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Abstract: Reactivities of non-heme iron(IV)-oxo complexes
are mostly controlled by the ligands. Complexes with tetra-
dentate ligands such as [(TPA)FeOJ*" (TPA = tris(2-pyridyl-
methyl)amine) belong to the most reactive ones. Here, we show
a fine-tuning of the reactivity of [(TPA)FeOJ*" by an addi-
tional ligand X (X = CH;CN, CF;S0;5, Arl, and ArlO; Arl =
2-(‘BuS0,)CsH,I) attached in solution and reveal a thus far
unknown role of the ArlO oxidant. The HAT reactivity of
[(TPA)FeO(X)]*?" decreases in the order of X: ArlO >
MeCN > Arl = TfO~. Hence, ArlO is not just a mere oxidant
of the iron(Il) complex, but it can also increase the reactivity of
the iron(IV)-oxo complex as a labile ligand. The detected HAT
reactivities of the [(TPA)FeO(X)]"*" complexes correlate with
the Fe=0 and FeO—H stretching vibrations of the reactants and
the respective products as determined by infrared photodisso-
ciation spectroscopy. Hence, the most reactive [(TPA)FeO-
(ArlO)J** adduct in the series has the weakest Fe=0 bond and
forms the strongest FeO—H bond in the HAT reaction.

Introduction

The development of non-heme iron(IV)-oxo complexes
has been inspired by enzymatic oxidations.'! Enzymes work-
ing with non-heme iron(IV)-oxo reactive forms can oxidize
inert C—H bonds in a selective fashion.”! The efforts on
synthetic non-heme iron complexes have focused on under-
standing the ligand effect on the properties and reactivity of
the generated reactive iron(IV)-oxo species.?!

A prototypical complex in this field is one supported by
the tetradentate tripodal ligand TPA (tris(2-pyridylmethyl)-
amine).” It has been shown that [(TPA)Fe'(TfO),] (TfO™ =
trifluoromethylsulfonate or triflate) can be oxidized by
peracids or iodosobenzene (or its derivatives) in acetonitrile
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to form a fairly reactive [(TPA)Fe'YO(MeCN)J** complex
(Scheme 1).P! Subsequent modifications of the TPA ligand
have led to even more reactive complexes.’
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Scheme 1. Iron(IV)-oxo complexes formed by oxidation of [(TPA)Fe'-
(TfO),] with ArlO (Arl =2-(BuSO,)CeH,l).

CC
S,tBu

oo

The common feature of the [(L)Fe™(O)]*" complexes
(L =tetradentate tripodal ligand) is that a solvent molecule or
another 2e” donor ligand is often attached as the sixth ligand
(unless the supporting ligand is sterically hindered).”’ This
labile ligand offers another opportunity to tune the reactivity
of this type of iron(IV)-oxo complexes, although this aspect
has thus far not been investigated in that much detail.l”

In solution, we expect an equilibrium among complexes
with different labile ligands. The observed bulk reactivity then
reflects the average of the reactivities of these different
complexes weighted by their abundance. Here, we show an
approach that allows different forms of reactive complexes to
be detected and their reactivity to be compared. For this
study, we focus on a family of iron(IV)-oxo complexes
[(TPA)Fe™O(X)]*" (X =labile ligand, Scheme 1). In addi-
tion, this family of analogous complexes offer an ideal
platform to evaluate how the properties of the Fe=O bond
and the newly formed FeO—H bond affect the reactivities of
these complexes in HAT reactions.

Results and Discussion

Mass spectrometry has been an established method in the
field for detection of reactive iron(IV)-oxo complexes.”®] Most
often, researchers use the cryospray method at —40°C to
transfer the reactive complexes to the gas phase.”’ In this
study, we prepare the reactive complexes in a flow reactor
from a silica capillary coupled to the electrospray ionization
chamber, thereby shortening the time for the oxidation
reaction (Figure 1a). The whole setup is cooled to —40°C
and the reaction time (¢,) in the flow is typically about
10 seconds.
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Figure 1. a) Generation and reaction of iron(IV)-oxo complexes in

a flow reactor with ESI-MS detection. The flow is secured by nitrogen
overpressure in the vials (not shown, see Figure S3) b) Detection of
iron(IV)-oxo complexes (vial C contained only acetonitrile). c) Detec-
tion of products of the HAT reaction with 1-methylcyclohexene (che)
(cho=deprotonated 3-methylcyclohex-2-en-1-ol). The concentrations of
the solutions were: [(TPA)Fe(TfO),] (1 mM), ArlO (1.4 mM), and 1-
methylcyclohexene (1 M). d) The relative abundance of the iron(1V)-
oxo complexes in reaction with 1-methylcyclohexene as a function of
increasing concentration of 1-methylcyclohexene. e) Pressure depend-
ence of the reactivity between [(TPA)Fe'YO(X)]"*" complexes and 1,4-
cyclohexadiene, see Figures S5-7 for further details.

Oxidation of Iron(ll) Complexes

Charging the vial A with an acetonitrile solution of
[(TPA)Fe™(TfO),] (vials B and C contain only acetonitrile)
leads to the detection of the expected iron(II) complexes
[(TPA)Fe"(MeCN)]** and [(TPA)Fe"(TfO)]" (Figure S4).
Addition of the oxidant 2-(‘BuSO,)CsH,IO (ArIO) to vial B
results in oxidation of the iron(II) complexes and detection of
[(TPA)Fe™VOJ*", [(TPA)Fe™VO(MeCN)]*", and [(TPA)Fe'O-
(TfO)]" ions, in analogy to previously reported results
(Figure 1b).P! In addition, the low temperature and short
reaction time allow the detection of [(TPA)Fe™VO(ArIO)]*
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and [(TPA)Fe™VO(ArD)]*" ions, corresponding to signals of
iron(IV)-oxo complexes, respectively bound to the oxidant
itself as well as the oxidation byproduct Arl.

Hydrogen Atom Transfer (HAT)

The reaction of the iron(IV)-oxo complexes that is of most
interest is hydrogen atom transfer with hydrocarbons, which
we have studied with 1-methylcyclohexene (che, Figure 1c¢).
After adding the hydrocarbon to the vial C, we can monitor
the HAT reaction proceeding in solution before ESI-MS
detection. The reaction conversion can be tuned by changes in
the concentration of the hydrocarbon (vial C). The products
are iron(IIT)-hydroxo species (Figure 1c¢) and iron(IIT) alk-
oxide complexes bearing the deprotonated hydroxylated
product 3-methylcyclohex-2-en-1-ol (cho, see Figure S8 for
fragmentation patterns). Note that the HAT reaction pro-
ceeds in solution in the flow reactor as evidenced by the
conversion changes depending on the reaction time (i.e., the
capillary length, see Figure S5).

In order to compare the kinetics of the reactions of the
[(TPA)Fe™O(X)]™" complexes, we have systematically var-
ied the concentration of 1-methylcyclohexene in vial C
(Figure 1d). With the increasing concentration of the alkene,
we have observed a larger conversion of iron(IV)-oxo
complexes to the iron(IIl) products. From the relative
abundances of the [(TPA)Fe™O(X)]"*" complexes as detect-
ed by ESI-MS, we conclude that [(TPA)Fe™VO(ArlO)]**
reacts the fastest, followed by [(TPA)Fe'™VO(MeCN)]*" and
finally by [(TPA)Fe"VO(Arl)]*" and [(TPA)Fe'VO(TfO)]"
with almost identical rates (Figure 1d). A more quantitative
assessment of the data is hampered by the fact that the curves
do not only reflect the HAT reactivity, but also the equilib-
rium among the [(TPA)Fe™YO(X)]™*" complexes.

The relative HAT reactivities of the isolated
[(TPA)Fe™O(X)]"** complexes can be compared exactly in
gas phase experiments. In the gas phase, we had to use the
more reactive 1,4-cyclohexadiene as the substrate (Fig-
ure 1e). Indeed, [(TPA)Fe™VO(ArIO)]*" exhibits the fastest
rate, followed by [(TPA)FeVO(MeCN)]*!,  with
[(TPA)Fe™O(ArD)]*" and [(TPA)Fe™VO(TfO)]" having the
slowest rates. The gas phase experiments provide quantita-
tively correct rate constants and the relative HAT rates of
[(TPA)Fe™O(X)]™ ions decrease in the order of X as ArlO/
MeCN/Arl/TfO™ =1:0.45:0.08:0.07.

Our results show that the thus far never considered
complex [(TPA)Fe™VO(ArIO)]*" is more reactive than the
usually considered [(TPA)Fe™O(MeCN)J]*". However, the
importance of these complexes for the observed oxidation
reaction depends on their relative abundance in solution. The
equilibrium between the individual [(TPA)Fe™O(X)]*" com-
plexes depends on the concentration of X and on the relative
free energies of the [(TPA)Fe™VO(X)]"" complexes in
solution.

First, we have assessed the relative binding energies of X
in [(TPA)Fe"™O(X)]*" obtained from theoretical calculations.
Theory predicts that the binding energies of X increase in the
order: CH,CN (BDE=89kcalmol™) < Arl (ABDE=
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10.4 kcalmol ') ~ TfO~ (ABDE =12.6 kcalmol ') < ArIO
(ABDE =25.0 kcalmol ™). For comparison, we have studied
the trend of the binding energies experimentally in the gas
phase, which is consistent with these theoretical values
(Figure S9). The entropic effects in solution disfavor the
stability of [(TPA)Fe™VO(ArI)]*" leading to the predicted
trend in the equilibrium reactions shown in Table 1. Combi-

Table 1: Relative free energies® for the equilibrium reactions in aceto-

nitrile and the respective relative rate constants for the formation of the
iron(IV)oxo complexes.

Complexes in equilibrium AAGH K o

[kcal mol™]

[(TPA)Fe"O(MeCN)*" + Arl + TfO™ + ArlO 0 1
[(TPA)Fe"O(TfO )] + Arl + MeCN + ArlO ~2.0 8.10°
[(TPA)Fe"O(Ar)]*" + MeCN + TfO™ + ArlO 2.3 41077
[(TPA)FeVO(ArIO)]*" + Arl + TfO™ 4+ MeCN -12.7 2.107

[a] The calculations were performed at the B3LYP!''-D3['/def2tzvp!"!
level using SMD" to account for the solvation by acetonitrile. [b] The
relative rate constants are multiplied by concentrations of the free
ligands in the solution assuming the complete conversion in oxidation of
1 mM [(TPA)Fe(TfO),] by 1.4 equiv of ArlO in acetonitrile

([TFO]=2 mM, [Arl]=1 mM, [ArlO]=0.4 mM, [MeCN]=19 M).

nation of these predicted free energies with the concentra-
tions of the ligands in the solution suggests that [(TPA)Fe™vO-
(ArIO)J** should be formed by far preferentially. Note, that
we did the experiments with 1.4 equiv of ArlO. Hence only
~0.4equiv ArlO is available for the formation of
[(TPA)Fe™VO(ArIO)J*". The only other iron(IV)oxo complex
will be present as [(TPA)Fe'YO(MeCN)]** (Table 1 and
Table S3). The [(TPA)Fe™VO(X)]*" complexes with X =
TfO™ or Arl and their role for the reactivity in solution can
be neglected.

UV/Vis Spectroscopy

We have tested the hypothesis that [(TPA)Fe™O-
(ArIO)]** is preferentially formed in solution by UV/Vis
spectroscopy. The parent S=1 complex [(TPA)Fe™O-
(MeCN)]*" exhibits a maximum absorbance (4,,,,) at 722 nm
when generated by oxidation with peracetic acid.! The
maximum slightly blue-shifts when the iron-oxo species is
generated by oxidation with an excess of ArIO (Figure 2)."!
Previous studies showed that 4, is sensitive to the nature of
the cis-ligand.™™ Hence, the blue shift observed with ArTO
oxidation can be a result of ArIO coordination to a position
cis to the Fe=0O unit to generate [(TPA)Fe™VO(ArIO)]*".

As explained above, we consider only the equilibrium
between [(TPA)Fe™VO(CH;CN)]** and [(TPA)Fe™O-
(ArIO)J*" in solution. Hence, with increasing concentration
of ArlO, a larger fraction of the iron(IV)-oxo complexes
should be converted to [(TPA)Fe™VO(ArIO)]*", accounting
for the observed increase in the blue shift. On the other hand,
diluting the solution should contribute to the solvolysis of the
complex (Figure 2, note that in this experiment we work
under equilibrium conditions unlike in the ESI-MS experi-
ments). Consistent with our postulate, we observe a red shift
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Figure 2. Left panel: electronic absorption spectra for the reaction
between [(TPA)Fe(TfO),] and ArlO at different concentrations of
[(TPA)Fe(TfO),] (denoted as [Fe]) and in the presence of 1.1 equiv
(red) or 3.3 equiv (blue) of ArlO with respect to the concentration of
the iron complex. Right panel: 4, of the iron(IV)-oxo complex as

a function of the concentration of [(TPA)Fe(TfO),] and the amount of
ArlO added for the oxidation of [(TPA)Fe(TfO),]. Red is for 1.1 equiv.
of ArlO, purple for 1.65 equiv., violet for 2.75 equiv., and blue for

3.3 equiv of ArlO.

of Amax When we dilute the reaction mixture, and a significant
blue shift, when we increase the relative concentration of
ArIO. We observe the previously reported A,,, at 722 nm,
only if 1.1 equiv. of ArlO is added to the most dilute solution
studied (0.33mM). Hence, we can conclude that
[(TPA)Fe"VO(CH;CN)]*" is the prevailing product under
these conditions. However, adding more equivalents of ArIO
and working at larger concentrations lead to generation of the
more reactive [(TPA)Fe'VO(ArIO)]*" complex.

Correlation of Reactivity and Stretching Frequencies of the Fe''=
O and Fe"O—H Bonds

The family of [(TPA)Fe™O(X)]"*" complexes constitutes
an ideal system to test to what extent the relative reactivities
correlate with properties of the reactive Fe=O bonds and with
the newly formed FeO—H bonds. According to the Bell-
Evans-Polanyi principle,"® we can roughly predict relative
rates of HAT reactions based on the reaction enthalpies

[Eq. (D)].

Fe"=0 + R-H — Fe'-OH + R |
AAHPAT 5 Ao i —AHpe o @

Mayer!”! and Shaik™ have shown that the barrier for
HAT reactions can be estimated based on the bond dissoci-
ation energy of the newly formed O—H bond (BDEy,).['"™!
However, it is difficult to assess the BDEs of FeO—H bonds
experimentally, therefore the studies rely on theoretical data.
To date, the experimental BDEyy values of only two non-
heme Fe™OH complexes have been obtained, but these
values have been determined only by indirect means."”! In
principle, the Fe=0O and FeO—H bonds can be studied
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directly by vibrational spectroscopy. Stretching frequencies of
the bonds correlate with their strength but, so far, it was
impossible to obtain vibrational information on the FeO—H
bonds of the product complexes. In the following, we
demonstrate that infrared photodissociation spectroscopy
can easily carry out direct experimental measurements of
the bonds of interest and shed light on a critical question in
this field.”

Infrared Characteristics of [[TPA)FeO(X)]'** and
[(TPA)Fe" (OH)(X)] /**

Helium-tagging infrared photodissociation (IRPD) spec-
troscopy allows the measurement of IR spectra of mass-
selected ions.”!! The Fe=O stretching frequencies of all four
detected [(TPA)FeYO(X)]"** complexes can readily be
assigned based on their '*O/™®O shifts. We observe that the
Fe=0 stretching frequencies of these four [(TPA)FeVO(X)]"
** complexes decrease in the following order: 849 cm™" for
X =TfO™, 843 cm™' for X =Arl, 839 cm™! for X = ACN, and
834 cm™' for X = ArlO, (Figure 3, Table 2). For [(TPA)Fe™O-
(ArIO)]*, there is also a feature at about 640 cm™' that is
sensitive to '*O labelling and most likely arises from the I = O
stretching vibration of the ArlO ligand.

Similarly, we have determined the stretching frequencies
of the O—H bond in the [(TPA)Fe™(OH)(X)]"*" complexes
(Figure 4). The [(TPA)Fe™OH(ATrI)]*" and [(TPA)Fe™OH-

[o]
FeO-IAr 0/ SotBu o,
0.6 - c'prridine [0} T
: 1
Ny O..n W.N
2. 1 N N’E‘e) <
- ~
-
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< 0.6 4 ) 1
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- EalV
Z 03+ r o\ : ~N"Ef> D
- z {z
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Figure 3. IRPD spectra for [(TPA)FeYO(X)]"*" (L=ArlO, Arl, MeCN
and TfO™) (in red) and for analogous complexes generated with Arl'®0
(in blue).
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Table 2: Fe=O stretching frequencies in [(TPA)FeYO(X)]"*" and O—H
stretching frequencies in [(TPA)Fe" (OH) (X)]*/**.

X v(Fe=0) [cm ™| »(O—H) [em™]
IRPD"! DFT®! IRPDY! DFTH
ArlO 83442 841 (934) 371942 3697 (3851)
MeCN 83942 823 (914) 371042 3704 (3858)
Arl 84342 839 (932) 3645+2 3704 (3858)
TfO" 849+2 840 (933) 364342 3613 (3764)

[a] The error refers to the accuracy of the measurement and evaluation of
the data. The relative error is much smaller. [b] The B3LYP-D3/def2tzvp
frequencies scaled by 0.9. The unscaled frequencies are in the brackets.
[c] The B3LYP-D3/def2tzvp frequencies scaled by 0.96. The unscaled
frequencies are in the brackets.

[(TPA)FeOH(ArIO)I*.__
[(TPA)FeOH(MeCN)2,,

3580 3600 3620 3640 3660 3680 3700 3720 3740
wavenumber [cm™ ]

Figure 4. |PRD spectra for [(TPA)Fe""OH (X)]"*" (X=ArlO in red, Arl
in green, MeCN in blue and TfO™ in pink). The bands with asterisks *
represent O—H bands hydrogen bonded to the respective ligands X
(see Figure S11).

(TfO)]* complexes show several O-H bands, which is due to
the possibility of internal hydrogen bonding between the O-H
group and the oxygen atoms of the SO, moiety at Arl or
triflate. This interaction leads to a red shift of the respective
O-H vibrations. We have optimized several conformers that
rationalize the presence of several red-shifted bands (Fig-
ure S11 in the SI). For further discussion, we have focused on
the highest lying O-H band for each complex, because this
vibration should correspond to the free O-H vibration.

Inspection of the O-H vibrations reveals that the iron-
(IV)-oxo complexes with lower Fe™Y=0 frequencies generate
Fe™-hydroxo complexes with higher Fe™O-H vibrational
frequencies. Notably, there is a much larger spread in the
stretching energies for the Fe™O—H bonds than for the Fe=O
bonds, emphasizing the higher sensitivity of these bonds to
changes in their ligand environments.

The measured stretching frequencies of the reacting and
the newly formed bonds predict that the HAT reactivities of
[(TPA)Fe™O(X)]™" should follow the order of X: ArlO >
MeCN > Arl ~ TfO". This trend is the same as the trend
observed experimentally. It shows that it is valid to approx-
imately evaluate the reactivities of iron(IV) oxo complexes
based on the properties of the Fe™V=0 and the Fe™O—H
bonds.

However, the trends of the Fe=O and FeO-H stretching
frequencies are not reproduced by the DFT calculations
(Tables 2, S1 and S2, Figure S12). According to these
calculations, [(TPA)Fe™VO(MeCN)]*" has the weakest Fe=O
bond and [(TPA)FeVO(TfO)]" forms the strongest O—H
bond. Strikingly, the most reactive [(TPA)FeO(ArIO)]**
complex would be predicted as the least reactive based on
the theoretical Fe=O and FeO-H stretching frequencies.
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These contradicting trends point to the limits of DFT in
describing this type of complexes. There is an ample of
examples that DFT describes correctly reactivity and proper-
ties of various hypervalent metal complexes. However, there
might be a limitation when going towards description of
subtle differences such as the effect of labile cis-ligands as
described here. Hence, we believe that our results show the
need for experimental data that describe properties and
reactivity trends of these complexes to benchmark the
theoretical methods.

Conclusion

We have investigated the formation and hydrogen-atom
transfer (HAT) reactivity of [(TPA)Fe™(0)(X)]"*" (X=
MeCN, TfO, Arl, ArlO) complexes in a flow setup with
electrospray ionization mass spectrometry (ESI-MS) detec-
tion. We show that we can investigate solution reaction
kinetics and employ sensitive ESI-MS detection at the same
time. This approach has allowed us to show that the HAT
reactivity of [(TPA)Fe™(0)(X)]"*" with 1-methylcyclohex-
ene decreases in the order of X: ArlO > MeCN > Arl =
TfO™. The theory predicts that the binding energy of ArIO to
the iron core is about 16 kcalmol ' larger than that of MeCN
and that the formation of [(TPA)Fe™(O)(ArlIO)]*" in solu-
tion should be largely preferred if an excess of ArlO is used in
the experiment. The importance of [(TPA)Fe™(O)(ArlO)]*",
a species which to date has not been considered to be
a participant in this chemistry, is further supported by UV/Vis
spectroscopy.

Furthermore, we have evaluated the effect of the ligand X
on the Fe'Y=0 and the Fe™O—H bonds in the [(TPA)Fe"-
(0)(X)]™" and [(TPA)Fe™(OH)(X)]™*" complexes, respec-
tively. The Fe=O stretching frequency increases in the order
of X: ArIO < MeCN < Arl < TfO~, while that of the FeO-H
unit decreases in the same order. Hence a weaker Fe=O bond
gives rise to a stronger FeO—H bond, which in turn facilitates
the HAT reaction. This trend directly correlates with the
measured HAT activities of these complexes and demon-
strates in particular the role of the O-H formation in serving
as a driving force for HAT reactions, as postulated by Shaik!"
and Mayer.['")
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