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ABSTRACT: The reduction of nitrite (NO2
–) to generate nitric oxide (NO) is a significant area of research due to their roles in 

the global nitrogen cycle. Here we describe various modifications of the tris(5-cyclohexyliminopyrrol-2-ylmethyl)amine 
H3[N(piR)3] ligand where the steric bulk and acidity of the secondary coordination sphere were explored in the non-heme iron 
system for nitrite reduction. The cyclohexyl and 2,4,6-trimethylphenyl variants of the ligand were used to probe the mechanism 
of nitrite reduction. While previously stoichiometric addition of nitrite to the iron(II)-species generated an iron(III)-oxo complex, 
changing the secondary coordination sphere to mesityl resulted in an iron(III)-hydroxo complex. Subsequent addition of an elec-
tron and two protons led to the release of water and regeneration of the starting iron(II) catalyst. This sequence mirrored the 
proposed mechanism of nitrite reduction in biological systems, where the distal histidine residue shuttles protons to the active site. 
Computational studies aimed at interrogating the dissimilar behavior of the cyclohexyl and mesityl ligand systems resulting in 
Fe(III)-oxo and Fe(III)-hydroxo complexes, respectively, shed light on the key role of H-bonds involving the secondary coordina-
tion sphere on the relative stability of these species.

INTRODUCTION 
Nitrite (NO2

–) and its biochemical properties are an area of signifi-
cant research interest, stemming from the role of nitrite in the global 
nitrogen cycle, its potential to be a therapeutic for diseases affecting 
blood flow, and its recent classification as a ground water contami-
nant.1–8 The biological reduction of nitrite to nitric oxide (NO) re-
quires two protons and one electron and is achieved by a wide range 
of metalloenzymes, including heme-associated globins, molybdo-
flavoproteins, mitochondrial proteins, and cytochrome p450 en-
zymes.1,3,5 To gain a better understanding of enzymatic nitrite reduc-
tion, structural and computational studies were performed and re-
vealed the importance of the hydrogen bonding networks of the pro-
tein superstructure in the reaction sequence.9–14 In cytochrome cd1 
nitrite reductase, for example, the distal histidine residue facilitates 

nitrite bonding to the metal center via a hydrogen bonding interac-
tion and is also intimately involved in the proton-assisted reduction 
of nitrite.9–12  

Several groups have described the transition metal-mediated re-
duction of nitrite, some of which require the addition of proton 
and/or electron sources, such as thiols or acids, to facilitate the reac-
tion.11,12,15–24 We previously reported the influence of hydrogen 
bonding on the reduction of nitrite, nitrate, and chlorine oxyan-
ions.15,23,25,26 Our work corroborated published density functional 
theory (DFT) studies on nitrite reduction27,28 by demonstrating that 
a single hydrogen bonding interaction from the secondary coordina-
tion sphere of our tautomerizable ligand platform tris(5-cyclohex-
yliminopyrrol-2-ylmethyl)amine (H3[N(piCy)3], Scheme 1) stabi-
lizes the nitrito binding mode of nitrite. In our non-heme iron sys-
tem, nitrite is readily reduced, generating a terminal iron(III)-oxo 
complex and NO(g). Unlike other reported examples of nitrite re-
duction, no additional proton and/or electron source is required. 
These results align with those reported by Gilbertson, in which an 
iron pyridinediimine complex, featuring a proton-responsive sec-
ondary coordination sphere, converts nitrite to NO(g).19,20 How-
ever, in contrast to the several reports,16,17,19–21 our system does not 
form an Fe-NO species unless a substoichiometric amount of nitrite 
is added.23   

Given the biological significance of nitrite reduction, we sought 
to catalytically reduce nitrite and gain a better mechanistic under-
standing of its reduction in our system. Examples of heterogeneous, 

 
Scheme 1. Ligand tautomerization. 
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homogenous, and electrocatalytic iron-based systems have been re-
ported for the reduction of nitrite.16,29–36 Herein, we expand our pre-
vious report of stoichiometric nitrite reduction to catalytic nitrite re-
duction using several variants of our ligand platform. The transfer of 
protons from the secondary coordination sphere to the axially 
bound intermediates to generate water is demonstrated and mirrors 
biological systems. The involvement of the secondary coordination 
sphere in facilitating chemical transformations is rare in synthetic in-
organic systems, and accordingly provides important insights into 
the mechanism of nitrite reduction promoted by metalloenzymes. 
 
 
RESULTS AND DISCUSSION 
Catalytic Nitrite Reduction. Our group previously demonstrated 
the role of hydrogen bonding interactions between the secondary 
coordination sphere of the tripodal ligand N(piCy)3 and ancillary 
substrates in a series of iron, manganese, and cobalt com-
plexes.23,25,37,38,39 Moreover, we reported the ability of the biomimetic 
non-heme iron(II) species [N(afaCy)3FeOTf]OTf (1-Cy), (OTf = 
trifluoromethanesulfonate) to bind and reduce nitrite, producing 
NO(g) and a terminal iron(III)-oxo species, [N(afaCy)3FeO]OTf 
(2-Cy).23 The current investigation seeks to catalytically reduce ni-
trite and explore the role of the secondary coordination sphere im-
parted by our ligand in the reduction. 

The protocol for catalytic nitrite reduction was adopted from 
the report describing the catalytic reduction of nitrate (NO3

–) and 
perchlorate (ClO4

–) by [N(afaCy)3FeOTf]OTf (1-Cy) in which 1,2-
diphenylhydrazine (DPH) served as a 2H+/2e- source.25,26 Because 
the reduction of nitrite to nitric oxide and water requires one elec-
tron and two protons, 0.5 equiv DPH (1H+/1e–) and 1 equiv of the 
mild acid 2,6-lutidinium triflate (LuHOTf; 1H+) were needed as the 
source of the requisite protons and electron, shown in Scheme 2. 
The turnover number (TON) of the reaction was determined by 
flowing N2 through the reaction vessel into a separate flask contain-
ing cobalt-tetraphenylporphyrin ((TPP)Co), a known NO(g) scav-
enger (see SI for full experimental details),40 as previously utilized to 
confirm the formation of NO (g).24,41,42 When 0.25 equiv of 1-Cy was 
added, 0.47 equiv of the (TPP)Co was converted to (TPP)Co(NO) 
corresponding to a TON of 1.9 (see Table 1 and Figure S1). Control 
experiments under the same conditions using FeOTf2(MeCN)2 or 

without iron present converted 0.22 equiv and 0.13 equiv of the 
(TPP)Co to (TPP)Co(NO), respectively (Figures S2 and S3).  
The poor catalytic performance of 1-Cy was further investigated. 
Upon analysis by 1H NMR spectroscopy of the crude catalytic reac-
tion, the primary species in solution was identified as the pro-
todemetallated ligand salt N(piCy)3 • 3HOTf (Figure S4).25 Pro-
todemetallation of the catalyst was alleviated by slowly adding a so-
lution of LuHOTf to the reaction mixture with a syringe pump, 
which improved the TON to 6.7 (Figure S5).  

To disfavor the protodemetallation of the ligand in acidic media 
and use of a syringe pump, the cyclohexylamine ligand was replaced 
by aniline to include a more acidic secondary coordination sphere 
(pKa = 10.64 vs 4.6, respectively).43 Because of the modular synthe-
sis of our ligand, we targeted the previously synthesized N(piPh)3 lig-
and.38 The analogous iron(II)-triflate species [N(afaPh)3FeOTf]OTf 
(1-Ph) was generated from the metalation of the ligand with 
Fe(OTf)2(MeCN)2. Under the previously described catalytic con-
ditions, 1-Ph performed marginally better, with 0.55 equiv of the 
(TPP)Co converted to (TPP)Co(NO) and a TON of 2.2 (Figure 
S8). 

In order to further improve the catalytic reduction of nitrite and 
explore the role of the secondary coordination sphere in catalysis, 
the secondary coordination sphere was modified to increase its steric 
bulk. The adamantylamine (Ad) and 2,4,6-trimethylaniline (Mes) 
ligand variants and their corresponding iron(II)-triflate complexes 
([N(afaAd)3FeOTf]OTf, 1-Ad; and [N(afaMes)3FeOTf]OTf, 1-
Mes) were synthesized following the previously described proto-
col.23,37,39 Yellow crystals of 1-Mes suitable for X-ray diffraction were 
grown from a concentrated tetrahydrofuran solution layered with di-
ethyl ether. Refinement of the data revealed a five-coordinate 
iron(II) center in pseudo-trigonal bipyramidal geometry, with a tri-
flate anion bound trans to the apical nitrogen of the tripodal ligand 
(Figure 2). The Fe–Napical (2.247 Å) and Fe–Npyrrole distances (2.074 
– 2.110 Å) composing the equatorial plane were similar to those of 
the previously reported iron(II)-triflate species, 1-Cy.39 Further 
analysis of intraligand bond distances revealed that all three arms of 
the ligand had tautomerized to the azafulvene-amine binding mode, 
with the two C=N stretches observed in the solid-state IR spectrum 
assigned to asymmetric binding of the arms of the ligand to the iron 
center (Figure 1). For these nitrite reduction studies, the adamantyl 

Scheme 2. Comparison of the reduction of nitrite to 2-Cy (left) and 2-Mes (right) with an iron-triflate catalyst.  
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variant served as a bulkier cyclohexyl analogue, while the mesityl var-
iant served as a bulkier phenyl analogue. 1-Ad and 1-Mes were 
tested for their catalytic competence, and both species reached the 
maximum TON of 4 (Figures S13 and S17).  While catalysis could 
be improved through optimization, we merely wanted to understand 
the influence of the secondary sphere on the reaction and not the 
overall catalyst performance. Thus, we concluded that increasing the 
steric bulk of the secondary coordination sphere was more im-
portant for improving catalysis than increasing the ligand pKa (pKa= 
10.6 and 4.4 for 1-adamantylamine and 2,4,6-trimethylaniline, re-
spectively). 
 

Table 1. Catalytic nitrite reduction. Catalyst loadings were 25 mol 
% and were run for 8 h.  

Catalyst (TPP)CoNO (equiv) TON 

1-Cy 0.47 1.9 

1-Ph 0.55 2.2 

1-Ad 1 4.0 

1-Mes 1 4.0 

None 0.13 - 

FeOTf2(MeCN)2 0.22 - 

 
Role of the Secondary Coordination Sphere in Catalysis. To in-
vestigate the mechanism of catalytic nitrite reduction, 1-Mes was 
employed as a model catalyst because of its crystallinity and isolabil-
ity compared to 1-Ad.  

The stoichiometric reduction of nitrite was performed using 1-
Mes. Upon the addition of [NnBu4][NO2] to a solution of 1-Mes, an 
instantaneous color change from yellow to brown was observed, 
consistent with the oxidation of the iron(II) starting material. Fol-
lowing workup, the product (2-Mes) was isolated as a brown crys-
talline solid. Analysis of 2-Mes by 1H NMR spectroscopy revealed 

Figure 1. Crystal structures with ellipsoids at the 50 % probability level. Selected hydrogen atoms, solvent molecules, and counteranions have 
been omitted for clarity.    

 
Table 2. Selected structural parameters of the crystal structures of complexes 1-Mes, 2-Mes, and 4-Mes.  

Bond 1-Mes (Å) 2-Mes (Å) 4-Mes (Å) 

Fe1–N1 2.247(3) 2.2492(12) 2.253(8) 

Fe1–N(pyr) 2.072(3) – 2.111(3) 2.0079(13) – 2.0398(14) 2.294(5) 

Fe1–O1 2.138(6) 1.8538(11) 2.112(7) 

nC=N 1621 ; 1636 cm–1 1634 ; 1651 cm–1 1616 ; 1643 cm–1 

Magnetic moment (μB) 5.52(6)  5.94(9) —a 

t5-parameter 0.80(5) 0.99(80) —b 

a A reliable magnetic moment could not be obtained for complex 4-Mes due to its insolubility. Due to the C3-symmetric nature 
of this complex and accurate t5 could not be calculated. 
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two broad resonances at 77.16 and 60.64 ppm (Figure S18), similar 
to the resonances observed in the 1H NMR spectrum of the previ-
ously reported iron(III)-oxo complex, 2-Cy.23 The solution mag-
netic moment of 2-Mes, determined by the Evan’s method (µeff = 
5.94(9) µB), was consistent with a high-spin, S = 5/2, iron(III) cen-
ter. Although the 1H NMR spectrum of 2-Mes suggested a C3-sym-
metric species, the solid-state IR spectrum contained two C=N 
stretches at 1634 and 1651 cm–1 (Table 2).  

To provide a more definitive understanding of the bonding in 2-
Mes, this complex was characterized by solid-state structural analy-
sis. Refinement of the data revealed that 2-Mes is best described as a 
terminal iron(III)-hydroxo ([N(afaMes)2(piMes)FeOH]OTf, 2-Mes) 
in a pseudo-trigonal bipyramidal geometry with a hydroxide bound 
trans to the apical nitrogen of the tripodal ligand (Figure 1) which is 
consistent with the t5-parameter (see Table 2).44 Hydrogen bonding 
between one amine moiety of the secondary coordination sphere 
and the oxygen of the hydroxo ligand was observed. Another arm ex-
hibited positional disorder, where the amine was either pointing in-
ward toward the iron-hydroxo moiety (not shown in Figure 1) or 
oriented to point away from the iron-hydroxo moiety. The crystal 
structure of 2-Mes demonstrates that both tautomeric forms of the 
arms of the ligand are present based on the intraligand bond dis-
tances and the two C=N stretches in the solid-state IR spectrum 
(Figure S23).  

The Fe1–O1 distance of 1.8539(13) Å in 2-Mes was longer than 
the Fe–O distance of 2-Cy (1.8079(9) Å),23 consistent with its for-
mulation as a hydroxo rather than an oxo species, but was shorter 
than that of Borovik’s iron(III)-hydroxo (1.9315(17) Å),45 presum-
ably due to hydrogen bonding between the hydroxo and the pendant 
imine in the secondary coordination sphere. The other two arms of 
the ligand were in the azafulvene-amine tautomeric form and were 
also engaged in hydrogen bonding interactions. These results sug-
gest that the more acidic and sterically encumbered secondary coor-
dination sphere in 2-Mes does, in fact, influence the reactivity at the 
iron center, as evidenced by the generation of an iron(III)-hydroxo 
rather than an iron(III)-oxo, as in the case with the cyclohexyl ligand 
variant. The formation of an iron(III)-hydroxo is also consistent 

with one proposed pathway of biological nitrite reduction whereby 
an iron(III)-hydroxo and nitric oxide are generated.10,27,28  

In nitrite reduction of biological systems, the iron(III)-hydroxo is 
subsequently protonated and reduced to form water and an iron(II) 
species. To further explore this reactivity in our system, two possible 
pathways for the reduction of 2-Mes to 1-Mes were proposed 
(Scheme 3). The addition of a proton (HOTf) to 2-Mes resulted in 
a new paramagnetic product, 3-Mes, as assayed by 1H NMR spec-
troscopy (Figure S20). Additional characterization by mass spec-
trometry confirmed the formation of doubly charged protonated 
complex ([N(afaMes)2(piMes)FeOH2]2+, Figure S21), leading to the 
formulation of 3-Mes as the iron(III)-aquo mixed-ligand tautomer 
[N(afaMes)2(piMes)Fe(OH2)]OTf2. Moreover, this formulation was 
consistent with the C=N stretches in the solid-state IR spectrum, 
showing two tautomeric forms of the ligand and an O–H stretch at 
3205 cm–1. Subsequent addition of 0.6 equiv DPH to 3-Mes, which 
had been generated in situ, resulted in clean conversion to 1-Mes 
(Scheme 3, A-2) and the generation of water (0.80 equiv quantified 
via Karl Fisher titration, Table S1).  

In the alternative pathway, KC8 was added to 2-Mes resulting in 
the formation of a new paramagnetic iron(II) species (Scheme 3, B-
1). Analysis of the species by 1H NMR spectroscopy revealed para-
magnetic resonances ranging from –4.04 ppm to 29.79 ppm (Figure 
S22). Unfortunately, the low solubility of the complex precluded the 
determination of its magnetic moment by the Evan’s method. To un-
ambiguously establish the identity of the iron-containing species, 
crystals suitable for X-ray diffraction were grown from slow diffusion 
of hexanes into a concentrated tetrahydrofuran solution. Refine-
ment of the data revealed a pseudo-trigonal bipyramidal iron(II) 
center situated on a C3-axis that included the apical nitrogen of the 
ligand, the iron center, and an oxygen atom. Positioning a hydrogen 
atom in the electron density map aided in confirming the presence 
of a hydrogen atom next to the axially bound oxygen (Figure 1), and 
displaying hydrogen bonding interactions with the pendant imine of 
the secondary coordination sphere. Despite the C3-symmetry ob-
served in the crystal structure, two C=N stretches at 1616 and 1643 
cm–1 were observed in the solid-state IR spectrum, suggesting both 
tautomeric forms of the arms of the ligand were present, similar to 

Scheme 3. Mechanistic insights into the nitrite reduction reaction.  
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the previously reported iron(II)-hydroxo complex 
N(piCy)(afaCy)2FeOH (C=N stretches at 1624 and 1655 cm–1). Our 
group has also reported a similar complex featuring 2,6-diiso-
propylphenyl as the capping group of the secondary coordination 
sphere, which was assigned as an iron(II)-aquo complex based on 
the long Fe–O bond (2.107(2) Å). Accordingly, we proposed that 
4-Mes is best described as N(afaMes)(piMes)2Fe(OH2) because of its 
Fe–O bond length of 2.112(7) Å. Moreover, this result suggests that 
reduction from 2-Mes to 4-Mes not only resulted in the electron 
transfer to the metal center but also protonation of the bound sub-
strate, generating an aquo ligand from the hydroxo ligand. Finally, 
treatment of 4-Mes with 2.1 equiv HOTf cleanly regenerated 1-Mes 
upon loss of water (1.05 equiv), as confirmed by Karl-Fisher titration 
(Table S1). 
Computational Studies. To gain further understanding of the dis-
similar behavior of the Mes and Cy ligands in this system (Scheme 
2), DFT calculations at the ωb97xd level were carried out. See Ma-
terials and Methods Section for details.  

According to experiments, the nature of complexes 2-Cy and 2-
Mes is strikingly different; the former is an FeIII-oxo with the three 
arms of the ligand H-bonded to the oxo moiety, while the latter is an 
FeIII-hydroxo species with positional disorder in one arm. To shed 
light on these observations, the structures of plausible conformers in 
the oxo and hydroxo complexes bearing Mes and Cy ligands were 
optimized considering three and two ligand arms pointing inwards, 
all as high-spin species with S = 5/2, as confirmed experimentally 
(Table 2). Attending to the relative Gibbs energies calculated in ac-
etonitrile, the structures with the three arms pointing inwards 
(closed structures) are predicted to be much more stable than the 
ones with one arm rotated (open structures). See Figure S24 for the 
optimized structures. Furthermore, the energy difference between 
the open and closed structures was found to be higher for 2-Cy than 
for 2-Mes (i.e. 8.5 vs 5.9 kcal mol–1).  

Further insight was provided by the non-covalent interaction 
(NCI) analysis depicted in Figure 2 (see SI for details),46 which in-
dicates that H-bonds are the main attractive interactions (blue and 
green colors) with their relative strength ranked according to the 
electron density, ρ(r). In the case of 2-Cy, only one type of H-bond 
could be identified, corresponding to the N–H···O–Fe interaction 
(Figure2, top). Conversely, 2-Mes displayed two types of H-bonds 
(Figure2, bottom) with the most attractive one being the N···HO–
Fe interaction, which is substantially stronger than the other two N–
H···O(H)–Fe interactions (see Figure S25). Interestingly, the NCI 
plots reveal that the H-bonds in 2-Cy have intermediate strength be-
tween the two types present in 2-Mes. Consequently, the loss of one 
H-bond associated with the rotation of the ligand arms must have a 
different energetic cost for 2-Mes and 2-Cy. Specifically, upon rota-
tion of one ligand arm, a weaker N–H···O(H)–Fe interaction is lost 
for 2-Mes relative to the N–H···O–Fe interaction lost for 2-Cy, mak-
ing the rotation more favored for 2-Mes.  

Another important factor in the stability of the hydroxo and oxo 
complexes is the different steric requirement induced by the Mes 
and Cy ligands. This can be assessed by inspecting the right-hand 
side of the NCI plots shown in Figure 2, which clearly display more 
repulsive interactions for the complex with the bulkier Mes groups, 
as expected. Hence, we conclude that the bulkier nature of the Mes 
groups also contributes to reduce the energy gap between the closed 
and open structures. 

Theoretical calculations also confirmed that there is a switch in 
stability between the oxo and hydroxo species depending on the lig-
and. More specifically, our results predict that the crystallized oxo 

complex 2-Cy is ca. 1 kcal mol–1 lower in energy than its hydroxo an-
alogue, whereas the hydroxo complex 2-Mes is more stable than the 
putative oxo complex by ca. 2 kcal mol–1 (Figure 3A). While we 
acknowledge that we are dealing with energy differences which are 
within the DFT error, we note our theoretical results are in good 
agreement with the different nature of complexes 2-Cy and 2-Mes, 
characterized experimentally by X-ray diffraction. 

 In addition, we found that the Fe–O distance in the structure 
with the Mes ligand is substantially shorter than in the hydroxo com-
plex (1.756 vs 1.840 Å); this is suggestive of a stronger electron do-
nation from the oxo group, which leads to the elongation of the Fe–
N distance in its trans position due to the higher trans influence of 
the oxo group compared to the hydroxyl.47 The optimized structures 
also reveal that the migration of the H atom induces the tautomeri-
zation of the ligand, as indicated by the selected C–C, C–N and Fe–
N distances shown in Figure 3A. 

Figure 2. Analysis of the non-covalent interactions (NCIs) present in 2-
Cy (top) and 2-Mes (bottom), highlighting the main H-bond interac-
tions. NCI plots represent the reduced density gradient (s) as a function 
of the electron density ρ multiplied by the sign of the second eigenvalue 
of the Hessian matrix (sign(λ2)ρ), which effectively displays the NCIs as 
distinct peaks. Colder/warmer colors depict attractive/repulsive inter-
actions. 
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Figure 3. A) Optimized structures of the hydroxo (left) and oxo 
(right) complexes with the Mes ligand, including relevant distances 
in Å. Note that most of H atoms have been omitted for clarity. Rela-
tive Gibbs energies in acetonitrile, ΔGMeCN, are given in kcal mol–1. 
B) Selected donor-acceptor interactions (isovalue = 0.07 a.u) found 
through a natural bonding orbital (NBO) analysis. The calculated 
second-order perturbation theory energies, ESOPT, associated to the 
donor-acceptor interactions in 2-Mes are given in kcal mol–1. The 
ESOPT values for the Cy analogue are also provided for comparison. 
Note that the Mes ligands in the structures have been simplified with 
a C atom for clarity.  
 

The higher stability of 2-Mes compared with its oxo analogue 
can be explained by the higher acidity of the ligand bearing aromatic 
substituents, as we detail in the following:  To demonstrate this, we 
performed a natural bonding orbital (NBO) and second order per-
turbation theory (SOPT) analyses on the optimized structures of 
the hydroxo complexes with the Mes and Cy ligands (Figure 4B and 
Figure S26). NBO analysis indicates that the H-bond interaction be-
tween the N-ligand and the OH group involves the electron dona-
tion from the lone pair (LP) of the N to an antibonding (BD*) or-
bital of the OH. Remarkably, the computed energies for this interac-
tion, ESOPT, substantially differ between the non-observed Cy-OH 
species and the observed Mes-OH derivative (2-Mes), i.e. –46.6 and 
–37.0 kcal mol–1, respectively. Given that a strong H-bond makes the 
OH group more labile, the higher that interaction energy the less sta-
ble the hydroxo species will be, which is in line with experimental 
observations. Furthermore, in the case of the Mes ligand, the N-LP 
is delocalized through the Mes ring via electron donation into a 
CMes–CMes-BD* orbital (ESOPT = –8.1 kcal mol–1). This delocalization 
weakens the aforementioned H-bond interaction, stabilizing the hy-
droxo form over the oxo for the Mes ligand.  

Finally, we modelled the interconversion between the oxo and 
hydroxo complexes, which consists of a simple proton transfer from 

the axial oxygen to the nitrogen ligand. Importantly, the calculated 
energy barriers for both ligands were almost negligible (i.e. 1.0 and 
1.5 kcal mol–1 for 2-Cys and 2-Mes, respectively), indicating that the 
formation of the different species is governed by their relative ther-
modynamic stability, as discussed above. However, we note that 
considering only the isolated cationic complexes may not provide an 
accurate description of the thermodynamic stability of the different 
species in solution. This is particularly important in reactions where 
anions or solvents like –OTf, MeCN or THF are present in solution, 
as these species can act as H-bond acceptors, and therefore, provide 
stabilizing interactions which may be important. For example, both 
X-ray structures of 1-Mes and 2-Mes (Figure 1) were obtained from 
the crystallization in concentrated solutions of THF, where it is very 
likely that the rotated arm can establish a H-bond with the solvent or 
the triflate anions (see extended X-ray structure of 1-Mes in Fig-
ure S27). To illustrate this and assess the influence of the solvent on 
the relative stability of the open and closed structures of 2-Mes, we 
modeled these structures in the presence of an explicit THF mole-
cule H-bonding to the outward-facing ligand arm. As expected, the 
addition of the THF molecule resulted in a considerable reduction 
in the energy difference between the two configurations, i.e. from 5.9 
to only 1.1 kcal mol–1 in favor of the closed structure. This narrow 
energy difference not only explains the coexistence of both conform-
ers in the X-ray structure obtained for 2-Mes, but also warns on the 
key role that H-bond interactions in the second coordination sphere 
may play, as seen in enzymatic reductions in biological systems. 
 

CONCLUSIONS 

Due to the classification of nitrite as a groundwater contaminant, un-
derstanding the reduction of nitrite in biological and homogenous 
systems is of great importance. The nitrite reduction described 
herein represents a mild reaction sequence that was rendered cata-
lytic with the appropriate proton and electron sources to produce 
water and NO(g). The iron catalyst features a secondary coordina-
tion sphere that is involved in the reduction of nitrite, forming an 
iron(III)-hydroxo species, which releases water upon the addition of 
an electron and two protons. Comparing the mesityl and cyclohexyl 
variants has provided insight into the role of the secondary coordi-
nation sphere and allowed to improve catalytic reactivity. In addi-
tion, DFT calculations and electronic structure analyses identify H-
bond interactions, and steric and electronic effects in the second co-
ordination sphere as the main determinant factors in the stability of 
these species. 

MATERIALS AND METHODS 

All manipulations were carried out in the absence of water and diox-
ygen using standard Schlenk techniques or in an MBraun inert at-
mosphere drybox under a dinitrogen atmosphere. All glassware was 
oven dried for a minimum of 8 h and cooled in an evacuated ante-
chamber prior to use in the drybox. Solvents were dried and deoxy-
genated on a Glass Contour System (SG Water USA, Nashua, NH) 
and stored over 4 Å molecular sieves purchased from Strem prior to 
use. Celite 545 (J. T. Baker) was heated to 100°C under dynamic 
vacuum for 24h prior to use in the drybox. H3(tpaCO),39 
Fe(OTf)2(MeCN)2,39 and lutidinium triflate (LuHOTf)48 were pre-
pared according to literature procedures. Chloroform-d, benzene-d6 
and acetonitrile-d3 were purchased from Cambridge Isotope Labor-
atories and were degassed and stored over 4 Å molecular sieves prior 
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to use. Potassium hydride was purchased from Sigma-Aldrich 
washed with hexanes to remove mineral oil, and dried under reduced 
vacuum prior to use. Ferrous chloride was purchased from Strem 
and used as received. 2,4,6,-Trimethylaniline, formic acid, lithium 
oxide, triflic acid, and sodium nitrite were purchased from Sigma-Al-
drich and used as received. Tetrabutylammonium nitrite was pur-
chased from Sigma-Aldrich and recrystallized from a concentrated 
THF solution layered with hexanes at –35°C. 1-Adamantylamine 
and 1,2-Diphenylhydrazine (DPH) were purchased from Oakwood 
Chemical with DPH being recrystallized from a concentrated di-
ethyl ether solution layered with hexanes at –35°C. Cobalt(II) tetra-
phenylporphyrin was purchased from Frontier Scientific and used as 
received.  

NMR Spectra were recorded at room temperature on a Varian spec-
trometer operating at 500 MHz (1H NMR), 126 MHz (13C NMR), 
and 470 MHz (19F NMR) and referenced to the residual solvent res-
onance (d in parts per million, and J in Hz). Solid-state infrared spec-
tra were measured using a PerkinElmer Frontier FT-IR spectropho-
tometer equipped with a KRS5 thallium bromide/iodide universal 
attenuated total reflectance accessory. Elemental analysis was per-
formed by the University of Illinois at Urbana-Champaign School of 
Chemical Sciences Microanalysis Laboratory in Urbana, IL. Analysis 
with mass spectrometry was performed by University of Illinois at 
Urbana-Champaign School of Chemical Sciences Mass Spectrome-
try Laboratory.  Electrospray ionization mass spectrometry (ESI) 
was recorded on a Waters Synapt G2-Si ESI/LC-MS instrument at  
Data of crystal structures were collected on a Bruker D8 Venture 
Duo or Bruker X8ApexII diffractometer at the George L. Clark X-
Ray Facility and 3M Material Laboratory at the University of Illinois 
at Urbana-Champaign. Crystal structures have been deposited to 
the Cambridge Structural database, CCDC 1842647-1842651. The 
quantification of water was performed by an Aquatest CMA Karl 
Fischer Coulometric Titrator from Photovolt Instruments with 
HYDRANAL from Fluka Analytical. 
 
Catalytic Nitrite Reduction with [N(afaCy)3Fe(OTf)]OTf (1-
Cy)  

A 50 mL three-neck flask was charged with NaNO2 (0.0026 g, 0.038 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.0056 g, 0.03 mmol, 1 
equiv), 15 mg of MgSO4, and 5 mL of acetonitrile. In another 50 mL 
three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0206 g, 0.03 mmol, 1 equiv) was dissolved in approximately 25 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. [N(afaCy)3Fe(OTf)]OTf 
(0.0072 g, 0.0077 mmol, 0.25 equiv) in 1 mL of acetonitrile was 
added via a Hamilton Sample Lock syringe to the mixture of NaNO2 
and 1,2-diphenylhydrazine. After stirring for 10 min, lutidinium tri-
flate (0.0142 g, 0.055 mmol, 1.8 equiv) in 1 mL of acetonitrile was 
added to the reaction mixture via a Hamilton Sample Lock syringe. 
1 mL of aliquot was removed from the solution of CoTPP to analyze 
the amount of CoTPP-NO after the reaction was stirred for 8 hours. 
Characterization by 1H NMR spectroscopy showed that almost 0.47 
equiv of Co-TPP was converted to CoTPP-NO (Figure S1). 

Catalytic Nitrite Reduction with Fe(OTf)2(MeCN)2  

A 50 mL three-neck flask was charged with NaNO2 (0.0026 g, 0.038 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.0056 g, 0.03 mmol, 1 
equiv), 15 mg of MgSO4, and 5 mL of acetonitrile. In another 50 mL 

three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0206 g, 0.03 mmol, 1 equiv) was dissolved in approximately 25 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. A clear solution of 
Fe(OTf)2(MeCN)2 (0.0034 g, 0.0077 mmol, 0.25 equiv) in 1 mL of 
acetonitrile was added via a Hamilton Sample Lock syringe to the 
mixture of NaNO2 and 1,2-diphenylhydrazine. After stirring for 10 
min, lutidinium triflate (0.0142 g, 0.055 mmol, 1.8 equiv) in 1 mL of 
acetonitrile was added to the reaction mixture via a Hamilton Sam-
ple Lock syringe. 1 mL of aliquot was removed from the solution of 
CoTPP to analyze the amount of CoTPP-NO after the reaction was 
stirred for 8 hours. Characterization by 1H NMR spectroscopy 
showed that 0.22 equiv of Co-TPP was converted to CoTPP-NO 
(Figure S2).  

Procedure for Control Reaction of Catalytic Nitrite Reduction 
(8 hours, Table 1)   

A 50 mL three-neck flask was charged with NaNO2 (0.0026 g, 0.038 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.0056 g, 0.03 mmol, 1 
equiv, 15 mg of MgSO4, and 5 mL of acetonitrile. In another 50 mL 
three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0206 g, 0.03 mmol, 1 equiv) was dissolved in approximately 25 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. Lutidinium triflate (0.0142 
g, 0.055 mmol, 1.8 equiv) in 1 mL of acetonitrile was added to the 
reaction mixture via a Hamilton Sample Lock syringe. 1 mL of ali-
quot was removed from the solution of CoTPP to analyze the 
amount of CoTPP-NO after the reaction was stirred for 8 hours. 
Characterization by 1H NMR spectroscopy showed that almost 0.14 
equiv of Co-TPP was converted to CoTPP-NO (Figure S3). 

Catalytic Nitrite Reduction with [N(afaCy)3Fe(OTf)]OTf (1-
Cy, 0.1 equiv) with a syringe pump 

 A 50 mL three-neck flask was charged with NaNO2 (0.0066 g, 0.096 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.014 g, 0.076 mmol, 1 
equiv), 20 mg of MgSO4, and 4 mL of acetonitrile. In another 50 mL 
three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0515 g, 0.077 mmol, 1 equiv) was dissolved in approximately 30 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. [N(afaCy)3Fe(OTf)]OTf 

(0.0072 g, 0.0077 mmol, 0.1 equiv) in 1 mL of acetonitrile was added 
via a Hamilton Sample Lock syringe to the mixture of NaNO2 and 
1,2-diphenylhydrazine. After stirring for 10 min, lutidinium triflate 
(0.035 g, 0.136 mmol, 1.8 equiv) in 1 mL of acetonitrile was added 
to the reaction mixture via a Hamilton Sample Lock syringe using a 
syringe pump for 6.5 hours. 0.5 mL of aliquot was removed from the 
solution of CoTPP to analyze the amount of CoTPP-NO after the 
reaction was stirred for 9 hours. Characterization by 1H NMR spec-
troscopy showed that 0.67 equiv of CoTPP was converted to 
CoTPP-NO (Figure S5).  

Preparation of [N(afaPh)3Fe(OTf)]OTf (1-Ph)  

To the previously published ligand H3[N(piPh)]27 (0.052 mg, 0.092 
mmol), was added 40 mg of Fe(OTf)2(MeCN)2 (0.092 mmol) in 
acetonitrile (5 mL) and stirred at room temperature. After stirring 
for 1 h, solvent was removed in vacuo. The crude material was 
washed with dichloromethane (5 mL) to remove soluble impurities, 
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then recollected with tetrahydrofuran, and dried once again. Crys-
tals suitable for X-ray diffraction (Figure S7) were grown by vapor 
diffusion of diethyl ether into a solution of 
N(afaPh)3Fe(MeCN)(OTf)2 dissolved in MeCN. 74 mg of 
N(afaPh)3Fe(OTf)2 was collected as an orange powder (0.081 mmol, 
87%). 1H NMR (MeCN, 21 0C, Figure S6): δ = 1.11, 3.40, 3.87, 6.72, 
10.34, 12.07, 15.33, 20.21, 37.77, 155.29 IR = 1639 cm-1 (C=N). 
Analysis for C38H33N7O6S2F6Fe · 0.25 CH2Cl2: Calcd C, 48.93; H, 
3.6; N, 10.44. Found C, 48.98; H, 3.56; N, 10.54. μeff: 5.59(5) μB. 

Catalytic Nitrite Reduction with [N(afaPh)3Fe(OTf)]OTf (1-
Ph)  

A 50 mL three-neck flask was charged with NaNO2 (0.0026 g, 0.038 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.0056 g, 0.03 mmol, 1 
equiv), 15 mg of MgSO4, and 5 mL of acetonitrile. In another 50 mL 
three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0206 g, 0.03 mmol, 1 equiv) was dissolved in approximately 25 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. [N(afaPh)3Fe(OTf)]OTf 
(0.0071 g, 0.0077 mmol, 0.25 equiv) in 1 mL of acetonitrile was 
added via a Hamilton Sample Lock syringe to the mixture of NaNO2 
and 1,2-diphenylhydrazine. After stirring for 10 min, lutidinium tri-
flate (0.0142 g, 0.055 mmol, 1.8 equiv) in 1 mL of acetonitrile was 
added to the reaction mixture via a Hamilton Sample Lock syringe. 
1 mL of aliquot was removed from the solution of CoTPP to analyze 
the amount of CoTPP-NO after the reaction was stirred for 8 hours. 
Characterization by 1H NMR spectroscopy showed that almost 0.55 
equiv of Co-TPP was converted to CoTPP-NO (Figure S8).  

Preparation of H3[N(piAd)3].  

The previously synthesized H3(tpaCO)17 (0.250 g, 0.72 mmol), 1-ad-
amantylamine (0.382 g, 2.20 mmol), and a stir bar were added to a 
20 mL scintillation vile to which methanol (10 mL) was added. The 
reaction was stirred at room temperature for 18 h, after which time 
the product H3[N(piAd)3]·H2O was precipitated as a tan powder. 
The product was collected by filtration and washed with diethyl 
ether (0.310 g, 0.41 mmol, 57%). H3[N(piAd)3]H2O was dried over 
mole sieves(4 Å) after dissolution in DCM. Removal of volatiles pro-
duced a light tan power. HRMS (ES+) calc. for C48N7H64 (MH)+: 
738.54,  found 738.52. 1H NMR (600 MHz, CDCl3) δ = 9.43 (s, 2H, 
pyrrole N-H), 8.05 (s, 3H, imine C-H), 6.37 (s, 3H, pyrrole C-H), 
6.08 (s, 3H, pyrrole C-H), 3.51 (s, 6H, methylene C-H), 2.15 (s, 9H, 
ada. C-H), 1.87 – 1.61 (m, 44H, ada. CH2).13C NMR (CDCl3, 21˚C, 
Figure S10): δ = 29.71, 36.67, 43.45, 49.72, 56.76, 109.89, 113.21, 
131.49, 145.52. IR = 1621 cm-1 (C=N).   

Preparation of [N(afaAd)3Fe(OTf)]OTf (1-Ad) 

A 20 mL scintillation vial was charged with Fe(OTf)2(MeCN)2 
(0.043 g, 0.100 mmol) and approximately 5 mL of tetrahydrofuran. 
With vigorous stirring, H3N(piAd)3 (0.073 g, 0.100 mmol) was added 
by difference, resulting in an instantaneous color change to yellow-
orange. The mixture was stirred for 2 h, after which time volatiles 
were removed under reduced pressure. The resulting orange powder 
was washed with three, 5 mL portions of diethyl ether (0.089 g, 
77%). Crystals suitable for X-ray analysis (Figure S12) were from a 
concentrated solution of acetonitrile with vapor diffusion of diethyl 
ether at room temperature to obtained acetonitrile bound species 
[N(afaAd)3Fe(NCMe)]OTf2. 1H NMR (MeCN, 21°C, Figure S11): 

δ = 3.66, 4.02, 4.63, 4.86, 5.59, 14.24, 19.38, 35.76, 164.73. IR: 1635 
cm-1 (C=N), μeff = 5.52(6) μB. 

Catalytic Nitrite Reduction with [N(afaAd)3Fe(OTf)](OTf) (1-
Ad)  

A 50 mL three-neck flask was charged with NaNO2 (0.0026 g, 0.038 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.0056 g, 0.03 mmol, 1 
equiv), 15 mg of MgSO4, and 5 mL of acetonitrile. In another 50 mL 
three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0206 g, 0.03 mmol, 1 equiv) was dissolved in approximately 25 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. [N(afaAd)3Fe(OTf)](OTf) 
(0.0084 g, 0.0077 mmol, 0.25 equiv) in 1 mL of acetonitrile was 
added via a Hamilton Sample Lock syringe to the mixture of NaNO2 
and 1,2-diphenylhydrazine. After stirring for 10 min, lutidinium tri-
flate (0.0142 g, 0.055 mmol, 1.8 equiv) in 1 mL of acetonitrile was 
added to the reaction mixture via a Hamilton Sample Lock syringe. 
1 mL of aliquot was removed from the solution of CoTPP to analyze 
the amount of CoTPP-NO after the reaction was stirred for 8 hours. 
Characterization by 1H NMR spectroscopy showed that > 99% of 
Co-TPP was converted to CoTPP-NO (Figure S13). 

Preparation of H3[N(piMes)3]  

The previously synthesized H3(tpaCO)17 (1.0 g, 2.88 mmol) was dis-
persed in ethanol (100 % 12 mL). 2,4,6,-Trimethylaniline (1.2 g, 
8.93 mmol) was added to the reaction mixture, followed by 6 drops 
of formic acid added. The reaction was stirred at 50°C for 24 hours, 
after which time the product H3[N(piMes)3]·H2O was precipitated as 
a tan powder. H3[N(piMes)3]·H2O was collected by filtration and 
washed with ethanol and acetonitrile several times in a frit (1.45 g, 
2.1 mmol, 75%). To dry the H3[N(piMes)3]·H2O, mole sieves(4 Å) 
was added to diethyl ether solution of H3[N(piMes)3]·H2O overnight. 
After evaporating solvents to dryness, the H3[N(piMes)3]·H2O was 
recrystallized from diethyl ether/MeCN (2:1) at -35˚C. Analysis 
(calcd., found for C45H51N7∙CH3CN): C (77.23, 76.84), H (7.45, 
7.33), N (15.33, 15.38). 1H NMR (C6D6, 21˚C, Figure S14): δ = 
2.17 (s, 18H, CH3-Mes), 2.20 (s, 9H, CH3-Mes), 3.18 (s, 6H, -CH2), 
6.12 (d, J = 3.2 Hz, 3H, pyr-CH), 6.40 (d, J = 3.2 Hz, 3H, pyr-CH), 
6.82 (s, 6H, Mes-CH), 7.65 (s, 3H, imine-CH), 9.52 (s, 3H, -NH). 
13C NMR (CDCl3, 21˚C, Figure S15): δ = 18.50, 20.87, 50.26, 
110.29, 115.97, 127.83, 128.81, 130.69, 132.80, 133.38, 148.56, 
152.21. IR = 1621 cm-1 (C=N).   

Preparation of [N(afaMes)3Fe(OTf)]OTf (1-Mes) 

A 20 mL scintillation vial was charged with Fe(OTf)2(MeCN)2 
(0.043 g, 0.100 mmol) and approximately 10 mL of tetrahydrofuran. 
With vigorous stirring, H3N(piMes)3 (0.070 g, 0.101 mmol) was 
added by difference, resulting in an instantaneous color change to 
orange. The mixture was stirred for one hour, after which time sol-
vents were removed under reduced pressure. Following removal of 
volatiles, the orange powder was washed with diethyl ether three 
times (0.101 g, 97 %). Crystals suitable for X-ray analysis were from 
a concentrated solution of tetrahydrofuran layered with diethyl 
ether at room temperature. Analysis (calcd., found for FeC47H51-

N7S2F6O6): C (54.08, 54.43), H (4.92, 5.01), N (9.39, 9.39). 1H 
NMR (MeCN, 21°C, Figure S16): 1H NMR (MeCN, 21oC, Figure 
S16) δ 157.77, 155.39, 153.39, 149.65, 38.59, 38.21, 36.55, 36.30, 
21.20, 20.57, 18.94, 18.24, 17.61, 13.69, 10.00, 7.93, 7.73, 7.31, 4.76, 
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4.08, 3.92, 3.25, 2.72, 2.28, 0.95, 0.45, 0.36, -2.53, -2.93. IR: 1621, 
1636 cm-1(C=N), 3193 cm-1(NH). μeff = 5.52(6) μB. 
 

Catalytic Nitrite Reduction with [N(afaMes)3Fe(OTf)]OTf (1-
Mes)  

A 50 mL three-neck flask was charged with NaNO2 (0.0026 g, 0.038 
mmol, 1.25 equiv), 1,2-diphenylhydrazine (0.0056 g, 0.03 mmol, 1 
equiv), 15 mg of MgSO4, and 5 mL of acetonitrile. In another 50 mL 
three-neck flask, cobalt(II) tetraphenylporphyrine (CoTPP) 
(0.0206 g, 0.03 mmol, 1 equiv) was dissolved in approximately 25 
mL of DCM. The 50mL three-neck flasks were connected with tub-
ing and purged with nitrogen for 10 min. [N(afaMes)3Fe(OTf)]OTf 

(0.008 g, 0.0077 mmol, 0.25 equiv) in 1 mL of acetonitrile was added 
via a Hamilton Sample Lock syringe to the mixture of NaNO2 and 
1,2-diphenylhydrazine. After stirring for 10 min, lutidinium triflate 
(0.0142 g, 0.055 mmol, 1.8 equiv) in 1 mL of acetonitrile was added 
to the reaction mixture via a Hamilton Sample Lock syringe. 1 mL of 
aliquot was removed from the solution of CoTPP to analyze the 
amount of CoTPP-NO after the reaction was stirred for 8 hours. 
Characterization by 1H NMR spectroscopy showed that all Co-TPP 
was converted to CoTPP-NO (Figure S17). Analysis for CoTPP-
NO: 1H NMR (CDCl3, 25°C): δ = 8.91, 8.18, 7.74 ppm. IR = 1693 
cm-1 (NO). 

Nitrite reduction with 1-Mes to generate 
[N(afaMes)2(PiMes)FeOH]OTf (2-Mes)  

A 20 mL scintillation vial was charged with 
[N(afaMes)3Fe(OTf)](OTf) (0.102 g, 0.097 mmol) in an approxi-
mately 10 mL of acetonitrile. With vigorous stirring, tetrabu-
tylammonium nitrite [NnBu4][NO2] (0.028 g, 0.100 mmol) was 
added as a solid. The mixture was stirred for two hours, after which 
time solvent was removed under reduced pressure. The product was 
recrystallized from concentrated THF/benzene solution layered 
with slow diffusion of diethyl ether (0.068 g, 78 %) (Figure S18). 
Analysis (calcd., found for C46H51O4N7FeSF3·0.5C5H6): C (61.96, 
61.94), H (5.73, 5.74), N (10.32, 10.14). 19F NMR (CD3CN, 21 °C): 
δ = −79.63 (SO3CF3). IR: 1634, 1651 cm-1 (C=N) μeff = 5.94(9) μB.  

Reduction of [N(afaMes)2(PiMes)FeOH](OTf) (2-Mes) to 
[N(afaMes)3Fe]OTf2 (1-Mes) 

A 20 mL scintillation vial was charged with 
[N(afaMes)2(PiMes)FeOH](OTf) (2-Mes) (0.018 g, 0.020 mmol) 
and DPH (0.022 g, 0.012 mmol) in 3 mL of MeCN. HOTf (0.004 g, 
0.032mmol) was added and stirred for 2 hours. In order to quantify 
the amount of water formed during the reaction, three aliquots of 0.5 
mL were removed from the vial using a Hamilton Sample Lock sy-
ringe and analyzed by Karl Fischer titration (Table S1). The solvent 
was removed under reduced pressure and the resulting orange oil. 
Characterization by 1H NMR spectroscopy (Figure S19) revealed a 
clean conversion of 2-Mes to 1-Mes. (0.019 g, 0.0182 mmol, 91 %).  

Preparation of [N(afaMes)2(piMes)FeOH2](OTf)2 (3-Mes) Step 
(A-1, Scheme 3) 

A 20 mL scintillation vial was charged with 
[N(afaMes)2(PiMes)FeOH](OTf) (2-Mes) (0.018 g, 0.020 mmol) in 
an approximately 3 mL of MeCN. HOTf (1.5 equiv 0.045 g, 0.03 
mmol) was added and stirred for 10 min. The resulting red-brown 

solution was analyzed by mass spectrometry using a Hamilton Sam-
ple Lock syringe. Characterization by 1H NMR spectroscopy (Fig-
ure S20) revealed a formation of new paramagnetic compound. 
LRMS (ESI) (m/z): [M]2+ calcd. for C45H52FeN7O 
([N(afaMes)2(piMes)FeOH2]2+) 381.18, found: 381.1 (Figure S21) 19F 
NMR (CD3CN, 21 °C): δ = −70.70 (SO3CF3). IR: 1622, 1649 cm-1 
(C=N), 3205 cm-1 (OH). 

Reduction of [N(afaMes)2(piMes)FeOH2](OTf)2 (3-Mes) to 1-
Mes. (A-2, Scheme 3) 

In a solution of [N(afaMes)2(piMes)FeOH2](OTf)2 (3-Mes) prepared 
in situ, 0.6 equiv of DPH (0.022 g, 0.012 mmol) was added and 
stirred for 2 hour. In order to quantify the amount of water formed 
during the reaction, three aliquots of 0.5 mL were removed from the 
vial using a Hamilton Sample Lock syringe and analyzed by Karl 
Fischer titration (Table S1). Characterization by 1H NMR spectros-
copy confirmed the formation of complex 1-Mes (0.0155 g, 0.015 
mmol, 74%).   

Reduction of [N(afaMes)2(PiMes)FeOH]OTf (2-Mes) to complex 
N(afaMes)(piMes)2Fe(OH2) (4-Mes), (B-1, Scheme 3) 

A 20 mL scintillation vial was charged with 
[N(afaMes)2(piMes)FeOH]OTf (2-Mes) (0.018 g, 0.020 mmol) in an 
approximately 3 mL of THF. KC8 (0.0034 g, 0.026 mmol) was 
added as a solid and stirred for 10 min. The reaction mixture was fil-
tered over Celite to remove graphite and the solvent was reduced 
under pressure. The resulting brown solid was dissolved in benzene 
and filtered over Celite to get rid of KOTf. After the solvent was re-
duced under pressure, the resulting powder was confirmed the for-
mation of 4-Mes by 1H NMR spectroscopy (0.0125 g, 0.016 mmol, 
82%) (Figure S22). 

Reaction of N(afaMes)(piMes)2Fe(OH2) (4-Mes) with HOTf to 
form [N(afaMes)3FeOTf]OTf (1-Mes). (B-2, Scheme 3) 

A 20 mL scintillation vial was charged with 
N(afaMes)(piMes)2Fe(OH2) (0.015 g, 0.020 mmol) in 3 mL of MeCN. 
HOTf (triflic acid) (2.2 equiv 0.065 g, 0.043 mmol) was added and 
the reaction was stirred for 30 min. In order to quantify the amount 
of water formed during the reaction, three aliquots of 0.5 mL were 
removed from the vial using a Hamilton Sample Lock syringe and 
analyzed by Karl Fischer titration (Table S1). The solution was fil-
tered over Celite and the solvent was removed under reduced pres-
sure. The yellow oil was washed with benzene to get rid of a small 
amount of acidified ligand formed during the reaction. Characteri-
zation by 1H NMR spectroscopy revealed a conversion of 4-Mes to 
1-Mes (0.019 g, 0.018 mmol, 91%). 

Alternative preparation of N(afaMes)(piMes)2Fe(OH2) (4-Mes) 

 H3[N(piMes)3] (0.070 g, 0.101 mmol) was deprotonated by addition 
of 2.2 equivalent KH (0.009 g, 0.22 mmol) to an approximately 10 
mL of THF solution. After it was stirred for three hours at room tem-
perature, the mixture was filtered through Celite to remove excess 
KH. Addition of deprotonated ligand to the FeCl2 (0.013 g, 0.0103 
mmol) slurry in THF resulted in a color change from colorless to 
yellow. After stirring for overnight until all FeCl2 was consumed, the 
reaction mixture was filtered through Celite to remove KCl and the 
solvents were removed under reduced pressure. Crystals suitable for 
X-ray analysis were grown at room temperature from a concentrated 
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solution of THF layered with pentane (0.034g, 45%). Analysis 
(calcd., found for C45H51FeN7O) C (70.95, 70.59), H (6.75, 6.81), 
N (12.87, 12.69). IR: 1643, 1616 cm-1 (C=N). 

Alternative Synthesis of N(afaMes)(piMes)2Fe(OH2) (4-Mes) 

A 20 mL scintillation vial was charged with complex 2-Mes (0.050 g, 
0.048 mmol) in an approximately 5 mL of THF. Li2O (2.5 equiv, 
0.0036 g, 0.12 mmol) was added as solid to the aforementioned so-
lution. The mixture was stirred overnight at room temperature, re-
sulting in orange solution. The solution was filtered over Celite to 
remove excess Li2O and the solvent was removed under reduced 
pressure. The residual yellow powder was washed with acetonitrile 
and dried under vacuum, resulting in an isolation of 4-Mes as orange 
powder (0.035 g, 0.045 mmol, 94 %), identified via 1H NMR spec-
troscopy.   

Computational Methods. DFT calculations were carried out using 
the dispersion-corrected hybrid exchange-correlation functional 
ωB97XD,49 implemented in the Gaussian09 software.50 To describe 
the C and H atoms, the 6-31G(d,p) basis set with polarization func-
tions was employed, while the same basis set with added diffuse p-
functions was used in the description of the more electronegative N 
and O atoms. For the Fe metal center, the effective core potential 
Lanl2dz51,52 with an additional f-polarization function (exponent: 
2.462)53 was used. Fe(III) complexes were modelled as high-spin 
with a total spin S = 5/2, based on the magnetic moments measured 
experimentally. Geometry optimizations were performed in vacuum 
without imposing any symmetry constraints, and the nature of all the 
stationary points was verified through vibrational frequency analysis. 
As expected, all the energy minima were confirmed to display only 
real vibrational frequencies, whereas transition states were found to 
exhibit one single imaginary frequency. For the latter, geometry re-
laxations along the reaction coordinate were also carried out to con-
firm they connect the corresponding reaction energy minima.  
The effect of the solvents employed in experiments (MeCN, ε = 
35.69; THF, ε = 7.43) were introduced via single-point calculations 
on the optimized geometries in vacuum using the implicit SMD solv-
ation model.54 The calculated energies with the above basis sets 
(BS1) were refined via single-point solvent calculations using an ex-
tended triple-𝜁 basis set for all atoms, i.e. 6-311G(d,p) for C and H, 
6-311+G(d,p) for N and O, and Lanl2tz for Fe, denoted as BS2. The 
reported Gibbs energies in solution were calculated by adding the 
gas-phase Gibbs corrections obtained with BS1 to the potential en-
ergies in solution computed with BS2.  Additionally, geometry opti-
mizations using the implicit SMD solvation model were carried out 
for the closed structures of the oxo and hydroxo complexes with the 
Cy ligand, leading to negligible structural (bond lengths involving 
the metal center differ by only ca. 0.02 Å) and ΔG(MeCN) variations 
(ca. <0.3 kcal mol–1), which do not affect the overall conclusions of 
this work. 
Natural bond orbital (NBO) analysis on selected donor-acceptor in-
teractions was performed using the software NBO 6.0.55 The analysis 
of the non-covalent interactions (NCIs) between the ligands and the 
oxo and hydroxo moieties were assessed by means of the Critic2 
software,56 as reported elsewhere.57,58 The wavefunction used in the 
NCI analysis was inherited from the geometry optimizations per-
formed in vacuum with Gaussian09. 
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