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Abstract: We report for the first time infrared spectra of
three non-heme pseudo-octahedral iron(V) nitride com-
plexes with assigned Fe—N stretching vibrations. The in-
tensities of the Fe—N bands in two of the complexes are
extremely weak. Their detection was enabled by the high
resolution and sensitivity of the experiments performed at
3 K for isolated complexes in the gas phase. Multirefer-
ence CASPT2 calculations revealed that the Fe—N bond in
the ground doublet state is influenced by two low-lying
excited doublet states. In particular, configuration interac-
tion between the ground and the second excited state
leads to avoided crossing of their potential energy sur-
faces along the Fe—N coordinate, which thus affects the
ground-state Fe—N stretching frequency and intensity.
Therefore, DFT calculated Fe—N stretching frequency
strongly depends on the amount of Hartree-Fock ex-
change potential. As a result, by tuning the amount of
Hartree-Fock exchange potential in the B3LYP functional,
it was possible to obtain theoretical spectra perfectly con-
sistent with the experimental data. The theory shows that
the intensity of the Fe—N stretching vibration can almost
vanish due to strong coupling with other stretching
modes of the ligands.
/

A diverse set of challenging oxidation reactions catalysed by
iron-containing enzymes in nature has motivated studies on
high-valent compounds featuring Fe—O and Fe—N bonds.'
The spectroscopic data on iron-oxo compounds, including the
Fe—O stretching frequency, are well established;®” however,
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the information about Fe—N bonds is still scarce. Spectral sig-
natures of the Fe—N bond depend on both the oxidation state
of iron centre and the symmetry of the surrounding ligand
field.® In the case of iron(V) nitrides (d* configuration), orbital
splitting in trigonal G, ligand field allows the accommodation
of all three electrons in orbitals having the non-bonding char-
acter relative to the Fe—N bond.” This results in a relatively
strong-and  thus  unreactive-bond  with  V(FeN) of
~ 1000 Cmf1.[10,‘|1]

Conversely, the octahedral C,, ligand field can accommodate
only two electrons in a non-bonding orbital (d,), and the re-
maining electron occupies the antibonding mt*(Fe—N) orbital.
This should make the Fe—N bond weaker and more reactive.
The Fe—N stretching frequencies of three porphyrin complexes
were determined by resonance Raman spectroscopy and they
were found around 870 cm~'."? All other attempts to detect
the Fe—N transitions have failed, presumably due to their low
IR intensities."”*' Alternatively, *’Fe nuclear resonance vibra-
tional spectroscopy (NRVS)™ can be used. It was used to de-
terminate the Fe—N vibration frequency in [(cyclam-ac)FeN]"
(1; cyclam-ac=1,4,8,11-tetraazacyclotetradecane-1-acetate; V=
864 cm")."¥ The drawback of NRVS spectroscopy is that it re-
quires the use of synchrotron radiation and *’Fe-enriched com-
pounds. Therefore, finding a more convenient, simpler and
faster method to characterize these compounds has remained
a challenging task. In this study, we successfully used helium-
tagging infrared photodissociation (IRPD) spectroscopy'®'” to
overcome the high thermal instability and weakness of the IR
absorption of these iron(V) nitrides.

The studied complexes were prepared from their iron(lll)
azide precursors by nitrogen elimination during the electro-
spray ionization (ESI) process, as previously reported.'®? The
generation of such reactive ions in the gas phase at low pres-
sures precludes any unwanted bimolecular reactions, which
usually hamper the investigation of these compounds in the
condensed phase.

Firstly, we measured the IR spectrum of 1. Complex 1 shows
a clearly visible Fe—N stretch at 855 cm™' that redshifts to
834 cm ™' upon "N labelling (Figure 1a). The shift is consistent
with the prediction for the Fe—N diatomic oscillator (832 cm™).
Note that the IRPD value of 855 cm™' is slightly lower than the
NRVS value of 864 cm™' observed in the condensed phase (the
NRVS spectrum was measured in a matrix containing counter
ions and solvent). The experimental spectrum agrees well with
the theoretical spectrum of the doublet ground state of 1.2
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Figure 1. a) Infrared photodissociation spectra of 1. Blue and red traces cor-
respond to "N and "°N isotopomers, respectively. b) DFT predictions of the
IR spectra of the doublet ground state of 1 calculated at the B3LYP-16.3HFX-
D3/6-311+ G** level of theory (scaling factor: 0.99). Predictions of other
spin isomers and isomers with oxidized ligand are in Figure S5.

Comparison with other spin states and other isomers of 1 is in
the Supporting information (Figure S5).

Previous studies of 1 in the gas phase reported a complete
lack of bimolecular reactivity."®' It was unexpected, because
other iron(V) nitrido complexes show profound reactivity.%2">!
It was hypothesized that the lack of intermolecular reactivity
was due to self-oxidation of 1 and formation of its unreactive
isomers. Having confirmed that complex 1 generated in our
ion source retains the iron(V) nitrido character, we probed its
reactivity with cyclohexadiene. Complex 1 indeed proved to
be completely unreactive. Hence, contrary to expectations,
iron(V) nitrido complexes are not necessarily highly reactive in
the gas phase.

After establishing that our method is suitable for studying
the iron(V) nitride 1, we turned our attention to the
[(Me,Py,TACN)FeN]*" complex (2, Me,Py,TACN = 1-(di(pyridin-
2-yl) methyl)-4,7-dimethyl-1,4,7-triazacyclononane; preparation
of the precursor azide is described in the Supporting informa-
tion), which does not contain the anionic acetate ligand in the
trans position to the nitrido group. The IRPD spectrum of 2 is
shown in Figure 2a. The Fe—N stretch at 866 cm™' disappears
upon "N labelling, and a weak Fe—"°N band emerges at
845 cm™' in accordance with the prediction for the Fe—N oscil-
lator (843 cm™). In addition, the band at 829 cm™ is slightly
redshifted. To make the changes induced by the "N labelling
more visible, subtracted spectra are shown in Figure 2b. Using
density functional theory (DFT), we tried to reproduce these
spectral changes, which required a correct prediction of both
the Fe—N and ligand vibration frequencies. Extensive tests of
DFT functionals showed that the calculated Fe—N frequency
strongly depends on the amount of Hartree-Fock exchange
potential (HFX; Figure S1). Therefore, we varied the amount of
HFX in the B3LYP functional (Figures S2 and S10)*** and found
16.3% HFX for 1 and 17.4% HFX for 2 to fit best the experi-
mental data (Figure 1b and Figures 2¢,d). The calculations
showed a coupling between the Fe—N and other vibrations of
the complex 2 in the same frequency range. Therefore, the iso-
topic labelling also affects other bands, such as the triazacyclo-

nonane deformation band at 829 cm™".
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Figure 2. a) Infrared photodissociation spectra of 2. Blue and red traces cor-
respond to "N and "N labelling, respectively. b) Experimental ("*N—"°N) dif-
ference spectrum. ¢, d) Theoretically predicted spectra of the ¥"*N-labelled
doublet 2 calculated at the B3LYP-17.4HFX-D3/6-311 + G** level of theory.
Frequencies are scaled by 0.99. Predictions of other spin isomers are shown
in Figure S6.

We then investigated the recently reported [(Me-
Py,TACN)FeN]>" complex (3, MePy,TACN = 1-methyl-4,7-bis(2-
picolyl)-1,4,7-triazacyclononane) (Figure 3).) The differences
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Figure 3. a) Infrared photodissociation spectra of 3. Blue and red traces cor-
respond to "N and "N labelling, respectively. b) Experimental ("*N—""N) dif-
ference spectrum. ¢, d) Theoretically predicted spectra of the ¥"*N-labelled
doublet 3 calculated at the B3LYP-16.3HFX-D3/6-311 + G** level of theory.
Frequencies scaled by 0.99. Predictions of other spin isomers are shown in
Figure S7.
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between the IRPD spectra of *N- and "*N-labelled 3 (Figure 3b)
are relatively small. Nevertheless, upon the N labelling, the re-
gions of the bands at 855 and 867 cm™' (indicated by blue
arrows in Figure 3a) decreased, and the absorption intensity of
the bands at 842 cm™ and 795 cm™' increased. Similarly to
complex 2, the DFT (B3LYP with 16.3% HFX) predicts a cou-
pling between the Fe—N stretching and ligand vibrational
modes.

Theory shows that both of the bands at 854 and 862 cm™'
have Fe—N stretching character. Only one Fe—N band remains
upon "N labelling (at 839 cm™") and this band has almost zero
intensity (Figure 3d). This is further confirmed when comparing
the experimental (Figure 3b) and theoretical (Figure 3¢) differ-
ence spectra, which show the same changes in band patterns
between ™N and "N labelling. Specifically, the bands with
strong Fe—N stretching character in the theoretical spectra
(Figure 3d, blue trace) match the features at 855 and 867 cm™
in the experimental spectra (Figure 3a, blue trace). Further-
more, upon N labelling, the Fe—N stretching band weakens
and redshifts to 842 cm™' (Figure 3a, red trace). The changes
observed at the 795 cm™ band (Figure 3) result from the cou-
pling between the Fe—N stretching and a triazacyclononane
deformation mode (the same effect was observed for 2, see
above).

We note that the presence of a self-oxidized isobaric com-
plex without the Fe—N moiety was ruled out based on: 1) the
chemical reactivity that we reported previously® (hydrogen
abstraction and alkene aziridination), and 2) the comparison
between the spectra of 3 and its iron(lll) azide precursor that
showed no ligand degradation (Figure S3).

The good agreement between the predicted and observed
spectral features of all three nitrides supports our DFT ap-
proach. However, this approach is arbitrary due to an empirical
calibration of the HFX admixture, relying on error compensa-
tion. Thus, in order to further support our approach, we used
the ab initio CASSCF/CASPT2 method, which correctly de-
scribes the electronic structure and accounts for the expected
static correlation effects of iron nitrides.”® We mostly focused
on the comparison between 22 and 23 because we were
unable to find a fully consistent active space for 1.

Our calculations indicated the presence of three relatively
low-lying doublet spin states in both nitrides. Therefore, we
applied the SA-CASSCF/MS-CASPT2 method to calculate the
three lowest-lying potential energy curves along the Fe-N
stretching coordinate (Figure 4). The first two of the three elec-
tronic states are quasi-degenerate, with the unpaired electron
in the d,, or d,, orbital (denoted as *X or ?A, respectively) and
with the equilibrium Fe—N bond length at approximately
1.65 A. The third state, 2B, has the unpaired electron in the
d._,. orbital, which results in a stronger Fe-N bond. The
avoided crossing between the 2X and the 2B state near 1.55 A
indicates their configuration interaction mixing. The degree of
this mixing is much larger in the case of 23 (~ 10 times) as re-
flected by the energy gap of the avoided crossing.

The self-interaction error can, to some extent, simulate the
static correlation effects.””” This may explain why an increase
of this error in the B3LYP functional, introduced by the HFX re-
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Figure 4. MS-CASPT2 relative energy of the first three electronic states (col-
oured traces) and DFT relative energy of the ground states (grey traces) on
the relaxed potential energy surfaces of: a) 2, and b) ?3 along the Fe—N
stretching coordinate. The geometries were obtained at the same DFT level
as used for the results in Figures 2 and 3. The dominant character of each
state (labelled according to a singly occupied orbital in the dominant config-
uration; z axis defined along the Fe—N bond vector) is shown next to each
trace.

duction, can significantly change the position of the stretching
Fe—N band. A stronger interaction between the electronic
states of 23 corresponds to a larger portion of static correla-
tion, which requires a more extensive reduction of the HFX
contribution (16.3%) as compared to 17.4% for 22 (Figure S4).
Moreover, our exploratory calculations indicate a strong inter-
state coupling in 21, similarly to 23. Therefore, we used the
same HFX value for both 1 and 3 (16.3%).

We also tried to extract the Fe—N bond force constants di-
rectly from the MS-CASPT2 calculated potential energy curves.
The values correspond to the V(Fe—N) frequencies in the 750-
900 cm™' range;*® however, we were unable to obtain more
accurate estimates. Figure 4 shows that the Fe—N bond is
longer at the MS-CASPT2 level than at the DFT level. All other
coordinates are frozen at the DFT optimum which distorts the
explored MS-CASPT2 potential energy curve (see also Fig-
ure S11). Notwithstanding, the comparison between Figures 4a
and b shows that the strong mixing of the 2X with the 2B state
translates into a lower experimental Fe—N frequency
(=10 cm~" lower in the case of 3).

Interestingly, the very low intensity of the Fe—N band, which
virtually disappears upon N-labelling in case of 3, was pre-
dicted by DFT calculations. This suggests that DFT wave func-
tion analysis should provide an explanation for the origin of
this low intensity. One possibility is that the low intensity
comes from a low polarity of the Fe—N bond. From the natural
population analysis,” the differences in charges between the
iron and nitrogen atoms are —0.16 for ?1, —0.08 for *2 and
—0.07 for 23. Hence, the higher intensity of the Fe—N band in
1 (Figure 1a) is rationalized by the relatively higher polarity of
the Fe—N bond compared to complexes 2 and 3 (Figures 2a
and 3a). The remaining unexplained difference between 22
and 23 has led us to inspect the normal vibrational modes. We
observed a strong interconnection between the Fe—N stretch
and ligand vibrations in 800-860 cm™" region in 23. This results
in two "' N-sensitive vibrations at 800 and 855 cm™". The first
combination (at 800 cm™') is dominated by the ligand vibra-
tion. The large intensity of this band is probably due to a fa-
vourable (“constructive”) sum of the Fe—N and ligand dipole

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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moment vectors along the vibrational mode. Conversely, the
second combination has a dominant contribution from the
Fe—N vibration and is associated with the small band intensity
probably due to an unfavourable (“destructive”) sum of the
Fe—ligand/Fe—N dipole moment vectors along the vibrational
mode. This is the reason why several bands in this region shift
upon "N labelling and probably also why the Fe—N vibration
in 3 has a very low intensity.

In conclusion, we detected Fe—N vibrations of three octahe-
dral iron(V) nitrides. The Fe—N vibrations in two of the com-
plexes are extremely weak, yet still possible to detect by
helium tagging IRPD spectroscopy. The sensitive detection is
possible because the method operates with isolated molecules
in the gas phase at 3 K. We examined the electronic structure
of the nitride complexes by CASPT2 calculations. The com-
plexes have two quasi-degenerate doublet states with one un-
paired electron in the antibonding nt*-d,, and ©*-d,, orbitals,
and one low-lying doublet excited state with the unpaired
electron in the d,._,. orbital, being non-bonding with respect
to the Fe—N bond. We showed that the effect of this complex
electronic structure on the IR spectra can be predicted by ex-
periment-calibrated DFT calculations. The calculations showed
that the Fe—N band can almost vanish because of the interac-
tion of the Fe—N stretching vibration with ligand vibrations.
Therefore, the coupling of the electronic states and related vi-
brational coupling can make IR characterization of some Fe—N
bonds challenging. The results further show that the experi-
mental Fe—N stretching frequencies are insensitive to ligand
architecture and charge of the complex and do not correlate
with chemical behaviour: monocationic 1 is completely un-
reactive towards C=C bonds in the gas phase,'® whereas dicat-
ionic 3 is highly reactive,” yet their Fe—N stretching vibrations
lie at almost identical frequencies.
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Seen at 3 K! Octahedral iron(V) nitrides
have been resisting characterization by
conventional vibrational spectroscopy.

Now, we have accomplished their char-
acterization in the gas phase, including

the assignment of the Fe—N vibration.
Their complicated electronic structure,
uncovered by high-level ab initio calcu-
lations, results in masking of the Fe—N
stretching vibration.
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