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ABSTRACT: We demonstrate the application of infrared photodissocation spectroscopy for determination of the Fe=O stretch-
ing frequencies of high-valent iron(IV)-oxo complexes [(L)Fe(O)(X)]

2+/+
 (L = TMC, N4Py, PyTACN, and X = CH3CN, CF3SO3, 

ClO4, CF3COO, NO3, N3). We show that the values determined by resonance Raman spectroscopy in acetonitrile solutions are in 
average 9 cm

-1
 red-shifted with respect to unbiased gas-phase values. Furthermore, we show the assignment of the spin state of 

the complexes based on the vibrational modes of a coordinated anion and compare reactivities of various iron(IV)-oxo complex-
es generated as dications or monocations (bearing the anionic ligand). The coordinated anions can drastically affect the reactivi-
ty of the complex and should be taken into account when comparing reactivities of complexes bearing different ligands. Com-
parison of reactivities of [(PyTACN)Fe(O)(X)]

+ 
generated in different spin-states and bearing different anionic ligands X revealed 

that the nature of anion influences the reactivity more that the spin-state. The triflate and perchlorate ligands tend to stabilize 

the quintet state of [(PyTACN)Fe(O)(X)]
+
, whereas trifluoroacetate and nitrate stabilize the triplet state of the complex.  

INTRODUCTION  

Non-heme high-valent iron-oxo chemistry is a rapidly evolv-
ing field with interdisciplinary connections between organic, 
inorganic and theoretical chemistry. The importance of non-
heme iron-oxo compounds in many enzymatic reactions1 has 
been appreciated mainly after the seminal works of Bollinger 
and Krebs.2 Our understanding of these reactive species and 
their function has been to a great extent facilitated by the 
development of their synthetic models.3,4 Characterization of 
the active iron centers currently relies mainly on UV/VIS, 
Mössbauer, resonance Raman, EPR and X-Ray spectroscopic 
techniques.5  Usually, resonance Raman (rR) spectroscopy 
provides the most direct evidence for the Fe=O moiety.4a,6 The 
rR method takes advantage of resonance enhancement and 
thus relies on the presence of intense electronic absorption 
features. 7  These are, however, not always present. 8 , 9  In 
addition, they have limitations when dealing with complex 
mixtures. As a result, minor - though important - species may 
stay unnoticed. As numerously reported, mass spectrometry is 
an ideal tool for detection of reactive species present in low 
concentrations (dynamic range of a standard mass spectrome-
ter is ~10⁴-10⁶).10-12 The requirement of detailed structural 
information on the detected ions urged the development of 

novel techniques that combine MS with other spectroscopic 
methods such as infrared (IR) spectroscopy.13 

Our approach, helium tagging infrared photodissociation 
spectroscopy (IRPD), consists in trapping the ions of interest 
in a cryogenic ion trap (~ 3 K) filled with helium. The ions are 
collisionally cooled and form weakly bound complexes with 
helium atoms. The complexes, irradiated by a tunable IR 
beam, detach helium if they absorb a photon. Hence, we ob-
tain IR spectra as a dependence of the depletion of the helium 
complexes on the IR wavenumber.14 

Herein we report a set of IRPD spectra of representative 
non-heme iron(IV)-oxo complexes with a special emphasis on 
the Fe=O stretching vibration. The interface of electrospray 
ionization (ESI) serves to transfer the complexes from their 
acetonitrile solution to the gas phase. Assignment of vibra-
tional bands to the Fe=O stretching modes is based on the 18O 
labeling, which has been done by the oxygen atom exchange 
with H₂18O (Chart 1).15 
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Chart 1. Investigated complexes and their Fe=O 
stretching frequencies.a 

a
Spectral shift upon 18O labeling. 

b
Frequencies of the complexes measured in acetonitrile solution by rR 

spectroscopy taken from Ref. 6b are given in italics. Present counter ions are 
given in brackets. 

 

EXPERIMENTAL AND COMPUTATIONAL 
DETAILS  

Ion-molecule reactivity studies: Experiments were performed 
with a triple quadrupole mass spectrometer TSQ 7000.16 
Complexes 1, 2 and 4–7 (Chart 1) were prepared according to 
the corresponding literature procedures5,17 by oxidation of the 
corresponding iron(II) triflate precursors dissolved in ace-
tonitrile (typically 0.1-1 mM) by either iodosobenzene (1, 2, 4, 
5) or peracetic acid (6–7). Complex 3 was generated from the 
solution containing 1 by addition of 1 eq. NaN₃. Complexes 8–
10 were prepared by addition of 2, 0.3 and 2 equivalents of 
the corresponding acid to the solution containing 6. The com-
plexes were transferred to the gas phase by an ESI ion source 
at mild ionization conditions (low voltage differences during 
the transfer and temperature ~ 60 °C). Alternatively, com-
plexes 7–10 were generated by the NO₂ elimination from their 
[(PyTACN)Fe(NO₃)(X)]⁺ precursors during the electrospray 
ionization. The NO₂ elimination requires harder ionization 
conditions (larger voltage differences between the transfer 
capillary and lenses).  

Generated iron-oxo complexes were mass-selected by the 
first quadrupole and reacted with a neutral reactant at ther-
mal conditions (nominally zero collision energy, Figure S1).16 
Product ions were mass-analyzed by the second quadrupole. 
Reaction rates were extracted from the pressure dependence 
of the relative abundance of the products on the reactant gas 
pressure.18 Further details regarding generation of the ions 
and their reactivity are in the Supporting Information. 

IRPD spectra: The IRPD spectra were acquired with the ISORI 
instrument.19 The ions were prepared in the same way as 
mentioned above, mass selected by the first quadrupole and 
transferred via an octopole to a cryo-cooled wire quadrupole 
ion trap operated at 3 K and 1 Hz. The ions were trapped with 
pulsed helium buffer gas (for the time sequence of the exper-
iment see Figure S2 in the Supporting Information). About 1-
10% of the trapped ions were transformed to the He tagged 
complexes. After a time delay, the ion cloud was irradiated by 
8 photon pulses generated in an optical parametric oscilla-
tor/amplifier (OPO) operating at 10 Hz frequency. At 990 ms, 
the exit electrode of the trap was opened, the helium-tagged 
ions were mass-analyzed by the second quadrupole, and their 
number (N) was determined by the Daly-type detector oper-
ated in the ion-counting mode. In the following cycle, the light 
from the OPO was blocked by a mechanical shutter, giving the 
number of unirradiated ions (N0). The IRPD spectra are con-
structed as the wavenumber dependence of (1 – N/N0). 
Wavenumber calibration was done using the absorption of 
methane and water (Figure S3) and our accuracy is ± 3 cm-1 

(precision is ± 1 cm-1) . In the cases of 5, 7, and 8, lambdame-
ter WS-600 from HighFinesse GmbH was used for accurate 
determination of wavelength. 

DFT calculations: Geometry optimizations and frequency 
calculations were performed using different density function-
al theory methods and triple- basis sets as implemented in 
Gaussian 09.20 The basis set was constructed as a combination 
of 6-311++G** for C, H, O, Fe, F and N atoms (pure for 6 and 
8) and pc-321,22 for S and Cl atoms and also for the carbon 
atom in the CF₃ group (concerns 7 and 9). The combined basis 
set is abbreviated as BS1. All optimized structures are minima 
on the potential energy surface confirmed by diagonalization 
of the mass-weighted Hessian matrix. The calculated IR spec-
tra were scaled by factor 0.99. 

CASSCF/CASPT2 calculations: The complete active space self-
consistent field (CASSCF)23 and complete active space second-
order perturbation theory (CASPT2)24 calculations were car-
ried out using the MOLCAS 8.0 program.25 For all of the atoms, 
the ANO-RCC basis set, contracted to [6s5p3d2f1g] for Fe, 
[4s3p2d] for the ligating O, N atoms, [3s2p] for other N, O, F 
and C atoms, [4s3p] for Cl and S atoms, and [2s] for H, was 
used. The second-order Douglas-Kroll-Hess (DKH2) one-
electron spinless Hamiltonian was applied for all of the calcu-
lations in order to allow for spin-free relativistic effects.26 

The CASSCF energies were calculated for the B3LYP-
optimized geometries with the 12-electrons-in-9-orbitals 
active space including 53dFe, 32poxo and 1 chelate-based 
orbital. To improve the accuracy of the calculations, the 
CASPT2 energies were used on the diagonal of the two-
component Hamiltonian matrix. 

In all of the CASSCF calculations, a level shift of 5 au was 
used in order to improve convergence. In the CASPT2 calcula-
tions, none of the orbitals were frozen, and an imaginary level 
shift of i0.2 au was used to eliminate intruder states.27  
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RESULTS AND DISCUSSION 

IRPD spectroscopy: A representative IRPD spectrum of 
[(TMC)Fe(O)(CH₃CN)]²⁺ ion (1, TMC = 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane) is shown in Figure 1. The 
Fe=O vibration is at 848 cm⁻¹ and shifts to 812 cm⁻¹ upon ¹⁸O 
labeling (Figure 1b). The theoretical IR spectrum calculated 
with the B3LYP/6-311+G* method (Figure 1c) provides an 
excellent prediction of the vibrational finger-print of the lig-
and, but the Fe=O stretching frequency is shifted by 66 cm⁻¹ 
to higher wavenumbers. Very similar results were obtained 
also for the rest of the complexes in Chart 1 (the spectra and 
the experimental conditions for all measurements can be 
found in the Supporting Information, Figures S4-S11, S13-
S14). 

The determined Fe=O stretching vibrations are unique 
characteristics of the depicted ionic complexes. The values 
obtained by rR spectroscopy in solution (in italics in Chart 1) 
are determined with variable red shifts. It reflects the effect of 
the solvent as well as the effect of the counter ion. For the 
studied dications 1, 4 ([(N4Py)Fe(O)]²⁺, N4Py = N,N-bis(2-
pyridylmethyl)bis(2-pyridyl)methylamine) and 6 
([(PyTACN)Fe(O)(CH₃CN)]²⁺, PyTACN = (1-[2′-
(pyridyl)methyl]-4,7-dimethyl-1,4,7-triazacyclononane)), the 
solution spectral shifts of -9 cm-1 (for 1) and -12 cm-1 (for 4 
and 6) with respect to the gas phase are observed. Interesting-
ly, singly charged complex 3 is affected even more (- 18 cm⁻¹).  

 

 

Figure 1. (a) Helium tagging IRPD spectrum of the 
[(TMC)Fe(O)(CH₃CN)]²⁺ (1); (b) the spectral range with 
Fe=16O and Fe=18O stretching vibrations measured with a 
higher resolution; (c) B3LYP/6-311+G* theoretical IR spec-
trum of [(TMC)Fe(O)(CH₃CN)]²⁺ (scaling factor is 0.99).  

 

The big advantage of our method is that we can unequivo-
cally characterize all species formed in solution by the specia-
tion of the parent compound one by one (we transfer them to 
to the gas-phase and study them after mass-selection). Hence, 
oxidation of [(PyTACN)Fe(OTf)₂] in acetonitrile yields not 
only the [(PyTACN)Fe(O)(CH₃CN)]²⁺ dication (6), but also 
singly charged [(PyTACN)Fe(O)(OTf)]⁺ (7) bearing the triflate 
ion as a ligand. We have also characterized complexes with 
nitrate, trifluoroacetate, and perchlorate (8, 9, and 10). Gase-
ous dication 6 has the Fe=O stretching vibration at 843 cm-1. 
Coordination of nitrate and triflate (i.e. formation of 8 and 9) 
induces a blue shift of the Fe=O stretch by 7 cm-1 with respect 

to 6, whereas the other anions bring about a minor red-shift 
(Chart 1, Figures S10-S11, S13-S14). 

We have correlated the available Fe=O stretching vibra-
tions determined in solution with the values determined in 
the gas-phase for all species theoretically present in solution 
(mono- as well as dications). The gas-phase values are in 
average 9 cm⁻¹ blue-shifted (Figure 2). The shift is slightly 
larger (11 cm⁻¹), if we assume that the solutions contain only 
dications. Coordination of triflate to the iron center results in 
a redshift of the Fe=O stretching vibration (cf. 6 vs. 7 and 1 vs. 
2 in Figure 2). Interestingly, the Fe=O stretch is significantly 
red-shifted even in complex 5 (with respect to 4) that bears 
triflate as a non-coordinated counter ion as evidenced from its 
IRPD spectrum (Figure S8). The IRPD spectrum of 5 contains 
S=O stretching bands that clearly correspond to a non-
coordinated triflate ion. On contrary, 2 and 7 bear triflates as 
ligands. This is again evidenced by the triflate bands in the 
IRPD spectra of the complexes (Figures S5 and S13 in the SI).  

 

Figure 2. Comparison of the spectral shift of the Fe=O stretch-
ing vibration of the studied complexes measured in the gas 
phase and in acetonitrile solution (complexes with the same 
ligand are color-coded: TMC – red, N4Py – blue, PyTACN -
yellow). 

 

The [(PyTACN)Fe(O)(X)]+ (X = OTf, CF₃COO, NO₃, ClO₄) 
complexes can exist in two isomeric forms - with the oxo 
group either in the equatorial or in the axial position (parallel 
or perpendicular to the pyridine ring plane). In addition, the 
complexes can be formed in the triplet (S=1) or in the quintet 
(S=2) state. According to the CASPT2 (Table 1), the S=1 iso-
mer with the oxo in the equatorial position is favored in 8, 9 
and 10. For the complex with the triflate ligand, both spin 
states are almost isoenergetic, with the high spin-state isomer 
57eq being slightly preferred over 37eq. The CASPT2 energies 
agree relatively well with the predictions obtained by the DFT 
using the B3LYP functional for 8 and 9, but not for 7 and 10 
(Table 1). We have tested several other DFT functionals. Most 
of them render relative energies of the spin-isomers com-
pletely wrong.28 The B3LYP functional also outperforms the 
other functionals in the predictions of IR spectra.29 A notable 
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exception is that pure DFT functionals, e.g. M06L, give a better 
estimate of the Fe=O frequency (but a worse description of 
the ligand skeletal vibrations; see Figures S15-S16). 

To further substantiate the power of our approach, we 
have attempted to prepare axial isomers of 
[(PyTACN)Fe(O)(X)]+ by the gas phase elimination of the 
NO₂• radical from the [(PyTACN)Fe(NO₃)(X)]+ precursors.30 
We have recently showed that this “nitrate cleavage method” 
for [(PyTACN)Fe(NO3)2]+ leads dominantly to the generation 
of the quintet state of the [(PyTACN)Fe(O)(NO₃)]+ isomer 
with the oxo in the axial position (58ax).28 Hence, next to the 
S=1 isomer 38eq obtained classically from solution, we have an 
independent access to the S=2 isomer 58ax. We set to deter-
mine the difference in the Fe=O vibration frequency between 
these spin-isomers.  

Comparison of the IRPD spectrum of 38eq and its ¹⁸O la-
beled analog led to a clear assignment of the Fe=O band at 
850 cm⁻¹ (cf. Figure S10). Figure 3a shows the comparison of 
the spectra in the lower wavenumber range obtained for 38eq 
and 58ax. The spectra were obtained as a difference between 
the spectra of ions generated from solution and by the nitrate 
cleavage (see Figure S10 in the Supporting Information).  

 

 

Figure 3. (a) IRPD difference spectra (cf. Figure S10) of the 
[(PyTACN)Fe(O)(NO₃)]⁺ isomers generated by ligand ex-
change from the solution of [(PyTACN)Fe(O)(CH₃CN)]²⁺ (blue 
trace) and generated in the gas phase from 
[(PyTACN)Fe(NO₃)₂]⁺ by the nitrate cleavage (red trace). (b) 
Theoretically predicted spectra of 38eq and 58ax at the B3LYP-
D3/6-311++G** level of theory scaled by 0.99. The predic-
tions of the redshift of the Fe=O vibration upon ⁸O labeling is 
shown in gray. 

 

At the first sight, there is a large difference in the N-O 
stretching band position (as observed previously).28 The 
position of the Fe=O stretching band is however almost iden-
tical. The Fe=O stretch of 58ax lies at 851.5 cm⁻¹. The differ-
ence is thus just 1 cm⁻¹. The agreement with the theoretical IR 
spectra is not great, but we show it in order to demonstrate 
that the large difference between the N-O stretches is ex-
pected, as well as the minor difference between the Fe=O 
stretches (as usually blue-shifted by almost 40 cm-1 in the 
theoretical spectra). 

The nitrate cleavage approach to preparation of 
[(PyTACN)Fe(O)(CF₃COO)]⁺ provides – similarly as above – 
ions  with the IRPD spectrum distinctly different from that of 
the analogous ions generated from solution (cf. the red and 
the black spectrum in Figure 4a). 

 
Table 1. CASPT2 relative energiesb of different spin-
isomers of [(PyTACN)Fe(O)(X)]⁺ complexes. 

Etotrel[kcal mol-1].(EOKrel [kcal mol-1]) 

Notationb X Spin Energy 
CASPT2a 

Energy 
B3LYP 

37eq  CF3SO3 S=1 0.0 (1.1) 0.0 (0.0) 

37ax  CF3SO3 S=1 2.3 (3.6) 3.3 (3.1) 

57eq  CF3SO3 S=2 0.1 (0.0) 2.0 (3.2) 

57ax  CF3SO3 S=2 1.5 (1.4) 3.0 (4.3) 

38eq  NO3 S=1 0.0 (0.0) 0.0 (0.0) 

38ax  NO3 S=1 2.6 (2.4) 2.6 (2.8) 

58eq NO3 S=2 2.1 (1.5) 3.0 (3.6) 

58ax  NO3 S=2 0.4 (0.0) 0.7 (1.1) 

39eq  CF3COO S=1 0.0 (0.0) 0.0 (0.0) 

39ax  CF3COO S=1 5.2 (5.0) 4.7 (4.5) 

59eq  CF3COO S=2 3.0 (2.5) 3.9 (3.4) 

59ax  CF3COO S=2 3.5 (2.8) 4.0 (3.3) 

310eq  ClO4 S=1 1.0 (2.6) 0.0 (0.0) 

310ax  ClO4 S=1 3.2 (4.9) 3.3 (3.2) 

510eq  ClO4 S=2 0.0 (0.0) 1.6 (3.2) 

510ax  ClO4 S=2 3.7 (4.7) 2.1 (2.7) 

a) Calculations were performed by CASPT2(12,9)/ANO-RCC at 
geometries optimized at B3LYP-D3 level of theory as described 
in the experimental details. The numbers in brackets are the 
CASPT2 energies corrected by zero-point vibrational energy 
calculated at the B3LYP-D3 level. 

b) The index refers to the [(PyTACN)Fe(O)(X)]⁺ isomer with the 
oxo group in the equatorial (eq) or axial (ax) position 

 

Detailed inspection shows that the spectrum of ions trans-
ferred from the solution of iron(IV) complex is composed of 
two components (upper trace). In addition to the bands pre-
sent in the spectrum of the gas-phase generated ions (middle 
trace), there are also several unique bands. We have subtract-
ed the spectrum of the gas-phase generated ions and obtained 
the IR spectrum of the second component (lower trace; for the 
details of the spectra separation see the SI, Figure S12). The 
major difference is located in the range 1130 – 1180 cm-1. The 
B3LYP analysis shows that the observed bands correspond to 
the C-F vibrations. These vibrations are influenced by the spin 
state of the complex. In theory, the lowest-energy C-F vibra-
tional band of the S=1 complexes is red shifted with respect to 
the corresponding band of the S=2 complexes. Opposite, but 
less pronounced shift can be observed for the C=O vibration 
and the other C-F vibrations (cf. Figure 4b). Analogous differ-
ences stand out if we compare the red and blue spectrum in 
Figure 4a.  

As a result, we assign the red spectrum (ions generated by 
the nitrate cleavage) to the S=2 complexes (the lowest lying 
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C-F vibration band is blue shifted, whereas the C=O vibration 
is red-shifted with respect to the bands in the blue spectrum). 
The blue spectrum accordingly corresponds to the S=1 com-
plexes. Electrospray ionization of the complexes oxidized in 
solution thus leads to a mixture of the spin-isomers (black 
spectrum).  

The separation process provides an estimate that about 
30% of the complexes transferred from the solution should be 
in the quintet state (see Figure S12). The probable reasoning 
is that the solution dominantly contains dication 36 that coor-
dinates CF3COO- during the electrospray process. If trifluoro-
acetate coordinates to the equatorial position, it leads to 59ax – 
the more stable spin-isomer with the oxo in the axial position. 
Alternatively, the coordination of the anion to the axial posi-
tion leads to the formation of 39eq. This line of reasoning also 
explains why nitrate coordinated complexes 8 are obtained 
from the oxidized solution in a similar ratio of 38eq to 58ax (see 
separation in Figure S10). 28 

Preparations of different spin-isomers with the triflate and 
perchlorate ligands ([(PyTACN)Fe(O)(OTf)]⁺ (7) and 
[(PyTACN)Fe(O)(ClO4)]⁺ (10) ) were not successful. The IRPD 
spectra of the complexes with the perchlorate ligand were 
identical regardless of their preparation (i.e. transfer from 
solution or by nitrate cleavage). For the 
[(PyTACN)Fe(O)(OTf)]⁺ complexes, the IRPD spectrum of the 
ions prepared in the gas phase by the “nitrate cleavage” differs 
from that of the ions generated from solution, but the differ-
ences are not due to the expected change of the spin-isomer. 
The detected additional bands rather suggest presence of 
isobaric ions with an oxidized ligand. Most probably, the ini-
tially generated quintet state isomers formed upon the nitrate 
cleavage are very reactive and the iron(IV)-oxo moiety attacks 
the ligand (probably at one of the nitrogen atoms of the lig-
and, forming the corresponding amine N-oxide, cf. Figure 
S13).31 The prediction of the theoretical spectra is not suffi-
ciently accurate to allow us to unequivocally assign the spin 
states of 7 and 10 (Figures S6, S7). Without an access to both 
spin-states, we cannot judge the band shifts in the spectrum. 

 

 

Figure 4. (a) IRPD spectra of the [(PyTACN)Fe(O)(CF₃COO)]⁺ isomers generated by ligand exchange from the solution of 
[(PyTACN)Fe(O)(CH₃CN)]²⁺ (the upper trace), generated in the gas phase from [(PyTACN)Fe(NO₃)(CF₃COO)]⁺ by the nitrate 
cleavage (the middle trace) and the extracted difference spectrum (the lowest trace). (b) Theoretically predicted spectra of vari-
ous isomers at the B3LYP-D3/BS1 level of theory scaled by 0.99. Energies are calculated at the CASPT2 level (see Table S1 for 
absolute values) with DFT zero-point energy corrections.  
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Table 2. Reactivities of [(L)Fe(O)(X)]2+/+ complexes with 1,4-cyclohexadiene-1,2,3,4,5,6-d₆ in the gas phase.a  

Entry L/X froma Total reactivityb Branching [%] 

HAT:DAT:OAT 

KIE 

1 TMC/CH3CN (1) sol. 360 ± 190 72:28:  0c 2.5 ± 0.6 

2 TMC/CF3SO3 (2) sol.   <3 - - 

3 N4Py/- (4) sol.     10 ± 6 85:15:  0c,d 5.7 ± 2.1 

4 N4Py/CF3SO3 (5) sol.     5 ± 2 56:15:29 3.7 ± 0.4; (6.8)e 

5 PyTACN/CH3CN (6) sol. 900 ± 400 79:21:  0c 3.8 ± 0.5 

6 PyTACN/CF3SO3 (7) sol. 454 ± 11 56:16:28 3.5 ± 0.3 

7 PyTACN/CF3SO3 (7) frag. 187 ± 46f 56:13:31 4.3 ± 0.2 

8 PyTACN/NO3 (8) sol. 100 ±   8 78:14:  8 5.6 ± 0.1 

9 PyTACN/NO3 (8) frag. 195 ± 10 74:16:10 4.6 ± 0.3 

10 PyTACN/CF3COO (9) sol.   67 ± 13 76:14: 9 5.4 ± 1.4 

11 PyTACN/CF3COO (9) frag. 238 ± 52 72:16:12 4.5 ± 0.2 

12 PyTACN/ClO4 (10) sol. 260 63:17:20 3.7 

13 PyTACN/ClO4 (10) frag. 261 ± 12 59:16:25 3.7 ± 0.3 

a) The [(PyTACN)Fe(O)(X)]⁺ complexes were generated by oxidation in solution and transferred by ESI to the gas phase (denoted as sol.) or 
by a fragmentation of their iron(III) nitrate precursors during the electrospray process (denoted as frag.) 

b) Total reactivity (sum of the rate constants for HAT, DAT, and OAT) is given relative to the reactivity of [(PyTACN)Fe(O)(NO3)]⁺ trans-
ferred from the solution, which was determined to be (8.4 ± 3.1) × 10⁻¹² cm³.s⁻¹ (Ref. 31) and is set as 100 here. 

c) For dications, we observe a transfer of Hˉ/Dˉ instead of HAT and DAT (reactions 1 and 2 in the text). Note that for 1 and 6 the Hˉ/Dˉ 
transfer is associated with elimination of acetonitrile 

d) We have observed also the electron transfer channel (7 % with respect to the total reactivity). We assume that this channel is due to a 
reaction with an impurity. See the Supporting Information for details. 

e) The measured KIE is affected by a presence of an isobaric impurity (m/z 588) which undergoes a Coulomb explosion to ions with m/z 
586 and m/z 589. After subtraction of this impurity we obtain a KIE of 6.8. 

f) Note that this number is hampered by the fact that we worked with a mixture of 7 with unreactive FeII complexes with oxidized ligand. 

 

 

Reactivity of the complexes: The access to the characterized 
iron(IV)-oxo complexes provides an opportunity to compare 
their unique reactivities. We have used 1,4-cyclohexadiene-
1,2,3,4,5,6-d₆ as a probe reactant, because it enables us to 
compare hydrogen-atom transfer (HAT), deuterium-atom 
transfer (DAT), and oxygen-atom transfer (OAT) in one step 
(Table 1, Figures S18-S23).  

Firstly, we have compared doubly charged iron(IV)-oxo 
complexes with different ligands (1, 4 and 6). Gaseous reac-
tions of dications with neutral molecules lead usually to the 
formation of two singly charged ions.32 Here, we observe Hˉ 
and Dˉ transfers instead of HAT and DAT. Formation of two 
singly charged ions from a dication-neutral couple is usually 
rather exothermic. Gaseous ions cannot dissipate the energy 
excess to solvent molecules. Instead, they undergo subsequent 
fragmentations. Here, we see a subsequent elimination of the 
acetonitrile molecule from complexes 1 and 6 (reactions 1 and 
2; n = 1 for 1 and 6 and n = 0 for 4). We do not see the OAT 
channel in the reactivity of dications. We note that the ob-
served reactivity that suppresses formation of doubly charged 
products can be a sole property of gaseous complexes, be-
cause of the lack of solvation that would stabilize the doubly 
charged products. Nevertheless, there might be some rele-
vance to condensed phase reactions (see refs. 33-35). 

 

[(L)Fe(O)(CH₃CN)n]²⁺ + C6H2D6   
                                    [(L)Fe(OH)]⁺ + (CH₃CN)n + C6HD6⁺    (1) 

[(L)Fe(O)(CH₃CN)n]²⁺ + C6H2D6   
                                    [(L)Fe(OD)]⁺ + (CH₃CN)n + C6H2D5⁺   (2) 

 

The total reactivities of the dicationic complexes can be 
ordered as 6 > 1 >> 4 (Entries 5, 1, and 3 in Table 2). This 
result is not in agreement with previously observed reactivi-
ties of these ions in solution with weak C-H bonds, such as in 
9,10-dihydroanthracene, that can be ordered according to 
ligands as PyTACN ≈ N4Py > TMC (Figure S18 in the SI). The 
differences can arise from a solvent effect or from the in-
volvement of the present anions.  

All complexes were generated from their triflate precur-
sors, we have therefore compared the reactivities of the re-
spective monocations 2, 5, and 7 bearing triflate as a ligand 
(Entries 2,4 and 6 in Table 2). The singly charged complexes 
follow the expected reaction channels: hydrogen-atom trans-
fer, deuterium-atom transfer, and oxygen-atom transfer. Oxy-
gen-atom transfer shows no KIE indicating that the reaction 
corresponds to the epoxidation of the double bond (cf. Table 
S2 in the Supporting Information). Somewhat surprisingly, the 
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total reactivities of monocations 5 (N4Py ligand) and 7 
(PyTACN ligand) are on the same order of magnitude as those 
of the respective dications. On the other hand, the singly 
charged complex with the TMC ligand, 2, is unreactive under 
the same conditions. This probably stems from the nature of 
coordination of the anionic ligand. Triflate is cis-coordinated 
to the oxo group in complex 7, which leads to about 50% drop 
in the total reactivity (cf. Entry 5 and 6 in Table 2). Complex 5 
contains triflate as loosely bound counter ions (the IRPD 
spectrum of complex 5 shows that triflate is not coordinated 
to iron, see Figure S8 in the SI). This loose binding leads also 
to about 50% reactivity drop (cf. Entry 3 and 4 in Table 2). 
Finally, the TMC ligand allows coordination of triflate only in 
the trans-position with respect to the oxo group, which is 
probably the reason of the drastic attenuation of the observed 
total reactivity.  

The formation of the triflate-coordinated complexes 2 can 
thus affect the overall reactivity of the TMC complexes by 
decreasing a number of the reactive species 1 in solution. The 
same process should not significantly influence the reactivity 
of the complexes with N4Py and PyTACN ligands. It can thus 
explain the observed reactivity trend in the condensed phase 
(Figure S18 in the SI).  

We have further compared relative reactivities in depend-
ence of the anionic ligand and the spin state for complexes 7 – 
10 (Entries 6 – 13 in Table 2). The reactivities decrease in the 
following order: 7 > 10 > 59ax > 58ax > 38eq > 39eq (we did not 
assign the spin-isomers of 7 and 10, see above). The S=2 spin-
isomers of 8 and 9 are more reactive than their S=1 analogs. 
With the increasing reactivity the kinetic isotope effect for 
HAT vs. DAT clearly decreases. Further, the relative abun-
dance of the OAT channel correlates with the total reactivity. 
Its ratio increases with the increasing total reactivity. This 
channel is much more sensitive to the nature of the anion 
ligand than to the spin-state of the complex (cf. Figure 4).  

We have also measured reactivities of the gas-phase gen-
erated 7 and 10. As mentioned above, for complex 10 this 
method leads to the ions with identical spectral characteris-
tics as the ions transferred from the oxidized solution. In 
agreement, the reactivities of the ions generated in both ways 
are identical. We can easily rationalize this result based on the 
quantum chemical calculations. The perchlorate ligand pref-
erentially occupies the axial position of the complex in both 
spin-states (i.e. the oxo group is always in the equatorial posi-
tion - 310eq and 510eq are the preferred spin-isomers). The 
CASPT2 calculations predict that the quintet state isomer 
510eq is preferred in the gas-phase. Regardless, whether we 
transfer or generate S=1 or S=2 state during the electrospray 
ionization, we expect that due to the fast spin-isomerization at 
the iron center, we always detect reactivity of the preferred 
spin-isomer (i.e. 510eq). 

 

 

 

Figure 4. Comparison of gas-phase reactivity of complexes 7 – 
10 with 1,4-cyclohexadiene-1,2,3,4,5,6-d₆ (see also Table 2). 
The error bars denote the standard deviation of the total 
reactivities. The dotted lines serve as a guide for eyes.  

 

For the triflate-bound complex 7, the reactivity of the ions 
generated by the gas-phase fragmentation significantly drops. 
This is also in accordance with our spectroscopic experiments 
that showed that these ions are contaminated by the isomers 
with oxidized ligand. Triflate, similarly to perchlorate, always 
occupies the axial position. We have therefore the same situa-
tion as for 10. We generate a mixture of 37eq and 57eq that 
rapidly spin-isomerizes to the preferred spin-state in the gas 
phase (the CASPT2 calculations predict both of the spin-
isomers to be essentially isoenergetic). We rationalize the 
drop in reactivity for the complexes generated by the nitrate 
cleavage by the large reactivity of the triflate complexes (cf. 
Table 2). The gas-phase generated ions are initially formed 
with a large internal energy excess. Under the same condi-
tions, we are able to thermalize the less reactive ions (8, 9, 
and 10) by collisional cooling with the sheaths gas (N2) before 
they undergo the internal oxidation. For complex 7, the inter-
nal oxidation proceeds probably much faster and therefore a 
substantial amount of ions isomerizes before we are able to 
cool them to a low temperature.  

 

CONCLUSIONS  

We present helium tagging infrared spectroscopy as a 
unique tool to characterize iron(IV)-oxo complexes. We can 
unequivocally determine the Fe=O vibration as well as other 
spectral features in mass-selected reactive complexes. We 
have shown the comparison of gas-phase features with known 
data from solution. We show that solvation influences the 
Fe=O vibration. In acetonitrile, an average red-shift of 9 cm-1 
was observed. Further, we have compared reactivities of the 
characterized gaseous complexes towards 1,4-cyclohexadiene. 
We show that the anions coordinated as ligands have a sub-
stantial effect on the reactivities and it depends on the nature 
of the anion as well as on the ligand. Comparison of relative 
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reactivities suggests that it might be necessary to include the 
counter-ion effect when comparing the reactivities of the 
complexes in solution. We further show that the anionic lig-
ands influence the relative stabilities of the S=1 and S=2 
states and play a role in oxygen-transfer reactions towards C-
H bonds. For complex 8 that we were able to generate as two 
spin isomers (38eq and 58ax), we established that the Fe=O 
vibration differs only by 1 cm-1. We demonstrate that the S=1 
and S=2 states can be distinguished based on the vibrations of 
the anionic ligands.  
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