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7 ABSTRACT: Iron enzymes are ubiquitous in nature. In particular, enzymes with iron−
8 oxygen cofactors as active sites perform a vast variety of reactions. Both iron(III)-hydroxido
9 and iron(IV)-oxido species have been observed to play a catalytically active role. In order to

10 complement biochemical investigations, a large variety of synthetic compounds using these
11 motifs were synthesized in past decades to study and understand their inherent reactivity. One
12 such synthetic model complex is [FeIV(O)(Py5Me2)]2+, (Py5Me2 = 2,6-bis(1,1-bis(2-
13 pyridyl)ethyl)pyridine, henceforth labeled L1), which was used as a model complex for
14 epigenetically relevant iron(II)/α-ketoglutarate-dependent ten-11 translocation 5-methyl-
15 cytosine dioxygenases (TET). Additionally, [FeIII(OH)(Py5(OH)2)]2+ (Py5(OH)2 =
16 pyridine-2,6-diylbis [di(pyridin-2-yl)methanol, henceforth labeled L2) was tested as a
17 lipoxygenase model. We have complemented the available complexes of these related
18 pentapyridyl complexes to include all oxidation states II−IV and performed detailed
19 spectroscopic and spectrometric investigations. We found that iron(II) and iron(IV)-oxido
20 compounds (cross-)comproportionate readily to form iron(III)-hydroxido species, which
21 represents a major side reaction for model complex investigations. We also investigated the oxidative reactivity of a new iron(IV)-
22 oxido complex.

23 ■ INTRODUCTION

24 Iron enzymes are ubiquitous in nature, and synthetic iron
25 complexes have been used for decades to study these. In
26 particular, iron(III)-hydroxido1−7 and iron(IV)-oxido8−14

27 complexes have been at the center of scientific interest. This
28 is due to the involvement of these species in a multitude of
29 enzymatic transformations. Two well-studied systems are
30 lipoxygenases,15−19 which contain an iron(III)-hydroxido
31 active site, and taurine dioxygenases (TauD),20−23 which
32 incorporate an iron(IV)-oxido center. Both enzymes are
33 nonheme iron dioxygenases, while TauD specifically belongs
34 to the iron(II)/α-KG-dependent enzyme superfamily. Lip-
35 oxygenases are typically thought to abstract a hydrogen atom
36 from the fatty acid substrate via an iron(III)-hydroxido species,
37 yielding a radical species. This is then thought to react with
38 molecular oxygen, which is followed by cleavage of the
39 substrate.17−19,24 The consensus mechanisms for TauD, on the
40 other hand, involves the formation of an iron(IV)-oxido
41 species, which abstracts a hydrogen atom from the substrate.
42 This is followed by rebound hydroxylation to generate the

f1 43 product (Figure 1D).20−23,25,26 Subsequent reactions might
44 lead to demethylation, ring closure, ring expansion, desatura-
45 tion, and other transformations.27

46In synthetic (model) compounds, several pathways are
47observed after the initial H-atom abstraction step. A common
48feature in iron(III)-hydroxido chemistry is the prevalence of
49these compounds to form μ-O-bridged or μ−OH-dinuclear
50compounds.28−30 A recent, representative example is the
51bispidine-based system described by Abu-Odeh et al. in
522021.14 Using high-resolution electrospray ionization mass
53spectrometry (HR−ESI−MS)), the authors observed an
54iron(IV)-oxido species upon oxidation of [FeII(bisp)Cl2]
55(bisp = dimethyl 3,7-dimethyl-9-oxo-2,4-di(pyridin-2-yl)-3,7-
56diazabicyclo[3.3.1]nonane-1,5-dicarboxylate) with sPhIO
57(sPhIO = 1-(tert-butylsulfonyl)-2-iodosylbenzene) in acetoni-
58trile. In addition, [(bisp)FeIII−O-FeIII(bisp)]2+ was also
59observed in MS measurements at low concentrations of the
60oxidant sPhIO. The emergence of this species was attributed to
61the second-order reaction of the iron(IV)-oxido species with
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62 unreacted iron(II) precursor. Other works have described

63 similar comproportionation (or disproportionation of iron-

64 (III)) behavior, e.g., the equilibrium between a tetracarbene-

65 coordinated μ-oxidodiiron(III) complex with its iron(IV)-
66 oxido and iron(II) derivatives.31

67In addition to several dinuclear iron(III) complexes with
68terminal hydroxido ligands,34−36 several mononuclear iron(III)
69complexes have been described in the literature.2,5−7,37

70However, the isolation, especially of iron(III)-hydroxido
71species, is often complicated, for example, by their tendency
72to form μ-oxido-bridged diiron(III) species as discussed above.

Figure 1. (A) Representation of the lipoxygenase active site in its resting state according to Minor et al.32 (B) New iron(III)-hydroxido complex
reported in this work. (C) Dinuclear iron(III)-oxido complex reported by Abu-Odeh et al.14 (D) Proposed mechanisms for the reaction of
iron(IV)-oxido species with organic substrates bearing C−H bonds: after the initial hydrogen atom transfer reaction, rebound hydroxylation leads
to an iron(II) species and the hydroxylated substrate. “Escape” of the radical from the “iron cage” giving an iron(III)-hydroxido species has also
been observed. This can further lead to dinuclear complex formation with another equivalent of iron complex or scavenging of the radical or
reaction with O2, depending on the conditions. Adapted from Cho et al.33

Chart 1. Overview of the Ligands and Corresponding Iron(II), Iron(III), and Iron(IV)-Oxido Complexes Used in This Worka

aCounter ions: triflate (iron(II) and iron(III) species) and cerium nitrate (iron(IV)-oxido species). Spectroscopic and spectrometric data on newly
synthesized compounds can be found in the Supporting Information and is referenced when applicable. It has to be noted here that the co-ligand of
the iron(II) species is exchanged in solution by solvent molecules (see Figure S14, p 18), and the nomenclature used in the paper refers to the
actual species present in solution ([FeIIL1/L2(OH2)]2+ in water) and not necessarily to the complex applied in the experiment.
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73 The reported examples of mononuclear iron(III)-hydroxido
74 complexes often consist of ligand systems similar to those
75 employed in this work. In the present work, we report the
76 synthesis and isolation of two new mononuclear, low-spin
77 iron(III)-hydroxido complexes and present their X-ray
78 structures as well as EPR, Mössbauer, and UV−vis−NIR
79 spectra.
80 In our previous work, we studied the iron(IV)-oxido
81 complex [FeIVL1(O)]2+ as a functional model for the
82 epigenetically relevant iron(II)/α-ketoglutarate-dependent en-
83 zyme TET (ten-11 translocation 5-methyl-cytosine dioxyge-
84 nase).9−11 This complex was first described by Chantarojsiri et
85 al. in 2015.8 It is capable of hydroxylating organic compounds
86 such as ethylbenzene sulfonic acid (EBS) and the biologically
87 more relevant 5-methyl cytosine (5mC)9/5-methyl cytidine
88 (5mdC) as well as oligonucleotides containing 5mC.10 In the
89 present work, we report the synthesis and isolation of a new
90 iron(IV)-oxido complex including the corresponding Mössba-
91 uer and UV−vis−NIR spectra as well as a preliminary
92 reactivity study.

93 ■ RESULTS AND DISCUSSION
94 In this work, the repertoire of known iron complexes
95 containing pentapyridyl ligands of the Py5-type was expanded.
96 Two complete series of iron(II), iron(III), and iron(IV)
97 species of the Py5Me2 and Py5(OH)2 ligand systems are
98 presented here, including two new mononuclear iron(III)-
99 hydroxido and a new iron(IV)-oxido species. All synthesized

100 compounds were characterized using electron paramagnetic
101 resonance (EPR), Mössbauer, and UV−vis−NIR spectroscopy
102 as well as cyclic voltammetry and ultrahigh-resolution low-
103 temperature mass spectrometry (cryo-UHR−MS). In addition,
104 a comparative reactivity study containing several substrates

c1 105 with C−H bonds was performed. Chart 1 shows the ligands
106 and iron complexes as well as the nomenclature applied in this
107 work.
108 Characterization of New Iron Complexes and
109 Comparison of the Two Ligand Systems. When analyzing

110reaction mixtures of [FeIVL1(O)]2+ with an epigenetically
111relevant substrate (5-methyl cytosine, 5mC or 5-methyl-
112deoxycytidine, 5mdC) in previous studies,9,10 we found
113significant amounts of the iron(III) species [FeIIIL1(OH)]2+.
114This was attributed to a side reaction consisting of an iron(II)/
115iron(IV) comproportionation reaction (vide infra for detailed
116discussion) that prompted us to synthesize and characterize
117this mononuclear iron(III)-hydroxido complex.
118The series of iron complexes for both ligand systems L1 and
119L2 (Chart 1) was synthesized, and various spectroscopic and
120spectrometric techniques as well as cyclic voltammetry were
121applied for a thorough characterization of the new iron
122complexes and for comparison studies among the different iron
123species. Here, a short overview of the syntheses is presented;
124synthetic details can be found at the end of this article.
125Synthesis. Py5Me2 (L1) was synthesized according to a
126modified literature procedure,8 as previously described in our
127report on iron(IV)-oxido complex [FeIVL1(O)]2+ as a
128functional model for TET enzymes.9 Complexes
129[FeIIL1(MeCN)]2+ and [FeIVL1(O)]2+ were then synthesized
130according to literature procedures.8 Complex [FeIIIL1(OH)]2+
131was prepared by suspending a finely ground powder of L1 in
132pure water and adding iron(III) triflate (Fe(OTf)3). The
133solution immediately turned a deep, dark red. Crystals of the
134iron(III)-hydroxido compound formed in a filtered aqueous
135solution at 4 °C after 1 day. A similar iron(III)-hydroxido2 as
136well as an iron(III)-methoxido1 species has been described
137before by Goldsmith et al. with a ligand system bearing
138methoxy instead of methyl/hydroxy groups (2,6-bis(bis(2-
139pyridyl)methoxymethane)pyridine). The authors obtained this
140complex by reacting the corresponding iron(II) species with
141iodosylbenzene.
142Ligand Py5(OH)2 (L2) was synthesized according to a
143 f2modified literature procedure (Figure 2).2 [FeIIL2(MeCN)]-
144(OTf)2 was then synthesized using the same procedures as for
145the corresponding iron(II) complex of L1 ([FeIIL1(MeCN)]-
146(OTf)2) that had previously been published by Chantarojsiri et
147al.8 In 2016, Das et al. published their results on water

Figure 2. Synthesis of iron complexes [FeIIL2(MeCN)]2+, [FeIIIL2(OH)]2+, and [FeIVL2(O)]2+ from ligand L2 according to (modified) literature
procedures.3,8,9
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148 oxidation using an iron-L2 system.3 Upon addition of
149 ceric(IV) ammonium nitrate to [FeIIL2(MeCN)](BF4)2, the
150 authors observed a band at λ = 730 nm in UV−vis−NIR
151 spectroscopy, which they attributed to the formation of an
152 iron(IV)-oxido species. The authors, however, could not
153 isolate this compound. Applying the conditions published by
154 Chantarojsiri et al.,8 i.e., oxidation of [FeIIL2(MeCN)](OTf)2
155 in an acetonitrile/water mixture using 5.3 equiv of ceric(IV)
156 ammonium nitrate, we were able to isolate [FeIVL2(O)][Ce-
157 (NO3)6] as a green powder. Synthesis of [FeIIIL2(OH)]2+ was
158 performed in the same way as that for [FeIIIL1(OH)]2+ (vide
159 supra).
160 Characterization by X-ray Crystallography. The cations
161 [FeIIL1(MeCN)]2+ and [FeIVL1(O)]2+ are known in the
162 literature and corroborated by our own measurements (not
163 shown; refer to the Supporting Information, p 48ff for
164 crystallographic details including a table containing relevant
165 bond lengths and angles and a comparison with published
166 data). A structural study of [FeIVL1(O)]2+ using X-ray

f3 167 crystallography (Figure 3B) and 1H NMR spectroscopy was
168 published in 2019 by Rasheed et al.13 In this work, single
169 crystals of [FeIVL1(O)]2+ suitable for X-ray crystallography
170 were also obtained from an aqueous solution of
171 [FeIVL1(O)]2+/CeCl3 (1:3). Crystals of the iron(III)-hydrox-
172 ido compound [FeIIIL1(OH)]2+ formed both after evaporation
173 of water from a reaction mixture of [FeIVL1(O)]2+ with 5-
174 methyl cytosine (used in this work, Figure 3A) and in a filtered
175 aqueous solution of ligand L1 and iron(III)triflate at 4 °C after
176 1 day (the obtained structure is identical, not shown).
177 A crystal structure of [FeIIL2(MeCN)]2+ was reported in the
178 literature3; however, no details were provided due to the poor
179 quality of the crystals. We were able to obtain crystals of
180 [FeIIL2(MeCN)]2+ in good quality by diffusing diethyl ether
181 into an acetonitrile solution of [FeIIL2(MeCN)]2+ at room

182temperature. A comparison with [FeIIL1(MeCN)]2+ showed
183that almost identical parameters were obtained for both
184complexes (refer to the Supporting Information, p 48 for
185relevant bond length and angle values and p 52 for a full
186structure of [FeIIL2(MeCN)]2+).
187Crystals of [FeIIIL2(OH)]2+ were obtained in an aqueous
188solution at 4 °C (Figure 3C). Comparing the bond lengths in
189[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+, the iron−oxygen bond
190in [FeIIIL2(OH)]2+ was found to be slightly longer than in
191[FeIIIL1(OH)]2+ (1.81 vs 1.79 Å, respectively), as were the
192iron−nitrogen bonds (averaged: 2.01 vs 2.00 Å, respectively).
193Apart from these minor discrepancies, the structures exhibit a
194high degree of similarity (refer to the Supporting Information,
195p 48 for relevant bond length and angle values).
196A comparison of the crystallographic data obtained for
197[FeIIIL1(OH)]2+ with the literature-known data5,8,13 for
198 f4[FeIIL1(OH2)](BF4)2 and [FeIVL1(O)]2+ (compare Figure
199 f44A,B) shows a shorter iron−oxygen bond length with
200increasing oxidation state. Similarly, the iron atom “moves”
201out of the coordinative plane of the four equatorial pyridine
202donors, which also lengthens the iron−nitrogen bond of the
203axial pyridine moiety (Figure 4B).
204In the literature, similar bond lengths were observed for
205chemically similar nonheme iron(IV) complexes, e.g,
206[FeIV(O)(5Me2N4Py)](ClO4)2 (1.654 Å)13 or [FeIV(O)(Bn-
207tpen)]2+ (1.616 Å)38 and also in the nonheme iron enzyme
208taurine dioxygenase TauD (1.646 Å).39 For the iron−nitrogen
209bond trans to the iron−oxygen bond, also similar values have
210been reported for related complexes such as [FeIV(O)-
211(5Me2N4Py)](ClO4)2 (2.042 Å)13 and [FeIV(O)(Bn-
212tpen)]2+ (2.112 Å).38 The observed iron−oxygen bond lengths
213in the two newly synthesized iron(III)-hydroxido complexes
214(∼1.80 Å) are similar to or shorter than what has been
215reported for other iron(III)-hydroxido complexes (1.880 Å,40

Figure 3. (A) Graphical representation of the crystal structures of [FeIIIL1(OH)]2+. Ellipsoids are drawn at 50% probability; hydrogen atoms, the
counterion (−OTf), and one cocrystallized water molecule were omitted for clarity. A full structure can be found in the Supporting Information, p
50. (B) Graphical representation of the crystal structure of [FeIVL1(O)]2+, taken from Rasheed et al.13 Ellipsoids are drawn at 50% probability, and
hydrogen atoms and the counterion ([Ce(NO3)6)]2−) were omitted for clarity. (C) Graphical representation of the crystal structure used for X-ray
crystallography of [FeIIIL2(OH)]2+. Ellipsoids are drawn at 50% probability; hydrogen atoms, counterions (−OTf), and two cocrystallized water
molecules were omitted for clarity. A full structure can be found in the Supporting Information, p 54.
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216 1.876 Å,41 or 1.872 Å42). This is expected, as in the complexes
217 discussed herein, no hydrogen bonding interactions take place
218 that might elongate the iron−oxygen bond.

219Characterization by Mössbauer Spectroscopy. The
220 f5Mössbauer spectra (Figure 5) of the newly synthesized
221complexes [Fe I I IL1(OH)]2+ , [Fe I IL2(MeCN)]2+ ,
222[FeIIIL2(OH)]2+, and [FeIVL2(O)]2+ correspond well to the
223assigned oxidation and spin states. All complexes of L1 are low-
224spin (iron(II): S = 0; iron(III): S = 1/2; and iron(IV): S = 1),
225as expected for the iron(II) and iron(IV) states from the
226literature.8 For all three complexes of L2, both isomer shift and
227quadrupole splitting parameters are nearly identical to those of
228the complexes of L1, showing only a small influence of the
229ligand periphery on the electronic structure around the iron
230atom. Detailed information as well as Mössbauer spectra of the
231l i terature-known species [FeI IL1(MeCN)]2+ and
232[FeIVL1(O)]2+ are provided in the Supporting Information, p
23347. The isomer shift and quadrupole splitting values we
234observed for the iron(IV)-oxido complex [FeIVL2(O)]2+ are in
235the same range of what is commonly observed in the literature
236for similar complexes, e.g., [FeIV(O)(N4Py2PhF2)]2+ (δ = 0.03
237mm s−1, ΔEQ = 0.54 mm s−1),43 [FeIV(O)(TMG3tren)]2+ (δ =
2380.09 mm s−1, ΔEQ = −0.29 mm s−1),44 or FeIV(O)-
239(TMG2dien)(MeCN)]2+ (δ = 0.08 mm s−1, ΔEQ = 0.58 mm
240s−1).45 Especially, the low isomer shift is typical for an
241iron(IV)-oxo complex. The observed isomer shifts for the
242newly synthesized iron(III)-hydroxido complexes are also in
243agreement with values found in the literature, e.g.,
244[FeIIIH3buea(OH)]− (δ = 0.32 mm s−1), whereas the observed
245quadrupole splitting differs from what is reported for this
246complex (ΔEQ = −0.82 mm s−1), which is unsurprising,
247considering the different ligand geometries.46

Figure 4. (A) Simplified graphical representation of the coordination
environment of the iron(II) central ion in [FeIIL1(OH2)](BF4)2. (B)
Graphical representation of the changes in coordination geometry
between [FeIIL1(OH2)]2+, [FeIIIL1(OH)]2+, and [FeIVL1(O)]2+
including selected bond lengths. Data for [FeIIL1(OH2)](BF4)2 and
[FeIVL1(O)]2+ were taken from the literature.8 Additional angles and
bond lengths are provided in the Supporting Information, p 48.

Figure 5. Experimentally obtained solid-state and simulated Mössbauer spectra and values of (A) [FeIIIL1(OH)](OTf)2 (δ = 0.24 mm s−1, ΔEQ =
1.57 mm s−1), (B) [FeIIL2(MeCN)](OTf)2 (δ = 0.52 mm s−1, ΔEQ = 0.38 mm s−1), (C) [FeIIIL2(OH)](OTf)2 (δ = 0.25 mm s−1, ΔEQ = 1.54 mm
s−1), and (D) [FeIVL2(O)][Ce(NO3)6] (δ = 0.08 mm s−1, ΔEQ = 0.35 mm s−1). Mössbauer spectra were measured at 80 K.
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248 Having observed the L2-based complexes in low-spin
249 electron configurations is so far remarkable, as oxygen-free
250 conditions were used in literature syntheses�a common
251 precaution in the case of high-spin iron complexes. Addition-
252 ally, a low stability was observed in the literature for
253 [FeIVL2(O)]2+, which could have also indicated a high-spin
254 state.3 This was, however, not corroborated by our Mössbauer
255 measurement�even though the samples were handled under
256 ambient conditions for prolonged periods of time.
257 Characterization of the Iron(III)-Hydroxido Complexes by
258 EPR. The assignment of a low-spin iron(III)-hydroxido species

f6 259 was confirmed by EPR analysis (Figure 6) and subsequent
260 simulation of the assigned low-spin iron(III)-hydroxido
261 compounds. The observed spectra, as well as the observed g
262 values, were qualitatively and quantitatively similar to related

263complexes previously described in the literature ([FeIII(PY5)-
264(OMe)]2+: g = 2.25, 2.17, 1.96 and [FeIII(PY5)(OH)]2+: g =
2652.30, 2.18, 1.942 ; PY5 = 2,6-bis(bis(2-pyridyl)-
266methoxymethane)pyridine).
267Characterization by High-Resolution Mass Spectrometry
268and Raman Spectroscopy. All iron species were characterized
269as aqueous solutions with cryo high-resolution mass spectrom-
270etry (not shown; please refer to the Figures S53−S58, p 36ff).
271Regarding the iron(III) species [FeIII(L1)(OH)]2+ or
272[FeIII(L2)(OH)]2+, no hints of any bridged diiron(III)
273complexes have been observed, and no [FeIII(L1)(OH2)]3+
274or [FeIII(L2)(OH2)]3+ species as potential intermediate were
275detected. In addition to the expected signals, other minor
276species could be observed for complexes with the ligand system
277L2, which were assigned to species such as [FeIII(L2-

Figure 6. Experimentally obtained solid-state and simulated EPR spectra of (A) [FeIIIL1(OH)]2+ (g = 2.32, 2.19, and 1.95) and (B)
[FeIIIL2(OH)]2+ (g = 2.33, 2.18, 1.96). EPR spectra were measured at 298 K in X-band at 9.649818 and 9.649704 GHz, respectively; for more
experimental details please refer to the Supporting Information, p 4.

Figure 7. (A) Synthesis of different derivatives of [FeIIIL1(OH)]2+ from L1: [FeIIIL1(16OH)](OTf)2, [FeIIIL1(18OH)](OTf)2, and a mixture of
[FeIIIL1(18/16OH)](OTf)2. (B) Excerpts of solid-state Raman spectra of the corresponding derivatives of [FeIIIL1(OH)]2+, the respective signal
corresponding to the Fe−16O or Fe−18O bond is indicated.
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278 H)(OH)]2+, [FeIII(L2-2H)(OH)]2+, or dinuclear species
279 [FeII(L2-2H)]22+. This was attributed to a species in which
280 one or both of the two hydroxy groups of L2 are deprotonated
281 and likely coordinate to the iron center, probably displacing
282 one of the equatorial pyridine moieties.
283 We then also synthesized the 18O-labeled derivative of

f7 284 [FeIIIL1(OH)]2+ (Figure 7A, middle reaction) as well as a
285 mixture of [FeIIIL1(16/18OH)]2+ (Figure 7A, lower reaction).
286 We confirmed the successful integration of the 18O label by
287 Raman spectroscopy (Figure 7B). When direct-injection mass
288 spectrometry of these compounds was measured, only the
289 species containing the 16OH group could be detected. This
290 observation was attributed to an immediate exchange of the
291 hydroxyl group in water. The exchange occurred even when
292 dried solvents were used under strict inert gas conditions (not
293 shown).
294 Characterization by UV−Vis−NIR Spectroscopy. The
295 series of complexes was also characterized by UV−vis−NIR
296 spectroscopy (Figures S31 and S32, p 27f). The UV−vis−NIR
297 spectra of complexes [FeIIL2(OH2)]2+, [FeIIIL2(OH)]2+, and
298 [FeIVL2(O)]2+ are similar to the respective spectra of
299 [FeIIL1(OH2)]2+, [FeIIIL1(OH)]2+, and [FeIVL1(O)]2+ and
300 correspond well to those found in the literature.47,48 The
301 absorption maxima at about 350 to 450 nm of the iron(II)
302 species show the highest intensity, with extinction coefficients
303 of ε = 5932/4190 L mol−1 cm−1 for [FeIIL1/L2(OH2)]2+ (λ =
304 450 nm, water, 25 °C), which can be attributed to a metal-to-
305 ligand charge transfer, which has been observed regularly in
306 literature for iron(II) complexes with pyridine-derived
307 ligands.1−3,8 [FeIVL2(O)]2+ shows an absorption band at λ =
308 730 nm, which is a typical range for S = 1 iron(IV)-oxido
309 species.8,14,34,42−44

310 Characterization by Cyclic Voltammetry. The redox
311 properties of the iron(II) and iron(III) complexes (1 mM)
312 have been addressed by cyclic voltammetry (CV) experiments,
313 performed both in acetonitrile (using tetrabutylammonium
314 hexafluorophosphate, [TBAPF6] = 0.1 M as the supporting
315 electrolyte) and in aqueous solution (using potassium nitrate,
316 [KNO3] = 0.1 M as the supporting electrolyte).
317 In oxidative scan mode in acetonitrile, both iron(II)
318 complexes present a reversible wave: at 657 mV (vs Fc+/Fc,
319 ΔE = 85 mV) and 663 mV (vs Fc+/Fc, ΔE = 76 mV) for

320[FeIIL1(MeCN)]2+ and [FeIIL2(MeCN)]2+, respectively.
321These processes are associated with the iron(III)/iron(II)
322redox couple (Figures S34−S38, p 29f).8 The analogous redox
323potential for the two iron(II) centers suggests a negligible
324effect associated with the change of the peripheral methyl
325group with a hydroxy group.3

326Moving to the iron(III) complexes [FeIIIL1(OH)]2+ and
327[FeIIIL2(OH)]2+, the presence of a negatively charged hydroxy
328group directly coordinated to the iron(III) center (instead of
329acetonitrile) drastically shifts the potentials of the iron(III)/
330iron(II) redox couples, −720 mV (vs Fc+/Fc, ΔE = 80 mV)
331 f8and Ec

1 = −698 mV (vs Fc+/Fc), respectively (Figure 8A).
332Contrary to what was previous ly observed for
333[FeIIL1(MeCN)]2+ and [FeIIL2(MeCN)]2+,3 ,8 ,47 ,48

334[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ present marked differ-
335ences. The iron(III) reduction in [FeIIIL2(OH)]2+ is shifted to
336a more positive potential (approximately 60 mV), and more
337importantly, the reoxidation process becomes irreversible
338(Figure 8A, see also Figure S40). When the scan rates were
339increased, a minor wave at approximately −400 mV was also
340observed (Figure S41). Even if the overall process remains
341irreversible, this suggests a fast ligand reorganization occurring
342after electron transfer (ET). In oxidative scan mode, a new
343reversible wave has also been detected for [FeIIIL1(OH)]2+ at
344361 mV (vs Fc+/Fc, ΔE = 76 mV), attributed to the iron(IV)/
345iron(III) redox couple (Figure 8B). [FeIIIL2(OH)]2+ presents
346a similar iron(IV)/iron(III) oxidation potential Ea

2 = 442 mV,
347but the process is again irreversible (Figure 8B). Interestingly,
348when the scan rate is gradually increased (Figure S43), a shift
349from the initial irreversible wave (100 mV/s) to a quasi-
350reversible process (ΔE = 100 mV, 600 mV/s) was observed.
351This behavior suggests a reversible ET followed by a slow
352chemical reaction involving the electrochemically generated
353[FeIVL2(O)]2+,49 thus indicating a lower stability of
354[FeIVL2(O)]2+ compared with [FeIVL1(O)]2+. At higher
355potentials, an unresolved irreversible wave at ca. 1.30 V has
356also been observed and attributed to a ligand-based oxidation
357(refer to the Figures S36, S44, and S45).
358This suggests how the coordinated OH group in
359[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ not only contributes
360to shifting the iron(III)/iron(II) redox couple to a more
361positive potential but also allows access to the iron(IV)-oxido

Figure 8. Comparison between the cyclic voltammograms of [FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ (1 mM) in acetonitrile ([TBAPF6] = 0.1 M)
in reductive (A) and oxidative (B) scans at 100 mV/s. For additional cyclic voltammograms, please refer to the Figures S34−S50, p 29ff.
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362 state, which is not possible in the absence of an O-donor (see
363 [FeIIL1(MeCN)]2+ and [FeIIL2(MeCN)]2+ Figures S37 and
364 S38). In addition, the nature of the side CH3/OH groups
365 seems not to affect the iron redox couple, even if it does impact
366 the stability of the iron(IV) intermediate, as stated above.
367 In unbuffered aqueous media ([KNO3] = 0.1 M),
368 [FeIIIL1(OH)]2+ presents a quasi-reversible wave in reduction
369 at −6 mV (vs Ag/AgCl, ΔE = 144 mV, Figure S46),
370 approximately 300 mV lower in comparison with the potential
371 reported in the literature for the iron(II)−OH2 species.8 An
372 additional minor oxidation wave was observed upon reduction
373 at a potential of approximately 0.20 V (Figures S46 and S47),
374 which was not observed in acetate-buffered solution. Under the
375 same experimental conditions, [FeIIIL2(OH)]2+ presents a
376 completely different behavior: in the reductive scan, no waves
377 attributable to the presence of an iron(III) center have been
378 observed (Figure S48). In the oxidative scan, a quasi-reversible
379 wave at 372 mV (vs Ag/AgCl, ΔE = 111 mV, Figure S49)
380 attributable to the iron(III)/iron(II) redox couple has been
381 observed without the appearance of any additional wave at
382 higher potentials (Figure S50). This suggests the formation of
383 a new iron(II) species from [FeIIIL2(OH)]2+ under the
384 conditions applied here. This finding prompted us to further
385 study the behavior of this species in solution (vide infra), as we
386 were confident to have obtained a solid iron(III) sample in the
387 first place, as confirmed by EPR and Mössbauer spectroscopy
388 as well as X-ray crystallography.
389 We also investigated the effects of pH changes on the
390 observed potentials of the iron(III)/iron(II) couple of
391 [FeIIIL1(OH)]2+ and [FeIIL2(OH2)]2+. Instead of using the
392 iron(II) species [FeIIL1(OH2)]2+, as had been done previously
393 in the literature,8 we used the iron(III)-hydroxido species
394 [FeIIIL1(OH)]2+ to investigate complexes of L1. We found a
395 linear decrease with a slope value of −59 mV/pH, indicating a

f9 396 proton-coupled electron transfer (Figure 9, PCET). In the case

397 of L2, we used the iron(II) complex [FeIIL2(OH2)]2+ due to
398 its higher stability under prolonged measurements compared
399 with the respective iron(III)-hydroxido complex. The meas-
400 ured values are shifted to higher potentials; however, the slope
401 value is identical at −59 mV/pH, also indicating PCET, as has
402 been described in the literature for L1 and other related
403 ligands.2,8,50

404 Iron(II)/Iron(IV) Comproportionation. Based on the
405 mechanism proposed for heme and nonheme enzymes

406containing iron(IV)-oxido moieties and their reactions with
407C−H bonds,2,8,12,13 we had proposed this iron(III)-hydroxido
408species as the intermediate in the reaction of [FeIVL1(O)]2+
409with organic substrates containing C−H groups in our
410previous work.9 In this mechanism, a hydrogen atom is
411transferred from the organic substrate R-H to the iron(IV)-
412oxido moiety in a hydrogen atom transfer reaction (HAT).
413This step yields the iron(III)-hydroxido species,
414[FeIIIL1(OH)]2+, as well as a carbon-centered radical R·.
415These species can then recombine in a reaction often referred
416to as “rebound” to form the product and an iron(II) species in
417 f10water [FeIIL1(OH2)]2+ (Figure 10A). This mechanism
418resembles the consensus mechanism for the oxidation of
419biological substrates by iron(II)/α-ketoglutarate-dependent
420enzymes, of which superfamily the previously mentioned
421TET enzymes are a member.20−23,26,51,52

422Surprised by the large amounts of [FeIIIL1(OH)]2+ present
423 f11in the reaction mixture of [FeIVL1(O)]2+and 5mC (Figure 11)
424after complete reaction, we searched for different pathways
425that might lead to the formation of this iron(III)-hydroxido
426species.
427For synthetic nonheme iron complexes, several other
428mechanisms and pathways are discussed in addition to
429rebound: cage escape33 and the formation of a dinuclear
430complex, as mentioned in the introduction,14 are two
431representatives. Also, comproportionation of iron(II)/iron(IV)
432species has been described in the literature, although mostly as
433a minor side-note.14,31,53 In the case of the complexes studied
434in this work, we found that the comproportionation reaction of
435[FeIIL1(OH2)]2+ with [FeIVL1(O)]2+ gave [FeIIIL1(OH)]2+ in
436a quantitative yield. The UV−vis−NIR spectrum of an
437equimolar mixture of [FeIIL1(OH2)]2+ and [FeIVL1(O)]2+
438appears to have identical features compared to the spectrum
439 f12of a [FeIIIL1(OH)]2+ reference sample (Figure 12). This
440observation was also confirmed by cryo-UHR−MS (refer to
441Figure S59, p 43). Whereas Gosh et al.29 and Rana et al.53

442report on the comproportionation of biuret-amide and N4P-
443based systems, respectively, Cho et al. ruled out comproportio-
444nation when studying [FeIV(O)(Bn-TPEN)]2+ (Bn-TPEN =
445N-benzyl-N,N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine).
446In this work, we report on another example of the
447comproportionation of iron(IV)-oxido and iron(II) com-
448pounds as a pathway for synthetic nonheme iron(IV)-oxido
449complexes.
450As a result, we decided to study this behavior in more detail
451and chose to include the iron complexes of the structurally
452similar ligand L2 in this analysis. We found that not only
453[Fe I IL1 (OH2)] 2 + and [Fe I VL1 (O)] 2 + bu t a l so
454[FeIIL2(OH2)]2+ and [FeIVL2(O)]2+ show comproportiona-
455tion behavior�as well as the cross-reactions of
456[FeIIL1(OH2)]2+ with [FeIVL2(O)]2+ and [FeIIL2(OH2)]2+
457with [FeIVL1(O)]2+, the latter two giving a mixture of
458[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+. The iron(II) species
459[FeIIL1(OH2)]2+ and [FeIIL2(OH2)]2+ as well as the iron(IV)-
460oxido complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+ do not
461react with each other; both reactions were observed to yield a
462mixture of the respective starting materials.
463To gain a deeper insight into this reactivity, these individual
464comproportionation reactions were followed by stopped-flow
465 f13UV−vis−NIR kinetics (Figure 13). The presence of both
466iron(II) and iron(IV)-oxido complexes was measured at the
467respective absorption maxima ([FeI IL1(OH2)]2+/

Figure 9. Pourbaix diagram of [FeIIIL1(OH)]2+ (blue squares) and
[FeIIL2(OH2)]2+ (orange diamonds). The slope values of both lines
are −59 mV/pH, which indicates a proton-coupled electron transfer
(PCET) and was reported for L1 in the literature.8
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468 [FeIIL2(OH2)]2+: λ = 450 nm, [FeIVL1(O)]2+: λ = 720 nm,
469 and [FeIVL2(O)]2+: λ = 730 nm).
470 A comparison of the decreasing absorption of both iron(II)
471 and iron(IV)-oxido species over time suggests a bimolecular
472 reaction of both complexes (not shown; please refer to the
473 Figure S4, p 10). Using the same analytical kinetics we applied
474 to study the reaction of [FeIVL1(O)]2+ with organic substrates
475 in our previous work,11 we obtained rate constants in the order
476 of 1.5−4.2 × 104 L mol−1 s−1 (refer to the Supporting
477 Information, p 9f for detailed calculations.) These values are
478 4−6 orders of magnitude larger than those observed for
479 [FeIVL1(O)]2+ with a variety of alkyl group-bearing substrates,
480 both the ones tested in this work (vide infra) and in our
481 previous work.11

482 The stopped-flow UV−vis−NIR measurements were
483 repeated in deuterated water, and the same linear regression
484 calculations were performed. A kinetic isotope effect (KIE) was
485 observed in the range of 1.9 to 5.6, which would suggest a
486 proton transfer to be the rate-limiting step in this reaction.

487Interestingly, this isotope effect seems to be more pronounced
488in comproportionation reactions involving iron complexes with
489the ligand system L2. A comparison of all conducted
490measurements in water or deuterated water is provided in
491the Figures S4−S6, p 11ff.
492Substrate Oxidation by Iron(IV)-Oxido Species. In the
493next step, we wanted to confirm the oxidative capabilities of
494[FeIVL2(O)]2+ and compare the reactivities of the two
495different ligand systems in substrate oxidation processes.
496Therefore, complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+
497were reacted with selected substrates chosen on the basis of
498 c2the work of Chantarojsiri et al.8 (Chart 2). Due to the high
499reactivity of the iron(IV)-oxido complexes toward organic
500substrates, no organic buffers could be used. Due to solubility
501issues in phosphate buffer, pure water was chosen. The pH
502value after the addition of all components was measured at

Figure 10. (A) Proposed mechanism for the reaction of [FeIVL1(O)]2+ with an organic substrate R-H that contains a C−H bond via hydrogen
atom transfer (HAT) and subsequent rebound.9 (B) Observed comproportionation reaction of the iron(II) complex [FeIIL1(OH2)]2+ and the
iron(IV)-oxido complex [FeIVL1(O)]2+ to yield iron(III)-hydroxido species [FeIIIL1(OH)]2+.

Figure 11. Excerpt of a cryo-UHR−MS spectrum of the reaction
mixture of [FeIVL1(O)]2+ with an organic substrate (5-methyl
cytosine, 5mC) as well as simulated mass spectra of [FeIVL1(O)]2+
(red, middle spectrum) and [FeIIIL1(OH)]2+ (blue, lower spectrum).

Figure 12. Excerpt of a UV−vis−NIR spectrum of the comproportio-
nation reaction of [FeIIL1(OH2)]2+ and [FeIVL1(O)]2+ (blue dotted
line) as well as a reference spectrum of [FeIIIL1(OH)]2+ (orange solid
line) in water at room temperature. A graph also containing
[FeIIL1(OH2)]2+ and [FeIVL1(O)]2+ as reference can be found in
the Supporting Information, p 27 (Figure S30).8
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503 4.77 ± 0.10 at the beginning of the reaction and found to
504 decrease to 4.68 during the reaction (refer to the Figure S2, p 7
505 for details).
506 The reaction was followed with UV−vis−NIR spectroscopy
507 at the characteristic iron(IV)-oxido absorption band (λ = 720
508 nm for [FeIVL1(O)]2+ and λ = 730 nm for [FeIVL2(O)]2+),
509 which decreases during the reaction as the iron(IV)-oxido

f14 510 species is consumed (Figure 14A). The reaction rates were
511 calculated using the method of initial rates. The newly

512synthesized [FeIVL2(O)]2+ reacts slightly faster with the
513substrates benzyl alcohol (10.94 L mol−1 s−1) and ethyl-
514benzenesulfonic acid (16.75 L mol−1 s−1) than the literature-
515known compound [FeIVL1(O)]2+ (7.40 and 11.99 L mol−1 s−1,
516respectively). In the case of benzaldehyde, no significant
517difference in reaction rates could be observed (2.08 L mol−1

518s−1 for [FeIVL2(O)]2+ and 2.77 L mol−1 s−1 for [FeIVL1(O)]2+;
519Figure 14B). The faster reaction of both iron complexes with
520benzyl alcohol as the substrate compared to benzaldehyde is in
521accordance with the reactivity expected from the correspond-
522ing C−H bond dissociation energies of the substrates (83.0
523kcal mol−1 for benzyl alcohol54 and 89.3 kcal mol−1 for
524benzaldehyde55). Hydrogen atom transfer occurs faster with
525lower BDE, and this observation supports the reaction
526mechanism proposed in Figure 10.
527To ensure that substrate oxidation occurred, the products
528after the reaction with the iron(IV)-oxido species were
529identified by 1H NMR spectroscopy. In the case of benzyl
530alcohol and benzaldehyde, this was accomplished by extracting
531the aqueous reaction mixture with deuterated chloroform,
532leaving the remaining iron species in the aqueous layer. As

Figure 13. Equimolar reaction of iron(II) and iron(IV)-oxido species followed by stopped-flow UV−vis−NIR spectroscopy at the respective
absorption band (iron(II): λ = 450 nm; iron(IV): λ = 720/730 nm). Conditions: [[FeIIL1(OH2)]2+ or [FeIIL2(OH2)]2+] = [[FeIVL1(O)]2+ or
[FeIVL2(O)]2+] = 0.5 mM, H2O, 25 °C.

Chart 2. Overview of Substrates (S) Tested in the Reactivity
Study

Figure 14. (A) Reaction of [FeIVL1(O)]2+ and [FeIVL2(O)]2+ with different substrates monitored by UV−vis−NIR absorption at λ = 720 nm
([FeIVL1(O)]2+) or λ = 730 nm ([FeIVL2(O)]2+) and (B) calculated rate constants for these reactions (refer to the literature11 and the Supporting
Information, p 7 for calculation method, exact values, and comparison with corresponding BDE values). Conditions: [[FeIVL1(O)]2+/
[FeIVL2(O)]2+] = [S] = 0.5 mM, H2O, rt. The experiments were conducted in triplicate and averaged.
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533 expected, benzyl alcohol was first converted into benzaldehyde,
534 which reacted further to benzoic acid (Figures S15−S18). As
535 the substrate ethylbenzenesulfonic acid (EBS) remained in the
536 aqueous layer, this method could not be applied here. To
537 separate the formed products from the iron species present, the
538 yellowish reaction mixture was filtered over silica. The yellow
539 iron species remained on the silica, and the clear filtrate was
540 analyzed with 1H NMR spectroscopy (Figures S27 and S28).
541 In addition to the EBS starting material, two new species could
542 be observed, which were attributed to the hydroxylated (4-(1-
543 hydroxyethyl)benzenesulfonic acid) and carbonylated (4-
544 acetlybenzenesulfonic acid) derivative of EBS. LC−MS
545 measurements support this assumption (Figures S64 and
546 S65, p 46). Control reactions with the corresponding iron(II)
547 or iron(III) species revealed no oxidation of the substrates
548 under the applied conditions (please refer to the Figures S19−
549 S26 and S29, p 21ff). The results presented herein show that
550 the complex with L2 is a suitable model system for further
551 investigations of iron-dependent nonheme enzymes, just as
552 [FeIVL1(O)]2+ has been used in recent years as a model
553 system.9−11 The observed difference in reaction rates with
554 organic substrates might offer intriguing possibilities for
555 differential oxidation of several substrates in the same reaction
556 mixture, depending on the added iron catalyst, mimicking
557 complex enzyme mixtures in living cells.
558 Iron(III) to Iron(II) Conversion. Puzzled by the detection
559 of iron(II) species upon the application of iron(III) species in
560 some cyclic voltammetry experiments, a possible reduction of
561 iron(III) under the applied conditions was assumed. To test
562 the stability of the iron(III) species in aqueous solution, UV−
563 vis−NIR spectra of [FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+

f15 564 were recorded at certain time intervals (see Figure 15).
565 The UV−vis−NIR spectra show that when [FeIIIL2(OH)]2+
566 is stored in aqueous solution at ambient conditions, a new
567 absorption band is formed after some time (Figure 15A). The
568 higher intensity and position of this new absorption band
569 (about λ = 450 nm) suggest the formation of the
570 corresponding iron(II) species. To test this hypothesis, a
571 sample of [FeIIIL2(OH)]2+ in water was kept under ambient
572 conditions for 5 weeks, the solvent was removed, and the
573 sample was subjected to Mössbauer measurements. The
574 spectra revealed that 37% of the iron(III) species has been

575converted into an iron(II) species (not shown; please refer to
576the Figure S67, p 47). The parameters of the newly observed
577species are similar but not identical to the iron(II)/iron(III)
578reference samples (see Table S6, p 47), and this slight
579difference is attributed to the assumed presence of water as a
580co-ligand for the iron(II) species (instead of acetonitrile) and
581possible ligand oxidation for both species. The complex with
582the other ligand system [FeIIIL1(OH)]2+ showed similar
583behavior, but the transformation occurred significantly slower
584(Figure 15B).
585To learn more about this process, three different aqueous
586solutions of [FeIIIL2(OH)]2+ were prepared (a) with exclusion
587of light, (b) under a nitrogen atmosphere using degassed water,
588and (c) under ambient conditions but using deuterated water.
589Light exclusion led to no conversion to iron(II) species over
590the investigated time, and with the exclusion of oxygen, the
591transformation started slower and not immediately (Figure
59215B). As no other suitable reaction partner is present in the
593reaction mixture, we assume that in combination with the
594reduction from iron(III) to iron(II) species, oxidation of the
595ligand occurs. It seems that light is required to start this
596oxidation process, which indicates the involvement of one-
597electron processes. This has been described previously in the
598literature, e.g., a tpena-based iron(III) complex (tpena =
599N,N,N′-tris(2-pyridylmethyl)ethylendiamine-N′-acetate) was
600reported to photolytically release CO2 in a one-electron
601reduction to the respective iron(II) complex with a radical
602present on the ligand.56 Then, traces of oxygen seem to be
603sufficient for the conversion to occur. When [FeIIIL2(OH)]2+

604is dissolved in deuterated water instead of water under ambient
605conditions, no conversion into the iron(II) species is observed
606over the investigated time (Figure 15B), suggesting that proton
607transfer also seems to play a role in this transformation process.
608These findings show that after the comproportionation of
609iron(II) and iron(IV) species, the resulting iron(III)
610compound seems not to be the final product in this complex
611mixture. Even though magnitudes of dimensions lie between
612the reaction rates of these two different processes (seconds for
613the comproportionation and days/weeks for iron(III) to
614iron(II) conversion), it appears that, in the end, the most
615stable species is an iron(II) complex under the conditions
616applied here.

Figure 15. (A) UV−vis−NIR spectra of [FeIIIL2(OH)]2+ in aqueous solution under ambient conditions and exposed to light after different times
and (B) absorbance of [FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ at λ = 450 nm over time. Conditions: [[FeIIIL1(OH)]2+ or [FeIIIL2(OH)]2+] = 0.5
mM, H2O, 25 °C. Additional spectra are provided in the Figure S33, p 28.
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617 ■ CONCLUSIONS
618 In this work, we presented a comprehensive overview of the
619 iron(II), iron(III)-hydroxido, and iron(IV)-oxido chemistry of
620 two pentapyridyl ligands, L1 and L2. With the exception of
621 [FeIVL2(O)]2+, we provided a full set of X-ray structures for all
622 three oxidation states for both ligands, including the relatively
623 rare low-spin iron(III)-hydroxido complexes, [FeIIIL1(OH)]2+
624 and [FeIIIL2(OH)]2+. We complemented these X-ray
625 structures with further structural investigations using Mössba-
626 uer, EPR, as well as UV−vis−NIR and IR spectroscopy, and
627 the electrochemistry of the iron compounds was studied with
628 cyclic voltammetry investigations. Additionally, UV−vis−NIR
629 kinetic analysis of the reactivity of the iron(IV)-oxido
630 compounds, [FeIVL1(O)]2+ and [FeIVL2(O)]2+, toward a
631 series of substrates was performed. Thereby, we could establish
632 a structure−function relationship between the methyl group in
633 L1-derived compounds and the hydroxyl group in L2-derived
634 compounds. The comproportionation reaction of iron(II)
635 compounds [FeIIL1(OH2)]2+ and [FeIIL2(OH2)]2+ with
636 iron(IV)-oxido complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+
637 was confirmed using UV−vis−NIR spectroscopy and high-
638 resolution mass spectrometry. This finding is especially
639 relevant for the bioinorganic chemistry of these complexes,
640 as it shows that iron model systems of enzymes do undergo
641 significant side reactions.

642 ■ EXPERIMENTAL SECTION
643 Synthesis of 2,2′-(ethane-1,1’diyl)dipyridine (1). According
644 to a modified literature procedure,57 a flame-dried flask was charged
645 with 2-ethylpyridine (6.27 mL, 5.88 g, 54.84 mmol, 2.1 equiv) under
646 an inert atmosphere (nitrogen) and 50 mL of absolute tetrahydrofur-
647 an and then cooled to −78 °C. When a solution of n-butyl lithium
648 (2.5 M in hexane, 20.80 mL, 52.01 mmol, 2.0 equiv) was added
649 dropwise, the solution turned deep red. The mixture was stirred for 60
650 min at −78 °C, and then 2-fluoropyridine (2.21 mL, 2.50 g, 25.8
651 mmol, 1.0 equiv) was added dropwise; the solution was stirred at −78
652 °C for an additional 10 min, and the cooling bath was removed. The
653 reaction mixture was allowed to warm to room temperature and then
654 stirred at room temperature for 3 h. Next, 30 g of ice was added
655 slowly, at which point the mixture turned yellow. An additional 30 mL
656 of Milli-Q grade water was added, and the solution was stirred
657 vigorously for 10 min. The layers were separated, and the aqueous
658 layer was extracted with dichloromethane (3 × 50 mL). The
659 combined organic layers were dried over anhydrous magnesium
660 sulfate, and the solvents were removed in vacuo to yield a yellow to
661 orange oil as the crude product. Excess 2-ethylpyridine was removed
662 under reduced pressure to yield product 1 as a yellow to orange oil in
663 84% yield (3.79 g). RF = 0.23 (silica, UV, 80% ethyl acetate -
664 hexanes). 1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.55 (ddd, J =
665 4.9 Hz, J = 1.9 Hz, J = 0.9 Hz, 2H), 7.60 (td, J = 7.7 Hz, J = 1.8 Hz,
666 2H), 7.28 (dd, J = 7.9 Hz, J = 1.0 Hz, 2H), 7.11 (ddd, J = 7.5 H, J =
667 4.9 Hz, J = 1.2 Hz, 2H), 4.48 (q, J = 7.2 Hz, 2H), 1.76 (d, J = 7.2 Hz,
668 3H) ppm. 13C NMR (100.0 MHz, CDCl3, 295 K): δ = 163.9, 149.3,
669 136.6, 122.5, 121.5, 49.9, 19.8 ppm. NMR data are in accordance with
670 the literature.57 HR−MS (ESI): Calculated for C12H13N2 [M + H]+:
671 185.10787 m/z; Found: 185.10723 m/z.
672 Synthesis of L1. According to a modified literature procedure,8,9 a
673 flame-dried flask was charged with 1 (2.00 g, 10.9 mmol, 3.0 equiv),
674 36 mL of absolute 1,4-dioxane under an inert atmosphere (nitrogen),
675 and 4 mL of absolute tetrahydrofuran and cooled to 0 °C. When a
676 solution of n-butyl lithium (2.5 M in hexane, 4.34 mL, 10.9 mmol, 3.0
677 equiv) was added, the solution turned dark red. The solution was
678 stirred for 45 min at 0 °C, at which time 2,6-dichloropyridine (535.5
679 mg, 3.62 mmol, 1.0 equiv) was added all at once. The reaction
680 mixture was allowed to warm to room temperature and then heated to
681 reflux for 60 h (bath temperature 105 °C). When the solution had

682turned from deep red to light brown and thin-layer chromatography
683showed no change during a time span of 6 h, the mixture was allowed
684to cool to room temperature. Then, 20 mL of water was added, and
685the mixture was extracted with dichloromethane (3 × 70 mL). The
686combined organic layers were then dried over anhydrous magnesium
687sulfate, and the solvents were removed in vacuo. Afterward, 40 mL of
688methanol was added, and the solvents were removed in vacuo to
689remove residual 1,4-dioxane. A deep red oil was obtained as the crude
690product. Diethyl ether was added until a yellow precipitate began to
691form, which was filtered off, washed with diethyl ether (1 × 10 mL),
692and dried to yield the product L1 as a yellow solid in 91% yield. RF =
6930.10 (silica, UV, 80% ethyl acetate - hexanes). 1H NMR (400.0 MHz,
694CDCl3, 295 K): δ = 8.51 (ddd, J = 4.8 Hz, J = 1.9 Hz, J = 0.9 Hz, 4H),
6957.54 (t, J = 7.9 Hz, 1H), 7.39 (ddd, J = 8.1 Hz, J = 7.5 Hz, J = 1.9 Hz,
6964H), 7.05 (d, J = 7.9 Hz, 2H) 7.04 (ddd, J = 7.5 Hz, J = 4.8 Hz, J =
6971.1 Hz, 4H), 6.84 (dt, J = 8.0 Hz, J = 1.0 Hz, 4H), 2.21 (s, 6H) ppm.
69813C NMR (100.0 MHz, CDCl3, 295 K): δ = 166.2, 166.3, 148.5,
699136.8, 135.6, 124.1, 121.0, 120.0, 60.1, 26.8 ppm. NMR data are in
700accordance with the literature.8 HR−MS (ESI): Calculated for
701C29H26N5 [M + H]+: 444.21882 m/z; Found: 444.21811 m/z. IR
702(thin film): ν∼ = 3053, 2992, 1566, 1466, 1428, 1365, 1293, 1153,
7031102, 1078, 1067, 1046, 991, 962, 903, 875, 799, 786, 768, 752, 699,
704654 cm−1.
705Synthesis of [FeIIL1(MeCN)](OTf)2. According to a modified
706literature procedure,8,9 ligand L1 (300.0 mg, 0.679 mmol, 1.0 equiv)
707was dissolved in 15 mL of acetonitrile under a nitrogen atmosphere.
708Iron(II)bis(acetonitrile)bis(triflate) (294.9 mg, 0.679 mmol, 1.0
709equiv) was added as a solid, turning the solution deep red. The
710mixture was then stirred for an additional 5 min, and then diethyl
711ether was diffused into the solution under ambient conditions to give
712the product [FeIIL1(MeCN)](OTf)2 as brown crystals in 91% yield
713(516.0 mg). 1H NMR (400.0 MHz, CD3CN, 295 K): δ = 9.81 (d, J =
7145.9 Hz, 4H), 8.03 (s, 3H), 7.93 (d, J = 3.8 Hz, 8H), 7.54 (m, 4H),
7152.75 (s, 6H), 1.96 (s, 3H) ppm. 13C NMR (100.0 MHz, CD3CN, 295
716K): δ = 165.0, 163.0, 158.2, 140.1, 139.7, 124.3, 123.8, 122.1, 118.3,
71755.7, 24.2 ppm. NMR data is in accordance with the literature.8 HR−
718MS (ESI): Calculated for C30H25F3FeN5O3S [Fe(L1)(MeCN)-
719(OTf)]+: 648.09796 m/z; Found: 648.09648 m/z. Calculated for
720C31H28FeN6 [Fe(L1)(MeCN)]2+: 270.08625 m/z; Found: 270.08562
721m/z. Elemental Analysis: Calculated for C33H28F6FeN6O6S2: C
72247.27, H 3.37, N 10.02, S 7.65; Found: C 47.03, H 3.33, N 9.94, S
7237.86. IR (thin film): ν∼ = 1598, 1469, 1442, 1415, 1281, 1251, 1225,
7241149, 1070, 1028, 865, 791, 761, 702 cm−1.
725Synthesis of [FeIIL1(OH2)](BF4)2. According to a modified
726literature procedure,8 ligand L1 (90.0 mg, 0.190 mmol, 1.0 equiv)
727was dissolved in 4.0 mL of acetone. Hexaqua iron(II) bis-
728(tetrafluoroborate) (64.2 mg, 0.190 mmol, 1.0 equiv) was dissolved
729in 0.5 mL of water and then added to the solution of the ligand,
730turning the solution red-brown. The mixture was stirred for 5 min,
731and then diethyl ether was diffused into the solution to give the
732product [FeIIL1(OH2)](OTf)2 as a red-brown powder in 73% yield
733(100.0 mg). HR−MS (ESI): Calculated for C29H25FFeN5 [Fe(L1)-
734(F)]+: 518.14434 m/z; Found: 518.14454 m/z. Calculated for
735C31H28FeN6 [Fe(L1)(MeCN)]2+: 270.08625 m/z; Found:
736270.05525 m/z. Calculated for C31H28FeN6 [Fe(L1)]2+: 249.5730
737m/z; Found: 249.5730 m/z. Elemental Analysis: Calculated for
738C29H27B2F8FeN5O: C 50.41, H 3.94, N 10.15.; Found: C 50.43, H
7393.80, N 10.11. IR (thin film): ν∼ = 3398, 1653, 1597, 1465, 1442,
7401412, 1390, 1283, 1069, 993, 863, 768 cm−1.
741Synthesis of [FeIIIL1(OH)](OTf)2. Ligand L1 (1.00 g, 2.25 mmol,
7421.0 equiv) was suspended in 40 mL of water. Iron(III) triflate (1.51
743mg, 3.00 mmol, 1.3 equiv) was added as a solid. The mixture turned
744orange-red upon mixing; the mixture was sonicated for 1 h at 40 °C
745which led to a color change to deep red. Additional iron(III) triflate
746(0.56 g, 1.11 mmol, 0.8 equiv) was added, and the mixture was
747sonicated briefly. The mixture was filtered through a sintered glass frit,
748and sodium triflate (775.0 mg, 4.50 mmol) was added as a solid to the
749filtrate. The mixture was stored at 4 °C for 3 days. The formed
750crystals were washed with water and dried in vacuo to give
751[FeIIIL1(OH)](OTf)2 (no yield determined). The precipitate
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752 obtained from filtering was collected and recrystallized from water (40
753 °C) to give [FeIIIL1(OH)](OTf)2 × 2 H2O (no yield determined).
754 HR−MS (ESI): Calculated for C29H26FeN5O [FeL1(OH)]2+:
755 258.07434 m/z; Found: 258.07355 m/z. Elemental Analysis:
756 Calculated for C31H26F6FeN5O7S2: C 45.71, H 3.22, N 8.60, S 7.87.
757 Found: C 44.17, H 3.36, N 8.07, S 7.78. Calculated for
758 C31H30F6FeN5O9S2 (FeIIIL1(OH)](OTf)2 × 2H2O): C 43.78, H
759 3.56, N 8.23, S 7.54. Found: C 43.53, H 3.42, N 8.06, S 7.99. IR (thin
760 film): ν∼ = 3424, 3091, 1657, 1599, 1462, 1447, 1390, 1256, 1224,
761 1154, 1103, 1026, 914, 868, 847, 782, 764, 742, 664 cm−1.
762 Synthesis of [FeIVL1(O)][Ce(NO3)6]. According to a modified
763 literature procedure,8,9 [FeIIL1(MeCN](OTf)2 (100 mg, 0.119 mmol,
764 1.0 equiv) was dissolved in 1.5 mL of 3:1 acetonitrile:water.
765 Cerium(IV) ammonium nitrate (347.1 mg, 0.633 mmol, 5.3 equiv)
766 was added as a solid, and the mixture was sonicated for 60 s. As a pale
767 green precipitate began to form, the reaction mixture was placed in an
768 ice bath to complete the precipitation. The solid was collected on a
769 sintered glass frit, washed with 1.5 mL of ice cold 3:1 acetonitrile:-
770 water, and dried in vacuo to yield product [FeIVL1(O)][Ce(NO3)6]
771 as a pale green solid (107.2 mg, 87%). Elemental Analysis:
772 Calculated for C29H25CeFeN11O19: C 33.90, H 2.45, N 14.99.
773 Found: C 33.81, H 2.58, N 15.20. ICP-OES: Fe: 52.3 mg/g ≙ 0.937
774 mmol/g; Ce: 131.5 mg/g ≙ 0.939 mmol/g; Molecular ratio of Fe:Ce
775 = 1:1. IR (thin film): ν∼ = 1600, 1496, 1277, 1033, 864, 822, 804,
776 784, 760, 742 cm−1. UV−vis-NIR (H2O): λ = 720 nm (ε = 277 l
777 mol−1 cm−1).
778 Synthesis of Pyridine-2,6-diylbis(pyridin-2-ylmethanone)
779 (2). According to a modified literature procedure,2 a flame-dried
780 flask was charged with 2-bromo pyridine (2.62 mL, 4.25 g, 26.88
781 mmol, 3.0 equiv), and 100 mL of absolute tetrahydrofuran was added.
782 After cooling the mixture to −78 °C, a solution of n-butyl lithium (2.5
783 M in hexanes, 10.75 mL, 1.72 g, 26.88 mmol, 3.0 equiv) was added
784 dropwise, resulting in a color change to yellowish brown. The mixture
785 was stirred at −78 °C for 10 min, and then a solution of 1-(6-(1,1-
786 dipyridin-2-yl)ethyl)pyridin-2-yl)ethan-1-one (0.224 M in tetrahy-
787 drofuran, 40.0 mL, 2.0 g, 8.96 mmol, 1.0 equiv) was added dropwise;
788 the solution’s color slowly changed to a very dark green. The reaction
789 was stirred at −78 °C for 40 min; then, 50 mL methanol was added
790 slowly to quench the reaction. The mixture was allowed to warm to
791 room temperature, 100 mL of aqueous hydrochloric acid (3 M) was
792 added, and the organic solvents were removed via rotary evaporation
793 (90 mbar at 40 °C). The mixture was transferred to a separatory
794 funnel. Additional 10 mL of aqueous hydrochloric acid (3 M) was
795 added, and the mixture was washed with dichloromethane (2 × 25
796 mL); this organic layer was discarded. The aqueous layer was basified
797 to pH 12 with an aqueous solution of sodium hydroxide (19 M) and
798 extracted with dichloromethane (3 × 100 mL). These combined
799 organic layers were dried over anhydrous magnesium sulfate, and the
800 solvents were removed in vacuo to yield the crude product.
801 Recrystallization at room temperature from acetone/diethyl ether
802 gave pure product 2 as a colorless crystalline solid in 67% yield (1.74
803 g). RF = 0.13 (silica, UV, 10% triethyl amine, 50% ethyl acetate, 40%
804 hexanes). 1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.75 (ddd, J =
805 4.7 Hz, J = 1.7 Hz, J = 0.9 Hz, 2H), 8.31 (d, J = 8.0 Hz, 2H), 8.19 (dt,
806 J = 7.9 Hz, J = 1.1 Hz, 2H), 8.11 (dd, J = 8.2 Hz, J = 7.4 Hz, 1H), 7.79
807 (td, J = 7.8 Hz, J = 1.8 Hz, 2H), 7.45 (ddd, J = 7.6 Hz, J = 4.7 Hz, J =
808 1.2 Hz, 2H) ppm. NMR data are in accordance with the literature.2

809 HR−MS (ESI): Calculated for C17H12N3O2 [M + H]+: 290.09295 m/
810 z; Found: 290.09271 m/z.
811 Synthesis of L2. According to a modified literature procedure,2 a
812 flame-dried flask was charged with 2-bromo pyridine (0.36 mL, 0.58 g,
813 3.66 mmol, 2.12 equiv), and 80 mL of absolute tetrahydrofuran was
814 added. After the mixture was cooled to −78 °C, a solution of n-butyl
815 lithium (2.5 M in hexanes, 1.49 mL, 0.24 g, 3.72 mmol, 2.15 equiv)
816 was added dropwise, resulting in a color change to yellowish brown.
817 The mixture was stirred at −78 °C for 10 min, and then a solution of
818 2 (57.5 mM in tetrahydrofuran/1,4-dioxane (4:1), 30.0 mL, 0.5 g,
819 1.73 mmol, 1.0 equiv) was added dropwise, and the solution’s color
820 changed first to red and then to a very dark green. The reaction was
821 stirred at −78 °C for 60 min, then allowed to warm to room

822temperature. When LC−MS confirmed complete consumption of 2,
82350 mL of methanol was added slowly to quench the reaction. Then,
824100 mL of aqueous hydrochloric acid (3 M) was added, the organic
825solvents were removed via rotary evaporation (90 mbar @ 40 °C),
826and the mixture was transferred to a separatory funnel. An additional
82710 mL of aqueous hydrochloric acid (3 M) was added, and the
828mixture was washed with dichloromethane (2 × 25 mL); this organic
829layer was discarded. The aqueous layer was basified to pH 12 with an
830aqueous solution of sodium hydroxide (19 M) and extracted with
831dichloromethane (3 × 100 mL). These combined organic layers were
832dried over anhydrous magnesium sulfate, and the solvents were
833removed in vacuo to yield the crude product. Recrystallization at
834room temperature from acetone/diethyl ether gave the pure product
835L2 as a colorless solid in a 38% yield (290.0 mg). RF = 0.04 (silica,
836UV, 10% methanol, 90% dichloromethane) 1H NMR (400.0 MHz,
837CDCl3, 295 K): δ = 8.49 (ddd, J = 4.9 Hz, J = 1.8 Hz, J = 1.0 Hz, 4H),
8387.73−7.71 (m, 3H), 7.52 (ddd, J = 8.0 Hz, J = 7.3 Hz, J = 1.8 Hz,
8394H), 7.44 (dt, J = 8.0 Hz, J = 1.1 Hz, 4H), 7.17−7.13 (m, 6H) ppm.
840NMR data are in accordance with the literature.2 HR−MS (ESI):
841Calculated for C27H22N5O2 [M + H]+: 448.17735 m/z; Found:
842448.17693 m/z.
843Synthesis of [FeIIL2(MeCN)](OTf)2. According to a modified
844literature procedure,8,9 ligand L2 (51.0 mg, 0.114 mmol, 1.0 equiv)
845was dissolved in 2.55 mL of acetonitrile. Iron(II)bis(acetonitrile)bis-
846(triflate) (49.7 mg, 0.114 mmol, 1.0 equiv) was added as a solid,
847turning the solution deep red. The mixture was then stirred for an
848additional 5 min, and then diethyl ether was diffused into the solution
849under ambient conditions to give the product [FeIIL2(MeCN)]-
850(OTf)2 × H2O as brown crystals in 77% yield (80.0 mg). 1H NMR
851(400.0 MHz, CD3CN, 295 K): δ = 9.73 (d, J = 5.8 Hz, 4H, HPy), 8.17
852(m, 5H, HPy/H-2/H-3), 7.98 (ddd, J = 8.1 Hz, J = 7.4 Hz, J = 1.4 Hz,
8534H, HPy), 7.56 (ddd, J = 7.4 Hz, J = 5.8 Hz, J = 1.5 Hz, 4H, HPy), 6.85
854(s, 2H, OH), 1.96 (s, 3H, CH3CN) ppm. 13C NMR (100.0 MHz,
855CD3CN, 295 K): δ = 164.5 (CPy‑quart), 163.1 (C-1), 158.1 (CPy),
856140.7 (C-2), 140.0 (CPy), 124.9 (CPy), 122.4 (CPy), 121.0 (C-3), 80.7
857(C-4) ppm. HR−MS (ESI): Calculated for C30H25F3FeN5O3S
858[FeL2(OTf)]+: 652.05649 m/z; Found: 652.05432 m/z. Elemental
859Analysis: Calculated for C33H30F6FeN6O7S2 ([FeIIL2(MeCN)]-
860(OTf)2 × H2O): C 43.27, H 3.05, N 9.77, S 7.45. Found: C 43.25,
861H 3.12, N 9.79, S 7.91. IR (thin film): ν∼ = 3288, 1738, 1603, 1469,
8621444, 1373, 1276, 1244, 1224, 1157, 1096, 1028, 887, 800, 762, 712,
863661 cm−1. UV−vis-NIR (MeCN): λ = 347 nm (ε = 5315 l mol−1

864cm−1); λ = 420 nm (ε = 5415 l mol−1 cm−1).
865Synthesis of [FeIIIL2(OH)](OTf)2. A scintillation vial was charged
866with finely ground L2 (200.0 mg, 0.447 mmol, 1.0 equiv) and 1.1 mL
867of water. Iron(III) triflate (247.3 mg, 0.492 mmol, 1.1 equiv) was
868added, and the suspension was mixed by pumping of an Eppendorf
869pipet. The mixture was sonicated for 60 s, shaken, and again sonicated
870for 60 s, resulting in a dark red suspension. The mixture was then
871syringe-filtered (PTFE, 0.45 μm) to give a clear red-orange solution.
872This was placed in a fridge at 4 °C for 3 days until dark red crystals
873had formed. The supernatant was removed, and the crystals were
874washed with water (2 × 0.5 mL, brief sonication) and subsequently
875dried in vacuo to give the pure product [FeIIIL2(OH)](OTf)2 as
876brown crystals (67%). HR−MS (EI): Calculated for C27H22FeN5O3
877[FeL2(OH)]2+: 260.0536 m/z; Found: 260.0548 m/z. Elemental
878Analysis: Calculated for C29H24F6FeN5O10S2 [FeL2(OH)](OTf)2 ×
879H2O: C 41.64, H 2.89, N 8.37, S 7.67. Found: C 41.71, H 2.92, N
8808.24, S 7.94. IR (thin film): ν∼ = 3450, 3264, 1739, 1604, 1458,
8811445, 1364, 1278, 1243, 1222, 1152, 1097, 1027, 927, 810, 795, 766,
882741, 675, 662 cm−1.
883Synthesis of [FeIVL2(O)][Ce(NO3)6]. According to a modified
884literature procedure,8,9 [FeIIL2(MeCN)](OTf)2 (80 mg, 0.950 mmol,
8851.0 equiv) was dissolved in 1.2 mL of 3:1 acetonitrile:water.
886Cerium(IV) ammonium nitrate (276.4 mg, 0.504 mmol, 5.3 equiv)
887was added as a solid, and the mixture was sonicated for 60 s. As a pale
888green precipitate began to form, the reaction mixture was placed in
889the refrigerator at 4 °C to complete the precipitation. The solid was
890collected via centrifugation (600 rpm), washed with 10.5 mL of ice
891cold 3:1 acetonitrile:water, and dried in vacuo to yield product
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892 [FeIVL2(O)][Ce(NO3)6] as a pale green solid (89%). Elemental
893 Analysis: Calculated for C27H23CeFeN11O22 ([FeIVL2(O)][Ce-
894 (NO3)6] × H2O): C 30.90, H 2.21, N 14.68. Found: C 30.71, H
895 2.54, N 15.05. HR−MS (ESI): Calculated for C27H21FeN5O3
896 [FeIVL2(O)]2+: 259.5497 m/z; Found: 259.5492 m/z. IR (thin
897 film): ν∼ = 1605, 1504, 1463, 1278, 1170, 1098, 1029, 830, 805, 780,
898 763, 742, 661, 626, 614 cm−1. UV−vis-NIR (H2O): λ = 720 nm (ε =
899 292 l mol−1 cm−1).
900 Reaction Rate Determination via UV−Vis−NIR Spectrosco-
901 py. Benzyl alcohol, benzaldehyde, and ethylbenzenesulfonic acid were
902 used as substrates. An aqueous solution of [FeIVL1(O)]2+ or
903 [FeIVL2(O)]2+ (25 μL, 10 mM, 1 equiv) was diluted with water
904 (450 μL), and this mixture was added to a 500 μL cuvette with an
905 aqueous solution of the substrate (25 μL, 10 mM, 1 equiv).
906 Measurements were started immediately after addition, and spectra
907 were recorded over a time period of 15 min. The method of initial
908 rates was applied to calculate the reaction rate constants. The
909 obtained absorption values were converted to concentrations using
910 the Lambert−Beer Law. The therefore needed extinction coefficient
911 was obtained by recording UV−vis−NIR spectra of the complexes in
912 different concentrations and applying linear regression on a plot of
913 absorbance against concentration (ε = 277.2 L mol−1 cm−1 for
914 [FeIVL1(O)]2+ and ε = 291.6 L mol−1 cm−1 for [FeIVL2(O)]2+).
915 Reaction rates were obtained by linear regression of the decreasing
916 concentrations and transformed into rate constants. For results, refer
917 to Table S2, p 7.
918 Product Identification via 1H NMR Spectroscopy−BnOH
919 and PhCHO. All aqueous solutions were prepared in deuterated
920 water. Benzyl alcohol and benzaldehyde were used as substrates. A
921 solution of the substrate in deuterated water (400 μL, 10 mM, 1
922 equiv) was mixed with a solution of [FeIVL1(O)]2+ or [FeIVL2(O)]2+
923 in deuterated water (400 μL, 10 mM, 1 equiv) and reacted for 30 min
924 at 25 °C. A solution of deuterated hydrochloric acid in deuterated
925 water (400 μL, 2 mM) was added, and the reaction solution was
926 extracted with deuterated chloroform (2 × 400 μL). The combined
927 organic phases were transferred into an NMR tube, and a 1H NMR
928 spectrum was recorded.
929 Product Identification via 1H NMR Spectroscopy−EBS. A
930 solution of ethylbenzylsulfonic acid (EBS) in deuterated water (500
931 μL, 10 mM, 1 equiv) was mixed with a solution of [FeIVL1(O)]2+ or
932 [FeIVL2(O)]2+ in deuterated water (500 μL, 10 mM, 1 equiv) and
933 reacted for 30 min at 25 °C. The reaction mixture was filtered over
934 silica (1 mL syringe equipped with cotton and silica filled to the 0.5
935 mL mark). The colorless filtrate was transferred into an NMR tube,
936 and a 1H NMR spectrum recorded.
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