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A Facially Coordinating Tris-Be
Nonheme Iron Enzyme Models

Parami S. Gunasekera,” Preshit C. Abhyankar,”
David C. Lacy*®

Herein, we report a new tripodal tris-benzimidazole ligand
(Tbim) that structurally mimics the 3-His coordination environ-
ment of certain nonheme mononuclear iron oxygenases. The
coordination chemistry of Tbim was explored with iron(ll)
revealing a diverse set of coordination modes. The aerobic
oxidation of biomimetic model substrate diethyl-2-phenylmalo-
nate was studied using the Tbim—Fe and Fe(OTf)..

The mononuclear iron dependent nonheme subclass commonly
have an iron center coordinated within a two-histidine one-
carboxylate (2-His-1-C) facial triad binding pocket."? Additional
binding modes have also been discovered, and these include
the facial three-histidine (3-His), see-saw three-histidine one-
carboxylate, and see-saw four histidine binding modes.”
Modelling of the facial 3-His coordination has been accom-
plished through various nitrogen donor ligands such as 1,4,7-
triazacyclononane (tacn),” tris(2-pyridyl)methane,® trispyrazolyl
variants namely trispyrazolylborates,”” trispyrazolylmethanes”
and trisimidazolylphosphines (TIP).®! Some of these facially
coordinating ligands have been used to prepare Fe-based O,
derived oxidants, such as superoxo and oxo species®'®!"121314
and in catalysis.>'®

Despite the successes of these ligands in modeling 3-His
coordination,"”"® we noted that most ligands contain donor
groups that are not represented in nature (Figure 1). For
instance, histidine donors are aromatic nitrogen groups with
sp? hybridized N-atoms. In contrast, tacn has unconjugated sp®
hybridization. Accordingly, we noted that facially coordinating
ligands with imidazole and benzimidazole N donors have been
used to mimic facial 2-His-1-C and 3-His coordination modes
with iron."®® Gebbink and coworkers reported a 2-His-1-C
facial triad using imidazole and benzimidazole ligands (2bim1C)
with iron." In another report Fielder and coworkers use TIP,
which contains imidazole nitrogen donors, to model the 3-His
facial triad in an iron complex.?" It is also noteworthy that, in
addition to the electronic similarity (i.e. sp? hybridized and
aromatized), benzimidazole has excellent pK, similarities to
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Figure 1. Natural 2H1 C enzyme binding site (left) compared to tridentate
ligands with representative “mono-dentate” ligand donor groups and their
respective [NH]* pK, in water (see Figure S19 and Table S1).

histidine. For example, the pK, of the nitrogen donor of
histidine is 6.0 in water,”? which is close to the pK, of 6.6 for
1,2-dimethylbenzimidazole that is the donor moiety in Geb-
bink’s 2bim1C ligand.”**! This is also in contrast to a pK, of 7.69
for 4-methylimidazole.”” While differences may be superficial,
ligands can impart a certain set of appropriate thermodynamic
properties required for dioxygen reactivity.” Herein, we report
the synthesis of a novel 3-His model with a tris-benzimidazole
ligand, 2,2'-(2-(1-ethylbenzimidazol-2yl)ethane-1,1-diyl)bis(1-
methylbenzimidazole) (Tbim), its coordination with iron, and a
brief foray into catalysis.

Synthesis of the new ligand Thim used a strategy inspired
by the one Gebbink used to prepare 2bim1C (Scheme 1).2°%
With ligand in hand, we explored the coordination chemistry of
Tbim using a variety of FeX, salts (X=0Ac, Cl, OTf) (Scheme 2
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Scheme 1. Ligand synthesis.
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Scheme 2. Synthesis of 1 and 2.

and Scheme 3). Treatment of Tbim with Fe(OAc), or Fe(Cl), in
an acetonitrile solvent mixture afforded new complexes from
which crystals suitable for diffraction revealed the mono-ligated
complexes [Fe{Tbim}(X),] (1, X=0Ac; 2, X=Cl) (Figure 2). The
complexes show paramagnetically shifted '"H NMR signals in the
range —20 ppm to 90 ppm; Evans method was conducted and
is consistent with an S=2 ground state for 1 and 2 (u4=5.31
and 5.79). Both acetates in 1 are k-2 and Tbim is bound through
the two benzimidazole arms that form six-membered chelate
rings; the third benzimidazole arm, if bound to the metal, would
give a seven-membered ring. Salt metatheses with NaBPh, on 1
or 2 were performed in MeOH in an attempt to remove a single
acetato or chlorido ligand and coordinate the third benzimida-
zole arm to iron. However, the reaction produced a yellow
precipitate from which we obtained colorless crystals of the
formulation [Fe{Tbim},][BPh,], ([31[BPh,],), which is a bis-ligated
metal complex salt whose connectivity was confirmed through
XRD (Figure S16).

A reaction of Tbim with Fe(OTf),»2MeCN in acetonitrile also
produced the bis-ligated metal complex [3][OTf],. However, if a
different workup procedure was used for the same in situ
prepared 1:1 ligand:metal mixture, a different product was
obtained. Namely, if the acetonitrile reaction mixture was
removed in vacuo to near dryness and the resulting residue
dissolved in dichloromethane the mono-ligated metal complex
[Fe{Tbim}(MeCN),(OTHI[OTf] ([4]1[OTf]) was obtained in moder-
ate yields. The presence of acetonitrile ligands is confirmed
from ATR-FTIR spectroscopy (vey=2279 and 2285 cm™') and X-
ray crystallography (Figure 2). Owing to a Schlenk-like equili-
brium between the two complexes and free Fe(OTf),, [4][OTf]
was inseparable from [3][OTfl, under the conditions studied
here.
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Scheme 3. Synthesis of [3]** and [4]*.
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Figure 2. Molecular structure of (top to bottom) 1, 2 and [4]™ with ellipsoids
shown at 50% probability; H-atoms, counterions, and solvent molecules are
not shown. Color scheme: orange = Fe; blue =N; red =0; yellow/green =F;
yellow =S; green=Cl; grey=C.

A 1:1 reaction mixture of Thim with Fe(OTf),-2MeCN in
acetonitrile followed by '"H NMR and 'F {"H} NMR indicated the
presence of both the mono-ligated and the bis-ligated com-
plexes in solution (Figure S15). The "F {'"H} NMR spectrum of a
2:1 ligand:metal ratio contains a sharp peak at —80 ppm
consistent with an unbound triflate ion for [3][OTFL,.2" In
contrast, when the ratio is less than 2:1, a broad signal is
apparent at —73 ppm indicative of an equilibrium between
bound and unbound triflate ions in solution implicating the
presence of mono-ligated species [4]* (Figure S12). This is
consistent with a Schlenk-like equilibrium between [3]*" and
[4]" at room temperature in MeCN; using density functional
theory (DFT), the calculated equilibrium lies toward the bis-
ligated complex with a free energy of —3.2 kcal/mol (see SI). 'H
NMR spectroscopy was used to construct a kind of “Job plot” to
determine the optimal ratio of Fe(OTf),:Thim to prepare in situ
[4]" for the catalysis studies later (Figure S17), the optimal ratio

655 © 2020 Wiley-VCH GmbH
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to achieve the highest concentration of [4] in the 10 mM
regime was found to be 3:2.

In nature, Fe(ll) centers coordinated by the three-histidine
facial triad nominally occupy the face of a pseudo octahedron
similar to the coordination observed in [4]" (Figure 3). However,
there are some notable differences between [4]* and enzymatic
coordination. The average benzimidazole Fe—N distance of [4]"
is 2.15 A (average distance for all Fe~N/O bonds in [4]" is
2.16 A), whereas the average Fe-N/O distance in resting state
mammalian cysteine dioxygenase (CDO) determined through K-
edge EXAFS is 2.04 A Additionally, the protein structures’
N-M—N angles are about 98° (average angle 95.7° for 2atf,
100.6° for 2b5 h, 94.5 for 4fbf,®" and 102.4° for 3bal), whereas
[4]" has an average N-Fe-N angle of 89.9° for the benzimida-
zole nitrogen atoms. Also, it is to be noted that, unlike the
binding mode in Thim and other synthetic ligands (e.g., Tp),
the protein active site imidazoles twist into a paddle wheel
conformation.

Following from the structural comparison of [4]" with 3-His
coordination at enzyme active sites, we next tested [4]7 in
biomimetic oxidation reactions and chose the substrate lithium
diethyl 2-phenylmalonate (Li[Phmal], or Li[a]), a model substrate
often used in biomimicry of the 3-His enzyme diketone
dioxygenase (Dke1).>*¥! The use of Li[a] in Dke1 model studies
is common because the natural substrate acac is difficult to
oxidize; even Dkel has a sluggish rate for acac oxidation (k.=
6.55 ). The expected product distribution for aerobic
oxidation of diethyl 2-phenylmalonate (H-a) has been studied
using a system with O, and electrochemically generated
superoxide.®® These products are ethylbenzoylformate (b) and
HOPhmal (c) and their relative distribution depends on the
concentration of substrate owing to competing reaction paths
from a common alkylperoxo intermediate.

Catalytic oxidation studies were performed by treating a
solution of Li[a] and 5 mol% catalyst with bubbling O, for
1 hour (Scheme 4). After an aqueous work-up (see SI) the
products were analyzed by GCMS and compared against
authentic samples (Figures S20-S24). Under the conditions we

2b5h 4fag

Figure 3. Simplified primary coordination spheres of three-histidine iron
enzymes and [4]". Clockwise from top left: PDB 2atf (Ni-bound CDO),* PDB
3bal (Zn-bound Dke1),?” 4fag (Fe-bound gentisate dioxygenase),®"” PDB
2b5h (Fe-bound CDO).®? Color scheme: grey =C; blue=N; red =0;

orange =Fe; green=Nji; blue-grey =7n.
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Scheme 4. Catalytic 1,3-Diester Oxidation Studies.

Table 1. Results from catalytic aerobic oxidation of lithium diethyl 2-
phenylmalonate (Li[lPhmal]).”!

cat® H-a [%] b [%] c [%]
Fe/Tbim (3:2); “[4]*" 0 22 41
Fe/Tbim(1:4); “[3]**" 0 17 51
Fe 0 16 41
Fe+Ph,NH 61 0 17
no iron or ligand 77 0 4

[a] Conditions: Substrate added dropwise, 5 mol% catalyst, dry O, 1h;
data reported average of two runs, see S| for full data. [b] Fe=Fe
(OTf),-2MeCN; Fe/L represents that complex was prepared in situ.

used, H-a was obtained as the major final product when no
catalyst was present. For runs that contained a catalyst a
mixture of both b and ¢ were obtained (Table 1); if water was
not rigorously excluded, ¢ was obtained as the major product.?”
When the iron triflate control oxidation contained the oxygen
radical scavenger diphenylamine,®® H-a was obtained as the
major product accompanied by a small amount of ¢ indicating
that radical oxygen species are responsible for the oxidation.
However, KO, (either with or without O,) did not oxidize Li[a]
under the parent conditions we used (Scheme 4).

In conclusion, we synthesized the biomimetic ligand Tbhim
and prepared coordination complexes with iron that structurally
mimics the 3-His active site in nonheme iron enzymes, such as
Dkel. We also demonstrated catalytic oxidation chemistry using
the substrate Li[a], but the simple salt Fe(OTf), had comparable
performance and so the role of ligand was not inferred.
Therefore, despite the common use of Li[a], it is not advisable
for biomimetic studies where it could give a “false positive” of
ligand-induced biomimicry. Novel ligand platforms are still
required to achieve the selectivity and rates achieved in
enzymes. In particular, designing systems that do not form bis-
ligated complexes and can oxidize difficult substrates like acac
are required and are ongoing.

Deposition Numbers 1990453 (for 1), 1990454 (for 2), and
1990455 (for [4]1T) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-

formationszentrum  Karlsruhe  Access  Structures service
www.ccdc.cam.ac.uk/structures.
656 © 2020 Wiley-VCH GmbH
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