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Abstract: Oxo-iron(IV) complexes bearing tetradentate ligands have 

been extensively studied as models for the active oxidants in non 

heme iron dependent enzymes. These species are commonly 

generated by oxidation of their ferrous precursors. The mechanisms 

of these reactions have been seldom investigated. In this work, the 

kinetics of reaction of complexes [Fe
II
(CH3CN)2L](SbF6)2 ([1](SbF6)2 

and [2](SbF6)2) and [Fe
II
(CF3SO3)2L] ([1](OTf)2 and [2](OTf)2 (1, L = 

Me,H
Pytacn, 2, L = 

nP,H
Pytacn, where 

R,R’
Pytacn = 1-[(6-R’-2-

pyridyl)methyl]-4,7-di-R-1,4,7-triazacyclononane)) with Bu4NIO4 to 

form the corresponding [Fe
IV

(O)(CH3CN)L]
2+

 (3, L = 
Me,H

Pytacn, 4, L 

= 
nP,H

Pytacn) species has been studied in acetonitrile/acetone 

mixtures at low temperatures. The reactions occur in a single kinetic 

step with activation parameters independent of the nature of the 

anion and similar to those obtained for the substitution reaction using 

Cl
-
 as entering ligand, which indicates that formation of 

[Fe
IV

(O)(CH3CN)L]
2+

 is kinetically controlled by substitution in the 

starting complex to form [Fe
II
(IO4)(CH3CN)L]

+
 intermediates that 

convert rapidly to the oxo complexes 3 and 4. The kinetics of the 

reaction is strongly dependent on the spin state of the starting 

complex. A detailed analysis of the magnetic susceptibility and 

kinetic data for the triflate complexes reveals that the experimental 

values of the activation parameters for both complexes are the result 

of a partial compensation of the contributions from the 

thermodynamic parameters for the spin crossover equilibrium and 

the activation parameters for substitution. The observation of these 

opposite and compensating effects by modifying the steric hindrance 

at the ligand illustrates so far unconsidered factors governing the 

mechanism of oxygen atom transfer leading to high valent iron-oxo 

species.  

Introduction 

Oxo-iron(IV) complexes constitute the oxidizing agent in a 

number of non heme iron dependent enzymes that carry out a 

diverse array of oxidation reactions with implications in important 

biological and technological processes such as metabolic paths, 

bioremediation, DNA repair or sensing, to name a few.[1] This 

has prompted an interest to prepare and study the structural, 

spectroscopic and chemical reactivity of synthetic oxoiron(IV) 

bearing a wide diversity of ligand platforms among which, N-

based tetra and pentadentate ligands have become largely 

dominant.[2] In general, oxoiron(IV) complexes are most 

conveniently prepared by oxidation of the corresponding ferrous 

precursors, and several oxidation methods have been explored 

including chemical oxidation with single and two electron 

chemical oxidants, dioxygen, electrochemical oxidation and also 

photochemical methods.[2] The mechanisms by which these 

reactions proceed may be quite diverse and dependent on the 

oxidant and specific complex studied but they have been only 

rarely investigated. Sequential single electron oxidation from 

Fe(II) to Fe(IV) has been documented,[3] even when two e- 

oxidants are employed. In some other cases, reactions have 

been understood to proceed via a two e- oxygen atom transfer 

(OAT),[4] a reaction that is mechanistically interesting because it 

avoids the single electron reactions commonly occurring in first 

row transition metal complexes and the intermediate formation 

of ferric compounds, often regarded as thermodynamic sinks. 
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However, to the best of our knowledge, the latter OAT reaction 

mechanism has never been clarified. 

On the other hand, the role of spin state in the oxidation 

reactivity of oxoiron(IV) species in heme and nonheme enzymes 

and model systems has been extensively discussed.[5] However, 

to the best of our knowledge, the impact of spin state in their 

mechanisms of formation has not been explored.  

In this work we have explored the mechanism of formation of 

oxoiron(IV) species in complexes bearing a tetradentate N-

based ligand, by reaction of the corresponding ferrous 

complexes with IO4
-. This oxidant was initially employed in the 

frame of catalytic water oxidation reactions,[6] where it proved to 

be particularly convenient for maximizing turnover numbers 

because it does not impose strongly acidic conditions, limiting 

catalyst degradation. In the specific case of iron catalyzed water 

oxidation reactions, oxoiron(IV) complexes were 

spectroscopically detected. [6-7]  On the other hand, IO4
- can be 

considered as a particularly more convenient “oxo transfer” 

agent with regard to other oxidants commonly employed to 

prepare oxoiron(IV) complexes such as iodosyl arenes, 

peroxides or NaOCl because it is commercially available in the 

form of pure, room temperature stable salts, soluble in organic 

and water media (Bu4NIO4 and NaIO4, respectively). It also has 

a well-defined molecular structure and it rarely engages in single 

electron oxidation processes.[8] The sum of these factors led us 

to consider this oxidant as a paradigmatic “oxo transfer” agent to 

engage in a mechanistic study of the oxygen atom transfer 

reaction by kinetic methods.   

In the present work the reactivity with IO4
- of the complexes 

[FeII(CF3SO3)2(
Me,HPytacn)] (Me,HPytacn: 1-(2’-pyridylmethyl)-4,7-

dimethyl-1,4,7-triazacyclononane, [1](OTf)2, 

[FeII(CH3CN)2(
Me,HPytacn)](SbF6)2 [1](SbF6)2

 and the analogues 

with the N-methyl groups substituted by neopentyl groups 

[FeII(CF3SO3)2(
nP,HPytacn)] (nP,HPytacn = 1-(2’-pyridylmethyl)-4,7-

dineopentyl-1,4,7-triazacyclononane, [2](OTf)2 and 

[FeII(CH3CN)2(
nP,HPytacn)](SbF6)2, [2](SbF6)2 has been studied 

(Scheme 1). In all cases formation of the corresponding 

[FeIV(O)(CH3CN)L]2+ species (3, L = Me,HPytacn and 4, L = 

nP,HPytacn) is observed, and kinetic studies provide useful 

information about their mechanism of formation that includes the 

effect of the steric constrains imposed by the alkyl substituents 

at the macrocyclic ligand, the ancillary ligand (X), and the spin 

state of the starting FeII complex. 

 

Scheme 1. Complexes studied.  

Results and Discussion 

Synthesis and structural characterization 

Complexes [FeII(CF3SO3)2(
Me,HPytacn)], [1](OTf)2 and 

[FeII(CH3CN)2(
Me,HPytacn)](SbF6)2, [1](SbF6)2 were previously 

described, and their solid state X-ray structure determined.[9] 

The Me,HPytacn ligand platform is robust to oxidative conditions 

and forms highly stable iron complexes against oxidative and 

hydrolytic degradation. These aspects combine with a strong 

sigma donating ability, which results in a suitable platform for 

generating room stable oxo-iron(IV) complexes even in the 

presence of a cis-labile site available for external substrate 

binding.[3e, 10]  

Complexes [FeII(CF3SO3)2(
nP,HPytacn)], [2](OTf)2 and 

[FeII(CH3CN)2(
nP,HPytacn)](SbF6)2, [2](SbF6)2 were designed in 

order to provide a sterically shielded platform for generating high 

valent iron-oxo species. The molecular structure of [2](OTf)2 is 

shown in Figure 1. The complex bears strong similarity with the 

parent [1](OTf)2,
[9b] and Fe-N bond distances ~ 2.2Å are 

indicative of a high spin ferrous complex.[11]  
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Figure 1. ORTEP diagram (50% probability level) of the X-ray structure of 

[2](OTf)2. Selected bond distances (Å); Fe-N1, 2.154, Fe-N2, 2.188, Fe-N3, 

2.273, Fe-N4, 2.248, Fe-O1, 2.157, Fe-O2, 2.047. Hydrogen atoms have been 

omitted for clarity. 

In acetonitrile solution, [1](OTf)2 and [2](OTf)2 replace the labile 

triflate anions by acetonitrile ligands forming cationic bis-solvato 

[FeII(CH3CN)2(L)]2+ L = Me,HPytacn  and nP,HPytacn complexes.[11b, 

12] In CD3CN solution, the two complexes exhibit differences in 

their spin state behavior, as best shown by their molar 

susceptibility data determined by the Evans’ method. At 298K, 

[1](OTf)2 and [2](OTf)2
 exhibit values of χmT of 0.27 and 2.12 

cm3 mol-1 K, respectively, indicating that the former exists mainly 

basically in its low spin state, while the latter is basically high 

spin. In addition, temperature dependent measurements are 

indicative of incomplete spin crossover phenomena for the two 

complexes. In the case of [1](OTf)2 a diamagnetic behavior is 

determined below 275K, consistent with a compact spectral 

window from 0 to 10 ppm, displaying well-resolved 1H-NMR 

signals. At this point, as the temperature is increased so does 

the χmT product up to 1.66 cm3 mol-1 K at 340K, the highest 

temperature for which the experiment is possible. This behavior 

is indicative of an incomplete transition to the high spin state, for 

which a theoretical value close to 3 is expected. Instead, the 

spectrum of [2](OTf)2 at 298K (Figure S1) expands from 1 to 140 

ppm, with relatively broad signals, indicative of a paramagnetic 

molecule. Its χmT values are consistently larger than the value 

those of [1](OTf)2; at 298 K a value of 2.12 cm3 mol-1 K µeff = 4.0 

MB is measured, that decreases as the temperature is 

decreased. However, at 230K, the lowest temperature that could 

be accessed in CD3CN, the measured value of 0.35 cm3 mol-1 K 

indicates that a full transition to the low spin diamagnetic state is 

not accomplished. In sharp contrast, the χmT values exhibited by 

[FeII(Cl)2(
nP,HPytacn)], [2]Cl2 at all temperatures are typical of a S 

= 2 paramagnetic molecule, although there is a noticeable 

decreases with temperature from 3.19 cm3 mol-1 K at 230K down 

to 2.88 cm3 mol-1 K at 310K, that cannot be explained by a 

simple Curie behavior and may be tentatively explained instead 

because of partial exchange of chloride by acetonitrile ligands. 

The weak field nature of the chloride ligands accounts for the 

consistent high spin nature of [2]Cl2. 
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Figure 2. Top: Temperature dependence of χmT magnetic moments measured 

for the complexes [1](OTf)2 (circles),  [2](OTf)2 (triangles) and [2]Cl2 (squares) 

by using the Evans method. Bottom: Mössbauer spectrum of [2](OTf)2 

recorded in acetonitrile at 80 K in absence of magnetic field. (Vertical bars: 

experimental spectrum, solid line: calculated spectrum; see text for values of 

isomer shift and quadrupole splitting).    

Mössbauer spectrum of a frozen sample of [2](OTf)2 in 

acetonitrile has been recorded at 80 K in absence of external 

magnetic field (Figure 2 bottom). The spectrum of [2](OTf)2
 is 

composed of two doublets of similar intensities associated to two 

different Fe(II) sites. The more intense one (55 %, dark blue line) 

with an isomer shift  = 0.50 mm s-1 and a quadrupole splitting 

EQ = 0.47 mm s-1 corresponds to a low-spin S = 0 ferrous 
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center. By contrast, the minor one (45 %, light blue line) with an 

isomer shift  = 1.12 mm s-1 and a quadrupole splitting EQ = 

2.83 mm s-1 corresponds to a high-spin S = 2 ferrous center. 

These data indicate that upon freezing the iron complex is 

trapped in two different forms. Of notice, the intensity of the high 

spin component at 80 K is much larger than expected from 

extrapolation of the magnetic moment data collected in solution, 

which suggests that spin crossover coexists with a different 

chemical process. Whereas the low spin component can be 

assigned to the strong field acetonitrile bound complex 

[FeII(CH3CN)2(
nP,HPytacn)](CF3SO3)2, reasonable possibilities for 

the high spin component are a pentacoordinated complex 

resulting from dissociation of one acetonitrile ligand, and a 

species containing coordinated triflate resulting from partial or 

total substitution of acetonitrile by the weak field triflate ligands.  

Summarizing, the data indicates that the spin crossover 

observed for [2](OTf)2 in acetonitrile solution coexists with some 

kind of ligand exchange or dissociation. Furthermore, we also 

conclude that the nP,HPytacn ligand exerts a weaker crystal field 

than Me,HPytacn, despite the alkylated N atoms are better sigma 

donors in the former. Presumably, the steric demand of the 2,2’-

dimethyl-propyl substituents prevent the tacn cycle to adopt a 

more compact conformation required for shortening Fe-Ntacn 

bonds. 

 

Generation of oxoiron(IV) complexes by reaction with Bu4NIO4. 

Reaction of [1](OTf)2 and [2](OTf)2 (scheme 1) with one 

equivalent of tetrabutyl ammonium periodate (TBAP), in 

acetonitrile at -40 ºC, resulted in the immediate generation of 

[FeIV(O)(L)(S)]2+, L = Me,HPytacn, [3], and L = nP,HPytacn [4] 

(Scheme 1). [3] was previously described but [4] is characterized 

for the first time in this work.[3e] The UV-Vis spectra of [4] 

features the low energy visible absorption band at λmax = 760 nm, 

ε = 280 M-1. cm-1 characteristic of S = 1 oxoiron(IV) 

complexes.[2a, 13] The formulation of [4] was further supported by 

Mössbauer spectroscopy and high-resolution cryospray mass 

spectroscopy (CSI-MS). Samples for Mössbauer spectroscopy 

were prepared by generating [4] in the presence of CF3SO3H 

(0.9 equiv.) because in these acidic conditions the decay of [4] is 

slower. We notice that the stability of [3] is also improved in the 

former acidic conditions.  

  

 

Figure 3. Figure Top: UV-Vis spectrum of [4] (solid line, 1 mM, acetonitrile, -40 

ºC) recorded upon oxidation of [2](OTf)2 (dotted line) with 1 equivalent of 

NBu4IO4. Bottom: Mössbauer spectrum of [4] in acetonitrile, recorded at 80 K. 

(Vertical bars: experimental spectrum, solid line: calculated spectrum using the 

following values of isomer shift and quadrupole splitting δ = 0.06 mms
-1

 and 

ΔEQ = 1.00 mms
-1

). 

CSI-MS analyses of acetonitrile solutions of [4] shows an 

intense peak at m/z = 581.2038 with an isotopic pattern fully 

consistent a [[FeIV(O)(nP,HPytacn)](CF3SO3)]
+ formulation (see 

supporting information; Figures S5-S7). The nature of S, the 

sixth ligand in the coordination sphere, in these complexes 

cannot be unambiguously established but it is likely to be an 

acetonitrile ligand, easily lost in the mass spectrometer, on the 

basis of literature precedents for reported oxoiron complexes 

with tetradentate ligands.[3e, 14] In the absence of a magnetic field, 

the Mössbauer spectrum of [4] (Figure 3, bottom), generated 

from 1 equiv. of Bu4NIO4 is constituted by a single doublet. Most 

remarkably, the spectrum shows that [4] is generated in a 

quantitative manner by using 1 equiv. of Bu4NIO4 and is the only 

iron component in the sample. This doublet is characterized by a 

low isomer shift δ = 0.06 mm s-1 and a moderate quadrupole 

splitting EQ = 1.00 mm s-1 which match the parameters 

generally associated to a center with an S = 1 spin state for 

these kinds of complexes.[2a]   
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Kinetic analysis of the reaction of the complexes with Bu4NIO4 

by Stopped-flow UV-vis Spectroscopy 

The reaction of ferrous complexes [1]X2 and [2](X)2 (X = OTf and 

SbF6) with NaIO4 to form the corresponding oxoiron(IV) 

complexes 3 and 4, were analyzed by kinetic methods using UV-

Vis spectroscopy. Preliminary kinetic experiments showed that 

the reaction of some of the complexes with Bu4NIO4 to form the 

corresponding oxoiron(IV) species is very fast in acetonitrile 

solution even at the lowest temperatures achievable in this 

solvent. For that reason, the kinetic studies were carried out in 

acetonitrile/acetone (1/1) mixtures, which allow achieving lower 

temperatures. In all cases the spectral changes (Figure 4 shows 

a representative case) showed the disappearance of the band at 

380-420 nm of the FeII complexes with appearance of the band 

typical of the FeIV(O) species. Those spectral changes could be 

satisfactorily fitted by a model with a single kinetic step (see 

traces in Figure S5) that yields values of the observed rate 

constants (kobs) that change linearly with the IO4
- concentration 

(Figure 5). The rate law is thus given by equation 1; the values 

of the second order rate constant (k) at different temperatures 

are included in Table S1, and the value at -50ºC is shown in 

Table 1 with the corresponding activation parameters.  

 
          

  
                 

                      

 

Figure 4. Spectral changes for the reaction of [1](OTf)2 (1.25×10
-4

 M) with 

Bu4NIO4 (2.5×10
-3

 M) in acetonitrile/acetone (1/1) (233 K, 0.02 M Bu4NOTf). 

 

Figure 5. Kinetic data for the reaction of the [1](OTf)2 with Bu4NIO4 in 

acetonitrile/acetone (1/1) (243 K, 0.02 M Bu4NOTf).  

Table 1. Activation parameters for the reaction of the complexes with Bu4NIO4 

or chloride in acetonitrile/acetone (1/1). 

Complex X Reaction k
223[a] 

ΔH
≠  [b]

 ΔS
≠
 
[c] 

[1]X2 CF3SO3
- [d] [e]

 Fe
IV

=O formation 6.5
 [f] 

74±1 103±3 

SbF6
-  [g]

 Fe
IV

=O formation 18.6 75±2 117±8 

CF3SO3
-  [e]

 Cl
-
 substitution 15.6 76±1 122±5 

[2]X2 CF3SO3
-  [e]

 Fe
IV

=O formation 718 59±1 76±4 

SbF6
-  [g]

 Fe
IV

=O formation 1775 59±2 84±7 

CF3SO3
-  [g]

 Cl
-
 substitution 1796 59±2 84±7 

[a]
 
Second order rate constants (M

-1
 s

-1
) at 223 K. Standard deviations are 

typically lower than 5%. [b] kJ mol
-1

. [c] J mol
-1

 K
-1

. Note that the uncertainties 

in the values are probably larger than those shown in the Table because of the 

relatively small temperature range used in the kinetic measurements. [d] For 

this reaction the activation parameters were also determined in neat 

acetonitrile (ΔH
≠
 = 75±1 kJ mol

-1
 and ΔS

≠
 = 109±2 J K

-1
 mol

-1
), and in 

acetonitrile/acetone (1/1) mixture in the absence of supporting electrolyte (ΔH
≠
 

= 73±2 kJ mol
-1

 and ΔS
≠
 = 109±4 J K

-1
 mol

-1
).

 
[e]

 
in the presence of 0.02 M 

(Bu4N)(CF3SO3). [f] Value estimated from the activation parameters. [g] in the 

presence of 0.02 M (Bu4N)(PF6). 

 

In general, the rate constants for the reactions of complexes 

[2]X2 are about two orders of magnitude faster than those of the 

corresponding [1]X2, which points to a higher reactivity of the 

high spin forms of the complexes. With regard to the effect of X, 

the SbF6
- complexes show rate constants 2-3 times larger than 

the corresponding triflate analogues However, these changes in 

the rate constants do not translate into significant changes in the 

activation parameters, which agree within errors for all 

determinations irrespective of the nature of X and supporting 

electrolyte. As the activation parameters derived in acetonitrile-
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acetone mixtures in the absence of supporting electrolyte and in 

neat acetonitrile are also similar (see footnote in Table 1), it can 

be considered that the complexes exist in solution as bis-solvato 

dicationic complexes [FeII(CH3CN)2(L)]2+ (L = Me,HPytacn  and 

nP,HPytacn), as initially expected, although formation of minor 

amounts of species containing coordinated triflate cannot be 

completely ruled out. On the other hand, although the reactions 

between Bu4NIO4 and [1]Cl2 or [2]Cl2 show the appearance of a 

weak band at ca. 800 nm that suggests the formation of small 

amounts of FeIV(O) species, they are too fast to be studied 

under the selected experimental conditions even using the 

solvent mixture. In addition, the 800 nm band disappears very 

rapidly even at -60ºC, which indicates the formation of unstable 

species that eluded spectroscopic characterization.  

To obtain additional mechanistic information, the kinetics of the 

substitution reaction of the triflate complexes [1](OTf)2 and 

[2](OTf)2 with Pr4NCl was studied. The spectral changes (Figure 

6) show a shift of the band from 386 nm to 420 nm consistent 

with formation of the corresponding chloro complexes [1]Cl2 and 

[2]Cl2, and they could be also fitted satisfactorily with a single 

kinetic step with rate constants (Table S2) and activation 

parameters (Table 1) similar to those derived for the reaction 

with IO4
-. 

 

Figure 6. Spectral changes for the reaction between [1](OTf)2 (1.5×10
-4 

M) 

and Pr4NCl (3.3×10
-3 

M) in acetonitrile/acetone (1/1) (213 K, 0.02 M Bu4NPF6). 

Mechanistic considerations 

The similarity of the activation parameters for the reaction of the 

FeII complexes [1](X)2 and [2](X)2 (X = OTf and SbF6) with Cl- 

and IO4
- strongly suggests that the formation of the 

corresponding FeIV(O)2+ complexes 3 and 4 occurs through an 

inner sphere mechanism kinetically controlled by substitution, to 

form an [FeII(IO4)(CH3CN)(L)]+ intermediate that undergoes 

rapidly an oxygen atom transfer to form the oxo complex. This 

result is in agreement with the commonly accepted proposal that 

periodate is an inner-sphere oxidant,[15] although comparison of 

the present results with literature data is hindered by the fact 

that most previous kinetic studies have been carried out in water, 

where the existence of equilibria involving formation of additional 

H5-xIO6
x- octahedral species complicates the kinetics and 

preclude direct comparison of the data.[16] 

The experimental results for the formation of FeIV(O)2+ 

complexes 3 and 4 show a clear dependence of the rate 

constants and activation parameters with the spin state of the 

starting FeII complex (Figure 2). Thus, [1]X2 complexes (X= 

CF3SO3
-, SbF6

-), which are low spin (LS) at all temperatures 

used in the kinetic studies, react more slowly than [2]X2, which 

exist as an equilibrium mixture between the LS and HS (high 

spin) forms, and the Cl- complexes, which are HS at all 

temperatures, react too fast for its kinetics to be measured. The 

rate constants for the reactions of [1]X2 are about two orders of 

magnitude lower than those of [2]X2, which is associated mainly 

to a difference of c.a. 16 kJ mol-1 in the activation enthalpy. As 

the reaction is kinetically controlled by substitution and occurs in 

all cases in a single kinetic step independently of the existence 

or not of a mixture of the HS and LS forms, the present results 

clearly favor a mechanism in which there is an initial rapid pre-

equilibrium involving spin crossover of the starting FeII complex 

followed by rate-limiting reaction of the more labile HS species 

to form an undetected [LFeII(IO4)(CH3CN)]+ intermediate that 

converts rapidly to [LFeIV(O)(CH3CN)]2+ (equations 2-4). The rate 

law for this mechanism (equation 5) indicates that the 

experimental second order rate constant k = (k2 Ksco)/(1 + Ksco) 

and so the activation parameters include contributions from both 

the equilibrium constant Ksco and the rate constant k2. In any 

case, the large positive activation entropies suggest a 

dissociative nature for the overall process represented by k.  

[LFeII(NCCH3)2]
2+

LS  ⇄  [LFeII(NCCH3)2]
2+

HS               ; Ksco     (2) 

[LFeII(NCCH3)2]
2+

HS + IO4
-  → [LFeII(IO4)(NCCH3)]

+ + CH3CN   ; 

k2        (3) 

[LFeII(IO4)(NCCH3)]
+  → [LFeIV(O)(NCCH3)]

2+            ; fast     (4) 

     
      

      

    
                                                           

To obtain additional information to separate the contributions 

from Ksco and k2, the χmT data in Figure 2 were used to derive 

the values of the thermodynamic parameters for the spin 

crossover equilibrium. The details are given in the Supporting 

Information, and the thermodynamic parameters are included in 

Table 2. In addition, the values of k2 at different temperatures, 

Wavelength (nm)

350 400 450 500

A
b
s
o
rb

a
n
c
e

0.0

0.1

0.2

0.3

0.4



FULL PAPER    

7 

 

and the corresponding activation parameters (Table 2), were 

obtained from the experimental second order rate constants by 

using equation 4 and the Ksco values derived from the magnetic 

susceptibility data. 

Table 2. Thermodynamic parameters for the spin crossover equilibrium and 

activation parameters for the rate-limiting k2 step. 

 Ksco step k2 step 

Complex ΔHsco
 [a] ΔSsco 

[b]
 ΔH2

≠ [a] ΔS2
≠ [b] 

[1](OTf)2 62±4 187±13 11.5±0.7 -84±3 

[2](OTf)2 30±2 110±7 31±1 -25±5 

Difference [c] 32±4 77±15 -20±1 -59±6 

[a] kJ mol
-1

. [b] J mol
-1

 K
-1

. [c] Values for [1](OTf)2 minus values for [2](OTf)2. 

 

The values in Table 2 indicate that the spin crossover 

equilibrium for both complexes is characterized by positive 

entropy changes, as usually observed for other spin crossover 

complexes. However, the values of ΔHsco and ΔSsco are larger 

than those determined for iron complexes with similar 

coordination environment undergoing solution-phase spin 

change, [17] and deserve consideration. Although a detailed 

analysis of the spin crossover in these complexes is out of the 

scope of the present work, one possible explanation is that the 

spin transition coexists with other temperature dependent 

process, which would make the values in Table 2 to include 

contributions not only from the spin transition but also from the 

other process. In this sense, several examples have been 

reported of changes in the thermodynamic parameters for spin 

transitions in FeII complexes associated to different types of 

processes.[18] Of particular relevance to the present complexes 

is the related [FeII(men)(CH3CN)2](ClO4)2 (men = N,N’-

dimethyl‐N,N’‐bis(2‐pyridylmethyl)‐1,2‐diaminoethane, ΔHsco = 

39 kJ mol-1 and ΔSsco = 134 J mol-1 K-1) for which the large 

entropic change was explained by a spin-coupled dissociation of 

an acetonitrile ligand.[18a] Consistent with this interpretation is the 

MB spectrum of [2](OTf)2 recorded at 80K, which display two 

different spin components in a roughly 1:1 ratio. Magnetic 

susceptibility experiments conducted in solution state show that 

upon slow cooling, [2](OTf)2 transforms into a low spin complex 

below 200K, strongly suggesting that spin crossover in these 

complexes coexists with acetonitrile dissociation or ligand 

exchange between triflate and acetonitrile ligands, which is 

further supported by the observation of both kind of processes 

for the closely related [FeII(Me3tacn)(CH3CN)3](CF3SO3)2 

complex in acetonitrile solution.[19] 

On the other hand, the activation parameters for the k2 step 

indicate a more ordered transition state for [1](OTf)2, which 

indicates that the rate-limiting substitution in the HS form of this 

complex is more associative than for [2](OTf)2. Actually, the 

large negative ΔS2
≠ values in Table 2, especially for [1](OTf)2, 

clearly favor an associative mechanism for the k2 step, in which 

the entering ligand attacks to a pentacoordinated complex 

resulting from the ligand dissociation that coexists with the spin 

crossover equilibrium. Thus, the reaction mechanism is better 

formulated as indicated in Figure 7, in which the spin crossover 

equilibrium includes dissociation of one acetonitrile ligand, which 

explains the large values of ΔSsco, and the k2 step corresponds 

to associative attack of IO4
- to the resulting pentacoordinated 

species, in agreement with the negative ΔS2
≠ values. The 

derivation of positive activation entropies from the experimental 

data (Table 1) is then a consequence of the larger absolute 

values of ΔSsco with respect to those of ΔS2
≠. In addition, the 

ΔΔSsco for both complexes (77 J K-1 mol-1) is almost cancelled by 

ΔΔS2
≠ (- 59 J K-1 mol-1), and so the changes in the entropies 

terms do not contribute in a significant extend to the difference in 

kobs observed for both complexes. In contrast, the differences 

between the spin crossover and substitution enthalpy terms is 

are larger and constitutes the major reason for the different 

experimental rates of formation (kobs) of the [FeIV(O)]2+ species 

for both complexes.  

Figure 7. Mechanism proposed for the formation of the oxo-iron(IV) 

complexes.   

In perspective, the present results illustrate the striking effect 

caused by replacement of methyl by neopentyl groups in the 

ligand. A priori one may expect that the neopentyl substituents 

will exert a larger inductive effect than the methyl groups, which 

will make the tacn N(Me)-groups a better sigma donors, in turn 

translating into a stronger ligand field. However, our analyses of 

the spin state behavior of the complexes indicate instead that 

the methyl substituted Me,HPytacn ligand exerts a stronger ligand 
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field than nP,HPytacn. Presumably, strain in the macrocycle 

caused by the alkyl substituents account for this behavior; the 

smaller steric effects in the methyl-containing Me,HPytacn ligand 

allow for shorter metal-ligand bonds in the LS form, which 

causes a stronger ligand field that stabilizes LS and hinders 

crossover. In contrast, we propose that the steric demand of the 

isobutyl groups in nP,HPytacn introduces strain in the N donors 

which disfavor the compression of the tacn macrocycle required 

to accommodate the short Fe-N distances of the low spin state. 

Furthermore, the analysis of the activation parameters 

associated with k2 suggests that the steric demand hinders 

approximation of the IO4
- ligand and leads to a less associative 

character of the substitution step, as shown by the significantly 

less native value of the activation entropy. This imposes an 

increased enthalpic penalty in the activation barrier 

corresponding to k2 for [2](OTf)2. However, this effect is 

overruled by the energetics associated with the spin crossover, 

which overall dominate the oxygen atom transfer reaction. 

Overall, these findings indicate that a simple explanation of the 

steric effects caused by the substituents at the ligand is not 

possible, as the experimental activation parameters for the 

formation of the oxo-iron(IV) species are the result of two 

opposite and partly compensating effects. In this situation, the 

energetics of the spin-crossover end up dominating the overall 

oxygen atom transfer reaction.  

Conclusion 

The results described in this work illustrate an interplay of subtle 

ligand controlled factors governs the reactivity of ferrous centers 

in their oxidation via an oxygen atom transfer reaction to form 

high-valent non-heme iron(IV)-oxo species. Comparison 

between 1 and 2 reveals that their spin state is a major dictating 

element in their rate of reaction with IO4
- to form the 

corresponding oxoiron(IV) complexes 3 and 4, respectively. This 

effect can be satisfactorily explained on the basis of simple 

ligand substitution parameters, while putative effects of the 

ligand in the red-ox properties of the iron center don’t appear to 

be significant. Of interest, the differences in crystal field exerted 

by the tacn ligand in 1 and 2 can be explained by the strain 

imposed by the bulkier neopentyl arms of the tacn ligand, which 

disfavors the compression of the N4Fe unit that accompanies the 

comparatively shorter Fe-N distances associated with the low 

spin state and favor the formation of labile high spin iron centers. 

Nevertheless, the changes in the activation parameters between 

different complexes can be smaller than expected from simple 

considerations because of partial compensation between the 

contributions of the spin crossover and the substitution 

processes to the experimentally observed activation parameters. 

In perspective, the current work describes a novel example 

where spin state plays a determining role in the reactivity of iron 

centers.[20] Furthermore, we suggest that the significant 

population of the high spin state caused by the ligand strain can 

be understood as an entatic state of the complex, which 

translates into an enhanced reactivity.[21] 

Experimental Section 

Materials and general.  

Acetonitrile (CH3CN, VWR, Anhydrous), tetrabutyl ammonium periodate 

(Bu4NIO4, Aldrich), tetrapropyl ammonium chloride (Pr4NCl, Aldrich). All 

reagents and solvents were used as received. Ferrous complexes [1]X2 

were synthesized according to literature precedents.[9] Magnetic 

measurements in acetonitrile solution were performed by the Evans’ 

method, following previously described procedures.[11b] 

 

Preparation and characterization of [2]X2 

[2](OTf)2 was synthetized by mixing the ligand nP,HPytacn, and 

Fe(CF3SO3)2(CH3CN)2 in THF under an inert atmosphere. In an 

anaerobic box filled with N2, typically 50-60 mg of the nP,HPytacn ligand 

were weighed in a glass vial and dissolved in 2.0 mL of THF. Then, the 

desired amount of Fe(CF3SO3)2(CH3CN)2 (1 equiv. respect to the ligand) 

was added, as solid portions, to the stirred solution. The final mixture was 

stirred overnight at room temperature and upon diethyl ether addition (5-

6 mL), the desired bis-triflate compound [2](OTf)2 was obtained as solid 

precipitate. The precipitate was filtered off the mother solution, washed 
with diethyl ether, dissolved in the minimum amount of dichloromethane 

and recrystallized by slow diethyl ether diffusion, providing the 

corresponding complex as a crystalline material in 50-60 % yields. 
Elemental analysis calculated for C24H40F6FeN4O6S2; C: 40.34, H: 5.64, 

N: 7.84. Found; C: 40.29, H: 5.65, N: 7.89. HRMS calculated for 

[M+L+OTf]+ (C23H40F3FeN4O3S): 565,21; Found: 565,21.   

Preparation of the [2]Cl2 was achieved following a similar procedure: 

nP,HPytacn ligand and FeCl2 were mixed in CH3CN at room temperature 

under a N2 atmosphere. The final mixture was stirred overnight at room 

temperature and upon diethyl ether addition (5-6 mL), precipitation of the 

desired compound was achieved. Elemental analysis calculated for 

C22H40Cl2FeN4; C: 54.22, H: 8.27, N: 11.50. Found; C: 54.62, H: 8.20, N: 

12.15.  

[2](SbF6)2 was synthetized by mixing the ligand nP,HPytacn and FeCl2 in 

THF under an inert atmosphere. In an anaerobic box filled with N2, 

typically 50-60 mg of the nP,HPytacn were weighed in a glass vial and 

dissolved in 2.0 mL of THF. Then, the desired amount of FeCl2 (1 equiv. 

respect to the ligand) was added, as solid portions, to the stirred solution. 

The final mixture was stirred overnight at room temperature. During 

stirring, the yellow bis-chloride compound [2](Cl)2 is obtained (which 

partially precipitates of the THF solution). Upon diethyl ether addition (2-3 

mL) the full precipitation of the [2](Cl)2 complex is provoked and the solid 
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compound could be filtered of the solution, dried and weighted to be 

quantified (generally obtained in 60-70 % yield).  

At this point, [2](Cl)2 obtained is dissolved in acetonitrile and the desired 

amount of AgSbF6 (two equiv. respect to the [2](Cl)2 compound) was 

added as solid portions and the mixture stirred overnight. This reaction 

should be carried out in an opaque reaction flask to avoid the photo-

oxidation of Ag(I), which could occur in presence of light. During the 

stirring the yellow color of the solution, due to the [2](Cl)2 compound 

disappeared, while a white precipitate (AgCl) is formed. The precipitate is 

filtered off the mixture and the acetonitrile solution is dried under vacuum, 

giving the desired [2](SbF6)2 compound. Elemental analysis calculated 

for C22H40F12FeN4Sb2; C: 29.76, H: 4.54, N: 6.31. Found; C: 31.11, H: 

4.64, N: 7.31. 

  

Generation of FeIV complexes for spectroscopic characterization. 

A 2 mL acetonitrile solution containing [1](OTf)2 or [2](OTf)2 precursor 

complexes (2 μmol, 1 mM) is cooled at -40 ºC. A 50 μmol aliquot of 

tetrabutyl ammonium periodate (Bu4NIO4, 2.05 μmol) and trific acid 

(CF3SO3H, 1.5 μmol) solution was added. The resulting Fe(IV)-oxo 

complexes [FeIV(O)(CH3CN)L]2+ (3, L = Me,HPytacn, 4, L = nP,HPytacn) 

instantaneously form.  

The immediate generation of [3] and [4] is characterized by a low energy 

visible absorption band at λmax = 760 nm, ε = 280 M-1cm-1 and λmax = 760 

nm, ε = 280 M-1cm-1, respectively. 

The oxidant solution was freshly made for each experiment and prepared 

as follow: 36 mg Bu4NIO4 were dissolved in 2.45 mL CH3CN, then 50 μL 

of 1.2 M CF3SO3H (110 μL CF3SO2OH up to 1 mL CH3CN) were added 

to the Bu4NIO4 solution.  Samples of [3] and [4] were analyzed by high-

resolution cryospray mass spectroscopy (CSI-HRMS), exhibiting 

predominant peak at m/z = 469,08 and 581,20, respectively, consistent 

with the presence of [FeIV(L)(O)(OTf)]+ ions as main species (full spectra 

is collected as supporting information).  

Samples, prepared at 2 mM concentration, were frozen with liquid N2 and 

subjected to Mössbauer spectroscopy. 

 
Mössbauer spectroscopy.  

Mössbauer spectra were recorded at 80 K on a strong-field Mössbauer 

spectrometer equipped with an Oxford Instruments Spectromag 4000 

cryostat. The spectrometer was operated in a constant acceleration 

mode in transmission geometry. The isomer shifts were referenced 

against that of a metallic iron foil at room temperature. Analysis of the 

data was performed with the program WMOSS (WMOSS4 Mössbauer 

Spectral Analysis Software, www.wmosss.org, 2009-2015). 

 
Kinetics of the reaction of [1]X2 and [2]X2 with Bu4NIO4. 

The kinetics of reaction of the complexes with Bu4NIO4 were studied by 

recording the spectral changes with time using an SFM4000 Bio-Logic 

stopped-flow instrument provided with a diode-array detector and a cryo-

stopped-flow accessory immersed in a Huber CC-905 bath. A 0.25 mM 

solution of the complexes in acetonitrile/acetone (1/1) was prepared in a 

glove-box, and the kinetics of reaction with the oxidant was studied using 

pseudo-first order conditions of oxidant excess. All kinetic experiments 

were carried out in the presence of 0.02 M tetrabutylammonium salt 

(triflate or hexafluorophosphate) as supporting electrolyte to avoid the 

changes in the rate constant with the ionic strength expected for a 

reaction between two charged species. The same procedure was used 

for studying the kinetics of the substitution reactions with Pr4NCl. A global 

analysis of the kinetic data was carried out using the software 

SPECFIT.[22] The kinetics was studied at different temperatures to obtain 

the activation parameters using Eyring plots. 
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experimental kinetic and activation parameters highlight a key role of the spin in modulating the reaction. 

 

 

 

 


