after 

(right) the self-recrystallization. 

Countless attempts to measure the experimental powder pattern for the first polymorph α 

failed because the second form β was stable upon grinding (Figure 3.27).  

               

Figure 3.26: Crystal structure of linear polymer Ag[13]B
∞
β, space group P�̅�. Hydrogen atoms and 

counter-anions were removed for clarity. 
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Figure 3.27: Powder pattern of Ag(13)BF4. The colour assignment in the plot is black for the 

experimental and grey for the simulated XRD. 

In that case the nitromethane content increased, Ag[13]B
∞
β contained two ligands, two 

silver, two BF4
-
 and one nitromethane molecule in the asymmetric unit cell.  

Although 2,4,6-tris-(pyrazolyl)-pyrimidine (14) was reported previously by Sarkar et. al 

the literature procedure was found to be inaccurate
27

. Ligand (14) was prepared from 2,4,6-

trichloro-pyrimidine
28

 in a similar reaction as ligand (2), Figure 3.28;  

 

Figure 3.28: Synthetic scheme used for ligand (14). 

Ligand (14) did not form a linear silver coordination polymer. Instead, a polymetallic 

structure was obtained (Figure 3.29), where 4 ligands shared 5 silver(I) atoms. A similar 

structure was reported before from a related ligand
29

; 

               

 

Figure 3.29: Crystal structure in space group C2/c and powder diffraction pattern of Ag[14]B 

cluster. Hydrogen atoms and counter-anions were removed for clarity. Asymmetric unit cell shown 

and different views of the cluster. The colour assignment in the plot is black for the experimental 

and grey for the simulated XRD. 
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The cluster was crystallized from nitromethane. In contrast, when (14) and silver ions 

reacted in MeCN an analogous structure to the Ag[13]B-MeCN (Figure 3.23) dimer was 

obtained (Figure 3.30). 

 

 

Figure 3.30: Crystal structure in space group P21 and experimental powder pattern of Ag[14]B-

MeCN. Hydrogen atoms and counter-anions were removed for clarity. The colour assignment in 

the plot is black for the experimental and grey for the simulated XRD. 

Bis(2,6-bis(pyrazolyl)-4-(imidazolyl)-pyridine (16) was synthesized from 2,4,6-

trifluoropyridine in a two step reaction with a 43% overall yield (Figure 3.31) and fully 

characterized.  

 

 

Figure 3.31: Synthetic scheme and crystal structure of ligand (16). Pna21 space group with two 

unique molecules in the asymmetric unit cell. Hydrogen atoms were removed for clarity. 

Finally ligand (16) was reacted in an analogous procedure but a very insoluble polymer 

precipitated immediately. 
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Figure 3.32: Crystal structure of the linear polymer Ag[16]B, space group P�̅�. Hydrogen atoms 

and counter-anions were removed for clarity. 

Several solvents such as; methanol, ethanol, nitromethane or acetone were used however, 

only acetonitrile redissolve that polymer. Crystals were observed in a closed old vial containing 

MeCN solution which was very slowly evaporated (ca. six months). It was believed that 

acetonitrile solubilized the polymer by breaking it through the coordination of silver ions, 

similarly as for Ag[13]B-MeCN or Ag[14]B-MeCN (Figure 3.23 and Figure 3.30), however no 

crystal structure was observed to confirm that.  

 

3.2.6 Different polymer crosslink 

Manganese(II) trifluoroacetylacetonate was added to a concentrated solution in 

nitromethane of complex [2]B to form a new CPG assembly, but with no success. Hence, TPT 

ligand was reacted with Mn(tFacac)2 in order to investigate the connectivity and the following 

structure was fully characterized (Figure 3.33). 

 

 

Figure 3.33: Structure obtained from the mixture of Mn(tFacac)2 with ligand (2). Hydrogen atoms 

were removed for clarity. Similar geometry to the structure reported before by Zhou et al
30

. 

A three-dimensional polymer was expected
31

. However, Mn(tFacac)2 complex coordinated to 

3N donors yielding that seven coordination geometry through N1, N8 and N13. Polymer 

formation was prevented because only N3 and N18 were available. 
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3.2.7 Structural model 

From the crystal structures discussed above and all the data collected for the CPG series, 

a plausible structure of the coordination polymer is the following (Figure 3.34a).  

 

a 

 

b 

         

c 

Figure 3.34: Model of; a) TPT heteronuclear coordination polymer, b) the assembly of the CPGs 

and c) representation of a potential intermediate for the “weak” gels.  

The coordination polymer was possibly built through the free N-triazinyl and N-

pyrazolyl not involved in the mononuclear complex formation; which bind a silver atom 

analogously to the [Ag(TPT)]X
∞
 polymers. The three-dimensional network would be 

assembled due to the strong anion-π interactions between tetrahedral counter-anions and 

triazine rings (green dots represent the counter-anion acting as 3D bridges, Figure 3.34b). 

Silver cations compete for TPT ligand against iron and cobalt atoms, but compete less 

against nickel which coordinates stronger the ligand (See Figure 3.7). This effect can be also 

monitored in solution by paramagnetic NMR of the CPGs (Figure 3.16). The irreversible 

thixotropy can be explained when considering the existence of an intermediate whose the 

coordination sphere has been altered (Figure 3.34c). The physical stress applied is enough to 

homogenize the sample promoting more replacement of M
2+

 by silver, and finally gathering the 

liquid solution (Figure 3.34c).  

The reluctance of [13]X, [14]X and [16]X to undergo silver-induced gelation might be 

understood from the structures of the homoleptic silver complexes for those ligands. In the 

crystal structures of [Ag(TPT)]X (X
−
 = BF4

−
 or ClO4

−
), TPT ligand chelates to both silver ions 

that are coordinated to them, through their pyrazolyl and triazinyl N donors. Several other 

1,3,5-triazine derivatives can also bridge between silver ions in a similar fashion in the solid 

state
32

. In contrast, Ag[13]X and Ag[16]X can only assemble into larger aggregates by 

monodentate binding through its pendant pyrazolyl substituent. Although chelation of a second 

silver ion by Ag[14]X through the pyrimidinyl N1 atom and N6-pyrazolyl substituents was 

feasible, it was not observed in practice. That may reflect a preferred transoid orientation of 
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those N-donors, which avoids an intramolecular steric clash between the pyrimidinyl C4 and 

pyrazolyl C5 C−H groups (steric hindrance highlighted in red in Figure 3.35).  

 

Figure 3.35: Cisoid and transoid conformations of the pendant pyrazolyl substituent in metal-

bound tpym.  

The transoid conformation is indeed observed crystallographically in [14]C (Figure 3.36; 

the pendant pyrazolyl conformation in the BF4
−
 salt of this complex is uncertain because of 

symmetry imposed crystallographic disorder). Hence, out of the ligands considered in this 

work, only TPT has a proven ability to chelate two silver ions simultaneously, which will 

afford more stable mixed-metal assemblies in solutions of [M(TPT)2]X2 and AgX. That might 

explain the unique gelation properties of the [M(TPT)2]X2/AgX system. 

 

3.2.8 Novel iron(II) and iron(III) complexes 

 [14]B  and [14]C were synthesised with the usual procedure, Figure 3.36; 

              

 

Figure 3.36: Crystal structures of [14]B (left) and [14]C (right). Hydrogen atoms and counter-

anions were removed for clarity. Powder diffraction patterns of both are also shown, the colour 

assignment in the plot is black for the experimental and grey for the simulated XRD. 
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Both compounds contained two unique complexes in the asymmetric unit cell. The first 

structure [14]B exhibited symmetry-imposed disorder (space group Fddd) while the perchlorate 

salt crystallized in P21/n.  

In contrast, the perchlorate and tetrafluoroborate iron(II) salts of (16) were isostructural 

and solvent free. The two salts showed poor solubility and crystallized in the monoclinic C/2c 

space group (Figure 3.37); 

   

 

Figure 3.37: Crystal structures of [16]X which were isostructural. Hydrogen atoms and counter-

anions were removed for clarity. Powder diffraction pattern of [16]C (top) and [16]B (bottom). The 

colour assignment in the plot is black for the experimental and grey for the simulated XRD.  

The [16]C powder pattern was very clean however [16]B was collected several times and 

was always noisy. Bulk powder samples of [16]B were amorphous. Surprisingly the four novel 

iron(II) complexes prepared were HS at 120K (Table 3-3). 
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 [14]B, Molecule A [14]B, Molecule B [14]C, Molecule A 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

2.11765(11) 

2.20227(6) 

12.3526(4) 

164.176(10) 

540.020(16) 

180.0(0) 

76.400(3) 

2.11029(8) 

2.21423(7) 

12.3398(3) 

178.839(15) 

524.050(13) 

180.0(0) 

69.888(4) 

2.119873(19), 2.12174(2) 

2.20850(2) - 2.22537(3) 

12.42997(10) 

160.258(2) 

531.827(4) 

166.0676(3) 

88.3648(11) 

 [14]C, Molecule B [16]B [16]C 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

2.11586(2), 2.11769(2) 

2.0378(3) - 2.22372(3) 

12.46945(10) 

158.882(2) 

525.074(4) 

169.82489(19) 

88.7701(11) 

2.12965(12) 

2.17544(9), 2.19683(8) 

11.3330(4) 

181.567(11) 

557.217(19) 

151.257(2) 

68.275(4) 

2.1323(2) 

2.1762(2), 2.19582(16) 

11.3307(8) 

182.567(11) 

562.86(4) 

151.459(4) 

68.406(7) 

Table 3-3: Crystallographic parameters for complexes [14]X and [16]X at 120K determined 

directly from the crystal structure by using Olex2
33

. 

Their magnetic behaviour of the crystals is in agreement with SQUID measurements. T 

vs T was also determined in acetonitrile solution by Evans method (Figure 3.38). 

 

Figure 3.38: SQUID curves (left) and Evans method (right) of complexes [14]X and [16]X. The 

colour assignment in the SQUID plot is red for [16]C, black for [16]B, grey for [14]B and green for 

[14]C. Data points taken every 10 K. 
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The magnetic behaviour of complexes [16]X contrasts with the one observed previously 

where [13]B was SCO acting in the solid state
23

. Both ligands were based on 1-bpp scaffold 

with N-azolyl in the 4-position of the pyridine. Although such electronic difference between 

[13]X and [16]X was not expected at the molecular level, the [16]X complexes present 

extremely distorted structures. Detailed analysis of these structures highlighted the strong 

interactions of the counter-anions with rings and specially with the hydrogen atoms of C18,21-

H, C3,5-H and C11,16-H, Figure 3.39;  

 

Figure 3.39: View of anion controlled short contact van der Waals interactions in [16]X. 

The structures accommodate the counter-anions with short contacts in the four sides of 

the tetrahedral anion, see Table 3-4; 

[16]B [16]C 

BF3-F
…

H-C3 

BF3-F
…

H-C11 

BF3-F
…

H-C18 

BF3-F
…

H-C5 

BF3-F
…

H-C16 

BF3-F
…

H-C21 

BF3-F
…

π[imidazole] P1 

BF3-F
…

π[pyridine] P2 

BF3-F
…

 π[pyrazole] P3 

BF3-F
…

 π[pyridine] P4 

2.245(3) 

2.343(4) 

2.602(4) 

2.280(3) 

2.483(4) 

2.442(4) 

3.360(4) 

3.665(5) 

3.383(4) 

2.991(4) 

ClO3-O
…

H-C3 

ClO3-O
…

H-C11 

ClO3-O
…

H-C18 

ClO3-O
…

H-C5 

ClO3-O
…

H-C16 

ClO3-O
…

H-C21 

ClO3-O
…

π[imidazole] P1 

ClO3-O
…

π[pyridine] P2 

ClO3-O
…

 π[pyrazole] P3 

ClO3-O
…

 π[pyridine] P4 

2.285(2) 

2.401(3) 

2.591(2) 

2.341(5) 

2.513(3) 

2.491(3) 

3.330(2) 

3.627(4) 

3.344(2) 

3.019(2) 

Table 3-4: Values of the short contact between [16]
2+

 molecules and the counter-anions observed in 

the crystal structures by using Olex2
33

.  

These strong interactions with the counter-anions were responsible for the poor solubility 

of the compounds. While [16]C was relatively easy to crystallize, the complex [16]B was 
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extremely difficult, in fact it was only obtained once as single crystals. While trying several 

conditions and solvents, by using methanol as solvent, [16]B crystals were observed mixed 

with an unexpected three iron(III) cluster (Figure 3.40). 

 

 

 

Figure 3.40: Two different views of the crystal structure Fe
III

3[16]F8 (top). Hydrogen atoms were 

removed for clarity. Schematic representation drawn with labels for clarity (middle). Powder 

diffraction pattern of Fe
III

3[16]F8 (bottom). The colour assignment in the plot is black for the 

experimental and grey for the simulated XRD. 

The Fe(BF4)2 salt decomposed somehow into a Fe
III

Fx species
34

. It was believed that the 

anion FeF6
2-

 template the cluster formation
35

 (Figure 3.41). This cluster was composed of three 

iron(III) bridged by fluorine atoms. The inner iron was coordinated to six fluorine atoms, two 

of them were bridging the outer iron atoms in a straight line. The other four fluorine atoms 

were on the perpendicular plane to this line, each of which presented two strong hydrogen 

bonding with the hydrogen of C18 (Ligand (16) labels in  Figure 3.40, values of the interactions 

in Table 3-5). On the other hand, each of the outer iron atoms completed the coordination 

sphere with four N9 donor ligands and an external fluorine.  
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Figure 3.41: View of short the contacts C18-H
…

F-Fe3F5 and C3-H
…

F-Fe3F5 highlighted as black 

dashed line. Some ligands were removed and some were de-emphasised for clarity.  

Fe
III

3[16]F8 

Fe3F5-F
…

H-C3 

Fe3F5-F
…

H-C18 

2.371(4) - 2.461(3) 

2.121(3) - 2.176(3) 

Table 3-5: Range of values of the short contact between the eight (16) ligands and the anion 

templating [Fe
(III)

F6]
3-

 observed in the crystal structure by using Olex2
33

.  

Two different polymorphs were observed depending on the crystallization method. Slow 

evaporation of methanol yielded large cubes which were twinned and not suitable for a good 

data collection by X-ray single crystal diffraction. The structure solved in the tetragonal P4322 

space group but the model had high residuals and unassigned electron density. Powder patterns 

of cubes Fe
III

3[16]F always contained some [16]B in the mixture and vice-versa (Figure 3.41). 

This fact was also in agreement with the microanalysis. Micro-analytically pure [16]B was 

obtained from a nitromethane solution, although unfortunately that sample was amorphous.  

 

Figure 3.42: Experimental powder diffraction pattern of Fe
III

3[16]F8 cubes polymorph (pale red 

line). The colour assignment in the plot was black for the simulations, compared with the 

experimental observed from ground “single crystals of [16]B”. Several arrows highlight the wrong 

peaks from each model which were found to be characteristic of each other compound.  

Simulation from Fe
III

3[16]F8 cubes (poor and incomplete model) 

 

                                           Observed from ground cubes crystals 

 

                                           Observed from ground [16]B crystals  

                                                        

                                                                            Simulation [16]B 

Fe3 

Fe1 

Fe2 
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Thick needles were obtained from atmospheric diffusion of diethyl ether into a 

methanolic solution of one equivalent of sodium hexafluoroferrate, two equivalents of iron(II) 

tetrafluoroborate and eight equivalents of ligand (16). In that case the crystals were suitable for 

XRD analysis (Figure 3.40). Although the Fe
III

3[16]F8 cluster was not very soluble, it was 

possible to collect an ESMS spectrum in MeCN. The peaks corresponded to the cluster [16]
+
 = 

[Fe
III

F6⊂Fe
III

2(16)8F2]
+
 and to the double charged cluster when a fluorine was lost [[16]

+
-F]

2+
 

(Figure 3.43). 

 

 

Figure 3.43: Mass spectrum of the cluster Fe
III

3[16]F8 (top). Zoom on the two major peaks, 

comparison of the isotopic patterns (bottom); orange for the experimental and black for the 

simulated. 

The magnetic susceptibility of the material was measured on SQUID (Figure 3.45) where 

a horizontal line around 12 cm
3
mol

-1
K was expected for the three iron (III) HS. However the 

MT values observed were lower. This reflects antiferromagnetic coupling between two next-

to-nearest neighbour cations through a non-magnetic anion. In this case, we had a linear 

trimeric iron (III) cluster bridged by fluorine atoms, Figure 3.44; 

 

Figure 3.44: Scheme of the superexchange in the cluster Fe
III

3[16]F8. 
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Figure 3.45: SQUID curve of Fe
III

3[16]F8 overlaid with the fitting curve (red line).  

The magnetic data are fitted using the PHI software
36

. The g value calculated was 2.25, 

and the couplings were a strong antiferromagnetic coupling J13 = J23 = -39.40 between Fe3 and 

Fe2 or Fe1 which was equivalent, and a small ferromagnetic coupling J12 = +1.30.  

 

3.2.9 DFT calculations 

DFT calculations were performed using SPARTAN’ 18
37

 on the (16) free ligand in order 

to understand the cluster formation. It can exist in four conformations according to the rotation 

of the single bonds between pyrazolyl or imidazolyl and the pyridine rings, Figure 3.46;  

  

Figure 3.46: Scheme of conformer trans trans (C-c). Cis or trans define the relative position of N8 

or N13 with respect to N1. Electrostatic potential map of the four major conformers. 

Due to steric hindrance of hydrogen atoms in the pyridine (C3 or C5) with the ones in the 

pyrazole (C11 and C16 respectively), the Cis-cis conformation is the less favoured and the 

most stable is T-t, in agreement with the crystal structure of (16) (Figure 3.31). However all 

conformations were in equilibrium so all of them were considered.   
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On its own Figure 3.46 does not give much information. However it showed qualitatively 

that N19 contained strong electron density in all conformations while the bpp region only in the 

C-c conformer which was also the less stable conformation (Table 3-6). 

Conformer C-c C-t T-c T-t 

Energy (Hartree) 

Relative energy 

-922.980103 

0.025591 

-922.995284 

0.010410 

-922.995448 

0.010246 

-923.005694 

0 

Table 3-6: Energy calculated of the equilibrium geometry for every conformer. The relative energy 

is normalized with the most stable T-t conformation. 

In an attempt to obtain a more quantitative analysis of the electron density, values of 

atomic charges for the N-donor atoms of (16) were calculated and displayed in Table 3-7; 

Cis - cis N19 N1 N13 N8 

Mulliken  

Natural charge 

-0.138 

-0.490 

-0.009 

-0.454 

-0.060 

-0.260 

-0.059 

-0.259 

Cis - trans N19 N1 N13 N8 

Mulliken  

Natural charge 

-0.138 

-0.491 

-0.072 

-0.496 

-0.074 

-0.273 

-0.104 

-0.320 

Trans - cis N19 N1 N13 N8 

Mulliken  

Natural charge 

-0.140 

-0.491 

-0.072 

-0.496 

-0.075 

-0.274 

-0.105 

-0.320 

Trans - trans N19 N1 N13 N8 

Mulliken  

Natural charge 

-0.139 

-0.492 

-0.136 

-0.535 

-0.101 

-0.317 

-0.101 

-0.316 

Table 3-7: Atomic charges of the N-donor from the equilibrium geometry calculations of all 

conformers of ligand (16).  

The formulism of Mulliken charge and NPA charge are essentially identical, the key 

difference is that the Mulliken charge is calculated under original basis functions, while NPA 

charge is derived based on natural atomic orbitals. Although the Mulliken charge was 

significantly higher for N19 than for the other nitrogen atoms, natural charges observed did not 

present a clear trend towards drawing a conclusion. However the situation changed when 

looking at the molecular orbital energies (Table 3-8 and Figure 3.47). 
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 Cis - cis Cis - trans Trans - cis Trans - trans 

HOMO 

HOMO(-1) 

HOMO(-2) 

HOMO(-3) 

HOMO(-4) 

HOMO(-5) 

HOMO(-6) 

HOMO(-7) 

HOMO(-8) 

HOMO(-9) 

-5.89 

-6.11 

-6.14 

-6.27 

-6.32 

-6.49 

-6.49 

-6.60 

-6.82 

-7.06 

-5.94 

-5.99 

-6.19 

-6.29 

-6.34 

-6.42 

-6.52 

-6.62 

-6.87 

-7.08 

-5.86 

-6.02 

-6.30 

-6.37 

-6.38 

-6.51 

-6.54 

-6.77 

-6.96 

-7.18 

-5.81 

-5.98 

-6.27 

-6.39 

-6.45 

-6.55 

-6.72 

-7.00 

-7.03 

-7.20 

Table 3-8: Molecular orbital energies, the N-atom lone pair orbitals were highlighted in bold. 

 

 

Figure 3.47: Molecular orbital HOMO – HOMO(-9) energy levels calculated for every 

conformation. π-orbitals were de-emphasised for clarity. 

The most energetic lone pair for the three most stable conformations contains the 

electronic density around N19 which could imply its highly reactivity towards the metal ion 

compared to the bpp coordination site. 
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3.3 Conclusions 

A new approach to coordination-based gelation without ancillary ligands was presented. 

Among the ligands discussed during this work, only 2,4,6-tris(pyrazolyl)-1,3,5-triazine (TPT, 

ligand (2)) acted as a gelator. The new family of CPGs reported is sensitive to physical stimuli 

or stress. On the other hand, they are quite thermo-stable maintaining the viscosity up to the 

boiling point of the solvent. The gels have been characterized by Electrospray Mass 

Spectrometry, H
1
 Nuclear Magnetic Resonance, Energy Dispersive X-ray and Scanning 

Electron Microscopy, where silver precipitation as small silver nanoparticles was observed. X-

ray single crystal structures of the M(II) complexes (monomer) and the [Ag(TPT)]X∞ 1D 

polymer present strong non-covalent interactions. They suggest a plausible arrangement of a 

1D Ag-TPT-M-TPT
∞
 heterometallic polymer which self-assembly in a 3D network through 

non-covalent interactions. High resolution mass spectroscopy is in agreement with that 

structure. Both iron(II) and cobalt(II) derived-gel present irreversible thixotropy while 

nickel(II) gels maintain their viscosity after shaking. Here it has been proved the Irving-

William series as plot describing the stability of complexes can be applied as well to predict the 

strength of the metallogels depending on the metal used.  

The different ligands; (2), (13), (14) and (16) were reacted with silver(I) salts in order to 

study their coordination sphere. Several assemblies were observed; dimers, polymers and 

polymetallic structures which were isolated and fully characterized by ESMS, single crystal 

XRD and powder XRD. 

Two novel iron(II) complexes were designed to undergo SCO, but surprisingly none of 

the [14]X or [16]X salts undergo the spin transition. While optimising the crystallization of 

[16]B a linear cluster containing three iron(III) atoms bridged by fluorine atoms was observed, 

Fe
III

3[16]F8. It was fully characterized by ESMS, SQUID magnetometry, single crystal XRD 

and powder XRD. The template effect of the cluster was attributed to the strong affinity of 

(C11, C3 and C18)-H towards the counter-anions. The coupling of the iron(III) centres was 

calculated to be antiferromagnetic between the iron in the center (Fe3) and the outer iron atoms, 

however the external iron(III) were weakly ferromagnetically coupled. DFT calculations 

highlighted the electron density around N19 in the most energetic lone pair.  
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Chapter 4 – Polymetallic and Polymeric Structures Derived 

from Iron(II) Complexes of 1,3,5-Triazine and 1,3-

Pyrimidine Based Ligands 

4.1 Introduction 

Ligands are classified as unidentate, bidentate or polydentate depending on how many 

donor atoms are found in their structure. Metal ions have affinity for ligands attaching the 

central ion through coordinate bonds from two or more different donor atoms simultaneously 

forming a ring structure, this phenomenon is known as the chelate effect. A chelate ligand 

forms complexes more stable than the analogous complex made from monodentate ligands
1
. 

Self-assembly processes between organic ligands and metal ions may lead to the 

formation of supramolecular architectures exhibiting unusual properties. The template effect is 

an important element within self-assembly reactions. Some molecules can interact through non-

covalent bonds with two or more reactive species in order to pre-organize the reactive sites 

close together, facilitating a reaction which otherwise is thermodynamically or kinetically 

unlikely. It can be considered a special case of supramolecular catalysis. The template may be 

as simple as a single metal ion or it may be extremely complex
2
. 

 

Figure 4.1: Examples of topologies observed for discrete polynuclear SCO complexes. Image 

adapted from, where the green lines represent di- to polydentated N-donor ligands
3
. 

Tris(diimine) and bis(terimine) iron(II) complexes constitute two of the major classes of 

spin-crossover systems. The complexes studied in Chapter 2 were homoleptic bis(terimine) 

octahedral complexes
4
. In this chapter we present a set of unexpected structures observed 

during the work in chapters 2 and 3 and further research carried out, where the iron centres 

were coordinated by ligands acting in the bis-bidentate fashion. Several types of coordination 

assemblies have been reported from bis-bidentate ligands. Some examples are; 1D chains 

(ML)
5
, dinuclear (M2L3)

6
, [2 x 2] grid

7
, tetrahedral (M4L6) (which often contain an included 

counter-anion templating the assembly
8
) and more complex structures like (M8L12)

9
 or (M12L18) 

which were in equilibrium with other assemblies
10

. Iron(II) has also produced polymetallic 

assemblies with bis-bidentate NN-donor ligands
11

, some of which also present spin-crossover
12

 

(Figure 4.1). 
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4.2 Results and discussion  

4.2.1 Self-assemblies of 2,4-di(4,5,6,7-tetrahydro-2-indazol-2-yl)-6-chloro-1,3,5-

triazine and iron(II)/(III) centres 

During the synthesis of 2,4,6-tri(4,5,6,7-tetrahydro-2-indazol-2-yl)-1,3,5-triazine (9) in 

Chapter 2, the disubstituted derivate (17) was also isolated from the product mixture through a 

flash column chromatography (Figure 4.2). 

 

 

Figure 4.2: Synthetic scheme and crystal structure of (17) in P�̅� space group, showing hydrogen 

bonds between two molecules of chloroform and both N[triazinyl] and N[pyrazolyl] (H
…

N = 

2.377(10)-2.549(11)Å. 

The [Fe(L)2](BF4)2-type homoleptic complex (Figure 4.3, A) was expected from 

combining iron(II) tetrafluoroborate with (17), which is a NNN donor of the terimine type. 

However in addition to the terimine coordinating site (N8, N1 and N17), it contains two “non-

coordinating” triazinyl lone pairs, N5 and N3. Figure 4.3; 

 

Figure 4.3: A) Expected coordination. B) Observed coordination of ligand (17). 

These extra lone pairs allow the possibility of coordination mode B (Figure 4.3). In 

principle, coordination mode A should be thermodynamically favoured by the chelate effect. 

However, the geometry of the 1,3,5-triazine ring-based ligand reduces that effect by its narrow 

bite angle, favouring the bis-bidentate conformation (Chapter 2).  
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Various motifs self-assembled from the combination of (17) with iron(II) 

tetrafluoroborate were observed by varying the template molecules; M4L4, [18]α, M8L12, [18]β 

and M10L12 [18]γ. All of them contain the deprotonated hydrolysed ligand (18), (Figure 4.10) 

because the chloro substituent is activated when a metal is bound to the ligand. 

4.2.1.1 [2 x 2] grid assembly (M4L4), [18]α 

 

 

Figure 4.4: Asymmetric unit cell, and two views of the crystal structure of grid [18]α, I41/a space 

group. Hydrogen atoms were removed for clarity. The colour assignment in the plot is black for 

the experimental and grey for the simulated XRD. 

The neutral compound [Fe
III

4(18)4(Cl)8] = [18]α contains four negatively charged ligands 

(18) and four metal ions. Iron(II) was oxidized to the +3 oxidation state and the hydrolysed 

chloride acts as a coordinating ligand. That compound appeared as red needle-shaped crystals 

only twice inside aged crystallization vials. Unfortunately no more characterization was 

obtained due to the solubility of the material. 

4.2.1.2 Cubic shaped assembly (M8L12), [18]β 

The second assembly, [18]β was a cubic shaped complex 

[Fe
III

(H2O)6⊂Fe
II

8(18)12](BF4)4(FeCl4)3 where twelve (18) ligands form the edges of the cube 

and iron(II) atoms are the eight vertices (Figure 4.5). A related structure was reported using 

cobalt(II) by Cao et al.
13

. This structure was reproducible in acetonitrile. The structure was 

collected several times and with different unit cells and mixtures of  BF4
-
 and FeCl4

-
 counter-

anions. Crystals of [18]β became slightly amorphous upon grinding but the main phase could 

be recognised (Figure 4.5).  
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Figure 4.5: Different views of the cubic structure [18]β, R�̅� space group. Cube represented with 

black lines on top of the structure. Hydrogen atoms and counter-anions were removed for clarity. 

The colour assignment in the plot is black for the experimental and grey for the simulated XRD. 

Fe-N bond lengths are between 2.150(2) – 2.222(3) Å and VOh 13.045(14) – 13.096(14) 

Å
3 

taken from the crystal structure. These values suggested the HS state of the iron in the 

vertices of the cube at 120 K. The [Fe(H2O)6]
3+

 cation in the centre of the structure interacts 

through hydrogen bonding with the negatively charged ligands (18), acting as a template of the 

cube. The compound was analysed in solution by ES
+
-MS, Figure 4.6. 

 

Figure 4.6: Mass spectrum of [18]β.  

The assignment of the peaks was simple; the first peak from the right (663.9 m/z) 

corresponds to the [18]β cation = [Fe
III

(H2O)6⊂Fe
II

8(18)12]
7+

, followed by (774.4 m/z) [[18]β-

H
+
]

6+
, (788.9 m/z) [[18]β + BF4]

6+
, (964.1 m/z) [[18]β + (BF4)2]

5+
 and so forth. The counter 

anion FeCl4
-
 was also identified by ES

+
-MS; for example (986.3 m/z) [[18]β +FeCl4 + BF4]

5+
. 

More detailed analysis is in the experimental section (Chapter 8). 
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4.2.1.3 Super-tetrahedral assembly (M10L12), [18]γ 

Finally, a tetrahedron shaped complex [BF4⊂Fe10(18)12(H2O)12](FeCl4)2(BF4)2 formed 

where four iron(II) coordinated by three ligands act as vertices of the pyramid, and six iron(II) 

atoms are placed in the edges of the pyramid coordinating two ligands (18) and two water 

molecules, (Figure 4.7). 

 

 

Figure 4.7: Different views of the structure [18]γ, P213 space group. Tetrahedron represented with 

black lines on top of the structure. Hydrogen atoms and counter-anions were removed for clarity. 

The colour assignment in the plot is black for the experimental and grey for the simulated XRD. 

A BF4
-
 counter-anion was found in the centre of the structure whose fluorine atoms 

pointed perfectly towards each face of the super tetrahedron. It is believed that BF4
-
 acts as a 

template through hydrogen bonding with the water molecules bound to the iron(II) in the edges 

of the pyramid. This compound was observed only once, inside a one year old dried 

crystallization vial. The compound was also analysed in solution by ES
+
-MS, (Figure 4.8). 

 

Figure 4.8: Zoom mass spectrum of [18]γ. Main peak assigned to [BF4⊂Fe
II

9(18)11(FeCl4)(H)]
6+

. 
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Summarizing, three different assemblies from a simple mixture of ligand (17) with 

iron(II) tetrafluoroborate salt were identified up to now containing ligand (18) (Figure 4.9). 

 

Figure 4.9: Schematic representation of the three motifs identified, [18]α, [18]β and [18]γ 

respectively. The template molecules are represented in magenta. 

Unfortunately, none of these assemblies was isolated in analytical purity, probably due to 

contamination with mixtures of these or other MxLy combinations or other yet unknown. The 

template effect was found to be a determining factor of each assembly. Iron atoms acted as 

connectors, ligand (18) as linker and hydrogen bonding towards the faces of each polymetallic 

assembly templated the formation. All three compounds showed in one way or another chloride 

ions coordinated to iron centres. Unfortunately, the counter anions in [18]β and [18]γ were 

extremely disordered, hence the refined models were incomplete and presented high residuals. 

The counter-anion FeCl4
-
 was detected by ES

+
-MS (Figure 4.6 and Figure 4.8). 

There is little understanding of the chemical reactions happening behind the structures 

here discussed, but a mechanism of how ligand (17) may evolve into (18) was detailed below,  

Figure 4.10. 

 

 Figure 4.10: Proposed mechanism of hydrolysis and deprotonation of ligand (17). 
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Ligand (17) forms coordinate bonds with the metal ion when the activated chloro group 

is hydrolyzed. An acid-base equilibrium with the media gives the more stable tautomer. Finally 

the chloride ion coordinates iron(II) while the tetrafluoroborate counter-anion, which is 

sensitive to hydrolysis under several conditions
14

, deprotonates the ligand as a non-innocent 

counter-anion. Occasionally pale yellow crystals were observed in the vials. That crystal 

structure could be in agreement with the mechanism proposed (Figure 4.11), where the chloro 

substituent was replaced by a methoxy group. 

 

Figure 4.11: Crystal structure of [18]OMe-HBF4, P21/c space group (monoclinic). 

HBF4 was observed in that crystal structure while the chlorine atom did not appear. The 

lability of the chloride bound to a 1,3,5-triazine ring was also observed for ligand (19) (Figure 4.12). 

 

Figure 4.12: Synthetic scheme of ligand (19) 

In this case, iron tetrafluoroborate was reacted with ligand (19) in 1:3 M:L ratio in 

methanol and the following structures were observed (Figure 4.13). 

 

 

Figure 4.13: Crystal structures of [20]α and [20]β, P1 and P21/c space groups. 
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Ligand (20) was reported previously under similar circumstances
15

. The two chlorine atoms 

of (19) were substituted by methoxy groups when the ligand was activated by the Lewis acid, and 

the FeCl4
-
 counter-anion was observed again as for [18]β and [18]γ (Figure 4.5 and Figure 4.7). 

 

4.2.2 Structures derived from 2,4-di(pyrazol-1-yl)-1,3,5-triazine 

Ligand 2,4-di(pyrazol-1-yl)-1,3,5-triazine (21) was synthesized as follows, Figure 4.14. 

  

Figure 4.14: Synthetic scheme and crystal structure of (21), bpt ligand. 

The ligand (21) was extremely difficult to crystallize, but crystals in the P21/n space 

group formed by slow evaporation of a chloroform solution. This compound was prepared 

aiming to complete the study of the magnetic behaviour of the homoleptic complexes 

[Fe(bptR)2]
2+

 in Chapter 2. However (21) appears to be geometrically predefined as bis-

bidentate (Figure 4.15).  

 

Figure 4.15: Crystal structure of [21]B, P�̅� space group. Hydrogen atoms and some counter-anions 

were removed for clarity. 

This structure was similar to [18]α (Figure 4.4) with the difference that there was no 

“labile” chlorine in the ligand so an extra ligand coordinates each iron from the outside the 

grid. Moreover, a tetrafluoroborate molecule was found in the centre of the grid showing strong 

anion
…

π interactions with F3-plane to triazine-centroid distances of 2.7652(16) – 2.7995(15) Å, 

which could template the M4L8 assembly formation. Crystals of [21]B were only observed once 

inside an NMR tube, which might reflect the potential existence of different species in solution, 

for instance a 1D polymer or even the homoleptic [Fe(bptR)2]
2+

 complex (Figure 4.16). 



Chapter 4 

 
 

Polymetallic and Polymeric Structures   Page | 91 

 

Figure 4.16: Fragment of the direct injection ESMS spectrum of [21]B. 

Where the most intense peak (970.0
+
 m/z) is assigned to [Fe

II
3(21)3(BF4)F4]

+
, a more 

detailed analysis is described in the experimental section in chapter 8 (page 228) where 

different MxLy ratios are identified using different conditions in the instrument. The compound 

[21]B did not undergo SCO as shown in Table 4-1; 

 [21]B 

 

Fe1−N 

Fe1 VOh 

Fe2−N 

Fe2 VOh 

Fe3−N 

Fe3 VOh 

Fe4−N 

Fe4 VOh 

2.089(4) - 2.263(4) 

12.844(13) 

2.107(4) - 2.296(3) 

13.254(14) 

2.109(4) - 2.325(4) 

13.235(14) 

2.116(4) - 2.276(4) 

13.195(14) 

Table 4-1: Crystallographic parameters of the grid [21]B at 120K where all iron(II) centres are 

clearly HS. SQUID curve which is in agreement with the crystal structure.  

On a different note, the presence of pyrazolyl-BF3 in the crystal structure (Figure 4.15, 

labelled as N173, N174, C175, C176 and C177) suggested that more complex reactions than a 

simple M-L coordination took place in solution. Although the pyrazolyl-BF3 could not be 

rationalised in [21]B a similar compound has been reported before
16

. In some reactions of this 

type, crystals containing hydrolysed ligands were also found, (Figure 4.17). 

 

Figure 4.17: Example of a hydrolysed species found in the crystallization vials. Hydrogen atoms, 

counter-anions were removed and only one co-crystalized complex is shown for clarity.  
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Therefore, ligand (21) was sensitive to hydrolysis in contact with iron salts. 

Hypothetically the free pyrazole could react with BF4
-
 anion giving rise the pyrazolyl-BF3 and 

HF. The systematic hydrolysis of the ligand (21) could also explain the difficulties found when 

trying to crystallize its iron(II) complexes. The following calcium complex was once observed 

in a reaction mixture of (21) with iron(II) perchlorate (Figure 4.18), but no [Fex(21)y](ClO4)z 

species was observed.  

 

Figure 4.18: Crystal structure of [Ca(21)3]ClO4 which crystallized in P�̅�c1 space group. Hydrogen 

atoms were removed for clarity 

Ignoring the fact that the source of the Ca
2+

 remains unknown, the existence of such a 

compound could mean that the ligand (21) is easily hydrolysed by hard transition metals like 

Fe
2+

, Co
2+

 and Ni
2+

 while maintaining its integrity against softer metal ions. Therefore it was 

reacted with silver(I) tetrafluoroborate
17

 (Figure 4.19). 

 

Figure 4.19: Crystal structure of [Ag(21)]BF4
∞ 

1D chain. Hydrogen atoms and counter-anions were 

removed for clarity. The colour assignment in the plot is black for the experimental and grey for 

the simulated XRD. 

 
Similar ligands to (21) with different substituents on the pyrazole groups were synthesized 

by Sarah Farmiloe during her MChem project under the candidate’s supervision (Figure 4.20). 

 

Figure 4.20: Modifications of ligand (21) synthesized by Sarah Farmiloe. 

Such ligands were reacted with several salts of different transition metals for instance; 

Fe
2+

, Fe
3+

, Co
2+

, Ni
2+

, Mn
2+

, Ag
+
 and so forth. Interestingly, only silver(I) and manganese(II) 

yielded crystalline materials. When using silver salts, various M4L4 or 1D-chain assemblies 

were observed, depending on the ligand and counter-anion used. This study was in agreement 
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with our hypothesis stated above where the integrity of the ligand is guaranteed when 

coordinated to softer transition metals. 

 

4.2.3 Cubic cluster derived from 4,6-di(pyrazol-1-yl)-pyrimid-2-one 

The impurity (22) was obtained during the synthesis of (14)
18

 in the previous chapter 

(Figure 4.21).  

 

Figure 4.21: Synthetic scheme of (14), which usually produced the sodium salt of (22) as an 

impurity. 

Due to the solubility of (22) (Figure 4.23), the mixture of ligands (14) and (22) was 

reacted with iron(II) tetrafluoroborate prior to purification as test reaction with the aim of 

obtaining [Fe(14)2](BF4)2 single crystals. Instead, the same M8L12 cubic assembly as [18]β 

(Figure 4.5) was unexpectedly observed, [Fe
III

(H2O)6⊂Fe
II

8(22)12](BF4)7 (Figure 4.22). 

 

 

Figure 4.22: View of the cubic structure, [22]αB at 100 K. Hydrogen atoms and counter-anions 

were removed and only four bridging ligands shown for clarity. C2/c space group. The colour 

assignment in the plot is black for the experimental and grey for the simulated XRD. 
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The following strategy was proposed for obtaining ligand (24) pure in a reasonably yield 

(34.6%, Figure 4.23). 

 

Figure 4.23: Synthetic scheme of (24). 

Ligand (23) was synthesized following a previously reported procedure
19

 and a crystal 

structure was collected (Figure 4.24). 

                  

Figure 4.24: Crystal structure of (23), C2/c space group. 

Pyrazole and sodium hydride were added giving (22) as its sodium salt. Then, 1 

equivalent HCl was added to neutralize the ligand giving rise the neutral form (24). 

 

Figure 4.25: Crystal structure of (24), C2/c space group. 

The reaction of pure (24) with iron(II) tetrafluoroborate yielded the same [22]αB 

structure (Figure 4.22). Bond valence sum (BVS)
20

 were calculated for the atoms of the cube 

and demonstrated that iron atoms of the vertices were iron(II) while the central cation was 

iron(III). Iron(II) atoms of the cube were related by a centre of symmetry as pairs in the 

opposite vertices, in other words there were four crystallographically unique iron atoms (Figure 

4.22). The singularity of [22]αB structure is that Fe 1 and its symmetry equivalent were LS at 

100 K. A VT X-ray experiment was performed to confirm the SCO phenomenon (Table 4-2). 
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100 K Fe 1 Fe 2 Fe 3 F 4 

Fe−N[averaged] 

VOh 

2.01 

10.365(3) 

2.16 

12.331 (4) 

2.21 

12.626(4) 

2.19 

12.824(4) 

200 K Fe 1 Fe 2 Fe 3 F 4 

Fe−N[averaged] 

VOh 

2.12 

11.990(7) 

2.18 

12.618(8) 

2.22 

12.630(8) 

2.19 

12.814(8) 

Table 4-2: VT experiment crystallographic parameters for [22]αB. 

According to crystallographic parameters of Table 4-2, two out of eight iron(II) in the 

vertices of the cube exhibit gradual spin crossover in the solid state. This fact was proved by 

SQUID magnetometry (Figure 4.26), Mössbauer Spectroscopy (Figure 4.27), and by the 

LIESST effect observed when the sample was irradiated with green light (Figure 4.28). 

 

Figure 4.26: SQUID curve of [22]αB. 

It was very challenging to prove the SCO only with the SQUID measurement, because 

the magnetic curve was influenced by three different processes; gradual SCO, superexchange 

interactions between iron(II) centers and the zero-field splitting. Thus, extra experiments 

confirmed the transition, (Figure 4.27, Table 4-3 and Figure 4.28). 
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Figure 4.27: Mössbauer spectrum at 200K where all iron(II) are HS (top). Mössbauer spectrum at 

77K where 2 iron(II) switched into LS (bottom). Experiment performed in collaboration with Prof. 

Dr. V. Schünemann of Department of Physics, University of Kaiserslautern (Germany). 
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 77 K 100 K 150 K 175 K 200 K 298 K 

Area HS [%] 

Area LS [%] 

64,7 ± 1,0 

21,6 ± 1,0 

71,4 ± 1,0 

15,6 ± 1,0 

79,8 ± 1,0 

6,8 ± 1,0 

83,8 ± 1,0 

0 

84,3 ± 1,0 

0 

82,8 ± 1,0 

0 

Table 4-3: Mössbauer VT parameters for [22]αB.  

The results fit with the presence of a LS fraction only below 175K which increases 

gradually on cooling. 

 

Figure 4.28: Solid state magnetic susceptibility data of [22]αB upon cooling (black line), and 

rewarming following irradiation at 650 nm at 10 K (green line). The first derivative of the data 

from the irradiated sample is also shown, whose minimum corresponds to T(LIESST) = 67 K. 

The sample was irradiated at 10K and some excitation was observed which proves that 

some iron(II) fraction was LS at 10K. The metastable HS state relaxed back to LS at 67 K = 

T(LIESST). This experiment was performed in collaboration with Dr. G. Chastanet in CNRS, 

Univ. Bordeaux, ICMCB (France). 

This compound retained its integrity in solution (Figure 4.29 and Figure 4.30). 

 

Figure 4.29: H
1
 NMR(400 MHz, CD3CN) spectrum of the cube, [22]αB. 
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Figure 4.30: Mass spectrum of the cube, [22]αB. 

The mass spectrum of [22]αB is very clean, showing the progression peaks from [[22] + 

BF4]
6+

 to [[22] + 5
.
BF4]

2+
 by adding one counter-anion at a time ([22] cation = 

[Fe
III

(H2O)6⊂Fe
II

8(22)12]
7+

).  

Therefore, χT vs T was also determined in liquid solution of acetonitrile by paramagnetic 

NMR Evans Method. Data points were taken every 10 K from 340 K to 240 K (Figure 4.31). 

Unfortunately, the temperature of any transition was lower than the freezing point of MeCN.  

 

Figure 4.31: Liquid state variable temperature magnetic susceptibility measurement of [22]αB. 

Homogeneous bulk sample crystals of [22]αB as red blocks were regularly obtained. But 

small yellow crystals were occasionally observed in the walls of the crystallization vials which 

corresponded to the following structure (Figure 4.32), which could be the paramagnetic 

impurity detected by Mössbauer spectroscopy (light blue line, Figure 4.27). 

 

Figure 4.32: Crystal structure of [24]B, P�̅� space group. 
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Unfortunately, not enough crystals of [24]B were obtained to fully characterize the 

compound. Ligand (24) was also reacted with iron(II) perchlorate and triflate, but none of those 

salts template the same M8L12 assembly. The mixture of (24) with triflate salt crystallized as 

small twinned crystals which generated genuinely poor data and the structure could barely be 

solved. In contrast, the perchlorate salt produced twinned but larger crystals which were 

suitable for X-ray single crystal analysis (Figure 4.33). 

 

Figure 4.33: Crystal structure of [24]C, C2/c space group. The colour assignment in the plot is 

black for the experimental and grey for the simulated XRD. 

Notably, the ligands found in both [24]C and [24]triflate structures were in their neutral 

form. Only the BF4
-
 counter-anion was basic enough to promote the full deprotonation of (24), 

and therefore to allow the cubane formation. Hence, the pure sodium salt of (24) (ligand (22), 

Figure 4.23) was reacted with iron(II) tetrafluoroborate in acetonitrile hoping to increase the 

yield of [22]αB. However the structure obtained by diffusion of diisopropyl ether was a 

different cubic assembly M10L10 (Figure 4.34), [Fe
III

-F-Fe
III⊂Fe

II
8(22)10(F)2(OH,MeCN or 

H2O)4](BF4)8 or 9 [22]βB. Disordered counter-anions were found in the lattice, hence it is 

unclear from the model whether there are eight or nine tetrafluoroborate molecular formula. 

Elemental microanalysis results did not fit either of these options.  

 

 

Figure 4.34: Different views of the crystal structure of [22]βB, C2/c space group. Hydrogen atoms 

and counter-anions were omitted for clarity The colour assignment in the plot is black for the 

experimental and grey for the simulated XRD. 
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This extraordinary assembly is templated by two iron(III) atoms which are directly 

coordinated by O-donors from (22). [22]βB is constituted by two central iron-(III) atoms 

bridged by a fluoride ion and coordinated by two sets of five (22) ligands through their oxygen 

donors. In addition, every outer ligand is coordinating two iron(II) in a bis-bidentate fashion 

(Figure 4.35). The positions of the iron(II) atoms were the vertices of a cube. In summary, 

every ligand coordinates to three metal ions simultaneously. Metal ions in the vertices are 

related by symmetry in groups of four, therefore only two iron(II) atoms and one central 

iron(III) were unique crystallographically. 

 

Figure 4.35: Coordination fashion of every (22) in the crystal structure of [22]βB. 

120 K Fe(II) 1 Fe(II) 2 Fe(III) 

Fe−L[averaged] 

VOh 

2.126(3) 

12.230(4) 

2.235(3) 

12.779(4) 

1.98(3) 

10.313(3) 

Table 4-4: VT experiment crystallographic parameters for [22]βB. 

According to crystallographic parameters of Table 4-4, all iron(II) in the vertices were 

HS at 120 K. However the colour of the crystal clearly changed upon cooling (Figure 4.36).  

 

Figure 4.36: Images taken by the camera connected to the cryostream of the Agilent SuperNova 

difractometer at different temperatures. 
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Darkening of crystals upon cooling is indicative of spin-crossover
21

. Since iron(II) in the 

vertices were HS while iron (III) atoms in the centre of the assembly were LS at 120 K (Table 

4-4), the SCO was attributed to the two iron(III) atoms. VT cells were collected every 10 K in 

cooling cycle. The volume of the unit cell gradually decreased by 3.6% (Figure 4.37). 

 

Figure 4.37: SQUID curve of [22]βB. VT X-ray diffraction experiment showing the gradual 

decrease on the unit cell volume. 

Expected T values for [22]βB at room temperature are around 36 and 30 cm
3
mol

-1
K at 

low temperature. However, the measurement is suspect because the sample was not pure and 

the SQUID temperature controller had a fault (Figure 4.37). Unfortunately the compound was 

not obtained a second time. 

ESMS spectroscopy was used to analyse the stability of the new M10L10 assembly. 

Although in this case the spectrum of [22]βB was not as clean as [22]αB (Figure 4.30), it was 

also stable and present in solution (Figure 4.38). 

  

Figure 4.38: Mass spectrum of the second cubic assembly, [22]βB (left). Comparison of the isotopic 

patterns (right); red for the experimental and black for the simulated.  

The most intense peak corresponds to the [22]βB cation = [Fe
III

F-

Fe
III⊂Fe

II
8(22)10O2F3]

4+
. 
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4.2.4 Novel 4,6-di-pyrazolyl-1,3-pyrimidine-based iron(II) complexes and 

coordination polymers 

Ligands 2-methyl-4,6-di(pyrazol-1-yl)-1,3-pyrimidine (25), 2-amino-4,6-di(pyrazol-1-

yl)-1,3-pyrimidine (26) and 4,6-di(pyrazol-1-yl)-1,3-pyrimidine (27) were easily synthesized 

following the procedure reported by Ortiz et al.
22

 and Ikeda et al.
23

 and were crystallized 

(Figure 4.39). 

                  

Figure 4.39: Ligands based on the pyrimidine ring. Crystal structures of (25) and (26), in the P21/c 

and P212121 space groups respectively. 

Those ligands were first synthesized aiming to repeat the same cubic structure [22]αB 

with different magnetic properties by varying the substituent in the 2-position of the 

pyrimidine. However, the template effect between the iron(III) hexaaqua and the oxygen of the 

ligand (24) is crucial towards the cubic assembly formation. Different 1D-coordination polymer 

topologies are presented (Figure 4.40). 

 

Figure 4.40: Varying topologies of 1D coordination polymers observed. Iron(II) atoms forming an 

angle of 90
o
 with the two ligands are pictured in green, those forming the 180

o
 angle are pictured in 

red.  

1D-coordination polymers [25]B
∞
, [26]C

∞
 and [27]C

∞
 were obtained, where the solvent 

molecules and counter-anions played an important role in the assembly through hydrogen 

bonding (Figure 4.41).  
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Figure 4.41: Polymeric structures [25]B
∞
 ,  [26]C

∞
 and [27]C

∞
 crystallized in monoclinic P21/n, 

tetragonal P42/ncm and monoclinic C2/c space groups respectively. The colour assignment in the 

plot is black for the experimental and grey for the simulated XRD. Counter-anion in [26]C
∞
 model 

were extremely disordered and were omitted for clarity. 
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Bulk powders of [26]C
∞ 

were amorphous, so single crystals were used for the powder 

XRD experiment which produced a spectrum where the correct peaks can be observed but with 

different relative intensities compared to the simulation (Figure 4.41). These results contrasted 

with the previous reports where copper(I) based grids [2x2] were obtained from the same 

ligands
22, 24

. Two solvent molecules coordinate the iron(II) centres in the three polymeric 

structures. [25]B
∞
 was crystallized from acetone by diffusion of diethyl ether. It contains one 

molecule of acetone and one molecule of water acting as coordinating ligand in a cis geometry. 

Planes of the two (25) ligands bound to each iron atom make a 90
o
 angle. [26]C

∞
 was 

crystallized in acetonitrile by diffusion of diisopropyl ether. This structure contains two unique 

crystallographically iron(II) atoms, the first coordinates two bidentate ligands and two water 

molecules. The second iron coordinates two ligands and, one fully occupied water molecule, 

while the last coordination site is shared between a mixture of water and acetonitrile. In this 

case the least squares planes of (26) are parallel and the solvent coordination sites are in cis. 

[27]C
∞
 crystallized from slow evaporation of a nitromethane solution. This structure presents 

two different alternating environments of iron(II) with parallel and perpendicular oriented 

ligands, where the solvent molecules coordinate in trans and cis configurations respectively.  

4.2.4.1 Thiocyanate and selenocyanate salts 

Complexes of type; [Fe(N-donor)4(NCS)2] are well established SCO compounds in both 

cis or trans configurations
25

. Therefore, it was believed that by replacing the solvent 

coordination sites in the above structures by NCS, a novel SCO coordination polymer could be 

developed. Fe(NCS)2 was generated in situ and added to methanolic solutions of the four 

ligands (Figure 4.39). (25) and (26) produced isostructural 1D polymers (Figure 4.43) while 

(27) crystallized as a mononuclear complex which was collected as methanol solvate and 

solvent free forms. Unfortunately, the [24]NCS reaction yielded an amorphous black powder 

which was not identified. 

   

 

Figure 4.42: Both [25]NCS
∞
 and [26]NCS

∞
 polymers crystallized in the tetragonal I41/a space 

group. The colour assignment in the plot is black for the experimental and grey for the simulated 

XRD. [25]NCSe
∞
 (top) and [26]NCSe

∞
  (bottom).  
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Figure 4.43: Complexes [27]NCS and [27]NCS(MeOH) were triclinic P�̅� and monoclinic P21/n 

respectively. The colour assignment in the plot is black for the experimental and grey for the 

simulated XRD. 

Unexpectedly, all the complexes are HS at low temperatures. The [25]NCS
∞
 and 

[27]NCS data sets were collected at 120 K while [26]NCS
∞
 was collected in Diamond at 100 K 

(Table 4-5). 

 [25]NCS
∞
 [26]NCS

∞
 

Fe-N[pz] 

Fe-N[pym] 

Fe-N[NCS] 

VOh 

2.184(4), 2.194(3) 

2.231(3), 2.245(3) 

2.051(4), 2.139(4) 

12.692(12) 

2.178(5), 2.181(5) 

2.202(4), 2.206(4) 

2.036(6), 2.113(7) 

12.722(18) 

 [27]NCS [27]NCS
 
(MeOH) 

Fe-N[pz] 

Fe-N[pym] 

Fe-N[NCS] 

VOh 

2.171(2), 2.192(2) 

2.197(2), 2.210(2) 

2.067(2), 2.107(2) 

12.916(6) 

2.184(2), 2.185(2) 

2.202(2), 2.214(2) 

2.053(2), 2.104(2) 

12.933(7) 

Table 4-5: Crystallographic parameters of thiocyanate polymers and complexes.  

Selenocyanate acts as stronger σ-donor ligand than thiocyanate, thus increasing the 

ligand field splitting. Hence, complexes like [Fe(N-donor)4(NCSe)2] where NCS
-
 is replaced by 

NCSe
-
 present a stabilization of their low spin state

26
. With that in mind, the following 

compounds [25]NCSe, [26]NCSe and [27]NCSe were prepared (Figure 4.44). 
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Figure 4.44: Crystal structures of complexes [25]NCSe and [27]NCSe which crystallized in P�̅� 

space group, and [26]NCSe
∞
 polymer, which was isostructural to the NCS polymers described 

above, in the I41/a space group. The colour assignment in the plot is black for the experimental and 

grey for the simulated XRD, [25]NCSe (top), [26]NCSe
∞
 (middle) and [27]NCSe (bottom). 

All these structures were also HS at 120 K (Table 4-6). 

 [25]NCSe [26]NCSe
∞
 [27]NCSe (MeOH) 

Fe-N[pz] 

Fe-N[pym] 

Fe-N[NCS] 

VOh 

2.151(3), 2.158(3) 

2.272(3), 2.305(3) 

2.085(3), 2.114(3) 

13.103(11) 

2.160(5), 2.162(5) 

2.195(4), 2.201(4) 

2.073(5), 2.131(5) 

12.769 (17) 

2.168(4), 2.1774(4) 

2.205(3), 2.231(3) 

2.059(4), 2.107(4) 

12.958(13) 

Table 4-6: Crystallographic parameters of selenocyanate polymers and complexes. 

Singularly, although all these reactions were set up initially with a 1:1 [Fe(NCX)2]-

ligand stoichiometry, only three of them crystallized as 1D polymers. Magnetic susceptibility 

measurements versus temperature were recorded and confirmed what was concluded from X-

ray crystallography (Figure 4.45). 
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Figure 4.45: SQUID curves of the bis-pyrazolyl-pyrimidine coordination complexes and polymers 

discussed above. At the top are plotted the five HS complexes whereas at the bottom is [27]NCSe 

methanol solvate (black line), which starts losing solvent after a few hours (green line) and after 24 

h in the vacuum oven (blue and red cooling and warming cycles). 

As was concluded from the crystallographic parameters (Table 3-4 and Table 3-5) all 

complexes were HS at 120K. Therefore none of these compounds were subject of SCO above 

this temperature. However the complex [27]NCSe undergoes an incomplete hysteretic spin 

transition at 97 K↓ – 106 K↑ upon drying (Figure 4.45). Unfortunately no crystals of the 

solvent free phase were obtained despite trying other solvents, where isostructural 

solvatomorphs to [27]NCS (MeOH) containing ethanol or acetone in the lattice were obtained. 

As further research the following ligands (Figure 4.46) were proposed to give potential 

SCO coordination polymers with Fe(NCS)2 salt. The geometry of the pyrimidine-pyridine 

certainly entails a stronger crystal ligand field, which would favour the LS if iron(II) complexes 

compared to pyrimidine-pyrazole synthesized above. A similar comparison holds between bpp 

and terpy ligands. The synthesis of the new ligands was reported
27

 and some interesting 

materials were synthesized previously
28

. However this was not investigated due to lack of time. 

 

Figure 4.46: Ligands based on the pyrimidine ring, potential SCO coordination polymers.  
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4.2.5 Novel ligands derived from 4,6-di(pyrazol-1-yl)-pyrimid-2-one with 

methylated pyrazole derivatives. 

As a second modification of (24), the new ligands 4,6-di(4-methyl-pyrazol-1-yl)-

pyrimid-2-one (28) and 4,6-di(3,5-dimethyl-pyrazol-1-yl)-pyrimid-2-one (29), were 

synthesized following the same synthetic procedure as (24) (Figure 4.23). The same cubic 

pyrimidine-based structure [22]αB with a higher T1/2 was sought by adding methyl groups 

(EDGs) to the pyrazole
29

. 

 

                       

Figure 4.47: Drawings of ligand (24) and novel ligands (28) and (29) with their crystal structures.  

Hydrogen bond between a DMSO molecule and the hydroxyl group (O7-H, Figure 4.47) 

of ligand (29) showed evidence of the more stable tautomer; 2-hydroxy-4,6-di(3,5-dimethyl-

pyrazol-1-yl)-pyrimidine. This differs from (24) and (28), whose pyrimidine tautomer is 

observed in the solid state (Table 4-7). 

 (24) (28) (29) 

O7-C2 

N1-C2 

N3-C2 

1.240(2)-1.249(3) 

1.390(3)-1.395(3) 

1.355(3)-1.358(3) 

1.240(2) 

1.391(2) 

1.360(2) 

1.3334(17), 1.3364(17) 

1.3339(18), 1.3333(18) 

1.3365(18), 1.3353(18) 

Table 4-7: Bond lengths surrounding C2 of the three ligands. 

This difference is probably due to the steric hindrance between the C17-CH3 substituent 

in (29) with the N1-H group in the pyrimidine tautomer of that compound. Unfortunately no 

crystalline material was obtained from ligand (29) when reacted with iron(II) tetrafluoroborate 

salt. In contrast the analogous structure to [22]αB was observed from ligand (28) (Figure 4.48). 
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Figure 4.48: View of the cubic structure, [28]B at 100 K. Hydrogen atoms and counter-anions were 

omitted and only four bridging ligands shown for clarity. P21/n space group. The colour 

assignment in the plot is black for the experimental and grey for the simulated XRD. 

The [22]αB and [28]B are not isostructural but they have some things in common; the 

two cubic structures were composed of four opposed pairs of iron (II) related by inversion 

symmetry, and in both structures only two opposite iron(II) switched from their HS to LS states 

(Table 4-8).   

125 K Fe 1 Fe 2 Fe 3 F 4 

Fe−N[averaged] 

VOh 

2.072(10) 

11.38(3) 

2.171(3) 

12.674(10) 

2.193(3) 

12.916(10) 

2.158(3) 

12.504(10) 

250 K Fe 1 Fe 2 Fe 3 F 4 

Fe−N[averaged] 

VOh 

2.189(5) 

12.881(17) 

2.178(5) 

12.889(17) 

2.181(5) 

12.833(17) 

2.182(5) 

12.868(17) 

Table 4-8: VT experiment crystallographic parameters for [28]B. 

Unfortunately the cryo-system of the diffractometer could not reach 100 K due to problems 

with the drying unit during the last year of the PhD. Gradual spin-crossover was observed from 250 

K to 125 K. However in this case the SQUID curve had well-defined spin-crossover (Figure 4.49). 
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Figure 4.49: SQUID curve of [28]B. 

 

Figure 4.50: Mass spectrum of the cubic assembly [28]B.  

The two main peaks were assigned to [[28](BF4)5]
2+

 and [[28](BF4)4]
3+

 respectively ([28] 

cation = [Fe
III

(H2O)6⊂Fe
II

8(28)12]
7+

). 

 

Figure 4.51: Space fill view of the template molecules in [22]αB and [28]B.  

The iron(III) hexaaqua template inside the assembly occupies the internal volume of the 

cluster, which may afford steric hindrance to the complex interfering with the full spin 

transition of the eight iron(II). Another difference between them is the disordered found in the 

crystal lattice, while ligands in the cubic structure [22]αB are disordered over different 

positions, ligands in [28]B fully occupy their positions in the lattice. This could explain the 

difference observed in the SQUID curves (Figure 4.26 and Figure 4.49). 
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4.3 Conclusions 

2,4-Di(4,5,6,7-tetrahydro-2-indazol-2-yl)-6-chloro-1,3,5-triazine (17) reacted with 

iron(II) tetrafluoroborate as a bis-bidentate ligand yielding a set of M4L4, M8L12 and M6+4L12 

assemblies containing ligand (18). It was not possible to fully characterize those because of 

reproducibility problems where mixtures of these and other unknown assemblies were probably 

obtained. On the other hand, 2,4-di(1H-pyrazol-1-yl)-1,3,5-triazine (21) also adopted a bis-

bidentate conformation producing an unexpected grid M4L8 which was characterized by 

ES
+
MS, X-ray, SQUID and elemental analysis. The nature of ligand (21), which hydrolyses 

easily in contact with iron salts, prevented the synthesis of [21]C and other related compounds 

with different 3d transition metal ions. The bis-bidentate geometric conformations in these 

compounds can be justified by the conclusions of Chapter 2. Ligands (17) and (21) have in 

common the absence of a bulky group in the 6-position of the triazine, which could disfavour 

the bis-bidentate conformation, when compared to the other 1,3,5-triazine-based ligands (1) - 

(9), which produced the homoleptic complexes in Chapter 2.  

The cubic-shaped structure M8L12, where 12 deprotonated ligands act as edges of the 

cube while iron(II) atoms are the vertices, was reproduced using 4,6-di(pyrazol-1-yl)-1,3-

pyrimid-2-one (24). Two iron(II) atoms of the cubane vertices undergo a gradual spin transition  

between 200 and 100 K. This compound has been characterized by single crystal X-ray 

diffraction, powder pattern diffraction, diffuse reflectance, Mössbauer Spectroscopy, ES
+
MS 

mass spectrometry, H
1
 NMR, SQUID magnetometry, LIESST and Evans method. The sodium 

salt (22) assembled in a different cubic assembly (M10L10) which presents gradual SCO in the 

central iron(III) atoms. They were bridged by a fluorine atom and are coordinated by five O-

donor atoms from ligand (22).   

One-dimensional coordination polymers were obtained from the mixtures of iron(II) salts 

with 2-methyl-4,6-di(pyrazol-1-yl)-1,3-pyrimidine (25), 2-amino-4,6-di(pyrazol-1-yl)-1,3-

pyrimidine (26). and 4,6-di(pyrazol-1-yl)-1,3-pyrimidine (27). In order to promote SCO, 

thiocyanate and selenocyanate were coordinated into the free coordination sites in these 

assemblies. These were also HS over the temperature ranges although the compound [27]NCSe 

when dried, undergoes an incomplete hysteretic spin transition.  

The methylated derivatives 4,6-di(4-methyl-pyrazol-1-yl)-pyrimid-2-one (28) and 4,6-

di(3,5-dimethyl-pyrazol-1-yl)-pyrimid-2-one (29) were synthesized and fully characterized. 

They assembled into the analogous cubic M8L12 structure. [28]B was characterized by ES
+
MS, 

single crystal and powder XRD, and SQUID. The [29]B was not isolated in more than few 

crystals which were not suitable for single crystal analysis.  
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Chapter 5 – Isomeric Bis (Triazolyl) Pyridine Ligands and 

their Iron Complexes 

5.1 Introduction 

As discussed in Chapter 2, the 1-bpp scaffold was modified by increasing the nitrogen 

content in the six-membered ring. This strategy yielded the novel [Fe(bpt)2]
2+

 family of 

complexes with unexpected magnetic properties. The magnetic behaviour was not suited to our 

purposes, hence we proposed an alternative modification where the number and position of the 

nitrogen atoms were modified in the five-membered rings of the backbone. 

5.1.1 Examples of bis-(azolyl) pyridine ligands in the literature 

Diverse tridentate ligand analogues to 1-bpp family containing different azoles than 

pyrazol-1-yl have been reported in the past. For example, iron(II) salts of 2,6-di(pyrazol-3-

yl)pyridine (3-bpp, Figure 5.1a) and its alkylated versions were widely studied
1
. Other ligands 

such as 2,6-di(imidazol-2-yl)pyridine (2-bip, Figure 5.1b)
2,3

 or 2,6-di(1,2,4-triazol-5-

yl)pyridine (5-btp, Figure 5.1c) formed iron(II) complexes that were also SCO active
4
. 

 

Figure 5.1: Some bis azolyl pyridine ligands found in the literature.  

Contrary to a, b or c; 2,6-di(1,2,4-triazol-1-yl)pyridine (1-btp, Figure 5.1d) did not form 

the typical mononuclear complex ([ML2]
x+

) of this type of tridentate ligands. Several transition 

metals were coordinated linearly with 1-btp through N4[triazolyl]
5,6,7

, (Figure 5.2) instead of 

the expected geometry through the N[pyridine] and the two N2[triazolyl]. 

 

Figure 5.2: Coordination polymer of 1-bpt with FeCl3. Picture adapted from Youm et al
8
. 

Some ligands containing other heteroatoms than nitrogen in the azole moiety of the 2,6-

pyridine positions such as pybox and its derivatives also produced SCO iron(II) salts
9,10

. 
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5.1.2 Bis 1,2,3-triazolyl pyridine ligands (bTp) 

The two tridentate isomers of 2,6-di(1,2,4-triazolyl)-pyridine ligands (btp) were reported 

previously (Figure 5.1 c and d). On the other hand, the 2,6-di(1,2,3-triazol-1-yl)-pyridine isomers 

(30) and (31) were novel (Figure 5.3). In order to distinguish between them; 1,2,4-triazolyl-

pyridine based ligands are abbreviated as “btp” while 1,2,3-triazolyl-pyridine are “bTp”. 

                           

Figure 5.3: Scheme of novel ligands proposed as potential family of iron(II) SCO complexes.  

In contrast with (30) and (31), the coordination chemistry of several alkylated derivatives 

of the isomer (32) (Figure 5.4) was widely studied
11

. There are some examples of iron(II) 

complexes derived from this scaffold in the literature whose magnetic properties were 

detailed
12

. However the homoleptic iron(II) complex of ligand (32) itself are unknown. 

 

Figure 5.4: Scheme of the ligand (32) commercially available, 2,6-di(1,2,3-triazol-4-yl)pyridine. 

D. Davies synthesized [Fe(4-bTp)2](BF4)2; [32]B and [Fe(4-bTp)2](ClO4)2; [32]C during 

his MChem project under the candidate’s supervision. The complexes were both LS in the solid 

and liquid states up to 350 K. Nevertheless, methylation of ligand (32) in the N1 or N2 

positions has not yet been reported.  

 

5.2 Results and discussion  

5.2.1 Synthesis of 2,6-di(1,2,3-triazol-1-yl)pyridine isomers (30), (31) and (33). 

The novel ligand 1-bTp (30) was first synthetized by J. Woodworth as an undergraduate 

summer project and it was reproduced here by a similar procedure where the 2-bTp (31) and 

1T-2Tp (33) ligands were also isolated (Figure 5.5). 

Figure 5.5: Synthetic procedure for 1-bTp and 2-bTp ligands (30) and (31). Ligand (33) is de-

emphasised because it was not obtained pure in a reproducible way.  
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The reaction is a nucleophilic aromatic substitution similar to the previous reactions. 

Ligand (33) was very difficult to isolate in a pure form because it had almost the same 

retardation factor as (31) in every elution attempted with different solvent combinations as the 

mobile phase.  

 

5.2.2 Metal complexes of 2,6-di(1,2,3-triazol-1-yl)pyridine M[30]X  

Various metal-ligand combinations were prepared from the novel ligand (30). When it 

reacted with iron(II) tetrafluoroborate in hot nitromethane the colour of the solution turned red 

immediately and gradually converted into a yellowish suspension. Yellow single crystals were 

obtained only once when the solution slowly cooled in an NMR tube (Figure 5.6).  

   

 

Figure 5.6: Crystal structure of [30]B and powder pattern. Non-binding and disordered counter-

anions, solvent molecules and hydrogen atoms of the structure were removed for clarity. The 

colour assignment in the plot is black for the experimental and grey for the simulated XRD. 

Structure [30]B with the formula C18H32N14O9Fe4B6F26, crystallized in the monoclinic 

P21/n space group. It was a four iron-two fluorine cluster assembled through two trigonal planar 

F
-
 bridging. The cluster was coordinated by two coplanar ligand (30) in an unexpected 

pentadentate fashion. The NNN bpp-like terimine coordination site (N2, N6, N13) bound Fe a, 

while N3 and N14 coordinated linearly two Fe b atoms. Fe a presented an hepta-coordination 

geometry with NNN bpp-like donor, two water molecules and two F
-
 bridges. In contrast, the Fe 

b octahedron was completed by two N3 linear, two water molecules, F
-
 and BF4

-
 acting as ligand. 

Four extra BF4
-
 molecules compensate the charge balance of the molecule. A cluster with similar 

geometry but with oxo bridges was reported
13

 and the trigonal geometry of fluorine was observed 

in a pentanuclear iron(II) and (III) complex
14

.  
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It was believed that the crystal structure [30]B corresponds to an unstable intermediate 

species according to the discrepancy with the powder XRD pattern in Figure 5.6. Experimental 

powder patterns of bulk samples from different solvents were consistent with that result. This 

theory could also explain why the experimental microanalysis were inconsistent with that 

composition. 

The SQUID measurement of the powder sample is noisy because there was a fault with 

the temperature controller of the instrument but it was enough to see some gradual decrease in 

T which could reflect antiferromagnetic coupling between iron(III) centres. The experiment 

was not recollected because the compound was not identified or characterized (Figure 5.7).  

  

Figure 5.7: SQUID curve of the unknown [30]B powder.  

On the other hand, when (30) reacted with iron(II) perchlorate in acetonitrile the solution 

colour barely changed and transparent crystals were grown by ether diffusion (Figure 5.8). 

 

 

Figure 5.8: Crystal structure of [30]C in the triclinic P𝟏 space group, and powder pattern. 

Counter-anions, solvent molecules and hydrogen atoms of the structure were removed for clarity. 

The colour assignment in the plot is black for the experimental and grey for the simulated XRD. 
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Although the reaction was first performed with a 1:2 metal-ligand ratio, a mononuclear 

complex composed by four (30) ligands coordinating linearly to the central ion through 

N3[triazolyl] was obtained. The octahedral geometry was completed by two water molecules. 

The behaviour of ligand (30) was similar to the one observed for the 1-btp ligand (Figure 5.1d 

and Figure 5.2). The complex [30]C was expected to be HS because water molecules induce a 

weaker ligand field than N-donor imines. That was confirmed by SQUID data (Figure 5.9). 

 

Figure 5.9: SQUID curve of [30]C.  

It was suggested that replacing the coordination sites occupied by water in [30]C (Figure 

5.8), with thiocyanate could produce a novel SCO iron(II) complex
15

. The addition of two 

equivalents of thiocyanate to a complex [30]C solution resulted in a mixture of dark amorphous 

powder, thin transparent needles and few small yellow crystals (Figure 5.10). 

 

Figure 5.10: Crystal structure of [30]NCS, monoclinic Pc space group. 

The complex [30]NCS showed two (30) linearly coordinating ligands through 

N3[triazolyl], two thiocyanate molecules and two water molecules. This complex co-

crystallized with a free ligand in the lattice. In view of the results, different approach where the 

Fe(NCS)2 salt was prepared in-situ and added to a solution of ligand (30) was attempted. 

Surprisingly the same results were observed either with 1:1 or 1:4 metal-ligand ratios. The 

compound [30]NCS was not isolated in pure form from these mixtures. 

Ligand (30) (1-bTp), which was proposed as a novel tridentate ligand analogous to bpp, 

coordinated iron(II) through N3 and N14 in both the [30]B and [30]C structures. The 

interesting penta-coordination of [30]B though N2, N3, N6, N13and N14 (Figure 5.6) provoked 

curiosity and (30) was also reacted with other metals whose geometries are not usually 

octahedral; AgClO4 and Cu(BF4)2. 
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Figure 5.11: Crystal structure of [30]AgC in the triclinic P𝟏 space group. Counter-anions and 

hydrogen atoms of the structure were removed for clarity. 

The crystallizations from silver perchlorate yielded almost homogenous samples of thin 

needles which were not suitable for single crystal analysis, however some large transparent 

crystals were occasionally found which correspond to [30]AgC in Figure 5.11. This complex 

also presented the two coplanar ligands and N3-14 participated in the coordination of silver(I). 

Two type of clusters were co-crystalized in the lattice of [30]AgC. The cluster A was a plane of 

two (30) molecules acting as “tetradentate” ligand and two silver(I) whereas the cluster B was 

similar but included one extra coordinating water to each silver(I). 

In contrast, the copper structure [30]Cu grew into a two-dimensional coordination 

polymer (Figure 5.12).  

         

 

Figure 5.12: Crystal structure of [30]Cu in the monoclinic C2/c space group and powder pattern. 

Counter-anions, solvent molecules and hydrogen atoms of the structure were removed for clarity. 

The colour assignment in the plot is black for the experimental and grey for the simulated XRD. 

This structure is similar to [30]C however in this case the initial stoichiometry 1:2 was 

maintained in the coordination polymer ([30]Cu, Figure 5.12).  

In summary, none of the complexes studied from ligand (30) displayed the tridentate 

coordination expected through the nitrogen 2, 6 and 13. All of them contain water molecules in 

the coordination sphere of the metal. 

A 

 

 

B 
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5.2.3 Iron(II) complex of 2,6-bis(1,2,3-triazol-2-yl)-pyridine (31) 

The 2-bTp ligand coordinated iron (II) perchlorate as expected (Figure 5.13). 

 

 

Figure 5.13: Crystal structure of [31]C in the triclinic P𝟏 space group and powder pattern. 

Counter-anions, solvent molecules and hydrogen atoms of the structure were removed for clarity. 

The colour assignment in the plot is black for the experimental and grey for the simulated XRD. 

The experimental powder XRD (Figure 5.13) and the CHN analysis did not fit the crystal 

structure of [31]C. This could be explained by the two nitromethane molecules found in 

asymmetric unit of the crystal lattice. The solvent could be replaced by water over time or upon 

thermal cycling. The crystallographic parameters at 120 K were typical of an iron(II) HS 

complex, with Fe-N bond lengths from 2.1-2.2 Å and VOh of 12 Å
3
 (Table 5-1). 

It was confirmed by SQUID that [31]C was high spin and does not undergo SCO in solid 

state, or in solution by Evans method NMR (Figure 5.14). 

 

Figure 5.14: SQUID curve (left) and Evans method in solution (right), data points were taken 

every 10 K in acetonitrile solution of [31]C.  
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 [31]C 

Fe−N[pyridinyl] 

Fe−N[triazolyl] 

VOh 

 

 

ϕ 

θ 

2.133(2), 2.135(2) 

2.194(2), 2.204(2) 

12.470(8) 

154.1(3) 

508.6(7) 

170.33(8) 

88.31(2) 

Table 5-1: Crystallographic parameters determined directly from the crystal structure by using 

Olex2
16

. 

 

5.2.4 DFT calculations 

DFT is a powerful tool widely used to explain or predict several experimental behaviour. 

A recent study on free ligands
17

 encouraged our DFT calculations of several similar ligands 

trying to find a trend which explains why the linear coordination was favoured for ligand         

1-bTp (30) instead of terdentate-like (Figure 5.15). The labels for N[pyridyl], N[chelating] and 

N[linear] are also shown in Figure 5.15.  

 

Figure 5.15: Scheme of all the ligands discussed here. defining N1 [pyridyl], N2 [chelating] and the 

two possible N3 [linear] coordinating imines. 

Every isomer for the above ligands was calculated in SPARTAN’18 using the B86PW91 

fuctional and def2-SVP basis set (Figure 5.15). 
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Calculations on ligand 1-bTp, (30) were performed in order to understand why it 

behaves similarly to 1-btp (Figure 5.1) coordinating through N3 rather than acting as terdentate 

through N1, N2, N2’ as was initially expected (Figure 5.16). 

 

Figure 5.16: Scheme of ligand (30) including labels of the imines of interest. The steric hindrance 

between the hydrogen atoms for this kind of ligands with position C4 of the pyridine was 

highlighted.  

Ligand (30) can exist in three conformers due to the free rotation of triazolyl-pyridine 

single bonds. The calculations were performed in all of them. The lowest energy form was in 

agreement with the crystal structure (Table 5-2). 

 

Cis, cis Cis, trans Trans, trans 

-730.070057 hartree -730.084399 hartree -730.092855 hartree 

Table 5-2: Crystal structure of ligand (30), collected by J. Woodworth. Total energies calculated 

for every isomer. Trans, trans (TT) conformer was highlighted in bold as it was the energetically 

more stable. 

The DFT calculations were performed because it was believed that the electron density 

would be concentrated in N3 rather than N1 or N2. Calculated values of Natural (NPA) and 

Mulliken charges of the N1, N2 and N3 obtained directly from the equilibrium geometry using 

SPARTAN 18’ were displayed in (Table 5-3). 

1-bTp N3 (linear) N2 (chelating) N1 (pyridinyl) 

Cis, cis -0.247 -0.122 -0.026 -0.004 -0.439 -0.005 

Cis, trans -0.249 -0.248 -0.123 -0.125 -0.042 -0.081 -0.022 -0.049 -0.481 -0.064 

Trans, trans -0.247 -0.122 -0.077 -0.046 -0.519 -0.122 

CHARGES Natural Mulliken Natural Mulliken Natural Mulliken 

Table 5-3: Values of natural and Mulliken charges for the three imine N atoms of ligand (30). The 

highest charge of the three N-donor was highlighted in bold for every conformer. 
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The formulism of Mulliken charge and NPA charge are essentially identical, the key 

difference is that the Mulliken charge is calculated under original basis functions, while NPA 

charge is derived based on natural atomic orbitals. Although N1 had the highest natural charge, 

N2 had notably lower values compared to N3 (Linear). The situation was different for mulliken 

charges, where the most negative charges were found for N3.  

Images of the Highest Occupied Molecular Orbital (HOMO) and its subsequent series of 

near frontier orbitals were computed using SPARTAN 18 in order to identify the lone pairs of 

the ligand (Figure 5.17). 

 

Figure 5.17: Images of energy levels calculated for the three conformers. The N atom lone pair 

orbitals are highlighted in black, and π-orbitals are de-emphasised for clarity. The most energetic 

lone pair was highlighted in pink. 

The most energetic lone pair should be the more reactive and the most energetic one 

contained bigger orbital lobes around N3 (Figure 5.17). The tridentate coordination site also 

contained some electronic occupancy in the HOMO of the cis isomers which could explain the 

penta-coordinated [30]B structure, however it is clear from the figure that lobes around N3 are 

larger.  

Calculations of the 1-btp ligand which behaved analogously to 1-bTp (30) 
5,6,7

, were 

also performed to compare to the trends found and to draw a conclusion (Figure 5.18). 

 

Figure 5.18: Scheme of ligand 1-btp including labels of the imines of interest. 
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Again the calculations were performed for the three conformers, and the most stable was 

Trans, trans (Table 5-4). 

Cis, cis Cis, trans Trans, trans 

-730.123719 hartree -730.136225 hartree -730.144705 hartree 

Table 5-4: Total energies calculated for every isomer. Trans, trans (TT) conformer was highlighted 

in bold as it was the energetically more stable. 

The values of Natural and Mulliken charges calculated for N1, N2 and N3 are displayed in 

Table 5-5; 

1-btp N3 (linear) N2 (chelating) N1 (pyridinyl) 

Cis, cis -0.513 -0.164 -0.278 -0.054 -0.446 -0.006 

Cis, trans -0.513 -0.517 -0.163 -0.166 -0.291 -0.329 -0.068 -0.098 -0.484 -0.067 

Trans, trans -0.516 -0.166 -0.326 -0.095 -0.520 -0.126 

CHARGES Natural Mulliken Natural Mulliken Natural Mulliken 

Table 5-5: Values of natural and Mulliken charges for the three imine N atoms of 1-btp. The 

higher charges were highlighted in bold. 

The same trend as for 1-bTp was observed in the calculation of 1-bpt. However, in this 

case similar or even higher values of natural charge were observed for N3 than in N1. Images of 

the KS energy levels were also in agreement with the trend observed above (Figure 5.19).  

 

Figure 5.19: Images of energy levels calculated for the three conformers of 1-btp. The N atom lone 

pair orbitals are highlighted in black, and π-orbitals are de-emphasised for clarity. The most 

energetic lone pair was highlighted in pink. 
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Since values of total energy (Table 5-2 and Table 5-4), charges (Table 5-3 and Table 5-

5) and orbital shape (Figure 5.17 and Figure 5.19) of the CT isomer were intermediate between 

the CC and TT conformers they did not add to our knowledge of this system. Hence it was 

decided not to include them in the discussion of the following ligands despite having the 

calculations for all of  them. 

Completing the DFT study, several other ligands which bind in tridentate fashion were 

calculated in order to confirm the conclusions drawn, (Figure 5.20 and Figure 5.22). 

 

 Figure 5.20: Scheme of tridentate ligands; 1-bpp, 3-bpp and 2-bTp calculated. 

 

Figure 5.21: Images of energy levels calculated for the three tridentate ligands. The N atom lone 

pair orbitals are highlighted in black, and π-orbitals are de-emphasised for clarity. The most 

energetic lone pair was highlighted in pink. 

In those examples the highest energy lone pair corresponded to the bonding orbital lobes 

of the tridentate coordinating site (imines N1, N2, N2’) for conformer cis, cis or N-donor lobe of 

pyridine N1 when trans, trans conformation. 
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The values of the charges for cis, cis conformations are given in Table 5-6; 

       N1(pyridinyl)       N2 (chelating)      N3 (linear) 

1-bpp -0.450 -0.008 -0.261 -0.062 - - 

3-bpp -0.513 -0.051 -0.253 -0.100 - - 

2-bTp -0.453 -0.022 -0.240 -0.039 -0.291 -0.076 

CHARGES Natural Mulliken Natural Mulliken Natural Mulliken 

Table 5-6: Values of natural and Mulliken charges for the three tridentate ligands. The higher 

charges were highlighted in bold. 

Note that for 3-bpp, in addition to the 3 conformers of simple bond rotation, there is 

another structural isomer regarding the position of the labile H-N3. In fact, the most stable 

isomer corresponds to 5-bpp (Table 5-7). 

                          

 3-bpp 3,5-bpp 5-bpp 

Cis, cis (CC) -698.058074 -698.071334 -698.077156 

Cis, trans (CT) -698.066881 -698.063848 -698.072691 

Trans, cis (TC) = -698.076517 = 

Trans, trans (TT) -698.073624 -698.070698 -698.066763 

Table 5-7: Scheme of 5-bpp and crystal structure reported previously
18

. Total energies calculated 

for every isomer. Trans, trans (TT) conformer was highlighted in bold as it was the energetically 

more stable of 3-bpp. 

The calculated orbitals and charges of 5-bpp did not follow the trend discussed above 

because it did not contain the imine in the chelating position (N2). Since the interconversion 

from 5-bpp to 3-bpp must take place when coordinating a transition metal, in order to 

understand the results, it was assumed that the difference of the total energy between the 

isomers was negligible compared to the complexation stability. Therefore those isomers were 

not considered. 

It was difficult to imagine that any of the three previous ligands (1-bpp, 3-bpp or 2-

bTp) could act as linear coordinating ligand. Firstly, 1-bpp does not have any other N-donor 

imine competing with the N1, N2 and N2’ terimine. 3-bpp has a hydrogen atom in the five-

membered aromatic ring which makes the extra nitrogen (N3) a secondary amine. Finally, N3 of 

2-bTp has the steric hindrance of C4-H avoiding a possible metal coordination.  
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The same could not be said of the following two ligands; 3-btp and 4-bTp; both act as 

tridentate while having the possibility of acting as linear (N3, Figure 5.22). Why did they not 

act as a linear coordinating ligand? 

 

Figure 5.22: Scheme of ligands 3-btp and 4-bTp including the structural isomers. 

Both ligands 3-btp and 4-bTp, (31) could exist in 21 different isomers and conformers 

depending of the position of the N-H and the rotation of the triazolyl-pyridine bond. All of 

them were calculated (Table 5-8) but again the isomers containing hydrogen in the chelating 

position as for example 5-bTp (Figure 5.22) were discarded, since they were outliers of the 

experiment as for 3-bpp. The main isomers of every ligand were compared (Table 5-8 where 

the total energy of every isomer was displayed). 

 4-bTp 3-bTp 5-bTp 3,4 4,5 3,5 

CC -730.086950 -730.105667 -730.105465 -730.096575 -730.100865 -730.108871 

CT -730.099920 -730.113278 -730.101404 -730.104249 -730.093112 -730.101849 

TC = = = -730.107952 -730.107517 -730.113469 

TT -730.107312 -730.119271 -730.095793 -730.113555 -730.102772 -730.108079 

 

 5-btp 3-btp 2-btp 23 25 35 

CC -730.137886 -730.144628 -730.112895 -730.142021 -730.125531 -730.142092 

CT -730.154553 -730.146283 -730.133255 -730.143811 -730.142941 -730.158073 

TC = = = -730.158073 -730.144690 -730.143795 

TT -730.163975 -730.147806 -730.142096 -730.159063 -730.153176 -730.159063 

Table 5-8: Total energies calculated for every structural isomer and its conformers. Apart from 

ligands containing hydrogen at the chelating nitrogen atom, the main isomers are highlighted in 

bold. 
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Figure 5.23: Images of energy levels calculated for the main conformers of 3- and 4-bTp. The N 

atom lone pair orbitals are highlighted in black, and π-orbitals are de-emphasised for clarity. The 

most energetic lone pair was highlighted in pink. 

As demonstrated above for every table or figure, combination of structural isomers 

produced results in between the two (Figure 5.24). 

 

Figure 5.24: Example of asymmetric isomer 4,3-bTp TT whose HOMO orbital present similar 

lobes as shown for the 4-bTp and 3-bTp respectively. 

Therefore only values of charges for the two main isomers in both conformations are 

reported (Table 5-9). 

       N1(pyridinyl)       N2 (chelating)      N3 (linear) 

3-bTp (TT) -0.477 -0.103 -0.277 -0.111 -0.277 -0.088 

3-bTp (CC) -0.432 -0.054 -0.235 -0.077 -0.279 -0.086 

4-bTp (TT) -0.490 -0.113 -0.266 -0.145 -0.066 -0.043 

4-bTp (CC) -0.422 -0.040 -0.222 -0.111 -0.064 -0.042 

CHARGES Natural Mulliken Natural Mulliken Natural Mulliken 

Table 5-9: Values of natural and Mulliken charges for the three imines of 3- and 4-bTp in both 

conformations. The higher energies were highlighted in bold. 
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In general, higher charge values were observed in the terimine N1, N2 and N2’ than for 

N3. As previously found for 1-bTp and 1-btp, N1 has the highest natural charge. However, now 

N2 [chelating] occupies the second position on average. The second difference between these 

compounds and 1-bTp/1btp is that the strongest Mulliken charges were for N2.  

Images of the Highest Occupied Molecular Orbital (HOMO) and its subsequent series 

were also calculated for 2-, 3- and 5-btp and isomers (Figure 5.25). 

 

Figure 5.25: Images of energy levels calculated for the main conformers of 2, 3 and 5-btp ligand. 

The N atom lone pair orbitals are highlighted in black, and π-orbitals are de-emphasised for 

clarity. The most energetic lone pair was highlighted in pink. 

In this case, 2- and 5-btp TT conformations were discarded because of the hydrogen at 

the chelating N position. As for the 4-bTp results, the highest energy lone pair was mainly the 

pyridine N1 atom. However, for 2-btp CC the most energetic lone pair was N2 followed by N1. 

       N1(pyridinyl)       N2 (chelating)      N3 (linear) 

3-btp (CC) -0.424  -0.048 -0.486 -0.112 -0.313 -0.117  

3-btp (TT) -0.432 -0.062 -0.530 -0.154 -0.269 -0.077 

2-btp (CC) -0.401 -0.033 -0.252 -0.086 -0.299 -0.121 

5-btp (CC) -0.403 -0.035 -0.481 -0.120 -0.304 -0.105 

CHARGES Natural Mulliken Natural Mulliken Natural Mulliken 

Table 5-10: Values of natural and Mulliken charges for the three imines of 2-, 3- and 5-btp. The 

higher energies were highlighted in bold. 
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To gain more insight into these data, a new parameter which compares the charges of the 

linear imine (N3) with the chelating N2 donors was defined; Δ N2-N3 (Figure 5.26). This 

corresponds to the difference between the charges on N2 and N3. The behaviour of the ligand 

could be rapidly recognized based on the positive or negative values of  Δ N2-N3. 

 

Figure 5.26: Parameter Δ N2-N3 plotted versus the main conformations of the four ligands 

discussed above which contained 5N-donor imines. The bars in black represents Δ N2-N3 Natural 

charges and the bars in dark red the Mulliken charges. 

Knowing the trend discussed above, calculations of ligand (33) were also performed for 

both conformers (Figure 5.27). 

 

Figure 5.27: Scheme of ligand 1,2-Tp (33) including labels of the imines of interest. 

The values of Natural and Mulliken charges of the N1, N2, N4 and N5 calculated are 

displayed in Table 5-11; 

1,2-Tp (32) N5 (linear) N4 (chelating A) N2 (chelating B) 

Cis -0.252 -0.125 -0.031 -0.010 -0.236 -0.034 

Trans -0.251 -0.127 -0.081 -0.050 -0.251 -0.051 

CHARGES Natural Mulliken Natural Mulliken Natural Mulliken 

Table 5-11: Values of natural and Mulliken charges for 1,2-Tp. The higher energies were 

highlighted in bold. 
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When comparing natural charges of the nitrogen atoms we can see that the pyridine N1 

(not listed in Table 5-11) had  values of -0.446 and -0.488 natural charges and -0.013 and -

0.072 mulliken charges for Cis and Trans conformations respectively. This has more natural 

charge than N5, which in turn has higher natural charges than N4 and N2. In contrast, as for      

1-bTp and 1-btp the most negative Mulliken charges were found in N5. 

The most energetic lone pair corresponds to the HOMO, and presents the largest lobes 

around N5 (linear) (Figure 5.28). 

                      

Figure 5.28: HOMO KS orbitals computed for both conformers of (33). 

 

Figure 5.29: Parameters Δ N4-N5 and Δ N2-N5 plotted versus the two conformations of ligand (33). 

The bars in black represents natural charges and the bars in dark red the Mulliken charges. 

Hereby, we can conclude that ligand (33) should behave similarly to 1-bTp and 1-btp 

rather than being tridentate like 1-bpp. Although no crystal structure was obtained to prove it, 

when ligand (33) was mixed with iron(II) salts no strong yellow/red coloration occurred, 

similarly as when (30) reacted with iron(II) perchlorate. That result is evidence supporting the 

described theory. 

The Δ N[chelating]-N[linear] parameter defines the nature of each coordinating ligand. Positive 

values were obtained for linear ligands and negative values for tridentate-like ligands. This 

discovery could be applied to other families of polyimine ligands, i.e. Figure 5.30:  
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 Figure 5.30: Two examples of scaffolds which would potentially follow the trend here discussed.  

N1 [pyridyl/azolyl], N2 [chelating] and the possible N [linear] coordinating imines were labeled. 

 

5.2.5 Synthesis of 2-(1-methyl-1,2,3-triazol-4-yl)-6-(1-methyl-1,2,3-triazol-3-yl)-

pyridine (34) and 2,6-di(1-methyl-1,2,3-triazol-3-yl)-pyridine (35) ligands  

The complexes [Fe(4-bTp)2]
.
2BF4 and [Fe(4-bTp)2]

.
2ClO4 were low spin. This was 

attributed to the strong hydrogen bonding between H-N1 and counter-anions or solvent 

molecules. Hence, methylation of ligand (32) was proposed (Figure 5.31).  

 

Figure 5.31: Synthetic procedure for ligands (34) and (35). 

Methyl iodide and potassium carbonate were used in other similar nucleophilic 

substitution (SN2) reactions
19

.  

           

Figure 5.32: Crystal structures of ligands (34) and (34) in P21/n and P21/c respectively. 

Both ligands (34) and (35) in Figure 5.31 were isolated through column chromatography 

moderate yields, of 27% and 33% respectively.  

 

5.2.6 Iron(II) complexes of 2-(1-methyl-1,2,3-triazol-4-yl)-6-(2-methyl-1,2,3-

triazol-1-yl)-pyridine (34) 

As for previous complexation procedures, solutions of ligand (34) and iron(II) salts were 

mixed. Three solvatomorphs were collected from [Fe(34)2](BF4)2; [34]αB is the solvent free 

form, crystallized in the monoclinic P21/c space group. [34]βB had 2.3 molecules of 
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acetonitrile and crystallized in the triclinic P1 space group. Finally [34]γB was comprised by 

one molecule of water and one of acetonitrile (C2/c space group). On the other hand, crystals of 

the perchlorate salt ([34]C) were of poor quality and considerably disordered. 

 

Figure 5.33: Crystal structure of [34]αB and powder pattern. Counter-anions, solvent molecules 

and hydrogen atoms of the structure were removed for clarity. The colour assignment in the plot is 

black for the experimental and grey for the simulated XRD. 

Powder patterns of [34]B complexes were collected several times, including ground single 

crystals, but the results did not fit the simulation for any of the structures collected (Figure 5.33). 

All crystal structures were collected at 120 K unless specified otherwise (Table 5-12). 

 

 [34]αB solvent free [34]βB (MeCN)2.3 [34]γB(H2O)(MeCN) [34]C (MeCN)2.5 

Fe−N[py] 

Fe−N[tz] 

VOh 

 

 

ϕ 

θ 

1.916(4), 1.925(4) 

1.943(4) - 

2.013(4) 

9.624(12) 

86.4(6) 

283.8(14) 

176.24(16) 

88.34(4) 

1.924(2), 1.928(2) 

1.928(2) - 1.995(2) 

9.593(7) 

87.2(3) 

287.0(8) 

176.62(9) 

88.08(2) 

1. 9325(18) 

1.9546(18), 1.9964(19) 

9.699(6) 

89.8(3) 

296.4(7) 

174.87(10) 

87.36(2) 

1.938(5), 1.943(5) 

1.933(4) - 1.990 (5) 

9.626(14) 

90.9(6) 

299.6(16) 

174.70(19) 

89.86(4) 

Table 5-12: Crystallographic parameters determined directly from the crystal structure using 

Olex2
16

. 

The octahedral volume of [34]X complexes was close to 9.5 Å
3
, thus, all the crystal 

structures were low spin at 120 K. The spin state of the iron(II) in the solid state was confirmed 

by SQUID measurements (Figure 5.34). 
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Figure 5.34: Magnetic susceptibility measurement of [43]X in solid and in liquid MeCN solution. 

SQUID curves of [34]B (black) and [34]C (red) are shown. 

Both [34]B and [34]C were LS all over the temperature range in the solid state. 

However, this complex presented SCO in solution above room temperature. 

 

5.2.7 Iron(II) complexes of 2,6-(2-methyl-1,2,3-triazol-1-yl)-pyridine (35) 

In contrast with ligand (35), only the iron/perchlorate of ligand (35) salt was obtained as 

single crystals. Again three pseudopolymorphs were collected. The first one [35]αC contains 

half complex in the asymmetric unit cell and it is water solvated (Figure 5.35).  

 

 

Figure 5.35: Crystal structure of [35]αB in the C2/c space group and powder pattern. The colour 

assignment in the plot is black for the experimental and grey for the simulated XRD. 
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The other two pseudopolymorphs were the nitromethane solvatomorphs; [35]βC 

crystallized in the triclinic P1 space group as thin pale yellow needles. It contains three unique 

complexes in the HS state at 120 K and 2.8 molecules of nitromethane (Figure 5.36). 

 

 

Figure 5.36: Crystal structure of [35]βC containing three HS complexes in the asymmetric unit 

cell. Counter-anions, solvent molecules and hydrogen atoms of the structure were removed for 

clarity. View of the crystal packing along the a axis where different orientations of [35]βC are 

observed. 

In the same crystallization vials as [35]βC, [35]γC crystallized as big pear coloured 

blocks. [35]γC solvatomorph had also three unique complexes at 120 K in the asymmetric unit 

cell (Figure 5.38) where the amount of nitromethane was [Fe(35)2](ClO4)2
.
3MeNO2. However 

the main difference between [35]βC and [35]γC was the crystal packing (Figure 5.37).  

 

Figure 5.37: Space-filling representation of the packing of [35]γC. The octahedral complexes are 

viewed along their S4 axes. Counter-anions, solvent molecules and hydrogen atoms of the structure 

were removed for clarity. The arrows in the left represent the intermolecular interactions typical 

of the terpyridine embrace. while the arrows in the right highlight the voids occupied by 

nitromethane and some perchlorate molecules.  
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In this case the complexes pack in the same orientation and have intermolecular 

interactions between them (Figure 5.37). This type of packing receives the name of terpy 

embrace which involves two complexes attracted by one offset-face-to-face and two edge-to-

face interactions by the outer pyridyl rings of the ligand
20

 which in this case is tryazolyl. 

Terpyridine embrace is typical of bis tridentate complexes. In crystals it is common to find 

networks of these embraces, combined in numerous ways, and extended in one-, two- or three-

dimensions
21

. In this case the interactions were extended in one dimension. Nitromethane 

molecules were found between the one dimensional networks (Figure 5.37) where the parallel 

stacking motif of the adjacent layers was observed. 

The cooperativity of a thermal spin-transition (whether it occurs gradually, abruptly, with 

or without hysteresis) is a function of the geometry and strength of intermolecular contacts 

between spin centres in the material. Terpyridine embrace packing motif reliably gives rise to a 

particular degree of cooperativity in iron(II) spin-crossover compounds
22

.  

 [35]γC undergoes an incomplete spin transition associated with a Z′=1→Z′=3 

crystallographic symmetry breaking, Table 5-13. The high temperature phase (180 K) was 

modelled  in the monoclinic P2/c space group, while the low temperature phase (120 K) is in P2. 

 

Figure 5.38: Crystal structure of [35]γC at 180 K (P2/c) in the top and at 120 K in the right (P2). 

The spin states of the three unique iron(II) atoms in [35]γC at 120 K were; Fe A low spin 

with an VOh ≈ 10, Fe B was in an intermediate spin state (VOh ≈ 11), and finally Fe C was HS 

(VOh ≈ 13). The crystals were warm up to 180 K and the asymmetric unit cell only contained 

one HS complex.   
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All crystal structures mentioned in the Table 5-13 were collected at 120 K unless 

otherwise specified. 

 [35]αC [35]βC Molecule A [35]βC Molecule B 

Fe−N[pyridinyl] 

Fe−N[triazolyl] 

VOh 

 

 

ϕ 

θ 

2.136(2) 

2.203(2), 2.224(2) 

12.845(10) 

145.0(4) 

475.6(9) 

179.57(12) 

81.68(3) 

2.120(3), 2.125(3) 

2.191(3) - 2.212(2) 

12.669(9) 

146.7(4) 

463.3(8) 

178.83(10) 

82.15(2) 

2.106(2), 2.110(2) 

2.172(2), 2.218(2) 

12.445(9) 

143.1(3) 

448.5(8) 

173.60(9) 

80.62(2 

 [35]βC Molecule C [35]γC Molecule A [35]γC Molecule B 

Fe−N[pyridinyl] 

Fe−N[triazolyl] 

VOh 

 

 

ϕ 

θ 

2.125(2), 2.139(2) 

2.194(2), 2.229(2) 

12.774(9) 

144.1(3) 

472.7(8) 

177.84 (9) 

83.82(2) 

1.918(7) 

1.979(8), 1.999(9) 

9.82(3) 

86.2(12) 

283(3) 

179.8(6) 

88.34(10) 

2.004(7) 

2.077(9), 2.096(9) 

10.98(3) 

118.6(11) 

389(3) 

179.0(4) 

87.90(9) 

 [35]γC Molecule C [35]γC, 180 K 

Fe−N[pyridinyl] 

Fe−N[triazolyl] 

VOh 

 

 

ϕ 

θ 

2.166(7) 

2.223(8), 2.259(9) 

13.43(4) 

142.4(13) 

467(3) 

179.7(6) 

87.51(11) 

2.117(3) 

2.199(2), 2.214(2) 

12.783(11) 

138.3(5) 

453.8(10) 

179.97(13) 

86.56(4) 

Table 5-13: Crystallographic parameters determined directly from the crystal structure by using 

Olex2
16

. 

The magnetism of [35]C was confirmed by SQUID magnetometry measurements 

(Figure 5.39) showing an abrupt hysteretic transition for the [35]γC solvatomorph. 
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Figure 5.39: SQUID curves of; [35]αC black and [35]γC cooling and warming cycles blue and red 

respectively. Zoom in the hysteresis loop overlaid with VT crystallographic unit cells. Pale blue 

stars corresponded to cooling data points while big red hexagons were warming data points.  

Although the nitromethane content was held constant in the single crystal sample inside a 

SQUID holder (Figure 5.39), solvent exchange occurred more rapidly when the sample was 

ground for powder XRD analysis. Powder diffraction patterns demonstrated that water 

solvatomorph is the most stable structure (Figure 5.40). 

 

Figure 5.40: Powder diffraction patterns of ground single crystals of [35]γC at variable time. The 

colour assignment in the plot is black for the experimental and grey for the simulated XRD. 



Chapter 5 

 
 

Bis (1,2,3-triazolyl) pyridine ligands  Page | 140 

 

Figure 5.41: Magnetic susceptibility measurement in liquid solution of [35]C in acetonitrile. 

Complex [35]C was HS in solution (Figure 5.41). In comparison with [35]X complexes 

which were fully LS, we have demonstrated that the addition of methyl groups in the ligand 

shift their iron(II) complexes to the HS state which is also dependent on the methyl position 

(Table 5-14). 

LIGAND 

   

Solution LS SCO HS 

Solid state LS LS SCO / HS 

Table 5-14: Summarised comparison of the magnetic behaviour of complexes [32], [34] and [35]X. 

Certainly ligand (35) shifts its iron(II) complex towards HS in more degree than (34). It 

seems that the methyl groups in the 3-position exert steric hindrance on the coordination sphere 

making the Fe-N bond weaker. Similar effects were observed by the methylation of 1-bpp
23

 and 

1-bppz
24

 in analogous positions. 

  

5.2.8 Cobalt(II) complexes of 2,6-(1,2,3-triazol-4-yl)-pyridine (32) 

Similarly as [Fe(terpy)2]
2+

 complexes, iron(II) complexes of ligand (32) were low spin in 

solution and solid state. In contrast, [Co(terpy)2]
2+

 and its derivative complexes often undergo 

SCO
25

. Since the divalent cobalt ion has smaller crystal field splitting than iron(II), the 

cobalt(II) complex of (32) was proposed as a potential SCO candidate (Figure 5.42); 
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Figure 5.42: Crystal structure and powder diffraction pattern of [32]CoB. The colour assignment 

in the plot is black for the experimental and grey for the simulated XRD. 

 [32]CoB 

Fe−N[pyridinyl] 

Fe−N[triazolyl] 

VOh 

 

 

ϕ 

θ 

2.091(6) 

2.151(4) 

12.13(2) 

126.2(10) 

413.4(16) 

180.0(0) 

90.000(8) 

Table 5-15: Crystallographic parameters determined directly from the crystal structure by using 

Olex2
16

. 

The spin state of cobalt(II) was ambiguous to assign from the crystallographic tables 

(Table 3-3). But the HS state was confirmed by SQUID (Figure 5.43). 

 

Figure 5.43: Magnetic susceptibility measurement in solid state by SQUID and in liquid solution 

of; [32]CoB black and [32]CoC red respectively. 
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In most 3d metal complexes the zero field splitting effect is only observed at low 

temperatures (T < 50 K). Large zero-field splitting values were observed (Figure 5.43). As 

expected for octahedral Co
2+

 complexes because the symmetry of the octahedral d
7
 

configuration allows efficient mixing of electronic states
26

. 

 

5.3 Conclusions 

Modifications of bpp skeleton at 5-membered rings affected the magnetic properties of 

their iron(II) salts and also the coordination type of the ligand. Various transition metals were 

reacted with ligand (30) and all the structures observed present the M-N[3]triazolyl bond. DFT 

calculations were performed on several similar derived ligands. It has been found that orbitals 

corresponding to donor lone pair of N[3/14] are higher in energy than those for pyridyl and 

chelating nitrogens (N[6] and N[2/13] respectively). Also, ligand (30) presents greater natural 

and Mulliken charges for N[3/14] (linear) than for N[2/13] (chelating). The graphical 

representation of those charges revealed the parameter Δ N[chelating]-N[linear] which describes the 

coordination type of each ligand calculated. Some of the structures obtained from M[30] were 

not fully characterized but it is clear that 1-bTp ligand is a very interesting coordinating ligand 

which could promote new rare structures upon further investigation. Isomer (30) was fully 

characterized together with its iron(II) perchlorate complex, [31]C which was HS over the 

whole temperature range, whereas (33) was not isolated in a reproducible yield. When (33) 

reacted with the iron salt, no coloration of the solution was observed which could indicate a 

linear coordination. 

Methylated derivatives of isomer (32) were coordinated to iron(II). The magnetic 

properties of all the compounds were measured by SQUID and Evans method. In the solid 

state, complexes [34] are LS up to 300 K, while complexes of [35] are HS with an exception of 

the solvatomorph [35]γC which undergoes an incomplete hysteretic (6 K) transition associated 

to a break in symmetry from Z’=1 to Z’=3. A terpyridine embrace was observed in the crystal 

packing of this structure. Cobalt(II) complexes from ligand (32) are HS. In solution the results 

are a bit different; [34] undergoes SCO above room temperature while [31], [35], and [32]Co 

remain HS. 
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Chapter 6 – Pursuit of Bpp Derivatives Containing Tether 

Group for Covering Surfaces and Nanoparticles 

6.1 Introduction 

Applying spin-crossover in an information processing device is an important goal within 

the community. To achieve that, SCO materials have to be attached to substrates such as 

surfaces or nanoparticles
1
. The growth of stable, homogeneous and reproducible thin films is an 

essential step towards application of functional materials. Thin films of switching materials 

have been manufactured by several techniques including Langmuir-Blodgett deposition
2
, 

sublimation deposition
3
, surface-assisted molecular self-assembly

4
 or dip coating/drop casting

5
.  

Our approach towards that aim was to add tether groups to SCO active molecules. In 

view of the results in chapter 2 and chapter 5, where modifications of 1-bpp scaffold (Figure 

6.1) barely afforded SCO active iron(II) complexes
6
, in this work we focused on 1-bpp based 

compounds. 

 

Figure 6.1: Modifications on the bpp scaffolds studied in previous chapters. 

The affinity of sulphur compounds for gold is well known
7
. Several types of tether 

groups based on sulphur-containing substituents have been reported in the literature (Figure 

6.2)
8
. 

 

 Figure 6.2: Examples of thiol-derived tether groups
9
.  

Considering that (R)-lipoic acid is a commercially available compound (Figure 6.3), and 

several studies have been reported covering gold surfaces
10

, gold nanoparticles
11

 or even 

quantum dots with functional materials containing 1,2-dithiolan as anchoring group
12

. We 

investigate new potential linker groups that could be used between lipoate and the bpp scaffold. 
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In this chapter three target molecules containing lipoate bound to bpp through different linkers 

are discussed to see how accessible their synthesis is, and to investigate how each linker affects 

T1/2 of their iron(II) complexes. Although none of the syntheses of the three target molecules 

(36), (41) and (43) was successfully achieved for several reasons detailed below, a series of 

interesting compounds derived from them are described in detail and fully characterized. 

 

6.2 Result and discussion 

6.2.1 Target molecule n.1; 2,6-di(pyrazol-1-yl)-4-(R)-thiolipoate-pyridine (36) 

Iron(II) salts of bpp-SR derivatives have been previously prepared in the Halcrow group, and 

often undergo SCO
13

. Hence the first ligand proposed was (36). 

 

Figure 6.3: Designing target molecule 1, ligand (36).  

The synthetic path for the precursor bpp-SH (38) was developed previously in the group 

by Dr Lawrence Kershaw Cook (Figure 6.4). However, only the first of these steps gave 

consistently high yields. Thus, obtaining good quantities of (38) to work with was challenging. 

Moreover, ligand (38) oxidizes to bpp-SS-bpp (39) very easily (Figure 6.5). 

 

Figure 6.4: Multi-steps synthesis of ligand (36). 
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Figure 6.5: Crystal structure of ligand (39). Hydrogen atoms of the structure were removed for 

clarity. Crystals of  (39) were repeatedly observed during (36) and (40) synthesis. 

Several attempts to synthesise ligand (36) were without success, consistently giving an 

insoluble gum. Ligand (40) was therefore proposed as analogous to (36), with an easier 

synthesis owing to the availability of acetyl chloride (Figure 6.6). 

           

Figure 6.6: Scheme of synthesis and crystal structure of ligand (40). P212121 space group, hydrogen 

atoms of the structure were removed for clarity. 

Ligand (40) was synthesized in a very low yield, with bpp-S-S-bpp (39) instead being the 

major product. Hydrated iron(II) tetrafluoroborate and perchlorate salts of (40) were crystallized 

from nitromethane, yielding isostructural, but poor quality, single crystals (Figure 6.7). 

 

 

Figure 6.7: Crystal structure and powder pattern of [40]X from nitromethane. Solvent molecules, 

counter-anions and hydrogen atoms of the structure were removed for clarity. The colour 

assignment in the plot is black for the experimental and grey for the simulated XRD. Pbca space 

group. 
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VT experiments were collected showing a spin transition. The following table describes 

the geometric coordination parameters at different spin states (Table 6-1). 

[40]B-MeNO2 120 K 270 K 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

1.894(6), 1.912(6) 

1.972(7) – 2.002(6) 

9.63(2) 

88.3(8) 

292(2) 

173.2(3) 

88.10 (7) 

2.110(6), 2.125(6) 

2.161(7) – 2.185(7) 

12.06(3) 

152.7(9) 

506(3) 

167.5(3) 

87.65(9) 

[40]C-MeNO2 130 K 280 K 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

1.897(7), 1.923(7) 

1.973(7) – 1.990(7) 

9.62(2) 

90.2(8) 

298(2) 

172.3(3) 

88.46 (8) 

2.132(10), 2.152(9) 

2.157(8) – 2.183(8) 

12.10(3) 

153.9(14) 

509(3) 

167.0(3) 

87.84(9) 

Table 6-1: Crystallographic parameters of [40]X-MeNO2, LS vs HS state. 

A gradual transition for these compounds in the solid state was confirmed by SQUID 

(Figure 6.8). A small step was observed for the perchlorate salt which is also observed in the 

VT cells. 

 

Figure 6.8: SQUID curve plotted with the VT unit cell volume parameters of both salts, [40]B-

MeNO2 (left) [40]C-MeNO2 (right). 
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This experiment showed a unit cell volume change (ΔV) of 4.84% and 5.4% for the 

tetrafluoroborate and the perchlorate salts respectively. These values are significant and a sign  

that the thermal contraction is accompanied by a gradual SCO on cooling. [40]C complex was 

also crystallized from acetone in the triclinic 𝑃1̅ space group containing two unique molecules 

in the asymmetric unit cell (Figure 6.9). 

 

 

Figure 6.9: Crystal structure of [40]C-Me2CO and powder diffraction pattern. Solvent molecules, 

counter-anions and hydrogen atoms of the structure were removed for clarity. The colour 

assignment in the plot is black for the experimental and grey for the simulated XRD. 

In this case, [40]C-Me2CO undergoes an abrupt SCO close to room temperature with a 5 

K hysteretic loop, T1/2↓ = 270 K, T1/2↑ = 275 K (Figure 6.10). 

  

Figure 6.10: SQUID curve and unit cell volumes of [40]C-Me2CO. Three crystallographic data 

points were taken at 120, 240 and 280 K which follow the trend described by SQUID. 
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Complex [40]C-Me2CO was LS at 120 K according to its crystallographic parameters 

(Table 6-2). Although no full data set was collected at high temperature, the variation of the 

cell volume data was in agreement with the SQUID curve. The variation of unit cell volume 

from 250 K to 280 K was 3.5 %, typical of SCO. 

120 K [40]C-Me2CO Molecule A Molecule B 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

1.905(3), 1.909(3) 

1.971(4) – 1.989(3) 

9.671(10) 

88.4(4) 

290.9(11) 

176.80(14) 

86.98 (4) 

1.898(3), 1.901(3) 

1.968(3) – 1.987(4) 

9.611(10) 

89.0(5) 

287.3(11) 

178.07(14) 

86.74 (3) 

Table 6-2: Geometric parameters of [40]C-Me2CO molecules A and B. 

No more research on salts of complex [40] was performed despite their interesting 

magnetic properties, due to their genuinely poor quality single crystals together with the low 

yield for the synthesis of (40). χT vs T was also determined in acetonitrile solution by 

paramagnetic NMR Evans Method. Data points were taken every 10 K from 340 K to 240 K 

(Figure 6.11). 

 

Figure 6.11: Magnetic susceptibility in solution of [40] in acetonitrile.  

Complexes [40]X undergo SCO in solution (T1/2 ≈ 240 K) and it was believed that 

complex [36] would behave similarly. Although “bpp-thioester” compounds are promising in 

terms of SCO activity, ligand (36) was discarded due to its low yields and the instability of this 

type of compounds towards pH variations
14

.  
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6.2.2 Target molecule n.2, (41); obtainment of 2,6-Di(pyrazol-1-yl)-4-(3,4-

dimethoxythiophenol)-pyridine (42) 

It is possible to obtain bpp-SR type of compounds avoiding the multi-steps synthesis 

mentioned before (Figure 6.4). This easier procedure only involves nucleophilic aromatic 

substitutions from the 2,4,6-trifluoropyridine with pyrazolate and thiolate derivative R-S
-
 

(Figure 6.12).  

 

Figure 6.12: Synthetic procedure B of bpp-SR. 

Although iron (II) complexes of bpp-SR ligands (R = hydrogen, methyl, isopropyl, 

tertbutyl and -SSR) have been recently examined as SCO active
13

, analogues with R = aromatic 

were unknown until now. With all that in mind, and due to the availability of different methoxy 

thiophenols (Figure 6.13), ligand (41) was proposed as an alternative to (36). 

 

Figure 6.13: Scheme of the commercially available methoxy thiophenols and an example of the 

hypothetical tethered ligand (41). 

(42) (Figure 6.14), was prepared from 3,4-dimethoxy-thiopenol, sodium hydride, 

pyrazole and trifluoropyridine (Figure 6.12). 

                            

Figure 6.14: Scheme and crystal structure of ligand (42). Cc space group, hydrogen atoms of the 

structure were removed for clarity. 

Ligand (42) was reacted with iron(II) tetrafluoroborate and perchlorate hydrate salts. 

Both complexes crystallized in the C2/c space group and were isostructural (Figure 6.15). 
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Figure 6.15: Crystal structure of [42]B and PDX spectra of both [42]B and [42]C. Counter-anions 

and hydrogen atoms of the structure were removed for clarity.  The colour assignment in the plot 

is black for the experimental and grey for the simulated XRD. 

 

120 K [42]B [42]C 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.163(5) 

2.169(5), 2.218(6) 

11.02(2) 

203.5(9) 

499.9(16) 

143.6(3) 

74.16(10) 

2.171(4) 

2.182(4), 2.218(4) 

11.021(17) 

208.4(7) 

505.2(13) 

143.0(2) 

73.37(7) 

 Table 6-3: Geometric parameters of [42]X molecules. Highlighted in bold the parameter (ideally ϕ 

= 180
o
) heavily distorted. 

Not only were these unexpectedly high spin, they also showed the highest distortion 

parameter ϕ ever observed for the [Fe(bppR)2]
2+

 type of complexes
15

 (Table 6-3). This could be 

attributed to the packing of the thiophenol rings in the lattice (Figure 6.16).  

[42]B 
 

 

 

 

 

[42]C 
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Figure 6.16: Views of π-π interactions between the thiophenol rings along a and b crystallographic 

axes respectively for the [42]C. 

Two unique crystallographic parallel-displaced π-π stacking interactions were observed, 

with centroid-centroid distance 3.801(4) and 4.239(4) Å; plane-centroid distance 3.456(5) and 

3.295(7) Å; and plane-plane angle, 0.0(8) and 0.0(6)
o
, respectively.  

 

Figure 6.17: Scheme of the iron complex of the oxidized ligand (42). 

Interestingly, complex [42]C was isolated in analytical purity, while precipitated powder 

samples of [42]B gave consistently low C,H,N values. The results fitted better with the 

sulphonate analogue of (42), (Figure 6.17). Oxidation of thioether groups in similar compounds 

was observed before
13b

. Apparently, only tetrafluoroborate counter-anions catalyzed the 

oxidation. 

 

Figure 6.18: Magnetic susceptibility vs T of [42]C in the solid state and in solution in acetonitrile.  
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The fact that the complex [42]C also remains HS upon cooling in solution, could be a 

sign of the strong electron donating capacity of the two methoxy groups in the aromatic ring, 

then, decreasing the crystal ligand field. As a result of the magnetic properties of [42] 

complexes, ligand (41) and its derivatives were immediately discarded. A similar reaction will 

be described in Chapter 7 for the tethered ligand (66), which was fully characterized. 

 

6.2.3 Target molecule n.3; 2,6-Di(pyrazol-1-yl)-4-(R)-(5-(1,2-dithiolan-3-

yl)pentanecarbamoyl)-pyridine (43) and 2,6-di(pyrazol-1-yl)-4-acetamide-

pyridine (44) 

Although iron(II) complexes from bpp ligands containing nitrogen donor in the 4-

position of bpp scaffold were reported to be HS
16

, the less electron-donating N-amide group 

remained unexplored. Since the synthesis of bpp-NH2 (37) is straightforward (Figure 6.4), 

ligand (43) was proposed as a potential solution to the previous problems.  

 

Figure 6.19: Scheme of synthesis of ligand (43). 

Similar insoluble gum to the synthesis of (36) was observed here. It was believed that 

thionyl chloride could react with the lipoic acid polymerizing it into the sticky gum. 

Alternatively DCC coupling was approached (Figure 6.19). Unfortunately ligand (43) was 

obtained in a very low yield and its solubility prevented purification. The low reactivity could 

reflect the de-activated nature of (pyrid-4-yl)amino group
17

. 

2,6-Di(pyrazol-1-yl)-4-(N-acetamido)-pyridine (44) (Figure 6.20) was synthesized from 

(37) with an excess of acetyl chloride in 67% yield. Ligand (44) was fully characterized and 

crystallized in C2/c space group, with two unique molecules and a water molecule sharing 

hydrogen bonds with the amide proton in the asymmetric unit cell. 

      

Figure 6.20: Scheme of synthesis and crystal structure of ligand (44). C2/c space group. 
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Iron(II) tetrafluoroborate and perchlorate salts of ligand (44) ([44]B and [44]C) were 

crystallized from several solvents. The structures were all solvated lattices, and showed 

different magnetic properties (Table 6-8). 

 

Figure 6.21: Crystal structure of [44]B-EtCN and schematic of the complex. Solvent molecules, 

counter-anions and hydrogen atoms of the structure were removed for clarity. 

 

 

Figure 6.22: Powder XRD of the pairs of solvatomorphs [44]X-Y. The colour assignment in the 

plot is grey for the simulated XRD and each colour corresponds to an experimental spectrum; pale 

blue [44]B-Me2CO, blue [44]C-Me2CO, pale red [44]B-MeCN, red [44]C-MeCN, pale orange 

[44]B-MeNO2, orange [44]C-MeNO2, pale green [44]B-EtCN and green [44]C-EtCN. 
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Figure 6.23: SQUID curves of [44]X-Y. The assignment is as follow; a) [44]B-Me2CO,    b) [44]C-

Me2CO, c) [44]B-MeCN, d) [44]C-MeCN, e) [44]B-MeNO2, f) [44]C-MeNO2, g) [44]B-EtCN, h) 

[44]C-EtCN. 

The perchlorate and tetrafluoroborate salts from each solvate were isostructural, and show 

similar magnetic properties. Three solvates were crystallized from acetone (Me2CO). [44]C-Me2CO, 
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[44]B-Me2CO α and [44]B-Me2CO β. The perchlorate salt contains one acetone molecule with one 

HS iron(II) complex in the asymmetric unit cell at room temperature. [44]C-Me2CO undergoes a 

symmetry breaking at 135 ± 5 K from (P21/c, Z = 4) to (P21/c, Z = 8) without a change on its spin 

state (Table 6-4 and Figure 6.23, b)), where two HS complexes are found in the asymmetric unit
17

. 

[44]C-Me2CO (170 K)  Molecule A (120 K) Molecule B (120 K) 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.115(3), 2.125(3) 

2.177(4) – 2.193(3) 

12.200(13) 

155.2(5) 

513.4(11) 

168.48(12) 

87.94(4) 

2.114(3), 2.120(3) 

2.174(4) – 2.199(3) 

12.263(3) 

153.5(4) 

505.6(11) 

172.57(13) 

87.50(4) 

2.121(3), 2.128(3) 

2.176(4) – 2.198(3) 

12.148(3) 

155.3(4) 

515.6(11) 

165.45(12) 

82.85(4) 

[44]B-Me2CO α (240 K) Molecule A (130 K) Molecule K (130 K) 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.117(3), 2.121(3) 

2.180(3) – 2.200(3) 

12.268(12) 

154.4(4) 

510.1(11) 

169.65(12) 

87.84(9) 

2.144(6), 2.157(6) 

2.176(6) – 2.208(7) 

12.147(3) 

163.9(7) 

517(1) 

162.4(2) 

79.80(6) 

2.056(7), 2.077(7) 

2.099(7) – 2.151(6) 

11.443(3) 

138(1) 

452(2) 

170.4(3) 

87.64(6) 

[44]B-Me2CO α Molecule O (130 K) [44]B-Me2CO β (120 K) 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

1.935(6), 1.948(6) 

1.953(6) – 2.006(6) 

9.833(1) 

94.9(9) 

311(2) 

176.3(2) 

87.15(6) 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.121(3), 2.138(3) 

2.158(3) – 2.204(3) 

12.116 (11) 

163.0(5) 

519.0(10) 

166.26(12) 

81.52(4) 

Table 6-4: Geometric parameters of [44]X-Me2CO crystal structures at different temperatures. 

Only three representative examples for [44]B-Me2CO α low temperature phase shown. 
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The tetrafluoroborate iron salt crystallized as two different pseudopolymorphs. The 

minor crystalline phase [44]B-Me2CO β, crystallized in P21/n space group and was only 

observed once. The asymmetric unit cell contained two acetone molecules and did not undergo 

SCO or symmetry breaking.  

In contrast, the main crystalline phase is [44]B-Me2CO α which is isostructural with the 

perchlorate salt, also containing one acetone molecule. In this case the symmetry breaking is 

(P21/c, Z = 4) to (P21, Z = 48) which is the largest symmetry breaking ever reported associated 

with SCO
17

. The hysteretic, incomplete spin transition occurs at T1/2↓ = 130 K, T1/2↑ = 142 K 

(Figure 6.23, a)). The asymmetric unit cell of [44]B-Me2CO α below 130 K contains 24 

crystallographically unique iron(II) complexes, 10 of which retain their HS state, 10 others 

switch to LS and four lie in a mixed HS/LS population (Table 6-4 and Figure 6.24).  

 

Figure 6.24: Asymmetric unit cell of [44]B-Me2CO α at 120 K. Different spin states coloured as 

follow; HS (yellow), LS (red) and (orange) corresponds to intermediate states. Counter-anions and 

solvent are deleted for clarity. The letter labels for each unique molecule in the model are also 

shown. 

The complexes are labelled alphabetically ordered according to their spin state, A-J are 

HS, K-N intermediate spin state and O-X low spin. The crystallographic parameters of one 

example of each subgroup are displayed in (Table 6-4). The Figure 6.25 displays a plot with the 

Jahn-Teller distortion parameters for the 24 unique complexes of [44]B-Me2CO α at 130 K. 
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Figure 6.25: Molecular geometries of [44]B-Me2CO α structure. The magenta diamond is the 240 

K, while the 24 molecules of the 130 K structure are colour coded as; square green = HS, orange = 

intermediate state and circle black corresponds to LS complexes. High-spin [Fe(bpp)2]
2+

 

derivatives in the shaded parts of the graph commonly (dark blue) or rarely (pale blue) exhibit 

SCO on cooling. High-spin complexes in the unshaded part of the graph never exhibit SCO in the 

solid state. 

Such symmetry breaking (unit cell volume of [44]B-Me2CO α changes from 

3688.95(14) to 42804(3) Å
3
) can be easily detected from the diffraction frames at different 

temperatures (Figure 6.26). 

Phase 1, T = 240                   Phase 2, T = 130 K 

     

     

Figure 6.26 Diffraction images from [44]B-Me2CO α in the hk0 (top) and h0l (bottom) zones, 

showing the large number of additional diffraction spots afforded by the symmetry breaking. 

hk0 hk0 

h0l 

 

h0l 
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Single crystals of [44]C-Me2CO and [44]B-Me2CO α behaved like the bulk sample in 

agreement with the SQUID curves (Figure 6.27). 

 

Figure 6.27: VT unit cell volumes of [44]B-Me2CO α (left) and [44]C-Me2CO (right) overlaying 

each SQUID curve (black line), large hexagons represent the cooling  and stars warming data 

points. 

 

[44]B-MeCN α, 120 K β, 125 K β, 200 K 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

2.1191(16), 2.1247(17) 

2.1850(17) – 2.200(19) 

12.414(7) 

155.7(2) 

510.9(6) 

166.04(7) 

84.856(17) 

1.893(8), 1.900(8) 

1.960(8) – 1.988(9) 

9.52 (3) 

91.2(12) 

292(3) 

174.5(4) 

86.87(8) 

2.110(5), 2.121(5) 

2.179(6) – 2.199(6) 

12.25(2) 

156.3(8) 

500(2) 

168.6(2) 

85.16(8) 

[44]C-MeCN 160 K 180 K  

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

1.921(5), 1.922(5) 

1.965(5) –2.019(5) 

9.803 (15) 

94.6(7) 

303.2(17) 

174.4(2) 

87.15(5) 

2.116(4), 2.125(4) 

2.170(5) – 2.199(4) 

12.236(16) 

157.2(6) 

502.7(14) 

167.91(16) 

84.69(5) 

 

Table 6-5: VT crystallographic parameters of [44]X-MeCN. 
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Three solvates were also crystallized from acetonitrile (MeCN) which are 𝑃1̅. [44]C-

MeCN, containing one complex and one acetonitrile molecule in the asymmetric unit cell, 

exhibits an abrupt SCO with 12 K hysteretic loop, T1/2↓ = 159 K, T1/2↑ = 171 K (Figure 6.23, 

d)). In contrast, a mixture of two crystallographic phases are observed from crystallizations of 

[44]B-MeCN, α and β. The major pseudopolymorph α contained two molecules of MeCN in 

the asymmetric unit cell and it is HS at 120 K (Table 6-5). A small fraction of the material (β) 

is isostructural to [44]C-MeCN which only contains one MeCN molecule and also exhibits a 

hysteretic spin transition T1/2↓ = 182 K, T1/2↑ = 190 K (Figure 6.23, c)). 

Single crystals of [44]C-MeCN and mixture of [44]B-MeCN α and β behaved like their 

bulk samples in agreement with the SQUID curves (Figure 6.28). 

  

Figure 6.28: VT unit cell volumes of [44]B-MeCN β (left) and [44]C-MeCN (right) overlaying each 

SQUID curve (black line), large hexagons represent the cooling  and stars warming data points. 

The nitromethane solvates [44]X-MeNO2 adopt the space group Pbcn. Both contain two 

molecules of MeNO2 in the asymmetric unit and remain HS at all temperatures examined 

(Table 6-6).  

120 K [44]B-MeNO2 [44]C-MeNO2 

Fe−N[pyridinyl] 

Fe−N[pyrazolyl] 

VOh 

 

 

ϕ 

θ 

2.1165(15) 

2.1771(16), 2.2056(16) 

12.379(7) 

153.8(3) 

495.3(6) 

176.47(9) 

79.88(2) 

2.1247(17) 

2.177(2), 2.206(2) 

12.412(9) 

153.9(4) 

499.2(7) 

175.29(11) 

79.49(3) 

 Table 6-6: Geometric parameters of [44]B-MeNO2 molecules. 
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Finally, the propionitrile (EtCN) complexes crystallized in the 𝑃1̅ space group and are 

isostructural with [44]X-MeCN, but their SCO occurs in an abrupt two-step transition (Table 6-7).  

[44]B-EtCN 160 K 187 K 200 K 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

1.909(3), 1.910(4) 

1.957(4) – 1.997(4) 

9.608(12) 

92.2(5) 

299.9(14) 

173.79(18) 

87.55(4) 

2.038(3), 2.056(3) 

2.081(3) – 2.113(3) 

11.177(12) 

134.8(5) 

431.6(12) 

168.26(14) 

85.53(4) 

2.109(2), 2.121(3) 

2.159(3) – 2.198(3) 

12.055(11) 

156.0(4) 

499.3(9) 

165.78(11) 

84.57(3) 

[44]C-EtCN 120 K 170 K, Molecule A 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

1.905(5), 1.908(5) 

1.969(5) – 1.994(5) 

9.655(15) 

89.6(8) 

292.4(17) 

174.4(2) 

88.12(5) 

1.896(5), 1.907(5) 

1.962(5) – 2.000(5) 

9.600(15) 

90.7(7) 

296.2(17) 

173.4(2) 

88.86(5) 

[44]C-EtCN 170 K, Molecule A 240 K 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

2.106(5), 2.121(5) 

2.143(5) – 2.183(5) 

11.910(18) 

155.0(7) 

499.0(16) 

165.19(19) 

85.77(5) 

2.117(4), 2.131(4) 

2.178(4) – 2.206(5) 

12.140(15) 

158.7(6) 

510.6(13) 

165.14(15) 

84.48(5) 

Table 6-7: VT crystallographic parameters of EtCN[44]C. 

The asymmetric unit cell of [44]B-EtCN contains one propionitrile molecule and one HS 

iron(II) complex at room temperature. Between 192-180 K the complex is in an intermediate 



Chapter 6 

 
 

Miscellaneous bpp derivatives  Page | 163 

spin state, below 180 K the complex is fully low spin. A narrow hysteresis loop of 2 K 

approximately is observed. 

In contrast, [44]C-EtCN presents a better defined two-step transition with two wider 

hysteresis loops. The first hysteretic loop T1/2↓ = 180 K, T1/2↑ = 185 K spans 5 K and the second 

T1/2↓ = 145 K, T1/2↑ = 156 K spans 11 K. The asymmetric unit cell of [44]C-EtCN complex 

contains one propionitrile molecule and one HS iron(II) complex at room temperature. The 

intermediate step is prolonged between approximately 180-150 K, because a symmetry breaking 

is associated with the 50% SCO stage. Two crystallographically unique complex molecules are 

found in the intermediate phase, one being fully HS and the other fully LS (Table 6-7). Below 

150 K the complex recovers its initial crystallographic symmetry, but is fully low spin.  

Single crystals of [44]C-EtCN and mixture of [44]B-EtCN behave like their bulk 

samples, in agreement with the SQUID curves (Figure 6.29). 

  

Figure 6.29: VT unit cell volumes of [44]B-EtCN (left) and [44]C-EtCN (right) overlaying each 

SQUID curve (black line), large hexagons represent the cooling and stars warming data points. In 

the right plot volume was normalized by dividing the expanded intermediate phase by two.  

A 1:1 mixture of iron(II) perchlorate and tetrafluoroborate hydrates was reacted with 

(44) in propionitrile. [44]C+B-EtCN presents magnetic behaviour that is intermediate between 

[44]B-EtCN and [44]C-EtCN. A complex of (44) with iron(II) triflate was also crystallized 

from propionitrile, but in this case the compound remained HS upon cooling (Figure 6.30). 

 

Figure 6.30: SQUID curves of [44]C+B-EtCN (left) and [44]triflate-EtCN (right). 
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In attempts to obtain a solvent free material, other solvates were crystallized from 

dichloroethane, methanol or ethanol. These proved to be HS and uninteresting, and so were not 

fully characterized. All [44]X complexes in this work are plotted according to their Jahn-Teller 

distortion parameters (Figure 6.31). 

 

Figure 6.31: Jahn-Teller distortion parameters for all the crystal structures collected at different 

temperatures along the chapter, colour coded; red and pale red are [44]C and B-MeCN, green and 

pale green are [44]C and B-EtCN, blue and pale blur are [44]C and B-Me2CO, black are all [44]X 

HS complexes, [40]X are violet and [42]X complexes the grey squares. 

Magnetic susceptibility data from [44]B was also measured in solution by Evans Method 

(Figure 6.32). The lowest temperature data points could be considered to indicate the beginning 

of a spin transition. 

 

Figure 6.32: Magnetic susceptibility in solution of [44]B in acetonitrile. Expansion of the y axis of 

the same experiment is presented (right) for clarity.  

Counter-anion BF4
-
, [44]B  ClO4

-
, [44]C 

Acetone, Me2CO 

Acetonitrile, MeCN 

Nitromethane, MeNO2 

Propionitrile, EtCN 

P21/c 

𝑃1̅ / 𝑃1̅ 

Pbcn 

𝑃1̅ 

Symmetry breaking SCO 

High spin / SCO 

High spin 

Two-step SCO 

P21/c 

𝑃1̅ 

Pbcn 

𝑃1̅ 

Symmetry breaking 

SCO 

High spin 

Two-step SCO 

Table 6-8: Summary of the solvate/counter-anions combinations crystallized of [44] during this work.  
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In summary, several combinations of iron(II) salts were crystallized from ligand (44) and 

some of them respond to a thermal stimulus. Even though the T1/2 values of SCO-active  [44] 

complexes were low, and thet did not switch their spin state in solution, it was demonstrated 

that [43] complexes could potentially show interesting properties. Unfortunately, ligand (43) 

was synthesized in a low yield, and was not isolated in pure form due to solubility problems.   

 

6.3 Conclusions 

The target molecules; (36), (41) and (43) were not isolated in pure form, however their 

simplified analogue ligands (40), (42) and (44) were synthesized and fully characterized. The 

iron(II) complexes [40]X, [42]X and [44]X presented interesting magnetic properties which 

were measured by SQUID, Evans method and single crystal XRD. 

 The iron(II) complexes [40]X presented spin-crossover both in solid state and in fluid 

solution, as expected from other bpp-SR based iron(II) complexes. In contrast, [42]X were HS 

both in the liquid and the solid state. These complexes present a very low ϕ distortion 

parameter (ca 143 
o
), which has not been observed before for the bpp family of compounds. 

Finally, several solvates were crystallized of the tetrafluoroborate and perchlorate salts of 

[44]. Different solvates behave differently and crystallized in different space groups, while both 

salts of the same solvate are isostructural and behave similarly. The size of the counter-anion 

together with the electronic effects of their interaction with the hydrogen of the amide in the 4-

position of the pyridine define T1/2 when SCO behavior is observed. The results however 

suggest that the size of the solvent molecule is more important in terms of the shape of the SCO 

curve. The changes in the crystal packing due to the addition of a solvent molecule of the 

complexes [44]X studied in this work stop the SCO activity. [44]X was HS in solution above 

the melting point of acetonitrile, however the beginning of transition could be recognized at 

low temperatures. 
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Chapter 7 – Coating Surfaces with SAMs of Spin-Crossover 

Materials. 

7.1 Introduction 

Interest in the charge transport properties of SCO compounds has increased in the last 

few years for the integration of those compounds into devices as thin films
1
,  nanoparticles

2
 or 

single molecules
3
. In this context, the deposition of SCO molecules onto surfaces has 

stimulated a lot of research in recent years
4
. Most of these have focused on ultrahigh vacuum 

deposition (UHV) of neutral, thermally evaporable SCO complexes
5
 (Figure 7.1). 

Submonolayers of a positively charged Fe(III) SCO complex obtained by sublimation have 

only been reported very recently
6
.  

 

Figure 7.1: Examples of neutral SCO iron(II) complexes deposited in surfaces described in the 

literature
7
. 

X-ray absorption (XAS), Scanning Tunneling Microscopy, and other techniques have 

shown that interactions between the surface and those evaporated molecules can decompose the 

complexes or change their SCO transition considerably with respect to that of the bulk
8
. For 

example, while the spin state of [Fe(bpz)2phen] molecules in contact with a gold surface remain 

blocked, a second molecular layer deposited on top of the first one could be reversibly switched 

with an electric field
9
. Molecules of [Fe(phen)2(NCS)2] can only be individually switched 

between the HS and LS states using electric fields, when the molecules are not directly 

connected to a copper surface, but interact through an insulating thin layer
3a

. The 

decomposition of [Fe(bpz)2L] complexes was suppressed by deposition on bismuth, which has 

much lower conductivity
10

. In an analogous way, the replacement of the gold substrate by 

highly oriented pyrolytic graphite (HOPG) enabled thermal-induced and light-induced SCO of 

a submonolayer of [Fe(bpz)2phen], even for molecules in direct contact with the solid surface
11

. 
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In contrast to UHV deposition, solution-based methods towards SCO thin films remain 

almost unexplored. The main advantage of this method is the simplicity. The monolayer is 

formed by immersion of the substrate into the complex solution, which also gives the option to 

use charged complexes like [Fe(bpp)2]
2+

. However the method usually requires chemical 

functionalization of the SCO complexes with suitable anchoring groups capable of specifically 

interacting with the surface
12

. (Figure 7.2). This method is also not so clean as sublimation, 

because of the involvement of solvent which must be removed from the thin film after its 

formation. 

Previous results with the [Fe(bpp-R)2]
2+

 family of complexes have afforded “chains-of-

beads” self-assemblies by drop-casting solutions of the complex on HOPG and gold, giving rise 

to a spin-state interconversion detected by current-imaging tunneling spectroscopy (CITS)
13

. 

The grafting of molecules functionalized with carboxylic acid groups onto metal-oxide 

surfaces is a well-known process
14

. Prior to my mobility visit to ICMol in Valencia, with Dr 

Miguel Clemente, a similar investigation was carried out by them, where cobalt(II) and iron(II) 

complexes containing the bppCOOH ligand
15

 were deposited onto metal-oxide surfaces by 

dipping the substrates into [Fe(bppCOOH)2]
2+

 solution. Their results suggested that a SAM of 

the complex was formed, but no evidence of SCO was found (this study has not yet been 

published).  

Based on these ideas, and after the unsuccessful attempts discussed in chapter 6, we 

developed new ligands containing a longer spacer between the anchor group and the bpp 

heterocyclic core. Deposition of new iron(II) complexes solutions onto gold and metal-oxide 

surfaces to give self-assembled monolayers (SAMs) of the positively charged dithiolane-

functionalized and carboxyl-functionalized [Fe(bpp-R)2]
2+

 SCO complexes, was investigated at 

ICMol in Valencia (Spain) funded by a RSC Researcher Mobility Grant. 

 

 

Figure 7.2: [Fe(bpp-R)2]
+2

 complexes with the anchor types studied here. 
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7.2 Results and discussion  

7.2.1 Synthesis and characterization of the 1,2dithiolane tethered ligands and 

their iron(II) complexes 

The first tethered ligand was synthesized from the aminomethyl-bpp precursor (45), which 

was first obtained by Ahmed Ahmed during his Masters by Research degree (Figure 7.3). 

 

Figure 7.3: Synthetic scheme of ligand (46), bppCH2NH2 (45) was synthetized by Ahmed.  

Unfortunately the synthesis of (45) was tedious and low yielding. Moreover, (45) easily 

oxidizes to the amide (47) under non-dry conditions (Figure 7.4).  

 

Figure 7.4: The major product obtained during the synthesis of (45).  

Although (46) was fully characterized, it was discarded for the reasons stated above 

which limited the scale-up of its synthesis. It was also considered not worth pursuing because 

[46]C did not present T1/2 close to room temperature (Figure 7.7).  

 

Figure 7.5: Synthetic scheme of ligand (50), bppCH2OH (49) was synthetized following the 

reported procedure
16

. 



Chapter 7 

 
 

Coating surfaces with SCO  Page | 172 

The analogous reduction of bppCOOH (48), which was reported before,
16

 entails 

straightforward steps with high yields (Figure 7.5). Hence, (50) was the first tethered ligand 

whose iron(II) complex was fully characterized. The DCC coupling method is widely-known 

for activating carboxylic acids in the synthesis of amides
17

 or esters
18

. It worked well in 

presence of DMAP as base for both reactions in Figure 7.3 and Figure 7.5. (50) crystallized in 

the monoclinic space group C2 (Figure 7.6). 

 

Figure 7.6: Crystal structure of (50). Hydrogen atoms were omitted for clarity.  

In principle, once complexes are deposited on the surfaces they will not be influenced by 

any lattice effects. Hence, their spin state behaviour should be more similar to their solution 

properties than in the solid state. Magnetic susceptibility of the complexes [46]C and [50]C 

was calculated by EVANS method, from data points taken in 10 K increments from acetonitrile 

solutions (Figure 7.7). 

 

Figure 7.7: Evans method of [46] and [50]. 

The beginning of a spin transition was observed close to melting point of acetonitrile. 

The T1/2 values of these transitions were too low for our purposes. Hence, more electron-

withdrawing substituents at the 4-position of the pyridyl ring were needed, to raise T1/2
19

. The 

following ligands, derived directly from bppCOOH (48),
20

 were proposed (Figure 7.8). 
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 Figure 7.8: Designing accessible ligands (51) and (52) with EWG in the 4-position of the pyridyl 

ring. 

Since the DCC coupling worked very well, a new family of ligands based on that 

chemistry was pursued, with ester or amide links between the tether group and the bpp 

backbone. The synthetic steps for (51) are presented in (Figure 7.9). 

 

Figure 7.9: Synthetic scheme of ligand (51). 

All steps were performed in moderate yields. The final ligand (51), containing two amide 

groups was extremely insoluble, and was not isolated in pure form by NMR or ESMS.  

 

Figure 7.10: Synthetic scheme of ligand (52). 



Chapter 7 

 
 

Coating surfaces with SCO  Page | 174 

During the synthesis of the second ligand (52), intermediate (57) was not soluble in 

water at room temperature, so DMSO was added and the mixture was heated to 100 
o
C, where 

the salt finally dissolved completely. However, after neutralization, 
1
H NMR of (58) indicated 

that an isomerization had occurred (Figure 7.11). This was later confirmed by the crystal 

structure of (60) (Figure 7.12).  

 

Figure 7.11: Mechanism of the irreversible isomerization from (58) to (59).  

The equilibrium was shifted to the right because amides are thermodynamically more 

stable than esters and thus less reactive. Ligand (60), a regioisomer of (52), was successfully 

obtained upon DCC coupling again of (R)-lipoic acid to (59), and it crystallized in the 

orthorhombic P212121 space group (Figure 7.12). 

 

Figure 7.12: Synthetic scheme and crystal structure of (60). Hydrogen atoms were omitted for 

clarity. 
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(61) was synthesized from (48) by an esterification using ethylene glycol as solvent 

(Figure 7.5)
16

. The resultant dithiolane derivative (62) crystallized in the monoclinic P21 space 

group (Figure 7.13). 

 

Figure 7.13: Synthetic scheme and crystal structure of (62). Hydrogen atoms were omitted and 

only one occupancy of the disordered alkyl chain shown for clarity. 

A different approach, similar to ligand (42) (Chapter 6), was adopted for (66). Aromatic 

nucleophilic substitution reactions on trifluoropyridine yielded precursor (65) containing 

sulphur in the 4-position of the pyridyl ring and a primary amine available for attaching lipoic 

acid. (Figure 7.14).  

 

 Figure 7.14: Synthetic scheme and crystal structure of (66). 

In summary, (50), (60), (62), and (66) containing 1,2-dithiolane anchor groups were 

synthesized and fully characterized. Each ligand has a different linker at the 4-position of the 

pyridyl ring (-CH2OR, -COOR, -CONR and –SR respectively). Thus, different SCO behaviour 

is expected for [50]C, [60]C, [62]C and [66]C (Figure 7.15).  
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Figure 7.15: Evans method and SQUID data of [50]C (grey, MeCN), [60]C (green, acetone), [62]C 

(red) and [66]C (yellow, MeCN). SQUID curves of [50] and [66] were collected 300-5 K hence a 

simulation for the 350-300 K region is represented in black.  

Complexes [60] and [62] stabilized the LS state compared to [50] as expected
19

. 

However the HS nature of [66] was unexpected. 

 

7.2.2 Synthesis and characterization of carboxylic acid tethered ligands and 

their iron(II) complexes 

The following ligands containing carboxylic acid tether groups were obtained ( 

Figure 7.16). 

  

Figure 7.16: Designing accessible  ligands (67) and (68) with EWG in the 4-position of the pyridyl 

ring. 

In this case both ligands contain amide linkers between the bpp framework and the tether 

group. Therefore, similar SCO properties were expected for their iron(II) complexes. DCC 

coupling of bppCOOH was again used with amino-acids protected with t-butyl ester groups 

which can be easily removed with a trifluoroacetic acid treatment
21

. 

Both iron(II) complexes crystallized from acetonitrile solutions by ether diffusion. Two 

polymorphs were observed of [67]C which crystallized in the monoclinic P21/n space group as 

large red plates (α) and in the triclinic P1̅ space group as thin red needles (β) (Figure 7.17). 

Both polymorphs contain one molecule of MeCN in the lattice, the main difference between 

them being that the [67]βC structure is heavily disordered. Crystals of [67]βC were 
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considerably smaller than polymorph α, hence a VT study was only performed on [67]αC 

(Figure 7.18). 

  

Figure 7.17: Crystal structure of [67]αC and powder patterns of both polymorphs (bottom α and 

top β). Hydrogen atoms and counter-anions were omitted for clarity. The colour assignment in the 

plot is black for the experimental and grey for the simulated XRD. 

VT unit cells every 20 K (Figure 7.18), and full data sets at 125, 280 and 340 K, were 

collected for [67]αC (Table 7-1).  

 [67]αC (125 K) [67]αC (280 K) [67]αC (340 K) [67]βC (120 K) 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

1.9008(14), 1.9034(15) 

1.9747(15)- 1.9847(15) 

9.636(5) 

88.06(19) 

289.5(4) 

179.02(6) 

89.402(14) 

1.934(3), 1.946(3) 

1.999(4) - 2.009(4) 

10.001(12) 

99.0(5) 

325.0(13) 

178.93(14) 

88.82(5) 

2.063(4), 2.076(3) 

2.111(4), 2.131(4) 

11.565(14) 

135.7(5) 

444.8(13) 

176.79(14) 

89.06(5) 

1.886(7), 1.892(6) 

1.961(6), 1.972(7) 

9.444(19) 

89.2(10) 

293(2) 

179.4(3) 

87.22(8) 

Table 7-1: Crystallographic parameters determined directly from the crystal structure using 

Olex2
22

. 

 

Figure 7.18: VT experiment every 20 K increments. Blue dashed line represents the constant 

thermal contraction of the unit cell volume. Orange dashed line represent the increment of the 

volume due to gradual SCO.  
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[68]C crystallizes in the triclinic P1̅ space group. Three unique complexes sharing 

hydrogen bonds between their terminal –COOH groups forming a supramolecular trimer, are 

found in the asymmetric unit (Figure 7.19).  

 

 

Figure 7.19: Crystal structure and powder patterns of [68]C. Counter-anions and solvent 

molecules were omitted for clarity. The colour assignment in the plot is black for the experimental 

and grey for the simulated XRD. 

[68]C Molecule A (120 K) Molecule B (120 K) Molecule C (120 K) 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

1.9021(4), 1.906(4) 

1.9698(5) - 1.9874(5) 

9.6259(15) 

88.20(4) 

289.748(4) 

177.28(3) 

85.2656(16) 

1.90250(4), 1.92715(4) 

1.98969(4) - 2.00512(3) 

9.89576(11) 

93.567(2) 

307.396(4) 

178.46668(5) 

89.2660(16) 

1.88294(4), 1.88740(4) 

1.96508(3) - 1.97809(4) 

9.50341(11) 

83.173(2) 

273.711(3) 

178.98060(3) 

88.9107(16) 

[68]C Molecule A (290 K) Molecule B (290 K) Molecule C (290 K) 

Fe−N[py] 

Fe−N[pz] 

VOh 

 

 

ϕ 

θ 

1.9719(6), 1.9723(6) 

2.0299(7)- 2.0429(8) 

10.400(2) 

109.364(4) 

358.817(6) 

176.01(5) 

84.413(3) 

2.01517(5), 2.04559(5) 

1.98237(7) - 2.30155(7) 

11.4771(2) 

125.186(4) 

398.223(7) 

174.8560(2) 

89.503(3) 

1.89118(5), 1.90752(5) 

1.96709(6), 1.99201(7) 

9.60053(17) 

86.396(6) 

283.800(5) 

179.2830(3) 

87.599(3) 

Table 7-2: Crystallographic parameters determined directly from the crystal structure using 

Olex2
22

. 

A                                                 B                                                      C 
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The magnetic behaviour of [67]C and [68]C was expected to be similar but, in contrast 

to [60]C which was an amorphous solid and presented gradual SCO (Figure 7.15), better 

defined transitions were observed by SQUID (Figure 7.20). 

 

Figure 7.20: Evans method of [67] and SQUID of [67]C (blue) and [68]C (black). 

In view of the results (Figure 7.20), the following modification of these ligands was 

proposed in order to favour the HS form of the complexes (Figure 7.21).  

 

Figure 7.21: Designing (70) with weak EDG in the 4-positon of the pyrazole which could lower T1/2. 

Ligand (69) was synthesized and fully characterized, but due to lack of time before going 

to Valencia, ligand (70) was discarded. (69) crystallized in the P21/c space group (Figure 7.22). 

 

Figure 7.22: Crystal structure of (69). Hydrogen atoms were omitted for clarity. SQUID of [69]B. 
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7.2.3 Coating surfaces with the complexes 

The general procedure for the complex deposition was dipping the substrates into 

[Fe(L)2](ClO4)2 solutions (direct deposition). The grafting was achieved by immersion of the 

substrates in 1mM solutions of the complexes for 16 h. Then, they were thoroughly rinsed with 

the same solvent to remove any physisorbed material not chemically bonded to the substrate, 

then dried under a N2 stream. Sequential deposition
23

 was also attempted where the substrates 

were first immersed into ligand solution, followed by a second dip step into iron(II) salt 

solution, and finally by repeating the first step the complete complex was prepared. 

 

Figure 7.23: Scheme of ligands deposited onto gold and metal-oxide substrates. 

The dithiolane ligands ((50), (60), (62) and (66)) were deposited on gold surfaces which 

were prepared by vacuum vapour deposition of Au onto Si/SiO2 (native).  The carboxylic acid 

ligands ((67) and (68)) were deposited onto four different metal-oxide surfaces: Si/SiO2 

(native) which is a Si substrate with a layer of SiO2 on the surface due to oxidation with air; 

indium tin oxide (ITO) coated glass; zinc oxide (ZnO); and Al2O3-coated glass. The first three 

substrates were obtained from commercial sources (NOVA electronic materials), while Al2O3-

coated glass was prepared by evaporation of Al onto glass. 

Iron(II) complexes of bpp derived compounds are usually stable towards oxidation in 

solution.  The stability of [60], [62], [66] and [68] solutions in different solvents was monitored 

by UV-vis. Spectra were collected at different concentrations from freshly prepared solutions, 

and after 24 h in the glovebox (Figure 7.24). The spectra are overlaid showing the stability of 

each complex in solution after 24 hours.  
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Figure 7.24: UV-vis spectra of [60], [62], [66] and [68] respectively. Colour code is MeCN (red), 

EtOH (green) and acetone (blue). The absorbance data are not normalised for concentration. 

[60] 
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Different grafting conditions were assessed with the aim of optimizing the process for 

synchrotron analysis. The gold substrates were activated by immersion in a solution of H2O2 

and H2SO4 (1:1) for 40 seconds. All the experiments performed during the stay at ICMol are 

detailed bellow (Table 7-3).  

Ligand Substrate Deposition Solvent Concentration 

(50) Au Direct EtOH 1 mM 

(50) Au Sequential EtOH 1 mM 

(50) Au Sequential EtOH/MeCN 1 mM 

(50) Au Direct MeCN 1 mM 

(50) Au Direct MeOH 1 mM 

(60) Au Direct EtOH 1 mM 

(60) Au Direct MeCN 1 mM 

(60) Au Sequential EtOH/MeCN 1 mM 

(62) Au Direct EtOH 1 mM 

(62) Au Direct MeCN 1 mM 

(62) Au Sequential EtOH/MeCN 1 mM 

(66) Au Direct EtOH 1 mM 

(66) Au Direct MeCN 1 mM 

(66) Au Sequential EtOH/MeCN 1 mM 

(67) Si/SiO2 Direct Acetone 0.5 mM 

(67) Si/SiO2 Direct MeCN 0.1 mM 

(67) Si/SiO2 Direct MeCN 1 mM 

(68) Si/SiO2 Direct MeCN 1 mM 

(68) Si/SiO2 Sequential Acetone 1 mM 

(68) Si/SiO2 Sequential Acetone/MeCN 1 mM 

(68) Si/SiO2 Direct MeCN 0.1 mM 

(68) Si/SiO2 Direct Acetone 1 mM 

(68) Si/SiO2 (activated) Direct Acetone 1 mM 

(68) ITO Direct Acetone 1 mM 

(68) Glass/Al2O3 Direct Acetone 1 mM 

(68) ZnO Direct Acetone 1 mM 

Table 7-3: List of the different deposition conditions examined during this study. 
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7.2.4 Characterization of the coated surfaces  

7.2.4.1 Atomic Force microscopy (AFM) 

AFM was used to determine the surface morphology and to verify the occurrence of 

deposition without the presence of complex aggregates on the surface. The length of the 

molecules can be calculated from the single crystal X-ray diffraction structures. Complexes 

[67] and [68] present sizes close to 1.9 and 2.2 nm respectively (the distance between their two 

carboxylic acid end groups). However in the case of the thiolated ligands, only some ligands 

were crystallized, which contain long aliphatic chains as link between the bpp unit and the 

tether group. The spacer brings flexibility which makes difficult to predict the size of a 

monolayer. The morphology of naked substrates was determined as reference (Figure 7.25). 

 

Figure 7.25: Reference AFM images and their profiles. Silicon oxide a) present root mean square 

roughness (RMS) of 0.07 nm while gold surface b) is more rugged, RMS = 0.5 nm. 

On one hand, large aggregates were commonly observed for direct deposition of 

thiolated complexes on gold (Figure 7.26).  

 

Figure 7.26: AFM examples of thiolated complexes deposited on gold where large aggregates are 

shown. 

The sequential experiment of [50] presented cleaner AFM images (Figure 7.27). The 

same procedure afforded a monolayer of ligands (62) and (66) by XPS, but iron(II) did not 

coordinated the ligands (Table 7-4). 
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Figure 7.27: AFM of the sequential [50] experiment and the profile showing RMS of 0.8 nm. 

In contrast, complexes with carboxylic acid tether groups presented notably better results 

on metal-oxide surfaces for the direct deposition method. The improvement was in the 

homogeneity of the sample, and in the observation of fewer and smaller aggregates (Figure 7.28). 

 

Figure 7.28: AFM of [67] RMS of 0.7 nm and [68] RMS of 0.2 nm over Si/SiO2 substrates. 

Root mean square roughness (RMS) measures how different the surface is from a mean 

plane. The RMS of Si/SiO2 increased in both experiments compared to the naked substrate 

(Figure 7.25, a). However it is clear that deposition of [67] showed a more homogenous profile. 

Similar results of a grafting in solution were reported before on iron oxide (Fe3O4)
12

. 

Deposition of [68] was also performed on different substrates (Figure 7.29). 

   

Figure 7.29: AFM of [68] deposition in ITO (left), Glass/Al2O3 (middle) and ZnO (right), RMS 

calculated; 2.4, 1.2 and 1.7 nm respectively. 

 No reference AFM pictures of the naked substrates were collected for the new metal-

oxides, hence no comparison could be performed. In summary, all of our samples analysed by 
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AFM present consistent maximum height differences compared to the naked substrates 

confirming the deposition of the SCO materials on Au or Si/SiO2.  

7.2.4.2 X-ray photoelectron spectroscopy (XPS) 

Survey spectra at room temperature of [50], [60], [62], [66], [67] and [68] deposited onto 

Au or metal-oxides (Figure 7.23), clearly show the presence of the expected elements (N, S, 

Fe), except for Cl confirming the absence of ClO4
-
 counter-anions (Table 7-4). 

Ligand Fe (cps) (obs.)  N  (calc.) (obs.)  S  (calc.) Cl 

(50) 2500 10.34 10 5.3 4 0 

(50) 5500 3.3 10 0.7 4 0 

(60) 1500 12.1 10 7 4 0 

(60) 0 20 10 4 4 0 

(62) 1500 20.7 12 5 4 0 

(62) 0 11.55 12 3 4 0 

(66) 1200 19.9 12 9.8 6 0 

(66) 0 13.25 12 5 6 0 

(67) 5000 3.5 12 - 0.15 

(67) 2500 6.05 12 - 0.3 

(67) 400 9.8 12 - 2.2 

(68) 300 10.1 12 - 0 

(68) 700 9.5 12 - 0 

(68) Signal overlaid 10.3 12 - 0.43 

(68) 4000 3.23 12 - 0 

(68) 9000 4.5 12 - 0.32 

Table 7-4: Representative results of survey XPS. The amounts of key elements are quoted relative 

to iron. Coloured in red two of the best results which are discussed below.  

Three parameters are assessed in the above table: the intensity of iron signal; the relative 

intensities of representative elements of the ligands; and the absence of chlorine from the 

counter-anions. The earlier study of [Fe(bppCOOH)2]
2+

 deposition performed by Miguel 

Clemente was also in agreement with the absence of counter-anions in the SAMs. 

High-resolution XPS spectra at the Fe 2p edge exhibit broad Fe 2p1/2 and 2p3/2 peaks 

with high-energy satellite peaks (Figure 7.30). This could indicate the presence of complexes in 

the HS state
13a

 but it could also be due to partial oxidation of Fe(II) to Fe(III). In fact, XPS 

spectra of [Fe(bppCOOH)2]
2+

 samples on Si/SiO2 (300 nm), exposed to air for several days, 

display more intense satellite contributions when compared to samples prepared and measured 



Chapter 7 

 
 

Coating surfaces with SCO  Page | 186 

under N2 (Figure 7.31). These experiments of [Fe(bppCOOH)2]
2+

 deposition were performed by 

Dr Miguel Clemente before my stay at ICMol. 

  

Figure 7.30: High-resolution XPS spectra at the Fe 2p edge of [50] (left) and [68] (right) deposited 

on Au and Si/SiO2 respectively. 

 

Figure 7.31: Normalized high-resolution XPS spectra at the Fe 2p edge of [Fe(bppCOOH)2]
2+

 

samples. A bulk reference spectrum (red) has been included for comparison. SiO2(300nm) 

substrates present a thermal treatment, which affords a 300 nm layer of SiO2 on Si. 

 

7.2.4.3 X-ray absorption spectroscopy (XAS) 

XAS was chosen to confirm the deposition of [Fe(L)2]
2+

 on the substrates and to determine the 

spin state of Fe(II) at different temperatures. This technique has already been used to characterize the 

spin state of sub- and monolayers of SCO complexes evaporated on different surfaces
24

. XAS 

spectrum of HS iron(II), LS iron(II) and HS iron(III) reference compounds were reported previously 

(Figure 7.32). The measurements were performed at the ALBA synchrotron (beamline BOREAS, 

Barcelona, Spain). XPS pointed to partial oxidation of iron by O2, when the samples measured were 

stored under ambient atmosphere. To avoid these effects, XAS samples were prepared in a glovebox 

and directly transferred to the analysis chambers without breaking the inert atmosphere. 
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Figure 7.32: L-edge multiplets and integrated intensities for selected octahedral complexes 

reported by Wasinger et. at
25

. 

The Fe L3-edge of a typical octahedral iron(II) HS complex is composed by a peak at 708 

eV with a shoulder at 709 eV. In contrast a LS complex presents the L3 maximum shifted to 

higher energies (710 eV), with a less structured and more intense L2-edge which is also shifted 

to higher energies (Figure 7.32). The spectrum of a HS iron(III) complex is characterized by 

two strong features in the L3-edge at 707 and 709 eV, followed by small multiplet and satellite 

features (710-715 eV) and two relatively weak features in the L2-edge (719-725 eV).  

 

 

 

Figure 7.33: XAS spectra of [50], [60] and [62] complexes deposited on gold surfaces at 300 K.  

a) Sequential deposition 

[50] 

Au 

 

 

b) Direct deposition 

[60] 

Au 

 

 

c) Direct deposition 

[62] 

Au 
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XAS is a global surface technique with high sensitivity able to detect spin state of a 

submonolayer. Per contra, the x-ray beam can destroy the complex, alter oxidation state
26

 or spin 

state
27

. Indeed the spectra collected in this study were evolving with time. The first spectrum 

(black line, Figure 7.33) of the three samples were typical of HS Fe(III) (Figure 7.32), small 

increase of HS Fe(II) was observed after successive spectra were collected on the same spot, 

implying possible photoreduction induced by soft X-rays. This effect could be reduced by 

decreasing the photon flux to less than 5% of its initial intensity, and by lowering the temperature. 

It may be related to chemical changes or degradation undergone by the compound, as the effect is 

irreversible even at low temperatures. Thus it is not due to soft x-ray induced excited spin state 

trapping (SOXIESST). This has been observed on other samples. For instance, bulk samples of 

[Fe(phen)2(NCS)2] also showed a degradation over time in the same experiment, which is 

manifested by the freezing in of a LS state, probably through the removal of a ligand group
28

. 

The spectra of the SAMs deposited on Si/SiO2 show a noisier and significantly weaker 

signal than those deposited on Au. This makes it very complicated to estimate the HS/LS 

fraction or the oxidation state (Figure 7.34). 

 

 

 

Figure 7.34: XAS spectra of [67] and [68] complexes deposited on metal-oxides substrates at 300 K.  

However XAS spectra of the complexes deposited on ITO, which is a more conducting 

substrate, look very similar to the gold deposited samples. Again the spectrum (Figure 7.34, f)) 

corresponds to pure HS iron(III) (black and pink lines are the first spectra) and after irradiation 

d) Direct deposition 

[67] 

SiO2 

 

e) Direct deposition 

[68] 

SiO2 

 

 

f) Direct deposition 

[68] 

ITO 
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with the X-ray beam the relative intensity of 708 peak increases. Two peaks at 710 and 708 eV 

are always observed, their relative intensity varying during the measurement but not with 

temperature or light irradiation. Depending on the measurement conditions we have a variable 

amount of HS iron(II) (peak at 708 eV) which always increases in successive scans in an 

irreversible way. Hence this could be photoreduction of iron(III). In the most conducting 

substrates Au and ITO, the spectra are more consistent with HS iron(III). It seems that the less 

conducting Si/SiO2 substrates favour photoreduction as they are charged by the soft X-ray used in 

the measurements. Oxidation to Fe(III) could take place after transferring the substrates from the 

solution into the measurement chamber or it could be intrinsic to the nature of those compounds 

deposited on surfaces where one bpp ligand is replaced by three water molecules for example.  

Further research could be performed in two directions; either using analogous ligands 

based on the terpyridine scaffold
29

 with cobalt (II), because the previous study at ICMol with 

[Co/Fe(bppCOOH)2]
2+

 showed Co(II) complexes to be less sensitive towards oxidation 

deposited and they can also undergo SCO. Or the use of five
30

 or six N-donor ligands which 

could potentially stabilize the coordination sphere of the iron(II) compared to bpp and 

hopefully maintain their SCO activity on the surfaces
31

. An interesting experiment for the 

carboxylated compounds deposited on metal-oxide surfaces could be to immerse the 

functionalized substrates in basic or acidic solutions to observe if the chemically induced 

deprotonation/protonation of the carboxylic acid has any influence in the spin or oxidation state 

of the monolayer. 

 

7.2.5 Coating gold nanoparticles  

A classical synthetic method of gold nanoparticles (AuNPs) where the solvent used is 

water and the particles are stabilized by citrate is known as the Turkevich method
32

. However 

the method described by Osterloh et al. has been proved to be a more practical method where 

easily size-tunable monodispered spherical AuNPs are obtained by varying the concentration of 

the reagents
33

. AuNPs of approximately 15 nm size were synthesised and characterized by 

TEM (Figure 7.35).  

 

Figure 7.35: TEM image of AuNPs synthetized sizes vary from 8 to 15 nm. 
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The size of the particles was also examined by DLS (Figure 7.36), which was in 

agreement with the result of the converted diameter calculated based on number (D)).  

 

Figure 7.36: DLS analysis, mean diameter = 19.25 nm. A) Fundamental diameter measured by 

intensity. B) Correlation data showing the quality of the data. C) Mean diameter calculated based 

on volume, 14.48 nm. D) Mean diameter calculated based on number, 11.55 nm. 

The concentration of the gold nanoparticles was calculated based on the Beer Lambert 

law with the absorption value at 400 nm (A = 1.2 equals 5x10
-4

 M). Expert advice at ICMol 

said that the optimum concentration for ligand exchange reactions was 1.67x10
-4

 mol Au/ mL. 

Hence, a grafting of 4 mL of AuNPs at that concentration was attempted where methanolic 

solutions of [Fe(50)](ClO4)2 (4 mL of 0.25 and 0.125 mM) were added dropwise with a 

perfuser stringe pump during 15 min. The characteristic plasmon vanished after few minutes as 

the nanoparticles precipitated. The precipitate was collected by centrifugation and was analysed 

by XPS (Table 7-5). 

[Fe(50)](ClO4)2 Fe (cps) N  (relative) S  (relative) Cl (relative) 

expected - 10 4 0 

(0.25 mM) 0 1 3.6 1.9 

(0.125 mM) 0 1.34 1 1.11 

Table 7-5: XPS results of the AuNPs precipitated from toluene solution. Amounts of key elements 

relative to the minor element found.  
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Poor results were obtained since the ratio N/S did not correspond to ligand (50), chlorine 

was present and no iron was observed in the particles.  

In view of these results, a sequential approach was attempted. Interestingly, when a 

toluene solution (4 mL, 0.125 mM) of ligand (50) was added to 4 mL of AuNPs the plasmon 

was maintained for hours which could imply a successful partial ligand exchange. However this 

was not proved because once the methanolic solution of iron(II) salt was added the plasmon 

was repeatedly lost. An experiment where the same concentration of oleylamine-stabilized 

AuNPs in toluene was subjected to pure methanol addition, confirmed that the AuNPs are 

sensitive to small volumes of methanol, which causes aggregation. In order to solve the 

problem, two alternatives were proposed. First was to stabilize the AuNPs in a polar solvent in 

which the thiolated complexes are soluble (Figure 7.37). 

 

Figure 7.37: Preparation methodology proposed of AuNPs stabilized in EtOH. 

However this was not successfully carried out due to the complexity of the process 

combined with lack of time at ICMol. The second approach was to deposite the AuNPs on a 

Si/SiO2 substrate, then performing the grafting analogously to the work described above. The 

main advantage of this approach for AuNPs over the monolayers of the complexes directly on 

Au substrates, is that grafting onto deposited AuNPs could increase their sensitivity for Raman 

spectroscopy, enabling extra characterization of the deposited complexes. In order to do that, 

the Si/SiO2 substrate needs to be functionalised first (Figure 7.38).  

 

Figure 7.38: Scheme of functionalization of Si/SiO2 with APTES and MPTES. 
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Once the silicon oxide surfaces were silanizated, AuNPs were deposited in both (3-

aminopropyl)triethoxysilane (APTES) and (3-mercaptopropyl)trimethoxysilane (MPTES) by 

drop-casting of toluene solution (Figure 7.39). 

 

Figure 7.39: Scheme of the drop-casting of AuNPs. 

The quality of the self-assembled monolayer of AuNPs was examined by AFM (Figure 

7.40). On the one hand, the MPTES coverage was poor with few-separated AuNPs on the 

surface. Hence, this coating was discarded. In contrast, when APTES was used a rich populated 

AuNP SAM was obtained.  

 

Figure 7.40: AFM images of the AuNPs deposited on Si/SiO2; with APTES (left) and MPTES (right). 

Sequential grafting of [Fe(50)](ClO4)2 was performed onto Si/SiO2 substrate 

functionalised with APTES and AuNPs. Deposition of [50] was analysed by XPS (Table 7-6).   

[Fe(50)](ClO4)2 Fe (cps) N  (relative) S  (relative) Cl (relative) 

expected - 10 4 0 

MeCN 1300 2.5 0 0 

EtOH 110 3.06 0 0 

Table 7-6: XPS results of the AuNPs deposited on Si/SiO2 substrate. Amounts of key elements 

relative to iron. 

Iron was found in the XPS analysis however the nitrogen content was rather low and no 

sulphur was observed. Hence, the coating of AuNPs with these SCO complexes was discontinued.  
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7.3 Conclusions 

A number of novel 2,6-di(pyrazol-yl)pyridine-based ligands containing dithiolane [(50), 

(60), (62) and (66)] and carboxylic acid [(67) and (68)]  tether groups were designed, synthesized 

and fully characterized. Iron(II) complexes of those ligands were prepared and most of them 

undergo SCO in solution or in solid state. Iron(II) complexes with dithiolane tethers are 

amorphous and show typical gradual SCO, while the carboxylic acid tethered complexes 

crystallized better because their spacers were shorter. The complexes were characterized by 
1
H 

NMR, ESMS, SQUID, single crystal and powder XRD, Evans method and microanalysis. Large 

single crystals of [62]C were grown from acetonitrile solution upon atmospheric diffusion of 

diethyl ether, however the disorder of the aliphatic chain decreased the diffraction limit down to 

1.5 Å ca. The refinement of that structure was incomplete where only [Fe(bppCOO-)2](ClO4)2 

was modelled. 

In this work, we have demonstrated the successful formation of SAMs by AFM and 

XPS. Complexes were deposited by immersion of solid substrates in their solution. [(50), (60), 

(62) and (66)] with dithiolane substituents formed SAMs on gold surface whereas the 

carboxylic acids (67) and (68) were deposited onto several metal-oxide substrates such as ITO, 

Al2O3, ZnO and Si/SiO2. However, the integrity of the SCO molecule was not proved by the 

techniques used to analyse them on the surface. The final conclusion is that iron(II) bpp 

complexes decompose or oxidize after deposition. Gold nanoparticles were easily synthesized 

by reported procedures, however any attempts of coat them with [50]C complex were 

unsuccessful in the time available.  

With a view to publication, characterization of the SAMs could be completed with 

different techniques; electrochemistry. Matrix-Assisted Laser Desorption/Ionization Time-Of-

Flight (MALDI- TOF), cyclic voltammetry, Infrared Reflection Absorption Spectroscopy 

(IRRAS), contact angle measurements and Raman spectroscopy at ICMol. 
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Chapter 8  – Experimental 

8.1 Methods and instrumentation 

 NMR Spectroscopy 8.1.1

NMR spectra were recorded on a ULTRASHIELD Advance III 300 MHz, Ascend Advance III 

400 MHz, Advance 500 MHz (Bruker Corp.) spectrometers using automated procedures, or by 

the Jeol ECA600 series II 600MHz NMR service. All deuterated solvents were purchased from 

Sigma Aldrich, Fluorochem or Fisher and used as received. 

 

 Mass Spectrometry 8.1.2

High resolution electrospray (ES) mass spectra were recorded on an open access MicroTOF 

mass spectrometer (Bruker Corp.) in either positive or negative ion mode. Samples were 

injected directly from feed solutions diluted to 10 µg / mL and acquired over the m/z range  50 

– 4000. Direct injection mass spectrometry data were collected by Dr Stuart Warriner. Low 

resolution electrospray mass spectra were recorded on an open access Micromass LCT (Bruker 

Corp.) after passing through a short HPLC column. All spectra were recorded using 

acetonitrile/water mix as an eluent an sodium formate calibrant. 

 

 X-ray Crystallography 8.1.3

Single crystal X-ray data were collected by the author. Crystals were mounted under Fomblin 

onto a nylon loop. Diffraction data were collected using an Agilent SuperNova diffractometer 

with an Atlas CCD detector using mirror monochromated Mo-Kα (λ = 0.71073 Å) or Cu-Kα (λ 

= 1.54184 Å) radiation. Data collected using synchrotron radiation were acquired at Diamond 

Light Source (λ = 0.6889 Å) using a Pilatus 2M detector by Dr Chris Pask, Dr Rafal 

Kulmaczewski, Kay Burrows or the author. The structures were solved using SHELXS direct 

methods, and the structural model refined by full matrix least squares using SHELXL. 

Molecular graphics and tables of bond lengths were carried out using Olex2. 

Powder diffraction patterns were collected by the author on Bruker D2 Phaser equipped with a 

LynxEye detector using Long Fine Focused Cu radiation (λ
o
 = 1.54060 Å) and the data were 

processed by DIFFRAC. Measurement software. 
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 Magnetic susceptibility 8.1.4

Magnetic measurements were performed by Dr Rafal Kulmaczewski on a Quantum Design 

SQUID magnetometer, in a applied field of 5000 Oe. A diamagnetic correction for the sample 

was estimated by using Pascal’s constants
1
; a diamagnetic correction for the sample holder was 

also applied to the data.  

 

 Elemental Analysis 8.1.5

Elemental composition of samples was determined by Tanya Marinko-Covell of the University 

of Leeds Microanalytical Service using a Carlo Ebra 1108 Elemental Analyzer, or by Stephen 

Boyer of the School of Human Science at London Metropolitan University. 

 

 Scanning Electron Microscopy (SEM) 8.1.6

Scanning electron microscopy images of gel samples supported on a silicon wafer were mounted by 

Dr Alexander Kulak on an SEM stub using an adhesive copper film. Samples were coated with 

iridium (2 nm), prior to viewing with a FEI Nova NanoSEM 450 operating at 3 kV. 

 

 UV-vis/NIR  8.1.7

Absorption spectra were recorded by the author on a Perkin Elmer Lambda 900 

spectrophotometer using tungsten-halogen lamps and R6872 photomultiplier/detector, at 

University of Leeds. At the ICMol (Valencia), UV-vis absorption spectra were recorded on an 

Jasco V-670 spectrophotometer, using quartz SUPRASIL® 1 cm path length cuvettes. The 

spectra were processed using Spectra Manager Software. 

 

 Evans Method 8.1.8

Variable temperature magnetic susceptibilities in solution were performed by Simon Barrett or 

Mark Howard on a Bruker DRX 500 spectrometer at a frequency of 500.57MHz. A 

diamagnetic correction for the solvent, and correction for the change in density of the solvent 

with temperature
2
, were applied to these data.  

 

 Melting point 8.1.9

Melting points were determined by the author on a Stuart Scientific BIRBY SMP3 melting 

point apparatus.  
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 Dynamic light scattering (DLS) 8.1.10

DLS measurements were collected on a Zetasizer Nano-S (Malvern Instrument, UK) at ICMol 

(Valencia). A He-Ne laser at λ =632 nm was used as light source and the scattering was 173
o
. 

The results were analyzed via a non-negative least square algorithm (GP) as implemented in the 

Zetasizer Nano software. 

 

 Transmission electron microscopy (TEM) 8.1.11

TEM images were taken in a Jeol JEM-1010, electron microscope of transmission of 100KV 

with a ATM RX80 (8Mpx) digital camera, at the ICMol (Valencia).  The TEM grid was 

prepared immediately after stopping the reaction. 10 μL of the solution was dropped into the 

grid which was then dried under vacuum carefully for 10 minutes. 

 

 X-ray photoelectron spectroscopy (XPS) 8.1.12

X-ray photoelectron spectroscopy (K-ALPHA, Thermo Scientific) was used to analyse the 

surfaces of the samples. Samples were analysed ex-situ at the X-ray spectroscopy service at the 

Universidad de Alicante. All spectra were collected using Al Kα radiation (1486.6 eV), 

monochromatized by a twin crystal monochromator, yielding a focused X-ray spot (elliptical in 

shape with a major axis length of 400 μm) at 3 mA
.
C and 12 kV. The alpha hemispherical 

analyser was operated in constant energy mode with survey scan pass energies of 200 eV to 

measure the whole energy band, and at 50 eV in a narrow scan to selectively measure particular 

elements. XPS data were analysed with Advantage software. A smart background function was 

used to approximate the experimental backgrounds. Charge compensation was achieved with a 

system flood gun that provides low energy electrons and low energy argon ions from a single 

source. Spectra are referenced using the C 1s main peak (284.8 eV). 

 

 Atomic force microscopy (AFM) 8.1.13

The substrates were imaged at ICMol (Valencia) with a Digital Instruments Veeco Nanoscope 

IVa AFM microscope, in tapping mode, using silicon tips with natural resonance frequency of 

300 kHz and with an equivalent constant force of 40 N/m. 

 

 X-ray absortion spectroscopy (XAS) 8.1.14

Experiments were performed on synchrotron light at ALBA synchrotron (Barcelona, Spain), in 

the BOREAS Line.  
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8.2 Experimental details of ligands and metal complexes related to 

Chapter 2 

 2,4-Di(pyrazol-1-yl)-6-chloro-1,3,5-triazine (1) 8.2.1

To a stirred solution of pyrazole (1.0 g, 14.7 mmol) in THF (125 mL 

cyanuric chloride (1.35 g, 7.3 mmol) was added carefully. The pale 

yellow suspension was stirred for 6 hr. Solvent was removed in vacuo 

and to give a white/blue solid. The compound was isolated by elution 

over silica gel (eluent: EtOAc, Rf: 0.58) to give a white solid, 0.61 g, 

34% yield.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 6.61 (dd, J = 2.9, 1.5 Hz, 2H, 4’), 7.96 (d, J = 

0.7 Hz, 2H, 3’), 8.68 (d, J = 2.8 Hz, 2H, 5’); 

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 110.9 (4’), 130.7 (5’), 146.6 (3’), 162.9 (2 + 4), 

173.6 (6); 

ES
+
-MS m/z 248.0 [(M + H)]

+
, 270.0 [(M + Na)]

+
, 517.1 [(2M + Na)]

+
. 

Mp: 170.2 
o
C. 

Anal. Calcd for C9H6ClN7: C, 43.65; H, 2.44; N, 39.59. Found: C, 43.4; H, 2.8; N, 39.2. 

 

 2,4,6-Tri(pyrazol-1-yl)-1,3,5-triazine (2) 8.2.2

To a stirred suspension of NaH 60% dispersion (1.3 g, 32.5 mmol) in 

THF (125 mL), pyrazole was added carefully (2.21 g, 32.5 mmol). 

After 5 minutes cyanuric chloride (2.0 g, 10.8 mmol) dissolved in 

THF was added. The solution was stirred for 8 hr at room 

temperature. Solvent was removed in vacuo, water was added and 

the crude was extracted with DCM. The compound was isolated by 

eluting through silica gel (eluent gradient: EtOAc to acetone, Rf: 0.08 to 0.54 respectively) as a 

white powder. 2.58 g, 85.5% yield.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 6.59 (dd, J = 2.8, 1.5 Hz, 3H, 4’), 7.95 (d, J = 

0.6 Hz, 3H, 3’), 8.79 (d, J = 2.8 Hz, 3H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 110.4 (4’), 130.7 (5’), 146.0 (3’), 163.7 (2 + 4 + 6); 

ES
+
-MS m/z 280.1 [(M + H)]

+
, 302.1 [(M + Na)]

+
, 581.2 [(2M + Na)]

+
.  

Mp: 240.8 
o
C. 

Anal. Calcd for C12H9N9·1/4H2O: C, 50.80; H, 3.37; N, 44.42. Found: C, 50.6; H, 3.1; N, 44.9. 
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 2,4-Di(pyrazol-1-yl)-6-(diethylamino)-1,3,5-triazine (3) 8.2.3

Triethylamine (4.9 mL, 35.2 mmol) was stirring in THF when 

pyrazole (1.2 g, 17.6 mmol) was added. After 5 min of stirring 

cyanuric chloride (1.5 g, 8.1 mmol) was added and the solution was 

stirred overnight at room temperature. The compound was isolated 

by column flash chromatography (gradient eluent: from EtOAc to 

acetone, Rf: 0.36 to Rf: 0.83-0.26 respectively) as a colourless 

crystalline solid. 1.37 g, 59.2% yield.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 3.81 (q, J = 7 Hz, 4H, 8), (1.3 (t, J = 7.2 Hz, 6H, 

9), 6.49 (dd, J = 2.6, 1.5 Hz, 2H, 4’), 7.87 (s, 2H, 3’), 8.66 (d, J = 2.6 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 12.9 (9) 42.0 (8) 108.7 (4’), 129.9 (5’), 144.4 

(3’), 162.4 (2 + 4), 165.2 (6);  

ES
+
-MS m/z 285.2 [(M + H)]

+
, 307.1 [(M + Na)]

+
, 591.3 [(2M + Na)]

+
.  

Mp: 104.3 
o
C. 

Anal. Calcd for C13H16N8: C, 54.92; H, 5.67; N, 39.41. Found: C, 54.4; H, 5.7; N, 40.2 

 

 2,4-Di(pyrazol-1-yl)-6-(dimethylamino)-1,3,5-triazine (4) 8.2.4

2,4,6-Tri(pyrazol-1’-yl)-1,3-5-triazine (2), (1.5 g, 5.3 mmol) was 

stirred in CHCl3 solution (15 mL) when 40% aqueous 

dimethylamine (1.07 cm
3
, 8.4 mmol) was added. After stirring for 

1.5 h, water was added and the two phases were stirred for 10 min. 

The organic phase was concentrated in vacuo and the crude was 

purified by silica gel chromatography (eluent: EtOAc, Rf: 0.23) as a 

white solid (884 mg, 3.4 mmol) 65.2% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 3.30 (s, 6H, 8), 6.42 (dd, J = 2.5, 1.6 Hz, 2H, 

4’), 7.80 (s, 2H, 3’), 8.60 (d, J = 2 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 36.8 (8), 108.6 (4’), 129.8 (5’), 144.3 (3’), 

162.0 (2 + 4), 166.0 (6);  

ES
+
-MS m/z 257.1 [(M + H)]

+
, 279.1 [(M + Na)]

+
, 535.2 [(2M + Na)]

+
. 

Mp: 210.6 
o
C. 

Anal. Calcd for C11H12N8: C, 51.55; H, 4.72; N, 43.73. Found: C, 51.6; H, 4.8; N, 43.9 
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 2,4-Di(pyrazol-1-yl)-6-(isopropylsulfanyl)-1,3,5-triazine (5) 8.2.5

2,4,6-Tri(pyrazol-1’-yl)-1,3-5-triazine (2), (800 mg, 2.85 mmol) 

was stirred in DCM (10 mL) when sodium 2-propanethiolate (280 

mg, 2.85 mmol) was added. After stirring for 3 h water was added 

to stop the reaction. The organic phase was concentrated in vacuo 

and the crude was purified by silica gel chromatography (eluent: 

EtOAc, Rf: 0.65) as a colourless solid (230 mg, 0.8 mmol) 28% 

yield. 

1
H NMR ((500MHz, CDCl3), 298 K, ppm) δ: 1.51 (d, J = 6.8 Hz, 6H, 9), 4.15 (m, 1H, 8), 6.54 

(dd, J = 2.7, 1.5 Hz, 2H, 4’), 7.90 (s, 2H,3’), 8.66 (d, J = 2.7 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 22.6 (9), 36.5 (8), 109.9 (4’), 130.2 (5’), 145.5 

(3’), 161.1 (2 + 4), 186.2 (6);  

ES
+
-MS m/z 288.1 [(M + H)]

+
, 305.1 [(M + NH4)]

+
, 310.1 [(M + Na)]

+
, 597.2 [(2M + Na)]

+
.  

Mp: 147.3 
o
C. 

Anal. Calcd for C12H13N7S: C, 50.16; H, 4.56; N, 34.12. Found: C, 50.1; H, 4.6; N, 33.9 

 

 2,4-Di(pyrazol-1-yl)-6-phenoxy-1,3,5-triazine (6) 8.2.6

Sodium hydroxide (440 mg, 10.8 mmol) was added to a phenol 

solution in acetone (1.02 g, 10.8 mmol). Cyanuric chloride (2 g, 10.8 

mmol) was added after 5 min. The mixture was stirred for 15 

minutes and pyrazole was added (1.47 g, 21.7 mmol). Finally, NaH 

60% (0.83 g, 20 mmol) was added carefully over 3 min and the 

mixture was stirred for 2 h. This compound was purified by column 

flash chromatography (EtOAc, Rf 0.62) as a white solid (712mg, 

2.33 mmol) 21.6% yield.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 6.51 (d, J = 0.7 Hz, 2H, 4’), 7.28 (d, J = 7.8 Hz, 

2H, 9), 7.34 (m, 1H, 11), 7.48 (m, 2H, 10), 7.90 (s, 2H, 3’), 8.51 (d, J = 2.4 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 110.2 (4’), 121.4 (9), 126.4 (11), 129.7 (10), 

130.5 (5’), 145.8 (3’), 151.6 (8), 164.3 (2 + 4), 172.5 (6);  

ES
+
-MS m/z 306.1 [(M + H)]

+
, 328.2 [(M + Na)]

+
, 633.2 [(2M + Na)]

+
.  

Mp: 172.4 
o
C. 
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 2,4,6-Tri(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine (8) 8.2.7

This compound was obtained following an analogous synthesis for 

(2) by using 3,5-dimethyl pyrazole instead of pyrazole. The 

compound was purified by column flash chromatography (eluent: 

EtOAc, Rf: 0.15) as a white powder. 78% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 2.33 (s, 9H, 6’), 2.80 

(s, 9H, 7’) 6.09 (s, 3H, 4’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 14.0 (7’), 15.6 (6’), 

111.9 (4’), 144.4 (3’), 153.4 (5’), 164.4 (4 + 6 + 2);  

ES
+
-MS m/z 364.2 [(M + H)]

+
, 386.2 [(M + Na)]

+
, 485.3 [(M + NC-dmpz + H)]

+
. 

Mp: 246.1 
o
C. 

Anal. Calcd for C18H21N9: C, 59.49; H, 5.82; N, 34.69. Found: C, 57.2; H, 5.9; N, 34.1 

 

 2,4,6-Tri(4,5,6,7-tetrahydroindazol-2-yl)-1,3,5-triazine (9) 8.2.8

This compound was obtained following an analogous 

synthesis for (2) by using 4,5,6,7 tetrahydroindazole 

instead of pyrazole. The compound was isolated by eluting 

through silica gel (eluent gradient: EtOAc to acetone, Rf: 

0.08 to 0.34 respectively) as a white powder. 23% yield.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.79 (m, 6H, 

5’), 1.86 (m, 6H, 6’), 2.64 (t, J = 6 Hz, 6H, 4’), 2.84 (t, J = 

6.3 Hz, 6H, 7’), 8.45 (s, 3H, 9’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 20.6 (7’), 23.0 (6’ + 5’), 24.0 (4’), 121.1 (8’), 

127.0 (9’), 157.0 (3’), 163.0 (2 + 4 + 6);  

ES
+
-MS m/z 442.3 [(M + H)]

+
. 

Mp: 344.9 
o
C. 

Anal. Calcd for C24H27N9 (1/11
.
CH2Cl2) : C, 64.41; H, 6.10; N, 28.06. Found: C, 64.7; H, 

6.3; N, 28.1 
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 Triethyl 1,1’,1’’-(2,4,6-tri(4-carboxylate-pyrazol-1-yl)-1,3,5-triazine) (10) 8.2.9

This compound was obtained following an analogous 

synthesis for (2) by using Ethyl 4-pyrazolecarboxylate 

instead of pyrazole. The compound was purified by column 

flash chromatography (eluent: EtOAc, Rf: 0.8) as a white 

powder. 24% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.43 (t, J = 

7.1 Hz, 9H, 8’), 4.41 (q, J = 7.1 Hz, 6H, 7’), 8.33 (s, 3H, 3’), 

9.27 (s, 3H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 14.3 (8’), 61.2 (7’), 119.8 (4’), 133.9 (5’), 146.3 

(3’), 161.6 (6’), 163.8 (2 + 4 + 6);  

ES
+
-MS m/z 496.2 [(M + H)]

+
, 513.2 [(M + NH4)]

+
, 518.2 [(M + Na)]

+
, 1008.4 [(2M + NH4)]

+
.  

Mp: 216.2 
o
C. 

 

 Bis(2,4-di(pyrazol-1-yl)-6-ethoxy-1,3,5-triazine)iron(II) 8.2.10

ditetrafluoroborate [12]B 

 

Iron(II) tetrafluoroborate hydrate (58 mg, 0.17 mmol) was dissolved in hot EtOH (60
o
) (30 

mL), and mixed with a hot solution of 2,4-di(pyrazol-1-yl)-6-chloro-1,3,5-triazine (1), (100 mg, 

0.4 mmol) in EtOH (20 mL). The solution turned yellow immediately, it was slowly cooled to 

room temperature then put into the freezer. Yellow crystals during a period of hours, and were 

isolated by decantation. (87 mg, 69% yield).  

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: -1.76 (s, 6H, 9) 4.07 (s, 4H, 8), 42.32 (s, 4H, 

5’), 43.80 (s, 4H, 4’), 72.20 (s, 4H, 3’); 

ES
+
-MS m/z 195.5 [Na2H(L)(BF4)]

2+
, 258.1 [H(L)]

+
, 280.1 [Na(L)]

+
, 285.1 [Fe(L)2]

2+
, 332.0 

[Fe(L)F]
+
, 405.6 [K(L)3H]

2+
, 537.2 [Na(L)2]

+
, 589.1 [Fe(L)2F]

+
. 

Anal. Calcd for C22H22N14O2FeB2F8: C, 35.5; H, 2.98; N, 26.34. Found: C, 35.6; H, 3.0; N, 26.4 
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 Bis(2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine)iron(II) [2]X (X = BF4
-
 and ClO4

-
) 8.2.11

 

A solution of 2,4,6-tri(pyrazol-1’-yl)-1,3-5-triazine (2), (100 mg, 0.35 mmol) in hot 

nitromethane (15 mL) was added to a hot solution of iron(II) tetrafluoroborate hexahydrate (60 

mg, 0.17 mmol) in nitromethane (30 mL) when it became intense yellow. The volume of NM 

was reduced in vacuo to 50%. Diethyl ether was added and yellow powder precipitated 

immediately (117 mg, 84.8% yield). Single crystals were obtained by diffusing diethyl ether 

onto NM solution of the complex. The same procedure using iron(II) perchlorate hydrate 

instead, produced 71% yield of [2]C. 

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 5.25 (s, 2H, 10) 6.07 (s, 2H, 9), 8.35 (s, 2H, 

11), 43.80 (s, 8H, 5’ + 4’), 72.03 (s, 4H, 3’); 

ES
+
-MS m/z 280.1 [H(L)]

+
, 302.1 [Na(L)]

+
, 307.1 [Fe(L)2]

2+
, 329.5 [Fe(L)2(O2CH)]

2+
, 338.5 

[Fe(L)2(O2CH)(OH2)]
2+

, 438.6 [K(L)3H]
2+

, 513.1 [FeH(2,4-di[pyrazolyl]-6-oxo-1,3,5-

triazinate)2]
+
, 563.1 [Fe(L)(2,4-di[pyrazolyl]-6-oxo-1,3,5-triazinate)]

+
, 581.2 [Na(L)2]

+
, 633.1 

[Fe(L)2F]
+
. 

- [2]B, Anal. Calcd for C24H18B2F8FeN18: C, 36.57; H, 2.30; N, 31.97. Found: C, 36.6; H, 

2.3; N, 31.8 

- [2]C, Anal. Calcd for C24H18N18FeCl2O8: C, 35.45; H, 2.23; N, 31.00. Found: C, 35.3; H, 

2.2; N, 30.9 

 

 Bis(2,4-di(pyrazol-1-yl)-6-(diethylamino)-1,3,5-triazine)iron(II) 8.2.12

ditetrafluoroborate [3]B 

 

A solution of 2,4-di(pyrazol-1-yl)-6-(diethylamino)-1,3,5-triazine (3), (25 mg, 0.09 mmol) in 

hot nitromethane (7 mL) was added to a hot solution of iron(II) tetrafluoroborate hexahydrate 
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(15 mg, 0.04 mmol) in hot nitromethane (20 mL). The solution turned yellow. The solvent was 

reduced under vacuum and diisopropyl ether was diffused to yield large crystals. (20.1 mg, 

63% yield).  

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 0.17 (s, 12H, 9), 10.57 (s, 8H, 8), 49.14 (s, 8H, 

4’ + 5’) 72.02 (s, 4H, 3’);  

ES
+
-MS m/z 285.2 [H(L)]+, 304.2 [K(L)2H]

2+
, 307.1 [Na(L)]

+
, 312.1 [Fe(L)2]

2+
, 446.2 

[K(L)3H]
2+

, 591.3 [Na(L)2]
+
.  

Anal. Calcd for C26H32N16FeF2B8: C, 39.11 H, 4.04; N, 28.06. Found: C, 38.9; H, 3.9; N, 27.9 

 

 Bis(2,4-di(pyrazol-1-yl)-6-(dimethylamino)-1,3,5-triazine)iron(II) 8.2.13

ditetrafluoroborate [4]B 

 

Iron(II) tetrafluoroborate hydrate (66 mg, 0.19 mmol) dissolved in MeCN was added to a 

stirred solution of 2,4-di(pyrazol-1-yl)-6-(dimethylamino)-1,3,5-triazine (4), (100 mg, 0.39 

mmol) in DCM (10 mL). The solution turned yellow immediately. After 20 min stirring at 

room temperature yellow suspension was produced. The solvent was removed carefully by 

decantation to isolate a yellow powder (130 mg, 92% yield). Single crystals were obtained by 

diffusing ether onto MeCN solution of the complex. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 16.00 (s, 12H, 8), 49.44 (s, 8H, 4’ + 5’), 72.59 

(s, 4H, 3’); 

ES
+
-MS m/z 257.1 [H(L)]+, 279.1 [Na(L)]

+
, 284.1 [Fe(L)2]

2+
, 404.2 [K(L)3H]

2+
, 535.2 

[Na(L)2]
+
, 587.2 [Fe(L)2F]

+
. 

Anal. Calcd for C22H24B2F8FeN16: C, 35.61; H, 3.26; N, 30.20. Found: C, 35.7; H, 3.2; N, 30.1 
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 Bis(2,4-di(pyrazol-1-yl)-6-(isopropylsulfanyl)-1,3,5-triazine)iron(II) 8.2.14

ditetrafluoroborate [5]B 

 

A solution of 2,4-di(pyrazol-1-yl)-6-(isopropylsulfanyl)-1,3,5-triazine (5), (20 mg, 0.07 mmol) 

in hot nitromethane (7 mL) was added to a hot solution of iron(II) tetrafluoroborate 

hexahydrate (9 mg, 0.03 mmol) in hot nitromethane (3 mL). The volume of NM was reduced in 

vacuo to 50%. Diisopropyl ether (15 mL) was added and yellow powder precipitated (20 mg, 

83% yield). Single crystals were obtained by ether diffusion onto MeCN solution of [5]B.  

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 0.99 (s, 12H, 9), 5.54 (s, 2H, 7), 44.2 (s, 8H, 

4’ + 5’) 71.83 (s, 4H, 3’);  

ES
+
-MS m/z 273.0 [Fe(bppSH)2]

2+
, 294.0 [Fe(bppSH)2 + Na + OH]

2+
, 310.1 [Na(L)]

+
, 315.1 

[Fe(L)2]
2+

, 450.6 [K(L)3H]
2+

, 597.2 [Na(L)2]
+
,  649.1 [Fe(L)2F]

+
. 

Anal. Calcd for C24H26B2F8FeN14S2: C, 35.85; H, 3.26; N, 24.39. Found: C, 35.9; H, 3.4; N, 24.2 

 

 Bis(2,4-di(pyrazol-1-yl)-6-phenoxy-1,3,5-triazine)iron(II) 8.2.15

ditetrafluoroborate [6]B 

 

A solution of 2,4-di(pyrazol-1-yl)-6-phenoxy-1,3,5-triazine (6), (15 mg, 0.05 mmol) in hot 

nitromethane (6 mL) was added to a hot solution of iron(II) tetrafluoroborate hexahydrate (8.3 

mg, 0.025 mmol) in hot nitromethane (7 mL). Then 10 mL of diethyl ether were added and 

yellow powder precipitated (12 mg, 56%). Poor and small single crystals were obtained by 

diffusion of ether onto MeCN solution of the complex.  

ES
+
-MS m/z 306.1 [H(L)]

+
, 333.1 [Fe(L)2]

2+
, 485.6 [Fe(L)3]

2+
, 633.2 [Na(L)2]

+
, 685.1 

[Fe(L)2F]
+
. 

Anal. Calcd for C30H22N14O2FeB2F8: C, 42.89; H, 2.64; N, 23.34. Found: C, 42.1; H, 3.5; N, 20.6 
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 Bis(2,4,6-tri(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine)iron(II) 8.2.16

ditetrafluoroborate [8]B 

 

Iron(II) tetrafluoroborate hydrate (17 mg, 0.05 mmol) dissolved in MeCN was added to a 

stirred solution of 2,4,6-tri(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine (8), (30 mg, 0.1 mmol) in 

DCM (8 mL). The solution turned orange. After 20 min stirring diethyl ether was diffused 

yielding nice orange crystals. Yield from 82%. 

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 3.02 (s, 6H, 10), 3.66 (s, 6H, 13), 4.71 (s, 2H, 

11), 7.40 (s, 12H, 7’), 18.32 (s, 12H, 4’), 76.67 (s, 4H, 5’);  

ES
+
-MS m/z 391.2 [Fe(L)2]

2+
, 703.3 [Fe(L)(2,4-di(3,5-dimethylpyrazolyl)-6-oxo-1,3,5-

triazinate)]
+
. 

Anal. Calcd for C36H42N18FeB2F8: C, 45.20; H, 4.42; N, 26.35. Found: C, 45.1; H, 4.3; N, 26.2 

 

 Bis(2,4,6-tri(4,5,6,7-tetrahydroindazol-2-yl)-1,3,5-triazine)iron(II) 8.2.17

ditetrafluoroborate [9]B 

 

Iron(II) tetrafluoroborate hydrate (30 mg, 0.08 mmol) dissolved in MeCN was added to a 

stirred solution of 2,4,6-tri(4,5,6,7-tetrahydroindazol-2-yl)-1,3,5-triazine (9), (80 mg, 0.17 

mmol) in DCM (10 mL). The solution gradually turned yellow and after 40 min stirring at 

room temperature hexane was added to precipitate yellow powder (75 mg, 82%). 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 1.43 (s, 8H, 11 + 12), 2.97 (s, 8H, 6’), 4.03 (s, 

8H, 7’), 4.95 (s, 4H, 10), 5.77 (s, 8H, 13), 7.97 (s, 2H, 14), 10.26 (s, 8H, 5’), 12.80 (s, 8H, 4’), 

37.32 (s, 4H, 9’); 
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ES
+
-MS m/z 442.3 [L + H]

+
, 469.2 [Fe(L)2]

2+
, 905.5 [Na(L)2]

+
. 

Anal. Calcd for C48H54N18FeB2F8 (CH2Cl2): C, 49.14; H, 4.71; N, 21.04. Found: C, 49.3; H, 

4.5; N, 21.0 

 

 Bis(2,4-di(pyrazol-1-yl)-6-(diethylamino)-1,3,5-triazine)iron(III) 8.2.18

triperchlorate Fe
III

[3]C 

 

Iron(III) tetrafluoroborate hexahydrate (46 mg, 0.13 mmol) solution in MeCN was added to a 

solution of 2,4-di(pyrazol-1-yl)-6-(diethylamino)-1,3,5-triazine (3), (75 mg, 0.26 mmol) in 

DCM (8 mL). The solution turned black immediately. Diethyl ether was diffused through air 

and black needle shaped single crystals were obtained (64 mg, 61% yield).   

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 0.13 (s, 12H, 7), 10.71 (s, 8H, 6), 49.78 (s, 8H, 

4’ + 5’) 72.95 (s, 4H, 3’);  

ES
+
-MS m/z 312.1 [Fe(L)2]

2+
 (reduction), 446.2 [K(L)3H]

2+
, 591.3 [Na(L)2]

+
, 723.2 

[Fe(L)2(ClO4)]
+
. 

Anal. Calcd for C26H32N16FeCl3O12: C, 33.84; H, 3.50; N, 24.29. Found: C, 33.9; H, 3.5; N, 

24.1 

 

 Bis(2,4-di(pyrazol-1-yl)-6-(dimethylamino)-1,3,5-triazine)cobalt(II) 8.2.19

ditetrafluoroborate Co[4]B  

 

Cobalt (II) tetrafluoroborate hydrate (10 mg, 0.029 mmol) was added to a stirred solution of 

2,4-di(pyrazol-1-yl)-6-(dimethylamino)-1,3,5-triazine (4), (15 mg, 0.059 mmol) in MeCN (10 

mL). Dark blue/green solution was vigorously stirred and diethyl ether was diffused to yield 

single crystals. 89% yield. 
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1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 13.41 (s, 4H, 5’), 24.13 (s, 12H, 6), 55.84 (s, 

4H, 4’), 61.39 (s, 4H, 3’); 

ES
+
-MS m/z 257.1 [H(L)]

+
, 276.1 [CoNa(L – CH2)(L – (CH2)2)]

2+
, 279.1 [Na(L)]

+
, 404.1 

[CoNa(L – CH2)3]
2+

, 535.2 [Na(L)2]
+
. 

Anal. Calcd for C22H24N16CoF2B8: C, 35.46 H, 3.25; N, 30.08. Found: C, 34.7; H, 3.7; N, 

29.3 

 

8.3 Experimental details of ligands and metal complexes related to 

Chapter 3 

 2,4,6-Tri(pyrazol-1-yl)-1,3-pyrimidine (14) 8.3.1

To a NaH 60% mineral oil suspension in 30 mL of THF (1.28 g, 

32.1 mmol), pyrazole (2.73 g, 40 mmol) dissolved in 25 ml of THF 

was added dropwise. The resulting solution was stirred at room 

temperature for 5 minutes. Trichloropyrimidine (1.5 g, 8.2 mmol) 

dissolved in THF was added carefully and the resulting solution was 

left overnight stirring at room temperature. The pale yellow 

precipitate obtained was cleaned with water and extracted with 

chloroform. Yield: 81%. 

1
H NMR ((500MHz, CDCl3), 298 K, ppm) δ: 6.56 (dd, J = 2.7, 1.6 Hz, 2H, 10), 6.57 (dd, J = 

2.7, 1.6 Hz, 1H, 4’), 7.86 (d, J = 0.9 Hz, 2H, 9), 7.92 (d, J = 0.9 Hz, 1H, 3’), 8.41 (s, 1H, 5), 

8.67 (d, J = 2.7 Hz, 1H, 5’), 8.73 (d, 2.5 Hz, 2H, 11); 

13
C NMR ((75MHz, d

6
-DMSO), 298 K, ppm) δ: 91.5 (5), 109.2 (4’), 109.8 (10), 128.8 (11), 

130.8 (5’), 143.9 (3’), 144.8 (9), 154.8 (2), 159.4 (4 + 6); 

ES
+
-MS m/z 279.1 [(M + H)]

+
, 301.1 [(M + Na)]

+
, 579.2 [(2M + Na)]

+
. 

Mp: 257 
o
C. 

 

 2,6-Di(fluoro)-4-(imidazol-1-yl)-pyridine (15) 8.3.2

Imidazole (1 g, 14.7 mmol) was carefully added to a sodium hydride 60% (700 

mg, 17 mmol) suspension in THF (35 mL). Then, 2,4,6-trifluoropyridine (5 g, 

38 mmol) was added and the mixture was stirred at room temperature for 5 h. 

The compound was isolated as transparent crystalline needles through column 

flash chromatography (Rf 0.52, EtOAc), 1.29 g, 48.4 % yield. 
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1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 7.19 (d, J = 0.7 Hz, 1H, 8), 7.71 (m, 2H, 3), 

8.05 (m, 1H, 10), 8.63 (s, 1H, 11);
 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 96.6-97.0 (d, 3), 117.6 (11), 131.0 (10), 

136.3 (8), 150.9 (t, 4), 160.7-163.3 (dd, 2), 

ES
+
-MS m/z 182.1 [(M + H)]

+
. 

Mp: 164.6 
o
C. 

 

 2,6-Di(pyrazol-1-yl)-4-(imidazol-1-yl)-pyridine (16) 8.3.3

To a suspension of sodium hydride 60% (175 mg, 4.4 mmol) in THF 

(15 mL), pyrazole (300 mg, 4.4 mmol) was added carefully. 2,6-

di(fluoro)-4-(imidazol-1-yl)-pyridine (760 mg, 4.2 mmol) was then 

added. After 24 h stirring at room temperature, column flash 

chromatography (Rf 0.33, EtOAc) yielded 980 mg of white solid 

84% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 6.55 (d, J = 1.5 Hz, 2H, 4’), 7.29 (s, 1H, 8), 7.58 

(s, 1H, 10), 7.81 (s, 2H, 3’), 7.93 (s, 2H, 3), 8.22 (s, 1H, 11), 8.6 (d, J = 2.7 Hz, 2H, 5’);
 

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 99.7 (3), 108.6 (4’), 117.0 (11), 127.4 (5’), 

131.7 (10), 135.2 (8), 143.0 (3’), 148.0 (4), 151.8 (2), 

ES
+
-MS m/z 278.1 [(M + H)]

+
, 300.1 [(M + Na)]

+
, 577.2 [(2M + Na)]

+
. 

Mp: 196.8 
o
C. 

Anal. Calcd for C14H11N7: C, 60.65; H, 4.00; N, 35.35. Found: C, 60.2; H, 4.0; N, 35.6 

 

 Bis(2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine)nickel(II) Ni[2]X (X = BF4
-
 and 8.3.4

ClO4
-
) 

 

Two suspensions of 2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine (2), (20 mg, 0.07mmol) and 

Ni(BF4)2∙6H2O (12 mg, 0.035 mmol) in 20 mL of NM were mixed, heated and sonicated 

together over 15 minutes. Diethyl ether was added to the pale blue solution and white 
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suspension appeared immediately. After stirring, pale blue powder precipitated (19 mg, 68% 

yield). The same procedure using nickel(II) perchlorate hydrate instead, 87% yield. 

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 8.61 (s, 2H, 10), 10.57 (s, 2H, 9), 11.29 (s, 2H, 

11), 46.93 (s, 4H, 5’), 55.45 (s, 4H, 4’), 61.54 (s, 4H, 3’); 

ES
+
-MS m/z 280.1 [H(L)]

+
, 302.1 [Na(L)]

+
, 308.1 [Ni(L)2]

2+
, 513.1 [NiH(2,4-di(pyrazolyl)-6-

oxo-1,3,5-triazinate)2]
+
, 565.1 [Ni(L)(2,4-di(pyrazolyl)-6-oxo-1,3,5-triazinate)]

+
, 715.2 

[Ni(L)2(ClO4)]
+
. 

- Ni[2]B, Anal. Calcd for C24H18N18NiB2F8: C, 36.45; H, 2.29; N, 31.88. Found: C, 36.3; H, 

2.2; N, 31.7 

- Ni[2]C, Anal. Calcd for C24H18N18NiCl2O8: C, 35.32; H, 2.22; N, 30.89. Found: C, 35.2; 

H, 2.1; N, 30.8 

 

 Bis(2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine)manganese(II) diperchlorate 8.3.5

Mn[2]C 

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine (2), (40 mg, 0.14 mmol) in nitromethane (7 

mL) was added to a suspension of manganese(II) perchlorate hexahydrate (26 mg, 0.07 mmol) 

in nitromethane (12 mL). The transparent mixture was sonicated over 10 min and diethyl ether 

was added to precipitate the compound as a white crystalline solid (37 mg, 59% yield).  

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 6.52 (broad peak, s, 2H), 9.4 (broad peak, s, 

1H,), 18-26 (broad peak); 

ES
+
-MS m/z 306.6 [Mn(L)2]

2+
, 433.1 [Mn(L)(ClO4)]

+
, 712.2 [Mn(L)2(ClO4)]

+
. 

Anal. Calcd for C24H18N18MnCl2O8: C, 35.50; H, 2.20; N, 31.00. Found: C, 35.2; H, 2.3; N, 31.0 
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 Bis(2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine)cobalt(II) ditetrafluoroborate 8.3.6

Co[2]B 

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine (2), (40 mg, 0.14 mmol) in hot nitromethane 

(15 mL) was added to a hot solution of cobalt(II) tetrafluoroborate hexahydrate (24 mg, 0.07 

mmol) in hot nitromethane (10 mL). The solution at this stage was pale violet. Diethyl ether 

was added and white/violet powder precipitated (41 mg, 74% yield).  

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 11.77 (s, 2H, 10) 13.40 (s, 2H, 9), 20.37 (s, 

2H, 11), 32.14 (s, 4H, 5’), 56.51 (s, 4H, 4’), 62.35 (s, 4H, 3’); 

ES
+
-MS m/z 308.6 [Co(L)2]

2+
. 

Anal. Calcd for C24H18N18CoB2F8: C, 36.44; H, 2.29; N, 31.87. Found: C, 36.6; H, 2.4; N, 31.7 

 

 bis(2,4,6-tri(Pyrazol-1-yl)-1,3,5-triazine)copper(II) ditetrafluoroborate 8.3.7

Cu[2]B 

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine (2), (25 mg, 0.09 mmol) in hot nitromethane 

(10 mL) was added to a hot solution of copper(II) tetrafluoroborate hexahydrate (15 mg, 0.05 

mmol) in nitromethane (30 mL). The hot mixture was vigorously stirred. Mixtures of pale 

blue/grey small and big blue (hydrolysed species, containing (bptO)) single crystals were 

obtained by atmospheric diffusion of diethyl ether.  

ES
+
-MS m/z 280.1 [H(L)]

+
, 310.6 [Cu(L)2]

2+
, 361.0 [Cu(L)F]

+
, 570.1 [Cu(L)(bptO)]

+
, 708.1 

[Cu(L)2(BF4)]
+
, 950.1 [Cu2(L)2(bptO)F2]

+
. 

Anal. Calcd for C24H18N18CuB2F8: C, 36.23; H, 2.28; N, 31.69. Found: C, 37.5; H, 2.5; N, 30.5 
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 [Bis(2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine)iron(II) ditetrafluoroborate]-8.3.8

silver(I) tetrafluoroborate (Gel Fe-Ag-B) 

Silver tetrafluoroborate (3.1 mg, 0.016 mmol) solution in nitromethane (0.25 mL) was added to a 

solution of [2]B in nitromethane (12.5 mg, 0.016 mmol) in 0.7 mL. After a briefly stir the 

coordination polymer gel was formed. All different CPG combinations were prepared analogously.  

- Gel Fe-Ag-B,  ES
+
-MS m/z 563.1 [Fe(L)(bptO)]

+
, 633.1 [Fe(L)2F]

+
, 657.0 [Fe2(L)(bptO)F2]

+
, 

665.1 [Ag(L)2]
+
, 749.2 [Fe(L)2F3Na(H2O)3H]

+
, 849.0 [Fe2(L)2AgF2(OH)2]

+
, 936.1 

[Fe2(L)2(bptO)F2]
+
, 1062.0 [Fe2(L)2(bptO)AgF3]

+
, 1152.0 [Fe2(L)3AgF5H]

+
, 1278.0 

[Fe2(L)3Ag2F6H]
+
, 1367.9 [Fe3(L)3Ag2F6(OH)(H2O)]

+ 
1493.8 [Fe3(L)3Ag3F7(OH)(H2O)]

+
. 

- Gel Fe-Ag-C,  ES
+
-MS m/z 302.1 [Na(L)]

+
, 307.1 [Fe(L)2]

2+
, 386.0 [Ag(L)]

+
, 665.1 

[Ag(L)2]
+
, 713.1 [Fe(L)2(ClO4)]

+
. 

- Gel Co-Ag-B,  ES
+
-MS m/z 566.1 [Co(L)(bptO)]

+
, 636.1 [Co(L)2F]

+
, 665.1 [Ag(L)2]

+
, 704.1 

[Co(L)2(BF4)]
+
, 762.0 [Co(L)2AgF2]

+
, 942.1 [Co2(L)2(bptO)F2]

+
, 1034.1 [Co2(L‒H)(L)2F3Na]

+
, 

1080.2 [Co2(L)3F2(BF4)]
+
, 1148.2 [Co2(L)3F(BF4)2]

+
, 1206.1 [Co2(L)3AgF3(BF4)]

+
. 

- Gel Ni-Ag-B,  ES
+
-MS m/z 635.1 [Ni(L)2F]

+
, 665.1 [Ag(L)2]

+
, 703.1 [Ni(L)2(BF4)]

+
, 763.2 

[Ni(L)2AgF2]
+
, 904.2 [Ni(L)2(bptO)FNa(H2O)]

+
, 940.3 [Ni2(L)2(bptO)F2]

+
, 1008.2 

[Ni2(L)3F2(OH)]
+
, 1022.0 [Ni2(L)(bptO)2AgF(O2CH)]

+
, 1066.0 [Ni2(L)2(bptO)AgF3]

+
, 1146.2 

[Ni2(L)3F(BF4)2]
+
. 

- Gel Ni-Ag-C,  ES
+
-MS m/z 665.2 [Ag(L)2]

+
, 715.1 [Ni(L)2(ClO4)]

+
, 798.0 [Ag2(L)2(CN)]

+
, 

822.1 [Ni(L‒H)(L)Ag(ClO4)]
+
, 872.0 [Ni2(L‒H)(L)(ClO4)2]

+
, 899.0 [Ni(L)2Ag2(OH)3(H2O)]

+
, 

920.9 [Ni(L)2Ag(ClO4)2]
+
, 1000.1 [Ni(L‒H)2(L)Ag]

+
, 1056.0 [Ni2(L‒H)3Ag‒H]

+
, 1074.0 

[Ni2(L‒H)3Ag(OH)]
+
, 1100.2 [Ni(L‒H)(L)2Ag(ClO4)]

+
, 1158.0 [Ni2(L‒H)3Ag(ClO4)]

+
, 1206.0 

[Ni(L‒H)2(L)Ag2(ClO4)]
+
, 1305.9 [Ni(L‒H)2(L)Ag2(ClO4)2]

+
. 

 

 Catena-[2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine]silver(I) Ag[2]X (X = BF4
-
 8.3.9

and ClO4
-
) 

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3,5-triazine (2), (20 mg, 0.07 mmol) in nitromethane (2.5 

mL) was added to a hot solution of silver(I) tetrafluoroborate (14 mg, 0.07 mmol) in 

nitromethane (8 mL). Diethyl ether was added to a transparent solution and white powder 
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precipitated immediately (33 mg, 98% yield). Second phseudopolymorph was crystallized from 

acetone. Silver perchlorate produced similar material, 68% yield. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 6.77 (br. s, 3H, 4’), 7.96 (br. s, 3H, 5’), 8.99 (d, 

J = 2.7 Hz, 3H, 3’);  

ES
+
-MS m/z 280.1 [H(L)]

+
, 302.1 [Na(L)]

+
, 386.0 [Ag(L)]

+
, 665.1 [Ag(L)2]

+
, 581.2 [Na(L)2]

+
, 

733.0 [Ag2(L)2]
+
, 793.0 [Ag2(L)2F]

+
, 861.0 [Ag2(L)2(BF4)]

+
, 966.9 [Ag3(L)2(BF4)(–H)]

+
, 971.0 

[Ag2(L)2(BF4)2Na]
+
, 986.9 [Ag3(L)2(BF4)F]

+
, 1054.9 [Ag3(L)2(BF4)2]

+
, 1140.1 [Ag2(L)3BF4]

+
, 

1335.0 [Ag3(L)3(BF4)2]
+
, 1444.0 [Ag3(L)3(BF4)3Na]

+
, 1529.9 [Ag4(L)3(BF4)3]

+
, 1809.0 

[Ag4(L)4(BF4)3]
+
, 2088.1 [Ag4(L)5(BF4)3]

+
, 2282.0 [Ag5(L)5(BF4)4]

+
, 2562.1 [Ag5(L)6(BF4)4]

+
, 

2758 [Ag6(L)6(BF4)5]
+
. 

- Ag[2]B, Anal. Calcd for C12H9N9AgBF4: C, 30.41; H, 1.91; N, 26.60. Found: C, 30.6; H, 

2.1; N, 26.7 

- Ag[2]C, Anal. Calcd for C12H9N9AgClO4: C, 29.62; H, 1.86; N, 25.91. Found: C, 29.8; H, 

1.8; N, 25.9 

 

 Bis[2,4,6-tri(pyrazol-1-yl)-pyridine]bis(acetonitrile)disilver(I) 8.3.10

ditetrafluoroborate Ag[13]B-MeCN  

 

A solution of 2,4,6-tri(pyrazol-1-yl)-pyridine (13), (15 mg, 0.054 mmol) in acetonitrile (3 mL) 

was added to a solution of silver(I) tetrafluoroborate (11 mg, 0.056 mmol) in MeCN (4 mL). 

Diethyl ether was diffused into a transparent solution and thick needle shaped transparent 

crystals were obtained, 18 mg, 62% yield.  

ES
+
-MS m/z 384.1 [Ag(L)]

+
; 

Anal. Calcd for C16H11N8AgBF4: C, 37.46; H, 2.75; N, 21.84. Found: C, 37.5; H, 2.8; N, 21.7 
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 Catena-Bis[2,4,6-tri(pyrazol-1-yl)-pyridine]disilver(I) ditetrafluoroborate 8.3.11

Ag[13]B α and β 

     

A solution of 2,4,6-tri(pyrazol-1-yl)-pyridine (13), (17 mg, 0.061 mmol) in nitromethane (2.5 

mL) was added to a solution of silver(I) tetrafluoroborate (11.9 mg, 0.061 mmol) in 

nitromethane (8 mL). Diethyl ether was diffused into a transparent solution and 

white/transparent long and thick needle-shaped crystals were obtained (α). The solvent was 

decanted and before drying once the diethyl ether escaped, the crystals dissolved and 

recrystallized into small cubic blocks upon drying (β). 23 mg, 83% yield. 

ES
+
-MS m/z 384.0 [Ag(L)]

+
, 661.1 [Ag(L)2]

+
, 857.0 [Ag2(L)2(BF4)]

+
; 

Anal. Calcd for C29H25N15Ag2B2F8O2: C, 34.63; H, 2.51; N, 20.90. Found: C, 34.5; H, 2.4; N, 20.7 

 

 Bis[2,4,6-tri(pyrazolyl-1-yl)pyrimidine]bis(acetonitrile)disilver(I) 8.3.12

ditetrafluoroborate Ag[14]B-MeCN  

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3-pyrimidine (14), (21 mg, 0.075 mmol) in acetonitrile 

(2.5 mL) was added to a solution of silver(I) tetrafluoroborate (14.6 mg, 0.075 mmol) in MeCN 

(8 mL). Diethyl ether diffusion produced transparent crystals (Yield 87%)  

ES
+
-MS m/z 385.1 [Ag(L)]

+
, 663.2 [Ag(L)2]

+
;  

Anal. Calcd for C15H13N9AgBF4: C, 35.05; H, 2.55; N, 24.53. Found: C, 34.7; H, 2.3; N, 24.0 

 



Chapter 8 

 
 

Experimental  Page | 219 

 Tetrakis(2,4,6-tri(pyrazol-1-yl)-1,3,-pyrimindine)-pentasilver(I) penta-8.3.13

tetrafluoroborate Ag[14]B 

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3-pyrimidine (14), (26 mg, 0.09 mmol) in nitromethane 

(4 mL) was added to a hot solution of silver(I) tetrafluoroborate (23 mg, 0.12 mmol) in 

nitromethane (6 mL). Diethyl ether was added to a transparent solution and white powder 

precipitated immediately (34 mg, 71% yield). 

ES
+
-MS m/z 663.1 [Ag(L)2]

+
, 772.0 [Ag2(L)2(-H)]

+
, 791.0 [Ag2(L)2F]

+
, 859.0 [Ag2(L)2(BF4)]

+
, 

984.9 [Ag3(L)2(BF4)F]
+
, 1526.9[Ag4(L)3(BF4)3]

+
; 

Anal. Calcd for C52H40N32Ag5B5F20: C, 29.93; H, 1.93; N, 21.48. Found: C, 29.8; H, 2.0; N, 21.3 

 

 Catena-[2,6-di(pyrazol-1-yl)-4-(imidazol-1-yl)-pyridine]silver(I) 8.3.14

tetrafluoroborate Ag[16]B 

 

A solution of 2,6-di(pyrazol-1-yl)-4-(imidazol-1-yl)-pyridine (16), (19 mg, 0.068 mmol) in 

acetonitrile (2.5 mL) was added to a solution of silver(I) tetrafluoroborate (13.2 mg, 0.068 

mmol) in MeCN (8 mL). Transparent single crystals were obtained after 3 months in a closed 

vial upon very slow evaporation of the solvent, 15 mg, 47%. 

ES
+
-MS m/z 278.2 [H(L)]

+
, 386.1 [Ag(L)]

+
, 512.0 [Ag2(L)F]

+
, 769.2 [Ag2(L)2(-H)]

+
, 789.2 

[Ag2(L)2F]
+
; 

Anal. Calcd for C14H11N7AgBF4 +(H2O)0.625: C, 34.80; H, 2.56; N, 20.29. Found: C, 34.5; H, 

2.4; N, 20.3 
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 2,4,6-Tri(pyrazol-1-yl)-1,3,5-triazine-bis(1,1,1,5,5,5-hexafluoro-2,4-8.3.15

pentanedionato)manganese(II)  

 

2,4,6-Tri(pyrazol-1-yl)-1,3,5-triazine (2), (30 mg, 0.107 mmol) was dissolved in MeCN and 50 

mg of Mn(tFacac)2 (0.107 mmol) dissolved in MeCN were added. The yellow mixture was 

strongly stirred for two hours. The solution was left resting open air few days and large yellow 

crystals were obtained. (60 mg, 78% yield).  

1
H NMR (300MHz, CH3CN) δ: 3.89 (s, 1H), 7.6-9.6 (broad peak), 10-12 (broad peak); 

Anal. Calcd for C22H11N9MnF12O4: C, 35.31; H, 1.48; N, 16.85. Found: C, 35.3; H, 1.4; N, 16.9 

 

 Bis(2,4,6-tri(pyrazol-1-yl)-1,3-pyrimidine)iron(II) [14]X (X = BF4
-
 and 8.3.16

ClO4
-
) 

 

A solution of 2,4,6-tri(pyrazol-1-yl)-1,3-pyrimidine (14), (21 mg, 0.076 mmol) in acetonitrile 

(8 mL) was added to a solution of iron(II) tetrafluoroborate hexahydrate (13 mg, 0.038 mmol) 

in MeCN (1 mL). Diethyl ether was added and yellow powder precipitated immediately (29 

mg, 76% yield). Single crystals were obtained by diffusing diethyl ether onto MeCN solution of 

the complex. The same procedure using nitromethane and iron(II) perchlorate hydrate instead. 

81% yield. 

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 5.16 (s, 2H, 8), 6.41 (s, 2H, 7), 8.34 (s, 2H, 9), 

42.20 (s, 2H, 5’) 43.75 (s, 2H, 4’), 44.36 (s, 2H, 4’’), 47.51 (s, 2H, 5’’), 60.80 (s, 2H, 3) 73.73 

(s, 2H, 3’), 75.01 (s, 2H, 3’’);  
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ES
+
-MS m/z 306.1 [Fe(L)2]

2+
, 369.1 [Fe(L)(H2O)(OH)]

+
, 579.3 [Na(L)2]

+
, 631.3 [Fe(L)2F]

+
, 

699.1 [Fe(L)2(BF4)]
+
). 

- [14]B, Anal. Calcd for C26H20N16FeB2F8: C, 39.73; H, 2.56; N, 28.51. Found: C, 39.5; H, 

2.6; N, 28.3 

- [50]C, Anal. Calcd for C26H20N16FeCl2O8 (CH3NO2): C, 37.17; H, 2.66; N, 27.30. Found: 

C, 37.3; H, 2.5; N, 27.2 

 

 Bis(2,6-di(pyrazol-1-yl)-4-(imidazol-1-yl)-pyridine)iron(II) [16]X (X = 8.3.17

BF4
-
 and ClO4

-
) 

 

A solution of 2,6-di(pyrazol-1-yl)-4-(imidazol-1-yl)-pyridine (16), (10 mg, 0.036 mmol) either 

in acetonitrile or nitromethane (3 mL) was added to a solution of iron(II) tetrafluoroborate 

hexahydrate (6 mg, 0.018 mmol) in MeCN (1 mL). Diethyl ether was added and yellow powder 

precipitated immediately (11 mg, 82.4% yield). Single crystals were obtained by diffusing 

diethyl ether onto MeCN solution of the complex. The same procedure using iron(II) 

perchlorate hydrate instead, 71% yield. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 5-10 (m, 6H, 8 + 10 + 11), 42.13 (s, 8H, 4’ + 

5’), 60.66 (s, 4H, 3), 71.71 (s, 4H, 3’);  

ES
+
-MS m/z 306.1 [Fe(L)2]

2+
,  

- [16]B, Anal. Calcd for C28H22N14FeB2F8: C, 42.89; H, 2.83; N, 25.01. Found: C, 43.0; H, 

3.0; N, 24.9 

- [16]C, Anal. Calcd for C28H22N14FeCl2O8: C, 41.55; H, 2.74; N, 24.23. Found: C, 41.7; H, 

2.6; N, 24.1 
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 Octakis-[2,6-di(pyrazol-1-yl)-4-(imidazol-1-yl)pyridine]octafluoro-tris-8.3.18

iron(III) tetrafluoroborate. Fe
III

3[16]F8 

 

A solution of 2,6-di(pyrazol-1-yl)-4-(imidazol-1-yl)-pyridine (16), (35 mg, 0.126 mmol) in 

methanol (4 mL) was mixed with a suspension of sodium hexafluoroferrate in the same solvent 

(3.8 mg, 0.016 mmol in 2 mL), when a solution of iron(II) tetrafluoroborate hydrate (10.7 mg, 

0.032 mmol) in 3 mL of methanol was added to the mixture a pale green/yellow color 

appeared. Slow evaporation of the solvent yielded big cubic shaped crystalline phase 18 mg, 

0.007 mmol, 44 % yield. In contrast, diffusion of diethyl ether into the same solution produced 

needles which were suitable for single crystal X-ray diffraction.  

ES
+
-MS m/z 1259.3 [Fe3(L)8F7]

2+
, 2537.7 [Fe3(L)8F8]

+
. 

Anal. Calcd for C112H88N56Fe3BF12: C, 51.3; H, 3.4; N, 29.9. Found: C, 46.8; H, 3.5; N, 

27.2, alternatively, calcd for C112H88N56Fe3BF12 + (H2O)6 + ([16]B)2: C, 46.92; H, 3.37; N, 

27.36. 

 

8.4 Experimental details of ligands and metal complexes related to 

Chapter 4 

 2,4-Di(4,5,6,7-tetrahydroindazol-2-yl)-6-chloro-1,3,5-triazine (17) 8.4.1

This compound was isolated from a column flash 

chromatography of reaction (9). The eluent applied was a 

gradient from EtOAc to acetone; Rf (0.5 to 0.65). 300 mg 

were isolated as a white powder, 15.6% yield. The 

compound was obtained with higher yield from the same 

procedure without sodium hydride.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.74 (m, 4H 7’), 1.82 (m, 4H, 8’), 2.6 (t, J = 6.1 

Hz, 4H, 6’), 2.79 (t, J = 6.3 Hz, 4H, 9’), 8.27 (s, 2H, 5’);  
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13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 20.6 (7’), 22.8 (6’ + 5’), 24.0 (4’), 122.1 (8’), 

126.8 (9’), 158.0 (3’), 162.2 (2 + 6), 173.1 (4);  

ES
+
-MS m/z 356.1 [(M + H)]

+
, 728.3 [(2M + NH4)]

+
. 

Mp: 253.2 
o
C. 

Anal. Calcd for C17H18ClN7·(3/10
.
CHCl3): C, 53.06; H, 4.71; N, 25.04. Found: 52.6; H, 4.7; 

N, 25.5 

 

 2,4-Di-chloro-6-(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine (19) 8.4.2

This compound was isolated from a column flash chromatography of 

reaction (8). The eluent applied was a gradient from EtOAc; Rf (0.82) 

45 mg were isolated as a white powder, 10 % yield.  

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 2.36 (s, 3H 6’), 2.70 (s, 

3H, 7’), 6.15 (s, 1H, 4’);  

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 14.1 (7’), 16.0 (6’), 113.8 (4’), 145.6 (3’), 155.8 

(5’), 163.1 (6), 172.3 (2 + 4); 

ES
+
-MS m/z 244.0 [(M + H)]

+
. 

Mp: 228.8
 o
C. 

 

 2,6-Di(pyrazol-1-yl)-1,3,5-triazine (21) 8.4.3

Pyrazole (480 mg, 7 mmol) was added carefully to a NaH 60% 

dispersion (280 mg, 7 mmol) suspension in THF (30 mL). After 5 

minutes stirring under nitrogen, the solution went transparent and 2,6-

Dichloro-1,3,5-triazine (500 mg, 3.5 mmol) was added suspended in 

THF. The mixture was stirred for 12 hours at room temperature. The 

solvent was removed under vacuum, water was added (15 mL) and the compound was extracted 

with dichloromethane. After short column flash chromatography in EtOAc (Rf 0.22) pure 

compound was obtained as a white solid, 358mg, 1.68 mmol, 48.1% yield.  

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 6.59 (dd, J = 2.8, 1.5 Hz, 2H, 4’), 7.94 (d, J = 

0.9 Hz, 2H, 3’), 8.72 (dd, J = 2.8, 0.5 Hz, 2H, 5’), 9.09 (s, 1H, 4);  

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 109.8 (4’), 129.6 (5’), 145.2 (3’), 161.7 (2), 

168.9 (4);  

ES
+
-MS m/z 214.1 [(M + H)]

+
, 236.1 [(M + Na)]

+
, 449.1 [(2M + Na)]

+
.  

Mp: 101 
o
C. 
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Anal. Calcd for C9H7N7: C, 50.70; H, 3.31; N, 45.99. Found: C, 50.7; H, 3.3; N, 45.9 

 

 Sodium 4,6-di(chloro)-1,3-pyrimidin-2-one (23) 8.4.4

Synthesis performed strictly following the reported procedure by Hübsch et 

al
3
. Yield: 50.3%.

 

1
H NMR ((300MHz, d

6
-DMSO), 298 K, ppm) δ: 6.03 (s, 1H, 5); 

13
C NMR ((75MHz, d

6
-DMSO), 298 K, ppm) δ: 99.7 (5), 159.4 (4), 164.9 (2); 

 

 Sodium 4,6-di(pyrazol-1-yl)-1,3-pyrimidin-2-one (22) and 2-hydroxy-4,6-8.4.5

bis(pyrazol-1-yl)-1,3-pyrimidine (24) 

To suspension of sodium 4,6-

di(chloro)-1,3-pyrimidin-2-one 

(23) in 25 mL of THF, (594 

mg, 3.17 mmol) pyrazole (497 

mg, 7.2 mmol) and sodium 

hydride (292 mg, 7.2 mmol) were added in 40 mL of THF. The mixture was stirred overnight at 

65
o
C. The solvent was removed under vacuum and 35 mL of water were added. HCl was added 

from pH basic until pH = 5. The product (24) precipitated as a white solid which was filtered 

and dried under vacuum, 630 mg, 68.8% yield. Ligand (24) once purified can be converted 

back into (22) by NaOH addition in acetonitrile. 

(22) 
1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 6.49 (dd, J = 2.5, 1.6, 2H, 8), 7.13 (s, 

1H, 5), 7.75 (m, 2H, 7), 8.59 (d, J = 2.4 Hz, 2H, 9); 

(22) 
13

C NMR ((100MHz, d
6
-DMSO), 298 K, ppm) δ: 78.2 (5), 107.2 (8), 127.0 (9), 141.8 (7), 

159.7 (4 + 6), 167.2 (2); 

 (24) 
1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 6.66 (dd, J = 2.6, 1.7, 2H, 4’), 7.82 (s, 

1H, 5), 7.96 (d, J = 0.9 Hz, 2H, 3’), 8.59 (m, 2H, 5’); 

(24) 
13

C NMR ((100MHz, d
6
-DMSO), 298 K, ppm) δ: 87.1 (5), 109.4 (4’), 127.9 (5’), 144.1 

(3’), 159.9 (4 + 6), 164.7 (2); 

(24) ES
+
-MS m/z 229.1 [(M + H)]

+
, 251.1 [(M + Na)]

+
. 

(24) Mp: 223.8
o
C. 
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 2-Amino-4,6-bis(pyrazol-1-yl)-1,3-pyrimidine (26) 8.4.6

Synthesis performed strictly following the reported procedure by 

Ortiz et al
4
. Yield: 56.3%. Different NMR shifts from the ones 

reported were observed.  

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 5.13 (s, 2H, 7), 6.47 

(dd, 2.6, 1.7 Hz, 2H, 4’), 7.78 (d, 1.3 Hz, 2H, 3’), 7.87 (s, 1H, 5), 

8.49 (d, J = 2.8 Hz, 2H, 5’); 

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 86.7 (5), 108.4 (4’), 127.5 (5’), 143.3 (3’), 159.9 

(4), 162.2 (2); 

 

 2-Hydroxy-4,6-bis(4-methylpyrazol-1-yl)-1,3-pyrimidine (28) 8.4.7

To suspension of sodium 

4,6-di(chloro)-1,3-

pyrimidin-2-one (23) in 40 

mL of THF, (820 mg, 4.4 

mmol) 4-methylpyrazole 

(900 mg, 10.9 mmol) and 

sodium hydride (0.5 g, 12.5 mmol) were added in 60 mL of THF. The mixture was stirred 

overnight at 65
o
C. The solvent was removed under vacuum and 65 mL of water were added. 

HCl was added from pH basic until pH = 4 when the product precipitated as white solid which 

was then filtered and washed thoroughly with water.  Yield 68.8%, 775 mg. 

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 2.12 (s, 6H, 6’), 7.68 (s, 1H, 5), 7.78 (s, 2H, 

5’), 8.33 (s, 2H, 3’) 12.53 (br. s, 1H 1); 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 8.7(6’), 86.1 (5), 119.4 (4’), 125.9 (3’), 

145.1 (5’), 159.7 (4), 164.6(2); 

ES
+
-MS m/z 257.1 [(M + H)]

+
, 279.1 [(M + Na)]

+
, 295.1 [(M + K )]

+
, 301.1 [(M + 2Na - H)]

+
, 

535.2 [(2M + Na)]
+
. 

Mp: 228.4
o
C. 
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 2-Hydroxy-4,6-bis(3,5-dimethylpyrazol-1-yl)-1,3-pyrimidine (29) 8.4.8

To suspension of 

sodium 4,6-

di(chloro)-1,3-

pyrimidin-2-one (23) 

in 50 mL of THF, 

(1.3 g, 6.95 mmol) 3,5-dimethylpyrazole (1.54 g, 15.6 mmol) and sodium hydride (0.8 g, 20 

mmol) were added in 80 mL of THF. The mixture was stirred overnight at 65
o
C. The solvent 

was removed under vacuum and 80 mL of water were added. HCl was added from pH basic 

until pH = 4 when the product precipitated as white solid which was then filtered and washed 

thoroughly with water. Yield 70.9%, 1.4 g. 

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 2.22 (s, 6H, 6’), 2.66 (s, 6H, 7’), 6.18 (s, 2H, 

4’), 7.73 (s, 1H, 5), 12.03 (s, 1H, 1); 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 13.4(6’), 15.2(7’), 90.6 (5), 110.7 (4’), 

142.5 (3’), 150.9 (5’), 161.7 (4), 163.7(2); 

ES
+
-MS m/z 285.1 [(M + H)]

+
, 307.1 [(M + Na)]

+
, 329.1 [(M + 2Na - H)]

+
, 591.3 [(2M + 

Na)]
+
. 

Mp: 180.1
o
C. 

 

 Tetra-[2,4-di(4,5,6,7-tetrahydro-2-indazol-2-yl)-1,3,5-triazin-4-one]octa-8.4.9

chloro-tetra-iron(III) [18]α 

 

Ligand (17) (13 mg, 0.037 mmol) was dissolved in acetone and mixed with iron(II) 

tetrafluoroborate hexahydrate (9.5 mg, 0.028 mmol) in the same solvent, orange solution. After 

a few weeks in a closed vial, orange/red needle shaped crystal appeared upon slow evaporation, 

(2 mg, 15.2% yield). 

Anal. Calcd for C68H72N28Fe4O4Cl8: C, 44.09; H, 3.92; N, 21.17. Not enough sample. 
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 Dodecakis-[2,4-di(4,5,6,7-tetrahydro-2-indazol-2-yl)-1,3,5-triazin-4-8.4.10

one]octa-iron(II) hexa-aqua-iron(III) tri-tetraflioroborate-di(iron(II)-

tetrachloride)[18]β 

   

Ligand (17) (25 mg, 0.07 mmol) was dissolved in acetonitrile and mixed with iron(II) 

tetrafluoroborate hexahydrate (14 mg, 0.041 mmol) in the same solvent, yellow solution. 

Diethyl ether was diffused and long yellow/orange plate-shaped crystals appeared in 2-3 days, 

(14 mg, 35.6% yield). 

ES
+
-MS m/z 663.9 [[Fe(H2O)6⊂Fe8(L)12]]

7+
, 774.4 [[Fe(H2O)6⊂Fe8(L)12](-H)]

6+
, 789.1 

[[Fe(H2O)6⊂Fe8(L)12](BF4)]
6+

, 807.4 [[Fe(H2O)6⊂Fe8(L)12](FeCl4)]
6+

, 946.7 

[[Fe(H2O)6⊂Fe8(L)12](BF4)(-H)]
 5+

, 964.1 [[Fe(H2O)6⊂Fe8(L)12](BF4)2]
5+

,  986.3 

[[Fe(H2O)6⊂Fe8(L)12](BF4)(FeCl4)]
5+

, 1008.4 [[Fe(H2O)6⊂Fe8(L)12](FeCl4)2]
5+

.  

Anal. Calcd for C204H228N84Fe11O18B3F12Cl8: C, 46.21; H, 4.33; N, 22.19. Found: C, 41.9; 

H, 3.8; N, 19.3 

 

 Decakis-[2,4-di(4,5,6,7-tetrahydro-2-indazol-2-yl)-1,3,5-triazin-4-8.4.11

one]deca-iron(II) tetrafluoroborate dodeca-aqua tri-tetraflioroborate-

di(iron(II)-tetrachloride)[ [18]γ 

   



Chapter 8 

 
 

Experimental  Page | 228 

Large crystals of [18]γ were observed inside an aged and dried vial of the previous assembly, 

and could be a decomposition product.  

ES
+
-MS m/z 781.86 [BF4⊂Fe9(L)11](H2O)11(FeCl4)(H)]

6+
, 784.7 [BF4⊂Fe9(L)11] (H2O)12 

(FeCl4)(H)]
6+

. 

Anal. Calcd for C204H240N84Fe12O24B4F16: C, 44.12; H, 4.36; N, 21.19. Found: Not enough 

sample. 

 

 Octakis[2,4-di(pyrazol-1-yl)-1,3,5-triazine]-tetra-iron(II) octa-8.4.12

tetrafluoroborate, hemi[trifluoroboryl-pyrazole] [21]B 

  

Ligand (21) (14 mg, 0.07 mmol) was dissolved in acetonitrile and mixed with iron(II) 

tetrafluoroborate hexahydrate (11 mg, 0.035 mmol) in the same solvent. Yellow powder was 

precipitated with diethyl ether addition. Once, the solution was kept in the NMR tube. After a 

few days yellow crystals appeared. 

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 1.12 (4’’), 2.16 (3’’), 3.43 (5’’), 11.02 (s, 2H, 

5’), 39.65 (s, 1H, 2), 42.15 (s, 2H, 4’), 70.65 (s, 2H, 3’); 

ES
+
-MS m/z 595.0 [Fe2(L)2F3]

+
, 876.1 [Fe2(L)3(BF4)F2]

+
, 902.0 [Fe3(L)3F5]

+
, 944.1 

[Fe2(L)3(BF4)2F]
+
, 970.0 [Fe3(L)3(BF4)F4]

+
, 1038.0 [Fe3(L)3(BF4)2F3]

+
, 1277.0 

[Fe4(L)4(BF4)F6]
+
, 1345.0 [Fe4(L)4(BF4)2F5]

+
, 1413.0 [Fe4(L)4(BF4)3F4]

+
, 1694.1 

[Fe4(L)5(BF4)4F3]
+
. 

Anal. Calcd for C147H116N114Fe8B17F67: C, 32.81; H, 2.15; N, 29.67. Found: C, 33.0; H, 2.3; 

N, 29.3. 
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 Catena-[2,6-di(pyrazol-1-yl)-1,3,5-triazine]silver(I) tetrafluoroborate 8.4.13

Ag[21]B 

 

A solution of 2,6-di(pyrazol-1-yl)-1,3,5-triazine (21), (15 mg, 0.07 mmol) in nitromethane (3 

mL) was added to a solution of silver(I) tetrafluoroborate (14 mg, 0.07 mmol) in the same 

solvent (6 mL). Diethyl ether was diffused into a transparent solution and white/transparent 

crystals were obtained, 16 mg, 57% yield. 

ES
+
-MS m/z 236.1 [Na(L)]

+
, 320.0 [Ag(L)]

+
, 449.1 [Na(L)2]

+
, 533.1 [Ag(L)2]

+
; 

Anal. Calcd for C9H7N7AgBF4: C, 26.50; H, 1.73; N, 24.04. Found: C, 26.43; H, 1.67; N, 23.94 

 

 Dodecakis-[4,6-di(pyrazol-1-yl)-2-hydroxypyrimidinate]octa-iron(II) 8.4.14

hexa-aqua-iron(III) hepta-tetrafluoroborate [22]B 

    

2-Hydroxy-4,6-bis(pyrazol-1-yl)-1,3-pyrimidine (200 mg, 0.88 mmol) in 85 mL of acetonitrile 

was mixed with iron tetrafluoroborate hydrate (179 mg, 0.53 mmol). An intense yellow/orange 

color appeared immediately. The mixture was vigorously stirred at room temperature for 2.5 h. 

The solution was filtered and red/orange single crystals were obtained by atmospheric diffusion 

of diethyl ether after 3-5 days. Yield 182 mg, 63%. 

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: 2.53 (s, 12H, 7), 5.87 (s, 24H, 4’), 60.06 (s, 

24H, 5’), 79.71 (s, 24H, 3’); 114.07 (s, 12H, 5). 

ES
+
-MS m/z 570.7 [[Fe(H2O)6⊂Fe8(L)12](BF4)]

6+
, 702.3 [[Fe(H2O)6⊂Fe8(L)12](BF4)2]

5+
, 899.3 

[[Fe(H2O)6⊂Fe8(L)12](BF4)3]
4+

, 1228.1 [[Fe(H2O)6⊂Fe8(L)12](BF4)4]
3+

, 1885.6 

[[Fe(H2O)6⊂Fe8(L)12](BF4)5]
2+

. 

Anal. Calcd for C120H96N72Fe9O18B7F28: C, 36.52; H, 2.45; N, 25.57. Found: C, 36.7; H, 2.2; 

N, 25.4 
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 [2-oxo-4,6-(pyrazol-1-yl)-1,3-pyrimidine]-diaqua-diacetonitrile-iron(II) 8.4.15

diperchlorate [24]C 

 

Ligand (24) (22 mg, 0.097 mmol) solution in 7 mL of acetone was mixed with iron(II) 

perchlorate hydrate (29 mg, 0.08 mmol) in 5 mL of acetone. The intense yellow solution was 

filtered. Yellow crystals were obtained by atmospheric diffusion of diisopropyl ether. 7 mg, 

14% yield. 

ES
+
-MS m/z 316.0 [Fe(L)(O2)]

+
, 401.0 [Fe(L)(H2O)(ClO4)]

+
, 611.0 [Fe(L)2(ClO4)]

+
, 793.1 

[Fe2(L)3(-H)3]
+
, 1108.1 [Fe3(L)4(-H)4(O2)]

+
. 

Anal. Calcd for C14H18N8FeO11Cl2: C, 27.97; H, 3.02; N, 18.64. Found: C, 27.84; H, 2.78; 

N, 18.49 

 

 Decakis-[4,6-di(pyrazol-1-yl)-2-hydroxypyrimidinate]octa-iron(II) tri-8.4.16

fluorine-di-iron(III) octa-tetrafluoroborate [22]βB 

    

2-Hydroxy-4,6-bis(pyrazol-1-yl)-1,3-pyrimidine (50 mg, 0.22 mmol) in 85 mL of acetonitrile 

was mixed with sodium hydroxide (9 mg, 0.22 mmol) and the mixture was stirred for 1 h. The 

solvent was removed under vacuum and iron tetrafluoroborate hydrate (74 mg, 0.22 mmol) 

dissolved in acetonitrile was added. The mixture was stirred at 65 
o
C for 24 h and the solution 

turned red. Single crystals were obtained by atmospheric diffusion of diisopropyl ether after 2 

days. 

ES
+
-MS m/z 734.8 [Fe

III
F-Fe

III⊂Fe
II

8(22)10O2F3]
4+

. 

Anal. Calcd for C104H80N62B9F39Fe10O12: C 32.99; H, 2.13; N, 22.93. Found: C, 29.5; H, 2.1; 

N, 20.0 
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 Catena-[2-methyl-4,6-(pyrazol-1-yl)pyrimidine]-diaqua-iron(II) [25]B 8.4.17

 

Ligand (25) (22 mg, 0.097 mmol) solution in 7 mL of acetone was mixed with iron(II) 

tetrafluoroborate hydrate (30 mg, 0.089 mmol) in 5 mL of acetone. The intense yellow solution 

was filtered. Yellow crystals were obtained by atmospheric diffusion of diethyl ether. The 

crystals once formed are not soluble into acetone, 21 mg, 42.9% yield. 

ES
+
-MS m/z 367.1 [Fe2(L)2(BF4)2]

2+
, 527.1 [Fe(L)2F]

+
. 

Anal. Calcd for C11H14N6FeO2B2F8: C, 26.87; H, 2.87; N, 17.09. Found: C, 26.72; H, 2.78; 

N, 16.98 

 

 Catena-[2-amino-4,6-(pyrazol-1-yl)pyrimidine]-diaqua-iron(II) [26]X 8.4.18

 

Ligand (18) (30 mg, 0.132 mmol) solution in 7 mL of acetonitrile was mixed with iron(II) 

perchlorate hydrate (44.6 mg, 0.132 mmol) in 5 mL of acetonitrile. The intense yellow solution 

was filtered. Yellow crystals were obtained by atmospheric diffusion of 1:1 diethyl and 

diisopropyl ether. 18 mg, 42.9% yield. 

ES
+
-MS m/z 529.2 [Fe(L)2F]

+
, 850.3 [Fe2(L)3F3]

+
. 

Anal. Calcd for C22H27N15Fe2O19Cl4: C, 24.95; H, 2.57; N, 19.84. Found: C, 24.9; H, 2.5; N, 

19.7 

 

 Catena-[4,6-(pyrazol-1-yl)pyrimidine]-diaqua-iron(II) diperchlorate [27]X 8.4.19
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Ligand (27) (30 mg, 0.141 mmol) solution in 7 mL of nitromethane was mixed with iron(II) 

perchlorate hydrate (51 mg, 0.141 mmol) in 4 mL of nitromethane. The intense orange solution 

was filtered. The cap of the vial was pierced with a needle and yellow crystals were obtained 

through slow evaporation of the solvent, 67 mg, 94% yield. 

ES
+
-MS m/z 499.1 [Fe(L)2F]

+
, 593.0 [Fe2(L)2F3]

+
, 641.0 [Fe2(L)2F(BF4)(-H)]

+
, 805.1 

[Fe2(L)3F3]
+
, 873.1 [Fe2(L)3F2(BF4)]

+
, 941.1 [Fe2(L)3F(BF4)2]

+
, 1153.2 [Fe2(L)4F(BF4)2]

+
. 

Anal. Calcd for C10H12N6FeO10Cl2: C, 23.88; H, 2.40; N, 16.71. Found: C, 23.6; H, 2.4; N, 

16.6 

 

 Catena-[2-methyl-4,6-(pyrazol-1-yl)pyrimidine]-di-isothiocyanate iron(II) 8.4.20

[25]NCS 

 

Iron(II) perchlorate hydrate dissolved in methanol (9 mg, 0.025 mmol) was mixed with 

potassium thiocyanate (5 mg, 0.051 mmol) in the same solvent. After stirring for 5 min, the 

solution was centrifuged and ligand (25) dissolved in methanol (6 mg, mmol) was added. After 

a few days in a crystallization dish, dark red/purple single crystals appeared on the walls, 2 mg, 

21% yield. 

ES
+
-MS m/z 566.1 [Fe(L)2(NCS)]

+
 738.0 [Fe2(L)2(NCS)3]

+
. 

Anal. Calcd for C13H10N8FeS2: C, 39.21; H, 2.53; N, 28.14. Found: C, 39.30; H, 2.62; N, 

28.21 

 

 Catena-[2-amino-4,6-(pyrazol-1-yl)pyrimidine]-di-isothiocyanate iron(II) 8.4.21

[26]NCS 

 

Iron(II) perchlorate hydrate dissolved in methanol (15 mg, 0.041 mmol) was mixed with 

potassium thiocyanate (8 mg, 0.082 mmol) in the same solvent. After stirring for 5 min, the 
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solution was centrifuged and ligand (26) dissolved in methanol (10 mg, 0.041 mmol) was 

added. The cap of the vial was pierced few times with a needle and red single crystals appeared 

on the walls after 2 days. 12 mg, 78% yield. 

ES
+
-MS m/z 568.1 [Fe(L)2(NCS)]

+
 740.0 [Fe2(L)2(NCS)3]

+
. 

Anal. Calcd for C12H9N9FeS2: C, 36.10; H, 2.27; N, 31.58 Found: C, 36.18; H, 2.21; N, 31.49 

 

 Bis-[4,6-(pyrazol-1-yl)pyrimidine]-di-isothiocyanate iron(II) [27]NCS 8.4.22

 

Iron(II) perchlorate hydrate dissolved in methanol (20 mg, 0.094 mmol) was mixed with 

potassium thiocyanate (18 mg, 0.189 mmol ) in the same solvent. After stirring for 5 min, the 

solution was centrifuged and ligand (27) dissolved in methanol (20 mg, 0.094 mmol) was 

added. The cap of the vial was pierced few times with a needle and red single crystals appeared 

on the walls after 4 days. 48 mg, 85% yield. 

ES
+
-MS m/z 240.1 [Fe(L)2]

2+
, 346.1 [Fe(L)3]

2+
, 538.1 [Fe(L)2(NCS)]

+
 710.0 [Fe2(L)2(NCS)3]

+
. 

Anal. Calcd for C22H16N14FeS2: C, 44.30; H, 2.70; N, 32.88. Found: C, 44.17; H, 2.75; N, 32.66 

 

 Bis-[2-methyl-4,6-(pyrazol-1-yl)pyrimidine]-di-isoselenocyanate iron(II) 8.4.23

[25]NCSe 

 

Iron(II) perchlorate hydrate dissolved in methanol (15 mg, 0.066 mmol) was mixed with 

potassium selenocyanate (19 mg, 0.133 mmol) in the same solvent. The suspension was 

centrifuged and ligand (25) dissolved in methanol (30 mg, 0.133 mmol) was added. The cap of 

the vial was pierced with a needle and yellow crystals were obtained through slow evaporation 

of the solvent after 3 or 4 days. 13 mg, 27% yield. 

ES
+
-MS m/z 614.0 [2L + Fe + NCSe]

+
 879.8 [2L + 2Fe + 3NCSe]

+
. 

Anal. Calcd for C24H20N14FeSe2: C, 40.13; H, 2.81; N, 27.30. Found: C, 40.0; H, 2.9; N, 27.1 
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 Catena-[2-amino-4,6-(pyrazol-1-yl)pyrimidine]-di-isoselenocyanato 8.4.24

iron(II) [26]NCSe 

 

Iron(II) perchlorate hydrate dissolved in methanol (15 mg, 0.041 mmol) was mixed with 

potassium selenocyanate (12 mg, 0.082 mmol) in the same solvent. After stirring for 5 min, the 

solution was centrifuged and ligand (26) dissolved in methanol (10 mg, 0.041 mmol) was 

added. The cap of the vial was removed and orange single crystals appeared on the walls after 

1-2 days. 13 mg, 64% yield. 

ES
+
-MS m/z 616.0 [2L + Fe + NCSe]

+
 881.8 [2L + 2Fe + 3NCSe]

+
. 

Anal. Calcd for C12H9N9FeSe2: C, 29.23; H, 1.84; N, 25.57 Found: C, 29.3; H, 1.8; N, 25.4 

 

 Bis-[4,6-(pyrazol-1-yl)pyrimidine]-di-isoselenocyanato iron(II) [27]NCSe 8.4.25

 

Iron(II) perchlorate hydrate dissolved in methanol (45 mg, 0.124 mmol) was mixed with 

potassium selenocyanate (36 mg, 0.248 mmol) in the same solvent. The suspension was 

centrifuged and ligand (27) dissolved in methanol (20 mg, 0.094 mmol) was added. The cap of 

the vial was pierced few times with a needle and red single crystals appeared on the walls after 

4 days. 32 mg, 37% yield. The same procedure using ethanol or acetone yielded the 

isostructural solvates of [27]NCSe. 

ES
+
-MS m/z 240.1 [Fe(L)2]

2+
, 346.1 [Fe(L)3]

2+
, 373.9 [Fe(L)(NCSe)]

+
, 391.9 

[Fe(L)(NCSe)(H2O)]
+
, 518.9 [Fe(L)(NCS)2(H3O)HF]

+
, 586.0 [Fe(L)2(NCS)]

+
 851.8 

[Fe2(L)2(NCS)3]
+
. 

Anal. Calcd for C22H16N14FeSe2: C, 38.28; H, 2.34; N, 28.41. Found: C, 38.4; H, 2.5; N, 

28.3 
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 Dodecakis-[4,6-di(4-methylpyrazol-1-yl)-2-hydroxypyrimidinate]octa-8.4.26

iron(II) hexa-aqua-iron(III) hepta-tetrafluoroborate [28]B 

    

2-Hydroxy-4,6-bis(4-methylpyrazol-1-yl)-1,3-pyrimidine (100 mg, 0.39 mmol) was mixed with 

iron tetrafluoroborate hydrate (66 mg, 0.19 mmol) in 65 mL of acetonitrile and an intense 

orange colour appeared immediately. The mixture was vigorously stirred at room temperature 

for 2 h. The solution was filtered and red single crystals were obtained by atmospheric 

diffusion of mixture of diethyl ether and diisopropyl ether after 3-5 days. Yield 71 mg, 79%. 

ES
+
-MS m/z 1340.2 [[Fe(H2O)6⊂Fe8(L)12](BF4)4]

3+
, 2053.8 [[Fe(H2O)6⊂Fe8(L)12](BF4)5]

2+
. 

Anal. Calcd for C144H144N72Fe9O18B7F28: C, 40.40; H, 3.39; N, 23.56. Found: C, 40.5; H, 

3.5; N, 23.3 

 

8.5 Experimental details of ligands and metal complexes related to 

Chapter 5 

 2,6-Di(1,2,3-triazol-1-yl)pyridine (30) 8.5.1

1,2,3-Triazole (930 mg, 13.4 mmol) was added to a stirred 

suspension of NaH 60% dispersion (540 mg, 13.4 mmol) in DMF 

(40 mL). When H2 was no longer being expelled, 2,6-

difluoropyridine (1 g, 6.4mmol) in 25 mL of DMF was added and 

the reaction was stirred for 3 days at 70
o
C. Water (100 mL) was 

added to the beige suspension which turned white, and was filtered. The compound was 

isolated following 3 recrystallizations (hexane : chloroform, 1:1) as a white solid. 345 mg, 3.6 

mmol 57% yield. 

1
H NMR (300MHz, CDCl3), 298 K, ppm) δ: 7.91 (d, J = 1.2Hz, 1H, 5’), 8.20 (dd, J = 7.3, 1.3 

Hz, 1H, 4), 8.30 (m, 2H, 3), 8.58 (d, J=1.2Hz, 2H, 4’); 

13
C NMR (126MHz, CDCl3), 298 K, ppm) δ: 113.4 (3), 121.0 (4’), 134.5 (5’), 142.6 (4), 148.0 (2); 

ES
+
-MS m/z 214.1 [(M + H)]

+
, 236.1 [(M + Na)]

+
, 449.1 [(2M + Na)]

+
. 

Mp: 194.8 
o
C. 
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 2,6-Di(1,2,3-triazol-2-yl)pyridine (31) 8.5.2

Isomer (31) was isolated from the same crude for 2,6-di(1,2,3-triazol-

1-yl)-pyridine (30), by eluting through silica gel (eluent, EtOAc : 

hexane (7:3), Rf: 0.3) as a white powder, 142 mg, 10% yield). The 

compound in the crude was present in approximately 40% however 

the yield upon purification was very low because (33) has a similar Rf value to (31).  

1
H NMR (400MHz, CDCl3), 298 K, ppm) δ: 7.93 (s, 4H, 3’), 8.09 (s, 3H, 3 + 4); 

13
C NMR (100MHz, CDCl3), 298 K, ppm) δ: 112.6 (3), 137.0 (3’ + 4’), 141.6 (4), 149.9 (2); 

ES
+
-MS m/z 214.1 [(M + H)]

+
, 236.1 [(M + Na)]

+
, 449.1 [(2M + Na)]

+
. 

Mp: 207.6 
o
C. 

 

 2-(1,2,3-Triazol-1-yl)-6-(1,2,3-triazol-2-yl)pyridine (33) 8.5.3

Isomer (33) was isolated from the same crude for 2,6-di(1,2,3-

triazol-1-yl)-pyridine (30), by eluting through silica gel (eluent, 

EtOAc : hexane (7:3), Rf: 0.5 as a white powder. The compound 

in the crude was present in approximately 25% however the yield 

was negligible upon purification because (33) has the same Rf value as part of (31).  

1
H NMR (400MHz, CDCl3), 298 K, ppm) δ: 7.88 (d, J = 1.1 Hz, 1H, 4’), 7.97 (s, 2H, 3’’ + 

4’’), 8.15 (m, 2H, 3 + 5), 8.27 (m, 1H, 4), 8.77 (d, J = 1.1 Hz, 1H, 5’); 

13
C NMR (100MHz, CDCl3), 298 K, ppm) δ: 112.8 (5), 113.4 (3), 121.7 (5’), 134.3 (4’), 137.2 

(3’’ + 4’’), 142.0 (4), 148.3 (2), 149.7 (6); 

ES
+
-MS m/z 214.1 [(M + H)]

+
, 236.1 [(M + Na)]

+
, 449.1 [(2M + Na)]

+
. 

Mp: 159.1 
o
C. 

 

 2-(2-Methyl-1,2,3-triazol-4-yl)-6-(1-methyl-1,2,3-triazol-4-yl)pyridine (34) 8.5.4

To a stirred solution of 2,6-di(1,2,3-triazol-4-yl)pyridine (32) 

(0.3 g, 1.41 mmol) in DMF (40 mL) potassium carbonate was 

added (0.136 g, 0.987 mmol). After 5 minutes, methyl iodide 

(0.76 g, 5.4 mmol) was added to the mixture and refluxed at 145 

o
C for 5 hr. Solvent was removed in vacuo and H2O was added 

(35 mL) and extracted two times with DCM (100 mL). The compound was isolated by eluting 

through silica gel (eluent gradient: EtOAc : hexane (1:1) to EtOAc, Rf: 0.27 to 0.56 

respectively) as a white powder. (91 mg, 0.38 mmol, 27% yield).  
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1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 4.19 (s, 3H, 6’’), 4.28 (s, 3H, 6’), 7.83-7.85 (m, 

2H, 3 and 5), 8.13 (m, 1H, 4), 8.16 (s, 1H, 5’’), 8.23 (s, 1H, 5’) 

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 36.8 (6’’), 41.9(6’), 119.4(5), 119.5(3), 

123.3(5’’), 132.9(5’), 137.7(4), 148.1(2), 148.6(6), 149.5(1’), 150.2(1’’) 

ES
+
-MS m/z 242.1 [(M + H)]

+
, 264.1 [(M + Na)]

+
. 

Mp: 136.3 
o
C. 

 

 2,6-Di(2-methyl-1,2,3-triazol-4-yl)pyridine (35) 8.5.5

The compound was isolated from the same crude for 2-(3-

Methyl(1,2,3-triazol-4-yl)-6-(4-methyl(1,2,3-triazol-4-yl)-pyridine 

(34), by eluting through silica gel (eluent gradient: EtOAc : 

hexane (1:1) to EtOAc, Rf: 0.58 to 0.84 respectively) as a white 

powder (114 mg, 0.47 mmol, 33% yield). 

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 4.28 (s, 6H, 6’), 7.82-7.88 (m, 3H, 3 and 4), 8.23 

(s, 2H, 5’) 

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 41.9(6’), 119.6(3), 133.1(5’), 137.6(4), 148.0(2), 

149.7(1’). 

ES
+
-MS m/z 242.1 [(M + H)]

+
, 264.1 [(M + Na)]

+
, 505.2 [(2M + Na)]

+
. 

Mp: 189.4 
o
C. 

 

 Bis[µ2-2,6-di(1,2,3-triazol-1-yl)pyridine]di(µ3-fluoro)octaaqua-tetrakis-8.5.6

iron(II) hexatetrafluoroborate[30]B 

 

Iron(II) tetrafluoroborate hydrate (7.1 mg, 0.02 mmol) was mixed with 2,6-di(1,2,3-triazol-1-

yl)pyridine (30), (9 mg, 0.04 mmol) in hot solution of nitromethane (1 mL). The solution 

turned red/orange immediately and was kept in a closed NMR tube. After 2 h the solution 
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turned into a pale yellow suspension which contained yellow single crystals. With time, the 

compound converts into a pale yellow insoluble powder.  

Anal. Calcd for C18H32N14O9Fe4B6F26: C, 15.77; H, 2.35; N, 14.31. Found: C, 35.0; H, 3. 3; 

N, 29.8 

 

 Tetrakis-[2,6-di(1,2,3-triazol-1-yl)pyridine]diaqua-iron(II) diperchlorate 8.5.7

[30]C 

 

Iron(II) perchlorate hydrate (5.1 mg, 0.02 mmol) was mixed with 2,6-di(1,2,3-triazol-1-

yl)pyridine (30), (12 mg, 0.06 mmol) in 6 mL of acetonitrile and the solution was almost 

transparent. Atmospheric diffusion of diethyl ether yielded transparent single crystals, 11 mg, 

69% yield.  

ES
+
-MS m/z 301.0 [Fe(L)(O2)]

+
, 368.0 [Fe(L)(ClO4)]

+
, 386.0 [Fe2(L)(ClO4)(H2O)]

+
, 581.0 

[Fe(L)2(ClO4)]
+
, 834.9 [Fe2(L)2(ClO4)3]

+
, 1303.8 [Fe3(L)3(ClO4)5]

+
. 

Anal. Calcd for C36H32N28FeCl2O10: C, 37.81; H, 2.82; N, 34.30. Found: C, 37.9; H, 2.7; N, 

34.2 

 

 Catena-bis-[2,6-di(1,2,3-triazol-1-yl)pyridine]diaquacopper(II) 8.5.8

ditetrafluoroborate Cu[30]B 
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Copper(II) tetrafluoroborate hydrate (12 mg, 0.04 mmol) was mixed with 2,6-di(1,2,3-triazol-1-

yl)pyridine (30), (15 mg, 0.07 mmol) in 8 mL of acetonitrile producing a blue suspension 

which completely dissolved upon heating. Crystals were obtained by slowly cooling the 

solution. 12 mg, 48% yield. 

ES
+
-MS m/z 295.0 [Cu(L)F]

+
, 508.1 [Cu(L)2F]

+
, 576.1 [Cu(L)2(BF4)]

+
. 

Anal. Calcd for C18H18B2CuF8N14O2: C, 30.9; H, 2.59; N, 28.03. Found: C, 30.8; H, 2.5; N, 

27.9 

 

 Bis(2,6-di(1,2,3-triazol-2-yl)pyridine) iron(II) diperchlorate [31]C 8.5.9

 

Iron(II) perchlorate hydrate (19 mg, 0.05 mmol) was mixed with 2,6-di(1,2,3-triazol-2-

yl)pyridine (13), (22 mg, 0.10 mmol) in 9 mL of nitromethane. The solution turned yellow 

immediately and yellow single crystals were obtained by atmospheric diffusion of diethyl ether, 

35 mg, 74% yield.  

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: -13.66 (s, 2H, 4), 57.21 (d, 8H, 3’), 69.69 (s, 

4H, 3) 

ES
+
-MS m/z 236.1 [Na(L)]

+
, 301.0 [Fe(L)(O2)]

+
, 368.0 [Fe(L)(ClO4)]

+
, 581.0 [Fe(L)2(ClO4)]

+
. 

Anal. Calcd for C18H14N14FeCl2O8 + 3(H2O): C, 29.41; H, 2.74; N, 26.67. Found: C, 29.3; 

H, 2.7; N, 26.5 

 

 Bis(2-(2-methyl-1,2,3-triazol-4-yl)-6-(1-methyl-1,2,3-triazol-4-yl)pyridine) 8.5.10

iron(II) [34]X (X = BF4
-
 and ClO4

-
) 
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Iron(II) tetrafluoroborate hydrate (12.6 mg, 0.04 mmol) was mixed with 2-methyl-1,2,3-triazol-

4-yl)-6-(1-methyl-1,2,3-triazol-4-yl)pyridine (34), (18 mg, 0.08 mmol) in acetonitrile (1 mL). 

The solution turned red/orange immediately and red single crystals were obtained by 

atmospheric diffusion of diethyl ether, 20.5 mg, 77% yield. The same procedure using iron(II) 

perchlorate hydrate instead, produced 71% yield of [34]C. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 3.24 (s, 3H, 6’), 6.32 (s, 3H, 6’’), 7.16 (s, 1H, 

5’), 10.69 (s, 1H, 5’’), 13.60 (s, 1H, 4), 16.52 (s, 2H, 3) 

ES
+
-MS m/z 316.0 [Fe(L)F]

+
, 557.1 [Fe(L)2F]

+
. 

- [34]C, Anal. Calcd for C22H22N14FeCl2O8: C, 35.84; H, 3.01; N, 26.60. Found: C, 35.7; H, 

2.9; N, 26.4 

- [34]B, Anal. Calcd for C22H22N14FeB2F8 : C, 37.11; H, 3.11; N, 27.54. Found: C, 37.3; H, 

3.0; N, 27.4 

 

 Bis(2,6-di(2-methyl-1,2,3-triazol-4-yl)pyridine) iron(II) diperchlorate 8.5.11

[35]C 

 

Iron(II) perchlorate hydrate (11.3 mg, 0.03 mmol) was mixed with 2,6-di(2-methyl-1,2,3-

triazol-4-yl)pyridine (35), (15 mg, 0.6 mmol) in 7 mL of nitromethane. The solution turned 

yellow immediately, few drops of triethyl orthoformate were added and yellow single crystals 

were obtained by atmospheric diffusion of diethyl ether, 15 mg, 66% yield.  

1
H NMR ((300MHz, CD3NO2), 298 K, ppm) δ: -3.32 (s, 6H, 6’), 8.17 (d, 1H, 4), 25.15 (s, 2H, 

3), 57.07 (s, 2H, 5’) 

ES
+
-MS m/z 242.1 [(L)H]

+
, 264.1 [Na(L)]

+
, 316.0 [Fe(L)F]

+
, 342.0 [Fe(L) (O2CH)]

+
. 

Anal. Calcd for C22H22N14FeCl2O8: C, 35.84; H, 3.01; N, 26.60. Found: C, 35.9; H, 3.0; N, 

26.5 
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 Bis(2,6-di(1,2,3-triazol-4-yl)pyridine) cobalt(II) [32]X (X = BF4
-
 and ClO4

-
) 8.5.12

 

Cobalt(II) tetrafluoroborate hydrate (9.6 mg, 0.03 mmol) was mixed with 2,6-di(1,2,3-triazol-4-

yl)pyridine (32), (12 mg, 0.06 mmol) acetone (10 mL). The solution was flesh coloured and 

transparent single crystals were obtained upon slow evaporation of the solvent. 9.8 mg, 53% 

yield. By using cobalt(II) perchlorate, 42%.  

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 17.93 (s, 2H, 4), 33.21 (d, 4H, 3), 68.53 (s, 4H, 

5’), 93.50 (s, 4H, 4’) 

ES
+
-MS m/z 484.1 [Co(L)2 - H]

+
. 

- Co[32]C, Anal. Calcd for C18H14N14FeCl2O8: C, 31.60; H, 2.06; N, 28.66. Found: C, 31.4; 

H, 2.1; N, 28.5 

- Co[32]B, Anal. Calcd for C18H14N14FeB2F8: C, 32.81; H, 2.14; N, 29.76. Found: C, 32.9; 

H, 2.3; N, 29.6 

 

8.6 Experimental details of ligands and metal complexes related to 

Chapter 6 

 2,6-Di(pyrazol-1-yl)pyrid-4-yl thioacetate (40) 8.6.1

Triethylamine (300 mg, 3 mmol) in 5 mL of DCM were mixed with 

a white suspension of 2,6-di(pyrazol-1-yl)pyrid-4-yl thiol (350 mg, 

1.44 mmol) in 12 mL of DCM. The mixture was stirred at 50
o
C 

when acetyl chloride (340 mg, 4.32 mmol) dissolved in 3 mL of 

DCM was added. The solution turned from yellowish to pale white 

immediately. After 2 minutes, 200 mg of triethylamine were added 

and the solution turned orange. 3 mL of water were added and the organic phase was dried with 

magnesium sulphate anhydrous. The solvent was removed under vacuum and the white product 

was purified through column flash chromatography (eluent: 15 : 1, hexane : EtOAc, Rf 0.68). 

Yielding crystalline transparent solid, 80 mg, 19% yield.  
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1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 2.51 (s, 3H, 9), 6.51 (m, 2H, 4’), 7.77 (s, 2H, 

3’), 7.96 (s, 2H, 3), 8.56 (d, J = 2.7 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 30.8 (9) 108.3 (4’), 113.3 (3), 127.2 (5’), 142.7 

(3’), 144.2 (4), 150.2 (2), 190.5 (8) 

ES
+
-MS m/z 244.1 [(bppSH + H)]

+
, 266.0 [(bppSH + Na)]

+
, 286.1 [(M + H)]

+
, 308.1 [(M + 

Na)]
+
, 340.0 [bppSSAc + Na]

+
,  507.1 [(bppSSbpp + Na)]

+
, 593.1 [(2M + Na)]

+
. 

Mp: 162.1 
o
C. 

Anal. Calcd for C13H11N5OS: C, 54.72; H, 3.89; N, 24.55. Found: C, 54.6; H, 3.8; N, 24.3 

 

 2,6-Di(pyrazol-1-yl)-4-(3,4-dimethoxyphenylsulfanyl)pyridine (42) 8.6.2

Sodium hydride 60% (48 mg, 1.2 mmol) was suspended in 

THF (20 mL) and 3,4-dimethoxythiophenol (200 mg, 1.17 

mmol) was added. After 2 minutes  2,4,6-trifluoropyridine 

(155 mg, 1.17 mmol) was added. After 3 hours,  pyrazole (170 

mg, 2.5 mmol) were added with NaH 60% (100 mg, 2.5 

mmol). After 2 h stirring at room temperature the evolution of 

the reaction stopped. The crude was purified by column flash 

chromatography (eluent: 4 : 1, hexane : EtOAc, Rf 0.37) yielding a beige solid 134 mg, 30.2% 

yield.  

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 3.9 (s, 3H, 15), 3.97 (s, 3H, 14), 6.46 (dd, J = 

2.6, 1.7 Hz, 2H, 4’), 6.98 (d, J = 8.4 Hz, 1H, 12), 7.11 (d, J = 2 Hz, 1H, 9), 7.24 (dd, J = 8.3, 2.1 

Hz, 1H, 13), 7.54 (s, 2H, 3) 7.7 (m, 2H, 3’), 8.51 (m, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 56.0 (14), 56.1 (15), 105.6 (3), 107.9 (4’), 112.1 

(12), 117.9 (9), 119.1 (13), 127.2 (5’), 129.0 (8), 142.3 (3’), 149.8 (4), 150.0 (2), 150.8 (10), 

157.4 (11); 

ES
+
-MS m/z 380.1 [(M + H)]

+
, 402.1 [(M + Na)]

+
, 781.2 [(2M + Na)]

+
. 

Mp: 97.2
o
C. 

Anal. Calcd for C19H17N5O2S: C, 60.14; H, 4.52; N, 18.46. Found: C, 60.0; H, 4.4; N, 18.3  
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 (R)-Lipoamide N-[2,6-di(pyrazol-1-yl)pyrid-4-yl] (43) 8.6.3

Thionyl chloride (2 mL , 27 mmol) was added to (R)-S-

(dithiolan-3yl)pentanoic acid (844 mg, 4 mmol) under 

nitrogen atmosphere. The orange mixture was stirred 

for half hour at 0 
o
C before the excess of thionyl 

chloride was removed under vacuum and 8 mL of 

DCM were added. In a separated flask, 0.4 mL of 

triethylamine were added to a suspension of 2,6-

di(pyrazol-1-yl)-4-amino-pyridine (310 mg, 1.4 mmol) in 30 mL of DCM. The solutions were 

mixed and stirred 2h at room temperature. The solvent was removed under vacuum yielding a 

brown sticky solid which did not dissolved completely again.   

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 1.4-1.9 (m, 6H, 10, 11, 12), 2.2 (t, J = 7.2 

Hz, 2H, 9), 2.42 (m, 2H, 17), 3.10 (m, 2H, 16), 3.62 (m, 1H, 13),  6.60 (d, J = 1.7 Hz, 2H, 4’), 

7.83 (s, 2H, 3’), 8.13 (s, 2H, 3), 8.88 (d, J = 2.6 Hz, 2H, 5’), 10.71 (s, 1H, 7);  

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 24.3, 28.2, 33.5, 34.1, 38.1, 40 (overlapped), 

56.1, 98.0 (3), 108.2 (4’), 127.9 (5’), 142.4 (3’), 150.4 (4), 150.6 (2), 172.6 (8) 

ES
+
-MS m/z 478.2 [(M + H2 + Na + K)]

+
. 

 

 N-[2,6-Di(pyrazol-1-yl)pyrid-4-yl]acetamide (44) 8.6.4

Triethylamine (0.3 mL 2.19 mmol) was added to a suspension of 200 

mg, 0.89 mmol of 2,6-di(pyrazol-1-yl)-4-amino-pyridine in 35 mL of 

DCM. Acetyl chloride diluted in DCM (210 mg, 2.66 mmol in 5 mL) 

was added at once. The mixture was stirred for 1 hour at room 

temperature when 0.5 mL of triethylamine were added and the 

solution turned red/orange while vapour was vigorously released. 

The solvent was removed under vacuum and water was added (25 mL) precipitating a pale 

brown solid. The compound was extracted with chloroform and dried with anhydrous MgSO4. 

The crude was purified by column flash chromatography (eluent: 1:1, hexane : EtOAc, Rf 0.31) 

yielding white solid 159 mg, 67.1% yield. 

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 2.25 (s, 3H, 9), 6.48 (s, 2H, 4’), 7.74 (s, 2H, 3’), 

7.98 (s, 1H, 7) 8.04 (s, 2H, 3), 8.53 (d, J = 2.3 Hz, 2H, 5’);  

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 24.8 (9) 99.1 (3), 107.9 (4’), 127.2 (5’), 142.3 

(3’), 149.4 (4), 151.1 (2), 168.8 (8) 

ES
+
-MS m/z 269.1 [(M + H)]

+
, 291.1 [(M + Na)]

+
, 288.1 [(2M + K + H)]

2+
, 559.2 [(2M + Na)]

+
. 

Mp: 211.4 
o
C. 
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Anal. Calcd for C13H12N6O: C, 58.20; H, 4.51; N, 31.33. Found: C, 58.1; H, 4.7; N, 30.9 

 

 Bis(2,6-di(pyrazol-1-yl)pyrid-4-yl thioacetate)iron(II) [40]X 8.6.5

 

Iron(II) tetrafluoroborate hydrate (6 mg, 0.02 mmol) was mixed with 2,6-di(pyrazol-1-yl)pyrid-

4-yl thioacetate (19), (10 mg, 0.04 mmol) in nitromethane (4 mL). The solution turned yellow 

immediately and yellow single crystals were obtained by atmospheric diffusion of diethyl ether, 

6.5 mg, 46% yield. The same procedure using iron(II) perchlorate hydrate and acetone as 

solvent, produced red crystals, 67% yield of [40]C. 

1
H NMR (300MHz, CD3NO2) δ = 2.51 (s, 6H, 9), 34.07 (s, 2H, 5’) 36.44 (s, 2H, 4’), 55.52 (s, 

2H, 3), 61.33 (s, 2H, 3’);  

ES
+
-MS m/z 292.0 [Fe(L)(bppSH)]

2+
, 313.1 [Fe(L)2]

2+
, 360.0 [Fe(L)F]

+
, 386.0 [Fe(L)(CO2H)]

+
, 

412.6 [Fe(L)(bppSSbpp)]
2+

, 645.1 [Fe(L)2F]
+
, 713.1 [Fe(L)2(BF4)]

+
. 

- [40]B, Anal. Calcd for C26H22N10FeB2F8O2S2: C, 39.03; H, 2.77; N, 17.51. Found: C, 39.1; 

H, 2.9; N, 17.6 

- [40]C, Anal. Calcd for C26H22N10FeCl2O10S2: C, 37.84; H, 2.69; N, 16.97. Found: C, 37.7; 

H, 2.6; N, 16.9 

 

 Bis(2,6-di(pyrazol-1-yl)-4-(3,4-dimethoxyphenylsulfanyl)pyridine)iron(II) 8.6.6

[42]X 

 

Iron(II) perchlorate hydrate (10 mg, 0.027 mmol) was mixed with 2,6-di(pyrazol-1-yl)pyrid-

4-yl thioacetate (42), (20 mg, 0.053 mmol) in acetonitrile (6 mL). The solution turned yellow 

immediately and yellow single crystals were obtained by atmospheric diffusion of diethyl 
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ether, 19 mg, 69% yield. The same procedure using iron(II) tetrafluoroborate hydrate, 77% 

yield of [40]B. 

1
H NMR (300MHz, CD3NO2) δ = 3.65 (s, 3H, 14), 3.92 (s, 3H 15), 6.50 (s, 2H, 9 and 12), 

7.05 (s, 1H, 13), 41.59 (s, 4H, 4’ and 5’), 60.13 (s, 2H, 3), 71.11 (s, 2H, 3’);  

ES
+
-MS m/z 407.1 [Fe(L)2]

2+
, 454.0 [Fe(L)F]

+
, 833.1 [Fe(L)2F]

+
, 901.2 [Fe(L)2(BF4)]

+
. 

- [21]B, Anal. Calcd for C38H34N10FeB2F8O4S2: C, 43.37; H, 3.26; N, 13.31. Found: C, 42.9; 

H, 2.9; N, 12.8 

- [21]C, Anal. Calcd for C38H34N10FeCl2O12S2: C, 45.03; H, 3.38; N, 13.82. Found: C, 

44.87; H, 3.19; N, 13.62 

 

 Bis((R)-lipoamide N-[2,6-di(pyrazol-1-yl)pyrid-4-yl])iron(II) [43]C  8.6.7

 

Ligand (43) (5 mg, 0.012 mmol) was suspended in a mixture of MeCN, MeOH, DCM, heated 

and sonicated for 30 minutes. A solution of iron(II) perchlorate hydrate (2 mg, 0.006 mmol) in 

the MeOH (1 mL) was added to the previous suspension. The liquid turned yellow and the 

reaction was filtered. The filtrate was analysed by ESMS but no product precipitated upon ether 

addition. 

ES
+
-MS m/z 442.1 [Fe(L)2]

2+
, 477.1 [NaK(L)(-H)]

+
, 569.0 [Fe(L)(ClO4)]

+
, 983.1 

[Fe(L)2(ClO4)]
+
. 

 

 Bis(N-[2,6-di(pyrazol-1-yl)pyrid-4-yl]acetamide)iron(II) [44]X (Y) 8.6.8

 

A solution of (44) (25 mg, 0.093 mmol) in several solvents (Y) (6 mL) was added to a solution 

of iron(II) tetrafluoroborate hexahydrate (16 mg, 0.047 mmol) in the same solvent (1-3 mL). 
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Diethyl ether was diffused yielding single crystals of the complex. Yields were between 70-

90%. 

1
H NMR (300MHz, (CD3)2CO) δ = 1.18 (s, 6H, 9), 44.96 (s, 2H, 5’) 46.44 (s, 2H, 4’), 64.27 

(s, 2H, 3), 74.77 (s, 2H, 3’);  

ES
+
-MS m/z 296.1 [Fe(L)2]

2+
, 691.1 [[Fe(L)2(ClO4)]

+
. 

- [44]C (acetone), Anal. Calcd for C26H24N12FeCl2O10 (C3H6O): C, 41.01; H, 3.56; N, 19.79. 

Found: C, 40.9; H, 3.4; N, 19.9 

- [44]C (solvent free), Anal. Calcd for C26H24N12FeCl2O10: C, 39.47; H, 3.06; N, 21.24. 

Found: C, 39.6; H, 3.2; N, 21.1  

- [44]C (acetonitrile), Anal. Calcd for C26H24N12FeCl2O10 (C2H3N): C, 40.40; H, 3.37; N, 

21.88. Found: C, 40.3; H, 2.9; N, 21.4 

- [44]C (propionitrile), Anal. Calcd for C26H24N12FeCl2O10 (C3H5N): C, 41.15; H, 3.45; N, 

21.51. Found: C, 41.4; H, 3.3; N, 21.7  

- [44]C (nitromethane), Anal. Calcd for C26H24N12FeCl2O10 (CH3NO2):  C, 38.05; H, 3.19; 

N, 21.36. Found: C, 37.8; H, 3.2; N, 21.3  

- [44]C+B, Anal. Calcd for C26H24N12FeBF4ClO6: C, 40.11; H, 3.11; N, 21.59. Found: C, 

40.1; H, 3.3; N, 21.7  

- [44]TF, Anal. Calcd for C28H24N12FeF6O8S2: C, 37.76; H, 2.72; N, 18.87. Found: C, 37.6; 

H, 2.7; N, 1.7  

- [44]B (acetone), Anal. Calcd for C26H24N12FeB2F8O2 (C3H6O): C, 42.27; H, 3.67; N, 20.40. 

Found: C, 42.2; H, 3.5; N, 20.3 

- [44]B (solvent free), Anal. Calcd for C26H24N12FeB2F8O2: C, 40.77; H, 3.16; N, 21.94. 

Found: C, 40.6; H, 3.2; N, 21.8 

- [44]B (acetonitrile), Anal. Calcd for C26H24N12FeB2F8O2 (C2H3N): C, 41.67; H, 3.37; N, 

22.56. Found: C, 41.7; H, 3.4; N, 22.7 

- [44]B (propionitrile), Anal. Calcd for C26H24N12FeB2F8O2 (C3H5N): C, 42.42; H, 3.56; N, 

22.18. Found: C, 42.3; H, 3.4; N, 22.1  

- [44]B (nitromethane), Anal. Calcd for C26H24N12FeB2F8O2 (CH3NO2)2: C, 37.87; H, 3.41; 

N, 22.08. Found: C, 37.5; H, 3.6; N, 22.1  
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8.7 Experimetal details of ligands and metal complexes related to 

Chapter 7 

 (R)-Lipoamide N-[2,6-di(pyrazol-1-yl)pyrid-4-yl]methyl (46) 8.7.1

2,6-Di(pyrazol-1-yl)-4-methylamine-pyridine (45), 

(400 mg, 1.67 mmol), lipoic acid (344 mg, 1.67 

mmol) and DMAP (71 mg, 0.47 mmol) were mixed 

in previously dried over anhydrous magnesium 

sulphate dichloromethane (50 mL) at 0
o
C. DCC (516 

mg, 2.5 mmol) in dried dichloromethane (26 mL) 

was added drop by drop to the cooled suspension 

over half hour. After half hour stirring, the ice bath was removed and the mixture was left 

stirring overnight at room temperature. The suspension was filtered and the liquid phase was 

concentrated under vacuum yielding a pale yellow solid. The compound was isolated by eluting 

through silica gel in ethyl acetate, Rf: 0.73 as a pale yellow powder (443 mg, 1.04 mmol, 62% 

yield). 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.52 (m, 2H, 12), 1.74 (m, 4H, 11 and 13), 1.91 

(dq J = 13.2, 6.8 Hz, 1H, 18A), 2.33 (td, J = 7.4, 1.8 Hz, 2H, 10), 2.45 (dq, J = 12.6, 6.2 Hz, 

1H, 18B), 3.13 (m, 2H, 17), 3.59 (quin, J = 6.8 Hz, 1H, 14), 4.60 (d, J = 5.9 Hz, 2H, 7), 6.04 (d, 

J = 5.6 Hz, 1H, 8), 6.5 (m, 2H, 4’), 7.75 (s, 4H, 3’ and 3), 8.54 (d, J = 2.4 Hz, 2H, 5’). 

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 25.3(11), 28.9(12), 34.6(13), 36.3(10), 38.4(17), 

40.2(18), 42.6(7), 56.3(14), 107.6(3), 108.1(4’), 127.2(5’), 142.4(3’), 150.4(2), 153.9(4), 

172.9(9). 

ES
+
-MS m/z 225.2 [DCU+ H]

+
, 429.1 [(M + H)]

+
, 449.4 [(M + Na)]

+
. 

Mp: 128.2 
o
C. 

 

 (R)-Lipoate [2,6-di(pyrazol-1-yl)pyrid-4-yl]methyl (50) 8.7.2

2,6-Di(pyrazol-1-yl)-4-methanol-pyridine (49), (232 

mg, 0.96 mmol), lipoic acid (297 mg, 1.44 mmol) 

and DMAP (44 mg, 0.28 mmol) were mixed in 

previously dried over anhydrous magnesium sulphate 

dichloromethane (70 mL) at 0
o
C. DCC (437 mg, 2.12 

mmol) in dried dichloromethane (15 mL) was added 

drop by drop to the cooled suspension over half hour. 

After half hour stirring, the ice bath was removed and the mixture was left stirring overnight at 

room temperature. The suspension was filtered and the liquid phase was concentrated under 
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vacuum yielding a pale yellow solid. The compound was isolated by eluting through silica gel 

in 1:1, ethyl acetate:hexane, Rf: 0.68 as a pale yellow powder (338 mg, 0.79 mmol, 82% yield). 

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 1.51 (m, 2H, 12), 1.71 (m, 4H, 11 and 13), 1.89 

(m, 1H, 18A), 2.45 (m, 3H, 10 and 18B), 3.13 (m, 2H, 17), 3.57 (m, 1H, 14), 5.23 (s, 2H, 7), 

6.49 (dd, J = 2.5, 1.7 Hz, 2H, 4’), 7.76 (d, J = 0.9 Hz, 2H, 3’), 7.81 (s, 2H, 3), 8.55 (m, 2H, 5’) 

13
C NMR ((75MHz, CDCl3), 298 K, ppm) δ: 24.6(11), 28.7(12), 33.8(10), 34.5(13), 38.4(17), 

40.1(18), 56.2(14), 64.1(7), 107.3(3), 108.1(4’), 127.1(5’), 142.4(3’), 150.3(2), 151.3(4), 

172.8(9). 

ES
+
-MS m/z 225.2 [DCU + H]

+
, 430.1 [(M + H)]

+
, 452.1 [(M + Na)]

+
, 881.2 [(2M + Na)]

+
. 

Mp: 62.4 
o
C. 

Anal. Calcd for C20H23N5O2S2: C, 55.92; H, 5.40; N, 16.30. Found: C, 55.9; H, 5.6; N, 16.1 

 

 [(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl)amino]-N-Boc-2-ethylamino (53) 8.7.1

DMAP (400 mg, 2.66 mmol), tert-butyl N-(2-

aminoethyl)carbamate (2.43 g, 15 mmol) and 2,6-

di(pyrazol-1-yl)pyridine-4-carboxylic acid (3 g, 11.8 

mmol) were mixed in dry dichloromethane and the 

mixture was stirred for 5 minutes at 0 
o
C when DCC 

dissolved in DCM was added dropwise (3.85 g, 18.66 

mmol). The final mixture was stirred at 0 
o
C for 30 minutes and then heated to room 

temperature and left overnight. The suspension was filtered and the filtrate was purified 

through silica column chromatography in (1:4, hexane:ethyl acetate to ethyl acetate, Rf 0.69-

0.9. 2.3 g, 48.9% yield. 

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 1.43 (s, 9H, 15), 3.41 (m, 2H, 10), 3.61 (q, J = 

5.2 Hz, 2H, 9), 5.39 (s, 1H, 11), 6.45 (s, 2H, 4’), 7.71 (s, 2H, 3’), 7.91 (s, 1H, 8), 8.12 (s, 2H, 

3), 8.44 (s, 2H, 5’);  

13
C NMR ((75MHz, d

6
-DMSO), 298 K, ppm) δ: 28.3 (15), 40.0 (10), 42.0 (9), 80.0 (14), 

107.1 (3), 108.2 (4’), 127.0 (5’), 142.5 (3’), 147.4 (4), 150.5 (2), 157.4(12), 164.9 (7); 

ES
+
-MS m/z 225.2 [DCU + H]

+
, 298.1 [(M - Boc)]

+
, 342.1 [(M – tert-butylate + H2O)]

+
, 420.2 

[M + Na]
+
, 817.4 [(2M + Na)]

+
. 

Mp: 193.1 
o
C. 
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 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]-2-(ethylammonium-8.7.2

chloride) (54) 

Acetyl chloride, 11 mL was added dropwise into a cooled 

methanol (120 mL, 0 
o
C) and the mixture was stirred for 50 

min. The solution was added to [(2,6-di(pyrazol-1-

yl)pyridine)-4-carbonyl)amino]-N-Boc-2- ethylamino (53), 

(1.3g, 3.3 mmol) and the mixture was stirred overnight at 

room temperature. A pure white precipitate was isolated by 

filtration, 574 mg, 53% yield.  

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 3.04 (m, 2H, 10), 3.5 (q, J  = 5.9 Hz, 2H, 9), 

6.67 (m, 2H, 4’), 7.92 (s, 2H, 3’), 8.18 (s, 3H, 11), 8.24 (s, 2H, 3), 8.99 (d, J = 2.4 Hz, 2H, 5’), 

9.28 (t, J = 5.3 Hz, 1H, 8);  

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 37.3 (10), 38.2 (9), 107.0 (3), 108.7 (4’), 

128.4 (5’), 143.0 (3’), 147.6 (4), 150.1 (2), 164.1 (7); 

 

 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]-2-ethylamino (55) 8.7.3

(2,6-Di(pyrazol-1-yl)pyridine- 4-carbonyl)amino]- 2-(ethyl-

ammonium-chloride) (54), (468 mg, 1.4 mmol) was dissolved 

in 45 mL of water (acidic pH) and Na2CO3 was added until 

neutral pH (170 mg approx). The mixture was stirred overnight 

at room temperature. A white compound precipitated which 

was obtained pure by filtration. 246 mg, 59% yield. 

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 1.54 (s, 2H, 11), 2.98 (t, 5.6 Hz, 2H, 10), 3.54 

(q, 5.6 Hz, 2H, 9), 6.50 (s, 2H, 4’), 7.22 (s, 1H, 8), 7.77 (s, 2H, 3’), 8.16 (s, 2H, 3), 8.53 (d, J = 

2.5 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 41.0 (10), 42.6 (9), 107.2 (3), 108.3 (4’), 127.2 

(5’), 142.7 (3’), 147.9 (4), 150.7 (2), 164.8 (7); 

ES
+
-MS m/z 281.1 [(M – NH2)]

+
, 298.1 [(M + H)]

+
, 595.3 [(2M + H)]

+
. 

Mp: 181.6 
o
C. 
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 [(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl)alkoxy]-N-Boc-2-ethylamino 8.7.4

(56) 

DMAP (270 mg, 1.78 mmol), N-Boc-ethanolamine 

(1.6 g, 10 mmol) and 2,6-di(pyrazol-1-yl)pyridine-4-

carboxylic acid (2 g, 7.9 mmol) were mixed in dry 

dicloromethane and the mixture was stirred for 5 

minutes at 0 
o
C when DCC dissolved in DCM was 

added dropwise (2.4 g, 11.6 mmol). The final mixture 

was stirred at 0 
o
C for 30 minutes and then heated to room temperature for 6 h, the mixture was 

refluxed at 50 
o
C for 3 h. The suspension was filtered and the filtrate was purified through silica 

column chromatography in 1:4 hexane/ethyl acetate, Rf 0.9. 2.04 g, 64.7% yield. 

1
H NMR ((300MHz, CDCl3), 298 K, ppm) δ: 1.45 (s, 9H, 15), 3.58 (q, J = 5.2 Hz, 2H, 10), 

4.48 (q, J = 5.1 Hz, 2H, 9), 4.98 (s, 1H, 11), 6.54 (t, J = 1.9 Hz, 2H, 4’), 7.81 (s, 2H, 3’), 8.39 

(s, 2H, 3), 8.58 (d, J = 2.6 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 28.4 (15), 39.6 (10), 65.6 (9), 79.8 (14), 108.5 

(4’), 109.2 (3), 127.2 (5’), 142.9 (3’), 143.0 (4), 150.8 (2), 155.8 (12), 163.9 (7); 

ES
+
-MS m/z 225.2 [DCU + H]

+
, 343.1 [(M – tert-butylate + H2O)]

+
, 421.2 [(M + Na)]

+
, 819.3 

[(2M + Na)]
+
. 

Mp: 146.4 
o
C. 

 

 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)alkoxy]-2-(ethylammonium-8.7.5

chloride) (57) 

Acetyl chloride, 14 mL was added dropwise into a cooled 

methanol (140 mL, 0 
o
C) and the mixture was stirred for 50 

min. The solution was added to [(2,6-di(pyrazol-1-

yl)pyridine)-4-carbonyl) alkoxy]-N-Boc-2-ethylamino (56), 

(1.56g, 3.8 mmol) and the mixture was stirred overnight at 

room temperature. Pure white precipitate was isolated by 

filtration, 1.3 g, 98% yield.  

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 3.29 (m, 2H, 10), 4.61 (m, 2H, 9), 5.55 (s, ,), 

6.69 (dd, J = 2.6, 1.8 Hz, 2H, 4’), 7.94 (d, J = 1 Hz, 2H, 3’), 8.29 (s, 2H, 3), 8.40 (s, , ), 9.03 (d, 

J = 2.4 Hz, 2H, 5’);  

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 37.7 (10), 62.7 (9), 108.3 (4’), 109.0 (3), 

128.5 (5’), 142.9 (4), 143.3 (3’), 150.3 (2), 163.6 (7); 

ES
+
-MS m/z 256.1 [(bppCOOH + H)]

+
, 299.1 [(M – Cl)]

+
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 [(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl)amino]-2-hydroxyethyl (59) 8.7.6

[(2,6-Di(pyrazol-1-yl)pyridine- 4-carbonyl)alkoxy]-2 -(ethyl-

ammonium-chloride) (57), (1.53 g, 4.5 mmol) was suspended in 

100 mL of water (acidic pH) and 5 mL of DMSO, the mixture 

was refluxing at 110 
o
C until everything went into a yellowish 

solution (10-15 min) and then Na2CO3 was added until neutral 

pH (581 mg). The mixture was stirred for 1h at room 

temperature. A white compound precipitated which was obtained 

pure by filtration. 845 mg, 59.1% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 3.69 (m, 2H, 9), 3.89 (t, J = 4.8 Hz, 2H, 10), 

6.53 (s, 2H, 4’), 7.05 (s, 1H, 8), 7.79 (s, 2H, 3’), 8.19 (s, 2H, 3), 8.56 (d, J = 2.4 Hz, 2H, 5’);  

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 3.38 (q, J = 6 Hz, 2H, 9), 3.56 (q, J = 5.9 Hz, 

2H, 10), 4.78 (t, J = 5.7 Hz, 1H, 11), 6.67 (dd, J = 2.6, 1.7 Hz, 2H, 4’), 7.91 (d, J = 1.1 Hz, 2H, 

3’), 8.22 (s, 2H, 3), 8.99 (d, J = 2.6 Hz, 2H, 5’), 9.09 (t, J = 5.4 Hz, 1H, 8);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 42.8 (9), 61.8 (10), 107.2 (3), 108.4 (4’), 127.3 

(5’), 142.8 (3’), 147.5 (4), 150.8 (2), 165.3 (7); 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 42.5 (9), 59.4 (10), 106.9 (3), 108.7 (4’), 

128.3 (5’), 142.9 (3’), 147.9 (4), 150.1 (2), 163.5 (7); 

ES
+
-MS m/z 299.1 [(M + H)]

+
, 321.1 [(M + Na)]

+
, 619.2 [(2M + Na)]

+
. 

Mp: 196.3 
o
C. 

 

 (R)-Lipoate 2-[(2,6-di(pyrazol-1-yl)pyridine)-4-carbonyl)amino]ethyl (60) 8.7.7

[(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl) 

amino]-2-hydroxyethyl (59), (664 mg, 2.23 

mmol), lipoic acid (460 mg, 2.23 mmol) 

and DMAP (67 mg, 0.45 mmol) were 

mixed in dried over anhydrous magnesium 

sulphate dichloromethane (75 mL) at 0
o
C. 

DCC (529 mg, 2.56 mmol) in solution of 

dried dichloromethane (22 mL) was added drop by drop to the cooled suspension over half 

hour. After half hour stirring, the ice bath was removed and the mixture was left stirring 

overnight at room temperature. The suspension was filtered and the liquid phase was 

concentrated under vacuum yielding a pale yellow solid. The compound was isolated by eluting 

through silica gel in 1:1, hexane/ethyl acetate, Rf: 0.45 as a pale beige powder (839 mg, 1.72 

mmol, 77.4% yield). 
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1
H NMR ((600MHz, CDCl3), 298 K, ppm) δ: 1.46 (m, 2H, 15), 1.69 (m, 4H, 14 and 16), 1.86 

(m, 1H, 21A), 2.40 (m, 3H, 13 and 21B), 3.07 (dt, J = 11.0, 6.9 Hz, 1H, 20B), 3.13 (ddd, J = 

11.3, 7.0, 5.4 Hz, 1H, 20A), 3.53 (dq, J = 8.5, 6.3 Hz, 1H, 17), 3.77 (dd, J = 10.7, 5.6 Hz, 2H, 

9), 4.32 (m, 2H, 10), 6.51 (dd, J = 2.5, 1.7 Hz, 2H, 4’), 6.94 (m, 1H, 8), 7.77 (d, J = 1.2 Hz, 2H, 

3’), 8.12 (s, 2H, 3), 8.52 (d, J = 2.4 Hz, 2H, 5’) 

13
C NMR ((150MHz, CDCl3), 298 K, ppm) δ: 24.5(14), 28.7(15), 33.9(13), 34.5(16), 38.4(20), 

39.7(9), 40.1(21), 56.2(17), 62.8(10), 107.0(3), 108.4(4’), 127.2(5’), 142.8(3’), 147.4(4), 

150.7(2), 164.7(7), 173.6(12). 

ES
+
-MS m/z 487.2 [(M + H)]

+
, 509.1 [(M + Na)]

+, 973.3 [(2M + H)]
+
, 995.3 [(2M + Na)]

+
. 

Mp: 125.1 
o
C. 

Anal. Calcd for C22H26N6O3S2: C, 54.30; H, 5.39; N, 17.27. Found: C, 54.5; H, 5.4; N, 17.3 

 

 [(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl)alkoxy]-2-hydroxyethyl (61) 8.7.8

2,6-Di(pyrazol-1-yl)pyridine-4-carboxylic acid (1 g, 4 mmol) 

was dissolved in 150 mL of hot ethylene glycole (120 
o
C) and 

H2SO4 cat. (0.07 mL) was added. The mixture was stirred for 3 

h. The mixture was cooled to room temperature when a white 

compound precipitated and was obtained pure by filtration. 769 

mg, 64.3% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 4.03 (m, 2H, 10), 4.54 (m, 2H, 9), 6.53 (m, 2H, 

4’), 7.81 (d, J = 1.1 Hz, 2H, 3’), 8.40 (s, 2H, 3), 8.56 (d, J = 2.6 Hz, 2H, 5’);  

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 3.76 (m, 2H, 10), 4.40 (m, 2H, 9), 6.67 (m, 

2H, 4’), 7.91 (d, J = 1.5 Hz, 2H, 3’), 8.20 (s, 2H, 3), 8.99 (d, J = 2.8 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 60.9 (10), 67.7 (9), 108.5 (4’), 109.2 (3), 127.3 

(5’), 142.9 (3’), 143.0 (4), 150.8 (2), 164.2 (7); 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 58.9 (10), 67.9 (9), 108.0 (4’), 108.9 (3), 

128.5 (5’), 143.2 (4), 143.3 (3’), 150.4 (2), 163.7 (7); 

ES
+
-MS m/z 300.1 [(M + H)]

+
, 322.1 [(M + Na)]

+
. 

Mp: 159.2 
o
C. 
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 (R)-Lipoate 2-[(2,6-di(pyrazol-1-yl)pyridine)-4-carbonyl)alkoxy]ethyl (62) 8.7.9

[(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl) 

alkoxy]-2-hydroxyethyl (61), (558 mg, 

1.87 mmol), lipoic acid (385 mg, 1.87 

mmol) and DMAP (56 mg, 0.37 mmol) 

were mixed in dried over anhydrous 

magnesium sulphate dichloromethane (50 

mL) at 0
o
C. DCC (443 mg, 2.15 mmol) in solution of dried dichloromethane (26 mL) was 

added drop by drop to the cooled suspension over half hour. After half hour stirring, the ice 

bath was removed and the mixture was left stirring overnight at room temperature. The 

suspension was filtered and the liquid phase was concentrated under vacuum yielding a pale 

yellow solid. The compound was isolated by eluting through silica gel in 1:4, hexane/ethyl 

acetate, Rf: 0.88 as a pale yellow powder (558 mg, 1.25 mmol, 66% yield). 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.47 (m, 2H, 15), 1.69 (m, 4H, 14 and 16), 1.87 

(m, 1H, 21A), 2.41 (m, 3H, 13 and 21B), 3.12 (m, 2H, 20), 3.53 (m, 1H, 17), 4.46 (m, 2H, 9), 

4.62 (m, 2H, 10), 6.54 (m, 2H, 4’), 7.82 (m, 2H, 3’), 8.40 (s, 2H, 5), 8.58 (m, 2H, 5’) 

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 24.6(14), 28.7(15), 33.9(13), 34.5(16), 38.4(20), 

40.2(21), 58.3(17), 61.8(10), 63.8(9), 108.5(4’), 109.2(3), 127.2(5’), 142.9(4 + 3’), 150.9(2), 

163.8(7), 173.2(12). 

ES
+
-MS m/z 448.1 [(M + H)]

+
, 510.1 [(M + Na)]

+
. 

Mp: 104.8 
o
C. 

Anal. Calcd for C22H25N5O4S2: C, 54.19; H, 5.17; N, 14.36. Found: C, 54.3; H, 5.3; N, 14.2 

 

 [(2,6-Di(pyrazol-1-yl)pyridine)-4-carbonyl)alkoxy]-2-hydroxyethoxy)-N-8.7.10

Boc-2-(ethylamine) 

DMAP (238 mg, 1.6 mmol), N-Boc-2-(2-

hydroxyethoxy)-ethylamine (1.85 g, 9 mmol) 

and 2,6-di(pyrazol-1-yl)pyridine-4-carboxylic 

acid (2 g, 7.84 mmol) were mixed in dry 

dicloromethane and the mixture was stirred 

for 5 minutes at 0 
o
C when DCC dissolved in 

DCM was added dropwise (2.02 g, 9.8 mmol). The final mixture was stirred at 0 
o
C for 30 

minutes and then heated to room temperature and left overnight. The suspension was filtered 

and the filtrate was purified through silica column chromatography in (1:1, hexane:ethyl acetate 

to ethyl acetate, Rf 0.77. 1.38 g, 39.8% yield. 
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1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.41 (s, 9H, 18), 3.36 (m, 2H, 12), 3.61 (t, J = 

5.1 Hz, 2H, 13), 3.83 (m, 2H, 10), 4.54 (m, 2H, 9), 4.99 (s, 1H, 14), 6.54 (m, 2H, 4’), 7.81 (d, J 

= 1 Hz, 2H, 3’), 8.41 (s, 2H, 3), 8.58 (d, J = 2.4 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 28.4 (18), 40.4 (13), 65.0 (12), 68.6 (9), 70.4 (10), 

79.3 (17), 108.4 (4’), 109.3 (3), 127.2 (5’), 142.9 (3’), 143.2 (4), 150.8 (2), 156.0 (15), 164.0 (7); 

ES
+
-MS m/z 343.2 [(M - Boc)]

+
, 387.1 [(M – tBuO

-
)]

+
, 465.2 [M + Na]

+
, 907.4 [(2M + Na)]

+
. 

Mp: 119.4 
o
C. 

 

 2,6-Di(pyrazol-1-yl)pyrid-4-yl-(N-Boc-2-ethylamino)sulphide (63) 8.7.11

Boc-cysteamine (2.2 g, 12.4 mmol) was added to a 

suspension on NaH 60% in THF (512 mg 11.3 mmol) and 

the mixture (50 mL) was stirred at room temperature for 10 

min and trifluoropyridine was added (1.5 g, 11.3 mmol). The 

suspension turned thick when pyrazole (1.62 g, 23.7 mmol) 

and NaH 60% (930 mg, 23.3 mmol) were added and the 

mixture then became a clear solution which was stirred at 

room temperature for 6 h, solvent was removed in vacuo and water was added (30 mL). The crude 

was extracted with chloroform and dried over MgSO4 anhydrous.  The compound was isolateded 

through silica column chromatography in (4:1, hexane : ethyl acetate, Rf 0.25. 1.5 g, 33.9% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.43 (s, 9H, 14), 3.25 (t, J = 6.2 Hz, 2H, 9), 3.46 

(q, J = 5.6 Hz, 2H, 8), 5.1 (s, 1H, 10), 6.45 (d, J = 1.5 Hz, 2H, 4’), 7.67 (s, 2H, 3), 7.72 (s, 2H, 

3’), 8.49 (d, J = 2.4 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 28.3 (14), 31.3 (8), 39.1 (9), 79.6 (13), 105.8 

(3), 107.9 (4’), 127.2 (5’), 142.3 (3’), 149.8 (2), 154.2 (4), 155.6(11); 

ES
+
-MS m/z 387.2 [(M + H)]

+
, 409.1 [M + Na]

+
, 795.3 [(2M + Na)]

+
. 

Mp: 119.1 
o
C. 

 

 2,6-Di(pyrazol-1-yl)pyrid-4-yl-(2-ethylammonium-chloride)sulphide (64) 8.7.12

Acetyl chloride, 3.5 mL was added dropwise into a cooled 

methanol (40 mL, 0 
o
C) and the mixture was stirred for 30 

min. The solution was added to 2,6-di(pyrazol-1-yl)pyrid-4-yl-

(N-Boc-2-ethylamino)sulfide (63), (1.4g, 3.6 mmol) and the 

mixture was stirred overnight at room temperature. Pure white 

precipitate was isolated by filtration, 1.1 g, 94% yield.  
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1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 3.13 (m, 2H, 10), 3.51 (t, J  = 7.2 Hz, 2H, 9), 

6.64 (dd, J = 2.4, 1.8 Hz, 2H, 4’), 7.67 (s, 2H, 3), 7.88 (d, J = 0.9 Hz, 3H, 3’), 8.35 (br. S, 3H, 

10), 8.93 (d, J = 2.4 Hz, 2H, 5’);  

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 27.5 (9), 37.6 (8), 105.2 (3), 108.7 (4’), 

128.5 (5’), 143.0 (3’), 149.8 (2), 153.4 (4); 

ES
+
-MS m/z 309.1 [M + Na]

+
. 

Mp: 220.5 
o
C. 

 

 2,6-Di(pyrazol-1-yl)pyrid-4-yl-(2-ethylamino)sulphide (65) 8.7.13

2,6-Di(pyrazol-1-yl)pyrid-4-yl-(2-ethylammonium-chloride)sulfide 

(64), (1.2 g, 3.7 mmol) was dissolved in 65 mL of water (acidic 

pH) and Na2CO3 was added until neutral pH (200 mg approx). The 

mixture was stirred overnight at room temperature. A white 

compound was suspended in the aqueous solution which was 

extracted with 3 volumes of chloroform (x 100 mL) obtained pure. 

970 mg, 91.6% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.48 (br. s, 2H, 10), 3.10 (m, 2H, 9), 3.24 (t, J = 

6.4 Hz, 2H, 8), 6.49 (m, 2H, 4’), 7.74 (s, 2H, 3), 7.75 (d, J = 1.5 Hz, 2H, 3’), 8.54 (d, J = 2.6 

Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 35.2 (8), 40.7 (9), 106.0 (3), 108.0 (4’), 127.2 

(5’), 142.4 (3’), 149.9 (2), 154.9 (4); 

ES
+
-MS m/z 270.1 [M – NH2]

+
, 287.1 [(M + H)]

+
. 

Mp: 85.1 
o
C. 

 

 (R)-Lipoamide N-([2,6-di(pyrazol-1-yl)pyrid-4-yl]-2-ethyl sulphide) (66) 8.7.14

2,6-Di(pyrazol-1-yl)pyrid-4-yl-(2-ethylamino) 

sulfide (65), (777 mg, 2.72 mmol), lipoic acid 

(616mg, 2.99 mmol) and DMAP (83 mg, 0.54 

mmol) were mixed in dried over anhydrous 

magnesium sulphate dichloromethane (50 mL) 

at 0
o
C. DCC (673 mg, 3.25 mmol) in solution 

of dried dichloromethane (26 mL) was added 

drop by drop to the cooled suspension over half hour. After half hour stirring, the ice bath was 

removed and the mixture was left stirring overnight at room temperature. The suspension was 
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filtered and the liquid phase was concentrated under vacuum yielding a pale yellow solid. The 

compound was isolated by eluting through silica gel in ethyl acetate, Rf: 0.51 as a pale yellow 

powder (994 mg, 2.09 mmol, 77% yield). 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.46 (m, 2H, 14), 1.67 (m, 4H, 13 and 15), 1.9 

(m, 1H, 20A), 2.2, (t, 7.5 Hz, 2H, 12), 2.45 (dq, J = 12.5, 6.3 Hz, 1H, 20B), 3.14 (m, 2H, 19), 

3.32 (t, J = 6.4 Hz, 2H, 8), 3.55 (quin, J = 6.8 Hz, 1H, 16), 3.63 (q, J = 6.1 Hz, 2H, 9), 5.95 (br. 

s, 1H, 10), 6.5 (m, 2H, 4’), 7.73 (s, 2H, 3), 7.76 (s, 2H, 3’), 8.55 (d, J = 2.7 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 25.2 (13), 28.8 (14), 31.0 (8), 34.6 (15), 

36.3(12), 38.0(9), 38.4(19), 40.2 (20), 56.3 (16), 105.9 (3), 108.1 (4’), 127.3 (5’), 142.5 (3’), 

150.0 (2), 154.0 (4), 172.9 (11); 

ES
+
-MS m/z 475.2 [(M + H)]

+
, 497.2 [M + Na]

+
, 971.3 [(2M + Na)]

+
. 

Mp: 117.9. 
o
C. 

Anal. Calcd for C21H26N6OS3: C, 53.14; H, 5.52; N, 17.71. Found: C, 53.1; H, 5.6; N, 17.7 

 

 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]acetic acid tert-butyl 8.7.15

ester (71) 

DMAP (357 mg, 2.35 mmol), tert-butyl-2 aminoacetate (1.63 

g, 12.4 mmol) and 2,6-di(pyrazol-1-yl)pyridine-4-carboxylic 

acid (3 g, 11.8 mmol) were mixed in dry dicloromethane and 

the mixture was stirred for 5 minutes at 0 
o
C when DCC 

dissolved in DCM was added dropwise (2.79 g, 13.5 mmol). 

The final mixture was stirred at 0 
o
C for 30 minutes and then 

heated to room temperature and left overnight. The 

suspension was filtered and the filtrate was purified through silica column chromatography in 

(1:4, hexane:ethyl acetate to ethyl acetate, Rf 0.63-0.87. 3.47 g, 79.8% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.52 (s, 9H, 13), 4.18 (d, J = 5 Hz, 2H, 9), 6.51 

(m, 2H, 4’), 6.96 (br. s, 1H, 8), 7.78 (d, J = 0.9 Hz, 2H, 3’), 8.20 (s, 2H, 3), 8.55 (d, J = 2.4 Hz, 

2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 28.1 (13), 42.6 (9), 82.8(12), 107.2 (4’), 108.4 

(3), 127.2 (5’), 142.8 (3’), 147.0 (2), 150.8 (4), 164.4(7), 168.6(10); 

ES
+
-MS m/z 313.1 [(M + H2O - tBuO

-
)]

+
, 369.2 [(M + H)]

+
, 391.2 [(M + Na)]

+
, 759.3 [(2M + 

Na)]
+
.  

Mp: 151.3 
o
C. 
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 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]acetic acid (67) 8.7.16

[(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]acetic acid tert-

butyl ester (69) (1 g, 0.027 mmol) was dissolved in 50 mL of 

DCM, then 10 mL of TFA were added carefully and the mixture 

was stirred at r.t. for 1 h. Solvent was removed in vacuo. Yielding a 

white solid (713 mg, 0.023 mmol, 84%). 

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 3.98 (m, 2H, 9), 

6.67 (dd, J = 2.6, 1.7 Hz, 2H, 4’), 7.92 (d, J = 1.1 Hz, 2H, 3’), 8.23 (s, 2H, 3), 9.00 (d, J = 2.6 

Hz, 2H, 5’), 9.51 (t, J = 5.9 Hz, 1H, 8);  

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 41.3 (9), 106.8 (4’), 108.8 (3), 128.4 (5’), 

143.0 (3’), 147.2 (2), 150.2 (4), 163.8(7), 170.8(10); 

ES
+
-MS m/z 313.1 [(M + H)]

+
. 

Mp: 272.6 
o
C. 

 

 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]propanoic acid tert-8.7.17

butyl ester (72) 

DMAP (357 mg, 2.35 mmol), tert-butyl-2 

aminopropanoate (70) (1.8 g, 12.4 mmol) and 2,6-

di(pyrazol-1-yl)pyridine-4-carboxylic acid (3 g, 11.8 

mmol) were mixed in dry dicloromethane and the mixture 

was stirred 5 minutes at 0 
o
C when DCC dissolved in DCM 

was added dropwise (2.79 g, 13.5 mmol). The final mixture 

was stirred at 0 
o
C for 30 minutes and then heated to room 

temperature and left overnight. The suspension was filtered and the filtrate was purified 

through silica column chromatography in (1:4, hexane:ethyl acetate to ethyl acetate, Rf 0.69-

0.9. 2.3 g, 43.6% yield. 

1
H NMR ((400MHz, CDCl3), 298 K, ppm) δ: 1.48 (s, 9H, 13), 2.6 (t, J = 6.1 Hz, 2H, 9), 3.73 

(q, J = 6 Hz, 2H, 10), 6.52 (dd, J = 2.4, 1.7 Hz, 2H, 4’), 7.05 (br.s, 1H, 8), 7.78 (d, J = 1 Hz, 2H, 

3’), 8.15 (s, 2H, 3), 8.55 (d, J = 2.2 Hz, 2H, 5’);  

13
C NMR ((100MHz, CDCl3), 298 K, ppm) δ: 28.1 (14), 34.9 (9), 35.8 (10), 81.5(13), 107.1 

(3), 108.3 (4’), 127.2 (5’), 142.7 (3’), 147.8 (4), 150.8 (2), 164.5(7), 171.8(11); 

ES
+
-MS m/z 327.1 [(M + H2O - tBuO

-
)]

+
, 383.2 [(M + H)]

+
, 405.2 [(M + Na)]

+
, 787.3 [(2M + 

Na)]
+
. 

Mp: 132.8 
o
C. 
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 [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]propanoic acid (68) 8.7.18

[(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]propanoic acid 

tert-butyl ester (47) (1 g, 0.026 mmol) was dissolved in 50 mL 

of DCM, then 10 mL of TFA were added carefully and the 

mixture was stirred at r.t. for 1 h. Solvent was removed in vacuo 

yielding a pale white solid (648 mg 0.02 mmol, 76%). 

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 2.58 (t, J = 

7.1 Hz, 2H, 9), 3.52 (m, 2H, 10), 6.52 (dd, J = 2.6, 1.7 Hz, 2H, 4’), 7.91 (d, J = 0.9 Hz, 2H, 3’), 

8.20 (s, 2H, 3), 8.98 (m, 2H, 5’) 9.19 (t, J = 5.3 Hz, 1H, 8); 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 33.3 (9), 35.8 (10), 106.8 (3), 108.7 (4’), 

128.4 (5’), 142.9 (3’), 147.7 (4), 150.1 (2), 163.4(7), 172.7(11); 

ES
+
-MS m/z 349.1 [(M + Na)]

+
. 

Mp: 214.7 
o
C. 

 2,6-Di(4-bromo-pyrazol-1-yl)pyridine-4-carboxylic acid (69) 8.7.19

2,6-Di(chloro)pyridine-4-carboxylic acid (826 mg, 4.3 

mmol) was added to suspension of 4-bromo-pyrazole (3 g, 

20 mmol) and NaH 60% (1.3 g, 30 mmol) in 130 mL of 

diglyme. The mixture was refluxed at 140 
o
C for 8 days. The 

mixture was cooled to room temperature and water was 

added until brownish solution was observed with basic pH. 

HCl (16%) was added carefully until the precipitated was observed (pH was still neutral). The 

mixture was filtered and the solid was washed thoroughly with water three times. The pale 

brown compound was dried under vacuum (Yield; 1.066 g 2.6 mmol, 60.5%). 

1
H NMR ((400MHz, d

6
-DMSO), 298 K, ppm) δ: 8.02 (s, 2H, 3’), 8.14 (s, 2H, 3), 9.37 (s, 2H, 

5’); 

13
C NMR ((100MHz, d

6
-DMSO), 298 K, ppm) δ: 96.3 (3), 108.4 (4’), 128.8 (5’), 143.0 (3’), 

149.2 (2), 165.0(4), 185.9(7); 

ES
+
-MS m/z 413.9 [(M + H)]

+
, 435.9 [(M + Na)]

+
 (many unassigned strong peaks) 

Mp: 247.7 
o
C (decomposition). 
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 Bis-[(R)-lipoamide N-[2,6-Di(pyrazol-1-yl)pyrid-4-yl]methyl]iron(II) 8.7.20

perchlorate [46]C 

 

Solutions of iron(II) perchlorate hydrate and (R)-Lipoamide N-[2,6-Di(pyrazol-1-yl)pyrid-4-

yl]methyl (46) in acetonitrile were mixed. The compound was precipitated as yellow powder 

upon diethyl ether addition.  

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 1.27 (m, 2H, 12), 1.45 (m, 4H, 13), 1.58 (m, 

2H, 11), 1.79 (m, 1H, 18A), 2.12 (m, 3H, 10 and 18B), 3.08 (m, 2H, 17), 3.47 (s, 1H, 14), 6.69 

(s, 1H, 8) 9.16 (s, 2H, 7), 40.68 (s, 2H, 5’), 41.36 (s, 2H, 4’), 61.70 (s, 2H, 3), 70.13 (s, 2H, 3’). 

ES
+
-MS m/z 456.1 [Fe(L)2]

2+
, 583.0 [Fe(L)(ClO4)]

+
, 1011.2 [Fe(L)2(ClO4)]

+
.  

Anal. Calcd for C40H48N12FeCl2O10S4: C, 43.20; H, 4.35; N, 15.12. Found: C, 43.3; H, 3.9; 

N, 13.4 

 

 Bis-[(R)-lipoate [2,6-Di(pyrazol-1-yl)pyrid-4-yl]methyl]iron(II) 8.7.21

perchlorate [50]C 

 

Solutions of iron(II) perchlorate hydrate and (R)-Lipoate N-[2,6-Di(pyrazol-1-yl)pyrid-4-

yl]methyl (50) in acetonitrile were mixed. The compound was precipitated as a yellow powder 

upon diethyl ether addition.  

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 1.36 (m, 2H, 12), 1.57 (m, 4H, 11 and 13), 1.83 

(m, 1H, 18A), 2.41 (m, 3H, 10 and 18B), 3.07 (m, 2H, 17), 3.51 (m, 1H, 14), 8.81 (s, 2H, 7), 

38.67 (s, 2H, 5’), 39.99 (s, 2H, 4’), 60.09 (s, 2H, 3), 67.57 (s, 2H, 3’).  

ES
+
-MS m/z 457.1 [Fe(L)2]

2+
, 584.0 [Fe(L)(ClO4)]

+
, 1013.1 [Fe(L)2(ClO4)]

+
. 

Anal. Calcd for C40H46N10FeCl2O12S4: C, 43.13; H, 4.16; N, 12.58. Found: C, 43.0; H, 4.0; 

N, 12.5 
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 Bis-[(R)-lipoate 2-[(2,6-di(pyrazol-1-yl)pyridine)-4-carbonyl) amino] 8.7.22

ethyl]iron(II) perchlorate [60]C 

 

Solutions of iron(II) perchlorate hydrate and (R)-Lipoate 2-[(2,6-di(pyrazol-1-yl)pyridine)-4-

carbonyl) amino] ethyl (60) in acetonitrile were mixed. The compound was precipitated as an 

orange powder upon diethyl ether addition.  

1
H NMR ((300MHz, (CD3)2CO), 298 K, ppm) δ: 1.45 (m, 2H, 15), 1.63 (m, 4H, 14 and 16), 1.84 

(m, 1H, 21A), 2.38 (s, 3H, 13 and 21B), 3.06 (m, 2H, 20), 3.55 (s, 1H, 17), 3.80 (s, 2H, 9), 4.35 (s, 

2H, 10), 8.48 (s, 1H, 8), 27.65 (s, 2H, 5’), 30.75 (s, 2H, 4’), 45.05 (s, 2H, 3), 48.32 (s, 2H, 3’). 

ES
+
-MS m/z 420.1 [Fe(L)(L-LA)]

2+
, 487.2 [H(L)]

+
, 514.1 [Fe(L)2]

2+
, 641.0 [Fe(L)2(ClO4)]

+
, 

757.2 [Fe(L)3]
2+

, 1000.3 [Fe(L)4]
2+

, 1127.2 [Fe(L)2(ClO4)]
+
. 

Anal. Calcd for C44H52N12FeCl2O14S4: C, 43.04; H, 4.27; N, 13.69. Found: C, 42.9; H, 4.2; 

N, 13.5 

 

 Bis-[(R)-lipoate 2-[(2,6-di(pyrazol-1-yl)pyridine)-4-carbonyl)alkoxy] 8.7.23

ethyl]iron(II) perchlorate [62]C 

 

Solutions of iron(II) perchlorate hydrate and (R)-Lipoate 2-[(2,6-di(pyrazol-1-yl)pyridine)-4-

carbonyl)alkoxy]ethyl (62) in acetonitrile were mixed. The compound was precipitated as a red 

powder upon diethyl ether addition. Slow diffusion of diethyl ether into the acetonitrile solution 

of [62]C yielded large red single crystals which were not suitable for XRD experiment. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 1.44 (m, 2H, 15), 1.56 (m, 4H, 14 and 16), 1.78 

(m, 1H, 21A), 3.03 (s, 3H, 13 and 21B), 3.50 (m, 2H, 20), 3.66 (s, 1H, 17), 4.65 (s, 2H, 9), 4.78 

(s, 2H, 10), 22.92 (s, 2H, 5’), 26.38 (s, 2H, 4’), 39.1-41.6 (br. s, 4H, 3 and 3’). 

ES
+
-MS m/z 515.1 [Fe(L)2]

2+
, 758.7 [Fe(L)3]

2+
. 

Anal. Calcd for C44H50N10FeCl2O16S4: C, 42.97; H, 4.10; N, 11.39. Found: C, 43.1; H, 3.9; 

N, 11.4 
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 Bis-[(R)-lipoamide N-([2,6-di(pyrazol-1-yl)pyrid-4-yl]-2-ethyl sulfide)] 8.7.24

iron(II) perchlorate [66]C 

 

Solutions of iron(II) perchlorate hydrate and (R)-Lipoamide N-([2,6-di(pyrazol-1-yl)pyrid-4-

yl]-2-ethyl sulfide)] ethyl (66) in acetonitrile were mixed. The compound was precipitated as a 

yellow powder upon diethyl ether addition.  

1
H NMR ((300MHz, (CD3)2CO), 298 K, ppm) δ: 1.29 (s, 2H, 14), 1.54 (s, 2H, 15), 1.80 (s, 

4H, 13 and 20A), 2.29 (s, 1H, 12), 2.56 (m, 1H, 20B), 2.84 (s, 2H, 19), 3.24 (m, 2H, 8), 3.70 (s, 

1, 16), 5.05 (s, 2H, 9) 7.84 (s, 1H, 10), 44.20 (s, 2H, 5’), 45.43 (s, 2H, 4’), 61.62 (s, 2H, 3), 

73.44 (s, 2H, 3’). 

ES
+
-MS m/z 502.1 [Fe(L)2]

2+
, 1103.1 [Fe(L)2(ClO4)]

+
. 

Anal. Calcd for C42H52N12FeCl2O10S6: C, 41.90; H, 4.35; N, 13. 96. Found: C, 41.8; H, 4.2; 

N, 13.7 

 

 Bis-[[(2,6-di(pyrazol-1-yl)pyridine-4-carbonyl)amino]acetic acid]iron(II) 8.7.25

perchlorate [67]C 

 

Solutions of iron(II) perchlorate hydrate and [(2,6-di(pyrazol-1-yl)pyridine-4-

carbonyl)amino]acetic acid (67) in acetonitrile were mixed. The compound was precipitated as 

a red powder upon diethyl ether addition. Slow diffusion of diethyl ether into acetonitrile 

solution of [67]C yielded red single crystals, 78 % yield. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 4.29 (s, 2H, 9), 8.06 (s, 1H, 8), 9.87 (br. s, 1H, 

11) 27.22 (s, 2H, 5’), 30.90 (s, 2H, 4’), 46.16 (s, 2H, 3), 49.74 (s, 2H, 3’).  

ES
+
-MS m/z 313.1 [H(L)]

+
, 335.1 [Na(L)]

+
, 340.1 [Fe(L)2]

2+
, 647.2 [Na(L)2]

+
, 679.1 [Fe(L)2-

H]
+
, 779.1 [Fe(L)2(ClO4)]

+
, 991.2 [Fe(L)3-H]

+
. 

Anal. Calcd for C28H24N12FeCl2O14: C, 38.25; H, 2.75; N, 19.12. Found: C, 38.0; H, 2.7; N, 

19.1 
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 Bis-[[(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino]propanoic 8.7.26

acid]iron(II) perchlorate [68]C 

 

Solutions of iron(II) perchlorate hydrate and [(2,6-Di(pyrazol-1-yl)pyridine-4-carbonyl)amino] 

propanoic acid (68) in acetonitrile were mixed. The compound was precipitated as a red 

powder upon diethyl ether addition. Slow diffusion of diethyl ether into acetonitrile solution of 

[68]C yielded red single crystals, 53 % yield. 

1
H NMR ((300MHz, CD3CN), 298 K, ppm) δ: 2.75 (s 2H, 10), 3.79 (s, 2H, 9), 7.72 (s, 1H, 8), 

9.38 (br. s, 1H, 11) 29.08 (s, 2H, 5’), 32.36 (s, 2H, 4’), 48.55 (s, 2H, 3), 52.45 (s, 2H, 3’).  

ES
+
-MS m/z 327.1 [H(L)]

+
, 349.1 [Na(L)]

+
, 354.1 [Fe(L)2]

2+
. 

Anal. Calcd for C30H28N12FeCl2O14: C, 39.71; H, 3.11; N, 18.52. Found: C, 39.6; H, 3.0; N, 

18.3 

 

 Bis-[2,6-di(4-bromo-pyrazol-1-yl)pyridine-4-carboxylic acid]iron(II) 8.7.27

tetrafluoroborate [71]B 

 

Iron(II) tetrafluoroborate (10 mg, 0.03 mmol) was mixed with 2,6-di(4-bromo-pyrazol-1-

yl)pyridine-4-carboxylic acid (71), (25 mg, 0.06 mmol) in nitromethane (5 mL). The 

suspension turned dark red upon sonication. The suspension was filtered and the complex was 

precipitated as red powder by addition of diethyl ether, 14 mg, 47% yield. 

 

 Deposition of complexes in surfaces 8.7.28

DIRECT. Under a dry atmosphere, the substrates having been activated when required, (the 

gold substrates were activated by immersion in a solution of H2O2 and H2SO4 (1:1) for 40 
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seconds) were placed in a weighing bottle containing a solution of the perchlorate salt 

[Fe(L)2](ClO4)2 (1 mM) which was previously filtered. After 24 h the substrates were 

vigorously washed with the same solvent and dried with a high pressure nitrogen flow. 

 

SEQUENTIAL. Under dry atmosphere, the substrates (activated when required) were placed in 

a weighing bottle containing a solution (1 mM) of the tethered ligand L in varying solvents 

(EtOH or Acetone) which was previously filtered. After 24 h the substrates were vigorously 

washed with the same solvent and placed in a second weighing bottle containing a solution (1 

mM) of Fe(ClO4)2 salt in acetonitrile which was previously filtered. After 24 h the substrates 

were vigorously washed with the same solvent and placed in a third weighing bottle containing 

a solution (1 mM) of the ligand L which was previously filtered. After 24 h the substrates were 

vigorously washed with the same solvent and dried with a high pressure nitrogen flow. 

 

 Preparation of gold nanoparticles 8.7.29

1.45 mL of oleylamine (80-90%) was added to a suspension of gold(III) chloride tri hydrate in 

1 mL of toluene and the solution turned red. This mixture was quickly added into a refluxed 

mixture of 49 mL of toluene with 2.46 mL of oleylamine. After 2 h the reaction was stopped 

and 100 mL of methanol were added to precipitate the AuNPs. The particles were isolated by 

centrifugation, washed with methanol and redissolved in toluene.  

 

8.8 Crystallographic tables  

All Tables are appended on a supplementary annex, on a DVD-RW. 
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