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Abstract

Secondary coordination spheres play many important roles in the activity and function of
metalloenzymes: they can help stabilize reactive intermediates and shuttle protons or electrons
over the course of enzymatic transformations. Accordingly, there have been numerous efforts to
mimic these advantageous structural and functional features; indeed, secondary coordination
spheres are now employed in a number of synthetic inorganic systems. Our lab has recently
designed first-row transition metal complexes bearing secondary coordination spheres. Such
complexes have been designed to: 1) be tautomerizable to traverse between hydrogen bond
donating and accepting within the secondary coordination 2) facilitate activation of molecules
such as O,, NO, and NOj3™ 3) catalytically reduce nitrogen-containing oxyanions. In the case of
the latter, mechanistic studies have been performed to understand the role of the secondary
coordination sphere, revealing its ability to stabilize intermediate as well as shuttle
protons/electrons.

Early work focused on the synthesis of a tautomerizable ligand platform and its
metalation with various first-row transition metal centers. This ligand platform can tautomerize
from a pyrrole-2-imine to an azafulvene-amine form, resulting in either hydrogen bond
acceptors or hydrogen bond donors in the secondary coordination sphere depending on the
binding mode. The synthesis and characterization of a series of Mn(ll) complexes with this
platform have been described. Of especial importance, intramolecular hydrogen bond
interactions between bound substrates and the secondary coordination sphere, as well as
independent tautomerization of each arm of the ligand platform, have confirmed that our metal
complexes are useful to mimic metalloenzyme.

Interested in probing the reactivity of these metal complexes towards biologically
relevant molecules, O,, NO,  and NO3" were reacted with metal derivatives of the ligand platform.
Upon addition, high-valent Mn(Ill) and Fe(lll) complexes were generated, with noticeable
stabilization of the generated species by the secondary coordination sphere. Furthermore, in
order to assess the possibility of rendering these reactions catalytic, reduction of the Fe(lll)
complexes back to the starting Fe(ll) complexes was undertaken and accomplished. This result
intrigued me and led me to study the catalytic reduction of the nitrogen-containing anions in



particular given their significant interest in biological and environmental studies. Mechanistic
studies revealed the importance of the secondary coordination sphere in stabilizing intermediates,
as well as shuttling protons and electrons throughout the catalytic reaction. Thus, this research
demonstrates that metal complexes bearing flexible secondary coordination sphere can model
functional and structural features of metalloenzymes, thereby providing important insights into

the design of new catalysts to address unmet needs.
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Chapter 1
Secondary coordination spheres in metalloenzymes and their applications in

synthetic inorganic systems

1.1 The roles of the secondary coordination sphere in metalloenzymes

Metalloenzymes are critical in biological systems where they play prominent roles in
small molecule activation, signal transduction, as well as transport or storage processes.”™ In
order to probe how metalloenzymes operate and interact with substrates, the active sites
containing redox active metal centers have been extensively studied. The primary coordination
sphere, which is directly bound to the metal center in metalloenzymes, is known to be a key
contributor towards determining the electronic structure and Lewis acidity of the metal.” For
example, the porphyrin platform present in metalloproteins such as hemoglobin, myoglobin or
cytochrome P450 provides a ligand environment that facilitates redox events at the metal
center.®®

However, scientists have also found that hydrogen bonds within the secondary
coordination sphere play an important role. Although hydrogen bond interactions are much
weaker (ranging from 5 to 15 kcal/mol)° than formal bonds in the primary coordination sphere,
such interactions in the protein scaffold can control substrate binding, stabilize intermediates,
and tune redox activity over the course of enzymatic reactions.>'® For instance, in cytochrome
P450, hydrogen bond interactions from Thr-252 and Asp-251 aid in activating dioxygen. It is
proposed that these residues stabilize the iron-peroxo intermediate and protonate the terminal
oxygen atom, resulting in the formation of an Fe'"—OOH species (Figure 1.1A).*** In the case
of the oxygen evolving complex (OEC), which is responsible for catalytic water oxidation in
photosystem II, several amino acid residues in the secondary coordination sphere are utilized:
Asp-61 can facilitate proton exit from the Mn,CaOs cluster; His-337 can stabilize the cubane
structure; and Tyr-161 is responsible for mediating electron transfer between the Mn,CaOs
cluster and the photosystem II reaction center (Figure 1.1B).**® Mutation studies on these
metalloenzymes have shown that changing the amino acid residues that are engaged in hydrogen

bonding with the active site can result in the loss of enzymatic reactivity.



B Tyr-161 (Yz)

0. B HO

// )L (Asp)

H- 0—-Mn M Mn—o0
TNV

0
/ HisN : /}~(G|u)

Asp-617 Y0
;_ »

His-337

Figure 1.1 (A) The active site of cytochrome P450 featuring hydrogen bond interactions with Thr-252
and Asp-251." (B) OEC with amino acid residues in the secondary coordination sphere.**

As shown above, both the primary and secondary coordination spheres are crucial to
achieve ideal reactivity in metalloenzymes. Accordingly, understanding their roles should
provide important insights that will inform the design of ligand platforms and synthetic inorganic
systems capable of mimicking enzymatic structures and reactivities. Incorporation of secondary
coordination spheres, in particular, would help overcome many of the current challenges that

synthetic inorganic chemists face.

1.2 Synthetic inorganic systems utilizing secondary coordination spheres for small molecule
activation
1.2.1 Synthetic heme complexes

Due to the advantage of the heme complexes capable of performing redox reactions
readily, porphyrin platforms having a secondary coordination sphere were synthesized and
studied. Introducing the secondary coordination sphere was expected to increase the substrate
binding affinity to the metal center and stabilize their intermediates. Reed’s urea/amide-
appended porphyrins called “picket-fence porphyrins” revealed an enhanced affinity of O, to the
iron center and better stabilization of the Fe-O, adduct, which was proposed as a key
intermediate in cytochrome P450 (Figure 1.2A).}" Another example by Nocera was a “hangman
porphyrin” that uses xanthane units to position H-bond in the heme complexes.'® In the crystal
structure, they observed that a water molecule is hydrogen bonding to the hydroxyl ligand bound

to the metal center and the carboxylic acid moiety of the secondary coordination sphere. They



suggested that this can be demonstrated as a model platform of the water channel in cytochrome
P450 (Figure 1.2B).

Figure 1.2 Hydrogen bonding stabilization in (A) Reed’s urea-appended “picket-fence
porphyrin™*’ and (B) Nocera’s Fe'"-OH “hangman porphyrin” complex.*®

1.2.2 Synthetic non-heme and other first-row transition metal complexes

Non-heme complexes bearing intramolecular hydrogen bonding frameworks have also
been studied. Despite the usefulness of the porphyrin containing metal complexes, modifying
porphyrins to introduce functional groups is synthetically challenging. Thus, development of
non-heme complexes has the advantage of relatively facile installation of functional groups as
well as having a variety of metal geometries compared to the porphyrin platforms. One of the
earliest examples of such a non-heme system was reported by Kitajima, who synthesized a
monomeric side-on Mn(lll)-peroxo complex in a distorted trigonal bipyramidal geometry
stabilized by an intramolecular hydrogen bond (Figure 1.3A).*® Using polypyridine tripodal
ligand frameworks, Masuda et al. were able to show the first example of a stable Cu"-OOH
complex, where two amines in the secondary coordination sphere are hydrogen bonding to the
oxygen atoms of the hydroperoxide (Figure 1.3B).%°
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Figure 1.3 (A) A side-on Mn(l11)-peroxo complex.’® (B) Cu(11)-OOH complex.? (C) Fe(I11)-oxo

complex.?
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More recently, Borovik has extensively worked on first-row transition metal complexes
with tripodal ligands that possess urea moieties functioning as hydrogen bond donors in the
secondary coordination sphere. Utilizing this platform they were able to activate O, or water,
generating M(I11)-oxo, M(111)-OH, and M(IV)-oxo molecules (M = Mn, Fe, and Co), which were
stabilized by the hydrogen bonding interaction in the secondary coordination sphere (Figure
1.3C).21?® Interested in the stabilizing effect of the secondary coordination sphere, they modified
the ligand platform with a different number of urea moieties in the ligand scaffold. In this study,
the resulting Co(ll1)-OH complex with a smaller number of intramolecular hydrogen bond

interactions was less stable, resulting in a shorter half life time (Figure 1.4).%°
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Figure 1.4 Dioxygen reactivity with a series of Co(ll) complexes featuring a different number of

hydrogen bond donors.?®

While there are a number of reported metal complexes having hydrogen bond donors in
the secondary coordination sphere, examples of metal complexes bearing hydrogen bond
acceptors are very rare. For example, Borovik installed a sulfonamide group on the tripodal
ligand to stabilize the Fe(111)-OH complex,?” and Gilbertson and Pluth demonstrated that the
pendant tertiary amine in the secondary coordination sphere can stabilize the Zn(Il)-hydrosulfide

complex.?



Thus, previous studies have shown that hydrogen bond interactions can aid in activating
small molecules and stabilizing reactive intermediates including high-valent metal-oxo, metal-
hydroxyl, and metal-peroxo species. However, there are a limited number of examples of metal
complexes capable of traversing between hydrogen bond donating and accepting within the
secondary coordination sphere as well as shuttling electrons and protons to/from the substrates,
which are necessary roles to complete catalytic cycles in metalloenzymes. In our research group,
we sought to expand the research of secondary coordination spheres to feature various roles
demonstrated in the metalloenzymes by using tautomerizable ligand platforms, eventually

aiming to perform catalytic small molecule activations.

1.3 A tripodal ligand platform capable of tautomerization

Our research group previously synthesized and reported a ligand capable of
tautomerization between pyrrole-imine and azafulvene-amine, presenting a flexible secondary
coordination sphere (Figure 1.5).° This ligand, tris(5-cyclohexyliminopyrrol-2-ylmethyl)amine
(H3[N(pi®)s]), was designed to be a tetradentate tripodal ligand where the primary coordination
sphere contains an apical nitrogen and three pyrroles. Depending on the tautomeric form, the
secondary coordination can serve as either a hydrogen bond acceptor when in the pyrrole-imine
form or a hydrogen bond donor in azafulvene-amine tautomer. This hydrogen bond interaction
via tautomerization was expected to stabilize reactive intermediates as well as be able to transfer
protons or electrons between substrates and the metal complexes. This is reminiscent of certain
amino acids such as aspartic acid, histidine, and tyrosine, in the secondary coordination sphere of

the oxygen evolving complex described above.™
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Figure 1.5 Tautomerization of the ligand platform (Hs[N(pi®)s]).?

Utilizing this ligand platform, our group reported the synthesis of a series of Fe(ll)
complexes featuring different tautomeric forms of the ligand platform depending on the reaction
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conditions (Figure 1.6). The bound substrates such as H,O or OH can have hydrogen bonding
interaction to the secondary coordination sphere, suggesting that the secondary coordination
sphere is within the appropriate hydrogen bonding range. Moreover, each arm of the ligand can
tautomerize independently as demonstrated in the [N(pi®)(afa®),]JFe(OH) complex. Early
studies with Hs[N(pi®¥)s] showed that this ligand platform would be appropriate for modelling
metalloenzymes; it demonstrated not only hydrogen bonding interactions to stabilize the bound
substrates, but also flexible tautomerization within the ligand arm which enabled proton/electron

transfers, a primary role of secondary coordination spheres in metalloenzymes.
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Figure 1.6 Synthesis of a series of Fe(I1) complexes with Hs[N(pi®¥)3].°
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Chapter 2

Exploration of Mn complexes containing Mn—O bonds stabilized by secondary

coordination sphere: synthesis of Mn'"'-0 by small molecule activation’

2.1 Introduction
Manganese is considered one of the most important first-row transition metals capable of
performing various catalytic reactions in biological systems, including the oxygen evolving

I1,%% peroxidases,® catalases*® and manganese oxidizing

complex (OEC) of photosystem
bacteria.® In all examples, high-valent Mn-oxo complexes are proposed as key intermediates over
the course of the enzymatic reactions. The OEC, comprised of a Mn,CaOs cluster, is supported
by both bridging hydroxo or oxo ligands, and aspartic acid and histidine side chains from the
protein, with the manganese metal centers ranging in oxidation state from three to five.""° Key
intermediates in the water oxidation reaction include manganese aqua, hydroxyl and oxo species.
As discussed in the previous chapter, hydrogen bonding also plays a significant role in this
enzymatic reaction by influencing the structure-function relationship of metalloenzymes. Several
amino acids (tyrosine, histidine, tryptophan and cysteine) have been shown to mediate proton
transfer, stabilize the cubane structure, and facilitate electron transfer, alleviating the electronic
burden often placed on the metal center.

Complexes featuring Mn—O bonds have played an important role in chemical catalysis.**”

16 several reports have illustrated the generation of Mn—O bonds from a variety of substrates.

k, 17-19

However, prior to the work by Borovi reports of Mn—oxo complexes were limited to

peroxo or bridging oxo moieties.*?*?! Stabilization of the terminal Mn'"'—oxo was realized in

2000, when a ligand architecture that featured a hydrogen-bonding cavity was used.!” This

remains the only example of a terminal Mn""—oxo complex. Isolation of Mn""—oxo complexes is
critical in both inorganic chemistry and biochemistry to study reactive high-valent Mn-oxo

species to gain insights into biological systems.

+ Portions of this chapter are reproduced from the following publication with permission from the authors.
Park, Y.J.*; Matson, E. M.*; Nilges, M. J.; Fout, A.R. Chem Commun 2015, 51, 5310-5313.



Given our group’s previous work on the tautomerizable ligand platform and Fe(ll)
complexes,?? we were interested in examining the relationship between the tautomeric states
accessible for the ligand platform and their role in the stabilization of Mn-O bonds. Herein we
describe the facile generation of key intermediates found in water oxidation including a
Mn"-OH, Mn"-OH,, and Mn"'-O stabilized by either hydrogen-bond donating (afa®”) or
accepting (pi®¥) groups. The facile generation of a Mn(l11)-oxo from a variety of reagents,
including O-atoms transfer reagents, O,, and NO;', is described, whereby the latter reaction

represents the first example of facile nitrite reduction to afford a Mn(l11)-oxo complex.

2.2 Results and discussion
2.2.1 Synthesis of a series of Mn(l1) complexes

Synthesis of the desired manganese complexes, K[N(pi®)sMn(OH,)] (Mn"-OH,),
[N(@afa®)sMn(OTH](OTF) (Mn"-OTf) and N(pi®)(@fa®),Mn(OH) (Mn"-OH) was
accomplished following the previously reported synthetic procedures for the iron derivatives in
comparable yields (Scheme 2.1).?* As complexes are *H NMR silent, characterization of these
species was performed by X-ray crystallography, IR spectroscopy and magnetism by Evans’
method (Figure 2.1, Table 2.1).

Addition of 3.1 eqg. of KH to the ligand followed by MnCl; resulted in the formation of
Mn'"-OH,, where the ligand is anionically coordinated to the manganese center. As expected,
the X-ray crystal structure showed that the Mn(ll) species was in a distorted trigonal bipyramidal
geometry with a water molecule bound to the metal center trans to the apical nitrogen, analogous
to the reported K[N(pi®¥)sFe(OH,)] complex (Figure 2.1). The Mn1—O1 distance of 2.096(2) A
compares favorably to that of five-coordinate Mn(ll)-aqua complexes in the literature, ranging
from 2.081 to 2.189 A.>*%' By locating hydrogens of the water molecule in the difference map,
we were able to observe that the water molecule was engaged in hydrogen bonding with two of
the pendant imine moieties in the secondary coordination sphere, supported by N---H bond
distances of 1.88(2) and 1.85(4) A within the range of donor-acceptor atoms participating in
hydrogen bonding.?® The solution magnetic moment of Mn"-OHj, as determined by the Evans’
method was 6.15(15) ug, consistent with the formation of high-spin Mn(1l) complex (high-spin
Mn(I1) pso = 5.92 pg)
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Synthesis of Mn"-OTf was accomplished by adding ligand, HsN(pi®¥)s, to the THF
solution of Mn(OTf)2(MeCN), without base. In Mn'-OTf, the ligand was tautomerized to the
azafulvene-amine form which features dative coordination to the metal center. X-ray crystal
structure determination of Mn'"-OTf revealed that the five-coordinate Mn(ll) center was in a
pseudo-trigonal bipyramidal geometry bound to the tripodal ligand platform (Figure 2.1). Even
though the gross structures of the bound ligand in Mn'"-OH, and Mn"-OTf are similar,
comparison of intraligand bond distances revealed that three arms were tautomerized to the
azafulvene-amine moieties in Mn'"'-OTf (Figure 2.2). Moreover, the protons from the pyrroles in
the primary coordination sphere moved to the secondary coordination sphere, resulting in the
formation of amine moieties which can be potential hydrogen bond donors to the bound substrate.
However, due to the sterics of the bound triflate anion and the secondary coordination sphere, the
arms were rotated outwards, having hydrogen bonding interaction to the outer sphere triflate
anion. The effective magnetic moment of Mn'-OTf by Evans’ method was 5.88(7) g,

consistent with the formation of high-spin Mn(I1) complex.

_| H,0

3.1 equiv. KH
MnCl, /Py
-3H,
-2KCI

N(piCY
HaN(pI™)s 2.1 equiv. LiN(SiMej),
MnCl, /Py
Mn(OTf), aLicl
-Hx0 - 2 HN(SiMe3),
0 CF3 Cy _|®
Li,O
N /""" 'N“-N =
-2 LiOTi
Mn"-OTf

Scheme 2.1 Synthesis of Mn"-OH,, Mn"-OH, and Mn"-OTT.
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Figure 2.1 Molecular structures of Mn"-OH,, Mn"-OH, Mn"-OTf and Mn'"'-O shown with 30%
probability ellipsoids.

/1.397(4)
1.387(4)

Figure 2.2 Bond length comparisons between Mn"-OTf (left) and Mn'-OH, (right). Bond

distances of the azafulvene substituent (Mn'"-OTf) listed in red denote contraction, while those

in blue signify elongation from anionically coordinated pyrrole-imine (Mn"-OH,) arm.

The preparation of Mn"-OH is also comparable to the previously reported
[N(pi®)(afa®’),]JFeOH compound and was achieved by two different synthetic routes which are
described in Scheme 2.1. H3[N(pi®¥)s] was deprotonated by the addition of 2.2 equivalents of
LiN(SiMe3), and subsequent addition of the deprotonated ligand to an MnCl; in the presence of
adventitious water resulted in the formation of Mn'-OH. Alternatively, synthesis of Mn'-OH
was achieved by adding Li,O to Mn"-OTT.

Structural analysis of Mn"-OH revealed that the manganese center was in a pseudo-
trigonal bipyramidal geometry, consisting of the tripodal ligand and a hydroxyl ligand trans to
the apical nitrogen (Figure 2.1). The Mn1—O1 distance of 2.0524(12) A was shorter than that of
complex Mn'-OH, and comparable to the Mn—O distance of Borovik’s Mn(II)-OH complex
(2.059(2)A).*° Interestingly, two different tautomeric forms were observed in the crystal
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structure of Mn'-OH. Two of the three arms were revealed as azafulvene-amine moieties
presenting hydrogen bond donors in the secondary coordination sphere. Those two amines were
hydrogen bonding to the oxygen of the hydroxyl ligand with O---H distance of 1.75(2) and
1.66(2) A. The third arm, however, was determined to be the pyrrole-imine moiety, functioning
as a hydrogen bond acceptor from the hydroxyl ligand with a N---H distance of 2.09(2) A. The
O---H and N---H distances are within the range of appropriate hydrogen bonding interaction. As
previously reported with the Fe complex, this Mn complex demonstrated that each arm of this
ligand is capable of independent tautomerization, resulting in two different tautomers in the same
complex. Characterization of Mn"-OH by Evans’ method, however, was unsuccessful due to
low solubility.

The solid-state infrared spectra (FTIR-ATR) of Mn"-OH,, Mn'"-OTf, and Mn"-OH
feature bands corresponding to the C=N stretches of the ligand platform (Table 2.1) similar to
those reported for iron (Fe''-OH,: 1603 cm™; Fe"-OTf: 1637 cm™; Fe''-OH: 1624, 1655 cm’
)22 and supported analogous coordination modes of the ligand between the different metal

centers.

Table 2.1 Selected structural parameters of Mn"-OH,, Mn"-OH, Mn"-OTf and Mn""'-0O.

Bond Mn'-OH, (A) Mn"-OH (A) Mn"-OTf (A) Mn"'-0 (A)
Mn1-N1 2.347(2) 2.3295(15) 2.3398(17) 2.114(5)
Mn1-N(pyr) 2.126(2) — 2.1427(15) — 2.1201(17) — 2.056(5) —

2.165(2) 2.1784(15) 2.1480(18) 2.067(5)
Mn1-O1 2.096(2) 2.0524(12) 2.1450(16) 1.789(4)
O1-H5 0.74(4) 1.75(2) -- =P
O1-H6 - 1.66(2) -- =P
O1-H7 0.89(5) 0.78(2) -- =P
C=N stretch 1617 cm™ 1645 cm™ 1641 cm™ 1659 cm™
Magnetic Moment  6.15(15) pg -8 5.88(7) ps 5.22(16) pg

2A reliable magnetic moment could not be obtained for complex Mn"-OH due to its insolubility. °H
atoms were calculated in this structure, therefore hydrogen-bonding distances are not pertinent. O1-NX
(X =5, 6, 7) distances ranging from 2.673(7) — 2.747(16) A support hydrogen-bonding interactions.

2.2.2 Reactivity of Mn'"'-OTf towards small molecules: synthesis of Mn(111)-oxo complex
Following the synthesis of Mn"-OH,, Mn"-OH, and Mn"-OTf, oxidation experiments
were explored to evaluate the propensity of these complexes to activate small molecules.

Exposure of complex Mn"-OH, to an atmosphere of oxygen quickly afforded decomposition,
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indicated by free ligand noted in the *H NMR spectrum. In contrast, complex Mn"-OH was
completely inert to oxygen. We propose this is a result of the hydrogen bonding observed in the
structure of Mn'"-OH, protecting the metal center from external substrates. Furthermore, the
presence of H-bonding likely disfavors ligand dissociation which is required for the reactivity of

O, to occur.

1atmQ,
or stir in air

‘ ["Bu/NINO,

- ["BuyN]OTf - . — . .
16 14 12 10 8 & 4 2 0 =2
- NO 1 (ppm)

4 6 8 0 -2 -4 16 -18

Figure 2.3 Synthesis of [N(afa®)sMnO](OTf) (left). *H NMR Spectrum of [N(afa®¥)sMnO](OTf)
(right).

Oxidation of Mn"-OTf was attempted via exposure to O,, resulting in a gradual color
change from yellow to green over the course of 24 hours (Figure 2.3, left). The green solid was
obtained in 75% yield following workup. Characterization by *H NMR spectroscopy revealed 5
paramagnetically broadened and shifted features, ranging from -16.4 to 13.1 ppm (Figure 2.3,
right). The solution magnetic moment of the product in dimethyformamide (pesr= 5.22(16) pg),
as determined by the Evans’ method, corresponds to high-spin Mn(l11).

In order to confirm the formation of high-spin Mn(l1l) complex, the solution X-Band

EPR spectrum of crystalline Mn'"

-O in a 1:1 DCM/Toluene mixture (5 mM) was collected in
perpendicular mode, displaying a weak and broad transition centered at g = 8 (Figure 2.4). In
parallel mode, the spectrum displays a forbidden, £2 transition with a six-line hyperfine splitting
centered at gesr = 7.9 and simulated with the following: g, = 1.95; E/D = 0.09; A; = 262 MH,

(Figure 2.4).
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Figure 2.4 EPR Spectrum (X Band, Perpendicular Mode (top, simulation red, experimental
black) Parallel Mode (bottom, simulation red, experimental black) of Mn""'-O (4K) (5 mM

"0 in a 1:1 dichloromethane/toluene mixture). The microwave frequency =

solution of Mn
9.1008 GHz; receiver gain = 6.40E+3; modulation amplitude = 20.00G; Power =10.00dB. The
experimental data is shown in green and simulated spectrum in black g = 1.95 (E/D = .09).

*denotes signal due to cavity background.

".O was attempted via oxygen-atom transfer reagents.

Independent synthesis of Mn
Exposure of Mn'"-OTf to an equivalent of pyridine-N-oxide resulted in recovery of starting
materials despite prolonged reaction periods. Heating the mixture gave rise to decomposition of
Mn'-OT¥, as identified by the presence of free ligand in the *H NMR spectrum. However,
addition of an equivalent of iodosylbenzene (PhIO) to an acetonitrile solution of Mn'-OTf
resulted in a gradual color change from yellow to green-brown (Figure 2.3, left). Trituration

with THF resulted in the isolation of a green solid, confirmed as Mn''-O by 'H NMR
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spectroscopy and mass spectrometry, albeit in depreciated yields (41%). ESI-MS revealed the
parent ion of Mn'"'-O ([N(afa®)sMn(0)]*, m/z = 652.35), which matches the predicted isotope
pattern for the product and is consistent with the proposed molecular formula. Furthermore
addition of 90% isotopically enriched Ph1O*® showed the parent ion for the O'® isotopologue of
Mn'"'-O (m/z = 654.35) with 60% incorporation of O*. We believe the depreciation in O
incorporation is due to rather fast exchange with water, which has previously been observed.?

The infrared spectrum of Mn"'-O does not indicate any O-H or N-H stretches consistent with

this fast water exchange.

Refinement of structural data obtained from green crystals of Mn""

-O revealed a pseudo
trigonal bipyramidal manganese center with three datively coordinated azafulvene rings
composing the equatorial plane, and a terminal oxygen bound trans to the apical nitrogen of the
ligand platform (Figure 2.1, Table 2.1). As in the structure of the previously reported Fe(l11)-oxo,
[N(afa®)sFe(0)]*,* all three arms of the ligand platform are rotated inwards, with the amino
hydrogen atoms composing a secondary coordination sphere and engaging in hydrogen-bonding
interactions with the oxygen atom [O1"NX = 2.673(7) A (X=5), 2.747(16) A (X=6), 2.706(7) A
(X=7)] (Note: Due to the quality of the crystal structure, H-atoms could not be located in the
difference map but calculated, thus evidence for hydrogen-bonding comes from the O-N
distances consistent with that of [N(afa®)Fe(0)]*). The Mn1-01 distance of 1.789(4) A is
statistically identical to that of Borovik’s Mn(IIl)-oxo (1.771(5) A).* Furthermore, the Mn-O

distance of Mn'"-O is significantly shorter than that of reported Mn(l111)-OH bond distances

which range from 1.806(13) — 1.8540(8) A, consistent with our assignment of the product as the
Mn(l11) terminal-oxo species.***"%

To investigate the electronic changes upon oxidation of Mn'"-OT¥, electronic absorption
spectroscopy was employed (Figure 2.5). In the case of Mn"-OTf a single band centered at 327
nm (¢ = 84386 M'lcm'l), attributed to the m—>7* transition of the ligand platform, is detected in

the UV region of the spectrum. Upon oxidation to Mn'"!

-0, this m=>7* transition is slightly red-
shifted, as a result of the reduction of electron density at the metal centre [Amax (em) = 335 nm
(33620 M™*cm™)]. Additionally, the spectrum of Mn'"'-O resembles that previously reported for
[Mn(I11)Hsbuea(0)]* [Amax (em) = 498 nm (490 M cm™), 725 nm (240 M*cm™)], with notable

bands blue-shifted, located at 458 nm (e = 507 M*cm™) and 621 nm (e = 477 M'em™).*? These
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energy differences are proposed to arise from the dative versus anionic coordination, respectively,

of the ligand platforms.

10000
= [N(afa®),Mn(OTf))(OTf)
g 8000 [N(afa®),MnO](OTf)
é 1000
> 6000 800
"E%,_ 600
g 200
< 2000 .
=

400 450 500 550 600 650 700
0

300 400 500 600 700 800
Wavelength (nm)

Figure 2.5 Electronic absorption spectrum of Mn"-OTf and Mn""-O in MeCN at ambient
temperature.

In an effort to explore alternative synthetic routes to access Mn'"

-0, the reactivity of the
Mn(I1) azafulvene complex (Mn'-OTf) towards the reduction of nitrite was investigated (Figure
2.3). Previously, our research group has reported the facile reduction of NO,™ by an iron(ll) non-
heme species, [N(afa®);Fe(OTf)](OTf), resulting in the isolation of a terminal Fe(lll)oxo
complex, [N(afa®)sFe(0)](OTF).*® Due to the similarities in the structures of the iron and
manganese starting materials, the ability of the manganese system to perform the analogous
anion reduction was explored. Upon exposure of Mn"-OTf to an equivalent of [NBu4][NO,],

formation of Mn""

-O was noted over a period of 24 hours at elevated temperatures (61%). This
extended reaction time is in contrast to the immediate reduction noted by iron. Reduction of
nitrite by a manganese center is exceedingly rare, with the sole example reported for a Mn-
porphyrin system induced by photolysis of the Mn-nitrito precursor.’

Structural characterization of Mn(l11)-oxo complexes is exceedingly rare. To the best of
our knowledge, the only synthesized complex preceding the example reported here is derived
from the urea functionalized tris(2-aminoethyl)amine ligand platform studied by Borovik.'” The

ability to access the terminal metal oxo species is attributed to the presence of three amine
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moieties composing a hydrogen-bonding secondary coordination sphere to stabilize the terminal
oxo ligand. Additionally, structural parameters of the starting material depict three amine
moieties pointing away from the pocket of the complex, engaging in hydrogen-bonding
interactions with the outer sphere triflate anion. Simple rotation about the C=C bond of the
azafulvene moiety is not possible without tautomerization, suggesting dissociation of the arm of
the ligand prior to appropriate positioning of the secondary coordination sphere. The amino
groups of the ligand platform reposition themselves for the stabilization of the Mn(lll)-oxo

species.

2.3 Conclusion

Our ligand scaffold (Hs[N(pi®¥)s]) that is capable of each arm tautomerizing
independently, as reflected in the intraligand bond lengths of complex Mn'"'-OH, may adequately
mimic the electronic nuances of the amino acids found within the protein superstructure of
metalloenzymes. Capable of participating in bond cleavage events, dioxygen activation and

subsequent formation of the Mn""—O species may be assisted by the hydrogen-bonding network

found in the secondary coordination sphere of our ligand. Furthermore, the various synthetic

protocols established to access the Mn™"—O complex (summarized in Figure 2.3) illustrate the

propensity of this system to cleave E—O multiple bonds (where E = N, O and I).

2.4 Experimental section

General Considerations. All manipulations were carried out in the absence of water and
dioxygen using standard Schlenk techniques, or in an MBraun inert atmosphere drybox under a
dinitrogen atmosphere except where specified otherwise. All glassware was oven dried for a
minimum of 8 h and cooled in an evacuated antechamber prior to use in the drybox. Solvents
were dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and
stored over 4 A molecular sieves purchased from Strem following literature procedure prior to
use. Acetontrile-d; was purchased from Cambridge Isotope Labs and stored over 4 A molecular
sieves prior to use. Manganese(ll) chloride was purchased from Strem and used as received.
Manganese bis(trifluoromethanesulfonate) was prepared according to literature procedures.
Ha[N(pi®)s] was prepared according to literature procedures.?? Lithium oxide was purchased

from Sigma-Aldrich and used as received. Lithium hexamethyldisilazane was purchased from
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Sigma-Aldrich and recrystallized from toluene under an inert atmosphere prior to use. Celite®
545 (J. T. Baker) was dried in a Schlenk flask for 24 h under dynamic vacuum while heating to
at least 150C prior to use in a drybox. "H NMR spectra were recorded on a Varian spectrometer
operating at 500 MHz (*H NMR). All chemical shifts were reported relative to the peak of the
residual solvent as a standard. Solid-state infrared spectra were recorded using a Perkin-Elmer
Frontier FT-IR spectrophotometer equipped with a KRS5 Thallium Bromide/lodide Universal
Attenuated Total Reflectance accessory. ESI-MS data was collected on a Thermo Scientific LTQ
Orbitrap. The data was collected using sonic spray ionization (SSI) with a solvent pumping rate
of 6 microliters/min and a nitrogen pressure of 200 psi. Elemental analysis was performed the
University of Illinois at Urbana-Champaign School of Chemical Sciences Microanalysis
Laboratory in Urbana, IL. EPR samples were prepared in an MBraun glovebox. The sample
concentration is approximately 5mM in dichloromethane/toluene (1:1) mixture. EPR spectra
were recorded on a Varian E-line 12” Century series X-band CW spectrometer and the spectra

were simulated using the program SIMPOWS.

Preparation of K[(N(pi®)sMn(OH>)]. Hs[N(pi®¥)s] (0.060 g, 0.103 mmol) was deprotonated
by addition of 3.1 equivalent of KH (0.013 g, 0.32 mmol) to an approximately 10 mL of
tetrahydrofuran solution. After it was stirred for two hours at room temperature, the mixture was
filtered through Celite to remove excess KH. Addition of deprotonated ligand to the MnCl,
(0.013 g, 0.0103 mmol) slurry in tetrahydrofuran resulted in a color change from colorless to
yellow. After stirring overnight and all MnCI, was consumed, the reaction mixture was filtered
through Celite to remove KCI. Following removal of the volatiles, the yellow oil was washed
with diethyl ether. The product was isolated as a yellow powder in quantitative yields (0.068 g,
0.097 mmol, 95 %). Crystals of K[(N(pi®¥)sMn(OH,)] suitable for X-ray analysis were grown at
room temperature via slow diffusion of hexanes into a concentrated solution of tetrahydrofuran.
Analysis for KMnCssHsoN;O-OC4Hg: Calcd. C, 62.97; H, 7.66; N, 12.85. Found C, 63.46; H,
7.60; N, 12.47. IR = 1617 cm™ (C=N). e = 6.15(15) pa.

Preparation of [N(afa®)sMn(OTH](OTS). A 20 mL scintillation vial was charged with
Mn(OTf),(MeCN), (0.043 g, 0.100 mmol) and approximately 10 mL of tetrahydrofuran. With
vigorous stirring, Hs[N(pi®¥)s] (0.060 g, 0.103 mmol) was added and resulted in an instantaneous
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color change from colorless to yellow. The mixture was stirred for one hour, after which time
solvents were removed under reduced pressure. The yellow oil was washed with diethyl ether
three times. The product, [N(afa®)sMn(OTf)](OTf), was isolated as a yellow powder in
quantitative yields (0.087 g, 0.094mmol, 94%). Crystals of [N(afa®)sMn(OTf)](OTf) suitable
for X-ray analysis were grown at room temperature from a concentrated solution of
tetrahydrofuran layered with pentane. Analysis for MnC3gHs1N7S;Fs0g-OC4Hg: Calcd. C, 50.47;
H, 5.87; N, 9.91. Found C, 50.31; H, 5.82; N, 9.81. IR = 1641 cm™ (C=N), 3230, 3290 cm™ (N-
H). pess = 5.89(7) ps.

Preparation of N(pi®)(afaCy),Mn(OH). A 20 mL scintillation vial was charged with
Mn(OTf)2(MeCN), (0.043 g, 0.100 mmol) and approximately 10 mL of tetrahydrofuran. With
vigorous stirring, Hs[N(pi®¥)s] (0.060 g, 0.103 mmol) was added and resulted in an instantaneous
color change from colorless to yellow. After stirring for one hour, lithium oxide (0.003 g, 0.100
mmol) was added as a solid. The mixture was stirred for three hours, giving rise to formation of
yellow precipitates. The solvents were removed under reduced pressure and the resulting yellow
residue was washed with diethyl ether/ tetrahydrofuran mixture to remove lithium triflate. The
product, N(pi®)(afaCy),Mn(OH), was isolated as a yellow powder in quantitative yields (0.075
g, 0.093 mmol, 93%). Crystals of N(pi®¥)(afaCy),Mn(OH) suitable for X-ray analysis were
grown at room temperature from a dilute solution of tetrahydrofuran. Analysis for MnC3sHs1N7O:
Calcd C, 66.24; H, 7.87; N, 15.02. Found C, 65.95; H, 7.51; N, 14.91. IR = 1645 cm™ (C=N).
3226 cm™ (NH). pefr = 5.87(28) pa.

Alternetive Synthesis of N(pi®¥)(afaCy),Mn(OH). Hs[N(pi®¥)s] (0.060 g, 0.103 mmol) was
deprotonated by addition of 2.1 equivalents of LiN(SiMes3), (0.036 g, 0.216 mmol) to an
approximately 10 mL of tetrahydrofuran solution. After was stirring for one hour at room
temperature, the deprotonated ligand was added dropwise to another 20 mL scintillation vial,
charged with MnCl, (0.012 g, 0.100 mmol), 2 drops of pyridine (to aid in solubility), and
approximately 2 mL of tetrahydrofuran with vigorous stirring. After this solution was stirred for
3 h at room temperature and the solvents were removed under reduced pressure. The product

was isolated as yellow powder with LiCl as a contaminant.
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Preparation of [N(afa®)sMnO](OTf) from O,. A 20 mL scintillation vial was charged with
[N(afa®)sMn(OTH)](OTF) (0.100 g, 0.108 mmol) approximately 10 mL of acetonitrile. The vial
was sealed with a 14/20 septum and tape and removed from the glovebox. A standard party
balloon attached to a syringe was filled with O, and injected through the septum with a needle.
The atmosphere was purged with O, resulting in an instantaneous color change to green. The
mixture was stirred overnight to ensure completion. Volatiles were removed under reduced
pressure and the product, [N(afa®)sMnO](OTf) (0.065 g, 0.081 mmol, 75 %) was isolated via
recrystallization in good yields via slow diffusion of diethyl ether through a concentrated

acetonitrile solution at room temperature.

Independent Preparation of [N(afa®);MnO](OTf). A 20 mL scintillation vial was charged
with [N(afa®)sMnO](OTf) (0.050 g, 0.054 mmol) approximately in 10 mL of acetonitrile. The
mixture was cooled to -35 °C. An equivalent of iodosylbenzene (0.012 g, 0.054 mmol) was
weighed and added as a solid to the pale-yellow solution. A gradual color change to green was
noted over the course of two hours. Volatiles were removed under reduced pressure, leaving a
brown-green residue. The oil was washed with tetrahydrofuran and filtered over Celite until the
filtrate ran clear. The product was subsequently washed through the frit with acetonitrile. After
removing solvents in vaccuo, the product, [N(afa®¥)sMnO](OTf), was isolated as a green,
crystalline powder in modest yields (0.018 g, 0.022 mmol, 41 %). Crystals suitable for X-ray
analysis were grown from the slow evaporation of a concentrated acetonitrile solution of
[N(afa®)sMnO](OTf) via slow diffusion of diethyl ether. Analysis for Cs7HsiN;MnO4FsS:
Calcd. C, 55.42; H, 6.41; 12.23. Found C, 55.28; H, 6.37; N, 12.08. 'H NMR (CDsCN, 21 °C):
o =13.06 (539, 3H, CH), 6.78 (447, 3H, CH), 4.17 (348, 3H, CH), 1.47 — 0.75 (33H, Cy-CH),
0.06 (274, 6H, CH), -16.39 (491, 3H, CH). IR = 1659 cm™ (C=N). ESI-MS m/z = 652.3525 for
[N(afa®)sMnO](OTf). ESI-MS m/z = 654.3549 for [N(afa®)sMnO®](OTH).

Preparation of [N(afa®’)sMnO](OTf) via Reduction of Nitrite. A 20 mL scintillation vial was
charged with [N(afa®)sMnO](OTf) (0.050 g, 0.054 mmol) and approximately 5 mL of
acetonitrile. An equivalent of ["BusN]J[NO,] (0.016 g, 0.056 mmol) was weighed by difference
and added as a solid to the pale-yellow solution. Over the course of 24 hours at 40 °C, a gradual

color change to red was noted. Volatiles were removed under reduced pressure, leaving a green
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solid. Following trituation with a diethylether and tetrahydrofuran mixture (1:1) to remove the
byproduct, ['BusN]J[OTf], the product [N(afa®)sMnO]J(OTf) was recrystallized from a
concentrated acetonitrile solution via slow diffusion of diethyl ether. After removing residual

solvents in vaccuo, the product, [N(afa®)sMnO](OTf), was isolated as a green, crystalline

powder in modest yields (0.027 g, 0.033 mmol, 61 %). Formation of the desired product was

confirmed by *H NMR spectroscopy and X-ray diffraction.
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Chapter 3
Manganese complexes and their X3 derivatives interacting with secondary

coordination spheret

3.1 Introduction

One of the important small molecules in biology is O, which reacts with metalloenzymes
to perform various catalytic reactions including water oxidation by the oxygen evolving complex
(OEC),"? oxygenase reactions by cytochrome P450,** oxygen reduction to water by cytochrome
c oxidase,® etc. Exposure of these metalloenzymes to molecular oxygen results in the formation
of reactive high-valent metal species such as metal-oxo, hydroxyl, superoxo or peroxo
complexes, which can be stabilized by hydrogen bonding interactions from the secondary
coordination sphere.’® However, due to the rapid reactivity of oxygen with metalloenzymes,
understanding mechanisms and identifying reaction intermediates are not straightforward. To
gain insights into O, reactivity and its interaction with secondary coordination sphere,
pseudohalide ligands such as azide (Nj3’), thiocyanate (NCS’) or isocyanate (NCO") can be
utilized as surrogates for molecular oxygen or superoxide (O;’). Azide can bind to the active site
of the metalloenzymes similar to oxygen or superoxide, but subsequent reactivity is limited.”® In
cytochrome c oxidase, for example, it has been shown that the azide competitively binds to
copper over oxygen, resulting in the chemical asphyxiation of cells.’® Moreover, multiple
hydrogen bonding sites of such ligands will allow for studying non-covalent interaction between
bound substrates and the secondary coordination sphere, as shown in Brayer’s work with
myoglobin where histidine side chain can stabilize the azide bound to the iron center.’

As discussed in Chapter 2, a Mn(ll) complex can react with O, and nitrite, resulting in the
formation of a Mn(lll)-oxo complex. Since it readily reacts with those small molecules,
identifying reaction intermediates is challenging. In order to gain further insights into the
hydrogen bonding ability of our metal complexes with such small molecules, we shifted our

interest to expand the generation of pseudohalide derivatives of Mn complexes.

+ Portions of this chapter are reproduced from the following publication with permission from the authors.
Matson, E.M.; Park, Y .J.; Fout, A.R. Dalton Trans. 2015, 44, 10377-10384.
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Herein, the synthesis and characterization of a family of azafulvene Mn complexes with
X3~ ligands, [N(afa®)sMnX](OTf) (X = N3, OCN and SCN) will be explored to understand how
the binding of anionic and axial substrates influence the coordination of the ligand and non-
covalent interactions of the secondary coordination sphere. The surprising ability of the ligand
to span multiple hydrogen bonding motifs presented herein demonstrates a novel, biomimetic

scaffold capable of conformational changes to optimally stabilize M—X interactions.

3.2 Results and discussion

With the [N(afa®)sMn(OTf)](OTF) complex in hand, installation of a variety of anions
possessing lone pairs of electrons capable of engaging in hydrogen bonding with the secondary
coordination sphere was attempted. The purpose of the synthesis of these variants was to develop
an increased understanding of the interaction of substrates with the secondary coordination
sphere to elucidate how the substrate can influence the coordination mode of the ligand scaffold.
The pseudohalides thiocyanate (NCS’), isocyanate (NCO"), and azide (N3) were selected due to
their commercial availability and propensity to serve as model substrates for biological
intermediates. Binding of the linear functionality anionically to the metal center has been shown
to serve as a mimic for hydroxyl, peroxide, or nitrite intermediates, with lone pairs of electrons
available for hydrogen bonding with the amino moieties of the ligand. Furthermore, these anions
possess characteristic infrared stretching frequencies that provide electronic information on the
interaction between metal center and substrate.

In an effort to synthesize the desired [N(afa®¥)sMnX]* species (X = NCS", NCO", N3),
salt metathesis with the corresponding [NBu4]X salt was employed for functionalization of the
complex [N(afa®)sMn(OTH)](OTf) (Scheme 3.1). Initial experiments focused on the synthesis
and characterization of the thiocyanate derivative in order to understand the ligand’s ability to
hydrogen bond with an anionic substrate without the complexity of variable coordination modes
due to the ambidentate nature of the anion. Addition of an equivalent of [NBu4][NCS] to a THF
slurry of the manganese azafulvene precursor resulted in yellow precipitate from the solution,
suspended as a fine powder. Following work-up, the product, [N(afa®¥)sMn(NCS)](OTf) (Mn-
NCS) was isolated as a powder in quantitative yield. For the isolation of analytically pure
samples, recrystallization was accomplished by slow diffusion of diethyl ether into a

concentrated solution of DMA and acetonitrile (1:10). The magnetic moment of Mn-NCS is
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consistent with a high-spin Mn(II) complex (perr = 5.96(12) pg). The complex was also
characterized by infrared spectroscopy to confirm the installation of the new thiocyanate
functional group. The shifted, asymmetric stretch of the NCS™ at 2016 cm™ was noted by
comparison to the values reported for the starting material ["BusN]J[NCS] (2060 cm™) (Table 3.1).
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Scheme 3.1 Synthesis of [N(afa®¥)sMnX]" complexes (X = NCS", NCO", N3).

To gain insight into the structural parameters of the thiocycanate complexes,
crystallographic characterization was performed (Figure 3.1, Table 3.1). Crystals suitable for X-
ray analysis were grown from a concentrated solution of DMA and acetonitrile in a 1:10 ratio,
layered with diethyl ether. Upon refinement of the data, a pseudo trigonal bipyramidal geometry
was noted. Mn1-NX (X = 1-4) distances are consistent with that of [N(afa®*)sMn(OTf)](OTf)
starting material presented in the previous chapter, indicating analogous primary coordination
interactions of the ancillary ligand platform with manganese. Intraligand bond distances are of
the appropriate values to confirm presence of the tautomeric azafulvene-amine form of the ligand
backbone.

A new feature of the system was observed following installation of the thiocyanate anion,
resulting from the rotation of a single arm of the ligand platform inward, giving rise to a
hydrogen bonding interaction between an amino moiety of the secondary coordination sphere

and the nitrogen atom of the pseudohalide. The position of the hydrogen atom engaging in
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hydrogen bonding with the axial ligand could be reliably determined and independently refined
in the electron density map. The N10-H5 distance of 2.12 A and the N5-N10 distance of 2.992(3)
A are well within the range of distances established as hydrogen-bonding interactions.* Further
support of the presence of a hydrogen bonding interaction is the nearly linear N5—-H5-N10 bond
angle of 168.8°.
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Figure 3.1 Crystal structures of Mn-NCS, Mn-NCO and Zn-N3 shown with 50% probability
ellipsoids. Select hydrogen atoms, counter ions, and solvent molecules have been removed for

clarity.

Table 3.1 Selected structural parameters of complexes, Mn-NCS, Mn-NCO, Mn-Nzand Zn-Ns.

Bond Mn-NCS Mn-NCO Mn-N; Zn-N;
M1-N1 2.3337(16) 2.3398(17) — 2.267(2)
MINGY) 5701 > 1480015) - 20550)
M1-NX0 2.1322(17) 2.1450(16) — 2.081(7)
N10-H5 2.126(2) 2.06° — 2.16(4)
N10~N5 2.993(2) 2.93(2) — 2.921(14)
N10-H5-N5 168(1)° 175.7° — 174(4)

N-H stretch 3218, 3280 cm™ 3202, 3288 cm™ 3221cm™ 3226, 3294 cm™
C=N stretch 1646 cm™ 1640 cm™ 1655 cm™ 1651 cm™

IR stretch, X 2016 cm™ 2178 cm™ 2066 cm™ 2067 cm™

Leff 5.96(12) pg 5.90(11) pg 5.88(4) ug —

The observation of the formation of a new hydrogen bonding interaction between the

amino moiety and the substrate supports the hypothesis of the flexible nature of the ligand
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platform. The participation of the ligand framework in hydrogen bonding with the newly
installed thiocyanate moiety is remarkable, as free rotation around the C=C bond of the
azafulvene-amine tautomer is prohibited.

Interested in investigating the electronic and structural properties of isocyanate
derivatives of the metal azafulvene complexes, synthesis was accomplished by addition of an
equivalent of [NBusJ[NCO] to [N(afa®)sMn(OTf)](OTf). The primary motivation for the
exploration of the oxygen-containing pseudohalide was to generate a complex resembling the
structural properties of a peroxide moiety, with a M—O single bond stabilized through H-bonding
interactions. Following salt metathesis, installation of the psuedohalide was confirmed by
infrared spectroscopy; [N(afa®)sMn(NCO)]* (Mn-NCO) bears sharp bands assigned to a bound
isocyanate moiety at 2178 cm™, shifted from that of the starting material, [NBu,][NCO] (2160
cm™).

Crystallographic characterization of Mn-NCO was possible by diffraction of single
crystals grown from a concentrated solution of acetonitrile and DMA (10:1) layered with diethyl
ether (Figure 3.1). A single component was identified in the asymmetric unit, consisting of two
disordered species. In the minor component (25%), a single arm of the tripodal framework has
been rotated inwards, engaging in hydrogen bonding with the nitrogen located closest to the
metal center in the axial isocyanate substituent (Figure 3.1). However, compared to the Mn-
NCS having only single arm hydrogen bonding to the substrate, the major component has two
arms of the ligand platform engaging in hydrogen bonding with the substrate presumably due to
the smaller size of the isocyanate.

Structural refinement of Mn-NCO revealed a distorted trigonal bipyramidal geometry
about the metal center, similar to that of the thiocyanate complex. The isocyanate moiety has
replaced the triflate as anticipated, driving N—H bonds to rotate inward and stabilizing the
substrate via a new hydrogen bonding interaction. The disorder of one of ligand arms gives rise
to a metal-isocyanate complex where two ligand arms are now participating in hydrogen bonding.
To accommodate this increase in ligand-anion H-bonding, the isocyanate moiety is positioned at
a slightly more acute angle (Mn1-N10-C11 = 142.5(16)°) in comparison to the minor
component of the crystal structure (Mn1-N10B-C11B = 152(4)°). The ability of the ligand to

participate in this remarkable structural transformation highlights the ability of this tripodal
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platform to adequately mimic amino acid binding sites present in metalloenzymes by adjusting
the number of hydrogen bonding interactions to best suit the stabilization needs of the complex.

Intrigued by the participation of the secondary coordination sphere in stabilization of the
thiocyanate and isocyanate moieties, synthesis of the structurally analogous Mn-N3; complex was
subsequently explored. An azide moiety has been shown to spectroscopically mimic metal
peroxide species and have been utilized to investigate the electronic properties of proposed
intermediates in enzymatic pathways. In recent EPR spectroscopic studies, Rivera and coworkers
observed the presence of an iron(l11)peroxo, while the electronically similar species were studied
utilizing azide and cyanide ligands as models for the reactive peroxo substrate.’>** Additionally,
metal azide complexes are well-established precursors for metal nitrides. As our research group
is primarily interested in the utilization of secondary coordination spheres for the stabilization of
intermediates along biologically relevant mechanistic pathways including water oxidation,
oxygen reduction, nitrite or nitrogen reduction, the synthesis of a manganese azide complex was
explored.

The synthesis and purification of the azide derivative, Mn-N3, were accomplished in a
similar fashion to that discussed for the synthesis of Mn-NCS and Mn-NCO. Following work-
up, the product, [N(afa®)sMn(N3)](OTf), was isolated as a powder in a quantitative yield.
Magnetic properties of the products revealed similar electronic states to that of the respective
starting materials (Uesr = 5.88(4) ug). The effective magnetic moment of the complex also
resembles those obtained for the corresponding thiocyanate and isocyanate derivatives.

To confirm the installation of the azide moiety, infrared spectroscopy was employed to
determine the stretching frequency of the coordinated [N3]. A strong band was located at 2067
cm’, shifted from that of the azide starting material, [NBu4][Ns] (2022 cm™). The C=N stretches
observed in the infrared spectra of Mn-N3 at 1640 cm™ is similar to that of the tripodal starting
material (1636 cm™), and is consistent with the dative azafulvene-amine binding mode of the
tripodal ligand.

However, since crystallographic characterization of Mn-N3 was not performed due to its
needle like shape, [N(afa®)sZn(N3)](OTf) (Zn-N3) complex which is isomorphous to Mn-Nj3
was synthesized and characterized instead. Analysis of Zn-Ns by *H NMR spectroscopy revealed

diamagnetic resonances which are in a similar range with the previously reported
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[N(afa®)sZn(OTH)](OTF), but revealing an asymmetric distribution of resonances suggesting that

arm rotations varied within the product (Figure 3.2).

[N(afa®);Zn(OTF)](OTf)

[N(afa®);Zn(N,)](OTf)

13 12 1 10 9 8 7 6 5 4 3 2 1 0 A
ppm

Figure 3.2 *H NMR spectrum of [N(afa®¥)sZn(OTf)](OTf) and [N(afa®¥)sZn(Ns)](OTf) (20°C,
MeCN-ds)..

Crystallographic analysis of Zn-N3 revealed a similar molecular configuration as Mn-
NCS, having a single arm hydrogen bonding to the bound azide (Figure 3.1). Again, the N10-H5
bond distance of 2.16(4) A and the N5-N10 bond distance of 2.921(14) A are well within the
range of established hydrogen-bonding interactions.™* Further supporting the presence of a
hydrogen bonding interaction is the nearly linear N5-H5-N10 bond angle of 174(4)°.

The synthesis of metal azide complexes by salt metathesis is a common strategy to access
precursors to metal nitride species. In recent work, Smith and coworkers have presented the
synthesis and characterization of the terminal Fe(IV) nitride species, generated by photolysis of a
Fe(11) azide complex, PhB(‘Bulm)sFeNs.">® Likewise, Meyer and coworkers have recently

reported a Co(ll) azide complex that releases an equivalent of N, to form a transient Co(IV)
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nitride upon exposure to UV light.*” Despite extensive attempts to access the desired complexes
“[N(afacy)gMN]” via thermolysis, photolysis and chemical reduction, isolation of the terminal

nitride remains elusive.

3.3 Conclusions

Our previous report in Dalton Transactions summarized the syntheses and
characterizations of a series of late first-row transition metal complexes (Mn, Fe and Co) with
pseudohalide ligands (N3, NCO", and NCS").* In all cases, we were able to observe substrates
binding over a triflate anion and various hydrogen bonding interactions within the secondary
coordination sphere depending on the bound substrates. Compared to the starting compounds,
[N(afa®)sM(OTH)](OTH), having all arms rotated outwards, addition of hydrogen bonds to the
substrates in [N(afa®)sMX](OTf) is not simple, as free rotation around the C=C bond of the
azafulvene-amine tautomer is prohibited. Tautomerization of the ligand scaffold allows for this

fluxional behavior of the ligand platform, resulting in variable hydrogen bonding motifs.

3.4 Experimental section

General Considerations. All manipulations were carried out in the absence of water and
dioxygen using standard Schlenk techniques, or in an MBraun inert atmosphere drybox under a
dinitrogen atmosphere except where specified otherwise. All glassware was oven dried for a
minimum of 8 h and cooled in an evacuated antechamber prior to use in the drybox. Solvents
were dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and
stored over 4 A molecular sieves purchased from Strem following literature procedure prior to
use. HsN(pi®)s™ [N(@fa®)Mn(OTH](OTH? and [N(afa®)Zn(OTH](OTH* were prepared
according to literature procedures. ["BusN][X] (X = NCS, NCO, N3) were purchased from
Sigma Aldrich and used as received.

Infrared spectra were recorded using a Perkin-Elmer Frontier FT-IR spectrophotometer
equipped with a KRS5 Thallium Bromide/lodide Universal Attenuated Total Reflectance
accessory. Elemental analysis was performed by Complete Analysis Laboratories, Inc. in
Parsippany, NJ and the University of Illinois at Urbana-Champaign School of Chemical Sciences
Microanalysis Laboratory in Urbana, IL. All crystal structures were collected on a Bruker APEX

I1 Duo three-circle goniometer equipped with an Oxford cryostream cooling device.
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Procedure for synthesis of [N(afa®)sM(NCS)](OTf). A 20 mL scintillation vial was charged
with [N(afa®)sMn(OTf)](OTf) (0.093 g, 0.100 mmol) and approximately 10 mL of
tetrahydrofuran. With vigorous stirring, ["BusN][NCS] (0.030 g, 0.102 mmol) was weighed and
added as a white solid. The mixture was stirred for one hour, after which time solvents were
removed under reduced pressure. The resulting yellow powder was washed three times with
diethylether to remove the byproduct, tetrabutylammonium triflate. The product was isolated as a
yellow powder in quantitative yields (0.079 g, 0.094 mmol, 94%). Yellow crystals suitable for
X-ray analysis were grown from acetonitrile-DMA mixture(10:1) layered with diethyl ether.
Analysis for MnCs7Hs:NgO-SO3CF3: Caled. C, 55.13; H, 6.21; N, 13.54. Analysis for
MnC37Hs1NgS-SO3CF3: Calcd. C, 54.08; H, 6.09; N, 13.28. Found C, 53.75; H, 6.21; N, 12.80.
Heff = 5.96(12) pg. IR: 1646 cm™* (C=N), 2016 cm™ (NCS), 3218, 3280 cm * (NH).

Procedure for the synthesis of [N(afa®)sMn(NCO)](OTf). A 20 mL scintillation vial was
charged with [N(afa®)sMn(OTf)](OTF) (0.093g, 0.100mmol) and approximately 10 mL of
tetrahydrofuran. With vigorous stirring, ["BusN]J[OCN] (0.029 g, 0.102 mmol) was weighed and
added as a white solid. The mixture was stirred for one hour, after which time solvents were
removed under reduced pressure. The resulting yellow powder was washed three times with
diethylether to remove the byproduct, tetrabutylammonium triflate. The product, 7, was isolated
as a yellow powder in quantitative yields (0.079 g, 0.096 mmol, 96%). Yellow crystals suitable
for X-ray analysis were grown from acetonitrile-DMA mixture (10:1) layered with diethyl ether.
Analysis for MnC3;Hs5:NgO-SO3CF3:  Calcd. C, 55.13; H, 6.21; N, 13.54. Found C, 55.37; H,
6.34; N, 13.05.. pefr = 5.90(11) . IR: 1640 cm™* (C=N), 2178 cm™ (NCO), 3202 cm™* (NH).

Procedure for synthesis of [N(afa®)sMn(N3)](OTf). A 20 mL scintillation vial was charged
with  [N(afa®)sMn(OTf)](OTF) (0.093g, 0.100 mmol) and approximately 10 mL of
tetrahydrofuran. With vigorous stirring, ["BusN][N3s] (0.029 g, 0.102 mmol) was weighed by
difference and added as a white solid. The mixture was stirred for one hour, after which time
solvents were removed under reduced pressure. The resulting pale yellow powder was washed
three times with a 1:1 diethylether and THF mixture to remove the byproduct,
tetrabutylammonium triflate. The remaining powder was dried under reduced pressure to yield
the product in high yields (0.077 g, 0.094 mmol, 94%). Analysis for [MnC3zsHs1N10:SO3CF3]
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.C4HgO: Calcd. C, 54.72; H, 6.61; N, 15.56. Found C, 54.40; H, 6.50; N, 15.59. pefr = 5.88(4)
ug. IR: 1655 cm™ (C=N), 2067 cm™ (N3), 3216 cm™* (NH).

Procedure for synthesis of [N(afa®)sZn(N3)](OTf). A 20 mL scintillation vial was charged
with  [(afa"®");Zn(OTH](OTF) (0.094g, 0.100 mmol) and approximately 10 mL of
tetrahydrofuran. With vigorous stirring, ["BusN][N3s] (0.029 g, 0.102 mmol) was weighed by
difference and added as a white solid. The mixture was stirred for one hour, after which time
solvents were removed under reduced pressure. The resulting white powder was washed three
times with a 1:1 diethylether and THF mixture to remove the byproduct, tetrabutylammonium
triflate. The remaining powder was dried under reduced pressure to yield the product. Analysis
for ZnCgsHs1N19:SO3CF3:  Caled. C, 53.01; H, 6.13; N, 16.71. Found C, 52.89; H, 6.22; N,
16.49. IR: 1651 cm* (C=N), 2067 cm™ (N3), 3226 and 3294 cm™* (NH).
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Chapter 4
Catalytic nitrite reduction:

understanding the role of the secondary coordination sphere

4.1 Introduction

Inorganic nitrite has gained attention as its concentration in drinking water has been
increased from industrial and agricultural sources, which can cause severe health and
environmental problems.™? For example, high level of nitrite can generate methemoglobin, a
form of oxygen-carrying hemoglobin, eventually leading to blue baby syndrome.** Moreover,
nitrite can be converted into carcinogenic nitrosamine compounds, resulting in cancer or lung
disease.””’

In biological systems, enzymatic nitrite reduction is effectively achieved by a wide range
of metalloenzymes including heme-associated globins, molybdo-flavoproteins, mitochondrial
proteins, and cytochrome p450 enzymes.2 2% In order to understand how these metalloenzymes
accomplish catalytic nitrite reduction, as well as to obtain insights into modelling synthetic
inorganic complexes capable of nitrite reduction, structural and computational studies of those
metalloenzymes have been performed.’®® In particular, hydrogen bonding networks in the
secondary coordination sphere of the protein scaffold have been proposed to play important roles
in several steps, such as stabilizing intermediates or mediating proton/electron transfers to the
substrate.”®™® In cytochrome cd1 nitrite reductase, for example, a histidine residue proximally
positioned to the active site can facilitate nitrite binding to the metal center via hydrogen bonding
interactions to the Fe-NO; intermediate. Moreover, this pendant histidine is proposed to transfer
protons to the oxygen, thereby generating water.***3

Informed by these insights, we expected that our metal complexes bearing the
tautomerizable ligand platform, tris(5-cyclohexyliminopyrrol-2-ylmethyl)amine (Hs[N(pi®*)s]),
would be a good model for reducing nitrite. Utilizing a Zn(ll) complex, we previously
demonstrated that the secondary coordination sphere can affect nitrite binding to the metal center
by stabilizing the M-nitrito (N-bound nitrite) complex. Moreover, our Fe(ll) complex can readily
reduce nitrite, resulting in an Fe(ll1)-oxo which is stabilized by the three amine moieties of the
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secondary coordination sphere.” This result gave insights into the mechanistic understanding of

nitrite reduction and the role of the secondary coordination sphere (Scheme 4.1).
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Scheme 4.1 Nitrite reactivity with Fe(l1) and Zn(l1) complexes.*’

Thus far, only a few other synthetic inorganic systems capable of nitrite reduction have
been reported: Suslick’s Mn-porphyrin complex is able to perform nitrite reduction by
photolysis,*® Harrop’s nonheme Fe(NO,); complex can undergo nitrite conversion to nitric
oxide,”® and Szymczak’s Cu complex featuring a proton-responsive tripodal ligand enables
nitrite reduction in homogeneous systems.?’ In the case of catalytic nitrite reduction, examples
are only limited to heterogeneous systems such as bimetallic metal catalysts containing noble
metals.?* 2
In this chapter, utilizing a modified ligand, we expand our previous research of
stoichiometric nitrite reduction to catalytic nitrite reduction, generating nitric oxide and water.
The secondary coordination sphere is able to transfer protons and electrons to an axial ligand,
enabling the generation of water over the course of catalytic nitrite reduction, which is rare in
synthetic inorganic systems. Catalytic nitrite reduction and its mechanistic study are discussed
herein, providing important insights into the nitrite reduction mechanism found in
metalloenzymes, such as cytochrome cdl nitrite reductase, as well as modelling synthetic

inorganic complexes capable of catalytic nitrite reduction.

4.2 Results and discussion
4.2.1 Synthesis of mesityl substituted ligand (Hs[N(pi™®)s])

Previous studies of hydrogen bonding interactions between substrates and the secondary
coordination spheres of a series of iron and manganese complexes with Hs[N(pi®¥)s] have been

reported by our research group (described in Chapter 2 and 3).%*®> The proton movements in the
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secondary coordination sphere, as well as the tautomerization of each ligand arm differ
depending upon the substrate and the oxidation state of the metal center. Interested in probing the
effect of ligand electronics on the reactivity of iron complexes, a ligand variant bearing the more
electronic withdrawing, 2,4,6,-trimethylphenyl group in place of the cyclohexyl group was
synthesized. Since the pka. of cyclohexylamine (10.64)*° and that of 2,4,6-trimethylaniline
(4.38)*" are quite different, we hypothesized that the reactivity and basicity/acidity of the metal

Mes

complexes with the mesityl substituted ligand (H3[N(pi™)3]) would be changed.

To synthesize Hi[N(pi™®)s], the previously reported formyl derivative of tris-
(pyrryl)amine, Hatap®©,?* and 2,4,6-trimethylaniline were stirred with a catalytic amount of
formic acid in anhydrous ethanol at 50 °C overnight. Upon workup, we obtained
Ha[N(pi™*)3]-H,O in 73% yield. Given the highly hygroscopic nature of the ligand, we
employed a previously reported drying method using 4A sieves.?® The isolated ligand
(H3[N(pi™*)s]) was subsequently characterized by *H and **C NMR spectroscopy and elemental

analysis.

4.2.2 Synthesis and characterization of Fe(l1) complexes

With ligand in hand, we set out to metallate Hs[N(pi“**)s] with Fe(l1) salts. Synthesis of
the  desired  Fe(ll)  complexes, [N(afa¥®)sFe(OTH]OTE  (M*Fe'-OTf)  and
N(afa“®)(pi™*),Fe(OH,) (V*Fe"-OH,) was accomplished using the protocol previously
established for the series of Fe(ll) and Mn(ll) complexes of Hs[N(pi¥)s] (Scheme 4.2).
Characterization of M*Fe'-OTf by 'H NMR spectroscopy revealed broad paramagnetic
resonances from -2.9 ppm to 160.6 ppm. The resonances at 39.1 and 21.5 ppm in the *H NMR
spectrum appear in a similar range to those of the previously reported cyclohexyl derivative,
[N(afa®)sFe(OTH)](OTH), and are characteristic of the azafulvene-amine tautomer of the ligand
bound to an Fe(ll) center. However, the presence of additional paramagnetic resonances for
MesEe!l.OTF compared to [N(afa)sFe(OTH)](OTS) is consistent with greater dissymmetry,
suggesting the three arms of the ligand in M**Fe'-OTf are inequivalent and adopt an asymmetric
conformation in solution. Solid state IR spectroscopy further supports an asymmetric ligand
coordination, with two different C=N stretches observed at 1621 cm™ and 1636 cm™. The
solution magnetic moment for M*Fe'-OTf, obtained via Evans’ method was 5.52(6) pg which is

consistent with a high spin, S=2, Fe(1l) metal center.
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Scheme 4.2 Synthesis of complexes [N(afa"*)sFe(OTf)]JOTF and N(afa""*)(pi™*),Fe(OH,).

To further establish the structure of M*Fe'-OTf, yellow crystals suitable for X-ray
diffraction were grown from a concentrated THF solution layered with diethyl ether. Data
refinement revealed a five-coordinate Fe(ll) center in a pseudo-trigonal bipyramidal geometry
with a triflate anion bound trans to the apical nitrogen of the tripodal ligand (Figure 4.1). The
Fe—N,,r bond distances in the equatorial plane ranging from 2.074(4) — 2.110(4) A and the Fe-
N1 distance of 2.247(4) A is similar to the previously reported [N(afa®)sFe(OTf)](OTf)
complex.* A comparison of intraligand bond distances revealed that all three arms were
tautomerized to the azafulvene-amine forms coordinating datively to the iron center as
previously  observed in the structures of [N(afa®)sFe(OTH)](OTF) and
[N(afa®)sMn(OTH)](OTF).>*?* The protons found in the difference map moved from the pyrrole
ring to the amines in the secondary coordination sphere, which further supported the
tautomerization of the ligand platform. Interestingly, we observed that one of the ligand arms
was rotated with the N-H pointing away from the metal center while the other two arms point
towards the metal center, resulting in an asymmetric metal complex. This observation is
consistent with the data obtained from *H NMR and IR spectroscopies. Since the bond lengths
of each ligand arm are similar, it is assumed that the bulkiness of the mesityl groups and the
bound triflate anion causes one of the arms to rotate, thereby relieving the steric strain.

Another Fe(ll) complex, N(afa“'®)(pi™*),Fe(OH,) (M*Fe"-OH,) which is comparable to
the previously reported N(pi®¥)(afa®¥),FeOH compound was also synthesized based on a

Mes

previously established synthetic protocol. Hs[N(pi™)3] was deprotonated by the addition of 2.2

eq. of KH in THF and stirred for three hours at room temperature. Subsequent addition of the

40



deprotonated ligand to an FeCl; slurry in THF resulted in a color change from pale yellow to
orange (Scheme 4.2). Recrystallization of the solution resulted in an orange crystalline solid in
45% yields. Independent synthesis of M*Fe''-OH, was successful via the addition of Li,O to
Mespe!l.OTF (94%) (Scheme 4.2). *"H NMR spectroscopy of complex M*Fe'-OH, revealed
paramagnetic resonances ranging from -4.0 ppm to 29.8 ppm. The number of observed
resonances is consistent with Cz-symmetry in solution. The low solubility of the complex
precluded a determination of the magnetic moment by Evans’ method.

To unambiguously establish the identity of M*Fe''-OH,, crystals suitable for X-ray
diffraction were grown from the slow diffusion of hexanes into a concentrated THF solution of
Meskel_OH,. Refinement revealed a pseudo-trigonal bipyramidal Fe(ll) center situated on a Cs
axis that included the apical nitrogen of the ligand platform, the iron center, and an oxygen atom.
Positioning hydrogens in the electron density map gave a good solution, confirming the presence
of a hydrogen atom next to the axially bound oxygen (Figure 4.1), displaying hydrogen bonding
to the imine of the secondary coordination sphere with O—H distance of 0.871(14) A and N—H
distance of 2.10(5) A.%
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Figure 4.1 X-ray crystal structures of complex M*Fe"-OTf, M*Fe''-OH,, and V**Fe'"-O(H).

Despite the C3 symmetry observed in the crystal structure of M*Fe''-OH,, two different
C=N stretches at 1616 and 1643 cm™ were observed in the IR spectrum, suggesting both
tautomers (afa¥'® and pi™®) of the ligand are present, similar to [N(pi®¥)(afa®),]FeOH (C=N
stretches at 1624 and 1655 cm™). However, the Fe—O1 bond length of 2.112(7) A in the
structure of M*Fe'OH, was longer than the Fe—Ol distance of 2.0339(12) A in
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[N(pi®)(afa®),]JFeOH,* excluding the possibility of an Fe—OH complex, but similar to
K[(N(pi®)sFe(H.0)] (2.080(2)A)** and other Fe(ll)-aqua complexes reported in literature.®
Accordingly, we propose that this complex is best described as N(afa"'*)(pi"*),Fe(OH,)
(MeFe!-OH,), which consists of two pyrrol-imine arms and one azafulvene-amine ligand arm,
consistent with a water bound to the iron center. Furthermore, this result corroborated the
hypothesis that by installing electron withdrawing groups in the secondary coordination sphere
results in more acidic protons than those of the cyclohexyl system, thus giving rise to the
formation of an Fe-OH,, rather than Fe-OH complex as observed in the cyclohexyl derivative of

the ligand.

Table 4.1 Selected structural parameter of complex V*Fe'-OTf, M*Fe''-OH,, and M*Fe'"'-O(H).

Bond Mepe!.OTT (A) Mespe!l-OH, (A) Mepe!-O(H) (A)
Fel—NI1 2.247(4) 2.253(8) 2.2499(15)
2.0089(16) —
Fel—N(pyr) 2.074(4) — 2.110(4) 2.294(5) 2.0404(17)
Fel—O1 2.141(7) 2.112(7) 1.8539(13)
Ol1—H1 — 0.871(14) 0.80(4)
X=3, X=5,

NX--H1 2.10(5) 1.85(4)

O1---H6 — — 1.72(3)

C=N stretch 1621, 1636 cm™ 1616, 1643 cm™ 1634, 1651 cm™
Magnetic moment 5.52(6) s — @ 5.94(9) us

a. A reliable magnetic moment could not be obtained for complex V*Fe'-OH, due to its insolubility.

4.2.3 Nitrite reduction with [N(afaV"**);Fe(OTf)]OTf

Recently, our research group reported the facile nitrite reduction to nitric oxide utilizing
[N(afa®)sFe(OTH)](OTS). The crystal structure of a Zn(11)-NO, analog bearing our tripodal
ligand framework revealed that the nitrite is bound through oxygen to the metal center and
stabilized by a hydrogen bonding interaction from the secondary coordination sphere (Scheme
4.1). Thus, we proposed that nitrite reduction would proceed via an Fe-nitrito intermediate with
subsequent cleavage of the N—O bond to yield NO (g) and the Fe(I1l)-ox0."” This observation is
consistent with one of the proposed mechanisms of biological nitrite reduction in hemoglobin,
where upon formation of the Fe(lll)-oxo, a proximal histidine residue protonates the oxygen,

forming an Fe(111)-OH. This proton movement to generate water has been proposed as one of the
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important roles of secondary coordination sphere in metalloenzymes.> We reasoned that by
installing a more electron withdrawing group, 2,4,6-trimethylphenyl, on our ligand, we would
enhance the acidity of the protons in the secondary coordination sphere, thereby favoring
formation of Fe(IlI)—OH instead of Fe(II)—O.

Upon addition of [NBusJ[NO,] to M*Fe'-OTf, an instantaneous color change from
yellow to brown was observed, which was consistent with the oxidation of the high spin Fe(ll)
starting material (V**Fe''-OTf). Following workup, the product, [N(afa""*),(Pi"**)FeOH](OTf)
(M=Fe""'-O(H)) was isolated as a brown crystalline solid. Analysis of the resulting product by *H
NMR spectroscopy revealed two broad characteristic resonances at 77.16 and 60.64 ppm, similar
to resonances observed in the *H NMR spectrum of the C; symmetric [N(afa®¥)sFeQ](OTH).
Characterization by IR spectroscopy, however, revealed two C=N stretches at 1634 and 1651 cm’
! suggesting that the three arms of the ligand are inequivalent, presumably due to different
tautomers in the solid state. Finally, the solution magnetic moment, as determined by Evans’
method, revealed an average Hesr Of 5.94(9) Ug, consistent with a high-spin, S=5/2, Fe(lll) metal
center.

To provide a more definitive understanding of the structure of M*Fe'"-O(H), X-ray
diffraction analysis was performed. Data refinement revealed a pseudo-trigonal bipyramidal
geometry about an Fe(lll) center with a bound hydroxo ligand (Figure 4.1). Analysis of
intraligand bond distances as well as the location of hydrogens in the electron density map, was
consistent with two arms of the ligand in the azafulvene-amine form and the third arm is in the
hydrogen bond accepting pyrrole-imine form which is hydrogen bonding to the hydroxo ligand.
Hydrogen bonding between one of the amines in the secondary coordination sphere and the
oxygen of hydroxo ligand was observed while the remaining amine was partially disordered,
oriented both inward toward the substrate and outward.

The azafulvene Fe—N bond distances of 2.0337(17) and 2.0404(17) A in M*Fe'"-O(H),
are consistent with the observed Fe—N distances of the previously reported [N(afa“”)sFeQ](OTf),
while the pyrrolyl Fe—N bond distance of 2.0089(16) A is shorter than azafulvene Fe—N bond
distances, consistent with previously observed Fe—pyrrolyl bond distances. The Fel—Ol
distance of 1.8539(13) A is longer than the Fe—O distance of [N(afa®)3FeQ](OTf) and similar
to other Fe(IlI)—OH distances (1.869 — 1.9315 A) found in the literature.*** The O1—H]1
distance of 0.80(4) and H1---N7 distance of 1.85(4) A are well within the range of bond distances
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expected for donor-acceptor atoms participating in hydrogen bonding interactions. The X-ray
crystal structure demonstrated that the presence of the more electron-withdrawing
trimethylphenyl group in M®Fe'"-O(H) does, in fact, enhance the acidity of protons in the
secondary coordination sphere, as evidenced by the generation of an Fe(III)—OH rather than an

Fe-oxo as in the case of the cyclohexyl analogue of the ligand.

4.2.4 Mechanistic studies of cyclic nitrite reduction

In Nature, the conversion of nitrite to nitric oxide proceeds via a metalloenzyme-
mediated one electron reduction. In order to perform this catalytically, the Fe(ll) metal center at
the active site must be regenerated from an Fe(II1)—OH intermediate by the addition of 2 eq. of
H" and 1 eq. of €, concomitant with the release of water. In order to provide the requisite 2H"
and 1e" in our system, 1.5 eq. of triflic acid (HOTf) and 0.6 eq. of 1,2-diphenylhydrazine (DPH, a
source of 2 H*/2 e") were added to reduce M*Fe'"'-O(H) to M*Fe'"-OTf (in order to ensure the
complete reduction, a slight excess of both acid and reductant were added). Upon stirring the
reaction, the color of the reaction mixture changed from brown to orange. A *H NMR spectrum
of the crude reaction revealed the formation of V**Fe''-OTf, azobenzene, and a small amount of
Meske!_OH,. The formation of about 1 eq. of water was confirmed by *H NMR spectroscopy and
by Karl-Fisher titration (0.95 eq. by Karl-Fisher, Table 4.2).

Informed by these results, two possible pathways for the reduction of M*Fe'"'-O(H) are
shown in scheme 4.3 and independent synthesis of proposed intermediates was attempted. The
addition of acid to M®Fe'"-O(H) resulted in the formation of an Fe(lll)-aqua intermediate,
[N(afaV®),(piM*)Fe(OH,)]OTf,, as assayed by IR spectroscopy and mass spectrometry (Scheme
4.3, A-1). However, crystallographic characterization of this intermediate was unsuccessful due
to its instability in solution after a few days. Subsequent addition of 0.6 eq. of DPH to the in situ
generated aqua complex, resulting in the formation of M*Fe''-OTf and 0.8 eq. of water (Scheme
4.3, A-2). Addition of KCg to M*Fe'"'-O(H) generated V*Fe''-OH,, as determined by 'H NMR

spectroscopy (Scheme 4.3, B-1). Upon reduction of Me&pe'!!

-O(H), another proton in the
secondary coordination sphere moved to the axially bound oxygen, generating V*Fe''-OH,. This
was then treated with 2.1 eq. of HOTf to generate the starting Fe(I1) complex (M*Fe'"-OTf) and
water (1.03 eq.), as confirmed by *H NMR spectroscopy and a Karl-Fisher titration (Scheme 4.3,

B-2).
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(A-2)

(B-2)

Scheme 4.3 Proposed mechanisms of reduction of M**Fe'"'-O(H) to *Fe'-OTf.

Table 4.2 Quantification of water by Karl-Fisher titration.

Reduction of

Reduction of

Conversion of

Acetonitrile Me;fSIIIIP(H) to IN(afa™*),FeOH](OTH), M::ge“l—IOHz to
(2 mL) Fe"-OTf. to MSFe!_OTY. (0.5 mL) Fe'-OTf.

(0.5 mL) (0.5mL)
9.2 61.1 49.8 69.2
12.0 60.6 52.5 66.6
Amountofwater (ug) f 14 ¢ 56.6 50.4 63.8

Average 12+2.8 59.4+£2.5 50.9+14 66.5£2.7

Less Background - 56.4+2.7 47.9+1.6 63.5£2.9
Equivalent of H,O i 0.94 0.80 105

detected.

4.2.5 Deuterium experiments
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Interested in exploring the movements of the hydrogen atoms within the secondary
coordination sphere, deuterium experiments were carried out for the conversion of M*Fe'-OH,
to M*Fe''-OTf (Scheme 4.3, B-2). Reaction between 2.1 eq. of DOT (deuterated triflic acid) and
Meske!_OTF was monitored by *H, ?H NMR and IR spectroscopies. In the °H NMR spectrum,
two resonances at 13.84 and 7.52 ppm were noted; these resonances match two found in the *H
NMR spectrum of complex M*Fe''-OTf (Figure 4.2C). We tentatively assigned these resonances
as amines in the secondary coordination sphere. Further investigation of the same reaction by IR
spectroscopy revealed a broad -ND stretch at 2374 cm™ vs. -NH stretch in M*Fe'-OTf at 3193

Cm'l, with a value of vyu/vnp = 1.35 (expected vnu/vnp = 1.37) (Figure 4.5).34’35
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Figure 4.2 (A) Scheme of deuterium labeling experiments. (B) *H NMR spectrum (CHsCN,
21°C, upper) and *H NMR spectrum (CDsCN,21°C, lower) of M®Fe-OTf -d,. (C) *H NMR
spectrum (CH3CN,21°C, upper) and *H NMR spectrum (CDsCN,21°C, lower) of reaction of
Meske!.OH, with 2.2 eq. of DOTT.

In order to confirm the deuterium labelling of M*Fe'-OTf, independent synthesis with
the deuterium labeled ligand was achieved. 2.5 eq. of KH was added to Hs[N(pi™*)s
by addition of 2 eq. of DOTT, resulting in formation of HD2[N(pi****)s], confirmed by *H and *H

NMR spectroscopy (Figure 4.4B). Fe(OTf),(MeCN), was then added to a solution of

], followed
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HD,[N(pi™*)s] and the resulting compound, V*Fe'-OTf-d, was characterized by NMR (*H, and
H) and IR spectroscopies, matched the product of the reaction of M*Fe''-OH, with DOTT.
Lastly, deuterium exchange between D,0 and M*Fe''-OTf was probed by the addition of D,O to
Mesge!l_OTF. 2H NMR and IR spectra confirmed the formation of M*Fe'-OTf-d,, suggesting that
protons can exchange between water and the secondary coordination sphere (Figure 4.7). From
these experiments, we proposed that amine protons are capable of transferring among the

secondary coordination sphere, the bound substrate, and water; however, the detailed mechanism

il

4000 3500 3000 2500 2000 1500 1000 500 0

of proton movements remains unclear.

Figure 4.3 IR spectroscopy of M*Fe''-OTf (blue) and the reaction of M*Fe''-OH, with 2.2 eq. of
DOTT (orange).

4.2.6 Catalytic nitrite reduction

With a stoichiometric nitrite reduction cycle established, we next explored the possibility
of rendering the nitrite reduction catalytic. Given the reactivity of triflic acid towards ["Bus][NO_]
to generate nitric oxide, we employed sodium nitrite (NaNO,) as the source of nitrite and
lutidinium triflate (LuHOTH) as our proton source. Initial attempts used 25 mol % of M*Fe'-OTf¥,
1.25 eq. NaNO,, 1.8 eq. of LUHOTf and leq. of DPH, with a CoTPP (TPP = 5,10,15,20-

tetraphenylporphyrin) solution in a separate vessel for capture and quantification of the NO(g)
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generated over the course of the reaction. CoTPP is known to bind NO (g) tightly and generate
CoTPP-NO, providing a reliable method for quantification of the amount of NO(g) formed from
the catalytic reaction. After 8 hours of stirring, almost 1 eq. of CoTPP was converted to CoTPP-
NO, corresponding to a TON of 4 (Table 4.3, entry 1). Decreasing the catalytic loading to 17 %
resulted in significant decomposition of the iron complex by the acid, leading to a lower TON.
Switching to a more gradual, portion-wise addition of LUuHOTf mitigated decomposition,
improving catalytic activity (TON =5.2) (Table 4.3, entry 2).

Seeking to compare the catalytic activity of “M*Fe'-OTf to the previously reported
cyclohexyl ligand derivative, the catalytic activity of [N(afa®¥);Fe(OTf)](OTf) was investigated.
With 25 mol % of [N(afa®)sFe(OTF)](OTF), we observed only 47 % conversion to CoTPP-NO
after 8 hours of stirring (Table 4.3, entry 3). Interested in determining the cause of the reduced
catalytic activity, fewer equivalents of acid (1.5 eq of LUHOTT) were added, resulting in an
increased yield of 67 % within 8 hours (Table 4.3, entry 4), suggesting the acid induces

significant decomposition of catalyst.

Table 4.3 Catalytic Nitrite Reduction.

Entry X (eq.) Catalyst CoTPP-NO(%) Time(hrs) TON
1 0.25 Mespe!OTf > 99 8 4
2 0.17° MesEe!OTf 85 10 5.1
3 0.25 N(afa®)sFe(OTf), 48 8 1.9
4 0.25° N(afa®)sFe(OTf), 61 8 2.5
5 13 8 -
6 Control 17 10 )

a. LUHOTT was added in portions. b. 1.5 equiv of LUHOTT was added.

To test this hypothesis, 7 eq. of LUHOTT, the same amount of acid employed in the
catalytic reaction, was added to a solution containing [N(afa®)sFe(OTf)](OTf). A 'H NMR
spectrum of the reaction revealed significant presence of demetallated, acidified ligand.
Integration of the corresponding resonances revealed that greater amounts of demetallated,
acidified ligand were present compared to the analogous reaction with M*Fe''-OTf. Thus, the
improved catalytic activity of M*Fe"-OTf may be due to the increased robustness of the
complex towards acid, perhaps a consequence of the lower pKa of the mestiyl derivative
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compared to the more basic cyclohexyl variant. Although the turnover number of nitrite
reduction is much lower than that observed in the biological system, our complex is the first

synthetic inorganic molecule capable of homogeneous catalytic nitrite reduction.

4.3 Conclusions

By modifying the previously reported cyclohexyl variant of the ligand, [HsN(pi®)s], with
more acidic protons in the secondary coordination sphere, N-H protons in 2,4,6-trimethylanilin
were transferred to the axially bound oxygen to form water throughout the course of catalytic
nitrite reduction. The proton transfer from the secondary coordination sphere to the substrate is
one of the key steps to complete the cycle of the nitrite reduction and was supported by evidence
from deuterium labeling studies. This proton movement is suggested in the study of cytochrome
c nitrite reductase. To date, the examples of electronically flexible secondary coordination sphere
to shuttle protons or electrons are rare. Even though the TON is modest, this result is expected to
provide insights into the mechanistic understanding of nitrite reduction by metalloenzymes as

well as inorganic model systems for nitrite remediation.

4.4 Experimental section

General Considerations. All manipulations were carried out in the absence of water and
dioxygen using standard Schlenk techniques or in an MBraun inert atmosphere drybox under a
dinitrogen atmosphere. All glassware was oven dried for a minimum of 8 h and cooled in an
evacuated antechamber prior to use in the drybox. Solvents were dried and deoxygenated on a
Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 A 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. Hs(tpa®),?* Fe(OTf),(MeCN),*® KCsg>" and
lutidinium triflate (LuHOTf)*® were prepared according to literature procedures. Chloroform-d
and acetonitrile-ds were purchased from Cambridge Isotope Laboratories and were degassed and
stored over 4 A molecular sieves prior to use. Potassium hydride was purchased from Sigma-
Aldrich washed with hexanes to remove mineral oil, and dried under 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-Aldrich and used

as received. Tetrabutylammonium nitrite was purchased from Sigama-Aldrich and recrystallized
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from a concentrated THF solution layered with hexanes at -35°C. 1,2-Diphenylhydrazine was
purchased from Oakwood Chemical and recrystallized from a concentrated diethyl ether solution
layered with hexanes at -35°C. Cobalt(Il) 5,10,15,20-tetraphenylporphyrin was purchased from
Frontier Scientific and used as received.

NMR Spectra were recorded at room temperature on a Varian spectrometer operating at
500 MHz (*H NMR), 126 MHz (*C NMR), 76.7 MHz (*H NMR) and 470 MHz (**F NMR) and
referenced to the residual solvent resonance (3 in parts per million, and J in Hz). Solid-state
infrared spectra were measured using a PerkinElmer Frontier FT-IR spectrophotometer equipped
with a KRS5 thallium bromide/iodide universal attenuated total reflectance accessory. Elemental
analysis was performed 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
Spectrometry Laboratory. Data of crystal structures were collected on a Bruker D8 Venture Duo
or Bruker X8ApexIl diffractometer at the George L. Clark X-Ray Facility and 3M Material
Laboratory at the University of Illinois at Urbana-Champaign. The quantification of water was
performed by an Aquatest CMA Karl Fischer Coulometric Titrator from Photovolt Instruments
with HYDRANAL from Fluka Analytical.
Preparation of Hs[N(pi™®)s]. The previously synthesized Hs(tpa“?)** (1.0 g, 2.88 mmol) was
dispersed 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 Hs[N(pi™®*)s]-H,O was precipitated as a tan powder.
Ha[N(pi™®*)3]-H,O 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 Hs[N(pi"**)s]-H,O, mole sieves(4 A) was
added to diethyl ether solution of Hs[N(pi™*)s]-H,O overnight.”® After evaporating solvents to
dryness, the Hs[N(pi"*)s]-H,O was recrystallized from diethyl ether/MeCN (2:1) at -35°C.
Analysis for C45HS5IN7-CH3CN: Calcd. C, 77.23; H, 7.45; N, 15.33. Found C, 76.84; H, 7.33;
N, 15.38. H NMR (C¢Dg, 21°C): & = 2.17 (s, 18H, CHz-Mes), 2.20 (s, 9H CHs-Mes), 3.18 (s,
6H, -CH,), 6.12 (d, 3H, pyr-CH), 6.40 (d, 3H, pyr-CH), 6.82 (s, 6H, Mes-CH), 7.65 (s, 3H,
imine-CH), 9.52 (s, 3H, -NH). 3¢ NMR (CDCl3, 21°C): 6 = 18.50, 20.87, 50.26, 110.29, 115.97,
127.83, 128.81, 130.69, 132.80, 133.38, 148.56, 152.21. (Figure 4.4) IR = 1621 cm™ (C=N).
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Figure 4.4 (A) *H NMR spectrum and (B) **C NMR spectrum of H[N(pi"**)s].

Preparation of [N(afa“'*);Fe(OTf)JOTf. A 20 mL scintillation vial was charged with
Fe(OTf),(MeCN), (0.043 g, 0.100 mmol) and approximately 10 mL of tetrahydrofuran. With
vigorous stirring, HsN(pi“®); (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
solvents 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
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analysis were from a concentrated solution of tetrahydrofuran layered with diethyl ether at room
temperature. Analysis for FeC47Hs51N7S,FsO¢: Calcd. C, 54.08; H, 4.92; N, 9.39. Found C, 54.43;
H, 5.01; N, 9.39. *F NMR (CDsCN, 21 °C): & = —77.96 (SO3CFs). IR: 1621, 1636 cm™(C=N),
3193 cm™(NH) petr = 5.52(6) pe.
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Figure 4.5 'H NMR spectrum of [N(afa“'®)sFe(OT)](OTf) (CDsCN, 21°C).

Preparation of N(afa“®)(pi™®),Fe(OH,). Hi[N(pi™*);] (0.070 g, 0.101 mmol) was
deprotonated by addition of 2.2 eq. KH (0.009 g, 0.22 mmol) to an approximately 10 mL of THF
solution. After it was stirred for three hours at room temperature, the mixture was filtered
through Celite to remove excess KH. Addition of deprotonated ligand to the FeCl, (0.013 g,
0.0103 mmol) slurry in THF resulted in a color change from colorless to yellow. After stirring
for overnight until all FeCl, was consumed, the reaction mixture was filtered through Celite to
remove KCI and the solvents were removed under reduced pressure. Crystals suitable for X-ray
analysis were grown at room temperature from a concentrated solution of THF layered with
pentane (0.034g, 45%). Analysis for C45H51FeN70: Calcd. C, 70.95; H, 6.75; N, 12.87. Found
C, 70.59; H, 6.81; N, 12.69, IR: 1643, 1616 cm™ (C=N)
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Figure 4.6 *H NMR spectrum of [N(pi™*)sFe](OHs) (CDCls, 21°C).

Alternative Synthesis of [N(afa“®)(pi™*),Fe(OH,)]. A 20 mL scintillation vial was charged
with complex [N(afa""*)sFe(OTf)]OTF (0.050 g, 0.048 mmol) in an approximately 5 mL of THF.
Li,O (2.5 equiv, 0.0036 g, 0.12 mmol) was added as solid to the aforementioned solution. The
mixture was stirred overnight at room temperature, resulting in orange solution. The solution was
filtered over Celite to remove excess Li,O 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 3 as orange powder (0.035 g, 0.045 mmol, 94 %), identified via ‘H NMR
spectroscopy.

Preparation of [N(afa™®),(Pi™*)FeOH](OTf). A 20 mL scintillation vial was charged with
[N(afa™®);Fe(OTH]OTF (0.102 g, 0.097 mmol) in an approximately 10 mL of acetonitrile. With
vigorous stirring, tetrabutylammonium nitrite (["Bus][NO2]) (0.028 g, 0.100 mmol) was added
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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 %). Analysis for
C46H5104N7FeS1F3-0.5C5H6: Calcd. C, 61.96; H, 5.73; N, 10.32. Found C, 61.94; H, 5.74; N,
10.14. ®F NMR (CD4CN, 21 °C): § = —79.63 (SO3CFs). IR: 1634, 1651 cm™ (C=N) petr = 5.94(9)
Hg.

One-pot reduction of [N(afa“'®),(Pi™*)FeOH](OTf) to [N(afaV*)sFe(OTH)]OTf A 20 mL
scintillation vial was charged with [N(afa™®),(Pi™*)FeOH](OTf) (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 syringe and
analyzed by Karl Fischer titration (Table 4.2). The solvent was removed under reduced pressure
and the resulting orange oil was washed with diethyl ether and benzene to get rid of azobenzene
and unreacted DPH. Characterization by *H NMR spectroscopy revealed a clean conversion of
[N(afaV'*),(PiM*)FeOH](OTf)to [N(afa“**)sFe(OT)]OTS. (0.019 g, 0.0182 mmol, 91 %).

Stepwise Reduction of [N(afa""*),(Pi™*)FeOH](OTf) to [N(afa“'*);Fe]OTH,.

A-1. Preparation of [N(afa“'*);FeOH](OTf), A 20 mL scintillation vial was charged with
[N(afaV*),(PiM*)FeOH](OTf) (0.018 g, 0.020 mmol) in an approximately 3 mL of MeCN. HOTf
(1.5 eq. 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 Sample Lock syringe. LRMS (ESI) (m/z):
[M]?* calcd. for C45H52FeN70 ([N(afaV*);FeOH]*") 381.18, found: 381.1. **F NMR (CDsCN,
21 °C): 8 =—70.70 (SO3CF3). IR: 1622, 1649 cm™ (C=N), 3205 cm™ (OH)

A-2. Reduction of [N(afa“'*);FeOH](OTf), to [N(afa“'*);Fe(OTf)]JOTE. In a solution of
[N(afa™®)sFeOH](OTf), prepared in situ, 0.6 eq. 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 4.2). Characterization by *H NMR spectroscopy
confirmed the formation of [N(afaV'**)sFe(OTf)]OTf (0.0155 g, 0.015 mmol,74%).
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B-1. Reduction of [N(afa"'*);FeO](OTf) to complex N(afa™*)(pi™*),Fe(OH,). A 20 mL
scintillation vial was charged with [N(afa“'®),(Pi™*)FeOH](OTf) (0.018 g, 0.020 mmol) in an
approximately 3 mL of THF. KCg (0.0034 g, 26 mmol) was added as a solid and stirred for 10
min. The reaction mixture was filtered 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 reduced under pressure, the resulting powder
was confirmed the formation of N(afa""*)(pi™*),Fe(OH,) by *H NMR spectroscopy (0.0125 g,
0.016 mmol, 82%).

B-2. Reaction of [N(afaV"*)(pi"**),Fe(OH,)] with HOTF to form [N(afa“'**);Fe(OTf)]OTE. A
20 mL scintillation vial was charged with N(afa“***)(pi"*),Fe(OH,) (0.015 g, 0.020 mmol) in 3
mL of MeCN. HOTT (triflic acid) (2.2 eg. 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 4.2). The solution was filtered over Cilite and the
solvent was removed under reduced pressure. The yellow oil was washed with benzene to get rid
of a small amount of acidified ligand formed during the reaction. Characterization by *H NMR
spectroscopy revealed a conversion of N(afa“'*)(pi™*),Fe(OH.) to [N(afa"'*);Fe(OT)]OTF
(0.019 g, 0.018 mmol, 91%).

Reaction of Complex N(afa“'*)(pi™*),Fe(OH,) with DOTf. A 20 mL scintillation vial was
charged with N(afa"*)(piV***),Fe(OH,) (0.020 g, 0.026 mmol) in an approximately 0.7 mL of
MeCN-dz. DOTf (deuterium labeled triflic acid) (2.1 eq. 0.008 g, 0.055 mmol) was added and
the mixture was stirred for 30 min. The resulting product was confirmed as
[N(afaV'*);Fe(OTH)]JOTF by *H NMR spectroscopy. The same reaction was attempted in
acetonitrile to take 2H NMR spectroscopy. The reaction mixture was dried and characterized by

IR spectroscopy.

Preparation of N(Pi™*)s-d, A 20 mL scintillation vial was charged with Hs[N(pi™*)s] (0.035 g,
0.05 mmol) in approximately 5 mL of THF. 2.2 eq. KH (0.009 g, 0.22 mmol) was added to the
Mes

solution of Hz[N(pi
was filtered through Celite to remove excess KH. DOTf (2.2 eq. 0.0168 g, 0.11mmol) was added

)s]. After it was stirred for three hours at room temperature, the mixture
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by difference and stirred for 20 min. The solvents were dried under reduced pressure and the
resulting powder was washed with acetonitrile. Characterization with ‘H and ’H NMR

spectroscopy was performed.

Preparation of M*Fe'-OTf -d, with of N(Pi™*);-d, A 20 mL scintillation vial was charged
with Fe(OTf),(MeCN), (0.011 g, 0.025 mmol) and approximately 10 mL of tetrahydrofuran.
With stirring, HsN(pi™®)s-d, (0.017 g, 0.025 mmol) was added by difference, resulting in an
instantaneous color change to orange. The resulting mixture was characterized by both *H and ?H

NMR spectroscopy.

Reaction of M®Fe'-OTf with D,O A 20 mL scintillation vial was charged with complex
[N(afaV'*)sFe(OT)]OTF (0.025 g, 0.024 mmol) in an approximately 0.7 mL of acetonitrile. D,O
(1 pl, 0.001 g, 0.05 mmol) was added. After 20 min of stirring, characterization by ?H NMR

spectroscopy was performed (Figure 4.7).

CD,CN

180 170 160 150 140 130 120 110 100 90 80 70 60 SO 40 30 20 10 O -10 -2
ppm

Figure 4.7 ?H NMR spectrum of M*Fe'-OTf with D,O (CH3;CN,21°C).
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Procedure for Catalytic Nitrite Reduction with V*Fe"-OTf (Table 4.3, entry 1). A 50 mL
three-neck flask was charged with NaNO, (0.0026 g, 0.038 mmol, 1.25 eq.), 1,2-
diphenylhydrazine (0.0056 g, 0.03 mmol, 1 eq.), 15 mg of MgSO,, and 5 mL of acetonitrile. In
another 50 mL three-neck flask, cobalt(Il) tetraphenylporphyrine (CoTPP) (0.0206 g, 0.03 mmol,
1 eqg.) was dissolved in approximately 25 mL of DCM. The 50mL three-neck flasks were
connected with tubing and purged with nitrogen for 10 min. [N(afa™*);Fe(OTf)](OT) (0.008 g,
0.0077 mmol, 0.25 eq.) in 1 mL of acetonitrile was added via a Hamilton Sample Lock syringe
to the mixture of NaNO, and 1,2-diphenylhydrazine. After stirring for 10 min, lutidinium triflate
(0.0142 g, 0.055 mmol, 1.8 eq.) 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
'H NMR spectroscopy showed that all Co-TPP was converted to CoTPP-NO. Analysis for
CoTPP-NO: *H NMR (CDCls, 25°C): § = 8.91, 8.18, 7.74 ppm. IR = 1693 cm™ (NO).

Procedure for Catalytic Nitrite Reduction with M*Fe''-OTf (0.17 eq.) (Table 4.3, entry 2).
A 50 mL three-neck flask was charged with NaNO, (3.9 g, 0.054 mmol, 1.25 eq.), 1,2-
diphenylhydrazine (0.085 g, 0.046 mmol, 1 eq.), 20 mg of MgSQO,, and 4.5 mL of acetonitrile. In
another 50 mL three-neck flask, cobalt(ll) tetraphenylporphyrine (CoTPP) (30.9 g, 0.046 mmol,
1 eq.) was dissolved in approximately 25 mL of DCM. The 50mL three-neck flasks were
connected with tubing and purged with nitrogen for 10 min. [N(afaV'*);Fe(OTf)](OTf) (0.008 g,
0.077 mmol, 0.17 eq.) in 1 mL of acetonitrile was added via a Hamilton Sample Lock syringe to
the mixture of NaNO, and 1,2-diphenylhydrazine. After stirring for 10 min, lutidinium triflate
(13.6 g, 0.053 mmol, 1.15 eq.) in 1 mL of acetonitrile was added to the reaction mixture via a
Hamilton Sample Lock syringe. After 6.5 hours of stirring, lutidinium triflate (0.008 g, 0.031
mmol, 0.67 eq) in 0.5 mL of acetonitrile was added to the reaction mixture via a Hamilton
Sample Lock syringe. 1 mL of aliquot was removed from solution of CoTPP to analyze the
amount of CoTPP-NO after the reaction was stirred for 10 hours. Integration by *H NMR
spectroscopy showed the formation of 85 % of Co-TPP-NO.

Procedure for Catalytic Nitrite Reduction with [N(afa®)sFe(OTf)JOTf (Table 4.3, entry 3).
A 50 mL three-neck flask was charged with NaNO; (0.0026 g, 0.038 mmol, 1.25 eq.), 1,2-
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diphenylhydrazine (0.0056 g, 0.03 mmol, 1 eq.), 15 mg of MgSO,, and 5 mL of acetonitrile. In
another 50 mL three-neck flask, cobalt(I1) tetraphenylporphyrine (CoTPP) (0.0206 g, 0.03 mmol,
1 eq.) was dissolved in approximately 25 mL of DCM. The 50mL three-neck flasks were
connected with tubing and purged with nitrogen for 10 min. [N(afa®)sFe(OTf)](OTf) (0.0072 g,
0.0077 mmol, 0.25 eq.) in 1 mL of acetonitrile was added via a Hamilton Sample Lock syringe
to the mixture of NaNO, and 1,2-diphenylhydrazine. After stirring for 10 min, lutidinium triflate
(0.0142 g, 0.055 mmol, 1.8 eq.) 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
'H NMR spectroscopy showed that almost 48% of Co-TPP was converted to CoTPP-NO.

Procedure for Control Reaction of Catalytic Nitrite Reduction (8hours, Table 4.3, entry 5).
A 50 mL three-neck flask was charged with NaNO, (0.0026 g, 0.038 mmol, 1.25 eq.), 1,2-
diphenylhydrazine (0.0056 g, 0.03 mmol, 1 eq.), 15 mg of MgSQ,, and 5 mL of acetonitrile. In
another 50 mL three-neck flask, cobalt(1) tetraphenylporphyrine (CoTPP) (0.0206 g, 0.03 mmol,
1 eq.) was dissolved in approximately 25 mL of DCM. The 50mL three-neck flasks were
connected with tubing and purged with nitrogen for 10 min. Lutidinium triflate (0.0142 g, 0.055
mmol, 1.8 eq.) 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 'H NMR
spectroscopy showed that almost 14% of Co-TPP was converted to CoTPP-NO.

Procedure for Control Reaction of Catalytic Nitrite Reduction (10 hours, Table 4.3, entry
6). A 50 mL three-neck flask was charged with NaNO; (3.9 g, 0.054 mmol, 1.25 eq.), 1,2-
diphenylhydrazine (0.085 g, 0.046 mmol, 1 eq.), 20 mg of MgSO,, and 4.5 mL of acetonitrile. In
another 50 mL three-neck flask, cobalt(ll) tetraphenylporphyrine (CoTPP) (30.9 g, 0.046 mmol,
1 eq.) was dissolved in approximately 25 mL of DCM. The 50mL three-neck flasks were
connected with tubing and purged with nitrogen for 10 min. Lutidinium triflate (13.6 g, 0.053
mmol, 1.15 eq.) in 1 mL of acetonitrile was added to the reaction mixture via a Hamilton Sample
Lock syringe. After 6.5 hours of stirring, lutidinium triflate (0.008 g, 0.031 mmol, 0.67 eq) in 0.5
mL of acetonitrile was added to the reaction mixture via a Hamilton Sample Lock syringe. 1 mL
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of aliquot was removed from solution of CoTPP to analyze the amount of CoTPP-NO after the
reaction was stirred for 10 hours. Integration by *H NMR spectroscopy showed the formation of
17 % of Co-TPP-NO.

Preparation of Hs[N(pi"**)s]*3HOT{. This preparation was followed the previously reported
synthesis of Ha[N(pi®¥)s]*3HOTf. A 20 mL scintillation vial was charged with Ha[N(pi"**)s]
(0.011 g, 0.019 mmol) and approximately 0.7 mL of acetonitrile-ds;. Cold HOTT (stored at -35 °C;
0.009 g, 0.060 mmol) was weighed by difference and added to the suspension. The reaction was
stirred at room temperature, resulting in the gradual dissolution of the ligand upon protonation,
giving a yellow solution. After stirring for 20 min, solvent was removed in vacuo to yield the

product, Ha[N(pi“®)s] « 3HOTT, as a yellow powder, characterized by *H NMR spectroscopy.
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Figure 4.8 'H NMR spectrum of Hs[N(pi™®)s]s3HOTf (CD3sCN,21°C).
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Reaction of M*Fe!-OTf to LUHOTf A 20 mL scintillation vial was charged with complex
[N(afaV'*)sFe(OTH)](OTF) (0.006 g, 0.006 mmol) in an approximately 0.7 mL of MeCN-ds.
LUHOTT (7 equiv, 0.0103 g, 0.042 mmol) was added as solid to the aforementioned solution and
characterized by *H NMR spectroscopy (Figure 4.9).
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Figure 4.9 *H NMR spectrum of reaction of V**Fe''-OTf with 7 eq. of LUHOTf (CDsCN,21°C).

Reaction of [N(afa®)sFe(OTf)]JOTF with LUHOTF A 20 mL scintillation vial was charged with
[N(afa®)sFe(OTH)](OTF) (0.054 g, 0.006 mmol) in an approximately 0.7 mL of MeCN-ds.
LUHOTT (7 equiv, 0.0103 g, 0.042 mmol) was added as solid to the aforementioned solution and
characterized by *H NMR spectroscopy (Figure 4.10).
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Figure 4.10 *H NMR spectrum of reaction of [N(afa®*)sFe(OTf)](OTf) with 7 eq. of LUHOTF
(CD3CN,21°C).
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Chapter 5
Catalytic nitrate reduction utilizing biomimetic iron complex featuring secondary

coordination spheret

5.1 Introduction

Inorganic nitrate (NOs) is extensively harnessed in many industrial fields including
fertilizers, explosives or meat curing processes.™® Because of its high solubility and mobility in
water, however, it is considered a major contaminant in drinking water, causing many
environmental and health problems.*® Similar to the function of nitrite described in Chapter 4,
high concentrations of nitrate in the body can also cause hemoglobin to form oxygen-carrying
metalloprotein, methemoglobin, resulting in loss of its ability to carry oxygen.> Although its
impact on healthy adults is less significant, high levels of nitrate have been related to blue baby
syndrome, which can eventually lead to infant death.” Moreover, nitrate in groundwater can
threaten living organisms in both freshwater and marine systems.*’ Thus, remediation of
polluted water by reduction of nitrate would have tremendous impact.

The most efficient reduction of nitrate to nitrite is achieved by the microbial
metalloenzymes nitrate reductases containing molybdenum center (Figure 5.1), which use this
inorganic oxidant as a terminal electron acceptor during anaerobic respiration.®** In the X-ray
crystal structure of nitrate reductase, hydrogen bond interactions from alanine and glycine amino
acids stabilize the axial oxygen ligand.® Moreover, mutation studies revealed that extensive
hydrogen bonding networks between two reaction centers are responsible for electron transfers
for enzymatic activity.® Nitrite is then reduced to nitric oxide by heme containing
metalloenzymes including cytochrome cdl nitrite reductase, hemoglobin, or myoglobin (Figure
5.1).2 These enzymes also feature hydrogen bonding networks in the protein scaffold that
facilitate the movement of protons and water molecule around the active site and stabilize

reactive intermediates (discussed in Chapter 4).

1 Portions of this chapter are reproduced from the following publication with permission from the authors.
Ford, C. L.*; Park, Y. J.*; Matson, E. M.; Gordon, Z.; Fout, A. R. Science, 2016, 354, 741-743.
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Figure 5.1 Biological processes of nitrate and nitrite reduction.

In synthetic inorganic systems, nitrate reduction has been challenging because of its
unfavorable reduction potential as well as its low binding affinity for the transition metal centers.
Previous examples of nitrate reduction are limited and typically require to adopt harsh conditions
such as low pH, photolysis, or electrocatalysis in both homogeneous and heterogeneous
systems.”®**" Thus, incorporating these secondary sphere interactions into transition metal
complexes is expected to aid in nitrate reactivity.

In Chapter 4, a homogeneous inorganic system capable of catalytic nitrite reduction was
developed and demonstrated.'® Given the success of nitrite reduction with our system, we turned
our attention to the more difficult three-electrons reduction of nitrate, hypothesizing that the
hydrogen bonding interactions in our platform would facilitate the desired reactivity. In this
chapter, stoichiometric nitrate reduction with Fe(11) complex, [N(afa®)sFeOTf]OTH, is described.
Using a similar strategy to that in our catalytic nitrite reduction, catalytic nitrate reduction is
discussed, which represent the first example of catalytic nitrate reduction to NO and water by a

first-row transition metal complex in homogeneous system.

5.2 Results and discussion
5.2.1 Stoichiometric nitrate reduction

As shown previously, the addition of tetrabutylammonium nitrite ([NBus][NO;]) to 2
equiv. of [N(afa®)sFeOTflOTf (Fe"-OTf) afforded the iron(lll)-oxo complex,
[N(afa®)sFeO]OTf (Fe''-O) and NO (g), which was trapped by Fe''-OTf to furnish the iron(l1)-
nitrosyl species, [N(afa®’)sFeNO]JOTf, (Fe''-NO).*® Given the facile one-electron reduction of
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nitrite by Fe'-OT¥, nitrate reduction was then explored. We hypothesized that if the Fe''-OTf
could perform the two-electron reduction of nitrate to generate nitrite, the reduction of nitrite
would then proceed as before to release NO (g).

The addition of 1 equiv of [BusN][NOs]to Fe'-OTf resulted in an immediate reaction, as
indicated by a color change from yellow to dark brown. Analysis of the crude reaction mixture
by 'H NMR spectroscopy revealed the formation of several products: the previously
characterized Fe''-O complex, another paramagnetic iron-containing species characterized as
Fe'''-OH, and protodemetallated ligand. The presence of protodemetallated and the loss of a

triflate counteranion for the formation of the Fe'"-O suggested the formation of acid during the

nitrate reduction. Accordingly, trimethylamine was added to trap any acid formed during nitrate
11

reduction to generate Fe "-O cleanly.
1+
Cy o, CFs Cy
HN ) o"s\o i NH [NBu NO;
T N NEt 2
N\ § 1 ML -[NBu,JOTF

@ [N(afa®),Fe0]OTS

& [N(afa®r);FeNO]OTf,

e Ak

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10
ppm

Figure 5.2 Nitrate reduction affords Fe'"'-O and Fe'-NO.
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When [NBu,][NO3] was added to 3 equiv of Fe'-OTf in the presence of triethylamine,
Fe''-O and Fe''-NO were formed cleanly, with two-thirds of the isolated product being Fe'"'-O
and one-third of Fe''-NO (67% and 28% isolated yield, respectively, based on the initial mass of
Fe''-OTf (Figure 5.2).

5.2.2 Catalytic nitrate reduction

"0 was investigated to test the possibility that Fe'-OTf could be

The reduction of Fe
regenerated with concomitant release of water in a similar way of [N(afa""®),(pi™*)Fe(OH)]OTf
reduction, where two protons and one electron were required. While the method described in the
previous chapter utilized LuHOTf and 0.5 eq. of DPH (a 2H'/2e” source), in this work, DPH and
Fc*OTTf (as a sacrificial oxidant; Fc*OTf is decamethylferrocenium triflate) were employed due
to the instability of Fe''-OTf under acidic condition. The reduction of Fe'"'-O resulted in the
formation of Fe''-OTf in 74% isolated yield, along with the formation of 0.89 equiv of water, as

assayed by Karl Fischer titration (Figure 5.3, Table 5.1). Similarly, when Fe'"

-O was generated
in situ from 0.5 equiv of NaNO3 and reduced under identical conditions, the formation of 0.83
equiv of water was observed by Karl-Fisher titration (Table 5.1).

Having shown that Fe'"

-0 is cleanly regenerated with DPH/Fc*OTf, we examined the
possibility that the nitrate deoxygenation could be catalytic. A complete reduction of 1 equiv
nitrate to nitric oxide and 2 equiv of water requires 3 e and 4H", corresponding to 2 equiv of
DPH and 1 equiv of Fc*OTf . Using (TPP)Co (TPP, 5,10,15,20-tetraphenylporphyrin) to trap
and subsequently quantify the NO(g) produced during the reaction,™® we tested the reactivity of 3
equiv of NaNOg (relative to (TPP)Co), 6 equiv of DPH, and 3 equiv of Fc*OTf as a control
reaction for nitrate reduction. The amount of (TPP)CoNO formed was quantified by *H NMR
spectroscopy revealed that NO(g) is produced under these conditions; 0.18 equiv of (TPP)CoNO
were detected after 27 hours and 0.24 equiv of (TPP)CoNO after 42 hours (2 equiv of
(TPP)CoNO represents a quantitative reaction). When Fe''-OTf was added to the reaction
mixture over seven times the amount of NO(g) was trapped by (TPP)Co as compared to the
control reaction; 1.46 equiv of (TPP)CoNO was detected after 27 hours and 1.74 equiv of
(TPP)CoNO after 42 hours resulting in a turnover number (TON, TON is calculated as the

number of times the iron catalyst cycles from Fe''-OTf to Fe'''-O and back, based on the NO

68



formed) of 3.5 (Figure 5.3). Although the TON is modest, this catalytic reaction sequence is the

first example of catalytic nitrate reduction by a homogenous system.
NOs; —2¢» NO,y — 1% NO + 2H,0

[NBu NO;, 1e

m

_| +
©, o, CFs Cy
HN H

) e L
N—FeN-p
N || g
N

-H,0

2H*, 1e-=1,2-diphenylhydrazine and Fc*OTf

Figure 5.3 Scheme of catalytic nitrate reduction.

5.3. Conclusion

Homogenous first-row transition metal systems that catalytically reduce nitrate are very
rare. As demonstrated in the Chapter 4 and this chapter, having the flexible secondary
coordination sphere capable of shuttling protons in the metal complex enabled us to perform
catalytic reduction of nitrogen-containing oxyanions such as nitrite and nitrate, suggesting that
the role of intramolecular interactions in our complexes resembles that of metalloenzymes.
Given the concerns caused by nitrogen-containing anions in environmental systems, we expect
that this study will provide promising concepts for the design of catalyst for the remediation of

nitrite and nitrate.

5.4 Experimental section
General Considerations. To avoid contact with oxygen and water, all manipulations were

carried out under an atmosphere of nitrogen in an MBraun inert atmosphere drybox or using
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standard Schlenk techniques. Solvents for air- and moisture-sensitive manipulations were dried
and deoxygenated using a Glass Contour System (SG Water USA, Nashua, NH) and stored over
4A molecular sieves purchased from Strem prior to use. Celite 545 (J. T. Baker) was heated to
150°C under dynamic vacuum for 24 h prior to use in the drybox. Sodium nitrate,
trifluoromethanesulfonic acid, and ferrocene were purchased from Sigma Aldrich and used as
received. Tetrabutylammonium nitrate was purchased from Sigma Aldrich and recrystallized
from tetrahydrofuran and hexane under an inert atmosphere prior to use. 1,2-Diphenylhydrazine
was purchased from Oakwood Chemical and recrystallized from diethyl ether and hexane under
an inert atmosphere prior to use. Triethylamine was purchased from Sigma Aldrich, distilled, and
stored over 4A molecular sieves prior to use. Cobalt(ll) tetraphenylporphyrin was purchased
from Frontier Scientific and used as received. 1,2,3,4,5-Pentamethylcyclopentadiene was
purchased from TCI Chemicals and used as received. Ferrous trifluoromethanesulfonate and
decamethylferrocene were prepared according to literature procedure. Hs[N(pi®¥)s] and
[N(afa®)sFe(OTH)](OTF) were synthesized according to literature procedure. NMR solvents
(acetonitrile-d; and chloroform-d;) were purchased from Cambridge Isotope Laboratories,
degassed, and stored over 4A molecular sieves prior to use. NMR spectra were recorded at
ambient temperature on a Varian spectrometer operating at 400 or 500 MHz (*H NMR) and
referenced to the peak of the residual solvent (6 parts per million and J in Hz). Solid-state
infrared spectra were measured using a PerkinElmer Frontier FT-IR spectrophotometer equipped
with a KRS5 thallium bromide/iodide universal attenuated total reflectance accessory. The
quantification of water was performed by an Aquatest CMA Karl Fischer Coulometric Titrator
from Photovolt Instruments with HYDRANAL from Fluka Analytical.

Synthesis of Decamethylferrocenium Triflate. Decamethylferrocenium triflate was prepared
by modifying the synthetic method reported for ferrocenium triflate.?’ A 20 mL scintillation vial
was charged with decamethylferrocene (0.013 g, 0.04 mmol) and approximately 5 mL of
tetrahydrofuran. After the reaction was cooled to -35°C, AgOTf (0.011 g, 0.043 mmol) was
added as a solid. The reaction was stirred for 1 h and filtered. The resulting green powder was
washed with tetrahydrofuran three times, yielding green crystalline power (0.0175 g, 0.0368
mmol, 92%). Analysis for C,1H3oFeF3;SO3: Caled. C, 53.06; H, 6.36; N, 0. Found C, 52.91; H,
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6.16; N, 0.32%. ‘H NMR (CDsCN, 500 MHz, 21°C): & = -37.29 ppm. °F NMR (CDsCN, 470
MHz, 21°C): 6 =-79.82 ppm.

Procedure for Stoichiometric Nitrate Reduction. A 20 mL scintillation vial was charged with
[N(afa®)sFe(OTH)](OTF) (0.0500 g, 0.0534 mmol) and 5 mL of acetonitrile.
Tetrabutylammonium nitrate (0.0055 g, 0.0180 mmol) was added as a solid, followed by
triethylamine (0.0054 g, 0.0534 mmol) dissolved in 2 mL acetonitrile. The reaction was stirred
overnight. Volatiles were removed under reduced pressure and the resulting brown powder was
washed with diethyl ether. The addition of 3 mL of tetrahydrofuran and 1 mL of diethyl ether to
the brown powder allowed for the separation of [N(afa®)sFeO](OTf) and
[N(afa®)sFeNO](OTf),. [N(afa®)sFeO](OTf) was isolated as powder by filtration of the mixture
(0.0290 g, 0.0361 mmol, 67%) whereas [N(afa®”)sFeNO](OTf), was soluble in the
tetrahydrofuran/diethyl ether mixture. The filtrate was then concentrated under reduced pressure
and yielded [N(afa®)sFeNO](OTf), (0.0125 g, 0.0129 mmol, 28%).

When the reaction was completed without the addition of triethylamine, a mixture of 2
paramagnetic iron-containing species, one of which was identified as [N(afa®)sFeO]OTf, and
protodemetallated ligand (N(pi®¥)s « 3HOTT; see preparation and characterization above) were
observed by *H NMR spectroscopy (see Fig. S2 for the diamagnetic window of the *H NMR

spectrum).

Reduction of [N(afa®);FeO]OTf with 1,2-Diphenylhydrazine and Decamethylferrocenium
Triflate. A 20 mL scintillation vial was charged with [N(afa®);FeO]OTf (0.015 g, 0.019 mmol),
1,2-diphenylhydrazine (0.0040 g, 0.021 mmol), decamethylferrocenium trifalte (0.0102 g, 0.021
mmol), 2 mL of acetonitrile, and 1 mL of benzene. The reaction was stirred overnight and
concentrated under reduced pressure. The *H NMR spectrum of crude reaction mixture showed
conversion to N(afa®)sFe(OTf),. The solid was washed with diehthyl ether and a mixture of
dichloromethane and diethyl ether (1:2) was added to the vial, which was stored at -35° C.
N(afa®)sFe(OTf), was precipitated from the solution overnight (0.0131 g, 0.0146 mmol, 77%).
The reaction was repeated and the amount of water formed was quantified by Karl Fischer
titration (89%, Table 5.1).
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Control Reaction of N(afa®)sFe(OTf), with 1,2-Diphenylhydrazine. A 20 mL scintillation
vial was charged with [N(afa®)sFe(OT)](OTf) (0.0281 g, 0.0300 mmol), 1,2-diphenylhydrazine
(0.0221 g, 0.120 mmol), MgSO4 (10 mg), and 5 mL of acetonitrile. The reaction was stirred
overnight and filtered over Celite. The resulting orange solution was concentrated under reduced
pressure. Analysis by 'H NMR spectroscopy revealed a mixture of the unreacted starting

materials.

Procedure for Karl Fischer Titration of Stoichiometric Nitrate Reduction. A 20 mL
scintillation vial was charged with [N(afa®);Fe(OTf)](OTf) (0.0234 g, 0.025 mmol), NaNOs
(0.0011 g, 0.013 mmol), 1,2-diphenylhydrazine (0.0046 g, 0.025 mmol), decamethylferrocenium
triflate (0.0118 g, 0.025 mmol), 3 mL of acetonitrile, and 1.5 mL of benzene. The reaction vial
was sealed with tape and stirring was continued for 16 h. Three aliquots of 0.3 mL were removed
from the vial using a gas-tight syringe and analyzed immediately by Karl Fischer titration. The
background water content was analyzed by repeating the reaction without N(afa®)sFe(OTf),
(Table 5.1).

Table 5.1 Quantification of H,O by Karl Fischer titration (in pg) for the stoichiometric
reduction of [N(afa)sFeO]OTf by 0.5 equiv DPH and the stoichiometric reductions of NaNOs
by [N(afa®’)sFeOTf]OTF .

Fe'"-O | NaNO;
115 10.5
Background 10.2 9.8
(1.0mL) 8.9 14.8
Average: 10.2+1.3 | 11.7+ 2.7
Reaction Mixture 55.4 27.8
(0.5 mL of Fe”'-O, 58.1 27.7
03 rg; ‘;‘:E’g:}'o?” 53.3 29.6
[NBu,][CIO,)) Average: 55.6£2.4 | 28.4+1.1
Less Background: 50.5+2.7 | 24929
Equiv H,0 Detected: 0.89 0.83

Procedure for Catalytic Nitrate Reduction. A 50 mL three-neck flask was charged with
NaNO; (0.0043 g, 0.05 mmol, 3.5 eq.), 1,2-diphenylhydrazine (0.015 g, 0.08 mmol, 6 eq.), 15
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mg of MgSQO,, 6 mL of acetonitrile, and 4 mL of benzene. In another 50 mL three-neck flask,
cobalt(I1) tetraphenylporphyrin (CoTPP) (0.0142 g, 0.021 mmol, 1.5 eq.) was dissolved in 25 mL
of DCM. The 50mL three-neck flasks were connected with tubing and purged with nitrogen for
10 min. [N(afa®)sFe(OTf)](OTH) (0.0135 g, 0.014 mmol, 1leq.) in 1 mL of acetonitrile was
added via an air-tight syringe to the mixture of NaNO; and 1,2-diphenylhydrazine.
Decamethylferrocenium triflate (0.0195 g, 0.04 mmol, 3 eq.) in 1 mL of acetonitrile was added
to the reaction mixture via an air-tight syringe. Aliquots of the solution of CoTPP (1 mL) were
analyzed after 27 h and 42 h to quantify the amount of CoTPP-NO that had formed. Integration
of *H NMR spectra of the aliquots showed conversion of 73% of the Co-TPP to CoTPP-NO after
27 h and 87% after 42 h (Figure 5.4). Analysis for CoTPP-NO (26): 'H NMR (CDCls, 25°C): § =
8.91, 8.18, 7.74 ppm. IR = 1693 cm™ (NO).
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Figure 5.4 'H NMR spectrum of COTPP/CoTPP-NO from catalytic nitrate reduction after 27
hours and 42 hours (CDClj3, 21°C).
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Control Reaction of Catalytic Nitrate Reduction. The reaction conditions were identical to
those of catalytic nitrate reduction except [N(afa®)sFe(OT)](OTf) was not added to the reaction
mixture. CoTPP-NO formation was monitored by *H NMR spectroscopy. Integration of the *H
NMR spectrum revealed the conversion of 9% of Co-TPP to CoTPP-NO after 27 h and 12%
after 42 h (Figure 5.5).
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Figure 5.5 *H NMR spectrum of CoTPP/CoTPP-NO from the control nitrate reduction after 27
hours and 42 hours (CDCl3, 21°C).
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Chapter 6

High-valent iron complex capable of C—H bond activation

6.1 Introduction

High-valent iron complexes supported by heme and non-heme ligands are able to oxidize
organic substrates in synthetic and biological systems. In particular, a high-spin Fe(IV)-oxo
species is proposed to be a reactive intermediate in cytochrome p450 over the course of catalytic
C—H bond functionalization reactions such as the hydroxylation of saturated C—H bonds and the
oxidation of aromatic substrates, as well as other reactions like epoxidation of alkenes and
dealkylation reactions.” In the proposed mechanism, the reactive Fe(IV)-oxo species is
generated from dioxygen, which subsequently reacts with the target hydrocarbon to insert
oxygen into the aliphatic position of organic substrate while the other oxygen is reduced to water
(Figure 6.1). This finding has inspired both inorganic and organometallic chemists to utilize

reactive high-valent metal-oxo complexes to activate such strong bonds.*®

RH + O, + NADPH + H* - ROH + H,0 + NADP*

Figure 6.1 Proposed mechanism of hydroxylation of cytochrome P450.

There have been a number of high-valent Fe-oxo complexes capable of C—H bond
activation reported in the literature.”*® Early examples include olefin epoxidation and alkane
hydroxylation by iron porphyrins.”® Mechanistic studies of these reactions demonstrated that the
Fe(IV)-oxo porphyrin cation radical was responsible for substrate activations, as suggested for
cytochrome p450 (Figure 6.2).°%°
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Figure 6.2 Formation of Fe(IV)-oxo porphyrin cation radical from oxygen transfer reagent (O)

and oxygenation of substrate (S) with iron-oxo.

Non-heme high-valent iron complexes have also received much attention. For example,
Chang and coworkers reported a high-spin Fe(IV)-oxo supported by a trigonal nonheme
pyrrolide ligand platform capable of C—H bond activation.***? In these studies they reported
isolation of a high-spin Fe(IV)-oxo complex at -40°C and observed C—H bond activation of the

ligand platform at room temperature, resulting in Fe'"

-alkoxide complexes. In an effort to
stabilize high-valent Fe-oxos, Borovik and coworkers installed a secondary coordination sphere
onto the ligand which allowed for the isolation and crystallographic characterization of an
Fe(111)-oxo0 and an Fe(IV)-oxo at room temperature.>*>!* In particular, this system demonstrated
the importance of intramolecular interactions within the ligand to stabilize this reactive high-
valent iron-oxo bond.

The formation of M(II)-oxo (M = Mn and Fe) or Fe(lll)-OH complexes by small
molecule activations with M(I) complexes bearing azafulvene-amine moieties (both afa’ and

afaM es

) has been described in previous chapters. The reactivity towards small molecules such as
oxygen, nitrite, and oxygen transfer reagents revealed that the M(II1)-oxo was easily accessible
and such species were stabilized by amine moieties in the secondary coordination sphere.
However, the synthesis of M(IV)-oxo was not successful presumably because the neutrally
coordinated ligand platform is not sufficiently electron rich to stabilize a M(1V) center. Interested
in accessing high-valent iron(1V) complexes with our ligand platforms (Hs[N(pi®)s], R = Cy,
Mes), iron(Il) complexes bearing anionic ligands were synthesized and reacted with oxygen
transfer reagents. We expecedt that the anionically bound ligands may provide a better electronic
environment to access high-valent iron complexes compared to the neutral bound ligand platform.
The resulting Fe(lll)-alkoxide complex shows C—H bond activation on one of the arms of the
ligand platform, suggesting that the reaction intermediate would proceed via a reactive high-

valent iron-oxo complex.
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6.2 Results and discussion

In order to generate an Fe(11) complex where Hs[N(pi™®)] is anionically bound to the

metal center, 2.1 eq. of KH was added to Hs[N(pi“***)s], resulting in deprotonation of the ligand.
To the solution of the deprotonated ligand, FeCl, was added to generate [N(pi™®),Fe(afa™®)].
This complex was characterized by 'H NMR spectroscopy (Figure 6.3), revealing that a
paramagnetic species was formed; however analysis of the structural data was unsuccessful since
upon crystallization, the target complex crystallized with water, resulting in formation of
[N(pi™*)sFe(OHs)] (described in Chapter4).

Oxidation of [N(piV*),Fe(afa™*)] was attempted by adding either pyridine-N-oxide
(PyNO) or iodosylbenzene (PhlO). Since one of the arms was not deprotonated, we expected that
it would be a hydrogen bond donor to the substrate and therefore generate a stable reaction
intermediate. After adding PyNO to [N(pi™®),Fe(afaV®)], the color of the reaction mixture was
changed from orange to brown, followed by a change to green over the course of 24 hours. Two
color changes are indicative of multiple events, therefore the reaction was monitored over time

by *H NMR spectroscopy in a C¢Dg solution to elucidate the progress of the reaction (Figure 6.3).

’ [N(pie),Fe(afae)]

|

l

e VL,

‘ | LJ
< 1_14!\.J\/‘ W

[

20 min

120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -
f1 (ppm)

Figure 6.3 *H NMR spectroscopy of oxidation of [N(pi“'**),Fe(afa“'®*)].
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After 20 min, new paramagnetic resonances appeared accompanied by a decrease in the
resonances corresponding to the starting compound. After 7 hours, the transient paramagnetic
resonances started to disappear, and after 24 hours new broad paramagnetic resonances were
observed (45.7 ppm and 18.2 ppm). New diamagnetic resonances similar to those of free ligand
were also evident after 24 hours.

To further understand these results, structural characterization was accomplished by X-
ray diffraction of crystals grown from a concentrated hexane solution at -35°C (Figure 6.4C). X-
ray analysis revealed that the iron center was in a distorted square pyramidal geometry, bound to
four nitrogen atoms, occupying the middle of two arms of the ligand. The axially bound oxygen
was appended to one of the mesityl methyl groups, resulting from an intramolecular benzylic C-
H bond oxidation of one of the pendant mesityl groups. Analogous C—H bond activation was
observed by Chang when [tpa™Fe']" was reacted with trimethylamine N-oxide in
acetonitrile.’*** The bond length of the reported Fe—O bond was 1.903(5) A comparable with
the distance of the Fe—O bond (1.843(2) A) of complex [(afa“®)(piV**)Fe-Opi™*]. Based on the
solid state structure of the C—H bond activated product, we suggest that the diamagnetic
resonances similar to the free ligand correspond to the intact arm of the ligand platform, while
the paramagnetic resonances correspond to the rest of the ligand including the C-H bond
activated methyl group. The IR spectrum was consistent with the X-ray crystal structure, as it
contains three different C=N stretches (1584 cm™, 1608 cm™, 1622 cm™) and a broad N—H
stretch at 3452 cm™. We propose that PyNO first forms an adduct with the metal complex
(Figure 6.4A), followed by C-H bond cleavage of the ortho-methyl of the mesityl group to form

"_alkoxide compound.®®

the resulting Fe

Further characterization by UV-vis spectroscopy confirmed the formation of the high-
spin Fe(111) complex. In the UV-vis spectrum of [(afaV'*®)(pi™*)Fe-Opi“**], an absorption band at
629 nm (e =570 M cm™) was detected which did not appear in the spectrum of the starting
compound, [N(pi™®),Fe(afa™®)]. This feature resembles previously reported high-spin Fe(lll)

complexes,™*° suggesting [(afa™®)(pi™*)Fe-Opi™*] is a high-spin Fe(l11) complex.
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Figure 6.4 (A) Proposed mechanism of [N(pi"'*),Fe(afaV'*)] reaction with PhlO. (B) UV-vis
spectrum of [(afaV*®) (pi™**)Fe-Opi™®]. (C) Solid structure of [(afa)(pi™*)Fe-Opi™*].

A similar reaction using the [HsN(pi®)s] ligand was also attempted with PyNO, however,
the resulting complex in this reaction was an octahedral Fe(11l) complex, [N(pi®¥)sFe'"],!’
confirmed by *H NMR spectroscopy. Since the bond dissociation energy of cyclohexyl group
(100 kcal/mol)*® is higher than that of mesityl group (76 kcal/mol),*® the C-H bond on the
cyclohexyl group is much more difficult to cleave, thus the Fe-ONPy species is unable to
activate these C-H bonds.

Attempts to isolate and characterize the reaction intermediate proved unsuccessful.
However, the facile generation of the oxygenated product, Fe(ll1)-alkoxide, from oxygen transfer
reagents may imply the formation of a potent iron-centered oxidant such as Fe(IV)-oxo.
Moreover, addition of DPH to the mixture of [N(pi“'**),Fe(afa™**)] and PyNO solution resulted in
the clean formation of [N(afa""*)(pi™*),Fe(OH,)] (M*Fe'-OH,). This result also suggests that
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generation of the Fe(IV)-oxo complex would subsequently react twice with N—H bonds of DPH

to generate M**Fe"-OH, complex (Figure 6.5).

B /Mes .
Mes‘ I}nes \
/N“‘H\OH,---HN DPH — ( Mes
, | ~—— N NH- — » Mes_ N N
| AL N N;'.lH HoO N
N N —Mes | P N =
_ |/ |
Figure 6.5 Proposed reactivity of Fe(IV)-oxo with either DPH (left) or benzylic methyl group
(right).

6.3 Conclusions

Although the isolation of a high-valent Fe(IVV) complex was not successful, the formation
of th Fe(lll)-alkoxide complex as well as M*Fe'-OH, by DPH activation featuring an
anionically bound ligand implies that a reactive intermediate such as Fe(IV)-oxo would be
formed during the oxidation reaction. This study suggested that in order to access a high-valent

iron complex, we may need to influence the electronic environment of the ligand platform.

6.4 Experimental section

Preparation of [N(pi™®),Fe(afa""*)] Hs[N(pi"*)s] (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 benezene
solution. After it was stirred for three hours at room temperature, the mixture was filtered
through Celite to remove excess KH. Addition of deprotonated ligand to the FeCl, (0.013 g,
0.0103 mmol) slurry in benzene resulted in a color change from colorless to yellow. After
stirring overnight until all FeCl, was consumed, the reaction mixture was filtered through Celite
to remove KCI and the solvents were removed under reduced pressure. The resulting orange

compound was assayed by *H NMR spectroscopy (Figure 6.3).

Oxidation of [N(pi™®),Fe(afa™*)] To the benzene solution of [N(pi™*),Fe(afa™*)] prepared in
situ (described above), pyridine N-oxide (0010 g, 0.105 mmol) was added as a white solid. The
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mixture was stirred overnight resulting in green-brown solution, after which time solvent was
removed under reduced pressure. The resulting powder was dissolved in hexanes (10mL) and
filtered through Celite to remove brown byproduct. The solvent was evaporated again, the green
powder was isolated. Green crystals suitable for X-ray analysis were grown from a concentrated

hexanes solution at -35°C.

Oxidation of [N(piV*),Fe(afa"*)] with DPH present To the benzene solution of
[N(pi™*),Fe(afaV*)] prepared in situ (described above), pyridine N-oxide (0.010 g, 0.105 mmol)
and diphenylhydrazine(0.018, 0.1 mmol) were added as white solids. The mixture was stirred
overnight resulting in an orange solution, after which time solvent was removed under reduced
pressure. The resulting compound was assayed by 'H NMR spectroscopy, revealing the
formation of [N(afa"®)(pi™*),Fe(OH,)].
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