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Reaction intermediates in the catalytic Gif-type oxidation
from nuclear inelastic scattering
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Abstract Nuclear inelastic scattering (NIS) of synchrotron radiation, also known as nuclear
resonant vibrational spectroscopy (NRVS), has been shown to provide valuable insights
into metal-centered vibrations at Mdossbauer-active nuclei. We present a study of the
iron-centered vibrational density of states (VDOS) during the first step of the Gif-type
oxidation of cyclohexene with a novel trinuclear Fe3(u3-O) complex as catalyst precur-
sor. The experiments were carried out on shock-frozen solutions for different combinations
of reactants: Fes(u3-O) in pyridine solution, Fe3(u3-O) plus Zn/acetic acid in pyridine
without and with addition of either oxygen or cyclohexene, and Fe3(u3-O)/Zn/acetic
acid/pyridine/cyclohexene (reaction mixture) for reaction times of 1 min, 5 min, and
30 min. The projected VDOS of the Fe atoms was calculated on the basis of pseudopo-
tential density functional calculations. Two possible reaction intermediates were identified
as [Fe'D(C5Hs5N),(0,CCH3), ] and Fe™ (CsHsN)4(0,CCHs),, yielding evidence that
NIS (NRVS) allows to identify the presence of iron-centered intermediates also in complex
reaction mixtures.
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1 Introduction

Organometallic compounds are well-established tools in catalytic reactions, where the activ-
ity and selectivity of the active catalyst depends strongly on the choice of the central metal
and the nature of the surrounding ligands. The understanding of non-heme enzymatic reac-
tions, as well as the optimization of novel biomimetic catalysts, is strongly fostered by an
understanding of the key reaction steps at the active centre.

Among those reactions that have been widely studied for the purpose of mimicking enzy-
matic activity, the Gif-reaction [1-3] (see scheme in Fig. 1) stands out as being designed
for the purpose of emulating iron-containing enzymes, such as P450. The development of
novel ligands aims at optimizing selectivity and turnover number.

In this article, we describe the characterization of two intermediates in a Gif-type
catalysis reaction, using Mossbauer spectroscopy and nuclear inelastic scattering (NIS) of
synchrotron radiation [4—6], supported by density-functional calculations. The catalyst used
was a soluble iron complex obtained from a novel trinuclear Fe3(u3-O) complex as catalyst
precursor [7, 8].

Investigations of bonding strengths are traditionally the domain of IR absorption (where
data below 400 cm™~! can only be obtained with high experimental effort owing to detector
sensitivity limits) or Raman scattering. NIS, also known as NRVS in part of the literature [9],
is a new method that monitors selectively the bonding around a resonant or Mossbauer
nucleus. It has been shown to provide unique information about symmetry and bonding at
the active centre of organometallic or enzymatic catalysts [10-13].

It is the aim of the present paper to identify the oxidation and spin states of the iron
species involved in the above Gif-type reaction, using classical Mossbauer spectroscopy,
and to subsequently find suggestions for the local structure (coordination sphere around the
iron atom) in different reaction stages using NIS.

The paper is organized as follows. In Section 2, the sample preparation, the Mossbauer
measurements, and the NIS experiments are summarized. The experimental results and their
interpretation in light of the DFT calculations are presented and discussed in Section 3.

2 Experiments
2.1 Sample preparation

The catalyst precursor is a solid trinuclear complex, the synthesis and characterization of
which is described in [7, 8]. The catalytic precursor was formed by a reaction of 2,6-
diacylpyridine and Fe(NO3)3 in pyridine, where the acyl groups can have varying tether
lengths between the carbonyl and pyridine moieties. For the present study, tether lengths of
n =2 and n = 3 were chosen.

The samples were prepared according to the scheme given in Table 1.

As some of the liquid samples are sensitive to air, they were prepared ex-situ and sub-
sequently injected into the sample holder within a glove bag under nitrogen or helium gas.
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Fig. 1 Reaction scheme of the Gif-type reaction

The sample holder was then quickly dropped into liquid nitrogen and kept in frozen state
until the experiment.

Whereas for the Mossbauer spectra, unenriched iron salts were used as educts, the
starting material Fe(NO3)s for the preparation of the trinuclear catalyst (and all solution
samples) was prepared from iron powder enriched to 95.4 % in STFe, purchased from
Advanced Material Technologies Ltd. and used as received.

2.2 Mossbauer spectra

For the purpose of studying the reaction in solution, a set of liquid samples was prepared by
dissolving the catalyst precursor in pyridine and adding various combinations of reactants
according to the scheme given in Table 1. A drop of sample liquid was transferred into teflon
sample holders having a cylindrical cross-section and shaped such that the sample liquid
was confined to a flat disk of about 1 cm diameter and about 0.5 mm thickness.

The frozen samples were measured in a 4.2 K bath cryostat, using a gas proportional
detector in transmission geometry and a >’Co source in a rhodium matrix. Both the source
and the sample were maintained at 4.2 K and the source followed a sinusoidal motion.

2.3 NIS experiment

In NIS experiments with synchrotron radiation, the energy of the incoming photons is
scanned around the nuclear resonance energy (14.4125 keV in the case of the most popular
isotope 3 Fe) within a range of typical phonon energies. The detuned photons can excite the
resonant nuclei by creation (Stokes) or annihilation (Anti-Stokes) of one or more phonons
or vibration quanta having the appropriate energy. After correcting for multi-phonon exci-
tations, one obtains the VDOS associated with the root-mean-square displacement of the
resonant nucleus.

The NIS experiments were carried out at the ID18 beamline of the European Synchrotron
Radiation Facility using a high-resolution monochromator of the +m, —n, —n, +m type [14,
15] (first pair of crystals: Si (4 4 0), second pair of crystals: Si (10 6 4)) yielding an overall
energy resolution of about 1.0meV (8 cm ~!) for the measurements at 70K and 1.2 meV
(9.6cm ~!) for the measurements at 20 K and ensuring high spectral flux [16].

Copper or aluminium sample holders, coated with parylene-D so as to avoid corrosion
by acetic acid and having kapton windows, were used. The frozen samples, preserved under
liquid nitrogen, were quickly mounted onto the cold finger of the cryostat under a nitrogen
gas stream, ensuring that the temperature did not exceed about 150 K during mounting (the
melting point of pure pyridine being at 231 K).
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Table 1 Overview of the samples studied by Mossbauer spectroscopy and NIS

Sample no. Compounds Remarks
trinuclear catalyst precursor solid/powder
2 31.8 mg 1 dissolved in 0.9 ml prepared in open atmosphere, then frozen
pyridine for measurement
3 2 plus 0.07 ml acetic acid ”
4 3 plus 61 mg Zn powder prepared and frozen under inert gas
5 4 flushed with O, gas -
6 4 plus 0.05 ml cyclohexene prepared and frozen under inert gas
7 reaction mixture after 1 min reaction shown in Fig. 1
8 reaction mixture after 5 min ?
9 reaction mixture after 30 min ”

NIS measurements were performed at 20 K or 70 K and took about 8 to 12 h each. The
synchrotron was operated in either 16-bunch (time window 176 ns) or hybrid mode, where
the hybrid mode contained 24 x 8 bunches distributed over three quarters of the ring and a
single bunch in the centre of the remaining quarter (leading to a time window of 352 ns).
The extraction of the one-phonon contribution from the raw NIS spectra and the evaluation
of the VDOS was carried out using DOS V2.1 [17].

2.4 Density-functional calculations

The geometry optimizations and subsequent frequency calculations in the harmonic approx-
imation were carried out using the B3LYP hybrid exact-exchange functional [18, 19] as
implemented in the GAUSSIANO3 package [20]. For the iron atom, the scalar-relativistic
ECP pseudopotential was combined with the corresponding basis set for the Fe valence
shells as described in [21]. Dunning’s correlation-consistent polarized-valence double-zeta
basis sets, which were augmented by diffuse functions, were used for the carbon, oxygen,
nitrogen and hydrogen atoms [22].

For the calculation of the NIS spectra, use was made of the low-temperature approxima-
tion for powder samples [23, 24]

S8(E — Ej), (D

2A
g(E)zélZefzélZ%

where mp. is the mass of the resonant Fe atom, (uz) is the mean-square displacement and
i and k are summation indices for the i-th mode and the k-th atom in this mode, respec-
tively. ei2 is also called the mode composition factor [24-26]. Finally, the normalization of
each vibrational eigenvector with the square root of the reduced mass of the respective mode
was taken into account when calculating the VDOS [23, 27]. In order to facilitate compar-
ison with experiment, the resulting NIS spectra were convoluted with a Gaussian function
possessing the resolution of the NIS experiment.
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Fig. 2 Mossbauer spectra of frozen solutions of samples 1 and 4-9 (all at 4.2K)
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C—O:a
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Fig. 3 Geometry optimized structure of the monomers; left: [Fe"D(CsHsN),(0,CCH3), ]+ (sample 3,
monomer 1), right: Fe™ (CsHsN)4(0,CCH3), (sample 4, monomer 2)

3 Results and discussion

Figure 2 gives a comprehensive view of the Mossbauer spectra of samples 1 and 4 through
9, for tether length n = 2.

From a comparison of the Mossbauer parameters, the following findings can be

deducted:

1.

In the solid state, at 4.2 K the trinuclear catalyst precursor (sample 1) exhibits a typical
high-spin Fe(IIT) doublet with an isomer shift of § = (0.525 4 0.001) mms~! and a
quadrupole splitting of AEp = (0.652 4= 0.001) mm s7L.

Under reducing Gif conditions in solution (sample 4), a high-spin Fe(II) doublet with
an isomer shift of § = (1.184 £ 0.002) mms~! and a quadrupole splitting of AEy =
(3.3924+0.003) mms~! emerges. We attribute this doublet to a monomeric species that
is identified with the active catalyst.

This doublet also dominates the spectra of samples 6 and 7 but its relative area decreases
when the reaction proceeds (samples 8 and 9). This enables us to conclude that the
active catalyst partly decomposes during the reaction.

Another doublet having an isomer shift of § = (0.539 + 0.002) mm s7! and a
quadrupole splitting of AEp = (1.052 & 0.002) mm s~! emerges during the reac-
tion. This doublet is attributed to a newly formed high-spin Fe(III) species. Its isomer
shift is somewhat smaller than the one of the trinuclear precursor, and its quadrupole
splitting is considerably larger. We conclude that ligand exchange may have taken
part within the first ligand sphere of the iron atom (decreased electron density at
the nucleus — less shielding of the s electrons by the outer electrons) and that the
Fe coordination sphere is more distorted with respect to a symmetrical octahedral
geometry.

Samples 2 and 3 (not shown) exhibited complex non-Lorentzian line shapes, which are

primarily due to paramagnetic relaxation effects of the Fe(IIl) ions (further details in [28]).
We suggest that the added solvent partly enters the Fe ligand sphere, thus altering the
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Fig. 4 Fe VDOS of sample 3 for trinuclear complexes with n = 2 and n = 3, together with the simulated
VDOS for monomer 1 (Fig. 3, left)

electronic structure in the trimer, including the Fe-Fe spin coupling. As the spectra of sam-
ples 2 and 3 differ considerably, both pyridine and acetic acid are suggested to enter into
the Fe coordination sphere. This gives us a first hint of a breaking-up of the trimer into
monomers.

These findings are corroborated by the results of the NIS experiments. It is known
from literature that possible intermediates involving the active centre of several non-heme
enzymes using molecular oxygen are Fe monomers with either side-on or edge-on binding
of two oxygen atoms [29], where the remaining coordination sites of iron are bonded to
(solvent) ligands, and the Fe atom is in the Fe(III) high-spin state. Thus, in the present study,
several monomers fulfilling these criteria were geometry-optimized, and their Fe VDOS
was determined.

We first turn to the question what happens when acetic acid is added to the cata-
lyst precursor (sample 3). The structure of the monomer (“monomer 1) that gave the
best overall agreement with experiment is shown in Fig. 3 (left). Figure 4 shows the
experimental >’Fe VDOS of sample 3 together with the calculated VDOS of “monomer
17 ([Fe™D(C5HsN)2(0,CCH3)2]7). A fair but not entirely convincing overall agreement
between experiment and theory is observed.

Closer inspection reveals that the experimental spectra for n = 2 and n = 3 are
slightly different. This immediately suggests that the structure presented in Fig. 3 (left)
is not yet the correct structure but that at least one of the tethered pyridyl ligands that
were present in the trinuclear complex might still bind to the Fe atom, e.g. in place of
one of the acetyl groups. The high computational effort that is associated with geometry-
optimizing and calculating the Fe VDOS of such a complex has precluded a corroboration
so far.

We now contemplate the reduction step (sample 4). Again, several hypothetical structures
were tested, and the one shown in Fig. 3 (right: “monomer 2”’) gave the most convincing
results. Figure 5 shows the experimental >’Fe VDOS of sample 4 together with the cal-
culated VDOS of Fe®™(C5H5N)4(0,CCH3),. In contrast to sample 3, here the two NIS
spectra of the n = 2 and the n = 3 sample appear to be identical within the experimental
accuracy. In other words, the Fe VDOS of the catalytically active complex appears not to
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Fig. 5 Fe VDOS of sample 4 for trinuclear complexes with n = 2 and n = 3, together with the simulated
VDOS for monomer 2 (Fig. 3, right)

depend on the tether length. This suggests that in the reduction step, the tethered pyridyl
moiety might be entirely detached from the iron centre.

It should be noted that the calculated NIS spectra only take into account the experimental
resolution and that the actual measured spectra are further broadened owing to inhomo-
geneities of the chemical environment caused by solvation. We further wish to emphasize
that the DFT calculations are carried out on single molecules and hence neglect inter-
molecular interactions in solution. This may affect the quantitative agreement between
experimental and calculated vibration spectra.

4 Conclusions

In the present study, we have demonstrated that NIS on frozen solutions of reaction inter-
mediates appearing during catalysis yields valuable information about the local binding at
the central, Mossbauer-active metal. Given the recent progresses that have been reported on
iron-based catalysts [30], we anticipate that NIS may be a valuable tool to gain mechanistic
insight into the associated reaction mechanisms.
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