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Abstract

The 4H*/4e™ reduction of O, to water, a key fuel-cell reaction also carried out in biology by
oxidase enzymes, includes the critical O—O bond reductive cleavage step. Mechanistic
investigations on active-site model compounds, which are synthesized by rational design to
incorporate systematic variations, can focus on and resolve answers to fundamental questions,
including protonation and/or H-bonding aspects, which accompany electron transfer. Here, we
describe the nature and comparative reactivity of two low-spin heme—peroxo—Cu complexes,

L S-4DCHIm, [(DCHIm)FgFe!'-(0,27)-Cu!'(DCHIm)4]*, and L S-3DCHIm, [(DCHIm)FgFe'!l-
(0,27)-Cu''(DCHIm)3]* (Fg = tetrakis(2,6-difluorophenyl)-porphyrinate; DCHIm = 1,5-
dicyclohexylimidazole), toward different proton (4-nitrophenol and [DMF-H*](CF3S0O37)) (DMF
= dimethylformamide) or electron (decamethylferrocene (Fc*)) sources. Spectroscopic reactivity
studies show that differences in structure and electronic properties of LS-3DCHIm and

L S-4DCHIm lead to significant differences in behavior. LS-3DCHIm is resistant to reduction, is
unreactive toward weakly acidic 4-NO,—phenol, and stronger acids cleave the metal-O bonds,
releasing H,O,. By contrast, L S-4DCHIm forms an adduct with 4-NO,—phenol, which includes
an H-bond to the peroxo O-atom distal to Fe (resonance Raman (rR) spectroscopy and DFT). With
addition of Fc* (2 equiv overall required), O-O reductive cleavage occurs, giving water, Fe(lll),
and Cu(Il) products; however, a kinetic study reveals a one-electron rate-determining process, Aet
=1.6 M1 571 (-90 °C). The intermediacy of a high-valent [[DCHIm)FgFe!V = O] species is thus
implied, and separate experiments show that one-electron reduction-protonation of
[(DCHIm)FgFe!V=0] occurs faster (kerp = 5.0 M1 s71), consistent with the overall postulated
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mechanism. The importance of the H-bonding interaction as a prerequisite for reductive cleavage
is highlighted.
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INTRODUCTION

Because of ever-growing global environmental and economic concerns, researchers are
pushing to find alternative and, ideally, renewable energy sources to fill the needs of the
modern generation.! In nature, energy is consumed to make chemical bonds and released
when those bonds are broken. Importantly, this concept can be exhibited by the natural
processes of photosynthesis and cellular respiration, which make up the life-sustaining
oxygen cycle: O, + 4e™ + 4H* = 2H,0.23 Here, there exists a critical interplay between
acid- base and redox events? including transformations of high-valent metal-oxo species.>6
These processes have inspired chemists to design and study synthetic constructs that
resemble activesite species and/or duplicate function, which can lead to new fundamental
insights and the generation of practical systems. ~12 Advancements involving Photosystem
I1-inspired model systems for the purposes of light harvesting and/or water oxidation to O,
quickly rise to the forefront of popular science due to their potential applications in solar
energy conversion.13 However, to complete the biochemical oxygen cycle, the O-O bond is
cleaved during cellular respiration to give back water, and the mechanistic similarities of
how redox-active transition metal ions make or break the strong O—O bond in these two
natural systems? make Cytochrome ¢ Oxidase (CcO) an extremely important enzyme. For
this reason, considerable research efforts have been undertaken to understand the
mechanistic details of dioxygen reduction, which occurs at the active site.

CcO’s heterobinuclear active site’s four-electron/four-proton reduction of O, to water
(Figure 1) is accompanied by membrane proton-translocation leading to ATP synthesis.14
While there is a consensus about many aspects of the CcO enzymatic mechanism, debate
remains concerning the identity of certain intermediates and the details of the process
triggering the O-0 bond cleavage event, where the release of destructive, partially reduced
oxygen species (i.e., HyO,, -OH) is prevented.1® It has been proposed and widely
accepted6:17 that a hydrogen-bonding network in the active site provides a channel from the
cross-linked tyrosine (Tyr) residue to the putative bridging peroxo moiety (~5 A away) and
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facilitates a proton-coupled electron transfer (PCET), which cleaves the O—O bond (Figure
1).16,18-22

(Bio)chemical systems require protons to promote O-O reductive cleavage; however, the
specific nature of an acid moiety (e.g., identity, proximity to the O-O moiety, pKa, H-
bonding capability, and number of protons) is crucial.23-25 To specifically facilitate O-O
heterolytic cleavage in a heme-(hydroperoxo) intermediate, cytochrome P450
monooxygenases employ an acid—-alcohol residue pair, located adjacent to the Fe—O—O distal
O-atom to provide a key H-bond and proton source. If that H-bonding group is changed
(e.g., by mutation), uncoupling occurs, and the outcome is Fe-O cleavage and H,0O»
production.26-28 Nonheme iron and copper proteins are also found to have specific
requirements (e.g., proximity, acid strength) to control proton-promoted O-O reductive
cleavage chemistries.2%-32

A few synthetic heme—Cu complexes can reduce O, to water via a (Su)peroxo
intermediate,33-35 yet neither in these cases, nor in CcO, is the nature of H-bonding or
protonation reactivity understood with respect to O—O cleavage. To provide the insights and
fundamentals needed for this very important reaction, several different approaches can be
taken. Studies on a diverse, ever-growing family of model complexes (both synthetic
coordination complexes136-38 and modified protein systems12:22.23.39) have aided
researchers in gaining a fundamental understanding about certain aspects of the chemical
mechanism of O, reduction.1214 Qur research group has for many years been systematically
studying the O, adducts of synthetic model systems in which we can define or control
certain aspects and monitor the effects of varying coordination environments/geometries,
redox properties, sterics of the Cu and/or iron centers, and nature of a given substrate on the
outcomes of different reactions. The bridging heme—peroxo— copper formulation depicted in
Figure 1 (center), while not (yet) observed in the enzyme, is considered by somel1.16:40-42
as a likely intermediate, and several recent computational studies invoke the likelihood of a
peroxo-level intermediate in CcO.43-45 A heme—peroxo—Cu complex is a convenient starting
point from which to study how slight changes in structure can tune the functional O,-
reduction capabilities of synthetic model complexes.*6 Alternatively, it is also relevant to
consider factors (chemical or structural) that lead to the affiliated nonredox reaction where
protonation of O,-derived atom(s) results in M—O cleavage and release of H,O,, although
this pathway is importantly avoided in the enzymatic mechanism.

For CcO, or for a given efficient molecular catalyst able to promote four-electron, four-
proton O,-reduction to water (Epmecn = 1.21 V vs Fc*/0),47 these particular nuances
relevant to the promotion of the O-O cleavage process need to be delineated and understood
within the framework of reduction/protonation chemistry. The breadth of these PCET studies
involves probing different (or perhaps simultaneous) orderings of the events of (i) electron
transfer (from Fe, Cu, or the Tyr phenol moiety), and (ii) proton transfer derived from
different sources. Yet, it is surely only by investigation of chemical model constructs and/or
computational inquiries, where one has the ability to break down such a complicated overall
process into individual steps, so that deep fundamental insights can be obtained.#849 The
latter are in the future highly relevant to a broad range of fields, that is, (i) the understanding
of mechanisms of action of other synthetic and/or metalloenzyme O,-activating systems, or
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(ii) the design of practical catalysts for O,-reduction or substrate oxidation/oxygenation by
O,-derived metal-oxy complexes.

In this report, we investigate the fundamental interactions of model complexes with
exogenous substrates as they relate to the enzymatic CcO mechanism, and insights into the
structure—function relationship in the O—O versus M-O cleavage pathways are evaluated.
Specifically, we detail how different acids and a reductant behave toward two similar model
heme-(0,27)-Cu complexes, LS-3DCHIm and L S-4DCHIm (Figure 2). Such strikingly
similar complexes show an interesting difference in their reactivities toward proton and
electron sources. In the case of LS-4DCHIm, only when treated with relatively weak acid
(4-NOy—phenol) and reductant (Fc*) is the coveted O-O cleavage reaction accomplished.
Spectroscopic and kinetic evidence points toward a phenolic hydrogen-bond-associated
intermediate, which triggers the electron transfer from Fc* necessary for O-O scission; a
strong acid source instead leads to H,O, release. Interestingly, the related complex,

L S-3DCHIm (see Figure 2), shows no reactivity toward the same substrates, and with the
support of DFT calculations, we believe this difference in reactivity can be attributed to
steric factors and the degree to which the weakly acidic, phenolic substrate can access the
bridging peroxo moiety to create a critical, activated H-bonded adduct. We are very
interested in the chemistry of metal-oxy interactions with H* and e~ sources of varying
strengths and the insights these reactions may provide into O-O activation and cleavage
chemistry in general 50

RESULTS AND DISCUSSION

Reactivity with Fc* and/or Strong Acid

The peroxo complex, L S-4DCHIm, which has been previously characterized, °! is stable at
-90 °C in 2-methyltetrahydrofuran (MeTHF), even in the presence of excess (20 equiv)
reductant, Fc* (E°peTHE = =270 mV vs Ag*/9).52 However, when strong acid, [DMF-H*]
(CF3S03 7) (pK,(CH3CN) = 6.1),53 is added to a solution of L S-4DCHIm, a reaction is
immediately observed in the UV-vis spectrum. Rapid disappearance of the low energy
absorption features associated with peroxo-to-Fe CT bands®! further suggests that the
peroxo-bridged structure is no longer intact. In fact, chemical and spectroscopic
interrogation of the product mixture reveals that H,O, and mononuclear iron and copper
species are produced (Figure 2). Employing the quantitative horseradish peroxidase
spectrophotometric assay®2:>4 verifies that 95% of the expected H,0, was released, meaning
that both M—O bonds were cleaved via protonation (Figure 2) (see Experimental Section and
Table S1). An EPR spectrum of the reaction product solution indicates full formation of a
copper(ll)-imidazolyl species (see the Supporting Information for further explanation), and a
predominantly (>95%) low-spin heme-imidazolyl product (Figure 2, see also Figures S2-4),
confirming that the dinuclear complex has come apart.

Thus, the occurrence of metal-oxygen bond cleavage is the result of simple acid—base
chemistry. Reductive cleavage of an O-O bond requires protons and electrons, however, Fc*
does not reduce the H,O, present in the product mixture (Figure 2), nor does it reduce the
iron(111) or Cu(ll) species present; that is, the one-electron oxidized byproduct of a reduction
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event, the ferrocenium cation Fc**, is not formed, as would be observed by an increase in
absorption at 795 nm.

The analogous complex with three imidazolyl ligands on the copper ion, LS-3DCHIm,
shows similar reactivity toward these relatively strong proton or electron sources; that is,
there is no observable reaction with Fc*, and release of H,O, (100%) occurs with addition
of [DMF-H*](CF3S037) (Figure 2, Table S1). Because, with both of these heme—peroxo-
copper complexes, the addition of strong acid in combination with reductant still leads to
only acid—base chemistry, we reasoned that a certain degree of “finesse” was likely
necessary with respect to peroxo—H*/e~ interactions along the reaction pathway. Therefore,
we have probed this idea further by employing milder acidic substrates (phenols) to find
conditions that lead to O—O activation and reductive cleavage, but not H,O release. In
support, a recent study involving electrochemical reduction of a synthetic Mn—peroxo
species revealed that strong acid favored M—-O cleavage (H,O, evolution), whereas
employment of a weak acid facilitated O-O reductive cleavage.>®

Weak (Phenolic) Acid Association

The reactivity of interest here is revealed when the low-spin complex is tested in reactions
with phenols. First, we observe no reaction (as monitored by UV-vis) when LS-4DCHIm is
tested with phenols having low bond dissociation free energies (BDFE) and low acidities
such as 4-MeO—phenol or 4-Bu—phenol, which are typically used as H-atom sources.?6:57
With a slightly more acidic phenol, 4-CN-phenol (pK3(CH3CN) = 22.7),58 still, no reaction
is observed. However, upon addition of excess (=10 equiv) 4-NOo—phenol (pK3(CH3CN) =
20.7°8 and pK;(tetrahydrofuran, THF) = 18%9)90.60 tg 4 solution of L S-4ADCHIm (Figure 3,
black spectra), a new species is formed, [L S-4ADCHIm(ArOH)] (Figure 3, blue spectra)
(Amax = 414 (Soret), 540, and 840(b) nm). The fact that excess phenol is necessary to see
full formation of this intermediate leads us to tentatively assign this as an equilibrium
process (see kinetic analysis below). The blue-shifted Soret and upshifted v, oxidation state
marker band from resonance Raman (rR) spectroscopy of the ArOH-adduct (Figure 3,
bottom right, Aey = 413 nm for both species) indicate partial oxidation of the Fe!!! center
(more specifically, decreased donation from Fe (d,;) into porphyrin (7*) orbitals),62 in
agreement with DFT calculations of H-bonding to the peroxo core (vide infra, see
Supporting Information). We associate the weak intensity retained in the low-energy bands
in the UV-vis spectrum with the binuclear complex remaining intact. The fact that this
intermediate is EPR silent (<5% mononuclear Cu'! or Fe!l' ion species), Figure 3,
corroborates that conclusion, due to the coupling of the Cu'! (§= 1/2) and LS-Fe!'l (5= 1/2)
through the bridging peroxo moiety.

Evidence that the O-O bond is still intact in [LS-4DCHIm(ArOH)] (Figure 3, top) is
provided by experimental quantification of the H,O, produced (85% yield) when this adduct
is exposed to a strong acid, here [DMF-H*](CF3SO3") (horseradish peroxidase assay; see
Table S1). Resonance Raman data provide compelling support that the O—O bond is both
intact and perturbed by phenol addition, revealing clear differences in the v(Fe-0O) and V(O-
O) stretching vibrations between the L S-ADCHIm species (Aegx = 413 nm) and the
[LS-4DCHIm(ArOH)] adduct (Aex = 825 nm for better selective enhancement) (Figure 3,
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bottom left). Specifically, the v{Fe— O) increases slightly (by ~10 cm™1) from ~590 to 598
cm™1 (A180, = 29 cm™1), while the Y(O-0) decreases by >40 cm~1 from ~870 to 827 cm™!
(A180, = 48 cm™1) (Figure 3). It is valuable to note that for both L S-4DCHIm and
[LS-4DCHIm(ArOH)], the Fe—O and O-O stretches are observed at both high and low
energy excitation (413 nm and ~800-900 nm, Figure S5). This indicates that (1) the
chromophore responsible for the low energy absorption bands also has a strong absorption at
413 nm (for the respective samples), (2) the O-O stretches observed for LS-4DCHIm and
[LS-4DCHIm(ArOH)] are due to a heme-bound species (considering the significant
resonance enhancement at 413 nm with low power (<2 mW)), and (3) the low energy bands
around 850 nm can be reasonably assigned as peroxo-to-Fe CT bands (because both the
WFe-0) and the v(O-0) are resonantly enhanced).

The phenomenon of H-bonding interactions inducing small (5-10 cm™1) shifts in the Fe—-O
stretching mode has been reported for dioxygen adducts of cytochrome P450 mutants (not
including a copper ion), which contain potential H-bonding residues in various active site
positions. Furthermore, it was concluded on the basis of experimental and theoretical studies
that a shift to higher energy, as observed here, is indicative of an H-bonding interaction with
the distal O-atom with respect to iron.52-64 The aforementioned spectral evidence leads us to
propose the structure of the intermediate formed to be a 4-NO,—phenol associated heme—
peroxo— copper adduct depicted in Figure 3 wherein the phenolic O-H associates via H-
bonding with the Cu-bound O-atom (Oc,).”® Considering that it is logically favorable to
strengthen the Fe— O bond and weaken the O-O bond to effect O-O reductive cleavage, the
weakly acidic phenol is therefore poised to participate in a full PCET reaction, resulting in
homolytic O-O bond cleavage.

DFT calculations support the association of 4-NO,—phenol with LS-4DCHIm to form an
adduct (Figure 4, also see the Experimental Section). This H-bonding interaction is indicated
in the DFT calculated structure of [L S-4DCHIm(ArOH)] (Figure 4, right) by the dotted
green line (7eaic(H-Ocy) = 1.530 A; 7t41c(Opn—Ocy) = 2.536 A). Further calculations
comparing possible binding modes (see Supporting Information for details) provide strong
support for this assignment, predicting the O¢,—phenol adduct to be ~2 kcal/mol lower in
energy than the Oge—phenol adduct. This is expected given that L S-4DCHIm has a greater
partial negative charge on Oc, as compared to Oge, which would favor phenol association on
Ocy. Furthermore, phenol binding to Oc, results in a shorter Fe—O bond and greater Fe—-O
bond order, consistent with the rR observed frequency change, whereas binding to O,
would give a longer Fe—O bond and lower Fe—O bond order (both cases result in a longer O—
O bond and lower O-0O bond order, consistent with the lower «{O-0O) from rR
spectroscopy). We note that DFT-calculated frequencies showed substantial mixing of Fe-0O,
Cu-0, and O-0 modes that was sensitive to small changes in core bond angles, therefore
complicating interpretation of the individual two-atom centered modes. However, employing
Badger’s rule to predict a change in the Fe—O stretching frequency on the basis of the
change in bond length in Figure 4 yields a A(V(Fe-0)) of +9 cm™1 for the O¢,,-bound
structure relative to that in the peroxo complex, L S-4DCHIm, providing excellent
agreement with the rR data shown in Figure 3 (as compared to A (V{Fe-0)) = -29 cm™1 for
the Oge-bound structure).5
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Calculations regarding the protonation states along the O-O cleavage pathway have
suggested the possible formation of an Fe—OOH species following proton transfer from an
active site Tyr residue.** Therefore, we also computationally evaluated the possibility that
the H* has transferred from 4-NO,-PhOH in the adduct, leaving 4-NO,~PhO~ strongly
bound as an H-bond acceptor (although UV-vis data for 4-NO,—PhO™ appearance and
kinetic data (vide infra) suggest this is not the case). However, the optimized structure for
the H™ transferred to the O, reveals an O-O bond elongation (relative to L S4DCHIm) that
is far too large, corresponding to a ~195 cm™1 downshift in v(O-0) as predicted by
Badger’s rule®:66 (as compared to an ~92 cm~! downshift when 4-NO,—PhOH is the H-
bond donor). As it is also 2 kcal/mol higher in energy than the H-bonded adduct (Figure 4),
a structure in which the H* has transferred to yield a hydroperoxo species is unlikely.

It is interesting to briefly compare the effects of protonating the peroxo moiety (or to a lesser
extent, H-bonding to it) in L S-4DCHIm with those observed in Cu,O, and H,05 chemistry,
where protonation results in an increase, rather than a decrease, in the O-0O stretching
frequency (and DFT-predicted bond strength).87 This difference in the +{O-0) behavior can
be attributed to the fact that Fe(l1l) has a d, hole, which receives additional (7z-symmetry)
donation from the 0,2~ s* orbital in the peroxo structure. The interaction with the proton
lowers the energy of the O, 2~ orbitals, greatly decreasing this donation (thereby increasing
7= occupation and weakening the O-O bond). Note that in the heme—Cu system,
protonation on the O¢, atom localizes charge on the Og, atom (originally in a p, orbital)
and strengthens the Fe—O o bond (thus the net effect is a stronger Fe—-O bond).

Reductive O-O Cleavage

The above results show that the H-bonding interaction weakens the O-O bond and
“activates” the [L S-4DCHIm(ArOH)] adduct peroxo moiety to be able to accept an
electron from a reducing agent (Fc*), leading to a PCET-type, O-O cleavage reaction.

The products of the reaction, obtained in high yield, are shown in the diagram at the top of
Figure 5, as deduced from our spectroscopic analysis. The heme-containing product exhibits
UV-vis features at Apax = 414 (Soret) and 542 nm (Figure 5, green spectrum), characterized
as a low-spin, six-coordinate ferric-heme. Two equivalents of decamethylferrocenium ion
(Fc**) are formed on the basis of the new absorptions at Amay = 785, 805 nm (quantified as
DApps(785 nm =870 nm); e = 580 M~ em™1),88 signifying that a twoelectron reduction of
[LS-4DCHIm(ArOH)] has occurred. Additionally, an increase in absorbance corresponding
to the 4-NO,—PhO™ anion appears as a shoulder of the heme Soret band, indicating that
proton(s) have also been transferred in significant quantities (see Figure S18).

Further supporting our conclusions about the nature and identity of species in the product
mixture is the latter’s EPR spectrum showing the emergence of nearly 100% of the Cu'! ion
expected, and mostly low-spin (~95%) Fe!!l species, which match an EPR spectrum of an
authentic mixture of these products (see Figure 5, bottom). Quantification of the iron(l11)
and copper(l1) products was carried out by comparing the reaction product spectrum with
intensity calibration curves obtained by independently generating these species (Figure S11).
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A negligible amount of H,O, (<5%, Table S1) is released in this step, and, furthermore, rR
data collected at 413 nm for the reaction products show no isotope-sensitive stretching
vibrations, and indicate the final heme product is the low-spin bis-imidazole FgFe(lll)
species (Figure S12). While these observations do not definitively prove that water has
formed, the consumption of two (stoichiometrically required) reductive equivalents,
confirmation of oxidized metal centers in the final product mixture, and lack of H,0,
released do provide compelling evidence that the O—O bond has been broken. Recall that
both protons and electrons are required for O-O cleavage, as addition of up to 20 equiv of
Fc* alone to a solution of L S-4DCHIm causes no spectral changes (Figure 2).

Kinetic Measurements and Mechanistic Insights

For the processes occurring in Figures 3 and 5, pseudo-first-order kinetic experiments were
carried out to determine reaction orders for L S-4DCHIm, 4-NO,—phenol, and Fc* (see
Supporting Information for details). While the reaction rate was found to be independent of
[LS-4DCHIm] and linear with respect to [Fc*], saturation behavior was observed with
increasing concentrations of 4-NO,—phenol (Figure 6A,B). This observation is consistent
with a reversible equilibrium or formation of an intermediate prior to the rate-determining
step.52:69.70 |n this case, it can be attributed to the association of the 4-NO,—phenol with the
peroxo core. Notably, the UV-vis changes that occur upon addition of 4-NOy,—phenol to

L S-4DCHIm are not reversed following addition of strong base; the entire phenolic moiety
inserts into the structure of LS-4DCHIm (vide supra). After measuring the rate as a function
of Fc** appearance (Aaps(785-870 nm)) over time (also see Figures S14—-16) and applying
the kinetic model in Figure 6C, we calculate an association constant, K+ = 604 + 21 M1,

as well as a rate constant for the second-order electron transfer step, g1 = 1.6 £ 0.1 M1
-1
s

All kinetic experiments were carried out by initial addition of the reductant to the

L S-4DCHIm complex, which caused no spectral changes, followed by addition of 4-NO,—
phenol. In all cases, immediate formation of the intermediate species,

[L S-4DCHIm(ArOH)], was observed, leading to the formation of the reaction products.
This experimental observation is consistent with the proposed mechanism, in which
construction of an H-bonding network around the Fe—peroxo—Cu complex precedes and
facilitates the electron transfer. The linear dependence of Ay, On the concentration of Fc*
indicates that during the rds, only one molecule of reductant is involved, which we believe
results in O—O cleavage and transient formation of a Fe!V=0, and the second electron
transfer occurs immediately following that formation. No H,0, is released when [DMF-H*]
(CF3S0O3") is added to the product mixture (Table S1), indicating that all peroxide has been
reductively cleaved and protonated to give water (Figure 5). This result, along with the
Cmpd I1 experimental results (vide infra, Figure 7) and nature of the final products formed
(Fe(111), Cu(ll), and 2 equiv of Fc**), support this claim that a transient ferryl must have
formed in the initial reduction (1-electron) and protonation.

Deuterated 4-NO,—phenol(OD) was employed for kinetic isotope effect analysis (see
Supporting Information). The resultant KIE values of 1.6 for the phenol-association step
(Karop = 374 + 28 M) and 1.9 for the rate-determining step (kep+) = 0.89 0.1 M1 571
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suggest that the phenolic O—H/D bond is broken, and the proton is transferred in the
ratedetermining step. This conclusion is consistent with the DFT interrogation of
[LS-4DCHIm(ArOH)] (vide supra) and the overall proposed mechanism. While smaller
than expected for a phenolic HAT reaction, these KIE values are in the range for PCET
reactions involving phenol O-H(D) bond activation by metal-oxygen species.’1:72

Insights from Independent Fe'V=0 Studies

In CcO, it is proposed that delivery of a H* and e~ induces O-O cleavage of an Fe!!l—
peroxo—Cu'! moiety, resulting in an Fe!V=0 (Cmpd II-type) species, which is subsequently
reduced and protonated to give a low-spin Fe!!'-= OH product.”® To probe the possibility that
such a ferryl species forms during reduction of [L S-4DCHIm(ArOH)], as implied by the
kinetic results just described, initial rates were measured for the protonation/reduction of an
authentic solution of FgFe!V=074 by addition of 4-NO,—phenol and Fc*.

Indeed, the same low-spin heme product was observed (Figure 7), and both the proton and
electron sources were necessary to observe a reaction. However, the rate of reduction (1e7)
of the Cmpd II-type complex is >3 times faster than the reduction of [L SS4ADCHIm(ArOH)]
(2e overall, vide supra); therefore, this explains the finding that we could not
spectroscopically (by UV-vis) observe the Fe!V=0 intermediate during the LS-4DCHIm
reaction because excess reductant is present (note that in CcO and other model complexes,®
the stoichiometric supply of electrons can be controlled, allowing observation of a
metastable Fe!V=0 species). This result demonstrates the mechanistic similarity between O—
O cleavage in LS-4DCHIm and CcO, highlighting the relevance of this work among
enzyme model complexes.

Impact of Structure on Reactivity

In addition to LS-4DCHIm, our lab has recently characterized a similar heme- peroxo-
copper complex, LS-3DCHIm, in which the copper ion is ligated by only three monodentate
DCHIm donors.>1 LS-3DCHIm is only stable below —115 °C in MeTHF and is unchanged
following addition of 4-NOo—phenol and/or Fc* (monitored by UV-vis and rR), illustrating
the different chemical properties of the two low-spin imidazolyl complexes. It is important
to note that L S-4DCHIm can be cooled below —115 °C and maintain its reactivity (at slower
rates). However, no reaction is observed when an excess of a sterically hindered, albeit
slightly more acidic, phenol, 2,6-di-fert-butyl-4-nitrophenol (pA3(CH3CN) = 19.1),57 is
added to a solution of LS-4DCHIm, even in the presence of Fc*. In contrast, recall that
reaction with strong acid, [DMF-H*](CF3SO3"), gives identical products for both
LS-3DCHIm and L S-4DCHIm (UV-vis, EPR, H,0, quantification, vide supra). To gain
insight into this difference in reactivity, we compared the DFT-optimized structures for these
two complexes (Figure 8). DFT predicts the lowest energy structure for LS-3DCHIm to
have a distorted square planar geometry (z = 0.4, where 0 = square planar, 1 = tetrahedral)
with an Fe—Cu distance of 4.10 A, and for L S-4DCHIm to have a square pyramidal
geometry (z = 0.1, where 0 = square pyramidal, 1 = trigonal bipyramidal)’® in which the
additional DCHIm ligand occupies the axial position at the copper center, and the Fe—Cu
distance is 4.47 A. While these calculated structures do not give insight into the markedly
high O-0 stretch observed in rR experiments, it is clear that an additional monodentate
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ligand induces a structural rearrangement, which influences the accessibility of the peroxo
core. In particular, the core geometries of LS-3DCHIm and L S-4DCHIm, depicted in
Figure 8 (also Figure S9 for more selected bond lengths and angles), indicate a more
accessible peroxo moiety in LS-4DCHIm. These results together suggest that steric factors
inhibiting H-bond association greatly contribute to the difference in reactivity between the
two complexes.

CONCLUSIONS

The structural nature of the CcO-inspired heme—peroxo— copper complexes, and their
reactivity in protonation-reduction chemistry, which has been described here, further
emphasizes the realization concerning how acutely nature has constructed its systems to
achieve the chemical transformations necessary for sustaining aerobic life. Rather than
rigorous mimicking of proteins, we have taken the approach of designing synthetically
simplified complexes in which we can control or manipulate certain aspects in our pursuit of
a fundamental understanding of the factors involved in O,-reduction processes. This has
required the use of cryogenic conditions (e.g. =90 °C) for generation of heme—Cu O,-
adducts, those which are highly reactive in biological systems and currently inaccessible for
spectroscopic study.’’ In doing so, we have shown that both the structure of the bridging
peroxo-complex and the nature of the proton source play a role in determining whether the
protonation/reduction mechanism proceeds via acid/base chemistry (metal-O cleavage,
release of H,O,) or substrate-mediated redox chemistry (O—O bond reductive cleavage). The
use of monodentate DCHIm ligands allows for the formation of heme—(0,2")-Cu complexes
possessing comparable yet unique structures, LS-3DCHIm and L S-4DCHIm, with
intriguingly different reactivities.

The two complexes discussed differ in that a phenolic H-bond associated adduct can form
with LS-4DCHIm, where we have shown that the weak acid, 4-NO,—phenol, associates
with the Cu-bound Operoxo-atom. These observations contrast to the behavior of

L S-3DCHIm, where a potentially more compressed peroxo core does not allow for
formation of such an adduct. If a strong acid is employed, [DMF-H*](CF3SO3"), steric
hindrance is no longer a contributing factor, as a (solvated) proton can easily reach either
peroxo core to induce metal-O cleavage via acid—base chemistry, and release hydrogen
peroxide. Therefore, we have observed that in a fashion similar to the generally proposed
Cc0O enzymatic mechanism, reductive O-O cleavage is effected after first establishing a
hydrogen-bonding network close to the peroxo, which then facilitates the proton-coupled
electron transfer (in this case, from 4-NO,— phenol and Fc*, and in CcO, from the cross-
linked Tyr residue) (Scheme 1). In the enzyme, this efficient manner of transferring the H*/
e~ to the peroxo prevents the production of partially reduced, detrimental, reactive oxygen
species.15.79.80 Only a few previous CcO model systems have achieved O—O cleavage;
however, they have employed rigid structural frameworks or “picket-fence porphyrins”.
Now, we have shown that a new, potentially more flexible adduct, when paired with the
appropriate reagents, can closer mimic the enzyme’s proposed stepwise transfer of H*/e™ to
an Fe—Cu bridging peroxo moiety. In this way, we continue to uncover the seemingly small,
yet critical, chemical and/or structural aspects of transition metal-O, assemblies, which
greatly impact O-O cleavage chemistry.
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EXPERIMENTAL SECTION

General

UV-Vis

EPR

All reagents and solvents used were of commercially available quality and used without
further purification except as noted. Inhibitor-free 2-MeTHF was distilled over Na/
benzophenone under Ar and deoxygenated with Ar before use. [Cu!(CH3CN)4(BArF)] and
FgFe!! were synthesized as previously described.81.82 All UV-vis measurements were
carried out using a Hewlett-Packard 8453 diode Figure 8. DFT-optimized structures of
LS4DCHIm and L S-3DCHIm (porphyrin ArF groups and H-atoms omitted for clarity)
depicting the relationship between structure and reactivity toward different acids. array
spectrophotometer with a quartz Schlenk cuvette cell to monitor changes in Q-band and with
a 0.2 cm path length cuvette to monitor changes in Soret band. The spectrometer was
equipped with HP Chemstation software and a Unisoku thermostated cell holder for
lowtemperature experiments. Resonance RAMAN samples were excited at a variety of
wavelengths, using either a Coherent 190C-K Kr* ion laser, a Coherent 25/7 Sabre Ar* ion
laser, or a Lighthouse Photonics Sprout-G pumped SolsTiS-PX Ti:Saph laser, while the
sample was immersed in a liquid nitrogen cooled (77 K) EPR finger dewar (Wilmad). Power
was ~2 mW at the sample for 413 nm excitation and 150-200 mW for lower energy
excitation. Data were recorded while rotating the sample to minimize photodecomposition.
The spectra were recorded using a Spex 1877 CP triple monochromator with either a 600,
1200, or 2400 grooves/mm holographic spectrograph grating, and detected by an Andor
Newton CCD cooled to —80 °C (for high-energy excitation) or an Andor IDus CCD cooled
to —80 °C (for the low-energy excitation). Spectra were calibrated on the energy axis to
toluene. Excitation profiles were intensity calibrated to the solvent (MeTHF) by peak fitting
in the program Origin.

The complexes L S-3DCHIm and L S-4DCHIm were generated as previously described at
0.1 mM concentrations at —125 or —90 °C in a 1 cm path length, rubber septum-capped,
quartz Schlenk cuvette.> 50 L of a solution containing the desired number of equivalents
of acid (10 for 4-NO,—phenol, 2 for [DMF-H*](CF3SO37)) and/or reductant (Fc*, 10 equiv)
was added via gastight syringe and mixed by bubbling Ar. To obtain conditions optimal for
observing Soret peaks, the same concentration (~0.1 mM) was used in a 2 mm path length
Schlenk cuvette. For kinetic measurements, spectra were recorded every 1.0 s to obtain
“initial rate” data. Reactions were monitored until stable by UV-vis (i.e., no more spectral
changes are observed); however, we do note that in reactions with excess Fc*, slow
reduction of the metal centers may eventually occur.

0.6 mL solutions of the complexes LS-3DCHIm and L S-4DCHIm were generated
anaerobically as previously described®! at 2.0 mM concentrations at =125 °C (pentane/ligiod
N, bath) and —90 °C (acetone/liquic N, bath), respectively, in a 5 mm, rubber
septumcapped, EPR tube. The desired substrates (acids and/or reductant) were added in the
desired amounts, mixed by bubbling Ar, and frozen prior to recording spectra. Spectra were
taken with an ER 073 magnet equipped with a Bruker ER041 X-Band microwave bridge and
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a Bruker EMX 081 power supply: microwave frequency = 9.41 GHz, microwave power =
0.201 mW, attenuation = 30 db, modulation amplitude = 10 G, modulation frequency = 100
kHz, temperature = 10 K.

The complexes LS-3DCHIm and L S-4DCHIm were generated in the same fashion as EPR
samples, above, at 1.0 mM concentrations at =125 °C (pentane/liquid N bath) and =90 °C
(acetone/liquid N> bath), respectively, in a 9-in., 5 mm, rubber septum-capped, NMR tube
using either 160, or 180,.51 The desired substrates (acids and/or reductant) were added in
the desired amounts and mixed by bubbling Ar. The tubes were then frozen and flamesealed.
Spectra were obtained with spinning tubes at 77 K with various excitation wavelengths
noted for each case.

H>0, Quantification by Horseradish Peroxidase (HRP) Test

The spectrophotometric quantification of hydrogen peroxide was achieved by recording the
intensity of the diammonium 2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonate (AzBTS-
(NH4)2) peaks (different wavelengths, monitored at 418 nm to minimize error, Figure S1)
oxidized by horseradish peroxidase (HRP), which was adapted from published procedures.>2
In a typical experiment, 3 mL of the desired heme—peroxo—copper complex [0.135 mM] was
generated at —90/-125 °C. If required, two sample solutions of 100 pL containing Fc* [2
mM] and 100 pL containing 4-NO,—phenol [2 mM] were added, and the reaction was
allowed to proceed until completion (no further spectral changes were observed). The
reaction crude was subjected to the H,O, analysis as described below, both before and after
quenching by addition of a 100 uL solution containing 2.5 equiv of [DMF- H*](CF3503")
[0.338 mM]. Hydrogen peroxide (H>0,) was detected using the procedure described using
the following stock solutions: 300 mM sodium phosphate buffer, pH 7.0 (solution A), 1
mg/mL AzBTS- (NH), (solution B), 4 mg of HRP (type Il salt free (Sigma)), and 6.5 mg of
sodium azide in 50 mL of water (solution C). Quantification of hydrogen peroxide was
achieved by adding 100 pL of the cold MeTHF sample solution to a cuvette containing 1.3
mL of water, 500 L of solution A, 100 pL of solution B, and 50 uL of solution C (all
chilled). After being mixed for 15 s, the samples were allowed to incubate for ~2 min until
full formation of the 418 nm band was achieved (Table S1).

DFT Calculations

Density functional theory (DFT) calculations were performed with the Gaussian 09, version
D.01 software package. All calculations were done using the BP86 functional within the
spin-unrestricted formalism and broken-symmetry singlet surface, employing a split basis
set as follows: 6-311g™* for Fe, Cu, and peroxo O-atoms; 6-31g™* for all metal-bound N
atoms; and 6-31g for all remaining atoms. Tight SCF convergence and an ultrafine
integration grid were used. All cyclohexyl substituents on DCHIm ligands were truncated as
isopropyl groups to lower the computational cost, yet still capture some of the inherent steric
effects. (A structure for LS-4DCHIm was optimized using the complete DCHIm ligands,
which yielded very similar core bond distances and vibrational frequencies, indicating that
the truncated model adequately represents the full ligand system for correlating to our
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experimental data.) Free energies were calculated at 183 K. For each binding orientation
(phenol H-bonding to Og, or O¢,), several positions of the phenol were attempted in which
the O—H was directed toward the particular peroxo O-atom. Unconstrained optimization
from these starting orientations yielded one minimum for each of the H-bonded structures
(Oge-bound and Oc¢,-bound). Structures for which the H* was transferred to the respective
peroxo O-atoms were obtained by constraining the Opp—H distance at the same distance as
the O¢y—H in the H-bonding structure (thus the distance from the H* to the H-bond acceptor
remains the same) and optimizing the remaining atoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Net 4H*/4e~ O, reduction reaction by CcO (top), and the proposed mechanistic involvement

of a hydrogen-bonding network in the active site to promote O-O cleavage (bottom).
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Figure2.
In situ generation of low-spin peroxo complexes, LS-3DCHIm and L S-4DCHIm, derived

from our “naked” high-spin heme—peroxo—Cu complex, HS-3M €T HF,51 showing their
reactivities toward strong acid (H* = [DMF-H*](CF3SO37)) and electron sources alone, that
is, in the absence of proton sources.
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Figure 3.

UV-vis spectra of L S-4DCHIm reacting with 4-NO,— phenol to give the

[LS-4DCHIm(ArOH)] adduct, and rR difference spectra showing the shifts that occur upon

phenolic acid association.
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Figure 4.
DFT-calculated structures for LS-4DCHIm and [L S-4DCHIm(ArOH)] (with porphyrin

ArF groups and most H-atoms omitted for clarity). The table shows selected DFT-calculated
properties for the H-bonding and H*-transfer structures discussed.
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Figure5.
Scheme, UV-vis, and EPR spectra showing the 2-electron reduction of the H-bonded

adduct, [LS-4DCHIm(ArOH)], by Fc*. This step includes O-O cleavage and therefore
decoupling of the Fe(l11) and Cu(ll) metal centers.
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Figure6.
Kinetic data for the weak acid/electron reactions with L S-4DCHIm. Dependence of Ay, 0N

[Fc*] (a) and on [4-NOy—phenol] (b). Kinetic model used for fitting the data (c).
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Scheme (top) and UV-vis spectra showing (A) formation and 1e™ reduction reactivity of

Fe!V=0 in the presence of 4-NO,—phenol. Initial rates (B) and UV-vis spectra (C) for

formation of 1 equiv of Fc** in the reduction of Cmpd Il (blue) and 2 equiv of Fc¢** for

[LS-4DCHIm(ArOH)] (green).
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Figure 8.
DFT-optimized structures of LS-4DCHIm and L S-3DCHIm (porphyrin ArF groups and H-

atoms omitted for clarity) depicting the relationship between structure and reactivity toward
different acids.
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Overall Proposed Mechanism for the Reaction of LS-4DCHIm with 4-NO,—Phenol and Fc*

JAm Chem Soc. Author manuscript; available in PMC 2018 January 11.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Reactivity with Fc* and/or Strong Acid
	Weak (Phenolic) Acid Association
	Reductive O–O Cleavage
	Kinetic Measurements and Mechanistic Insights
	Mechanistic Insights from Independent FeIV=O Studies
	Impact of Structure on Reactivity

	CONCLUSIONS
	EXPERIMENTAL SECTION
	General
	UV–Vis
	EPR
	rRaman
	H2O2 Quantification by Horseradish Peroxidase (HRP) Test
	DFT Calculations

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Scheme 1

