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Abstract: Perchlorate, initially perceived as a weakly coordinating counterion rather than
a reactive oxidizing reagent due to its kinetic stability, has garnered attention for its potential
in microbial systems. In anaerobic conditions, microbes utilize perchlorate as a terminal
oxidant for methane oxidation, involving two distinct stages: extraction and release. The
biphasic activation process necessitates the collaborative action of multiple enzymes, a
phenomenon not extensively explored in artificial systems. To address this, a dinuclear Fe-
NHC complex 1 was designed to enable the biphasic activation of perchlorate. Initially,
complex 1 extracts the oxidative potential of perchlorate, leading to the formation of Fe(lll)-
O-Fe(lll) complex 2 as the oxidation product. Subsequently, the extracted oxidative
potential can be released by photolyzing a mixture of complex 2 and 9,10-
dihydroanthracene. Further, an oxidative homocoupling reaction is initiated under
anaerobic conditions, achieving the complete biphasic activation of perchlorate using a
single artificial catalyst. This work provides new paradigm for constructing biomimetic
anaerobic oxidation using kinetically inert high-valent oxygenated acid anions as oxidants.

Introduction

Perchlorate (ClOy’), a seemingly simple inorganic anion, has predominantly been regarded
as an inert, weakly coordinating counterion, rather than a potent oxidizing reagent, owning
to its kinetic inertness in solution.! Perchlorate is extensively utilized in coordination
chemistry and electrochemistry, especially in the presence of oxidizable transition metal
ions.2 However, perchlorate can serve as a terminal oxidant for methane oxidation in
microbes under anaerobic conditions.? This process, which unfolds in two distinct stages
— the extraction phase and the release phase (Figure 1a) — involves multiple enzymes.
During the extraction phase, the oxidative potential of perchlorate is harnessed by the
molybdenum-dependent (per)chlorate reductase (PcrAB) in perchlorate reducing bacteria,
which sequentially reduces perchlorate to chlorate (ClOs) and chlorite (ClIO2).# The
liberated oxidative potential is then utilized in the anaerobic respiration to oxidize methane
to CO, via the reverse methanogenesis pathway, mediated by methyl coenzyme M
reductase (Mcr) and other enzymes in anaerobic methanotrophic (ANME) archaea , such
as Methanosarcina.® Furthermore, the ClO, formed from perchlorate reduction is further
disproportionate to Cl- and O by the action of chlorite dismutase (Cld);* the O, evolved
from this dismutation process can then be used for aerobic methane activation under
anoxic or strictly anaerobic conditions.®5 Exploring the replication of biphasic activation
process observed in natural systems using a single artificial catalyst presents an intriguing
challenge, yet such reactivity remains rare.®’ To date, the majority of studies have achieved
only the reduction of perchlorate to Cl- and water.2 A promising approach to artificial
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biphasic perchlorate activation entails employing a bifunctional transition metal catalyst.
This catalyst operates by reducing perchlorate to chloride in its reduced state and
facilitating the oxidation of alkanes to carbon radical in its high-valent oxo form, as depicted
in Figure 1b. This methodology not only allows the utilization of perchlorate as an oxidant
but also introduces novel concepts for catalytic anaerobic oxidation and the
functionalization of hydrocarbon compounds.

In this work, we developed a dinuclear Fe-NHC (NHC = N-heterocyclic carbene) complex
(1) to facilitate biphasic activation of perchlorate (Figure 1c). We proposed that the
bimetallic center in complex 1 enhances the ClO4 coordination and promotes CI-O bond
cleavage step, aided by the electron-rich carbene ligand. The perchlorate reduction
reactivity capability of complex 1 was evaluated through stoichiometric reactions with
tetrabutylammonium perchlorate (["BusN][CIOs]), resulting in the formation of a
tetranuclear Fe(ll1)-O-Fe(lll) complex 2 as the oxidized product. Broken-symmetry density
functional theory (DFT) calculations supported a plausible mechanism for perchlorate
activation, confirming the synergistic function of the dual Fe centers in complex 1. During
the release phase, the electronic structure and reactivity of complex 2 were characterized
via cycle voltammetry, UV-vis spectroscopy, and time-dependent DFT (TD-DFT) studies.
Although complex 2 exhibited ground-state inertness and resistance to reduction, its
oxidative potential could be harnessed under photolytic conditions. Ultimately, we
developed an oxidative homocoupling reaction utilizing complex 1 as the catalyst and
["BusN][CIO4] as the sacrificial oxidant, demonstrating the successful biphasic activation of
perchlorate by a single artificial catalyst.
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Figure 1. Biphasic perchlorate activation. a, Biphasic perchlorate activation in microbes.
During the extraction phase, the oxidative potential stored in perchlorate is extracted by
(per)chlorate reductase (PcrAB) in perchlorate reducing bacteria. During the release phase,
this extracted oxidative potential is utilized to oxidize methane to CO2 in anaerobic
methanotrophic (ANME) archaea via methyl coenzyme M reductase (Mcr) and other
enzymes. b, Strategy for artificial biphasic perchlorate activation. ¢, This work: dinuclear
Fe-NHC complex enabled biphasic perchlorate activation.

Results and Discussion

Synthesis of Complex 1(PFs)2. The dinuclear iron(Il) complex, designated as complex 1,
was synthesized via the reaction of the macrocyclic tetra(imidazolium) salt HeL(PFe¢)4 with
the common iron precursor Fe(HMDS), (HMDS = hexamethyldisilazane) in MeCN (Figure
2a).® During the synthesis, moderate solubility of complex 1(PFg)2 in MeCN was noted,
leading to its precipitation as the reaction proceeded. This allowed for straightforward
isolation of the complex 1(PFs)2 by decantation in 64 % yield. The purity of the obtained
compound was conclusively verified by '"H NMR spectroscopy and elemental analysis.
Subsequent recrystallization using a mixed MeCN/Et,O solvent facilitated the growth of
single crystals suitable for X-ray crystallography, which confirmed the structure of complex
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1(PFs)2 as a dinuclear Fe(ll)-NHC complex, as shown in Figure 2b. The complex was
characterized as low-spin and diamagnetic, with distinct and well-resolved NMR spectra
(Figure S2-S7). Electrochemical properties were probed using cycle voltammetry in MeCN,
revealing two distinct one-electron redox processes at E12 =-0.17 Vand E12=0.13 V (vs.
Fc/Fc*) as illustrated in Figure 2¢, comparable with previously reported mononuclear Fe(ll)-
NHC complexes.'® These redox events were then attributed to the Fe''Fe" — Fe''Fe' and
FelFe" » Fe!'Fe!' redox couples, respectively.

Extraction phase. Stoichiometric reaction between complex 1(PFe)2 and ["BusN][CIO4]
was conducted in CDsCN solvent with a J. Young NMR tube. Upon heating the reaction
mixture at 70 °C, the orange color of complex 1(PFe)2 gradually fade, giving rise to a brown-
green solution within 24 h. Monitoring the reaction progress using 'H NMR spectroscopy
also unveiled the emergence of a new set of NMR signals within the 2.5-8 ppm range
corresponding to the oxidation product as complex 2. An NMR vyield of 91 % was
determined for complex 2 at the end of the reaction through the integration the 'H NMR
spectra with ["BusN]* as the internal standard (Figure 2d and 2f). Control experiment
revealed no reaction in the absence of ["BusN][CIO4], underscoring the importance of
perchlorate in the formation of complex 2. In addition, Cl- was further confirmed as the
reduction product through an Ag* test in a catalytic reaction (vide infra). A dark-brown
crystal of complex 2 suitable for single crystal X-ray diffraction analysis can be obtained by
layering Et20 on the top of the reaction mixture and the structure of complex 2 reveals a
dimeric structure of complex 1 that bridged by one oxygen atom (Figure 2e). Each complex
2 contains four perchlorate anions, indicating an average oxidation state of +2.5 for each
Fe atom or two Fe atoms in +3 oxidation state and the other two Fe atoms in +2 oxidation
state. The subsequent description was corroborated by the structural parameter of
complex 2. For Fe atoms that are coordinated in square-pyramidal geometry and bonded
to the oxygen atom, the Fe-O distances are 1.7607(4) A and the Fe-O-Fe angle is
174.75(18)°, which is consistent with the previous value reported by Meyer et al. for a
tetracarbene coordinated Fe(lll)-O-Fe(lll) compound." Therefore, the oxidation state of
these two Fe atoms were assigned as +3. Sharp 'H NMR signals were clearly observed
for complex 2, indicating strong antiferromagnetic coupling between the two ferric ions.
Additionally, the structural parameters of the other two six-coordinated Fe atoms were
found to be similar to those measured in complex 1(PFs)2, supporting the assignment of
+2 oxidation state for these two Fe centers. The DFT optimized structure of complex 2 yield
a Fe-O distance of 1.77 A and a Fe-O-Fe angle of 176°, which is consistent with the value
obtained by single crystal X-ray diffraction analysis. Spin population analysis showed that
spins were localized on two five-coordinated Fe centers and antiferromagnetically coupled
with each other, further supporting our oxidation state assignment (Figure S36).
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Figure 2. Extraction phase: synthesis, characterization and perchlorate reduction
reactivity of complex 1(PFs)2. a, Synthesis of complex 1(PFeg)2. b, Ortep drawing of the
cationic fragment of complex 1(PFg)2. H atoms have been omitted for clarity. Ellipsoids are
shown with 50% probability of atoms. ¢, Cyclic voltammograms of the Fe'"""' redox couple
for complex 1(PFe)2. d, Stoichiometric reaction between complex 1(PFe)2 and ["BusN][CIO4].
e, Kinetic profile of the stoichiometric reaction between complex 1(PFg)2 and ["BusN][CIO4].
f, Ortep drawing of the cationic fragment of complex 2(Cl04)4. H atoms have been omitted
for clarity. Ellipsoids are shown with 50% probability of atoms.

Since other CIOx (x = 1-3) were considered intermediate species in the stoichiometric
reduction of perchlorate, reactions between complex 1(PFg)2 and these anions were also
investigated. They were observed to proceed much more rapidly than the reaction between
complex 1(PFg)2 and perchlorate. For instance, a rapid color change to dark-red then dark-
brown was observed upon adding 0.33 eq "BusNCIOs to a pre-cooled CD3sCN solution of
complex 1(PFe)2. Monitoring the reaction mixture by "H NMR spectroscopy confirmed the
formation of complex 2 in 42% yield (Figure S27). Erosion of mass balance was also
observed, indicating the presence of over-oxidation. Further addition of "BusNCIO3 to
excess resulted in the disappearance of complex 2, accompanied by the precipitation of
brown-red solids. Additionally, the formation of NMR silence species was also observed
when treating complex 1(PFe)2 with 4 eq NaClO.. Lastly, reacting complex 1(PFg)2 with 4
eq Ca(ClO) resulted in the smooth formation of complex 2 over a period of 24 h at room
temperature. These results indicates that all of these anions (ClOs", ClO2, CIO") are more
kinetically active than perchlorate and can further oxidize complex 2 even at room
temperature (except ClO"). However, in the stoichiometric reduction of perchlorate, these
intermediates must be short-lived and cannot be accumulated in solution due to their high
reactivity. Therefore, the clean formation of complex 2 can be achieved by carefully
controlling the reaction conditions.?

Based on the experimental results discussed above, three possible reaction pathways

were proposed for 1(PFg)2 mediated perchlorate activation (Figure 3). These mechanisms
were primary distinguished by the coordination mode between CIO4 and complex 1. In
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Pathway 1, ClO4 only coordinated to one Fe atom in complex 1, while in last two pathways,
both two Fe atoms was bridged by ClO4. Broken-symmetry DFT calculations were
subsequently conducted to estimate the energy barrier of CI-O cleavage process (1 —
TS1-TS3) and evaluate the feasibility of these three mechanisms. The computational
results indicated that while all three CI-O cleavage TSs should be energetically accessible
at reaction temperature, TS2 and TS3, which activate the CI-O bond in a cooperative
manner, were slightly favored over TS1 by 2-3 kcal/mol. This suggests that both two Fe
atoms played important role in perchlorate activation, which was also confirmed by the
later discussed fact that the di-Fe catalysts exhibit better catalytic activity than its
corresponding mononuclear catalysts with same ligand (vide infra).
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Figure 3. Extraction phase: plausible mechanism of perchlorate activation. DFT
calculated Gibbs free energy of selected intermediates and TSs are given in brackets
(kcal/mol; calculated at PBEO-D3(BJ)-SMD(MeCN)/SDD-6-311+G(d,p)//B3LYP-D3(BJ)-
SMD(MeCN)/SDD-6-31G(d) level of theory).3-20

The coordination chemistry between CIOs™ and complex 1 was also evaluated using DFT
method to explain its enhanced reactivity. The coordination of ClO3” was always found to
be favored over ClOg4, regardless of coordination mode considered (Figure S39). Therefore,
the experimentally observed improved reactivity of ClO3 can be attributed to its stronger
nucleophilicity and coordination ability, which facilitate the ligand substitution step.?! The
reactivity of ClO2” and CIO- can also be explained in a similar manner.

Release phase. To release the extracted oxidative potential and achieve catalytic
perchlorate reduction, the reactivity of Fe(lll)-O-Fe(lll) complex 2 was investigated.
Surprisingly, complex 2 is highly stable in its ground state and unresponsively toward
common single electron reductant, such as Cpz2Fe and Cp';2Fe, even in the presence of a
proton source. Additionally, complex 2 does also not react with PPhs, a commonly used
oxygen atom transfer reagent. To gain a deeper understanding in the redox reactivity of
complex 2, a cycle voltammetry study was performed in MeCN, demonstrating two
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reversible redox couples in the range of -2 V to 1 V (Figure 4a). The redox wave at Eq2 =
0V (vs. Fc/Fc*) was assigned to the oxidation of MeCN-coordinated Fe(ll) in complex 2 by
comparing it with complex 1(PFg)2 and other reported Fe(ll)-NHC complexes.'® The redox
wave at Eqp = -1.59 V (vs. Fc/Fc*) was assigned to the reduction of oxygen-coordinated
Fe(lll) in complex 2 (Figure 5¢), which was negatively shift by ~ 200 mV when compared it
with the porphyrin derived Fe(lll)-O-Fe(lll) complex (FeTPP).O (TPP = 5,10,15,20-
tetraphenylporphyrin).?? This significantly negative value corroborated the reluctance of
complex 2 towards reduction and was ascribed to the high oxophilicity of NHC coordinated
Fe(lll) atom.

To gain deeper insights into the electronic structure of complex 2, the UV-Vis spectra of
complex 2 was recorded and simulated through TD-DFT calculations (Figure 4b). The band
at 384 nm (corresponding to calculated Amax = 317 nm) was assignedtoan O —» Fe LMCT
transition, supported by the charge density difference plot of excited state 91 (Figure 4b,
inset).2® Other excited states with comparable oscillator strength, such as state 59 and 76
were also analyzed, yielding comparable results (Figure S42 and S43). Building on these
computational findings and previous reports?*, we postulated that this LMCT process would
weaken the Fe-O bond, leading to the photodisproportionation of complex 2, generating
complex 1 and a Fe(IV)=0 intermediate. This Fe(IV)=0 intermediate is expected to be
kinetically active, releasing its oxidative potential through a hydrogen abstraction (HAT)
event with C-H substates, resulting in the formation of a Fe(lll)-OH species and a carbon
centered radical. Subsequently, complex 2 can be regenerated either through the
dimerization of Fe(Ill)-OH species® or the re-oxidation of complex 1 by perchlorate anion
(Figure 4c). To validate this hypothesis, complex 2(ClO4)s was treated with an excess
amount of 9,10-dihydroanthracene (4) and expose to a purple LED (400 nm, 20 W) for 14
h. Remarkably, the major product observed was the homocoupling product 5, rather than
the commonly observed O-rebounded or aromatized products when using Fe=0O as
oxidant®2526  gs indicated by the 'H NMR spectrum, suggesting the presence of a
hydroanthracene radical intermediate (Figure 4d). Furthermore, achieving a 26 % yield
(based on compound 4) with a turnover number (TON) of 13 indicates that successful
regeneration of complex 2 under the experimental conditions. The above experimental
results further demonstrate that, with the assistance of light, the dinuclear Fe catalyst can
not only acquire oxidative capability from ClO4 but also efficiently utilize this energy to
oxidize C-H substrates, offering a new perspective on utilizing ClO4 as a mild oxidant for
C-H activation and functionalization.
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Figure 4. Release phase: reactivity studies of complex 2. a, Cyclic voltammograms of
complex 2 recorded in MeCN with 0.1 M ["BusN][PFe] (scan rate = 100 mV/s). b,
Experimental (blue line) and simulated (red line) UV-Vis spectra of complex 2; black line =
calculated oscillator strength of excited states. Inset: Charge density difference plot of
excited state 91 (blue = positive; green = negative). ¢, Proposed catalytic cycle. d, Release
of the oxidative potential of complex 2.

Oxidative homocoupling reaction under anaerobic conditions. Inspired by the photo-
reactivity of complex 2 discovered above, we embarked on the developing a oxidative
homocoupling reaction of C-H substrates employing ["BusN][CIO4] as the mild oxidant and
complex 1(PFeg)2 as the molecular catalyst. We were pleased to observe the transformation
of C-H substrate 4 into the coupling product 5 in 54 % yield by utilizing 0.25 eq "BusNCIO4
and 6 mol% complex 1(PFg)2, under irradiation by a purple LED (400 nm, 20 W) for 24 h.
Extending the reaction time to 72 h increased the yield of product 5 to 78 %, although with
catalyst decomposition (Figure 5a). Subsequent testing of these catalyst decomposition
products revealed a mere 5% vyield for coupling product 5 when used as the catalyst,
confirming the homogeneous nature of this homocoupling reaction (Figure S32).
Furthermore, control experiments demonstrated the ineffectiveness of simple iron salts,
such as Fe(OTf),, in this homocoupling reaction, emphasizing the pivotal role of the NHC
ligand (Table S5, entry 8). While a mononuclear Fe-NHC complex with same ligand scaffold
was synthesized and evaluated for this homocoupling reaction, a significant decrease in
catalytic efficiency was observed (Figure 5b). Introduction of AgOTf to the post-reaction
mixture leading to the formation of white precipitate insoluble in dilute nitric acid, confirming
the generation of CI- as the reduction product (Figure 5c). Preliminary KIE experiment was
conducted to gain mechanistic insights, resulting in a kn/kp value equal to 3.7 when treating
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the deuterated derivative of compound 4 (4-d4) under standard conditions, indicating that
HAT process serves as the turn-over limiting step in this reaction (Figure 5d). Additionally,
more challenging substrates, such as fluorene (7) was also tested and could only be
converted into the coupling product 8 by using HFIP (HFIP = hexafluoroisopropanol) as
cosolvent (Figure S31). Presumably, HFIP act as Bransted acid additive, hydrogen bonded
or directly protonated the Fe(IV)=0 intermediate, thus enhancing its HAT reactivity.?”
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Figure 5. Oxidative homocoupling reactions and mechanistic studies. a, Using
1(PFe)2 as catalyst. b, Control experiment by using 6(Br)(PFg)s as catalyst. ¢, Cl-detection.
d, KIE experiment. e, Using acidic HFIP as cosolvent.

Conclusion

In this work, biphasic perchlorate activation was achieved by utilizing a dinuclear Fe-NHC
complex 1(PFeg)2. Initially, this complex extracted the oxidative capacity of perchlorate,
forming the Fe(lll)-O-Fe(lll) complex 2 and reducing perchlorate to CI-. With the assistance
of irradiation, the extracted oxidative capacity was released from complex 2, oxidizing 9,10-
dihydroanthracene (4) into the homocoupling product 5. TD-DFT calculation and KIE
experiments indicated that complex 2 underwent photoinduced disproportionation to
generate a Fe(IV)=0 intermediate, which then abstracted a hydrogen atom from the C-H
substrates. Furthermore, the HAT reactivity could be enhanced by using acidic HFIP as a
cosolvent, providing additional evidence for the presence of a Fe(IV)=0 intermediate.
While the reactivity of current reaction system remains limited to active C-H substrates, it
severed as a conceptual mimic of the anaerobic methane oxidation system and a new
perspective on utilizing ClO4 as a mild oxidant for C-H activation and functionalization.
Future research will focus on developing biphasic perchlorate activation system with a
broader substrate scope.
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