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Abstract 

The nonheme iron(IV)-oxido complex trans-N3-[(L1)FeIV=O(Cl)]+, where L1 is a derivative of the 

tetradentate bispidine 2,4-di(pyridine-2-yl)-3,7-diazabicyclo[3.3.1]nonane-1-one, has an S = 1 

electronic ground state and is the most reactive nonheme iron model system known so far, of a 

similar order of reactivity as nonheme iron enzymes (C-H abstraction of cyclohexane, 90 °C 

(propionitrile), t1/2 = 3.5 sec). The reaction with cyclohexane selectively leads to 

chlorocyclohexane, but “cage escape” at the [(L1)FeIII-OH(Cl)]+ / cyclohexyl radical intermediate 

lowers the productivity. Ligand field theory is used herein to analyze the d-d transitions of 

[(L1)FeIV=O(X)]n+ (X = Cl, Br, MeCN) in comparison with the thoroughly characterized ferryl 

complex of tetramethylcyclam (TMC=L2; [(L2)FeIV=O(MeCN)]2+). The ligand field parameters and 

d-d transition energies are shown to provide important information on the triplet-quintet gap 

and its correlation with oxidation reactivity. 
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Introduction 

The functionalization of hydrocarbon substrates with inert C-H bonds is among the more 

challenging and important reactions in synthetic organic chemistry.1-3 Nature frequently uses iron 

based enzymes for these and other metabolically important oxidative transformations, and 

nonheme iron(IV)-oxido species have been identified as ubiquitous key intermediates in oxidative 

transformations of unactivated C-H bonds. The last two decades have seen considerable  

development in this area, involving enzymatic processes, bioinspired models and technical 

applications, based on structural data, spectroscopy and mechanistic work and involving 

experimental as well as computational studies.4-11 Important and still disputed key questions are 

related to the importance of the driving force (i.e. the FeIV/III-oxido redox potential), where 

accurate and reliable experimental and computational data still are in demand,12-17 and the 

relevance of the spin ground state of the FeIV-oxido oxidant. All enzymes have an S = 2 (high-spin) 

ground state, while many synthetic model systems are S = 1, and those with a quintet ground 

state are not necessarily the most reactive.18-23 An important aspect is that, based on ligand field 

theory, the high-spin ground state is favored for trigonal bipyramidal geometries, as generally 

observed in enzymes, while many model systems have pseudo-tetragonal coordination 

geometries, such as those discussed in the present communication. DFT (density functional 

theory) analysis suggests that C-H abstraction by FeIV-oxido species generally proceeds on the 

quintet surface with a preference for the σ channel with a linear [Fe-O···H···C-R] transition state 

and the electron transferred into the dz2 orbital,24-27 and FeIV=O oxidants with a triplet ground 

state generally cross the spin surface to react over the lower energy quintet transition state. The 

underlying concept of two-state-reactivity (TSR) indicates that the spin ground state of FeIV=O 

oxidants might be less important than sometimes assumed, as long as the triplet – quintet energy 

gap is relatively small.28-31 

We have recently shown that the FeIV=O species with the tetradentate bispidine ligand L1 

(bispidine = 2,4-di(pyridine-2-yl)-3,7-diazabicyclo[3.3.1]nonane-1-one, see Scheme 1 for ligands 

discussed in this manuscript) has an S = 1 ground state and is the most reactive FeIV=O oxidant 

known so far, probably as fast as enzymes21-23 – note that a direct comparison of reactivities is 

difficult because published rates generally have been measured under a variety of conditions and 
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not such that it would be possible to compare them quantitatively (a relevant collection of rate 

data is given in Table 1). Important attributes related to the reactivity of S = 1 [(L1)FeIV=O(Cl)]+ are 

that (i) the spin crossover, i.e. the efficiency of TSR and hence the reactivity of a triplet FeIV=O 

oxidant, depends on the triplet-quintet gap,32-34 (ii) for tetragonal systems, this primarily depends 

on the in-plane ligand field (see Scheme 2 for a simplified visualization of ligand field effects), and 

(iii) on the basis of the assignment of the generally observed d-d transitions in analogy to 

thorough spectroscopic analyses of well-characterized tetragonal ferryl complexes,35, 36 the 

relative energy of the in-plane ligand field can be determined experimentally and correlated with 

the quintet-triplet gap and reactivity, and this is the main contribution of the present 

communication. 

 

Scheme 1. Ligands discussed in this manuscript and structural drawing of [(L1)FeIV=O(X)]n+. 
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Table 1. Selected Pseudo-first-order [s-1] and second order [M-1s-1] rates involving mononuclear FeIV=O 

species 

L / X / spin dd transition / nm k / s-1 k /  M-1s-1 ref 

L1 / MeCN / S = 1 565 786  1.3·10-1  a) 15 

L1 / Cl / S = 1 595 850 2·10-1  b) 7.6·102  b) 22 

L1 / Br / S = 1 620 900    

L2 / MeCN / S = 2    3.7·10-1  c) 19 

L3 / S = 1 500 730  4.9·10-3  a) 15, 37 

L4 / S = 1 500 730  1.3·10-4  a) 15, 37 

L5 / S = 1  695  8.3·10-2  d) 38 

L6 / S = 1  770  5.0·10-1  d) 38 

L7 / MeCN / S = 1 585 848,992  1.0·10-2  e) 39 

L8 / MeCN / S = 1 596 815  3.7·102  f) 40 

L9 / MeCN / S = 2    3.7·10-1  c) 19  

L9 / Cl / S = 2    7·10-2  g) 41 

L9 / Br / S = 2    5·10-2  g) 41 

L10 / - / S = 1 600 770  2.5·10-1  h) 42 

L11 / dinuclear / S = 1    8.1·10-2  i) 43 

TauD   13 j)  44 

MMO    3-4·104  k) 45, 46 
 

a) cyclohexane, MeCN, -35°C 
b) cyclohexane (chlorocyclohexane), EtCN, -90°C 
c) cyclohexane (cyclohexanone), MeCN, -40°C 
d) bzOH, MeCN, 20°C 
e) cyclohexane, CH2Cl2, -40°C 
f) 1,4-CHD, MeCN, 20°C 
g) toluene, MeCN, -40°C 
h) cyclohexane, MeCN, -40°C 
i) cyclohexane, MeCN, 10°C 
j) H2O, 5°C 
k) H2O, 25°C 
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Scheme 2. Structure of of [(L1)FeIV=O(X)]n+ with the coordinate system used in the ligand field analysis 

together with the d-d spectrum of the chlorido complex and simplified representation of ligand field 

effects in pseudo-tetragonal FeIV=O complexes (bold transitions are those observed in the spectra of 

[(L1)FeIV=O(Cl)]+, all transitions have been assigned for [(L2)FeIV=O(MeCN)]n+, see below 36). 

 

While the effect of axial ligands on the reactivities of nonheme FeIV=O centers has been studied 

in detail (in heme systems the tuning of reactivities by axial thiolate and selenolate has been 

shown to be of central importance34, 47-50]), contrastingly there are only few studies on in-plane 

ligand field effects with respect to reactivities of nonheme ferryl complexes. 21-23, 38-40, 51, 52  Here 

we report a thorough analysis of the ligand field properties and possible correlations with the 

oxidation reactivities of a series [(L1)FeIV=O(X)]n+ complexes, based on experimental electronic 

spectroscopic data and ligand field calculations. 

 

Results and Discussion 

Experimental spectroscopic and reactivity data   

The high reactivity of [(L1)FeIV=O(Cl)]+ and derivatives with other co-ligands and to some extent 

also of ferryl complexes with the pentadentate bispidine ligands L2 and L3 bears the problem that 

FeIV=O species are difficult to trap and spectroscopically fully characterize – the half-life of 

[(L1)FeIV=O(Cl)]+ at 90°C is only seconds –,22 and no crystal structures are available of any 
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bispidine-FeIV=O complex. Also, Moessbauer and resonance Raman spectra are not yet available 

from the complexes with the tetradentate bispidine L1 discussed here, and the electronic spectra 

are limited to solution UV-vis-NIR measurements obtained a few milliseconds after injecting the 

oxidant to the iron(II) precursor (see Table 1 and Figure 1). The assignment of the d-d transitions 

follows those of the fully characterized tetragonal S = 1 ferryl complex [(L2)FeIV=O(MeCN)]2+  

based on vis-NIR and MCD spectra supported by experimentally calibrated DFT calculations (see 

Scheme 2).36 Reasons for the low in-plane ligand field (low energy of the dx2-y2 orbital) in bispidine 

complexes are that the bispidine cavity is very rigid and relatively large, and that particularly the 

Fe-N7 bond distance is more flexible and generally longer then the Fe-N3 bond.53-55 Importantly, 

the co-ligand X offers an additional simple possibility for tuning the in-plane ligand field. 

 

 

Figure 1.  Optical spectra (d-d transitions in the vis-NIR region) of S = 1 bispidine-iron(IV)-oxido 

complexes. 

The second problem in terms of data availability is that kinetic studies are hampered by the fact 

that there are two very fast self-decay processes in addition to reaction with a substrate:22 the 

first involves the reaction of the precursor with the product to form an oxido-bridged diiron(III) 

resting state, i.e. an oxo-transfer reaction (OAT) of the ferryl complex. The other is an 

intramolecular C-H activation (HAT), involving the N7 methyl group and leading to demethylation. 

From a kinetic analysis of [(L1)FeIV=O(Cl)]+ in MeCN at -90°C it follows that even with a 10-fold 
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excess of iodosylbenzene as oxidant, the pseudo-first-order formation rate of the ferryl oxidant 

is only just over 5 times larger than HAT with cyclohexane, and the self-decay processes are only 

5 (OAT) to 100 (HAT) times slower under these conditions than the reaction with substrate.[22] 

Preliminary data suggest that the reactivity of the corresponding bromido complex 

[(L1)FeIV=O(Br)]+ for which no full kinetic analysis is available is about one order of magnitude 

larger than that of the chlorido complex, that of the MeCN complex under similar conditions is 

around one order of magnitude slower,21 and this correlates qualitatively with the main dd 

transition assigned to that to dx2-y2 (see Figure 1). 

 

Ligand field analysis 

The ligand field computer program, Kestrel,56 (ref. Paul, George) was used for the analysis of the 

optical spectra of [(L1)FeIV=O(X)]n+ (X = MeCN, Cl, Br).  Kestrel uses a configurational interaction 

method to calculate the ligand field energies of d electron Russell-Saunders states, using the 

traditional ligand field parameters (Racah B and C, spin-orbit coupling) and angular overlap model 

(AOM) e-values as inputs.   The differences in calculated energies can be fit to experimental 

transition energies to determine the ligand field parameters.  In this case, there are two possible 

strategies to reduce the complexity of the fitting procedure, i.e. to either use pseudo-D4h or 

pseudo-C4h symmetry of the coordination sphere. The former is less ambiguous and is used here, 

results of the latter are also discussed in the Supporting Information. With assumed D4h 

symmetry, one obtains an axial ligand field for the FeIV=O / FeIV-NCMe axis of 

[(L2)FeIV=O(MeCN)]2+ or the FeIV=O / FeIV-N3 axis of [(L1)FeIV=O(X)]n+ (X = MeCN, Cl, Br), 

respectively, and an in-plane ligand field for the four tertiary amines of [(L2)FeIV=O(MeCN)]2+ or 

N7, the two pyridines and X for [(L1)FeIV=O(X)]n+ (X = MeCN, Cl, Br), respectively. Note here, 

therefore, that the calculated eσ values for the ligating atoms in either axial or equatorial 

directions represent the average eσ value for each ligating atom in that direction. The π 

interactions of the tertiary amines as well as the in-plane π interaction of the pyridines are 

assumed to be negligible.  
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Initial AOM values were obtained as follows.  The thoroughly analyzed spectra (UV-vis-NIR and 

MCD) of the pseudo-C4h symmetrical [(L2)FeIV=O(MeCN)]2+,35, 36 for which also an X-ray structure 

is available,57 was modelled with Kestrel to yield an initial eσ(N) parameter of 5000 cm-1. The final 

fitted parameters are presented in Table 2 (see Supporting Information for details of the fitting 

procedures). 

Table 2. AOM parameters [cm-1] for [(L1)FeIV=O(X)]+ (X = MeCN, Cl, Br) and [(L2)FeIV=O(MeCN)]+.a 

 

[cm-1] L2  / MeCNb L1 / MeCN L1 / CL L1 / Br 

eσ(axial)c 10500 10500 10500 10500 

eπ(axial)c 5750 5450 5500 5400 

eσ(equatorial)c 6600 6350 5750 5100 

eπ(equatorial)c 0 0 0 0 

 

a) As obtained from an LFT analysis of the UV-vR spectra. Racah B = 400, C/B = 4. 

b) Adapted from an LFT analysis of spectroscopic data of [(L2)FeIV=O(NCCH3)]2+. 

c) The complexes are assumed have C4v symmetry, ‘axial’ refers to the Fe-O axis including the ligand trans 

to the oxido group (L2 / MeCN: MeCN; L1 / X: R3N3); ‘equatorial’ denotes the average ligand field strength 
of the in-plane ligands (L2 / MeCN: NR3; L1 / X: N7, py, py, X). 

 

The final ligand field parameters in Table 2 have been adjusted empirically to the experimental 

spectra and are general for the d-d spectra of the four ferryl complexes ([(L1)FeIV=O(X)]+ (X = 

MeCN, Cl, Br) and [(L2)FeIV=O(MeCN)]+, where the e parameters are as usual adjusted with 1/r5, 

r = Fe-L distance).58 The electronic parameters are also consistent with preliminary AILFT 

calculations and, importantly, with parameters used for AOM calculations of various other 

coordination compounds.58-60 (Table 3 summarizes the experimentally observed d-d transitions 

of and [(L2)FeIV=O(MeCN)]+ and [(L1)FeIV=O(X)]+ (X = MeCN, Cl, Br) together with those computed 

with the parameters of Table 2. As expected, there is excellent agreement between all observed 

and computed transitions, where most of the assignments are based on those of the well 
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characterized TMC ferryl complex [(L2)FeIV=O(MeCN)]2+ and the results of the ligand field 

calculations.  

An important observation from this analysis is that the position of the major d-d transition at 800 

nm, 768 nm, 850 nm, 900 nm, for [(L2)FeIV=O(MeCN)]2+, [(L1)FeIV=O(MeCN)]2+, [(L1)FeIV=O(Cl)]+ 

and [(L1)FeIV=O(Br)]+, is not necessarily a direct measure of the dxz/yz to dx2-y2 energy gap, due to 

mixing with the nominal dxy to dxz/yz transition (Figure 2).  Using this transition to indicate ligand 

field strength, and therefore the triplet-quintet energy separation (as per Scheme 2), is therefore 

an oversimplification. As Figure 2 shows, for lower ligand field strengths the lowest 

experimentally observed transition in the visible spectrum (ie. > 10,000 cm1) has high dxy to 

dxz/yz character, the energy of which does not track the variation of the triplet-quintet gap with 

eσ ligand field strength (blue line in Figure 2).  At higher ligand field strengths the lowest energy 

experimentally observed transition has significantly more dxz/yz to dx2-y2 character, which does act 

as a useful proxy for the triplet-quintet gap.  In this regard, it is instructive to re-examine the 

relatively low energy transition in [(L2)FeIV=O(MeCN)]2+ at 10600 cm1, which we assign to a dxy 

to dxz/yz transition, which—as described above—is not indicative of a low triplet-quintet energy 

gap.  In accord with this assignment, [(L2)FeIV=O(MeCN)]2+ is a very sluggish oxidant. In the series 

of bispidine complexes, where only the co-ligand X varies, the low energy transition observed 

experimentally is a mixed dxy to dx2-y2 dxy to dxz/yz transition which follows an energy surface that 

tracks moderately well the triplet-quintet gap, and  the associated increase in reactivity across 

the series (Table 1). 

Table 3. Experimental and AOM-computeda electronic transitions of [(L1)FeIV=O(X)]+ (X = MeCN, Cl, Br) 

and [(L2)FeIV=O(MeCN)]+ in cm-1. 

ligands L2 / MeCN L1 / MeCN L1 / Cl L1 / Br 

 Exp. AOM Exp. AOM Exp. AOM Exp. AOM 

3H to 5D gap  9445  8995  7211  5280 

dxz,dyz → dx2-y2 12900 12979 13000 13041 11800 11806 11100 11077 

dxy → dxz,dyz 

dxy → dx2-y2 

10600 10717 

20311 

 

 

10317 

17700–
22800 

 

 

9901 

15900–
21300 

 

 

8761 

14000–
19000 
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dxz,dyz → dz2 17600 17384 17700 17726 16800 16794 16100 16088 

dxy → dz2 24900 27000–
33000 

 27000–
33000 

 26000–
32000 

 25000–
31000 

 

a) Parameters from Table 2, Racah B = 400, C/B = 4, no SOC. 

The ligand field analysis allowed us to estimate the energy difference between the triplet and 

quintet states and its variation with ligand field strength (see Table 3). A feature of Kestrel is that 

the variation of d state energies can be plotted as function of a ligand field variable, akin to a 

Tanabe-Sugano diagram.  Such a variation is shown in Figure 2, where the average equatorial eσ 

value is varied.  Qualitatively, the energies agree well with the observed trends in reactivity and 

also with computed quintet – triplet gaps based on various quantum chemical methods, also 

including coupled cluster calculations.21 However, the values given in Table 3 need to be 

considered with caution, and they might be overestimated by a factor of 2 to 5. One possible 

reason is that these energies depend quite strongly on the Racah parameters, and these are not 

yet well enough defined – a thorough AILFT study might be able to relieve this problem. 

 

Figure 2.  Ligand field calculated energies of d electron states for [(L1)FeIV=O(X)]+ where X = 

exogenous ligand, as a function of average eσ(equatorial) value.  Red lines are triplet d-states, 

blue line is a quintet d-state. 
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The ligand field analysis also allowed to obtain the zero-field splitting parameter D and, for 

[(L2)FeIV=O(MeCN)]+, it can be compared to experimental data (field Mössbauer: 28 cm-1, HF-EPR: 

26.95 cm-1  61 The value computed with the parameters in Table 2 are 27 cm-1, 45 cm-1 and 48 cm-

1 for [(L2)FeIV=O(MeCN)]2+, [(L1)FeIV=O(MeCN)]2+, [(L1)FeIV=O(Cl)]+ and [(L1)FeIV=O(Br)]+, 

respectively (see Supporting Information). These computed D values have to be appreciated as 

preliminary because, as for the triplet – quintet gaps above, these strongly depend on the 

parameters used (Racah parameters and spin orbit coupling). However, it appears that within the 

group of complexes studied here, specifically in the group of the three bispidine complexes, the 

variation of the electronic parameters should be minimal. The fact that the zero-field splitting 

increases with decreasing quintet – triplet gap, and that there is a significant increase from the 

TMC to the bispidine system is expected, and it will be of interest to probe this experimentally. 

This is of particular importance with respect to an assumed correlation of the triplet – quintet 

gap with the oxidation reactivity because the spin coupling matrix elements are known to be 

related to the activation barrier.21, 32 

 

Conclusion 

[(L1)FeIV=O(Cl)]+ as an oxidant for organic substrates, in particular for the difficult to oxidize 

substrate cyclohexane with less than 10 kcal/mol more activated C-H bonds as the “dream 

substrate” methane has been studied in detail in terms of oxidation power (driving force), 

efficiency (activation barrier of the rate determining step) and product selectivity,15, 22, 23 and has 

been shown to be the most reactive ferryl oxidant known although it has, in contrast to all 

enzymes “the wrong spin ground state”. The probable reason for this interesting behavior is a 

very low energy gap between the triplet ground and the quintet excited state, and this has been 

suspected on the basis of ab-initio quantum chemical calculations.21 In the current 

communication we discuss an empirical ligand field analysis involving the AOM analysis of the 

ligand field spectra of [(L1)FeIV=O(X)]n+ with X=MeCN, Cl, Br as in-plane ligand with varying donor 

strength cis to the oxido group. The ligand field analysis indicates that with decreasing ligand field 

strength (MeCN > Cl > Br) there is a decrease of the triplet – quintet gap concomitant with a shift 
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of the main dd transition towards lower energy, an increase of the zero-field splitting and an 

increase of the oxidation reactivity. The present analysis is an excellent qualitative and semi-

quantitative basis for a quantitative analysis that most importantly should involve additional 

spectroscopic techniques and temperature-dependent kinetic analyses, which both are not trivial 

with an FeIV=O complex that decays already in absence of external substrates in seconds at -90°C, 

as well as quantum chemical studies including CASSCF/NEVPT2 optimized wavefunctions and 

AILFT, which also have limits – not least because the generally DFT-optimized structure might not 

be in the minimum of the ab-initio wavefunction. 

 

Experimental Section 

Details of the Computational Methods 

All ligand field calculations were carried out with development version of the Kestrel program, a 

ligand field program for d-block transition metal compounds.56(ref. Paul, George) An octahedral 

preset was chosen, and the axial and equatorial designations were made. The parameters were 

fitted to the experimental spectra, neglecting some of the π interactions (except for the oxido, 

the pyridine and halogenide ligands). Transitions were assigned via Tanabe-Sugano plots, 

connecting the one-electron transitions to the computed many-electron transitions. 
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