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Abstract 

A series of non-heme iron(II) bis(triflate) complexes containing linear and tripodal 

tetradentate ligands has been prepared.  Electron withdrawing and electron donating 

substituents in the para position of the pyridine ligands as well the effect of pyrazine 

versus pyridine and sulphur or oxygen donors instead of nitrogen donors have been 

investigated.  The electronic effects induced by these substituents influence the 

strength of the ligand field.  UV-vis spectroscopy and magnetic susceptibility studies 

have been used to quantify these effects and VT 1H and 19F NMR spectroscopy as 

well as X-ray diffraction have been used to elucidate structural and geometrical 

aspects of these complexes.  The catalytic properties of the iron(II) complexes as 

catalysts for the oxidation of cyclohexane with hydrogen peroxide have been 

evaluated.  In the strongly oxidising environment required to oxidise alkanes, catalyst 

stability determines the overall catalytic efficiency of a given catalyst, which can be 

related to the ligand field strength and the basicity of the ligand and its propensity to 

undergo oxidation. 
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Introduction 

The selective oxidation of aliphatic C-H bonds has been a long-standing goal in 

chemical research.1-4  Despite several industrial applications such as the oxidation of 

cyclohexane and p-xylene, which use O2 as the oxidant and manganese or cobalt 

based catalysts, the development of practical oxidation catalysts and a thorough 

mechanistic understanding of alkane oxidation processes continue to provide great 

challenges in catalysis research.  A number of different classes of alkane oxidation 

catalysts have been developed during the last 50 years, including the cobalt and 

manganese acetate catalyst systems used industrially,5 the heme-based iron complexes 

containing porphyrin-type ligands used in nature,6, 7 polyoxometalates8-10 and more 

recently, non-heme iron based catalyst systems.11-17  The metal catalysts are typically 

combined with oxidants, which can have different oxo transfer abilities18, for example 

H2O2, O2, ClO–, PhIO, O3 or N2O, whereby the first two oxidants are economically 

and environmentally the most attractive oxidants.19, 20  

An appealing feature of non-heme iron catalysts is that ligand modifications and 

catalyst tuning are relatively straightforward, compared for example with porphyrin-

type ligand systems.  However, many non-heme iron complexes that have been 

reported as oxidation catalysts in combination with H2O2 have shown catalytic 

behaviour which is characterised by low conversions (of alkane substrate and H2O2) 

and low product selectivities, either due to catalyst decomposition or extensive H2O2 

decomposition due to the formation of hydroxyl (OH·) radicals (Fenton chemistry).21   

In contrast, some non-heme iron complexes have shown a dramatically different 

behaviour.  Much higher conversions of H2O2 into oxidised products, combined with a 

more selective oxidation reactivity have been observed with certain non-heme iron(II) 

complexes containing tetradentate nitrogen-based ligands, which can be classified 

into the following categories, according to their ligand structure: tripodal tetradentate 

ligands such as TPA22, 23 and iso-BPMEN,24 linear tetradentate ligands such as 

BPMEN,25 BQEN 26 and (S,S-PDP)27 and cyclic tetradentate ligands, for example 
Me2PyTACN (see Figure 1).28, 29 

 Several non-heme iron catalysts have shown stereospecific and dioxygen-

independent oxidation of alkanes with H2O2
13, 17, 30 and the C-H regio-selectivities and 

kinetic isotope effects have indicated a more selective oxidant than those responsible 

for oxidation in Fenton-type systems.  This different catalyst behaviour in 
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combination with isotope labelling studies31 and DFT calculations32 have implicated a 

high valent  iron(V) oxo species as the active oxidant,33, 34 which suggests that the 

reaction mechanism for these non-heme systems could be analogous to the 

mechanism for heme systems such as Cytochrome P-450,6 i.e. hydrogen atom 

abstraction followed by rapid oxygen rebound.35  Several Fe(IV) oxo complexes have 

now been isolated and crystallographically characterised and evidence for the 

existence of iron(V) oxo complexes is mounting.36-39 
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Figure 1.  Examples of non-heme iron(II) oxidation catalysts. 

 

Common features in these non-heme iron catalysts are the use of tetradentate 

ligands with amine or pyridine-type donors and two cis labile co-ligands X, for 

example weakly coordinating triflate anions or acetonitrile molecules in combination 

with non-coordinating anions.  One of the main questions that immediately arises is: 

Why are these particular catalysts so much better than other classes of non-heme 

iron(II) complexes?  In a series of papers, we and others have addressed this question 

by systematically investigating the ligand-based requirements that are needed for the 

formation of efficient oxidation catalysts.  For example, steric effects in TPA-type 

iron(II) catalysts have been investigated by Que and co-workers, by introducing 

methyl substituents in the pyridyl ortho positions.30, 40, 41  Electronic effects have been 

investigated by the introduction of nitro substituents in the pyridyl para positions.42  

Both variations have led to reduced catalytic activity.  Changes to the backbone of 
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BPMEN and BQEN type ligands have resulted in an increase in ligand flexibility and 

different coordination modes, generally resulting in lower catalytic activity.26, 43, 44  As 

a result of these studies, it has become increasingly clear that catalyst stability, under 

the harsh oxidising conditions required to oxidise alkanes, is a major factor in 

determining the catalytic efficiency of a given catalyst.  Ligand rigidity and a strong 

ligand field appear to be critically important for the stability and lifetime of these non-

heme catalysts.  The endemic but often ignored problem of catalyst degradation, 

especially in oxidation catalysis, has been investigated previously for several related 

systems.45-47  Porphyrin-based iron catalysts have long been known to degrade during 

oxidation catalysis and, together with increased rates of H2O2 decomposition, this has 

been attributed to higher concentrations of hydroxyl radicals.48-51  In fact, the problem 

also exists in living organisms, where heme and non-heme oxidases have a limited 

lifetime, but nature has developed a sophisticated catalyst regeneration system to 

overcome this problem.52  

Here we report our investigations into electronic effects on the catalytic activity of 

non-heme iron catalysts containing linear and tripodal tetradentate ligands.  The aim 

of this study is to elucidate the ligand-based requirements needed for high catalytic 

activity in these systems.  The different substituents in the para position of the 

pyridine donors are expected to affect catalyst stability and activity.  In addition, 

different bridging donor atoms (sulphur and oxygen) have been introduced to assess 

the importance of the central amine donors.  Three classes of iron(II) complexes have 

been prepared (see Figure 2) with different substituents at the para position of the 

pyridine donors in BPMEN (class I) and iso-BPMEN ligands (class III).  The 

variations on the bridging amine donors in BPMEN have been investigated by using 

ether and thioether donors (class II).  The coordination geometries of the iron(II) 

bis(triflate) complexes have been determined in the solid state and in solution.  The 

spectroscopic and magnetic properties of the iron(II) complexes have been measured, 

in an attempt to correlate the coordination geometry and the ligand field strength with 

the catalytic activity and selectivity of these complexes for the oxidation of 

cyclohexane with H2O2 as the terminal oxidant.  
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Figure 2.  Ligand classes I–III. 

 

 

Results and Discussion 

Synthesis of ligands and complexes 

The synthesis of the functionalised BPMEN-type ligands of class I (1 – 3) has been 

reported previously and they have been used as ligands for the preparation of 

manganese complexes.24, 53, 54  The bis(pyrazyl) ligand BPZMEN 4 was prepared by 

methylation of the previously reported precursor.55  

The preparation of the novel oxygen-bridged ligands 5 and 7 was less 

straightforward.  The reaction between picolyl chloride and ethylene glycol, using a 

variety of bases and reaction conditions, invariably resulted in a complex mixture of 

products, probably due to the low nucleophilicity of the alkoxide ion.  Ligand 5 was 

eventually prepared by nucleophilic substitution in DMSO, using NaH as the base.  

This reaction also led to mixture of compounds, but the desired product BPMEO 5 

could be isolated by column chromatography in 24 % yield.  In the case of the 

catechol bridged ligand BPMPhO 7, phase transfer conditions were employed as 

described previously for similar compounds.56  The sulphur bridged ligand BPMES 6 

was prepared as reported previously from ethane dithiol and picolyl chloride, using 

sodium ethoxide as the base,57 and the novel phenylene bridged ligand 8 was prepared 

via a similar procedure.  The iso-BPMEN ligand series of class III (10 – 12) was 

prepared via reductive amination, in an analogous fashion to our previously reported 

synthesis of iso-BPMEN 9, using the corresponding para-substituted pyridine-2-

carboxaldehydes and N,N-(dimethyl)ethylene diamine.24 
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An overview of the most likely structures of the complexes prepared in this study 

is shown in Figure 3.  The preparation of the iron(II) bis(triflate) complexes was 

generally carried out by mixing THF solutions of the ligand and Fe(OTf)2(CH3CN)2 

which yielded, upon stirring overnight, the desired complex.  Attempts to form the p-

methyl and p-chloro derivatives [Fe(10)(OTf)2] and [Fe(11)(OTf)2] by this route were 

unsuccessful, yielding only impure darkly-coloured sticky solids.  In contrast, reaction 

of the ligands 10 and 11 with iron(II) dichloride in THF led upon stirring for 24 hours 

to precipitation of the complexes [Fe(10)Cl2] and [Fe(11)Cl2].  Reaction of these 

dichloro complexes with two equivalents of silver(I) triflate gave, after filtration to 

remove silver chloride, the targeted complexes [Fe(10)(OTf)2] and [Fe(11)(OTf)2].  

All complexes of the type [Fe(L)Cl2] or [Fe(L)(OTf)2] (L = 1-12) investigated here 

are paramagnetic high spin iron(II) complexes, both in the solid state and in non-

coordinating solvents such as dichloromethane.  Dissolution of the complexes 

[Fe(L)(OTf)2] (L = 1-12) in acetonitrile results in the immediate formation of the 

bis(acetonitrile) dicationic complex [Fe(L)(CH3CN)2]
2+ as the major species in 

solution.  For some ligands, small amounts (< 5%) of a triflate coordinated complex 

[Fe(L)(CH3CN)(OTf)]+ can also be detected by 19F NMR (vide infra).  Depending on 

the strength of the ligand field, these iron(II) complexes can be in a temperature-

dependant spin crossover regime.  The complexes have been characterised by variable 

temperature 1H NMR, 19F NMR and magnetic susceptibilities, as well as UV-Vis 

spectroscopy and in the case of complexes [Fe(6)(OTf)2] and [Fe(7)(OTf)2] the solid 

state structures have been determined by X-ray diffraction. 
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Figure 3.  The most likely structures for the iron(II) bis(triflate) complexes of ligands 

1–12. 

 

Solid State Structures 

Linear tetradentate ligands can adopt three coordination modes in octahedral metal 

complexes: cis-!, cis-" and trans. The two internal donors become chiral upon 

coordination to the metal and can therefore have either the same or opposite 

configuration.  Assuming that the configuration of these internal two donors remains 

unchanged, this increases the number of possible isomers to five pairs of enantiomers: 

cis-! (R*,R*), cis-" (R*,R*) or cis-" (R*,S*) and trans (R*,R*) or trans (R*,S*), 

whereby R* and S* denote the relative configuration at the internal donor atoms.44  

From molecular models it is immediately evident that the cis-! (R*,S*) geometry is 

not possible due to severe bite-angle strain within the complex.  Whichever geometry 

a linear tetradentate ligand will adopt preferentially in a metal complex is not easily 

predicted and depends on a number of factors, including the number of atoms 

between the donors, the solvent and the temperature.  In addition, if the co-ligands are 

labile such as triflate or acetonitrile ligands, equilibria can exist between the different 

geometries in solution, which will be concentration and temperature dependent.  The 

coordination geometries observed in the solid state are therefore not necessarily the 

same as those in solution, as was shown previously for iron(II) complexes containing 



 8 

bis(pyridylmethyl)diamine and bis(quinolyl)diamine ligands.26, 44, 58  For the tripodal 

tetradentate ligands 9-12, only one coordination geometry is possible, and the 

molecular structures for the ligands 10-12 are expected to be the same as the solid 

state structure determined previously for [Fe(9)(OTf)2].
24 

In the case of complexes featuring BPMEN (1) or the related ligands 2-4 with three 

5-membered chelate rings, the cis-! (R*,R*) geometry with a twist conformation of 

the central chelate ring is the most likely coordination geometry.  This geometry 

results in the least amount of bite angle strain59 and is the only geometry seen in solid 

state structures of related iron(II) complexes.25, 60-64  The iron(II) bis(triflate) 

complexes containing the sulfur bridged ligand BPMES 6 will adopt most likely the 

cis-! geometry, as this would result in a similar bite angle strain as for BPMEN and 

this is the geometry seen in the nickel(II) complex [Ni(6)(CH3CN)2]
2+ and the 

vanadium(IV) complex [V(6)(O)(Cl)]+.65, 66 

 

X-ray analysis of crystals of [Fe(6)OTf2] revealed the presence of two 

independent C2-symmetric complexes (with similar conformations but opposite 

chiralities) in the asymmetric unit (complex A is shown in Figure 4, complex B in 

Figure S19 in the Supporting Information).  Each complex has the expected cis-! 

(R*,R*) geometry, the two pyridyl nitrogen donor atoms occupying sites trans to each 

other with an N–Fe–N angle of 158.7(4)° [158.8(4)°] (the number in square 

parentheses refers to complex B).  The five-membered S,N chelate ring has an 

envelope geometry, the sulphur lying ca. 0.36 Å [0.31 Å] out of the {C2NFe} plane 

which is coplanar to within ca. 0.02 Å [0.03 Å].  The five-membered S,S' ring, 

through which the C2 axis passes, has a twisted geometry with the two carbon atoms 

lying ca. 0.30 Å [0.35 Å] above and below the {S2Fe} plane respectively; in complex 

A this gives the ring a ! twist, whilst complex B has a " twist.  The strain involved in 

this conformation of the tetradentate S,S',N,N' ligand is shown by the ca. 11° [11°] 

departure from ideal of the N–Fe–N trans angle (vide supra) and the ca. 11° [13°] 

twist between the {FeS2} and {FeO2} coordination planes. 

A search of the Cambridge Structural Database (version 5.29, Jan-2008 update) 

for the Fe–S bond lengths in iron thioether complexes (similar to that done by 

Schmiege et al.,67 but with a newer version of the database) gave a double-peak 
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histogram (see Figure S23).  The first, much larger, peak is centred at ca. 2.27 Å, 

which corresponds to the average bond length in Fe(0) and low spin Fe(II) thioether 

complexes.  A second, much smaller peak is centred at ca. 2.56 Å, the typical Fe–S 

distance for HS Fe(II) and Fe(III) compounds.  The Fe–S bond lengths seen here of 

2.5180(18) Å and 2.515(3) Å in complexes A and B respectively, together with the 

long Fe–N bond lengths confirm that [Fe(6)OTf2] is a HS Fe(II) complex in the solid 

state.  

 

Figure 4. The molecular structure of one (A) of the two crystallographically 

independent C2 symmetric complexes present in the crystals of [Fe(6)OTf2].  The 

atoms labeled with an “A” suffix are related to those without the suffix by the 

operation of the 2-fold axis that passes through the metal centre and bisects the C(9)–

C(9A) bond (-x+2,y,-z+3/2). 

 

We have previously reported that, when the bridging moiety in the BPMEN ligand 

1 is changed from an ethylene bridge to a phenylene bridge, the preferred geometry in 

solution is no longer the cis-! (R*,R*) geometry, despite this being the geometry 

observed in the solid state.44  In dichloromethane solution, in addition to the cis-

! (R*,R*) geometrical isomer (ca. 40%), an inter-converting mixture of the cis-
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" (R*,S*) and the trans (R*,S*) geometries (ca. 20 and 40%, respectively) was 

observed by VT 19F NMR spectroscopy.   

The solid state structure of the dioxophenylene bridged complex [Fe(7)OTf2] 

revealed to our surprise a distorted trans geometry (see Figure 5), the tetradentate 

N,N’,O,O’ ligand having an approximately planar conformation.  The atoms of the 

N(1),O(8) and O(8),O(15) five-membered chelate rings, plus the N(22) donor atom of 

the O(15),N(22) ring, {Fe,N(1),C(6),C(7),O(8),C(9),C(14),O(15),N(22)}, are 

coplanar to within ca. 0.06 Å with C(16) and C(17) lying ca. 0.46 and 0.23 Å out of 

this plane on the same side [towards O(41)].  Whilst the Fe–N and Fe–O(triflate) 

bonds (Table 2) are roughly comparable to those in complex [Fe(6)OTf2] (Table 1), 

the change from an SCH2CH2S backbone in [Fe(6)OTf2] to the OCH2CH2O backbone 

here in [Fe(7)OTf2] results in a ca. 0.33 Å reduction in the Fe–X bond lengths to these 

donor atoms.  This, combined with the forced planarity of the central O,O' five-

membered chelate ring in [Fe(7)OTf2]. c.f. the twisted conformations seen for the 

C2S2Fe ring in [Fe(6)OTf2], appear to be responsible for the change from a cis-! 

(R*,R*) to a trans conformation.  The unusual trigonal planar coordination of the 

oxygen atoms O(8) and O(15) suggests significant sp2 hybridisation and precludes 

assignment of their stereochemical configuration.  Associated with this change in 

conformation from cis-! to trans is a further distortion from linear for the trans N–

Fe–N angle, which is 142.72(6)° compared to ca. 159° in [Fe(6)OTf2]. 
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Figure 5.  The molecular structure of [Fe(7)OTf2].  The F···# separations are (a) 3.71 

Å, and (b) 3.32 Å. 

 

Table 1. Selected bond lengths (Å) and angles (°) for both (A and B) of the two 
crystallographically independent C2 symmetric complexes present in the 
crystals of [Fe(6)OTf2].

[a] 
 A B   A B 

Fe–N(1) 2.183(6) 2.172(8)  Fe–S(8) 2.5180(18) 2.515(3) 

Fe–O(11) 2.132(6) 2.114(7)     

       

N(1)–Fe–S(8) 80.01(17) 79.8(2)  N(1)–Fe– O(11) 103.2(2) 103.8(3) 

N(1)–Fe–N(1A) 158.7(4) 158.8(4)  N(1)–Fe–S(8A) 84.55(18) 84.9(2) 

N(1)–Fe– O(11A) 92.5(2) 92.2(3)  S(8)–Fe–O(11) 94.50(17) 95.5(2) 

S(8)–Fe–S(8A) 87.13(8) 87.48(14)  S(8)–Fe–O(11A) 172.19(15) 171.15(19) 

O(11)–Fe–O(11A) 84.9(3) 82.9(4)     
[a] The atoms labeled with an “A” suffix are related to those without the suffix by the 

operation of the 2-fold axis (-x+2,y,-z+3/2). 

 
 

Table 2. Selected bond lengths (Å) and angles (°) for [Fe(7)OTf2]. 
Fe–N(1) 2.1542(15)  Fe–O(8) 2.1719(12) 

Fe–O(15) 2.2026(12)  Fe–N(22) 2.1342(15) 
Fe–O(31) 2.1550(14)  Fe–O(41) 2.1565(14) 

     
N(1)–Fe–O(8) 73.92(5)  N(1)–Fe–O(15) 144.31(5) 
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N(1)–Fe–N(22) 142.72(6)  N(1)–Fe–O(31) 90.90(5) 

N(1)–Fe–O(41) 87.73(6)  O(8)–Fe–O(15) 70.53(5) 
O(8)–Fe–N(22) 143.37(5)  O(8)–Fe–O(31) 91.27(5) 

O(8)–Fe–O(41) 91.28(5)  O(15)–Fe–N(22) 72.89(5) 

O(15)–Fe–O(31) 92.84(5)  O(15)–Fe–O(41) 90.05(5) 

N(22)–Fe–O(31) 88.58(6)  N(22)–Fe–O(41) 90.66(6) 
O(31)–Fe–O(41) 176.65(5)    

 
 
 
1
H-NMR Spectroscopy 

Upon dissolution in CD3CN, the [Fe(L)(OTf)2] complexes presented here undergo 

fast substitution reactions to give complexes of the type [Fe(L)(CD3CN)2](OTf)2, 

which can exist in a spin crossover regime.68  The rapid interconversion between 

paramagnetic high spin (HS) and diamagnetic low spin (LS) complexes, combined 

with the exchange of coordinated and free acetonitrile and triflate ligands, results in 

very broad 1H NMR signals at room temperature, which make the characterisation of 

these complexes by 1H NMR spectroscopy not straightforward.  For example, 

complex [Fe(1)(CD3CN)2](OTf)2 is at higher temperatures (above 330K) exclusively 

HS and ligand exchange is faster than the NMR timescale, resulting in a paramagnetic 

spectrum with relatively sharp signals (see Figure 6).  At lower temperatures (below 

230K), the complex is exclusively LS, resulting in a diamagnetic 1H NMR spectrum.  

The temperature-dependant 1H NMR behaviour of the related complex 

[Fe(1)(CH3CN)2][ClO4]2 in CD3CN solution has been analysed previously.69  

However, the reported peak assignments are not entirely correct.  The protons that 

undergo the largest downfield shift when the temperature is increased (H!, HA and HC) 

are those with a Fe-N-C-H dihedral angle close to 0 or 180 degrees, because this 

allows the most efficient spin transfer from the paramagnetic iron centre to the 

hydrogen atoms.70  The dihedral angles for the individual protons, determined from 

the two X-ray crystal structures that are available for the cation [Fe(1)(CH3CN)2]
2+,25, 

64 are given, together with the our peak assignments, in Figure 6.  Further evidence 

was obtained from variable temperature 1H NMR measurements and a NOESY 

spectrum at 226 K (see Figures S1 and S2).  Peak assignments for the related 

complexes [Fe(2)(OTf)2] and [Fe(3)(OTf)2] containing a para-chloro and a para-

methoxy substituent, respectively, were made accordingly (see Figures S3 and S4). 
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Figure 6.  1H NMR spectrum of [Fe(1)(OTf)2] at 298K in CD3CN.  Torsion angles in 

complex [Fe(1)(CH3CN)2]
2+ have been determined from the solid state structures 

reported in references 25 and 64 (* = CH3CN).  

 

Variable temperature 1H NMR studies have shown that line broadening begins 

with the onset of the spin-crossover (SC) and becomes increasingly severe with 

increasing temperature, with the result that at T > 298 K many resonances are not 

resolved and the 1H NMR spectrum can no longer be assigned.  However, at T = 343 

K where there is almost complete occupation of the HS configuration, the resonances 

begin to sharpen.  This line-broadening phenomenon is consistent with a fluxional 

process that is accessed upon initiation of spin-crossover and becomes increasingly 

faster with increasing temperature.  

The LS configuration appears to be accessible only for the dicationic 

bis(acetonitrile) complexes [Fe(L)(CH3CN)2]
2+, while triflate ligands and 5-coordinate 

geometries do not exert a sufficiently large ligand field to induce anything other than 

HS configurations within the temperature range.  The inherent stabilisation of the d6 

LS state inhibits dissociation of an acetonitrile ligand and exchange with a triflate 
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anion, i.e. LS iron(II) complexes are substitutionally inert.  Upon thermal initiation of 

spin-crossover, population of the HS configuration of [Fe(L)(CH3CN)2]
2+ occurs, from 

which a reduced energetic barrier for substitution leads to the formation of HS triflate 

coordinated complexes, most likely via high-spin 5-coordinate species.  These 

considerations represent a mechanism for fluxional exchange of acetonitrile and 

triflate ligands initiated by spin crossover.  This behaviour is illustrated for complex 

[Fe(4)(OTf)2] containg the BPZMEN ligand. 

 

The 1H-NMR spectrum of complex [Fe(4)(OTf)2], dissolved in CD3CN at 298 K, 

displays severe line-broadening (Figure S5).  Consistent with the low magnetic 

moment of 2.86 BM at 298 K in CD3CN solution, the corresponding chemical shift 

range is small (ca. 0-20 ppm, i.e. close to the diamagnetic region).  The line-

broadening in the 1H-NMR spectrum derives from exchange between coordinated and 

non-coordinated acetonitrile and triflate ligands.  At 238 K, a diamagnetic 1H-NMR 

spectrum without line-broadening is observed (Figure 7).  With increasing 

temperature, the chemical shift range gradually increases, whereby the protons H!, HA 

and HC experience the largest downfield shift (see Figure S6). 

 

Figure 7.  The 1H-NMR spectrum of [Fe(4)(CD3CN)2](OTf)2, recorded in CD3CN  

solution at 238 K ($ = CH3CN).  
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The 1H-NMR spectrum of complex [Fe(4)(OTf)2] in CD2Cl2 solution at room 

temperature is characteristic of a high-spin iron(II) complex (see Figure 8).  In order 

to investigate whether complex [Fe(4)(OTf)2] exhibits any spin-crossover behaviour 

or unusual fluxional behaviour in CD2Cl2 solution, VT 1H-NMR spectra were 

measured over the liquid range of the solvent.  A plot of the chemical shift of the 

individual resonances versus the reciprocal of temperature is given in Figure S7.  The 

linear variation of the chemical shift is consistent with Curie law behaviour and the 

iron(II) centre being exclusively high-spin over the whole temperature range between 

220-300K.   

 

Figure 8. The 1H NMR spectrum and corresponding peak assignment for 

[Fe(4)(OTf)2], recorded in CD2Cl2 ($) solution at 298 K. (s: solvent residues.) 

 

The 1H NMR spectra of the oxygen bridged complex [Fe(5)(OTf)2] in CD2Cl2 and 

in CD3CN are both paramagnetic at room temperature (Figures S8 and S9).  This 

indicates that the bis(triflate) and the bis(acetonitrile) complexes (assumed to be 

formed in CD3CN) are both high spin at room temperature, which is consistent with 

the magnetic moment measurements that show a high spin configuration in both 

solvents (vide supra).  Similar observations were made for the phenylene bridged 

complex [Fe(7)(OTf)2] (see Figure S12), for which a trans geometry was observed in 
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the solid state.  On the basis of the similarities in the NMR and UV-vis spectra, the 

magnetic susceptibility and catalytic behaviour, we assign a trans configuration for 

both complexes [Fe(5)(OTf)2] and [Fe(7)(OTf)2]. 

Complexes [Fe(6)(OTf)2] and [Fe(8)(OTf)2] are paramagnetic in CD2Cl2, but in 

CD3CN the VT 1H NMR spectra show spin crossover behaviour (Figure S10 and 

S11).  The softer sulphur donors in combination with two acetonitrile and two 

pyridine ligands create a strong ligand field, which leads to a LS configuration at low 

temperature, whereas at higher temperatures the HS configuration is observed.  The 
1H NMR spectrum at these higher temperatures (e.g. 343K), shows only the pyridyl 

protons as sharp singlets, whereas the methylene protons are very broad, indicating 

considerable fluxional behaviour of the ligand backbone (see Figure S11).  This 

indicates that these sulphur donors, despite their stronger coordination compared to 

the oxygen donors, do not enforce the same conformational rigidity as seen for the 

amine donors in the BPMEN complex [Fe(1)(OTf)2]. 

 

The paramagnetic 1H NMR spectra of [Fe(10)(OTf)2], [Fe(11)(OTf)2] and 

[Fe(12)(OTf)2] in CD2Cl2 and CD3CN solution can be assigned by comparison with 

the previously reported 1H NMR spectra of complex [Fe(9)(OTf)2].
24  The main 

difference between the spectra is the absence of the protons in the para position of the 

pyridine rings, which are typically observed at a chemical shift of 10-20 ppm.  It was 

often observed for these complexes that insufficient numbers of resonances were 

found to account for all the methylene and ethylene protons or they were very broad 

due to fluxional behaviour, with the result that peak integration was unreliable.  The 

exact number of methylene and ethylene resonances observed was found to depend on 

the solvent and the nature of the para-pyridyl substituent.  Generally speaking, using 

CD3CN as the NMR solvent led to observation of more of the ethylene and methylene 

proton resonances than with CD2Cl2.   

 
19

F NMR Spectroscopy 

The chemical shifts and half-height line widths of the CF3 resonances observed in 

the 19F NMR spectra of the iron(II) bis(triflate) complexes are listed in Table 3. 

 

Table 3.  19F NMR data for of iron(II) bis(triflate) complexes at 298K. 



 17 

19F CD2Cl2
a 19F CD3CNa Complex 

% 

(ppm) 
&1/2 

(Hz) 
% 

(ppm) 
&1/2 

(Hz) 
[Fe(1)(OTf)2] (BPMEN) -29 716 -77 845 
[Fe(2)(OTf)2] (p-Cl) -28 540 -79 740 
[Fe(3)(OTf)2] (p-OMe) -24 1180 -74 1540 
[Fe(4)(OTf)2] (BPZMEN) -33 820 -78 310 
[Fe(5)(OTf)2] (BPMEO) -33 560 -60 400 
[Fe(6)(OTf)2] (BPMES) -20 2400 -76 130 
[Fe(7)(OTf)2] (BPMPhO) -35 750 -66 400 
[Fe(8)(OTf)2] (BPMPhS) -21 2900 -77 450 
[Fe(9)(OTf)2] (i-BPMEN) -24 1330 -66 920 
[Fe(10)(OTf)2] (p-Me) -28 610 -69 410 
[Fe(11)(OTf)2] (p-Cl) -26 1740 -64 1130 
[Fe(12)(OTf)2] (p-OMe) -27 980 -72 280 
 

The 19F NMR data for all complexes in CD2Cl2 and CD3CN solution are at first 

glance very similar.  In CD2Cl2 solution, the triflate anions are coordinated to the iron 

centre, which results in a relatively broad peak between -20 and -30 ppm.  The shift 

from ca. -80 ppm (for the free triflate anion) is caused by their proximity to the 

paramagnetic centre.  There appears to be a correlation between the chemical shift 

values (%) and the linewidths (&1/2) observed in CD2Cl2 solution (see Figure S17).  

Complexes with stronger field ligands (for example 6 and 8 and perhaps also 3 and 9) 

give rise to broader signals at lower chemical shift values, which is probably related 

to the rate of triflate exchange in these complexes.  There is no apparent correlation in 

CD3CN. 

VT 19F NMR measurements show a shift from ca. -30 ppm at 298 K to ca. -10 ppm 

at 188K for the complexes containing ligands 1 – 4 and from -20 ppm to ca. +10 ppm 

for those containing ligands 6 and 8.  For complex [Fe(8)(OTf)2], a small amount of a 

triflate dissociated species is observed below 258K, most likely a five-coordinate 

complex [Fe(8)(OTf)]OTf (Figure S16).  Triflate dissociation at lower temperature is 

also observed for complex [Fe(5)(OTf)2], but in this case [Fe(5)(OTf)]OTf is the 

major species below 200K, whereas the trans complex [Fe(7)(OTf)2] shows 

dissociation of both triflate anions at lower temperature (Figures S14 and S15).  The 

reason for this anion dissociation at lower temperature is presumably due to the 

stabilisation of five- and four-coordinate complexes at lower temperatures. 
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In CD3CN solution, the triflate anions exist mainly as non-coordinating 

counterions, which appear around -80 ppm.  A minor peak (typically less than 5 %) 

around -20 ppm is also observed in the case of the complexes containing ligands 1, 2 

and 4, indicating the presence of complexes with coordinated triflate ligands such as 

[Fe(L)(CH3CN)(OTf)]+, similar to previous observations made us and also by Comba 

and co-workers for [Fe(bispidine)(OTf)2] complexes in methanol solution.26, 70  Rapid 

exchange between coordinated and uncoordinated triflate and acetonitrile ligands 

results in the observed signal broadening, consistent with [Fe(L)(OTf)2] being the 

dominant species in CD2Cl2 solution, whereas in CD3CN solution, [Fe(L)(CH3CN)2]
2+ 

is the major complex and [Fe(L)(CH3CN)(OTf)]+ a minor species.  The relatively 

strong field ligands 1, 2 and 4 apparently slow down the exchange process to such a 

rate that the minor triflate-coordinated species becomes observable.  

 

UV-Vis spectroscopy 

The UV-Vis spectra of the iron(II) complexes [Fe(L)(CH3CN)2]
2+ where L = 1 – 12 

generally feature high intensity bands in the UV region and broad transitions in the 

near-visible (Figures 9a-c, Table 4).  Because several complexes in this study are in a 

spin crossover regime at room temperature, the electronic spectra are a combination 

of both the HS and LS component.  By analogy to spectra of similar iron(II) 

complexes of pyridine-alkylamino ligands,44, 70-73 the two sets of bands can be assigned 

to ligand-centred '-'* transitions and MLCT bands of the LS component, 

respectively.  In those cases where a significant amount of the LS fraction is present, 

the weak 1T1(
1A1 transitions at approximately 500-550 nm can also be observed.73 

 

Table 4.  Selected physical parameters of iron(II) bis(triflate) complexes  
MLCT 1T1(

1A1 Complex 

) 

(nm) 
* 

(M-1cm-1) 
) 

(nm) 
* 

(M-1cm-1) 

µeff
c 

CD3CN 
(µB) 

Tc 
(K) 

[Fe(1)(OTf)2] (BPMEN) 375 3800 544 40 4.26 264 
[Fe(2)(OTf)2] (p-Cl) 383 3700 533 20 4.42 259 
[Fe(3)(OTf)2] (p-OMe) 340 1300   4.76  
[Fe(4)(OTf)2] (BPZMEN) 432 6800   2.86 292 
[Fe(5)(OTf)2] (BPMEO) 334 540   4.96  
[Fe(6)(OTf)2] (BPMES) 357 4800 558 90 2.82 287 
[Fe(7)(OTf)2] (BPMPhO)     5.17  
[Fe(8)(OTf)2] (BPMPhS) 350 3800 533 95 2.64 287 
[Fe(9)(OTf)2] (i-BPMEN) 374 1100   4.72 238 
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[Fe(10)(OTf)2] (p-Me) 368 960   4.79  
[Fe(11)(OTf)2] (p-Cl) 386 1300   4.85  
[Fe(12)(OTf)2] (p-OMe) 360 440   4.80  
a) c = 0.5 mM in CH3CN.  b) Evans’ NMR method, 298 K. 
 

 

 

Figure 9a. The UV-vis spectra of [Fe(L)(CH3CN)2]
2+ complexes containing ligands 1-

4 (0.5 mM, CH3CN, 298K). 
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Figure 9b. UV-vis spectra of [Fe(L)(CH3CN)2]
2+ complexes containing ligands 5-8 

(0.5 mM, CH3CN, 298K). 

 

 

Figure 9c. UV-vis spectra of [Fe(L)(CH3CN)2]
2+ complexes containing iso-BPMEN 

ligands 9-12 (0.5 mM, CH3CN, 298K). 
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The UV-vis spectra of complexes [Fe(L)(CH3CN)2]
2+ where L = 1-3 illustrate the 

effect of electron donating and withdrawing substituents in the para position of the 

pyridine ligands.  The electron withdrawing chloro substituent results in a red shift of 

the MLCT band, whereas the electron-donating methoxy substituent induces the 

opposite effect.  Comparable values for )max are obtained for the iso-bpmen ligand 

series of class III, where L = 9-12, although the extinction coefficients are much 

smaller in this case.  The para-methoxy substituent results in stronger sigma donation 

due to the increased basicity (pKa = 6.58 for p-methoxypyridinium versus pKa = 5.21 

for pyridinium),74 but back donation from metal to pyridine will be weaker, resulting 

in an overall weaker ligand field.  Conversely, para-chloro pyridine is a weaker base 

and sigma donor (pKa = 3.83 for para-chloro pyridinium), but increased back 

donation will result in a stronger ligand field.  A weaker ligand field results in a 

decrease in the amount of LS complex and a decrease in the intensity of the MLCT 

absorption.  Overall, these effects decrease )max and the intensity of the MLCT 

absorption in the order Cl > H > Me > OMe, as can be seen in the BPMEN series (see 

Figure 9a, although the para-chloro substituent has only a small effect on *max in this 

case) and more clearly in the iso-BPMEN series shown in Figure 9c.   

One of the most salient features of the UV-vis spectra in Figure 9a is the large 

extinction coefficient of the MLCT band of complex [Fe(4)(CH3CN)2]
2+ at 432 nm 

(*max = 6800 M-1cm-1), which is much larger than any of the other complexes.  

Pyrazine has lower lying '* orbitals and is therefore a better '-acceptor ligand than 

pyridine.69, 75  It is also a much weaker base (pKa = 0.65 for pyrazinium versus pKa = 

5.21 for pyridinium) and consequently a much poorer +-donor.  This will lower the 

energy of the metal d-orbitals significantly, consistent with the observed increase in 

the oxidation potential from Eox = 1.15 V for [Fe(1)(CH3CN)2]
2+ compared to Eox = 

1.37 V for [Fe(4)(CH3CN)2]
2+ and a shift of the MLCT band from 375 nm to 432 nm.  

The differences in extinction coefficient are most likely due to the increased fraction 

of LS versus HS complex at 298K for [Fe(4)(CH3CN)2]
2+, as shown by the magnetic 

susceptibility measurements in acetonitrile solution (see next section).   

The UV-vis spectra for the second class of complexes containing oxygen and 

sulfur atoms as the central donors are shown in Figure 9b.  The sulfur donors result in 

spin crossover systems [Fe(6)(CH3CN)2]
2+ and [Fe(8)(CH3CN)2]

2+, with significant 
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amounts of the LS fraction generating a strong MLCT absorption around 350-360 nm.  

The oxygen donors are only weak field ligands, resulting in a weak MLCT absorption 

in the case of [Fe(5)(CH3CN)2]
2+, whereas no MLCT absorption can be detected for 

complex [Fe(7)(CH3CN)2]
2+ which, as seen in the solid state structure, contains a 

trans coordination geometry.  

 

Magnetic Susceptibilities 

Magnetic susceptibility measurements have been used in this study to measure the 

relative ligand field strength of the different ligands 1 – 12 in octahedral iron(II) 

complexes.  In CD2Cl2 solution, the bis(triflate) complexes display magnetic moments 

of µeff $ 5 BM, consistent with HS iron(II) (S = 2) centres, due to the weak ligand 

field exerted by triflate anions.  In CD3CN solution, the triflate anions are displaced 

by stronger field acetonitrile ligands to yield dicationic complexes of the form 

[Fe(L)(CH3CN)2]
2+.  The magnetic moments of the iron(II) bis(triflate) complexes, 

measured in CD3CN solution at 298 K using the Evans’ NMR method, are listed in 

Table 4, including the previously reported data for [Fe(1)(OTf)2] and [Fe(9)(OTf)2] 

for comparison.24  For several complexes, the µeff values are significantly lower than 

expected for a HS iron(II) centre, which is suggestive of the existence of spin 

crossover (SC) behaviour in these complexes.68, 76-78  

 

The magnetic behaviour of the iron(II) complexes in CD3CN solution was 

investigated in more detail by measurement of their magnetic moments over the 

temperature range 233-343 K using the Evans’ NMR method (Figure 10).  The 

complexes with the strongest ligand field which are those containing ligands 1, 2, 4, 6 

and 8 undergo nearly a full spin transition within the temperature range (233-343K).  

For these complexes, the critical temperatures Tc (the temperature where the amounts 

of high spin and low spin are equal) are listed in Table 4.  The two iron(II) complexes 

containing the oxygen bridged ligands 5 and 7 induce the weakest ligand field and 

remain high spin down to 233K.  The complexes of the iso-BPMEN series (ligands 9-

12) and the para-methoxy substituted BPMEN complex [Fe(3)(CH3CN)n]
2+ show a 

decrease of the magnetic moment at lower temperatures, indicative of a partial spin 

transition within the temperature range and have therefore an intermediate ligand field 
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strength.  The strongest ligand field is observed for the pyrazyl complex 

[Fe(4)(CH3CN)n]
2+, which has the highest critical temperature Tc of 292 K. 

 

 

Figure 10a. The magnetic moments of iron(II) complexes containing ligands 1 – 4 in 

CD3CN solution as a function of temperature. 

 

 

Figure 10b. The magnetic moments of iron(II) complexes containing ligands 5 – 8, 

together with complex [Fe(1)(OTf)2] for comparison, in CD3CN solution as a function 

of temperature. 
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Figure 10c. The magnetic moments of iron(II) complexes containing ligands 9 – 12 in 

CD3CN solution as a function of temperature. 

 

 

Catalytic Oxidation of Alkanes 

The catalytic properties of the iron(II) bis(triflate) complexes containing ligands 1 

– 12 for the oxidation of cyclohexane with H2O2 have been evaluated (Eq. 1). 

+    H2O2

OH O

[cat]
+ (1)

CH3CN

A K  

The oxidation reactions were carried out under our standard conditions in order to 

compare the results with previously reported data (see Supporting Information).26, 44  

Hydrogen peroxide solution (10 equiv. or 100 equiv.) was added to an acetonitrile 

solution containing the catalyst (1 equiv.) and cyclohexane (1000 equiv).  A large 

excess of substrate was used to minimize over-oxidation of cyclohexanol (A) to 

cyclohexanone (K).  The addition of dilute H2O2 was carried out slowly using a 

syringe pump, in order to minimise H2O2 decomposition.  The yields are based on the 

amount of oxidant (H2O2) converted into oxygenated products.  All the individual 

catalytic runs were performed at least twice.  
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Two series of catalytic experiments were carried out initially, using 10 and 100 

equiv. of H2O2.  The amount of cyclohexanol (A) and cyclohexanone (K) are 

measured by GC and the percentage conversion of H2O2 into oxidised products (A + 

K) for the different catalysts is shown in Table 5.  The iron bis(triflate) complex 

[Fe(1)(OTf)2], containing the ligand BPMEN, is used as a benchmark against which 

the other catalysts are compared.  We have previously reported that this catalyst, 

when using 10 equiv. of H2O2, converts 65% of the added H2O2 into oxygenated 

products, with a large ratio of cyclohexanol to cyclohexanone (A/K ratio) of 9.43  

These results are consistent with those reported previously by Que and co-workers for 

the complex [Fe(1)(CH3CN)2](ClO4)2.
30  The results obtained with 

[Fe(OTf)2(CH3CN)2] have been added for comparison (runs 17 and 18), which show 

only low conversions and A/K ratios, indicative of Fenton-type behaviour. 

 

Table 5. Oxidation of cyclohexane with H2O2 catalysed by [Fe(L)(OTf)2].
a 

Run catalyst 
Equiv. 

H2O2 

A + K b 

(%) 
A/K c 

1d [Fe(1)(OTf)2] (BPMEN) 10 65 9.5 

2d [Fe(1)(OTf)2] (BPMEN) 100 48 2.5 

3 [Fe(2)(OTf)2] (p-Cl) 10 53 7.1 

4 [Fe(2)(OTf)2] (p-Cl) 100 41 2.7 

5 [Fe(3)(OTf)2] (p-OMe) 10 53 11.0 

6 [Fe(3)(OTf)2] (p-OMe) 100 45 3.6 

7 [Fe(4)(OTf)2] (BPZMEN) 10 38 2.3 

8 [Fe(4)(OTf)2] (BPZMEN) 100 20 1.7 

9e [Fe(9)(OTf)2] (i-BPMEN) 10 32 6.8 

10e [Fe(9)(OTf)2] (i-BPMEN) 100 6.6 4.4 

11 [Fe(10)(OTf)2] (p-Me) 10 34 6.6 

12 [Fe(10)(OTf)2] (p-Me) 100 6.1 5.3 

13 [Fe(11)(OTf)2] (p-Cl) 10 16 3.3 

14 [Fe(11)(OTf)2] (p-Cl) 100 4.4 4.0 

15 [Fe(12)(OTf)2] (p-OMe) 10 28 4.7 

16 [Fe(12)(OTf)2] (p-OMe) 100 4.1 4.7 

17 [Fe(OTf)2(CH3CN)2] 10 3.8 1.6 
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18 [Fe(OTf)2(CH3CN)2] 100 3.4 2.4 
a Catalytic conditions: see Experimental section. b Total percentage yield of cyclohexanol (A) + 

cyclohexanone (K), expressed as moles of product per mole of H2O2. 
c Ratio of moles of cyclohexanol 

(A) to moles of cyclohexanone (K).  d Data taken from Ref. 44.  e Data taken from Ref. 24. 

 

The results in Table 5 show clear differences between the various classes of 

iron(II) catalysts. The first set of catalysts containing ligands 1 – 4 (runs 1-8) shows 

conversions of ca. 40-65 % H2O2 into oxidised products, using 10 equiv. of H2O2.  

Increasing the amount of H2O2 to 100 equivalents leads to more oxidised product, but 

this lowers the percentage conversion of H2O2 (20-50%).  The second class of 

catalysts containing ligands 5 – 8 with sulphur and oxygen donors showed no 

oxidation activity at 10 or 100 equiv. of H2O2 added.  The ligands with the oxygen 

donors (5 and 7) have been shown by the NMR and magnetic moment measurements 

to create only weak ligand fields and the iron(II) complexes are high spin in 

acetonitrile solution.  Ligand displacement and catalyst decomposition are likely in 

this case.  The sulphur bridged ligands 6 and 8 generate a much stronger ligand field, 

but the sulphur donors are prone to oxidation to form sulphoxides.  The third class 

containing the iso-BPMEN ligand series 9 - 12 gave reasonable conversions of 15-30 

% at the lower oxidant loading, but this percentage decreased to 4-7 % at 100 equiv. 

H2O2.  These catalysts are generally less active than the catalysts in the first class and 

appear to deactivate more rapidly.  In order to discern any electronic effects caused by 

the para substituents of the pyridine donors, the performance of the catalysts of class I 

was investigated in more detail by monitoring the amount of oxidised product 

produced with various amounts of H2O2 (Figure 11).   
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Figure 11.  Product composition at various amounts of H2O2 in the oxidation of 

cyclohexane catalyzed by [Fe(2)(OTf)2] (top), [Fe(3)(OTf)2] (middle) and 

[Fe(4)(OTf)2] (bottom).  The dashed line represents the total number of equivalents of 

oxidised product that can be obtained. 

 

The dashed diagonal line is included in Figure 11 to represent the total number of 

equivalents of oxidised product that can be obtained from any amount of H2O2 added.  

It appears that the addition of more H2O2 leads to more cyclohexanol (A) and 

cyclohexanone (K), but the relationship is not linear.  If we consider that a second 

equivalent of oxidant is required to oxidise cyclohexanol to cyclohexanone, the total 

conversion of H2O2 to generate the oxygenated products is given by the sum of the 

equivalents of cyclohexanol and twice the equivalents of cyclohexanone produced, 

which is represented by the A+2K curves in Figure 11.  

 

In order to compare the efficiency of the most active catalysts, their A+2K curves 

have been collected in Figure 12. The previously reported measurements for 

complexes [Fe(1)(OTf)2] and [Fe(9)(OTf)2] are included for comparison.  It can be 

seen that the A+2K curves for complexes [Fe(1)(OTf)2], [Fe(2)(OTf)2] and 

[Fe(3)(OTf)2] are very similar.  The methoxy-substituted complex [Fe(3)(OTf)2] 
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appears to give a slightly better performance, especially at higher H2O2 loadings (see 

also Table 5, runs 5 and 6).  This could be related to the increased basicity of the 

para-methoxy pyridine donor, resulting in an increased stability of this catalyst.  The 

activity of complex [Fe(4)(OTf)2] containing the pyrazine donors decreases more 

rapidly, which indicates faster catalyst degradation in this case, probably related to the 

weaker binding of pyrazine versus pyridine.  The A + 2K curve for complex 

[Fe(9)(OTf)2] has also been included and it can be seen that this complex and also the 

other complexes containing the para-substituted ligands 10, 11 and 12 suffer from 

rapid deactivation.  No apparent effect due the para substituent on the catalytic 

activity could be observed for these complexes. 

 

 

Figure 12.  Conversion of H2O2 into oxygenated products (A+2K curves) for different 

catalysts. The dashed line represents the total number of equivalents of oxidised 

product that can be obtained. 

 

In conclusion, the UV-vis spectroscopy studies and the magnetic susceptibility 

measurements have shown that electron donating or withdrawing substituents in the 

para position of the pyridine donors in BPMEN-type complexes of class I and iso-

BPMEN type complexes of class III affect the electronic and magnetic properties of 
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these complexes.  Electron donating substituents increase the basicity and the +-

donating ability of the pyridine ligand, but decrease the back bonding, resulting in an 

overall weakening of the ligand field, whereas electron-withdrawing substituents have 

the opposite effect.  However, within a given class, the catalytic behaviour of the 

catalysts for the oxidation of cyclohexane by H2O2 is largely unaffected by the nature 

of the para substituents.  These results consolidate our earlier hypothesis that the 

catalytic activity of non-heme iron complexes (and possibly also heme-type 

complexes) is largely controlled by the stability of the catalysts under the oxidising 

conditions.  The methoxy-substituted catalyst [Fe(3)(OTf)2] contains the most basic 

pyridine donors and this catalyst appears to give a slightly better performance.  The 

degradation of these catalysts occurs probably by oxidation of the aliphatic C-H 

bonds of the ligand, possibly followed by further rearrangement of the ligand, 

eventually leading to de-complexation of the ligand from the metal centre.  Other 

oxidisable moieties, such as sulphur donors are also likely to be oxidised and this will 

weaken their coordinating properties.  In addition, any deviation from the cis-! 

coordination geometry to cis-" or trans geometries in these complexes results in a 

weaker ligand field and less active catalysts.  We are currently investigating the 

deactivation processes in these non-heme iron catalysts, with the aim to increase their 

activity and lifetime so that they will become robust and practical catalysts for alkane 

oxidation reactions. 

 

Experimental 

General 

All moisture and oxygen sensitive compounds were prepared using standard high 

vacuum line, Schlenk and cannula techniques.  A standard nitrogen-filled glove box 

was used for any subsequent manipulation and storage of these compounds.  Standard 
1H, 19F and 13C NMR spectra were recorded using a Bruker AC-250 MHz 

spectrometer.  VT-NMR and COSY spectra were recorded using a Bruker AM-500 

MHz or a DRX-400 MHz spectrometer.  1H NMR were referenced to the residual 

non-deuterated solvent signal and 13C NMR chemical shifts to the signal of the 

deuterated solvent.  The 19F NMR chemical shifts were referenced to CFCl3.  Mass 

spectra were recorded using either a VG Autospec or a VG Platform II spectrometer.  

Elemental analyses were performed by the Science Technical Support Unit at The 
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London Metropolitan University.  GC analysis was performed using an Agilent 

6890A gas chromatograph on either a HP-5 (30 m ! 0.32 mm, film thickness 0.25 

mm) or an Innowax (30 m ! 0.25 mm, film thickness 0.25 mm) column.  Toluene was 

used as the standard for quantitative analysis and product identities were confirmed 

using GC-MS.  UV-vis spectra were recorded at 298K in acetonitrile solution using a 

Perkin-Elmer Lambda 20 spectrometer.  Detailed experimental procedures for VT-

Evans magnetic susceptibility measurements, as well as the standard testing 

conditions for the oxidation of cyclohexane can be found in the Supplementary 

Information. 

 

Solvents and Reagents 

Diethyl ether and tetrahydrofuran were dried by prolonged reflux, under a nitrogen 

atmosphere, over sodium metal with a benzephenone ketyl indicator and distilled 

freshly prior to use. Dichloromethane and acetonitrile were treated in a similar 

manner, but using calcium hydride as the drying agent. Toluene and pentane were 

dried by passing through a column, packed with commercially available Q-5 reagent 

(13 % CuO on alumina) and activated alumina (pellets, 3 mm), in a stream of 

nitrogen. The synthesis of the complexes [Fe(OTf)2(CH3CN)2],
79 [Fe(1)(OTf)2] and 

[Fe(9)(OTf)2]
24 have been reported previously.  The ligand precursors and ligands, 

N,N’-bis(2-pyrazylmethyl)ethylene-1,2-diamine,55 N,N’-dimethyl-N,N’-bis(4-

chloropyridylmethyl)ethylene-1,2-diamine (2),53 N,N’-dimethyl-N,N’-bis(4-

methoxypyridylmethyl)ethylene-1,2-diamine (3),54 and S,S’-bis(2-pyridylmethyl)-

1,2-ethanedithiol (BPMES) (6),57 were all prepared according to published 

procedures. 

 

Synthesis of the ligands 

N,N’-bis(2-pyrazylmethyl)-N,N’-dimethylethyl-1,2-diamine (BPZMEN) (4): A 

mixture of N,N’-bis(2-pyrazylmethyl)ethylene-1,2-diamine, (0.55 g, 2.25 mmol), 

acetic acid (8.25 mL), 35 % w/w aqueous formaldehyde (3.00 mL, 35.1 mmol) and 

acetonitrile (45 mL) was stirred for 1 hour. Subsequent to this period, 0.57 g (15.1 

mmol) of sodium borohydride was slowly added and the resultant mixture allowed to 

stir for a further 2 days. All volatiles were removed and the residue made strongly 

basic (pH " 12). The aqueous layer was extracted with DCM (3!100 mL), the organic 

fractions combined, dried (MgSO4) and all volatiles removed to give the product as a 
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yellow oil (0.47 g, 77 %). 1H-NMR (CDCl3): " 8.65 (d, 2H, J=1Hz, 6-PzH), 8.48 (dd, 

2H, J=1 and 2.6Hz, 5-PzH), 8.41 (d, 2H, J=2.6Hz, 3-PzH), 3.71 (s, 4H, PzCH2), 2.63 

(s, 4H, NCH2CH2N), 2.27 (s, 6H, NMe). 13C-NMR (CDCl3): " 154.8 (ipso), 145.2, 

143.8, 143.1, 61.8 (PzCH2), 55.5 (NCH2CH2), 42.8 (NMe). MS (EI): m/z (%) 272 (4) 

[M+], 179 (6) [(M-PzCH2)
+], 149 (6) [(M-PzCH2NHMe)+], 136 (100) 

[(PzCH2NMeCH2)
+], 93 (34) [(PzCH2)

+]. 

 

O,O’-bis(2-pyridylmethyl)-1,2-ethanediol (BPMEO) (5): NaH (0.44 g, 18.3 mmol) 

was dissolved in dry DMSO for 15 minutes, after which dry ethylene glycol (0.57 g, 

9.15 mmol) was added dropwise and the solution was left to stir at room temperature 

for one hour.  2-Chloromethyl pyridine (2.54 g, 19.9 mmol, prepared from 2-

chloromethyl pyridine hydrochloride and ammonia in chloroform) was added, 

dissolved in DMSO, to the reaction mixture, which subsequently turned red.  The 

solution was left to stir for 15 hours at room temperature.  The resulting dark brown 

solution was first dissolved in DCM, then water was added and the product was 

extracted three times with DCM, washed with water and the combined organic 

fractions were dried over sodium sulphate. The crude product was purified with by 

column chromatography using DCM:MeOH (98:2) to obtain a clear light brown oil. 

(0.56 g, 24%).  1H NMR (CDCl3): 8.54 (d, 2H, J=4Hz, pyrH), 7.68 (t, 2H, J=8Hz, 

pyrH), 7.49 (d, 2H, J=8Hz, pyrH), 7.18 (dd, 2H, J=4 and 8Hz, pyrH), 4.72 (s, 4H, 

pyrCH2), 3.81 (s, 4H, OCH2).  
13C NMR (CDCl3): 158.47, 149.00, 136.65, 122.33, 

121.35, 74.09 (pyrCH2), 70.23 (OCH2). MS (EI): m/z (%) 152 (35) 

[(PyCH2O(CH2)2O)+], 108 (38) [(PyCH2O)+], 92 (100) [PyCH2
+]. 

 

O,O’-bis(2-pyridylmethyl)-1,2-phenylenediol (BPMPhO) (7): A mixture of 1,2-

dihydroxybenzene (2.08 g, 18.89 mmol), 2-chloromethylpyridine hydrochloride 

(6.197 g, 37.78 mmol) and tetra(n-butyl)ammonium bromide was refluxed in benzene 

(50 ml) and 40% aqueous sodium hydroxide (8 ml) for 24h.  The solution was left to 

cool down and then water was added.  The organic layer was extracted with benzene, 

washed with water, dried with Na2SO4 and concentrated to give the crude product, 

which was purified by column chromatography using ethylacetate/n-hexane (3:1) to 
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give a pure beige crystalline product (0.85 g, 15%).  1H NMR (CDCl3): 8.6 (d, 2H, 

J=4Hz, pyrH!), 7.70 (t, 2H, J=8Hz, pyrH), 7.62 (d, 2H, J=8Hz, pyrH), 7.22 (dd, 2H, 

J=4.0Hz, J=8.0Hz, pyrH), 6.96 (m, 2H, ArH), 6.9 (m, 2H, ArH), 5.33 (s, 4H, CH2).  
13C NMR (CDCl3): 157.58, 149.12, 148.41, 136.84, 122.56, 121.74, 121.22, 114.48, 

71.68 (CH2).  MS (EI): m/z (%) 292 (10) [M+], 200 (71) [(C12H10O2N2)
+], 92 (100) 

[pyr-CH2
+]. 

 

S,S’-bis(2-pyridylmethyl)-1,2-phenylenedithiol (BPMPhS) (8): Sodium (0.18 g, 

7.03 mmol) was dissolved in ethanol (25 mL).  To this solution benzene-1,2-dithiol 

(0.5 g,  3.52 mmol) was added followed by a solution of 2-(chloromethyl)pyridine 

(7.03 mmol) in ethanol (10 mL).  The solution was heated to the point of reflux for 20 

hours.  Once cooled down water (50 mL) was added which dissolved the precipitate.  

The resulting solution was extracted with DCM (3 x 50 mL).  The combined organic 

phase was washed with water (3 x 50 mL) and dried over Na2SO4.  All solvents were 

removed to yield an orange oil (0.92 g, 81%).  1H NMR (CDCl3): " 8.55 (d, 2H, J=1.8 

Hz, 6-PyH), 7.62 (td, 2H, J =7.8 and 1.8 Hz, 4-PyH), 7.32 (d, 2H, J=7.8 Hz, 3-PyH), 

7.26 (m, 2H, 3,6-PhH), 7.18 (m, 2H, 5-PyH), 7.07 (m, 2H, 4,5-PhH), 4.30 (s, 4H, 

PyCH2).  
13C NMR (CDCl3): " 157.3, 149.0, 137.0, 137.5, 130.1, 127.0, 123.3, 122.2, 

39.6.  MS (+EI): m/z (%) 324 (24)[M+], 232 (42) [(M – PyCH2)
+], 231 (46), 200 (49) 

[(M – PyCH2S)+], 153 (65), 93 (100) [(PyCH3)
+]. 

 

N,N-bis[2-(4-picolyl)methyl]-N’,N’-dimethylethyl-1,2-diamine (Me-iso-BPMEN) 

(10): A mixture of N,N-dimethylethylene-1,2-diamine (0.41 mL, 3.68 mmol) and 4-

methylpyridine-2-carboxaldehyde (1.16 g, 9.58 mmol) was stirred in DCM (50 mL) 

for 1 hour. Subsequently, this solution was to added to a suspension of sodium 

tri(acetoxy)borohydride in DCM (50 mL) and stirred for 18 hours. The reaction 

mixture was quenched by the addition of saturated aqueous sodium hydrogen 

carbonate solution. The organic layer was separated and the aqueous layer extracted 

with DCM (2,100 mL). All organic fractions were combined, dried (MgSO4) and the 

solvent removed using a rotary evaporator. The impure yellow oil obtained was then 

dissolved in THF and added to a stirring suspension of KH (0.074 g, 1.84 mmol) in 

THF. After stirring for 90 minutes, all volatiles were removed in vacuo and the 

residue extracted with pentane (3,100 mL). The pentane extracts were combined, 
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filtered and reduced to dryness to give 10 as a viscous yellow oil (0.65g, 59 %). 1H-

NMR (CDCl3): % 8.29 (d, 2H, J=5Hz, 6-PyH), 7.25 (s, 2H, 3-PyH), 6.88 (d, 2H, 

J=5Hz, 5-PyH), 3.75 (s, 4H, PyCH2), 2.61 (m, 2H, PyCH2NCH2), 2.42 (m, 2H, 

CH2NMe2), 2.26 (s, 6H, PyMe), 2.10 (s, 6H, NMe). 13C-NMR (CDCl3): % 159.1 

(ipso), 148.5, 147.2 (ipso), 123.8, 122.8, 60.6 (PyCH2), 57.1 (NCH2), 52.0 (NCH2), 

45.5 (NMe), 20.9 (PyMe). MS (EI): m/z (%) 298 (4) [M+], 253 (1) [(M-HNMe2)
+], 

240 (100) [(M-Me2NCH2)
+], 192 (17) [(M-PicCH2)

+], 147 (20) [(PicCH2NC2H3)
+], 

133 (54) [(PicCH2NCH)+], 106 (30) [(PicCH2)
+].  

 

N,N-bis[2-(4-chloropyridyl)methyl]-N’,N’-dimethylethyl-1,2-diamine (Cl-iso-

BPMEN) (11): 1.10 g of 4-chloropyridine-2-carboxaldehyde (7.77 mmol) was 

dissolved in DCM (50 mL), 0.43 mL of N,N-dimethylethylene-1,2-diamine (3.89 

mmol) added and the resultant solution stirred for 1 hour. This was added to a 

suspension of sodium tri(acetoxy)borohydride (2.31 g, 10.9 mmol) in DCM (50 mL) 

and stirred for a further 18 hours. The reaction mixture was quenched with saturated 

sodium hydrogen carbonate solution, the organic layer separated and the aqueous 

layer extracted with DCM (2,100 mL). All organic fractions were combined, dried 

(MgSO4) and all volatiles removed to give 11 as a yellow oil (1.11 g, 84 %).  1H-

NMR (CDCl3): % 8.38 (d, 2H, J=5Hz, 6-PyH), 7.54 (d, 2H, J=2Hz, 3-PyH), 7.15 (dd, 

2H, J=5 and 2Hz, 5-PyH), 3.84 (s, 4H, PyCH2), 2.69 (m, 2H, PyCH2NCH2), 2.49 (m, 

2H, CH2NMe2), 2.19 (s, 6H, NMe). 13C-NMR (CDCl3): % 161.4 (ipso), 149.9, 144.6 

(ipso), 123.2, 122.5, 60.4 (PyCH2), 57.4 (NCH2), 52.4 (NCH2), 45.7 (NMe). MS (EI): 

m/z (%) 338 (3) [M+], 280 (56) [(M-Me2NCH2)
+], 246 (12) [(M-(MeN(CH2)2)(Cl))+], 

212 (9) [(M-PyCH2)
+], 167 (12) [(M-(PyCH2)(HNMe2))

+], 154 (34) [(PyCH2NCH)+], 

126 (20) [(PyCH2)
+], 58 (100) [(Me2NCH2)

+]. 

 

N,N-bis[2-(4-methoxypyridyl)methyl]-N’,N’-dimethylethyl-1,2-diamine (OMe-

iso-BPMEN) (12): A mixture of N,N-dimethylethylene-1,2-diamine (0.34 mL, 3.11 

mmol) and 4-methoxypyridine-2-carboxaldehyde (0.98 g, 7.15 mmol) was stirred in 

DCM (50 mL) for 1 hour and, subsequent to this period, added to a stirring 

suspension of sodium tri(acetoxy)borohydride (1.98 g, 9.32 mmol) in DCM (75 mL). 

Upon stirring for 18 hours, the reaction was quenched using saturated sodium 

hydrogen carbonate solution. The organic layer was separated and the aqueous phase 
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extracted with DCM (2!125 mL), The organic layers were combined, dried (MgSO4) 

and the solvent removed using the rotary evaporator to give 12 as a yellow oil (0.64 g, 

63 %).  1H-NMR (CDCl3): " 8.30 (d, 2H, J=5Hz, 6-PyH), 7.09 (d, 2H, J=2Hz, 3-

PyH), 6.66 (dd, 4H, J=5 and 2Hz, 5-PyH), 3.82 (s, 6H, -OMe), 3.79 (s, 4H, PyCH2), 

2.71 (m, 2H, PyCH2NCH2), 2.53 (m, 2H, CH2NMe2), 2.21 (s, 6H, NMe). 13C-NMR 

(CDCl3): " 166.2 (ipso), 162.8 (ipso), 150.0, 108.9, 108.5, 60.9 (PyCH2), 56.6 

(NCH2), 55.0 (OMe), 51.6 (NCH2), 45.0 (NMe). MS (EI): m/z (%) 330 (1) [M+], 272 

(27) [(M-Me2NCH2)
+], 208 (5) [(M-PyCH2)

+], 181 (14), 149 (16) [(PyCH2NCH)+], 

138 (11) [(PyCH2NH)+], 123 (26) [(PyCH3)
+], 71 (29) [(Me2NC2H3)

+], 58 (100) 

[(Me2NCH2)
+]. 

 

Synthesis of the metal complexes 

[Fe(2)(OTf)2] : A THF (20 mL) solution of 2 (0.30 g, 0.87 mmol) was added to a 

stirring solution of Fe(OTf)2(CH3CN)2 (379 mg, 0.87 mmol) in THF (20 mL). The 

resulting light brown solution was allowed to stir overnight, upon which a yellow 

precipitate had formed.  The volume of THF was reduced to approximately 10 mL 

and the mixture filtered.  The yellow solid was washed three times with THF (2 mL) 

and once with diethyl ether (10 mL) and dried under vacuum to give a yellow powder 

(0.26g, 43 %). 1H-NMR (CD2Cl2): " 168.4 (2H, PyH!), 129.9 (2H, HA), 94.9 (2H, 

HC), 75.9 (6H, NMe), 52.0 (2H, PyH"), 51.7 (2H, PyH"’), 23.9 (4H, HB), -17.6 (2H, 

HD).  1H-NMR (CD3CN, all peaks appear as broad singlets): " 150, 89, 70, 45, 30, 25, 

14.  19F-NMR (CD2Cl2): % -27.7 (&1/2 = 540 Hz).  19F-NMR (CD3CN): % -78.9 (95%, 

&1/2 = 740 Hz, uncoordinated OTf–), -22.8 (#5 %, very broad, coordinated OTf–).  MS 

(FAB+): m/z (%) 543 ([M-OTf]+).  Anal. Calcd. (found) for C16H20F6FeN6O6S2: C, 

31.19 (31.29); H, 2.91 (3.00); N, 8.08 (8.09).  µeff (CD3CN, 298K) = 4.42 µB. 

 

[Fe(3)(OTf)2] : The same procedure as for complex [Fe(2)(OTf)2] gave [Fe(3)(OTf)2] 

as a brown powder (67 %). 1H-NMR (CD2Cl2): " 167.6 (2H, PyH!), 108.5 (2H, HA), 

104.6 (2H, HC), 74.6 (6H, NMe), 47.4 (2H, PyH"), 45.5 (2H, PyH"’), 24.5 (2H, HB), 

7.4 (6H, OMe).  1H-NMR (CD3CN, all peaks appear as broad singlets): " 144, 121, 80 

(NMe), 43, 39, 27, 14.  19F-NMR (CD2Cl2): % -23.9 (&1/2 = 1180 Hz).  19F-NMR 

(CD3CN): % -73.7 (&1/2 = 1540 Hz). MS (FAB+): m/z (%) 684 (30, [M]+), 535 (100, 
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[M-OTf]+).  Anal. Calcd. (found) for C20H26F6FeN4O8S2: C, 35.1 (34.95); H, 3.83 

(3.72); N, 8.19 (8.05).  µeff (CD3CN, 298K) = 4.76 µB. 

 

[Fe(4)(OTf)2]: The same procedure as for complex [Fe(2)(OTf)2] gave [Fe(4)(OTf)2] 

as a yellow powder (1.59 g, 78 %).  1H-NMR (CD2Cl2): " 164.5 (2H, H!), 151.0 (2H, 

HA), 87.3 (2H, HC), 79.3 (6H, NMe), 64.3 (2H, PyH"), 56.9 (2H, PyH"’), 17.1 (2H, 

HB), -31.7 (2H, PyHD).  1H-NMR (CD3CN, all peaks appear as broad singlets): " 17.9 

(HA), 14.8 (H!), 12.4 (H", H"’, HC), 8.8 (NMe), 7.6 (HB), 2.5 (HD).  19F-NMR (CD2Cl2): 

% -32.8 (&1/2 = 820 Hz).  19F-NMR (CD3CN): % -77.7 (&1/2 = 310 Hz, uncoordinated 

OTf–), -20 (#5 %, very broad, coordinated OTf–).  MS (FAB+): m/z (%) 626 ([M]+), 

477 ([M-OTf]+).  Anal. Calcd. (found) for C16H20F6FeN6O6S2: C, 30.68 (30.61); H, 

3.22 (3.07); N, 13.42 (13.53).  %eff (CD2Cl2) = 4.89 %B.  µeff (CD3CN) = 2.86 µB. 

 

[Fe(5)(OTf)2]: The same procedure as for complex [Fe(2)(OTf)2] gave an off-white 

solid.  1H-NMR (CD2Cl2): " 106 (s, 2H, H!), 60 (s, 2H, HA), 55 (s, 2H, HC), 46.5 (s, 

2H, H"), 55 (s, 2H, H"’), 10 (s, 2H, H#), 7.5 (s, 2H, HB), 3.7 (s, 2H, HD).  1H NMR 

(CD3CN) " 99.7 (s, 2H, H!), 61.8 (s, 2H, HC), 59.2 (s, 2H, HA), 54.6 (s, 2H, H"), 54.0 

(s, 2H, H"´), 46.0 (s, 2H, H#), 2.5 (2s, 4H, HC,D).  19F-NMR (CD2Cl2): " -33 (&' = 560 

Hz).  19F NMR (CD3CN) " -60.3 (&1/2 = 400Hz).  MS (+FAB): m/z (%) 449 (100) [(M-

OTf)+]. Anal. Calcd. (found) for C16H16F6FeN2O8S2: C, 32.12 (32.04); H, 2.70 (2.79); 

N, 4.68 (4.59).  µeff (CD3CN) = 4.96 µB. 

 

[Fe(6)(OTf)2]:  A solution of BPMES 6 (0.52 g, 1.88 mmol) in THF (10 mL) was 

added to a solution of Fe(OTf)2(CH3CN)2 (0.82 g, 1.88 mmol) in THF (10 mL) and 

the resultant mixture was stirred overnight.  The suspension was filtered and washed 

with diethyl ether to give an off-white powder (0.72 g, 82%).  1H-NMR (CD2Cl2): " 

132 (s, 2H, H!), 94 (s, 2H, HA), 88 (s, 2H, HC), 83 (s, 2H, HB), 53.6 (s, 2H, H"), 47.5 

(s, 2H, H"’), -5 (s, 2H, H#), -15 (s, 2H, HD).  1H NMR (CD3CN) " 40-20 (very broad), 

6 (broad), 2 (broad).  19F-NMR (CD2Cl2): " -20.0 (&' = 2400 Hz).  19F-NMR 

(CD3CN): " -76.1 (&' = 132 Hz).  MS (+FAB): m/z (%) 481 [(M–OTf)+].  Anal Calcd. 

(found) for C16H16F6FeN2O6S4: C, 30.49 (30.61); H, 2.56 (2.48); N, 4.44 (4.41). µeff 

(CD3CN) = 2.82 µB. 
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[Fe(7)(OTf)2]: The same procedure as for complex [Fe(2)(OTf)2] gave a white solid. 

(0.37 g, 59%).  1H NMR (CD2Cl2): " 106.6 (s, 2H, H!), 64.7 (s, 2H, HA), 50.9 (s, 2H, 

H"), 45.8 (s, 2H, H"’), 12.3 (s, 2H, HB), 11.7 (s, 2H, H#), 3.7 (s, 2H, HC), 1.3 (s, 2H, 

HC).  1H NMR (CD3CN, many signals are very broad) " 72 (s, 2H, HA), 52 (s, 2H, 

H!), 41 (s, 2H, H"), 38 (s, 2H, H"´), 33 (s, 2H, ArHC), 10 (s, 2H, H#), 2.9 (s, 2H, HB), 

2.6 (s, 2H, ArHD).  19F-NMR (CD2Cl2): " -35 (&' = 750 Hz).  19F NMR (CD3CN) " –

65.6 (&1/2 = 400Hz).  MS (+FAB): m/z (%) 649 [M+], 497 [(M-OTf)+].  Anal. Calcd. 

(found) for C20H16F6FeN2O8S2: C, 37.17 (37.25); H, 2.50 (2.41); N, 4.33 (4.28).  µeff 

(CD3CN) = 5.17 µB. 

 

[Fe(8)(OTf)2]: A solution of BPMPhS 8 (0.39 g, 1.20 mmol) in THF (10 mL) was 

added to a solution of Fe(OTf)2(CH3CN)2 (0.52 g, 1.20 mmol) in THF (10 mL) and 

the resultant mixture was stirred for one week.  The THF was removed until the 

solution was at a minimum and the complex was precipitated out by the addition of 

pentane (10 mL).  The precipitate was washed twice with pentane (2 x 5 mL) yielding 

a yellow powder (0.49 g, 60%).  1H-NMR (CD2Cl2): " 133.5 (s, 2H, H!), 69.9 (s, 2H, 

HA), 52.9 (s, 2H, H"), 48.6 (s, 2H, H"’), 34.4 (s, 2H, HB), 17.6 (s, 2H, HD), -5.3 (s, 2H, 

H#), -21.1 (s, 2H, HC).  1H NMR (CD3CN) " 22 (broad s, 2H, H!), 15.5 (s, 2H, H"), 14 

(s, 2H, H"´), 11.5 (s, 2H, ArHC), 8.8 (2s, 2H, HD), 4.8 (s, 2H, HB), 4.3 (s, 2H, H#).  
19F-

NMR (CD2Cl2): " -20.6 (&' = 2900 Hz).  19F-NMR (CD3CN): " -77.1 (&' = 450 Hz).  

MS (+FAB): m/z (%) 529 [(M–OTf)+].  Anal Calcd. (found) for C20H16F6FeN2O6S4: C, 

35.41 (35.50); H, 2.38 (2.47); N, 4.13 (4.20).  µeff (CD3CN) = 2.64 µB. 

 

[Fe(10)Cl2]: Within minutes of adding a solution of 10 (0.55 g, 1.84 mmol) in THF 

(25 mL) to a stirring suspension of FeCl2 (0.22 g, 1.76 mmol) in THF (25 mL) an 

orange precipitate began to form.  The stirring was continued overnight, after which 

the volume of THF was reduced to approximately 5 mL and the mixture filtered.  The 

solid was washed with THF (2,5 mL) and diethyl ether (50 mL), and dried under 

vacuum.  It was then dissolved in DCM, filtered, the DCM solution reduced in 

volume and pentane added to precipitate the product. Isolation of the solid by 

filtration and drying under vacuum gave an orange powder (0.48 g, 65.0 %). 1H-NMR 

(CD2Cl2): % 143.2 (2H, PyH!), 89.7 (2H, HA), 65.2 (6H, NMe), 48.7 (2H, PyH"), 44.0 

(2H, PyH"), 3.2 (2H, HB), -21.6 (6H, PyMe).  MS (+FAB): m/z (%) 424 ([M]+), 389 
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([M-Cl]+).  Anal. Calcd. (found) for C18H26Cl2FeN4: C, 50.85 (50.72); H, 6.16 (6.15); 

N, 13.18 (13.03).  µeff (CD2Cl2) = 5.07 µB. 

 

[Fe(10)(OTf)2]: A combination of 1 equivalent of [Fe(10)Cl2] (0.45 g, 1.06 mmol) 

and 2 equivalents of silver(I) triflate (0.55 g, 2.13 mmol) was stirred in DCM (50 

mL), overnight.  Subsequently, the mixture was filtered through celite to remove 

silver(I) salts and the celite washed with DCM.  The filtrate and washings were 

combined and concentrated to a volume of approximately 10 mL and pentane added 

to precipitate the product.  After filtration the solid was dried under vacuum to give a 

yellow powder (0.60 g, 86.3 %). 1H-NMR (CD2Cl2): % 134.9 (2H, PyH!), 118.9 (2H, 

HA), 104.8 (6H, NMe), 56.7 (1H, HC), 51.9 (1H, HD), 46.2 (2H, PyH"), 45.7 (2H, 

PyH"), 2.8 (2H, HB), -7.9 (6H, PyMe).  1H-NMR (CD3CN): % 118.9 (2H, PyH!), 101.1 

(6H, NMe), 98.6 (2H, HA), 52.2 (2H, PyH"), 49.9 (1H, HC), 46.5 (2H, PyH"), 45.1 

(1H, HD), 9.0 (6H, PyMe), 6.1 (2H, HB).  19F-NMR (CD2Cl2): % -28.0 (&1/2 = 610Hz).  

19F-NMR (CD3CN): % -69.2 (&1/2 = 410Hz).  MS (+FAB): m/z (%) 503 ([M-OTf]+).  

Anal. Calcd. (found) for C20H26F6FeN4O6S2: C, 36.82 (36.71); H, 4.02 (3.95); N, 8.59 

(8.45).  µeff (CD2Cl2) = 4.95 µB.  µeff (CD3CN) = 4.79 µB. 

 

[Fe(11)Cl2]: Addition of a solution of 11 (1.35 g, 3.98 mmol) in THF (50 mL) to a 

suspension of FeCl2 (0.45 g, 3.58 mmol) in THF (50 mL), followed by stirring 

overnight led to the formation of a red precipitate. The volume of THF was reduced to 

approximately 10 mL, the mixture filtered, and the solid obtained washed with THF 

(3,10 mL). It was then dissolved in DCM, the solution filtered, reduced in volume 

and pentane added to precipitate the product. Drying of the solid under vacuum gave a 

red powder (1.46 g, 87.2 %). 1H-NMR (d6-DMSO): % 149.1 (2H, PyH!), 99.8 (2H, 

HA), 77.8 (6H, NMe), 47.3 (2H, PyH"), 46.4 (2H, PyH"), 0.0 (2H, HB).  MS (+FAB): 

m/z (%) 895 ([2M-Cl]+), 466 ([M]+), 429 ([M-Cl]+).  Anal. Calcd. (found) for 

C16H20Cl4FeN4: C, 41.24 (41.06); H, 4.33 (4.23); N, 12.02 (11.92).  µeff (CD2Cl2) = 

5.28 µB.  

 

[Fe(11)(OTf)2]: A mixture of [Fe(11)Cl2] (1.22 g, 2.61 mmol) and 2 equivalents of 

silver(I) triflate (1.34 g, 5.22 mmol) were stirred in DCM (100 mL) overnight. It was, 

subsequently, filtered through celite and the celite washed with copious amounts of 
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DCM. The filtrates were combined, reduced in volume to approximately 5 mL and 

filtered to separate soluble impurities from the solid product.  Drying under vacuum 

gave a yellow powder (0.72 g, 40.0 %). 1H-NMR (CD2Cl2): % 149.2 (2H, PyH!), 

115.8 (2H, HA), 101.1 (6H, NMe), 46.2 (2H, PyH"), 45.3 (2H, PyH").  1H-NMR 

(CD3CN): % 109.6 (2H, PyH!), 103.0 (8H, NMe and HA), 49.4 (2H, PyH"), 46.3 (1H, 

HC), 43.4 (4H, PyH" and HD), 10.5 (2H, HB). 19F-NMR (CD2Cl2): % -25.8 (&1/2 = 

1740Hz).  19F-NMR (CD3CN): % -64.1 (&1/2 = 1130Hz).  MS (+FAB): m/z (%) 693 

([M]+), 543 ([M-OTf]+).  Anal. Calcd. (found) for C18H20Cl2F6FeN4O6S2: C, 31.19 

(31.01); H, 2.91 (2.80); N, 8.08 (7.99).  µeff (CD2Cl2) = 5.10 µB.  µeff (CD3CN) = 4.85 

µB. 

 
[Fe(12)(OTf)2]: The ligand 12 (0.52 g, 1.57 mmol) was dissolved in THF (75 mL) 

was added slowly to a stirring solution of Fe(OTf)2(CH3CN)2 (0.62 g, 1.42 mmol), in 

THF (75 mL), and allowed to continue stirring overnight during which time a white 

precipitate formed.  Subsequently, the volume of THF was reduced to approximately 

10 mL and the mixture filtered. The solid obtained was washed twice with THF (10 

mL), once with diethyl ether (50 mL) and dried under vacuum to give a white powder 

(0.59 g, 60.8 %). 1H-NMR (CD2Cl2): " 129.4 (2H, PyH!), 122.1 (2H, HA), 111.4 (6H, 

NMe), 54.7 (2H, HC and HD), 46.2 (2H, PyH"), 43.8 (2H, PyH"), 13.5 (2H, HB), 4.42 

(6H, OMe).  1H-NMR (CD3CN): " 130.1 (2H, PyH!), 101.7 (8H, NMe and HA), 54.4 

(2H, PyH"), 49.0 (2H, HC and HD), 45.1 (2H, PyH"), 5.2 (6H, OMe), 4.8 (2H, HB).  

19F-NMR (CD2Cl2): % -26.5 (&1/2 = 980Hz).  19F-NMR (CD3CN): % -71.5 (&1/2 = 

280Hz).  MS (+FAB): m/z (%) 684 ([M]+), 535 ([M-OTf]+).  Anal. Calcd. (found) for 

C20H26F6FeN4O8S2: C, 35.10 (34.98); H, 3.83 (3.72); N, 8.19 (8.06).  %eff (CD2Cl2) = 

5.07 %B.  µeff (CD3CN) = 4.80 µB. 

 

Crystallographic Details 

Table 6 provides a summary of the crystallographic data for compounds 

[Fe(6)(OTf)2] and [Fe(7)(OTf)2].  Data were collected using Oxford Diffraction 

Xcalibur 3 ([Fe(6)(OTf)2]) and Xcalibur PX Ultra ([Fe(7)(OTf)2]) diffractometers.  

The structure of [Fe(6)(OTf)2] was found to be a racemic twin [R1
+ = 0.0627, R1

– = 

0.0628; x+ = 0.49(4), x– = 0.51(4)].  Other issues with the structure of [Fe(6)(OTf)2], 
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pertaining to the choice of space group, are covered in the supporting information.  

CCDC 685212 and 685213, respectively. 

 

Table 6. Crystallographic Data for compounds [Fe(6)OTf2] and [Fe(7)OTf2]. 

data [Fe(6)OTf2] [Fe(7)OTf2] 

chemical formula C16H16F6FeN2O6S4 C20H16F6FeN2O8S2 

solvent — — 

fw 630.40 646.32 

T (°C) –100 –100 

space group C2 (no. 5) P21/n (no. 14) 

a (Å) 8.2056(2) 10.87027(8) 

b (Å) 15.9411(5) 20.82017(13) 

c (Å) 18.1132(5) 11.23438(10) 

" (deg) 102.141(3) 109.0983(9) 

V (Å3) 2316.33(11) 2402.65(3) 

Z 4 [a] 4 

-calcd (g cm–3) 1.808 1.787 

) (Å) 0.71073 1.54184 

µ (mm–1) 1.097 7.577 

measured reflns 17222 34120 

unique reflns 7397 4640 

R(int) 0.037 0.034 

observed reflns 7053 3910 

R1 
[b] 0.061 0.027 

wR2 
[c] 0.145 0.074 

[a] There are two crystallographically independent C2 symmetric molecules. [b] R1 = .||Fo| – |Fc||/.|Fo|. 
[c] wR2 = 

{.[w(Fo
2 – Fc

2)2] / .[w(Fo
2)2]}1/2; w–1 = #2(Fo

2) + (aP)2 + bP. 
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oxidised product that can be obtained. 

 

Figure 12.  Conversion of H2O2 into oxygenated products (A+2K curves) for different 
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A series of non-heme iron(II) bis(triflate) complexes containing linear and tripodal 
tetradentate ligands has been prepared and the effect of electron withdrawing and 
donating substituents in the para position of the pyridine ligands, as well the effect of 
pyrazine versus pyridine and sulphur or oxygen donors instead of nitrogen donors on 
their catalytic alkane oxidation activity has been investigated. 


