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Abstract: The oxidation of transition metals such as manganese and copper by dioxygen (O2) is
of great interest to chemists and biochemists for fundamental and practical reasons. In this re-
port, the O2 reactivities of 1:1 and 1:2 mixtures of [(TPP)MnII] (1; TPP: Tetraphenylporphyrin) and
[(tmpa)CuI(MeCN)]+ (2; TMPA: Tris(2-pyridylmethyl)amine) in 2-methyltetrahydrofuran (MeTHF)
are described. Variable-temperature (−110 ◦C to room temperature) absorption spectroscopic mea-
surements support that, at low temperature, oxygenation of the (TPP)Mn/Cu mixtures leads to rapid
formation of a cupric superoxo intermediate, [(tmpa)CuII(O2

•–)]+ (3), independent of the presence
of the manganese porphyrin complex (1). Complex 3 subsequently reacts with 1 to form a heter-
obinuclear µ-peroxo species, [(tmpa)CuII–(O2

2–)–MnIII(TPP)]+ (4; λmax = 443 nm), which thermally
converts to a µ-oxo complex, [(tmpa)CuII–O–MnIII(TPP)]+ (5; λmax = 434 and 466 nm), confirmed
by electrospray ionization mass spectrometry and nuclear magnetic resonance spectroscopy. In
the 1:2 (TPP)Mn/Cu mixture, 4 is subsequently attacked by a second equivalent of 3, giving a bis-
µ-peroxo species, i.e., [(tmpa)CuII−(O2

2−)−MnIV(TPP)−(O2
2−)−CuII(tmpa)]2+ (7; λmax = 420 nm

and δpyrrolic = −44.90 ppm). The final decomposition product of the (TPP)Mn/Cu/O2 chemistry in
MeTHF is [(TPP)MnIII(MeTHF)2]+ (6), whose X-ray structure is also presented and compared to
literature analogs.

Keywords: manganese porphyrins; copper chelates; dioxygen chemistry; variable-temperature
absorption spectroscopy; nuclear magnetic resonance spectroscopy

1. Introduction

Dioxygen (O2) binding, reduction, and activation at metalloenzyme active sites are
vital for aerobic life. Manganese-containing enzymes, in particular, facilitate a wide variety
of biological redox processes through interactions of manganese with O2 and its reduced
derivatives such as superoxide (O2

•–) and peroxide (O2
2–) [1–3]. Because of its relative

abundance and multiple accessible oxidation states, manganese can facilitate biochemical
multielectron redox conversions and is essential for a variety of biological redox processes
such as photosynthetic O2 evolution, antioxidant defense mechanisms regulating reactive
oxygen species (ROS), and DNA synthesis [1–4]. Several Mn-containing enzymes involved
in facilitating these redox processes include manganese superoxide dismutase (SOD),
manganese catalase, the oxygen-evolving complex (OEC) in photosystem II, and Mn/Mn
or Mn/Fe ribonucleotide reductase (RNR) [2,3,5]. The nuclearity of such manganese active
sites varies, with more complex redox processes typically occurring at multinuclear sites
with two or more metal centers [6,7].

Over the years, many Mn-porphyrins have been investigated for their ability to
mimic various enzymatic activities or have been used as catalysts to promote a variety of
other redox reactions [1,8–21]. An extensively-studied example is tetraphenylporphyrin
manganese(II), (TPP)MnII, which was used for generating the first dioxygen adduct of a
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manganese-containing complex [22]. While no reactivity toward O2 was observed at room
temperature, it was found that the complex can be reversibly oxygenated at cryogenic con-
ditions (<−80 ◦C), forming a manganese(IV) peroxide species, i.e., (TPP)MnIVO2

2– [22,23].
This reactivity significantly differs from those observed for iron(II) or cobalt(II) analogues,
which typically produce “superoxide-like” adducts [24,25]. Later, Valentine and co-workers
reported the formation of a manganese(III) peroxide adduct, (TPP)MnIIIO2

2–, through the
reaction of equimolar quantities of potassium superoxide (KO2) and (TPP)MnII [24,26].
However, the addition of more than one equivalent of the superoxide ion was not reported.

Although O2 is a very powerful four-electron oxidant, its one-electron reduction to
generate superoxide as the product is relatively disfavored. Instead, metal-O2 reactivity
typically requires the presence of protons or proceeds through a two-electron step to form
a peroxide adduct. The two-electron step may involve O2 obtaining two electrons from one
metal or from two discrete metal centers forming a binuclear µ-peroxo complex [26,27].

Due to the versatility of manganese-O2 chemistry, the catalytic advantage of multinu-
clear sites, and the undeniably rich chemistry of copper with dioxygen, in this study, we
present the oxygenation chemistry of 1:1 and 1:2 mixtures of a copper(I)/manganese(II)-
porphyrin system, i.e., [(TPP)MnII] (1) and [(tmpa)CuI(MeCN)][B(C6F5)4] (2), where TMPA
is tris(2-pyridylmethyl)amine.

A very rich chemistry ensued (Scheme 1), wherein there was an initial rapid generation
of a cupric-superoxo complex, [(tmpa)CuII(O2

•–)]+ (3), as described previously [27–31]. In
the reaction mixture, the cupric-superoxo species subsequently reacted with 1, forming a
heterobinuclear O2-adduct formulated as the µ-peroxo [(tmpa)CuII–(O2

2–)–MnIII(TPP)]+

(4) assembly. In the 1:2 mixture, this was followed by the subsequent addition of a second
equivalent of 3 to 4, forming a bis-µ-peroxo [(tmpa)CuII−(O2

2−)−MnIV(TPP)−(O2
2−)−

CuII(tmpa)]2+ (7) species. These two dioxygen-adducts have been characterized by
ultraviolet–visible (UV-vis) absorption and nuclear magnetic resonance (NMR) spectro-
scopies. These bridged peroxo assemblies (i.e., 4 and 7) thermally transform to the corre-
sponding µ-oxo and possibly bis-µ-oxo complexes, respectively, which, in turn, decompose
to [(TPP)MnIII(MeTHF)2]+, whose X-ray structure is described.
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Scheme 1. Proposed reaction steps for the oxygenation of 1:1 and 1:2 mixtures of [(TPP)MnII] (1) and
[(tmpa)CuI(MeCN)][B(C6F5)4] (2) in MeTHF leading to the observed products. TPP: Tetraphenylpor-
phyrin; TMPA: Tris(2-pyridylmethyl)amine).

2. Results and Discussion
2.1. UV-vis Absorption Spectroscopy

2.1.1. Dioxygen Chemistry of [(TPP)MnII]

In coordinating solvents such as 2-methyltetrahydrofuran (MeTHF), [(TPP)MnII] is
rather unreactive toward O2 at room temperature. As shown in Figure 1a, despite long O2
exposure, the UV-vis spectrum of the reaction mixture mostly retained the Soret (433 nm)
and Q-band (568 and 606 nm) absorption characteristics of the manganous complex. The
UV-vis spectroscopic changes of [(TPP)MnII] oxygenation in MeTHF at −90 ◦C are shown
in Figure 1b. At low temperature, a small but noticeable decrease in the 434 nm Soret band,
along with the formation of a minor (TPP)MnIII species (λmax = 470 nm), were observed.
Allowing the solution to warm to room temperature yielded a product with features at
378, 400, 423, and 470 nm. We posit this final product as a [(TPP)MnIII(MeTHF)2]+ species,
based on its characteristic “split Soret band” and other absorption features similar to
those of an authentic MeTHF solution of [(TPP)MnIII(THF)2]SbF6 (λmax = 377, 399, 418,
467 nm) (Figures S1 and S2). We note that in the high-spin manganese(III) porphyrins, the
normally intense Soret band splits into two less-intense bands; one of which is a prominent
peak at lower energy (~470 nm), and the other one is a very broad band that occurs at
higher energy (~380 nm). The ratios of bands well as the λmax values for these bands are
particularly sensitive to the nature of the axial ligand(s) [32,33]. The X-ray structure of
[(TPP)MnIII(MeTHF)2]SbF6, as well as 1H-NMR and IR data further support the identity of
this product species as [(TPP)MnIII(MeTHF)2]+ (vide infra).
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Figure 1. UV-vis spectra of [(TPP)MnII] in MeTHF in a 4-mm cuvette upon 5 min of O2 bubbling at:
(a) room temperature (10 µM), and (b) −90 ◦C (11 µM).

2.1.2. Dioxygen Chemistry of [(TPP)MnII]/[(tmpa)CuI(MeCN)][B(C6F5)4]

While [(TPP)MnII] showed no appreciable reactivity toward O2 at room temperature,
remarkably, equimolar amounts of [(TPP)MnII] and [(tmpa)CuI(MeCN)][B(C6F5)4] imme-
diately reacted with O2 to produce a new species (Figure 2a), now to be referred to as
the µ-oxo MnIII/CuII assembly, as monitored by UV-vis spectroscopy (λmax = 432 and
466 nm). The nature of this bridged complex was further supported by ESI-MS and 1H-
NMR results, vide infra. This complex gradually decomposes to a final (TPP)MnIII species
(λmax = 470 nm) with features similar to that of the [(TPP)MnII] oxygenation product, i.e.,
[(TPP)MnIII(MeTHF)2]+.

Figure 2. UV-vis spectra of the oxygenation reaction of 1:1 mixture of [(TPP)MnII] and
[(tmpa)CuI(MeCN)][B(C6F5)4] in MeTHF in a 4-mm cuvette at: (a) room temperature (7 µM),
and (b) −110 ◦C (8 µM).
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Investigations of the independent O2 chemistry for the copper complex, [(tmpa)CuI

(MeCN)][B(C6F5)4], have been described previously [28,30]. The O2 adduct observed from
low-temperature reactions of this copper complex bearing the tripodal TMPA ligand with
O2 was solvent-, temperature-, and concentration-dependent (Cu/O2 = 1:1 or 2:1). Upon
initial binding of O2 to [(tmpa)CuI(MeCN)]+, an end-on cupric η1-superoxo intermediate,
[(tmpa)CuII(O2

•–)]+, was formed via single electron transfer from the cuprous center to
the ligated dioxygen moiety. At higher concentrations of the copper complex solution,
and/or higher reaction temperatures, a second cuprous center provided the second electron,
generating a dicopper end-on µ-1,2-peroxo species, [(tmpa)CuII–(O2

2–)–CuII(tmpa)]2+.
With this background, we investigated the oxygenation of an equimolar mixture of

[(TPP)MnII] and [(tmpa)CuI(MeCN)][B(C6F5)4] at low temperatures. At −110 ◦C, bubbling
with dioxygen immediately produced a metastable O2-adduct with new spectral features at
389, 443, 562, and 606 nm (Figure 2b). We formulated this as a heterobinuclear peroxo com-
plex, [(tmpa)CuII–(O2

2–)–MnIII(TPP)]+. The reaction proceeded through initial formation
of a cupric superoxo species, [(tmpa)CuII(O2

•–)]+, followed by a fast electron transfer from
the manganous center to the superoxide moiety, forming the bridged peroxo species. This
µ-peroxo MnIII/CuII complex was not stable at higher temperatures, primarily leading to
the formation of a µ-oxo complex, [(tmpa)CuII–O–MnIII(TPP)]+. By analogy to the process
shown to occur in similar bridged peroxo systems, it was presumed that this transformation
occurred through a disproportionation reaction of two µ-peroxo species that generated two
µ-oxo complexes and released O2 [27,34].

Warming the µ-peroxo complex, [(tmpa)CuII–(O2
2–)–MnIII(TPP)]+, to room tempera-

ture leads to the formation of the µ-oxo complex that subsequently converts to [(TPP)MnIII

(MeTHF)2]+, i.e., the identical (TPP)MnIII product obtained from the oxygenation experi-
ment at room temperature.

It is important to note that, under the given experimental conditions, i.e., low
temperature (−110 ◦C) and low concentration (µM range), the oxygenation reaction of
[(tmpa)CuI(MeCN)][B(C6F5)4] exclusively resulted in the formation of the cupric super-
oxo species [29,30,35]. This strongly suggests that the electron transfer from a second
cuprous complex to [(tmpa)CuII(O2

•–)]+ is significantly less favored than from a [(TPP)MnII]
complex. We can, therefore, rule out the formation of the dicopper peroxo species, i.e.,
[(tmpa)CuII–(O2

2–)–CuII(tmpa)]2+, in our experiments, independent of the experimen-
tal conditions.

2.1.3. Dioxygen Chemistry of [(TPP)MnII]/2 [(tmpa)CuI(MeCN)][B(C6F5)4]

The remaining question about the capability of the manganese(II) porphyrin precursor
to react with more than an equimolar amount of the superoxide was addressed by reacting
a 1:2 mixture of [(TPP)MnII] and [(tmpa)CuI(MeCN)][B(C6F5)4] with dioxygen. Here, at
room temperature, the oxygenation reaction and formation of the final solvated (TPP)MnIII

product were faster compared with those of an equimolar mixture, with nearly all of
[(TPP)MnIII(MeTHF)2]+ formed within 1 h after O2 bubbling rather than over the 3 h
observed for the 1:1 mixture (Figures 2a and 3a).



Molecules 2022, 27, 1000 6 of 16

Figure 3. UV-vis spectra of the oxygenation reaction of 1:2 mixture of [(TPP)MnII] and
[(tmpa)CuI(MeCN)][B(C6F5)4] in MeTHF in a 4-mm cuvette at: (a) room temperature (7 µM),
and (b) −110 ◦C (8 µM).

The same reaction was repeated at −110 ◦C, where we were able to detect two in-
termediates. Low temperature oxygenation of the 1:2 mixture leads to rapid formation
of the µ-peroxo [(TPP)MnIII−(O2

2−)−CuII(tmpa)]+ intermediate (λmax = 443 nm), iden-
tical to that observed during the reaction of the 1:1 mixture with O2, vide supra. This
µ-peroxo MnIII/CuII intermediate then reacted with a second cupric superoxo species,
[(tmpa)CuII(O2

•–)]+, on the open face of the Mn-porphyrin (Scheme 1) and isosbesti-
cally converted to a bis-µ-peroxo adduct with λmax = 420 nm, i.e., [(tmpa)CuII−(O2

2−)−
MnIV(TPP)−(O2

2−)−CuII(tmpa)]2+ (Figure 3b). The characteristic single blue-shifted Soret
absorption at 420 nm and other spectral features of this new species agreed with those of pre-
viously reported [(TPP)MnIV(L)2] species (Table 1), supporting the oxidation state of man-
ganese(IV) in this intermediate [17,36–38]. Further indication that the bis-µ-peroxo interme-
diate is a manganese(IV) complex was derived from the resonance observed for its pyrrolic
protons using 1H-NMR spectroscopy, vide infra. Upon warming, the bis-µ-peroxo interme-
diate may disproportionate to form a bis-µ-oxo adduct, [(tmpa)CuII−O−MnIV(TPP)−O−
CuII(tmpa)]2+, which can subsequently decompose to the observed (TPP)MnIII product,
[(TPP)MnIII(MeTHF)2]+ (Figure 3b).

Table 1. Examples of UV-vis absorption features reported for MnIV complexes bearing
TPP-based ligands.

Complex * Solvent λmax (nm) Reference

{(TPP)MnIV[(O2
2−)CuII(tmpa)]2}2+ (7) MeTHF 420 This work

[(TPP)MnIV(OCH3)2] methanol 360, 420, 520 [39]
[Cl(TPP)MnIV(OIPh)]2O chlorobenzene 421, 502 [40]

[(TMP)MnIV(O)(OH)] DCM 422 [8]

[(TMP)MnIVCl2]
DCM 420, 530, 620, 720

[41]benzene 420, 535, 720
* TPP: Tetraphenylporphyrin; TMPA: Tris(2-pyridylmethyl)amine); TMP: Tetramesitylporphyrin.

It is worth mentioning that quantitative analyses of UV-vis spectra of the oxygenation
products of [(TPP)MnII] in the presence of 0 to 2 equivalents of [(tmpa)CuI(MeCN)]+, at
either low or room temperature, confirmed the generation of one equivalent of the final
product, [(TPP)MnIII(MeTHF)2]+, with features near 380, 400, and 470 nm in high yields
(~100% yield).
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2.2. X-ray Structure of [(TPP)MnIII(MeTHF)2]SbF6

For the present studies, the molecular structure of an authentic sample of the pro-
posed final product, [(TPP)MnIII(MeTHF)2]+, was also obtained. Dark red crystals of
[(TPP)MnIII(MeTHF)2]SbF6·2MeTHF were grown by slow diffusion of heptane into a
MeTHF solution of [(TPP)MnIII(THF)2]SbF6 (see Materials and Methods, Table S1). The
complex crystallizes in a tetragonal crystal system with the P43212 space group. A perspec-
tive view of the complex, along with the selected structural and geometrical parameters, are
given in Figure 4; the molecular packing in the unit cell is shown in Figure S3. The hexaco-
ordinate Mn center lies perfectly in the plane of the porphyrin and is axially ligated by two
MeTHF molecules. The length of the bond between the manganese and the axially-ligated
MeTHF molecule, Mn−Oax,, of 2.272(3) Å was within the range reported for other hexaco-
ordinate Mn(III) porphyrins with two O-based ligands (Table S2) [42–47]. Moreover, the
longer Mn−Oax distances, as compared to Mn−Npor (i.e., average of 2.008 Å) were in accord
with the presence of a high-spin tetragonally elongated Mn(III) center. The elongation of the
bonds to the axial oxygen sites has been ascribed to a singly occupied axially antibonding
dz

2 orbital that renders a ground electronic state of (dxz, dyz)2(dxy)1(dz2)1 [48–50].

Figure 4. Displacement ellipsoid plot (50% probability level) of [(TPP)MnIII(MeTHF)2]SbF6 at 100(2)
K, showing the atom-labeling scheme. Hydrogen atoms and solvent molecules have been omitted
for clarity. Selected bond lengths (Å) and angles (deg): Mn(1)-O(1), 2.272(3); Mn(1)-N(1), 2.007(4);
Mn(1)-N(2), 2.008(4); O(1)-Mn(1)-O(1a), 177.51(17); N(1)-Mn(1)-N(2), 90.15(17); N(1)-Mn(1)-N(1a),
89.8(2); N(1)-Mn(1)-N(2a), 179.91(19); N(1)-Mn(1)-O(1), 88.43(14); N(1)-Mn(1)-O(1a), 89.81(14); N(2)-
Mn(1)-N(2a), 89.9(2); N(2)-Mn(1)-O(1), 90.21(14); N(2)-Mn(1)-O(1a), 91.55(14); N(1a)-Mn(1)-O(1),
89.80(14); N(2a)-Mn(1)-O(1), 91.55(14).

2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

The oxygenation reactions of 1:1 and 1:2 mixtures of [(TPP)MnII] and [(tmpa)CuI

(MeCN)]+ were monitored by 1H-NMR spectroscopy at room temperature. In both cases,
NMR data support the formation of copper-bound manganese porphyrin intermediates, as
well as the identity of [(TPP)MnIII(MeTHF)2]+ as the final product. Here, the resonances
of the β-pyrrole protons can aid manganese oxidation and spin-state assignments. Our
tentative assignments of the pyrrolic peaks are based on analogy to values reported in the
literature or comparison with authentic samples (Figures S4–S10).

The 1H-NMR spectrum of an equimolar mixture of [(TPP)MnII] and [(tmpa)CuI

(MeCN)]+ in THF-d8 displays distinct signals originating from individual reduced com-
plexes. The broad peak at δ = 39.04 ppm corresponds to the β-pyrrole protons of the Mn(II)
species while the broad signal at δ = 8.02 ppm originates from the meso-aryl protons in
[(TPP)MnII] (Figure 5a Left and Figure S11a Left). The peaks at δ = 8.60, 7.74, and 7.34 ppm
arise from the pyridyl groups of [(tmpa)CuI(MeCN)][B(C6F5)4] (Figure S11a Left). The
peak assignments were obtained by comparing the 1H-NMR spectral pattern of the reaction
mixture with the individual spectra of the reduced complexes (Figures S6 and S10).
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Figure 5. Parts of the 1H-NMR spectra of the oxygenation reaction of a 1:1 mixture, (Left), and
1:2 mixture, (Right), of [(TPP)MnII] and [(tmpa)CuI(MeCN)][B(C6F5)4] (THF-d8, room temperature)
at different time intervals: (a) 0 min, (b) 1 min, (c) 15 min, (d) 1 h 30 min, (e) 4 h 30 min, (f) 6 h, and
(g) 18 h. The peak for [(TPP)MnIII(THF)2]+ at δ = −34.65 ppm was set as the reference for comparing
peak areas.

Upon O2 bubbling, several new signals appeared in the upfield and downfield regions
in the spectrum, which resulted from oxidation of the two metal centers (Figure 5 Left
and Figure S11). After 1 min of O2 bubbling, the 1H-NMR spectrum showed a distinct
pyrrolic peak at δ = 36.06 ppm, which corresponds to the presence of a peroxo Mn(III)
center [24,51], in agreement with our UV-vis spectroscopic results (vide supra). This
proposed µ-peroxo MnIII/CuII intermediate was unstable and the corresponding pyrrolic
resonance disappeared over time (Figure 5 Left).

The upfield region displayed the three most intense peaks at δ = −4.23, −19.60, and
−34.65 ppm. The signal at δ = −4.23 ppm likely originated from the TMPA moiety of
the attached copper center as the significant upfield shift of this peak indicated that the
protons of this chelate were directly located above the porphyrin core, as observed in
similar oxo-bridged heterobinuclear systems [52–54]. The second upfield broad signal at
δ = −19.60 ppm could be ascribed to [(TPP)MnIII−O−CuII(tmpa)]+ and may correspond to
a combination of the pyrrolic, as well as part of the attached, TMPA protons. The third up-
field signal at δ = −34.65 ppm corresponded to the pyrrolic protons of [(TPP)MnIII(THF)2]+

in the reaction mixture, which was identical to that of the authentic [(TPP)MnIII(THF)2]+

sample, confirming the presence of a high-spin (S = 2) Mn(III) center (Figure S8). All proton
peaks were integrated with respect to the δ = −34.65 ppm peak for relative comparisons. As
the reaction progressed, the signal at δ = −34.65 ppm continued growing and the intensities
of the other signals in the upfield region decreased, which suggested decomposition to
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[(TPP)MnIII(THF)2]+, consistent with the overall reactivity patterns observed in our UV-vis
studies. Appearance of the small peaks in the δ = 10 to 26 ppm region over time (Figure 5
left and Figure S11b–g Left) that correspond to the TMPA protons in a free [(tmpa)CuII(X)]+

complex [52] further confirmed the dissociation of the Mn/Cu assembly.
To further support our supposition that an individual homobinuclear copper species

did not form during the oxygenation of the mixture of manganese and copper complexes,
we also monitored the independent dioxygen reactivity of [(tmpa)CuI(MeCN)][B(C6F5)4]
through 1H-NMR spectroscopy (Figures S12 and S13). The cuprous complex showed
three distinct signals between δ = 8.84 and 7.48 ppm, corresponding to the protons of the
pyridyl arms, while the methyl-protons resonated at δ = 4.53 ppm. Bubbling with O2 led to
the formation of a dioxygen adduct with new features. The pyridyl signals appeared at
δ = 11.02, 8.16, 8.11, and 7.79 ppm, while the methyl-protons resonated at δ = 5.80; this
spectral pattern is in agreement with the presence of the µ-peroxo [(tmpa)CuII–(O2

2–)–
CuII(tmpa)]2+ complex in the reaction mixture [55]. The spectrum also showed an additional
peak at δ = 10.39 ppm, which corresponded to the pyridyl protons of a [(tmpa)CuII(X)]+

species [52]. Within a couple of hours, the µ-peroxo complex fully decomposed into the
[(tmpa)CuII]+ species, as evidenced by the gradual disappearance of the peroxo species
signals and concomitant growth of the δ = 10.39 ppm peak. No proton signals in the negative
region were observed throughout the oxygenation reaction of the cuprous complex; the
final cupric complex only displayed proton signals in the downfield region.

The 1H-NMR spectral pattern obtained for a 1:2 mixture of [(TPP)MnII] and [(tmpa)CuI

(MeCN)][B(C6F5)4] was quite similar to that obtained for their equimolar mixture, aside
from the expected higher relative peak intensities observed for the pyridyl-protons of
the cuprous complex (δ = 8.62, 7.73, and 7.35 ppm) as compared to the meso-aryl protons
(δ = 8.02 ppm) of the porphyrin ring (Figure S11a Right). Moreover, the very broad -CH2-
signal of (tmpa)CuI appeared at δ = 3.99 ppm. Similarly, dioxygen was bubbled through the
1:2 reaction mixture and the proton NMR spectra were recorded at different time intervals
(Figure 5 Right and Figure S11b–g Right). After one minute, the sample exhibited a series
of new peaks in both upfield and downfield regions. While some of the spectral features
were similar to those observed for the oxygenation of the 1:1 reaction mixture, there were a
few important differences. A broad peak at δ = −44.90 ppm was observed, which could be
ascribed to the β-pyrrole protons of a high-spin (S = 3/2) Mn(IV) center [36,41], possibly
[(tmpa)CuII−(O2

2−)−MnIV(TPP)−(O2
2−)−CuII(tmpa)]2+ or the bis-µ-oxo adduct. This

broad peak is absent during oxygenation of a 1:1 reaction mixture; this finding is in agree-
ment with our supposition concerning the formation of a manganese(IV) species during
the oxygenation reaction mixture only when an additional equivalent [(tmpa)CuII(O2

•–)]+

is present, thus, promoting the second electron transfer. This peak at δ = −44.90 slowly
disappeared with a concurrent increase of the peak at δ = −34.36 ppm over the course of the
reaction, hinting towards the decomposition of the Mn(IV) assembly into the (TPP)MnIII

species. As expected, the TMPA signals associated with a free [(tmpa)CuII(X)]+ complex
(possibly X = OH–) in the δ = 10 to 26 ppm region appeared at higher intensity (Figure 5
Right and Figure S11b–g Right), further supporting the dissociation of the Mn/Cu assembly.

2.4. Electrospray Ionization Mass Spectrometry (ESI-MS)

The formation of the µ-oxo [(TPP)MnIII−O−CuII(tmpa)]+ complex was further con-
firmed by ESI-MS studies. The ESI-MS spectrum of a 1:1 mixture of [(TPP)MnII] and
[(MeCN)CuI(tmpa)][B(C6F5)4] in MeTHF immediately after bubbling with O2 at room
temperature showed a peak for [(TPP)MnII−OH−CuII(tmpa)]+ at m/z 1037.2557. The iso-
topic distribution pattern of the experimental mass correlated well with theory (Figure 6),
which further confirms the formation of the Mn/Cu assembly. To try to provide further
insight, the oxygenation of a 1:2 mixture of the reduced complexes did not lead to the mass
spectrometric detection of a bis-µ-oxo adduct, most likely due to its even lower stability
and, therefore, easier reduction/fragmentation.
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Figure 6. Isotopic distribution pattern of the (a) experimental, and (b) simulated ESI-MS spectra
of [(TPP)Mn–O–Cu(tmpa)+H]+. The sample was prepared in MeTHF and recorded in positive-ion
mode with a source voltage of 1.0 kV.

2.5. Fourier-Transform Infrared Spectroscopy (FT-IR)

IR spectroscopy also supports the formation of the same final oxygenation prod-
uct, i.e., [(TPP)MnIII(MeTHF)2]+, for 1:1, as well as 1:2, mixtures of [(TPP)MnII] and
[(tmpa)CuI(MeCN)][B(C6F5)4] (Figures S14–S17). The presence of bound MeTHF in
[(TPP)MnIII(MeTHF)2]+ was confirmed by C-H stretching bands at or near 2966 and
2864 cm−1. The high-frequency metal-sensitive IR bands of the TPP complexes have
been previously found to, slightly but regularly, vary depending on the nature of the metal
ion [56]. Here, the metal-sensitive TPP bands at 1598, 1487, 1342, and 1010 cm−1 were
identical or within 2 cm−1 for the 1:1 and 1:2 oxygenation products, and similar to those
of authentic [(TPP)MnIII(MeTHF)2]SbF6 (Table S3), further confirming the presence of a
Mn(III) center.

3. Conclusions

The foregoing results demonstrate the cooperative activation of dioxygen by the
copper(I)/manganese(II)-porphyrin systems. A combined array of variable-temperature
UV-vis, NMR, IR as well as ESI-MS and X-ray crystallographic analyses collectively
demonstrated that [(TPP)MnII] reacts with O2 in the presence of 0 to 2 equivalents of
a cuprous chelate, [(tmpa)CuI(MeCN)]+, in MeTHF to produce a common final decom-
position product, [(TPP)MnIII(MeTHF)2]+. However, the O2 reactivity in the presence
of the copper(I) center is remarkably faster and proceeds through a distinct mechanism.
As evidenced by low temperature (−110 ◦C) UV-vis and room temperature 1H-NMR
measurements, copper(I) is responsible for the binding and initial activation of dioxygen,
forming a cupric superoxo intermediate, [(tmpa)CuII(O2

•–)]+. This is followed by an elec-
tron transfer from the manganous complex generating a bridged heterobinuclear peroxo
species, [(tmpa)CuII–(O2

2–)–MnIII(TPP)]+. In the presence of a second equivalent of the
cupric superoxo complex, an additional electron transfer from the Mn(III) center of the
µ-peroxo assembly to the superoxo species takes place, forming a bis-µ-peroxo assembly,
[(tmpa)CuII−(O2

2−)−MnIV(TPP)−(O2
2−)−CuII(tmpa)]2+. These systems represent the

first examples of such Mn/Cu/O2 adducts and illustrate the importance of cooperative
activation of O2 in the heteromultimetallic systems. Experiments designed to further
investigate these dioxygen-adducts are currently in hand.

4. Materials and Methods
4.1. General Methods

Chemicals were purchased commercially and used without further purification, unless
noted otherwise. Acetonitrile (MeCN), dichloromethane (DCM), tetrahydrofuran (THF),
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and 2-methyltetrahydrofuran (MeTHF) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Deuterated solvents (acetone-d6, CD2Cl2, and THF-d8) were purchased from
Cambridge Isotope Laboratories (Tewksbury, MA, USA). Commercial ACS grade solvents
were used for chromatography and extractions. For the reactions, all solvents were pu-
rified by an Innovative Technologies (Newburyport, MA, USA) or Inert PureSolv Micro
(Amesbury, MA, USA) solvent purification system. Solvents were then deoxygenated by
bubbling with argon for 1 h, followed by storage over 3 or 5 Å molecular sieves for at
least 72 h prior to use. Deionized water was purified by a PURELAB flex 1 Analytical
Ultrapure Water System (ELGA) to obtain nanopure water with a specific resistance of
18.2 MΩ cm at room temperature. Air-sensitive compounds were prepared and handled
under a dry, oxygen-free argon atmosphere using standard Schlenk techniques or under
nitrogen atmosphere in a Vacuum Atmospheres (Hawthorne, CA, USA) OMNI-Lab inert
atmosphere (<0.5 ppm of O2 and H2O) glovebox. Ultra-high purity grade oxygen gas was
purchased from Airgas (Greensboro, NC, USA) and dried by passing through a drying
column containing Drierite desiccant and 3 Å activated molecular sieves. For the NMR
experiments, dry O2 gas was transferred and stored in a capped 50-mL Schlenk flask, then
added into the metal complex solutions via a three-way long syringe needle.

UV-vis absorption spectra were recorded on an Agilent (Wilmington, DE, USA) Cary-
60 spectrophotometer equipped with a Unisoku (Osaka, Japan) CoolSpeK USP-203-B
cryostat using 4-mm modified Schlenk cuvettes. Infrared (IR) spectra of neat solid samples
were obtained using a Thermo Scientific (West Palm Beach, FL, USA) Nicolet iS5 Fourier
Transform IR (FT-IR) spectrometer equipped with an iD7 attenuated total reflection (ATR)
accessory. NMR spectra were recorded on a JEOL (Peabody, MA, USA) 500 MHz spec-
trometer, and the chemical shifts were referenced against NMR solvent residual shifts (e.g.,
THF-d8 at
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4.2. Synthesis and Characterization

The compounds [(tmpa)CuI(MeCN)][B(C6F5)4] [57] and [(TPP)MnIIICl] [58] were
synthesized and characterized following previously described methods.

4.2.1. Synthesis of [(TPP)MnII]

The complex was prepared following slight modification of the literature procedure
reported for the ferric choro complexes bearing similar porphyrin rings [59,60]. Using stan-
dard Schlenk techniques, a solution of [(TPP)MnIIICl] (500 mg, 0.711 mmol) in DCM
(200 mL) was mixed with a solution of sodium dithionite (22 g, 0.126 mol) in water
(100 mL) for 1 h by bubbling argon. The reaction mixture was allowed to sit for ap-
proximately 20 min to allow the separation of the two layers. The DCM layer was filtered
through sodium sulfate to remove residual water, then dried under vacuum, produc-
ing the deep-purple microcrystalline product. Yield: 416 mg, 91%. UV-vis (λmax, nm
[ε, M−1cm−1]): 327 (22,800), 412 (54,300), 432 (495,000), 527 (4000), 568 (16,600), 606 (11,300)
in MeTHF; 327 (f,000), 412 (53,800), 432 (492,000), 527 (3000), 568 (15,500), 606 (11,300) in
THF. 1H-NMR (THF-d8, δ, ppm): 38.67 (s, 8H, β-pyrrole), 8.01 and 7.84 (s, 20H, phenyl).

4.2.2. Synthesis of [(TPP)MnIII(THF)2]SbF6

The complex was prepared following slight modification of the reported procedure for
a similar manganese complex [50]. In the glovebox, a solution of [(TPP)MnIIICl] (101 mg,
0.138 mmol) and AgSbF6 (52 mg, 0.152 mmol) in THF (20 mL) was stirred for 1.5 h under
reduced light at room temperature, then filtered to remove precipitated AgCl. The filtrate
was concentrated under vacuum and layered with hexanes to obtain the dark-red semi-
crystalline product, which was further vacuum dried. Yield: 119 mg, 83%. UV-vis (λmax,
nm [ε, M−1cm−1]): 382 (52,400), 402 (46,800), 420 (31,300), 472 (67,800), 516 (6500), 565
(9800), 600 (8000) in MeTHF; 382 (51,500), 403 (46,700), 420 (31,400), 472 (64,900), 516 (6200),
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565 (9700), 600 (7700) in THF. A UV-vis spectrum of [(TPP)MnIII(THF)2]SbF6 was also
recorded in MeTHF at −110 ◦C for comparison (Figure S2): 377, 399, 418, 467, 514, 565,
and 601 nm. 1H-NMR (THF-d8, δ, ppm): −34.35 (s, 8H, β-pyrrole), 9.65 (s, 8H, phenyl-o),
8.01 (s, 4H, phenyl-p), 7.43 (s, 8H, phenyl-m), 3.60 (s, 8H), 1.76 (s, 8H). IR (solid, cm−1):
ν(C-H, MeTHF) = 2950, 2869; ν(SbF6) = 651.

4.3. Dioxygen Reactivity Studies

4.3.1. Room-Temperature UV-vis Measurements for [(TPP)MnII]

Inside the glovebox, 4.8 mg (0.007 mmol) of [(TPP)MnII] was dissolved in MeTHF
(5 mL). Samples for UV-vis spectral measurements were prepared by diluting 7 µL of
this stock solution with MeTHF to 1 mL, which was then transferred to a 4-mm modified
Schlenk cuvette equipped with a septum. The spectra were recorded upon bubbling of dry
O2 gas directly into the solution at room temperature (Figure 1a).

4.3.2. Low-Temperature UV-vis Measurements for [(TPP)MnII]

A stock solution of [(TPP)MnII] (5.3 mg, 0.008 mmol) in MeTHF (5 mL) was prepared
inside the glovebox. UV-vis samples for low-temperature measurements were prepared
by diluting 7 µL of this stock solution with MeTHF to 1 mL, which was then transferred
to a 4-mm modified Schlenk cuvette equipped with a septum. The spectra were recorded
upon bubbling of dry O2 gas directly into the solution at −90 ◦C (Figure 1b). The solution
was monitored at −90 ◦C for 30 min after O2 bubbling, then allowed to warm up to room
temperature. The solution was further monitored for 2 h, with spectra recorded at −90 ◦C.

4.3.3. Room-Temperature UV-vis Measurements for 1:1 and 1:2 Mixtures of [(TPP)MnII]
and [(tmpa)CuI(MeCN)][B(C6F5)4]

For the 1:1 mixture, 4.7 mg (0.007 mmol) of [(TPP)MnII] and 7.5 mg (0.007 mmol)
of [(tmpa)CuI(MeCN)][B(C6F5)4] were dissolved in MeTHF (5 mL) inside the glovebox.
Samples for UV-vis spectral measurements were prepared by diluting 5 µL of this stock
solution with MeTHF to 1 mL. The UV-vis sample was then transferred to a 4-mm modified
Schlenk cuvette equipped with a septum. The spectra were recorded upon bubbling of dry
O2 gas directly into the solution at room temperature (Figure 2a). The reaction was repeated
for the 1:2 mixture (Figure 3a). Here, the stock solution was prepared by dissolving 4.7 mg
(0.007 mmol) of [(TPP)MnII] and 15.1 mg (0.014 mmol) of [(tmpa)CuI(MeCN)][B(C6F5)4] in
MeTHF (5 mL) inside the glovebox. All other steps were identical to those described for
the 1:1 mixture.

4.3.4. Low-Temperature UV-vis Measurements for 1:1 and 1:2 Mixtures of [(TPP)MnII] and
[(tmpa)CuI(MeCN)][B(C6F5)4]

For the 1:1 mixture, 5.3 mg (0.008 mmol) of [(TPP)MnII] and 8.5 mg (0.008 mmol)
of [(tmpa)CuI(MeCN)][B(C6F5)4] were dissolved in MeTHF (5 mL) inside the glovebox.
UV-vis samples were prepared by diluting 5 µL of this stock solution with MeTHF to 1 mL.
This solution was then transferred to a 4-mm modified Schlenk cuvette equipped with a
septum. The spectra were recorded upon bubbling of dry O2 gas directly into the solution
at −110 ◦C (Figure 2b). The solution was monitored at −110 ◦C for 1 h after O2 bubbling,
then allowed to warm up to room temperature over 1 h. The spectrum of the warmed
solution was recorded at −110 ◦C. For the 1:2 mixture, 5.3 mg (0.008 mmol) of [(TPP)MnII]
and 17.1 mg (0.016 mmol) of [(tmpa)CuI(MeCN)][B(C6F5)4] were dissolved in MeTHF
(5 mL) inside the glovebox. All other steps, as described for the 1:1 mixture, were repeated
for this sample (Figure 3b).

4.3.5. 1H-Nuclear Magnetic Resonance (1H-NMR) Measurements

To prepare the 1:1 mixture NMR sample, 7.5 mg (0.011 mmol) of [(TPP)MnII] and
12.1 mg (0.011 mmol) of [(tmpa)CuI(MeCN)][B(C6F5)4] were dissolved in THF-d8 (800 µL)
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and transferred to an NMR tube inside the glovebox. The NMR sample sealed with a rubber
septum was taken out, and the spectrum prior to dioxygen bubbling was recorded at room
temperature. For oxygenation, 4 mL of dry O2 gas was bubbled into the metal complex
solution in the NMR tube using a Hamilton gastight syringe equipped with a three-way
valve. After O2 bubbling, the first spectrum was recorded within 2 min of mixing, and the
reaction was monitored over 18 h (Figure 5 and Figure S11). The same steps were repeated
for the 1:2 mixture NMR sample which was prepared by dissolving 7.5 mg (0.011 mmol)
of [(TPP)MnII] and 24.2 mg (0.022 mmol) of [(tmpa)CuI(MeCN)][B(C6F5)4] in THF-d8
(800 µL).

In a control experiment, in order to confirm the O2 reactivity of the authentic mononu-
clear Cu(I) complex in our experimental conditions, NMR studies were carried out fol-
lowing a slightly modified version of the literature procedure [55]. Inside the glovebox,
[(tmpa)CuI(MeCN)][B(C6F5)4] (24.2 mg, 0.022 mmol) was dissolved in THF-d8 (800 µL) and
transferred to an NMR tube. Oxygenation of the Cu(I) complex solution was carried out
using methods described above. After O2 bubbling, the first spectrum was recorded within
2 min of mixing; the reaction was monitored over 6 h (Figures S12 and S13).

4.4. Crystallographic Studies

Suitable X-ray quality single crystals of [(TPP)MnIII(MeTHF)2]SbF6 were obtained by
transferring a 7 µM solution of [(TPP)MnIII(THF)2]SbF6 in MeTHF into a 5-mm glass tube,
layering with heptane, and storing it in the glovebox at room temperature. All reflection
intensities were measured at 100(2) K using a Gemini R diffractometer (equipped with Atlas
detector) with MoKα radiation (λ = 0.71073 Å) under the program CrysAlisPro (Version
CrysAlisPro 1.171.38.43f, Rigaku OD, 2015). The same program (but a different version
viz. CrysAlisPro 1.171.40.53, Rigaku OD, 2019) was used to refine the cell dimensions
and for data reduction. The temperature of the data collection was controlled using the
system Cryojet (manufactured by Oxford Instruments, Abingdon, UK). The structure
was solved with the program SHELXT-2018/2 and was refined on F2 by full-matrix least-
squares technique using the SHELXL-2018/3 program package [61]. Numerical absorption
correction based on Gaussian integration was applied using a multifaceted crystal model
by CrysAlisPro. Non-hydrogen atoms were refined anisotropically. In the refinement,
hydrogen atoms were treated as riding atoms using SHELXL default parameters.

CSD 2128108 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via https://www.ccdc.cam.ac.uk/data_request/cif.

4.5. Electrospray Ionization Mass Spectrometry (ESI-MS) Measurements

The 1:1 mixture stock solution was prepared by dissolving 7.5 mg (0.011 mmol) of
[(TPP)MnII] and 12.1 mg (0.011 mmol) of [(tmpa)CuI(MeCN)][B(C6F5)4] in MeTHF (800 µL)
inside the glovebox. The stock solution was brought out in a Schlenk flask equipped with a
rubber septum, and dry O2 gas was bubbled into the mixture for 30 s. Samples for ESI-MS
measurement were taken from this Schlenk flask and diluted by 20 folds in MeTHF before
injection. The same procedure was repeated for the 1:2 mixture, whose stock solution was
prepared by dissolving 7.5 mg (0.011 mmol) of [(TPP)MnII] and 24.2 mg (0.022 mmol) of
[(tmpa)CuI(MeCN)][B(C6F5)4] in MeTHF (800 µL), followed by bubbling dry O2. In order
to detect multinuclear assemblies, soft ionization was maintained at a relatively low source
voltage of 1.0 kV.

Supplementary Materials: The following supporting information can be downloaded. Details
concerning spectroscopy including UV-vis, 1H-NMR, and IR as well as crystallographic data.

Author Contributions: Conceptualization, S.H.; methodology, R.L.; formal analysis, R.L., F.S.T.K.,
S.H.; investigation, R.L., F.S.T.K.; resources, S.H.; writing—original draft preparation, R.L., F.S.T.K.,
S.H.; writing—review and editing, S.H.; visualization, R.L., F.S.T.K., S.H.; supervision, S.H.; funding
acquisition, S.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.ccdc.cam.ac.uk/data_request/cif


Molecules 2022, 27, 1000 14 of 16

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data are available upon request.

Acknowledgments: The authors gratefully acknowledge financial support provided in the form of
startup funds, the Spartans ADVANCE Research Award, and the URSCO Undergraduate Research
and Creativity Award (URCA) from the University of North Carolina at Greensboro. The Joint
School of Nanoscience and Nanoengineering is acknowledged for providing access to the X-ray
diffraction facility.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the manganese and/or copper complexes, in limited quantities, are
available from the authors.

References
1. Pecoraro, V.L.; Baldwin, M.J.; Gelasco, A. Interaction of Manganese with Dioxygen and Its Reduced Derivatives. Chem. Rev. 1994,

94, 807–826. [CrossRef]
2. Pecoraro, V.L.; Gelasco, A.; Baldwin, M.J. Reactivity and Mechanism of Manganese Enzymes. In Mechanistic Bioinorganic Chemistry;

Advances in Chemistry; American Chemical Society: Washington, DC, USA, 1996; Volume 246, pp. 265–301.
3. Lingappa, U.F.; Monteverde, D.R.; Magyar, J.S.; Valentine, J.S.; Fischer, W.W. How Manganese Empowered Life with Dioxygen

(and vice versa). Free Radic. Biol. Med. 2019, 140, 113–125. [CrossRef] [PubMed]
4. Emsley, J. Manganese. In Nature’s Building Bocks: An A–Z Guide to the Elements; Oxford University Press: Oxford, UK, 2001;

pp. 249–253.
5. Law, N.A.; Caudle, M.T.; Pecoraro, V.L. Manganese Redox Enzymes and Model Systems: Properties, Structures, and Reactivity. In

Advances in Inorganic Chemistry; Sykes, A.G., Ed.; Academic Press: Cambridge, MA, USA, 1998; Volume 46, pp. 305–440.
6. Dismukes, G.C. Manganese Enzymes with Binuclear Active Sites. Chem. Rev. 1996, 96, 2909–2926. [CrossRef] [PubMed]
7. Zhu, W.; Richards, N.G.J. Biological Functions Controlled by Manganese Redox Changes in Mononuclear Mn-Dependent

Enzymes. Essays Biochem. 2017, 61, 259–270. [CrossRef] [PubMed]
8. Groves, J.T.; Watanabe, Y.; McMurry, T.J. Oxygen Activation by Metalloporphyrins. Formation and Decomposition of an

Acylperoxymanganese(III) Complex. J. Am. Chem. Soc. 1983, 105, 4489–4490. [CrossRef]
9. Liu, W.; Groves, J.T. Manganese Porphyrins Catalyze Selective C−H Bond Halogenations. J. Am. Chem. Soc. 2010, 132,

12847–12849. [CrossRef]
10. Miriyala, S.; Spasojevic, I.; Tovmasyan, A.; Salvemini, D.; Vujaskovic, Z.; St Clair, D.; Batinic-Haberle, I. Manganese Superoxide

Dismutase, MnSOD and Its Mimics. Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 794–814. [CrossRef]
11. Guo, M.; Dong, H.; Li, J.; Cheng, B.; Huang, Y.; Feng, Y.; Lei, A. Spectroscopic Observation of Iodosylarene Metalloporphyrin

Adducts and Manganese(V)-oxo Porphyrin Species in a Cytochrome P450 Analogue. Nat. Commun. 2012, 3, 1190. [CrossRef]
12. Liu, W.; Groves, J.T. Manganese Catalyzed C–H Halogenation. Acc. Chem. Res. 2015, 48, 1727–1735. [CrossRef]
13. Huang, X.; Zhuang, T.; Kates, P.A.; Gao, H.; Chen, X.; Groves, J.T. Alkyl Isocyanates via Manganese-Catalyzed C–H Activation for

the Preparation of Substituted Ureas. J. Am. Chem. Soc. 2017, 139, 15407–15413. [CrossRef]
14. Passard, G.; Dogutan, D.K.; Qiu, M.; Costentin, C.; Nocera, D.G. Oxygen Reduction Reaction Promoted by Manganese Porphyrins.

ACS Catal. 2018, 8, 8671–8679. [CrossRef]
15. Guo, M.; Seo, M.S.; Lee, Y.-M.; Fukuzumi, S.; Nam, W. Highly Reactive Manganese(IV)-Oxo Porphyrins Showing Temperature-

Dependent Reversed Electronic Effect in C–H Bond Activation Reactions. J. Am. Chem. Soc. 2019, 141, 12187–12191. [CrossRef]
[PubMed]

16. Li, G.; Kates, P.A.; Dilger, A.K.; Cheng, P.T.; Ewing, W.R.; Groves, J.T. Manganese-Catalyzed Desaturation of N-Acyl Amines and
Ethers. ACS Catal. 2019, 9, 9513–9517. [CrossRef]

17. Klaine, S.; Bratcher, F.; Winchester, C.M.; Zhang, R. Formation and Kinetic Studies of Manganese(IV)-oxo Porphyrins: Oxygen
Atom Transfer Mechanism of Sulfide Oxidations. J. Inorg. Biochem. 2020, 204, 110986. [CrossRef]

18. Zhang, L.; Lee, Y.-M.; Guo, M.; Fukuzumi, S.; Nam, W. Unprecedented Reactivities of Highly Reactive Manganese(III)–
Iodosylarene Porphyrins in Oxidation Reactions. J. Am. Chem. Soc. 2020, 142, 19879–19884. [CrossRef]

19. Mann, S.I.; Nayak, A.; Gassner, G.T.; Therien, M.J.; DeGrado, W.F. De Novo Design, Solution Characterization, and Crystallo-
graphic Structure of an Abiological Mn–Porphyrin-Binding Protein Capable of Stabilizing a Mn(V) Species. J. Am. Chem. Soc.
2021, 143, 252–259. [CrossRef]

20. Kostopoulos, N.; Banse, F.; Fave, C.; Anxolabéhère-Mallart, E. Modulating Alkene Reactivity from Oxygenation to Halogenation
via Electrochemical O2 Activation by Mn Porphyrin. Chem. Commun. 2021, 57, 1198–1201. [CrossRef]

21. Guo, M.; Zhang, J.; Zhang, L.; Lee, Y.-M.; Fukuzumi, S.; Nam, W. Enthalpy–Entropy Compensation Effect in Oxidation Reactions
by Manganese(IV)-Oxo Porphyrins and Nonheme Iron(IV)-Oxo Models. J. Am. Chem. Soc. 2021, 143, 18559–18570. [CrossRef]

http://doi.org/10.1021/cr00027a012
http://doi.org/10.1016/j.freeradbiomed.2019.01.036
http://www.ncbi.nlm.nih.gov/pubmed/30738765
http://doi.org/10.1021/cr950053c
http://www.ncbi.nlm.nih.gov/pubmed/11848845
http://doi.org/10.1042/EBC20160070
http://www.ncbi.nlm.nih.gov/pubmed/28487402
http://doi.org/10.1021/ja00351a068
http://doi.org/10.1021/ja105548x
http://doi.org/10.1016/j.bbadis.2011.12.002
http://doi.org/10.1038/ncomms2196
http://doi.org/10.1021/acs.accounts.5b00062
http://doi.org/10.1021/jacs.7b07658
http://doi.org/10.1021/acscatal.8b01944
http://doi.org/10.1021/jacs.9b04496
http://www.ncbi.nlm.nih.gov/pubmed/31337211
http://doi.org/10.1021/acscatal.9b03457
http://doi.org/10.1016/j.jinorgbio.2019.110986
http://doi.org/10.1021/jacs.0c10159
http://doi.org/10.1021/jacs.0c10136
http://doi.org/10.1039/D0CC07531K
http://doi.org/10.1021/jacs.1c08198


Molecules 2022, 27, 1000 15 of 16

22. Weschler, C.J.; Hoffman, B.M.; Basolo, F. Synthetic Oxygen Carrier. Dioxygen Adduct of a Manganese Porphyrin. J. Am. Chem.
Soc. 1975, 97, 5278–5280. [CrossRef]

23. Hoffman, B.M.; Szymanski, T.; Brown, T.G.; Basolo, F. The Dioxygen Adducts of Several Manganese(II) Porphyrins. Electron
Paramagnetic Resonance Studies. J. Am. Chem. Soc. 1978, 100, 7253–7259. [CrossRef]

24. VanAtta, R.B.; Strouse, C.E.; Hanson, L.K.; Valentine, J.S. Peroxo(tetraphenylporphinato)manganese(III) and Chloro(tetraph-
enylporphinato)manganese(II) Anions. Synthesis, Crystal Structures, and Electronic Structures. J. Am. Chem. Soc. 1987, 109,
1425–1434. [CrossRef]

25. Phung, Q.M.; Pierloot, K. The Dioxygen Adducts of Iron and Manganese Porphyrins: Electronic Structure and Binding Energy.
Phys. Chem. Chem. Phys. 2018, 20, 17009–17019. [CrossRef] [PubMed]

26. Valentine, J.S.; Quinn, A.E. Reaction of Superoxide with the Manganese(III) Tetraphenylporphine Cation. Inorg. Chem. 1976, 15,
1997–1999. [CrossRef]

27. Adam, S.M.; Wijeratne, G.B.; Rogler, P.J.; Diaz, D.E.; Quist, D.A.; Liu, J.J.; Karlin, K.D. Synthetic Fe/Cu Complexes: Toward
Understanding Heme-Copper Oxidase Structure and Function. Chem. Rev. 2018, 118, 10840–11022. [CrossRef] [PubMed]

28. Karlin, K.D.; Wei, N.; Jung, B.; Kaderli, S.; Niklaus, P.; Zuberbuehler, A.D. Kinetics and Thermodynamics of Formation of
Copper-Dioxygen Adducts: Oxygenation of Mononuclear Copper(I) Complexes Containing Tripodal Tetradentate Ligands. J. Am.
Chem. Soc. 1993, 115, 9506–9514. [CrossRef]

29. Karlin, K.D.; Kaderli, S.; Zuberbühler, A.D. Kinetics and Thermodynamics of Copper(I)/Dioxygen Interaction. Acc. Chem. Res.
1997, 30, 139–147. [CrossRef]

30. Zhang, C.X.; Kaderli, S.; Costas, M.; Kim, E.; Neuhold, Y.-M.; Karlin, K.D.; Zuberbühler, A.D. Copper(I)−Dioxygen Reactivity of
[(L)CuI]+ (L = Tris(2-pyridylmethyl)amine): Kinetic/Thermodynamic and Spectroscopic Studies Concerning the Formation of
Cu−O2 and Cu2−O2 Adducts as a Function of Solvent Medium and 4-Pyridyl Ligand Substituent Variations. Inorg. Chem. 2003,
42, 1807–1824. [CrossRef]

31. Solomon, E.I.; Heppner, D.E.; Johnston, E.M.; Ginsbach, J.W.; Cirera, J.; Qayyum, M.; Kieber-Emmons, M.T.; Kjaergaard, C.H.;
Hadt, R.G.; Tian, L. Copper Active Sites in Biology. Chem. Rev. 2014, 114, 3659–3853. [CrossRef]

32. Williamson, M.M.; Hill, C.L. Isolation and Characterization of a Five-Coordinate Manganese(III) Porphyrin Cation. Crystal and
Molecular Structure of Aquo(tetraphenylporphinato)manganese(III) Triflate. Inorg. Chem. 1986, 25, 4668–4671. [CrossRef]

33. Galinato, M.G.I.; Brocious, E.P.; Paulat, F.; Martin, S.; Skodack, J.; Harland, J.B.; Lehnert, N. Elucidating the Electronic Structure of
High-Spin [MnIII(TPP)Cl] Using Magnetic Circular Dichroism Spectroscopy. Inorg. Chem. 2020, 59, 2144–2162. [CrossRef]

34. Carrasco, M.C.; Hematian, S. (Hydr)oxo-Bridged Heme Complexes: From Structure to Reactivity. J. Porphyr. Phthalocyanines 2019,
23, 1286–1307. [CrossRef]

35. Citek, C.; Herres-Pawlis, S.; Stack, T.D.P. Low Temperature Syntheses and Reactivity of Cu2O2 Active-Site Models. Acc. Chem.
Res. 2015, 48, 2424–2433. [CrossRef] [PubMed]

36. Groves, J.T.; Stern, M.K. Synthesis, Characterization, and Reactivity of Oxomanganese(IV) Porphyrin Complexes. J. Am. Chem.
Soc. 1988, 110, 8628–8638. [CrossRef]

37. Groves, J.T.; Lee, J.; Marla, S.S. Detection and Characterization of an Oxomanganese(V) Porphyrin Complex by Rapid-Mixing
Stopped-Flow Spectrophotometry. J. Am. Chem. Soc. 1997, 119, 6269–6273. [CrossRef]

38. Low, D.W.; Abedin, S.; Yang, G.; Winkler, J.R.; Gray, H.B. Manganese Microperoxidase-8. Inorg. Chem. 1998, 37, 1841–1843.
[CrossRef]

39. Camenzind, M.J.; Hollander, F.J.; Hill, C.L. Syntheses, Ground Electronic State, and Crystal and Molecular Structure of the
Monomeric Manganese(IV) Porphyrin Complex Dimethoxy(5,10,15,20-tetraphenylporphinato)manganese(IV). Inorg. Chem. 1982,
21, 4301–4308. [CrossRef]

40. Smegal, J.A.; Schardt, B.C.; Hill, C.L. Isolation, Purification, and Characterization of Intermediate (Iodosylbenzene)metalloporphyrin
Complexes from the (Tetraphenylporphinato)manganese(III)-iodosylbenzene Catalytic Hydrocarbon Functionalization System. J.
Am. Chem. Soc. 1983, 105, 3510–3515. [CrossRef]

41. Kaustov, L.; Tal, M.E.; Shames, A.I.; Gross, Z. Spin Transition in a Manganese(III) Porphyrin Cation Radical, Its Transformation
to a Dichloromanganese(IV) Porphyrin, and Chlorination of Hydrocarbons by the Latter. Inorg. Chem. 1997, 36, 3503–3511.
[CrossRef]

42. Hatano, K.; Anzai, K.; Iitaka, Y. The Crystal and Molecular Structure of Bis(methanol)-α,β,γ,δ-tetraphenylporphinatomanganese(III)
Perchlorate-Methanol. A Molecular Structure Relevant to the Intermediate-spin Six Coordinate Iron(III) Porphyrin. Bull. Chem.
Soc. Jpn. 1983, 56, 422–427. [CrossRef]

43. Hill, C.L.; Williamson, M.M. Structural and Electronic Properties of Six-Coordinate Manganese(III) Porphyrin Cations.
Crystal and Molecular Structure of Bis(N,N-dimethylformamide)(Tetraphenylporphinato)manganese(III) Perchlorate, [MnIII

TPP(DMF)2]+ClO4. Inorg. Chem. 1985, 24, 2836–2841. [CrossRef]
44. Hill, C.L.; Williamson, M.W. Electronic and Structural Properties of a Reactive Metalloporphyrin with N-oxide Axial Ligands.

Crystal and Molecular Structure of Bis(2,6-lutidine N-oxide)(Tetraphenylporphinato)manganese(III) Perchlorate. Inorg. Chem.
1985, 24, 3024–3030. [CrossRef]

45. Scheidt, W.R.; Pearson, W.B.; Gosal, N. Structure of Bis(methanol)(meso-tetraphenylporphinato)manganese(III) Hexachloroanti-
monate Bis(tetrachloroethane) Solvate. Acta Cryst. C 1988, 44, 927–929. [CrossRef] [PubMed]

http://doi.org/10.1021/ja00851a043
http://doi.org/10.1021/ja00491a022
http://doi.org/10.1021/ja00239a024
http://doi.org/10.1039/C8CP03078B
http://www.ncbi.nlm.nih.gov/pubmed/29901049
http://doi.org/10.1021/ic50162a058
http://doi.org/10.1021/acs.chemrev.8b00074
http://www.ncbi.nlm.nih.gov/pubmed/30372042
http://doi.org/10.1021/ja00074a015
http://doi.org/10.1021/ar950257f
http://doi.org/10.1021/ic0205684
http://doi.org/10.1021/cr400327t
http://doi.org/10.1021/ic00246a016
http://doi.org/10.1021/acs.inorgchem.9b02599
http://doi.org/10.1142/S1088424619300258
http://doi.org/10.1021/acs.accounts.5b00220
http://www.ncbi.nlm.nih.gov/pubmed/26230113
http://doi.org/10.1021/ja00234a009
http://doi.org/10.1021/ja962605u
http://doi.org/10.1021/ic971166c
http://doi.org/10.1021/ic00142a036
http://doi.org/10.1021/ja00349a024
http://doi.org/10.1021/ic961207p
http://doi.org/10.1246/bcsj.56.422
http://doi.org/10.1021/ic00212a027
http://doi.org/10.1021/ic00213a031
http://doi.org/10.1107/S0108270187012411
http://www.ncbi.nlm.nih.gov/pubmed/3271089


Molecules 2022, 27, 1000 16 of 16

46. Bhyrappa, P.; Wilson, S.R.; Suslick, K.S. Hydrogen-Bonded Porphyrinic Solids: Supramolecular Networks of Octahydroxy
Porphyrins. J. Am. Chem. Soc. 1997, 119, 8492–8502. [CrossRef]

47. Tong, S.-l.; Zhang, J.; Yan, Y.; Hu, S.; Yu, J.; Yu, L. Self-Assembled Supramolecular Architecture with Alternating Porphyrin and
Phthalocyanine, Bonded by Hydrogen Bonding and π–π Stacking. Solid State Sci. 2011, 13, 1967–1971. [CrossRef]

48. Williamson, M.N.; Hill, C.L. Molecular Stereochemistry of Aquamanganese(III) Porphyrins. Demonstrable effect of π-Arene-
Porphyrin Interaction in the metal Coordination Environment in a Metalloporphyrin. Inorg. Chem. 1987, 26, 4155–4160. [CrossRef]

49. Salomon, R.G.; Ghosh, S.; Raychaudhuri, S. Homogeneous Metal-Catalyzed Photochemistry in Organic Synthesis. In Photosen-
sitive Metal—Organic Systems; Advances in Chemistry; American Chemical Society: Washington, DC, USA, 1993; Volume 238,
pp. 315–333.

50. Fox, S.J.; Chen, L.; Khan, M.A.; Richter-Addo, G.B. Nitrosoarene Complexes of Manganese Porphyrins. Inorg. Chem. 1997, 36,
6465–6467. [CrossRef]

51. Shirazi, A.; Goff, H.M. Characterization of Superoxide-Metalloporphyrin Reaction Products: Effective Use of Deuterium NMR
Spectroscopy. J. Am. Chem. Soc. 1982, 104, 6318–6322. [CrossRef]

52. Carrasco, M.C.; Dezarn, K.J.; Khan, F.S.T.; Hematian, S. Protonation of the Oxo-Bridged Heme/Copper Assemblies: Modeling the
Oxidized State of the Cytochrome c Oxidase Active Site. J. Inorg. Biochem. 2021, 225, 111593. [CrossRef]

53. Chufán, E.E.; Verani, C.N.; Puiu, S.C.; Rentschler, E.; Schatzschneider, U.; Incarvito, C.; Rheingold, A.L.; Karlin, K.D. Generation
and Characterization of [(P)M−(X)−Co(TMPA)]n+ Assemblies; P = Porphyrinate, M = FeIII and CoIII, X = O2−, OH−, O2

2−, and
TMPA = Tris(2-pyridylmethyl)amine. Inorg. Chem. 2007, 46, 3017–3026. [CrossRef]

54. Wasser, I.M.; Martens, C.F.; Verani, C.N.; Rentschler, E.; Huang, H.-w.; Moënne-Loccoz, P.; Zakharov, L.N.; Rheingold, A.L.; Karlin,
K.D. Synthesis and Spectroscopy of µ-Oxo (O2−)-Bridged Heme/Non-heme Diiron Complexes: Models for the Active Site of
Nitric Oxide Reductase. Inorg. Chem. 2004, 43, 651–662. [CrossRef]

55. Tyeklar, Z.; Jacobson, R.R.; Wei, N.; Murthy, N.N.; Zubieta, J.; Karlin, K.D. Reversible Reaction of Dioxygen (and Carbon
Monoxide) with a Copper(I) Complex. X-ray Structures of Relevant Mononuclear Cu(I) Precursor Adducts and the Trans-(µ-1,2-
peroxo)dicopper(II) Product. J. Am. Chem. Soc. 1993, 115, 2677–2689. [CrossRef]

56. Kincaid, J.; Nakamoto, K. Vibrational Spectra of Transition Metal Complexes of Tetraphenylporphine. J. Inorg. Nucl. Chem. 1975,
37, 85–89. [CrossRef]

57. Hematian, S.; Siegler, M.A.; Karlin, K.D. Heme/Copper Assembly Mediated Nitrite and Nitric Oxide Interconversion. J. Am.
Chem. Soc. 2012, 134, 18912–18915. [CrossRef] [PubMed]

58. Adler, A.D.; Longo, F.R.; Kampas, F.; Kim, J. On the Preparation of Metalloporphyrins. J. Inorg. Nucl. Chem. 1970, 32, 2443–2445.
[CrossRef]

59. Ghiladi, R.A.; Kretzer, R.M.; Guzei, I.; Rheingold, A.L.; Neuhold, Y.-M.; Hatwell, K.R.; Zuberbühler, A.D.; Karlin, K.D.
(F8TPP)FeII/O2 Reactivity Studies {F8TPP = Tetrakis(2,6-difluorophenyl)porphyrinate(2−)}: Spectroscopic (UV−Visible and
NMR) and Kinetic Study of Solvent-Dependent (Fe/O2 = 1:1 or 2:1) Reversible O2-Reduction and Ferryl Formation. Inorg. Chem.
2001, 40, 5754–5767. [CrossRef]

60. Hematian, S.; Siegler, M.A.; Karlin, K.D. Nitric Oxide Generation from Heme/Copper Assembly Mediated Nitrite Reductase
Activity. J. Biol. Inorg. Chem. 2014, 19, 515–528. [CrossRef] [PubMed]

61. Sheldrick, G.M. SHELXL-2018: Program for Crystal Structure Refinement; University of Göttingen: Göttingen, Germany, 2018.

http://doi.org/10.1021/ja971093w
http://doi.org/10.1016/j.solidstatesciences.2011.08.026
http://doi.org/10.1021/ic00272a005
http://doi.org/10.1021/ic970836b
http://doi.org/10.1021/ja00387a028
http://doi.org/10.1016/j.jinorgbio.2021.111593
http://doi.org/10.1021/ic061686k
http://doi.org/10.1021/ic0348143
http://doi.org/10.1021/ja00060a017
http://doi.org/10.1016/0022-1902(75)80130-8
http://doi.org/10.1021/ja3083818
http://www.ncbi.nlm.nih.gov/pubmed/23130610
http://doi.org/10.1016/0022-1902(70)80535-8
http://doi.org/10.1021/ic0105866
http://doi.org/10.1007/s00775-013-1081-6
http://www.ncbi.nlm.nih.gov/pubmed/24430198

	Introduction 
	Results and Discussion 
	UV-vis Absorption Spectroscopy 
	Dioxygen Chemistry of [(TPP)MnII] 
	Dioxygen Chemistry of [(TPP)MnII]/[(tmpa)CuI(MeCN)][B(C6F5)4] 
	Dioxygen Chemistry of [(TPP)MnII]/2 [(tmpa)CuI(MeCN)][B(C6F5)4] 

	X-ray Structure of [(TPP)MnIII(MeTHF)2]SbF6 
	Nuclear Magnetic Resonance (NMR) Spectroscopy 
	Electrospray Ionization Mass Spectrometry (ESI-MS) 
	Fourier-Transform Infrared Spectroscopy (FT-IR) 

	Conclusions 
	Materials and Methods 
	General Methods 
	Synthesis and Characterization 
	Synthesis of [(TPP)MnII] 
	Synthesis of [(TPP)MnIII(THF)2]SbF6 

	Dioxygen Reactivity Studies 
	Room-Temperature UV-vis Measurements for [(TPP)MnII] 
	Low-Temperature UV-vis Measurements for [(TPP)MnII] 
	Room-Temperature UV-vis Measurements for 1:1 and 1:2 Mixtures of [(TPP)MnII] and [(tmpa)CuI(MeCN)][B(C6F5)4] 
	Low-Temperature UV-vis Measurements for 1:1 and 1:2 Mixtures of [(TPP)MnII] and [(tmpa)CuI(MeCN)][B(C6F5)4] 
	1H-Nuclear Magnetic Resonance (1H-NMR) Measurements 

	Crystallographic Studies 
	Electrospray Ionization Mass Spectrometry (ESI-MS) Measurements 

	References

