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The catalase family of enzymes, which include a variety with a binuclear manganese active site, mitigate

the risk from reactive oxygen species by facilitating the disproportionation of hydrogen peroxide into

molecular oxygen and water. In this work, hydrogen peroxide disproportionation using complexes

formed between manganese and cyclen or pyclen were investigated due to the spectroscopic similarities

with the native MnCAT enzyme. Potentiometric titrations were used to construct speciation diagrams that

identify the manganese complex compositions at different pH values. Each complex behaves as a func-

tional mimic of catalase enzymes. UV-visible spectroscopic investigations of the H2O2 decomposition

reaction yielded information about the structure of the initial catalyst and intermediates that include

monomeric and dimeric species. The results indicate that rigidity imparted by the pyridine ring of pyclen

is a key factor in increased TON and TOF values measured compared to cyclen.

Introduction

Oxidative stress results from an imbalance between reactive
oxygen species (ROS) and the availability/activity of antioxi-
dants.1 Hydrogen peroxide and the hydroxyl radical (OH•),
formed after the one electron reduction of the former, are
examples of ROS involved in Fenton or Haber–Weiss type reac-
tions that occur between redox active transition metal ions and
molecular oxygen. The high chemical reactivity of ROS and
wide availability of the chemical precursors in biology make
these species a threat to multiple types of tissues and cells and
thereby contribute to the development of neurodegenerative,
pulmonary, and cardiovascular diseases as well as promote a
number of inflammation pathways.1–10 The catalase family of
enzymes mitigate the risk from ROS by facilitating the dispro-
portionation of H2O2 into molecular oxygen and water. While
most catalase enzymes contain an iron-protoporphyrin IX pros-

thetic group, some bacteria accomplish H2O2 decomposition
via a catalase (MnCAT) with an active site that consists of a
dinuclear manganese core bridged by carboxylate and single-
atom ligands, likely water or hydroxide.11–14

Both structural and functional models of MnCAT have been
produced as a result of the importance of this enzyme activity
and interesting active site.15 Many of these biomimetic com-
plexes are dimeric in nature. Examples of binuclear manga-
nese-oxo (Mn2O2) bridged species with a range of manganese
oxidation states are also abundant and provide a rich history
as models for the oxygen-evolving complex (OEC) in photosys-
tem II.16,17 However, only a small subset of monomeric manga-
nese complexes have been isolated and reported to catalyze
H2O2 disproportion; of these, few can function in aqueous
solution or maintain activity across a range of pH values.15,18

The di-μ-oxo bridged manganese dimer of cyclen was first
reported in 1988 by Brewer and co-workers and shown to
provide water oxidation reactivity in acetonitrile.19 In 2005, a
modified synthesis and detailed characterization of
[Mn2(cyclen)2(µ-O)2][ClO4]3·4H2O was reported.20 The authors
noted the resemblance of the IR and electronic spectra with
those reported for MnCAT but no reactivity toward H2O2

decomposition has been reported to date. Likewise and
described herein, our exploration of the coordination chem-
istry of pyridinophane molecules like pyclen revealed that the
EPR spectrum of [Mn2(pyclen)2(µ-O)2][ClO4]3 resembles that of
MnCAT. The similarities in electronic structure with the native

†Electronic supplementary information (ESI) available: Spectroscopy and details
of methods. CCDC 1963104 and 1963105. For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/c9qi01509d

aDepartment of Chemistry and Biochemistry, Texas Christian University,

2950 W. Bowie, Fort Worth, TX 76129, USA. E-mail: kayla.green@tcu.edu
bDepartment of Chemistry and Biochemistry, The University of Texas at Arlington,

700 Planetarium Place, Arlington, TX 76019, USA
cDepartment of Chemistry and Biochemistry, University of Alabama,

250 Hackberry Lane, Box 870336 Tuscaloosa, AL 35487, USA

This journal is © the Partner Organisations 2020 Inorg. Chem. Front.

Pu
bl

is
he

d 
on

 0
3 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f A

la
ba

m
a 

at
 T

us
ca

lo
os

a 
on

 3
/3

/2
02

0 
3:

23
:1

1 
PM

. 

View Article Online
View Journal

www.rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-0976-2680
http://orcid.org/0000-0002-4195-5757
http://orcid.org/0000-0002-9027-0201
http://orcid.org/0000-0002-7432-6332
http://orcid.org/0000-0001-9571-5065
http://orcid.org/0000-0001-8816-7646
https://doi.org/10.1039/c9qi01509d
https://pubs.rsc.org/en/journals/journal/QI


enzyme motivated the investigation of these complexes as
H2O2 disproportionation catalysts presented here. Comparison
of the reactivity with other macrocyclic forerunners illustrates
the relationship between activity and the rigidity of the tetraa-
zamacrocyclic core and helps to explain why nature utilizes a
rigid polypyrrole macrocyclic core in MnCAT to achieve high
catalytic activity.

Results and discussion

Recent reports of mononuclear 12-membered Mn(II)Py2N2

complexes that were functional mimics of MnCAT for the
decomposition of H2O2 motivated the synthesis and study of
pyclen derivatives herein.18,21,22 While pyclen binds to a range
of metal ions, complexes of pyclen with manganese have not
been reported to date.23–26 To assess Mn(II) complexation to
pyclen and cyclen in a mononuclear form, potentiometric titra-
tions were carried out in aqueous conditions at 25 °C with I =
0.15 M NaCl to emulate biological conditions. The log β and
species distribution for Mn(II) with cyclen and pyclen were
evaluated and results shown in Table 1 and Fig. 1, respectively.
The formation of Mn(III)(OH)3(s) and Mn2O3(s) precludes
potentiometric titrations of the macrocyclic ligands in the
presence of manganese(III) species. Therefore, the corres-
ponding stability of Mn(III)pyclen were calculated using eqn (1)
and cyclic voltammetry (CV) data.27–29 No CV response was

observed for the cyclen complex, which prohibited consider-
ation of Mn(III)cyclen.

ΔE1=2 ¼ E1=2; complex � E1=2;Mnaq ¼ 0:59 log
βox
βred

ð1Þ

Overall, the manganese complex with pyclen is thermo-
dynamically more favorable than that with cyclen. Based on
the speciation diagrams (Fig. 1), 99% of the Mn(II) ions are
complexed by pyclen at pH 8.1, while the cyclen congener
reaches a maximum of 91% at pH 8.8. However, the Mn(II)
L(OH) species (Table S2†) is modeled to be the predominate
species at slightly more basic conditions (pH > 8.5) and pre-
vents complete complexation of Mn(II) by cyclen in the bis-
aquo form. This observation is consistent with that of other
dinuclear µ-oxo complexes formed under basic conditions.30

The potentiometric titrations prompted isolation of bona
fide manganese complexes of pyclen and cyclen. [Mn(pyclen)
Cl2][ClO4] was produced by adding Mn(ClO4)2 to an aqueous
solution of pyclen pre-adjusted to pH ∼8 and stirred overnight
under aerobic conditions (Fig. 2). A mononuclear cyclen
complex was not isolable but is probable based on potentio-
metric data. The dinuclear [Mn2(pyclen)2(µ-O)2][ClO4]3 was
produced by co-dissolving pyclen with Mn(ClO4)2 in water and
adjusting the pH of the mixture to ∼8.31 The [Mn2(cyclen)2

Table 1 Formation constants (log βpqr) for compositions of [ML]/[M][L]
for cyclen and pyclen with manganese ions

E°′MnIII/MnII vs.
Fc+/Fc(V) ΔE°′

log βred
Mn(II)b

log βox
Mn(III)c

[Mn(cyclen)]2+ a a 8.34(2) a

[Mn(pyclen)]2+ 0.062 −0.114 10.11(4) 12.04

aNot measurable. b I = 0.15 M NaCl and T = 25.0 °C. cDerived from
eqn (1) and (Mn2+)aq, E°′MnIII/MnII = 0.176 vs. [Fe(CN)6]

3−/[Fe(CN)6]
4−.

Fig. 1 Speciation diagram of (a) pyclen (10.00 mM) and (b) cyclen (10.00 mM) in the presence of 10 mM MnCl2·4H2O at I = 0.15 M NaCl and
25.0 °C.

Fig. 2 Reaction conditions for the synthesis of monomeric [Mn(pyclen)
Cl2][ClO4] and dimeric [Mn2(pyclen)2(µ-O)2][ClO4]3 and the corres-
ponding solid state structures determined by XRD analysis. Counter ions
have been removed for clarity.
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(µ-O)2][ClO4]3·4H2O complex was isolated using a previously
published procedure.19,20 In each case, the color of the solution
developed into a deep green color after stirring overnight,
open to air. The use of perchlorate salts facilitated the for-
mation of crystalline materials, which were obtained by slow
evaporation. The solid state structure of [Mn2(cyclen)2
(µ-O)2][ClO4]3·4H2O was reported previously and spectroscopic
analysis agreed with the previous reports.19,20 Therefore, only
[Mn(pyclen)Cl2][ClO4] and [Mn2(pyclen)2(µ-O)2][ClO4]3 were
evaluated by full spectroscopic and X-ray diffraction analysis.
Bond lengths and angles for [Mn(pyclen)Cl2][ClO4] and
[Mn2(pyclen)2(µ-O)2][ClO4]3 are available in Tables S4–S7.†

Spectroscopic analysis of [Mn2(pyclen)2(µ-O)2][ClO4]3 in
water showed a broad absorbance at 665 nm, a hallmark of a
di-µ-oxo bridged dimer (Fig. S1†).32,33 The absorbance bands
at 555 and ∼800 nm in aqueous solution correspond to the
spin allowed 5Eg → 5T2g transition of the Mn(III) ion and an
intervalence transfer between the two manganese metal ions,
respectively, based on literature precedent.19,33–46 In addition,
the Mn2O2 stretch for [Mn2(pyclen)2(µ-O)2][ClO4]3 (683 cm−1)
is consistent with previous reports of similar complexes,
including that of [Mn2(cyclen)2(µ-O)2][ClO4]3·4H2O (689 cm−1).19

Finally, the EPR spectra obtained for [Mn2(pyclen)2
(µ-O)2][ClO4]3 (Fig. 3 and Table S8†) exhibit a complex multiline
hyperfine splitting pattern centered near g ∼2.0 indicative of a
ground S = 1/2 doublet. The observed 16-line hyperfine pattern
and spin-state of these complexes closely match what has been
reported for synthetic μ-oxo bridged MnIIIMnIV clusters47–50 as
well as the MnIIIMnIV state of Mn-catalase isolated from
Thermus thermophilus (MnCAT).11,48 In these systems, adjacent
MnIII (S1 = 2) and MnIV (S2 = 3/2) sites are strongly coupled
antiferromagnetically resulting in a ground S = 1/2 spin-mani-
fold. The bis-μ-oxo ligands bridging the [Mn2(pyclen)2
(µ-O)2][ClO4]3 cluster are expected to result in strong antiferro-
magnetic exchange coupling between manganese ions.
Indeed, the temperature-normalized signal area follows Curie
law behavior up to 100 K indicating that the energy gap separ-

ating the ground S = 1/2 doublet from the first excited S = 3/2
spin-manifold (3J/2) is beyond what can be depopulated ther-
mally. This places a lower limit on the MnIIIMnIV exchange
coupling (H = JS1·S2) of ∼200 cm−1.51 It is therefore safe to treat
the observed MnIIIMnIV EPR spectra as originating from within
an isolated S = 1/2 spin-manifold as described in eqn (2):

Hs ¼ JðS1 � S2Þ þ
X

i¼1;2

Si � D � Si þ βðSi � gi � BÞ þ SiAiIi ð2Þ

where D and E are the axial and rhombic zero-field splitting
parameters, g is the g-tensor, and J is the isotropic spin-
exchange constant between two spin states. Analytical simu-
lations of [Mn2(pyclen)2(µ-O)2][ClO4]3 (Fig. 3, blue lines) were
calculated from eqn (3) which faithfully reproduce multiline
splitting, linewidth, and g- and A-values:

Hs ¼ βðSc � gi � BÞ þ Sc � A � I ð3Þ

where Sc represents the coupled spin state of the isolated
manifold. A detailed analysis and summary of MnIII and MnIV

intrinsic g- and A-values for selected synthetic and enzymatic
MnIIIMnIV-clusters is provided in ESI (Table S8†).

A one-pot approach for generating the Mn complex in situ
was developed by taking advantage of the potentiometric titra-
tion data discussed above. As shown in Fig. 1, the pH ranges
were determined where the majority of Mn2+ would be in the
complexed form when in the presence of the given ligand
(pH > 7.5 for cyclen; pH > 6.5 for pyclen with Mn2+(aq.)). Fresh
solutions were prepared from aqueous stock solutions contain-
ing MnCl2 and cyclen or pyclen. For a given preparation, the
reagent solutions were added to a starting volume of ultrapure
water in the order of ligand, buffer, followed by Mn salt.
Buffered solutions at pH 8.0 (Tris), 7.0 (HEPES), and 6.0
(citrate) were used. This one-pot approach avoided compli-
cations related with (1) the rapid formation of inactive Mn
oxide/hydroxide species from the pre-synthesized and isolated
samples upon re-dissolution and (2) the need to adjust the pH
after adding the Mn(II) salt that would affect the relative con-
centration of the metal complex in solution.

Oxygen evolution measurements from the decomposition
of H2O2 were carried out using 1.5 mM of [Mn2L2(O)2]

3+ or
[MnLCl2]

+ and an O2 microsensor probe (Unisense, Denmark)
inserted into a hermetically sealed 15 mL reactor after flushing
with nitrogen. Fig. S2† shows the setup used, which includes a
snorkel to maintain 1 atm pressure within the cell. Addition of
H2O2 (150 mM) resulted in obvious oxygen evolution based on
the formation of bubbles in solution. For both manganese
complexes of cyclen and pyclen, the introduction of H2O2 led
to an immediate change in solution color (clear or light yellow
to green) concomitant with the observation of gas evolution
from solution. The microsensor used measures the partial
pressure (concentration) of O2 in contact with the probe and
showed an increase in [O2] synchronized with the visual evol-
ution of gas. Oxygen evolution plateaued after roughly
10–15 minutes for a given catalyst, and pH dependent calcu-
lated turnover numbers (TON) of 2.1 to 9.5 for the cyclen and

Fig. 3 X-band EPR spectra of [Mn2(pyclen)2(µ-O)2]
3+ in water with 20%

(v/v) glycerol. An analytical simulation (blue trace) for observed EPR data
(black) for comparison. Instrumental parameters: microwave frequency
9.643 GHz; microwave power, 6 µW, modulation frequency 0.5 mT;
modulation amplitude, 0.5 mT; temperature, 10 K. For clarity, simulation
parameters utilized for each Mn2(III,IV) cluster are summarized in
Table S8.†
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3.4 to 22.5 for the pyclen analog showed non-stoichiometric
reactivity for H2O2 disproportionation (Fig. 5). Control reac-
tions with ligand or metal alone showed a small increase in O2

relative to that observed with the complexes and is attributed
to the auto-disproportionation of H2O2 (Fig. S3†). Negligible
H2O2 disproportionation in buffer alone is represented by the
black trace in Fig. 4. These controls validate that the complex
must be present for catalysis to occur.

For both [Mn2(cyclen)2(µ-O)2]
3+ and [Mn(pyclen)Cl2]

+ the
highest turnover number (TON) and turnover frequency (TOF)
(Table 2) was observed at pH 8.0. Both the TON and TOF
decreased gradually as the pH of the solution decreased. This
is consistent with a decrease in the speciation of each complex
with increasing acidity. While at pH 8, 76% and 98% of dis-
solved Mn2+ is in the form of [MnLCl2]

2+, the proportion of
complex decreases to 12% and 88% at pH 7 and 0% and 31%
at pH 6 (for Mn(cyclen) and Mn(pyclen) complexes, respect-
ively). Smith and co-workers have reported the Py2N2 pyridino-
phane congener of [Mn(pyclen)Cl2], which demonstrated a
TON at pH 4 an order of magnitude greater than observed here.
This suggests that structural differences are key to the relative
activity of the Mn complex. Xu et al. also demonstrated that the
addition of –CH3 moieties to the non-aromatic N-atoms
enhanced reactivity, while more bulky substituents (t-butyl,
cyclohexyl) abolish any H2O2 disproportionation.52 Taken in
concert with the work here, activity increases with the number
of pyridine (Py) moieties (N4 → PyN3 → Py2N2) in the macro-
cyclic ligand. Inclusion of pyridine moieties is known to
enhance open-chain and macrocycle ligand rigidity and basi-
city, which has not been a consideration to date for catalytic
reactions of this type.53–55 Although the activities of the cyclen
and pyclen complexes are lower in comparison to Py2N2 pyridi-
nophanes, it is important to note that cyclen, a water oxidation
catalyst,19 is still active for H2O2 decomposition. Interestingly,
[Mn2(pyclen)2(µ-O)2][ClO4]3 and [Mn(pyclen)Cl2][ClO4] showed
no water oxidation activity when we evaluated them under the
same conditions. Moreover, cyclen–Mn readily forms µ-oxo
dimers based on color changes observed in solution (the dimer
has a characteristic green color). Conversion of the [Mn(pyclen)
Cl2][ClO4] to [Mn2(pyclen)2(µ-O)2][ClO4]3 proceeds similarly
under comparable conditions. To further explore this phenom-
enon and relate it to the catalytic results, UV-visible spec-
troscopy was used to observe the Mn species present during
the time course of the catalytic reaction.

Table 2 TON and TOF based on oxygen measurements recorded after the addition of H2O2 (150 mM) to solutions of the indicated manganese
macrocyclic complexes formed in situ

Mn complex

pH 6 pH 7 pH 8

TON TOF TON TOF TON TOF

Cyclen 2.1(2) 0.0194(7)a 6.5(3) 0.121(8)b 9.5(6) 1.23(5)c

Pyclen 3.4(2) 0.085(5)b 9.4(1) 0.88(4)c 22.5(5) 2.69(8)c

a TOF calculated at 100 min. b TOF calculated at 50 min. c TOF calculated at 10 min.

Fig. 5 ΔPO2
from hydrogen peroxide disproportionation catalyzed by

manganese complexes of cyclen and pyclen measured under different
pH conditions. Initial conditions: [Mn2+] = 1.5 mM, [ligand] = 1.54 mM,
[H2O2] = 150 mM, [buffer] = 50 mM.

Fig. 4 Dioxygen formation from H2O2 disproportionation catalyzed by
manganese complexes of cyclen (green) and pyclen (orange) at pH 8.
The background generation of O2 from H2O2 in the absence of complex,
metal, or ligand is shown for reference (black). In each experiment, a
concentrated sample of H2O2 was injected at t = 2.0 min to give
[H2O2] = 150 mM in the reactor. Initial conditions for generation of the
given complex: [Mn2+] = 1.5 mM, [ligand] = 1.54 mM, [buffer] = 50 mM.
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Spectroscopic investigations of [Mn2(cyclen)2(µ-O)2]
3+ and

[Mn(pyclen)Cl2]
+ mimicked the conditions used for H2O2 dis-

proportion catalysis described above, however, a starting con-
centration of 2.0 mM MnCl2 was used to ensure a strong UV-
visible signal. The one-pot synthetic method was used to gene-
rate the given Mn complex at the start of the UV-visible absorp-
tion studies. Spectra of the ligand in the absence of Mn(II) salt
showed elevated absorbance across the visible range, attribu-
ted to scattering, compared to the baseline taken of neat
buffered solution (Fig. S6†). Upon addition of Mn(II) to an air
saturated solution containing the ligand and buffer, an initial
return to baseline followed by a gradual increase in absor-
bance in the visible range occurred over ten minutes (Fig. S5
and S6†). In the case of cyclen, a shift and increase in strong
absorbance for λ < 375 nm indicates coordination of Mn with
corresponding appearance of the ligand-to-metal charge trans-
fer band of the complex. Over the 30 min aging period
(Fig. S5†), features appear at 403 (sh) and 710 nm (attributed
to MnIII d–d transitions) similar to that observed for [MnIII–

(μ-O)2–MnIII]2+ species.44,46,56 At longer aging times (∼30 min),
subtle growth in features at 554 and 650 (broad) nm indicate
formation of the [MnIII–(μ-O)2–MnIV]3+ complex of cyclen.
Similarly, solutions containing pyclen gave rise to initial spec-
tral features (Fig. S6†) consistent with a monomeric MnIII

species at short times (0–2 min): increasing absorbance in the
UV, strong absorbance near λ ∼400(sh) nm, weak broad feature
with λ = 525 nm (see Fig. S7† for the absorbance spectrum of
[Mn(pyclen)Cl2][ClO4] for comparison). At times greater than
2 min after addition of the Mn salt, characteristic spectral fea-
tures for [MnIII–(μ-O)2–MnIV]3+ (Fig. S6†) appear with a charac-
teristic MnIII d–d transition at 554 nm, broad absorbance cen-
tered at 650 nm (oxo-MnIV LMCT) and a weak, broad interva-
lence band at low energy (∼750 nm).56,57

UV-visible absorbance spectroscopy studies in air saturated
solutions of the cyclen and pyclen Mn complexes showed evi-
dence for the formation of higher valent µ-O species. To
further probe the species present during H2O2 disproportiona-
tion catalysis, the solution absorbance was monitored in 30 s
increments following the addition of 1

2 molar equivalents of
H2O2 (relative to MnII added at the start). The solutions were
allowed to age for 10 min in the case of pyclen or 30 min for
cyclen prior to adding any H2O2. An initial 1

2 molar equivalent
of H2O2 was added at t = 0 of the experiment and additional 1

2
molar equivalents every 10 min thereafter. In the case of
pyclen (Fig. 6, top), absorbance features characteristic of
[Mn2(pyclen)2(µ-O)2]

3+ grew more intense with increases in
absorbance at 390, 554, and 650 nm. A maximum intensity for
[Mn2(pyclen)2(µ-O)2]

3+ was observed after addition of the first
half equivalent and bleached progressively over time.
[Mn2(cyclen)2(µ-O)2]

3+ demonstrated similar behavior (Fig. 6,
bottom), however, maximum intensity was observed following
the addition of 1 full equivalent of H2O2 and decayed thereafter.

Fig. 7 tracks the absorbance measured at 554 nm indicative
of the mixed valence [MnIII–(μ-O)2–MnIV]3+ species for both
pyclen and cyclen during the addition of increasing molar
equivalents of H2O2. In both cases, the addition of H2O2

resulted in a rapid initial increase in the absorbance at
554 nm, indicating formation of the [MnIII–(μ-O)2–MnIV]3+

complex. Additional 1
2 molar equivalents of H2O2 added to the

solution caused a gradual decrease in the absorbance at
554 nm with complete bleaching observed following the
addition of 13 full equivalents to [Mn2(pyclen)2(µ-O)2]

3+ and 7
full equivalents to [Mn2(cyclen)2(µ-O)2]

3+. This trend implies
better chemical stability of the pyclen complex under the cata-
lytic conditions and matches the trend in TON measured in
the presence of excess hydrogen peroxide with 22.5 ± 0.5 for
[Mn2(pyclen)2(µ-O)2]

3+ and 9.5 ± 0.5 for [Mn2(cyclen)2(µ-O)2]
3+.

Importantly, the persistence of the catalase activity of the com-
plexes tracks with the presence of the [MnIII–(μ-O)2–MnIV]3+

species, indicating that this is an important intermediate in
the catalytic mechanism.

Taken in conjunction with the activity for the related pyridi-
nophane–Mn complexes reported by Smith and co-workers,18,58

Fig. 6 Absorbance spectra in pH 8 buffered aqueous solution taken
over an extended time as indicated for [Mn2(pyclen)2(µ-O)2]

3+ (top) and
[Mn2(cyclen)2(µ-O)2]

3+ (bottom). In each plot, the spectrum of the solu-
tion following the aging period (10 min for pyclen, 30 min for cyclen) is
shown in grey. At t = 0 min of the experiment, 1

2 molar equivalent of
H2O2 was added to solution and additional 1

2 equivalents added every
10 min thereafter for the duration of the experiment. The orange spec-
trum for [Mn2(pyclen)2(µ-O)2]

3+ and green spectrum for
[Mn2(cyclen)2(µ-O)2]

3+ were recorded immediately before the addition
of the second 1

2 equivalent of H2O2. The vertical grey dash indicates the
wavelength monitored in Fig. 7.
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increasing the number of pyridine rings in the macrocycle pro-
gressively increases the stability of catalyst for H2O2 dispropor-
tionation with the TON increasing for cyclen < PyN3 pyclen <
Py2N2 pyridinophane. Interestingly, the activity of the Py2N2

pyridinophane complex has been reported as a monomeric
catalyst,18,58 whereas the spectroscopic investigation here with
the cyclen and pyclen derivatives implicates the dimeric
[MnIII–(μ-O)2–MnIV]3+ species during catalysis. The reliance of
the catalytic activity on the presence of a dinuclear Mn
complex resonates with the active site architecture of MnCAT.
It is also notable that, while demonstrating the lowest TON of
the series, the [Mn2(cyclen)2(µ-O)2]

3+ complex is competent for
H2O2 disproportionation, which has not been previously
reported for this well-studied complex.

Experimental
General methods

Caution! Perchlorate salts are explosive and should be handled
with care; such compounds should never be heated as solids.

All chemical reagents were purchased from either Millipore
Sigma or Alfa Aesar and used without further purification
unless otherwise indicated. Pyclen was isolated as the hydro-
chloride salt prior to metal ion complexation in accordance
with previous reports.23 Each reaction was carried out in H2O.
Elemental analyses were performed by Canadian
Microanalytical Services Ltd.

Physical measurements

Electronic absorption spectra were collected between 190 nm
and 1100 nm using a Cary 60 spectrophotometer (Agilent) and
a 3 mL quartz cuvette with a path length of 1.0 cm. Molar
extinction coefficients were calculated utilizing the Beer–
Lambert law (A = εbc). Infrared spectra were collected using an
ATR Pro One attachment on a JASCO FT-IR 4600 spectrometer.

Electrochemistry

A BASi C3 cell stand with a glassy carbon working electrode,
Ag/AgCl reference electrode, and platinum wire auxiliary elec-
trode were used to conduct the electrochemical analysis of the
Mn complexes. A standard three electrode cell under a blanket
of N2 at room temperature was used to obtain all voltammo-
grams. [Mn(pyclen)Cl2][ClO4] was evaluated in acetonitrile
with 0.1 M of tetrabutylammonium perchlorate (TBAP) as the
supporting electrolyte. MnCl2·4H2O was evaluated in 18 mQ
H2O with 0.1 M KCl as the supporting electrolyte and refer-
enced to potassium ferricyanide (K3[Fe(CN)6]).

Potentiometric titrations

The concentration of cyclen as well as its protonation con-
stants were determined by using pH-potentiometric titrations.
A Metrohm 888 Titrando equipped with a Metrohm 6.0234.100
combined electrode was used to measure the pH in titration
experiments. For the pH calibration of the electrode, KH-
phthalate (pH 4.008) and borax (pH 9.177) buffers were used.
The calculation of H+ concentration from the measured pH
values was performed with the use of the method proposed by
Irving et al.59 by titrating a 0.02 M HCl solution with a standar-
dized NaOH solution (0.2 M). The differences between the
measured and calculated pH values were used to obtain the
[H+] from the pH-data collected in the titrations. The ion
product of water was determined (pKw = 13.714) from the
same experiment in the pH range 11.40–12.00. The ionic
strength in the titrated and thermostat controlled (25 °C)
samples of 6.00 mL was kept constant and set to 0.15 M NaCl.
The samples were stirred and N2 was bubbled through the
solution to avoid the effect of CO2. The protonation constants
of cyclen were determined by direct pH-potentiometric titra-
tion of 3 mM ligand solutions with a standardized NaOH solu-
tion in the pH range of 1.80–12.00. The MnCl2 stock solution
was prepared from the analytical grade tetrahydrate salt
(Merck) and its concentration was determined by complexo-
metric titration with standardized Na2H2EDTA and
Eriochrome Black T indicator in the presence of ascorbic acid,
triethanolamine, and ammonia/ammonium-chloride buffer
(pH = 10). The stability constant of the Mn(II)-complexes were

Fig. 7 Change of absorption intensity monitored at 554 nm (indicated
with vertical dash line in Fig. 6) for [Mn2(pyclen)2(µ-O)2]

3+ (orange, top)
and [Mn2(cyclen)2(µ-O)2]

3+ (green, bottom) recorded every 30 s during
the experiment. The diamonds indicate the addition of a 1

2 molar equiva-
lents of H2O2 (to MnII) added every 10 min. Complete bleaching of the
554 nm feature was observed after the addition of 13 full equivalents of
H2O2 for [Mn2(pyclen)2(µ-O)2]

3+ and 7 equivalents for [Mn2(cyclen)2
(µ-O)2]

3+.
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determined using direct pH-potentiometric method by titrat-
ing samples with 1 : 1 metal-to-ligand ratios (the number of
data pairs were between 120–140), allowing 1 min for the
sample equilibration to occur. The titration was continued
until the appearance of the precipitate (pH = 9–10). The proto-
nation and stability constants were calculated from the titra-
tion data with the PSEQUAD program.60

Reaction of Mn complexes with H2O2 and quantification of O2

evolution

The reactions were performed in a sealed pressure vessel
(15 mL) equipped with a stir bar and a 3-way manifold valve.
Two of the lines (PTFE tubing) were connected to the cell, one
was used for N2 and the other to inject the aliquot of H2O2.
The pressure vessel was sealed using a PEEK bushing with
custom machined ports. The ports enabled the use of threaded
fittings (IDEX Health and Science) for sealing the gas tubing
and microsensor in the reaction vessel. The pressure within
the reactor was maintained at atmospheric level using a
snorkel line with minimal loss of headspace gas during the
catalytic studies. The O2 microsensor was calibrated using N2

and air (PO2
= 0 mmHg and 159 mmHg) under atmospheric

pressure.
The metal complexes were prepared in aqueous solutions at

different pH values using stock solutions of the ligand of inter-
est, buffer, and a metal solution of MnCl2·4H2O. Trisodium
citrate dihydrate (citrate), 4-(2-hydroxyethyl)piperazine-1-etha-
nesulfonic acid (HEPES) and Tris(hydroxymethyl) amino-
methane (Tris) were used as buffers for pH 6, 7, and 8, respect-
ively. The complexes were prepared by adding the corres-
ponding amount of the stock solutions of ligand, buffer, and
metal salt in a vial to achieve the targeted concentration for
the H2O2 disproportionation studies ([ligand] = 2.04 mM;
[Mn] = 2 mM; [buffer] = 50 mM).

The vessel was loaded with 1.5 mL of the solution detailed
above and purged with N2 gas prior to every measurement. The
electrode signal was allowed to stabilize for 2 min to obtain a
steady signal and then 0.5 mL of H2O2 solution was injected
(600 mM, 50 mM buffer). The signal was recorded as ΔPO2

vs.
time until a plateau was achieved. Initial concentrations before
starting the reaction were [ligand] = 1.53 mM (3.06 µmol),
[Mn] = 1.5 mM (3 µmol) and [H2O2] = 150 mM (300 µmol).

Once the reaction was complete, the results were plotted to
determine the turnover number (TON) and turnover frequency
(TOF). The reaction was stopped when a visible plateau in the
oxygen concentration was observed. To determine the time-
frame used for TON and TOF calculation, the slope of the
curve observed in Fig. 4 was calculated at different times. A
decrease in the slope was related with a decrease of the
activity. At pH 8, this decrease was observed after 10 min, but
at lower pH values the reaction took longer to reach a plateau.
The TON was calculated as the ratio between the moles of
oxygen produced during the timeframe selected divided by
moles of catalyst used. TOF was calculated as TON divided by
the time. Fig. S4† shows the specific values of TOF at different
timeframes.

Preparation of [Mn(pyclen)Cl2][ClO4]

Pyclen (100 mg, 0.317 mmol) was dissolved in 12 mL of H2O.
The pH of this solution was adjusted to 8 with a dilute solu-
tion of KOH. Mn(ClO4)2 (80 mg, 0.317 mmol) was then added
to the pH adjusted solution. This mixture was stirred at room
temperature for 12 h; the solution color gradually darkened
from pale yellow to dark brown. After 12 h, this brown solution
was filtered and solvent removed under reduced pressure to
afford a dark brown/red tinged solid. The resulting solid was
re-dissolved in CH3CN (20 mL) and stirred, open to air, for
12 h. The resulting red-pink solution was filtered and the
supernatant solvent was removed under reduced pressure to
afford a pale pink-red powder (40.2 mg, 0.085 mmol, 57%
yield). The bright pink-red powder was dissolved in CH3CN
and filtered, slow evaporation of the CH3CN solution
yielded X-ray quality crystals. Electronic absorption, λmax/nm
(ε/M−1 cm−1); CH3CN: 370 (sh, 153), 525 (46). Elemental
Analysis; [Mn(pyclen)Cl2][ClO4]·2H2O Found (calculated): C,
28.10 (28.25); H, 3.70 (4.74); N, 11.73 (11.98) %.

Preparation of [Mn2(pyclen)2(µ-O)2][ClO4]3

Pyclen (100 mg, 0.317 mmol) and Mn(ClO4)2 (80 mg,
0.317 mmol) were dissolved in 12 mL of H2O. The pH of this
solution was adjusted to 8 with a dilute solution of KOH. The
resulting mixture was stirred at room temperature for 12 h; the
solution color gradually darkened from pale yellow to dark
brown to deep forest green. After 12 h, this green solution was
filtered and solvent removed under reduced pressure to afford
a dark green/brown solid. The resulting solid was redissolved
in CH3CN (20 mL) and stirred, open to air, for 12 h. The result-
ing solution, which was a dark green color, was filtered. The
supernatant solvent was removed under reduced pressure to
afford a dark green powder (90.0 mg, 0.097 mmol, 60% yield).
The dark green powder was dissolved in H2O and filtered, slow
evaporation of the aqueous solution yielded X-ray quality crys-
tals. Electronic absorption, λmax/nm (ε/M−1 cm−1); H2O: 382
(652), 555(181), 665 (211), 800 (sh). ν(Mn2O2) (neat): 683 cm−1.
Elemental Analysis; [Mn2(pyclen)2(µ-O)2][ClO4]3·5H2O Found
(calculated): C, 28.37 (28.03); H, 4.53 (4.92); N, 11.86 (11.88) %.

X-band EPR spectroscopy and quantitative simulations

X-band (9 GHz) EPR spectra were recorded on a Bruker EMX
Plus spectrometer equipped with a bimodal resonator (Bruker
model 4116DM). Low-temperature measurements were made
using an Oxford ESR900 cryostat and an Oxford ITC 503 temp-
erature controller. A modulation frequency of 100 kHz was
used for all EPR spectra. All experimental data used for spin-
quantitation were collected under non-saturating conditions.
Analysis of the EPR spectra utilized the general spin
Hamiltonian (eqn (2)). Nuclear hyperfine interactions (A) are
treated with second-order perturbation theory. Within the
strong exchange limit ( J/D ≫ 1), the above spin Hamiltonian
simplifies to eqn (3).

EPR spectra were simulated and quantified using Spin
Count (ver. 6.2.6724.17768), written by Professor
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M. P. Hendrich at Carnegie Mellon University. The simulations
were generated with consideration of all intensity factors, both
theoretical and experimental, to allow concentration determi-
nation of species. The only unknown factor relating the spin
concentration to signal intensity was an instrumental factor
that depended on the microwave detection system. However,
this was determined by the spin standard, Cu(EDTA), prepared
from a copper atomic absorption standard solution purchased
from Sigma-Aldrich.

X-ray crystallography

A Leica MZ 75 microscope was used to identify samples suit-
able for analysis. A Bruker APEX-II CCD diffractometer was
employed for crystal screening, unit cell determination, and
data collection; which was obtained at 100 K. The Bruker
D8 goniometer was controlled using the APEX2 software suite,
v2014.11-0. The samples were optically centered with the aid
of video camera so that no translations were observed as the
crystal was rotated through all positions. The X-ray radiation
employed was generated from a MoKα sealed X-ray tube (λ =
0.71076) with a potential of 50 kV and a current of 30 mA;
fitted with a graphite monochromator in the parallel mode
(175 mm collimator with 0.5 mm pinholes). The crystal-to-
detector distance was set to 50 mm, and the exposure time was
10 s per degree for all data sets at a scan width of 0.5°. The
frames were integrated with the Bruker SAINT Software
package using a narrow frame algorithm. Data were corrected
for absorption effects using the multi-scan method SADABS.
Using Olex2 the structure was solved with the ShelXS structure
solution program using Direct Methods and refined with the
SHELXL refinement package using Least Squares minimiz-
ation. All hydrogen and non-hydrogen atoms were refined
using anisotropic thermal parameters. The thermal ellipsoid
molecular plots (50%) were produced using Olex2.

[Mn(pyclen)Cl2][ClO4] structure determination

A translucent bright pink plate-like crystal (0.362 × 0.078 ×
0.052 mm3) was mounted on a 75 μm cryo-loop and used for
X-ray crystallographic analysis. A total of 1104 frames were col-
lected, and the data collection was 100% complete. The inte-
gration of the data used a monoclinic unit cell yielding a total
of 28 307 reflections to a maximum θ angle of 30.12° (0.71 Å
resolution) of which 4963 reflections were independent with
the Rint = 8.29%. CCDC Deposition Number: 1963104.†

[Mn2(pyclen)2(µ-O)2][ClO4]3 structure determination

Slow evaporation of a dark green solution at room temperature
afforded an opaque dark green block-like crystal (0.273 ×
0.175 × 0.067 mm3) that was mounted on a 100 μm cryo-loop
and used for X-ray crystallographic analysis. A total of 1104
frames were collected, and the data collection was 100% com-
plete. The integration of the data used a monoclinic unit cell
yielding a total of 33 419 reflections to a maximum θ angle of
33.24° (0.65 Å resolution) of which 13 522 reflections were
independent with the Rint = 4.35%. CCDC Deposition Number:
1963105.†

Conclusions

This report details the synthesis, structural analysis, and H2O2

disproportionation activity for a novel Mn complex with pyclen
that is isolable as both the monomeric [Mn(pyclen)Cl2]

+ and
dimeric [Mn2(pyclen)2(µ-O)2]

3+ species. The reported in situ
method for preparing this complex, as well as the related
[Mn2(cyclen)2(µ-O)2]

3+, offers a facile method for assembling
these complexes for catalytic studies. While modest in com-
parison with other Mn-based catalysts, quantification of the
activity of both [Mn2(pyclen)2(µ-O)2]

3+ and [Mn2(cyclen)2
(µ-O)2]

3+ mark these as important entrants to the series of
macrocyclic MnCAT mimics reported to date and present a
useful platform for interrogating the influence of the rigidity
and electronic properties of the ligand on the catalytic func-
tionality of the Mn complex.
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