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ABSTRACT: Terminal non-heme iron(IV)—oxo compounds are among Iron(lll)-oxo Switched by H-bonding
the most powerful and best studied oxidants of strong C—H bonds. In _O.

contrast to the increasing number of such complexes (>80 thus far), - H H"”q ¥
corresponding one-electron-reduced derivatives are much rarer and N""'/I!Lm‘N v(FeO) N%,ll,..ii‘N
presumably less stable, and only two iron(IIl)—oxo complexes have been N7 | N v(FeO) N/':le\N
characterized to date, both of which are stabilized by hydrogen-bonding N N
interactions. Herein we have employed gas-phase techniques to generate S=3/2 S=512
and identify a series of terminal iron(III)—oxo complexes, all without . . A
built-in hydrogen bonding. Some of these complexes exhibit ~70 cm™ 750 800 850 cm™ 750 800 850 cm™!

decrease in v(Fe—O) frequencies expected for a half-order decrease in
bond order upon one-electron reduction to an S = 5/2 center, while others have (Fe—O) frequencies essentially unchanged
from those of their parent iron(IV)—oxo complexes. The latter result suggests that the added electron does not occupy a d

orbital with Fe=O0 antibonding character, requiring an S = 3/2 spin assignment for the nascent Fe

cases, water is found to hydrogen bond to the Fe'

O~ species. In the latter

—O7 unit, resulting in a change from quartet to sextet spin state. Reactivity

studies also demonstrate the extraordinary basicity of these iron(III)—oxo complexes. Our observations show that metal—oxo
species at the boundary of the “Oxo Wall” are accessible, and the data provide a lead to detect iron(III)—oxo intermediates in

biological and biomimetic reactions.

B INTRODUCTION

In Nature, high-valent iron—oxo compounds are involved in
the oxidation of unactivated C—H bonds in alkanes,'
transformations catalyzed by heme and non-heme iron-
containing oxygenases.” "' Inspired by these oxygenases,
chemists have prepared and characterized synthetic iron-
(IV)—oxo complexes,'*™"°
interpreting enzymatic spectroscopic data and for performing

which have been useful for

detailed mechanistic studies of oxidation reactions. However,
despite much effort, reproducing the oxidative efficiency of
enzymes in C—H oxidations with synthetic complexes remains
a key challenge. The oxidation of aliphatic C—H bonds is
initiated by hydrogen atom transfer (HAT) from the substrate
to the high-valent iron—oxo species.” Thermochemically, HAT
can be reégarded as a combination of electron and proton
transfers.'® The electron transfer is driven by the electro-
philicity of the active iron center, whereas the proton transfer
depends on the basicity of the iron—oxo intermediate.
Therefore, understanding one-electron reduction of iron-
(IV)—oxo intermediates'’~>° and characterizing the resulting
iron(III)—oxo complexes may provide further insights into the

-4 ACS Publications  © 2018 American Chemical Society

HAT mechanism. Moreover, iron(III)—oxo intermediates have
been implicated in the electron transfer—proton transfer (ET-
PT) mechanism proposed for reactions of iron(IV)—oxo
complexes with electron-rich substrates, such as dimethylani-
lines.”' ~**

Reports on mononuclear iron(III)—oxo complexes are
exceedingly rare. Indeed, only two iron(III)—oxo complexes
have been crystallographically characterized thus far:
[(Hbuea)Fe™(0)]*", by the Borovik group,25 and [(N-
(afa®);)Fe™(0)]*, by the Fout group.”® Both of these high-
spin complexes employ second-sphere hydrogen-bond donors
to stabilize the terminal oxo unit within the trigonal ligand
framework.”” Conversely, no tetragonal terminal iron(III)—oxo
complexes have yet been structurally characterized, presumably
due to their instability. The instability results from the
occupation of antibonding orbitals in complexes with a d-
electron count of S, leading to a 7 bond order of only 0.5 for a

low-spin iron(III) center.”® This phenomenon is more
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Figure 1. Infrared photodissociation spectra of terminal iron(II[)—oxo complexes 1—4 measured at 3 K. Blue and orange traces correspond to O
and '®0 labeling of the oxo ligand, respectively. The region between 700 and 850 cm™ in panel (d) was measured with twice longer irradiation

time compared with the rest of the spectrum.

commonly referred to as the “Oxo Wall”.**"** The formation
of a tetragonal iron(Ill)—oxo complex by one-electron
reduction of [(TMC)Fe"™(0)(CH;CN)]** in dry acetonitrile
has been proposed by Nam and Fukuzumi, but the postulated
iron(IlI) product was not well characterized.”® Thus, the
effects from one-electron reduction of a tetragonal iron(IV)—
oxo complex, in particular on its Fe—O vibrational frequency,
remain unknown.

In this study, we report the gas-phase generation and
characterization of the following terminal iron(III)—oxo
complexes ([(L)Fe™(0)]*; Figure 1): [(N4Py)Fe"(0)]" (1;
N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methyl-
amine),>* [(TPA)Fe(0)]* (2; TPA = tris(2-pyridylmethyl)-
amine),” [(TQA)Fe™(0)]* (3; TQA = tris(2-quinolyl-
methyl)amine),* [(TMC)Fe™(0y,,)]" (440 TMC =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane; oxo
atom syn to the four TMC methyl groups), and [(TMC)-
Fe"(0,,1)]" (40 Ox0 atom anti to the four TMC methyl
groups).””*® We have examined complexes 1—4 by helium-
tagging infrared (IR) and visible (vis) photodissociation
spectroscopy at 3 K, thus allowing us to determine for the
first time the Fe—O vibrational frequencies and spin states of
nonstabilized iron(Ill)—oxo compounds. We prepared the
iron(Ill)—oxo complexes in the gas phase either by one-
electron reduction of [(L)Fe(0)]** complexes in collisions
with tetrakis(dimethylamino)ethylene (TDAE) or by colli-
sional activation and dissociation of the [(L)Fe(ONO,)]*

precursors.””*® The reactivity of these iron(Ill)—oxo com-

plexes toward potential proton donor, hydrogen atom donor,
and hydrogen bonding substrates has also been explored, in
comparison with a prototypical iron(IV)—oxo analogue.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Preparation of lons. The iron(III)—oxo ions were formed from
[(L)Fe"(NO,)]* precursor ions prepared by mixing a 1 mM
acetonitrile solution of [(L)Fe"(OTf),] complex with 6 equiv of
nitric acid. The precursor ions were transferred to the gas phase by
electrospray ionization (see Figure Sla for typical ionization
conditions). During the ionization process, the [(L)Fe"(NO;)]*
ions lost the NO, radical and yielded the desired [(L)Fe™(0O)]*
ions (eq 1).>>*° Similarly, the *O-labeled [(L)Fe™(**0)]* ions were
prepared using '*O-labeled nitric acid.*!

[(L)Fe"(NO,)I* — [(L)Ee™(0)]" + NO, (1)

Alternatively, the iron(IIl)—oxo ions 1 and 4,,; were prepared
from the corresponding iron(IV)—oxo complexes by one-electron
reduction in the gas phase. Specifically, we introduced gaseous TDAE
at ~0.5 Torr pressure in a 3 cm long collision cell mounted onto the
transfer quadrupole in the electrospray ionization source. This led to
the formation of iron(IIl)—oxo complexes along with the TDAE
cation radical (eq 2 and Figure Slc).

[(L)Fe"Y(O)*" + TDAE — [(L)Fe"(O)]* + TDAE™® (2)

Photodissociation Spectroscopy. The mass-selected [(L)Fe-
(O)]* ions were analyzed by photodissociation spectroscopy in the IR
and vis spectral ranges using the ISORI instrument and the helium-
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tagging method at 3 K.**** Briefly, the mass-selected ions were guided
into the ion trap and cooled to 3 K using a helium buffer gas. Under
these conditions, vibrationally relaxed ions formed weakly bound
complexes with helium atoms. Subsequently, the helium complexes
were irradiated by a tunable IR/vis laser and, upon resonant
absorption, the helium complexes dissociated. The IR/vis photo-
dissociation (IRPD/visPD) spectra were acquired by recording the
dissociation yield (1 — N;/Njy) while scanning the laser frequency. All
presented spectra were recorded by monitoring the dissociation of the
complexes with one helium tagging atom. The dissociation is a single-
photon process because the binding energy of a helium tagging atom
is very low (below 0.1 kcal mol™"). The effect of a helium tagging
atom on the spectra is negligible, as previously discussed.** For
further experimental details, please refer to Figures S1—S3. The visPD
spectra (see Figure 3, below) were processed by dividing the
measured attenuation by the laser energy (expressed as mJ-s; laser
energy in Figure S3a). The intensity in the spectrum shown in Figure
4, below, was divided by the laser power (Figure S3b) to account for
laser energy fluctuations. A wavelength meter WS-600 from
HighFinesse GmbH was used for accurate determination of
wavelength.

Complexes with Water. The ions, to some extent, also attach
gaseous impurities (nitrogen, water) present in the helium buffer gas
or in the instrument during the tagging process. By controlling the
pulse sequence, we were able to generate a sufficient number of
hydrated complexes 1-H,O, 2-H,0, and 3-H,0, which were
subsequently tagged by a helium atom. Finally, IR or vis irradiation
produced the helium-tagging IRPD or visPD spectra (see Figure 6,
below, and Figure S8).

Gas-Phase Reactivity. Gas-phase reactivity was measured with a
TSQ 7000 quadrupole—octopole—quadrupole tandem mass spec-
trometer.’>*® The ions were mass-selected by the first quadrupole and
guided into the octopole collision cell filled with a reactive gas at 0.2
mTorr pressure. The products were mass-analyzed by the second
quadrupole. Relative reaction rates were measured at nominally zero
collision energy from retarding potential analysis. Typical full width at
half-maximum of the kinetic energy distribution of the ions was 1—1.2
eV. The reported uncertainties correspond to the standard deviations
from two measurements and do not include uncertainty in the
measured pressure, which is 15% (the pressure was measured with
120 AA Baratron from MKS Instruments). Control experiments at
zero pressure showed no significant signals besides that of the parent
ion. Intermolecular kinetic isotope effects (KIEs) for reactions with
ethanethiol were obtained from the competition experiments with
EtSH/EtSD mixture. The EtSH/EtSD ratio in the collision cell was
determined from a ligand exchange reaction with gold(I) complexes
for which KIE = 1 was assumed. For further details, please refer to
Table S2.

Calculation Details. All calculations were performed with the
B3LYP-D3 functional’ ™' and 6-311+g** basis set using the
Gaussian 09 package.”” All structures were fully optimized and
confirmed as minima by diagonalization of the mass-weighted Hessian
matrix. Wave functions of the doublet states have broken symmetry.
Optimizations with the constrained symmetry led to unstable wave
functions and energies about 1 kcal mol™" larger than the energies of
the solutions with broken symmetry. XYZ coordinates are provided in
the Supporting Information.

B RESULTS AND DISCUSSION

The tetragonal complex [(N4Py)Fe™(O)]* (1) features an
Fe—O stretching vibration at 851 cm™ (815 cm™ with '*O
labeling; Figure la and Figure S4). Surprisingly, this is only 2
cm™" lower than the Fe—O frequency of the corresponding
iron(IV)—oxo comg)lex [(N4Py)Fe(0)]** measured under
similar conditions.”> The almost unchanged Fe—O frequency
suggests that the electron occupancies of the d orbitals (d,,,
d., and d.?) involved in Fe—O antibonding are identical for 1
and its one-electron-oxidized Fe'(O) analogue. Therefore, the

only possible electronic configuration consistent with the
results is the quartet state (Figure 2a, middle), in which the d
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Figure 2. Possible electronic configurations of tetragonal (a) and
trigonal (b) terminal iron(III)—oxo complexes. The reversed ordering
between d_ and d,./d,, orbitals (a, sextet) results from our DFT
calculations. The energy level diagram is simplified and does not show
possible splitting due to low-symmetry ligand field components and
spin—orbit coupling.

electron introduced must end up in the d_p orbital. This
assignment is further confirmed by the electronic absorption
spectrum of 1 (Figure 3a), which displays an intense maximum
at 450 nm and a broad band between 580 and 610 nm. The
positions and intensities of the absorption bands agree with the
theoretical spectrum of the quartet state predicted by time-
dependent density functional theory (TD-DFT) calculations
(Figure 3f). According to the TD-DFT assignment, these
transitions correspond to metal-to-ligand charge transfer
(MLCT) from a doubly occupied d,, orbital to 7* orbitals
of pyridine rings (Figure S10a). The DFT calculations
incorrectly predict the ground state of 1 as sextet, whereas
the experimentally assigned quartet state is 0.8 kcal mol™
higher in energy, also based on DFT calculations. This
discrepancy is not unexpected based on the limited accuracy of
the DFT method.

Surprisingly, the Fe—O band of the trigonal complex
[(TPA)Fe™(0)]* (2) is located at 856 cm™ (820 cm™
with '®O labeling; Figure 1b and Figure SS), at a frequency
quite similar to that of complex 1, despite the different
denticity of their supporting ligands and consequent change to
trigonal geometry for 2. The DFT calculations again suggest
that the quartet and sextet states of 2 are almost isoenergetic,
whereas the doublet spin state is much higher in energy and
can be thus excluded. The sextet and quartet states of 2 have
different theoretical vis absorption spectra, as shown in Figure
3g. The experimental spectrum shown in Figure 3b features an
intense absorption band peaking at 450 nm and a shoulder at
500 nm, in agreement with the quartet spin state prediction
(Figure 3g). Based on TD-DFT predictions, the observed
bands correspond to MLCT transitions from a d,, orbital to z*
orbitals of the pyridine rings (Figure S10b). Additionally, we
detected an electronic transition of 2 in the IR range (Figure
4). This is a broad absorption band ranging from 1650 to 4000
ecm™! with a maximum around 2200 cm™ (4550 nm).
According to TD-DFT calculations, this band is predicted at
4300 cm™' (2300 nm) and corresponds to a spin-allowed d-d
transition (Figure $10c).>* In addition, the spectrum contains
IR absorptions of the TPA ligand, such as C=C stretching
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Figure 3. Experimental visible photodissociation spectra of complexes 1—4 measured at 3 K (a—e) and theoretical TD-DFT spectra of complexes
1—4 (f—j). The assigned ground states are highlighted in bold. The relative DFT energies include zero-point energy corrections.
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Figure 4. Photodissociation spectrum of 2 measured at 3 K in IR region containing an electronic d-d transition. The spectrum also contains C=C
and C—H stretching vibrations of the TPA ligand. The latter vibrations (highlighted in red) are superposed on the electronic absorption band.

vibrations around 1500 cm™! or C—H stretching vibrations

between 2850 and 3150 cm™. In summary, all experimental
data show that the ground state of 2 is also quartet, with the
Fe—O band position similar to that in 1.

In contrast, the Fe—O band of the second trigonal complex
[(TQA)Fe™(0)]* (3) is located at 777 cm™ (746 cm™" with
@) labeling; Figure 1c and Figure S6), showing a decrease in
frequency of ~75 cm™' relative to those of 1 and 2. This
observation indicates different occupancies of Fe—O antibond-
ing orbitals, thereby suggesting that the ground state of 3 is a
sextet state in which all d orbitals, including the Fe—O o*-
antibonding d.> orbital, are singly occupied (Figure 2b right).
Hence, the formal Fe—O bond order in the sextet state
decreases to 1.5. We can exclude the doublet state on the basis
of DFT calculations, because this state is predicted to be 18.3
kcal mol™" higher in energy than the sextet state. The sextet
ground state assignment also matches the vis spectrum (Figure
3c). First, the absorption intensity of 3 is approximately eight
times lower than that of complex 2, which corroborates the
theoretical prediction for a sextet state (Figure 3h). Second,
the absorption spectrum displays two maxima at 450 and 500
nm and a weak but reproducible broad absorption at longer
wavelengths. According to TD-DFT, the observed absorptions
correspond to predominantly d-d transitions (Figure S10d),
which are spin-forbidden for sextet d* systems and therefore
are expected to have particularly low intensity. Hence, the
weak intensity of the absorption further supports the
assignment of the sextet ground state.

Lastly, we studied the square pyramidal [(TMC)Fe™(0)]*
complexes, which have all four methyl groups either syn (4,,)

14394

or anti (4,,4) to the oxo ligand, depending on the method of
preparation. The syn isomer 4, was prepared by NO,
dissociation from [(TMC)Fe"(ONO,)]* in the gas phase,
whereas the anti isomer 4,,; was formed by one-electron
reduction of [(TMC)Fe™(0,,;) (CH;CN)]** ions in collisions
with TDAE in the gas phase (the collisions also triggered the
loss of acetonitrile). We anticipated that the vacant axial
coordination site in 4 would make the o*-antibonding d,
orbital energetically accessible and thus favor the sextet ground
state, which should show an Fe—O vibration below 800 cm™.
Indeed, we observed the Fe—O band at 797 cm™" for 44y, and
at 769 cm™' for 4,,; (763 and 732 cm™" with *O labeling,
respectively; Figure 1d,e and Figure S7). Accordingly, DFT
calculations predict the sextet ground state for 4, and 4,,4
with the quartet and doublet states 10 (8) and 27 (21) kcal
mol™ higher in energy. Furthermore, because the vis spectra of
4y, and 4,,; show only very weak absorption (Figure 3d,e),
the comparison with the TD-DFT predictions (Figure 3i,)
allows us to exclude the doublet states. Conversely, the
predicted vis spectra of the quartet and sextet states are
virtually indistinguishable (Figure 3ij). Therefore, we assign
sextet ground states to 4, and 4,,; based on Fe—O
frequencies and on relative energetic stabilities, in comparison
with other spin states.

The analysis of the iron(III)—oxo complexes in quartet (1,
2) and sextet (3, 4o 4,.:) states shows that the Fe—O
stretching frequency reflects the spin state of the iron(III)
center (Table 1). In contrast, our previous results on
iron(IV)—oxo complexes showed that Fe—O vibrations are
unaffected by their sgin state,”® and similar results were also
found in solution.'>'*"* Interestingly, the Fe—O vibrations of
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Table 1. Fe—O Vibrational Frequencies (¥') of Iron(IV)—

Oxo and Iron(III)—Oxo Complexes

v(Fe"-0) (cm™)”

[**O labeling shift]
(spin state)

v(Fe"-0) (cm™)”
[0 labeling shift]

supporting ligand (spin state)

N4Py (1) 853 [-34] (s =1) 851 [-36] (S =3/2)
841 [-35]"°

TPA (2) 833 [-34]°° (S = 1) 856 [—36] (S = 3/2)

TQA (3) 838 [-35]° (S = 2)° 777 [=31] (S = §/2)

TMC,, (4,,) 856 [-36]°7 (S = 1)¥ 797 [—34] (S =5/2)

TMC,i (4an) 848 [—34]> (S =1) 769 [—37] (S = 5/2)
834 [—34]%%

H,buea 798 [-33]7 (S =2) 671 [—26] (S = 5/2)*

“Values in italics were recorded in solution; spin states are given in
parentheses. “In solution, the complex likely has an additional
acetonitrile ligand.

the quartet iron(IIl)—oxo complexes (1, 2) are found at the
position typical for iron(IV)—oxo complexes (~850 cm™),
because the fifth d electron is introduced into the d,»_,> orbital
and does not affect the Fe=0 bond order. Therefore, the Fe—
O bonds of 1 and 2 have similar strength to those of their
iron(IV)—oxo counterparts. In contrast, the Fe—O bonds of
the sextet-state complexes 3, 4, and 4,,; are weakened
because the o*-antibonding d_> orbital is occupied. The weaker
Fe—O bond translates into the red-shifted Fe—O frequencies
of 3, 4, and 4,,; by ~70 cm™! relative to those of 1, 2, and
iron(IV)—oxo complexes. Nevertheless, the Fe—O frequencies
of the sextet complexes 3, 4,,,,, and 4,,; are still blue-shifted by
approximately 100 cm™ in comparison with the Borovik’s
sextet complex [(Hjbuea)Fe"™(0)]*~ (671 ecm™!).>® This
substantial shift results from three amide N—H groups of the
H;buea ligand forming hydrogen bonds with the oxo ligand,
thus affecting the Fe—O bond properties.”> Notably, the Fe—O
frequencies roughly correlate with the corresponding Fe—O
bond lengths (Figure S; note that all frequencies are
experimental, whereas the bond distances are either exper-
imental or theoretical).

To assess the effect of hydrogen bonding, we prepared
complexes of 1, 2, and 3 solvated by a single water molecule in
the ion trap of our instrument at 3 K. Figure 6 shows the
helium-tagging IRPD spectra of singly hydrated complexes 1-
H,0, 2-H,0, and 3-H,0. In the case of 4-H,0O, we were
unable to generate a sufficient number of helium-tagged ions to
measure the spectrum. We anticipated three possible outcomes
for water coordination: (i) The water molecule would not
interact with the oxo part of the Fe—O unit (this includes the
water coordinated on the iron center). In this case, two free
O—H stretching bands of water should be present around 3700
cm™’, and they should not be sensitive to '*O labeling of the
oxo ligand. (ii) The water molecule would form a hydrogen
bond with the Fe—O unit (no other hydrogen bond acceptors
are present in 1—3). Accordingly, one free O—H vibration of
water should be present around 3700 cm™, which should not
respond to '*O labeling of the oxo ligand. The second O—H
vibration should be substantially red-shifted and possibly
broadened due to hydrogen bonding, as previously reported
for other hydrogen-bound water clusters”” or metal com-
plexes.”” (iii) The water molecule would be deprotonated by
the Fe—O unit, yielding the Fe—OH group. Therefore, the
remaining hydroxide ion would coordinate to the iron center,
thus forming an iron(III) —dihydroxo complex. Consequently,

850 -

S =1 Iron(IV)-oxo
> S =2 Iron(IV)-oxo
Gaseous Iron(lV)-oxo
Gaseous Iron(lll)-oxo
7004 Iron(lll)-oxo
Cobalt(IV)-oxo

Cobalt(lll)-oxo )

160 165 170 175 180 1.85
M-O bond length (A)

Figure S. Correlation between the experimental M—O (M = Fe or
Co) vibrational frequencies and the experimental (filled circles)/
DFT-calculated (empty squares) M—O bond lengths in M(IV)—oxo
and M(III)—oxo complexes (data taken from refs 12, 33, 53, 56, and
58; red squares refer to this study). The linear fit is v(Fe—O) = 2093
— 766[r(Fe—0)]; R* = 0.88. More information and the assignment of
points to individual complexes can be found in Figure S11 in the
Supporting Information.

two free O—H stretches should be present around 3700 cm™,
and one of them should respond to '*O labeling of the oxo
ligand.

The analysis of the spectra in Figure 6, considering the
aforementioned possibilities, shows that water forms a
hydrogen bond in complexes 1-H,O and 2-H,O (Case (ii),
Figure Sab). The spectra of both complexes contain a band
around 3700 cm™', which does not shift upon '*O labeling of
the oxo ligand. Thus, this band corresponds to a free O—H
stretching vibration of the hydrogen-bonded water molecule.
Concomitantly, both spectra display a broad absorption
between 3200 and 3350 cm™', which is not present in the
spectra of non-hydrated 1 and 2 (Figure 4 and Figure S8). We
attribute this broad band to the O—H stretching vibration of
the hydrogen-bonded water molecule. Such a red shift in O—H
stretching vibration indicates a strong interaction between the
water molecule and the iron(IIl)—oxo complexes 1 and 2.

The hydrogen-bonding interaction with water markedly
affects the Fe—O stretching vibration in both complexes 1 and
2. The Fe—O stretching frequency red-shifts from 851 cm™" in
1to 787 cm™ in 1-H,O (A = 64 cm™, Figure 6a) and from
856 cm™ in 2 to 787 cm™! in 2-H,O (A = 69 cm™', Figure
6b). The Fe—O stretching frequencies of 1-H,O and 2-H,0
fall in the range for sextet complexes 3, 4, and 4,
Moreover, the vis spectrum of 1-H,O (Figure 59‘5 shows a 20-
fold decrease in absorption intensity compared with 1. These
results suggest a change in the spin state of 1 and 2 upon
hydrogen bonding with water. Accordingly, based on our DFT
calculations, we predict that the hydrogen bond in 1-H,O and
2-H,O stabilizes the sextet over the quartet states, because the
hydrogen bond in the sextet states is stronger than in the
quartet states by 2.0 kcal mol ™" in 1-H,0O and by 1.9 kcal mol™!
in 2-H,0. A similar effect of hydrogen bonding on the spin
state has been previously reported for an iron(III) porphyrin
chlorido complex.®" Hence, hydrogen bonding changes the
spin state of 1 and 2 from quartet to sextet.

The higher stabilization of the sextet states of iron(III)—oxo
complexes 1-H,0 and 2-H,O by hydrogen bonding can be
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Figure 6. Infrared photodissociation spectra of singly hydrated terminal iron(III)—oxo complexes 1-H,0, 2-H,0, and 3-H,0 measured at 3 K. Blue
and orange traces correspond to the *0 and '®O labeling of the oxo ligand, respectively.

a [(N4Py)Fe"(0))(OTf)" (5) b [(N4Py)Fe"(0)]" (1)
0.034 ) 0.3 i PT-ET
2 HHAT P v
3 OAT i l i
£ x ' i
» OAT : i
2 ! H” "H 0
5 A intensity x 3 ; or intensity x 3 !
x ~ PN .
0 s bt M L‘ ! SH . : J 14 ,
570 580 590 600 420 430 440 450
m/z m/z

Figure 7. Product mass spectra of gas-phase reactions of iron(IV)—oxo complex § (a) and iron(III)—oxo complex 1 (b) with ethanethiol (black

traces) and 1,4-cyclohexadiene (red traces) at 0.2 mTorr pressure.

rationalized theoretically.”> Natural population analysis® of
1—4 shows that the Fe—O bond is more polarized (i.e., oxygen
carries a larger negative charge) in the sextet than in the
quartet states (Table S1). Therefore, the complexes form
stronger hydrogen bonds in the sextet states and are more
energetically stabilized by hydration than in the quartet states.
The difference in stabilization by hydrogen bonding is
sufficient to change the ground spin state of 1 and 2 due to
small energy differences between the quartet and the sextet
states.

Interestingly, the Fe—O frequencies of all sextet complexes
(non-hydrated3, 4, and 4,,4 and hydrated 1-H,O and 2-
H,0) lie within 30 cm™ of each other. This indicates that the
main factor affecting the Fe—O frequency, at least in 1-H,O
and 2-H,0, is the spin state rather than the hydrogen bond
itself. Conversely, the presence of three hydrogen bonds and
the highly electron-donating ligand plays a key role in further
weakening of the Fe—O bond in the sextet [(Hjbuea)-
Fe(0)]*~ complex,”>> which has an Fe—O vibrational
frequency of 671 cm™.

Lastly, the interaction of water with the sextet complex 3
leads to the deprotonation of the water molecule, thus yielding
an iron(II1)—dihydroxo complex (Case (iii)). The formation
of the iron(III)—dihydroxo complex is evidenced by presence

14396

of two free O—H vibrations at 3671 and 3687 cm™" (Figure
6¢). As expected, only one of these O—H bands shifts upon
80 labeling of the starting iron(IlI)—oxo complex 3. The
experimental '%0/'°O shift (11 cm™) agrees with the shift
predicted for a diatomic oscillator (12 cm™). Accordingly, no
Fe—O stretching vibration is found in the spectrum of 3-H,O
(Figure 6¢). The Fe—OH vibrations are not present in the
spectrum because their frequencies are outside the range of our
laser system (<600 cm™).

We also assessed the effects of water solvation on the
iron(IV)—oxo complex [(N4Py)Fe'(0)]*". The IR spectrum
of [(N4Py)Fe'V(0)]***H,O (Figure S8g) contains two free
O—H stretching vibrations of water at 3626 cm™" (symmetric)
and 3704 cm™" (antisymmetric), which are slightly red-shifted
compared with the frequencies of a free water molecule (3657
and 3756 cm™').°* However, this shift is typical for a water
molecule interacting with a charged species.”> Concomitantly,
water coordination caused no shift in the Fe=O stretching
frequency. Therefore, the water molecule does not interact
with the iron(IV)—oxo unit (Case (i)), thus confirming the
expected decrease in basicity upon oxidation of the iron(III)—
oxo unit. These findings also corroborate previously reported
studies on the protonation of iron(IV)—oxo complexes.®”®’”
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Finally, we studied the outcome of one-electron reduction
on the hydrogen atom transfer (HAT) reactivity of iron(I1I)—
oxo complexes in comparison with their iron(IV)—oxo
precursors. Previous studies showed that gaseous iron(IV)—
oxo complexes react readily with 1,4-cyclohexadiene by HAT
from the methylene group (BDE(C—H) 76 kcal mol~!).*»*¥%
Here, for the sake of comparison we show reactivity of
[(N4Py)Fe'(0)(OTf)]" (5). This iron(IV)—oxo complex
bears a loosely bound triflate counterion, which does not affect
the iron—oxo moiety, but it makes the complex singly charged
and thus directly comparable to 1—4.>* Complex § reacts with
1,4-cyclohexadiene by HAT to form a cyclohexadienyl radical
or by oxygen atom transfer (OAT) resulting in epoxidation of
the C=C bond (Figure 7a, red spectrum). In contrast, studied
iron(IlI)—oxo complexes 1—4 do not react with 1,4-cyclo-
hexadiene at all (Figure 7b, red spectrum; Figure S13). Hence,
iron(IlI)—oxo complexes are inefficient reactants in HAT or
OAT reactions.

It is expected that iron(IIl)—oxo complexes react as bases.”
Therefore, we tested their reactivity with acetic acid in the gas
phase and observed efficient addition reaction (Figure S12).
Presumably, the addition proceeds through a proton transfer
followed by association of the resulting dication with acetate
anion (eq 3; note that dication—anion separation is not
energetically feasible in the gas phase). To gain insight into the
mechanism, we investigated the reaction of iron(III)—oxo
complexes with ethanethiol. Thiolates undergo electron
transfer realctions;é9 therefore, we expected that we might
observe proton transfer reaction followed by electron transfer
(PT-ET’®"" reaction; eq 4). Formally, the PT-ET reaction
resembles the hydrogen atom transfer, but the homolytic
cleavage of the S—H bond is energetically inaccessible for the
studied complexes (BDE(S—H) 87 kcal mol™" in ethanethiol;
thus the S—H bond is stronger than the C—H bond in 1,4-
cyclohexadiene).”” Instead, we observe the PT-ET reaction for
all studied iron(III)—oxo complexes 1—4 (Figure 7b, black
spectrum; Figure S13). In comparison, iron(IV)—oxo complex
S shows no HAT or PT-ET reactivity toward ethanethiol, but
only provides OAT to the sulfur atom as expected (Figure 7a,
black spectrum). These results demonstrate extraordinary
basicity of iron(III)—oxo complexes: despite being positively
charged gaseous complexes, they still mediate reactions
initiated by their protonation. To the best of our knowledge,
this is the first experimental evidence of such a process in the
gas phase.”

[(L)Fe"(0)]" + CH,COOH
- {[(L)Fe"(OH)**-(CH,CO0)}
— [(L)Fe"(OH)(CH,COO0)T" 3)

[(L)Fe"(0)]" + CH,CH,SH
- {[(L)Fe"(OH)**-(CH,CH,S")}
— [(L)Fe"(OH)]" + CH,CH,S" (4)

The reactions of ethanethiol with 1 and 4, on one side and
with 2 and 3 on the other are different (Figure S13, Table S2).
On one hand, we observed the PT-ET mechanism as the
dominant pathway in reactions of 1 and 4, (1 reacts about
100 times faster than 4,,). On the other, the PT-ET pathway
is partially suppressed in reactions of 2 and 3 at the expense of
the formal addition reaction pathway (proton transfer/

recombination) in analogy with eq 3. Note that the water
addition to 3 (discussed above) follows the same pathway,
which we also supported by the spectroscopic characterization
of the iron(III)—dihydroxo product (Figure 6¢). The addition
of thiolate is favored over the PT-ET reaction most probably
because the complexes 2 and 3 have a vacant coordination site.
We also determined KIEs in reactions of 1 and 3 with a
mixture of EtSD and EtSH. The KIE of the PT-ET reaction of
1is 2.1 + 0.4. Similarly, KIEs of the PT-ET reaction and the
proton transfer/recombination reaction of 3 are 1.7 + 0.2 and
1.4 + 0.2, respectively. The slightly smaller KIE in the proton
transfer/recombination reaction pathway can be caused by a
partial interference of a direct association reaction (KIE = 1).
In comparison, the KIEs observed in HAT reactions of
iron(IV)—oxo complexes with 1,4-cyclohexadiene are typically
above 3.>° Therefore, the observed KIEs further support the
proton transfer (as opposed to HAT) as the rate-limiting step
in the studied reactions of iron(Ill)—oxo complexes with
ethanethiol.

B CONCLUSION

We have used gas-phase techniques to prepare, for the first
time, non-heme terminal iron(Ill)—oxo complexes with no
stabilization from hydrogen bonding and analyze their
spectroscopic and chemical properties. The results show that
the Fe—O stretching frequencies, and thus the Fe—O bond
properties of iron(Ill)—oxo complexes, are predominantly
determined by the spin state of the iron center but not by the
symmetry of the supporting ligand. Interestingly, the v(Fe—O)
frequencies of iron(IIl)—oxo species 1 and 2 are virtually
identical to those of the corresponding triplet iron(IV)—oxo
complexes, showing that the Fe=O bond order of 2 is
maintained upon one-electron reduction and indicating that
the introduced electron occupies an antibonding orbital with
hardly any Fe=0O bonding character. These results are best
rationalized by assigning quartet spin states to 1 and 2.
Conversely, 3, 4,,,, and 4, exhibit (Fe—O) frequencies 60—
80 cm™! lower, reflecting a decreased Fe=0 bond order and a
change to the sextet spin state. In turn, due to the presence of
hydrogen-bonding interactions, the Borovik’s sextet-state
iron(Il)—oxo complex has an even lower v(Fe—O) at 671
cm™!, which is comparable to that of the sextet-state complex
[(N4Py)Fe"-0-CeV(NO,),(H,0)]* (707 cm™) with a
Ce(IV) ion replacing the three hydrogen bonds.”*

Our study also show that the coordination of a single water
molecule to the iron(IIl)—oxo complexes affects their v/(Fe—
O) frequencies. In quartet state complexes 1 and 2, the water
molecule forms a strong hydrogen bond with the oxo ligand
and triggers the change from the quartet to the sextet ground
spin state. Experimentally, this change is reflected by a red shift
of ~70 cm™! in the v(Fe—0) frequency. In contrast, the sextet-
state complex 3 reacts with water and forms the iron(III)—
dihydroxo complex. On the other hand, the singly hydrated
iron(IV)—oxo complex [(N4Py)Fe'V(O)]**-H,O has an
unperturbed Fe—O vibrational frequency, which shows that
the water molecule forms no hydrogen bond with the
iron(IV)—oxo unit, thus reflecting the poor nucleophilicity of
this iron(IV)—oxo unit.

We have studied the reactivity of iron(IIl)—oxo complexes
and demonstrated their extraordinary basicity. The positively
charged gaseous iron(Ill)—oxo complexes are capable of
initiating the reaction with ethanethiol by proton abstraction.
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The proton transfer is followed by either electron transfer or
recombination between the nascent dication and the anion.

Our results also shed light on the electronic structure of the
isoelectronic [(13-TMC)Co"(0)]** complex recently re-
ported by Wang et al.** This complex exhibits the 2(Co—0)
=770 cm™", which is remarkably similar to our v(Fe—O) data
on the sextet spin state iron(III)—oxo species 3, 4, and 4,,4.
Therefore, we suggest also assigning the sextet spin state to the
[(13-TMC)Co"™(0O)]** complex, which is consistent with its
reported EPR signals of g, = 6.5 and g, = 2.02 and its longer
Co—O bond length of 1.72 A obtained by EXAFS analysis
(Figure S11).

Thus, we have described the gas-phase preparation and
properties of several iron(IIl)—oxo species in trigonal and
tetragonal ligand environments without stabilization by
hydrogen bonds. These complexes represent examples of first
row metal—oxo sgecies with five d electrons at the boundary of
the “Oxo Wall”.
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